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Abstract Dyslexia is a frequent neurodevelopmental
learning disorder. To date, nine susceptibility loci have
been identified, one of them being DY X9, located in Xq27.
We performed the first French SNP linkage study followed
by candidate gene investigation in dyslexia by studying 12
multiplex families (58 subjects) with at least two children
affected, according to categorical restrictive criteria for
phenotype definition. Significant results emerged on
Xqg27.3 within DYX9. The maximum multipoint LOD
score reached 3,884 between rs12558359 and rs454992.
Within this region, seven candidate genes were investi-
gated for mutations in exonic sequences (CXORFI,
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CXORFS51, SLITRK2, FMRI, FMR2, ASFMR1, FMRINB),
all having a role during brain development. We further
looked for 5’'UTR trinucleotide repeats in FMRI and FMR2
genes. No mutation or polymorphism co-segregating with
dyslexia was found. This finding in French families with
Dyslexia showed significant linkage on Xq27.3 enclosing
FRAXA, and consequently confirmed the DY X9 region as
a robust susceptibility locus. We reduced the previously
described interval from 6.8 (DXS1227-DXS8091) to 4 Mb
also disclosing a higher LOD score.

Keywords Dyslexia - Linkage study -
Multiplex families - Fmrl - Dyx 9 loci

Introduction

Dyslexia is a complex neurodevelopmental disorder that
consists of a specific learning disability with a neurological
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origin (Habib 2000). It affects 5-10 % of school age
children (Shaywitz 1998) and boys are more often affected
than girls (sex ratio around 1.6) (Flannery et al. 2000;
Rutter et al. 2004). These learning difficulties are unex-
pected in view of other cognitive abilities and the provision
of effective classroom instruction. Neurobiological inves-
tigations using post-mortem brain specimens (Galaburda
et al. 1985; Galaburda et al. 1994) and, more recently, brain
morphometry (Eliez et al. 2000; Brown et al. 2001),
diffusion tensor MRI imaging (Klingberg et al. 2000;
Vandermosten et al. 2012) and functional MRI (Shaywitz
et al. 2002) suggest that disruption of parieto-temporal and,
in particular, occipito-temporal systems in dyslexic readers
underlie a failure to develop skilled reading. The report that
dyslexia is both a familial and heritable disorder was
published early on (Hallgren 1950), and was confirmed by
twin studies (DeFries and Alarcon 1996). The risk of
dyslexia in siblings of affected children is increased more
than 3.5 fold (Ziegler et al. 2005).

Since the first linkage study, extensive effort has been
invested in understanding the mechanisms of heredity in
dyslexia. Several groups have therefore investigated heri-
tability, models of transmission, and genetic background of
specific difficulties in reading. The most relevant genetic
model seems to be a complex polygenic model. Nine loci
have been linked to dyslexia on chromosomes 15qg21
(DYX1), 6p21-p22 (DYX2), 2p15-16 (DYX3), 6ql11-q12
(DYX4), 3pll-ql3 (DYX5), 18pll (DYX6), 11pl5
(DYX7), 1p34-p36 (DYX8), and Xq26-q27 (DYX9) (for
review Scerri and Schulte-Korne 2010; Poelmans et al.
2011). The first candidate gene proposed was DYXICI
(15g21), identified in a kindred with a t(2; 15) (ql1; q21)
translocation co-segregating with the disorder (Taipale
et al. 2003). However, further studies on other populations
did not confirm the role of DYX/C/ in common forms of
reading disability. The ROBO1 gene (3p12-q13) was also
proposed as a candidate, after the discovery of a t(3; 8)
(p12; qll) translocation in an affected individual
(Hannula-Jouppi et al. 2005). Study of the most replicated
linkage region, the 6p22 region, suggested the implication
of two other genes, i.e., DCDC2 and KIAA0319 (Meng
et al. 2005; Cope et al. 2005; Schumacher et al. 2006).
Most of these putative genes contribute to neuron migra-
tion (Pechansky et al. 2010; Massinen et al. 2011; Currier
et al. 2011), consistent with anatomical studies that show
structural cortical anomalies in dyslexic individuals
(Galaburda et al. 1985). Association studies have revealed
correlations with genetic variants, but results concerning
specific risk factors remain mainly sparse or inconsistent in
the different samples (for review Scerri and Schulte-Korne
2010). This may be due to the genetic heterogeneity of the
disorder and/or to the different methods of investigation.
Indeed, depending on the study design, sporadic or familial

cases may be investigated, but the genetic factors under-
pinning familial dyslexia may not be the same as the
genetic factors in sporadic cases. Additionally, despite
extensive efforts to propose a consensual definition (Lyon
et al. 2003), the criteria for the diagnosis remain confusing,
particularly in adults. Furthermore, test results of the dif-
ferent cognitive tasks necessary in reading prove to be
highly inter-correlated, and thus probably share most of
their genetic factors (Bates et al. 2007), and genetic weight
seems to increase for more severe phenotypes (Cope et al.
2005; Schumacher et al. 2006; Francks et al. 2004). The
choice of diagnostic criteria in order to select severe and
well-characterized phenotypes is therefore essential to
increase the power of genetic studies.

No such investigation has yet been performed with
French patients, and no linkage study report has explored
French families to date. We therefore present the first
linkage analyses in a French multiplex family sample with
categorical restrictive criteria.

Materials and methods
Subjects

Twelve families with two or more dyslexic children
attending the Reference Centre for Language Disorder at
the University Hospital of Tours were contacted and asked
to participate. Inclusion criteria comprised normal intelli-
gence, normal hearing tests and no associated neurological
or psychiatric disorder (including ADHD).

Full pedigrees represented a total of 78 subjects (33
females and 45 males) with 30 founders and 48 non-
founders. Average family size was 6.5 (range 3-16) with a
generation average size of 2.33 in the following propor-
tions 2 (75 %), 3 (16.7 %), and 4 (8.3 %).

Clinical data and DNA were finally available for 58
subjects 42 of whom were dyslexic, which constituted the
effective sample for the study with mostly nuclear families
(Fig. 1). Average age for proband generation when
recruited was 15.6, 31 children out of 35 were dyslexics 23
males, eight females; sex ratio 2.9; four children were
normal readers two males and two females. One family had
four affected children, six families had three affected
children, four families had two affected children, and one
family had only one dyslexic child but father and grand-
father were affected too. Among the 26 participants from
the parents and grand-parents generations, 10 were
assigned the dyslexic status (eight males, two females, sex
ratio 4), and two subjects had an ambiguous phenotype
with only persistent spelling difficulties reported (one male,
one female).
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Fig. 1 Families included in the sample. Individuals for which DNA
was available are numbered; probands are identified with a star. In
white are depicted non dyslexic individuals. In black are depicted

The study was approved by the local ethics committee
and all family members gave informed written consent.

Clinical assessment
Proband generation

The clinical data were collected from the regular diagnostic
evaluations in the Reference Centre for Learning and
Language Disorders that included oral and written lan-
guage assessment with French standardized age matched
tests (supplementary data) and non verbal skills assessment
with WISC III or K-ABC subtests.

Characterisation of the dyslexia categorical phenotype
was based on the results in 5 cognitive reading abili-
ties (non-word reading, irregular word reading, reading
speed, spelling and phonological skills) obtained with age
appropriate French standardized tests (supplementary
data). Affected dyslexic status was attributed to individuals
scoring at least 2 standard deviations below the norm in at
least two of the following tests: spelling or phonological
skills and non-word or irregular word reading. Reading
speed results were used if the phenotype remained
ambiguous using these criteria. In terms of non-verbal
abilities, dyslexia was diagnosed if children scored above
the 25th percentile in their age group.

@ Springer

dyslexic individuals. In grey are depicted ambiguous phenotype
individuals with only spelling problems

Parents and grand-parents generations

Subject status for the grand-parent and parent generations
(generation I and II, respectively) was determined retro-
spectively. They were interviewed at the time of inclusion
by two experienced psychiatrists about their history of
reading skills and their possible experience of specific
education. Affected status was attributed to subjects
reporting a diagnosis of reading learning disability in
childhood, sometimes with no reading acquisition or need
for special reading education, and persistent difficulties in
reading or spelling in adulthood, contrasting with proper
education and good professional achievement. Ambiguous
status was attributed to individuals who reported former
difficulties in learning to read but who had achieved a good
literacy level, and to the individuals who only reported
spelling difficulties. Individuals were classified as unaf-
fected if they reported no former or current difficulties in
reading or spelling.

Genotyping panel and quality control

DNA was extracted from peripheral blood sample using a
standard protocol.Genome wide scan was carried out on
250 ng of DNA at the French Genotyping Centre using
GeneChip® 250 K Affymetrix NSP set. Genotype calls
were analysed with the BRLMM algorithm implemented in
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Affymetrix GeneChip® Genotyping software (GTYPE
4.0).

Among the 58 DNA samples, 56 could be hybridised on
the chip. Most of the genotyped subjects had both parents
available except for pedigree 1 and 12, for which one of the
founders was missing. The number of offsprings genotyped
per family was 2.5 in average (range 1-4). Analyses were
therefore performed mostly on nuclear families. Family
links were verified by IBS. Genotypes in one sibling was
not used for analyses as his brother was a twin, also one
individual was eliminated due to low success rate (95 %).
The markers were filtered and verified (Wigginton and
Abecasis 2005; Purcell et al. 2007; R Development Core
Team 2008) for Hardy—Weinberg equilibrium (HWE >
0.0001), MAF (>0.01) and mendelian errors. The mean
success rate of the 54 remaining subjects was 0.9909
(SD = 0.007446) and the average success rate of the SNPs
was 0.9953 (with SD = 0.01001).

Statistical analyses

Both parametric and non-parametric analyses on all
affected (all) were performed with Merlin (multipoint-
engine-for rapid likelihood-interference) (Abecasis et al.
2002) on the 54 genotyped individuals, corresponding
mostly on the nuclear families of the probands.

We also performed the NPL pairs statistics multipoint
analyses as recommended and based on the fact that T pairs
has greater power than Tall to detect linkage for recessive
than additive and dominant diseases in nuclear families
(Kruglyak et al. 1996; Davis and Weeks 1997; Feingold
et al. 2000).

Parametric dominant models were investigated as sug-
gested by Muller-Myohsok and Grimm (1999) using a
disease allele frequency of 4 % with 0-0.9-0.99 for pen-
etrance of homozygous wild types, heterozygotes and
homozygous carriers, and also as previously mentioned by
de Kovel et al. (2004) (i.e., 2 % frequency for the disease
allele, penetrances 0.02-0.95-1 for males while 0.005—
0.85-0.95 for females). Recessive model based on that of
de Kovel et al. (2004), was adopted by us with the same
allele frequency of 2 %, and 0.02-0.001-1 penetrances for
aa, Aa, AA genotypes for the males, and with 0.005, 0.001
and 0.95 for the females, respectively (Fig. 2). The male
X-allele locus having only two genotypes, we considered
the penetrances of de Kovel (0.02-0.95) with Merlin-in-x
algorithm (Abecasis et al. 2002), males being hemizygous
at this chromosome. HLOD scores are reported in the
results (Pal and Greenberg 2002; Cavalli-Sforza and King
1986). Single point analyses Merlin and Pseudomarker
(Terwilliger and Goring 2000) were also performed on the
region showing significant linkage.

Merlin modeled linkage disequilibrium (LD) by creating
marker clusters using a specified r2, appointed in our
analyses as 0.1. We then evaluated every 5 Mb if there was
evidence of linkage in the region of interest with our
parametric model taking LD into account (Abecasis and
Wigginton 2005).

To verify our findings, original phenotypes with family
structure were also used with new data set created by
permutations taking into consideration the map with
authentic order of markers with their original genotypes
and alleles’ frequencies. We ran 10,000 and 100,000 sim-
ulated pedigrees under the assumption that none was
linked, and we calculated the empirical p value for our
recessive model in the region that had shown positive.

In the positive region of linkage, family association
studies was investigated by LD mapping with pseudo-
marker (Ilink, FASTLINK 4.1) computing 2 point LOD
score linkage analysis and likelihood ratio tests for linkage
and/or LD under our model-based analysis (Terwilliger and
Goring 2000; Cottingham et al. 1993; Shugart et al. 2007).
Pseudomarker enabled for the conjoint analyses of nuclear
pedigrees and singletons. Unaffected singletons were
included in the joint statistic for family based association to
obtain allele frequencies and estimate the maximised
likelihoods. PCA analyses performed with eigenstrat (Price
et al. 2006 and Patterson et al. 2006) confirmed that our
control population of 273 subjects and the families studied
were of the same ethnic origin.

Investigation of chromosomal micro-rearrangements
and mutation analyses of candidate genes

To assess the copy number variations (CNV) associated
with dyslexia, the genome of one dyslexic proband in every
family (12 genomes) has been investigated with the Agilent
Sureprint G3 1 M markers chip, providing with a median
resolution of 1 Kb. The data were extracted using the
Feature Extraction software and analysed with Cytoge-
nomics (Agilent).

Mutation analyses of seven candidate genes were per-
formed by forward and reverse sequencing of the exons,
including the exons-introns junctions (ABI 3130xl,
Applied). The 5'UTR region were also investigated for the
FMR1 and FMR2 genes (primers sequences and PCR
conditions available upon request).

Results
Linkage

Linkage analyses under dominant, recessive and non-
parametric analyses were not significant on all autosomes.
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Fig. 2 Results of linkage analysis. a Genome wide linkage: para-
metric dominant model I and recessive model with NPL pairs free
model. Red line recessive model with sex dependent penetrance: 2 %
disease allele frequency and penetrances on autosomes for females:
0.005-0.001-0.95 and males: 0.02—-0.001-1 on chromosome X males:
0.02-0.95. Blue line parametric dominant model I: 4 % disease allele
frequency with 0-0.9-0.99 penetrances in males and females. Black
line NPL statistics. b Chromosome X linkage: parametric dominant
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model I and recessive model with NPL pairs free model. Solid black
line parametric dominant model I: 4 % disease allele frequency with
0-0.9-0.99 penetrances in males and females. Solid fine line recessive
model with sex dependent penetrance: 2 % disease allele frequency
and penetrances on chromosome X for females: 0.005-0.001-0.95,
males: 0.02-0.95, dotted line non parametric linkage (NPL)
pairs results
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On chromosome X, two notable regions around
112-119 Mb (Xq23—-q24) and at 144.7 Mb (Xq27.3) were
observed. Only the second region Xq27.3 reached signifi-
cative LOD score above 3 (Fig. 2a).

NPL all LOD max 2.36 was attained between 112.185
(rs5929497) and 119.477 Mb (rs5910841) with a p value of
0.0005. This region was also revealed with parametric
dominant statistics when applying the deleterious allele
frequency of 0.04, as the multipoint HLOD reached 2.140,
within the same interval of 7.29 Mb, while under para-
metric recessive model HLODmax 2.5 was achieved
between 108.974 (rs5943427) and 109.388 Mb (rs946820)
(Fig. 1). The second region depicted by NPL all statistics
had a LOD increased above 2.3 from 144.673 (rs5965871)
until 144.881 Mb (rs9698110), reaching its maximum of
2.60 (p value of 0.0003) within this interval at 144.7 Mb on
locus rs5919606-1s5965631.

The parametric conditions on chromosome X produced
a max HLOD score of only 1.2 within 144.734-
144.8277 Mb under the first dominant model.

In our multipoint parametric recessive model, HLOD
max 3.884 was bounded by the markers rs12558359
(144.969 Mb) and rs454992 (148.885 Mb).

Both Merlin and Pseudomarker single point parametric
studies with the recessive model generated identical
LOD scores >3. The results spread from rs12558359
(144.969 Mb) disclosing LOD score of 3.175 (p =
0.000066) as far as rs2536561 (147.401 Mb) yielding LOD
3.02 (p = 0.000097). Two tightly close SNP, firstly
rs1072149 at 145.980 Mb revealed LODmax 3.305 (p =
0.000048) and secondly SNP rs2392669 at 146.028 Mb
showed LOD 3.004 (p = 0.000101).

Our recessive model being established in our families
we investigated the NPL pairs statistics, providing it was
previously reported to have greater power to detect linkage
for recessive forms of diseases compared with NPL all
statistics. We found increased NPL LOD scores. NPL pairs
LOD upholding a value of 2.47 was also obtained within
the same borders 112 and 119 Mb (p = 0.0004). The same
LOD was also shown between 106.162 (rs5917027) and
108.607 Mb (rs615213), but the highest LOD of 2.74 was
found for three consecutive markers including the furthest
1s5965631 (p = 0.0002) at 144.746 Mb (Fig. 2b). On
chromosome X with the dominant model per de Kovel
et al. 2004 (35) HLOD did not exceed 1.83.

To attest for linkage at the location that had shown peak
significance (HLOD max 3.884) on chromosome X, we
computed our recessive model assuming the null hypoth-
esis—(of no linkage)—measured against our observed
threshold (3.884) and obtained the empirical p value
for 100,000 simulations p = 0.00002. HLOD ranged
3.9-4.129 (mean 4.0145) with 0.002 % probability of
observing a false hit. Concurrently, as per a threshold of 3

the p value reached 0.00012 on chromosome X (HLOD
range 3—4.129, mean: 3.51). Under 10,000 simulations the
HLOD max found of 2.6 was well under our peak signif-
icance. On the basis of simulation studies with our pedigree
structure, we could confirm that our findings were a true
linkage in the region surrounding rs12558359.

We also investigated LD in this region. The positive
signal with a LODmax was still present within the char-
acterized region, as merlin-LD yielded equivalent LOD
scores to the original linkage.

As a French control population was used to test our
families association against, we searched for any SNP
association. Where linkage was shown to be significative at
144.969 Mb with multipoint (LOD 3.884) and single point
parametric studies with LOD score 3.175 (p = 0.000066),
no signal could be demonstrated. The best results were
obtained in the very close vicinity of this SNP rs12558359
(144.969 Mb) with its three consecutive markers but
without any strong evidence of association. The LDILink-
age statistics (HRR) of those three markers rs12862591,
rs12861185 and rs905089 placed at 144.99 Mb for the first
two and 145 Mb for the third one, attained p values of
0.0076-0.007025 and 0.008248, respectively. For the test
of linkage allowing for LD (similar to a TDT) at
rs12558359 (144.969 Mb) and the three markers previ-
ously mentioned the p values achieved 157%, 957>, 8.857°
and 1574, respectively. We therefore could not demonstrate
with the set of markers we had the presence of an associ-
ation signal.

Nothing significant was found either between 105 and
120 Mb, as only 1s7891927 and rs5974267 both a
111.763 Mb displaying NPL pairs LOD 2.29 and HLOD
1.09 revealed LDILinkage p values of just 0.001047 and
0.0005, whilst in LinkagelLD their respective p values were
at most 0.043-0.046.

Array competitive genomic hybridization (CGH)
and candidate genes analyses

High resolution CGH array was used to analyse the gen-
ome of one proband in every family, providing results for
12 genomes. No copy number variation was found to be
associated with dyslexia.

Mutation analysis was investigated on seven candidate
genes identified in the region with elevated LOD scores
and participating in brain development: Cxorfl, FMR2,
FMRI1, SLITRK2, ASFMRI, FMRINB, Cxorf51 (Fig. 3).
Several silent polymorphisms on the exons were found in
the population but none of them segregated with dyslexia
in the families. FMRI and FMR2 5'UTR trinucleotide
repeats were also studied by PCR but no abnormal
amplification was identified.
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Discussion

We report here the first genome wide linkage on a French
population of families with developmental dyslexia, with
highest LOD scores (HLOD 3.884). Our results on several
families provide consistent evidence of a genetic suscep-
tibility locus to dyslexia in the Xq27 within DYX9 (Fig. 3).

The first suggestive linkage near this locus uncovered on
Xqg26 was reported by Fisher et al. (2002) with QTL
analyses.Another independent microsatellite genome scan
in an extended Dutch family (de Kovel et al. 2004),
revealed high LOD score (multipoint LOD 3.68) at marker
DXS8043 (144.028 Mb), around 700-900 kb distant from
our candidate region. Their linkage extended between
DXS1227 (140.802 Mb) and DXS8091 (147.603 Mb). A
replication study in twins near Brisbane in Australia, based
on categorical phenotype on Xq 27.3 only suggested link-
age for the marker DXS9908 within the DXS1227 and
DXS8091 interval (Bates et al. 2007). The difference
between our parametric results and others findings sug-
gested that the dominant effect was not prominent in our
sample set on chromosome X. Only under a recessive mode
of inheritance using sex specific parameter, we could
demonstrate better evidence of linkage and narrowed down
the region with the dense genetic map of SNPs.

The max multipoint HLOD score was outstanding 3.884
within 3.916 Mb extending from 144.969 to 148.885 Mb,
and highest single point LOD reached 3.30 (p = 0.000048)
at 146.028 Mb. To our knowledge this is the first report to
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withstand this level of statistical significance on linkage
studies with a small number of nuclear families. The LOD
max NPL pairs 2.74 in our study was marginally signifi-
cative (p = 0.0002) whilst model free, NPL on all affected,
used by de Kovel et al. (2004) resulted in LOD score 1.98
(p = 0.0014). Also the authors could not explain the
skewed sex ratio towards male bias with their dominant
model.

Previous reports described that hemizygous males were
affected by the disease (Raskind 2001), which was possibly
caused by an X-linked recessive allele (de Kovel et al.
2004) in agreement with our model. Fisher et al. (2002)
previously studied 89 families with multiple sib-ships in
the UK and 119 twin and non-twin pairs of US origin
where they found a positive region on chromosome Xq26
near DXS1047.

Few studies to date have implicated the X chromosome
in dyslexia, but most of the investigations were performed
on sporadic cases. It is striking that multiplex family
samples have been investigated in studies pointing chro-
mosome X. For example, Fisher’s study reported linkage
on the X chromosome near DXS1047 only for the UK
multiplex sample and not for the US twin pair sample, and
in de Kovel’s study, the sample was an extended family.
X-linked genetic factors may thus be more involved in
familial dyslexia.

In the 4 Mb region we identified seven interesting genes
for mutation analysis, based on location and relevant
function: FMRI, ASFMRI1, CXorf51, FMRINB, CXorfl,
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SLITRK2 and FMR2. All play a role during brain devel-
opment, which makes them potential candidates for
developmental dyslexia (Ladd et al. 2007; Aruga and
Mikoshiba 2003). In particular, FMRI and FMR2 are
involved in cognitive disability. Neither mutation nor
polymorphisms co-segregating with dyslexia were identi-
fied in the coding sequence of these seven genes in the
families. However, we can hypothesize that their implica-
tion might be mediated by a non-coding regulation
sequence. Interestingly, a 4647 CGG allele (upper limit of
normal alleles, below premutation threshold) segregates in
one family in two dyslexic males. Fragile X syndrome is
caused by the expansion of the CGG repeat >200 in the
5'UTR, resulting in transcriptional silencing of the FMRI
gene, whereas premutation alleles demonstrate an increase
in FMRI mRNA level and normal or reduced amounts of
FMRP. The ASFMRI gene, which is overlapping the FMR]
CGG repeat region and is transcribed in the antisense ori-
entation, is thought to contribute to the variable phenotype
associated with the CGG expansion (Ladd et al. 2007).
Premutation CGG repeat expansion has been proved to
impair embryonic neocortical development in mice, caus-
ing migration defects in the neocortex (Cunningham et al.
2011), and premutation carriers have demonstrated
impairment of verbal working memory, which is an
important cognitive ability for verbal and written language
(Cornish et al. 2009). The CGG repeat threshold for spe-
cific cognitive disabilities remains to be established and we
can hypothesize a link between FMRI, ASFMRI, or
genetic factors that modulate FMRI expression, and dys-
lexia. Lastly, a recent study proposed a model of biological
pathways implicated in dyslexia where nine putative can-
didate genes, including FMRI through its interaction with
RACI1 protein and FLNA genes, interact in neurons to
perform essential functions such as neuritogenesis and
neuronal migration (Poelmans et al. 2011).

The 4 SNPs rs12558359-rs12862591-rs12861185—
rs905089 found to be very modestly associated did not
fully explain the linkage signal peak on chromosome X. As
we did not find any causal SNP, it is plausible that more
than one SNP i.e., multiple genetic variants and/or with the
conjunction of mutation or frameshift variant at the sus-
ceptibility locus may be responsible for the disease. We
also convey that other SNP could be responsible for the
disease, stating that our favorite candidate gene was not
covered by any SNPs and could therefore not be directly
tested. To unravel the responsible SNP it would be nec-
essary to sequence the introns and promoters.

Also, the co-existence of at least two related genes could
be necessary such as the interaction of FMR1 on chro-
mosome X with the CYFIP2 gene located on chromosome
5, or the interaction of SLITRK2 with ROBO1 on chro-
mosome 3 (ENCODE project consortium 2012). We

therefore suggest that the FMRI region and its complex
local regulation can be convincing candidate in familial
cases of dyslexia.
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