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Background: Attention deficit hyperactivity disorder (ADHD) is a complex condition with high heritability.
However, both biochemical investigations and association and linkage studies have failed to define fully
the underlying genetic factors associated with ADHD. We have identified a family co-segregating an early
onset behavioural/developmental condition, with features of ADHD and intellectual disability, with a
pericentric inversion of chromosome 3, 46N inv(3)(p14:q21).
Methods: We hypothesised that the inversion breakpoints affect a gene or genes that cause the observed
phenotype. Large genomic clones (P1 derived/yeast/bacterial artificial chromosomes) were assembled
into contigs across the two inversion breakpoints using molecular and bioinformatic technologies.
Restriction fragments crossing the junctions were identified by Southern analysis and these fragments were
amplified using inverse PCR.
Results: The amplification products were subsequently sequenced to reveal that the breakpoints lay within
an intron of the dedicator of cytokinesis 3 (DOCK3) gene at the p arm breakpoint, and an intron of a novel
member of the solute carrier family 9 (sodium/hydrogen exchanger) isoform 9 (SLC9A9) at the q arm.
Both genes are expressed in the brain, but neither of the genes has previously been implicated in
developmental or behavioural disorders.
Conclusion: These two disrupted genes are candidates for involvement in the pathway leading to the
neuropsychological condition in this family.

G
enetic association and linkage studies have failed to
contribute significantly to the understanding of the
genetic basis of neuropsychiatric disorders. Although

some positive results have been reported, these are often
closely followed by reports that refute the finding. This has
also been the case for one of the most commonly diagnosed
disorders in children, attention deficit hyperactivity disorder
(ADHD).

ADHD is currently defined using DSM-IV criteria
(Diagnostic and Statistical Manual IV), and different clinical
presentations can be seen. Individuals with ADHD have
symptoms that come under the broad heading of either
inattentiveness or hyperactivity, but they can also present
with signs of both. Diagnosing ADHD is complicated, as other
conditions can result in similar behaviours. Such conditions
may require different interventions, but we lack the
biochemical or genetic diagnostic markers with which to
discriminate between them. It is therefore important to
understand the aetiology of ADHD and similar conditions to
develop better molecular diagnostic criteria and treatment
strategies. Studies have indicated that ADHD has a high
heritability factor and therefore there is clearly a genetic
basis.1 2 Defining a gene involved in the development and
progression of ADHD may lead to studies examining
differential response to treatments depending on patients’
mutational status.

We have identified a family where a young boy presented
with features of ADHD and intellectual disability.3 Karyotype
analysis revealed that he carried one normal and one
abnormal copy of chromosome 3. The abnormality was a
pericentric inversion, 46N inv(3)(p14:q21). Cytogenetic
analysis of 21 members of the proband’s family revealed

that ten other members carried the inversion. It was reported
by a family member that all individuals carrying the
chromosome inversion also exhibited a similar phenotype
to that of the proband.

To determine whether the behavioural–developmental
phenotype co-segregated with the chromosome inversion,
the IQ scores of four children and four adults with the
inversion were compared with the IQ scores of five children
and two adults with normal karyotypes. Overall, the mean IQ
of eight individuals with the inversion was 76.6, compared
with 93.7 for the seven individuals without the inversion
(p = 0.03). Furthermore, the four children who carried the
pericentric inversion of chromosome 3 were found to have
more significant developmental disabilities than the four
children without the inversion who underwent neuropsycho-
logical assessment.3 The clinical phenotypic features in
common were intellectual difficulties and an impulsive
behaviour style manifesting from early childhood. Three of
the four control children had less severe developmental-
behavioural problems with later onset. Specifically, two had
learning difficulties and one had reactive emotional dis-
turbance. Clinical assessment clearly differentiated family
members with the inversion as having a shared phenotype
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Abbreviations: ADHD, attention deficit hyperactivity disorder; BAC,
bacterial artificial chromosome; FITC, fluorescein isothiocyanate; FISH,
fluorescence in situ hybridisation; PAC, P1-derived artificial
chromosome; PCR, polymerase chain reaction; STS, sequence tagged
site; YAC, yeast artificial chromosome
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with impulsive behaviour and intellectual deficit the key
defining elements.

We hypothesised that the inversion in the proband is
causally linked to the behavioural phenotype. By studying the
genes affected by the chromosome breaks we hoped to
identify at least one gene involved in the development of this
specific developmental–behavioural phenotype. This paper
describes the process utilised to define the breakpoints and
the discovery and characterisation of two genes, DOCK3 and
SLC9A9 (GenBank acession nos AY254099 and AY254100
respectively), interrupted by the inversion. Both genes are
expressed in the brain but have not previously been
associated with psychiatric conditions.

METHODS
Cell l ines and culture conditions
Cell lines established from proband and control lymphoblasts
were grown in RPMI 1640 (Trace Scientific Ltd., Melbourne,
Australia) supplemented with 10% foetal bovine serum
(Trace Scientific Ltd.) and 0.8 mmol/l glutamine at 37 C̊, in
a humidified chamber in an atmosphere of 5% CO2 in air.
Fibroblast cell lines from the proband and control individuals
were grown under similar conditions in DMEM (Trace
Scientific Ltd.). All cells were mycoplasma-free.

Cytogenetic analysis
Chromosome preparations were prepared using standard
procedures4, and G banded chromosomes were assembled
and described according to the International System of
Human Cytogenetic Nomenclature recommendations.5

Fluorescence in situ hybridisation analysis
Fluorescence in situ hybridisation (FISH) was performed as
previously described.6 The hybridisation mixture contained
6–12 mg of whole yeast DNA or 50–100 ng of P1-derived
artificial chromosome (PAC) or bacterial artificial chromo-
some (BAC) DNA labelled with biotin-16 dUTP using a nick
translation kit (Roche Diagnostics GmbH, Mannheim,
Germany), 10 mg human cot-1 DNA (Roche) and 2.5 mg
salmon sperm DNA (Roche) in 50% formamide, 10% dextran
sulphate and 26SSC. To perform two colour FISH with a
marker probe, 6–12 mg of whole yeast DNA containing the
yeast artificial chromosome (YAC) clone 968d1 labelled with
digoxigenin was added to the hybridisation mix.

Signal detection was achieved using fluorescein isothio-
cyanate (FITC) conjugated to avidin (diluted 1/100, Vector
Laboratories, Burlingame, CA) followed by alternate incuba-
tions with biotinylated goat anti-avidin (diluted 1/250, Vector
Laboratories) and FITC–avidin. The digoxigenin signal was
amplified and detected with anti-digoxigenin monoclonal
antibody (mouse; Sigma Chemical Company, St. Louis, MO,
USA), TRITC labelled anti-mouse IgG (rabbit, Jackson
Immunoresearch Laboratories Inc., West Grove, PA, USA)
and TRITC labelled anti-rabbit IgG (donkey; Jackson Immu-
noresearch Laboratories Inc.). Metaphase chromosomes were
counterstained with 49,69-diamidino-2-phenylindole (DAPI,
Sigma Chemical Company; 0.5 mg/ml in Vectashield, Vector
Laboratories) and viewed using a Zeiss Axioskop microscope
(Carl Zeiss, Oberkochen, Germany) with a CCD camera
(Photometrics, Tuscon, AZ, USA) and V for Windows
software (Digital Optics, Auckland, New Zealand). A mini-
mum of 20 metaphases per slide was viewed and FISH with
each probe was performed at least in triplicate.

Sequence tagged site marker mapping
Sequence tagged site (STS) markers were mapped to YAC and
PAC clones using the polymerase chain reaction (PCR).
Primer sequences were obtained at http://www-genome.wi.
mit.edu/. Whole YAC, PAC or BAC DNA was used as

template, and PCR was carried out on a PCR Express thermal
cycler (Hybaid Limited, Ashford, Middlesex, UK).

Southern blot analysis
Following genomic DNA fragment separation on a 0.8%
agarose gel, the DNA was transferred to Hybond-N+ mem-
brane (Amersham Life Science, Amersham, Bucks, UK) by
capillary transfer in 0.4 mol/l NaOH. A 50 ng sample of probe
DNA was 32P labelled with 30 mCi [a-32P]dATP (3000 Ci/
mmol; NEN Life Science, Boston, MA, USA) in a standard
random primed reaction.7 Hybridisation at 65 C̊ extended for
up to 18 hours. Membranes were washed at room tempera-
ture in 26SSC/0.1% SDS for 5 min, then in 0.16SSC/0.1%
SDS at 65 C̊ for 10 min. This wash was then repeated for
20 min and the filters were exposed to BioMax MS auto-
radiography film (Eastman Kodak Company, Rochester, NY,
USA) with an intensifier screen at 270 C̊ for up to 7 days.

Phage library construction from YAC DNA
Proteinase K was used to prepare high molecular weight
yeast DNA from Saccharomyces cerevisiae cells containing
y814h10, which were embedded in agarose.8 Total yeast
DNA was partially digested using the restriction enzyme
Sau3AI (Roche) and was size fractionated by separating the
fragments under pulsed field gel electrophoresis (Gene
Navigator System, Pharmacia Biotech AB, Uppsala, Sweden)
and excising fragments of between 9 and 20 kb in size from
the gel. Agarase enzyme (Roche) was used to digest the
agarose away from the DNA fragments, which were then
ligated into the lambda ZAP Express vector predigested with
BamHI and treated with calf intestinal alkaline phosphatase
according to the manufacturer’s directions (Stratagene, La
Jolla, CA, USA).

Phage library analysis
The library was plated onto XL1-Blue MRF’ Escherichia coli
host cells. Plaques were lifted onto to Hybond-N+ membrane.
Clones in the breakpoint region were identified by hybridisa-
tion of STS markers in the critical area by the method
outlined above for analysis of Southern blots.

Inverse PCR amplification of unknown genomic
sequences
Genomic DNA isolated from lymphoblast cell lines estab-
lished from the proband and control individuals was
completely digested with the HindIII restriction endonuclease
(Roche). Fragment ends were self ligated using 10 U T4 DNA
ligase (Roche) for every mg DNA. Circularisation of the
fragments was encouraged by dilute ligation reaction condi-
tions. Inverse PCR oligomers were designed to 3p sequences
located just within the inverted portion of the chromosome.
Amplimers 0299-1i (GTCAATGAGGGCTGTCAATGG) and
0299-2i (CAAGGAAGACCAAGCAACCAAC) amplified the
unknown 3q DNA adjacent to the known 3p sequences using
the Expand Long Range PCR kit System 3 (Roche) according
to the manufacturer’s directions. The PCR cycle consisted of a
single incubation at 94 C̊ for 2 min, followed by 10 cycles of
94 C̊ for 10 s, 52 C̊ for 30 s, 68 C̊ for 12 min, then 20 cycles of
94 C̊ for 10 s, 52 C̊ for 30 s, 68 C̊ for 12 min (increasing by
20 s each cycle), then a single extension step of 68 C̊ for
7 min.

PCR amplification of breakpoint sequences
Primers 0299-11i (GCTTTAGCAGGCTGACATCAAC) and
NHE-6 (GAGTTGCCAGCCAGTCTTTA) were used to amplify
a 761 bp fragment across the 3p breakpoint. A 262 bp
fragment was amplified across the 3q breakpoint using the
oligomers 0299-7i (CTGTTCCTGACTTGGAAACAC) and 0299-
8i (CCTGCAAGTACATGTTCTAG). The PCR cycle for both
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primer pairs consisted of a single incubation at 94 C̊ for
1 min, followed by 35 cycles of 94 C̊ for 30 s, 55 C̊ for 30 s
and 72 C̊ for 1 min with a final single extension step of 72 C̊
for 5 min. The resulting PCR products were processed by
direct sequencing analysis.

59 RACE
To isolate the 59 cDNA ends of candidate genes, nested gene
specific primers were designed from internal exons of the two
genes. These primers were used to carry out RACE using the
SMART-RACE system (Clontech Laboratories Inc., Palo Alto,
CA, USA) and RACE ready cDNA from human foetal brain
(Clontech Laboratories Inc.). The resulting PCR products
were processed by direct sequencing analysis.

Sequence analysis
Fluorescent DNA sequencing using custom primers and
BigDye terminator chemistry (Applied Biosystems) was
carried out. Gel separations were conducted at the
Australian Genome Research Facility (Melbourne, Australia).

RNA analysis
Premade multiple tissue Northern blots were probed with
cDNA sequences from the DOCK3 and SLC9A9 genes follow-
ing manufacturer’s recommendations (Clontech Laboratories

Inc.). The DOCK3 probe, IMAGE clone 3578322 (GenBank
accession no. BF593175), corresponded to nucleotides 6530–
8432 of the mRNA sequence and the SLC9A9 probe, an RT-
PCR amplicon using primers NHE-4 (GCATGAAACTGG
AGGAGCAATGG) and NHE-5 (CTGGCCAGCATGTATCAT
AGCC) encompassed nucleotides 147–579 of the mRNA
sequence. For both genes, base pair numbering began at
the ATG translation start site.

Mouse RNA in situ hybridisation
Whole mouse embryos collected at 12.5 d.p.c or adult mouse
heads were fixed at 4 C̊ overnight in 4% paraformaldehyde in
PBS. Tissue was embedded in Tissue-TekH OCT compound
(Sakura Finetek, Torrance, CA, USA) and 10–20 mm thick
cryosections were transferred onto superfrost plus glass
microscope slides (BDH) and stored frozen. We generated
sense and anti-sense RNA probes by transcription of the T3 or
T7 RNA polymerase promoter in the presence of digoxigenin-
UTP (Roche). We detected hybridised probes with an alkaline
phosphatase coupled antidigoxigenin antibody (Roche).

Computer analysis
BLAST analysis of the genomic sequences for construction of
BAC contigs and the identification of transcribed sequences
and known genes were carried out using the publicly

Figure 1 Physical map of the p and q
arm breakpoint region. (A) Schematic
diagram of the position of the 3p
breakpoint in the proband with the
pericentric chromosome 3 inversion.
Arrows indicate the direction of gene
transcription and the position of the
breakpoint. The exons of the DOCK3
gene are numbered and drawn to
scale, as are the clones across the
region. The clones depicted by a broken
line were shown to cross the breakpoint
by FISH analysis. (B) Schematic
diagram of the position of the 3q
breakpoint in the proband with the
pericentric chromosome 3 inversion.
The exons of the SLC9A9 gene are
numbered.
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available databases at the NCBI (http://www.ncbi.nlm.nih.
gov/). GRAIL analysis for the prediction of potential exons at
the UK HGMP site was used with the NIX program (http://
www.hgmp.mrc.au.uk/Registered/Webapp/nix/).

RESULTS
Identification of the p and q arm breakpoints
We previously identified a pericentric inversion of chromo-
some 3 co-segregating with a behavioural–developmental
phenotype in an extended pedigree. The affected individuals
carried one copy of the inverted chromosome and one normal
copy of chromosome 3. By conventional cytogenetics, the
region involved in the duplication extended from 3p14 to
3q21.3

A panel of YAC clones (http://www-genome.wi.mit.edu/)
was mapped to the abnormal chromosome 3 using FISH on a
lymphoblast cell line established from the proband. Sub-
sequent chromosome walking resulted in the identification of
two YAC clones spanning each junction (fig 1A, B). At the q
arm breakpoint, clone y932a3 was of unknown size and the
other clone y910e12 was 1650 kb. At the p arm, clone y814h10
was 1640 kb in size and the other, y787e2, was chimeric and
consisted of one species of 420 kb and one of 660 kb.

To facilitate analysis of the gene content of the critical
regions, smaller overlapping BAC and PAC clones were
identified and mapped by FISH (fig 1A, B). Construction of a
high density BAC/PAC contig was hampered by the presence
of a high proportion of repetitive sequence elements around
both breakpoints. To overcome this obstacle, a l phage library
was constructed from one of the YAC clones (y814h10) that
spanned the p arm breakpoint. EST and STS markers in the
vicinity of the breakpoint were used as probes to screen this
library by hybridisation. Sequence analysis of five clones
isolated from screens of the lambda library revealed the
presence of four closely mapping genes, ARMET, HUMAGCGB,
KIAA0800 (GenBank accession nos XM_039258,
XM_002855, and XM_039257, respectively) and DOCK3. The
gene sequences were used to screen the high throughput
genome sequence database at the National Center for
Biotechnology Information (NCBI, Bethesda, MD, USA;
http://www.ncbi.nlm.nih.gov/), and three overlapping
human BAC clones containing these genes were found. The
BAC clones were analysed by FISH, with one (RP11-89f17)
localising within the chromosome inversion, and two clones
(RP11-3f4 (fig 2A) and RP11-151d23) crossing the p arm
breakpoint. To view figure 2, please visit the website
(www.jmedgenet.com).

Based on the signal intensity observed in the FISH
experiments using the BAC clone RP11-3f4 (fig 2A) that
spans the breakpoint, we estimated that the breakpoint lay
within the telomeric third of this clone. We tested probes
from unique segments of the BAC by Southern blot
hybridisation against the patient DNA and fixed the break-
point to within a 4 kb HindIII fragment of genomic DNA.
This placed the p arm breakpoint within an intron of the
DOCK3 gene (fig 2B).

Analysis of the DOCK3 gene
Sequence comparison to family members DOCK1 and DOCK2
suggested that the entire DOCK3 gene sequence was not
available on the public databases. The sequences of the
related genes were used to identify putative 59 DOCK3 gene
sequences in a contig of BAC clones located telomeric to
BACs RP11-3f4, RP11-151d23, and RP11-89f17 (fig 1A). A
combination of RT-PCR and 59 RACE experiments were used
to confirm the predicted 59 sequence of the gene and
demonstrated that the gene is larger than predicted by the
publicly available data. By comparing the 8.45 kb cDNA
sequence to the genomic sequence of the critical region it was

shown that the DOCK3 gene has 53 exons and spans
approximately 465 kb of genomic DNA (figs 1A, 2C). The
inversion breakpoint lies between exons 19 and 20. The
predicted protein consists of 2030 amino acids and has a
molecular weight of 233.1 kDa. Its sequence predicts a
soluble protein with an SH3 domain in the N-terminal
region.

Previous data (http://www.kazusa.or.jp/huge/index.html)
suggested that the DOCK3 gene is expressed at relatively low
levels in brain and testis. By probing multiple tissue Northern
blots, we confirmed that the gene is expressed in brain
(fig 3A, B). Specifically the gene was expressed in the
cerebellum, cerebral cortex, medulla, occipital pole, frontal
lobe, temporal lobe, and putamen. There was no expression
in the spinal cord or in heart, skeletal muscle, colon, thymus,
spleen, kidney, liver, small intestine, placenta, lung, and
peripheral blood leukocytes. Expression in the testis, but not
in the sperm, was confirmed by RT-PCR (data not shown).
Expression could not be detected in lymphoblast or fibroblast
cell lines established from samples from the proband and
control subjects by Northern blot analysis (data not shown).

A panel of cDNA from varying stages of mouse embryonic
development was examined for expression of the DOCK3
gene. Expression was first detected in the 12.5 dpc mouse
embryo and was then maintained throughout development
(data not shown). In situ hybridisation analysis of 12.5 dpc
whole mouse embryos supported the results found in adult
human tissues with low level, generalised expression
detected in the developing brain (fig 3C).

Identification of the SLC9A9 gene
The known genomic sequence around the 3p breakpoint was
used to design oligomers for inverse PCR experiments to
identify the unknown sequences of q arm origin. Combining
inverse PCR with long range PCR, the 4 kb HindIII break-
point fragment from the inverted chromosome was ampli-
fied. Direct sequencing of the fragment revealed the q arm
sequences fused to the p arm sequences. BLAST analysis
against the high throughput genome database at NCBI
revealed the exact position of the 3q breakpoint on the
contig we had assembled using both laboratory based
chromosome walking and in silico methods (fig 1B).

It was found that the 3q breakpoint sequence is in the
chromosome segment represented by the overlap between
BAC clones RP11-89n15 and RP11-56b20. Analysis of these
clones by FISH confirmed that RP11-56b20 spanned the q
arm breakpoint (fig 4A). To view figure 4, please visit the
website (www.jmedgenet.com). RP11-89n15 was not pre-
viously shown to cross the breakpoint using FISH analysis, as
only 4 kb of clone DNA extended across the junction and of
that, 3.6 kb contained repetitive elements that were sup-
pressed by pre-incubating the probe with human cot-1 DNA.
A search of the publicly available databases using the NIX
program at the HGMP site uncovered an EST with homology
to a sodium/hydrogen ion exchanger family, Homo sapiens
solute carrier family 9 (SLC9). This novel gene, termed
SLC9A9, was assembled using computer analyses of EST
markers along the BAC clones in the critical region and
sequence similarity to other SLC9 gene family members.

By comparing the 3.4 kb cDNA sequence to the genomic
sequence, it was shown that the SLC9A9 gene has 16 exons
and spans approximately 470 kb of genomic DNA (fig 1B).
The inversion breakpoint lies between exons 13 and 14
(fig 4B, C). The predicted SLC9A9 protein has 645 amino
acids and a molecular weight of 72.6 kDa. Its sequence
suggests a membrane bound protein with 10 transmembrane
domains.

Once the sequence around the breakpoints was identified it
was possible to design oligomers that amplified the sequence
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across the junctions on both the p and q arm of the inverted
chromosome. By comparison with the sequence on the
normal chromosome, it was shown that in the inversion
process four base pairs were lost at the p arm breakpoint and
one at the q arm (fig 5).

Expression analysis of SLC9A9
Northern analysis of a panel of human adult tissues
demonstrated that the expression of SLC9A9 is fairly wide-
spread (fig 3A, B). Although expressed in the brain, highest
expression is seen in heart and skeletal muscle, followed by
the placenta, kidney, and liver. In the brain, the highest levels
of expression were seen in the medulla and spinal cord.
Expression, as detected by Northern analysis, could not be

seen in the lymphoblast or fibroblast cell lines from the
proband and control subjects (data not shown).

These data were supported by in situ hybridisation analysis
of 12.5 dpc whole mouse embryos (fig 3D), showing high
levels of expression in the developing heart, somites, and
regions of the brain. In particular, strong expression was
detected in the ganglia of the trigeminal, facial, vestibuloco-
chlear, and vagus nerves, and in the dorsal root ganglia.

DISCUSSION
The extensive physical mapping of the inversion breakpoints
of a pericentric inversion of one copy of chromosome 3
co-segregating with a behavioural–developmental phenotype
with features of ADHD revealed the disruption of a gene at

Figure 3 Expression pattern of the DOCK3 and SLC9A9 genes in adult human and mouse embryo tissues. In panel (A), Northern analysis of human
adult brain tissues showing an approximately 8.5 kb DOCK3 message and a message about 3.4 kb for the SLC9A9 gene. (B) A panel of multiple adult
human tissues was probed for expression of the DOCK3 and SLC9A9 genes. (C) In situ hybridisation analysis of 12.5 dpc mouse embryos of the
DOCK3 gene. Expression is low level and generalised throughout the brain. (D) A 12.5 dpc mouse embryo analysed for SLC9A9 expression by in situ
hybridisation. H, developing heart; tg (V), trigeminal ganglion; fg (VII), facial nerve ganglion; vcg (VIII), vestibulocochlear ganglion; igv (X), inferior
ganglion of the vagus nerve; drg, dorsal root ganglia.
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each inversion junction. The gene interrupted at the p arm,
DOCK3, is a member of the CDM family of proteins, which
also includes CED-5 from Caenorhabditis elegans, myoblast city
from Drosophila melanogaster, and human DOCK1 and DOCK2.
At the q arm, we discovered a novel member of the Homo
sapiens solute carrier family 9 (sodium/hydrogen exchanger),
termed SLC9A9. The disruption of these sequences suggests to
us that one or both of these genes are strong causal
candidates for the observed phenotype in the family under
investigation.

Neither of the genes has been implicated in developmental
or behavioural pathways previously, and our present knowl-
edge about their functions does not allow us to make
conclusions about their contribution and roles in the
condition caused by this unique inversion. We therefore
examined the expression patterns of the mRNA of the two
genes. Previous data (http://www.kazusa.or.jp/huge/
index.html) indicated that the DOCK3 gene was expressed
at relatively low levels in only the brain and testis. By probing
multiple tissue Northern blots with a probe for the DOCK3
gene, we confirmed that the expression of this gene is
essentially restricted to the brain. When compared with the in
situ hybridisation results, the gene appears to be expressed at
low levels in a generalised fashion throughout the brain. The
DOCK3 message is seen at highest levels in the frontal,
temporal, and occipital lobes. Interestingly, the brains of
individuals with ADHD show hypoactivity and reduced blood
flow of the prefrontal regions of the brain9, and alterations to
the basal ganglion.10 11

The CDM protein family has been shown to play an
important role in the engulfment of apoptotic cells and in the
migration of cells.12–17 Expression of the CrkII-p130Cas

complex recruits DOCK1 to focal adhesions at the cell
membrane. When DOCK1 binds the adaptor protein crkII,
signals are transduced to the cytoskeleton and the c-Jun N-
terminal kinase–stress activated protein kinase (JNK) by
means of the activation of Rac,16 18 one of the Rho family
small G-proteins.19 DOCK2 also mediates Rac activation, but
unlike DOCK1 does not bind the CrkII protein at its C
terminus.

The expression of DOCK1 and DOCK2 appears to be
exclusive, with DOCK2 expression restricted to non-adherent
cells from haemapoietic tissues12 20 and DOCK1 expressed in
most other tissues.21 DOCK2 is crucial for correct lymphocyte
migration into the subcompartments of the lymphoid organs.
Fukui et al.,12 demonstrated that DOCK2 knockout mice had
abnormal lymphoid organ architecture caused by the
incorrect migration of lymphocytes. With DOCK3 expression
restricted to the brain and testis, it is enticing to speculate
that this protein performs an important role in cell migration
in these tissues. A lack of the DOCK3 protein could disrupt
migration of neuronal tissues disrupting brain circuits and
causing alterations to behaviour and intellectual develop-
ment.

It has recently come to light that DOCK3 is analogous to
the modifier of cell adhesion protein (MOCA; previously
called presenilin binding protein). Work has shown that
DOCK3 binds to presenilin1,22 23 a protein associated with c-
secretase in b-amyloid precursor protein, mutations in which
have been linked to early onset familial Alzheimer’s disease.24

This study also hypothesises that aberrant DOCK3 expression
may alter cell migration and axon pathfinding.

The sodium/hydrogen exchangers are plasma membrane
proteins that mediate the exchange of extracellular Na+ for
intracellular H+. Prior to this study, eight distinct isoforms
(SLC9A1 to SLC9A8) had been isolated. They share ,20–70%
amino acid identity (calculated Mr ranging from ,74 000 to
93 000) and exhibit similar membrane topologies, with 10–12
predicted N-terminal membrane spanning a-helices and a

large C-terminal cytoplasmic region. The SLC9A family
participates in a wide array of essential cellular processes,
including control of intracellular pH, maintenance of cellular
volume, and reabsorption of sodium across renal, intestinal,
and other epithelia.25–29 The SLC9A9 protein identified in
this study has highest similarity to SLC9A6 and SLC9A7,
both of which are located on the membranes of sub-
cellular organelles, mitochondria, and trans-Golgi network
respectively.28 29

Northern analysis of a panel of human adult tissues
demonstrated that the expression of SLC9A9 is fairly wide-
spread. Although expressed in the brain, its highest expres-
sion is seen in the heart and skeletal muscle, followed by the
placenta, kidney, and liver. In the brain, the highest levels of
expression were seen in the medulla and spinal cord. Close
inspection of in situ hybridisation images of 12.5 dpc mouse
embryos shows a relatively high level of staining to the
ganglia of the trigeminal, facial, vestibulocochlear cranial
nerves, the inferior ganglion of the vagus, and the dorsal root
ganglia, which house the cell bodies of sensory axons
entering the spinal cord via the dorsal roots.30

Correct functioning of neuronal cells depends on accurate
regulation of intracellular ion concentration. For example,
SLC9A1 knockout mice exhibit an obvious neuronal pheno-
type, displaying ataxia and recurrent seizures, and null mice
show increased neuronal excitability.31 One could predict that
SLC9A9 plays a role in neuronal cell function.

Of note is a recent genome wide scan of 126 sibling pairs
affected by ADHD,32 where a QTL peak (lod 1.37, P 0.0060)
occurs over the marker D3S1569. This marker is located in
intron 5 of the SLC9A9 gene (fig 1D). Although the lod score
did not exceed the QTL threshold for significance, its location
within one of our candidates suggests that this gene could
play a role in the development of the ADHD phenotype in the
affected population.

Until further studies are performed, we therefore cannot
determine if one or both of these genes are causing the
behavioural and intellectual condition seen in this family.
Neither can we conclude if the condition is caused by
haploinsufficiency of the gene product of one or both genes,
or if the abnormal gene products interfere with the function
of the wild type products. It is also possible that the
disruption of the genes DOCK3 and SLC9A9 mediates a
positional effect on the expression levels of a neighbouring
gene. Crisponi et al.33 found that although a translocation
breakpoint in an individual with blepharophimosis/ptosis/
epicanthus inversus syndrome is located within the C3orf5
gene, the FOXL2 gene 180 kb upstream of the breakpoint is
responsible for the phenotype. Similarly, the possibility that a
novel gene is created at the breakpoints by juxtaposing parts
of the DOCK3 and SLC9A9 genes has not been disproved. The
two breakpoints are located such that an in frame joining of
the parts of the two genes is possible. It is possible to amplify
a chimeric sequence between the 59 segment of SLC9A9 and
the 39 region of DOCK3 in the available cells (lymphoblasts
and fibroblasts) from affected individuals (data not shown).
It is not known whether this transcript is translated or if any
resultant protein would be functional. Efforts to amplify the
alternative hybrid sequence have as yet proven unsuccessful,
probably due to the restricted expression pattern of DOCK3.
Transcripts under control of the DOCK3 promoter are likely to
be expressed only in the brain or testis.

The novel genetic resource in this family has allowed the
identification of at least one gene involved in this be-
havioural–developmental phenotype segregating with the
chromosome 3 inversion. This paper describes the process
utilised to define the breakpoints and the discovery and
characterisation of two genes, DOCK3 and SLC9A9, inter-
rupted by the inversion. Both genes are expressed in the brain
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but have not been previously associated with behavioural or
developmental conditions. Our genetic analysis will enable us
to design future studies to investigate to what extent the
gene(s) contribute to the overall incidence of behavioural
disorders such as ADHD. Better diagnostic testing based on
genetic analysis and development of appropriate treatment
modalities may be significant outcomes available sooner than
previously predicted.
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Age at onset and female sex typify primary congenital glaucoma with CYP1B1
mutation
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U
nderstanding how primary congenital glaucoma (PCG) occurs may be a little closer
now that the phenotype of the P4501B1 (CYP1B1) gene mutation in Japanese infants
has been determined.

A case series of 32 infants, all but one with sporadic PCG, was tested for CYP1B1 gene
mutations: 11 had mutations in both alleles, the others had none. The defining features of
those with the mutation were early onset of the condition (1.7 v 3.1 months) and lower
male:female ratio (6:5 v 19:2). Typical signs and symptoms were present regardless of
mutation status; most infants had opacity of the cornea and many had ruptures in
Descemet’s membrane. Nearly all those with the mutation and 87% of those without had
disease in both eyes.

Four cases with the mutation were special. One had a unique phenotypic trait which may
point to a new classification of PCG in infants based on whether the CYP1B1 mutation is
present or not. Another was a compound heterozygote with C313OT mutation, whose late
presentation suggests that this mutation affects P4501B1 expression. Compound hetero-
zygotic identical twins with Ala330Phe and Val364Met mutations showed discordance in
visual acuity, maybe indicating an environmental influence.

DNA from leucocytes was used to screen for CYP1B1 mutations by PCR amplification and
single strand conformational analysis followed by DNA sequencing. Clinical features at
onset of the condition were compared from the hospital notes in each case.

PCG is rare and occurs at very different frequencies in different ethnic populations. In
Japan most cases are sporadic.

m British Journal of Ophthalmology 2003;87:302–304.
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