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Abstract

Reading disabilities (RD) have a significant genetic basis and have shown linkage to multiple 

regions including chromosome 15q. Dyslexia susceptibility 1 candidate gene 1 (DYX1C1) on 

chromosome 15q21 was originally proposed as a candidate gene with two potentially functional 

polymorphisms at the −3G/A and 1249G/T positions showing association with RD. However, 

subsequent studies have yielded mixed results. We performed a literature review and meta-analysis 

of the −3G/A and 1249G/T polymorphisms, including new unpublished data from two family-

based samples. Ten markers in DYX1C1 were genotyped in the two independently ascertained 

samples. Single marker and −3G/A:1249G/T haplotype analyses were performed for RD in both 

samples, and quantitative trait analyses using standardized reading-related measures was 

performed in one of the samples. For the meta-analysis, we used a random-effects model to 

summarize studies that tested for association between −3G/A or 1249G/T and RD. No significant 

association was found between the DYX1C1 SNPs and RD or any of the reading-related measures 

tested after correction for the number of tests performed. The previously reported risk haplotype 

(−3A:1249T) was not biased in transmission. A total of 9 and 10 study samples were included in 

the meta-analysis of the −3G/A and 1249G/T polymorphisms, respectively. Neither polymorphism 

reached statistical significance, but the heterogeneity for the 1249G/T polymorphism was high. 

The results of this study do not provide evidence for association between the putatively functional 

SNPs −3G/A and 1249G/T and RD.
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INTRODUCTION

Specific reading disabilities (RD), or developmental dyslexia, refer to an unexpected and 

specific difficulty in learning to read despite normal or above average intelligence, 

education, and socioeconomic opportunity. RD is likely caused by a dysfunction of neural 

systems involved in cognitive skills required for reading [Habib, 2000]. A core deficit 

observed in dyslexics involves the processing of phonemes, the most basic unit of speech 

sounds, which persist into adulthood [Bruck, 1992; Shaywitz et al., 1999; Ramus et al., 

2003]. Individuals with RD have difficulty segmenting words into their phonological 

elements, impairing their ability in learning to read. Several other reading components have 

been shown to be impaired in individuals with RD including orthographic coding, single-

word reading, rapid automatic naming, and spelling [Denckla and Rudel, 1976; Paulesu et 

al., 2001; Francks et al., 2002]. With an estimated prevalence ranging from 5% to 17.5% in 

school-aged children, RD is the most common learning disability and affects four out of five 

individuals with learning disabilities [Shaywitz et al., 1990; Shaywitz, 1998; Katusic et al., 

2001]. There is substantial evidence to suggest that RD is both familial and heritable. RD 

has been shown to cluster in families [Hallgren, 1950; Finucci et al., 1976; Volger et al., 

1984] and twin studies estimate the heritability of reading components in the range of 0.30–

0.72 [DeFries et al., 1987; Gayan and Olson, 1999; Wadsworth et al., 2000; Gayan and 

Olson, 2001; Harlaar et al., 2005].

Linkage studies have identified at least nine susceptibility regions (designated as DYX1–9), 

including DYX1 on chromosome 15q15.2–21.2 which has been replicated in multiple 

linkage studies [Grigorenko et al., 1997; Schulte-Korne et al., 1998; Morris et al., 2000; 

Chapman et al., 2004; Schumacher et al., 2008]. One gene in this region, dyslexia 

susceptibility 1 candidate gene 1 (DYX1C1) on chromosome 15q21 (also known as EKN1) 

is among the most well-studied RD candidate genes. DYX1C1 was originally proposed as a 

candidate gene based on a t(2;15)(q11;q21) chromosomal translocation that cosegregated 

with RD in three affected members of a six-member, two generation Finnish family [Taipale 

et al., 2003]. One additional offspring in the family also carried the translocation, but his RD 

affection status was unknown due to low verbal and non-verbal performance on cognitive 

achievement tests. In the same study, a case–control association analysis was performed 

using a sample of Finnish dyslexics and a control group comprising nondyslexics and 

anonymous blood donors. Two single nucleotide polymorphisms (SNPs) at the −3G/A 

(rs3743205) and 1249G/T (rs57809907) positions of the transcript showed significant 

association, with the minor −3A and 1249T alleles increasing risk for RD. The frequency of 

the −3A:1249T haplotype was significantly greater in the dyslexic group (14/106 cases) 

compared to the controls (10/192 nondyslexic and anonymous controls). In addition, an 

analysis of nine informative family trios found significant overtransmission of the −3A:

1249T haplotype to affected offspring.
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The results of the Finnish study were particularly promising because of the proposed 

functionality of the two significant SNPs. The −3G/A position is located in the predicted 

binding sequence of the Elk-1, HSTF, and TFII-I transcription factors, and was also 

predicted to affect the Kozak sequence which plays a role in initiating translation. The 

1249T variant introduces a premature stop codon, shortening the protein from 420 to 416 

amino acids although a latter study indicated that the truncation may not affect function 

[Wang et al., 2006]. However, there were considerable study design issues that may have 

affected the results of the initial study by Taipale et al. [2003]. The association analysis 

included 58 dyslexics and 61 nondyslexics from 20 unrelated families, and a replication set 

of 3 families and 33 unrelated dyslexic–nondyslexic couples. The χ2 or Fisher’s exact test 

was used to test for association between the genotyped DYX1C1 SNPs and RD, and 

Bonferroni correction was applied to account for multiple testing. The transmission 

disequilibrium test (TDT) was used to assess the transmission of the risk haplotype −3A:

1249T in nine informative trios. Because the analytic strategy used in the study did not take 

into account the greater allele sharing in the related individuals taken from the same 

families, the observed results may be biased toward positive spurious associations. In 

addition, the significant over-transmission of the −3A:1249T haplotype was based on an 

analysis of only nine informative trios, and these significant findings may be due to the small 

sample size.

In addition to the significant associations, functional studies have supported a potential role 

for DYX1C1 in RD, as DYX1C1 has been implicated in neural migration. RNA interference 

(RNAi) of DYX1C1 in rats disrupted the migration of neurons, causing malformations in the 

neocortex and hippocampus [Wang et al., 2006; Rosen et al., 2007]. This is consistent with 

studies of post-mortem dyslexic brains which have reported ectopias and dysplasias, signs of 

abnormal neural migration [Galaburda et al., 1985; Humphreys et al., 1990]. DYX1C1 
RNAi-treated rats also performed significantly poorer in spatial working memory and 

auditory processing tasks [Threlkeld et al., 2007; Szalkowski et al., 2011]. Wang et al. 

[2006] showed that RNAi rescue experiments using the shortened 416 amino acid version of 

DYX1C1 predicted by the 1249T variant restored normal neural migration, indicating that 

this polymorphism was not sufficient to alter the function of DYX1C1, at least as measured 

by this specific assay in rats. Thus the reported role of DYX1C1 in neural migration is 

consistent with the neurobiology of RD, although the 1249T allele may not be detrimental to 

gene function. The initial association findings, in combination with the functional evidence, 

generated strong interest in DYX1C1 as a candidate gene.

Previous association studies have illustrated that although DYX1C1 has been widely studied, 

the results have been inconsistent and often conflicting, and the status of this candidate gene 

remains unclear. In a family-based association study by Wigg et al. [2004], a different 

marker rs11629841 was found to be significantly associated with RD which was in high LD 

with both −3G/A and 1249G/T. Brkanac et al. [2007] found association with the 1249G/T 

polymorphism, but it was the major G allele that was overtransmitted, rather than the T 

allele which showed association in the study by Taipale et al. [2003]. A number of other 

studies did not find association between DYX1C1 SNPs and RD [Bellini et al., 2005; Cope 

et al., 2005; Marino et al., 2005; Saviour et al., 2008; Newbury et al., 2011; Venkatesh et al., 

2011].

Tran et al. Page 3

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 April 05.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



In addition, previous studies have tested for association between DYX1C1 SNPs and 

quantitative reading and language measures. Wigg et al. [2004] found that the major −3G 

variant was significantly associated with nine measures of reading skills including 

phonological awareness, word identification, decoding, rapid automatized naming, language 

ability, and verbal short-term memory. Marino et al. [2007] found the opposite allele −3A 

was significantly associated with lower performance in a short-term memory test. Other 

studies did not find association between DYX1C1 SNPs and quantitative reading tasks 

[Scerri et al., 2004; Meng et al., 2005]. Two independent Australian cohort studies also 

performed quantitative analyses of reading and reading related measures in population-based 

samples [Bates et al., 2010; Paracchini et al., 2011]. Bates et al. [2010] found three SNPs 

that were significantly associated with different measures: rs685935 with short-term 

memory; rs17819126 with irregular reading, nonword reading, and irregular spelling; and 

rs3743204 with nonword reading. Paracchini et al. [2011] found that spelling was associated 

with the three markers rs7174102, rs8043049, and rs8037376, and reading associated with 

rs8040756.

The purpose of this study was to evaluate the cumulative epidemiological evidence of 

DYX1C1 as a RD candidate gene. First, we performed a family-based association analysis 

using two independent samples, one of which was an extension of the sample used in Wigg 

et al. [2004]. Second, we summarized and evaluated the −3G/A and 1249G/T SNPs through 

a literature review and meta-analysis of genetic association studies. Our aim was to 

determine whether specific SNPs in DYX1C1 were associated with RD, or with reading-

related quantitative measures.

MATERIALS AND METHODS

Family-Based Association Analysis

Subjects and assessment—Toronto sample—The first sample included families 

recruited primarily from the Greater Toronto Area and surrounding regions, each with at 

least one child exhibiting reading difficulties. Probands ranged from 6 to 16 years old, and 

siblings within the same range were invited to participate in the study regardless of reading 

ability. The total sample consisted of 1,416 individuals from 421 nuclear families, consisting 

of 421 probands and 167 siblings. Of the 421 nuclear families, 148 were previously analyzed 

in an association analysis of DYX1C1 [Wigg et al., 2004].

Probands and siblings in the Toronto sample were tested for IQ, reading, and language 

measures, which have all been described previously [Wigg et al., 2004; Couto et al., 2010; 

Elbert et al., 2011]. The Wechsler Intelligence Scale for Children (WISC-III or WISC-IV) 

was used to assess intelligence and cognitive ability, and children were excluded from the 

study if they scored <80 on the Verbal and Performance Scales of the WISC-III, or on the 

Verbal Comprehension and Perceptual Reasoning Indices of the WISC-IV [Wechsler, 1991, 

2003]. The Wide Range Achievement Test-III (WRAT-III) [Wilkinson, 1993], Woodcock 

Reading Mastery Test-Revised (WRMT-R) [Woodcock, 1987], and Comprehensive Test of 

Phonological Processing (CTOPP) [Wagner et al., 1999] were used to measure reading, 

spelling, phonological awareness, and rapid naming skills. Receptive and expressive 

language ability was assessed using the Clinical Evaluation of Language Fundamentals—3rd 
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edition (CELF-3) [Semel et al., 1995]. Three subtests that measured single word and 

nonword reading; WRAT-III Reading, WRMT-R Word ID, and WRMT-R Word Attack, 

were used to determine RD affection status for the categorical analysis. Probands and 

siblings were considered to have RD if they scored 1.5 standard deviations below the mean 

on two of the three measures or one standard deviation below the mean on the average of all 

three. For the analysis of the quantitative traits, scores from the WRAT-III, WRMT-R, 

CTOPP, and CELF-3 subtests were used as the quantitative phenotypes and information 

from all of the 588 subjects in the sample was included.

To screen for symptoms of possible neurological, medical, and psychiatric disorders, parents 

were interviewed using the structured Children’s Interview for Psychiatric Syndromes 

(ChIPS) [Weller et al., 2000], and teachers were interviewed using the semi-structured 

Teacher Telephone Interview [Tannock et al., 2002]. This information was supplemented 

with two standardized questionnaires: the Conners Parent and Teacher Rating Scales—

Revised [Conners, 1997] and Ontario Child Health Survey Scales—Revised [Boyle et al., 

1993]. Subjects were excluded if there was evidence of neurological or chronic medical 

illness, bipolar affective disorder, psychotic symptoms, Tourette syndrome or chronic 

multiple tics.

Subjects were either native English speakers or were educated for at least 5 years in an 

English-speaking school. The ethnicity of the sample was primarily Caucasian, with 68.1% 

of individuals reporting European descent and 26% reporting “Caucasian Canadian” 

background. The remaining subjects reported South American (1.8%), non-European 

(2.9%), or non-European mixed background. The protocol for the Toronto sample was 

approved by The Hospital for Sick Children Research Ethics Board, and written informed 

consent was obtained from all participants.

Subjects and assessment—Calgary sample—The second sample genotyped for this 

study consisted of nuclear families with affected siblings from Calgary, Alberta. Full 

descriptions of the recruitment and assessment of the 95 families have previously been 

described [Field and Kaplan, 1998; Petryshen et al., 2001; Hsiung et al., 2004; Tzenova et 

al., 2004]. In contrast to previous studies, which included members of extended families, 

only members of the nuclear family were used in the study. Most of the affected sibpair 

families were ascertained through a proband >8 years of age who attended a special school 

for children with learning disabilities. A few affected sibpair families derived from extended 

families were close (non-sibling) relatives of the proband but only one affected sibpair 

family per extended family was utilized. For the 95 families in which DNA was available, 86 

families included at least two children who were diagnosed with RD, with a total of 207 

affected children. In the Calgary sample, RD was diagnosed based on the word attack 

subtests from the Woodcock Reading Mastery Test and the Revised Woodcock–Johnson 

Psychoeducation Test, both which comprise phonological coding tasks. Subjects <18 years 

of age who performed ≥2 years below the age norm were considered affected. Full-scale IQ 

was estimated using a short form of the Wechsler Intelligence Scale for Children for subjects 

8–16 years of age [Wechsler, 1974] and a short form of the Wechsler Adult Intelligence 

Scale for adult subjects [Wechsler, 1981].
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The sample was also primarily white Caucasian, with 4 of the original 100 multi-

generational families containing one unaffected non-European parent. The protocol for the 

Calgary sample was approved by the University of Calgary Ethics Review Board and written 

informed consent was obtained from all participants.

SNP genotyping for the Toronto and Calgary samples—For both the Toronto and 

Calgary samples, genomic DNA was extracted from whole blood using a high-salt extraction 

method [Miller et al., 1988]. A total of 10 markers were genotyped in the Toronto and 

Calgary samples. Six of the markers, including rs2007494, rs57809907 (1249G/T), 

rs3743205 (−3G/A), rs3743204, rs11629841, and rs692691 were previously genotyped in a 

subset of the Toronto sample which included 148 families [Wigg et al., 2004]. For this study, 

the remaining 273 families of the Toronto sample were genotyped for the six SNPs. In the 

Calgary sample, these six SNPs were genotyped in all 95 families.

Four additional markers, rs600753, rs16787, rs17819126, and rs12899331 were also selected 

for genotyping in the entire Toronto and Calgary samples. The markers rs600753 and 

rs16787 were previously found to be significant in several combinations of haplotypes 

[Dahdouh et al., 2009]. The rs1789126 marker was selected because of a positive association 

in an Australian sample [Bates et al., 2010], and the rs1289331 was selected as it was 

suggested to be the binding site of the SP1 transcription factor [Tapia-Paez et al., 2008].

All 10 markers were genotyped using the ABI 7900-HT Sequence Detection System 

(Applied Biosystems, Foster City, CA) using the TaqMan®5′ nuclease assay for allelic 

discrimination. The 1249G/T, rs600753, rs3743204, rs2007494, rs16787, and rs12899331 

were genotyped using Assay-by-Design probes while rs692691, rs11629841, and 

rs17819126 were genotyped using Assay-on-Demand probes. The −3G/A polymorphism 

was previously genotyped using a restriction fragment length polymorphism assay [Wigg et 

al., 2004]. Later, Assay-by-Design probes were available and were used to genotype the 

remaining sample.

Genotyping was carried out in 96-well plates consisting of two negative controls. Ten 

microliters of PCR reactions were performed with the following reagents: 30 ng of genomic 

DNA, 10 μmol of TaqMan® Universal PCR Master Mix (Applied Biosystems), and 0.25 μl 

of allelic discrimination mix (Applied Biosystems) with 36 μM of each primer and 8 μM of 

each probe. The reaction conditions consisted of the following steps: 50°C for 2 min, 95°C 

for 10 min, and 40 cycles of 94°C for 15 sec and an annealing temperature of 59°C for 1 

min. Plates were then read with the ABI 7900-HT Sequence Detection System using the 

allelic discrimination end-point analysis mode of the SDS software package, v2.0 (Applied 

Biosystems). Samples with undetermined or unclear calls were genotyped for a second time.

Statistical analysis—The genotyped samples were checked for genotyping and family 

structure errors using Haploview v4.2 and Merlin v1.1.2, which determines unlikely 

crossover events suggesting erroneous genotypes [Abecasis et al., 2002; Barrett et al., 2005]. 

Non-Mendelian inheritance was resolved before analysis by genotyping families a second 

time and all markers were tested for Hardy–Weinberg Equilibrium. Haploview v4.2 was also 

used to perform the TDT for association between single SNPs and categorical RD [Barrett et 
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al., 2005]. Bonferroni correction was used to account for multiple testing, with a type I error 

rate of 0.05. To account for SNPs in LD for the Bonferroni correction, we used the SNP SpD 

tool to determine the number of independent tests [Nyholt, 2004]. For the single SNP 

association analysis with RD, the threshold for statistical significance was corrected for the 

number of independent SNPs (P = 0.05/8 = 0.006), while the quantitative trait analysis was 

corrected for both the number of independent SNPs (P = 0.05/8 = 0.006) and number of 

independent quantitative measures (P = 0.006/7 = 0.0009).

The transmission of the −3G/A:1249G/T haplotypes was analyzed using TRANSMIT v2.5.4 

with the robust estimator option [Clayton and Jones, 1999]. In the Toronto sample, 

association with quantitative measures was assessed using scores from nine reading and 

language tests: WRAT-III reading and spelling; WRMT-3 word ID and word attack; CTOPP 

nonword repetition, phonological awareness and rapid digit naming; and CELF-3 receptive 

and expressive language. The program FBAT v.2.0.3 was used to carry out the quantitative 

trait analyses [Laird et al., 2000]. For all results, the two-tailed P values are reported.

Literature Review and Meta-Analysis

Search strategy—For the literature review and meta-analysis, we included the −3G/A and 

1249G/T SNPs because they were the most commonly genotyped across DYX1C1 
association studies and were proposed as having a functional role. We searched MEDLINE, 

EMBASE, Scopus, BIOSIS, and HuGE Navigator with the keywords “DYX1C1,” “EKN1,” 

“dyslexia,” and “reading disabilities” for studies examining an association between 

categorical RD and the −3G/A or 1249G/T variants. The HuGE navigator was used to search 

for genome wide association studies (GWAS) using the search terms “dyslexia” and 

“reading disabilities,” and we filtered the results to only GWAS. Genetic linkage studies, 

conference proceedings, review articles, functional studies were excluded from the meta-

analysis. The reference lists from all DYX1C1 association studies and review articles were 

examined for additional studies.

Studies that met the inclusion criteria used either a case–control or family-based association 

design. The following information was collected from each study: country and language, 

sample size, ethnicity of sample, definition of cases and controls, and whether SNPs were in 

Hardy–Weinberg Equilibrium. For case–control studies, allele frequencies for the two SNPs 

were obtained for the cases and controls. For family-based studies, the allele frequencies and 

the number of transmissions for each allele were obtained for both SNPs. Information that 

was not provided in the articles was requested from the corresponding authors. If a study 

used both case–control and TDT analyses, only the TDT data were used because it is robust 

to population stratification, whereas the case–control design is not.

Meta-analysis—Each study was summarized by constructing two-by-two tables from 

case–control studies and one-by-two tables from TDT studies. To synthesize the case–

control and TDT studies, the method of Kazeem and Farrall [2005] was used. The odds 

ratios and 95% confidence intervals for individual studies were calculated, with each study 

given a weight based on the inverse of its variance. Studies using larger samples would carry 

greater weight as their variances would be smaller. Heterogeneity between studies was 
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assessed using the Cochran’s Q statistic and the I2 statistic [Higgins and Thompson, 2002]. 

For the pooled estimate of the odds ratio and its 95% confidence interval, a fixed- [Kazeem 

and Farrall, 2005] or random-effects [DerSimonian and Laird, 1986] model could be 

applied. As the 1249G/T SNPs showed evidence of between-study heterogeneity (P = 

0.037), we used the random-effects model. Although the −3G/A SNP did not show 

statistically significant evidence of heterogeneity, the random-effects model was still 

applied. Since there is evidence for genetic heterogeneity in RD [Pennington et al., 1991; 

Fisher and DeFries, 2002], which may suggest different effect sizes between populations, the 

random-effects model was more appropriate than the fixed-effects model, which assumes a 

common genetic effect [Cohn and Becker, 2003]. In addition, the random-effects model is 

more robust and generally preferred because it accounts for between-study heterogeneity but 

also gives similar results to fixed-effects models in the absence of heterogeneity [Kavvoura, 

2008].

Subgroup analyses were subsequently performed within the meta-analysis to explore 

potential sources of heterogeneity. In the first, studies were restricted to white Caucasian 

populations. In the second, studies that included phonological awareness or decoding tasks 

in the diagnosis of RD were analyzed together. The third subgroup analysis was restricted to 

English speaking subjects and English language reading tests.

Publication bias was assessed with the Egger test which uses a linear regression approach to 

test for funnel plot asymmetry [Egger et al., 1997]. In one study there was an absence of the 

1249T allele in the control group [Saviour et al., 2008]. To calculate a non-zero odds ratio, 

we increased the allele count to 1. However, for the Egger test, an allele count of 0 was used 

to prevent substantial inflation of the standard error. The catmap package was used to assess 

between-study heterogeneity, calculate the pooled ORs, and carry out the sensitivity analysis 

[Nicodemus, 2008]. The open-source statistical program R v2.8.1 was used to run the 

catmap package. For the calculation of the Egger test, we used the metabias package in 

STATA v11.1 (StataCorp LP, College Station, TX).

A power analysis of the pooled sample was performed using the Genetic Power Calculator 

[Purcell et al., 2003]. Although there was no option that combined case–control and TDT 

samples, we estimated and compared the power of the individual modules. The total sample 

size was pooled using the cases from the case–control and TDT studies, as the power 

between the same number of family trios and cases (with 1:1 ratio with controls) is virtually 

equal [McGinnis et al., 2002]. Both the −3G/A and 1249G/T SNPs were hypothesized as 

being the causal alleles, and the D′-value was set to 1, with the marker allele frequency set 

equal to the risk allele frequency. A dominant model was used as this model of inheritance 

reflected previous association studies. The RD prevalence risk used was 0.1, based on the 

estimates provided in the literature [Shaywitz et al., 1990]. For the case–control module, a 

case–control ratio of 1 was used, and the unselected controls option was selected because 

more than 50% of the pooled control group were unscreened controls. The type I error rate 

was defined at 0.05 and the threshold for acceptable power was 80%.

The Venice criteria were used to evaluate the credibility of the evidence for association 

between RD and the −3G/A or 1249G/T variants [Ioannidis et al., 2008]. Three criteria are 
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taken into consideration including the amount of evidence (e.g., sample size with the risk 

allele, power, and false-discovery rate), extent of replication (e.g., results from meta-analysis 

and between-study heterogeneity), and protection from bias (e.g., genotyping errors and 

population stratification). Each criterion is categorized and using a semi-quantitative index, a 

final grade of “strong,” “medium” or “weak” is given to the strength of the evidence.

RESULTS

Association Analysis

Of the 10 markers that were genotyped, six were located within introns and four within 

exons (Fig. 1). The parental minor allele frequencies were similar in both the Toronto and 

Calgary samples for all 10 markers (Table I). The LD between the SNPs for both samples 

was also comparable (Fig. 2). For the single SNP analysis, no marker showed significantly 

biased transmission with RD in either sample. For the haplotype analysis, there was 

significant undertransmission of the rare −3A/1249G haplotype in the Toronto sample 

(frequency = 0.013, P = 0.002), but this rare haplotype was not observed in the Calgary 

sample (Table II). For the quantitative trait analysis, three measures showed association at a 

P-value of <0.05 in the Toronto sample: CELF-III Receptive language and rs17819126 (P = 

0.034), CTOPP Phonological awareness and rs17819126 (P = 0.044), and CELF-III 

expressive language and rs11629841 (P = 0.034). However, these results were not significant 

after Bonferroni correction.

Literature Review and Meta-Analysis

Including the unpublished data from the Toronto and Calgary samples, 11 studies met 

inclusionary criteria for the literature review and meta-analysis. Later, one study was 

excluded because we were unable to contact the corresponding authors to obtain the number 

of transmitted and untransmitted alleles for the −3G/A and 1249G/T polymorphisms [Cope 

et al., 2005], and two studies were excluded because subsets of the samples were duplicated 

in a subsequent study included in this meta-analysis [Wigg et al., 2004; Marino et al., 2005]. 

A total of eight studies, which analyzed 10 independently ascertained samples, were 

included in the meta-analysis. Three GWAS were identified using RD samples but were not 

included. Two of the studies tested for association with non-reading phenotypes. The third 

study performed a quantitative trait analysis, comparing readers of high and low ability 

selected from a representative UK sample [Meaburn et al., 2008].

Characteristics of the 10 samples are summarized in Supplementary Table I. All 10 samples 

were genotyped for the 1249G/T SNP, and 9 of the 10 samples were genotyped for the 

−3G/A SNP. The study design distribution included five case–control and four family-based 

for the −3G/A, and six case–control and four family-based for the 1249G/T. In one study, 

one of the groups of cases was nested within a case–cohort study [Newbury et al., 2011]. 

Cases and probands were recruited from different sources including hospitals, research 

centers, and institutions [Taipale et al., 2003; Bellini et al., 2005; Newbury et al., 2011]; 

regular schools [Brkanac et al., 2007; Saviour et al., 2008; Venkatesh et al., 2011] (Toronto 

sample, this study); schools for the learning disabled [Saviour et al., 2008; Venkatesh et al., 

2011] (Calgary sample, this study); as a part of a case–cohort study [Newbury et al., 2011]; 
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or a combination of referrals from teachers and paediatricians [Marino et al., 2007]. The 

Toronto sample also recruited families through websites, regional organizations for learning 

disabilities, referrals from general education teachers, special education teachers, speech/

language pathologists, and psychologists. For the case–control studies, controls were 

selected from the proband’s partner and/or family [Taipale et al., 2003], anonymous blood 

donors [Taipale et al., 2003], unselected European controls from the European Collection of 

Cell Cultures [Newbury et al., 2011] unmatched healthy individuals [Bellini et al., 2005], 

unmatched individuals with no history of reading, spelling or other academic difficulties 

[Saviour et al., 2008], or group-age-matched individuals without RD [Venkatesh et al., 

2011]. All of the case–control studies tested for association by comparing the allele 

frequencies between groups, and no genotype analyses were performed. The ethnicity of the 

samples included white Caucasians only [Taipale et al., 2003; Bellini et al., 2005; Marino et 

al., 2007; Newbury et al., 2011], primarily white Caucasian (>90%) [Brkanac et al., 2007] 

(Toronto and Calgary samples, this study) or Indian only [Saviour et al., 2008; Venkatesh et 

al., 2011].

The RD diagnosis in all studies was based on significantly low reading ability, with 8 of the 

10 studies reporting the specific tests that were administered to the subjects. The 

psychometric tests that were used to measure reading ability and the cutoffs used for 

diagnosis varied between and among languages. All of the samples, with the exception of 

the Calgary sample, used low IQ as an exclusion criterion with the minimum IQ ranging 

from 80 to 90. One sample analyzed in the study by Newbury et al. [2011] used an IQ 

discrepancy as part of the RD diagnosis. The most common test that was used to assess 

intelligence was the Wechsler Intelligence Scale for Children. Five of the samples also 

reported the use of neurological, medical or sensorial disorders as exclusionary criteria, 

although the specific disorders that were screened varied across the samples [Bellini et al., 

2005; Brkanac et al., 2007; Marino et al., 2007; Newbury et al., 2011] (Toronto sample, this 

study).

Within the pooled case–control studies, a total of 786 cases and 756 controls were included. 

For one study, the allele frequencies in two independent samples were compared to the same 

group of controls but for the meta-analysis, the controls were only counted once [Newbury 

et al., 2011]. Within the family-based studies, a total of 940 affected subjects were included. 

Of the studies that were included in the analysis, we were able to contact all corresponding 

authors and confirm that both SNPs were in Hardy–Weinberg equilibrium except for Taipale 

et al. [2003].

In the nine samples that were analyzed for the −3G/A polymorphism only the study by 

[Taipale et al., 2003] showed a statistically significant difference. For the 1249G/T studies, 

three studies showed significant association. Two studies showed significant association with 

the T allele including Taipale et al. [2003] and Marino et al. [2007]. In contrast, the study by 

Brkanac et al. [2007] found that the T allele carried a decreased risk for RD. Using the 

random-effects model, there was no statistically significant evidence of an association 

between RD and the −3G/A (OR = 1.16, 95% CI: 0.900, 1.490) or 1249G/T polymorphisms 

(OR = 1.26, 95% CI: 0.981, 1.624), with significance at P <0.05 (Figs. 3 and 4). The level of 

heterogeneity for both SNPs was medium to high, with an I2 value of 34% (95% CI: 1, 55) 

Tran et al. Page 10

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2017 April 05.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



for the −3G/A and 50% (95% CI: 28, 64) for the 1249G/T. There was no evidence of 

publication bias for either −3G/A (P = 0.445) or 1249G/T (P = 0.313). The four additional 

subgroup analyses did not yield considerably different results.

Using the Venice criteria to evaluate the credibility of the evidence, a “weak” grade was 

given for both the association between −3G/A and 1249G/T polymorphisms and RD. There 

was a potential for information bias introduced by genotyping error and misclassification 

bias in the studies which could have affected the results, while heterogeneity was moderate 

for the 33G/A and high for the 1249G/T polymorphism.

DISCUSSION

DYX1C1is a prominent RD candidate gene and has been extensively studied. Although two 

potentially functional SNPs previously showed significant association with RD in the initial 

study, subsequent studies yielded contradictory results. We performed a family-based 

association analysis, expanding on the sample that was used by Wigg et al. [2004]. With 273 

additional families and an increase from 101 to 272 subjects meeting the categorical cut off, 

we tested whether the previous reported associations remained significant, in addition to 

testing four new additional SNPs. A second independent sample from Calgary was also used 

to test for categorical association with single SNPs and the −3G/A:1249G/T haplotypes. The 

rs11629841 marker, which previously showed significantly biased transmission, was not 

significant in the two samples. For the quantitative trait analysis, the previous associations 

between the −3G variant and all nine reading measures also did not remain statistically 

significant in this study. Although we found three reading/language measures with P <0.05, 

they were not statistically significant when corrected for the multiple tests performed.

In the Toronto sample, there was a statistically significant undertransmission of the −3A/

1249G haplotype, differing from the −3G/1249G haplotype that was overtransmitted in the 

previous study. However, this haplotype was rare in both the samples, found in only 0.013 of 

parental chromosomes in the Toronto sample and absent in the Calgary sample. Although it 

is possible that this may suggest a protective effect, it is more likely that these results were 

due to the relative frequencies as the −3A/1249G, −3A/1249T, −3G/1249T haplotypes were 

all rare in both samples (all <0.06).

We also conducted a meta-analysis of the two significant DYX1C1 SNPs reported by 

Taipale et al. [2003]. Similar to other meta-analyses of genetic association studies, the initial 

study showed strong association, while subsequent studies tended to find marginal to no 

significance [Ioannidis et al., 2001]. With 786 cases, 756 controls, and 940 family trios, the 

meta-analysis did not find significant association between −3G/A or 1249G/T and RD. 

Combining the cases and family trios, the sample had >80% power to detect an odds ratio as 

small as 1.3 for both the −3G/A and 1249G/T SNPs, if such an effect existed. The case–

control and TDT modules calculated virtually the same power estimate when the cases and 

the family-trios were equal. However, the between-study heterogeneity likely reduced the 

true statistical power.
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The level of between-study heterogeneity was moderate to high for both SNPs, which may 

reflect differences in study design, phenotype definition, quality control methods for 

genotyping, and population stratification. Most studies defined RD as having significantly 

poor reading skills with normal IQ except for the Calgary sample which did not use IQ to 

define RD. However, there were differences in the tests administered and the cut-offs used to 

determine diagnosis. For example, in the studies that used the WISC-III, the cutoff for 

normal IQ ranged from 80 to 90. Some studies indicated that they excluded neurological, 

medical or psychiatric disorders. The sources that were used to recruit subjects differed 

between studies. In addition, among the case–control studies, different types of controls 

were used including unselected, unmatched, and matched individuals. These differences in 

the cases and controls may have affected the results of the individual studies, and contributed 

to the observed between-study heterogeneity.

The quality control measures for the included studies were largely unknown which could 

create a potential for bias. Misclassification of both genotypes and phenotypes may have 

affected the results, but the approximate effect is difficult to predict. Population stratification 

was less likely because the cases and controls were of the same ethnicity, and family-based 

designs are robust to such problems. Narrowing the studies to only white Caucasian subjects 

and narrowing the RD phenotype in the subgroup analyses did not yield a significantly 

different result.

Apart from the Toronto and Calgary samples, we included only published studies, and there 

was a possibility that unpublished data were not considered in this meta-analysis. If there 

were unpublished results, however, these would have likely contributed a negative result due 

to publication biases [Thornton and Lee, 2000]. Of the studies that met inclusionary criteria, 

one independent study was excluded from the analysis because the specific data were 

unavailable. This study did not find an association between the two SNPs and RD, and 

would have also likely contributed a negative result.

Applying the Venice criteria, the strength of the cumulative evidence for an association 

between −3G/A or 1249G/T and RD was “weak.” With a risk allele count of 207 for −3G/A 

and 306 for 1249G/T, the sample size was considered to be of moderate size (“B” rating). 

However, there were considerable differences in RD phenotype definition, study 

populations, and study findings, and a null overall effect was found in the meta-analysis 

(“C” rating). There was also a potential for bias which could have affected the results (“B” 

rating).

Overall, we did not find strong evidence for an association between DYX1C1 SNPs and RD. 

In the Toronto sample, previous associations were no longer significant when a larger 

sample was tested, and an analysis of an independent sample from Calgary did not yield any 

significant results. The meta-analysis did not find an association between −3G/A or 

1249G/T and RD, and there was weak credibility of evidence for both SNPs due to the high 

between-study heterogeneity. These results also highlight the importance of assessing the 

associations of other RD candidate genes, as they are also likely to face similar issues of 

between-study heterogeneity and replication. Thus, to differentiate true associations from 
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spurious findings, it may be useful to analyze the body of literature through systematic 

reviews and meta-analyses.
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FIG. 1. 
Relative positions of the genotyped DYX1C1 markers.
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FIG. 2. 
Inter-marker LD across the genotyped DYX1C1 SNPs in the Toronto (A) and Calgary (B) 

samples. The red unnumbered boxes represent inter-marker D′ = 1 and are indicative of 

high LD. The LD blocks in each sample are outlined in bold.
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FIG. 3. 
−3A random-effects model meta-analysis. The relative weights of the samples are 

represented by the boxes, and the 95% confidence intervals are represented by the lines.
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FIG. 4. 
1249T random-effects model meta-analysis. The relative weights of the samples are 

represented by the boxes, and the 95% confidence intervals are represented by the lines.
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TABLE I

Single SNP Analysis for the Toronto and Calgary Samples

Marker Transmission ratio (allele)a Minor allele frequency (allele) χ2 P-valueb

Toronto sample

 rs12899331 86(A):76(G) 0.229 (G) 0.617 0.432

 rs16787 62(A):55(C) 0.164 (C) 0.419 0.518

 rs2007494 90(A):79(T) 0.247 (A) 0.716 0.398

 −3G/A 32(A):30(G) 0.070 (A) 0.158 0.691

 rs3743204 90(T):82(G) 0.235 (T) 0.372 0.542

 rs17819126 33(T):23(C) 0.067 (T) 1.786 0.181

 rs11629841 108(G):94(T) 0.344 (G) 0.970 0.325

 rs692691 131(T):102(C) 0.404 (T) 3.609 0.058

 rs600753 119(T):97(C) 0.494 (C) 2.241 0.134

 1249G/T 50(T):35(G) 0.093 (T) 2.722 0.099

Calgary sample

 rs12899331 80(A):64(G) 0.261 (G) 1.778 0.182

 rs16787 45(C):39(A) 0.174 (C) 0.429 0.513

 rs2007494 59(A):53(T) 0.203 (A) 0.321 0.571

 −3G/A 18(G):14(A) 0.049 (A) 0.500 0.480

 rs3743204 66(T):62(G) 0.203 (T) 0.125 0.724

 rs17819126 26(T):23(C) 0.075 (T) 0.184 0.668

 rs11629841 80(G):80(T) 0.337 (G) 0.000 1.000

 rs692691 83(T):68(C) 0.388 (T) 1.490 0.222

 rs600753 75(T):65(C) 0.488 (C) 0.714 0.398

 1249G/T 25(T):22(G) 0.076 (T) 0.191 0.662

a
Alleles refer to the plus-strand, except for the −3G/A and 1249G/T polymorphisms which refer to the transcript.

b
Threshold for significance set at 0.006.
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TABLE II

Haplotype Analysis for the Toronto and Calgary Samples

Haplotype Frequency Observed Expected Var (O-E) Chisq (1df) P-value

Toronto samplea

 −3G 1249G 0.895 479.97 480.30 25.64 0.004 0.949

 −3A 1249G 0.013 0.03 4.38 1.99 9.540 0.002

 −3G 1249T 0.039 20.87 20.55 9.74 0.011 0.918

 −3A 1249T 0.052 39.13 34.77 15.16 1.254 0.263

Calgary sampleb

 −3G 1249G 0.923 376.12 375.58 14.21 0.021 0.884

 −3A 1249G 0 — — — — —

 −3G 1249T 0.028 17.88 13.65 6.13 2.910 0.088

 −3A 1249T 0.049 14.00 18.77 9.11 2.500 0.114

a
Global chisquared test, on three degrees of freedom = 10.907 (P = 0.012).

b
Global chisquared test, on two degrees of freedom = 5.0643 (P = 0.079).
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