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Dyssegmental dysplasia Rolland–Desbuquois type is caused by
pathogenic variants in HSPG2 - a founder haplotype shared in
five patients
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Dyssegmental dysplasia (DD) is a severe skeletal dysplasia comprised of two subtypes: lethal Silverman–Handmaker type (DDSH)
and nonlethal Rolland–Desbuquois type (DDRD). DDSH is caused by biallelic pathogenic variants in HSPG2 encoding perlecan,
whereas the genetic cause of DDRD remains undetermined. Schwartz–Jampel syndrome (SJS) is also caused by biallelic pathogenic
variants in HSPG2 and is an allelic disorder of DDSH. In SJS and DDSH, 44 and 8 pathogenic variants have been reported in HSPG2,
respectively. Here, we report that five patients with DDRD carried four pathogenic variants in HSPG2: c.9970 G > A (p.G3324R),
c.559 C > T (p.R187X), c7006+ 1 G > A, and c.11562+ 2 T > G. Two patients were homozygous for p.G3324R, and three patients
were heterozygous for p.G3324R. Haplotype analysis revealed a founder haplotype spanning 85,973 bp shared in the five patients.
SJS, DDRD, and DDSH are allelic disorders with pathogenic variants in HSPG2.

Journal of Human Genetics; https://doi.org/10.1038/s10038-024-01229-6

INTRODUCTION
Dyssegmental dysplasia (DD) is a severe skeletal dysplasia
characterized by dumbbell-shaped tubular bones, bent long
bones of the legs, and irregular size and shape in single or
multiple vertebral ossification centers (anisospondyly). DD is
comprised of two subtypes [1]: lethal Silverman–Handmaker type
(DDSH) [2] and nonlethal Rolland–Desbuquois type (DDRD) [3].
DDSH and DDRD are spectrum disorders, and the differences of
skeletal phenotypes are not crystal clear. In general, anisospondyly
is much more severe in DDSH than in DDRD. Some vertebral
bodies are rudimentary or even absent in DDSH, while all vertebral
bodies are better ossified in DDRD. The mildest end of DDRD is
associated with only large coronal clefts at the thoracolumbar
spine, as is Kniest dysplasia (a rare variant of COL2A1-linked
skeletal dysplasias) [4]. DDSH is sometimes accompanied by
hydrocephalus and occipital encephalocele that may manifest
with defective calvarial ossification, while DDRD is not. However,
calvarial ossification defects are not the norm for DDSH. DDSH is
inherited in an autosomal recessive manner and is caused by
pathogenic variants in HSPG2 encoding perlecan [5, 6], whereas
pathogenic variants have not been reported in DDRD.
Schwartz–Jampel syndrome (SJS) is also caused by pathogenic
variants in HSPG2 and is inherited in an autosomal recessive

manner. Thus, SJS is an allelic disorder of DDSH. In SJS and DDSH,
44 and 8 pathogenic variants have been reported in HSPG2,
respectively (Table 1). Partial lack of perlecan is likely to cause SJS,
whereas complete or almost complete lack of perlecan is likely to
cause DDSH [7].
In five patients with DDRD, we identified pathogenic variants in

HSPG2. Haplotype analysis revealed that p.G3324R in HSPG2 had a
founder haplotype shared in all the five patients.

PATIENTS AND METHODS
Patients
All the human studies were approved by the institutional review board of
Nagoya University Graduate School of Medicine (Approval #2007-0598).
Appropriate written informed consents were obtained from all the
participated patients/guardians and parents.

Whole exome resequencing analysis
Genomic DNA was isolated from the blood with QIAamp Blood Mini Kit
(Qiagen) according to the manufacturer’s instruction. Next-generation
sequencing (NGS) was performed on the Illumina HiSeq platform. In a
patient labeled as DDRD_P02, pathogenic variants were searched for by
whole-genome sequencing. The Illumina adapter-ligated gDNA fragments
were sequenced using paired-end (PE) flow cells and 2 × 151 bp raw fastq
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data were obtained. In the other four patients, pathogenic variants were
looked for by whole exome sequencing. gDNA was enriched by using the
Agilent SureSelect Human All Exon Kit version 6. The captured exonic
fragments were sequenced on PE flow cells and 2 × 151 bp raw fastq data
were obtained. The fastq data were analyzed by our standard NGS pipelines
[8]. Briefly, low-quality reads and sequencing adapters were removed by
fastp version 0.23.4 [9]. The reads were then aligned to the human reference
genome (GRCh37) using the Burrows–Wheeler Aligner (bwa) version 0.7.12-
r1039 (https://arxiv.org/abs/1303.3997). PCR duplicates were removed by
bammarkduplicate2 version 2.0.72 [10]. The mapped reads were then locally
realigned and base quality scores were recalibrated using Genome Analysis
Toolkit (GATK 3.5, IndelRealigner, and BaseRecalibrator) [11]. Single-
nucleotide variants (SNVs) were identified by the GATK HaplotypeCaller.
The identified variants were annotated by ANNOVAR [12]. All the identified
pathogenic variants were confirmed by Sanger sequencing in patients and
their available parents using PCR primers (Supplementary Table S1). PCR
products were purified using the Wizard SV Gel and PCR Clean-Up System
(Promega) according to the manufacturer’s protocols. Sanger sequencing
was performed on 3730xl DNA Analyzer (Thermo Fisher Scientific).

Haplotype analysis
SNVs and small indels spanning 5,000,000 bp on both sides of p.G3324R
were collated from the whole-genome-seq of DDRD_P02 and the exome-
seq of DDRD_P03, P04, P06, P07, and P08. An uninterrupted segment of
homozygous SNVs/indels were first searched for from p.G3324R in
DDRD_P02 and then in DDRD_P03. The SNVs/indels in the putative shared
haplotypes were then searched for in DDRD_P06, P07, and P08.
DDRD_P06, P07, and P08 were heterozygous for p.G3324R, and exome-
seq data were not available in their parents. Thus, we could not determine
whether an SNV/indel was on the same allele as p.G3324R or not. When an
SNV/indel was present in DDRD_P06, P07, and P08 in a heterozygous
manner, we assumed that the SNV/indel was on the same allele as
p.G3324R. The putative shared haplotype was thus narrowed down using
exome-seq data of DDRD_P06, P07, and P08.

RESULTS
Clinical features of five patients
DDRD_P02 (male) was noted of a cross-legged position at 19
weeks of gestation, but the femur length was not shortened then
(−0.84 SD). Thereafter, the femur lengths were −1.6 SD at
22 weeks, −1.9 SD at 26 weeks, −2.3 SD at 28 weeks, and
−2.9 SD at 31 weeks. As the femur lengths exceeded −2.5 SD at
31 weeks, skeletal dysplasia was extensively evaluated. At
31 weeks, irregular ossification of the vertebral bodies was also
identified (Fig. 1). Both 3D-US and 3D-CT delineated the diagnostic
features of DD, including dumbbell deformity of the tubular
bones, bowing of the long bones, and anisospondyly. However,
dumbbell deformity was not conspicuous, and bowing was very
mild. The patient showed extensive anisospondyly, but the
constellation of the overall imaging findings was consistent with
DDRD not DDSH. The birth weight was 2744 g at 37 weeks. He had
respiratory failure that required respiratory support for 49 days
after birth. The parents were not consanguineous, and no similar
patients were reported in the family.
DDRD_P03 (male) presented with proximal dominant shortening

of long bones, fracture-like deformities of the femurs, bilateral
clubfoot, narrowing of the thorax, and abnormal curvature of the
spine at 19 weeks of gestation (Fig. 1). Defective thoracic vertebral
segmentation was also noted by fetal US examination then. The
biparietal diameter was +3.7 SD, the femur length was −4.0 SD, and
the humerus length was −1.6 SD. Pregnancy was terminated at
20 weeks and 6 days of gestation due to the diagnosis of severe
skeletal dysplasia. The body weight was 440 g. The termination of
pregnancy made it difficult to discern by X-ray whether the patient
fitted better to either DDSH or DDRD. The parents were not
consanguineous, and no similar patients were reported in the family.
DDRD_P04 (female) presented with moderate shortening of the

long bones: femur length of −4.2 SD and humerus length of
−4.3 SD at 30 weeks of gestation (Fig. 1). Both 3D-US and 3D-CT

supported the diagnosis of DD with findings of dumbbell
deformity of the tubular bones, bowing of the long bones, and
anisospondyly. The mild to moderate degrees of skeletal dysplasia
supported the diagnosis of DDRD rather than DDSH. The patient
was born at 35 weeks with birth weight of 2374 g. She had
respiratory insufficiency that required respiratory support for
44 days after birth. She also had hypoplastic thorax, cleft palate,
restricted limb joint movements. She had mild bilateral blephar-
ophimosis, mild pursed lips, and mild limb myotonia, which are
commonly observed in SJS. She is currently 11 years and
11 months old. The parents were not consanguineous, and no
similar patients were reported in the family.
DDRD_P06 (male) was diagnosed of short long bones in all four

limbs (−4 to −5 SD) at 28 weeks of gestation. The lower limbs
were in a cross-legged position. CT scan showed marked
anisospondyly and mild dumbbell-shaped tubular bones (Fig. 1).
In contrast to severe spinal deformities, shortening and bowing of
long bones were mild, which supported the diagnosis of DDRD. At
38 weeks of gestation, the patient was delivered in breech
position with the body weight of 2299 g. The patient died several
hours after birth due to respiratory failure. Respiratory support was
not applied. The parents were not consanguineous, and no similar
patients were reported in the family.
DDRD_P07 (male) was noted to have short limbs and inguinal

herniation in fetal US examination. Prenatal diagnosis of DD was
not made. The birth weight at 38 weeks of gestation was 2626 g
(−0.6 SD) with a height of 45 cm (−1.78 SD). The Apgar scores
were 3 and 7 points at 5 and 10min, respectively. He required
respiratory support after birth. At 6 months of age, he became
independent on a respirator during the day. At 10 months of age,
he had flat nasal root, marked micrognathia, U-shaped cleft palate,
low-set ears, short neck, small thorax, short limbs especially in
humeri and femurs, curved lower legs, clubfeet, inguinal hernia-
tion, and cryptorchidism. Anisospondyly consistent with DDRD
was noted on X-ray (Fig. 1). He was deceased at age 3 years and
8 months because of accidental extubation of the tracheostomy
cannula at night at home. The parents were not consanguineous,
and no similar patients were reported in the family.

Identification of pathogenic variants
A total of 62 genes including HSPG2 were annotated with skeletal
dysplasia in HGMD Pro 2020 (Supplementary Table S2), and
pathogenic variants that could account for the patients’ phenotypes
were observed only in HSPG2 in all the five patients. Whole-genome
and exome sequencing revealed four biallelic pathogenic variants in
HSPG2 in five patients with DDRD (Table 2). Two patients (DDRD_P02
and P03) carried homozygous variants, whereas the other three
patients (DDRD_P04, P06, and P07) carried compound heterozygous
variants. All the five patients carried c.9970G > A (NM_005529.7) at
position 21,839,005 (GRCh38/hg38) on chromosome 1, which
predicted p.G3324R (NP_005520.4) in perlecan domain IV (Fig. 2A).
p.G3324R was highly conserved across species (Fig. 2B). p.G3324R
was predicted to be pathogenic by InMeRF with a probability score
of 0.752, where 1.000 is most pathogenic and 0.000 is least
pathogenic (Fig. 2B, Table 2) [13]. p.G3324R has an accession
number of rs1294413650 in dbSNP with global minor allelic
frequency (GMAF)= 5.7 × 10−5 (17/298,038) and Japanese minor
allelic frequency (JMAF)= 3.5 × 10−4 (10/28,258). p.G3324R was
previously reported in a patient in a large cohort comprised of 411
patients with skeletal dysplasia, and was labeled as DDSH (Table 1)
[14]. In five available parent samples, the mother of DDRD_P02, the
mother and the father of DDRD_P03, and the father but not the
mother of DDRD_P06 were heterozygous for p.G3324R (Supple-
mentary Fig. S1).
DDRD_P04 also had a heterozygous c.7006+ 1 G > A

(NM_005529.7) at position 21,851,790 (GRCh38/hg38) on chromo-
some 1 in HSPG2 intron 54, predicting aberrant splicing by
disrupting invariant GT dinucleotides (Table 2, Fig. 2A, and
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Supplementary Fig. S1). GT dinucleotides at 6 nucleotide down-
stream to the authentic GT dinucleotides have a low MaxEntS-
can:5ss score [15] of −6.23, which was much lower than that of
9.40 at the authentic site. Thus c.7006+ 1 G > A is unlikely to
activate a cryptic 5′ splice site but is likely to result in frameshifting
skipping of the upstream exon (136 bp). c.7006+ 1 G > A has an
accession number of rs778653296 in dbSNP with GMAF= 7.4 ×
10−6 (1/135,190) and JMAF= 0. c.7006+ 1 G > A was previously

reported in an SJS patient without functional characterization
(Table 1) [7]. The parent’s samples were not available.
DDRD_P06 also had a heterozygous c.559 C > T (NM_005529.7)

at position 21,889,996 (GRCh38/hg38) on chromosome 1 in HSPG2
exon 6, predicting p.R187X (NP_005520.4) in perlecan domain I
(Table 2, Fig. 2A, and Supplementary Fig. S1). p.R187X has an
accession number of rs1332584154 in dbSNP with GMAF= 6.4 ×
10−6 (1/156,244) and JMAF= 0. The father was heterozygous for

Fig. 1 Representative X-ray images and reconstructed CT images of DDRD_P02, P03, P04, P06, and P07

P. Farshadyeganeh et al.
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p.G3324R as stated above, and the mother was heterozygous for
p.R187X (Supplementary Fig. S1).
DDRD_P07 also had a heterozygous c.11562+ 2 T > G

(NM_005529.7) at position 21,831,213 (GRCh38/hg38) on chromo-
some 1 in HSPG2 intron 84, predicting aberrant splicing by
disrupting invariant GT dinucleotides (Table 2, Fig. 2A, and
Supplementary Fig. S1). GT dinucleotides at 20 bp upstream and
33 bp downstream to the authentic GT dinucleotides have low
MaxEntScan:5ss scores [15] of −11.07 and −11.54, respectively,
which were much lower than that of 6.54 at the authentic 5′ splice
site. Thus, c.11562+ 2 T > G is unlikely to activate a cryptic 5′
splice site, but is likely to cause frameshifting skipping of the
upstream exon (110 bp). c.11562+ 2 T > G has no accession
number in dbSNP, and there is no previous report on this SNV.
However, a substitution of T-to-A at the same position
(c.11562+ 2 T > A) was previously reported in a patient with
cerebral palsy without functional characterization [16]. The
parent’s samples were not available.

Founder haplotype of p.G3324R
As all the five patients carried p.G3324R, we looked for a shared
haplotype spanning p.G3324R. The shared haplotype was defined
as a stretch of SNVs or small indels that were homozygous in
DDRD_P02 and P03, and either homozygous or heterozygous in
DDRD_P04, P06, and P07. The analysis revealed that an 85,973-bp
segment from positions 21,775,527 to 21,861,499 on chromo-
some 1 (GRCh38/hg38) were shared in the five patients. The
margin at the p-terminal side was determined by the presence of
a heterozygous SNV in DDRD_P02, and that at the q-terminal side
was determined by the absence of an SNV in DDRD_P06, which
was present in the other four patients (arrows in Fig. 3). All SNVs
and small indels in 5,000,000 bp up- and downstream of p.G3324R
are collated in Supplementary Table S3. Representative SNVs and
small indels in the shared haplotype and flanking SNVs are
schematically shown in Fig. 3.

DISCUSSION
Perlecan is a huge extracellular matrix (ECM) proteoglycan (~500
KDa) with five domains and three heparan sulfate chains at the
N-terminal (Fig. 2A) [17]. Domain I contains three Ser-Gly-Asp
attachment sites for heparan sulfate chains, and one sperm,
enterokinase, and agrin homology (SEA) module [18, 19]. Domain
II has four cysteine-rich modules [low-density lipoprotein (LDL)
receptor type A] [20]. Domain III has three laminin type B modules
and eight laminin epidermal growth factor (EGF)-like modules
[21]. Domain IV is the largest domain with twenty-one
immunoglobulin-like repeats [22]. Domain V is comprised of
three laminin type G modules and four EGF-like modules [22].
Perlecan binds to the other ECM and transmembrane proteins like
collagen IV, laminin-1, β1 integrin, α dystroglycan, and acetylcho-
linesterase [5, 23]. Perlecan plays critical roles in the development
and remodeling of cartilage, bone, and heart; angiogenesis; and
blood brain barrier, as well as wound healing [24–27].
We reported five patients with DDRD carrying p.G3324R in

perlecan encoded by HSPG2 either in a homozygous (DDRD_P02
and P03) or heterozygous (DDRD_P04, P06, and P07) manner.
Pathogenic variants on another allele in heterozygous patients
were either a nonsense variant (DDRD_P06) or splicing variants
(DDRD_P04 and P07), both of which predicted truncated proteins.
The five patients had a shared haplotype spanning an 85,973-bp
segment (Fig. 3). The p-terminal end of the shared haplotype was
determined by a heterozygous SNV in DDRD_P02 who was
homozygous for p.G3324R. As whole-genome sequencing was
performed only in DDRD_P02, this SNV was not sequenced in the
other patients. Thus, the other four patients may share an
extended haplotype. Similarly, the q-terminal end of the shared
haplotype was determined by lack of an SNV in DDRD_P06, whichTa
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Fig. 2 A Domain structure of perlecan. Previously reported pathogenic SNVs identified in HSPG2 in SJS and DDSH (Table 1) are indicated by
open and closed stars, respectively. Previously reported splicing variants and indels are not indicated. Pathogenic SNVs identified in this
communication (Table 2) are indicated by circles above the domain structure. B InMeRF scores of the 11 missense variants in SJS (Table 1) and
p.G3324R in the current report. C Alignment of G3324 of perlecan orthologs. D Overlaid structures of the wild-type and mutant
immunoglobulin I-set domains of perlecan at codons 3300 to 3383 (NP_00127878.1) that were predicted by AlphaFold2. The wild-type
domain with G3324 (red) is indicated in brown ribbons. The mutant domain with R3324 (magenta) is indicated in light blue ribbons
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was present in the other four patients. Thus, the other four
patients may share an extended haplotype. In addition, as the
allelic allocations of SNVs and small indels could not be
determined in heterozygous DDRD_P04, P06, and P07, the shared
haplotype might be shorter than predicted in Fig. 3. DDRD_P02
and P03 were homozygous for p.G3324R, but the skeletal
dysplasia other than short long bones became apparent at 31
and 19 weeks of gestation, respectively. Presence of an
unidentified modifier gene or an unidentified environmental
factor might have accounted for the different disease severities. In
any of the five patients, no consanguinity was documented.
Similarly, no shared ancestor was noted in any pair of patients.
However, the presence of a shared haplotype in five patients is
likely to represent identity-by-descent that arose from a single
ancestor.
p.G3324R in HSPG2 was previously reported homozygously in a

patient with DDSH [14]. The patient was a 7-year-old girl who was
born at full term via normal spontaneous vaginal delivery. The
parents were cousins. The patient had cervical kyphosis since birth
that progressed over time and resulted in severe cervical canal
stenosis and quadriplegic paralysis. The patient also had
respiratory complications that led to tracheostomy, and she
became respirator dependent. The patient underwent posterior
cervical vertebrae repair with no improvement. Milestones other
than the motor delay were appropriate for age. Her dysmorphic
features included a small mouth, long eyelashes, brachycephaly,
micrognathia, cervical kyphosis, and short lower limbs. Her weight
and height were below the 3rd percentile. Skeletal examinations
showed kyphosis of the cervical spine, platyspondyly, biphasic
scoliosis, irregular margins of multiple vertebrae, decreased disc
spaces, shorted long bones of the lower limbs, bilateral broad-
ening of the metaphyses and epiphysis of the long bones of the
upper and lower limbs, bilateral broadening of the metacarpals

and the phalanges, bilateral broadening of the metaphyses of
metatarsals and right foot metatarsus adductus. Although the
label of DDSH was given to this patient, the nonlethal clinical
course and the mild to moderate skeletal dysplasia were
consistent with the diagnosis of DDRD.
DDSH and DDRD share similar skeletal phenotypes, while

patients with DDSH and DDRD are lethal and nonlethal,
respectively. No definite threshold has been proposed to delineate
lethal and nonlethal phenotypes. Eight pathogenic variants in
HSPG2 in DDSH have been reported in ten patients in six articles
(Table 1) [6, 14, 28–31]. In the ten patients, pregnancy was
terminated in five fetuses [6, 28, 29]; a patient was stillborn [29];
and two patients died immediately [6] and two weeks [30] after
birth. Details were not documented in the ninth patient [31]. The
last patient was the 7-year-old girl stated above [14]. Except for
the 7-year-old girl, no patients survived more than two weeks after
birth. The prevalence of DDSH and DDRD remains undetermined.
As genetic diagnosis of surviving DDRD patients is likely to have a
higher clinical significance than that of deceased DDSH patients,
DDRD patients are predicted to be subjected to genetic diagnosis.
Nevertheless, no pathogenic variants have been reported in
DDRD. Thus, the prevalence of DDRD may be less than that of
DDSH, which might have prevented us from identifying the
genetic cause of DDRD.
Eleven missense variants have been reported in HSPG2 in SJS

(Table 1). We recently developed InMeRF, a tool to predict the
pathogenicity of missense variants [13]. InMeRF is comprised of
150 random forest models, where each model is dedicated to
predicting the pathogenicity of each amino acid substitution.
InMeRF outperformed 25 previously reported prediction tools. We
indicated CADD scores [32] and DANN scores [33] in Table 1, but
only InMeRF scores will be used in the following discussion. The
mean and SD of InMeRF scores of the eleven missense variants in
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SJS were 0.598 ± 0.227, whereas the InMeRF score of p.G3324R
was 0.752 (Fig. 2B, Table 1). Thus, p.G3324R may be more
deleterious than most of the pathogenic missense variants in SJS.
In addition, two (p.E2930K and p.R3452Q) of the eleven missense
variants in SJS, as well as p.G3324R in DDRD, were located in a
stretch of 21 immunoglobulin-like regions from codons 1695 to
3655 (domain IV), whereas the other nine missense variants were
at different perlecan domains (Fig. 2A ad Table 1). Although the
two SJS missense variants still exist in domain IV, a specific site or
a specific amino acid substitution in domain IV may be more
vulnerable to amino acid substitution than those in the other
domains. In contrast to SJS, no missense variant was reported in
DDSH except for the 7-year-old girl stated above (Table 1). It was
previously proposed that differences in the amount of functional
perlecan in the extracellular matrix, as well as the affected
domains, account for the differences in SJS and DDSH [7, 34]. An
intermediate amount of functional perlecan that is lower than that
in SJS but is higher than that in DDSH, as well as domain-specific
derangement, may cause DDRD. However, most of the 18 splicing
variants in SJS and one of the two splicing variants in DDSH were
not functionally characterized, and the ratios of normally spliced
transcript remain undetermined. Similarly, the two inframe
variants in SJS were not functionally characterized. In addition,
the phenotypes are determined by two alleles of HSPG2, and the
estimation of a clinical phenotype only by a hemiallelic missense
variant is not appropriate and is misleading. Nevertheless, the
pathogenicity of variants in HSPG2 may determine which of SJS,
DDRD, or DDSH a patient will develop. In addition, we observed
mild facial and limb myotonia in DDRD_P04, which are typical
features of SJS. Although we did not examine muscle hyperexcit-
ability in the other four patients, DDRD and SJS may share
overlapping muscle phenotypes. However, in DDRD, compared to
skeletal dysplasia, abnormal muscle hyperexcitability is unlikely to
cause disability and is underestimated.
Lack of genetic variants of DDRD in OMIM and ClinVar was

unexpected for us. HSPG2 is a huge gene spanning 115,067 bp on
chromosome 1, and is comprised of 97 exons with the maximum
mRNA length of 14,341 bp. The size of HSPG2 and the rarity of
DDRD patients are likely to have prevented us from identifying the
genetic cause of DDRD. Alternatively, as DDSH and DDRD are
expected to be allelic disorders [35], the identification of individual
HSPG2 variant(s) in DDRD may not have been reported due to
publication bias. Rapid development of massive parallel sequen-
cing techniques along with lowering the sequencing cost, as well
as the development of dependable evaluation tools of SNVs, will
enable us to identify more variants in DDRD. In addition, the
identification of pathogenic variants in SJS, DDRD, and DDSH will
also disclose the molecular organization of perlecan.

REFERENCES
1. Aleck KA, Grix A, Clericuzio C, Kaplan P, Adomian GE, Lachman R, et al. Dysseg-

mental dysplasias: clinical, radiographic, and morphologic evidence of hetero-
geneity. Am J Med Genet. 1987;27:295–312.

2. Handmaker SD, Campbell JA, Robinson LD, Chinwah O, Gorlin RJ. Dyssegmental
dwarfism: a new syndrome of lethal dwarfism. Birth Defects Orig Artic Ser.
1977;13:79–90.

3. Rolland JC, Laugier J, Grenier B, Desbuquois G. [Condrodystrophic dwarfism and
cleft palate in a newborn]. Ann Pediatr. 1972;19:139–43.

4. Maldjian C, Chew FS, Klein R, Bonakdarpour A, McCarthy J, Kelly J. Kniest dys-
plasia: new radiographic features in the skeleton. Radio Case Rep. 2007;2:72–7.

5. Nicole S, Davoine CS, Topaloglu H, Cattolico L, Barral D, Beighton P, et al. Per-
lecan, the major proteoglycan of basement membranes, is altered in patients
with Schwartz-Jampel syndrome (chondrodystrophic myotonia). Nat Genet.
2000;26:480–3.

6. Arikawa-Hirasawa E, Wilcox WR, Le AH, Silverman N, Govindraj P, Hassell JR, et al.
Dyssegmental dysplasia, Silverman-Handmaker type, is caused by functional null
mutations of the perlecan gene. Nat Genet. 2001;27:431–4.

7. Stum M, Davoine CS, Vicart S, Guillot-Noel L, Topaloglu H, Carod-Artal FJ, et al.
Spectrum of HSPG2 (Perlecan) mutations in patients with Schwartz-Jampel syn-
drome. Hum Mutat. 2006;27:1082–91.

8. Nakazawa Y, Sasaki K, Mitsutake N, Matsuse M, Shimada M, Nardo T, et al.
Mutations in UVSSA cause UV-sensitive syndrome and impair RNA polymerase IIo
processing in transcription-coupled nucleotide-excision repair. Nat Genet.
2012;44:586–92.

9. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics. 2018;34:i884–90.

10. Tischler G, Leonard S. biobambam: tools for read pair collation based algorithms
on BAM files. Source Code Biol Med. 2014;9:13.

11. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The
genome analysis toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Res. 2010;20:1297–303.

12. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants
from high-throughput sequencing data. Nucleic Acids Res. 2010;38:e164.

13. Takeda JI, Nanatsue K, Yamagishi R, Ito M, Haga N, Hirata H, et al. InMeRF:
prediction of pathogenicity of missense variants by individual modeling for each
amino acid substitution. NAR Genom Bioinform. 2020;2:lqaa038.

14. Maddirevula S, Alsahli S, Alhabeeb L, Patel N, Alzahrani F, Shamseldin HE, et al.
Expanding the phenome and variome of skeletal dysplasia. Genet Med.
2018;20:1609–16.

15. Yeo G, Burge CB. Maximum entropy modeling of short sequence motifs with
applications to RNA splicing signals. J Comput Biol. 2004;11:377–94.

16. McMichael G, Bainbridge MN, Haan E, Corbett M, Gardner A, Thompson S, et al.
Whole-exome sequencing points to considerable genetic heterogeneity of cer-
ebral palsy. Mol Psychiatry. 2015;20:176–82.

17. Lavorgna TR, Gressett TE, Chastain WH, Bix GJ. Perlecan: a review of its role in
neurologic and musculoskeletal disease. Front Physiol. 2023;14:1189731.

18. Costell M, Mann K, Yamada Y, Timpl R. Characterization of recombinant perlecan
domain I and its substitution by glycosaminoglycans and oligosaccharides. Eur J
Biochem. 1997;243:115–21.

19. Dolan M, Horchar T, Rigatti B, Hassell JR. Identification of sites in domain I of
perlecan that regulate heparan sulfate synthesis. J Biol Chem. 1997;272:4316–22.

20. Costell M, Sasaki T, Mann K, Yamada Y, Timpl R. Structural characterization of
recombinant domain II of the basement membrane proteoglycan perlecan. FEBS
Lett. 1996;396:127–31.

21. Schulze B, Sasaki T, Costell M, Mann K, Timpl R. Structural and cell-adhesive
properties of three recombinant fragments derived from perlecan domain III.
Matrix Biol. 1996;15:349–57.

22. Hopf M, Gohring W, Kohfeldt E, Yamada Y, Timpl R. Recombinant domain IV of
perlecan binds to nidogens, laminin-nidogen complex, fibronectin, fibulin-2 and
heparin. Eur J Biochem. 1999;259:917–25.

23. Arikawa-Hirasawa E, Rossi SG, Rotundo RL, Yamada Y. Absence of acet-
ylcholinesterase at the neuromuscular junctions of perlecan-null mice. Nat
Neurosci. 2002;5:119–23.

24. Gubbiotti MA, Neill T, Iozzo RV. A current view of perlecan in physiology and
pathology: a mosaic of functions. Matrix Biol. 2017;57-58:285–98.

25. Martinez JR, Dhawan A, Farach-Carson MC. Modular proteoglycan perlecan/
HSPG2: mutations, phenotypes, and functions. Genes. 2018;9:556.

26. Hayes AJ, Farrugia BL, Biose IJ, Bix GJ, Melrose J. Perlecan, a multi-functional, cell-
instructive, matrix-stabilizing proteoglycan with roles in tissue development has
relevance to connective tissue repair and regeneration. Front Cell Dev Biol.
2022;10:856261.

27. Arikawa-Hirasawa E. Impact of the heparan sulfate proteoglycan perlecan on
human disease and health. Am J Physiol Cell Physiol. 2022;322:C1117–22.

28. Rieubland C, Jacquemont S, Mittaz L, Osterheld MC, Vial Y, Superti-Furga A, et al.
Phenotypic and molecular characterization of a novel case of dyssegmental
dysplasia, Silverman-Handmaker type. Eur J Med Genet. 2010;53:294–8.

29. Ladhani NN, Chitayat D, Nezarati MM, Laureane MC, Keating S, Silver RJ, et al.
Dyssegmental dysplasia, Silverman-Handmaker type: prenatal ultrasound find-
ings and molecular analysis. Prenat Diagn. 2013;33:1039–43.

30. Basalom S, Trakadis Y, Shear R, Azouz ME, De Bie I. Dyssegmental dysplasia,
Silverman-Handmaker type: a challenging antenatal diagnosis in a dizygotic twin
pregnancy. Mol Genet Genom Med. 2018;6:452–6.

31. Kosaki R, Kubota M, Uehara T, Suzuki H, Takenouchi T, Kosaki K. Consecutive
medical exome analysis at a tertiary center: diagnostic and health-economic
outcomes. Am J Med Genet A. 2020;182:1601–7.

32. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic variants.
Nat Genet. 2014;46:310–5.

33. Quang D, Chen Y, Xie X. DANN: a deep learning approach for annotating the
pathogenicity of genetic variants. Bioinformatics. 2015;31:761–3.

P. Farshadyeganeh et al.

9

Journal of Human Genetics



34. Arikawa-Hirasawa E, Wilcox WR, Yamada Y. Dyssegmental dysplasia, Silverman-
Handmaker type: unexpected role of perlecan in cartilage development. Am J
Med Genet. 2001;106:254–7.

35. Unger S, Ferreira CR, Mortier GR, Ali H, Bertola DR, Calder A, et al. Nosology of
genetic skeletal disorders: 2023 revision. Am J Med Genet A. 2023;191:1164–209.

36. Lin PY, Hung JH, Hsu CK, Chang YT, Sun YT. A novel pathogenic HSPG2 mutation
in Schwartz-Jampel syndrome. Front Neurol. 2021;12:632336.

37. Padmanabha H, Suthar R, Sankhyan N, Singhi P. Stiffness, facial dysmorphism,
and skeletal abnormalities: Schwartz-Jampel syndrome 1A. J Pediatr.
2018;200:286–286.1.

38. Bauche S, Boerio D, Davoine CS, Bernard V, Stum M, Bureau C, et al. Peripheral
nerve hyperexcitability with preterminal nerve and neuromuscular junction
remodeling is a hallmark of Schwartz-Jampel syndrome. Neuromuscul Disord.
2013;23:998–1009.

39. Iwata S, Ito M, Nakata T, Noguchi Y, Okuno T, Ohkawara B, et al. A missense
mutation in domain III in HSPG2 in Schwartz-Jampel syndrome compromises
secretion of perlecan into the extracellular space. Neuromuscul Disord.
2015;25:667–71.

40. Brugnoni R, Marelli D, Iacomino N, Canioni E, Cappelletti C, Maggi L, et al. Novel
HSPG2 gene mutation causing Schwartz–Jampel syndrome in a Moroccan family:
a literature review. Genes. 2023;14:1753.

41. Das Bhowmik A, Dalal A, Matta D, Kandadai RM, Kanikannan MA, Aggarwal S.
Identification of a novel splice site HSPG2 mutation and prenatal diagnosis in
Schwartz Jampel syndrome type 1 using whole exome sequencing. Neuromuscul
Disord. 2016;26:809–14.

42. Dai L, Fang F, Huang Y, Cheng H, Ren C. [Clinical and genetic features of
Schwartz-Jampel syndrome in a Chinese child: case report and literature review].
Zhonghua Er Ke Za Zhi. 2015;53:855–9.

43. Arikawa-Hirasawa E, Le AH, Nishino I, Nonaka I, Ho NC, Francomano CA, et al.
Structural and functional mutations of the perlecan gene cause Schwartz-Jampel
syndrome, with myotonic myopathy and chondrodysplasia. Am J Hum Genet.
2002;70:1368–75.

44. Yan W, Dai J, Shi D, Xu X, Han X, Xu Z, et al. Novel HSPG2 mutations causing
Schwartz‑Jampel syndrome type 1 in a Chinese family: a case report. Mol Med
Rep. 2018;18:1761–5.

45. Maini I, Farnetti E, Nicoli D, Pavlidis E, Spagnoli C, Salerno GG, et al. Co-occurrence
of an HSPG2 Missense variant and functional polymorphisms in atypical
Schwartz–Jampel syndrome type 1 with obesity: a case report. J Pediatr Neurol.
2019;17:149–52.

AUTHOR CONTRIBUTIONS
PF and TO performed sequencing analysis. TY, HO, and SIk organized patient referrals.
GN contributed to the radiographic diagnosis of all fetuses and patients. YO and YY
examined DDRD_P02. MN examined DDRD_P03. TY and HF examined DDRD_P04. JM

examined DDRD_P06. SIs examined DDRD_P07. TY, TO, EAH, and KO supervised the
project. PF and KO wrote a draft manuscript and all authors revised the contents.

FUNDING
The study was supported by Grants-in-Aid from the Japan Agency for Medical
Research and Development (JP22ek0109488), the Japan Society for the Promotion of
Science (JP23K18273 and JP23H02794); the Ministry of Health, Labour and Welfare of
Japan (23FC1014); the National Center of Neurology and Psychiatry (5-6). Open
Access funding provided by Nagoya University.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s10038-024-01229-6.

Correspondence and requests for materials should be addressed to Kinji Ohno.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

P. Farshadyeganeh et al.

10

Journal of Human Genetics

https://doi.org/10.1038/s10038-024-01229-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dyssegmental dysplasia Rolland–Desbuquois type is caused by pathogenic variants in HSPG2 - a founder haplotype shared in five patients
	Introduction
	Patients and methods
	Patients
	Whole exome resequencing analysis
	Haplotype analysis

	Results
	Clinical features of five patients
	Identification of pathogenic variants
	Founder haplotype of p.G3324R

	Discussion
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




