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Abstract
Dyslexia is a common learning disability exhibited as a delay in acquiring reading skills despite adequate intelligence, and 
reading single real words are impaired in many dyslexics. Reading disability or developmental dyslexia (DD) is a neurodevel-
opmental disorder affecting children, and the molecular mechanisms underlying are largely underdetermined, while loci and 
susceptibility genes are suggested by genetic mapping in families or cohorts and by genome wide association studies (GWAS). 
To identify a possible genetic cause, we genotyped and performed genome wide linkage analysis employing the programs 
LIPED and SNP6-LINK of six multigenerational families with autosomal dominant inherited dyslexia. The linkage analyses 
resulted in informative haplotypes segregating with the dyslexic trait in all families and a LOD score of Z>4 at 13q12.3 and 
19p13.3, and a LOD score of Z>3 at 15q23-q24.1, 18q11.21, and 21q22.3. The five mapped regions are supported by previous 
linkage or associations studies. Whole genome sequencing of dyslexic individuals in the six family’s failed to identify protein 
located mutations and a catalogue of possible regulatory variants are suggested as causative for dyslexia.
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1. Introduction
Developing dyslexia (DD) including reading and language disorder 
is heritable, with genetic effects accounting for between 45% and 
61% of the phenotypic variance [1, 2]. Dyslexia is associated with 
functional and activation abnormalities within reading areas of the 
brain [3, 4]. Identification of candidate genes for reading disability 
has involved linkage analysis, mapping quantitative-trait loci 
(QTLs) and genome wide association studies (GWAS) [5]. Seven 
loci are reported in OMIM: DYX1 on 15q21 (OMIM 127700), 
DYX2 on 6p22-p21 (OMIM 600202), DYX3 on 2p16-p15 (OMIM 
604254), DYX5 on 3p12-q13 (OMIM 606896), DYX6 on 18p11.2 
(OMIM 606616), DYX8 1p36-p34 (OMIM 608995) and DYX9 on 
Xq27.3 (OMIM 300509). Fine mapping of the regions has identified 
susceptible candidate genes as DNAAF4 for DYX1, DCDC2 and 
KIAA0319 for DYX2, and ROBO1 for DYX5 [6-9]. The strength of 
gene-mapping studies has been limited that only putative functional 
variants affecting genes are reported, and the genetic complexity 
of DD, where factors as incomplete penetrance, phenocopies, 
genetic heterogeneity and oligogenic inheritance, has hampered 
identification of single genetic variants for DD [10-12].

GWA studies have in the last decade identified additional loci with 
SNPs associated with DD. Since the first GWAS, using a 100K 
SNP chip and pooled DNA from 5760 children several other 
GWAS studies querying common genetic variants across the whole 
genome for association with DD in larger populations have been 
reported [13-19]. A recent GWA study by Doust et al., reported 42 
loci for DD where 15 were in genes linked to cognitive ability/
educational attainment, and 27 were new and potentially more 
specific to dyslexia [20]. Notable none of the GWAS identified 
DD loci overlap with previous reported DYX loci and illustrate 
the genetic heterogeneity of DD and suggest the DYX1-9 loci may 
represent rare familiar forms. The combination of whole genome 
linkage (WGL) analyses of large families followed by whole 
genome sequencing (WGS) of the linkage regions have resulted 
in novel putative DD candidate genes as SEMA3C and SPY [21, 
22]. We have used a similar approach of WGL analyses of six large 
Danish DD families and WGS of one or two family members in 
each family. Five loci linked with the DD trait (Table 1) that two 
families mapped to the same region, and one locus overlapped with 
the DYX6 locus. WGS analyses of the linkage regions resulted in 
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a catalogue of putative regulatory variants that might contribute to 
the DD phenotype. 

Family Chr. band Linkage region (hg19) Delimiting markers Size of linkage region LOD score (1)

E06 13q12.3 13:29,324,683-30,941,039 rs1005969-rs1472248718 1,616,356 4.42 (1.52)
A29 15q23-q24.1 15:70,362,585-73,666,730 rs12593849-rs59322618 3,304,145 3.01 (2.10)
A67 18p11.21 18:10,905,079-11,901,888 rs7241188-rs9963456 996,809 3.87 (3.57)
B41 19p13.3 19:366,412-6,755,007 rs689396-rs2305806 6,388,595 4.72 (2.64)
A09 19p13.3 19:1,364,306- 2,827,300 rs17673260-rs2159561 1,462,994 2.64 (1.70)
A22 21q22.3 21:44,828,031-48,129,895 rs857552-rs2839367 3,301,865 3.30 (1.52)

(1) Initial LOD scores calculated from SNP6.0 arrays shown in parenthesis.
Table 1: The Mapped Linkage Regions for the Six Families with Segregating Dyslexia

2. Materials and Methods
2.1. Family Material 
Six families with dyslexia were collected from the Copenhagen 
Family Bank [23]. The families were followed over a period of over 
40 years with new family members registered. The DD phenotypes 
were self-reported by interview of parents and sibs over the entire 
period, and all participants were orally informed about the project 
and provided written consent achieved. All individuals have been 
detailed informed about the linkage mapping of the family by SNP 
array technology and WGS analyses and the consequences the data 
analyses of selected family members.

2.2. Genotyping and Whole Genome Linkage Analysis
DNA was extracted using EDTA (ethylenediamine tetra-acetic 
acid) blood by standard phenol/chloroform extraction protocols 
and genotyped by SNP arrays. Family A09, A22, A67, B71, E06 
were genotyped using Affymetrix SNP6.0 arrays (Affymetrix, 
Thermo Fisher Scientific Inc) and family A29 was genotyped 
applying CytoScan™ HD SNP arrays (Affymetrix, Thermo Fisher 
Scientific Inc). More than 900,000 high average heterozygosity 
markers were included in the WGL analyses. Birdseed files with 
genotype, chromosome, and position were converted to input files 
and analyzed by the SNP6-LINK program package. A two-points 
linkage analysis was carried employing the program LIPED, initial 
calculation of LOD scores for the six families was carried out with 
a frequency of 0.02 for the dyslexic trait and a penetrance of 100% 
and an allele frequency of 0.5 for the SNPs. The LOD scores 
were sorted by chromosome and position using the SNP6-LINK 
program package and plotted graphicly using Excel and continuous 
regions with positive LOD scores >2.0 were mapped [24]. In four 
families (E06, A29, B41, A09) additional members were sampled 
and genotyped by Sanger sequencing. The genotyping included 
the following individuals: family E06, SNP array: II:1-4; III:2-
7; IV:3, Sanger sequencing: IV:1,2,5-8; V:1,2; family A29, SNP 
array: I:1,2; II:1-6; III:1-2,6, Sanger sequencing: III:3-5; family 
A67, SNP array: I:2-4,6,7; III:1-3,5,11; IV:1-6; V:1; Sanger 

sequencing: none; family B41, SNP array: I:1-2; II:1-3,5,6,9; 
III:7,17-19, Sanger sequencing or STS markers: II:4,8; III:3-6, 
8, family A09, SNP array: II:2-5,7,9-11; Sanger sequencing II:1; 
III:1-3; family A22, SNP array I:1,2; II:1-2, 6-10; III:1-2, 4-9); 
Sanger sequencing: none. Fine mapping of recombination events 
included Sanger sequencing of the following SNPS in all family 
members, E06: rs1772343, rs1212168119, rs1472248718; A29: 
rs12593849 and rs8192373; B41: rs12610184, D19S209; A09: 
rs17673260, rs2526140, rs6510605, rs1024625, rs10407022, 
rs1330577023, rs2159561, rs216283. A final LOD score for each 
family using genotypes from SNP arrays and Sanger sequencing 
was calculated with LIPED with a frequency for the dyslexia trait 
of 0.02 and a penetrans of 0.05 and a risk haplotype frequency of 
0.01 [24]. 

2.3. WGS-Data Analyses
WGS was done by BGI Europe (Copenhagen, Denmark) by 
standard methods. Briefly a ≤800bp insert normal library was 
created for selected individuals and reads were aligned to human 
reference sequence hg19, GRCh37 using the BWA (0.7.15) aligner 
[25]. Variant calling was done employing GATK (4.0.11.0) and 
variant annotation, filtration was done using VarSeq (Golden 
Helix, USA), and a minimum coverage of 20 reads was obtained 
[26]. The WGS data was filtered for heterozygous SNVs and 
indels with a minor allele frequency (MAF) <0.02. Repeat Masker 
excluded variants in repeated regions in the UCSC browser [27]. 
In families with two individuals, deep sequenced, shared variants 
were selected for the analyses. The following individuals were 
selected for WGS: family E06: II:2; IV:3, family A29: II:1,5, 
family A67: II:2, family B41: II:6; family A09: II:7; family A22: 
I:2, II:1 (Figure 1A-F). The filtered variants were analyzed for 
positions in protein coding genes (exon/introns), in non-coding 
RNA genes, intergenic regions and for affecting regulatory regions 
employing the Variant Effect Predictor (VEP, Ensembl, assembly 
GRCh37/hg19), and gene expression data was obtained from the 
GTEx Portal and the Human Protein Atlas [28-30]. 
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E. Pedigree of Family A22 at Locus 21q22.3. 

 

Figure 1: Pedigrees for six Danish families with DD segregation in an autosomal dominant 

order. For all six pedigrees females are shown as circles, males as squares, healthy 

individuals have open symbols, affected individuals have filled black symbols. Symbols with 

a black dot indicated healthy carriers of the disease trait. WGS denotes individuals that have 

been whole genome sequenced and S denotes individuals genotyped for informative SNPs by 

Sanger sequencing. All other individuals were included in the SNP array analyses. 

Parenthesis denotes inferred haplotypes. 

 

3. Results 

3.1. Linkage Analyses 

The linkage analyses of the six families applying the SNP array technology resulted in 

genotype data for the entire genome. Calculation of LOD scores followed by a graphic 

presentation revealed single regions with positive LOD scores and the remaining part of the 

genome could be excluded by negative LOD scores. For each family only one single region 

E. Pedigree of Family A22 at Locus 21q22.3.

Figure 1: Pedigrees for six Danish families with DD segregation in an autosomal dominant order. For all six pedigrees females are 
shown as circles, males as squares, healthy individuals have open symbols, affected individuals have filled black symbols. Symbols with 
a black dot indicated healthy carriers of the disease trait. WGS denotes individuals that have been whole genome sequenced and S de-
notes individuals genotyped for informative SNPs by Sanger sequencing. All other individuals were included in the SNP array analyses. 
Parenthesis denotes inferred haplotypes.
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3. Results
3.1. Linkage Analyses
The linkage analyses of the six families applying the SNP array 
technology resulted in genotype data for the entire genome. 
Calculation of LOD scores followed by a graphic presentation 

revealed single regions with positive LOD scores and the remaining 
part of the genome could be excluded by negative LOD scores. For 
each family only one single region was observed except for family 
A09 that two regions on chromosome 19 were observed (Figure 
2). 
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Figure 2: Graphic presentation of the LOD scores from the initial WGL analysis of the six 

families. Plotting LOD scores for all calculated genotype positions results in continues 

negative LOD scores for all chromosomal regions except where linkage is found.  
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Figure 2: Graphic presentation of the LOD scores from the initial WGL analysis of the six families. Plotting LOD scores for all calcu-
lated genotype positions results in continues negative LOD scores for all chromosomal regions except where linkage is found.

All families had LOD scores between 1.52 and 3.57 (Table 1). 
By sampling additional family member for four families and 
subsequently genotyping of informative SNPs fine mapping of 
the linkage region and a final LOD score for each family was 
calculated (Table 1). Genotyping of additional family member 
in A09 excluded one of two linkage regions found by SNP array 
typing, and risk haplotype could be established in each family with 
well-defined boundaries for the DD loci.

3.2. Family E06 
The DD trait mapped to a 1,6Mbp region at 13q12.3. The family 
comprised four generations with 20 individuals whereof 9 were 
reported with DD (Figure 1A). Eleven individuals were genotyped 
by SNP-arrays with a resulting LOD score of 1.52 (Figure 2A), and 
genotyping of additional 8 individuals for informative SNPs fine 
mapped the linkage region and a LOD score of 4.42 was calculated 
for a haplotype frequency p=0.001. Recombination in IV:3 and 
IV:7 delimited the region at rs1005969 and rs1472248718 (Figure 
1A).

3.3. Family A29 
The family represent three generations with 14 individuals 
and 7 reported with DD (Figure 1B). SNP-array analysis of 11 
individuals revealed a positive LOD scores 15q23-q24.1 with 

Z=2.1, and by including three extra individuals and Sanger 
sequencing of informative markers (Figure 2B) resulted in a LOD 
score Z=3.01. The linkage region was 3.3Mbp delimited by the 
markers rs12593849 and rs59322618 due to recombination in II:1 
and II:3. 

3.4. Family A67 
The five generations family comprises 21 individuals with 14 
reported with DD. All 21 members were genotyped by SNP-
array (Figure 1C) and the WGL analysis resulted in a maximum 
LOD score of Z=3.57at 18p11.21 (Figure 2C) and a final LOD 
score of Z=3.87 was obtained for a haplotype frequency p=0.001. 
The mapped region represented 1Mbp flanked by the markers 
rs7241188 and rs9963456 due to recombination in III:3 and III:9.

3.5. Family B41 
A tree generations family of 31 individuals with 9 reported with 
DD (Figure 1D) were sampled. LOD score calculation using SNP-
array data for 12 persons revealed a continuous region with a 
LOD score of Z=2.64 (Figure 2D). Including additional 7 family 
members tested for informative SNPs and an STS marker resulted 
in a final LOD score Z=4.72 for a haplotype frequency p=0.001. 
The region covered 6,4Mbp delimited by the markers rs689396 
and rs2305806 due to recombination in II:1 and II:2. 
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3.6. Family A09 
The family comprises 16 individuals in three generations with 
five members reported for dyslexia (Figure 1E). Genotyping of 
8 individuals resulted in two continuous regions with a positive 
LOD score of Z=1.7 (Figure 2E). Genotyping of additional four 
individuals for informative SNP markers excluded one linkage 
regions leaving the region at 19p13.3 with a positive LOD score 
of maximum Z=2.64 for a haplotype frequency p=0.001. The 
region covered 1.5Mbp delimited by the markers rs17673260 and 
rs2159561 due to recombination in II:3 and III:3 and is embedded 
in the linkage region mapped for family B41. 

3.7. Family A22 
The family represent three generations with 21 individuals 
whereof 7 was reported with dyslexia (Figure 1F). 18 members 
were genotyped by SNP-arrays and a linkage region at 21q22.3 

with a maximum LOD score Z=3.30 was determined (Figure 
2F). Incomplete penetrance was observed for individual III:8. 
The region covered 3.3 Mbp and was delimited by the markers 
rs857552 and rs2839367 (telomeric) due to recombination in III:7. 

3.8. The WGS Analyses 
Two individuals in families E06 and A22 and one individual in A29, 
A67, B41 and A09 were chosen for whole genome sequencing. 
The variants in the linkage regions between the boundary SNPs 
were filtered for heterozygous SNVs and indels with MAF values 
<0.02. All variants located in repeated regions were excluded and 
the resulting SNVs and indels were analyzed by VEP for variants 
in regulatory regions. The analyses revealed no variants affecting 
coding gene regions wherefore intergenic and intron variants 
were analyzed for location regulatory regions. This resulted in a 
catalogue of 22 SNVs and one indels (Table 2).

Family SNP id Location 
(hg19/
GRCh37)

Alleles MAF (1) (ef-
fect allele)

Consequence (2) Gene (2) Biotype (2)

E06 rs117556116 13:29371767 T/A A:0.01969 Intergenic, regulatory 
region variant

CTCF-binding 
site

rs573197999 13:30003980 C/T T:0.00231 Intron, regulatory 
variant

MTUS2 Promoter

A29 rs8192373 15:72519018 T/C C:0.01630 Intron, regulatory 
region variant

PKM Promotor, 
CTCF-binding 
site

A67 rs143669678 18:11026113 G/A A:0.00867 Intron, regulatory 
region variant

PIEZO2 CTCF-binding 
site, enhancer

rs185745732 18:11259814 C/T T:0.00141 Intergenic, regulatory 
region variant 

Enhancer

B41 rs144512862 19:1377234 G/T T:0.01182 3’UTR, Regulatory 
region variant

PWWP3A Promoter flanking 
region

rs116900972 19:1378011 C/G G:0.01219 Downstream, regula-
tory region variant

PWWP3A Promoter flank-
ing region, 
CTCF-binding 
site 

rs147204443 19:1380013 G/T G:0.01221 Intergenic, regulatory 
region variant

Promoter flanking 
region

rs557485888 19:1445779 C/T T:0.00538 Upstream, regulatory 
region variant

APC2 Promoter, 
CTCF-binding 
site, TF-binding 
site variant

rs201353187 19:1475258 C/G G:0.00616 Splice acceptor vari-
ant regulatory region 
variant

C19orf25 Protein coding, 
CTCF-binding 
site

rs115178429 19:1882327 G/A A:0.000647 Intron/upstream, regu-
latory region variant

ABHD17A Promoter

rs149364482 19:1987562 C/A A:0.00615 Missense variant 
(S373I) Regulatory 
region variant

BTBD2 Protein coding 
(SIFT predicted 
benign) CTCF 
binding site
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rs117195808 19:3060851 G/A A:0.00015 Intron, regulatory 
region variant

TLE5 Promoter

rs1364917700 19:3666035 C/T T:0.00000 Intron, regulator 
region variant

PIP5K1C CTCF-binding 
site, TF-binding 
site variant

rs1049614944 19:3643060 T/C C:0.00000 Intron, regulator 
region variant 

PIPSKIC TF-bindings site 
variant

A09 rs3837993 19:730206 -/A A:0.01467 Intron, regulatory 
region variant

PALM Promoter flanking 
region

rs12974027 19:1457509 T/C C:0.01467 Intron, regulatory 
region variant 

APC2 CTCF-binding 
site

rs193271498 19:1874187 C/G G:0.00065 Downstream gene 
variant Regulatory 
region variant 

ABHD17A Promoter

rs146449301 19:2013973 G/C C:0.00520 Intron, regulatory 
region variant

BTBD2 Promoter

rs148452202 19:2527577 G/A A:0.01467 Intron, regulatory 
region variant

GNG7 Promoter flanking 
region

A22 rs539002811 21:45175002 G/A A:0.00518 Intron, regulatory 
region variant

PDXK TF-binding site 

rs572129208 21:46584395 C/T C:0.00542 Intron, regulatory 
region variant

ADARB1 Promoter flanking 
region

rs560135812 21:46994131 C/T T:0.00556 Intergenic, regulatory 
region variant

- Promoter flanking 
region

(1) MAF values are from gnomAD v3.1.2 for the European non finish population.
(2) VEP analyses done for assembly GRCH37/hg19.

Table 2: Candidate SNPs for the Dyslexia Trait Found in the Linkage Regions

13q12.3 locus. Two DNA variants, rs573197999 and rs117556116, 
in family E06 II:2 and IV:3 was in regulatory regions in the 
vicinity of the gene MTUS2. rs117556116 is in a CTCF binding 
site upstream for the gene and rs573197999 is in a promotor region 
in intron 1 (Table 2). MTSU2 is expressed in heart and is regional 
enhanced in the cerebral cortex and single-cell RNA data suggests 
expression in neurons (data HPA). 

15q23-q24.1 locus. One SNV, rs8192373, was found in II:1 and 
II:5 in family A29 in intron 1 of the gene PKM. The SNV affects 
a predicted promoter region and the PKM gene is ubiquitously 
expressed. 

18p11.21 locus. Two SNVs, rs143669678 and rs185745732, 
was found in a regulatory enhancer and CTCF-binding region. 
rs143669678 is in intron 2 of PIEZO2 and rs185745732 is 
intergenic upstream for PIEZO2. The gene is expressed in the 
brain (GTEx and HPA) (Table 2).

19p13.3 locus. A total of 10 SNVs was found family B41 and five 
in family A09 (Table 2). None of the SNVs were recurrent in both 
families, but variants in three genes, APC2, ABHD17A and BTBD2, 

were found in B41 and A09. Two SNVs, rs557485888 in B41 and 
rs12974027 in family A09 were upstream or in an intron of the 
gene APC2, all in regulatory regions. One SNV, rs201353187, 
was further annotated as a splice site acceptor variant for the gene 
C19orf25 (function unknown). APC2 is expressed specially in the 
brain whereas C19orf25 is ubiquitously expressed. Two SNVs, 
rs115178429 and rs193271498, were in regulatory regions of 
ABHD17A, one in intron 1 and one downstream, and ABHD17A is 
ubiquitously expressed including the brain. Two SNVs in or close 
to the gene BTBD2, included a missense variant (rs149364482; 
p.Ser373Ile/NP_060267.2, benign PolyPhen2) and rs146449301 
in a regulatory region in intron 1 of BTBD2. BTBD2 is ubiquitously 
expressed with low tissue specificity. The remaining SNVs were in 
regulatory regulator regions close to in the genes PWWP3A, TLE5, 
PIP5K1C, TCF3 and GNG7, where GNG7 is highly expressed in 
the basal ganglia (HPA) (Table 2).

19p13.3 locus. Family A22 revealed three SNVs of interest in 
individuals I:2 and II:1. All three SNPs are in regulatory regions; 
rs539002811 in intron 9 of PDXK in a cluster of transcription 
factors, rs572129208 in intron 2 of ADARB1 and rs560135812 
upstream for the genes LINC01694, SLC19A1 and PCBP3 (Table 



  Volume 1 | Issue 2 | 121OA J Applied Sci Technol, 2023

2). PDXK and PCBP3 have enhanced expression in brain, ADARB1 
and SLC19A1 have low tissue specificity but are expressed in the 
brain.

4. Discussion
The genetic etiology of dyslexia is complex demonstrated by many 
studies (for reviews see [14, 17, 31, and 32]). A small number of 
genes has been characterized as DD susceptibility genes without 
single deleterious mutations found segregating in families or as 
recurrent mutations in cohorts of individuals with DD. Functional 
consequences for variants in susceptibility genes have not been 
demonstrated, likely due to lack of specific cell or tissue activities. 
DD is supposed to be a neurodevelopmental disability and 
disturbed activities in the brain is the most obvious cause, and 
characterized as polygenetic with a strong genetic component 
and heritability estimated to 40-60% [17]. A potential molecular 
mechanism is supposed to be linked to neuronal migration [33]. 
Comorbidities between dyslexia and other neurodevelopmental 
disorders has been reported with overlapping loci for DD, autism, 
and ADHD [34, 35]. Other studies show families with autosomal 

dominant inheritance of DD and cases of incomplete penetrance, 
autosomal recessive inheritance has so far not been reported [6-9, 
36, 37]. 

In the present study of six families with autosomal dominant DD, 
linkage analyses mapped five DD loci where one is known as the 
DYX6 locus. The rest of the loci are supported by other studies 
predominantly by linkage, association, or deletion mapping (Table 
3). The locus at 13q12 in family E06 has been reported by Igo et 
al., as the strongest signal to the markers D13S1304-ATA5A09 for 
single word reading in a genome wide scan of 108 DD families 
with a LOD score of Z=2.94 [36]. Luciano et al. and Truong et al. 
reported three SNPs, rs9508555, rs2892463 and rs7997649, in the 
linkage region associated with non-word repetition and DD [14, 
37]. None of the three studies suggested candidate gene for the 
13q12 locus and our WGS analyses failed to find variants in protein 
coding regions. Two candidate SNVs, one intergenic and one in an 
intron in MTUS2 are the most promising candidates supported by 
expression of MTUS2 in the brain with low regional specificity but 
mainly in neurons and synapses and in the heart (HPA). 

Marker Position (hg19) Method P value or LOD 
score Z

Genes proposed Reference

Chromosome 13q12.3, family E06 (chr13:29,324,683-30,941,039)
D13S1304/
ATA5A09

13:27-31,07 Mb Linkage analyses Z=2.94 - [36]

rs2892463 13:30,347,835 Association p=7.50E-06 - [14]
rs9508555 13:30,372,036 Association p=1.18E-05 - [14]
rs7997649 13:30,494,296 Association p=1.48E-06 - [18]
Chromosome 15q23, family A29 (chr15: 70,362,585-73,666,730)
CNV 15:72,154,000-72,325,595 CNV del (171,595bp) p=0.0002 MYO9A [38]
Chromosome 18p11.2 (DYX6), family A67 (chr18:10,905,079-11,901,888)
D18S53 18:11,492,730-11,492,931 Linkage p=1E-04 - [39; 40]
rs7507114 18:13,539,693 Linkage Z>2 (UK)
Z=3,5 (USA) PTPN2 [41]
rs1846090 18:14,583,728 Linkage Z=5.1 - [42]
Chromosome 19p13.3, family B41 (chr19:1,364,306-2,827,300) and A09 (chr19: 366,412-6,755,007)
- 19:1,118,914-1,837,061 Microdeletion - [43]

rs3786978
rs3786983
rs3760995

19:1,413,574
19:1,427,260
19:1,436,874

Association p=7,49E-06
p=5,71E-06
p=2,69E-05

DAZAP1 [14]

CNV 19:556,985-602,852 deletion 45,868 bp p=0.0115 BSG, HCN2 [38]
CNV 19:556,985-602,852 deletion 45,868 bp p=0.0115 BSG, HCN2 [38]
Chromosome 21q22.3, family A22 (chr21:44,828,031-48,129,895)
Deletion 21:44,376,016–48,080,911 Translocation, deletion One person -  [44]
rs73234886 21:46,130,548 Association p=9E-06 TSPEAR  [16]
rs2255526 21:47,971,539 Association p=2.3E-02 DIPA2  [45]
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rs2839259- 
rs9982863

21:47,854,392-48,030,465 Deletion from 
rs2839259-qter

Small family PCNT, DIP2, 
S100B

 [46]

rs9722 21: 48,019,239 Association p=0.016 S100B  [47]

Table 3: Reported Studies for Dyslexia in the Linkage Regions

The 15q23 locus in family A29 is supported by a CNV deletion 
from a study of more than 1300 DD cases [38]. The CNV deletion 
suggested MYO9A as a candidate, but the WGS analyses failed to 
identify variants in the gene. An intron variant in the PKM gene in 
a predicted promoter region and with CTCF-binding capacity is 
the most obvious regulatory candidate.
 
The locus 18p11.2 in family A67 mapped to in the DYX6 locus 
(OMIM 606616). Studies found linkages to D18S464 (p=0.00004) 
and D18S53 (p=0.0002), both close to the A67 linkage region, but 
a candidate gene is not suggested [39, 40]. The SNPs (rs7507114 
and rs1846090) have been associated to DD with PTPN2 as a 
candidate gene, but the WGS analysis of A67 failed to identify 
variants in or near the gene [41, 42]. Two variants in regulatory 
regions, one intergenic and one in an intron of PIEZO2 were 
found. Support for PIEZO2 is expression in the brain with low 
specificity and a function as part of an activated cation channel 
(Gene ID 63895). The locus telomeric 19p11.2 in the families B41 
and A09 is reported in three different studies. A CNV deletion 
of 46kbp in the linkage region for family B41 but distal to the 
A06 region include the genes BSG and intron 1 of HCN2, but 
the WGS analyses failed to find variants in these genes. Luciano 
et al [38]. identified several SNPs in the shared region for B41 
and A09 and suggests DAZAP1 as a DD candidate gene, but the 
WGS analyses in both families failed to find variants in or near 
the gene. Finally, a microdeletion has been reported in the shared 
region with dyslexia as part of the phenotype [14, 43]. Ten SNVs 
in family B41 and five in A09 all in regulatory regions fulfilled the 
filtration criteria. Three genes, APC2, ABHD17A and BTBD2, with 
candidate variants are shared by the two families (Table 2). All 
three genes are enriched expressed in the brain (HPA). APC2 has 
been associated to intellectual developmental disorder (MRT74, 
OMIM 617169) and involved in cortical dysplasia (CDCBM10, 
OMIM 618677), none of the two genes have been associated with 
known disorders. Finally, the locus telomeric 21q22.3 in family 
A22 is reported in five other studies (Table 3). In two families with 
DD, translocation breakpoints have been reported with language 
impairment and developmental coordination. A 175 kbp deletion 
that includes PCNT, DIP2A and S100B is reported for a family 
with dyslexia as part of the phenotype [44, 46]. Other studies have 
shown association to DIP2A or S100B, and finally, a GWA study 
by Gialluisi et al., found association to rs73234886 in the TSPEAR 
gene and close to KRTAP10-12 [45, 47]. The WGS analyses did 
failed to find any variants in regulatory region in any of these genes 
or deletions [16]. Intron variants are found in regulatory regions 
in the genes PDXK and ADARB1, both with low brain regional 
expression (Table 2). 

Though the five mapped loci for DD found in this study are 
supported by other studies, none of the suggested candidate 
genes or deleted regions are supported by variants from the 
WGS analyses. The lack of protein coding mutations directed 
the analyses to suggest variants in regulator regions. Therefore, 
a catalog of variants with a MAF below 0.02 has been suggested 
and judged by nearby genes expressed in the brain. The inclusion 
criteria of a MAF value <0.02, was based on the assumption that 
a causative variant in single DD families must be relatively rare, 
might have led to exclusion of other variants involved in DD. 

Few studies report the combination of linkage analyses of large 
families and the use of NGS of the mapped regions, but a strong 
candidate gene or regulatory region as the genetic cause has not 
been demonstrated [21, 22]. A large number of GWA studies done 
in the last decade suggest several genes involved in DD, but none 
of these were found in our study of the six families or in other 
reported family studies [16, 17, 20, 35]. Additional functional 
analyses are needed for variants affecting gene regulation, or if 
candidate genes in the future are suggested, to gain more and deep 
knowledge of the DD etiology. A better insight of a molecular 
mechanistic genetic model for DD is needed to analyze regulatory 
variants possible consequences for genes involved in DD. An 
approach suggested by Price et al., with a hypothesis-driven model 
combined with a GWAS where SNPs near or in genes involved 
in neuronal migration/axon guidance or implicated in autism 
spectrum might be useful for analyses of candidate variants [35]. 
Future genetic analyses, either family studies or GWAS studies, 
and a better understanding of the neuroanatomy of the language-
related brain regions are needed to clarify the genetic components 
in DD and the overlapping comorbidities to other neurogenetic 
disorders.
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