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IntroductIon
Radial ray deficiencies (RRDs) are characterized by unilateral 
or bilateral absence of varying portions of the radial ray con-
sisting of the radius and thumb. The prevalence of these radial 
defects is low and varies between 1:30,000 and 1:100,000 live 
births. Although both isolated and syndromic forms have been 
described, the syndromic cases account for approximately two-
thirds of the patients.1,2 Known syndromes associated with 
radial ray defects are Holt–Oram syndrome (HOS, OMIM 
no. 142900), Okihiro syndrome (OMIM no. 607323), throm-
bocytopenia with absent radius (TAR, OMIM no. 274000), 
Rapadilino syndrome (OMIM no. 266280), Townes–Brocks 
syndrome (OMIM no. 107480), Fanconi anemia (OMIM nos. 
227645, 227646, 227650, 300514, 300515, 600185, 600901, 
602774, 602956, 603467, 605724, 605882, 607139, 608111, 
609053, 609054, 609644, 610355, 610832, 611360, 613278, and 
613390), and VACTERL association (vertebral anomalies, anal 
atresia, cardiac abnormalities, tracheoesophageal fistula, renal 

anomalies, and limb anomalies, OMIM no. 192350). For some 
of these conditions, the causal gene has been identified.

HOS is an autosomal dominant condition associated with 
mutations in the transcription factor TBX5 (T-Box 5) and is 
characterized by upper-limb defects, congenital heart malfor-
mations, and cardiac conduction defects. When applying strin-
gent clinical criteria, a detection rate of 74% can be achieved 
in patients with HOS.3 Nevertheless, not all carriers of a TBX5 
mutation have the HOS phenotype, indicating phenotypic het-
erogeneity at this locus.4,5

The Okihiro syndrome or Duane radial ray syndrome asso-
ciated with uni- or bilateral Duane anomaly and radial ray 
malformation has a phenotypic overlap with HOS. Mutations 
in the SALL4 gene (SAL-like 4), also encoding a transcription 
factor, are causal for this disease.6 Both TBX5 and SALL4 are 
involved in the same pathway, and a third gene also involved 
in the same processes, SALL1 (SAL-like 1), is known to cause 
Townes–Brocks syndrome. In addition to transcription 
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factors, genes that are involved in DNA repair mechanisms 
also play a role in RRDs. Fanconi anemia, characterized by 
congenital malformations (including RRDs), bone marrow 
failure, and increased risk of malignancy, is an autosomal 
or X-linked recessive disorder caused by mutations in genes 
involved in repair mechanisms. Another layer of complexity 
was added in 2007 when Klopocki et al.7 reported a 1q21.1 
microdeletion to be necessary but not causal for TAR syn-
drome (characterized by bilateral absence of the radii and 
thrombocytopenia), suggesting that there is a modifier at 
play.7 The additional causative allele was recently identified 
by Albers et al.8 Of 55 TAR cases examined, 53 were heterozy-
gous carriers of the 1q21.1 microdeletion. In these patients, 
two low-frequency regulatory variants were identified on 
the other allele in the 5′UTR and intron 1 of the RBM8A 
gene. The remaining two patients were found to have the 
minor allele of the 5′UTR single-nucleotide polymorphism 
in combination with either a frameshift insertion or a non-
sense mutation in the RBM8A gene. This indicates that in the 
vast majority of cases, compound inheritance of a rare null 
allele (1q21.1 microdeletion (containing the RBM8A gene), 
frameshift mutation, or encoded premature stop codon) 
and one of two low-frequency noncoding single-nucleotide 
polymorphisms in RBM8A cause TAR syndrome.8

Not only modifiers but also regulators such as enhancers 
and silencers have been suggested to play a pivotal role in 
limb-deficiency phenotypes. One of these enhancers is zone of 
polarizing activity regulating sequence, which drives normal 
expression of a key regulator of limb development, Shh (Sonic 
hedgehog) in the zone of polarizing activity. Zone of polarizing 
activity regulating sequence lies within intron 5 of the Lmbr1 
gene 1 Mb from the target gene, Shh.9

In this study, we selected 54 patients with a uni- or bilateral 
radial ray defect that did not fit any of the known syndromes or 
were negative for mutation screening and performed array com-
parative genomic hybridization (CGH) to search for genomic 
aberrations and new candidate genes/loci for radial ray defects.

MaterIal and Methods
Patient selection
Patients with isolated and syndromal RRDs were recruited from 
various medical centers in Europe (Ghent, Brussels, Leuven, 
Antwerp, Belgium; Rotterdam, Leiden, Nijmegen, Amsterdam, 
Groningen, The Netherlands; Berlin, Essen, Erlangen, Germany; 
and Valencia, Spain). DNA samples from the parents were also 
collected when available. This study was approved by the ethics 
committee of Ghent University Hospital.

array cGh
For all patients, the assays were performed using 180K oligo-
nucleotide arrays (Agilent Technologies, Diegem, Belgium) as 
previously described.10 For patient 8, a 1M high-resolution oli-
gonucleotide array (Agilent Technologies) was also performed. 
For all aberrations, the Toronto Database of Genomic Variants 
(http://projects.tcag.ca/variation/) was consulted.

sequencing analysis
Sanger sequencing. The coding regions of two candidate 
genes for RRDs (RAC1 and FBXW4) and six conserved non-
coding regions in the FBXW4 gene were sequenced using the 
ABI 3730XL Genetic Analyzer (Applied Biosystems, Foster 
City, CA). Primer sequences and PCR conditions are available 
upon request.

Next-generation capture sequencing. For patient 8, a cus-
tom 1M capture array (Agilent Technologies) targeting the 
other allele of the 1.4 Mb deletion on chromosome band 7p22.1 
was made. The shotgun library of this patient was hybridized 
on it, followed by washing, elution, and additional amplifica-
tion. All steps were performed according to the manufacturer’s 
instructions with minor modifications; a paired-end library 
was made instead of a single end. The sequencing (2 × 45 bp) 
was  performed on the GAIIx platform (Illumina, Eindhoven, 
The  Netherlands). Readings were mapped to the reference 
genome (GRCh37) using BWA. Variant analysis was per-
formed using an in-house tool called NXT-VAT (Next Variant 
Annotation Tracker; http://www.nxtvat.org).

results and dIscussIon
Chromosomal microarray technology has proven to be a very 
useful tool in the detection of aberrations in patients with intel-
lectual disabilities and/or congenital anomalies. Its use is still 
expanding to other fields such as the detection of aberrations 
in patients with congenital malformations.11,12 To our knowl-
edge, this is the first study using array CGH in a large cohort of 
patients with RRDs. In 8 of 54 patients, a genomic aberration 
was detected. None of these have been reported in the Toronto 
Database of Genomic Variants (DGV) (http://projects.tcag.ca/
variation/). Clinical and molecular data of the patients in whom 
an aberration was found are summarized in Table 1. Figure 1 
shows the RRD in patient 8. Clinical data of all patients are 
summarized in Supplementary Table S1 online.

rrds and known microduplications: a new phenotypic 
characteristic?
For both patients 1 and 2, array CGH analysis revealed a 
1q21.1q21.2 microduplication (Table  1 and Supplementary 
Figure S1a online). In both cases, the duplication was inherited 
from an unaffected parent.

In 2008, Mefford et al.13 and Brunetti-Pierri et al.14 reported 
recurrent 1q21.1 microdeletions and their reciprocal microdupli-
cations in patients with variable clinical features. The phenotypes 
ranged from asymptomatic to severe developmental delay with 
congenital anomalies. Although the microdeletion was associ-
ated with microcephaly, the reciprocal duplication was associated 
with macrocephaly. The majority of patients presented with mild 
to moderate intellectual disability and facial dysmorphism.

This 1q21.1q21.2 region is interspersed with low copy 
repeats, indicating that several low copy repeats could medi-
ate genomic rearrangements. Brunetti-Pierri et al.14 suggested 
that there are two classes involving these distal 1q21.1 regions: 
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class I and class II, respectively, involving only the distal 1q21.1 
region or including both the 1q21.1 region associated with 
TAR syndrome and the distal 1q21.1 region (Figure  2). No 
RRDs have been described in patients with class I or class II 
duplications. In both patients described here, there is a dupli-
cation of the distal region, not of the TAR region (Figure 2). 
The intellectual disability and macrocephaly reported in sev-
eral patients with this duplication were not noted in the two 
patients described here. A ventricular septal defect was noted 
in patient 1, which has also been reported in other patients 
with this duplication.

Patient 3 has both a 92.8 kb microdeletion on chromosome 
2q37.1 and an 800 kb duplication on chromosome 16p13.11 
(Table 1 and Supplementary Figure S1b,c online). Two genes 
reside in the 2q37.1 deletion: ATG16L1 and SAG. Neither 
gene has been associated with limb development. The protein 
encoded by ATG16L1 is part of a large protein complex that is 
necessary for autophagy.15 This gene has been associated with 
susceptibility to inflammatory bowel disease type 10.16,17 SAG 
encodes the S-antigen protein, a member of the arrestin/β-
arrestin protein family and is a rod photoreceptor protein 
 implicated in the recovery phase of light transduction.18,19 
Oguchi syndrome, a rare autosomal recessive form of night 
blindness, has been associated with mutations in this gene.20,21 

table 1 Clinical and molecular data of the patients in whom an aberration or substitution was detected. All genomic 
locations are given in GRCh37
Patient 
no. sex radial ray defect other symptoms array cGh result

size aberration 
(kb)

Inheritance 
pattern

Interesting  
gene/locus

1 F Bilateral thumb and 
first metacarpal 
hypoplasia

Congenital hip 
dysplasia, scoliosis, 
dental anomalies, 
and short stature

arr 1q21.1q21.2 
(146074031 − 147828030) × 3

   1,754 Paternal 1q21.1  
Microduplication

2 F Bilateral radius dys-
plasia, Wassel type 
I and II

Anomalies of the 
fifth finger

arr 1q21.1q21.2 
(146074031 − 147828030) × 3

     1,754 Paternal 1q21.1  
Microduplication

3 M Bilateral thumb 
hypoplasia

Bilateral syndactyly 
of the fourth and 
fifth finger

arr 2q37.1 
(234136828 − 234229606) × 
1; arr 16p13.11(15492307 − 
16292181) × 3

     92.8  
 
     800

Not known 16p13.11  
Microduplication

4 F Bilateral radial ray 
defects with absence 
of right thumb and 
radius and a dysfunc-
tional left thumb

Torticollis, facial 
dysmorphism, and 
unilateral hearing 
loss

arr 8p23.1 
(6447321 − 6589680) × 3

    142.4 Paternal

5 F Bilateral radius 
dysplasia

arr 2p21 
(44514880 − 44545015) × 3

     30.1 Not known

6 M Bilateral radius 
dysplasia

arr 4p15.2 
(27060587-27620409) × 1

    559.8 Not known

7 F Absence of right 
radius and thumb

Shorter right ulna, 
left thenar hypopla-
sia, and small apical 
ventricular septal 
defect at birth

arr 10q24.32 
(103352980 − 103433225) × 1

     80.2 Maternal FBXW4/SHFM3 
locus

8 M Bilateral absence 
of radius with a 
rudimentary thumb 
on the left

Microcephaly and 
failure to thrive

arr 7p22.1 
(5370746 − 6781213) × 1

1,410.5 De novo RAC1

9 M Bilateral radius 
dysplasia

Normal g.103380009A>G

CGH, comparative genomic hybridization.

Figure 1 X-ray picture of the right arm of patient 8 in which both 
radius and thumb are absent.
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No gastrointestinal abnormalities or night blindness have been 
observed in patient 3.

Duplications of the 16p13.11 region have been suggested to 
be causally associated with intellectual disability, behavioral 
abnormalities such as aggressive behavior, congenital heart 
defects, and skeletal manifestations such as hypermobility and 
craniosynostosis.22 Numerous low copy repeats, also known as 
segmental duplications, are contained in the 16p13.11 locus 
(Figure  3). Ingason et al.23 subdivided the locus into three 
 single-copy sequences (I, II, and III) interspersed with stretches 
of segmental duplications. These single-copy regions are shown 
as black bars in Figure 3. The reported 16p13.11 duplications 
are all contained within this locus, with the most common 
breakpoints in the low copy repeat clusters distal to interval I 
and proximal to interval II. In patient 3 described here, interval 
II is duplicated. As parental DNA was unavailable, the de novo 
status of the duplication could not be checked.

It is unclear whether duplications of 16p13.11 are causal or 
benign variants.24 Recently, Cooper et al.25 compared copy-

number variants in 15,767 children with intellectual disability 
and various congenital defects with 8,329 adult controls. No 
significant enrichment was observed for the 16p13.11 dupli-
cation in patients as compared with controls. Because herein 
we report a small series of patients, and no RRDs have been 
reported in patients with the 16p13.11 duplication, the detection 
of a 16p13.11 duplication in our cohort is likely a coincidental 
finding. Although the 1q21.1 microduplication is  significantly 
enriched in patients vs. controls,13,25 our cohort is too small to 
confirm RRDs as a new characteristic of this  syndrome. To 
investigate whether these aberrations play a role in RRD or are 
just coincidental findings, many additional individuals with 
RRDs need to be analyzed.

FBXW4 as a candidate locus
In patient 7, a small deletion of 80.2 kb was detected on chro-
mosome band 10q24.3 using array CGH. Of note, this dele-
tion contains a single gene, FBXW4 (Figure  4a) (F-Box WD 
repeat domain containing 4). FBXW4 belongs to the F-box/
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Figure 2 overview of the 1q21.1 microduplications described in this study and those reported by Mefford et al.13 and Brunetti-Pierri et al.14 
The 1q21.1 microduplications containing the distal 1q21.1q21.2 region can be divided into two classes: class I, containing only the distal region, and class 
II, containing both the thrombocytopenia with absent radius (TAR)-associated 1q21.1 region and the distal 1q21.1q21.2 region. The TAR-associated 1q21.1 
region is highlighted in red. Both the minimal regions for the class I and class II regions are highlighted in green. The minimal duplicated region in patients 1 
and 2 is highlighted in blue. The blocks of segmental duplications are shown at the bottom. All coordinates are given in GRCh37.
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WD-40 gene family, which is involved in ubiquitin-mediated 
degradation.

Molecular analysis of the parents revealed that the deletion 
was inherited from the unaffected mother. Nevertheless, this 
gene was of high interest because insertions in the ortholog dac-
tylin gene give rise to dactylaplasia in mice. In humans, duplica-
tions of this 10q24 region are associated with split hand–foot 
malformation (SHFM3) with a high phenotypic variability and 
reduced penetrance.26 How these duplications cause SHFM3 is 
still not known. Because several genes in the vicinity, such as 
FGF8, have a role in limb development, it has been suggested 
that these duplications could disrupt the interaction between 
cis-regulatory elements and their target genes, resulting in the 
SHFM phenotype.27

Regulatory elements at the FBXW4 locus. The dele-
tion in patient 7 was inherited from the mother. Reduced 
penetrance, as also seen with the 10q24.3 duplications, 
may be possible in this case. In view of this, one can pos-
tulate that the 10q24.3 deletion gives rise to RRDs by dele-
tion of one or more specific regulatory regions. To test this 

hypothesis, six conserved noncoding elements (≥350 bp 
and sharing ≥90% identity with the mouse and/or ≥100 bp 
and sharing ≥70% identity with the frog and/or zebrafish) 
were selected in the deleted region on 10q24.3 (Figure 4b) 
based on literature review and on the use of the ECR (http://
ecrbrowser.dcode.org/), Ancora (http://ancora.genereg.
net/), and UCSC Genome Browser (http://genome.ucsc.
edu/) and were sequenced in the entire patient cohort. In 
patient 9, an A to G transition (Supplementary Figure S2 
online) on genomic position 103380009 (GRCh 37) was 
detected that was neither a single-nucleotide polymorphism 
nor present in a control cohort of 96 samples matched to 
the ethnicity of patient 9 or in the 1000 Genomes Project 
data (http://browser.1000genomes.org). For patient 9, no 
causal aberrations were detected using array CGH (Table 1). 
Unfortunately parental DNA was unavailable. This A→G 
substitution could account for the RRDs seen in this patient, 
but functional studies need to be performed to further inves-
tigate this. Sequence analysis of the exons of FBXW4 did not 
reveal causal mutations in the patient with the heterozygous 
FBXW4 deletion or in any other patient of our cohort.
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Figure 3 overview of the 16p13.11 microduplication described in this study and those reported by ullmann et al.22 and hannes et al.24 Both 
the duplications reported by Ullmann et al.22 and Hannes et al.24 are highlighted in green. The minimal and maximal duplicated regions reported by Hannes 
et al.24 are highlighted in dark and light green, respectively. The single-sequence intervals referred to as intervals I, II, and III by Ingason et al.23 are highlighted 
in black at the top. The minimal duplicated region in patient 3 is shown in blue. The flanking segmental duplications are shown at the bottom. All coordinates 
are given in GRCh37.
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Figure 4 deletion identified in patient 7 and 8. (a) 10q24.3 deletion in patient 7 that comprises only one gene, FBXW4. The region associated with SHFM3 
(green) and FGF8 (red), a gene known to play a role in limb development, are highlighted at the bottom. (b) Overview of FBXW4 and the six selected conserved 
noncoding elements (in red). The conserved element containing the substitution (supplementary Figure s2 online) is highlighted by a red box. (c) 7p22.1 
deletion in patient 8. The candidate gene, RAC1, is highlighted in blue. The coordinates of the aberrations are given in GRCh37. Segmental duplications 
(Segdups) and genes in or near the aberrations are marked at the bottom of each figure.
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RAC1 as a candidate gene
Array CGH analysis revealed a de novo 1.4 Mb deletion in 
patient 8 on chromosome band 7p22.1. In this deletion, 22 
RefSeq genes reside, in addition to 1 micro RNA and 3 long 
intergenic noncoding RNAs (Table 1 and Figure 4c).

Of the genes residing in the 7p22.1 deletion, RAC1 is of 
particular interest. This gene encodes a member of the Rho 
GTPase family and plays an important role in several path-
ways. In 2008, Wu et al.28 reported that RAC1 influences the 
canonical Wnt signaling pathway by recruiting β-catenin 
to the nucleus. Signaling of β-catenin is known to play an 
essential role in limb development. Of note, mice subjected 
to conditional knockout of RAC1 (limb bud ectoderm) 
exhibit truncated forelimbs and hind limbs that resemble 
those observed in β-catenin knockout mice. Recently, it 
was also shown that conditional deletion of RAC1 in the 
mouse limb bud mesenchyme leads to skeletal deformities, 
including abnormal fusion of the skull, developmental limb 
defects, and syndactyly.29 Furthermore, overexpression of 
ARHGAP31, a negative regulator of CDC42 and RAC1, is 
associated with cutis aplasia and upper- and/or lower-limb 
defects of significant variability and reduced penetrance.30 
All of these reports indicate a crucial role for RAC1 in limb 
development.

To exclude the unmasking of a recessive allele by the 7p22.1 
deletion, capture sequencing was performed on patient 8. The 
average coverage was 77×. In addition to the coding sequences in 
the 7p22.1 region, the four noncoding RNA genes in that region 
were analyzed. No mutations were detected on the other allele.

For this patient, the de novo 7p22.1 deletion and in particu-
lar the deletion of RAC1 appears to cause the radial ray defects. 
Of note, in 2009 Chen et al.31 reported that conditional knock-
out of RAC1 in the forebrain results in microcephaly, which is 
also present in patient 8.

The Decipher database (https://decipher.sanger.ac.uk/) con-
tains three patients with a de novo deletion of RAC1, in patients 
998, 250734, and 256546. Microcephaly is reported as one of 
the phenotypic features for the first two patients, indicating 
RAC1 is the most likely candidate gene for the microcephaly 
seen in these patients. As patient 8 is still very young, other 
features that may be caused by haploinsufficiency of (one of) 
the other genes, may become apparent during development.

Because RAC1 is the most likely candidate gene for the 
RRDs, sequence analysis of this gene was performed in 
our entire patient cohort. No other causal mutations were 
detected. More patients and/or further research are needed 
to unravel the role of RAC1 in limb development/RRDs as 
well as in microcephaly.

other aberrations
In three other patients, an aberration not present in the DGV  
was detected. A small duplication of 142.4 kb on chromosome 
band 8p23.1 was detected in patient 4, a 30.1 kb duplication 
on chromosome band 2p21 was detected in patient 5, and a 
559.8 kb microdeletion on chromosome band 4p15.2 was 

detected in patient 6 (Table  1 and Supplementary Figure 
S1d–f online). The 8p23.1 duplication was inherited from the 
unaffected father. Unfortunately, parental DNA from the lat-
ter two patients was not available.

Two genes, MCPH1 and AGPAT5, lie in the 8p23.1 dupli-
cated region from patient 4. Neither has a known function 
in limb development. The 2p21 deletion in patient 5 was also 
detected in a patient without RRDs (data not shown). The 
third aberration, the 4p15.2 deletion in patient 6, contains no 
coding genes. Analysis of the coding genes within a proxim-
ity of 1 Mb of the deletion did not reveal any gene having a 
clear role in limb development. Of note, three long intergenic 
noncoding RNAs reside in the deletion. Not much is known 
about the functions of these long intergenic noncoding RNAs. 
Recently, it has been shown that long intergenic noncoding 
RNAs are important in the regulation of gene expression 
and during developmental stages.32,33 For all three patients, 
the clinical significance of the duplication/deletion remains 
unknown. This clearly highlights the need for more patients, 
and apart from this, parental analysis still remains one of 
the first steps in the evaluation of a copy-number variant of 
unknown significance.10

conclusion
This is the first study to use array CGH in a cohort of patients 
with RRDs. We identified eight microdeletions and duplica-
tions in a series of 54 patients. The finding of distal 1q21.1 
microduplications in two unrelated patients and a 16p13.11 
microduplication in another patient is interesting because limb 
defects have not been reported in patients with these microdu-
plications. These may just be coincidental findings or, alterna-
tively, they may illustrate the broad phenotypic spectrum of 
these microduplications. The observation of a 7p22.1 deletion 
in patient 8 is also an interesting finding, especially because 
the RAC1 gene, which resides in the deleted region, is a good 
candidate gene for the radial ray abnormalities in this patient. 
Mouse models with RAC1 knockout exhibit limb defects. It is 
not yet clear how the heterozygous deletion of RAC1 in patient 
8 contributes to the phenotype. The possibility of unmasking a 
recessive allele was excluded. The analysis of RAC1 in the other 
patients did not reveal intragenic mutations. Finally, the dele-
tion on 10q24, encompassing the FBXW4 gene, was further 
investigated. Duplications in this region result in SHFM mal-
formation, and our observation indicates that deletions may 
cause radial ray defects. The question of whether the deletion 
of the FBXW4 gene itself or the presence of mutations in the 
flanking conserved noncoding regions are responsible for the 
limb defect remains open.
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