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Abstract

Twin studies indicate genetic overlap between symptoms of attention deficit hyperactivity disorder
(ADHD) and reading disabilities (RD), and linkage studies identify several chromosomal regions
possibly containing common susceptibility genes, including the 15q region. Based on a
translocation finding and association to two specific alleles, the candidate gene, DYXIC1, has
been proposed as the susceptibility gene for RD in 15q. Previously, we tested markers in DY XICI
for association with ADHD. Although we identified association for haplotypes across the gene, we
were unable to replicate the association to the specific alleles reported. Thus, the risk alleles for
ADHD are yet to be identified. The susceptibility alleles may be in a remote regulatory element, or
DYX1C1 may not be the risk gene. To continue study of 15¢, we tested a coding region change in
DYX1C1, followed by markers across the gene Protogenin (PRTG) in 253 ADHD nuclear
families. PRTG was chosen based on its location and because it is closely related to DCC and
Neogenin, two genes known to guide migratory cells and axons during development. The markers
in DY X1CI1 were not associated to ADHD when analyzed individually; however, six markers in
PRTG showed significant association with ADHD as a categorical trait (P = 0.025-0.005).
Haplotypes in both genes showed evidence for association. We identified association with ADHD
symptoms measured as quantitative traits in PR7G, but no evidence for association with two key
components of reading, word identification and decoding was observed. These findings, while
preliminary, identify association of ADHD to a gene that potentially plays a role in cell migration
and axon growth.
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Attention deficit hyperactivity disorder (ADHD) and reading disabilities [(RD) also known
as developmental dyslexia) are common childhood disorders that are often comorbid (Nigg
et al. 1998, 2002; Pennington et al. 1993; Willcutt & Pennington 2000; Willcutt ef a/. 2000).
It is estimated that 20-40% of individuals who are diagnosed with ADHD will also be
identified to have RD (August & Garfinkel 1990; Faraone et a/. 1993; Humphries et al.
1994; Semrud-Clikeman et al. 1992; Srinivas et al. 1992; Tannock & Schachar 1996), while
in the general population, the prevalence is estimated to be around 3-6%.

Support for genetic overlap can be derived from twin studies that have found evidence for
shared genetic factors, particularly for inattention symptoms (Willcutt et a/. 2000, 2007).
The most recent study estimated the genetic correlation between inattention and reading
phenotypes and found significant genetic correlation between inattention and reading
discrepancy (0.72), orthographic choice (0.71) and phoneme awareness (0.41) (Willcutt et al.
2007), which indicates that these phenotypes will share some of their susceptibility genes.
Genetic correlations for symptoms of hyperactivity/impulsivity and these reading measures
were not as high (0.37, 0.40 and 0.40, respectively) (Willcutt ef a/. 2007).

Further support for shared genetic factors is the overlapping chromosomal regions for
ADHD and RD identified by linkage and association studies. These include: 4q12-13
(Arcos-Burgos et al. 2004; Fisher et al. 2002), 6p21-22 (Cardon et al. 1994; Cope et al.
2005a; Francks et al. 2004; Gayan et al. 1999; Paracchini et al. 2006), 6g12-14 (Ogdie et al.
2003; Petryshen et al. 2002), 10cen-q11 (Bakker et al. 2003; Loo et al. 2004), 15915-21
(Bakker et al. 2003; Chapman et al. 2004; Grigorenko et al. 1997; Morris et al. 2000; Smith
etal. 1983, 1991), 16p13 (Loo et al. 2004; Ogdie et al. 2004) and 17p11-g22 (Arcos-Burgos
et al. 2004; Loo et al. 2004; Ogdie et al. 2004).

The evidence for linkage in the 15q region for ADHD was from a genome scan in a sample
of 164 ADHD-affected sibling pairs from Holland (Bakker et a/. 2003). The study indicated
that a major gene contributing to ADHD is located on chromosome 15q. For RD, the first
published linkage study identified evidence for linkage to the chromosome 15 centromeric
region using chromosomal heteromorphisms; chromosomal band polymorphisms that are
visible using cytogenetic techniques (Smith et a/. 1983). Evidence for linkage or association
of RD and the related phenotype of spelling ability to markers on chromosome 15 was found
in additional studies; however, the regions identified in these studies spanned a very large
region of the long (q) arm, thus impeding gene identification (Chapman et a/. 2004;
Grigorenko et al. 1997; Morris et al. 2000; Schulte-Korne et al. 1998). A recent study of
unselected twins also supports this locus as contributing to reading skills in the population
(Bates et al. 2007). The overlapping regions of linkage for both RD and ADHD in the 15q
region are consistent with the possibility that a gene on chromosome 15q is pleiotropic,
contributing both to RD and ADHD.

A translocation breakpoint on 15q in a family cosegregating with RD led to the
identification of a gene, DYX1CI (also called EKNJI), implicating this gene as the
susceptibility gene on 15q (Taipale et a/. 2003). In addition to the translocation occurring
within intron 8 of this gene, association was also reported in that study. The coding region of
the DY.X1C1 gene was screened in 20 Finnish RD subjects and eight changes in the DNA
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sequence were identified (Taipale et a/. 2003). Two of these were reported to be associated
with RD; the A allele of a G to A bp change located 3 bp before the beginning of the
sequence that codes for the DYX1C1 protein (—3G/A) and the T allele of a G to T change at
position 1249 (1249G/T). Both these changes could potentially result in a change of function
(Taipale et al. 2003). The —3A could change the efficiency of transcription or translation,
and the 1249T results in a premature truncation of the protein by four amino acids. Based on
this, the authors of that paper concluded that these two DNA changes contribute to the
susceptibility to RD.

The studies in our RD families provided some support for association of DY X1C1to RD
(Wigg et al. 2004); however, the association observed was for different alleles and
haplotypes than those reported to be associated to RD in the Finnish sample. Five additional
studies have not replicated the association of the —3A or 1249T alleles to RD (Bellini et al.
2005; Brkanac et al. 2007; Cope et al. 2005b; Marino et al. 2005; Meng et al. 2005a; Scerri
et al. 2004). These studies in total indicate that these alleles identified as associated (—3A or
1249T) are unlikely to be the functional DNA changes contributing to RD. Given that the
coding region has been screened and no further associated variants were found, an
explanation for the association to RD is needed. The associated markers may be in linkage
disequilibrium (LD) with the susceptibility alleles either in a regulatory region of DY XIC1
or in another gene in the region. Although the translocation breakpoint was identified as
occurring in the DY X1C1 gene, chromosomal translocations can cause differential
expression of multiple genes in the region by changing the position of the genes relative to
their normal chromosomal environment. This type of position effect has been documented to
occur for a number of chromosomal translocations (Kleinjan & van Heyningen 1998) and
thus the susceptibility gene may be located at a distance from DY.XZC1. Furthermore, this
region of 15921 shows punctate LD patterns with strong LD between markers located at
large distances separated by regions of low LD (http://www.hapmap.org/). Thus, the
identified association signals in DY.XZC1 could be detecting susceptibility alleles at a large
distance from DY XIC1.

Given the genetic overlap for ADHD and RD for the 15q region, we previously studied the
relationship of the DY XZC1 to reading phenotypes, ADHD and the inattention and
hyperactive/impulsive dimensions of ADHD in a sample of families with ADHD children
(Wigg et al. 2005). This sample of ADHD families is independent of the sample of RD
families that has been previously published (Wigg et a/. 2004). In the ADHD sample, for the
single marker analysis, we did not observe significant biased transmission of the alleles of
any of the six markers genotyped. We did find significant biased transmission for one
haplotype (X2 =6.926, df =1, £=0.009) and biased non-transmission for another (X2 =
4.462, df = 1, P=0.035) when all six markers that were genotyped across DXY1CI were
analyzed (global XZ =9.312, df = 3, =0.025). The haplotypes biased in transmission,
however, did not include the —3A and 1249T alleles.

Thus, like RD, we found no support for these specific alleles as contributing to ADHD and
we continued to study this region by fine mapping across the 15q region. This study focused
on fine mapping the region for the relationship of markers to ADHD and ADHD symptoms.
We began by genotyping the six markers originally genotyped in DYXICZ in an additional
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67 families collected since our first study of this gene and added a hew nonsynonymous
coding region polymorphism. For study, we also selected the gene PRTG, located distally to
DYX1C1, based on its potential role in axon guidance and neuronal outgrowth and its
proximity to DY XZC1. This gene, originally annotated as FLJ25756, has only recently been
characterized in chick embryos and has been renamed protogenin. ‘proto’ for its early
expression in the nervous system and “‘genin’ because of its structural similarity to neogenin
(Toyoda et al. 2005). PRTG is a member of the immunoglobulin superfamily that includes
receptors for secreted guidance cues as well as classical neuronal cell adhesion molecules
(Toyoda et al. 2005). The structure of PRTG is more similar to the DCC subgroup of these
proteins that includes the receptors DCC and Neogenin, both known to guide migratory cells
and axons during development (Toyoda et a/. 2005). The reason that this gene stands out as a
candidate is that the genes that have provided preliminary evidence as susceptibility genes
for RD, DCDC2, KIAAO319and ROBOI, including DY XICI (Fisher & Francks 2006;
Galaburda et al. 2006; Hannula-Jouppi et al. 2005; McGrath et al. 2006; Williams &
O’Donovan 2006), have a role in neuronal migration or axon guidance (Brose et al. 1999;
Kidd et al. 1999; Meng et al. 2005b; Paracchini et al. 2006; Seeger et al. 1993; Wang et al.
2006). While the role of these genes in RD is far from conclusive, the proteins these genes
encode may be functionally linked in pathways involved in neuronal migration or axon
growth. Previous data indicate that postmortem brains of dyslexic individuals show subtle
cortical anomalies involving neuronal migration and axon growth, thus changes in function
or expression of these genes offers an intuitively satisfying common mechanism to the
neurodevelopmental risk for RD (Galaburda et al. 2006).

Based on the potential involvement of PR7G in axon growth and its location in a region
linked to both ADHD and RD distal to DY.XZCZ1 on 15q, we tested this gene for association
with ADHD and to ADHD symptom dimensions of inattention and hyperactivity/impulsivity
in a sample of families with an ADHD proband. We also tested for the relationship of
reading component skills using measures of word identification and phonological decoding.
We selected 20 single nucleotide polymorphisms (SNPs) across this candidate gene for an
association study and genotyped these 20 markers in our Toronto sample of 253 families
with an ADHD proband and 47 affected siblings.

Materials and methods

Subjects

The clinical assessment and the diagnostic criteria of the subjects have been described in
detail in previous publications (Barr ef al. 1999, 2000, 2001a,b). Briefly, probands and
affected siblings were recruited from the Child Development and Neuropsychiatry Clinics at
the Hospital for Sick Children. The selection criteria for inclusion were subjects between the
ages of 7 and 16 years that met the Diagnostic and Statistical Manual of Mental Disorder,
4th Edition (DSM-1V) criteria for ADHD. Subjects were excluded if they scored below 80
on both the Performance and Verbal Scales of the Weschler Intelligence Scale for Children
(Wechsler 1991), had evidence of neurological or complex medical illness, Tourette
syndrome, chronic multiple tics, bipolar affective disorder, psychotic symptoms or had a
comorbid anxiety, depressive or developmental disorder that could better account for the
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behaviors (as specified by DSM-1V). For the diagnoses of ADHD and information on
ADHD symptoms, two informants were used: the parents completed the Parent Interview for
Child Symptoms (Ickowicz et al. 2006) and the teachers were administered the Teacher
Telephone Interview for Children’s Academic Performance, Attention, Behavior and
Learning: DSM-IV version (R. Tannock, M. Hum, M. Masellis, T Humpbhries, R. Schachar,
Hospital for Sick Children, Toronto, unpublished data). The parents were interviewed about
the child’s behavior at home by a trained clinician, either a master’s level psychologist,
social worker or psychiatrist. The 30-min teacher interview, which was conducted by phone
by trained professionals (masters or doctoral level psychologists or special education
consultants), probed the child’s behavior in the school setting. The use of two independent
informants ensures that children were at least moderately impaired in two settings. A 6/4
algorithm was used to determine if the subjects met criteria for ADHD; this algorithm
specifies that to meet criteria, the child must be identified as having six of nine inattentive or
hyperactive/impulsive symptoms as specified by DSM-1V for either the parent or teacher
interview, and that the child must exhibit a minimum of four inattentive or hyperactive/
impulsive symptoms according to the second informant.

The child was assessed in a full day protocol at the Hospital for Sick Children. The children
were free of medication for a minimum of 24 h before assessment. All interviews were
recorded so that surveillance was maintained, reliability could be assessed and to prevent
criterion shift. Training was provided to the interviewers to ensure that the criterion of 90%
symptom agreement was reached. Interviews were conducted independently by separate
clinicians that rate the symptoms based on the parent’s and teacher’s descriptions of the
child’s observable behavior at home and school, respectively.

The assessment protocol also includes measures of academic achievement, including reading
ability. The reading tests and WISC-111 were administered by a Master’s level psychological
assistant supervised by a registered clinical psychologist. The characteristics of this sample
for the quantitative measures used in this study are given in Table 1.

The majority of individuals with RD are far more deficient in single-word recognition and
its component processes than in comprehension. Thus, measures of word identification and
decoding (the understanding of the complex mapping that translates written letters into
spoken sounds, measured by the ability to pronounce nonwords) can provide a good estimate
of an individual’s reading ability (Perfetti 1985). Reading ability was measured using the
Wide Range Achievement Test — 111 (Wilkinson 1993), and Word Attack and Word
Identification Subtests of the Woodcock Reading Mastery Test —Revised (Woodcock 1987).
In this group of ADHD-affected children, 17% could be classified as having RD defined, for
this study, as 1.5 SD below the mean on any one of the three measures of reading or 1 SD
below the mean on the average of any two. Thus, at the current time, the sample of children
with ADHD + RD is too small for the analysis as a categorical trait.

The study sample was comprised of 253 nuclear families from the Toronto area, including
47 affected siblings. This gave a total of 300 affected children (242 boys and 58 girls). For
the affected children, the distribution among the DSM-1VV ADHD subtypes was 14% of the
predominantly hyperactive/impulsive subtype, 24% of the predominantly inattentive subtype
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and 62% of the combined subtype. The majority of the families reported their ethnic
background to be of European Caucasian descent, while 10% of families were of other or
mixed background, including Chinese, African, Indian and native Canadians.

This protocol was approved by the Hospital for Sick Children’s Research Ethics Board, and
written informed consent and children’s assent was obtained for all participants.

Isolation of DNA and marker genotyping

DNA was extracted from blood lymphocytes using a high salt extraction method (Miller et
al. 1988). The SNPs across the PRTG gene were selected using the Tagger Pairwise Method
(de Bakker et al. 2005) as implemented on the International HapMap Project Browser
(www.hapmap.org) as well as three publicly reported synonymous and nonsynonymous
SNPs. For DYX1C1, eight SNPs were genotyped, eight of these had been previously
genotyped in 186 of the ADHD families (Wigg et a/. 2005) and the genotyping was updated
in our expanded sample. Two additional SNPs, rs600753 and rs16787 in the DY.X1CI gene
were also genotyped. The marker, rs16787, significantly deviated from Hardy—Weinberg
disequilibrium in the parental chromosomes and was therefore not included in the analyses.
The SNP assays were manufactured by Applied Biosystems as either Assays-On-Demand
(predesigned) or as Assays-by-Design (made to order). The 10 pl polymerase chain reaction
(PCR) reactions contained 30 ng of genomic DNA, 10 pmol of TagMan® Universal PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) and 0.25 pl of the allelic
discrimination mix which is a premade mix containing the specific primers (18 pM) and
probes (4 uM; Applied Biosystems). The thermal cycling conditions were 95°C for 10 min
followed by 40 cycles of 94°C for 15 seconds and an annealing temperature of 60°C for 1
min. Included on each 96-well plate were two negative controls. The end-point data, for each
plate, were collected using the ABI 7900HT Sequence Detection System (SDS) with the
allelic discrimination analysis mode of the SDS software package version 2.0 (Applied
Biosystems).

Statistical analysis

Descriptive statistics given in Table 1 were generated with SPSS 10.1 (http://
www.spss.com/). All data were screened for Mendelian errors using PEDSTATS 0.6.11, and
MERLIN 1.1.2 was used to detect any crossovers between markers (Abecasis ef al. 2002).
This data set was free of any detectable Mendelian errors and none of the markers used in
the analyses deviated from the Hardy—Weinberg equilibrium. The extended transmission
disequilibrium test (ETDT 2.1) program (Sham & Curtis 1995) was used to test for the
biased transmission of alleles at each marker, based on the categorical diagnosis of DSM-IV
ADHD. The ETDT program does not include in the analyses families with a single parent
because of the possibility of bias when one of the alleles is rare (Curtis & Sham 1995).
Permutation analysis for the categorical results was performed using the UNPHASED 3.0
program. For this analysis, the option, robust permutation (robust to prior linkage) was used
for 1000 permutations (Dudbridge 2003). The transmission of the haplotypes was analyzed
with the TRANSMIT program (Clayton 1999). The TRANSMIT 2.5 program tests for
association between the markers by examining the transmission of haplotypes from parents
to affected offspring. We used the robust estimator option, which corrects for prior linkage
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and multiple affected siblings in the analysis (Clayton 1999). Haplotypes with frequencies
less than 10% were pooled and XZ and Pvalues are only reported for those with frequencies
greater than 10%.

For the analysis of the quantitative measures, the FBAT 1.5.5 program was used (Horvath ef
al. 2001; Laird et a/. 2000). This statistic is used to assess for the transmission of alleles in
relation to continuous phenotypic scores. The statistic implemented in the FBAT program
eliminates the need for assumptions about the phenotype distribution (Laird et a/. 2000) and
is not sensitive to the ascertainment strategy (Horvath et a/. 2001). An offset value was used
for the FBAT analyses to mean center all traits (Lange & Laird 2002). Two-sided P values
were reported for all results. The quantitative analyses results are not corrected for multiple
tests because they were secondary analyses to the categorical results. Furthermore, there is
no generally agreed upon approach for correction when the phenotypic measures are
correlated and the markers are in LD to each other as these are not independent tests.
Haploview was used to estimate the LD between markers as measured by D" and /2 (Barrett
et al. 2005).

To test for association of the PRTG and DY XICI genes in ADHD, we genotyped SNPs
across the PRTG and DY X1C1 genes in families with an ADHD proband and affected
siblings. Six of the SNPs across the DY.X1C1 gene were updated from previously published
results (Wigg et al. 2005) with 67 additional ADHD families included in the analyses (total
n=253). For the single marker analysis of the seven SNPs in DY XZC1, we did not observe
biased transmission for any of the alleles using transmission disequilibrium test (TDT). Our
previously published results (italicized in Table 2) (Wigg et a/l. 2005) were similar, although
we did observe trends for association for the alleles of several of the markers previously and
in the larger sample. The marker rs600753 is a non-synonymous SNP (Gly191Glu). No
evidence for association was identified for alleles at this marker.

Using a categorical TDT analysis of the PR7G gene, five SNPs were significantly associated
to ADHD defined as a categorical trait. The most significant marker was rs2414424 with a P
value of 0.005, this maintained global significance (2= 0.046) after permutation testing
when considering the 15 markers that were genotyped before identifying this result (Table
2). After observing association of markers in PRTG, we genotyped 13 additional markers
including two nonsynonymous SNPs, rs16976466 (Ala236Thre) and rs1438914
(Leul062lle), and one synonymous SNP, rs11854213 (Asn445Asn). The reported SNP,
rs10518816 (Leu826Val), was also genotyped in a sample of 100 unrelated individuals but
was not found to be polymorphic. Of the coding SNPs that were polymorphic in our sample,
only rs1438914 in PRTG showed evidence for biased transmission [T (Leu) allele XZ =
5.760, df = 1, A= 0.016].

Our previous studies of DY X1C1 provided evidence for association of haplotypes of the six
markers genotyped on the sample at that time (global Pvalue = 0.025). We used
TRANSMIT to analyze the same haplotypes of the six markers on the larger sample, and
with the additional families we observed biased transmission of the same haplotypes (Table
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3). The results however were less significant and the global results were no longer
significant (x2 = 6.809, df = 1, P= 0.078).

Haplotype analysis was performed on the three blocks of LD across the PR7G gene (LD
shown in Fig. 1, results shown in Table 4). The blocks were defined by the algorithm
developed by Gabriel ef a/. (2002), which creates a block if 95% of the informative
comparisons are in strong LD. The most significant haplotype was for rs7165971 and
rs12591646 (P = 0.007, df = 1), the two markers in block 3 (global XZ =7.296,df =2, P=
0.026).

Because twin studies indicate a stronger relationship between reading ability and inattention
symptoms than with hyperactive/impulsive symptoms (Willcutt et a/. 2000), we predicted
that this locus would contribute to reading scores and more strongly to inattention symptoms
than hyperactive/impulsive symptoms. However, this is not what we observed: the results
from the quantitative analyses of inattention symptoms, as rated by both parents and
teachers, were significant for five of the markers in PR7G (Table 5). The results from the
analyses of hyperactive/impulsive symptoms were also significant with two of the five
markers that were significant for inattention symptoms (Table 5). For the markers in
DYX1C1, we did not observe significant results, although one marker, rs2007494, showed a
trend for association with inattention symptoms as reported by parents (2= 0.051). The
quantitative analyses of reading scores for two key reading component skills, word
identification and decoding, showed no evidence for significant association to the markers in
either gene (data not shown).

Discussion

The 15q region has been linked to both ADHD and RD. In a previous study, we explored the
RD candidate gene, DY X1C1, and found evidence for association of ADHD with haplotypes
of six markers across the gene but not individual markers. In this study, we added additional
families and SNPs to our DY .X1C1 analysis and investigated PRTG as a potential candidate
for ADHD. PRTG was chosen based on its location and its predicted involvement in cell
migration and axon growth.

Genotypes for markers in the DY.XZC1 gene were genotyped in 253 families, adding 67
families to our original report of this gene and a new nonsynonymous marker was
genotyped. None of the seven SNPs that was analyzed individually showed evidence of
biased transmission for the single marker analysis, but the same haplotype that was biased in
transmission previously was still significant; however, the global analysis of haplotypes was
no longer significant.

Markers in PRTG were significantly associated with ADHD as a categorical trait, and we
further found association with markers in PR7G and the inattention and hyperactive/
impulsive dimensions of ADHD, analyzed as quantitative traits, with parent-reported
inattention showing the most significance results across markers. The parent and teacher
ratings for hyperactive/impulsive symptoms were also significant, although not to the same
degree as inattention scores. We did not detect any evidence for association with tests of key
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reading component skills, word identification or word decoding, with markers in the PRTG
or DY XI1C1 genes.

The finding of association to ADHD and ADHD symptoms to this region of 15q but no
evidence for association of the same markers to measures of reading does not fit the
hypothesis of a common gene contributing to both disorders. One possible explanation is
that the PRTG gene is only related to ADHD and is not related to reading skills. The
previous linkage findings for RD and ADHD could be merely coincidental with two
independent genes residing in the same chromosomal region. However, our results in an
independent sample of children with RD provides evidence for weak association of PRTG
and reading skills using quantitative analyses and some evidence of association with
haplotypes when analyzed using a categorical approach (K. Wigg, Y. Feng, B. Anderson, T.
Cate-Carter, J. Archibald, E. Kerr, R. Tannock, M. Lovett, T. Humphries and C. Barr,
unpublished data). The lack of association for reading skills using quantitative analyses in
our ADHD sample may simply result from insufficient variation of the trait in this sample.
The mean of the scores is only slightly below the age norms with a standard deviation of 1
or less for these three measures. Another possibility is that this gene only contributes to
reading scores in the low range; however, a recent study of unselected twins provided
evidence for linkage of markers in 15q to reading skills, particularly to regular spelling
(Bates et al. 2007), indicating that the 15q locus contributes to reading skills across the
spectrum.

Although less significant than for PRTG, haplotype analyses of DYX1C1 provides some
indication of association with ADHD, thus the possibility exists that both genes contribute to
ADHD. Although LD between markers in these genes complicate the interpretation of the
association findings, both genes should be considered candidates for future studies. Another
possibility is that the susceptibility alleles reside in a gene regulatory element located
somewhere in this region that contributes to the expression of either one or both the genes.

In the 6p21 region, two genes that are involved in neuronal migration (Paracchini et al. 2006;
Schumacher et al. 2006) have been put forward as strong candidates for RD: KIAA0319and
DCDC?2, both supported by several independent association studies (Cope et al. 2005a;
Deffenbacher et al. 2004; Harold et al. 2006; Meng et al. 2005b; Paracchini et al. 2006;
Schumacher et al. 2006). There is speculation that in fact both genes may be involved
(Harold et al. 2006), which would provide a stronger linkage signal for the 6p region.

DYXI1C1is indicated to play a role in neuronal migration by /7 vivo RNAI studies (Wang et
al. 2006). Furthermore, /n utero RNAI of DY X1C1 impairs auditory processing of complex
stimuli and spatial learning in rats, with the deficits correlated with the location of
malformations in either the cortex (auditory) or hippocampus (spatial learning) (Threlkeld et
al. 2007). To date, there is little information about the expression or biological function of
PRTG (Toyoda et al. 2005; Vesque et al. 2006). It can be predicted that this gene is involved
in axonal growth based on its similarity to DCC and Neogenin (Vesque et al. 2006). Thus,
similar to the 6p21 findings, the possibility of two genes within a linkage peak should be
considered and further studies are warranted.
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Molecular genetic studies of ADHD have focused on the role of genes involved in
neurotransmitter release and response, particularly in the dopaminergic system. This
approach has been very successful in identifying genes contributing to ADHD (Faraone et
al. 2005). However, there are likely to be many ways in which controlled neurotransmitter
release, uptake or action is affected. This includes disruption in brain pathways involved in
neurodevelopment resulting in changes in the neuronal innervation of critical brain regions.
The finding here, that DY.XZC1, with a role in neuronal migration and/or the PR7G gene,
suspected to be involved in cell migration and axon growth based on its similarity to DCC
and neogenin, may show genetic variation that contributes to ADHD, opens up interesting
avenues of research in ADHD.
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Figure 1.
Linkage disequilibrium and location of SNPs aross DYXIC1 and PRTG.
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