increased expression of CDKNIC might reside on an unexamined
region(s) such as promoter or enhancer sequences. In this regard,
while case 3 showed IMAGe syndrome-compatible clinical fea-
tures such as JUGR, metaphyseal dysplasia, adrenal hypoplasia
and genital abnormalities, case 3 lacked slender bones and had
arachnodactyly, in contrast to CDKNIC-mutation-positive cases 1
and 2. Such mild but discernible phenotypic variation might
reflect the genetic heterogeneity. This matter might be clarified in
the future by extensive studies such as exome or whole-genome
sequencing. In particular, when such CDKNIC-mutation-negative
patients with IMAGe syndrome-compatible phenotype have been
accumulated, a novel gene(s) mutated in such patients may be
identified. In this regard, if such a gene(s) exist, it is predicted to
reside in the signal transduction pathway involving CDKNIC.

Relevance of CDKN1C mutations to atypical IMAGe
syndrome and SRS

CDKNIC mutations have also been identified in atypical IMAGe
syndrome and SRS (Fig. la). Hamajima et al. revealed a mater-
nally inherited p.lle272Ser mutation in three siblings (two males
and one female) who manifested ITUGR and adrenal insuffi-
ciency, and male genital abnormalities, but had no skeletal
lesion.” Similarly, Brioude et al. found a maternally transmitted
p-Arg279Leu mutation in six relatives (all females) from a four-
generation family who satisfied the SRS diagnostic criteria,”**
after studying 97 SRS patients without known causes of SRS,
that is, hypomethylation (epimutation) of the HI19-DMR, dupli-
cation of the ICR2 and maternal uniparental disomy for chro-
mosome 7 (upd(7)mat).** Notably, aithough both mutations
had no significant effect on a cell cycle, they were associated
with increased protein stability that appears to be consistent
with the gain-of-function effects.”** Such increased stability
found for IMAGe-associated missense
and an altered cell cycle with a significantly higher

was also mutant

-

22

proteins,
proportion of cells in the G1 phase was shown for an IMAGe-
associated p.Arg279Pro mutation.”* It is possible therefore that
relatively severe CDKNIC gain-of-function effects lead to
IMAGe syndrome and relatively mild CDKNIC gain-of-function
effects result in SRS, with intermediate CDKNIC gain-of-func-
tion effects being associated with atypical IMAGe syndrome.*

Thus, it would not be surprising that cases 1-3 also met the
SRS diagnostic criteria (Table 3).2** Indeed, cases 1-3, as well
as CDKNIC-mutation-positive SRS patients,”® exhibited pre-
and post-natal growth failure with relative macrocephaly and
frequently manifested feeding difficulties and/or low body mass
index (BMI) at two years of age. However, while relative macro-
cephaly is usually obvious at birth in SRS patients with HI19-
DMR epimutations and upd(7)mat,*"*>* it is more obvious at
2 years of age than at birth in CDKNIC-mutation-positive SRS
patients.”®  Furthermore, =~ CDKNIC-mutation-positive ~ SRS
patients are free from body asymmetry,” as are typical and
atypical IMAGe syndrome patients described in this study and
in the previous studies.'™”** Thus, SRS caused by CDKNIC
mutations may be characterized by clinically discernible macro-
cephaly at two years of age and lack of body asymmetry.

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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Table 3. Silver—Russell syndrome phenotypes in cases 1-3 and in
affected relatives reported by Brioude ef al.

Case 1 Case2 Case 3 Brioude et al.*
Mandatory criteria
TUGRY Yes Yes Yes 4/4
Scoring system criteria
Postnatal short Yes Yes Yes 4/4
stature (<—2 SDS)
Relative macrocephalyl  Yes Yes Yes 4/4§
Prominent forehead Yes Yes Yes 4/4
during early childhood
Body asymmetry No No No 0/4
Feeding difficulties Yes Yes Unknown  3/4

during early
childhood and/or
low BMI

(<~2-0 SDS) around
2 years of age

(1/4 & 2/4)4

IUGR, Intrauterine growth retardation; SDS, standard deviation score;
and BMI, body mass index.

The SRS diagnostic criteria proposed by Netchine et al*® and Brioude
et al** (low BMI around 2 years of age is included in Brioude et al., but
not in Netchine er al): The diagnosis of SRS is made, when mandatory
criteria plus at Jeast three of the five scoring system criteria are observed.
For detailed clinical features in cases 1-3, see Table 1.

*While six relatives were found to have CDKNIC mutation, detailed
clinical features have been obtained in four mutation-positive relatives.**
TBirth length and/or birth weight <—2 SDS for gestational age.

$SDS for birth length or birth weight minus SDS for birth occipitofron-
tal circumference <—1-5. )
§Relative macrocephaly is more obvious at 2 years of age (4/4) than at
birth (2/4).

9One patient is positive for feeding difficulties, and other two patients
are positive for low BMI.

Conclusion

In summary, we studied three patients with IMAGe syndrome.
The results provide implications for phenotypic spectrum,
underlying factor(s) in the development of each phenotype and
genetic heterogeneity in IMAGe syndrome, as well as a pheno-
typic overlap between IMAGe syndrome and SRS. Further stud-
ies will permit to elucidate such matters.
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Abstract

Background: Limb malformations are rare disorders with high genetic heterogeneity. Although multiple genes/loci
have been identified in limb malformations, underlying genetic factors still remain to be determined in most
patients.

Methods: This study consisted of 51 Japanese families with split-hand/foot malformation (SHFM), SHFM with long
bone deficiency (SHFLD) usually affecting the tibia, or Gollop-Wolfgang complex (GWC) characterized by SHFM and
femoral bifurcation. Genetic studies included genomewide array comparative genomic hybridization and exome
sequencing, together with standard molecular analyses.

Results: We identified duplications/triplications of a 210,050 bp segment containing BHLHAS in 29 SHFM patients,
11 SHFLD patients, two GWC patients, and 22 clinically normal relatives from 27 of the 51 families examined, as well
as in 2 of 1,000 Japanese controls. Families with SHFLD- and/or GWC-positive patients were more frequent in
triplications than in duplications. The fusion point was identical in all the duplications/triplications and was
associated with a 4 bp microhomology. There was no sequence homology around the two breakpoints,
whereas rearrangement-associated motifs were abundant around one breakpoint. The rs3951819-D1751174
haplotype patterns were variable on the duplicated/triplicated segments. No discernible genetic alteration specific to
patients was detected within or around BHLHA9, in the known causative SHFM genes, or in the exome.
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Conclusions: These results indicate that BHLHA® overdosage constituies the most frequent susceptibility factor, with a

dosage effect, for a range of limb malformations at least in Japan, Notably, this is the first study revealing the
underlying genetic factor for the developrnent of GWC, and demonstrating the presence of triplications involing
BHLHAY. It is inferred that a Japanese founder duplication was generated through a replication-based mechanism and
underwent subsequent triplication and haplotype modification through recombination-based mechanisms, and that
the duplications/triplications with various haplotypes were widely spread in Japan primarily via clinically normal carriers
and identified via manifesting patients. Furthermore, genotype-phenotype analyses of patients reported in this study
and the previous studies imply that clinical variability is ascribed to multiple factors including the size of duplications/

triplications as a critical factor.

Keywords: BHLHAY, Split-hand/foot malformation, Long bone deficiency, Gollop-Wolfgang complex, Expressivity,
Penetrance, Susceptibility, Japanese founder copy number gain

Introduction

Split-hand/foot malformation (SHFM), also known as
ectrodactyly, is a rare limb malformation involving the
central rays of the autopod [1,2]. It presents with median
clefts of the hands and feet, aplasia/hypoplasia of the
phalanges, metacarpals, and metatarsals, and syndactyly.
SHFM results from failure to maintain the central por-
tion of the apical ectodermal ridge (AER) in the develop-
ing autopod [1,2]. SHFM is divided into two forms: a
non-syndromic form with limb-confined manifestations
and a syndromic form with extra-limb manifestations [2].
Furthermore, non-syndromic SHFM can occur as an
isolated abnormality confined to digits (hereafter, SHFM
refers to this type) or in association with other limb abnor-
malities as observed in SHFM with long bone deficiency
(SHFLD) usually affecting the tibia and in Gollop-Wolfgang
complex (GWC) characterized by femoral bifurcation [1,2].
Both syndromic and non-syndromic forms are associated
with wide expressivity and penetrance even among
members of a single family and among limbs of a sin-
gle patient [2].

SHFM and SHFLD are genetically heterogeneous condi-
tions reviewed in ref. [2]. To date, SHFM has been identified
in patients with heterozygous deletions or translocations in-
volving the DLX5-DLX6 locus at 7q21.2-21.3 (SHFM1) [3]
(DLX5 mutations have been detected recently), heterozy-
gous duplications at 10¢24 (SHFM3), heterozygous muta-
tions of TP63 at 3q27 (SHFM4), heterozygous deletions
affecting HOXD cluster at 2q31 (SHFMS5), and biallelic
mutations of WNTI0B at 12q31 (SHFM6); in addition,
SHFM?2 has been assigned to Xq26 by linkage analyses in
a large Pakistani kindred [2]. Similarly, a genomewide link-
age analysis in a large consanguineous family has identi-
fied two SHFLD susceptibility loci, one at 1q42.2-q43
(SHFLD1) and the other at 6q14.1 (SHFLD2); furthermore,
after assignment of another SHFLD locus to 17p13.1-13.3
[4], duplications at 17p13.3 (SHFLD3) have been found in
patients with SHFLD reviewed in ref. [2]. However, the
GWC locus (loci) remains unknown at present.

The duplications at 17p13.3 identified to date are
highly variable in size, and harbor BHLHAY as the sole
gene within the smallest region of overlap [5-9]. Bhlha9/
bhlha9 is expressed in the limb bud mesenchyme under-
lying the AER in mouse and zebrafish embryos, and
bhlha9 knockdown has resulted in shortening of the
pectoral fins in zebrafish [6]. Furthermore, BHLHA9-
containing duplications have been identified not only in
patients with SHFLD but also in those with SHFM and
clinically normal family members [4-10]. These findings
argue for a critical role of BHLHA9 duplication in the
development of SHFM and SHFLD, with variable ex-
pressivity and incomplete penetrance.

In this study, we report on BHLHA9-containing
duplications/triplications with an identical fusion point
and various haplotype patterns that were associated with
a range of limb malformations including GWC, and
discuss on characteristic clinical findings, genomic basis
of Japanese founder copy number gains, and underlying
factors for phenotypic variability.

Materials and methods

Patients/subjects

We studied 68 patients with SHFM (n =55), SHFLD (n=
11), or GWC (n=2), as well as 60 clinically normal rela-
tives, from 51 Japanese families; the pedigrees of 27 of the
51 families and representative clinical findings are shown
in Figure 1. All the probands 1-51 had a normal karyotype.
Southern blot analysis for SHFM3 locus had been per-
formed in 28 probands with SHFM, indicating 10q24 du-
plications in two of them [11]. Clinical features including
photographs and roentgenograms of a proband with GWC
and his brother with SHFLD (family 23 in Figure 1A)
were as described previously [12]. The residencies of
families 1-51 were widely distributed throughout Japan.

Ethical approval and samples
This study was approved by the Institutional Review
Board Committees of Hamamatsu University School of
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the third panel SHFM with polydactyly; and the bottom panel: SHFM.

Figure 1 Clinical summary. A. Pedigrees of 27 Japanese families with duplications (families 1-22) and triplications (families 23-27) of a ~200 kb
region involving BHLHA9. The duplications/triplications are associated with GWC, SHFLD, SHFM, or normal phenotype (carriers). N.E: Not examined
molecularly. B. Representative clinical findings. Each patient is indicated by a family-generation-individual style and corresponds to the patient/
subject shown in Figure 1A and Additional file 5. The top panel: GWC with right bifid femur; the second panel: SHFLD with bilateral tibial deficiencies,

Medicine, RIKEN, and National Center for Child Health
and Development, and was performed using peripheral
leukocyte samples after obtaining written informed con-
sent for the molecular analysis and the publication of
genetic and clinical data after removing information for
personal identification (e.g., name, birthday, and facial
photograph) from the adult subjects (> 20 years) or from
the parents of the child subjects (below 20 years). Fur-
thermore, informed assent was also obtained from child
subjects between 6-20 years.

Samples and primers
The primers utilized in this study are summarized in
Additional file 1.

Molecular studies

Sanger sequencing, fluorescence in situ hybridization
(FISH), microsatellite genotyping, Southern blotting, and bi-
sulfite sequencing-based methylation analysis were per-
formed by the standard methods, as reported previously
[13]. Quantitative real-time PCR (qPCR) analysis was carried
out by the SYBR Green methods on StepOnePlus system,
using RNaseP as an internal control (Life Technologies).
Genomewide oligonucleotide-based array comparative
genomic hybridization (CGH) was performed with a cata-
log human array (4 x 180 K format, ID G4449A) according
to the manufacturer’s instructions (Agilent Technologies),

and obtained copy number variants/polymorphisms were
screened with Agilent Genomic Workbench software using
the Database of Genomic Variants (http://dgv.tcag.ca/dgv/
app/home). Sequencing of a long region encompassing
BHLHA9 was performed with the Nextera XT kit on
MiSeq (Illumina), using SAMtools v0.1.17 software (http://
samtools.sourceforge.net/). Exome sequencing was per-
formed as described previously [14].

Assessment of genomic environments around the fusion
points

Repeat elements around the fusion point were searched
for using Repeatmasker (http://www.repeatmasker.org).
Rearrangement-inducing DNA features were investigated
for 300 bp regions at both the proximal and the distal
sides of each breakpoint, using GEECEE (http://emboss.
bioinformatics.nl/cgi-bin/emboss/geecee) for calculation
of the average GC content, PALINDROME (http://mobyle.
pasteur.fr/cgi-bin/portal. py#forms:palindrome) and Non-B
DB (http://nonb.abccncifcrf.gov) for the examination of
the palindromes and non-B (non-canonical) structures,
and Fuzznuc (http://emboss.bioinformatics.nl/cgi-bin/
emboss/fuzznuc) for the assessment of rearrangement-
associated sequence motifs and tri/tetranucleotides [15-20].
For controls, we examined 48 regions of 600 bp long
selected at an interval of 1.5 Mb from the entire
chromosome 17.
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Statistical analysis
The statistical significance of the frequency was analyzed
by the two-sided Fisher's exact probability test.

Results

Sequence analysis of the known causative/candidate
genes

We performed direct sequencing for the previously known
causative genes (DLX5, TP63, and WNTI10B) reviewed in
ref. [2] in the probands 1-51. Although no pathologic mu-
tation was identified in DLX5 and TP63, the previously
reported homozygous missense mutation of WNTI0B
(€944C > T, p.R332W) [21] was detected in the proband
48 with SHFM who was born to healthy consanguineous
parents heterozygous for this mutation. In addition,
while no variation was detected in DLX5 and WNTI08,
rs34201045 (4 bp insertion polymorphism) in 7P63 [21]
was detected with an allele frequency of 61%.

We also examined BHLHA9, because gain-of-function
mutations of BHLHAY as well as BHLHA9-harboring
duplications may lead to limb malformations. No se-
quence variation was identified in the 51 probands.

Array CGH analysis

Array CGH analysis was performed for the probands
1-51, showing increased copy numbers at 17pl3.3
encompassing BHLHA9 (SHFLD3) in the probands 1-27
from families 1-27 (Figure 1A). Furthermore, heterozy-
gous duplications at 10q24 (SHFEM3) were detected in the
probands 49-51, i.e., a hitherto unreported patient with
paternally inherited SHFM (his father also had the dupli-
cation) and the two patients who had been indicated to
have the duplications by Southern blot analysis [11]. No
copy number alteration was observed at other SHFM/
SHFLD loci in the probands 1-27 and 49-51. In the
remaining probands 28-48, there was no copy num-
ber variation that was not registered in the Database of
Genomic Variants.

Identical fusion points in BHLHA9-containing duplications/
triplications

The array CGH indicated that the increased copy num-
ber regions at 17p13.3 were quite similar in the physical
size in the probands 1-27 and present in three copies in
the probands 1-22 and in four copies in the probands
23-27 (Figure 2A). Thus, FISH analysis was performed
using 8,259 bp PCR products amplified from this region,
showing two signals with a different intensity that was
more obvious in the probands 23-27 (Figure 2A).

We next determined the fusion points of the duplica-
tions/triplications (Figure 2B). PCR products of 2,195 bp
long were obtained with P1/P2 primers in the probands
1-27, and the fusion point was determined by direct se-
quencing for 418 bp PCR products obtained with P3/P4
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primers. The fusion point was identical in all the probands
1-27; it resided on intron 1 of ABR and intron 1 of YWHAE,
and was associated with a 4 bp microhomology.

Then, we performed qPCR analysis for a 214 bp region
harboring the fusion point, using P5/P6 primers (Figure 2C
and Additional file 2). The fusion point was present in
a single copy in the probands 1-22 and in two copies
in the probands 23-27. The results showed that the
identical genomic segment harboring BHLHA9 was tan-
demly duplicated in the probands 1-22 and triplicated in
the probands 23-27. According to GRCh37/hgl9 (http://
genome.ucsc.edu/), the genomic segment was 210,050 bp
long.

We also performed array CGH and qPCR for the fu-
sion point in 15 patients other than the probands and 47
clinically normal relatives from the 27 families (Figures 1
and 2C). The duplications/triplications were identified in
all the 15 patients. Thus, in a total of 42 patients, dupli-
cations/triplications were found in 29 SHFM patients, 11
SHFLD patients, and two GWC patients. Furthermore,
the duplications/triplications were also present in 22 of
the 47 clinically normal relatives. In particular, they were
invariably identified in either of the clinically normal
parents when both of them were examined; they were
also present in other clinically normal relatives in fam-
ilies 7, 12, 24, and 25.

Since the above data indicated the presence of duplications/
triplications in clinically normal subjects, we performed
gqPCR for the fusion point in 1,000 Japanese controls. The
fusion point was detected in a single copy in two subjects
(Subjects 1 and 2 in Figure 2C). We also performed array
CGH in 200 of the 1,000 controls including the two sub-
jects, confirming the duplications in the two subjects and
lack of other copy number variations, including deletions
involving BHLHAY, which were not registered in the
Database of Genomic Variants in the 200 control subjects.
The frequency of duplications/triplications was signifi-
cantly higher in the probands than in the control subjects
(27/51 vs. 2/1,000, P = 3.5 x 107°7).

Various haplotype patterns on the duplicated/triplicated
segments

We carried out genotyping for rs3951819 (A/G SNP on
BHLHAY) and D1751174 (CA repeat microsatellite locus)
on the genomic segment subjected to duplications/
triplications (Figure 2A), and determined rs3951819-
D1751174 haplotype patterns. Representative results
are shown in Figure 2D, and all the data are available
on request. Various haplotype patterns were identified
on the single, the duplicated, and the triplicated seg-
ments, and the [A-14] haplotype was most prevalent on
the duplicated/triplicated segments (Table 1). While the
distribution of CA repeat lengths on the single segments
was discontinuous, similar discontinuous distribution was
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also observed in the Japanese general population (see
Additional file 3).

Genomic environments around the breakpoints

The breakpoint on YW/HAE intron 1 resided on a simple
Alu repeat sequence, and that on ABR intron 1 was
present on a non-repetitive sequence. There was no low
copy repeat around the breakpoints. Comparison of the
frequencies of known rearrangement-inducing DNA fea-
tures between 600 bp sequences around the breakpoints
and those of 48 regions selected at an interval of 1.5 Mb
from chromosome 17 revealed that palindromes, several
types of non-B DNA structures, and a rearrangement-
associated sequence motif were abundant around the
breakpoint on YWHAE intron 1 (see Additional file 4).

Clinical findings of families 1-27

Clinical assessment revealed several notable findings.
First, duplications/triplications were associated with
SHFM, SHFLD, GWC, or normal phenotype, with inter-
and intra-familial clinical variability (Figure 1A). Second,
in the 42 patients, split hand (SH) was more prevalent
than split foot (SF) (41/42 vs. 17/42, P=6.2x 107%), and
long bone defect (LBD) was confined to lower extremities
(0/42 vs. 13/42, P=4.1 x107") (Table 2 and Additional
file 5). Third, there was no significant sex difference
in the ratio between patients with limb malformations and
patients/carriers with duplications/triplications (26/38
in males vs. 16/26 in females, P=0.60) (Table 2 and
Additional file 5). Fourth, the ratio of LBD positive fam-
ilies was significantly higher in triplications than in dupli-
cations (4/5 vs. 16/22, P=0.047) (Figure 1A and Table 2).
Fifth, while the duplications/triplications were transmitted
from patients to patients, from carriers to patients, and
from a carrier to a carrier (from I-1 to 1I-2 in family 12),
transmission from a patient to a carrier was not identified
(Figure 1A); it should be pointed out, however, that mo-
lecular analysis in a clinically normal child born to an af-
fected parent was possible only in a single adult subject
(II-1 in family 27), and that molecular analysis in clinically

Table 1 The rs3951819 (A/G SNP) -
number) haplotype

D1751174 (CA repeat

Patterns of the 210 050 bp segment subjected to copy number gains

Haplotype pattern Family

<Single segment:>

[A-14] 1,59,1517,19, 23, 26

[A-16] 12

[A-18] 3,14, 15, 24, 25, 26

[A-19] 2,6,13,19, 20, 24, 25,
27

[A-21] 5,23

[G-12) 17

[G-14] 2,3,6,12,13,19, 26

[G-18] 3,5,17,18, 24,25

[G-19] 9,12, 18, 20, 25

(G-21] 1,9,19, 24,27

[A-14] or [G-14] 16

[A-18] or [G-18] 4

[A-19] or [G-19] 4

[A-21] or [G-21] 16

<Duplicated segments>

[A-14] + [A-14] 5,12,13,14,15, 20

[A-14] + [A-18] 1

[A-14]) + [G-18] or [G-14] + [A-18] 2,3,4,6,916,17

[A-14] + [G-18] or [A-14] +[G-19] 18

[A-14] + [G-14] or [G-14] + [G-14] 19

<Triplicated segments>

[A-14] + [A-14] + [A-14] 23,24

[A-14] + [A-14] + [G-14] 25

[A-14] + [A-19] + [A-19] 26

[A-14] + [G18] +
18]

The haplotype patterns written in the left column have been detected in at least
one patient/subject in the families described in the right column.

Genotyping could not be performed in several patients/subjects who had been
repeatedly examined previously, because of the extremely small amount of DNA
samples that were virtually used up in the sequencing and array CGH analyses.

[G-18] or [G-14] + [A-18] + [G- 27
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Table 2 Summary of clinical findings in patients/carriers with duplications/triplications involving BHLHA9

SHFM (+) patients LBD (+) patients

Patient ratio* LBD (+) families

SH SF P-value U-LBD L-LBD P-value Male Female P-value Trip Dup P-value
This study 41/42 17/42  62x107°  0/42 13/42  41x107°  26/38  16/26 060 4/5  16/22 0047
Previous studies  63/84 23/84  86x107'°  11/91  42/91  57x1077  68/114 31/79 57% 1073
Sum 104/126  40/126  1.1x107'®  11/133  55/133  30x107'°  94/152 47/105  76x107°

SHFM: split-hand/foot malformation; SH: split hand; SF: split foot; LBD: long bone deficiency; U: upper; L: lower; Trip: triplication; and Dup: duplication.
In the previous studies, patients without detailed phenotypic description and those of unknown sex have been excluded (3-9).
*The ratio between patients with limb malformations and patients/carriers with duplications/triplications, i.e. the number of patients over the number of patients

plus carriers.

normal children <20 years old was possible only in two
subjects (II-2 in family 12 and II-1 in family 15). Lastly,
limb malformation was inherited in an apparently auto-
somal dominant manner (from patients to patients), or
took place as an apparently de novo event or as an appar-
ently autosomal recessive trait (from clinically normal par-
ents to a single or two affected children) (Figure 1A).

Attempts to identify a possible modifier(s)
The variable expressivity and incomplete penetrance in
families 1-27 suggest the presence of a possible modifier
(s) for the development of limb malformations. Thus, we
performed further molecular studies in patients/subjects
in whom DNA samples were still available, and com-
pared the molecular data between patients with SHFM
and those with SHFLD for the assessment of variable ex-
pressivity and between SHFM, SHFLD, or total patients
and carriers for the evaluation of incomplete penetrance.

We first examined the possibility that the modifier(s)
resides within or around BHLHA9 (see Additional file 6).
There was no BHLHA9 mutation in all the 21 examined
probands with SHFM, SHFLD, or GWC, as described in
the section of “Sequence analysis of the known causative/
candidate genes”. The rs3951819 A/G SNP pattern on the
duplicated/triplicated segments was apparently identical
between patients and carriers (e.g. Figure 2D), and the fre-
quency of A/G allele on the normal chromosome 17 was
similar between SHFM and SHFLD patients and be-
tween SHFM, SHFLD, or total patients and carriers
(see Additional file 7). The results of other known SNPs
on BHLHAY (rs185242872, rs18936498, and rs140504068)
were not informative, because of absence or extreme rarity
of minor alleles. Furthermore, in SHFM families 7,
12, and 18, sequencing of a 7,406 bp region encompassing
BHLHAY and Southern blot analysis using five probes and
Mfel-, Sspl-, and Sacl-digested genomic DNA revealed no
variation specific to the patients, and methylation analysis
for a CpG rich region at the upstream of BHLHA9 delin-
eated massive hypomethylation in all the patients/carriers
examined.

Next, we examined the possibility that a variant(s) of
known causative genes constitutes the modifier(s). Since
rs34201045 in TP63 was identified in the mutation

analysis, we compared rs34201045 genotyping data be-
tween the 27 probands and the 15 carriers. The allele
and genotype frequencies were similar between SHFM
and SHFLD patients and between SHFM, SHFLD, or
total patients and carriers (see Additional file 8).

We finally performed exome sequencing in SHFM fam-
ilies 13 and 17-19. However, there was no variation spe-
cific to the patients. In addition, re-examination of the
genomewide array CGH data showed no discernible copy
number variation specific to the patients.

Discussion

BHLHA9 overdosage and clinical characteristics

We identified duplications/triplications of a~200 kb
genomic segment involving BHLHA9 at 17p13.3 in 27 of
51 families with SHFM, SHFLD, or GWC. To our know-
ledge, this is the first study revealing the underlying genetic
factor for the development of GWC, and demonstrating
the presence of triplications involving BHLHA9 that were
suggested but not confirmed in the previous studies {5,9].
Furthermore, this study indicates that BHLHA9-containing
duplications/triplications are the most frequent underlying
factor for the development of limb malformations at least
in Japan. Notably, SHFLD and GWC with LBD were sig-
nificantly more frequent in patients with triplications than
in those with duplications, and the duplications/triplica-
tions were identified in clinically normal familial members
and in the general population. These findings imply that
increased BHLHA9 copy number constitutes a strong
susceptibility, rather than a causative, factor with a dosage
effect for the development of a range of limb malforma-
tions. Since Bhlha9 is expressed in the developing ecto-
derm adjacent to the AER rather than the AER itself in
mouse embryos [6], BHLHA9 appears to play a critical
role in the limb development by interacting with the AER.
While the duplications/triplications identified in this study
included TUSCS5 and generated an ABR-YWHAE chimeric
gene (Figure 2C), TUSCS5 duplication and the chimeric
gene formation are not common findings in the previously
reported patients with duplications at 17p13.3 and SHFM
and/or SHFLD [5-9]. In addition, none of Tusc5, Abr,
and Ywhae is specifically expressed in the developing
mouse limb buds [22] (A Transcriptome Atlas Database
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for Mouse Embryo of Eurexpress Project, http://www.
eurexpress.org/ee/project/).

Several clinical findings are noteworthy in patients/
subjects with duplications/triplications. First, SH was
more frequent than SF in this study as well as in the previ-
ous studies, and LBD was confined to lower extremities in
this study and was more frequent in lower extremities
than in upper extremities in the previous studies {Table 2)
[4-10]. This implies that BHLHA9 overdosage exerts dif-
ferential effects on the different parts of limbs. Second,
while limb malformations were similarly identified be-
tween males and females in this study, they were more fre-
quently observed in males than in females in the previous
studies (Table 2) [4-10]. In this regard, it has been re-
ported that testosterone influences the digital growth pat-
tern as indicated by the lower second to fourth digit
length ratio in males than in females [23-25], and that
Caucasian males have higher serum testosterone values and
lower second to fourth digit length ratios than Oriental
males [26,27]. Such testosterone effects on the digital
growth pattern with ethnic difference may explain why
male dominant manifestation was observed in the previ-
ous studies primarily from Caucasian countries and was
not found in this study. Lastly, LBD was more prevalent in
patients with triplications than in those with duplications.
This suggests that LBD primarily occurs when the effects
of BHLHA9 overdosage are considerably elevated.

Genomic basis of the Japanese founder copy number
gains

The duplications/triplications were associated with the
same fusion point and variable haplotype patterns. Since
there was no sequence homology or low-copy repeats
around the breakpoints, it is unlikely that such duplica-
tions/triplications were recurrently produced in different
individuals by non-allelic homologous recombination
(NAHR) [17,20]. Instead, it is assumed that a Japanese
founder duplication took place in a single ancestor, and
was spread with subsequent triplication and modifica-
tion of the haplotype patterns.

The most likely genomic basis of the Japanese duplications/
triplications is illustrated in Additional file 9. Notably, a
4 bp (GACA) microhomology was identified at the dupli-
cation fusion point (Figure 2B). A microhomology refers
to two to five nucleotides common to the sequences
of the two breakpoints, and is found as an overlapping se-
quence at the join point [16,19,20]. This suggests that the
Japanese founder duplication was generated by replication-
based mechanisms such as fork stalling and template
switching (FoSTeS) and microhomology-mediated break-
induced replication (MMBIR), because the presence of
such a microhomology is characteristic of FoSTeS/MMBIR
[17-20]. Indeed, such a simple tandem duplication with a
microhomology can be produced by one time FoSTeS/
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MMBIR [17-20], although it could also be generated by
non-homologous end-joining (NHEJ) [17]. Since the
[A-14] haplotype was most prevalent on the duplicated/
triplicated segments, it is inferred that a genomic re-
arrangement occurred in an ancestor with the [A-14]
haplotype, vyielding the founder duplication with the
[A-14] + [A-14] haplotype. Furthermore, the presence of
multiple stimulants for genomic rearrangements around
the breakpoint on YWHAE intron 1 would have facilitated
the generation of the founder duplication. In particular,
non-B structures are known to stimulate the occurrence
of both replication-based FoSTeS/MMBIR and double-
strand breaks and resultant NHE] [17,28,29], although the
relative importance of each non-B DNA structure is
largely unknown.

Subsequent triplication and haplotype modification can
develop from the Japanese founder duplication through
unequal interchromatid and interchromosomal recom-
binations [17,20]. Indeed, a tandem triplication with the
[A-14] + [A-14] + [A-14] haplotype can be generated by
unequal exchange between sister chromatids with the
[A-14] + [A-14] haplotype, and various haplotype pat-
terns are yielded by unequal interchromosomal exchanges
involving the duplicated or triplicated segments. Further-
more, the haplotype variation would be facilitated by un-
equal exchanges between sister chromatids harboring
duplications/triplications with various haplotype patterns
and by the further unequal interchromosomal exchanges.

Underlying factors for the phenotypic variability

The duplications/triplications were accompanied by limb
malformations with variable expressivity and incomplete
penetrance. Although this may suggest the presence of a
possible modifier(s) for the development of limb malfor-
mations, such a modifier(s) was not detected. In particu-
lar, while patient-to-carrier transmission of duplications/
triplications was not identified in this study, even patient-
to-carrier-to-patient transmission has been reported in
three pedigrees [5,6,10]. Such transmission pattern with
incomplete penetrance characterized by skipping of a gen-
eration is apparently inexplicable by assuming a modifier
(s) interacting with BHLHA9 or independent of BHLHA9
on the duplication/triplication positive chromosome 17,
on the normal chromosome 17, or on other chromosomes
(Figure 3, Models A, B, and C, see also the legends in
Figure 3).

In this regard, it is noteworthy that the development of
limb malformations is obviously dependent on the size of
genomic segment subjected to copy number gains. Actu-
ally, limb malformation has occurred in only one of 21 large
duplications encompassing BHLHA9 (average 1.55 Mb,
mean 1.12 Mb) and in 29 of 80 small duplications encom-
passing BHLHA9 (average 244 kb, mean 263 kb) (P =5.9 x
107%) [8]. Consistent with this, the patients with large and
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Figure 3 Models for a modifier(s) and effects of the duplication size. In models A-C, the yellow bars show chromosome 17, and the light
green bars indicate other chromosomes. The two red dots represent the duplication at 17p13.3, and the blue dots indicate a putative modifier(s).
Black painted diamonds represent limb malformation positive patients, dot-associated and gray painted diamonds indicate clinically normal carriers
with the duplications and the modifier(s) respectively, and white painted diamonds denote clinically normal subjects without both the duplications
and the modifier(s). A. This model assumes that co-existence of the duplication and a cis-acting modifier(s) causes limb malformation. If co-existence
of the duplication and the cis-acting modifier(s) is associated with incomplete penetrance, this can explain all the transmission patterns observed to
date, including the patient-to-carrier transmission and the presence of 2 2 affected children. B. This model postulates that the presence of a cis-acting
modifier(s) on the normal chromosome 17 leads to limb malformation by enhancing the expression of the single BHLHAS, together with duplicated
BHLHAS on the homologous chromosome. C. This model postulates that co-existence of the duplication at 17p13.3 and a modifier(s) on other
chromosome causes limb malformation. In models D-E, the red bars represent BHLHA9, the blue circles indicate a physiological cis-regulatory
element for BHLHAY, and the green circles indicate a non-physiological modifier(s) for BHLHAS. D. The physiological cis-regulatory element may be
duplicated or non-duplicated, depending on its position relative to the size of the duplications. BHLHAS expression can be higher in small duplications
than large duplications. E. The non-physiological modifier(s) can be transferred to various positions of the duplication positive chromosome 17,

irrespective of the position of the modifier(s).

depending on the recombination places (see Model A). BHLHA9 expression can be higher in small duplications than large duplications

small duplications were ascertained primarily due to devel-
opmental retardation and limb malformation, respectively
[8]. It is likely that a physiological cis-regulatory element
for BHLHAS9 (e.g., an enhancer) can frequently but not in-
variably work on both of the duplicated BHLHAY when
the duplication size is small but is usually incapable of
working on duplicated BHLHA9 when the duplication size
is large, probably because of the difference in the chroma-
tin structure (see Model D in Figure 3). Similar findings
have also been reported in other genes. For example, small

(~150 kb) and relatively small (600-800 kb) duplications
involving a putative testis-specific enhancer(s) for SOX9
have caused 46,XX testicular and ovotesticular disorders
of sex development respectively, whereas large duplica-
tions (~2 Mb) involving the enhancer(s) have permitted
normal ovarian development in 46,XX individuals [30].
Thus, a plausible explanation may be that a range of
limb malformations emerge when the effects of BHLHA9
overdosage exceed the threshold for the development of
SHFM, SHFLD, or GWC, depending on the conditions of
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other genetic and environmental factors including the size
of duplications/triplications as an important but not
definitive factor. One may argue that this notion is
inconsistent with the apparent anticipation phenomenon
that is suggested by the rare patient-to-carrier transmis-
sion and the frequent carrier-to-patient transmission of
the duplications/triplications, because no specific factor(s)
exaggerating the development of limb malformations is
postulated in the next generation. However, the skewed
transmission pattern would primarily be ascribed to ascer-
tainment bias rather than anticipation [31]. Indeed, while
clinically normal parents of disease positive children
would frequently be examined for the underlying genetic
factor(s) of the children, clinically normal children born to
disease positive parents would not usually be studied for
such factor(s), as exemplified in this study. Similarly, the
frequent patient-to-patient transmission of the duplica-
tions/triplications would also be ascribed to ascertainment
bias, because molecular studies would preferentially be
performed in such families. Nevertheless, the apparently
autosomal dominant inheritance pattern of limb malfor-
mations in several families may still suggest the relevance
of a non-physiological cis-acting modifier(s) (see Models
A and E in Figure 3). It is possible that such a modifier(s),
once transferred onto the duplication/triplication positive
chromosome 17, is usually co-transmitted with the dupli-
cations/triplications, leading to a specific condition in
which the effects of BHLHA9 overdosage frequently but
not invariably exceed the threshold for the development
of limb malformations in offsprings with the duplications/
triplications.

Remarks

Several matters should be pointed out in the present
study. First, in contrast to diverse duplication sizes in
non-Japanese populations [5-9], the size of the genomic
segment subjected to duplications/triplications was iden-
tical in this study. Since families 1-27 were derived from
various places of Japan, there is no selection bias in
terms of a geographic distribution. Rather, since the
small duplications/triplications identified in this study
were not associated with developmental retardation, it is
likely that they spread throughout Japan primarily via
carriers with normal fitness and were found via patients
with limb malformations. Obviously, this notion does
not exclude the possible presence of other types of du-
plications/triplications at 17p13.3 in Japan. Second, ex-
cept for the duplications/triplications at 17p13.3, we
could reveal a homozygous WNTI0B mutation (SHFM6)
only in a single SHFM family and chromosome 10q24
duplications (SHFM3) only in three SHFM families.
Thus, underlying factors are still unknown in the
remaining 20 families, although tiny deletions and/or
duplications affecting the known SHFM loci might have
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been overlooked because of the low resolution of the
array. In addition, although all the probands had a nor-
mal karyotype, there might be cryptic translocations
and/or inversions involving the known SHFM loci.
Third, no deletion of BHLHA9 was identified in the 51
probands and in the 200 control subjects. This argues
against the relevance of BHLHA9 haploinsufficiency to
limb malformations, and coincides with the Japanese
founder duplication being produced by a replication-
mediated mechanism rather than an interchromatid/
interchromosomal (but not an intrachromatid) NAHR
that can lead to both deletions and duplications as a mir-
ror image [17]. Furthermore, it remains to be determined
(i) whether gain-of-function mutations (and possibly loss-
of-function mutations as well) of BHLHA9 are identified
in patients with limb malformations, (ii) whether duplica-
tions/triplications involving BHLHA9 underlie limb mal-
formations other than SHFM, SHFLD, and GWC, and (iii)
whether BHLHA9-containing duplications/triplications are
also the most frequent underlying factors for limb malfor-
mations in non-Japanese populations.

Conclusions

The results imply that (i) duplications/triplications in-
volving BHLHA9 at chromosome 17p13.3 constitute a
strong susceptibility factor for the development of a
range of limb malformations including SHFM, SHFLD,
and GWC; (i) the Japanese founder duplication was
generated by a replication-based mechanism and spread
with subsequent triplication and haplotype modification
through recombination-based mechanisms; and (iii) clin-
ical variability appears to be due to multiple factors in-
cluding the size of duplications/triplications. Thus, the
present study provides useful information on the devel-
opment of limb malformations.
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Additional file 1: Table S1. Primers utilized in this study.
Additional file 2: Figure S1. Real-time PCR analysis.

Additional file 3: Figure $2. D7757174 analysis in 200 Japanese control
subjects, showing discontinuous distribution of the CA repeat numbers,
as observed in the Japanese families with limb malformations.

Additional file 4: Table S2. In silico analysis for specific structures
around the breakpoint-flanking regions and control regions.
Additional file 5: Table S3. Phenotypes in patients/subjects with
increased copy number of BHLHAS.

Additional file 6: Figure S3. Genomic region encompassing BHLHAS
examined in this study.

Additional file 7: Table $4. Polymorphism analysis of 153951819 (A/G
SNP) in BHLHAS.

Additional file 8: Table S5. Polymorphism analysis of 1534201045

(4 bp insertion) in TP43.

Additional file 9: Figure S4. Genomic basis of the Japanese founder
copy number gain.
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17p13.1 Deletion encompassing TP53 has been described as a
syndrome characterized by intellectual disability and dysmor-
phic features. Only one case with a 17p13.1 duplication encom-
passing TP53 has been reported in a patient with intellectual
disability, seizures, obesity, and diabetes mellitus. Here, we
present a patient with a 17pl13.1 duplication who exhibited
obesity and intellectual disability, similar to the previous report.
The 9-year-old proposita was referred for the evaluation of
intellectual disability and obesity. She also exhibited insulin
resistance and liver dysfunction. She had wide palpebral fissures,
upturned nestrils, a long mandible, short and slender fingers,
and skin hyperpigmentation. Array comparative genomic hy-
bridization (array CGH) detected a 3.2Mb duplication of
17p13.1-p13.2 encompassing TP53, FXRZ, NLGNZ and
SLC2A4, which encodes the insulin-responsive glucose trans-
porter 4 (GLUT4) associated with insulin-stimulated glucose
uptake in adipocytes and muscle. We suggest that 17pl3.1
duplication may represent a clinically recognizable condition
characterized partially by a characteristic facial phenotype,
developmental delay, and obesity, © 2014 Wiley Periodicals, Inc.

Key words: 17p13.1 duplication; TP53; SLC2ZA4 obesity;
GLUT4
INTRODUCTION

Many copy number variations (CNVs) in specificloci are established
as recognizable syndromes. For example, CNVs at 17p13.3, includ-
ing YWHAEand PAFAH1BI, havebeenreportedas 17p13.3 deletion
syndrome with abnormal brain structure and 17p13.3 duplication
syndrome with intellectual disability [Bruno et al.,2010]. A 17p13.1
deletion encompassing TP53 was previously reported as a syndrome
with intellectual disability and dysmorphic features, but without
tumors [Krepischi-Santos et al., 2009; Schluth-Bolard et al., 2009;
Shlien et al., 2010]. The germline TP53 (MIM 191170) mutation
causes Li-Fraumeni syndrome, also known as autosomal-dominant
cancer-susceptibility condition. Genomic deletions of 17p13.1
encompassing TP53 are associated with two distinct phenotypes,
described as cancer-susceptibility and intellectual disability with

© 2014 Wiley Periodicals, Inc.
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dysmorphic features. CNVs in 17p13.1 arise by Alu-mediated
nonallelic homologous recombination and share a common critical
region with 17p13.1 deletion syndrome [Shlien et al., 2010]. Only
one case with a 17p13.1 duplication encompassing TP53 and
characterized by intellectual disability, seizures, and obesity has
been reported [Belligni et al., 2012]. The previous studies demon-
strated the correlation between the deleted genes and phenotype in
17p13.1 deletion, but not 17p13.1 duplication. Here, we report a
second patient with a 17p13.1 duplication who also exhibited
intellectual disability and obesity.

CLINICAL REPORT

The proposita was the first child of healthy and nonconsanguineous
parents. She was delivered at 40 weeks of gestation after an
uneventful pregnancy. Her birth weight was 2,410g (—2.1 SD),
her length was 43.9 cm (—3.6 SD), and her occipital frontal cir-
cumference (OFC) was 30.3 cm (—2.3 SD). She had prenatal growth
retardation. During infancy, hypotonia was noted, but her feeding
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and growth were good. She started controlling her head at4 months,
sitting at 6 months, and walking unsupported at the age of
16 months. She was referred to our hospital at the age of 3 years
for the assessment of developmental delay. A clinical examination
revealed hypotonia. At the age of 4 years, her height was 97.3 cm
(—1.6 SD), her weight was 16.9kg (0.0 SD), and her OFC was
48.2cm (—1.2 SD). She exhibited obesity at the age of 7 years, at
which time her height was 114.0 cm (—1.0 SD), and her weight was
29.5kg (+1.8 SD). She showed learning disability (IQ 50-58) and
attended a special class at an elementary school. She was referred
again to our hospital for the assessment of developmental delay and
obesity at the age of 9 years. At this time, her height was 129.5 cm
(—0.2 SD), her weight was 41.3kg (+2.1 SD), and her OFC was
53.5cm (+1.6 SD). Her body mass index (BMI) was 24.6. She also
exhibited liver dysfunction and insulin resistance (AST 45IU/L;
AST 671U/L; IRI 617.4 pwU/ml; glucose 159 mg/dl; HbAlc 5.3%;
total cholesterol 172 mg/dl; triglyceride 112 mg/dl). Her thyroid
function and adrenal hormone levels were normal. She had a coarse
face appearance with wide palpebral fissures, upturned nostrils, and
a long mandible (Fig. 1).

MATERIALS AND METHODS

Written informed consent was obtained from the parents of the
patient in accordance with the Kanagawa Children’s Medical
Center Review Board and Ethics Committee.

Total genomic DNA was obtained from lymphocytes using
standard techniques. Array comparative genomic hybridization

of the patient at the age of 9 years. She
had wide palpebral fissures, upturned nos : Iin

FIG. 1. A photogra

mandible.

(CGH) was performed using the Agilent SurePrint G3 Human
CGH Microarray Kit 8 x 60k (Agilent Technologies, Inc., Santa
Clara, CA) according to the manufacturer’s instructions. The
results were analyzed using Agilent Genomic Workbench software.

A fluorescence in situ hybridization (FISH) analysis for determin-
ing the duplication of 17p13.1-p13.2 was performed using bacterial
artificial chromosome (BAC) clones that were selected from the
May 2004 (NCBI35/hgl7) Assembly of the UCSC Genome Browser
for the Human Genome (http://genome.ucsc.edu/). All DNAs were
labeled using nick translation according to the manufacturer’s
instructions (Abbott-Vysis, Des Plains, IL). Hybridization, post-
hybridization washing, and counterstaining were performed accord-
ing to standard procedures. Slides were analyzed using a completely
motorized epifluorescence microscope (Leica DMRXA?2) equipped
with a CCD camera. Both the camera and the microscope were
controlled using Leica CW4000 M-FISH software (Leica Micro-
systems Imaging Solutions, Cambridge, UK) [Kurosawa et al., 2012].

RESULTS

A chromosome analysis revealed a normal female karyotype. Array
CGH revealed an approximately 3.2 Mb duplication at 17p13.1-
pl3.2, extending from position 6,013,291 to 9,214,914bp
(GRCh37/hgl9). FISH was performed with a test probe for the
17p13 duplicated region (RP11-199F11 chrl7: 7,441,503—
7,598,744) and a control probe for the centromere of chromosome
17 (Abbott-Vysis); a duplication was confirmed (Fig. 2). No
duplication or translocation was present in her parents.

Chnl?y

FIG. 2. Analysis of duplication at 17

showing the 3.2 Mb duplicated region a
= Interphase. C;,Metaphﬁase FISH in lymp!
_ 199F11 clone [chri?: 7,441,503-7,5

of chromosome 17 a
_consistent with a du
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DISCUSSION

17p13.1 Duplication cases have been previously reported as exhib-
iting intellectual disability and multiple congenital anomalies
[Belligni et al., 2012; Coutton et al., 2012]. The present case with
a 17p13.1 duplication exhibited obesity and intellectual disability,
similar to a previous report [Belligni et al., 2012]. Belligni et al.
[2012] reported a case with a 17p13.1 duplication of 790-830 kb
that exhibited moderate intellectual disability, seizures, obesity,
insulin resistance, and hypertriglyceridemia. Eight patients with
overlapping duplications have been reported in the DECIPHER
database (Patients 4165, 250377, 258588, 262186, 256668, 250301,
258312, and 274634; Fig. 3). All the cases had intellectual disability,
three of the eight cases had obesity, and four of the eight cases had
seizures. Two patients with overlapping duplications have been
reported in the ISCA database (nssv578737, nssv14955761). Both
patients had intellectual disability but no other clinical data were
available (Table I). Coutton et al. [2012] reported a case with
discontinuous duplications at 17p13.1 consisting of 140 and
586 kb that did not encompass the TP53 gene or the critical region
for 17p13.1 deletion syndrome. The case exhibited mild intellectual
disability, growth retardation, and an appearance similar to that of
Silver—Russell syndrome. The other genes included by the discon-
tinuous duplicated region may have affected the phenotype in a

Common region for 17p13.1 duplicatio

different manner from that in the presently reported patient and the
case reported by Belligni et al. [2012].

There are several candidate genes for intellectual disability in the
17p13.1 duplicated region. Common overlapping duplicated re-
gion includes DLG4 (disks large drosophila homolog 4; MIM
602887), KCTD11 (potassium channel tetramerization domain
containing protein 11; MIM 609848), GPS2 (G protein pathway
suppressor 2; MIM 601935), and GABARAP (GABA-A receptor
associated protein like 1; MIM 607420). These genes are highly
expressed in brain, so the region is previously suggested to can-
didates in 17pl13.1 deletion [Komoike et al., 2010; Coutton
et al, 2012]. Other duplicated region includes FXR2 (MIM
605339) and NLGN2 (MIM 606479). FXR2 is highly expressed
in the brain and codes the fragile X-related proteins 2, a homolog of
the fragile X mental retardation gene (FMRI). FMRI, FXRI1, and
FXR2form a family characterized by functional similarities, such as
RNA binding, polyribosomal association, and nucleocytoplasmic
shuttling. FXR2-knockout mouse exhibited hyperactive behavior in
an animal model [Bontekoe et al., 2002]. NLGN2 encodes neuro-
ligin-2, a site-specific ligand for beta-neurexins, and may be in-
volved in synaptic signal transmission through interactions with
neurexin family members. Mutations in neuroligin and neurexin
family members (NRXN1, NLGN3, NLGN4) are associated with
autism spectrum disorder [Jamain et al., 2003; Feng et al., 2006].

Critical region for 17p13.1 deletion syndrome
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The duplicated region of 17p13.2 contains two genes: PITPNM3
(MIM 608921) and AIPL1 (MIM 604392). Autosomal dominant
type cone rod dystrophy has been reported in cases of heterozygous
mutation of two genes [Kohn et al., 2007]. AIPL1I also causes Leber
congenital amaurosis in autosomal recessive trait [Sohocki
etal., 2000]. Diseases have not been reported associated with dosage
changes of these genes.

The duplicated region also contains three genes associated with
metabolism: MPDUI (MIM 604041), the mutation of which causes
congenital glycosylation disorder type 1f; and ACADVL (MIM
609575), the mutation of which causes very long-chain acyl-coen-
zyme A dehydrogenase deficiency. Both are associated with auto-
somal recessive disorder. SLC2A4 (MIM 138190), the insulin-
responsive glucose transporter 4 (GLUT4), plays a key role in
insulin-stimulated glucose uptake in adipocytes and muscle
[Huang and Czech, 2007]. Diabetes mellitus type 2 and obesity
are associated with the impaired regulation of SLC2A4 gene ex-
pression and function. Mice that were genetically engineered to
overexpress the SLC2A4 gene systematically exhibited enhanced
insulin responsiveness and peripheral glucose utilization [Charron
et al., 1999]. We assumed that SLC2A4 overexpression might be
associated with the increased uptake of glucose to adipocytes and
obesity. However, the patient reported by Coutton et al. [2012] did
not show obesity and growth retardation has not been reported in
association with deletion of the SLC2A4 gene. Obesity is possibly
contributed to by not only SLC2A4 overexpression but also other
duplicated genes or genes not included in duplicated region of the
patient reported by Coutton et al. [2012].

Tumors have not been observed in patients with 17p13.1 dele-
tions and duplications encompassing TP53 [Krepischi-Santos
et al., 2009; Schluth-Bolard et al., 2009; Shlien et al., 2010]. The
P53 protein acts as a tumor suppressor and plays an important role
in controlling of a cell cycle and maintaining the integrity of the
genome [Ullrich et al., 1992]. Tumors were shown in patients with
mutations and partial small deletion of the TP53 gene but not large

 TABLE I, Clinical Fes %.g}re?éfé{?gﬁw s %@sh 17p13.1 m@g;caﬁm

- ~ etal [2012]

~ macrocephaly

Coutton

' 2 patlents
2l

~ Relative =~

2/3* gndactglg [256668]

genomic deletions. There is no evidence of the correlation between
dosage change of the TP53 and cancer predisposition. The p53 roles
in normal cellular processes have recently been reported in energy
metabolism, differentiation, and development [Vousden and
Prives, 2009]. It is also suggested that p53 contributes to the
pathology of various neurodegenerative diseases [Bretaud
et al., 2007; Leandro et al,, 2013]. Abnormal expression levels of
TP53 might result to affect the development and maintenance of the
central nerve system.

In conclusion, 17p13.1 duplication appears to exhibit common
features characterized by intellectual disability and multiple con-
genital anomalies. The present and previously reported cases of
17p13.1 duplication do not share common breakpoints, but they do
have a common region consistent with the critical region of 17p13.1
deletion syndrome. Our case suggests that 17p13.1 duplication
syndrome is characterized by intellectual disability and obesity.
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Neurodegeneration with brain iron accumulation (NBIA) com-
prises a clinically and genetically heterogeneous group of pro-
gressive brain disorders with several distinguishable subtypes.
Recently, WDR45 mutations were reported in patients with -
propeller protein-associated neurodegeneration (BPAN), char-
acterized by early intellectual disability followed by delayed
progressive motor and cognitive deterioration with onset in
the second to third decade. BPAN has a distinct brain magnetic
resonance imaging (MRI) pattern showing iron deposition in the
globus pallidus and substantia nigra. To date, many of the BPAN
patients have been diagnosed in adulthood. Here, we report on
6-year-old girl with BPAN diagnosed by whole exome sequenc-
ing. She showed Rett syndrome-like manifestations, a peculiar
facial appearance and mildly elevated serum enzymes, Brain iron
accumulation was detected by T2 -weighted MRI and T2-star
weighted angiography (SWAN). This unique combination of
clinical and neurcimaging features may be helpful for early
éi&gﬁi}siﬁ of BPAN. © 2014 Wiley Periodicals, Inc.

Key words: BPAN; Rett syndrome; WDR4S5, whole exome

sequencing

INTRODUCTION

Neurodegeneration with brain iron accumulation (NBIA) is a
heterogeneous progressive brain disorder presenting with neuro-
logical and psychiatric symptoms with multiple recognizable ge-
netic subtypes. Most of these subtypes are inherited in an autosomal
recessive manner. Haack et al. [2012] and Saitsu et al. [2013]
revealed mutations of WDR45 located in Xpl1.23 in patients
with Static Encephalopathy of childhood with Neurodegeneration
in Adulthood (SENDA), which is also referred to as NBIA5 or more
appropriately as B-propeller protein-associated neurodegeneration
(BPAN). WDR45 encodes a protein associated with autophagy, a
cellular process that degrades damaged organelles or protein ag-
gregation. Autophagy is involved in many pathological processes,
including neurodegenerative disorders.

BPAN is essentially static, with slow motor and cognitive gains until
adolescence or early adulthood. Hayflick et al. [2013] reviewed 23

© 2014 Wiley Periodicals, Inc.
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mutation-positive subjects (20 females). They reported that the natural
history of BPAN was markedly uniform: global developmental delay in
childhood and further regression in early adulthood with progressive
dystonia, Parkinsonism and dementia resulting in severe disability.
Seizures, spasticity and disordered sleep are common features. Brain
magnetic resonance imaging (MRI) shows iron accumulation in the
globus pallidus (GP) and substantia nigra (SN). A characteristic finding
is T1-weighted hyperintensity surrounding a central band of hypo-
intensity (“halo”) in the SN. Cerebral and cerebellar atrophy are also
observed. Verhoeven et al. [2014] described with respect to course and
neurological as well as neuropsychiatric phenotypes of BPAN.

Here, we report on a pediatric patient with BPAN diagnosed by
next generation sequencing.

CLINICAL REPORT

The 6-year-old Japanese girl was the second child of healthy and
nonconsanguineous parents. She was born at 40 weeks of gestation
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