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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 neurodevelopmental disorder affecting children
globally, and the molecular mechanisms underlying it 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 dyslectic 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 �ve mapped regions are
supported by previous linkage or associations studies of dyslexia. Whole genome sequencing (WGS) of affected individuals in the six family’s
revealed rare regulatory variants in the mapped regions.

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 brain3,4. Identi�cation
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 identi�ed susceptible candidate genes as DNAAF4, DYX16, DCDC2 andKIAA0319, DYX27,8,
and ROBO1, DYX59. The strength of gene-mapping studies has been limited that only putative functional variants affecting the genes are
reported10. The genetic complexity of DD, where factors as incomplete penetrance, phenocopies, genetic heterogeneity and oligogenicity make
identi�cation of single genetic variants for DD di�cult11,12.

GWA studies have in the last decade identi�ed additional loci with SNPs associated with DD. Since the �rst GWAS using a 100K SNP chip and
pooled DNA from 5760 children13 several other GWAS studies querying common genetic variants across the whole genome for association
with DD in larger populations have been carried out 14,15,16,17,18,19. A recent GWA study by Doust et al.20 reported 42 loci for DD where 15 were
in genes linked to cognitive ability/educational attainment, and 27 were new and potentially more speci�c to dyslexia. Notable none of the
GWAS identi�ed 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 in large families and WGS of the linkage regions has
resulted in novel DD candidate genes. Examples are an intron variant with cis-regulatory effect on SEMA3C21 and a missense variant in the
gene SPY22. We have used a similar approach of WGL analyses of six large Danish DD families and analysed the linkage regions by WGS. The
analyses revealed �ve different loci for DD (Table 1), and the WGS analyses of the linkage regions revealed a series of putative regulatory
variants close to genes expressed in brain that might contribute to the DD phenotype.

Table 1

Family Chr. band Linkage region (hg19) Delimiting markers Size of linkage region LOD score 2)

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 (1.7)

A22 21q22.3 21:44,828,031–48,129,895 rs857552-rs2839367 1) 3,301,865 3.30 (1.52)

1) Close to telomer position.

2) LOD scores for dyslexia. In parenthesis are LOD scores calculated using the �rst collected samples genotyped using SNP6.0 arrays. Final
LOD scores are calculated between dyslexia and the haplotype (p = 0.001) for all family members.

Materials And Methods

Family material.
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Six families with dyslexia were collected from the Copenhagen Family Bank23. The families were followed over a period of mere than 40 years
and the DD phenotypes were self-reported by interview of parents and sibs. All participants were orally informed and provided written consent.

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. Affymetrix SNP6.0 array was used in family A09, A22, A67, B71, E06 and CytoScan™ HD SNP array (ThermoFisher Scienti�c)
was used for family A29. More than 800.000 markers were included in the WGL analysis, and the Birdseed text �les were converted to a single
input �le employing the SNP6-LINK program package and analyzed by LIPED24. Initial calculation of LOD scores using the SNP-array data was
carried out with a frequency of 0.02 for the dyslexic trait and an allele frequency of 0.05 for the SNPs. The LOD scores were sorted by
chromosome and position and plotted graphicly and continuous regions with positive LOD scores > 2.0 were mapped. Additional family
members in four families were sampled and genotyped for selected SNPs by Sanger sequencing (SI, Table S1), and a �nal LOD score was
calculated including all individuals and SNP markers with an allele frequency of 0.05 and a risk haplotype frequency of 0.001 and a penetrans
of 0.05.

WGS data analyses
WGS (BGI Europe, Copenhagen Denmark) was done by standard methods. Brie�y 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) aligner25. Variant calling was done
employing GATK (4.0.11.0)26, and variant annotation and �ltration was done using VarSeq (Golden Helix, USA) and a minimum coverage of 20
reads was obtained. The WGS data was �ltered for heterozygous SNVs and indels with minor allele frequency (MAF) values < 0.02. Variants in
repeated regions were excluded after employing the RepeatMasker track in the UCSC browser27. For families with two individuals sequenced,
shared variants were selected for the analyses. The variants were analyzed for position in coding regions, in non-coding RNA genes, intron
location, location in regulatory regions and elements and intergenic positions. The following track in the UCSC browser27 was employed for the
�ltration of variants: ENCODE regulation for histone methylation markers, DNaseI Hypersensitivity Clusters and Transcription Factor ChIP-seq
Clusters, GeneHancer, and JASPAR Transcription Factor Binding Site Database. Variant Effect Predictor (VEP, Ensembl)28 was employed for
identi�cation of variants affecting regulatory regions, and gene expression data analyses was obtained from the GTEx Portal29 and the Human
Protein Atlas30.

Results
Six large unrelated families were recruited from Copenhagen Family Bank (CFB)23 all with DD segregating in autosomal dominant mode
(Figure 1A-F). The families were genotyped using SNP-array technology and subsequently WGL analysis revealed one single continuous region
of positive LOD scores for family E06, B41, A29, A67 and A22 and two regions for family A09 (Figure 2). A risk haplotype was constructed for
each family and by including additional family members (SI, Table S1) and �ne mapping of the regions by Sanger sequencing of selected SNP
markers excluded one of the linkage regions in family A09. A �nal maximum LOD score could be calculated for all six families and the �ve DD
loci were mapped to 13q12.3 (family E06), 15q23-q24.1 (family A29), 18p11.21 (family A67), 19p13.3 (families B41 and A09) and 21q22.3
(family A22) (Table 1). The linkage region for family A09 was embedded in the linkage region for family B41.

One or two affected individuals in each family were selected for WGS and analyzed for putative DD associated variants. Heterozygote variants
with MAF<0.01 in the European population were selected and variants in repeated region were excluded as these regions are highly variable.
Finally, variants in regulatory regions were selected and neighboring genes were analyzed expression in the brain. The result for the WGS
analysis is shown in Table 2. 

Characterization of the six DD families

Family E06 represent four generations and include 20 individuals whereof 9 were reported with DD (Figure 1A). Eleven individuals were
genotyped using SNP-arrays and additional 8 individuals were genotyped for selected SNPs (SI, Table S1). The WGL analyses revealed a
continuous region with maximum positive LOD score of Z=1.5 on chromosome 13q12.3 (Figure 2A). Including the additional 8 individuals in
the genotype analysis a �nal LOD score of Z=4.42 was obtained setting the haplotype frequency p=0.001. The linkage region covered 1.6Mbp
delimited by the markers rs1005969 and rs1472248718 due to recombination in individuals IV:3 and IV:7. 

Family A29 represent three generations with 14 individuals whereof seven were reported with dyslexia (Figure 1B). A total of 11 individuals were
genotyped by SNP-arrays, and additional informative markers were analyzed by Sanger sequencing in three individuals (SI, Table S1). The WGL
analysis identi�ed a continuous region of positive LOD scores on chromosome 15q23-q24.1 with Z=2.1 (Figure 4B) and by including genotype
data for additional family members, a �nal positive LOD score of Z=3.01 was obtained. The linkage region was 3.3Mbp delimited by the
markers rs12593849 and rs59322618 due to recombination in II:1 and II:3. 
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Family A67 represent �ve generations and 21 individuals where 14 were reported with dyslexia (Figure 1C). All 21 members were genotyped by
SNP-array and the following WGL analysis resulted in a maximum LOD score of Z=3.57at 18p11.21 (Figure 2C) and a LOD score of Z=3.87 was
obtained by setting the haplotype frequency p=0.001. The mapped region represented 1Mbp �anked by the markers rs7241188 and rs9963456
due to recombination in individuals III:3 and III:9.

Families B41 and A09. Both families map to 19p13.3 and the 1.5Mbp region found in A09 is embedded in the 6.4Mbp region for family B41.
Family B41 represent tree generations and 31 individuals whereof 9 were reported with dyslexia (Figure 2B). LOD score calculation using SNP-
array data for 12 persons resulted in a continuous region with a LOD score of Z=2.64 (Figure 4D). Including additional seven family members
tested for selected SNPs and a STS marker (D19S209) (SI, Table S1) resulted in a �nal LOD score Z=4.72 with a haplotype frequency p=0.001.
The region represents 6,4Mbp delimited by the markers rs689396 and rs2305806 due to recombination in individuals II:1 and II:2.

Family A09 comprises 16 individuals in three generations with �ve members reported with dyslexia (Figure 3A). Genotyping of 8 individuals
resulted in two continuous regions with a positive LOD score of Z=1.7 (Figure 4E). Genotyping of additional four individuals (SI, Table S1) for
selected SNP markers excluded one of the linkage regions leaving the region at 19p13.3 with a positive LOD score of maximum Z=2.64. The
region represented 1.5Mbp delimited by the markers rs17673260 and rs2159561 due to recombination in II:3 and III:3. 

Family A22 represent a three generations family with 21 individuals whereof seven were reported with dyslexia (Figure 3B). 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 4F. 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 a recombination in individual III:7. 

The WGS analyses 

In the 13q12.3 locus, two DNA variants, rs573197999 and rs117556116, of interest in family E06 were found in II:2 and IV:3. Both SNPs were in
regulatory regions in the vicinity of MTUS2; rs117556116 in a CTCF binding site upstream for MTUS2 and rs573197999 in a promotor region in
intron 1 with a cluster of transcription factors (Table 2). MTSU2 is expressed in heart and is regional enhanced in the cerebral cortex and single-
cell RNA data shows expression in neurons (HPA). In the 15q23-q24.1 locus, two SNPs were found in II:1 and II:5 in family A29. rs35304292 is
approximately 2kbp downstream for the lncRNA gene LINC02205, and rs1196366533 in intron 14 of LRRC49 in a region with several TFBS.
None of genes are brain speci�c. In the 18p11.21 locus (family A67, II:2) one SNP, rs143669678, was found in a regulatory enhancer and CTCF-
binding region in intron 2 of PIEZO2, a gene expressed in brain (Table 2).

In locus 19p13.3 a total of 15 SNPs identi�ed, eight in family B41 and seven in family A09 (Table 2). Three SNPs in family B41 were close to
the gene PWWP3A (rs144512862, rs116900972, and rs147204443), all three SNPs were assigned to regulatory regions. PWWP3A has low
tissue speci�city but is expressed in the brain. Three SNPs in family B41 and two in family A09 were in the vicinity of the gene APC2, all in
regulatory regions. 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. One SNP, rs115178429, was found in a regulatory region in intron
1 of ABHD17A, a gene ubiquitously expressed including the brain, and two SNPs were in or close to BTBD2. rs149364482 represent a missense
variant (p.Ser373Ile; NP_060267.2) predicted tolerated by PolyPhen-2 and rs146449301 in a regulatory region in an intron of BTBD2. BTBD2
is ubiquitously expressed with low tissue speci�city. The remaining three SNPs were in regulatory regulator regions close to TCF3 and GNG7,
where GNG7 is highly expressed in the basal ganglia (HPA). Two SNPs were found outside the shared region, both in regulatory regions in
intron 2 of TLE5 (rs117195808) and in intron 2 of PIP5K1C (rs1364917700), respectively (Table 2).

In family A22, locus 19p13.3, three SNPs of interest in regulatory regions were found 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 2). PDXK and PCBP3 have enhanced expression in brain, ADARB1 and SLC19A1 have
low tissue speci�city but are expressed in the brain.

Discussion
The genetic etiology of dyslexia could be complex as demonstrated by many studies (for reviews see14,17,31,32). A small number of genes are
characterized as DD susceptibility genes, but single deleterious mutations are still missing. DD is supposed to be a neurodevelopmental
disability characterized as polygenetic with a strong genetic component and heritability estimated to 40-60%17, and a potential molecular
mechanism is supposed to be linked to neuronal migration33. Comorbidity between dyslexia and other neurodevelopmental disorders has been
reported for overlapping loci for DD, autism, and ADHD34,35. Other studies show families with autosomal dominant inheritance of DD and cases
of incomplete penetrance6,7,8,9,36,37.
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In the present study, we have analyzed six families with autosomal dominant DD and mapped �ve DD loci that all have been reported linked or
associated to DD (SI, Table S2). The 13p12 locus in family E06 has been reported by Igo et al.36 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. Luciano et
al.14 and Truong et al.37 reported three SNPs, rs9508555, rs2892463 and rs7997649, in the linkage region associated with non-word repetition
and DD. None of the three studies suggested candidate gene for the 13p12 locus. 

The 15q23 locus in family A29 is supported by a CNV found in a study of more than 1300 DD cases38. The CNV deletion suggested MYO9A as
a candidate, but the WGS analysis failed to identify variants in the gene. The 18p11.2 locus in family A67 mapped to in the DYX6 locus (OMIM
606616). Studies found linkages for DD to D18S464 (p=0.00004) and D18S53 (p=0.0002), both close to the A67 linkage region, but a
candidate gene is not suggested for the DYX6 locus39,40. The SNPs rs7507114 and rs1846090 have been reported for association with DD and
PTPN2 has been suggested as a candidate gene 41,42 but the WGS analysis of A67 failed to identify variants in the gene.

The locus at the telomeric region of 19p11.2 found in families B41 and A09 have been reported in three different studies. A CNV deletion of 46
kbp38 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 �nd variants in these genes. Luciano et al.14 identi�ed several SNPs in the shared region for B41 and A09 and suggests DAZAP1 as a DD
candidate gene, but again the WGS analyses in both families failed to �nd variants in the gene. Finally, a microdeletion has been reported in the
shared region with dyslexia as part of the phenotype43. Six SNPs from the WGS analyses are in the microdeletion, �ve in or close to the gene
APC2 gene (rs557485888, rs529177770, rs201353187, rs12974027 and rs147084328) and one (rs118087435) close to TCF3 (Table 2). Three
SNPs reported by Luciano et al.14 distal to the microdeletion are close to three SNPs found in family B47 (rs144512862, rs116900972 and
rs147204443). The gene APC2 is of interest that the gene shows tissue speci�c expression in the brain and suggested to be involved in nervous
system development. Further has APC2 has been associated to intellectual developmental (MRT74, OMIM 617169) and involved in cortical
dysplasia (CDCBM10, OMIM 618677) both for autosomal recessive inheritance.

Finally, the locus at 21q22.3 telomeric in family A22 is reported in �ve other studies (SI, Table S2). In two families with DD, translocation
breakpoints have been reported44 with a phenotypically spectrum that includes 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 phenotype45. Other studies have shown
association to DIP2A46 or S100B47, and �nally, a GWA study by Gialluisi et al.16 found association to rs73234886 in the TSPEAR gene and close
to KRTAP10-12. The WGS analysis in family A22 did not �nd any variants in the aforementioned genes, and none of the three candidate SNPs
in A22 were close to the reported loci (Table 2).

In conclusion we have mapped �ve different loci for DD by linkage analyses of six families. For all �ve loci we can �nd support in the literature
either as linkage analysis, association studies or CNV mapping. The combination of linkage analyses of large families and the use of NGS of
the mapped regions is relatively new21,22. The lack of deleterious mutation in coding genes causing DD suggest mutations for DD must involve
regulation of genes involved in neurological processes. The large number of GWA studies done in the last decade by questioning school
children with DD suggest that many different genes are involved in DD16,17,20,35. It is notable that the �ve DD loci found in this study are not
found by the recent GWA studies. An explanation can be that GWAS only �nd regions where there is a relative high frequency of a founder
mutation in the population.

These studies based on large populations are not able to detect DD loci that segregate in single families as a monogenic trait. Few family
studies combining linkage analysis and NGS technology have resulted in variants in putative regulatory regions and found in families with AD
inheritance of DD. In the present study, we have proposed candidate variants for regulatory regions for genes expressed in the brain, but
additional functional analysis is needed for a more and deep knowledge of the DD etiology.

A better understanding of a molecular mechanistic genetic model of DD is needed for analysis of regulatory variants in possible candidate
genes. An approach used by Price et al.35 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 in mapped linkage
regions as done in this study. Future genetic analyses, either family studies or GWAS studies are needed to clarify the genetic components in
DD and the overlapping comorbidities to other neurogenetic disorders.
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Table 1.   

Family Chr. band Linkage region (hg19) Delimiting markers Size of linkage region LOD score 2)

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 (1.7)

A22 21q22.3 21:44,828,031-48,129,895  rs857552-rs2839367 1) 3,301,865 3.30 (1.52)

1. Close to telomer position.
2. LOD scores for dyslexia. In parenthesis are LOD scores calculated using the �rst collected samples genotyped using SNP6.0 arrays.

Final LOD scores are calculated between dyslexia and the haplotype (p=0.001) for all family members. 
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Table 2 

Candidate SNPs found in the mapped linkage regions 

Family SNP Location
hg19

Minor
allele

MAF Consequence Gene Biotype

E06 rs117556116 13:29371767 A 0.00281 regulatory_region_variant MTUS2 CTCF_binding site

  rs573197999 13:30003980 T 0.00238 intron variant MTUS2 Promoter,
CTCF_binding_site 

A29 rs35304292 15:70794485 T  0.00581 downstream_gene_variant LINC02205 lncRNA

rs1196366533 15:71306799-
71306800

delG 0.00000 intron_variant, many
TFBS

LRRC49 protein_coding

A67 rs143669678 18:11026113 A 0.00728 intron_variant PIEZO2 protein_coding

    regulatory_region_variant - CTCF_binding_site

    regulatory_region_variant - enhancer

B41 rs144512862 19:1377234 T 0.01182 3_prime_UTR_variant MUM1/
PWWP3A

protein_coding

          regulatory_region_variant - promoter_�anking_region

rs116900972 19:1378011 G 0.007999 3_prime_UTR_variant MUM1/
PWWP3A

protein_coding

    regulatory_region_variant - CTCF_binding_site

          regulatory_region_variant  - promoter_�anking_region

rs147204443 19:1380013 T 0.01221 downstream_gene_variant MUM1/
PWWP3A

protein_coding

    regulatory_region_variant - promoter_�anking_region

rs557485888 19:1445779 T 0.003428 upstream_gene_variant APC2 protein_coding

    regulatory_region_variant - promoter

    regulatory_region_variant - CTCF_binding_site

    TF_binding_site_variant - -

rs529177770 19:1472092 GGGGG 0.000015 3_prime_UTR_variant APC2 protein_coding

rs201353187 19:1475258 G 0.006159 downstream_gene_variant APC2 protein_coding

    splice_acceptor_variant C19orf25 protein_coding

          regulatory_region_variant - CTCF_binding_site

rs115178429 19:1882327 A 0.000647 intron_variant ABHD17A protein_coding

    regulatory_region_variant - promoter

rs149364482 19:1987562 A 0.006151 missense_variant BTBD2 protein_coding

          regulatory_region_variant - CTCF_binding_site

rs117195808 19:3060851 A 0.003428 intron_variant TLE5 protein_coding

    regulatory_region_variant - promoter

rs1364917700 19:3666035 T 0.000015 intron_variant PIP5K1C protein_coding

    regulatory_region_variant - CTCF_binding_site

          TF_binding_site_variant - -

A09 rs12974027 19:1457509 C 0.01625 intron_variant APC2 protein_coding

          regulatory_region_variant - CTCF_binding_site

rs147084328 19:1476199 T 0.00805 downstream_gene_variant APC2 protein_coding
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  intron_variant C19orf25 protein_coding

rs118087435 19:1613257 T 0.00056 intron_variant TCF3 protein_coding

rs193271498 19:1874187 G 0.00112 regulatory_region_variant - promoter

rs146449301 19:2013973 C 0.00190 intron_variant BTBD2 protein_coding

    regulatory_region_variant - promoter

rs148452202 19:2527577 A 0.01625 intron_variant GNG7 protein_coding

          regulatory_region_variant - promoter_�anking_region

rs147662493 19:2528978 T 0.00805 intron_variant GNG7 protein_coding

A22 rs539002811 21:45175002 A 0.00266 intron_variant PDXK protein_coding

          regulatory_region_variant - TF_binding_site

rs572129208 21:46584395 T 0.00351 intron_variant ADARB1 protein_coding

          regulatory_region_variant - promoter_�anking_region

rs560135812 21:46994131 T 0.00539 regulatory_region_variant - promoter_�anking_region

Figures

Figure 1

Pedigrees for six Danish families with DD segregation in an autosomal dominant order. A. Pedigree of family mapped to locus 13q12.3. B.
Pedigree of family A29 mapped to

locus 15q23-q24.1. C. Pedigree of family A67 mapped to 18p11.21.D. Pedigree of family B41 mapped to locus 19p13.3.  E. Pedigree of family
A09 at locus 19p13.3. F. Pedigree of family A22 at locus 21q22.3. Females are shown as circles, males as squares, healthy individuals have
open symbols, affected individuals have �lled black symbols. Symbols with a black dot indicated healthy carriers of the disease trait. WGS
denotes individual’s whole genome sequenced and S denotes individuals genotyped for selected SNPs. Parenthesis denotes inferred
haplotypes.



Page 12/12

Figure 2

Graphic presentation of the LOD scores from the initial WGL analysis of the six families.

Figure 3

These images are not available with this version.
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