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Studies of dyslexia provide vital insights into the

cognitive architecture underpinning both disordered

and normal reading. It is well established that inherited

factors contribute to dyslexia susceptibility, but only

very recently has evidence emerged to implicate specific

candidate genes. In this article, we provide an accessible

overview of four prominent examples – DYX1C1,

KIAA0319, DCDC2 and ROBO1 – and discuss their

relevance for cognition. In each case correlations have

been found between genetic variation and reading

impairments, but precise risk variants remain elusive.

Although none of these genes is specific to reading-

related neuronal circuits, or even to the human brain,

they have intriguing roles in neuronal migration or

connectivity. Dissection of cognitive mechanisms that

subserve reading will ultimately depend on an inte-

grated approach, uniting data from genetic investi-

gations, behavioural studies and neuroimaging.
Introduction

Unlike the virtually effortless and automatic acquisition of
spoken language during the first few years of life, learning
to read is a challenging task that requires extensive
tuition. To become proficient in reading, writing and
spelling, a child must develop an explicit awareness of the
structural elements of language and of how these relate to
an arbitrarily defined set of visual symbols. Moreover, the
act of reading places unusual demands on the brain,
depending on a high degree of visual acuity, fine motor
control, rapid temporal processing and so on. Written
language is a cultural innovation that appeared relatively
recently in the history of our species; archaeological
evidence suggests that sophisticated writing systems
emerged just a few thousand years ago [1]. It is therefore
improbable that reading skills were shaped directly by
Darwinian selection.

Nevertheless, it is well established that a person’s
genetic make-up influences their ability to acquire
reading and spelling skills, in a manner that can be
independent of general cognitive performance. Compel-
ling evidence comes from studying dyslexia, a common
neurodevelopmental syndrome involving unexplained
reading and spelling difficulties that occur despite
normal intelligence and sufficient educational
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opportunity [2,3]. It has long been known that a family
history of dyslexia confers an increased risk of
developing reading problems [4]. Twin-based studies
indicate the importance of genetic factors [5]. During
the past decade, advances in human molecular genetics
have allowed researchers to track down chromosomal
sites that might harbour factors involved in dyslexia
predisposition (reviewed in [6–9]). This work recently
turned a major corner, with a rapid succession of
discoveries that appear to implicate specific genes in
abnormal reading development [10–16].

If we can uncover genetic mechanisms that contribute
to dyslexia susceptibility, this will greatly inform our
understanding of the cognitive architecture underlying
both disrupted and normal reading [8]. In addition to its
importance for dyslexia diagnosis and therapy, success in
this area will address how specific genetic variants relate
to variability in different cognitive skills – such as
phonologic awareness and orthographic coding – in the
wider population [17]. At a more fundamental level, genes
offer a molecular window into the human brain [18],
promising to shed light on how the relevant neural circuits
function, how they are established and maintained, what
their origins are (developmental and evolutionary), and
why they yield uneven cognitive profiles when they
go awry.

In this article, we focus on four prominent candidate
genes from the current literature: DYX1C1 [10],
KIA00319 [11–13], DCDC2 [14,15] and ROBO1 [16], and
consider whether we are finally in a position to describe
genetic mechanisms that underlie dyslexia. We aim to
provide guidance for those who are unfamiliar with
molecular genetics, allowing the non-specialist to evaluate
better how recent genetic discoveries might help explain
cognition. It is first essential to discard naı̈ve models in
which genomes are perceived as static blueprints, and
genes as abstract entities with an enigmatic capacity for
directly controlling cognition. Rather, through cascading
changes of gene expression in time and space, a genome
directs the self-assembly of a complex multicellular
organism containing a highly organized central nervous
system (CNS), and endows that organism with the ability
to respond dynamically to its environment. As we will
illustrate, this area of research can be understood only in
light of a deeper appreciation of genes, genomes and
brains [17].
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Figure 1. The DYX1C1 gene. An ideogram of chromosome 15 is shown at the top,

illustrating the normal banding pattern seen in cytogenetic studies. Human

chromosomes contain a short (‘p’) arm and a long (‘q’) arm, separated by a

structure called a centromere. The red bar shows the DYX1 region, identified by

linkage and association studies of dyslexia, corresponding to cytogenetic bands

15q15-21. The bottom half of the figure shows the genomic organisation of the

DYX1C1 gene (previously known as EKN1), spanning w78 thousand nucleotides in

15q21. Boxes indicate exons (included in the mature RNA transcript), lines indicate

introns (removed by splicing), and the arrow shows the direction of transcription.

(Note that exons and introns are not shown to the same scale here; some of the

introns are very large.) Black shading indicates exons that are not translated into

protein sequences (non-coding exons) upstream and downstream of the protein-

coding region. Taipale and colleagues [10] studied a Finnish family in which

dyslexia was associated with a gross chromosomal rearrangement known as a

translocation; one end of chromosome 15 had been exchanged with part of

chromosome 2 in the affected individuals. The site of breakage lies somewhere

within the purple-shaded region of the DYX1C1 gene. Taipale et al. identified -3G-

to-A and 1249G-to-T SNPs in other Finnish families with dyslexia [10], but further

studies demonstrated that these are unlikely to represent functional risk alleles [31–

36]. (Ideograms are adapted from http://www.pathology.washington.edu/research/
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Clues from chromosome anomalies: discovering

DYX1C1

For over two decades, geneticists have searched for
correlations between genetic variability and susceptibility
to dyslexia (Box 1). The first report of a possible link [19]
involved variation around the centromere of chromosome
15, which was however unsubstantiated in later investi-
gations [20,21]. Nevertheless, other chromosome-15
regions have been implicated repeatedly in reading and
spelling disabilities, particularly 15q15-21, now referred
to as the DYX1 (dyslexia-susceptibility-1) locus [22–28].
(During searches for genetic risk factors, a chromosomal
interval that has been highlighted by linkage/association
studies can be assigned an official locus symbol by the
international Gene Nomenclature Committee, even before
a specific gene has been implicated.) It has proved difficult
to determine a precise location; whereas some studies
highlight 15q15.1 [26,27,29], others point to markers in
15q21, mapping at least 8 million nucleotides away
[24,25,28].

This kind of uncertainty – a pervasive problem when
studying genetically complex traits – can sometimes be
overcome by the serendipitous discovery of affected
individuals who carry gross chromosomal rearrangements
involving the relevant genomic region. Nopola-Hemmi
and colleagues identified a Finnish family in which a
translocation involving chromosomes 15 and 2 (Figure 1)
was co-inherited with reading and writing difficulties in a
father and three of his four children [30]. The chromo-
some-15 breakpoint lay within 15q21, disrupting a gene
Box 1. Connecting genes with cognition

On average, if you line up your DNA with that of an unrelated

neighbour, w3 million nucleotide letters (approximately 0.1% of

your genome) will not match. Most differences are functionally

silent, but others alter protein structure or regulation of gene

expression in a way that leads to individual variability in appearance,

metabolism, behaviour, disease susceptibility, and so on. When a

nucleotide mismatch is present at an appreciable frequency in a

population, it is called a single nucleotide polymorphism (SNP).

Other types of genetic polymorphism include short tandemly-

repeated sequences (STRs), for which the number of copies differs

from person to person. By looking for genotype–phenotype

correlations in human populations it is possible to uncover

connections between genes and aspects of human biology that are

difficult or impossible to explore in animal models.

Linkage analysis uses genetic polymorphisms to track inheritance

of different chromosomal regions within families. This technique can

provide approximate genomic location(s) of variants influencing a

trait, and is particularly suitable for genome-wide screening [43,50–

52]. Association analysis searches on a finer genomic scale for

population-wide correlations between a phenotype (e.g. dyslexia

diagnosis) and specific allelic variants [59]. A case-control design is

often used, in which frequencies of different genotypes are

compared between affected and unaffected individuals. Alterna-

tively, a ‘transmission disequilibrium’ approach asks whether one

allelic variant is passed on to affected children more often than

others. Because specific allelic variants in adjacent genetic markers

tend to be inherited together they are sometimes analyzed together

in combinations that are known as ‘haplotypes’. Linkage and

association methods have also been adapted for analyzing quanti-

tative indices of severity (e.g. performance on reading-related tasks)

[8]. Complex genetic traits involve multiple factors with potentially

subtle effects, so large samples (perhaps thousands of individuals)

can be required to pinpoint the relevant genes.

cytopages/idiograms/human/)
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that was given the nameDYX1C1 (dyslexia-susceptibility-
1, candidate-1) [10]. The protein encoded by DYX1C1 is
found in diverse tissues, including a minority of cortical
neurons and glia. It contains three tetratricopeptide
repeat domains (motifs that mediate protein–protein
interactions), one of which is disrupted by the breakpoint
in the translocation family.

Chromosomal rearrangements are often benign; their
presence can be coincidental and unconnected with
disorder. For the 15q21 translocation family, affected
individuals carry one damaged copy and one intact copy
of DYX1C1 [10], and the latter might be sufficient to
preserve normal function. However, the observation that
DYX1C1 disruption co-segregates with dyslexia in four
family members increases confidence that it is responsible
for the disorder. An aetiological mechanism has not as yet
been established. The translocation could yield reduced
amounts of functional protein, or generate a shorter
product that interferes with normal protein, or even
create a novel form of the protein with a damaging effect.
Is the DYX1C1 gene implicated in common cases of

dyslexia?

Taipale and colleagues analysed DYX1C1 sequence
variation in the wider Finnish population. Two rare
changes, -3G-to-A and 1249G-to-T (Figure 1) were present
in dyslexia cases and unaffected controls, but appeared to
be more frequent in the cases [10]. Some individuals
carried a chromosome harbouring both -3A and 1249T

http://www.pathology.washington.edu/research/cytopages/idiograms/human/
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(a combination of alleles referred to as the ‘risk haplo-
type’); this haplotype was transmitted to affected children
more often than expected (transmission disequilibrium,
Box 1) [10]. Intriguingly, the two SNPs might potentially
affect DYX1C1 function in different ways; -3G-to-A
lies in a regulatory region which could modulate
levels of DYX1C1 expression (how much gene product
is made in a cell), whereas 1249G-to-T creates an early
stop codon in the coding region, yielding a shorter
DYX1C1 protein.

However, six independent follow-up studies of DYX1C1
did not support the claim that the above alleles predispose
to reading problems [31–36]. In total, these investigations
analysed more than 1024 individuals or families affected
with dyslexia in the UK, US, Canada and Italy [31–36].
The -3A and 1249T alleles, although present in all
populations, were not associated with reading-related
deficits. One investigation proposed that the opposite
alleles (-3G/1249G rather than -3A/1249T) showed associ-
ation with reading-related deficits in Canadian families
[31]. The title of this report professed support for the
Finnish findings, but the text acknowledged the crucial
allelic differences, noting that ‘it is unlikely that these
specific DNA changes are contributing to the
phenotype’ [31].

Could the lack of replication in European, Canadian
and American families mean that -3A and 1249T alleles
increase susceptibility to dyslexia only in the Finnish
population? Finland shows greater genetic homogeneity
than other populations [37], but it is unlikely that the
genetic background is distinctive enough to render
Finnish people uniquely susceptible to functional effects
of these alleles. A more parsimonious alternative is that -
3A and 1249T alleles are not directly relevant to dyslexia
in any population [31–36]. For example, the 1249T
truncation might have little consequence for DYX1C
function, as it shortens the 420 amino acid protein by
only four residues.

There are a number of explanations for inconsistencies
between the Finnish study and attempted replications.
Observed associations could point to undiscovered aetio-
logical variants in DYX1C1 or in another nearby gene,
which (owing to their close proximity) have tended to be
inherited together with the -3G-to-A and 1249G-to-T
variants. If such causative changes arose on a different
genetic background in Finland, this might account for the
unique Finnish pattern of association. Alternatively, it has
been suggested – based on methodological issues – that
the Finnish associations could represent false positives
[32,33,36]. For example, Taipale et al. incorporated
multiple family members into a case-control design
without adjusting for relatedness, a practice which
introduces biases in allele-frequency estimates. Moreover,
their separate observations of transmission disequili-
brium exploited information from just a handful of
individuals [10]. It has been noted that DYX1C1 maps
some distance from the regions of strongest linkage or
association in earlier DYX1 studies [32,33,36]. Thus,
researchers continue to search 15q15-21 for genes that
influence dyslexia susceptibility [29].
www.sciencedirect.com
A tale of two genes: KIAA0319 and DCDC2 on chromo-

some 6

Linkage to the short arm of chromosome 6 [23,38,39]
represents one of the most well replicated findings in the
dyslexia genetics literature [24,40–45]. Linkage/associ-
ation studies converged on part of 6p23-21.3, named the
DYX2 (dyslexia-susceptibility-2) locus, but the region of
consensus contained hundreds of genes. Based on multi-
variate linkage analyses of quantitative data, DYX2
appears primarily to influence trait variability that is
shared between reading-related measures, but is inde-
pendent of variation in general intelligence (IQ) [46]. By
removing reading-related variance that was correlated
with IQ, the candidate interval was greatly reduced [11].
In addition, researchers focused attention on more
severely affected family members, as DYX2 effects seem
to be strongest in these individuals [11,47].

In the past year, reports have proposed that the search
for the relevant susceptibility gene might now be over,
fuelling excitement in the wider field, accompanied by
media speculation that genetic diagnosis is on the horizon.
Enthusiasm should be tempered by two important
caveats: functional risk alleles have not been defined,
and there is actually a profound lack of agreement over
the identity of the gene. Although some studies point to a
gene known as KIAA0319 [11–13], others favour another
nearby gene, DCDC2 [14,15].

The KIAA0319 story

Francks and colleagues identified a 6p22 region where
multiple SNPs showed replicated association with read-
ing-relatedmeasures in large numbers of dyslexia families
from Berkshire (UK) and from Colorado (US) [11]. One
particular combination of alleles was associated with
deficits in both the Berkshire and Colorado datasets (a
concordant risk haplotype) and risk-associated variants
were at elevated frequency in the most severely affected
individuals. The region of interest contained three genes
(Figure 2). THEM2 encodes a metabolic enzyme, whereas
TTRAP encodes part of a complex pathway supporting
fundamental cellular processes, including programmed
cell death and immune responses, and both genes are
widely expressed. In contrast, KIAA0319 is expressed
primarily in nervous tissue [48], is up-regulated in regions
of the developing and adult mammalian brain [13,14], and
encodes a protein that appears to function at the cell-
surface, regulating interactions and adhesion between
adjacent neurons [11,13].

Cope et al. similarly reported association in the
KIAA0319-TTRAP-THEM2 cluster in an independent
case-control sample from Cardiff (UK), which they
confirmed via transmission disequilibrium testing [12].
In their study, two KIAA0319 SNPs appeared to associate
best with dyslexia. One SNP replaces an alanine with a
threonine in the KIAA0319 product, but this change,
common in unaffected people, was not unique to risk
haplotypes associated with dyslexia [11,12]. Overall, it is
unlikely that changes to protein structure are relevant
here; instead, the aetiological pathway probably involves
altered regulation. Recent functional data indicate that
chromosomes that carry a putative risk haplotype give

http://www.sciencedirect.com
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Figure 2. The KIAA0319 and DCDC2 (doublecortin domain containing 2) genes. An ideogram of chromosome 6 is shown at the top, with ‘p’ and ‘q’ arms indicated. The red bar

shows the DYX2 consensus region identified in initial linkage/association studies of dyslexia, corresponding to cytogenetic bands 6p23-p21.3. Recent studies converged on a

region of 6p22.2 which includes two nearby gene clusters, one containing VMP, DCDC2 and KAAG1, the other containing KIAA0319, TTRAP and THEM2. The region shown in

this figure spans approximately 576 thousand nucleotides, and genes are drawn to scale, with directions of transcription indicated. (Note that the exon-intron organisation of

these genes is not illustrated here.) Whereas some research groups find evidence supporting involvement of KIAA0319 in dyslexia susceptibility [11–13], others favour a role

for DCDC2 [14,15].
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reduced expression of KIAA0319 (but normal levels for
THEM2/TTRAP), as compared with chromosomes carry-
ing alternative haplotypes [13]. It is not known which of
the sequence variants that are located on this risk
haplotype confers this regulatory difference.

The DCDC2 story

Meng and colleagues investigated the same set of Colorado
families as those included in the Francks et al. KIAA0319
study, but homed in on a different gene [14]. In earlier
studies, this research group reported positive associations
for JA04, a polymorphic marker within KIAA0319 [44].
However, their follow-up work identified stronger associ-
ations for SNPs mapping in DCDC2 (Figure 2) [14]. In
addition, an intronic region of nearly 2500 nucleotides was
missing from DCDC2 in a small number of people. The
deletion removes a 168-bp stretch containing STRs (Box
1). When present, these STRs vary in copy number in
different people, yielding many different alleles. There
was little evidence of association when analysing individ-
ual STR alleles or the rare deletion alone, but significant
results could be obtained by grouping the deletion with all
the low-frequency STR alleles [14].DCDC2 is expressed in
a wide range of tissues, including the brain [15]. Its
product shows similarities to DCX, a cytoplasmic protein
that has been implicated in neuronal migration deficits in
two severe brain disorders; lissencephaly and double
cortex syndrome [49].

In a study of German probands with dyslexia,
Schumacher et al. independently implicated DCDC2,
based on transmission disequilibrium results [15]. Associ-
ation was most significant for severely affected individ-
uals, but no functional risk alleles were identified, and the
Meng et al. deletion/STR was not studied. Like KIAA0319,
the functionally relevant sequence changes probably
involve regulation of DCDC2 and remain to be discovered.
Meng et al. proposed a direct functional role for the
deletion/STR polymorphism, based on the computer-based
prediction that the STR is a potential target for brain-
www.sciencedirect.com
related regulatory proteins [14]. However, no functional
experiments were carried out to assess whether such
proteins do indeed bind the STR, and it has not been
determined whether STR variation/deletion is associated
with changes in DCDC2 expression.

KIAA0319, DCDC2 or both?

At present, a similarly convincing aetiological argument
can be built for either KIAA0319 orDCDC2. For each gene
positive association was independently reported in more
than one study. Both genes have neural functions that are
compatible with the dyslexia phenotype; by reducing
expression in utero in rat brain, it has been shown that
neuronal migration is impaired by interfering with either
KIAA0319 [13] or DCDC2 [14]. In adult brains, each gene
is expressed in, but not specific to, broad areas of cerebral
cortex which include regions known to be active during
fluent reading. Although these data are encouraging, they
do not prove a causal link with reading disability. As noted
above, a new study has demonstrated that the KIAA0319
risk haplotype is associated with reduced expression of
that gene in cultured cells [13]. Still, there has not yet
been a direct demonstration for either KIAA0319 or
DCDC2 that gene function is disrupted or modified in
people with dyslexia. Given the genetic complexity of
dyslexia, it is plausible that both genes contribute to risk,
but that their relative influence varies in different study
samples, and/or depending on analytical approaches.

Altered regulation of the ROBO1 gene in a family

with dyslexia

Linkage to the DYX5 (dyslexia-susceptibility-5) region of
chromosome 3 was found in one unusual four-generation
Finnish family, in which 27 of 74 members were diagnosed
with dyslexia [50]. Reading disability usually shows
complex inheritance [8], but in this family transmission
was more straightforward, consistent with damage to a
single gene, acting in a dominant fashion. (Other reports
of apparent simple inheritance include a Norwegian

http://www.sciencedirect.com
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Figure 3. The ROBO1 (roundabout, axon guidance receptor, homolog 1) gene. An ideogram of chromosome 3 is shown at the top, with ‘p’ and ‘q’ arms indicated. The red bar

shows the DYX5 region, corresponding to cytogenetic bands 3p12-q13, which was identified by linkage analyses of one large multigeneration family with apparent dominant

inheritance of dyslexia [50]. The genomic organisation of the ROBO1 gene (also known as DUTT1) in 3p12.3 is shown in the bottom half of the figure. Boxes indicate exons

(included in the mature transcript), lines indicate introns (removed by splicing), and the arrow shows the direction of transcription. Differences in shading of boxes relate to

alternative splicing of this gene, which generates several distinct products, probably with diverse functions. Purple shading shows the intronic region disrupted by a

translocation breakpoint in an individual with dyslexia (unrelated to the large DYX5-linked family) [16]. Part of this figure is adapted from [16].
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family showing chromosome-2 linkage [51] and a Dutch
family showing chromosome-X linkage [52].) As illus-
trated by investigations of monogenic speech disorder
[53–55], studying such families can help identify suscep-
tibility genes. Even if these same genes are not disrupted
in common forms of disorder, they can deliver relevant
neurogenetic insights [56,57].

One section of chromosome 3 (3p12-q13) was shared by
descent (inherited from the same founder chromosome) in
19 of 21 affected individuals studied in the DYX5-linked
family [50]. Helpful clues came from discovery of an
unrelated individual with dyslexia who carried a gross
chromosomal anomaly – a translocation involving chromo-
somes 3 and 8 [16]. Hannula-Jouppi and colleagues
discovered that the chromosome-3 breakpoint in this
independent case disrupted an intron of ROBO1
(Figure 3). Robo, the fruitfly version of ROBO1, encodes
a transmembrane receptor involved in signal transduc-
tion, which helps regulate axon/dendrite guidance. Robo
mutations cause abnormalities in the ways that axons
cross the midline of the fruitfly CNS [58].

ROBO1maps in 3p12, in the region that is identical-by-
descent in the majority of affected people from the large
DYX5-linked family. On screening the gene in this family,
it was discovered that affected people carried an unusual
combination of SNP alleles. One identified variant affects
ROBO1 protein structure by inserting/deleting an aspar-
tic-acid residue, but is also found frequently in unaffected
controls and unlikely to be causal [16]. Hannula-Jouppi
et al. hypothesized that the ROBO1 risk haplotype in the
family harboured an undetected regulatory mutation.
Therefore, they investigated levels of gene expression in
lymphocytes from four affected family members, finding
thatROBO1 expression from the risk haplotype was lower
than that from its ‘normal’ counterpart. (Each affected
individual carries two copies of chromosome 3, only one of
which harbours the risk haplotype.)

These data suggest that disrupted expression of one
chromosomal copy of ROBO1 can predispose to dyslexia,
perhaps owing to reduced ROBO1 protein in the CNS.
www.sciencedirect.com
However, there are several complications. The child
with the chromosome-3 translocation has a sister who
also has severe dyslexia, but does not carry the
translocation. With regard to the DYX5-linked family,
it is unknown whether the lymphocyte expression
findings are representative of the situation in brain
tissue. Moreover, it has not been shown that reduced
ROBO1 expression is correlated with dyslexia in each of
the 19 members carrying the risk haplotype, only in
pooled data from four affected individuals. 3p12-q13
contains many genes that have never been examined in
the DYX5-linked family, so it remains possible that
their disorder results from an alternative aetiological
change in an unstudied gene.
Uniting themes

Dyslexia research has entered a new phase in which
positive genetic associations are being reported. Genetic
association indicates a statistical correlation between
carrying an allelic variant and manifesting a trait [59],
but does not demonstrate causality. Complex traits are
notorious for providing false positive (and negative)
results; hence the need for unambiguous independent
replication [60]. Even replicated association can be
misleading, given that neighbouring SNPs tend to be co-
inherited. Positive association might reflect functional
effects of changes elsewhere in the same genomic region,
perhaps in a different gene. Thus, distinguishing between
correlation and cause is a central issue for the field [17,60].

Extensive screening of protein-coding regions has
failed to find structural changes that are implicated in
dyslexia susceptibility. Coding changes that have been
found (the DYX1C1 truncation [10], the KIAA0319
alanine-to-threonine substitution [11,12] and the ROBO1
aspartic-acid deletion/insertion [16]) appear to have little
functional relevance. Therefore, any aetiological variants
within these candidate genes probably involve altered
regulation, in line with a widespread recognition that
regulatory changes make major contributions to complex
human traits [61].

http://www.sciencedirect.com
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It could be difficult to identify the crucial regulatory
changes. Because genetic association cannot distinguish
between a truly functional SNP and neighbouring
variants ‘hitchhiking’ along with it, the burden of proof
lies with other approaches. Indirect evidence might come
from model systems (like genetically manipulated
rodents) or comparing expression levels of candidates in
different regions of the human brain [14]. Indeed, it can be
valuable to characterize the normal pattern of human
CNS expression for a gene that has been implicated in a
neurodevelopmental disorder, suggesting mechanisms by
which gene disruption leads to impairment [62].

However, if a gene is normally expressed in adult
cortical regions known to be active during reading, this
does not itself constitute evidence of a pathological link
between that gene and dyslexia. Gene expression profiles
show considerable overlap for different regions of adult
human cortex, each of which contains a highly compli-
cated mixture of cell-types [63]. Moreover, adult patterns
do not necessarily reflect developmental expression, and
genes like DCDC2/KIAA0319 have been proposed to
influence dyslexia through developmental mechanisms
(abnormal neuronal migration) [14], rather than altered
‘online’ roles in reading-related circuits in the mature
brain. Definitive evidence that an allelic variant is
Box 2. Reading, genes and evolution

The existence of genes that influence reading ability appears at odds

with the recent cultural emergence of written language. However,

although variability in a gene might yield increased susceptibility to

reading disability, this does not mean that the gene evolved in order

to provide humans with reading skills. Genes implicated in dyslexia

need not be unique to our species; rodents carry versions of the

DYX1C1, KIAA0319, DCDC2 and ROBO1 genes that are very similar to

those in humans.

Nevertheless, reading processes might recruit neural substrates

that evolved in support of human language, and it is generally

accepted that dyslexia often involves subtle disruption of linguistic

skills [2,3]. It is therefore of interest to examine how candidate genes

changed during primate evolution [18]. Altered rates of protein

evolution can be detected by comparing protein-coding sequences

in different species. It is not sufficient simply to quantify inter-species

amino-acid differences, because background mutation rates can

differ hugely from one genomic region to another. Instead, the

number of nucleotide changes that alter amino-acids should be

compared with the number of ‘silent’ changes that preserve

protein sequence.

Some analyses of evolutionary changes in dyslexia candidate

genes have failed to make this correction for local mutation rate. For

example, Taipale et al. proposed accelerated change of DYX1C1 in

recent primate evolution because three out of 420 amino-acids differ

between humans and chimpanzees [10]. In fact, this does not exceed

the number expected from the local mutation rate, because the

coding region was also reported to harbour four silent differences,

suggesting that DYX1C1 has not changed more rapidly than

expected. Similarly, it has been proposed that ROBO1 underwent

accelerated protein change on lineages leading to humans,

chimpanzees and gorillas, as compared with the lineage leading to

the orang-utan [16]. However, for each lineage there is a large excess

of silent changes, and ROBO1 actually represents one of the more

slowly evolving genes of the genome. (See ref. [18] for further

discussion of primate comparative genomics, language evolution

and examples of robust accelerated change). Evolutionary histories

of KIAA0319 and DCDC2 have yet to be investigated. Thus, it remains

to be seen whether dyslexia will be informative for studies of

human evolution.
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aetiological requires a demonstration that it leads to
alterations in regulation/function of the gene in question,
and that these alterations are present in people
with dyslexia.

Lacking essential functional data, we should be
cautious before offering genetic diagnoses using the
currently known SNPs, STRs, and deletions. Levels of
association reported so far, which result from global
analyses of large samples, are not strong enough to
translate into reliable predictors of risk for a
single individual.
Conclusion: reading the genome

None of the candidate genes discussed here could
accurately be described as a ‘gene for reading’ – that is,
a gene whose primary function is to support reading
acquisition and/or performance. Individual genes do not
specify behavioural outputs or cognitive skills, or even
particular neural circuits. Genes influence brain develop-
ment and function interactively by affecting processes
such as proliferation and migration of neurons, pro-
grammed cell-death, axonal pathfinding, connectivity,
levels of neurotransmitters/receptors, and so on.
DYX1C1, KIAA0319 and DCDC2 are implicated in
neuronal migration [13,14,64], and ROBO1 might affect
axon crossing [58] and cortical dendrite development [65],
but these roles are not specific to reading-related circuitry.
For example, DCDC2 is expressed in many regions of
adult human brain [15], peaking in sub-cortical structures
(amygdala, hippocampus and hypothalamus) [14].

In addition, expression of these candidate genes is not
confined to the CNS; DYX1C1 and DCDC2 show high
Box 3. Questions for future research

† What are the specific functional variants in candidate genes such

as KIAA0319 and DCDC2 that predispose an individual to dyslexia?

† Why should alteration of a gene that is normally expressed in a

wide range of brain structures lead to selective cognitive deficits,

rather than global impairment?

† Do susceptibility genes affect cognitive phenotypes via disrup-

tions to embryonic development or altered ‘online’ function during

cognitive processing (or both)?

† How does genetic variability relate to variations in cognitive

profile in people with dyslexia? Some genetic studies of dyslexia

fractionate the overall phenotype into hypothetical ‘component’

phenotypes, such as phoneme awareness, rapid automized naming

and orthographic coding. Early suggestions that different genes

might have specific separable effects on these processes have not

held up, but it remains plausible that risk alleles impact more

strongly on certain phenotypic aspects than on others.

† What are the longitudinal effects on cognitive profile for people

carrying particular risk alleles?

† Can we correlate genetic information with data from structural

or functional neuroimaging, for example to discover whether people

who carry putative risk alleles show common anomalies in brain

development/function?

† Does genetic profile influence the response of an individual to

particular behavioural interventions, and will we ever be able to

target therapies based on an individual’s genetic information?

† Can genetic information account for high comorbidities between

dyslexia and other neurodevelopmental disorders, such as specific

language impairment and attention-deficit/hyperactivity disorder?

Are there ‘shared’ genetic risk factors that increase susceptibility to

multiple disorders?
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levels in lung, kidney and testis [10,15]. Mammalian
ROBO1, which is assembled into several forms via a
process called alternative splicing, is implicated in
mammalian cancers [66,67]. Moreover, reading is a
human-specific skill, but each candidate gene is present
in a similar form in diverse species (Box 2). Such findings
therefore fit with an emerging picture in which human
cognitive traits involve recruitment and refinement of
evolutionarily ancient mechanisms [18].

If it is confirmed that one or more of these candidate
genes influences dyslexia susceptibility, this will aid the
development and differentiation of effective behavioural
interventions for remediation of reading problems. It is
hoped that further studies will help to explain why
aetiological variants disturb reading while generally
preserving broader aspects of cognition (see Box 3).
Intriguingly, altered regulation of genes involved in
neuronal migration and/or connectivity is concordant
with neurobiological data emerging from other avenues
of research [3,64,68]. It is already clear that synergy
between molecular approaches and distinct forms of
enquiry, like neuroimaging and behavioural studies, will
be powerful both for improving prospects of treating
dyslexia and for uncovering neural pathways that
contribute to reading.
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