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The locus for SHEM1 (OMIM %183600) has been mapped to
7q21.3-q22.1 through the analysis of SHFM-associated chromo-
somal rearrangements {Scherer et al,, 1994a; Crackower et al,
1996]. DSS1, DLX5, and DLX6 genes within SHFMI have been
suggested to be involved in pathogenesis of SHFM 1 because of their
roles in limb development in mice [Crackower et al., 1996; Robledo
et al., 2002]. However, no gene mutations associated with SHFM1
have been reported to date [Crackower et al., 1996]. Hearing loss is
commonly associated with SHFM1 (about 35%) [Elliott and Evans,
2006], and SHFM with sensorineural hearing loss, mapped to
7q21.2-q21.3, has been designated as a distinct (or overlapping)
clinical entity (SHFM1D, OMIM %220600). Here we report on a
patient with bilateral split-foot malformation as well as micro-
gnathia, full lower lip, strabismus and stenosis of bilateral ear canals
with a mixed (conductive and sensorioneural) type of hearing loss,
and possessing a complex chromosomal rearrangement involving
7q21.3. Detailed genomic analysis of the 7q21.3 region implies a
new candidate gene for SHEM 1 with hearing loss.

The 9-vear-old girl is a product of healthy and non-consanguineous
parents. She was born at 38 weeks of gestation after uneventful
pregnancy. Birth weight was 2,850 g (—0.02 SD), length 48 cm
(—0.4 SD), and occipitofrontal circumference (OFC) was 32 cm
(—0.5 SD). She was referred to us due to weak sucking at age of
1 month. Right foot showed cutaneous syndactyly of 4th and 5th
digits, and absence of 2nd and 3rd digits. Only a reminiscent
metatarsal was recognized in the position of 2nd and 3rd digits
(Fig. 1A,B). Left foot showed cutaneous syndactyly of 1st and 2nd,
and of 4th and 5th digits, and absence of 3rd digit. A defective
metatarsal existed in the position of 3rd digit (Fig. 1A,C). Hands
were normal by both clinical and radiographic appearance (data
not shown). No family history of limb defects was noted. Micro-
gnathia, full lower lip, strabismus, bilateral ear canal stenosis, and
a severe mixed type of deafness (70 dB in right and 100 dB in left)
were recognized. The strabismus was operated at 17 months,
and a hearing aid was started at 14 months. Developmental mile-
stones were delayed. She could walk alone at 21 months. Her
development at 25 months was evaluated as an equivalent
level at 7-8 months. Bilateral split-foot was surgically repaired
at 39 months. Self-injuries, hyperactivity, and sleep disorders
were observed since 3 years of age. At age of 8 years, her weight
was 29.9 kg (+0.6 SD), height 133 cm (+1.1 SD), and OFC 52 cm
(+0.2 SD).

G-banded chromosomes of peripheral lymphocytes and lympho-
blastoid cell lines were analyzed. Fluorescence in situ hybridization
(FISH) was performed using lymphoblastoid cell lines as previously
described {Saitsu et al., 2008}. RPCI-11 BAC clones and approxi-
mately 10-kb probes amplified by long PCR using LA Taq poly-
merase (Takara Bio, Otsu, Japan) were used for FISH. Primer
information is available on request.
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FIG. 1. The patient feet before surgical repair (A} and their X-ray
images (B,C). Right foot showed cutaneous syndactyly of 4th and
5th digits, and absence of 2nd and 3rd digits. Only a reminiscent
metatersal was recognized in the position of 2nd and 3rd digits
{A,B). Left foot showed cutaneous syndactyly of 1st and 2nd, and
of 4th and 5th digits, and absence of 3rd digit. A defective
metatarsal existed in the position of 3rd digit {A,C). Partial
karyotype of the patient (D). Upperleft figure shows chromosomes
7 (left: normal, right: derivative}, upper right chromosomes 15
{left: normal, right: derivative), lower left chromosomes 9 (left:
normal, right: derivative), and lower right chromosomes 14 (left:
normal, right: derivative}. Arrows indicate translocation
breakpoints. Rt, right foot; Lt, left foot.

The 7q21.3 translocation breakpoint was analyzed by Southern
hybridization using EcoRI-, EcoRV-, Bglll-, and Nsil-digested
patient DNA. Healthy female DNA was also used as a normal
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control. Probes were synthesized by PCR DIG probe synthesis kit
(Roche, Basel, Switzerland) using RP11-15f5 DNA as a template.
Primer information is available on request. Hybridization, washing,
and detection of probes were done according to the manufacturer’s
protocol. Images were captured on FluorChem (Alpha Innotech,
San Leandro, CA). After identification of aberrant DNA fragments
by Southern hybridization, size fractioning of electrophoresed
EcoRl-, Bglll-, and Nsil-digested DNA of the patient was per-
formed using QIAEXII Gel extraction kit (Qiagen, Valencia, CA) in
order to obtain der(7), der(15), and 7q21.3 deletion junction
fragments, respectively. The collected DNA was self-ligated by
Ligation high (Toyobo, Osaka, Japan), ethanol precipitated, and
dissolved in 20 pl EB buffer (Qiagen). Inverse PCR was performed
in 25 pl of volume, containing 2 pl ligated DNA, 1x LA PCR
bufferll, 2.5 mM MgCl,, 0.4 mM each dNTP, 0.5 uM each primer,
and 1.25 U LA Taq polymerase (Takara Bio). Primers were listed
below: EcoRI-forward, 5-TTTCCTCTTTCTCATAGGAAATGC-
3’; EcoRl-reverse, 5-ATGTTGGCAATCCGGTAGTC-3'; Bglll-
forward, 5'-CCTGTCTTGGGACTTTGAGG-3'; Bglll-reverse, 5'-
AACCAACCCTCTGGATGACA-3'; Nsil-forward, 5'-AGGACCT-
GGCCCTTGCTTTACACTT-3'; Nsil-reverse, 5'-GGGCCCAACA-
TAAAGCCCATCTCTA-3'. Negative controls only used either
forward or reverse primer. The PCR product was purified with
ExoSAP (USB Co., Cleveland, OH) and sequenced for both
forward and reverse strands with BigDye Terminator chemistry
ver. 3 according to the standard protocol (Applied Biosystems,
Foster City, CA). After breakpoint sequences were disclosed,
breakpoint-specific primers for both der(7), der(15), and 7q21.3
deletion junctions were designed: der(7)-forward, 5'-AAGAAG-
CAAGATTGCCTATGAA-3'; der(7)-reverse, 5'-AGAGACAGAG-
TCGGCCAGTT-3'; der(15)-forward, 5'-TGGGTCCTTACCT-
TATGT-TGC-3'; der(15)-reverse, 5-TCTAGAGGAGCGCTGG-
CTAC-3'; 7q2ldel-forward, 5-TCCACAGCATTTGCAGTAGA-
ATCTGA-3'; 7q21del-reverse, 5-GCTGAAAGATGGGAGAAGT-
GGCCTA -3, Junction fragments were attempted to be amplified
by PCR using these primer-sets on DNAs of the patient and a
normal control.

Genomic DNA obtained from peripheral blood leukocytes
were used for microarray analysis. Experimental procedures were
performed according to the manufacturer’s protocol with slight
modification (fragmentation time was shortened to 25 min). Call
rate was 92.34%. Copy number alterations were analyzed by using
CNAG2.0 [Nannya et al., 2005].

The interstitial deletion at 7q21.3 was analyzed using the patient’s
genomic DNA by quantitative real-time PCR (gPCR) on Rotor-
Gene 6200 HRM (Corbett Life Science, Sydney, Australia). PCR
was performed in a 10 {1l of volume containing 10 ng genomic DNA,
1% ExTaq buffer, 0.2 mM each dNTP, 0.5 uM each primer, 0.25 ul
LCGreen Plus (Idaho Technologies, Salt Lake City, UT) and 0.25 U
Ex TaqHS polymerase (Takara Bio). Five sets of primers, including
one normal control set on chromosome 15, were used as qPCR
probes. The control set was assigned as a calibrator (a relative
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concentration of 1.00). The delta—~delta C, relative quantitative
method was employed according to the manufacturer’s protocol.
Averages of duplicates were calculated by Rotor-Gene 6000 Series
Software (Corbett Life Science). Primer information is available on
request.

LMTK2was analyzed on a total of 29 Japanese patients with SHFM.
One patient showed esophageal atresia and pulmonary atresia, and
another showed tibial hemimelia. Among remaining 27 patients
with non-syndromic SHFM (without any other anomalies), 25
patients showed no genomic rearrangement on 10924 (Kano et al.,
2005]. The other four patients have not been analyzed for the 10q24
rearrangement. No patient had hearing loss. Genomic DNA was
obtained from peripheral blood leukocytes according to standard
protocols. Genomic DNA was amplified using Genomiphi version 2
(GE Healthcare, Buckinghamshire, UK), and then used for muta-
tion analysis. Mutation of Ist to 14th exons covering the LMTK?2
coding region was screened by high-resolution melt analysis. Real-
time PCR and subsequent high-resolution melt analysis were
performed in 12-pl mixture on RoterGene-6200HRM (Corbett
Life Science) as previously described [Saitsu et al., 2008]. PCR
conditions and primer sequences are available on request.

G-banded chromosomal analysis revealed double balanced trans-
locations. The karyotype was 46,XX,t(7;15)(q21;q15),t(9;14)-
(q21;q11.2) (Fig. 1D). Her parents showed a normal karyotype
(data not shown). To check genomic copy number alterations
accompanied by translocations, GeneChip Human Mapping
250K Nspl (Affymetrix, Santa Clara, CA) was performed. A ~1-
Mb interstitial deletion at 7q21.3 and an approximately 4.6-Mb
deletion at 15q21.1-q21.2 were found (Fig. 2A, arrow and Fig. 3,
bidirectional arrow). No other abnormal copy number alterations
were not found around the 9q21 and 14q11.2 regions (data not
shown).

Because the patient showed SHFM with hearing loss, we first
analyzed chromosomal rearrangement of the 7q21.3 region
(Fig. 2A). By FISH analysis using BAC clones around at 721, RP11
-15f5 [UCSC genome browser coordinate (version Mar. 2006):
chr7:96, 097, 19596, 276, 197 bp] was found to span the 7q21
breakpoint as its signals were recognized on der(7), der(15), and
normal chromosome 7 (Fig. 2A,B). The breakpoint was further
narrowed down by FISH analysis using long PCR products as
probes (Fig. 2A,B). While probe I showed only two signals, probe
11 showed split signals (three signals) in the patient’s interphase
nuclei, indicating that the breakpoint was located within probe 11
(Fig. 2A,B). The 7q21.3 deletion junction was narrowed down by
qPCR (Fig. 2A).

Southern hybridization analysis using probes P1, P2, and P3
detected aberrant bands (Fig. 2A,C). Inverse PCR on EcoR1-, Bglll-,
and Nsil-digested DNA was successful for obtaining der(7),
der(15), and 7q21.3 deletion junction fragments, respectively.
Sequence analysis showed that the 7q21.3 translocation breakpoint
was located 38 kb telomeric to DSS1, and 258- and 272-kb centro-
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FIG. 2. Characterization of the 7q21.3 rearrangement. A: GeneChip analysis of chromosomes 7 in the patient {top). The position (x axis matching the
chromosemal 7 ideogram) and log? (signal ratio) values (y axis) of each SNP probes are indicated. A thin line indicates copy number inference from
Hidden Markov Model. An interstitial deletion at 7q21.3 (arrow) was identified apart from 7q21.3 breakpoint (dashed line). The 7q21.3 genomic
rearrangement is schematically presented (middle]. RP11-15f5 and PCR probe it span the translocation breakpoint {dashed line). The deletion
(dashed thick line) encompasses four genes. TAC1, ASNS, and OCM are overlapped with reported copy number variation (CNV) regions (chr?.36 and
cnp635). More detailed maps are shown [bottom). Restriction sites {E, £coRl; EV, £coRV; Bg, Bg/li; K, Nsil) and probes for Southern hybridization
{P1-3) are indicated. Translocation breakpoint (dashed line) is located between P4 and P2, and distal deletion breakpoint {dashed line) is flanked by
P3.Aprobe {SNP_A-2139521] in GeneChip {filled star, deleted], positions for gPCR primer-sets (filled circle, deleted; open circle, not deleted) are also
depicted. B: FISH analysis using a clone {RP11-15¢5] and two long PCR probes [land Itin A] on the patient’s metaphase chromosomes or interphase
nuclel. Arrowhead indicates a signal on chromosomes 7 and arrow shows a signal on a derivative chromosome 15, indicating RP11-15f5 and probe Hl
span the breakpoint. C: Southern hybridization using probes P1, P2, and P3 on the patient’s genomic DNA. Arrow shows aberrant bands specific to the
patient (not observed in control DNA}. D: Breakpoint junction sequences of der(?) and der{15). In upper part, top, middle, and bottom sequence
strands show chromosome 7, derivative chromosome 7, and chromosome 15 sequences, respectively. In lower part, top, middle, and bottom strands
show chromosome 15, derivative chromosome 15, and chromosome 7 sequences, respectively. Breakpoint positions are marked according to the
UCSC gename browser coordinate {version Mar. 2006). Asterisks indicate nucleotides identical to normal chromosomes. E: Deletion junction
sequence. Top, middle, and bottom strands show proximal, recombined, and distal sequences, respectively. Deletion breakpoint location is marked.
Two nucleotides were overlapped. Asterisks are matched nucleotides in chromosome 7 sequence.
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FIG. 3. Characterization of the 15q21 rearrangement. Upper panel: GeneChip analysis of entire chromosome 15 clearly shows the deletion
{bidirectional arrow). Deletion at 15q11.2 is reported as a copy number variation. Lower panel: A genomic map of the 15q21.1-q21.2 deletion with
4.6 Mb In size Is shown with position of BAC clones used for FISH. Black and white indicates deleted and intact {not deleted), respectively: A total of
21 RefSeq genes, including FBN{, are mapped within the deletion [bottom].

meric to DLX6 and DLXS5, respectively (Fig. 2A,D). The 7q21.3
deletion was 806 kb in size {from chr7:96; 215, 406=7 to 97, 593,
297-9) and was located 750-kb telomeric to the 7q21.3 transloca-
tion breakpoint; encompassing TACI, ASNS, OCM, and exon 1 of
LMTK?2 (Fig. 2A,E).

The rearrangement of the 15¢21 region was also complex. The
deletion at 15q21.1-q21.2 was approximately 4.6 Mb in size by
Affymetrix GeneChip and further BAC FISH analysis, but rather
complicated (Fig. 3, bidirectional arrow). The size, 4.6 Mb was
somehow different from 5.4 Mb, inferred from breakpoint sequen-
ces of der(7) and der(15) (Fig. 2D). The 4.6:Mb deletion contained
21 RefSeq genes including the entire FBNI gene (Fig. 3). Approxi-
mately a 0.7-Mb segment was retained in the der(15) by FISH using
RP11-64n7,RP11-112¢7,RP11-964b7, RP11-416k5, RP11-294011,
and partial RP11-637h23 (chr15: 47869993-48550883), but we did
not further investigate the retained segment as our main focus was
the 7q21.3 region. The rearrangement junctions from both of
derivative chromosomes were successfully amplified by PCR only
on the patient DNA (data not shown).

We hypothesized that a gene(s) in the 806-kb deletion at 7q21.3
could be responsible for the split-foot phenotype, As TACI, ASNS,
and OCM were overlapped with reported copy number variation
regions (chr7.36 and cnp635 in the database; Fig. 2A), it was less
likely that a heterozygous deletion of these genes would cause the
split-foot phenotype. LMTK2 gene appeared to be a candidate for
SHEM1. We performed LMTK2 mutation screening in 29 SHFM
patients without hearing loss, but no pathological mutations were
found.

=4

SHEM isa human developmental disorder characterized by missing
central rays of the distal extremities, including phalangeal, meta-

carpal, and metatarsal bones [Elliott et al., 2005). SHEM occur
either ‘isolated (non-syndromic) or with  other abnormalities
{(syndromic). Cytogenetic abnormalities, such as deletions, traris-
locations, and inversions in the region of 7q21.3-q22.1 in patients
with” SHEM,; provided evidence that positional effects: and/or
regulatory elemerits might play a role in pathogenesis of SHFM
[Scherer etal;, 1994a,b; Crackower et al.,; 1996]. This locus has been
designated as SHFM1 (OMIM %183600). Both non:syndromic
and syndromic SHFM have been linked to' the SHFM]I locus,
including SHFM. with - sensorineural -hearing loss (SHFMI1D;
OMIM %220600). Three potential candidate genes, DLX5, DLX6,
and DSSI (Deleted in the Split-hand/Split-foot 1 region), have been
highlighted as they were expressed in the developing limbs in mice
[Crackower et al.; 1996; Robledo et al.; 2002]. Double knockout of
DIx5 and DIx6 in mice resulted in typical SHEM as well as inner ear
and severe craniofacial defects [Robledo et al.,; 2002]. However, the
three candidate genes did not seem to be interrupted directly by any
of human chromosomal rearrangements, and did not show any
point mutations in SHEM patients [Crackower et-al.; 1996]. One
possible hypothesis is that disruption of distant cis-acting regula-
tory elements or positional effects results in aberrant expression of
DSS1, DLX5, and DLX6leading to SHEM1 [Crackower et al., 1996;
Schereretal.; 2003]. Alternatively, a gene, not yetidentified, existsin
different region of SHFMI. TP63, encoding P63, is the gene
identified in both syndromic and non-syndromic SHEM [Celli et
al,, 1999; lanakiev et al., 2000; van Bokhoven et al., 2001; Duijfet al.,
2003]. Recently, p63 has been shown to directly regulate expression
of DiIx5 and DIx6 in apical ectodermal ridge in mice [Lo Iacono et
al., 2008], suggesting that p63and the DIx5/DIx6 locus are involved
in the same pathway of SHEM pathogenesis.

Here we report on an unexpected 806 kb interstitial deletion
together with a chromosomal translocation in the SHEM I locus of
the patient with SHEM1D. The deletion involved TACI, ASNS,




