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A male with 46,XY,t(3;17)(p14.3;q24.3) presented with
gingival hyperplasia, hypertrichosis, unusually large ears
and marked hypertrophy of the nose, characteristic of the
Zimmermann–Laband syndrome (ZLS). Other features
include large facial bones and mandibles, large protruding
upper lip, enlarged fingers and toes, strabismus, and
enlarged phallus. Knowledge of a 46,XX,t(3;8)(p21.2;q24.3)
reported previously in a mother and daughter with ZLS
suggests that the 3p14.3-p21.2 region may contain a gene
responsible for ZLS. We have reassessed the chromosome
3 breakpoint region of the t(3;8) and revised its breakpoint
location to 3p14.3, based upon an updated human genome
sequence assembly. Using fluorescence in situ hybridization
(FISH) with BAC clones, we have also identified a breakpoint

spanning clone at 3p14.3 in our t(3;17) patient, thereby
narrowing the breakpoint to a region of approximately
200 kb. These data suggest that the gene responsible for ZLS
is located in 3p14.3 and implicates four likely candidate
genes in this region: CACNA2D3, encoding a voltage-
dependent calcium channel, LRTM1, a gene of unknown
function embedded within CACNA2D3, WNT5A, encoding a
secreted signaling protein of the WNT family, and ERC2,
which codes for a synapse protein. � 2006 Wiley-Liss, Inc.
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INTRODUCTION

Zimmermann–Laband syndrome (ZLS) (MIM
135500) is a rare inherited disorder characterized
by gingival fibromatosis, hypertrichosis, skeletal and
soft tissue abnormalities including bulbous soft nose,
thickened lips, thick and floppy ears, and aplasia or
dysplasia of the nails. In addition, hepatosplenome-
galy [Pfeiffer et al., 1992; Robertson et al., 1998] and
mental retardation [Zimmermann, 1928; Oikawa
et al., 1979; Chodirker et al., 1986; de Pina Neto
et al., 1988; Il’ina et al., 1988; Bazopoulou-Kyrkani-
dou et al., 1990; Pfeiffer et al., 1992; Van Buggenhout

et al., 1995] were observed in some patients. Since
Zimmermann published the first two patients in 1928
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[Zimmermann, 1928], a total of 39 patients with ZLS
have been reported worldwide [Holzhausen
et al., 2003; Stefanova et al., 2003; Shah et al., 2004;
Atabek et al., 2005; Davalos et al., 2005]. Autosomal
dominant inheritance has been suggested [Laband
et al., 1964; Alavandar, 1965], but the molecular
mechanism has not yet been elucidated. A balanced
familial 3;8 chromosomal translocation that
segregates with the ZLS phenotype has suggested a
disease gene locus either at 3p21.2or 8q24.3,where a
disease gene might be disrupted at either of the
translocation breakpoints [Stefanova et al., 2003].
Here, we report on another chromosomal anomaly
associated with ZLS, an apparently balanced
reciprocal translocation: t(3;17)(p14.3;q24.3). We
have designated this patient DGAP003 and investi-
gated the breakpoints using a fibroblast cell line as
part of theDevelopmental Genome Anatomy Project
(DGAP). This workwas carried outwith prior review
and approval by the Partners HealthCare Institu-
tional Review Board. DGAP aims to identify
genes of importance in development at or near the
breakpoints of apparently balanced chromosome
rearrangements associated with developmental phe-
notypes. We also reassessed the previously reported
t(3;8) patient and repositioned the breakpoint to
3p14.3, comparable to that of DGAP003 patient.
Consequently, we hypothesize that the gene res-
ponsible for ZLS is located at 3p14.3 and we report
FISH analyses to refine the breakpoint region and to
identify positional candidate genes for ZLS therein.

MATERIALS AND METHODS

Clinical Report

The patient, a black male, first came to medical
attention due to absence of tooth eruption at
18 months of age. Physical examination revealed
gingival hyperplasia. In addition, the subject
had excess facial, body, and pubic hair. An enlarged
penis was noted, along with moderately sized
immature testicles bilaterally, unusually large mus-
cles of the upper and lower limbs, aswell as enlarged
fingers and toes. Strabismus was also present.
The patient was seen again at almost 3 years of age
and was found to have distinctive facies with large
facial bones and mandibles, large ears, a markedly
enlarged nose with short columella and low nasal
bridge. Figure 1 illustrates phenotypes displayed by
the subject at 3.5 years of age, when a biopsy of the
gingiva demonstrated marked epithelial thickening,
and chronic inflammation and fibrosis of the under-
lying connective tissue. At this time, the patient was
found to carry an apparently balanced chromosome
rearrangement with a 46,XY,t(3;17)(p14.3;q24.3)dn
karyotype, which was not detected in his parents
(Fig. 2). At 3.5 years of age, the patient had speech
articulation problems due to gingival hypertrophy,

although speech development and intelligencewere
normal. Physical examination revealed hypertelor-
ism with bilateral convergent strabismus, epicanthal
folds, depressed nasal bridge, large nose, protruding

FIG. 1. ZLS phenotypes displayed byDGAP003 at 3.5 years of age.A: Viewof
the partially opened mouth demonstrating marked hyperplasia of the gingivae
of both dental arches; B: Partial view of the face showing the wide nose with a
short columella, and a prominent, smooth philtrum; C: Posterior view showing
low scalp hairline and excessive hair on the back; D: Posterior view of the
hypertrichosis of the lower extremities.

FIG. 2. Ideogram illustrating the apparently balanced chromosome
t(3;17)(p14.3;q24.3) in DGAP003. A portion of the short arm of chromosome
3was exchangedwith a portion of the long arm of chromosome 17, resulting in
der(3) andder(17), respectively. At this level of resolution providedby standard
GTG-banding, the translocation appeared balanced (not shown). Black arrows
indicate the locations of breakpoints.
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upper lip, and hypertrophic papillae on the posterior
of the tongue, bilateral spade-like fingers and skin
thickening on the legs. Throughout childhood,
this patient underwent multiple gingivectomies. At
10 years of age, a skeletal survey revealed broad tufts
of the fingers, slightly bulbous soft tissue of the
fingertips, and undermodeling of the diaphyses of
the phalanges and metacarpals, making these bones
tubular in configuration. Themetacarpals were short
relative to the phalanges, while the diaphyses of the
long bones were slightly undermodeled. There was
widening of the shafts of the tibias and the ribs. A
craniofacial disproportion with prominence of the
mandible was noted and the maxillary spine and
maxillary incisors were absent. Several dysmorphic
skeletal features were primarily related to under-
modeling of the diaphyses of the bones.

Cytogenetic and Fish Studies

A fibroblast cell line (GM02963) from patient
DGAP003, with the reported karyotype 46,XY,
t(3;17)(p14.3;q24.3)dn, was obtained from the
NIGMS Human Genetic Cell Repository. Bacterial
artificial chromosome (BAC) clones were obtained
from CITB-D and RP11 libraries (Invitrogen, San
Diego, CA and the Children’s Hospital of Oakland
Research Institute, Oakland, CA) and directly labeled
with Spectrum Orange or Green-dUTP (Vysis) by
nick translation. Hybridizations were carried out
according to manufacturers’ protocols. Metaphase
chromosomes were counterstained with 4,6-
diamino-2-phenylindole-dihydrochloride (DAPI),
and at least 10 metaphases were analyzed using a
Zeiss Axioskop microscope. Images were captured
with a CytoVision system (Applied Imaging, San
José, CA).

RESULTS AND DISCUSSION

Of a total of 39 ZLS patients reported, transmission
of a balanced chromosomal aberration, t(3;8)
(p21.2;q24.3)mat, has been described once in
mother and daughter [Stefanova et al., 2003]. The
patient presented here offered the potential to
facilitate positional cloning of the ZLS gene, because
sufficient familial patients for linkage analysis are not
available. Stefanova et al. [2003] mapped the break-
point on der(3) between two breakpoint-flanking
BAC clones, RP11-680P23 and RP11-189K9, defining
a putative breakpoint region of 1.5 Mb in 3p21.2.
Wehave reassessed these data inmore recent human
genome assemblies, including the March 2006
assembly as implemented in the Human Genome
Browser (http://genome.ucsc.edu/cgi-bin/hgGate-
way). The chromosome 3 breakpoint region defined
by these two clones is now reported to encompass
approximately 3.2 Mb located in 3p14.3, and not
3p21.2 as previously suggested.

The phenotype of DGAP003, the male subject that
we describe here, includes gingival hyperplasia,
hypertrichosis, enlarged nose, large ears, unusual
facies, large protruding upper lip, and bulbous soft
tissues of the fingertips. Collectively, these features
are most suggestive of ZLS and are comparable to
the familial ZLS patients associated with the t(3;8)
[Stefanova et al., 2003]. DGAP003 also exhibited
problems with speech articulation that are likely
due to gingival hypertrophy. The observation of
overgrown gingival tissues affecting the ability to
speak has been reported in three previous patients
with ZLS [de Pina Neto et al., 1988; Holzhausen
et al., 2003; Shah et al., 2004]. Strabismus, seen in
DGAP003, has also been noted previously [Van
Buggenhout et al., 1995].
To refine the 3p14.3 breakpoint in the t(3;17), we

performed FISH as previously described [Kim et al.,
2005], using chromosome 3 specific BAC clones from
genome maps provided by the University of Cali-
fornia Santa Cruz (UCSC) Genomics Bioinformatics
Group [Karolchik et al., 2003]. For the approximately
8.5 Mb region covering 3p14.2-p21.3, nine BAC
clones were selected and hybridized to metaphase
chromosomes from patient fibroblast cells (centro-
mere top arm telomere: RP11-180G14, RP11-229A12,
RP11-169G24, RP11-39L1, RP11-58O15, RP11-452E8,
RP11-189K9, RP11-122D19, RP11-3F4). Notably,
BAC clone RP11-452E8 hybridized to the der(3),
the der(17), and normal chromosome 3, indicating
that this clone spans the breakpoint (Fig. 3). The size
of the breakpoint region is estimated to be �200 kb
at 3p14.3, based upon the UCSC physical map. It is

FIG. 3. FISHwithBACcloneRP11-452E8hybridized tometaphase spreads of
DGAP003. Spectrum green-labeled BAC clone RP11-452E8 shows signals on
the normal chromosome 3, der(3), and der(17), indicating that this BAC clone
spans the 3p14.3 breakpoint.
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important to note that one of the BACs used to
delineate the 3p14.3 breakpoint of the t(3;8), RP11-
189K9, flanks the breakpoint region of the 3;17
translocation on the distal side (Fig. 4), further
suggesting that the gene for ZLS is located in this
chromosomal region.
Based upon our FISHmapping data,CACNA2D3 is

directly disrupted by the translocation breakpoint
and it is possible that LRTM1 is interrupted, as well.
However, it is well known that disease-associated
chromosomal breaks can be positioned outside the
relevant gene, thereby leading to altered expression
of a neighboring gene [Kleinjan and van Heyningen,
2005]. The presence of such a position effect has
been postulated, for instance, for a t(3;7)(q23;q32) in
a patient presenting with the blepharophimosis/
ptosis/epicanthus inversus syndrome. The causative
gene, FOXL2, is located 180 kb distant from the
breakpoint,whichdisruptsC3orf15 at 3q23 [Crisponi
et al., 2001]. Accordingly, in DGAP003, expression of
LRMT1 or any surrounding gene might be altered by
a position effect of the 3p14.3 breakpoint.
CACNA2D3 is directly disrupted and therefore the

first candidate gene to be considered. It encodes a
subunit of voltage-gated calcium channels, which,
by permitting Ca2þ influx into cells, mediate many
physiological processes, including neuronal excit-
ability and muscle contraction [Catterall, 2000;
Arikkath and Campbell, 2003]. Interestingly, gingival
hyperplasia is reported to be present in patients
treated with calcium channel blockers, which
affect intracellular calcium metabolism or transport
[Missouris et al., 2000], suggesting the possibility of
CACNA2D3 dysfunction being involved in ZLS. The
gene LRTM1 (leucine-rich repeats and transmem-
brane domains 1), encodes a protein of unknown
function; however, closeproximity of this gene to the
breakpoint makes it a strong positional candidate.
As hypertrichosis is a feature of ZLS, WNT5A

emerges as another intriguing candidate gene,
because it is expressed in developing and postnatal
hair follicles, and is a known target of sonic hedge-
hog (SHH) during hair follicle morphogenesis
[Reddy et al., 2001]. Furthermore, murine Wnt5a is

expressed in the outgrowing regions of the facial
primordia including the frontonasal process and the
distal regions of the digit perichondrium. Moreover,
Wnt5a-deficient mice show absence of distal
digits as well as abnormal outgrowth of the face
[Yamaguchi et al., 1999]. Recently, Wnt5a and Ror2,
an orphan receptor belonging to the family of
receptor tyrosine kinases, were found to commonly
activate the non-canonical Wnt pathway [Oishi et al.,
2003]. Two allelic disorders are caused by mutations
in ROR2. Brachydactyly type B, an autosomal
dominant skeletal disorder characterized by hypo-
plasia/aplasia of the distal phalanges and nails
[Oldridge et al., 2000; Schwabe et al., 2000] as well
as a recessive form of Robinow syndrome manifest-
ing with, for example, gingival hyperplasia [Teebi,
1990; Balci et al., 1998] and bifid terminal phalanges
of the hands and feet [Giedion et al., 1976; Schwabe
et al., 2004]. Notably, bilateral bipartite distal phalanx
of the thumb was also reported in a ZLS patient [de
Pina Neto et al., 1988]. Taken together, these data
suggest an involvement of WNT5A-dependent
signaling pathways in hair follicle morphogenesis,
limb outgrowth, and development of gingival tissue,
processes that are most likely impaired in patients
with ZLS.
The gene ERC2 (ELKS/RAB6-interacting/CAST

family member 2) encodes a neuronal protein with
four coiled-coil domains and a putative COOH-
terminal consensus motif for binding to PDZ
domains. It is associated with the cytomatrix at the
active zone, beneath the presynaptic membrane,
which is implicated in determining the site of
synaptic vesicle fusion and neurotransmitter release
[Ohtsuka et al., 2002]. ERC2 is located in the center of
the revised 3.2 Mb breakpoint region of the ZLS-
associated t(3;8). Its relative proximity to the break-
point region in DGAP003, makes it a positional
candidate for ZLS.
The existence of two independent translocation

breakpoints in 3p14.3 provides strong evidence
that the causative gene for ZLS is located in this
chromosomal region. Currently, we are performing
mutation analysis of candidate genes in sporadic

FIG. 4. Schematic representation of the breakpoint region at 3p14.3 in DGAP003. The upper line represents part of the region of 3p21.1 (light blue) to 3p14.3 (gray);
telomere to centromere orientation is indicated. The figure is drawn to scale. The breakpoint spanning BAC clone RP11-452E8, delimiting the breakpoint region to 200
kb (indicated by two vertical red lines), is depicted in red, whereas the clones that mapped closest to the breakpoint on the proximal and distal side, respectively, are
shown in yellow andgreen. Four possible candidate genes for ZLS are represented by thick blue arrows (indicating 50 ! 30 orientation), with gene names indicated. The
translocation breakpoint directly disrupts the CACNA2D3 gene and possibly LRTM1.
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patients with ZLS and normal karyotype to identify
the underlying genetic defect.
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Zimmermann–Laband syndrome (ZLS) is a rare autosomal
dominant inherited disorder characterized by a coarse facial
appearance, gingival fibromatosis, and absence or hypo-
plasia of the terminal phalanges and nails of hands and
feet. Additional, more variable features include hyperexten-
sibility of joints, hepatosplenomegaly, mild hirsutism, and
mental retardation. Mapping of the translocation breakpoints
of t(3;8) and t(3;17) found in patients with the typical
clinical features of ZLS defined a common breakpoint
region of �280 kb located in 3p14.3, which includes the
genes CACNA2D3 andWNT5A. Breakpoint cloning revealed
that both translocations most likely occurred by non-
homologous (illegitimate) recombination. Mutation analysis
of nine genes located in 3p21.1-p14.3, including CACNA2D3,
which is directly disrupted by one breakpoint of the t(3;17),
identified no pathogenic mutation in eight sporadic patients
with ZLS. Southern hybridization analysis and multiplex
ligation-dependent probe amplification (MLPA) did not

detect submicroscopic deletion or duplication in either
CACNA2D3 or WNT5A in ZLS-affected individuals. Mutation
analysis of nine conserved nongenic sequence elements
(CNEs) in 3p21.1-p14.3, which were identified by interspe-
cies comparison and may represent putative regulatory
elements for spatiotemporally correct expression of nearby
genes, did not show any sequence alteration associated with
ZLS. Taken together, the lack of a specific coding-sequence
lesion in the common region, defined by two translocation
breakpoints, in sporadic patients with ZLS and an apparently
normal karyotype suggests that either some other type of
genetic defect in this vicinity or an alteration elsewhere in the
genome could be responsible for ZLS. � 2007 Wiley-Liss, Inc.

Key words: Zimmermann–Laband syndrome; WNT5A;
CACNA2D3; chromosome translocation; gingival hyperplasia
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INTRODUCTION
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or dysplasia of hand- and toenails, and various
skeletal anomalies including hypoplastic changes
of the terminal phalanges and hyperextensibility of
joints [Chodirker et al., 1986; Pfeiffer et al., 1992; Van
Buggenhout et al., 1995]. ZLS is most likely inherited
as an autosomal dominant disorder with de novo
mutations in sporadic cases [Laband et al., 1964;
Alavandar, 1965]. The occurrence of a 3;8 trans-
location in mother and daughter, both of which
presented with the typical features of ZLS, further
supports this mode of inheritance [Stefanova
et al., 2003]. Breakpoint mapping of a de novo
3;17 translocation in a male with features character-
istic of ZLS indicated that the 3p14.3 breakpoint of
both cases may be shared, suggesting that a gene
causative for ZLS is located in this region [Kim et al.,
2007]. By fluorescence in situ hybridization (FISH)
analysis, one BAC clone was found to span the
3p14.3 breakpoint of the t(3;17), thereby directly
disrupting the CACNA2D3 gene [Kim et al., 2007].
CACNA2D3 encodes the auxiliary a2d-3 subunit
part of the voltage-gated Ca2þ channel which is
implicated in awide rangeofphysiological processes
[Felix, 2006]. Remarkably, calcium channel blockers
can induce gingival overgrowth [Kataoka et al.,
2005], suggesting thatCACNA2D3 dysfunctionmight
be involved inZLS. Another candidate gene,WNT5A,
is located �550 kb centromeric to the 3p breakpoint
of the t(3;17) [Kim et al., 2007]. It encodes a secretory
glycoprotein that plays an important role during the
formation and growth of multiple structures and
tissues in mice and is a target of Sonic hedgehog
(Shh) in hair follicle morphogenesis [Yamaguchi
et al., 1999; Reddy et al., 2001]. Thus,WNT5A also is a
positional and functional candidate for ZLS.
Breakpoints of chromosomal translocationsmay be

positioned outside of a pathogenic gene, and yet still
give rise to a particular disease phenotype. Such
rearrangements cause either direct disruption of cis
regulatory elements required for normal gene trans-
cription or physical dissociation of the transcribed
gene from these regulatory elements. In either case,
subsequent aberrant gene transcription can lead
to human disease [Kleinjan and van Heyningen,
1998; Kleinjan and van Heyningen, 2005]. Cis-acting
genomic elements can stretch up to 1 Mb in either
direction from the transcription unit and thus, trans-
location breakpoints can be located far away from
the disease gene. For example, an evolutionary
conserved nongenic element (CNE) located 1 Mb
upstream of the Shh gene was found to function as
a limb-specific enhancer element required for its
proper expression [Lettice et al., 2002, 2003]. Remark-
ably, single base pair substitutions in this element
have been identified in members of four families
affected by preaxial polydactyly as well as two
mouse mutants [Lettice et al., 2003; Sagai et al.,
2004], suggesting that mutations in cis regulatory
elements can result in the same phenotypic outcome

as observed in patients with chromosomal trans-
locations.
Here, we report on breakpoint cloning of two

chromosome translocation cases with ZLS as well as
detailed molecular analysis of genes and CNEs,
representing putative cis regulatory elements, all
located in and around the 3p14.3 breakpoint region
in individuals with sporadic ZLS and an apparently
normal karyotype.

MATERIALS AND METHODS

Subjects

The translocation patients with t(3;8) and t(3;17)
were described elsewhere [Stefanova et al., 2003;
Kimet al., 2007].WecollectedDNA,blood samples, or
EBV-transformed lymphoblastoid cell lines fromeight
patients clinically diagnosed with ZLS. Five of the
eight patients have been reported previously [de Pina
Neto et al., 1988; Koch et al., 1992; Pfeiffer et al., 1992;
Robertson et al., 1998]. The three novel patients show
the typical ZLS-specific features, such as hypoplastic
or aplastic terminal phalanges, aplastic nails, gingival
fibromatosis, and a coarse facewith bulbous nose, full
lips, and macroglossia. Clinical data of seven patients
will be published elsewhere [Abo-Dalo et al., 2007].
Conventional cytogenetic analysis revealed an appa-
rently normal karyotype for all individuals.
Our ethics committees approved this study, and

written informed consent was obtained from all
participants or their legal guardians.

Fluorescence In Situ Hybridization (FISH)

Metaphase spreads from peripheral blood lympho-
cytes, lymphoblastoid cells, or fibroblasts were
madeby standard procedure. Chromosome3-specific
fosmid clones from libraryG248P8 (3531E12, 4994D9,
423A8, 5972G4, 2432H1, 6512A3, 2004A7, 3425E7,
and 405C7) were obtained from BACPAC Resources
(Children’s Hospital Oakland, Oakland, CA), while
BAC clone 889D3 from the RPCI11-library was
provided by the Resource Center of the German
Human Genome Project at the Max-Planck-Institute
for Molecular Genetics, Berlin, Germany. Isolation
and labeling of fosmid and BAC DNA as well as FISH
was performed as described previously [Sutajova
et al., 2004].

PCR on Genomic DNA

Genomic DNA was isolated from peripheral
blood samples, fibroblast, or lymphoblastoid cells of
the translocation patients by standard procedures.
For breakpoint cloning of the t(3;8) and t(3;17),
we amplified specific junction fragments that were
directly sequenced. Primer sequences are available on
request.
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Mutation Screening of Genes in 3p14.3 (CHDH,
IL17RB, ACTR8, SELK, CACNA2D3, LRTM1, ERC2,
CCDC66, and C3orf63) and 8q24.3 (NIBP, EIF2C2,

KCNK9, CHRAC1, C8orf17, and MIRN151)

We amplified the coding region including the
flanking intronic sequences of the following genes
from genomic DNA. Exon number in parentheses
provides the number of screened coding exons for
each gene: CHDH (7 exons; GenBank accession
no. NM_018397), IL17RB (11 exons; GenBank acces-
sion nos. NM_018725 and NM_172234), ACTR8
(13 exons; GenBank accessionno. NM_022899), SELK
(5 exons; GenBank accession no. NM_021237),
CACNA2D3 (38 exons; GenBank accession no.
NM_018398), LRTM1 (3 exons; GenBank accession
no. NM_020678), ERC2 (16 exons; GenBank acces-
sion no. NM_015576), CCDC66 (15 exons; GenBank
accession no. NM_001012506), C3orf63 (15 exons;
GenBankaccessionno.NM_015224),NIBP (23 exons;
GenBank accession no. NM_031466.3), EIF2C2
(20 exons; GenBank accession no. NM_012154.2),
KCNK9 (2 exons; GenBank accession no. NM_
016601.2), CHRAC1 (3 exons; GenBank accession
no. NM_017444.3), C8orf17 (1 exon; GenBank
accession no. NM_020237.1), and MIRN151 (1 exon;
GenBank accession no. NT_008046.15: 54960842–
54960931 bp). Primer sequences and PCR conditions
are available on request. PCR products were directly
sequenced with the Big Dye Terminator ready
reaction kit (PE Applied Biosystems, Darmstadt,
Germany) on an ABI Prism 377 (PE Applied Bio-
systems).

Southern Blot Analysis

Southern blot analysis using various restriction
enzymes was carried out using standard protocols
[Kim et al., 2005]. Four hybridization probes were
generated using four primer sets covering a 41-kb
region encompassing the complete genomic region
of WNT5A (22 kb). Primer sequences are available
upon request.

Multiplex Ligation-Dependent Probe
Amplification (MLPA)

The MLPA probes were designed according to
the described guideline [Schouten et al., 2002].
For CACNA2D3, pairs of synthetic MLPA probes
were designed from twelve selected coding exons,
whereas six pairs of synthetic MLPA probes were
designed for WNT5A, including four for coding
exons and one each for the 50- and 30-UTR. In
addition, two pairs of control probes were designed.
Amplification product sizes ranged from 92 to 117
bp; all have similar melting temperatures. MLPA
reagents were obtained from MRC-Holland; the
EK1 kit and reactions were used according to the
manufacturer’s instructions.

Comparative Sequence Analysis for the
Identification of Conserved Nongenic
Elements (CNEs) and Mutation Analysis

CNEs 1–9 located distal to the breakpoint in
3p14.3 of the t(3;8) were obtained by sequence
alignments between the species human, mouse,
chicken, Xenopus laevis, and Tetraodon nigroviridis
using the MultiPIPMaker program [Schwartz
et al., 2000] (http://bio.cse.psu.edu/). Sequences
were obtained from ENSEMBL (http://www.ensem-
bl.org).
Using Homo sapiens chromosome 3 genomic

contig NT_022517.17 as the reference sequence,
we amplified CNE1 (54230851–54231688 bp),
CNE2 (54644200–54644846 bp), CNE3 (54707163–
54708044 bp), CNE4 (54747357–54747820 bp),
CNE5 (54832588–54833367 bp), CNE6 (54957772–
54958525 bp), CNE7 (55001613–55002698 bp), CNE8
(55217983–55218938 bp), and CNE9 (55296646–
55297676 bp) and directly sequenced them. Primer
sequences and PCR conditions are available on
request.

Quantitative Real Time RT-PCR

Quantitative real time RT-PCR (Q-RTPCR) was
performed using total RNA isolated from synchron-
ized lymphoblastoid cells lines (LCLs). Therefore,
3� 105 cells were cultured in RPMI 1640 medium
supplemented with 20% FBS (Gibco, Karlsruhe,
Germany). For starvation, 6� 106 cells were incu-
bated in medium supplemented with 1% FBS for
30 hr, following 18 hr in medium without FBS.
Subsequently, RNAwas extracted usingQiashredder
(QIAGEN, Hilden, Germany) and the RNeasy Kit
(QIAGEN) according to the manufacturer’s instruc-
tions. One microgram of RNA of each sample was
reverse transcribed into cDNA (Superscript II1,
Invitrogen, Karlsruhe, Germany) using a cocktail
of gene-specific primers. Q-RTPCR was performed
in a 20 ml reaction containing 3 ml of 1:5 diluted
cDNA, 1.6 ml primer mix (8 mM of each primer), and
10 ml SYBR1 Green JumpStartTM Taq ReadyMixTM

(Sigma, Taufkirchen, Germany). Assays (n¼ 3) were
performed in duplicates on a Rotorgene-3000
(Corbett Research, Sydney, Australia). We calculated
expression levels using the efficiency DDC(T)-
method [Pfaffl, 2001] and HPRT as reference tran-
script. Primer sequences are available on request.

RESULTS

We delineated the 3p14.3 breakpoint region of the
t(3;8) by FISH and identified BAC RP11-889D3 and
the two fosmids 2004A7 and 3425E7 spanning the
breakpoint (data not shown and Fig. 1A). The
chromosome 3 breakpoint of the t(3;17), which
was found to disrupt theCACNA2D3 gene [Kim et al.,
2007], was refined with fosmid 423A8 (data not
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shown and Fig. 1A). Both 3p14.3 breakpoints
mapped within a common region of �280 kb, and
the t(3;8) breakpoint does not seem to interrupt a
gene (Fig. 1B). Instead, the latter one potentially
cause a position effect on an adjacent gene, which
include CACNA2D3, LRTM1, WNT5A, and ERC2, in
order of proximity to the chromosome 3 breakpoint
(Fig. 1B).
Tomap further the breakpoints of the translocation

partners at 8q24.3 and 17q24.3, FISH with over-
lapping fosmids was performed (data not shown).
Based on that data, a series of PCR reactions for the
four derivative chromosomes were performed to
amplify junction-specific amplicons in individuals
with translocations, but not in normal controls
(Fig. 2A, B).
Sequence analysis of the breakpoint-spanning

junction fragments of the t(3;8) revealed that both
chromosomal breaks occurred in single copy DNA,
nonetheless, the breakpoint in 3p14.3 is distally
and proximally flanked by MIR repeats (data not
shown). At the junction of the der(8), an overlap of
3 bp (CTC) was found, while a deletion of 8–11 bp
of chromosome 8 and 9–12 bp of chromosome
3 material was detected on the der(3) (Fig. 2C). We
amplified and sequenced breakpoint-spanning
amplicons for both derivatives of the t(3;17) and
identified the 3p14.3 breakpoint in intron 27 of
CACNA2D3. The LRTM1 gene, located in intron 27 of
CACNA2D3 in reverse orientation, was not found
to be interrupted. The 3p14.3 breakpoint occurred

in single copy DNA, whereas that in 17q24.3 in a
LINE repeat (data not shown). We detected a 12-bp
deletionencompassing 11bpof chromosome3and1
bp of chromosome 17 material on the der(17)
(Fig. 2D). Taken together, both translocations are
unbalanced on the molecular level and most likely
occurred by non-homologous non-allelic recombi-
nation [Abeysinghe et al., 2003].
We performed mutation screening of the coding

exons of nine genes located in the breakpoint region
of 3p21.1-p14.3 (CHDH, IL17RB, ACTR8, SELK,
CACNA2D3, LRTM1, ERC2, CCDC66, and C3orf63;
Fig. 1B) in eight patients with ZLS.WNT5A has been
analyzed previously and did not show any sequence
alteration associatedwith ZLS [Abo-Dalo et al., 2007].
Numerous sequence variants were identified in both
intronic and coding regions for eight of the nine
genes studied. However, they were found either in
healthy controls or unaffected members of the
patients’ families indicating that they most likely
represent polymorphisms (see the online Table I
at http://www.interscience.wiley.com/jpages/1552-
4825/suppmat/index.html).
Next, we tested for copy number anomalies and

submicroscopic rearrangements for the two most
promising genes in 3p21.1-p14.3, CACNA2D3 and
WNT5A. First, Southern hybridization analysis did
not reveal any aberrant band in three patients with
ZLS compared with control samples (data not
shown). Second, by using MLPA we analyzed the
gene dosage of CACNA2D3 (exons 1, 4, 5, 8, 11, 13,

FIG. 1. Both 3p breakpoints of the t(3;8) and t(3;17) map within a region of �280 kb in p14.3. A: Schematic representation of the breakpoint region at 3p14.3.The
upper bar represents part of the 3p21.1 (light gray) and 3p14.3 (darkgray) regions. Telomere to centromere orientation is indicated. Thebreakpoint spanningBACclone
RP11-452E8 and RP11-889D3 of the t(3;17) and t(3;8), respectively, is depicted by a green bar. Fosmid 423A8, spanning the breakpoint of the t(3;17), is shown as red bar
below BAC RP11-452E8. Clones mapping either distal (4994D9 and 3531E12) or proximal (5972G4 and 2432H1) to the breakpoint are depicted in blue. For the t(3;8)
breakpoint, two fosmids, 2004A7 and 3425E7, that span the breakpoint, are indicated as red bars belowBAC RP11-889D3. Clonesmapping closest to the breakpoint on
the distal (6512A3) and proximal (405C7) side, respectively, are shown as blue bars. B: Schematic representation of genes located in the 3p14.3 breakpoint region. The
upper line represents a region in 3p21.1-p14.3 in telomere (TEL) to centromere (CEN) orientation; sizes in Mb are shown. Genes are depicted as blue arrows or arrow
heads (indicating 50 ! 30 orientation) and gene names are given. Breakpoints of the t(3;8) and t(3;17) are indicated by wavy lines. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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19, 26, 28, 30, 34, and 36) in six ZLS-affected patients
and of WNT5A (four coding exons and 50- and 30-
UTR) in eight patients with ZLS. No differences in the
dosage of the analyzed exons in the patients
compared with controls were found (data not
shown). These data suggest that deletions, duplica-
tions, or inversions inCACNA2D3orWNT5Amaynot
account for the disease phenotype in the chromoso-
mally normal ZLS-affected patients analyzed.
To test altered transcriptional regulation for a gene

near the chromosome 3 breakpoint, we determined
gene expression level of WNT5A and the two
neighboring genes CACNA2D3 and LRTM1 by Q-
RTPCR. Expression level of CACNA2D3 and LRTM1
was too low to be determined (data not shown).
Notably, mRNA levels for WNT5A were found to
show a high variation in unrelated controls, preclud-
ing the comparisonof its expression levels in patients
with ZLS with those from controls (data not shown).
To identify CNEs, which may serve as putative

long-range regulatory elements for various genes in
3p21.1-p14.3,weperformedmultiple sequencecom-
parisons between evolutionary divergent species
and found nine cross-species conserved elements
(CNE1–CNE9) that spread across the analyzed
region (see the online Fig. 1A,B at http://www.
interscience.wiley.com/jpages/1552-4825/suppmat/
index.html). We performed mutation analysis of
CNEs 1–9 in eight patients with ZLS and identified
seven single base pair substitutions which do not

seem tobe associatedwithZLS (see theonline Fig. 1C
at http://www.interscience.wiley.com/jpages/1552-
4825/suppmat/index.html).

DISCUSSION

In this study, we most likely excluded pathogenic
mutations in 3p21.1-p14.3 as a cause of ZLS in
individuals without chromosomal rearrangement
involving this region. It is possible, however, that
some cryptic genetic defect remains to be discovered
in this region. For example, mutations in non-coding
RNAs (e.g., microRNAs) could be present. The
respective genes produce functional RNAs instead
of proteins and have been involved in numerous
biological processes as well as linked to human
disease [Mattick and Makunin, 2006; Mehler and
Mattick, 2006]. In addition, other cryptic alterations
such as microdeletions in not yet analyzed regions
in 3p21.1-p14.3, changes in the 50- or 30-UTR of
a specific gene, or promoter defects might have
escaped detection by the thorough methods
employed. Nonetheless, heterozygous alterations in
WNT5A, the most promising candidate, are most
likely not causative for the autosomal dominant
inherited ZLS. In line with this finding, mutations in
twomembers of theWNT family have been reported
in monogenic disorders with autosomal recessive
inheritance in humans [Niemann et al., 2004;
Woods et al., 2006] and mice [Parr and McMahon,

FIG. 2. Characterization of both the t(3;8) and t(3;17) translocation breakpoints at the genomic DNA level.A: Amplification of junction fragments for both der(3) and
der(8) chromosomes. A fragment of �700 bp was obtained from the der(8) of the mother carrying t(3;8) [P t(3;8); doublet], but not in controls (C1, C2) (left panel).
Junction fragment amplification of the der(3) chromosome yielded a fragment of�800 bp from the patient [P t(3;8); doublet] that was not observed in controls (C1, C2)
(right panel). One kilobase ladder (M)was used asDNA sizemarker.B: Junction fragments of both derivative chromosomes of the t(3;17) amplified by PCR. A�550-bp
fragment was obtained from the derivative chromosome 17 of the t(3;17) patient [P t(3;17); doublet], but not in controls (C1, C2) (left panel). Junction fragment
amplification of the der(3) yielded a fragment of�500bp from the translocationpatient [P t(3;17); doublet] thatwas not observed in healthy individuals (C1, C2). Sizes of
twobands of theDNA sizemarker (M) are indicated.C,D: Sequence alignment of thederivative andwild-type sequences of the t(3;8) (C) and t(3;17) (D), respectively, at
the translocation breakpoints. Chromosome 8- and chromosome 17-derived sequences are shown in uppercase letters, those from chromosome 3 in lowercase
letters. The breakpoint region is indicated by an arrow. Nucleotides deleted in the der(3) and der(17), respectively, are shown in bold in the respective wild-type
sequence. C: Overlapping sequence at the breakpoint is underlined.
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1995; Yamaguchi et al., 1999; Barrow et al., 2003].
However, we cannot exclude the possibility that
the 3p14.3 breakpoints of the two translocations
separate WNT5A from several regulatory elements
causing down- and/or dysregulation of its expres-
sion that leads to ZLS in these cases.
We identified no pathogenic alteration in CAC-

NA2D3 in ZLS-affected patients. Concordantly,
Cacna2d3 knock-out mice do not share phenotypic
features with patients with ZLS as they show a
decreased startle reflex and increased aggression and
hyperactivity in a small number of homozygotes
(http://www.informatics.jax.org/searches/acces-
sion_report.cgi?id¼MGI:3604520).
Alternatively, the gene for ZLS could be carried on

oneof theother translocationpartners. Interestingly, a
patient with clinical features of ZLS has recently been
described to carry an insertion of the chromosome
8 segment q11.2-q24.3 into p11.2 of chromosome
12 [Hoogendijk et al., 2006]. Thus, one breakpoint of
the inserted fragment (i.e., 8q24.3) corresponds well
to the 8q24.3 breakpoint of the t(3;8). In fact,
delineation of this breakpoint identified the NIBP
gene to be directly disrupted. However, mutation
analysis ofNIBP and five neighboring genes (KCNK9,
EIF2C2, CHRAC1, C8orf17, and MIRN151) in eight
ZLS-affected individuals revealed that none of the
25 detected sequence variations is causative for the
disease.
Based on the lack of a specific genetic lesion in

3p14.3 and 8q24.3 in sporadic patients with ZLS, we
suggest that either a cryptic genetic defect in the
vicinity of the breakpoint(s) in 3p14.3 and 8q24.3,
respectively, or an alteration elsewhere in the
genome might be associated with ZLS. Nonetheless,
the situation in ZLS might also resemble that in
thrombocytopenia-absent radius (TAR) syndrome,
for which a complex inheritance pattern with at least
twounlinked alleles seems to be required tomanifest
the phenotype [Klopocki et al., 2007]. Similarly, a
modifier located on 3p14.3 could be necessary to
elicit the full-blown ZLS phenotype, while the
genetic defect, which is the prerequisite for develop-
ment of the disease, still has to be discovered.
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