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Abstract

Background: Split hand/foot malformation (SHFM) is a genetically heterogeneous limb malformation with variable
expressivity. SHFM with tibia or femur aplasia is called SHFM with long bone deficiency (SHFLD). 17p13.3 duplications
containing BHLHA9 are associated with SHFLD. Cases with variable SHFLD phenotype and different 17p13.3 duplicated
regions are reported. The severity of long bone defect could not be simply explained by BHLHA9 overdosage or 17p13.
3 duplication.

Methods: A four-generation Chinese SHFM family was recruited. Three family members have long bone defects, one
male was severely affected with hypoplasia or aplasia in three of four limbs. Linkage analysis and direct sequencing of
candidate genes were used to exclude six responsible genes/loci for isolated SHFM. Array comparative genomic
hybridization (CGH) was performed to detect copy number variations on a genome-wide scale, and quantitative real-
time polymerase chain reaction (qPCR) assays were designed to validate the identified copy number variation in the
index and other family members.

Results: No mutations were found in genes or loci linked to isolated SHFM. A ~ 966 kb duplication was identified in
17p13.3 by array CGH, in which BHLHA9 surrounding region presented as triplication. The qPCR assays confirmed the
indicated 17p13.3 duplication as well as BHLHA9 triplication in all available affected family members and other two
asymptomatic carriers. Given the incomplete penetrance in SHFLD, those two carriers were regarded as non-penetrant,
which suggested that the genomic rearrangement was co-segregated with malformation in this family.

Conclusions: The present study reports an additional SHFLD family case with 17p13.3 genomic rearrangement. To our
knowledge, the 966 kb genomic rearrangement is larger in size than any previously reported SHFLD-associated 17p13.3
duplication, and the present family shows marked phenotypic variability with two asymptomatic carriers and one patient
with an extremely severe phenotype. This rare case provides the opportunity to identify underlying genotype-phenotype
correlations between SHFLD and 17p13.3 genomic rearrangement.
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Background
Split-hand/foot malformation, affecting 1 in 8500–
25,000 newborns, is a developmental limb malformation
characterized by median clefts of the hands and feet,
syndactyly, and aplasia and/or hypoplasia of the phalan-
ges, metacarpals, and metatarsals [1]. However, the
phenotype varies greatly between families, within mem-
bers of one family, and even among different extremities
of a single individual, ranging from slight syndactyly
and/or ectrodactyly to severe monodactyly. Currently,
SHFM is categorized as either non-syndromic or syn-
dromic, in terms of whether there are extra-limb mani-
festations. Non-syndromic SHFM includes isolated
SHFM; and SHFM in association with other limb mani-
festations, such as tibia or femur aplasia, is called SHFM
with long bone deficiency (SHFLD), and others involving
fibula defects are designated as fibular agenesis with
ectrodactyly (OMIM 113310).
Until now, six genes/loci (SHFM1–6) have been identi-

fied as responsible for isolated SHFM. These include dele-
tions, duplications, or rearrangements on 7q21.2-q21.3,
heterozygous/homozygous mutations in DLX5 or hetero-
zygous mutations in DLX6 (SHFM1, OMIM 183600), het-
erozygous duplications on 10q24 (SHFM3, OMIM
246560), heterozygous mutations in TP63 (SHFM4,
OMIM 605289), heterozygous deletions on 2q31 (SHFM5,
OMIM 606708) and biallelic mutations in WNT10B
(SHFM6, OMIM 225300); in addition, SHFM2 has been
mapped to Xq26.3 by linkage analysis. Causative genes in
isolated SHFM are also responsible for some syndromic
SHFM. For example, dominant TP63 mutations can also
result in ectrodactyly, ectodermal dysplasia, and cleft lip/
palate syndrome 3 (EEC3, OMIM 604292).
SHFLD is genetically distinct from isolated SHFM.

SHFLD is usually inherited in an autosomal dominant
manner with variable expressivity and incomplete pene-
trance, and in some cases, autosomal recessive inherit-
ance is presented, and digenic inheritance can also be
possible. In general, SHFLD is associated with three dif-
ferent loci: 1q42.2-q43 for SHFLD1 (OMIM 119100);
6q14.1 for SHFLD2 (OMIM 610685); and 17p13.3 for
SHFLD3 (OMIM 612576). The first two SHFLD suscep-
tibility loci, 1q42.2-q43 and 6q14.1, were identified in
the same large consanguineous family by genome-wide
linkage analysis and multipoint parametric linkage ana-
lysis [2, 3], raising the possibility of digenic inheritance.
For SHFLD3, 17p13.3 duplications have been identified
in several cases and families, and the smallest duplica-
tion region only includes BHLHA9 [4–10]. BHLHA9
plays a crucial role in limb development during apical
ectodermal ridge (AER) formation, and its dosage has
been implicated in SHFM and SHFLD [11]. SHFLD with
17p13.3 duplication is less than 50% penetrant and
shows markedly variable expressivity. The correlation

between a specific phenotype and the 17p13.3 duplica-
tions remain unclear. Although BHLHA9 duplication is
highly associated with long-bone deficiency, it is insuffi-
cient to explain the variable expressivity and reduced
penetrance in SHFM and SHFLD.
Here, we present a genetic analysis of a Chinese family

with SHFM and SHFLD. A ~ 966 kb genomic rearrange-
ment in 17p13.3 is associated with the observed malforma-
tions in the family. Variable expressivity and incomplete
penetrance are demonstrated in the family.

Methods
Subjects
A four-generation Chinese family with SHFM and
SHFLD was recruited from the Department of Obstet-
rics and Gynecology of Tianjin Medical University Gen-
eral Hospital. Clinical data and digital photographs of
limbs and digits were obtained from the patients and
their referring doctor. Peripheral or cord blood were col-
lected from 13 family members to perform further gen-
etic analyses. Genomic DNA was extracted from blood
leucocytes, according to standard procedures of the
QIAamp DNA Blood Midi Kit (Qiagen, Valencia, CA,
USA). Informed consent was obtained from all available
individuals included in this study and the study was ap-
proved by the Ethical Review Board of Peking Union
Medical College.

Sanger sequencing of candidate genes
Mutations in all coding exons and intron-exon boundar-
ies of candidate genes, including TP63, DLX5, DLX6 and
BHLHA9, were screened by Sanger sequencing. Primers
used to amplify the target sequences were designed by
Primer Premier 5 (Premier Biosoft International, Palo
Alto, CA). Each polymerase chain reaction (PCR) was
conducted in a 25 μl reaction mixture using LA Taq with
GC Buffer I (Takara Bio., Dalian, PR China). The PCR
products were directly sequenced in an ABI Prism
3730xl Automated Sequencer (Applied Biosystems,
Foster City, CA, USA), and sequences were analyzed
with CodonCode Aligner software (CodonCode Corp.,
Dedham, MA, USA). The primers are summarized in
Additional file 1: Table S1.

Linkage analysis for candidate loci
At least 4 short tandem repeat (STR) markers were
selected within each candidate loci, including
7q21.2-q21 (SHFM1), Xq26.3 (SHFM2), and 10q24.3
(SHFM3). The STR markers were amplified by PCR and
genotyped by polyacrylamide gel electrophoresis (PAGE).
The primer sequences and amplification conditions are
available upon request. Segregation status between geno-
types and phenotypes were analyzed to determine the
possibility of linkage to each locus.
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Microarray analysis
Array-CGH was performed on patient I1 using the Agi-
lent Sureprint G3 Custom CGH microarray 2x400k
(Agilent Technologies, Santa Clara, CA, USA) by Beijing
Capitalbio Technology Corporation (Beijing, China).
Genomic copy number changes at locus 17p13.3 in
other family members (II1, II6, II8, III6, IV5, IV6) were
further tested using a microarray with higher probe
density (SurePrint G3 Human 1x1M; manufactured by
Agilent Technologies, Santa Clara, CA, USA) by the La-
boratory of Clinical Genetics of Peking Union Medical
College Hospital. The experiment and data analysis were
performed according to the manufacturer’s instructions.
In brief, patient and control DNA were labeled and com-
bined to hybridize to the 60-mer oligonucleotide-based
microarray. The resulting fluorescent signals were auto-
matically scanned by the Agilent SureScan Microarray
Scanner. Agilent CytoGenomics software was then used
to extract and translate the signal into log ratios for fur-
ther analysis of copy number changes.

Quantitative real-time PCR assay
A quantitative real time PCR (qPCR) assay was used to
test for duplication of the 10q24.3 and 17p13.3 loci in all
available DNA samples. The qPCR was performed in a

total volume of 20 μl with each tube containing 2×
SYBR Premix Ex Taq GC (Takara Bio., Dalian, PR
China), 50 ng genomic DNA, and 400 nM each primer,
with four replicates per sample. Reactions were per-
formed in a Rotor-Gene 6000 instrument (Qiagen, Hil-
den, Germany) under the following conditions: 95 °C for
10 min and 40 cycles of 95 °C 10s / 60 °C 15 s / 72 °C
20s. Data were analyzed by Rotor Gene Q series software
(Qiagen, Hilden, Germany). The relative copy number
(RCN) of the target sequence was calculated by the rela-
tive threshold cycle method (2-ΔΔCt) where ΔCt = (mean
CtTarget)-(mean CtReference) and ΔΔCt =ΔCtpatient-ΔCtcon-
trol. A RCN of approximately 1.5 indicated a heterozy-
gous duplication.

Results
Clinical description
Multiple family members, including five individuals and
four fetuses, presented limb malformation with extreme
phenotypic diversity (Table 1). The proband (IV5) was
evaluated for unilateral syndactyly displayed in a
mid-trimester ultrasound before his mother (III6)
obtained an abortion. Patient III6 is phenotypically nor-
mal, and has obtained four abortions, all because of limb
malformations detected in the fetus by ultrasound,

Table 1 Limb features of family members

Individual Gender Upper limbs Lower limbs Phenotype 17p13.3
genomic
rearrangement

Left Right Left Right

I1 F Ectrodactyly with a
central cleft

Ectrodactyly with a central
cleft

Normal Normal SHFM Y

II1 M Ectrodactyly with a
central cleft

Forearm reduction defect Femora hypoplasia,
lower leg reduction
defect

Femora hypoplasia,
lower leg reduction
defect

SHFLD Y

II2 F Unilateral ectrodactyly with a central cleft Normal Normal SHFM NT

II4 F Normal Normal Normal Normal Normal N

II6 F Normal Ectrodactyly with a central
cleft, clinodactyly in the third
and fourth digits

Normal Normal SHFM Y

II8 F Normal Syndactyly Normal Normal SHFM Y

III6 F Normal Normal Normal Normal Carrier Y

III8 M Normal Normal Normal Normal Carrier Y

III9 F Normal Normal Normal Normal Normal N

IV3 F Ectrodactyly and
syndactyly with a
central cleft

Ectrodactyly and syndactyly
with a central cleft

Leg flexion deformity Leg flexion deformity SHFLD? NT

IV4 NA Ectrodactyly,
metacarpale
reduction defect

Ectrodactyly, metacarpale
reduction defect

Tibia or fibula
reduction defect, leg
flexion deformity

Tibia or fibula
reduction defect, leg
flexion deformity

SHFLD NT

IV5 M Syndactyly Normal Normal Normal SHFM Y

IV6 M Split hand between
index and other
three fingers

Normal Normal Normal SHFM Y

F, female; M, male; NA, not available; Y, yes; N, no; NT, not tested
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occurring twice before, and once after, patient IV5.
There were one female and two male fetuses, and one
whose gender is not available. The first female fetus
(IV3) was observed with bilateral ectrodactyly, and syn-
dactyly with a central cleft, and bilateral leg flexion de-
formity. Fetus IV4, whose gender is not available, was
observed to have bilateral ectrodactyly and metacarpal
reduction defect in the upper limbs, and bilateral tibia
or fibula reduction defect and leg flexion deformity in
the lower limbs. Fetus IV6 only presented with a malfor-
mation in his left hand, with a wide cleft between the
second and third fingers (Fig. 1g). Dating back two gen-
erations before III6, there are five patients in the family.
I1 had bilateral ectrodactyly with a central cleft (Fig. 1b),
and four of her five children presented with limb malfor-
mations including II6, the mother of III6. The clinical
manifestation of II1 was the most severe, with his left
hand only contained two digits with a central cleft
(Fig. 1c), the right forearm with hypoplastic ulna and
radius, and no developed hand (Fig. 1d), along with
legs that presented with symmetric hypoplastic femora
and absence of the lower legs. Patients II2 and II6 pre-
sented unilateral ectrodactyly with a central cleft, and II6
also showed clinodactyly in the third and fourth digits
(Fig. 1e). II8 showed syndactyly at birth and clinodactyly

in the third digit after corrective surgery (Fig. 1f). The
other individuals in this family had no significant anomal-
ies in any limb or digit. The malformation manifested
primarily in the hands of the family with variable expres-
sivity, notably, three individuals had long bone aplasia.
Obligate carrier (III6) demonstrated that the malformation
could be transmitted in an autosomal dominant, or
X-linked mode with incomplete penetrance. No other
obvious health issues were present in the family; cognitive
ability, behavior, and development were normal in all
individuals.

Genetic analysis
Mutation detection in known SHFM causative genes / loci
Mutation screening was performed in genes and at loci
that had been previously linked to SHFM. No potential
pathogenic mutation was identified in the coding region
of DLX5, DLX6 (SHFM1) or TP63 (SHFM4) by direct
sequencing. Copy number changes were not detected at
the SHFM3-associated locus 10q24.3 by qPCR assay.
There were shared alleles among patients in the family
at 7q21.2-q21 (SHFM1) and Xq26.3 (SHFM2), however,
considering the relatively small number of patients and
the presence of incomplete penetrance, the linkage to
these two loci cannot be confirmed. SHFM5 usually

Fig. 1 Pedigree and limb defects of affected subjects. a Pedigree showing dominant inheritance with reduced penetrance. b Ectrodactyly with
split hand of patient I1. c-d Ectrodactyly with split left hand of II1 (c). The hypoplastic right forearm with no hand, ulna and radius of II1 (d).
Patient II1 also affected with symmetric hypoplastic femora and absence of bilateral lower legs. e Unilateral ectrodactyly with split hand of II6.
f. Unilateral clinodactyly in middle digit of II8. g Abnormal left split hand of the aborted fetus IV6
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presents growth retardation and craniofacial anomaly,
and SHFM6 is inherited in an autosomal recessive man-
ner. Since no featured clinical presentation was observed
in these patients, and the inheritance was obviously not
consistent with an autosomal recessive mode, the
SHFM5 and SHFM6 types were excluded.

Detection of whole genome copy number variation
The copy number variation in the family was examined
at a genome-wide scale. High resolution array CGH ana-
lysis in patient I1 revealed a genomic rearrangement at
17p13.3, presenting a gross duplication, in which
BHLHA9 surrounding region presented as triplication
(hg19) (Fig. 2a). Further analyses in confirmed patients
(II1, II6, II8, IV5, IV6), and an obligate carrier (III6), also
revealed the similar results. The size of the genomic re-
arrangement as detected by array CGH ranged from
793 kb to 972 kb: 972 kb in IV5 (chr17: 271755–
1,244,126); 967 kb in I1 (chr17: 277049–1,244,126) and
III6 (chr17: 277249–1,244,126); 804 kb (chr17: 410709–
1,215,190) in II1 and II6; 793 kb (chr17: 418332–
1,211,150) in II8; and 833 kb (chr17: 410709–1,244,126)
in IV6. Thus, the 17p13.3 genomic rearrangement was
observed in all available affected family members and
co-segregated with malformation in the family. However,
III6 also carried this genomic rearrangement while
showing no limb or digit anomalies, confirming the
existence of nonpenetrance at this locus. No additional
aberrations were observed at other SHFM/SHFLD loci
in the patients.

qPCR at 17p13.3 and sanger sequencing in BHLHA9
qPCR primers were designed within the 17p13.3 gen-
omic rearrangement region identified by array CGH, to
confirm the gross genomic rearrangement and narrow
down the boundaries. This result showed that the dupli-
cation was ~ 966 kb in size on chr17:276288–1,242,170
and one region within it encompassing ABR1 and
BHLHA9 showed triplication (Fig. 2b). The previously
reported minimally duplicated region at 17p13.3 that has
been associated with SHFLD contains only one gene,
BHLHA9, which was also present in the identified gen-
omic rearrangement region in the present study. There-
fore, a qPCR assay was performed on BHLHA9 to
confirm the copy number gain in all available family
members and two non-familial members. All affected
individuals showed increased two copy numbers com-
pared to normal subjects (Fig. 2c). Copy number gain
was also observed in two phenotypically normal mem-
bers, III6 and III8, which suggested these two were
asymptomatic carriers and demonstrated the existence
of nonpenetrance in the family. The sequences of these
qPCR primers are summarized in Additional file 1:
Table S1. In addition, based on the potential

pathogenesis of gain-of-function mutations of BHLHA9
in limb malformations, the BHLHA9 sequence was also
examined by Sanger sequencing in the proband, and no
potential pathogenic variant was found.

Discussion
In the present family, a total of nine members were
affected with limb malformation, including four fetuses.
Most patients manifested as SHFM with unilateral or
bilateral hand(s) involved, while lower limb involvement
was present in one third of the patients. One male
patient (II1) presented a severe SHFLD phenotype with
long-bone deficiency in three of four limbs, which in-
cluded a hypoplastic right forearm, and bilateral absence
of lower legs, in addition to a split left hand. According
to previous reports, only 43% of SHFM patients with
17p13.3 duplication are affected with long bone defi-
ciency, with tibia involved in most cases, but also with
radial hypoplasia, femur hypoplasia, and a reduction
defect of upper and/or lower limbs [9]. To our know-
ledge, patient II1 of this study is the most severe SHFLD
case in all reported 17p13.3 genomic rearrangement car-
riers. The most severe phenotypes previously reported
were reduction defects of the right upper and lower
limbs with a split left hand in a fetus [9], while all four
limbs of patient II1 herein were involved, of which three
of four limbs were seriously dysplasic or aplasic.
Whether there is a sex bias in the incidence and severity
of SHFLD is still controversial [9, 10, 12]. In Caucasian
patients, a clear sex bias has been observed, with more
males affected than females [12], while no significant sex
difference has been observed in Japanese populations
[10]. In this study, one severe SHFLD patient is observed
out of four males, one suspicious case with bilateral leg
flexion deformity out of six females, and one SHFLD
case with unknown gender in the whole family. Two
asymptomatic carriers, one male and one female, were
also observed. Limited by the small sample size, the rela-
tionship between gender and the severity and incidence
of long-bone deficiency is speculated, but not confirmed,
in this family.
A ~ 966 kb genomic rearrangement was identified at

17p13.3 in a four-generation Chinese family with nine
individuals affected with SHFM or SHFLD. Within this
large region, there was one part containing ABR1 and
BHLHA9 presenting triplication, which showed a com-
plicated structural variation in this region. The pheno-
types associated with the 17p13.3 duplications included
neurological dysfunction, cleft lip/palate, SHFLD, and
connective tissue phenotypes [6]. To our knowledge,
YWHAE duplication is responsible for the neurological
dysfunction phenotype [13], and a duplication disrupting
ABR appears to result in cleft lip/palate [6], while the
SHFLD phenotype has been associated with duplication
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of BHLHA9 [5, 12]. The identified duplication in our
study does not contain YWHAE, and it encompasses
ABR, along with BHLHA9. Accordingly, patients in this
family were only affected with limb malformations, but
no neurological disorders or cleft lip/palate were ob-
served. These observations are in accordance with the
genotype-phenotype correlations summarized by Curry
et al. [6]. Increased BHLHA9 copy numbers have been
reported to be highly correlated with the long bone defi-
ciency phenotype. According to Nagata et al., the inci-
dence of long bone defect is significantly higher in
families with BHLHA9 triplicates than with duplicates
[10]. In this study, the increased copy number of

17p13.3 containing BHLHA9 was confirmed by qPCR
assay, and it was considered to be responsible for the
phenotypes observed in this Chinese family. In addition
to previous studies in Caucasian and Japanese patients,
the same genomic variations were observed in Chinese
cases for the first time, indicating that increased
BHLHA9 copy number is associated with SHFLD in
different populations.
The ~ 966 kb genomic rearrangement identified in this

family is the largest SHFLD associated 17p13.3 structural
variation identified to date, and the long bone deficiency
phenotype in one family member is extremely severe.
Previously, the largest duplication identified in SHFLD

Fig. 2 Identification and validation of 17p13.3 genomic rearrangement. a Array CGH results (GRCh37/hg19 build) showed copy number gain at
the chromosome 17p13.3 locus. A large duplication was identified here and part of this region encompassing ABR1 and BHLHA9 manifested as
triplication. The blue and the red dots denote amplification and deletion, respectively. The log ratio (Y axis) demonstrated by the blue dots
indicated the presence of increased copies of this region. Ratios around + 0.5 and around + 1.0 indicate the presence of three and four copies of
its corresponding region, respectively. b DNA copy numbers of 17p13.3 genomic rearrangement region detected by qPCR assays. Primers
locations are indicated at the bottom of a (black bars). c DNA copy number of BHLHA9 detected by qPCR assays. All the normal subjects except
III6 and III8 in this family show normal copy number (white bars). All the affected individuals show increased copy numbers (black bars). C1 and
C2 are two normal non-familial individuals, which represent a male and a female respectively
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patients was 594 kb, and the minimum critical region
only contained a single BHLHA9 [12]. Compared with
the previously identified 594 kb duplication, the compli-
cated duplication described here encompassed five add-
itional genes, RFLNB, VPS53, FAM57A, GEMIN4, and
DBIL5P (Fig. 3a). No involvement in limb development
of VPS53, FAM57A, GEMIN4, and DBIL5P has been re-
ported up to now, thus the severe phenotype in this fam-
ily could not be explained simply by the duplication of
these four genes. Although RFLNB has been implicated
in regulating differentiation and proliferation of chon-
drocytes, the Rflnb knock-out mice are phenotypically
normal [14], thus the role of RFLNB in limb malforma-
tion remains unknown. It is currently believed that over-
expression of BHLHA9 is the major associated factor of
SHFLD. BHLHA9 plays a significant role in limb devel-
opment. It is expressed in the distal limb bud mesen-
chyme underlying the AER in mouse embryos [12].
BHLHA9 loss-of-function mutation results in limb mal-
formation in human and animal models. Knocking down
Bhlha9 in zebrafish leads to truncated pectoral fins [12],
and Bhlha9-knockout mice show syndactyly [11]. More-
over, loss-of-function mutations in the BHLHA9
DNA-binding domain can cause autosomal-recessive
inherited mesoaxial synostotic syndactyly (MSSD,
OMIM 609432) [15]. No mutation was observed in the
present family by sequencing the entire BHLHA9 coding
region, and the inheritance pattern shown here was

autosomal dominant, thus the severe phenotype was not
caused by BHLHA9 loss of function. The BHLHA9
dosage is highly correlated to the long bone defect
phenotype [10]. We identified a BHLHA9-containing
triplication, while the phenotypes in the present family
were more severe than a BHLHA9-containing triplica-
tion in Japanese populations [10]. Therefore, the severe
phenotype in this family could not be simply explained
by the increased copy number of BHLHA9 as well. Gene
expression dosage can be regulated by multiple factors,
such as a long-range cis-acting regulatory element.
Disruption of long-range cis-acting regulatory elements
has been demonstrated to be responsible for several limb
malformations. For example, microduplications and
mutations in the ZRS enhancer, a well-known
long-range cis-element of Sonic hedgehog (SHH), is
associated with triphalangeal thumb-polysyndactyly
syndrome and preaxial polydactyly [16]. It is noteworthy
that the ZRS enhancer is about 980 kb upstream of
SHH, which is similar to the genomic rearrangement size
found in this study. Therefore, it is possible that the
genomic rearrangement region identified here contains a
long-range cis-acting regulatory element of BHLHA9.
Since the smaller duplication only includes BHLHA9
and nearby regulatory elements, it is assumed that gene
expression is influenced mainly by the increased copy
number of BHLHA9 and the nearby promoter and
enhancers. However, since the large genomic

Fig. 3 Schematic overview of the 17p13.3 duplications previously reported and identified in our study (hg19). All the twenty-two blue blocks
denote the previously reported duplicated regions. The lower red block denotes the identified duplication and the grey block denotes the
identified triplication in our study. The complicated duplication found in our study contained a wider telocentric region than in previously
reported 17p13.3 duplications
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rearrangement includes both long-range regulatory
elements and BHLHA9, gene expression is also influ-
enced by enhanced long-range regulation, and, as a
result, the expression level is much greater and the
phenotype is more severe. The long-range regulatory
element may not be included in the previously reported
duplicated regions, which could explain why Petit et al.
and Klopocki et al. did not observe a correlation between
the duplication size and phenotype severity [7, 12].
Further evidence should be provided to support this as-
sumption, including additional severe SHFLD patients
with large genomic rearrangements along with the direct
identification of a long-range cis-acting regulatory element
of the BHLHA9 gene. In addition, incomplete penetrance
and phenotypic variability are often observed in SHFLD
patients, such as observed in the family in this study. Par-
ticularly, a patient-to-carrier-to-patient transmission pat-
tern was observed in the present family, suggesting the
involvement of additional factors from the complicated
genetic and environmental backgrounds. The highly
variable expressivity and incomplete penetrance, particu-
larly the asymptomatic carriers, imply that an individual
with a 17p13.3 genomic rearrangement does not cer-
tainly present a malformation phenotype, which per-
plex the prenatal diagnosis and genetic counseling in
the present family.

Conclusions
In summary, this study reported an additional SHFLD
family case with 17p13.3 genomic rearrangement. To our
knowledge, the 966 kb genomic rearrangement is larger in
size than previously reported SHFLD-associated 17p13.3
duplications, and the present family shows marked vari-
ation in phenotype, with two asymptomatic carriers, and
one patient with an extremely severe phenotype. The rare
case provides us an opportunity to observe the underlying
genotype-phenotype correlation between SHFLD and a
17p13.3 genomic rearrangement containing BHLHA9.

Additional file

Additional file 1: Table S1. Primers used in this study. (DOCX 27 kb)

Abbreviations
AER: Apical ectodermal ridge; EEC3: Ectodermal dysplasia and cleft lip/palate
syndrome 3; MSSD: Mesoaxial synostotic syndactyly; PAGE: Polyacrylamide
gel electrophoresis; PCR: Polymerase chain reaction; qPCR: Quantitative real
time PCR; SHFLD: SHFM with long bone deficiency; SHFM: Split hand/foot
malformation; SHH: Sonic hedgehog.; STR: Short tandem repeat

Acknowledgements
We thank the families for their collaboration.

Funding
This work is financially supported by the CAMS Innovation Fund for Medical
Sciences (CIFMS) (Grant number: 2016-I2M-1-002); the Beijing Municipal Sci-
ence and Technology Commission (Grant number: Z151100003915078); and

the Fundamental Research Funds for the Central Universities (Grant number:
2016ZX310177).

Availability of data and materials
The genetic data analyzed during the current study is available from the
corresponding author by reasonable request.

Authors’ contributions
XZ and YZ designed the study. YS, NS, ZL and XM performed and
interpreted molecular genetic studies. YS and NS wrote the manuscript; FL
and YZ collected the patient samples and provided the clinical data. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Informed consent was obtained from all available individuals included in this
study and the study was approved by the Ethical Review Board of Peking
Union Medical College.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

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

Author details
1McKusick-Zhang Center for Genetic Medicine, Institute of Basic Medical
Sciences Chinese Academy of Medical Sciences, School of Basic Medicine
Peking Union Medical College, No.5 Dong Dan San Tiao, Dongcheng District,
Beijing 100005, China. 2Laboratory of Clinical Genetics, Peking Union Medical
College Hospital, Chinese Academy of Medical Sciences & Peking Union
Medical College, No.1 Shuaifuyuan, Wangfujing, Dongcheng District, Beijing
100073, China. 3Department of Obstetrics and Gynecology, Tianjin Medical
University General Hospital, No.154, Anshan Road, Heping District, Tianjin
300052, China.

Received: 25 February 2018 Accepted: 5 June 2018

References
1. Gurrieri F, Everman DB. Clinical, genetic, and molecular aspects of split-

hand/foot malformation: an update. Am J Med Genet A. 2013;161A(11):
2860–72.

2. Naveed M, Al-Ali MT, Murthy SK, Al-Hajali S, Al-Khaja N, Deutsch S, et al.
Ectrodactyly with aplasia of long bones (OMIM; 119100) in a large inbred
Arab family with an apparent autosomal dominant inheritance and reduced
penetrance: clinical and genetic analysis. Am J Med Genet A. 2006;140((13):
1440–6.

3. Naveed M, Nath SK, Gaines M, Al-Ali MT, Al-Khaja N, Hutchings D, et al.
Genomewide linkage scan for split-hand/foot malformation with long-bone
deficiency in a large Arab family identifies two novel susceptibility loci on
chromosomes 1q42.2-q43 and 6q14.1. Am J Hum Genet. 2007;80(1):105–11.

4. Lezirovitz K, Maestrelli SR, Cotrim NH, Otto PA, Pearson PL, Mingroni-Netto
RC. A novel locus for split-hand/foot malformation associated with tibial
hemimelia (SHFLD syndrome) maps to chromosome region 17p13.1-17p13.
3. Hum Genet. 2008;123(6):625–31.

5. Armour CM, Bulman DE, Jarinova O, Rogers RC, Clarkson KB, DuPont BR, et
al. 17p13.3 microduplications are associated with split-hand/foot
malformation and long-bone deficiency (SHFLD). European journal of
human genetics : EJHG. 2011;19(11):1144–51.

6. Curry CJ, Rosenfeld JA, Grant E, Gripp KW, Anderson C, Aylsworth AS, et al.
The duplication 17p13.3 phenotype: analysis of 21 families delineates
developmental, behavioral and brain abnormalities, and rare variant
phenotypes. Am J Med Genet A. 2013;161a(8):1833–52.

7. Petit F, Andrieux J, Demeer B, Collet LM, Copin H, Boudry-Labis E, et al.
Split-hand/foot malformation with long-bone deficiency and BHLHA9
duplication: two cases and expansion of the phenotype to radial agenesis.
Eur J Med Genet. 2013;56(2):88–92.

Shen et al. Orphanet Journal of Rare Diseases  (2018) 13:106 Page 8 of 9

https://doi.org/10.1186/s13023-018-0838-y


8. Luk HM, Wong VC, Lo IF, Chan KY, Lau ET, Kan AS, et al. A prenatal case of
split-hand malformation associated with 17p13.3 triplication - a dilemma in
genetic counseling. Eur J Med Get. 2014;57(2–3):81–4.

9. Petit F, Jourdain AS, Andrieux J, Baujat G, Baumann C, Beneteau C, et al.
Split hand/foot malformation with long-bone deficiency and BHLHA9
duplication: report of 13 new families. Clin Genet. 2014;85(5):464–9.

10. Nagata E, Kano H, Kato F, Yamaguchi R, Nakashima S, Takayama S, et al.
Japanese founder duplications/triplications involving BHLHA9 are associated
with split-hand/foot malformation with or without long bone deficiency
and Gollop-Wolfgang complex. Orphanet J Rare Dis. 2014;9:125.

11. Kataoka K, Matsushima T, Ito Y, Sato T, Yokoyama S, Asahara H. Bhlha9
regulates apical ectodermal ridge formation during limb development. J
Bone Miner Metab. 2018;36(1):64–72.

12. Klopocki E, Lohan S, Doelken SC, Stricker S, Ockeloen CW. Soares Thiele de
Aguiar R et al. duplications of BHLHA9 are associated with ectrodactyly and
tibia hemimelia inherited in non-Mendelian fashion. J Med Genet. 2012;
49(2):119–25.

13. Bruno DL, Anderlid BM, Lindstrand A, van Ravenswaaij-Arts C,
Ganesamoorthy D, Lundin J, et al. Further molecular and clinical delineation
of co-locating 17p13.3 microdeletions and microduplications that show
distinctive phenotypes. J Med Genet. 2010;47(5):299–311.

14. Mizuhashi K, Kanamoto T, Moriishi T, Muranishi Y, Miyazaki T, Terada K, et al.
Filamin-interacting proteins, Cfm1 and Cfm2, are essential for the formation
of cartilaginous skeletal elements. Hum Mol Genet. 2014;23(11):2953–67.

15. Malik S, Percin FE, Bornholdt D, Albrecht B, Percesepe A, Koch MC, et al.
Mutations affecting the BHLHA9 DNA-binding domain cause MSSD,
mesoaxial synostotic syndactyly with phalangeal reduction, Malik-Percin
type. Am J Hum Genet. 2014;95(6):649–59.

16. Klopocki E, Ott CE, Benatar N, Ullmann R, Mundlos S, Lehmann K. A
microduplication of the long range SHH limb regulator (ZRS) is associated
with triphalangeal thumb-polysyndactyly syndrome. J Med Genet. 2008;
45(6):370–5.

Shen et al. Orphanet Journal of Rare Diseases  (2018) 13:106 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Subjects
	Sanger sequencing of candidate genes
	Linkage analysis for candidate loci
	Microarray analysis
	Quantitative real-time PCR assay

	Results
	Clinical description
	Genetic analysis
	Mutation detection in known SHFM causative genes / loci
	Detection of whole genome copy number variation
	qPCR at 17p13.3 and sanger sequencing in BHLHA9


	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

