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Objective: The authors previously identi-
fied a haplotype on chromosome 6p22
defined by three single-nucleotide poly-
morphisms (SNPs) that was associated
with dyslexia (reading disability) in two in-
dependent samples of families that in-
cluded at least one sibling with severe
reading impairment. The authors also
showed that this haplotype is associated
with a reduction in expression of the
KIAA0319 gene. In addition, a completely
independent study detected an associa-
tion between KIAA0319 markers and
reading disability. In the current study,
the authors tested whether the KIAA0379
gene influences reading skills in the gen-
eral population, rather than having an ef-
fect restricted to reading disability.

Method: The authors genotyped four
SNPs that previously showed association
with reading disability in the population
of 7-9-year-old children in the Avon Lon-
gitudinal Study of Parents and Children

(ALSPACQ), a large longitudinal cohort for
which reading-related phenotypes were
available for more than 6,000 individuals.
The authors conducted quantitative anal-
ysis for both single markers and haplo-
types.

Results: The rs2143340 SNP, which effec-
tively tags the three-SNP risk haplotype,
was significantly associated with a test for
reading ability. The risk haplotype itself
also showed association with poor read-
ing performance, and as in previous re-
search, the association was stronger when
the analysis was controlled for 1Q.

Conclusions: These results both support
a role of the KIAA0O319 gene in the devel-
opment of dyslexia and suggest that this
gene influences reading ability in the gen-
eral population. Moreover, the data impli-
cate the three-SNP haplotype and its tag-
ging SNP rs2143340 as genetic risk factors
for poor reading performance.

(Am J Psychiatry 2008; 165:1576-1584)

Dyslexia (reading disability) is a specific impairment
in learning to read with a prevalence of 5%-10% in school-
age children (1, 2). Reading disability is a complex trait de-
termined in large part by genetic factors (3, 4). Association
studies and translocation breakpoint analyses have pro-
posed several genes as susceptibility candidates at some of
the quantitative trait loci linked to dyslexia (5-7): DYX1CI
on chromosome 15 (8), KIAA0319 (9, 10) and DCDC2 (11,
12) on chromosome 6, ROBOI on chromosome 3 (13), and
MRPLI19 and C20RF3 on chromosome 2 (14).

Among these, the KIAA0319 gene is a strong candidate,
being supported by evidence in both association and
functional studies. Significant associations have now been
reported in at least three independent samples (Table 1).
Francks et al. (9) identified a 77-kb region that showed as-
sociation with different quantitative reading-related phe-
notypes in both a large sample of families from the United
Kingdom and a sample of twin-based families from the
Colorado Learning Disabilities Research Center. The re-
gion covered the first four KIAA0319 exons, the entire
TTRAP gene, and the first exon of THEMZ2. The single-nu-
cleotide polymorphisms (SNPs) rs4504469, rs2038137,
and rs2143340 defined the major haplotypes present in

the region, and the 1-1-2 haplotype (where 1 is the major
allele and 2 is the minor allele), which is effectively tagged
by the rs2143340 SNP, was significantly associated with
reading disability in both samples. Cope et al. (10)
detected associations with markers rs4504469 and
156935076, both located within KIAA0319, in a completely
independent sample of U.K. families by using a categori-
cal definition of dyslexia. In particular, the 2-1 haplotype
defined by these two markers was significantly associated
with a protective effect, having a significantly higher fre-
quency in good/normal readers. An association at the
same locus was found in two other studies that, however,
cannot be considered independent because they both de-
rived their samples from the Colorado Learning Disabili-
ties Research Center cohort (15, 16). Kaplan et al. (15) re-
ported association in a set of 104 families between a
reading-related measure and the JAO4 microsatellite,
which is located in the first KTAA0319 exon. Deffenbacher
et al. (16) performed association analysis in a set of 114
families selected for severity and detected evidence for as-
sociation both at the KTAA0319 locus and within the
DCDC2 gene, which lies about 200 kb distal to KIAA0319. A
third study, which employed 153 families from the Colo-
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TABLE 1. Most Significant Findings Previously Reported for Associations Between Reading Skills and Genetic Markers Used

in the Present Study

Associated Allele or

Marker or Haplotype (1=major Statistical
Haplotype allele, 2=minor allele)? Study Sample® Association (p) Phenotype¢
Markers
rs4504469 1 Francks et al. (9) Oxford sample 0.002 Irregular word reading
0.009 Phonological decoding
0.0004 Single word reading
0.01 Phonological awareness
Cope et al. (10) Cardiff individual sample 0.002 Developmental dyslexia
Cardiff trio sample 0.04 Developmental dyslexia
rs6935076 2 Cope et al. (10) Cardiff individual sample 0.006 Developmental dyslexia
Cardiff trio sample 0.002 Developmental dyslexia
rs2038137 1 Francks et al. (9) Oxford sample 0.002 Irregular word reading
0.003 Phonological decoding
0.0002 Single word reading
0.007 Single word spelling
rs2143340 2 Francks et al. (9) Oxford sample 0.01 Irregular word reading
0.0003 Orthographic coding choice
0.02 Single word reading
U.S. sample 0.005 Single word reading
0.03 Single word spelling
0.02 Phonological awareness
Haplotypes
rs4504469- 1-1-2 Francks et al. (9) Oxford sample 0.005 Irregular word reading
rs2038137-
rs2143340
0.00007  Orthographic coding choice
0.003 Single word reading
0.03 Single word spelling
U.S. sample 0.02 Single word reading
0.04 Single word spelling
0.02 Phonological awareness
rs4504469- 2-1 Cope et al. (10) Cardiff individual sample 0.00003  Developmental dyslexia
rs6935076
Cardiff trio sample 0.006 Developmental dyslexia

a All the reported alleles were associated with reading problems except for the 2-1 haplotype, which showed a protective effect.
b Oxford sample: 126 U.K. families selected for severity. Cardiff individual sample: 223 U.K. individuals with reading disability and 273 compar-
ison subjects. Cardiff trio sample: 143 U.K. trios of probands with reading disability and their parents. U.S. sample: 124 U.S. families selected

for severity.

¢ The specific reading skills are described by Francks et al. (9). In the study by Cope et al. (10), developmental dyslexia was defined as a reading

age 2.5 or more years behind that expected from chronological age.

rado Learning Disabilities Research Center, showed an as-
sociation with DCDC2 but not with KTAA0319 (11). The dif-
ferent outcomes of these studies are most likely due to the
different criteria employed for family selection and the
small samples (5). Analysis conducted in a sample of Ger-
man trios selected for spelling impairment showed associ-
ation with the DCDC2 gene (12).

No functional mutations have been identified yet for ei-
ther of the two genes through resequencing of the exons
and promoter regions (9, 10, 12). Harold et al. (17) con-
ducted a comprehensive study to compare the DCDC2
and KIAA0319 genes by genotyping the two U.K. samples
previously used by Francks et al. (Oxford sample) (9) and
Cope et al. (Cardiff sample) (10) for a common set of
DCDC2 and KIAA0319 markers. None of the DCDC2 mark-
ers showed any association, while several markers showed
significant associations and identical allelic trends in both
the Oxford and Cardiff samples. The most significant asso-
ciation was clustered around the first exon and putative
regulatory sequences of KIAA0319 in both samples, sug-
gesting that the functional genetic variant might act at the
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level of gene expression. In agreement with this finding,
we have shown through in vivo studies that the 1-1-2 hap-
lotype is associated with a relative reduction of KIAA0319
gene expression (18).

Reading disability could be considered to represent the
lower tail of a normal distribution of reading ability ob-
served in the population (19). It is possible that the quan-
titative trait loci underlying dyslexia susceptibility also in-
fluence variation in reading performance in the normal
range. In the study described here, we aimed to test this
hypothesis, asking whether the KIAA0319 gene influences
reading skills in the general population, rather than being
specifically implicated in determining reading problems
in restricted groups of individuals with dyslexia.

Method

Sample Description

We used the Avon Longitudinal Study of Parents and
Children (ALSPAC), a general population cohort of about
14,000 children with expected dates of delivery between
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TABLE 2. Reading-Related Measures Selected From the Avon Longitudinal Study of Parents and Children (ALSPAC) Study

Total Children With Problems Score
Phenotype? Sample Size N % Mean SD
Dichotomous measures
Parent-reported reading difficulties (age 7) 6,085 373 6.13
Additional adjustment for 1Q 4,860 271 5.58
Subjects with 1Q>90 3,825 131 3.42
Not at target level on Statutory Assessment Test for reading (age 7) 7,207 961 13.33
Additional adjustment for 1Q 4,790 393 8.20
Subjects with 1Q>90 3,597 129 3.59
Continuous measures
Reading (age 7) 6,338 27.95 9.29
Additional adjustment for 1Q 5,288 28.42 9.04
Subjects with 1Q>90 4,104 30.34 8.30
Spelling (age 7) 6,244 25.59 12.57
Additional adjustment for 1Q 5,243 25.91 12.47
Subjects with 1Q>90 4,086 27.90 11.89
Phoneme awareness (age 7) 6,327 19.95 9.50
Additional adjustment for 1Q 5,283 20.28 9.36
Subjects with 1Q>90 4,103 21.93 8.95
Accuracy (age 9) 5,339 104.04 13.50
Additional adjustment for 1Q 4,685 104.58 13.34
Subjects with 1Q>90 3,642 107.31 12.38
Nonword reading (age 9) 5,816 5.23 2.48
Additional adjustment for 1Q 5,138 5.28 2.47
Subjects with 1Q>90 4,016 5.64 2.36

a See text for descriptions of reading measures. All analyses included adjustment for age and gender.

April 1, 1991, and Dec. 31, 1992, in the southwest of En-
gland (20). From age 7, all children were invited annually
for assessments on a wide range of physical, behavioral,
and neuropsychological traits, including reading-related
measures. DNA was extracted from blood and mouth-
wash samples and processed as described previously (21).
Informed written consent was obtained from the parents
after complete description of the study at the time of en-
rolment into the ALSPAC project, with the option for
them or their children to withdraw at any time. Ethical
approval for the present study was obtained from the
ALSPAC Law and Ethics Committee and the local research
ethics committees.

Genotyping

We genotyped all the available DNA samples from the
children (N=10,621) for the four SNPs (rs4504469,
156935076, rs2038137, and rs2143340) that showed signifi-
cant associations in previous studies (9, 10). Genotyping
was performed in a 4-plex reaction using the homo-
geneous mass-extend assay (Sequenom, San Diego)
according to the manufacturer’s instructions. Polymerase
chain reaction was performed on 10 ng of DNA by using
the following primers: rs4504469_F ACGTTGGATGAGAG-
CACAGCATCCCAACAC, rs4504469_R ACGTTGGATGGTG-
GTAGGAGATATGGGTAG, rs6935076_F ACGTTGGAT-
GAACCGAAGCCCAGAGAAAAC, rs6935076_R
ACGTTGGATGAAAAAAATTCCTGGCCAGGG , rs2038137_F
ACGTTGGATGGCCCTCTTTCCTATTTCTCG, rs2038137_R
ACGTTGGATGAGCTTCAGTGTCGCCAGCAG, 1s2143340_F
ACGTTGGATGATTTGTAGCCCTCATTTTAC, and
1s2143340_R ACGTTGGATGTCTGTCTAGAACCTGGCATG.
The primers used for primer extension reactions were as
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follows: rs4504469_E AACACCTCCCACTAGC, rs6935076_E
CAGACATGAGGAGAATGA, rs2038137_E TTTCTCGGC-
CAGGCGC, and rs2143340_E ACAAATTTTAAAAGAGC-
CCTA. The success call rate was approximately 95%
(95.33% for rs4504469, 93.51% for rs6935076, 96.01% for
152038137, and 95.75% for rs2143340). To control for geno-
typing quality, about 3% of the samples were present as du-
plicates and distributed across each of the 32x384-well
plates used. The duplicates gave an estimate of the geno-
typing error rate of about 1.5%. Each plate included four
samples randomly derived from nine non-ALSPAC control
DNA samples. The genotypes of these control samples
were matched in all the plates except for two genotype
calls, giving a genotype error estimate of 0.4%. No geno-
type calls were returned for any of the blank wells present
on each plate. All the markers were in Hardy-Weinberg
equilibrium, and their allele frequencies were consistent
with those in previous reports.

Phenotype Measures

We selected reading-related measures that would match
the assessments we used in our previous analysis (9), in-
cluding two dichotomous measures—reading difficulties
and reading Statutory Assessment Tests—and five contin-
uous measures—reading, spelling, phoneme awareness,
accuracy, and nonword reading. These measures were
available for a range of about 5,300 to 7,200 children (Table
2). The measure of reading difficulties is based on the an-
swers to self-completion questionnaires that the ALSPAC
team asked the parents to fill in when the children were 7
years old. The relevant section of the questionnaire asked
whether the school had recognized reading difficulties in
their child and, if so, had made special arrangements.

Am | Psychiatry 165:12, December 2008
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FIGURE 1. Linkage Disequilibrium and Genomic Location of Genetic Markers Assessed for Association With Reading Mea-
sures in the Avon Longitudinal Study of Parents and Children (ALSPAC) Cohort?
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3 The top graph shows D’, a measure of linkage disequilibrium, for the four single-nucleotide polymorphisms (SNPs) employed in the present
study. The bottom graph shows the four SNPs (highlighted by blue ovals) in the context of their genomic locations (adapted from the Univer-
sity of California, Santa Cruz, Genome Browser; http://genome.ucsc.edu/) and linkage disequilibrium structure at the KIAA0379 locus in com-
bination with other markers across the dyslexia-associated region. D" was calculated on genotype data collected previously (17) in our set of
U.K. families (Oxford sample). Linkage disequilibrium was calculated by using Haploview 3.32 (http://www.broad.mit.edu/mpg/haploview/).
Linkage disequilibrium blocks, indicated by solid black lines, are identified according to the definition of Gabriel et al. (28).

About 6% of the children required special arrangements.
Results of the school-administered reading Statutory As-
sessment Tests were obtained from the relevant local edu-
cational authorities at about age 7 years. The test included
reading and comprehension tasks. About 13% of the chil-
dren did not achieve the target levels in those reading
tests. The continuous reading measure was obtained at
age 7 years by using the Wechsler Objective Reading Di-
mensions test (22). Spelling was assessed at age 7 years
and was based on the children’s performance in spelling
15 words of increasing difficulty chosen specifically for
this age group (P. Bryant and T. Nunes, personal commu-
nication). Phoneme awareness was assessed at age 7 years

Am | Psychiatry 165:12, December 2008

and was based on the children’s performance on the pho-
neme deletion task, in which children are asked to repeat
a word after removing one or more phonemes (23). Accu-
racy and nonword reading were assessed at age 9 years by
means of additional tests aimed to measure reading abili-
ties (24, 25). Measures of total and verbal IQ were based on
the WISC-III administered at age 8 (26).

Statistical Analysis

We included in the analysis only individuals with self-re-
ported white European ancestry. We performed single-
marker and haplotype-based analyses of the raw continu-
ous phenotypic measures in a linear regression framework,

ajp.psychiatryonline.org 1579
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TABLE 3. Association of Genetic Marker rs2143340 With Reading-Related Measures in the Avon Longitudinal Study of Par-

ents and Children (ALSPAC) Cohort

Adjusted Mean for Each Genotype

(1=major allele, 2=minor allele)° Allelic Trend
0dds
Phenotype? N 11 12 22 pc Ratio or pd pc
Dichotomous measures
Parent-reported reading difficulties (age 7) 5,921 5.65 5.53 4.62 0.95
Additional adjustment for 1Q 4,728 3.81 3.70 2.64 0.93
Subjects with 1Q>90 3,716 2.88 3.1 —€ 0.92
Not at target level on Statutory Assessment
Test for reading (age 7) 7,090 12.32 11.81 14.51 1.00
Additional adjustment for 1Q 4,703 3.86 3.12 5.95 0.94
Subjects with 1Q>90 3,528 2.79 2.23 4.99 0.95
Continuous measures
Reading (age 7) 6,221 0.023 —-0.042 -0.169 0.009 -0.074 0.003
Additional adjustment for 1Q 5,196 0.070 0.016 -0.113 0.009 -0.065 0.003
Subjects with 1Q>90 4,030 0.285 0.201 0.050 0.003 —-0.094 0.001
Spelling (age 7) 6,130 0.030 -0.011 -0.139 -0.055 0.03
Additional adjustment for 1Q 5,154 0.058 0.006 -0.110 0.04 —-0.062 0.02
Subjects with 1Q>90 4,014 0.220 0.153 0.020 0.03 -0.077 0.008
Phoneme awareness (age 7) 6,211 0.019 -0.016 -0.070 —-0.038
Additional adjustment for 1Q 5,192 0.049 0.024 -0.029 -0.029
Subjects with 1Q>90 4,030 0.230 0.182 0.134 —-0.048
Accuracy (age 9) 5,254 0.021 0.010 -0.113 -0.028
Additional adjustment for 1Q 4,610 0.057 0.057 —-0.036 -0.014
Subjects with 1Q>90 3,584 0.260 0.247 0.086 -0.035
Nonword reading (age 9) 5,718 0.017 —-0.020 -0.118 —-0.046
Additional adjustment for 1Q 5,049 0.035 -0.003 -0.066 -0.041
Subjects with 1Q>90 3,944 0.187 0.128 0.025 —-0.065 0.03

a See text for descriptions of reading measures. All analyses included adjustment for age and gender.
b Adjusted means reflect prevalence of adverse outcome (dichotomous measures) or mean standardized score (continuous measures). Online

data supplement Table 1 displays 95% confidence intervals.

€ Only nominally significant p values (p<0.05) are shown.
d0dds ratios are used for dichotomous measures, and B values are used for quantitative measures. These reflect the change in odds or stan-
dardized score for each additional copy of the minor allele. Odds ratios greater than 1 and [ values less than 0 indicate a detrimental effect.

€ Not tested.

adjusting for age and gender. Analysis of the dichotomous
measures was performed by using logistic regression.

For the single-marker analyses, genotypes at each SNP
were coded as 0, 1, or 2, according to the number of copies
of the minor allele. Two tests were performed at each SNP:
1) a genotype-based test, separately comparing the risks of
the heterozygote and the rare homozygote to the common
homozygote genotype, and 2) an allelic trend test, com-
paring the same risks under a multiplicative disease
model. The allelic trend test is generally more powerful
than the genotype test, unless there are strong dominance
effects or a heterozygote advantage; these have not been
previously reported for reading disability with SNPs in
KIAA0319.

Haplotypes were estimated by maximum likelihood
through implementation of the E-M algorithm, and the
most likely phase configuration was recorded for each in-
dividual. To reduce bias due to phase uncertainty, we ex-
cluded individuals with incomplete data on the SNPs de-
fining the haplotypes. Since the purpose of this study was
to replicate previous results, we tested only the haplotypes
that had shown significant associations, rather than test-
ing all the individual haplotypes defined by the same
marker combinations, in order to reduce the number of
tests. Therefore, we tested the 1-1-2 haplotype defined by
markers rs4504469, rs2038137, and rs2143340 that was
1580
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previously identified as a risk factor (9) and haplotype 2-1
defined by markers rs4504469 and rs6935076, which was
previously observed to be protective (10). For the same
reason, we did not test all the haplotypes generated by the
four markers. We also generated a “global” p value by test-
ing simultaneously all haplotypes derived from either the
three-marker or two-marker combinations.

In our previous analysis we found that the association
was stronger in subsets of samples selected for severity
and when the phenotypic traits were adjusted with mea-
sures of general intelligence (IQ) (9), a finding that agrees
with results of our multivariate analysis, which showed
that the quantitative trait locus on chromosome 6p influ-
ences reading ability specifically but not IQ (27). Accord-
ingly, we also performed the analysis in subgroups of the
sample at the extremes (lower and higher 25th, 10th, and
5th percentiles) of the distribution in a logistic regression
framework, controlling for IQ through two different ap-
proaches. For both the entire sample and the subgroups,
we performed the analysis both by adjusting the reading
measures for IQ and by selecting only individuals who had
a total raw IQ higher than 90. This latter approach aimed
to reproduce the ascertainment criteria used in our previ-
ous study to recruit individuals with reading disability and
a high IQ (9). The reported association p values were not
corrected for multiple testing because the tests were not
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independent, owing to the high correlation across mark-
ers (Figure 1). Moreover, this is a replication study, and
rather than conduct an extensive analysis of this locus, we
tested only specific SNPs and haplotypes in an attempt to
reduce the number of comparisons.

The statistical analysis was performed with the Stata
program, version 8.2 (Stata Corp., College Station, Tex.).
Intermarker linkage disequilibrium was evaluated by us-
ing Haploview 3.32 (http://www.broad.mit.edu/mpg/
haploview/).

Results

In the single-marker analysis, the SNP rs2143340 showed
the most significant association. In particular, the minor
allele was significantly associated with poor performance
on the continuous measures of reading and spelling (Table
3). The association with the reading test was nominally sig-
nificant in the entire sample and became stronger after se-
lection of individuals with high IQ. The association with
spelling was of a lower magnitude but, similarly, increased
in significance after control for IQ. The allelic trend model
produced consistently stronger associations. Analysis with
the other continuous measures showed a consistent trend
of association between the minor allele of rs2143340 and
poor performance (<0, Table 3). The other three markers
showed only a few marginally significant associations (data
supplement Table 1). There was no particular trend of as-
sociation for marker rs2038137, while rs4504469 showed
mainly a trend of association between the major allele and
poor performance in the reading-related measures, as pre-
viously reported (9, 10). The trend for rs6935076 was an as-
sociation between the major allele and poor performance
on the continuous measures, in disagreement with what
was previously observed in the Cardiff sample, where a sig-
nificant association with dyslexia was reported for the mi-
nor allele (Table 1) (10, 17). In our previous analysis of
1s6935076 conducted in the Oxford sample, we did not de-
tect any significant or consistent trend of association (17).

In the haplotype analysis, the 1-1-2 haplotype showed a
nominally significant association with poor performance
on the continuous measures of reading and spelling (Ta-
ble 4). A consistent trend of association between the 1-1-2
haplotype and poor performance was observed for all the
continuous measures (<0, Table 4). The 2-1 haplotype
did not show any significant associations. The test for
“global” associations showed nominally significant asso-
ciations for both the rs4504469-rs2038137-rs2143340 and
the rs4504469-rs6935076 haplotypes (Table 4). The three-
marker haplotypes were associated with a wider range of
measures, including reading, spelling, phoneme aware-
ness, and nonword reading, while the two-marker haplo-
types showed associations solely with the reading and
phoneme tests.

Analysis of subgroups of individuals selected at the ex-
tremes of the distribution showed strengthening of the as-
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sociation of both rs2143340 and the 1-1-2 haplotype with
the continuously scored reading phenotype in the 25th
percentile selection of the entire sample (data supplement
Table 2 and data supplement Table 3). Specifically, the
analysis of the rs2143340 marker in this subgroup showed
the strongest association observed in this study (allelic
trend: p=0.0002). The same trend was not observed in
more stringent percentile selections for the continuous
reading measure. Other nominally significant associations
were observed for other phenotypic subgroups, but over-
all, we did not observe a regular trend consistent with
gradually increasing stringency in other phenotypic sub-
groups. An explanation for this lack of consistency could
be the loss of power to detect the KIAA0319 effect in small
samples. Similarly, we did not detect significant associa-
tions with the dichotomous measures when we tested
small proportions of individuals with reading problems in
a logistic regression framework. Most likely, when specific
ascertainment criteria are not applied, quantitative analy-
sis in a large sample reflecting all the phenotypic variation
is more powerful than looking at smaller numbers of indi-
viduals at the extremes of the distribution.

Discussion

The results reported here are in agreement with our pre-
vious findings, which showed associations of the 1-1-2
haplotype and the minor allele of rs2143340 with poor
reading performance (9). Moreover, all the associations we
detected in the present study involving both the rs2143340
marker and the risk haplotype were strengthened after we
controlled for IQ, and this was particularly true for the
analysis of individuals with IQs above 90, supporting our
hypothesis that IQ can be considered a confounder for the
quantitative trait locus on chromosome 6p (9). Conversely,
we did not observe any associations between the 2-1 hap-
lotype and good reading performance, as previously sug-
gested (Table 1) (10). Nevertheless, the global test for the
154504469-rs6935076 haplotypes showed some significant
association, as would be expected owing to the correlation
and physical proximity of the four SNPs (Figure 1).

The allelic combination of markers rs4504469, rs2038137,
and rs2143340 captured most of the genetic variation in the
dyslexia-associated region by describing the most common
haplotypes in our U.K. sample (9). We hypothesize that in
the white European population, the 1-1-2 haplotype carries
a functional mutation relevant to dyslexia. Association data
in our previous (9) and present study show that the haplo-
typic analysis does not detect any association stronger than
what is observed in single-marker analysis. We conclude
that the analysis of rs2143340 alone is sufficient and more
powerful to detect the risk haplotype effect. This can be ex-
plained by the fact that rs2143340 efficiently tags the risk
haplotype in the white European population, and missing
genotypes in any of the three markers can contribute to loss
of power in reconstructing haplotypes.
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TABLE 4. Association of Two Specific Haplotypes With Reading-Related Measures in the Avon Longitudinal Study of Parents

and Children (ALSPAC) Cohort

rs4504469-rs6935076 2-1 Haplotype

0Odds
Phenotype? N Ratio or p° 95% Cl pc Global p<d
Dichotomous measures
Parent-reported reading difficulties (age 7) 5,709 0.88 0.75to 1.04
Additional adjustment for 1Q 4,546 0.89 0.73to0 1.08
Subjects with 1Q>90 3,569 0.86 0.65to0 1.13
Not at target level on Statutory Assessment 6,844 0.95 0.85to 1.05
Test for reading (age 7)
Additional adjustment for 1Q 4,518 0.93 0.78 to 1.11
Subjects with 1Q>90 3,384 0.95 0.73to 1.25
Continuous measures
Reading (age 7) 5,982 -0.003 —0.041 to 0.034 0.008
Additional adjustment for 1Q 4,990 -0.009 —0.042 t0 0.024 0.04
Subjects with 1Q>90 3,868 -0.017 —0.058 to 0.024 0.04
Spelling (age 7) 5,896 -0.007 —0.044 t0 0.031
Additional adjustment for 1Q 4,951 -0.002 —0.038 to 0.035
Subjects with 1Q>90 3,853 -0.013 —0.057 to 0.030
Phoneme awareness (age 7) 5,972 0.007 —-0.031 to 0.045 0.03
Additional adjustment for 1Q 4,986 0.014 —0.022 to 0.050
Subjects with 1Q>90 3,868 0.02 —0.024 to 0.064
Accuracy (age 9) 5,065 -0.007 —0.047 t0 0.033
Additional adjustment for 1Q 4,440 -0.012 —0.048 to 0.024
Subjects with 1Q>90 3,452 -0.009 —0.054 to 0.036
Nonword reading (age 9) 5,511 -0.009 —0.048 t0 0.030
Additional adjustment for 1Q 4,862 -0.012 —0.050 to 0.026
Subjects with 1Q>90 3,798 -0.012 —0.057 to 0.033

a See text for descriptions of reading measures. All analyses included adjustment for age and gender.
b 0dds ratios are used for dichotomous measures, and B values are used for quantitative measures. These reflect the change in odds or stan-
dardized score for each additional copy of the haplotype. Odds ratios greater than 1 and B values less than 0 indicate a detrimental effect.

€ Only nominally significant p values (p<0.05) are shown.
4 From simultaneous test of all haplotypes.

We have shown before that the 1-1-2 haplotype is associ-
ated with a reduction of KTAA0319 gene expression in cell
line models and that KIAA03191is required for neuronal mi-
gration during the development of the neocortex (18). We
have hypothesized that a suboptimal level of the KIAA0319
protein could be the cause of subtle cortical abnormalities
that might lead to the development of dyslexia. A major
question is, How is it possible that alteration in a gene in-
volved in such a wide-ranging mechanism as neuronal mi-
gration can affect specific cognitive functions and not lead
to a global impairment? Probably, the KTAA0319risk haplo-
type alone is not enough to have a significant impact on
cognition, but when in the presence of particular combina-
tions of multiple factors, it might specifically affect precise
functions, such as reading abilities. Further studies are
now required to identify such factors, of both genetic and
environmental nature, and to test whether the KIAA0319
gene might influence other phenotypes.

The present study shows that the effect of KIAA0319 al-
leles conferring susceptibility to reading disability is not
restricted to specific groups of dyslexic individuals. Sam-
ple selection and ascertainment criteria play a critical role
in the outcome of association studies, which are normally
based on samples of a few hundred probands. Individuals
are usually recruited if their reading performance falls be-
low a predetermined threshold defining dyslexia. There
are not universally accepted criteria to fix such a thresh-
old, and selection of different subgroups of individuals
1582
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with reading disability might be at the basis of disparities
in the outcomes of association studies (5). Negative asso-
ciation reports in previous studies (11, 12) might be due to
small samples that did not have enough power to detect
the KIAA0319 effect or in which the KIAA0319 gene was
not the major causative genetic factor. The same observa-
tion regarding sample size can be made for a recently pub-
lished study that evaluated the influence of the KIAA0319
gene on the reading skills of an unselected sample of 440
families in Australia (29). Associations were detected with
both the rs2143340 marker and the 1-1-2 haplotype, but
they cannot be regarded as identical allelic replications
since they showed opposite trends; both the rs2143340
minor allele and the 1-1-2 haplotype were associated with
better reading performance. The associations were only
marginally significant and became further attenuated
when the analysis was repeated only in individuals with at
least 75% Anglo-Celtic ancestry (about 82% of the sam-
ple), suggesting that population admixture could also be a
factor at the basis of this incongruous association. In sup-
port of this explanation, we observed that when we con-
ducted the analysis on our entire sample, including indi-
viduals of nonwhite European ancestry, the associations
were notably decreased (data not shown). For example, in
the allelic trend tests, the strength of the association be-
tween rs2143340 and the continuous reading measure de-
creased from p=0.003 in the sample based only on individ-
uals of white European ancestry to p=0.02 in the entire
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rs4504469-rs2038137-rs2143340 1-1-2 Haplotype

0dds Ra- Global

N tio or P 95% Cl pc pcd
5,765 0.99 0.80 to 1.24
4,592 0.98 0.75t0 1.28
3,609 0.93 0.63 t0 1.36
6,942 1.02 0.88t0 1.17
4,589 0.98 0.77t0 1.25
3,426 0.96 0.65 to 1.42
6,064 -0.067 -0.118t0-0.016  0.01 0.009
5,061 -0.057 -0.103t0-0.012  0.02 0.005
3,928 -0.081 -0.138t0-0.024  0.005  0.03
5,978 -0.046 —0.097 to 0.006 0.03
5,022 -0.051 -0.101t0-0.001  0.05 0.02
3,914 -0.068 -0.1281t0-0.009  0.03 0.05
6,054 -0.043 —0.094 t0 0.008 0.03
5,057 -0.03 —0.080 t0 0.019
3,928 -0.047 -0.107 t0 0.013
5,132 -0.021 —0.076 t0 0.034
4,500 -0.009 —0.060 to 0.041
3,501 -0.026 -0.088 t0 0.036
5,582 -0.034 -0.088 t0 0.019 0.05
4,924 -0.029 -0.082 t0 0.023 0.05
3,848 -0.052 -0.113 t0 0.010

sample (gene-ethnicity interaction: p=0.04). This shows
that a small number of individuals with different ancestry
(about 4.6% of the sample analyzed) can significantly
modify association outcomes, in agreement with previous
reports (30, 31). The rs2143340 itself lies within the neigh-
boring TTRAP gene and probably does not have any func-
tional role. More likely, it is in strong linkage disequilib-
rium in the white European population with a causal
variant or variants expected to influence KIAA0319 gene
expression. As shown in Figure 1, rs2143340 is in linkage
disequilibrium with markers across KIAA0319, including
SNPs located at the promoter site, where gene expression
regulatory regions are expected to reside. Conversely, the
linkage disequilibrium between rs2143340 and KIAA0319
promoter markers is lost in populations of Asian and Afri-
can origin (www.hapmap.org; data supplement Figure 1).
If a functional mutation is indeed located at the KIAA0319
promoter, it will then co-occur by chance more frequently
with the major allele of rs2143340 in these other, non-Eu-
ropean populations. This observation can explain the op-
posite trend of association detected in admixed samples
when compared to samples of U.K. origin.

In conclusion, this study shows that the effect of a quan-
titative trait locus can be detected in an unselected sam-
ple, providing that the sample is large enough and repro-
duces the entire spectrum of a phenotypic distribution.
These data not only provide further support for a role of
the KIAA0319 gene in the development of dyslexia, but
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they also show that this gene influences reading ability in
awider context. Specifically, both the 1-1-2 haplotype and,
in particular, the rs2143340 tagging SNP have been con-
firmed to be genetic risk factors for reading problems at
the chromosome 6p quantitative trait locus in the U.K.
population. These data suggest the need for functional
studies both to identify the causal genetic variant respon-
sible for the risk haplotype effect and to clarify the func-
tion of the KIAA0319 gene, in order to make it possible to
dissect the biological pathway at the basis of the reading
process and, more broadly, cognitive functions.
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