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Abstract

Cornelia de Lange syndrome (CdLS) is a rare developmental malformation syndrome
characterised by mental handicap, growth retardation, distinctive facial features and limb reduction
defects. The vast majority of CdLS cases are sporadic. We carried out a high density bacterial
artificial chromosome (BAC) microarray comparative genome hybridisation screen but no
evidence was found for a consistent pattern of microdeletion/micro-duplication. As an alternative,
we focused on identifying chromosomal regions spanning associated translocation breakpoints.
We prioritised the distal 3q region because of the occurrence, in a classical CdLS patient, of a de
novo balanced translocation with a breakpoint at 39g26.3 and of reports of phenotypic overlap
between cases of mild CdLS and individuals trisomic for the 3q26-g27 region. We show that the
3026.3 breakpoint severs a previously uncharacterised giant gene, NAALADLZ2, containing at
least 32 exons spanning 1.37 Mb. Northern blot analysis identified up to six different transcripts in
the 1-10 kb range with strongest expression in kidney and placenta; embryonic expression was
largely confined to duodenal and stomach endoderm, mesonephros, metanephros and pancreas.
Transcript analysis identified extensive alternative splicing leading to multiple 5" and 3’
untranslated regions and variable coding sequences. Multiple protein isoforms were defined by
different N-terminal regions (with at least four alternative initiating methionine codons), and by
differential protein truncation/use of alternative C-terminal sequences attributable to alternative
splicing/polyadenylation. Outside the N-terminal regions, the predicted proteins showed
significant homology to N-acetylated alpha-linked acidic dipeptidase and transferrin receptors.
Mutation screening of NMAALADL Zin a panel of CdLS patient DNA samples failed to identify
patient-specific mutations. We discuss the possibility that the 3926.3 translocation could
nevertheless contribute to pathogenesis.
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Introduction

Cornelia de Lange Syndrome (CdLS; MIM 122470), which is also known as Brachmann-de
Lange syndrome, is a developmental malformation syndrome characterised by mental
handicap, growth retardation, distinctive facial features and limb reduction defects (YaCkson
etal. 1993. Ireland et al. 1993 cjassical cases often have severe limb abnormalities and
mental retardation but a clinically mild subtype is also recognised in which affected children
are less severely growth retarded and developmentally delayed (Van Allen etal. 1993
Allanson etal. 1997) The disorder is rare, with an approximate incidence of 1:40,000.
Affected individuals typically occur as sporadic cases but some reports have documented
families with multiple affected members. The low estimates for the general recurrence risk
for sibs (Jackson etal. 1993y argues against recessive inheritance and, in some of the multi-
case pedigrees, there is strong evidence for autosomal dominant inheritance (Krajewska-
Walasek et al. 1998. Kozma 1996. McKenney et al. 1996. Russell et al. 2001. McConnell et
al. 2003). In other multi-case pedigrees, the birth of more than one affected child to
unaffected parents can be explained by gonadal mosaicism.

Because of the predominantly sporadic nature of the disorder, it has been difficult to obtain
suitably informative linkage data. Clues to subchromosomal location have, however, been
suggested from associated chromosomal abnormalities. A variety of abnormalities have been
reported (for a review, see IKousseff etal. 1994y p+ mych attention has been focused on
distal 3q as a result of (1) phenotypic overlap between the duplication 3q syndrome and mild
cdLs (Steinbach et al. 1981. Wilson et al. 1985y anq (2) the identification of a balanced de
novo translocation t(3;17)(q26.3;q23.1) in a patient with classical CdLS, some time after the
original reports of phenotypic similarity between mild CdLS and the duplication 3q
syndrome (Iréland et al. 1991y Tpe significance of the 3q26.3 breakpoint appeared to be
enhanced when the 3926.3-g27 interval was suggested as the critical region for the dup 3q
syndrome (Aqua etal. 1995; Ireland et al. 1995; Rizzu et al. 1997); individuals trisomic for

regions immediately proximal or distal to this region were reported not to resemble CdLS
(Rizzu etal. 1997. Lopez-Rangel et al. 1993).

In the present report, we show that the CdLS-associated translocation breakpoint at 3g26.3
severs a giant (1.37 Mb) previously uncharacterised gene, NAALADL 2without any
accompanying significant deletion or DNA rearrangement. NAALADL 2 is subject to
extensive alternative processing, resulting in at least four protein isoforms, some with a
strongly predicted transmembrane region near the N-terminus and others appearing to lack
such a region. The N-terminal sequence preceding the strongly predicted transmembrane
region is not significantly related to other protein sequences but the remaining protein
sequence shows significant, but low, homology to the N-acetylated alpha-linked acidic
dipeptidase and to transferrin receptors. Mutation screening of MAALADL2exons in a panel
of CdLS patient DNA and control DNA samples failed to identify patient-specific mutations.
We review the question of whether the translocation breakpoint at 3g26.3 could,
nevertheless, contribute to pathogenesis.

Hum Genet. Author manuscript; available in PMC 2016 June 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tonkin et al.

Page 4

Materials and methods

Bacterial artificial chromosome microarray comparative genome hybridisation (CGH)

screen

DNA samples from 11 individuals with classical CdLS (including eight subjects with limb
reduction defects) were hybridised in CGH screens against genomic microarrays containing
over 3,000 bacterial artificial chromosome (BAC) clones at approximately 1 Mb intervals.
Construction of the mircroarrays and the labelling and hybridisation of the patient-specific
probes were as previously described (Fiegler etal. 2003y

Contig assembly as an aid to defining the 3q26 translocation breakpoint

Approximately 25 ng single-copy 3726 region marker probes were used to screen gridded
yeast artificial chromosome (YAC) libraries (Chumakov et al. 1992. Anand et al. 1990.
Larin etal. 1991y the RPCI-1 P1 artificial chromosome (PAC) library (loannou etal. 1994y
the RPCI-11 BAC library (Os0egawa et al. 2001y and the Lawrence Livermore National
Laboratory chromosome-3-specific cosmid library, constructed by using the method of
Gingrich etal. (1996) Fijters were hybridised in 0.5 M phosphate buffer with 7% SDS and
1% bovine serum albumin overnight at 65°C and washed in 2x SSC/0.1%SDS (1x SSC =
150 mM NaCl, 15 mM sodium citrate, pH 7.0) at room temperature before exposure to film.
Following clone isolation, the predicted marker content was confirmed by the polymerase
chain reaction (PCR) and Southern hybridisation. As required, internal and end clone
sequences were generated by using inverse-PCR (Ochman et al. 1988y \ector-hexamer PCR
(Herring etal. 1998y o, ajy-pcR (Nelson et al. 1989y or py direct sequencing of BAC and
cosmid ends as described previously (Tonkin etal. 2002y perived single-copy end
sequences were used as probes for re-screening the libraries to develop a contiguous contig
spanning the 3926 breakpoint region, as determined by fluorescent in situ hybridisation
(FISH; see below). BACs spanning the region were sequenced by dedicated chromosome 3
sequencing centres, notably the Baylor College of Medicine sequencing centre.

Mapping the translocation breakpoints in the t(3;17) translocation cell line

A lymphoblastoid cell line was generated from a blood sample from the t(3;17)(g26.3;923.1)
case previously described by Iréland etal. (1991) chromosome-specific centromere probes
obtained from Appligene Oncor were used to identify chromosomes 3 and 17. Genomic
clones (a progressive hierarchy of YAC, BAC and cosmid clones) from 3g26 or 17923
(identified in the same manner as 3926 clones) were labelled by nick translation
incorporating either SpectrumGreen or SpectrumRed (Vysis), according to the
manufacturer’s instructions, and hybridised to metaphase chromosomes derived from the
CdLS t(3;17) lymphoblastoid cell line. Breakpoint-spanning clones were identified by the
presence of three signals, representing the two derivative translocation chromosomes and a
normal chromosome 3 or chromosome 17 homologue.

cDNA sequence assembly and determination of exon-intron organization

At the outset, expressed sequence tags (ESTs) were identified by using publically available
sources and placed on the physical map by PCR/Southern hybridisation-based typing or,
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more recently, BLAST analysis (Altschul etal. 1990 ry)1-length NAALADL2cDNA
sequences were assembled by the extension of partial cDNA sequences by in-house
sequencing and the determination of sequence overlap by using in silico analysis and by 5/
and 3’ rapid amplification of cDNA ends (RACE). RACE was conducted as described by the
manufacturer (Clontech) by amplifying human adult kidney cDNA with nested pairs of
exon-specific primers in combination with linker-specific primers and in the presence of 1 M
betaine. Products were cloned into pPGEM-T Easy (Promega) before sequencing by
Amersham ET chemistry for MegaBACE (Amersham Biosciences). The NAALADL 2 exon-
intron organisation was determined by referencing cDNA sequences against cognate BAC
sequences. Where gaps existed in the genomic sequence, specific regions of BAC clones
were sequenced in-house as described previously (TONKin etal. 2002y

Gene expression analyses

Gene expression analyses involved labelling a 581-bp cDNAprobe (spanning the sequence in
exons 14 and 17). For Northern blot analyses, the probe was labelled to high-specific activity
with [a32P]-dCTP by the Rediprime 1l random prime labelling system (Amersham) and
hybridised against both adult and fetal blots (Clontech) containing approximately 2 pg
mRNA per lane at 68°C for 1 h. Blots were washed in 0.1x SSC/0.1 SDS at room
temperature before exposure to film. For tissue /n situ hybridisation, linearised plasmid
containing the 581-bp fragment was transcribed with T7 and SP6 RNA polymerases to
generate [3° S]-UTP-labelled sense and antisense riboprobes, respectively, which were
hybridised to sections of human embryonic tissue. The collection and use of human embryos
was carried out with ethical permission from the joint Ethics Committee of the Newcastle
Health Authority and with appropriate signed consent. Embryos were collected following
medically induced termination of pregnancy (Bullen etal. 1998y ang were staged by
microscopic examination. Fixation and processing of tissue and in situ hybridisation of
labelled probes was carried out as previously described (L-2KO et al. 1998y

Mutation screening

Point mutations were screened by single-strand conformation polymorphism (SSCP)/
heteroduplex analysis by means of standard protocols. Amplified exon products (150-250
bp including 50-100 bp flanking intron) or overlapping internal exon sequences were
denatured and size-fractionated in 1 x MDE gels (BioWhittaker), containing 5% glycerol
and 0.6x TBE buffer (1x TBE buffer = 0.09 M TRIS-borate, 0.002 M EDTA, pH 8.3) at 300
V and 15°C, for approximately 20 h (depending on fragment size), and visualised by silver
staining. Any samples demonstrating band differences when compared with an unaffected
control were sequenced. Large-scale deletions were screened by fluorescent multiplex
amplifiable probe hybridisation (MAPH; White et al. 2002y amplified exon sequences were
cloned into the vector pGEM-T Easy (Promega). Additional control probes were generated
for a number of autosomal loci not on chromosome 3 and to SRY (Y chromosome) and
DMD (X chromosome). Following hybridisation and stringent washes, the amplified
fluorescently labelled products (1.5 ul/MAPH amplification) were size-fractionated on a 5%
LongRanger gel (BioWhittaker) on an ABI 377 automated DNA sequencer and the data
were analysed.
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Sequence motif and comparative sequence homology analysis

The NIX suite of programs (http://www.hgmp.mrc.ac.uk/Registered/) was used in the
analysis of large regions of genomic sequence. It included the use of the Eponine program
for determining transcriptional start sites in mammalian DNA (Down and Hubbard 2002
Additional analysis of the 5’ region of the gene, including the putative promoter and
transcriptional start site, made use of publicly available software at the Zhang lab (http://
rulai.cshl.org/software/index1.htm). Transmembrane region prediction was achieved by
using the TMpred program, which is available at http://www.ch.embnet.org/software/
TMPRED_form.html. Human-rodent comparative sequence homology was carried out by
using VISTA (Pubchak et al. 2000. Mayor et al. 2000, -/ aww-gsd. Ibl.gov/vista/) and
PipMaker (Schwartz et al. 2000. htty-//hio.cse.psu.edu/pipmaker/). The output data from
VISTA were also used in rVISTA (L0Ots etal. 2002y a5 4 primary prediction tool for
conserved transcription factor-binding sites.

DNA sequence accession numbers

Results

DNA sequences were deposited with accession numbers as follows: AJ607395—
NAALADL?Z gene, IMAGE clone 2095161; AJ607396 —NAALADLZ2 gene, IMAGE clone
2969158; AJ607397—NAA-LADLZ gene, IMAGE clone1847027; AJ607398—
NAALADL?2 gene, 5 untranslated region (UTR) variant 1; AJ607399—NAALADL?2 gene,
5UTR variant 2; AJ607400—NAALADLZ2 gene, 5’UTR variant 3; AJ607401—
NAALADLZgene, 5’UTR variant 4.

A CdLS-associated translocation breakpoint at 3q26.3 severs a novel gene, NAALADL2

In parallel with the early Whitehead/MIT physical mapping efforts, we developed and
extended a YAC map of the 3926.3 region (approximately 5.6 Mb) and then assembled a
PAC- and BAC-based contig of approximately 3.2 Mb (data not shown). We subsequently
identified a BAC (RPCI-11 827e14; accession no. AC063954) that spanned the 3926.3
translocation breakpoint (Fig. 1a). We derived cosmid clones (AC110-B10 and AC216-H7)
spanning the breakpoint and defining a minimal breakpoint region of about 70 kb.

Seeking cognate transcripts across the BAC contig, we identified the IMAGE 2095161 clone
through a positive BLAST hit against a publically available partial insert sequence
(accession no. Al420905). After the sequencing of the full-length insert of the IMAGE
2095161 clone, it became apparent that this transcript mapped to the breakpoint-spanning
clone RPCI-11 827e14 (AC0639854) and also to a proximal flanking BAC RPCI-11 393n4
(AC069218) and a distal flanking BAC RPCI-11 5 11 (AC021681). We established that the
latter two BACs were approximately 700 kb apart, suggesting that the gene, which gave rise
to the 2095161 clone sequence, was severed by the translocation in this patient. We used a
combination of 5" and 3’RACE, database searching and in-house cDNA clone sequencing to
define extended transcripts for the gene disrupted by the 3926.3 breakpoint. The recent
availability of complete genomic sequences for this region of 3q allowed us to define
precisely the full exon/intron organization of the NAA-LADL 2 breakpoint gene.
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NAALADL? is a giant gene and undergoes extensive alternative processing in both the
untranslated regions and in the coding sequence

As illustrated in Fig. 2b, the NMAALADLZ2 gene spans 1.37 Mb. There is evidence for at least
32 exons, of which 29 are validated by cognate sequences in cDNA clones. A further three
exons (exons 1, 5 and 10, specifying 5’UTR sequences) have so far been supported by
5’RACE experiments only. MAALADL s located in a genomic environment that is
generally exon-poor (the six exons of the neighbouring neuroligin | gene, NLGNZ, are
distributed over 0.7 Mb) and some NMAALADL 2 introns are hundreds of kilobases long, with
the longest, intron 13, spanning over 230kb. MAALADLZ is subject to extensive alternative
processing, leading to many different 5’UTR and 3'UTR sequences (Fig. 2c, d) plus a
considerable variety of alternative predicted protein products.

The 5’UTR can be specified by the sequences present in the first 16 exons but there is
evidence for extensive alternative splicing (Fig. 2c, d). Early 5’RACE experiments with exon
11-specific primers identified five upstream exons (now labelled as exons 1, 2, 5, 7, 9 and
10) in four types of product. Another four exons (exons 3, 4, 6 and 8) are evident from
cDNA sequencing (IMAGE clone 1845618; accession no. Al218427). Whereas exon 1
sequences are not apparent in cDNA clone sequences, exon 2 is represented in different
cDNA clones and is located within a CpG island sequence for which high confidence
transcriptional start sites are predicted (Eponine program; score =0.9991; see above).

Additional alternative RNA splicing and polyadenylation leads to NAALADL 2 isoforms
with alternative coding sequences and 3'UTRs (Fig. 2c, d). For full-length isoforms, the
terminal exon is a variant of exon 32 with either a 2,433-bp 3UTR (e.g. clone
DKFZp686E21111) or a 1,034-bp 3’UTR (e.g. clone DKFZp666C1410). Orthologous
transcripts in mouse, cow, chick and pig have sequences corresponding to human exon 32
with precisely the same length of coding sequence as that specified by human exon 32.

The longest open reading frame (795 amino acids) is available in transcripts where the
predicted AUG initiation codon is specified by exon 12. This codon is located within a
highly conserved strong Kozak consensus sequence (A at —3 position; G at +4; see Kozak,
1996) that is preceded, within exon 12, by termination codons in all three reading frames. In
some transcripts, exons 12 and 13 are skipped, leading to the predicted use of an alternative
AUG initiation codon specified by exon 14, with loss of the 17 N-terminal amino acids
found in the predicted full-length isoform. This alternative sequence is also located within a
strong and highly conserved Kozak consensus sequence. Two other alternative AUG
translation initiation codons are predicted to be utilised in other transcripts as a result of
employing exon 13 where there is an adequate Kozak consensus (A at —3 position and T at
+4) or exons 15 plus 16. In the latter case, the first available AUG does not provide an
adequate Kozak consensus sequence, raising the possibility of leaky scanning and alternative
utilisation of a secondary AUG in a strong Kozak consensus sequence, located over 100
codons downstream within exon 18 (data not shown; see also below).

5’RACE extension with an exon-12-specific primer consistently failed and cDNA clones
containing exon 12 sequence (or its counterpart in mouse and pig) lack sequences derived
from upstream exons. Transcripts containing exon 12 sequence may, therefore, be primed by
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an alternative promoter located in the upstream sequence neighbouring exon 12. The same
pattern of alternative translational start sites is apparent in orthologous mouse transcripts
(e.g. RIKEN E330010P06 and IMAGE 4913962 cDNA clones—accession nos. BB666308
and BG865829 respectively; see Fig. 2e). The absence of any evidence for linking exons 13
and 15 to upstream exons may mean that transcripts using exons 13 and exons 15+16 are
primed from alternative promoters upstream of exons 13 and 15, respectively.

Truncated transcripts include those where different variants of exon 18 constitute a terminal
exon, rather than the normal spliced one, as in certain human, cow, pig and chick cDNA
clones (Fig. 2d, e). In one variant, designated exon 18B, the exon-18-coding sequence is
extended by 24 amino acids (as in IMAGE clone 2095161 and 4593084), but the additional
coding sequence is poorly conserved. Because exon 12 is skipped in image 209516 the
predicted protein lacks the 17 N-terminal amino acids of full-length isoforms, being
translated from the alternative AUG initiation codon specified by exon 14. Another exon 18
variant, 18C, is represented in the IMAGE cDNA 2969158 clone and by pig MI-P-CPI-nwg-
b-08-0-Ul and cow BP250016B20B10 (BF043307) clones (Fig. 2e). This variant is
truncated at the 3’ end, but not as a result of using an alternative splice acceptor and without
incurring a stop codon. A final transcript variation involves the skipping of exon 19 and
inclusion of untranslated exons 21 and 25 (as in IMAGE clone 1847 027). The loss of exon
19 results in a frameshift, permitting 14 novel codons before a premature stop codon is
encountered within exon 20, marking the start of a long 3’'UTR transcribed from exon 20
through to exon 25 (Fig. 2d).

As a result of the alternative processing events, multiple protein isoforms are predicted in
addition to the 795-amino-acid isoform and some are predicted to lack a sequence spanning
amino acids 128 and 146 in the full-length isoform, which is highly hydrophobic in available
orthologue sequences (see below) and strongly suggested to be a transmembrane sequence
(e.g. by the TMpred prediction program; see above). The additional isoforms include: (1) a
320-amino-acid isoform predicted from Image clone 2095161 (lacks the first 17 N-terminal
amino acids; residues 313-795 are replaced by a novel 24-aminoacid sequence, viz.
VGPVNVIQWFGQYFALFCW-NYMLL); (2) a 595-amino-acid isoform predicted from the
AK126272 sequence (the first 15 N-terminal amino acids are replaced by MSRHEIQG; the
C-terminal residues 601-795 are replaced by the dipeptide AE); (3) isoforms of 406 or 302
amino acids predicted from the AK131044 sequence (as described above, depending on the
location of the initiating methionine, the N-terminal sequence spanning residues 1-182 is
replaced by the tetrapeptide MKLR or the sequence from 1-282 is deleted; thereafter, the
sequence spanning residues 363-411 is deleted, as is the C-terminal sequence from 633-
795); and (4) an isoform predicted from the sequence of Image clone 2969158 and spanning
at least 295 amino acids (replacement of C-terminal residues 292—795 by the tetrapeptide
LNRL followed possibly by polylysine following the read through into the poly (A) tail). As
expected, Northern blot hybridisation confirms substantial heterogeneity in transcript sizes.
At least six different transcripts can be discerned in the 1-kb to 10-kb size range (Fig. 3). Of
the tissues surveyed, expression was most prominent in placenta and in kidney (fetal and
adult). Moderate expression was observed in liver and skeletal muscle.
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NAALADL?2 appeared during vertebrate evolution and encodes a protein distantly related
to N-acetylated alpha-linked acidic dipeptidase and to transferrin receptors

The recent availability of the virtually complete mouse and rat genome sequences has
permitted comprehensive comparison of human and rodent NAALADL 2 orthologues. With
the exception of some of the 5’UTR exons, the exon-intron organisation has been largely
conserved and, like the human gene, the rodent genes span large (ca. 1.3 Mb) genomic
regions. Sequence alignment of the coding exons reveals moderately high sequence
conservation (see also below) but there is markedly reduced evolutionary conservation of the
untranslated exons. Long-range sequence alignments (PipMaker and VISTA; see above)
have been particularly helpful in defining orthologous 5" UTR exons. Whereas no rodent
counterpart for various of the UTR NAALADL 2 exons are obvious, rodent equivalents can
be discerned for human exons 2, 7, 8 and 11 (data not shown). Comparison of the
NAALADI 2transcription unit in human, mouse and rat has also identified a large number
of highly conserved regions outside the exons. BLAST analysis suggests that the majority
are single-copy sequences.

TBlastN-based analyses reveal that all but the first 100 or so amino acids of the 795-amino-
acid isoform showed significant, but low, homology to certain members of the M28
metallopeptidase family (see the MEROPS database at http://merops.sanger.co.uk/). The
most significant homology (25%-26% sequence identity/45% sequence similarity) was
obtained with the protein encoded by FOLH1, the folate hydrolase gene (also called N-
acetylated alpha-linked acidic dipeptidase, glutamate carboxypeptidase Il or prostate-
specific membrane antigen), and the MAALADZ-encoded N-acetylated alpha-linked acidic
dipeptidase 2 (data not shown). In recognition of these homologies and because of the
existence of another N-acetylated alpha-linked acidic dipeptidase-like gene, NAALADL 1
(whose predicted protein product shows 25% sequence identity/44% sequence similarity to
the region spanning amino acids 115-734 of the 795-amino-acid query), the gene in the
current study has been provisionally accorded the symbol NAALADLZ. Additional
significant homologies were found with the 7RF2-encoded transferrin receptor 2 (26%
sequence identity/46% sequence similarity over amino acids 241-650 of the 795-amino-acid
query) and with the 7RFC-encoded transferrin receptor (27% sequence identity/46%
sequence similarity over amino acids 263-593 of the NAALADLZ2 protein.

The evolutionary origins appear to be comparatively recent. NAALADL?2 orthologues are
not easily identified in invertebrates. Distantly related proteins can be found in fish but
database screens do not provide compelling evidence for an orthologue in zebrafish
(Brachydanio rerio), although some small-length scaffold sequences in the pufferfish
(7akifugu rubripes) are consistent with a reasonably closely related sequence (data not
shown). There is clear evidence, however, for a chick orthologue: the inferred protein
sequences of the chick EST sequences shown in Fig. 2d show respectively 64% sequence
identity over a region spanning amino acids 191-313 of the 795-amino-acid isoform of
human NAALADLZ2, and 75% sequence identity over the C-terminal region from amino
acid number 640-795. The full-length (795 amino acid) human and mouse NAALADL?2
orthologues show 74% sequence identity (data not shown).
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Tissue expression and mutation screening analyses do not support arole for NAALADL2
in the pathogenesis of CdLS

Analysis of the presumed promoter region of NAALADLZ2by means of the rVISTA
program identifies a number of transcription-factor-binding sites conserved in multiple
arrays between human and rodents, viz. target motifs for an assortment of developmentally
regulated transcription factors including various PAX proteins (data not shown). In order to
examine NAALADL 2 developmental expression, we hybridised a NAALADL Z-specific
antisense RNA probe against human embryonic tissue sections representing Carnegie stages
16-21 (CS16-CS21). A weak expression signal was observed in the mesonephros at CS16
(Fig. 4a). At later stages, moderate expression was observed in the metanephros and the
endodermal lining of the stomach (Fig. 4b) and in the pancreas (Fig. 4c); a potential signal,
albeit weak, was present in the midgut-loops (bottom of Fig. 4c). Strong expression was
evident in the endodermal lining of the duodenum (Fig. 4c). No expression was observed in
the developing brain or limbs of the stages examined.

Although the associated embryonic expression pattern does not make MAALADLZa
compelling CdLS candidate gene, we sought evidence for patient-specific mutations.
Genomic DNA samples from a panel of 80 CdLS individuals covering the broad clinical
phenotypic range and from some unaffected individuals were SSCP/heteroduplex-screened
for small nucleotide changes in all NAALADL 2 exons. Additionally, a fluorescence-based
MAPH screen surveyed large mutations by assaying changes in exon copy humber (see
Introduction). Both analyses failed to reveal evidence for patient-specific mutations.

Discussion

The molecular basis of the pathogenesis seen in CdLS has been an enduring enigma. The
extreme rarity of families with multiple affected individuals has made it difficult to establish
a subchromosomal localisation for the gene(s) underlying this disorder. As a result, much
attention has focused on associated chromosomal breakpoints. A considerable variety of
such breakpoints has been found, together with a lack of consistency in subchromosomal
localization (see Kousseff et al. 1994y \wnereas many of the breakpoints may be
coincidental occurrences that do not contribute to pathogenesis, the de novo 3g26.3
translocation breakpoint was considered to be potentially significant because of the apparent
phenotypic overlap with partial trisomy 3q cases involving the 3926-927 region (see
Introduction).

The study reported here, however, now shows that the 3g26.3 breakpoint severs a giant gene
that appears to have arisen relatively recently during evolution. The comparative
evolutionary novelty of this gene and its tissue expression pattern do not support its direct
involvement in the pathogenesis of CdLS and affected individuals do not appear to have
deleterious mutations in this gene. These findings raise two new questions: what is the
functional significance of NAALADL?Z, and could the 3926.3 breakpoint still be associated
with pathogenesis?

The predicted NAALADLZ2 protein is significantly related to glutamate carboxypeptidase Il
(also known as N-acetylated alpha-linked acidic dipeptidase, folate hydrolase and prostate-
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specific membrane antigen), a membrane-bound enzyme with a large extracellular region
that contains a catalytically active domain (Rawlings and Barrett 1997) | jke this enzyme,
the NAALADL2 protein has what appears to be a transmembrane domain close to its N-
terminus suggesting that the full-length NAALADL2 isoform would have a large C-terminal
extracellular region showing homology to N-acetylated alpha-linked acidic dipeptidase and
transferrin receptors. The strong gut expression pattern is also consistent with a role in the
processing of dietary components. However, alignment of the NAALADL?2 protein sequence
with other members of the M28B metallopeptidase family reveals that it often does not
possess favoured amino acids at certain key positions that are highly conserved and that are
envisaged to be critically important for metallopeptidase function (because of a role in the
active site or in metal binding; for sequence alignments, see G00dyer etal. 2001 pjerops
database, http://merops.sanger.co.uk/). Although significantly related to N-acetylated alpha-
linked acidic dipeptidase, the NAALADL?2 protein is likely to have developed a somewhat
different function. As noted above, additional functional diversity may result from the
variable presence in isoforms of the transmembrane region.

The functional significance of the extraordinary diversity in the 5’UTR is not clear, although
parallels have been seen in genes encoding other transmembrane proteins, e.g. growth
hormone receptor, neuropeptide Y'Y receptor (G0odyer et al. 2001. Parker and Xia 1999y
Alternative 5" UTR splicing in such systems has often been viewed as regulating gene
expression but evolutionary conservation of the 5UTR exons of NAALADL 2 appears to be

limited, as has often been found in interspecies comparative analyses (Nurtdinov etal.
2003)

Although the current study strongly suggests that NMAALADL 2is not involved in the
pathogenesis of CdLS, the question of whether the 3926.3 translocation breakpoint could
nevertheless contribute to pathogenesis remains unresolved. Because of position effects,
genes underlying some disorders have sometimes been found many hundreds of kilobases
from the translocation breakpoint (for a recent review, see KI€injan and van Heyningen
1998). Given the huge extent of many of its introns, the possibility of unidentified genes
being embedded within NAALADL 2has to be considered. Certainly, comparative sequence
alignments of orthologues show a large number of highly conserved sequences within the
NAALADL 2transcriptional unit in addition to the known exons. Whereas several such
sequences may not produce a functional RNA or protein product, database analysis shows
that many are associated with cDNAS/ESTs and evidence exists for several spliced
transcripts being located within the NAALADL 2 transcription unit, all lacking an obvious
translational reading frame (data not shown). There is increasing appreciation of the
functional significance of non-coding RNAs, many of which are now known to play
important roles in development. Although none of the additional spliced transcripts is
severed by the breakpoint, a position effect on gene expression is possible and so the
involvement of these transcripts in pathogenesis cannot be formally excluded at this stage.
During the course of these analyses, it has become apparent that marker segregation does not
support a location for the underlying gene in at least some of the rare families showing
vertical transmission for CdLS (Krantz etal. 2001y \whereas the highly specific features of
the syndrome have often been taken to suggest locus homogeneity, the possibility of locus
heterogeneity cannot, however, be discounted.
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For the sake of completeness, we have also mapped the 17923.1 breakpoint in the present
study (see Fig. 1b) and shown that it is located at the 5" end of a novel gene of unknown
function (data not shown). However, there have been various reports of individuals who are
monosomic for the 17¢23.1 region (e.g. the 17¢21.3-g24.3 region; see Dallapiccola et al.
1993) but who do not show CdLS; on this basis, the 17q breakpoint may be viewed as
having a low probability of contributing to pathogenesis. Accordingly, attention also needs
to be paid to other chromosomal regions that have been associated with CdLS. Prioritisation
of regions for study is not helped, however, by the lack of any consistency in associated
chromosome regions and thus we have also carried out parallel studies involving the
mapping of other chromosome breakpoints in additional affected individuals with apparently
balanced de novo translocations.

Should these and independent linkage studies fail to identify a specific chromosomal
location, then position-independent strategies will need to be employed. One such approach,
comparative genomic hybridisation (CGH), is suggested by the possibility that the mental
retardation and multiple tissue defects in CdLS may arise as a result of microdeletion or
microduplication, instead of a single gene defect. In collaboration with Dr. Nigel Carter and
colleagues at the Wellcome Trust Sanger Institute, we carried out a genome-wide
microarray-based CGH screen of a panel of 3,000 BACs on samples from CdLS patients and
controls but no evidence was found for a consistent pattern of microdeletion/
microduplication (data not shown).
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Fig. 1.
a, b FISH mapping of chromosome breakpoints in the t(3;17) cell line. a FISH identifies

BAC RP11-827e14 (green) as spanning the 3926.3 breakpoint. Red A chromosome 17
centromere-specific probe. Indicated chromosomes are as follows: A chromosomes 3 and
der(3) t(3;17)(926.3;923.1), Bchromosome 17, Cder(17) t(3;17) (926.3;923.1). b FISH
identifies cosmid LA173B3 (green) as spanning the 17g23.1 breakpoint. Red A chromosome
17 centro-mere-specific probe. Indicated chromosomes are as follows: D der (3) t(3;17)
(026.3;923.1), £chromosome 17 and der(17) t(3;17) (926.3;923.1). the original colour FISH
images can be viewed at http://www.ncl.ac.uk/ihg/cdls
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Fig. 2.

a—e Genomic structure, exon-intron organisation and transcript analysis of the NAALADL?Z2
gene. a Genomic organisation of human NAALADL Zrelative to the flanking genes
neuroligin 1 (MLGNI) and the orthologue of mouse /ral. These three genes and the position
of additional loci predicted by computational analysis (see http://www.ncbi.nih.gov/
mapview) are illustrated by filled boxes according to genomic size. Horizontal arrows
Transcriptional direction, solid downward-pointing arrow position of the 3926.3 breakpoint.
b NAALADL 2 exon organisation. Intron sizes are to scale. ¢ Exon structure and alternative
splicing events in NAALADL?2. Boxes Exons, black fill-in coding sequence, absence of fill-
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/inuntranslated sequences. Exons are drawn to scale with the exception of the 3UTR
following exon 32 (drawn to 1/10th scale). The 2.4-kb 3’UTR (exon 32A) and a shorter 1-kb
form (exon 32B) are shown with the alternative polyadenylation site producing the short
form (found in AL832931) indicated by a filled triangle at the corresponding position in the
exon 32 sequence of AL832144 in d. Asterisks Predicted alternative translational starts. The
asterisk below exon 14 (see also d, f) denotes the predicted alternative start used when this
exon is spliced directly to exon 11 (when exon 14 is spliced instead to either exon 12 or exon
13, the entire exon contributes to the open reading frame). Exon 18 has been observed in
three forms: exon 18A (spliced form), 18B (extended form with a stop codon and 3'UTR)
and exon 18C (abbreviated form, with a terminating polyA tail [(A) ], but without a stop
codon or 3’'UTR). d cDNA clones and 5’RACE products used to determine the exon
structure of NAALADLZ. Accession numbers are given for cDNA sequences obtained by in
silico screens. Clone names are given for cDNAs where the full-length sequence was
established by in-house sequencing. The daggerabove exon 20 indicates the presence of a
stop codon, resulting from a change in reading frame when this exon is spliced directly
downstream of exon 18. e cDNA clones from mouse, cow, pig and chick contain sequences
aligning with human exons as indicated. The exon organisation is largely conserved at the
genomic level in mouse but was unclear in cow, pig and chick at the time of writing
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Fig. 3.

a,gb Northern blot hybridisation identifies multiple NAALADL 2 transcripts in adult and
fetal tissues. Human adult (a) and fetal (b) Northern blots containing poly (A)* RNA and
normalised to B-actin (Clon-tech) were hybridised with a 581-bp probe NAALADLZ2 cDNA
probe. Right Size markers. Sources of tissue RNA are abbreviated as follows: L peripheral
blood leucocytes, Lulung, Pplacenta, S/small intestine, L/ liver, K'kidney, Sspleen, T
thymus, C colon, M skeletal muscle, /- heart, and B brain
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Fig. 4.
a—c Embryonic expression of NAALADL 2. Dark-field microscopy images following

hybridisation of a 3°S-labelled antisense MAALADL 2 probe to sagittal embryonic sections
representing Carnegie stages 16 (a) and 21 (b, c). Msn mesonephros, Sto stomach, Min
metanephros, Duo duodenum, Pan pancreas
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