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INTRODUCTION
Skeletal dysplasias are a heterogeneous group of genetic dis-
orders of the skeletal system caused by mutations of genes 
involved in bone and cartilage metabolism.1 This condition is 
characterized by short stature, limb and spine maldevelopment 
or deformities, and precocious osteoarthritis. A recent update 
of the nosology and classification of genetic skeletal diseases 
included 40 groups and 456 disease entities, listing 226 caus-
ative genes that have been discovered for 316 diseases.2 The 
clinical diagnosis of the specific disease entity causing skeletal 
dysplasia can be difficult for several reasons. First, individual 
clinicians have limited experience with these rare diseases. 
Second, mutations in different genes can sometimes cause simi-
lar phenotypes, and mutations of the same gene can sometimes 
cause multiple phenotypes. Third, characteristic skeletal mani-
festations either tend to disappear after skeletal maturity or do 
not appear at a young age. Finally, some disease entities are not 

yet well established. Molecular diagnosis offers the possibility of 
identifying the specific entity underlying skeletal dysplasia, but 
it is challenging to determine which gene(s) should be tested 
despite a difficult clinical diagnosis.

Next-generation sequencing has led to rapid advances in 
human genomics and is being widely applied for clinical 
sequencing.3 In recent years, researchers have used whole-
exome sequencing (WES) and whole-genome sequencing 
(WGS) techniques to identify novel genes causing skeletal dys-
plasia.4,5 However, WES and WGS are very expensive, and the 
number of variants detected by these techniques is too high 
for their application in routine genetic testing. In this context, 
screening of a certain number of genes by panel-based targeted 
exome sequencing (TES) could be a useful alternative because 
of its superior accuracy through high depth, simplicity of anal-
ysis, and relatively low costs compared with WES, WGS, and 
Sanger sequencing.6 Moreover, skeletal dysplasia represents an 
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Purpose: The purpose of this study was to evaluate the clinical util-
ity of targeted exome sequencing (TES) as a molecular diagnostic 
tool for patients with skeletal dysplasia.
Methods: A total of 185 patients either diagnosed with or suspected 
to have skeletal dysplasia were recruited over a period of 3 years. TES 
was performed for 255 genes associated with the pathogenesis of 
skeletal dysplasia, and candidate variants were selected using a bioin-
formatics analysis. All candidate variants were confirmed by Sanger 
sequencing, correlation with the phenotype, and a cosegregation 
study in the family.
Results: TES detected “confirmed” or “highly likely” pathogenic 
sequence variants in 74% (71 of 96) of cases in the assured clinical 

diagnosis category and 20.3% (13 of 64 cases) of cases in the uncer-
tain clinical diagnosis category. TES successfully detected pathogenic 
variants in all 25 cases of previously known genotypes. The data also 
suggested a copy-number variation that led to a molecular diagnosis.
Conclusion: This study demonstrates the feasibility of TES for the 
molecular diagnosis of skeletal dysplasia. However, further confir-
mation is needed for a final molecular diagnosis, including Sanger 
sequencing of candidate variants with suspected, poorly captured 
exons.
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ideal disease condition for detection by TES; many diseases are 
caused by various mutations scattered along the vast number 
of genes of matrix proteins without hotspots, often making it 
unclear which gene should be tested.

We performed a literature review and selected 255 genes 
associated with skeletal dysplasia. Capture-based target gene 
enrichment and massively parallel sequencing were adopted 
to identify sequence variants. We recruited 185 patients over a 
3-year period and studied genetic variations in these patients, 
including single-nucleotide variations, small insertions/dele-
tions (indels), and copy-number variations (CNVs). We also 
investigated agreement between clinical diagnosis before TES 
and molecular diagnosis after TES to identify the clinical utility 
of TES as a diagnostic tool.

MATeRIALs AND MeTHODs
subjects and clinical diagnosis
This study was approved by our institutional review board. We 
recruited 185 patients who were diagnosed with or suspected 

to have skeletal dysplasia based on clinical findings and radio-
graphic survey (Table 1). Informed consent was obtained from 
all patients; thereafter, genomic DNA was extracted from the 
circulating leukocytes from the proband and, when possible, 
his or her parents. The patients were divided into five categories 
according to the certainty of clinical diagnosis and the status of 
the prospective genotype (Table 2). Patients with assured clini-
cal diagnosis of a skeletal dysplasia for which one or only a few 
genotypes are known to be responsible, such as achondroplasia, 
were excluded from this study because they are not considered 
suitable candidates for TES. Patients with an assured clinical 
diagnosis with a single known causative gene were assigned to 
category I, and those with an assured clinical diagnosis with 
several known causative genes were assigned to category II. 
Category III included patients considered to have skeletal dys-
plasia of a certain category but for which a specific diagnosis 
of disease entity could not be made, for example, unspecified-
type spondylometaphyseal dysplasia. Category IV included 
patients with dysplasia that has a possible genetic background. 
This category included 20 cases of Legg-Calvé-Perthes disease 
of (i) bilateral involvement, especially synchronous; (ii) familial 
occurrence; and (iii) suspicious but indefinite skeletal abnor-
malities such as epiphyseal hypoplasia of the contralateral hip 
or other joints and vertebral abnormalities. Finally, 25 patients 
with skeletal dysplasia with their genotypes confirmed by previ-
ous Sanger sequencing constituted category V, which was used 
to verify the sensitivity of TES.

Targeted exome sequencing
We designed RNA baits covering the 255 target genes using 
a custom capture array (SureSelect Customized Kit; Agilent 
Technologies, Santa Clara, CA). The gene list contained 168 
genes featured in the 2010 revision of the nosology and clas-
sification system,2 in addition to 87 genes newly reported 
after publication of that revision. The baits included all exons 
of target genes, as determined by previous studies of skeletal 
dysplasia–related genes (Supplementary Table S1 online). 
We prepared a sequencing library from patient genomic DNA 
using the Agilent SureSelect Target Enrichment System proto-
col. TES was performed with 101-bp paired-end reads on an 
Illumina MiSeq platform (Illumina, San Diego, CA).

Identification and prioritization of pathogenic variants
Reads were aligned to the human genome reference sequence 
(hg19) using Burrows-Wheeler Aligner version 0.7.5 (ref. 7) with 

Table 1 Clinical diagnoses of the participants

Clinical diagnosis
No. of 
cases

Osteogenesis imperfecta 33

Multiple epiphyseal dysplasia 22

Legg-Calvé-Perthes diseasea 20

Type II collagenopathy 13

Spondyloepiphyseal dysplasia–unspecified 11

Hereditary multiple exostoses 8

Spondylometaphyseal dysplasia–unspecified 7

Apert/Cruzon syndrome 4

Mesomelic dysplasia 3

Camurati-Engelmann dysplasia 3

Cleidocranial dysplasia 3

Hypochondrodysplasia 3

Hypophosphatemic rickets 3

Skeletal dysplasia–unspecified 3

Sclerosing bone disease–unspecified 3

Other 11 disease entities 2

Other 24 disease entities 1
aLegg-Calvé-Perthes disease cases that were suspected to be of genetic origin.

Table 2 Clinical diagnosis categories before targeted exome sequencing

Phenotype Locus heterogeneity Allelic heterogeneity example Cases (n)

I Specific No Yes Type II collagenopathy 33

II Specific Yes Yes MED, OI 63

III SD–unspecified Unknown Unknown SED type unspecified; SMD type unspecified 35

IV Possible SD Unknown Unknown Legg-Calvé-Perthes disease suspected to be of genetic origin 29

V Confirmed by previous Sanger sequencing (known genotype) 25

MED, multiple epiphyseal dysplasia; OI, osteogenesis imperfecta; SD, skeletal dysplasia; SED, spondyloepiphyseal dysplasia; SMD, spondylometaphyseal dysplasia.
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the MEM algorithm. We used SAMTOOLS version 0.1.18 (ref. 
8), GATK version 2.4-7 (ref. 9), and Picard version 1.93 (http://
broadinstitute.github.io/picard/) for sorting, indexing SAM/
BAM files, local realignment, and duplicate markings. Base reca-
libration was performed using GATK (known single-nucleotide 
polymorphisms and indels from dbSNP137, Mills, and 1000 
Genome Project gold-standard indels from b37 sites, and 1000 
Genome Project phase 1 indels from b37 sites). To identify muta-
tions from the targeted genes, sequence variants were called by 
Unified Genotyper in GATK and recalibrated by GATK based 
on dbSNP137, Mills indels, HapMap, and Omni. ANNOVAR10 
was used to annotate the variants. We first selected exonic and 
splicing variants, including nonsynonymous variants and small 
indels. Variants with an allele frequency of more than 1% were 
discarded based on the National Heart, Lung, and Blood Institute’s 
ESP 6500, the 1000 Genomes Project, and our in-house database 
containing the exomes of 192 Korean individuals (manuscript 
and Web-based database in preparation). Finally, we correlated 
these variants with clinical and radiographic findings to deter-
mine the candidate pathogenic variant(s), which were addition-
ally checked by a segregation test performed for each family. All 
the details regarding the workflow used in the study are shown in 
schematic form in Supplementary Figure S1 online. All variants 
labeled as candidates were confirmed by Sanger sequencing.

Molecular diagnosis using determined variants
Molecular diagnosis was performed by correlating the clinical 
and radiographic findings with candidate sequence variants 
obtained through TES. The status or certainty of molecular 
diagnosis was stratified into five categories. “Confirmed” was 
assigned if the sequence variants in the gene expected from the 
phenotype were either previously reported for the phenotype or 
indicated as pathogenic in functional assay(s). “Highly likely” 
was assigned if the candidate sequence variant(s) was not pre-
viously reported as associated with the phenotype but was pre-
dicted to be damaging by in silico analyses and occurred at a 
frequency of less than 1% in the normal population; this was 
further supported by a segregation test or well-known pathoge-
nicity such as Gly substitution in the α-helix of collagen, a trun-
cation mutation, or a previously reported mutation in the same 
amino acid. “Less likely” was assigned if the candidate sequence 
variant(s) in the gene expected from the phenotype was pre-
dicted to be benign by in silico analysis and was rather common 
among the normal population or showed contradictory seg-
regation in the family. “Deferred” was assigned when further 
analysis was ongoing or parental DNA was not yet available. 
Finally, “no candidate” status was assigned when no sequence 
variants relevant to the phenotype were detected by TES.

Detection of CNV
We investigated CNVs using TES data for patients assigned 
the “no candidate” status and for whom CNV was considered 
a possible pathogenic mutation. We calculated the sequencing 
coverage for each exon region using the Depth of Coverage 
module in GATK. The depth of each exon was normalized, 

and the copy-number ratio was calculated by the normal-
ized depth of each exon in 96 patients. To verify the results 
obtained from CNV analysis by TES, we performed array com-
parative genomic hybridization (aCGH) using the Unrestricted 
SurePrint G3 CGH Microarray 4x180K Kit (G4826A-022060; 
Agilent Technologies). The raw aCGH data were normalized 
using quantile and LOESS methods from the LIMMA package.11 
To correct for X-chromosome mismatch between male and 
female patients, the median value for each probe was calculated 
and subtracted from the raw value of each probe. DNAcopy and 
SNPchip software packages12 were used for visualization.

ResULTs
High performance of the Tes method
We designed baits for the 255 genes known to cause genetic 
skeletal disorders (Supplementary Table S1 online). Mean 
coverage of the targeted exons was achieved at 105.31× (SD: 
26.03), with 96.53% more coverage than that achieved at 10× 
(Supplementary Table S2 online). To explore the efficiency of 
target coverage, the coverage at a base-pair resolution was cal-
culated for all intended target exons (3,910 exons) in the 255 
target genes. About 4.3% (n = 168) of the targeted exons was 
calculated to have 90% coverage, and 27 exons were calculated 
to have zero coverage (Supplementary Table S3 online). The 
genomic regions with coverage less than 90% are presented in 
Supplementary Table S4 online. To characterize these exons 
further, we plotted them with GC content, which could have 
affected the mean coverage. The results revealed that most of 
the exons attained a mean coverage at 1, but the coverage for 
those with more than 60% GC content dropped dramatically. 
Zero-coverage exons were widely distributed in GC content 
(Supplementary Figure S2a online). In addition, an examina-
tion of the relationship between mean coverage and mean depth 
for all exons showed that a shallow mean depth corresponded 
to low mean coverage (Supplementary Figure S2b online). 
These results suggest that low m--ean coverage was the result 
of the shallow read depth caused by high GC content; however, 
high GC content does not directly cause zero-coverage exons.

systematic prioritization of pathogenic variants
To prioritize potential pathogenic variants, we systemati-
cally applied several filtering steps (Supplementary Figure S1 
online). Of the average 1,611 variants per patient, approxi-
mately 20 remained candidates at the final step. Candidate 
variants were correlated with clinical and radiological findings 
to select the candidate sequence variant that was most likely 
to be responsible for the phenotype and to make a molecular 
diagnosis. The prioritization process provided 128 candidate 
pathogenic sequence variants. Sanger sequencing revealed one 
(0.76%) as a false positive. Subsequent analysis of segregation 
and the database of previously reported mutations assigned 
122 sequence variants in 109 cases (58.9%) as “confirmed” or 
“highly likely” pathogenic mutations for the phenotype, and 6 
variants in 6 cases (3.2%) as “less likely” pathogenic mutations 
for the phenotype. In 70 cases (37.8%), “no candidate” sequence 
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variant was identified. The 122 “confirmed” or “highly likely” 
sequence variants in 109 cases are summarized in Tables 3 
and 4 and Supplementary Table S5 online. At the nucleotide 
level, the variants were 89 point mutations at exons, 10 point 
mutations at intron boundaries, 18 deletions of 1 to 13 nucleo-
tides, and 5 insertions of 1 to 4 nucleotides. At the protein level, 
they were predicted to produce 82 amino acid substitutions, 36 
truncated proteins, and 4 deletions.

Assured clinical diagnosis (categories I and II)
The 96 patients had an assured clinical diagnosis of varying 
numbers of possible pathogenic mutations (categories I and II) 
(Table 2). In those categories, 71 patients (74.0%) were found to 
harbor “confirmed” and/or “highly likely” pathogenic sequence 
variants (Table 3, Supplementary Table S5 online), and 2 
(2.1%) were found to harbor “less likely” pathogenic sequence 
variants. In the remaining 23 patients (24.0%), “no candidate” 

pathogenic sequence variant was identified. Among the 23 “no 
candidate” cases, one turned out to have “highly likely” patho-
genic sequence variants in a recently identified pathogenic gene 
that was not included in the TES gene panel. A woman with 
type III osteogenesis imperfecta was found to harbor compound 
heterozygous mutations of WNT1 (ref. 13) via WES conducted 
after TES. For another patient, a novel candidate causative gene 
was identified after TES and is now under further investigation.

Uncertain clinical diagnosis (categories III and IV)
Categories III and IV included 64 cases of uncertain clinical 
diagnosis. Thirty-five were considered to have skeletal dyspla-
sia, but a specific diagnosis could not be made because their 
phenotypes were ambiguous or they presented after skeletal 
maturity or when they were too young. The remaining 29 cases 
were suspected to have skeletal dysplasia without certainty. In 
this uncertain clinical diagnosis category, 13 patients (20.3%) 

Table 4 Cases with “uncertain” clinical diagnosis that were found to have “confirmed” or “highly likely” pathogenic 
variants
Category 
of clinical 
diagnosisa Clinical diagnosis Molecular diagnosis Gene Nucleotide Amino acid segregation

3 MPS HCH FGFR3 c.C1620G p.N540K De novo

3 MCD MD-Schwachman SBDS c.653G>C; 
IVS2ds+2T-C

p.R218P; p.Q86fsX? Inherited from 
heterogeneous parents

3 SMD–unspecified SPENCD ACP5 c.449T>A; 
c.136C>T

p.V150E; p.R46W Inherited from 
heterogeneous parents

3 MED Type II collagenopathy COL2A1 c.2833G>A p.G945S Inherited from mother

3 SED–unspecified Type II collagenopathy COL2A1 IVS49as-2A-C p.G1164fsX? De novo

3 SED–unspecified Type II collagenopathy COL2A1 c.2833G>A p.G945S Inherited from father

4 SD–unspecified CDP-XL ARSE c.1165G>A p.V389M Inherited from mother

4 SD–unspecified PPRD WISP3 c.866dupA; 
c.624dupA

p.S290EfsX13; 
p.C209MfsX21

Inherited from 
heterogeneous parents

4 SED–unspecified TRPV4pathy TRPV4 c.469A>C p.I157L De novo

4 LCPD Type II collagenopathy COL2A1 c.1132G>A p.G378S Inherited from mother

4 LCPD Type II collagenopathy COL2A1 c.3977C>A p.P1326H Inherited from mother

4 LCPD Type II collagenopathy COL2A1 c.4135C>T p.R1379C Inherited from father

4 LCPD Type II collagenopathy COL2A1 c.3968G>A p.C1323Y De novo
aRefer to Table 2.

CDP-XL, chondrodysplasia punctate, X-linked; HCH, hypochondroplasia; LCPD, Legg-Calvé-Perthes disease; MCD, metaphyseal chondrodysplasia; MD, metaphyseal 
dysplasia; MED, multiple epiphyseal dysplasia; MPS, mucopolysaccharidosis; PPRD, progressive pseudorheumatoid dysplasia; SD, skeletal dysplasia; SED, 
spondyloepiphyseal dysplasia; SMD, spondylometaphyseal dysplasia; SPENCD, spondyloenchondrodysplasia; TRPV4, transient receptor potential cation channel 
superfamily V member 4.

Table 3 Distribution of molecular diagnosis status according to the clinical diagnosis category

Category of clinical 
diagnosisa

status of variants (n) Detection rate of 
pathogenic mutationb (%)Confirmed Highly likely Less likely No candidate

I 15 11 0 7 78.8

II 27 18 2 16 71.4

III 1 5 1 28 17.1

IV 1 6 3 19 24.1

V 17 8 0 0 100.0
aRefer to Table 2. bPathogenic mutation indicates sequence variation is confirmed or highly likely pathogenic.
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were found to harbor “confirmed” and/or “highly likely” patho-
genic sequence variant(s) (Table 4), and 4 (6.3%) were found to 
harbor “less likely” variants. Forty-seven patients (73.4%) were 
assigned as “no candidate.” Their clinical diagnoses included 
Legg-Calvé-Perthes disease (14 cases), spondyloepiphyseal 
dysplasia–unspecified (7 cases), spondylometaphyseal dyspla-
sia–unspecified (6 cases), sclerosing bone disease (3 cases), and 
mesomelic dysplasia (3 cases).

Known genotype (category V)
In contrast to the patients in categories I–IV, we included 25 
cases with genotypes already known through previous Sanger 

sequencing to verify the sensitivity of TES. The cases harbored 
30 mutations in 15 genes. The mutations consisted of 22 mis-
sense point mutations at exons, 1 point mutation at an intron 
boundary, 5 deletions of 1 to 13 nucleotides, and 2 insertions 
of 4 and 21 nucleotides. Details of the variants are presented in 
Supplementary Table S5 online.

Complementary genomic screening for candidate variants
For the patients categorized as “no candidate” by TES, we per-
formed CNV analysis. Based on the read-depth approach,14 
one patient who was clinically diagnosed with mesomelic dys-
plasia had the lowest read depth of the SHOX gene among all 
other patients with skeletal dysplasia, indicating that she had a 
SHOX deletion (Supplementary Figure S3a online). This find-
ing was confirmed by aCGH of the patient’s X chromosome 
(Supplementary Figure S3b online). Polymerase chain reac-
tion experiments also confirmed the lack of SHOX in this patient 
compared with two other patients (Supplementary Figure S3c 
online). The clinical diagnosis was Leri-Weill syndrome caused 
by SHOX mutation;15 hence, the result of the CNV analysis 
using TES was concordant with the clinical diagnosis.

DIsCUssION
Molecular and genetic diagnosis using next-generation 
sequencing technology has become widely adopted in medi-
cine. A panel-based TES approach to identify pathogenic 
mutations therefore serves as an efficient diagnostic tool.16 The 
US Food and Drug Administration recently approved several 
next-generation sequencing–based in vitro diagnostic tests for 
clinical purposes.17 Here, the merits of TES for molecular diag-
nostics were tested in 185 patients with skeletal dysplasia: 160 
patients with unknown genotypes and 25 patients with known 
genotypes. TES detected “confirmed” or “high likely” patho-
genic sequence variants in 84 of 160 untested patients (52.5%) 
and successfully detected all of the pathogenic sequence vari-
ants (100%) that were previously reported.

The utility of TES could depend on the patients’ clinical 
diagnosis status. If the clinical manifestation is known to be 
one with only a single or few known pathogenic mutation(s), 
Sanger sequencing for the specific mutation, not TES, would 
be the optimal test to confirm the molecular diagnosis. 
Achondroplasia and infantile cortical hyperostosis (Caffey dis-
ease) are examples of such manifestations. However, in cases 
that have multiple candidate variants in a single or multiple 
candidate causative gene(s) (categories I and II), even though 
a clinical diagnosis is assured, TES has advantages over Sanger 
sequencing because it can test for all candidate genes simulta-
neously. Osteogenesis imperfecta, multiple epiphyseal dyspla-
sia, spondyloepiphyseal dysplasia congenita, and other type II 
collagenopathies belong to these categories. This study revealed 
that TES detected “confirmed” or “highly likely” pathogenic 
mutations in 71 of 96 patients (74.0%) in this category.

Another strength of TES is its ability to provide a molecu-
lar diagnosis when the clinical manifestation does not suggest 
any specific disease (category III), or even when it is not certain 

Figure 1  schematic workflow used in this study. Recruited patients 
were classified into five categories based on the certainty of clinical diagnosis 
and the status of the prospective genotype. The patients in category I were 
screened by a single gene test, and those in categories II to V were screened 
by skeletal dysplasia–targeted exome sequencing (TES). Sequence variants 
obtained by TES were prioritized using a bioinformatics analysis along with 
correlation with clinical and laboratory findings, and a segregation test was 
performed for the variants. We assume that “confirmed” and “highly likely” 
variants were pathogenic in nature unless alternative methods were required 
to identify novel variants.
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whether the patient has a genetic skeletal disorder (category 
IV). Here, TES provided a molecular diagnosis for 13 patients 
whose specific clinical diagnoses could not be made by expert 
diagnosticians (Table 4). Because the clinical and radiographic 
characteristics of skeletal dysplasia usually become less con-
spicuous after skeletal maturity, sometimes at a very young age, 
molecular confirmation for mutations in diverse genes is a pow-
erful tool for diagnosis. Prenatal diagnosis of skeletal dysplasia 
is a prominent example of when a specific clinical diagnosis 
is difficult to make not only because of a lack of ossification 
in the skeletal system but also difficulty in conducting com-
prehensive radiographic studies at this stage.18 Furthermore, 
certain forms of skeletal dysplasia show diverse phenotypes, 
making clinical diagnosis difficult or controversial, even by 
specialists.19 Interestingly, 7of 13 cases in which a pathogenic 
mutation in categories III and IV was identified by TES were 
later confirmed to be type II collagenopathy. These were clini-
cally diagnosed cases of multiple epiphyseal dysplasia (category 
II), spondyloepiphyseal dysplasia–unspecified (category III), 
or Legg-Calvé-Perthes disease (category IV) (Table 3). This 
reflects the phenotypical diversity of type II collagenopathy, 
and also demonstrates the robustness of TES.

Surprisingly, the success rate of detecting pathogenic 
sequence variation was only 17.1% in category III, which was 
even lower than that in category IV. Data from patients with 
skeletal dysplasia, for which the causative gene has not been 
discovered, had been collected for a period of time to conduct 
WES. These patients were included in this study as category III 
to exclude the known genes, which we believe might contribute 
to the low success rate in this category. They were of an spondy-
lometaphyseal dysplasia–unspecified type, mesomelic dyspla-
sia–unspecified type, and so on. Screening for these causative 
genes can not only enable a fast and efficient molecular diag-
nosis but also identify cases that do not have any mutations in 
known genes. Such cases would constitute a good study cohort 
for targeting a novel causative gene. Seven of 29 cases (24.1%) 
that were not definitively skeletal dysplasia were found to have 
pathogenic sequence variations among the gene panel. Four 
cases, thought to be Legg-Calvé-Perthes disease, were found to 
be of type II collagenopathy, and the remaining three patients 
were very young or had a very mild phenotype; therefore, there 
was an equivocal suspicion of skeletal dysplasia before TES.

Sule et al.20 reported a next-generation sequencing platform 
allowing simultaneous sequencing of genes that cause inherited 
disorders of high or low bone mineral density. They used a plat-
form similar to ours, with 34 genes, and reported benefits and 
limitations of such technologies that we also experienced. To 
apply TES in clinical use, cost-effectiveness needs to be con-
sidered when designing the size of the gene panel, based on 
the scope of disorders to be covered, the number of patients to 
be tested in a given time, and the unit cost. In our clinical and 
laboratory settings, a panel of 255 genes, including all skeletal 
dysplasia genes, was optimal.

We could not identify any candidate variant in the 70 patients 
using our TES method, for several possible reasons. First, some 

might not have had a genetic disorder. For example, 20 patients 
with Legg-Calvé-Perthes disease were included in this study 
because some reports have indicated that a type II collagenopa-
thy manifests as this entity.21,22 However, most of them did not 
show any sequence variant through TES. Second, some patients 
might have had skeletal dysplasia due to a causative gene that 
has not yet been discovered and is therefore not on the TES 
gene list. Those cases are candidates for WES or WGS. Because 
we designed sequencing baits to capture only genes previously 
reported to be associated with skeletal dysplasia, pathogenic 
variants in an unknown gene possibly escaped detection. For 
example, one patient with osteogenesis imperfecta in whom 
no pathogenic mutation was identified by our TES gene panel 
turned out to have “highly likely” pathogenic sequence varia-
tions in WNT1, which was reported as one of the causative 
genes for this phenotype after diagnosis by TES in this study.13 
Third, some genetic defects are simply not detectable by TES 
using an exon-only capture strategy. They include deep intron 
variants, variants in regulatory/enhancer sequences, indels of 
nucleotides larger than a certain size, and chromosomal anom-
alies.23,24 For such patients, additional analysis might involve 
WES, WGS, aCGH, multiplex ligation-dependent probe ampli-
fication, or fluorescence in situ hybridization (Figure 1).

Of the 70 cases in which “no candidate” sequence variant was 
identified, one showed a shallow read-depth ratio for all the 
exons in SHOX, which was compatible with the clinical phe-
notype. We subsequently confirmed a deletion of SHOX using 
aCGH. This case showed the detection of CNVs using TES. 
However, it has often been reported that most tools identifying 
CNVs based on the results of TES, particularly by the depth-
of-coverage approach, do not show high performance for the 
detection of CNVs,25 and additional experiments should con-
firm them. Not only uneven capture efficiency but also non-
contiguous TES target regions make it difficult to accurately 
determine CNVs and can generate false-positive results.

Those features originate from the technical limitation of 
TES. For example, GC content is known to affect the effi-
cacy of target coverage.26 During preparation of the library, 
polymerase chain reaction is used to amplify target regions; 
however, high GC content reduces the efficiency of such ampli-
fication.27 Moreover, the hybridization of capture probes to the 
target sequences can be hindered by high or low GC content28 
(Supplementary Table S4 online). In our study, we confirmed 
that both sequencing depth and coverage were dependent on 
GC content (Supplementary Figure S2 online). We recom-
mend that the coverage depth for those exons be confirmed, 
followed by Sanger sequencing, if they are clinically suspected 
to harbor any pathogenic variant. In addition to GC content, 
homologous regions in the genome can influence capture 
efficiency. In the presence of pseudogenes, capture efficiency 
might be lower or the pseudogene per se might be captured. 
This outcome would trigger false-positive variant calls based on 
misalignment of the sequences.3 Repetitive sequences of several 
major gene families (e.g., the collagen genes) also often result 
in such mapping issues. High-depth sequencing or selecting 
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reads with good mapping quality might address those issues, 
and Sanger sequencing for all detected variants in such exons 
will be necessary.

Conclusion
We developed and applied TES for diagnosing 185 patients 
with or suspected to have skeletal dysplasia in order to screen 
255 genes known to be involved in the pathogenesis of skeletal 
dysplasia. The clinical utility of TES was demonstrated in the 
detection of pathogenic sequence variants of single-nucleotide 
polymorphisms, small indels, and possibly CNVs in the patients 
with skeletal dysplasia. TES is particularly useful when multiple 
genes or multiple sites of a huge gene need to be simultaneously 
sequenced to reach a correct molecular diagnosis. Our results 
support the use of TES as a diagnostic platform. Nonetheless, 
the limitations of this technique and the range of mutations that 
it can cover should be taken into consideration in interpreting 
the results. Selected candidate variants and exons that are sus-
pected but poorly captured on TES screening should be tested 
using Sanger sequencing.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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