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Abstract

Specific reading disability (SRD) is defined by genetic and neural risk factors that are not fully 

understood. The current study used imaging genetics methodology to investigate relationships 

between SEMA6D, brain structure, and reading. SEMA6D, located on SRD risk locus DYX1, is 

involved in axon guidance, synapse formation, and dendrite development. SEMA6D’s associations 

with brain structure in reading-related regions of interest (ROIs) were investigated in a sample of 

children with a range of reading performance, from sites in Connecticut, CT (n=67, 6–13 years, 

mean age=9.07) and San Francisco, SF (n=28, 5–8 years, mean age = 6.5). Multiple regression 

analyses revealed significant associations between SEMA6D’s rs16959669 and cortical thickness 

in the fusiform gyrus and rs4270119 and gyrification in the supramarginal gyrus in the CT sample, 

but this was not replicated in the SF sample. Significant clusters were not associated with reading. 

For white matter volume, combined analyses across both samples revealed associations between 

reading and the left transverse temporal gyrus, left pars triangularis, left cerebellum, and right 

cerebellum. White matter volume in the left transverse temporal gyrus was nominally related to 

rs1817178, rs12050859, and rs1898110 in SEMA6D, and rs1817178 was significantly related to 

reading. Haplotype analyses revealed significant associations between the whole gene and brain 

phenotypes. Results suggest SEMA6D likely has an impact on multiple reading-related neural 

structures, but only white matter volume in the transverse temporal gyrus was significantly related 

to reading in the current sample. As the sample was young, the transverse temporal gyrus, 

involved in auditory perception, may be more strongly involved in reading because phonological 

processing is still being learned. The relationship between SEMA6D and reading may change as 

different brain regions are involved during reading development. Future research should examine 
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mediating effects, use additional brain measures, and use an older sample to better understand 

effects.
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Introduction

Specific reading disability (SRD), diagnosed when individuals have significant difficulty 

with reading words or text, affects about 7% of the population, putting them at risk for poor 

academic performance (Hulme & Snowling, 2016). SRD has diverse, interacting risk factors 

at various levels (Miciak & Fletcher, 2020): neurobiological (genetic factors and brain 

structure and function), cognitive (e.g., phonemic and morphological awareness), behavioral 

(e.g., attentiveness and motivation), and environmental (e.g., socioeconomic and schooling 

contexts). The focus of the current study is on the neurobiological level, specifically how 

genetic and brain factors interact to influence reading ability or disability.

Relationships between brain structure and reading have been clearly established in the field. 

Most research has focused on cortical structures, with three major reading circuits identified; 

the dorsal temporo-parietal pathways associated with phonological processing, a ventral 

occipitotemporal pathway associated with word identification and automatic word 

recognition, and an anterior frontal region involved in articulation and higher order reading 

processes (D’Mello & Gabrieli, 2018; Richlan 2020). The basal ganglia and cerebellum have 

also been associated with procedural learning related to reading, as well as articulation 

(D’Mello & Gabrieli, 2018; Hancock, Richlan, & Hoeft, 2017; Ullman, Earle, Walenski, & 

Janacsek, 2020).

The integrative use of imaging and genetics is referred to as imaging genetics. It is a field 

that attempts to improve understanding of the connections between genes and behavior 

through the investigation of brain imaging as an intermediate phenotype, which is argued to 

be closer to the level of the gene (Flint, Timpson, & Munafó, 2014). For example, a study 

comparing effect sizes between gene-brain associations and gene-behavior demonstrated that 

imaging studies were generally associated with larger effects (Rose & Donohoe, 2013). 

While most existing imaging genetics studies have focused on candidate genes that have 

already been associated with reading disability, imaging genetics may also allow better 

detection of genes that may have small effects on behavioral phenotypes. By investigating 

the relationship between genes and imaging endophenotypes, imaging genetics methods may 

be used to identify additional relevant genes that affect phenotypes through their effects on 

the brain (Flint et al., 2014).

Therefore, in the current study, we focus on a gene that has not been previously investigated 

for its relation to reading disability, Semaphorin 6D (SEMA6D). However, based on its 

location in a dyslexia locus DYX1, on chromosome 15q21 (Schumacher, Hoffmann, 

Schmäl, Schulte-Körne, & Nöthen, 2007), and other studies about its function and 

association with various disorders, it is likely to have an impact on reading. First, SEMA6D 
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is part of a family of genes coding for proteins that regulate axon guidance. Semaphorins 

mediate many other functions, including processes such as establishing the identity of 

neuronal cell processes, synapse formation, axon pruning, and regulation of dendrite 

development (Leslie et al., 2011; Alto & Terman, 2018). Many of the genes already 

associated with reading disability have similar functions, in processes such as neuronal 

migration, cortical morphogenesis, dendritic spinal plasticity, and axon guidance (Guidi et 

al., 2018; Hannula-Jouppi et al., 2005; Mascheretti et al., 2017). Importantly, neuronal 

migration and axon guidance have been proposed to lead to small cortical malformations, 

which can affect left hemispheric neural circuits involved in reading and learning 

(Galaburda, Sherman, Rosen, Aboitiz, & Geschwind, 1985; Galaburda, LoTurco, Ramus, 

Fitch, & Rosen, 2006). A more recent study suggested that focusing on just neuronal 

migration is limiting, and other processes such as axon growth, synaptic transmission, and 

ciliary function may affect reading disorders as well (Guidi et al., 2018). These processes, 

which through their effects on axons can lead to changes in white matter structure, affect the 

reading network. Children with reading disability tend to exhibit white matter differences in 

left temporo-parietal areas and frontal regions, with involvement of the left arcuate 

fasciculus and corona radiata (Vandermosten, Boets, Wouters, & Ghesquière, 2012) and 

have different developmental trajectories, with delayed white matter development in the 

reading network (Christodoulou et al., 2017; Lebel et al., 2019).

Second, semaphorin genes have been associated with other neurodevelopmental disorders, 

including autism spectrum disorder (Mosca-Boidron et al., 2016), language disorder (Ercan-

Sencicek et al., 2012; Chen et al., 2017), attention deficit hyperactivity disorder (Demontis 

et al., 2019; Hawi et al., 2018), and schizophrenia (Arion, Horvath, Lewis, & Mirnics, 

2010), all of which have underlying genetic and neural risk factors. It is likely that many 

neurodevelopmental disorders may have some common underlying genetic causal factors, 

due to pleiotropy (i.e., the phenomenon that genes can influence two or more phenotypic 

traits). For example, the gene CNTNAP2, which has been associated with reading disability 

(Peter et al., 2010; Gu et al., 2018), has also been implicated in autism spectrum disorder, 

schizophrenia, intellectual disability, and language impairment (Rodenas-Cuadrado, Ho, & 

Vernes, 2014). Language impairment and reading disability share common deficits in 

underlying cognitive processes, such as phonological processing and language fluency 

(Pennington & Bishop, 2009), so there is likely overlap in genetic contributions to these 

disorders. Genome-wide association studies searching for genes associated with SRD have 

implicated genes that are involved in learning in general (Eicher et al., 2013; Veerappa, 

Saldanha, Padakannaya, & Ramachandra, 2013; Gialluisi et al., 2014), and many genes that 

were previously associated with SRD have been demonstrated to influence language skills 

also (Eicher & Gruen, 2015). SEMA6D has also been associated with educational 

attainment (Okbay et al., 2016), indicating that the variation in this gene might be associated 

with overall learning or cognition, directly or indirectly through reading or other academic 

functions. All of this is evidence that there are generalist genes that can contribute to 

multiple related traits (Kovas & Plomin, 2006). Therefore, because SEMA6D has been 

associated with other developmental disorders, including autism spectrum disorder and 

language disorder, there is a strong possibility it could be involved in specific reading 

disability as well.
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Few imaging genetics studies have focused on SEMA6D. However, there is evidence that 

SNPs in SEMA6D are associated with brain phenotypes as well, as Klein and colleagues 

(2017) demonstrated that SEMA6D was related to both ADHD risk, as well as intracranial 

volume and volume of the putamen of the basal ganglia (Klein et al., 2017). The basal 

ganglia have been shown to be important in procedural learning, impacting learning of 

language and reading and underlying many neurodevelopmental disorders including reading 

disability (Ullman et al., 2020). Variation in other genes in the semaphorin family with 

related functions have been shown to affect brain structure as well. For example, specific 

mutations in SEMA6A, also involved in axon guidance, have been found to affect brain 

cellular organization and connectivity in mice, which investigators reported modeled brain 

changes in other neurodevelopmental disorders such as autism spectrum disorder and 

schizophrenia (Rünker et al., 2011). Alterations in expression of the SEMA gene family 

have been linked to structural changes in the prefrontal cortex and synapse function 

associated with schizophrenia (Arion et al., 2010). Further research needs to be conducted to 

determine if SEMA6D may have effects on other brain imaging phenotypes and how this 

may relate to reading.

The aim of the current study was to investigate the association between variants in SEMA6D 
and reading-related brain and behavior phenotypes. Specifically, associations between SNPs 

in or close to SEMA6D with various imaging phenotypes (cortical thickness, gyrification, 

and white matter volume) in reading related regions of interest in the brain were explored. In 

turn, relationships between brain structure and reading measures of word reading fluency 

and phonological processing were investigated.

Method

Participants

Data were collected from two different sites: University of California, San Francisco 

(UCSF), CA, and Haskins Laboratories in New Haven, CT. These studies were approved by 

the Yale University Institutional Review Board (Original IRB #1208010711, Re-analysis 

IRB # 2000021826) and the Stanford University Institutional Review Board (Original IRB 

#96574, Re-analysis University of Connecticut IRB# H18–200). Written informed consent 

was obtained from the parent or legal guardian of minor participants, and assent was 

obtained from participants age 8 years and older. Due to significant variability across 

different scanner strengths and other parameters and the relevance of this variability to the 

analyses of gyrification and cortical thickness (Han et al., 2006), the data from the two sites 

could not be merged. Because of the differences in the sample size, data collected from 

Haskins laboratories were used as the primary sample, and data collected from UCSF were 

used as a replication sample. For volume measures of regions of interest, which tend to be 

more comparable across different scanner strengths (McCarthy et al., 2015), the samples 

were combined, and site was used as a covariate in the analysis. Inclusion criteria for both 

samples required native English language, an IQ above 75, no history of severe 

developmental or neuropsychological disorders, normal or corrected to normal vision, and 

normal hearing. Participants from both samples had a broad range of reading abilities. The 

sample size for the Haskins Laboratories data was 67, collected between 2006 and 2012, 
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which was a subset of participants with both imaging and genetic data from within a larger 

dataset. The age range of the participants was 6–13 years (mean = 9.07), and all participants 

were Caucasian (white) within the subset used in the current study. The sample size for the 

UCSF data was 28, collected between 2008 and 2012. The age range of these participants 

was 5–8 years (mean=6.50). Race/ethnicity data for the UCSF sample was 63% White/

Caucasian, 4% Asian, 7% American Indian/Alaskan Native, 11% multiracial, and 15% 

unreported.

Behavioral Assessments

Assessments of word reading included the Test of Word Reading Efficiency (TOWRE; 

Torgesen, Wagner, & Rashotte, 1999), a timed measure of an individual’s ability to read 

printed words (TOWRE: Sight Word Efficiency) and pseudowords (TOWRE: Phonemic 

Decoding Efficiency) accurately and fluently. The Comprehensive Test of Phonological 

Processing (CTOPP; Wagner, Torgesen, & Rashotte, 1999) Elision subtest was used to 

assess phonological awareness and processing. These measures were used at both sites. For 

all reading measures, analyses were done with raw scores.

Genetic Data

Oragene saliva kits (DNA Genotek, Inc.) were used to obtain saliva samples during 

behavioral testing sessions and DNA was extracted from the samples according to 

manufacturer’s protocol. DNA libraries were prepared for microarray genotyping on 

Illumina’s HumanCoreExome v1 panel according to the manufacturer’s protocol, and 

genotyping was carried out by Illumina, Inc., San Diego, CA, U.S.A. Illumina’s 

GenomeStudio for Windows software was used for allele calling. Following quality 

assurance procedures, call rates were evaluated. All samples had a call rate, or the fraction of 

called SNPs per sample over the total number of SNPs in the data set, above 95%, and SNP 

markers with a call rate below 95% were excluded from the dataset. For the UCSF data, 

samples were collected using peripheral blood. Genotyping was done using the Illumina 

Core Exome v1.2 according to the manufacturer’s protocol.

Overall, 67 SNPs in SEMA6D were common to both data collected at UCSF and at Haskins 

laboratories. SNPs were analyzed for linkage disequilibrium (Figure 1) and those in high 

linkage disequilibrium (R2>.90) were removed, leaving 55 SNPs remaining. Because of the 

small sample size, genotype was coded by the presence of the derived, or nonancestral, allele 

(0 without the presence of the derived allele, and 1 with the presence of the derived allele). 

The ancestral allele is the allelic state of the last common ancestor, while the derived allele is 

the one that arose due to mutation.

Imaging Data

T2 structural MRI data were analyzed in order to obtain data on cortical thickness, 

gyrification, and white matter volume. These data were collected on two different MRI 

scanners. Acquisition of brain images by Haskins Laboratories was conducted using a 

Siemens Sonata 1.5-Tesla MRI scanner with a 12 channel head coil. High-resolution 

anatomical images were acquired (sagittal MPRAGE acquisition, FA 8°; TE 3.65 ms; TR 

2000 ms; FOV 256× 256 mm; 1mm slice thickness, no gap; 256× 256×160, 1 NEX). 
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Acquisition at UCSF was conducted using a 3T GE Signa scanner with an 8 channel head 

coil (FSPGR3D-1nex Acquisition; FA 15°; TE 3.4 ms; TR 8.5 ms; FOV 220×220 mm; 1 

mm slice thickness, no gap; 256×192×128 matrix, 1 NEX).

MRI preprocessing was conducted in order to prepare MRI data for analysis using 

Freesurfer v6.0.0 software (Fischl, Sereno, & Dale, 1999; Dale, Fischl, & Sereno, 1999). 

The preprocessing pipeline involves reconstruction of a two-dimensional cortical surface 

into a three-dimensional volume, skull stripping, classification of white and grey matter, and 

correction for motion. Manual visual inspection and preprocessing was done to correct 

errors in pial boundary (between grey matter and skull), the white matter surface boundary, 

and to correct intensity normalization errors. Cortical thickness was calculated as the 

shortest path between vertices on pial and white matter boundaries. Spatial smoothing was 

conducted using a 10 mm FWHM Gaussian filter. A local gyrification index (LGI), 

measuring the amount of folding in the brain, was calculated using Freesurfer as well; 

specifically, the LGI quantifies the amount of cortex buried within the sulcal folds as 

compared to the cortex on the outer cortex (Schaer et al., 2012). For the gyrification 

analysis, spatial smoothing was conducted using only a 5 mm FWHM Gaussian filter 

because smoothing was already done as part of the automated calculation of the local 

gyrification index, with gyrification estimations based on 15 mm diameter spheres.

Regions of interest (ROIs) were isolated by using pre-existing labels of the Destrieux Atlas 

(Destrieux, Fischl, Dale, & Halgren, 2010). These regions of interest were chosen based on 

their previous association with SRD (Ma et al., 2015), which included the left hemisphere 

inferior frontal gyrus (pars opercularis, pars orbitalis, and pars triangularis), superior 

temporal gyrus, Heschl’s gyrus, inferior occipital gyrus, planum polare and planum 

temporale, fusiform gyrus, supramarginal gyrus, and angular gyrus. Similar to the methods 

used by Ma and colleagues (2015), a cortical mask was created over the ROIs, and vertex-

based analysis of cortical thickness and gyrification was conducted within the mask. The 

white matter volume associated with each grey matter ROI was extracted from each subject 

and analyses were conducted in Freesurfer software with the Killiany/Desikan parcellation 

atlas (Desikan et al., 2006). For white matter volume, regions of interest were the white 

matter underlying the supramarginal gyrus, pars opercularis, pars triangularis, pars orbitalis, 

fusiform gyrus, transverse temporal gyrus, the superior temporal gyrus, and the left and right 

cerebellum. The names of the ROIs included are based on the cortex because of the way 

Freesurfer labels white matter, but the regions of interest were actually the underlying white 

matter associated with these grey matter ROIs.

Statistical Analyses:

Statistical analyses were completed first for gyrification and cortical thickness phenotypes, 

then for white matter volume. For cortical thickness and gyrification phenotypes, the steps 

were (1) a vertex-based analysis for genetic associations with imaging phenotypes was done 

within a mask over all relevant ROIs, (2) significant clusters were extracted and associations 

with reading were examined, (3) significant SNPs were regressed on reading phenotypes, 

and (4) a haplotype analysis was completed combining the effects of all SNPs within 

SEMA6D, which were regressed on significant clusters of gyrification or cortical thickness. 
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Following these analyses, significant clusters were not found to be related to reading. 

Therefore, for white matter volume analyses, for which the measure of white matter volume 

was calculated over the whole ROI, the analysis was done first to determine brain regions 

associated with reading. This helped to focus the analysis on the ROIs that were relevant to 

reading in this sample and increase power to detect genetic effects by reducing the number 

of imaging genetic analyses. Therefore, for part 2 of the analysis, focused on white matter 

volume, the steps were (1) white matter volume was regressed on reading measures, (2) 

white matter volume of regions significantly related to reading was associated with SNPs, 

and (3) significant SNPs were regressed on reading phenotypes, and (4) a haplotype analysis 

was completed with white matter volume in the same brain regions, but combining effects of 

all SNPs within SEMA6D. These steps are described in further detail below.

Part 1: Gyrification and Cortical Thickness Analyses—Because the data were 

collected across two sites that differ on a number of factors (including scanner strength, 

USCF =3T and Haskins = 1.5T scanner), we elected to first analyze data from Haskin’s 

Laboratories (1.5T scanner, n=67), and then replicate the analysis with the UCSF sample 

(3T scanner, n=28). This was done for both cortical thickness and gyrification analyses. A 

multiple regression analysis was conducted to analyze the associations between SNPs in 

SEMA6D and cortical thickness and gyrification in the brain. After accounting for linkage 

disequilibrium and removing 12 SNPs, each of the remaining 55 SNPs was used in a 

separate analysis. All analyses included age and sex as covariates. Correction for multiple 

comparisons accounting for spatial correlation was done using a Monte Carlo simulation on 

Freesurfer software with a cluster-forming p-value set at p<.01, and clusterwise p-value set 

at .05, to reduce false positive rates with cluster-wise corrections. Cortical thickness or 

gyrification means from significant clusters with any significant SNPs were then used as 

predictors in a multiple regression analysis to determine whether the local gyrification index 

(LGI) and cortical thickness in significant clusters predicted reading. Following analyses of 

individual SNPs, significant clusters identified in individual SNP analyses were used in a 

haplotype analysis to determine effects of the entire gene within the Haskins sample. The 

haplo.stats package in R (Sinnwell & Schaid, 2016) was used to quantify effects of all SNPs 

in SEMA6D, taking into account the fact that SNPs tend to be inherited together, using the 

haplo.glm function. Haplotype analyses were adjusted for age and gender.

Part 2: White Matter Volume Analyses—For analysis of white matter volume, analyses 

were done across the entire sample because broader measures of volume in ROIs have been 

found to be more comparable across different scanner strengths (McCarthy et al., 2015). For 

these analyses, data collection site was included as a covariate. The Shapiro-Wilk test 

(Shapiro & Wilk, 1965) was carried out to determine normality, and non-normal variables 

were scaled for further analysis. Partial correlations were first completed to examine whether 

white matter volume in regions of interest predicted performance on reading measures, 

controlling for age, gender, and data collection site. Brain associations with reading were 

examined first to focus this analysis on the brain regions known to be involved in reading. 

The regions that predicted reading were then further analyzed to determine genetic 

associations, using multiple regression, controlling for age, gender, and site. Whole brain 

volume was not controlled for in these regressions because whole brain volume was not 
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significantly correlated with white matter volume in each of the ROI’s investigated or any of 

the reading measures. Each SNP was used in a separate multiple regression for each brain 

region, and then for the analysis of each SNP, correction for multiple comparisons of brain 

regions was done using the false discovery rate (FDR; Benjamini & Hochberg, 1995). FDR 

correction for multiple comparisons was used rather than the Monte Carlo cluster-wise 

correction for multiple comparisons because the analysis was done with average volume 

over ROIs rather than a vertex-wise analysis. Lastly, multiple regressions were used to 

analyze associations between SNPs and reading measures, controlling for age, gender, and 

site, using FDR correction for multiple comparisons. The false discovery rate correction for 

multiple comparisons results in a q-value, or the expected proportion of false positives 

among all positive results. Following analyses of individual SNPs, the white matter volume 

in the same brain regions were used in a haplotype analysis to determine effects of the whole 

gene, using the haplo.glm function in the haplo.stats R package. Within the haplo.stats R 

package, most common haplotypes (frequency of greater than .05) are each analyzed 

separately for effects on phenotypes, while rare haplotypes are combined and analyzed 

together. Analyses were adjusted for age, gender, and site.

Results

Behavioral Results

Demographic and behavioral data are presented in Table 1. The Haskins sample was overall 

older than the UCSF sample. Intelligence tended to be within the average range as well, but 

differed significantly across groups, with the UCSF sample tending to have a higher IQ. On 

reading measures, raw scores varied due to the differing age ranges of the two samples.

SEMA6D-Cortical Thickness Analyses

To assess associations between SEMA6D and cortical thickness in the reading network, 

multiple regression analyses were done for each SNP using age and gender as a covariate, 

first in the Haskins sample, followed by the UCSF sample. These analyses were done across 

the reading network using a mask. Correction for multiple comparisons within the brain 

were done with a Monte Carlo simulation. In the Haskins sample, one SNP (rs16959669) 

demonstrated a significant association with cortical thickness in the fusiform gyrus after 

correcting for cluster-wise comparisons (Figure 3). Specifically, the presence of the 

nonancestral (derived) allele (denoted by 2; n=5) was associated with greater cortical 

thickness as compared to SNPs that were homozygous for the ancestral allele (n=58). This 

SNP, which has a sample frequency of 0.06 for the derived allele, has been previously shown 

to be related to skin pigmentation, but has not been previously investigated for relation to 

reading.

Results of haplotype analyses combining effects from all SNPs in SEMA6D revealed 

significant effects of one haplotype (t=2.55, p=0.014) on cortical thickness in the fusiform 

gyrus cluster. The haplotype frequency was 0.024 and it included the following alleles for 

each SNP (2 indicating derived allele), in order by position in gene: 

2111111111111111211111211221111111–1111112111111121112211. Other haplotypes 

were not significantly related to cortical thickness.
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When replication analyses were performed in the UCSF sample, using the same SNP 

(rs16959669; ancestral allele n=22, presence of derived allele n=5) there was a small cluster 

nearby (in the lateral occipital region) with an uncorrected significant at p<.01, along with 

other small clusters throughout the reading network (pars opercularis, supramarginal gyrus, 

and the superior temporal region), but none were significant following cluster-wise 

correction for multiple comparisons.

Cortical Thickness and Reading

A multiple regression analysis, controlling for age and gender, was completed to assess the 

association between thickness in the significant cluster and reading in the Haskins sample in 

separate regression analyses for each reading phenotype. Results of the multiple regression 

revealed no significant associations between thickness in this cluster and measures of 

phonological processing (CTOPP Elision), word reading (TOWRE Sight Word Efficiency), 

or nonword reading (TOWRE Phonemic Decoding).

The association between the SNP rs16959669 and reading was examined in a separate 

regression, but was not found to be significantly related to the CTOPP Elision raw score 

(p=0.26), the TOWRE sight word efficiency (p=0.56), or the TOWRE phonemic decoding 

efficiency (p=0.47).

SEMA6D-Gyrification Analyses

Multiple regressions, controlling for age and gender, were carried out first in the Haskins 

sample, followed by the UCSF sample, to determine genetic associations with local 

gyrification in the reading network (specified by a mask over all of the included ROIs). In 

the Haskins sample, one SNP, rs4270119 (ancestral allele n=25; presence of derived allele 

n=38), was significantly associated with local gyrification in the supramarginal gyrus after 

correction for cluster-wise multiple comparisons. Specifically, the presence of the ancestral 

allele was associated with a smaller local gyrification index. This SNP, rs4270119, has not 

been previously studied in the literature. The general population frequency of the derived 

allele is 0.30.

Two other SNPs (rs1369645 [ancestral allele n=25; presence of derived allele n=38; general 

population frequency of derived allele 0.32] and rs16952896 [ancestral allele n=25; presence 

of derived allele n=38; general population frequency of derived allele 0.30]) had very similar 

significant clusters in the supramarginal gyrus at p<.01, but these did not survive correction 

for multiple comparisons. Results of haplotype analyses combining effects from all SNPs in 

SEMA6D revealed significant effects of two haplotypes (haplotype 1 

[111111111111111111112112111212222122–22111221112112221111]: t=−3.13, p=0.003, 

frequency=0.073; haplotype 2 [222212221212222–

11222111211121222212222111221112112221111]: t=−2.88, p=0.006, frequency=0.040) 

on gyrification in the supramarginal gyrus cluster. Other common haplotypes were not 

significantly associated with gyrification.

When replication analyses were performed in the UCSF sample, using the same SNPs 

(rs4270119 [ancestral allele n=12; presence of derived allele n=15], rs1369645 [ancestral 

allele n=13; presence of derived allele n=14], and rs16952896 [ancestral allele n=11; 
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presence of derived allele n=16]), there were no significant clusters following correction for 

multiple comparisons.

Gyrification and Reading

A multiple regression was carried out in the Haskins sample to determine associations 

between local gyrification values in the significant supramarginal gyrus cluster and reading 

measures, controlling for age and gender. Results revealed that gyrification in the 

supramarginal gyrus was not significantly associated with measures of phonological 

processing (CTOPP Elision), word reading (TOWRE Sight Word Efficiency), or nonword 

reading (TOWRE Phonemic Decoding).

The significant SNP, rs4270119, was also regressed on reading, controlling for age, gender, 

and site, but was not significantly related to the CTOPP Elision raw score (p=.60), TOWRE 

sight word efficiency (p=.70), or TOWRE phonemic decoding efficiency (p=0.87).

White Matter Volume and Reading

White matter volume values in each region of interest were assessed for normality. ROIs that 

were not normally distributed (pars opercularis and transverse temporal) were scaled, and 

these scaled variables were used in the following multiple regression analyses. For white 

matter volume analyses, white matter volume under grey matter ROIs (left hemisphere 

supramarginal, pars triangularis, pars opercularis, pars orbitalis, transverse temporal, 

superior temporal, right and left cerebellum) were partially correlated with reading 

measures, using age, gender, and scanner as covariates and using FDR correction for 

multiple comparisons of brain regions. The white matter volume of the left transverse 

temporal gyrus was significantly associated with all reading phenotypes, including the 

CTOPP Elision raw scores (r=0.38, p=0.00037, q=0.0015), TOWRE sight word efficiency 

(r=0.24, p=0.026, q=.026), and TOWRE phonemic decoding (r=0.24, p=0.026, q=0.026).

Other white matter volume ROIs were also significantly related to the CTOPP Elision raw 

scores, but not other reading measures. These included the pars triangularis (r=0.31, 

p=0.005, q=0.02), the left cerebellum (r=0.36, p=0.00075, q=0.0030), and the right 

cerebellum (r=0.34, p=0.0016, q=0.0064). Only these four regions were considered for 

further analyses.

SEMA6D-White Matter Volume and SNP-Reading Analyses

Because it had the strongest association with reading, white matter volume of the transverse 

temporal gyrus was further analyzed for association with SNPs from SEMA6D using 

multiple regressions controlling for gender, age, and scanner. Three SNPs, rs1817178 

(ancestral allele n=53; presence of derived allele n=38; general population frequency of 

derived allele 0.21), rs12050859 (ancestral allele n=77; presence of derived allele n=12; 

general population frequency of derived allele 0.07), and rs1898110 (ancestral allele n=20; 

presence of derived allele n=70; general population frequency of derived allele 0.49) were 

all significantly associated with white matter volume in the transverse temporal region. For 

rs1817178, presence of the non-ancestral allele was associated with decreased white matter 

volume. For rs12050859 and rs1898110, the presence of the non-ancestral allele was 
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associated with increased white matter volume in the transverse temporal region. These three 

SNPs have not been previously studied for phenotypic associations in the literature.

These SNPs were further analyzed for association with other brain regions that were 

associated with reading (CTOPP Elision raw scores), i.e., the pars triangularis, left 

cerebellum, and right cerebellum. Rs1817178 was significantly related to white matter 

volume of the transverse temporal region, but not after correction for multiple comparisons 

(p=0.03, q=0.11), and was not related to white matter in the pars triangularis (p=0.17, 

q=0.17), left cerebellum (p=0.08, q=0.12), or the right cerebellum (p=0.09, q=0.12). 

Rs12050859 was nominally related to the white matter of the transverse temporal 

(p=0.0135, q=0.054) and left cerebellum (p=0.033, q=0.066) after correction for multiple 

comparisons, but not the pars triangularis (p=0.35, q=0.47) or right cerebellum (p=0.92, 

q=0.92). Rs1898110 was significantly related to white matter in the transverse temporal 

region before correction for multiple comparisons, but was not related to white matter in the 

transverse temporal (p=0.046, q=0.18), pars triangularis (p=0.82, q=0.82), left cerebellum 

(p=0.17, q=0.23), or right cerebellum (p=0.16, q=0.23) after correction.

Further analysis of these SNPs in a separate model examining genetic associations with 

reading, controlling for age, gender, and site and using FDR correction for multiple 

comparisons, revealed that the SNP rs1817178 also predicted reading, including CTOPP 

Elision raw scores (p=0.004, q=0.013), TOWRE sight word efficiency raw scores (p=0.03, 

q=0.04), and TOWRE phonemic decoding efficiency (p=0.05, q=0.05). Both rs12050859 

and rs1898110 were not significantly associated with reading.

Haplotype analyses were completed for white matter volume in each brain region associated 

with reading in order to determine effects of the whole gene, taking into account the fact that 

alleles are linked and inherited together, controlling for age, gender, and scanner. Results of 

the haplotype analysis revealed significant associations of all of the most common 

haplotypes (with expected counts greater than 5) with all four investigated brain regions. For 

the transverse temporal gyrus, the most frequent haplotype 

[11111111111111111111221111112–111111111111112121211111122], with a frequency 

of 0.057, was significantly associated with white matter volume (t=−1.85×103, p=0.00). For 

the pars triangularis white matter volume, the association with the same haplotype was also 

significant (t=−2.20×103, p=0.00). For the left cerebellum white matter volume, the same, 

the same haplotype also demonstrated the significant association (t=4.73×1017, p=0.00). 

Finally, the same was observed for the right cerebellum white matter (t=1.810 × 1018, 

p=0.00).

Discussion

The current study investigated whether the analyzed SNPs in the SEMA6D gene were 

related to brain structure and reading in a sample of children at various reading levels, using 

an integrative imaging genetic approach. Overall, we found relationships between SNPs in 

SEMA6D and brain structure indicators of gyrification, cortical thickness, and white matter 

volume in the reading network. Taking into consideration the whole gene, there were also 

strongly significant results between the most common haplotypes and white matter volume 
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in reading-related regions, as well as associations between several haplotypes and cortical 

thickness in a fusiform gyrus cluster and gyrification in a supramarginal gyrus cluster. 

However, gyrification and cortical thickness findings, which were found in the Haskins 

sample, were not replicated in the UCSF sample, potentially due to a small sample size in 

the UCSF sample.

SEMA6D, with its role in axon guidance and synapse formation, likely affects brain 

structure and function during brain development. When examining gene networks SEMA6D 
is involved in, SEMA6D has been shown to work in tandem with the PLXN family of genes, 

as plexin proteins act as receptors for semaphorin proteins (Alto & Terman, 2018). PLXN 
genes have been associated with dyslexia, dyspraxia, and language impairment (Rudov et 

al., 2013), as well as autism (Suda et al., 2011). Similarly, SEMA6D has been associated 

with autism (Mosca-Boidron et al., 2016) and language disorder (Ercan-Sencicek et al., 

2012; Chen et al., 2017), and based on our current results, likely has an effect on reading as 

well. Furthermore, these related PLXN genes have been shown to have effects on white 

matter structure (Belyk, Kraft, Brown, & Pediatric Imaging, Neurocognition and Genetics 

Study, 2017), consistent with our results for SEMA6D in the current study. Other reading 

disability related genes, including KIAA0319 and ROBO1 are related to axon growth and 

guidance as well (Franquinho et al., 2017). Therefore, the current results are consistent with 

expectations based on SEMA6D’s functions, gene networks, and effects on other related 

disorders such as language disorder.

Regarding the link between brain structure and reading, the strongest associations were 

between white matter volume in the left transverse temporal region (Heschl’s gyrus) and 

measures of phonological processing, word reading, and decoding of nonwords. Previous 

studies have demonstrated the importance of Heschl’s gyrus in reading, and particularly 

phonologically based learning. For example, Welcome and Joanisse (2014) demonstrated 

that white matter volume in Heschl’s gyrus predicted nonword reading skills in adults. In 

addition to white matter volume, other studies reveal corresponding associations between 

grey matter volume of Heschl’s gyrus and reading. The size of the left hemisphere Heschl’s 

gyrus, along with differences in planum temporale asymmetry and cerebral volume size, 

have also been shown to help distinguish between children with phonologically-based 

reading disability and children with language impairment, with SRD children having a larger 

Heschl’s gyrus (Leonard et al., 2002). Furthermore, the pattern of larger Heschl’s gyrus 

predicted phonological decoding skills in typically developing children (Leonard et al., 

2002). Similarly, Wong and colleagues (2008) found that the volume of left Heschl’s gyrus 

was negatively related to ability to learn pitch patterns, important when learning spoken 

language. An increased white matter volume, indicating more or stronger connections with a 

grey matter region of interest, corresponding with a smaller gray matter volume, reflective of 

increased grey matter density and more efficient processing, tend to be associated with 

improvements in cognition. Therefore, these corresponding findings demonstrate the 

importance of Heschl’s gyrus in reading. Furthermore, cortical thickness studies provide 

additional evidence, as thicker cortical thickness in relevant brain regions tends to be 

associated with improved cognition. In a Norwegian sample, children who later developed 

dyslexia had thinner cortex in the left hemisphere Heschl’s gyrus (along with other primary 

auditory and visual regions) prior to learning how to read (Clark et al., 2014). Similarly, 
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cortical thickness in the left superior temporal cortex, partially overlapping with Heschl’s 

gyrus, has been shown to be positively correlated with word and pseudoword reading in 

typically developing children (Perdue, Mednick, Pugh, & Landi, 2020). Overall, across 

phenotypes, corresponding increases in white matter volume, decreases in grey matter 

volume, and thicker cortex tend to be related to improvements in reading.

Because the children in the current sample are young (some only 5 and 6), and measures that 

were used involved basic word reading and decoding and phonological processing, the white 

matter under Heschl’s gyrus may have been more important in affecting reading ability, 

rather than white matter under other structures such as the fusiform gyrus that become more 

important as there is development of fluent reading, automatic recognition of words and 

higher order processing of meaning (Devlin, Jamison, Gonnerman, & Matthews, 2006). In 

our study, SEMA6D SNPs and haplotypes had effects on several reading-related regions like 

the supramarginal gyrus and fusiform gyrus, but only the white matter underlying the 

transverse temporal gyrus was related to reading. Therefore, it is possible that SEMA6D 
may have a different impact in affecting reading as children develop, because the effects of 

SEMA6D on reading-related structures may have a greater impact on reading during 

different stages. In other words, these regions may have a more important moderating effect 

on the link between SEMA6D and reading as children age and reading becomes more 

developed. Earlier development of connectivity between regions tends to predict later 

functions of reading regions of interest (Saygin et al., 2016), suggesting that the role of 

certain regions of interest that develop later in reading may not be evident at early ages, with 

early connectivity developing first. During reading development, children demonstrate 

changing patterns of functional activation, with readers having more involvement in the 

inferior frontal gyrus, precentral and postcentral gyrus, and fusiform gyrus during reading 

when compared to pre-readers (Chyl et al., 2018), while activation in superior temporal 

regions related to speech processing is evident in both pre-readers and emergent readers 

(Chyl et al., 2018). Therefore, using a sample of older children may show differential 

impacts of SEMA6D on reading as functional networks change and develop. This may also 

help to explain why the results for cortical thickness and gyrification in the Haskin’s sample 

did not replicate in the UCSF sample, as the age ranges were variable.

Three SNPs in SEMA6D (rs1817178, rs12050859, rs1898110) were significantly associated 

with white matter volume in the left hemisphere transverse temporal region, and white 

matter volume in the left transverse temporal region was significantly related to all three 

measures of phonological processing, word reading, and decoding of nonwords. Of the three 

SNPs that were significantly related to white matter volume in the left transverse temporal 

region, rs1817178 was the only one significantly associated with the reading measures when 

controlling for age, site, and gender. These findings are novel, because these SNPs have not 

been previously studied for phenotypic associations in the literature. All three of these SNPs 

were intron variants of SEMA6D, which can have effects on gene expression due to 

regulatory elements. Therefore, these SNPs may influence expression of SEMA6D, which 

can then lead to changes in brain structure or function. Furthermore, results of the haplotype 

analysis indicated strong associations between the entire gene with white matter volume in 

all four regions that were related to reading. However, due to the low frequency of each 

haplotype when considering all available markers in the gene, the effects of haplotypes 
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should be studied in larger samples to better understand these promising preliminary results. 

Future studies with larger samples would also benefit from an analysis of how these relevant 

haplotypes are associated with reading scores as well. Because SEMA6D has known 

functions in axon guidance and synapse formation, it likely influences the development of 

the brain and white matter structure in the brain.

Other findings were that SNPs in SEMA6D were significantly associated with gyrification 

in the left hemisphere supramarginal gyrus and cortical thickness in the left hemisphere 

fusiform gyrus in the Haskins sample. However, these results did not replicate in the UCSF 

sample, potentially due to its small sample size. Additionally, gyrification in the 

supramarginal gyrus and cortical thickness in the fusiform gyrus were not significantly 

related to reading. However, gyrification and cortical thickness in the reading network have 

been shown to be related to reading in previous research. For example, Blackmon and 

colleagues (2010) demonstrated that better pronunciation of irregular words (more 

representative of the orthographic components of word recognition) was associated with 

thinner cortex in reading network regions including the supramarginal gyrus. Alternatively, 

in a sample of Chinese children, cortical thickness in the left supramarginal gyrus was 

positively correlated with oral word reading, and also predicted phonological awareness (Xia 

et al., 2018). One study looking at both gyrification and cortical thickness found 

corresponding increased gyrification and thinner cortex in left occipitotemporal region, 

where the fusiform gyrus is located, in children with dyslexia (Williams, Juranek, Cirino, & 

Fletcher, 2018). Gyrification and cortical thickness tend to be negatively related to each 

other, with greater gyrification and thinner cortex related to more efficient processing 

(White, Schmidt, Kao, & Shapiro, 2010). While we didn’t find these relationships to reading 

in the current study, this may have been due to the young age of the participants and less 

developed reading skills that are likely still relying on phonological processes rather than 

orthographic recognition during reading. Future studies may benefit from doing analyses to 

examine whether there is an interaction with this relationship and age. Furthermore, this 

sample generally consisted of children who were low-average to above average readers, not 

meeting criteria for reading disability. Therefore, there may not have been enough variability 

in the sample to detect significant relationships between cortical thickness and gyrification 

and reading. In addition, the smaller sample size of using the UCSF sample alone may have 

made it more difficult to detect significant effects.

Future research may benefit from using a sample of children with reading disability. While 

effects of SNPs tended to be small and sometimes did not survive after correction for 

multiple comparisons, the study had an overall small sample size and also used a sample of 

children with a wide range of reading ability. Therefore, results may have been stronger 

using a sample of children with diagnosed reading disability compared to typically 

developing children. Research should also consider gene-by-gene or gene-by-environment 

interactions, as taking interacting effects into account will help us better understand the 

relationship between genes and brain structure and reading (Gilbert-Diamond & Moore, 

2011). Genes often work as part of a pathway or network, so having a full understanding of 

interacting effects can help improve our understanding of the strength of the relationship 

between genes and phenotypes. Additionally, while we examined effects on three different 

phenotypes in the current study, gyrification, cortical thickness, and white matter volume, 
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future research should expand on these findings to better understand SEMA6D’s effect on 

the brain. There are limitations to measuring global white matter volume underlying grey 

matter regions of interest because it limits our understanding of the whole white matter 

pathway. Therefore, effects on white matter could be better understood by using fractional 

anisotropy or radial or axial diffusivity for a finer look at impact on white matter structure. 

In addition, the use of functional methodology, such as fMRI, would improve understanding 

of how SEMA6D influences brain activity, and how this may affect reading. Lastly, future 

research may benefit from examining other subcortical brain regions, such as the basal 

ganglia, as well as the corpus callosum and brain regions involved in visual processing, as 

SEMA6D is associated with axon guidance during development of the corpus callosum and 

retinal mapping (Alto & Terman, 2018).

Conclusions:

Overall, results of the current study suggest that the variation in SEMA6D is associated with 

the variation in the brain structure within the reading network. Specifically, SNPs in 

SEMA6D were associated with gyrification in the supramarginal gyrus, cortical thickness in 

the fusiform gyrus, and white matter volume in the transverse temporal gyrus. With respect 

to brain-behavior relations, regardless of genotype, white matter volume in the transverse 

temporal gyrus was most strongly related to reading, possibly due to the young age of the 

participants and their still developing reading skills, likely relying mostly on phonological 

processing. While SEMA6D had effects on several reading-related brain regions, these 

regions fluctuate in their role in reading development depending on the stage of reading, 

whether it is phonological processing or automatic recognition of words. Therefore, 

SEMA6D, through its effects on various reading-related brain regions, likely indirectly 

impacts reading at various stages of reading development. SEMA6D has known functions in 

axon guidance and synapse formation, likely influencing the development of the brain, white 

matter structure, and synaptic connections. The results show that SEMA6D gene and its 

variation appear to be associated with individual differences in performance on language and 

reading, and further research should focus on an older population, more phenotypes focused 

on white matter, and potential gene interactions with other genes and the environment.
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Figure 1. 
Linkage Disequilibrium for SEMA6D SNPs.
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Figure 2. 
Significant cortical thickness cluster in fusiform gyrus for rs16959669, with the presence of 

the non-ancestral allele associated with greater cortical thickness. Peak vertex describes the 

location of the vertex where the maximum effect was identified for the cluster.
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Figure 3. 
Significant cluster of gyrification in supramarginal gyrus associated with rs4270119
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Table 1.

Demographic and reading descriptive statistics

Variable Haskins (n=67) M(SD) UCSF (n=28) M(SD) T-Test

Years at age of MRI 9.07 (range 6–13) 6.5 (range 5–8) t = −11.74, p<2.2e-16

Sex (% Male) 64 55 χ2=89, p=0.33

IQ Measure WASI 111.68(13.12) WJ BIA 118.90(10.97) t = 2.78, p=.007

CTOPP Elision Raw Scores 13.48(4.98) 10.17(678) t = −1.09, p=0.04

TOWRE Sight Word Raw Scores 57.85(18.48) 30.17(27.10) t=−4.09, p=9.74e-05

TOWRE Phonemic Decoding Raw Scores 27.30(13.26) 12.97(12.34) t=−3.16, p=0.0022
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