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a b s t r a c t 

Language is a unique trait of the human species, of which the genetic architecture remains largely unknown. 

Through language disorders studies, many candidate genes were identified. However, such complex and multi- 

factorial trait is unlikely to be driven by only few genes and case-control studies, suffering from a lack of power, 

struggle to uncover significant variants. In parallel, neuroimaging has significantly contributed to the under- 

standing of structural and functional aspects of language in the human brain and the recent availability of large 

scale cohorts like UK Biobank have made possible to study language via image-derived endophenotypes in the 

general population. Because of its strong relationship with task-based fMRI (tbfMRI) activations and its easiness 

of acquisition, resting-state functional MRI (rsfMRI) have been more popularised, making it a good surrogate of 

functional neuronal processes. Taking advantage of such a synergistic system by aggregating effects across spa- 

tially distributed traits, we performed a multivariate genome-wide association study (mvGWAS) between genetic 

variations and resting-state functional connectivity (FC) of classical brain language areas in the inferior frontal 

(pars opercularis, triangularis and orbitalis), temporal and inferior parietal lobes (angular and supramarginal 

gyri), in 32,186 participants from UK Biobank. Twenty genomic loci were found associated with language FCs, 

out of which three were replicated in an independent replication sample. A locus in 3p11.1, regulating EPHA3 

gene expression, is found associated with FCs of the semantic component of the language network, while a lo- 

cus in 15q14, regulating THBS1 gene expression is found associated with FCs of the perceptual-motor language 

processing, bringing novel insights into the neurobiology of language. 
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. Introduction 

Language is a unique trait of the human species. Although its ge-

etic origins are broadly accepted, they remain largely unknown. Since

he seminal study that revealed the major role of FOXP2 in language

rocessing ( Fisher et al., 1998 ), several candidate genes related to lan-

uage disorders were identified ( Landi and Perdue, 2019 ). Human lan-

uage is a complex system – both structurally and functionally. As such

 complex and multifactorial trait, it is unlikely to be associated with

nly a few genes but rather with many genes that are also interact-
Abbreviations: eQTL, expression Quantitative Trait Locus; FA, Fractional Anisotropy

ssocation Study; ICA, Independent Component Analysis; ICVF, IntraCellular Volume

ean Diffusivity; MO, Tensor Mode; MOSTest, Multivariate Omnibus Statistical Test;

f Interest; rsfMRI, resting-state functional MRI; SNP, Single Nucleotide Polymorph

RI; dMRI, Diffusion Magnetic Resonance Imaging; DW-MRI, Diffusion-weighted Ma
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ng with each other. These genes likely contribute to the development

f neural pathways involved in language development, together with

xperience-dependent contributions from the environment ( Fisher and

ernes, 2015 ). In parallel, neuroimaging techniques provided innova-

ive, quantitative and non-invasive ways to study language and thus,

idened the doors to the investigation of language neurobiological or-

anization in the brain in general population. Anatomically, the lan-

uage system comprises perisylvian cortical regions predominantly -

ut not exclusively - in the left hemisphere. Among these regions the

rominent regions are in the pars orbitalis and triangularis in the in-
; FC, Functional Connectivity; FDR, False Discovery Rate; GWAS, Genome-Wide 

 Fraction; ISOVF, Isotropic Volume Fraction; LD, Linkage Disequilibrium; MD, 

 mvGWAS, multivariate GWAS; OD, Orientation Dispersion index; ROI, Region 

ism; STAP, Superior Temporal Asymetrical Pit; tbfMRI, task-based functional 

gnetic Resonance Imaging. 
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erior frontal gyrus (also referred to as ‘Broca’s’ region), the angular

nd supramarginal gyri in the inferior parietal lobe (also referred to as

Geschwind’s’ region), and the posterior temporal regions (‘Wernicke’s’

egion). These cortical regions are interconnected by a network of brain

onnections, most prominently the arcuate fasciculus ( Catani et al.,

005 ; Forkel and Catani, 2018 ). These regions also connect to the

ensory-motor system (auditory, visual, and motor cortex). Function-

lly, phonology, semantics, and syntax are three main language com-

onents and form a tripartite interconnected architecture, with regions

hat are specialized in one or two components (e.g. Jackendoff and Jack-

ndoff (2002) ; Bates et al. (2003) ; Vigneau et al. (2006) ; Price (2012) ).

everal studies have used neuroimaging-derived features to extend

he understanding of how the brain supports language ( Price, 2012 ;

riederici, 2017 ; Ardila et al., 2016 ; Leroy et al., 2015 ; Labache et al.,

020 ). These MRI features give access to biologically relevant mea-

urements of individual variability ( Forkel et al., 2014a , 2020b , 2020a ;

dd´en et al., 2019 ; Dubois and Adolphs, 2016 ; Seghier and Price, 2018 ;

edorenko, 2021 ) and are consequently suitable for the search of genetic

ssociations such as the planum temporale volume asymmetry ( Carrion-

astillo et al., 2020 ), the superior temporal asymmetrical pit (STAP)

 Le Guen et al., 2020 ), or the left–right hemispheric asymmetry of the

rain ( Sha et al., 2021 ), and are then called endophenotypes. Despite

ow frequency blood-oxygen-level-dependent (BOLD) signals acquired

n resting state condition, rsfMRI does reflect large-scale circuit organi-

ation ( Biswal et al., 1995 ; Fox and Raichle, 2007 ), they are less used

o study specific brain functions. However, a growing body of evidence

uggests that there is a close correspondence between resting state net-

orks and known cognitive task activation maps ( Smith et al., 2009 ;

ole et al., 2014 ). ( Tavor et al., 2016 ) showed that a prediction model

elating FC estimated from rsfMRI to task-based activations can accu-

ately predict individual differences in brain activity for participants

ot used in the training. More specifically regarding language, several

tudies sought the brain dynamics and showed that resting-state FC map

ould map language networks previously identified in task-based imag-

ng studies ( Hampson et al., 2006 ; Kelly et al., 2010 ; Koyama et al.,

010 ; Xiang et al., 2010 ). Especially, Xiang et al. (2010 ) used resting-

tate FC to infer the functional organization of Broca’s area and the

erisylvian language networks by investigating their functional corre-

ations and reported a clear topographical FC pattern in the left middle

rontal, parietal, and temporal areas. On the other side, several studies

as examined the relationship between resting-state FC and behavioral

cores. Relevant to our work, these studies have shown that language-

elated performances like basic reading abilities are correlated to the

trength of resting-state FC ( Koyama et al., 2011 ; Stevens et al., 2017 ;

ross et al., 2021 ; Cheema et al., 2021 ). Koyama et al. (2011 ) reported

 positive correlation between the reading scores and the resting-state

C between the fusiform gyrus and the inferior frontal gyrus (IFG) -pars

percularis-, belonging to the reading network (RdN). Cheema et al.

2021 ) reported a positive correlation between reading fluency and the

trength of FC between the left IFG and left supplementary motor area in

 group without reading impairment. They also found that the stronger

he FC between the supramarginal and the angular gyri, the higher is the

ord recognition accuracy score. Moreover, Cross et al. (2021 ) showed

hat the FC between the pars triangularis and the right fusiform gyrus

as positively correlated with rapid automatized naming performance.

inally, Stevens et al. (2017 ) reported a positive correlation between

ccuracy on word classification and resting-state FC strength of the left

ccipitotemporal sulcus and Wernicke’s area. Next, recent works suggest

hat mapping perisylvian language regions can be accomplished using

ither tbfMRI or rsfMRI ( Tie et al., 2014 ; Branco et al., 2016 ; Lu et al.,

017 ; Jones et al., 2017 ; Lemée et al., 2019 ; Park et al., 2020 ). Indeed,

sfMRI has been applied to mapping eloquent areas in surgical patients

 Jones et al., 2017 ) and stroke patients ( Klingbeil et al., 2019 ), where

erforming tbfMRI is not an option. Overall, these studies investigated

he relevance of the rsfMRI approach in studying specific brain func-

ions such as language, including its relationship with behavioral scores,
2 
ask-based network at both individual and group levels. They also high-

ighted its advantages over task-based design, when certain population

as difficulties to engage in specific tasks. rsfMRI is paradigm free and as

uch it is easier to implement in very large cohorts like the UK Biobank.

t can recover specific brain functional activations, making it a good sur-

ogate of functional neuronal processes. Here, we propose to use task-

ree FC in UK Biobank ( Bycroft et al., 2018 ), using perisylvian cortical

reas as regions of interest (ROI) serving as a proxy for language. 

As rsfMRI FC are low amplitudes and correlated to each other, we

nticipate it would be really difficult to disentangle the genetic associa-

ions with each FC signal in a massively univariate manner. Language re-

ated brain regions share information across components and scales, and

enetic variants are supposed to have distributed effects across regions.

hus, we take advantage of this synergistic system and perform a multi-

ariate approach with MOSTest ( van der Meer et al., 2020 ). This method

onsiders the distributed nature of genetic signals shared across brain

egions and aggregates effects across spatially distributed traits of in-

erest. This approach tests each SNP independently for its simultaneous

ssociation with the brain endophenotypes, making it half multivariate

nd half univariate. For convenience, we will use the term ”multivariate

WAS ” (mvGWAS) while being aware that correlations between SNPs

re not accounted for in this approach. 

In this study, we use rsfMRI in a discovery sample of 32,186 healthy

articipants from the UK Biobank ( Sudlow et al., 2015 ) and the com-

iled information of a large-scale meta-analysis on language compo-

ents ( Vigneau et al., 2006 , 2011 ). First, we used a region of interest

ROI) informed calculation of the functional connectivity (FC) and more

recisely the ROI-to-ROI FC estimation approach. We retained that dif-

erences in such FCs are related to language differences. In our work,

e studied the associations between the FC differences and genotypes

ifferences across the participants, to indirectly attempt to reveal genes

ssociated to language. For this purpose, we performed a mvGWAS of

anguage specific FC, filtered based on heritability significance. The re-

ults from this analysis were subjected to a replication study in an inde-

endent sample ( N = 4,754). Additionally, as the connections between

ifferent language regions are ensured by the white matter bundles

 Catani et al., 2005 ; Catani and Forkel, 2019 ), we tested the potential

ssociations of the hit SNPs with the neuroanatomical tracts underlying

he hit endophenotypes using diffusion-based white matter analysis. Fi-

ally, the extensive functional annotations of each genomic risk locus

llowed us to suggest two new genes with a role in different aspects of

he language system. 

. Materials and methods 

.1. Demographics and neuroimaging data from the UK Biobank 

.1.1. UK Biobank cohort 

The UK Biobank is an open-access longitudinal populationwide co-

ort study that includes 500k participants from all over the United King-

om ( Sudlow et al., 2015 ). Data collection comprises detailed genotyp-

ng and a wide variety of endophenotypes ranging from health/activity

uestionnaires, extended demographics to neuroimaging and clinical

ealth records. All participants provided informed consent and the study

as approved by the North West Multi-Center Research Ethics Commit-

ee (MREC). This study used the February 2020 release (UK BioBank

pplication number #64984). This release consisted of 36,940 partici-

ants, age range between 40 and 70 years (mean age = 54 ± 7.45 years),

ith genotyping and resting-state functional MRI. To avoid any possi-

le confounding effects related to ancestry, we restricted our analysis to

ndividuals with British ancestry using the sample quality control infor-

ation provided by UK Biobank ( Bycroft et al., 2018 ). A final cohort of

2,186 participants (16,952 females, mean age = 55 ± 7.51 years) were

ncluded in the study. We made use of the first ten principal components

Data field 22009) of the genotyping data’s principal component anal-

sis capturing population genetic diversity to account for population



Y. Mekki, V. Guillemot, H. Lemaître et al. NeuroImage 249 (2022) 118795 

s  

i  

p  

m

2

 

B  

i  

d  

s  

r  

D  

e  

u  

i  

p  

w  

c  

(  

w  

M  

A  

f

2

 

t  

fi  

b  

7  

r  

m  

v  

i  

(  

b

2

 

A  

(  

i  

9  

f  

d  

p  

V  

f  

t  

w

2

 

p  

t  

(  

t  

a  

s  

a

 

t  

t  

c  

w  

c  

o  

e  

l  

t  

s  

t  

a  

m  

o  

g  

c  

o  

t  

o  

R  

w  

p  

p  

a  

T

2

2

 

2  

c  

i  

(  

n  

t  

n

2

 

b  

t  

h  

S  

l  

t  

S  

e  

p  

i  

t  

i  

m  

y

2

 

v  

g  

l  

t  

i  

a  

3  

c  

(  
tratification. An independent replication dataset of 4,754 non-British

ndividuals was also drawn from the UK Biobank. The age range of these

articipants was 40 to 70 (mean age = 53 ± 7.55 years), 2,601 were fe-

ale. 

.1.2. Resting-state functional MRI data 

The MRI data available from the UK Biobank are described in the UK

iobank Brain Imaging Documentation (v.1.7, January 2020) as well as

n Miller et al (2016 ) and Alfaro-Almagro et al. (2018 ). Briefly, rsfMRI

ata were acquired using the following parameters: 3T Siemens Skyra

canner, TR = 0.735 s, TE = 39 ms, duration = 6 min (490 time points),

esolution: 2.4 × 2.4 × 2.4 mm, Field-of-view = 88 × 88 × 64 matrix.

uring the resting-state scan, participants were instructed to keep their

yes fixated on a crosshair, to relax, and to think of nothing partic-

lar ( Miller et al., 2016 ). The preprocessing of the UK Biobank data

ncludes motion correction, grand-mean intensity normalization, high-

ass temporal filtering including EPI (echo-planar imaging) unwarping

ith alignment to the T1 template and gradient non-linearity distortion

orrection (GDC) unwarping, brain masking, and registration to MNI

Montreal Neurological Institute-Hospital) space. The rsfMRI volumes

ere further cleaned using FMRIB’s ICA-based Xnoiseifier (Functional

agnetic Resonance Imaging of the Brain’s Independent Component

nalysis Xnoiseifier) for automatically identifying and removing arte-

acts. 

.1.3. Diffusion-weighted MRI data 

The Diffusion-weighted MRI (DW-MRI) images were acquired using

he following parameters; isotropic voxel size (resolution): 2 × 2 × 2 mm,

ve non diffusion-weighted image b = 0 s/mm2, diffusion-weighting of

 = 1000, and 2000s/mm2 with 50 directions each, acquisition time:

 min. Tensor fits utilize the b = 1000s/mm2 data and the NODDI (Neu-

ite Orientation Dispersion and Density Imaging) ( Zhang et al., 2012 )

odel is fit using AMICO (Accelerated Microstructure Imaging via Con-

ex Optimization) ( Daducci et al., 2015 ) tool, creating outputs includ-

ng nine diffusion indices maps. These ones were subject to a TBSS-style

Tract-based spatial statistics) analysis using FSL (FMRIB Software Li-

rary) tool resulting in a white matter skeleton. 

.2. Genetic quality control 

Genotyping was performed using the UK BiLEVE Axiom array by

ffymetrix ( Wain et al., 2015 ) on a subset of 49,950 participants

807,411 markers) and the UK Biobank Axiom array on 438,427 partic-

pants (825,927 markers). Both arrays are extremely similar and share

5% of common SNP probes. The imputed genotypes were obtained

rom the UK Biobank repository Bycroft et al. (2018) . These genetic

ata underwent a stringent quality control protocol, excluding partici-

ants with unusual heterozygosity, high missingness (Data field 22027).

ariants with minor allele frequency lower than 0.01 were filtered out

rom the imputed genotyping data using PLINK 1.9 ( Chang et al., 2015 )

o retain the common variants only. Overall, 9,812,367 autosomal SNPs

ere considered. 

.3. Regions of interest for rsfMRI functional connectivity 

We leverage a large-scale meta-analysis of 946 activation peaks (728

eaks in the left hemisphere, 218 peaks in the right hemisphere) ob-

ained from a meta-analysis of 129 task-based fMRI language studies

 Vigneau et al., 2006 , 2011 ). The identified fronto-parietal-temporal ac-

ivation foci revealed via a hierarchical clustering analysis, 50 distinct,

lbeit partially overlapping, clusters of activation foci for phonology,

emantics, and sentence processing: 30 clusters in the left hemisphere

nd 20 in the right hemisphere. 

Because this overlap could unduly increase the co-activation be-

ween regions and to avoid a deconvolution bias in the estimation of

he functional connectivity, we proceeded as follow: First, because the
3 
lustering process was performed for each component independently,

e checked whether pairs of clusters belonging to different language-

omponent networks were spatially distinct considering the significance

f their mean Euclidean distance with paired t-tests. We identified ar-

as that are common to multiple language components; in the temporal

obe, the anterior part of the Superior temporal gyrus (T1a) area appears

o be common to all three language components, the anterior part of the

uperior temporal sulcus (Pole) and Lateral/middle part of the middle

emporal gyrus (T2ml) are common to semantic and sentence’s clusters

nd the posterior part of the left inferior temporal gyrus (T3p) to se-

antic and phonology clusters. In the frontal lobe, the L —R dorsal part

f the pars opercularis (F3opd) and the ventral part of the pars trian-

ularis (F3tv) are common to semantic and syntactic clusters. In these

ases, we retained the larger cluster and assigned multiple labels. Sec-

nd, ROIs were obtained for each cluster by building a 3D convex-hull of

he peaks in the MNI space and were then subjected to a morphological

pening operation. Third, overlapping areas between the convex-hull

OIs were processed as follows: the common region between two ROIs

as attributed to the most representative in terms of the number of

eaks. Finally, we excluded regions with less than 100 voxels. This pre-

rocessing resulted in 25 multilabelled ROIs: 19 in the left hemisphere

nd 6 in the right hemisphere which are summarised in Fig. 1 A and

able SI1. 

.4. Neuroimaging endophenotypes 

.4.1. FC endophenotypes 

The preprocessed resting-state BOLD signal was masked using the

5 ROIs and averaged at each time volume. A connectome matrix was

omputed using Nilearn ( Abraham et al., 2014 ) for each participant us-

ng a shrunk ( Ledoit and Wolf, 2004 ) estimate of partial correlation

 Marrelec et al., 2006 ). This resulted in 300 ( = 25 × 24/2) edges con-

ecting language ROIs for each individual. Each edge -also denoted func-

ional connectivity (FC)- is further considered as a candidate endophe-

otype. See the Fig. 1 B. 

.4.2. Diffusion MRI endophenotypes 

We hypothesised that the hit SNPs associated with the hit FCs could

e associated with neuroanatomical white matter tracts that supports

he information transmission between the regions that compose these

it-FCs. Therefore, we tested the potential associations between the hit

NPs with the following white matter bundles: the corpus callosum, the

eft frontal aslant tract, the left arcuate anterior/long/posterior segment,

he left inferior fronto-occipital fasciculus, the left uncinate tract (See

ection 3.3 for more details). The resulting skeletonised images are av-

raged across the set of 7 brain white matter structures defined by the

robabilistic atlas ( Rojkova et al., 2016 ) thresholded at 90% of probabil-

ties. These structural white matter tracts are assessed by 9 indices: frac-

ional anisotropy (FA) maps, tensor mode (MO), mean diffusivity (MD),

ntracellular volume fraction (ICVF), isotropic volume fraction (ISOVF),

ean eigenvectors (L1, L2, L3), and orientation dispersion index (OD)

ielding 63 = 7 × 9 dMRI endophenotypes. 

.5. SNP-based heritability and genetic correlation analysis 

The proportion of additive genetic variance in the FC phenotypic

ariance, also called narrow-sense heritability, was estimated using the

enotyped SNPs information using genome-based restricted maximum

ikelihood (GREML) ( Yang et al., 2010 ) for each FCs, controlling for

he above-mentioned covariates (refer to Section 2.4 ). To define signif-

cantly heritable FCs, a 0.05 threshold on False Discovery Rate (FDR)

djusted p-values was applied to account for multiple testing on the

00 FCs. Similarly, the proportion of additive genetic variance in the

ovariance of pairs of FCs was estimated using the bivariate GREML

 Lee et al., 2012 ). Both heritability and part of covariance explained by
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Fig. 1. (A) Overview of the regions obtained from the meta-analysis. Each language seed is color-coded according to its language category: phonology (blue), semantic 

(red), and syntax (green). ROIs of different components that were not spatially distinct are color-coded as pink (semantic/syntax), cyan (phonology/semantic) and 

white for the three language component. For the sake of ROIs figure visibility, the coordinates were modified. The exact coordinates for each ROI are available in 

Table SI9. Different gyri and sulcus, known to be relevant for language: the inferior frontal gyrus (IFG), middle temporal gyrus (MTG), superior temporal gyrus (STG), 

and superior temporal sulcus (STS), are color-coded. Numbers in the left hemisphere (LH) represents language-relevant Brodmann areas (BA) which were defined 

on the basis of cytoarchitectonic characteristics. Numbers in the right hemisphere (RH) represents the language-relevant BA counterpart. The pars opercularis (BA 

44), the pars triangularis (BA 45) represents Broca’s area. The pars orbitalis (BA 47) is located anterior to Broca’s area. BA 42 and BA 22 represents Wernicke’s 

area Friederici (2011) . Both supramarginal gyrus (BA40) and angular gyrus (BA39), also known as Geschwind’s territory, are represented by green/yellow colors, 

respectively. The primary motor cortex (BA4), the premotor cortex and the supplementary motor area (B6) are colored in orange. Within the left hemisphere, 

dorsal and ventral long-range fiber bundles connect language areas and are indicated by color-coded arrows. (B) Mean functional connectivity of the 142 heritable 

endophenotypes, calculated using a shrinked estimate of partial correlation Marrelec et al. (2006) (estimated with a Ledoit-Wolf estimator ( Ledoit and Wolf, 2004) ) 

over 32,186 UKB rs fMRI participants. 
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enetics were obtained using GCTA (Genome-wide Complex Trait Anal-

sis) ( Yang et al., 2011 ). 

.6. Multivariate genome-wide association studies (mvGWAS) 

We performed a mvGWAS between the filtered imputed genotypes

nd the 142 significantly heritable FC endophenotypes, using the Multi-

ariate Omnibus Statistical Test (MOSTest) ( van der Meer et al., 2020 ).

ll endophenotypes were pre-residualised controlling for covariates in-

luding sex, genotype array type, age, recruitment site, and ten genetic

rincipal components provided by UK Biobank. In addition, MOSTest

erforms a rank-based inverse-normal transformation of the residualised

ndophenotypes to ensure that the inputs are normally distributed. The

istributions across the participants of all endophenotypes were visu-

lly inspected before and after covariate adjustment. MOSTest generated

ummary statistics that capture the significance of the association across

ll heritable 142 language FC endophenotypes. To account for multiple

esting over the whole genome, statistically significant SNPs were con-

idered as those reaching the genome-wide threshold p = 5e − 8. 

.7. mvGWAS replication 

The mvGWAS results were replicated in an independent non-British

ample considering the nominal significance threshold p < 0.05. Fol-

owing the same pre-processing steps as for the primary sample, the

on-British replication sample consists in 4754 individuals with a mean

ge of 53 years ( ± 7.55) and 2,601 female. Despite the different ances-

ry in the replication sample, we still consider the replication design as

alid, as there is no evidence for ancestry being important in language

nd it is a common practice in the field ( Sha et al., 2021 ; van der Meer

t al., 2020 ). Moreover, replicated hits can then be considered relevant

or humans regardless of ancestry. 

.8. Fine-mapping: identification of genomic risk loci and functional 

nnotation 

We performed functional annotation analysis using the FUMA

functional mapping and annotation) online platform v1.3.6a

 Watanabe et al., 2017 ) with default parameters. The genomic
4 
ositions are reported according to the GRCh37 reference. SNPs

ere annotated for functional consequences on gene functions using

NNOVAR ( Wang et al., 2010 ), Combined Annotation Dependent

epletion (CADD) scores ( Kircher et al., 2014 ), and 15-core chromatin

tate prediction by ChromHMM ( Ernst and Kellis, 2012 ). In addition,

hey were annotated for their effects on gene expression using ex-

ression Quantitative Trait Loci (eQTLs) of various tissue types. The

QTL module queried data from different tissue-datasets using GTEx

8 ( Consortium et al., 2017 ), Blood eQTL browser ( Westra et al.,

013 ), BIOS QTL browser ( Zhernakova et al., 2017 ), BRAINEAC

 Ramasamy et al., 2014 ), eQTLGen ( Võsa et al., 2018 ), PsychENCODE

 Wang et al., 2018 ), DICE ( Schmiedel et al., 2018 ). RegulomeDB

2.0 ( Boyle et al., 2012 ) was queried externally. Coding hit SNPs

re also annotated with polymorphism phenotyping v2 (Polyphen-2)

 Ramensky et al., 2002 ). 

. Results 

.1. SNP-based heritability of functional connectivity measures 

The SNP- based heritability (h 2 ) was estimated for each of the 300

Cs endophenotypes. P -values correction for multiple testing revealed

42 FCs with significant SNP-based heritabilities (Table SI2), ranging

rom 14% for the SMG ↔F3opd to 3% for the SMG ↔T1 FCs. 

.2. Multivariate genome-wide association analysis 

We performed a mvGWAS using the MOSTest ( van der Meer et al.,

020 ) method, with the 142 FCs with significant SNP-based heritabili-

ies. This analysis tested each SNP separately for its simultaneous asso-

iation with the 142 FCs and yielded 4566 significant SNPs at a genomic

hreshold (see Table SI3), distributed on chromosomes 2, 3, 5, 6, 10, 11,

4, 15, 17, 18 and 22. FUMA ( Watanabe et al., 2017 ) software was used

o analyze mvGWAS results and identify lead SNPs at each associated

ocus. Considering the genome-wide significance threshold p = 5e − 8,

here were 20 distinct genomic loci distributed on the 11 chromosomes,

ssociated with different aspects of language FC ( Figs. 2 A, SI1, SI2, 2B,

I3 and Table 1 ) and represented by 20 lead SNPs. 
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Fig. 2. (A) Multivariate GWAS analysis of the resting state functional connectivity in 32,186 participants. Manhattan plot for multivariate GWAS across 142 FCs. 

The red dashed line indicates the genome-wide significance threshold p = 5e − 8. The Quantile-quantile plot is also shown. (B) Circos plots illustrating the 3 lead 

SNPs identified from the mvGWAS. Z-values from the univariate GWAS for each FC are mapped. The absolute Z -values scaling is clipped at 8 ( p = 1.2e − 15). Positive 

effects of carrying the minor allele are shown in red, and negative effects in blue. 

Table 1 

Lead SNP: ID of the lead SNPs within each locus. Position: position of the SNP in the hg19 human reference genome. mvgwasP discovery -British-: MOSTest association 

p-value obtained using the discovery sample. mvgwasP replication -non British-: MOSTest association p-value obtained using the independent replication sample. 

Functional category: Functional consequence of the SNP on the gene obtained from ANNOVAR. ’Central’ phenotypes: the phenotypes that contributed most to the 

multivariate association considering the genome-wide association threshold (5e-8). 

Loci Lead SNP Chr Position 

Functional 

Category 

Non 

Effect 

Allele 

Effect 

Allele MAF 

mvgwasP 

(discovery 

-British-) 

mvgwasP 

(replication 

-non British-) Nearest Gene "central" Phenotypes 

1 rs62141276 2 48,214,217 NcRNA 

Intronic 

A G 0.367 p = 3.26e-9 p = 0.27 AC079807.4 –

2 rs2717046 2 58,041,936 intergenic T C 0.380 p = 7.50e-14 p = 0.95 CTD-2026C7.1 –

3 rs62158166 2 114,077,218 intergenic C G 0.223 p = 8.69e-10 p = 0.38 PAX8 –

4 rs67851870 3 17,554,860 intronic G A 0.322 p = 6.57e-16 p = 0.35 TBC1D5 –

5 rs35124509 3 89,521,693 exonic C T 0.401 p = 8.95e- 

59 

p = 3.25e-3 EPHA3 AG ↔F3orb; 

pSTS ↔Pole; Pole ↔T2ml; 

T1a ↔STSp; STSp ↔F3orb; 

SMG ↔T3p; AG ↔STSp; 

F2p ↔AG; T2ml ↔SMG 

6 rs62266110 3 93,537,923 intergenic A G 0.319 p = 1.17e-09 p = 0.93 RNU6–488P –

7 rs2279829 3 147,106,319 UTR3 T C 0.212 p = 7.57e-21 p = 0.68 ZIC4 –

8 rs145120402 5 93,174,765 intronic C A 0.0433 p = 1.83e-9 p = 0.10 FAM172A –

9 5:94,068,140_AC_A 5 94,068,140 intronic A AC 0.209 p = 6.79e-9 p = 0.30 ANKRD32:MCTP1 –

10 rs4262195 6 96,929,475 NcRNA 

Intronic 

C T 0.181 p = 7.19e-9 p = 0.70 UFL1-AS1 –

11 rs11187838 10 96,038,686 intronic A G 0.435 p = 4.29e- 

14 

p = 2.92e-2 PLCE1 –

12 rs11146399 10 134,308,479 intergenic T C 0.457 p = 5.50e-16 p = 0.28 RP11–432J24.5 –

13 rs11218557 11 122,099,839 NcRNA 

Intronic 

C T 0.4579 p = 1.24e-8 p = 0.77 RP11–820L6.1 –

14 rs186347 14 59,072,226 intergenic T G 0.458 p = 2.08e-11 p = 0.92 DACT1 –

15 rs1440802 15 39,635,124 ncRNA 

Intronic 

C T 0.090 p = 1e-31 p = 9.58e-3 RP11–624L4.1 Prec ↔F3opd; 

PrecR ↔RolS 

16 rs4702 15 91,426,560 UTR3 A G 0.442 p = 3.77e-13 p = 0.42 FURIN –

17 rs34039488 17 27,320,232 intronic A G 0.162 p = 4.74e-8 p = 0.46 PIPOX:SEZ6 –

18 17:44,270,659_G_A 17 44,270,659 intronic A G 0.399 p = 5.36e-16 p = 0.45 KANSL1 –

19 rs7234875 18 73,114,340 intergenic C T 0.399 p = 5.71e-14 p = 0.82 RP11–321M21.3 –

20 rs2542028 22 47,196,524 intronic G A 0.268 p = 3.06e-12 p = 0.60 TBC1D22A –

5 
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Table 1 : Genomic loci associated with language FCs using the multi-

ariate genome-wide association study. 

.2.1. Validation of lead SNPs associated with rsfMRI FCs 

The three lead SNPs were replicated at the nominal significance level

 p < 5e − 2) on multivariate test in the independent non-British repli-

ation dataset: rs1440802 ( p = 9.58e − 3), rs35124509 ( p = 3.25e − 3),

s11187838 ( p = 2.92e − 2). Table SI4 summarises these results. More-

ver, these lead SNPs showed association at p < 0.05 on univariate

esting of all but three specific central traits identified in the discov-

ry mvGWAS. Here, we present three of these loci that were replicated

n an independent data set (refer to Section 2.3 ). MOSTest results high-

ighted the three following genomic risk regions: (i) 15q14 locus (chr15,

tart = 39,598,529, length = 260 kb) with its strongest association related

o the imputed SNP rs1440802 ( p = 1e − 31); (ii) 3p11.1 locus (chr3,

tart = 89,121,389, length = 1381 kb) with its strongest association re-

ated to the imputed SNP rs35124509 ( p = 8.95e − 59); (iii) 10q23.33

ocus (chr10, start = 95,988,042, length = 139 kb) with its strongest as-

ociation related to the imputed SNP rs11187838 ( p = 4.29e − 14). See

ig. 2 A and Table 1 . 

.2.2. Identification of central endophenotypes associated with genomic 

isk regions 

For each lead SNP, we defined the ’central’ endophenotypes that con-

ributed the most in the multivariate association by using the individual

nivariate summary statistics performed by MOSTest and by consider-

ng the genome-wide significance threshold ( p < 5e − 8) (Table SI5). 

On 15q14, the lead SNP rs1440802 had two central FCs: the minor

llele was associated with the partial correlation between (i) the pre-

entral gyrus and the dorsal pars opercularis (Prec ↔F3opd). Both con-

ected regions are in the left frontal lobe, and are labelled with a phono-

ogical linguistic component (Prec) and multi-labelled with semantic

nd sentence language processing (F3opd). (ii) The (PrecR ↔RolS) cor-

esponds to the partial correlation between the precentral gyrus and the

olandic sulcus. Both regions are identified in the right and left frontal

obes, respectively, and are labelled as phonological linguistic compo-

ent ( Fig. 3 A and Table SI5). These edges have previously been de-

cribed in FC studies dedicated to language and more specifically in the

erceptual motor interactions ( Schwartz et al., 2008 ; Fridriksson et al.,

009 ; Turner et al., 2009 ; Nishitani and Hari, 2000 ; Schwartz et al.,

012 ). At the univariate level, these loci associated to central endophe-

otypes display an important overlap; See Fig. 3 D. 

On 3p11.1, the lead SNP rs35124509 had nine central FCs: the mi-

or allele was associated with the partial correlation between the left

osterior part of the superior temporal sulcus and the left temporal pole

Pole ↔STSp), the left temporal pole and the lateral/middle part of the

iddle temporal gyrus (Pole ↔T2ml), the angular gyrus and the pars or-

italis of the left inferior frontal gyrus (AG ↔F3orb), the anterior part

f the Superior temporal gyrus and the left posterior part of the supe-

ior temporal sulcus (T1a ↔STSp), the left posterior part of the superior

emporal sulcus and the pars orbitalis of the left inferior frontal gyrus

STSp ↔F3orb), the supramarginal gyrus and the posterior part of the

eft inferior temporal gyrus (SMG ↔T3p), the angular gyrus and the left

osterior part of the superior temporal sulcus (AG ↔STSp), the Posterior

art of the middle frontal gyrus and the angular gyrus (F2p ↔AG), the

ateral/middle part of the middle temporal gyrus and the supramarginal

yrus (T2ml ↔SMG) ( Fig. 4 A and Table SI5). These connected regions

re located across the left parieto-frontal-temporal lobe, and are mainly

abelled as semantic language processing. These edges have previously

een described in FC studies dedicated to language and especially to

he semantic component. This component typically includes the inferior

rontal gyrus, the left temporal cortex (i.e. temporal pole, middle tempo-

al gyrus, fusiform gyrus) and the left angular gyrus ( Binder et al., 2009 ;

ackson et al., 2016 ; Vigneau et al., 2006 ). At the univariate level, these
6 
oci associated to central endophenotypes display an important overlap;

ee Fig. 4 D. 

A locus in 10q23.33 was highlighted by the mvGWAS. At the uni-

ariate level, no endophenotype reached the genome-wide significance

hreshold for the leas SNP in this locus (rs11187838). 

As a conclusion of the mvGWAS, we retained: (i) a multifold link

etween two FCs and a locus in 15q4 region; and (ii) a multifold link

etween nine FCs and a locus in 3p11.1 region. Such a multivariate ap-

roach has the advantage of leveraging the distributed nature of genetic

ffects and the presence of pleiotropy across endophenotypes. Loci, re-

pectively, identified by MOSTest as associated with several FCs made

lear that these SNPs have distributed effects, often with mixed direc-

ions, across regions and FCs. Fig. 2 B shows the FCs associations with

oth 15q14, and 3p11.1 lead SNPs. The regional effects of all other lead

NPs can be appreciated in the Fig. SI3. 

.3. Downstream analyses 

.3.1. SNP-based genetic correlation of functional connectivity measures 

The SNP-based genetic correlation analysis was estimated for each

air of central FCs associated to 15q14 or 3p11.1 genetic loci, indicat-

ng overlapping genetic contributions among several FCs (Table SI6).

or central endophenotypes associated with 3p11.1 locus, a negative

enetic correlation between some FCs has been observed which indi-

ates that variants can have antagonistic effects on the co-activations of

hese regions. 

.3.2. Validation of lead SNPs using diffusion imaging derived 

ndophenotypes 

We hypothesised that the genetic variants significantly associated

ith the language FCs could be associated with neuroanatomical tracts

hat support the information transmission between language areas.

herefore, we tested the potential associations between the hit SNPs

ith the average values of dMRI relevant white matter tracts: 

Three white matter tracts to be tested with locus on 15q14: the white

atter tracts linking the regions of the (Prec ↔F3opd) consists of the i)

rcuate anterior segment fasciculus (AF) dorsal pathway ( Catani et al.,

005 ), ii) the frontal aslant tract (FAT) which is reported as connect-

ng Broca’s region (BA44/45) with dorsal medial frontal areas including

upplementary and pre-supplementary motor area (BA6) ( Rojkova et al.,

016 ; Catani and Forkel, 2019 ) while the anatomical connectivity un-

erlying the (PrecR ↔RolS) FC endophenotype consists of the corpus cal-

osum which interconnects both hemispheres. 

Five white matter tracts to be tested with locus on 3p11.1: the nine

entral endophenotypes associated with the 3p11.1 locus, the anatomi-

al connectivity underlying these connections consists of the (i) inferior

ronto-occipital fasciculus (IFOF) which connects the inferior frontal

egions with the temporal and occipital cortex ( Forkel et al., 2014b ),

ii) uncinate fasciculus (UF) which is reported to connect the ante-

ior temporal lobe to the orbital region and part of the inferior frontal

 Vigneau et al., 2006 ; Catani and De Schotten, 2008 ; Friederici, 2017 ;

atani and Forkel, 2019 ), and the (iii) arcuate long/anterior/posterior

egment fasciculus (AF) ( Catani et al., 2005 ). As the anterior segment of

F is tested with both loci, this yields a Bonferroni-corrected threshold

f p = 6.94e − 3(0.05/(3 ∗ 9 + 5 ∗ 9)) (Table SI7). The MO measured in

he FAT and the OD measured in the anterior segment of AF are associ-

ted with the rs1440802 SNP with p = 3.33e − 6 and p = 2.47e − 65, re-

pectively. The corpus callosum exhibits no significant association. The

O measured in the IFOF and UF is associated with the rs35124509

NPs with p = 2.49e − 7 and p = 2.12e − 7, respectively. Both long and

osterior segment of AF are associated with rs35124509 SNPs with

 = 5.88e − 6 (OD) and p = 3.90e − 7 (L3), while the anterior segment

f AF exhibits no significant association (See Table SI7). 
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Fig. 3. Main results for the 15q14 locus. (A) The two pairs of ROIs that forms the endpoints of the associated FCs reported as black bold lines. (B) Effect sizes of 

the SNP rs1440802 for the two connections: (Prec ↔F3opd) FC in green and (PrecR ↔RolS) FC in yellow. (C) Locus Zoom of the genomic region identified by the 

mvGWAS. Chromatin state of the genomic region. Brain tissue name abbreviations are the following; E054:Ganglion Eminence derived primary cultured neurospheres, 

E053: Cortex derived primary cultured neurospheres, E071: Brain Hippocampus Middle, E074: Brain Substantia Nigra, E068: Brain Anterior Caudate, E069: Brain 

Cingulate Gyrus, E072: Brain Inferior Temporal Lobe, E067:Brain Angular Gyrus, E073: Brain Dorsolateral Prefrontal Cortex, E070: Brain Germinal Matrix, E082: 

Fetal Brain Female, E081: Fetal Brain Male, E125: NH-A Astrocytes Primary Cells. The state abbreviations are the following; TssA: active transcription start site (TSS), 

TssFlnk: Flanking Active TSS, TxFlnk: Transcription at gene 50 and 30, Tx: Strong transcription, TxWk: Weak transcription, EnhG: Genic enhancers, Enh: Enhancers, 

ZNF/Rpts: ZNF genes & repeats, Het: Heterochromatin, TssBiv: Bivalent/Poised TSS, BivFlnk: Flanking Bivalent TSS/Enh, EnhBiv: Bivalent Enhancer, ReprPC: 

Repressed PolyComb, ReprPCWk: Weak Repressed PolyComb, Quies: Quiescent/Low. Expression quantitative trait loci (eQTL) associations (data source: eQTLGen 

( V ̃osa et al., 2018 ), PsychENCODE ( Wang et al., 2018 ), DICE ( Schmiedel et al., 2018 ), BIOS QTL browser ( Zhernakova et al., 2017 ), GTEx/v8 ( Consortium et al., 

2017 ), eQTLcatalogue). (D) Overlap of the genomic region risk region identified from FUMA for MOSTest results, (Prec ↔F3opd) and (PrecR ↔RolS). (E) Gene 

expression from BrainSpan for the interesting genes prioritised by FUMA. 7 
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Fig. 4. Main results for the 3p11.1 locus. (A) The pairs of ROIs that forms the endpoints of the associated FCs reported as black bold lines. (B) Effect sizes of 

the SNP rs35124509 for the nine connections: (AG ↔F3orb), (Pole ↔STSp), (Pole ↔T2ml), (T1a ↔STSp), (STSp ↔F3orb), (SMG ↔T3p), (AG ↔STSp), (F2p ↔AG) and 

(T2ml ↔SMG) FCs. (C) Locus Zoom of the genomic region identified by the mvGWAS. Chromatin state of the genomic region. Brain tissue name abbreviations are the 

following; E054:Ganglion Eminence derived primary cultured neurospheres, E053: Cortex derived primary cultured neurospheres, E071: Brain Hippocampus Middle, 

E074: Brain Substantia Nigra, E068: Brain Anterior Caudate, E069: Brain Cingulate Gyrus, E072: Brain Inferior Temporal Lobe, E067:Brain Angular Gyrus, E073: 

Brain Dorsolateral Prefrontal Cortex, E070: Brain Germinal Matrix, E082: Fetal Brain Female, E081: Fetal Brain Male, E125: NH-A Astrocytes Primary Cells. The 

state abbreviations are the following; TssA: active transcription start site (TSS), TssFlnk: Flanking Active TSS, TxFlnk: Transcription at gene 50 and 30, Tx: Strong 

transcription, TxWk: Weak transcription, EnhG: Genic enhancers, Enh: Enhancers, ZNF/Rpts: ZNF genes & repeats, Het: Heterochromatin, TssBiv: Bivalent/Poised 

TSS, BivFlnk: Flanking Bivalent TSS/Enh, EnhBiv: Bivalent Enhancer, ReprPC: Repressed PolyComb, ReprPCWk: Weak Repressed PolyComb, Quies: Quiescent/Low. 

8 



Y. Mekki, V. Guillemot, H. Lemaître et al. NeuroImage 249 (2022) 118795 

3

3

e

 

r  

n  

i  

t  

t

 

G  

3  

2  

v  

g  

i  

f  

h  

p  

s  

n  

w  

n  

g  

s  

m  

n  

s

3

e

 

T  

E  

r  

s  

G  

r  

a  

s  

G  

g  

d  

n  

F  

r

 

r  

R  

t  

S  

o  

n  

a  

(  

p  

d  

2  

s  

f  

o  

r  

0  

a  

b  

h  

b  

e  

t  

i  

s  

m

3

 

(  

a  

a  

i  

s  

g  

b  

T

>  

p  

P  

f  

e  

S  

p  

e  

H  

b  

b  

T  

t  

P  

h

4

 

f  

a  

d  

l  

r  

c  

w  

u  

f  

w  

S  

t

4

i

 

F  

(  

E

B

F

.4. Functional annotations of genomic loci associated with language 

.4.1. Locus in 15q14 associated to (Prec ↔F3opd) and (PrecR ↔RolS) 

ndophenotypes 

Four independent SNPs were identified in locus 15q14 (rs1440802,

s11629938, rs773225188, rs34680120) ( Fig. 3 C). Regarding eQTL an-

otations, we explored tissue-specific gene expression resources, includ-

ng both brain tissues and blood, considered as a good proxy when brain

issues are not available ( Qi et al., 2018 ). Significant results were ob-

ained. 

The four independant SNPs are cis-eQTL of THBS1 gene in eQTL-

en, BIOSQTL and GTEx/v8. Additionally, rs34680120 is eQTL of RP11-

7C7.1 gene (p adj < 1.02e − 3) in PsychENCODE and eQTL of CTD-

033D15.1 gene (p adj < 6.0e − 6) in BIOSQTL; see Fig. 3 C. Overall, the

ariants of this genomic risk region are found 72 times as eQTL of

enes from different data sources. All eQTL associations are presented

n more detail in Table SI7. Based on the human gene expression data

rom the Brainspan database, we found that THBS1 gene has relatively

igh mRNA (messenger RiboNucleic Acid) expression during early mid-

renatal to late prenatal stages, from 16 to 37 post-conceptional weeks;

ee Fig. 3 E. Indirect predictions might be added from the following an-

otation. RASGRP1 , identified by chromatin interaction mapping and

hich also appears to be under control of temporal expression during

eurodevelopment, is reported as over-expressed in the perisylvian lan-

uage areas ( Johnson et al., 2009 ) and as up-regulated in the dorsal

triatum ( Cirnaru et al., 2020 ). Fig. 3 summarises these results, found by

vGWAS, associated to (Prec ↔F3opd) and (PrecR ↔RolS) FC endophe-

otypes. These pinpoint THBS1 as the possible gene underlying this as-

ociation signal. 

.4.2. Locus in 3p11.1 associated to semantic-language related 

ndophenotypes 

Fourteen independent SNPs were identified in locus 3p11.1 ( Fig. 4 C).

he rs35124509 SNP is a non-synonymous variant within exon 16 of

PHA3 protein-coding gene. The subregion around rs35124509 and

s113141104 has its chromatin state annotated as (weak) activelytran-

cribed states (Tx, TxWk) in the brain tissues, specifically in the Brain

erminal Matrix, the Ganglion Eminence derived primary cultured neu-

ospheres, and in the Fetal Brain Female. Concerning the subregion

round rs6551410, it has its chromatin state annotated as Weak tran-

cription (TxWk) in the Fetal Brain Female, enhancer (enh) in the Brain

erminal Matrix and Repressed PolyComb (ReprPC) in both the Gan-

lion Eminence and Cortex derived primary cultured neurospheres. Ad-

itionally, the subregion around rs6551407 has its chromatin state an-

otated as Weak transcription (TxWk) in the Brain Germinal Matrix,

etal Brain Male and Fetal Brain Male. Overall, this reveals a genomic

egion involved in fine regulation mechanisms of brain development. 

Considering the rs35124509 SNP and variants in linkage disequilib-

ium (LD) with it in the genomic risk region, we scrutinised CADD and

DB scores, precise genomic positions and risk prediction, and we no-

iced some remarkable SNPs. We observed two exonic variants: (i) The

NP rs1054750 (LD rs35124509 r 
2 
> 0.99, p mvGWAS = 6.65e − 34) is a syn-

nymous variant within exon 16 of EPHA3 . (ii) the already mentioned

on-synonymous lead SNP rs35124509 (p mvGWAS = 8.95e − 59), the minor

llele results in a substitution in the protein from tryptophan (W) residue

large size and aromatic) into an arginine (R) (large size and basic) at

osition 924 (W924R, p.Trp924Arg) in the Sterile Alpha Motif (SAM)

omain. This SNP is not predicted to alter protein function (Polyphen-

 = ”benign ”) but is predicted to be potentially a regulatory element by

everal tools (RDB score = 3a, CADD = 22.3 - when CADD thresh = 12.37

or deleterious effect as suggested by Kircher et al. (2014) ) Moreover, we
xpression quantitative trait loci (eQTL) associations (data source: eQTLGen ( V ̃osa e

IOS QTL browser ( Zhernakova et al., 2017 ), GTEx/v8 ( Consortium et al., 2017 ), e

UMA for MOSTest results and the nine FCs mentioned above. (E) Gene expression fr

9 
bserved eight SNPs (rs28623022, rs7650184, rs7650466, rs73139147,

s3762717, rs73139144, rs73139148, rs566480002) (LD rs35124509 r 
2 
>

.73, p mvGWAS < 4.46e − 20) located in 3 ′ -UTR of EPHA3 which could

ffect its expression by modulating miRNA (micro RiboNucleic Acid)

inding ( Popp et al., 2016 ). The hit-SNP rs35124509 and the rest of

ighlighted SNPs act as eQTL for EPHA3 in different tissues including

rain cerebellum (p FDR < 5e − 2 in GTEx/v8 data source). The exhaustive

QTL associations are presented in Table SI8. Fig. 4 summarises the func-

ional annotations in 3p11.1 associated to multiple FC endophenotypes

n semantic component of language. These functional characterization

upports EPHA3 as a possible gene with a key role in language develop-

ent in humans. 

.4.3. Locus in 10q23.33 

Four independent SNPs were identified in locus 10q23.33

rs11187838, rs17109875, rs11187844, rs20772180). The subregion

round all four SNPs has its chromatin state annotated as (weak)

ctively-transcribed states (Tx, TxWk) in the brain tissues, specifically

n the ganglion eminence and cortex derived primary cultured neuro-

pheres, hippocampus (middle), substantia nigra, anterior caudate, an-

ular gyrus, Dorsolateral/Prefrontal cortex, brain germinal matrix, fetal

rain female/male and NH-A (normal human astrocytes) primary cells.

wo exonic variants are noteworthy: The rs2274224 (LD rs11187838 r 2 

 0.99, p mvGWAS = 5.04e − 14) and rs11187895 (LD rs17109875 r 
2 
> 0.6,

 mvGWAS = 3.08e − 7) SNPs are nonsynonymous variants within exon 19 of

LCE1 and exon 11 of NOC3L and are both not predicted to alter protein

unction (Polyphen-2 = ”benign ”) but are predicted to have a deleterious

ffect (CADD = 17.35, CADD = 19.24). Moreover, we observed three

NP (rs11187870, rs11187877, rs145707916) (LD rs17109875 r 2 > 0.66,

 mvGWAS < 7.546e − 7) located in 3 ′ -UTR of PLCE1:NOC3L. Regarding

QTL annotations, the variants in the 10q23.33 locus act as eQTL for

ELLS, NOC3L and PLCE1 genes in different brain tissues including

rain cerebellum, brain cerebellar hemisphere, Brain nucleus accum-

ens basal ganglia, hippocampus (p FDR < 5e − 2 in GTEx/v8 data source).

he exhaustive eQTL associations are presented in Table SI8. These func-

ional characterizations highlight these three genes ( HELLS, NOC3L and

LCE1 ) that may influence the FCs related to language processing in

umans. 

. Discussion 

In this study, we extracted individual language FC endophenotypes

rom the rsfMRI data of 32,186 participants from the UK Biobank cohort

nd conducted a mvGWAS. We found 4566 significantly associated SNPs

istributed over 11 chromosomes. Three multivariate associations with

ead SNPs were replicated in the non-British cohort, highlighting the

obustness of these signals across different ancestries. Two functional

onnections, contributing in the perceptual motor interaction, associated

ith 15q14 locus located in the RP11-624L4.1 antisense gene with mod-

latory effects on the expression of the THBS1 gene. Multiple FCs in the

ronto-temporal semantic language network were found to be associated

ith SNPs regulating EPHA3 gene expression in 3p11.1 locus. Each lead

NP was found to be associated with the neuroanatomical white matter

racts that support each of these FCs. 

.1. Locus regulating THBS1 associated with the perceptual motor 

nteractions process 

A locus in 15q14 was associated with the precentral-opercularis

C (Prec ↔F3opd) and the precentral-Rolandic FC endophenotypes

PrecR ↔RolS). The L —R Prec regions in the ventral precentral gyrus
t al., 2018 ), PsychENCODE ( Wang et al., 2018 ), DICE ( Schmiedel et al., 2018 ), 

QTLcatalogue). (D) Overlap of the genomic region risk region identified from 

om BrainSpan for the interesting genes prioritised by FUMA. 
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g  
re both associated with phonology language component and consid-

red relevant for pharynx and tongue fine-movement coordination in

he human and nonhuman primates ( Vigneau et al., 2006 ; Kumar et al.,

016 ; Belyk and Brown, 2017 ). RolS in the dorsal Rolandic sulcus is at-

ributed to the phonology component and matches the mouth primary

otor area but also the perception of syllables ( Vigneau et al., 2006 ;

ilson et al., 2004 ; Fadiga et al., 2002 ). F3opd in the dorsal pars op-

rcularis (BA44/45) is associated with semantic/sentence processing.

he motor theory of speech perception has been quite an old debate

 Liberman and Mattingly, 1985 ; Galantucci et al., 2006 ; Flinker et al.,

015 ; Schwartz et al., 2008 ; Whalen, 2019 ). In this study, we report

 locus in 15q14 (lead SNP rs1440802) associated with both this FC

etween the motor and Broca’s areas and the frontal aslant tract con-

ecting directly (pre)supplementary motor area with the opercular part

f inferior frontal gyrus ( Vergani et al., 2014 ; Catani et al., 2012 ), in

ine with this perception–motor link. 

SNPs in high linkage disequilibrium (LD) with rs1440802 in the ge-

omic region have been linked to several other structural features (sur-

ace area and cortical thickness) including primary motor cortex, pri-

ary somatosensory cortex ( Elliott et al., 2018 ; van der Meer et al.,

020 ), supramarginal, and pars opercularis ( van der Meer et al., 2020 ),

upporting a common genetic influence of the sensory-motor interac-

ion. 

The lead SNP rs1440802 and SNPs in LD uncovered to be associated

ith both (Prec ↔F3opd) and (PrecR ↔RolS) are found to be eQTL of

HBS1 gene in the blood with high confidence. The thrombospondin-1

rotein encoded by THBS1 gene is a member of the thrombospondin

amily, a glycoprotein expressed in the extracellular matrix. It has been

mplicated in synaptogenesis ( Christopherson et al., 2005 ) and regulates

he differentiation and proliferation of neural progenitor cells ( Lu and

ipnis, 2010 ), and has been involved in human neocortical evolution

 C´aceres et al., 2003 , 2007 ). Other members of the thrombospondin’s

amily, THBS2 and THBS4 , have been shown to be over-expressed in the

dult human cerebral cortex compared to chimpanzees and macaques

 C´aceres et al., 2007 ). Their increased expression suggests that human

rain might display distinctive features involving enhanced synaptic

lasticity in adulthood which may contribute to cognitive and linguistic

bilities ( Sherwood et al., 2008 ). From a developmental point of view,

HBS1 appears to be under control of temporal expression during devel-

pment, as revealed by BrainSpan data (See Figs. 3 E and SI4). THBS1

xpression was studied from the longitudinal transcriptomic profile re-

ource of the developing human brain (18, 19, 21, 23 weeks of gesta-

ion) ( Johnson et al., 2009 ). Its expression is reported as over-expressed

n the neocortex, including the perisylvian language areas, compared

o phylogenetically older parts of the brain such as the striatum, tha-

amus and cerebellum ( Johnson et al., 2009 ). Thrombospondin-1 have

een linked to Autism spectrum disorder ( Lu et al., 2014 ), Alzheimer’s

isease ( Ko et al., 2015 ), and Schizophrenia ( Park et al., 2012 ). 

Taken together, these results indicate that THBS1 , modulated by a

ead SNP in the 15q14 locus, could be prioritised in the study of key

enes playing a role in the functional connectivity part of the percep-

ual motor interaction required for language, and with the anatomical

onnectivity, support of their interactions. 

.2. Locus in EPHA3 associated with the fronto-temporal semantic network

A locus in 3p11.1 is found associated with nine fronto-parietal-

emporal endophenotypes. The angular gyrus (AG) has been shown to

ctivate during functional imaging tasks probing semantics and involved

n conceptual knowledge ( Vigneau et al., 2006 ). F3orb in the pars or-

italis in the inferior frontal gyrus is labelled semantic for its involve-

ent in semantic retrieval in spoken and sign language ( Rönnberg et al.,

004 ). It has also been associated with categorization, association, and

ord generation tasks ( Noppeney and Price, 2004 ; Booth et al., 2002 ;

urd et al., 2002 ). The temporal pole region, located in the anterior

emporal lobe, is associated with semantic and sentence processing
10 
 Vigneau et al., 2006 ) and the posterior superior temporal sulcus (pSTS)

s reported to be implicated in syntactic complexity ( Constable et al.,

004 ) but also process the semantic integration of complex linguistic

aterial ( Vigneau et al., 2006 ). Both pSTS and the angular gyrus over-

ap with the Geschwind’s territory (See Fig. 1 a). The lateral/middle

art of the middle temporal gyrus is devoted to verbal knowledge

 Vigneau et al., 2006 ). These regions and their corresponding endophe-

otypes fit rather well with the fronto-temporal semantic system described

n ( Vigneau et al., 2006 ) facilitating the association of integrated in-

ut messages with internal knowledge. The anterior part of the superior

emporal gyrus and the posterior part of the inferior temporal gyrus are

honological–semantic interface areas processing. ( Vigneau et al., 2006 )

ropose that these ones are transitional zones between the perception

nd semantic integration of language stimuli and are crucial during the

evelopment of language. 

SNPs of this genomic region in high LD with the lead SNP

s35124509 have already been found associated with: rsfMRI ICA FC

edge 387, 383, 399, and ICA-features 3); see ( Elliott et al., 2018 ). The

CA maps used for these FC estimations partially-overlap semantic lan-

uage areas including the angular gyrus, the most anterior part of the

TS, the anterior fusiform gyrus, the lateral-middle part of T2, the ven-

ral part of the pars triangularis and the pars orbitalis of the left inferior

rontal gyrus. Regarding cognitive traits, this locus was associated to in-

elligence ( Savage et al., 2018 ). Finally, other SNPs, in strong LD with

he lead SNP rs35124509, consistently act as an eQTL of EPHA3 in brain

issues. 

The ephrin type-A receptor 3 protein encoded by EPHA3 gene be-

ongs to the ephrin receptor family that can bind the ephrins subfam-

ly of the tyrosine kinase protein family. EPH (erythropoietin-producing

epatocellular carcinoma) receptors and their ligands were found to

lay important roles in multiple developmental processes, including tis-

ue morphogenesis, embryogenesis, neurogenesis, vascular network for-

ation, neural crest cell migration, axon fasciculation, axon guidance,

nd topographic neural map formation ( Pasquale, 2008 ; Gibson and

a, 2011 ; Gerstmann and Zimmer, 2018 ). EPHA3 binds predominantly

FNA5 and plays a role in the segregation of motor and sensory axons

uring neuromuscular circuit development ( Lawrenson et al., 2002 ). In

ohnson et al. (2009 ), EPHA3 is reported as over-expressed in the fe-

al rhesus macaque monkey neocortex (NCTX) and especially in the oc-

ipital lobe compared to the other NCTX areas. Noticeably, its ligand

FNA5 is overexpressed in perisylvian areas and is located in a human

ccelerated conserved non-coding sequence (haCNS704) ( Johnson et al.,

009 ). EPH receptors have been linked to neurode velopmental disor-

ers, including schizophrenia ( Zhang et al., 2010 ) and autism spectrum

isorder ( Casey et al., 2012 ). Moreover, in Rudov et al. (2013 ), EPHA3

s found in silico , as putative gene implicated in dyspraxia, dyslexia and

pecific language impairment (SLI). Finally, we observed that EPHA3

s expressed in the human brain, in a consistent manner across devel-

pmental stages from early prenatal to late-mid prenatal (8–24 pcw,

rainSpan; see Figs. 4 E and SI4). 

Taken together, these results indicate that EPHA3 in the 3p11.1 lo-

us, could be prioritised in the study of key genes playing a role in the

ronto-temporal semantic network, and with the anatomical connectivity

upport of this network. 

.3. Locus related to PLCE1, NOC3L and HELLS 

A locus in 10q23.33 was highlighted by the mvGWAS. At the uni-

ariate level, no endophenotype reached the genome-wide significance

hreshold. But looking at the suggestive threshold p = 1e − 5, we pinpoint

utative ‘central’ endophenotypes to aid interpretation of the processes

nderlying this association signal. Two bilateral fronto-temporal en-

ophenotypes were the most associated to rs11187838: the precentral-

olandic FC endophenotypes (PrecR ↔RolS, p = 1.85e − 07) and the right

nterior part of the superior temporal gyrus (T1aR) overlapping Heschl’s

yrus (T1a/HeschlR) and its homotopic areas of left hemisphere pri-
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ary auditory regions (T1a ↔T1a/HeschlR, p = 9.61e − 06). All these

egions participate in an elementary audio–motor loop involved in both

omprehension and production of syllables forming a bilateral fronto-

emporal network activated by the auditory representation of speech

ounds ( Vigneau et al., 2006 , 2011 ). SNPs of this genomic region in high

D with the lead SNP rs11187838 have already been found associated

ith: rsfMRI ICA FC network within the perisylvian area ( Elliott et al.,

018 ). These act as an eQTL of HELLS, NOC3L, PLCE1 genes in multiple

rain tissues (Table SI8). The HELLS gene encodes the lymphoid-specific

elicase (Lsh), a member of the SNF2 helicase family of chromatin re-

odeling proteins. Patients with a genetic mutation of HELLS present

sychomotor retardation including slow cognitive, motor development

nd psychomotor impairment ( Thijssen et al., 2015 ). The Lsh protein

ight play a role as epigenetic regulator in neural cells ( Han et al.,

017 ). Finally, we observed that the three genes ( NOC3L, PLCE1, HELLS )

re expressed in the human brain, across developmental stages from

arly prenatal to early mid prenatal (8–17 pcw, BrainSpan). 

Taken together, these results indicate that the three highlighted

enes ( PLCE1, NOC3L and HELLS ) in the 10q23.33 locus, as potential

andidates in the study of key genes playing a role in the bilateral fronto-

emporal auditory-motor network. 

.4. Limitations 

Although functional MR imaging is recognised to produce valuable

ndophenotypes ( Elliott et al., 2018 ), resting-state FC represent remote

easures of language as the participants are not engaged in any lan-

uage task-experiments and simply stay at rest. As stated in the intro-

uction, previous works reported that resting-state derived endopheno-

ypes are correlated with behavioral language processing ( Koyama et al.,

011 ; Stevens et al., 2017 ; Cross et al., 2021 ; Cheema et al., 2021 ).

owever, with the release at hand in this study, no behavioral lan-

uage scores were provided in the UK Biobank cohort. We were thus

nable to check the correlations between our resting-state FC endophe-

otypes and language behavioral scores. Moreover, we observed a hier-

rchy of language heritability estimates from the Human Connectome

roject (twin study) with 51–67% for language-behavioral scores, 22–

5% for language-task activations ( Le Guen et al., 2018 ) and 10–50%

or resting-state FC ( Data not shown ), making resting-state FC a less suit-

ble endophenotype than language task activations for an association

tudy about language, and therefore less suitable than language scores.

he lack of a large, age-matched replication sample represents one ma-

or limitation of the present study in the sense that we could not re-

roduce all our results. Although multivariate methods have shown to

ubstantially increase statistical power and gene discovery compared to

nivariate approaches, the results are less straightforward to interpret.

e have addressed this issue by assessing each of the prioritized loci

t the univariate level, to pinpoint at central endophenotypes that are

ontributing the most to the multivariate signal. Moreover, as such a

omplex trait as language may be driven by a lot of interacting genes,

 multivariate approach on the SNPs side is highly desired to uncover

elevant gene pathways in language development and processing. Com-

ared to structural endophenotypes, the FCs have low amplitude which

inders the study in terms of statistical power. This observation con-

titutes a third limitation that is somehow surpassed when working on

arge scale cohorts and using multivariate approaches. Another poten-

ial limitation is the UK Biobank dataset in which this study is based. It

hould be noted that the UKB constitutes a relatively old sample. Future

tudies in other developmental stages (i.e. children, adolescent, young-

dult) will inform us whether the observed associations are stable across

evelopment, or whether they reflect some age-related specificity. 

. Conclusions 

In this study, we extracted language endophenotypes from rsfMRI ac-

uisitions in the largest imaging-genetic cohort on general population
11 
o date. To make these endophenotypes as closer as possible to language

unction in the brain, we adopted a ROI-based approach for FC estima-

ion with language ROIs derived from a comprehensive meta-analysis of

bfMRI studies on language. This approach makes the endophenotypes

omparable across individuals and thus suitable for an association study.

fter filtering on heritability significance, we performed a multivariate

WAS technique in order to take advantage of the correlation structure

mong rsfMRI FC and uncover potential pleiotropic loci. Thereby, we

ighlighted potential key genes related to language processing includ-

ng EPHA3 gene in the 3p11.1 locus with a role in the fronto-temporal se-

antic network, THBS1 gene, modulated by the 15q14 locus, associated

ith the functional connectivity part of the perceptual motor interaction

equired for language, and PLCE1 gene in the 10q23.33 locus with a po-

ential role in the bilateral fronto-temporal auditory-motor network. These

enes could be prioritized to study language in suitable genetic model.

urthermore, two results that have not shown significant association in

he replication sample, have been reported in previous works; a 3q24

ocus in ZIC4 which is involved in visual and auditory pathway devel-

pment ( Horng et al., 2009 ) has been associated with brain asymmetry

 Sha et al., 2021 ); a 14q23.1 locus near DACT1 has been reported to be

ssociate with the STAP ( Le Guen et al., 2018 ) and superior temporal

ulcus surface area ( Sha et al., 2021 ). Altogether, these results provide

n novel insight into the genetic architecture of the language in humans.

 growing number of works claim that language studies should consider

ask-free fMRI data in general population in order to really focus on the

eurobiological organization of language and how it supports natural

anguage, i.e. as it is used in everyday life ( Hasson et al., 2018 ). On

 clinical side, such research settings are highly desirable as there is

 need to map language areas in patients unable to perform language

asks ( Ramage et al., 2020 ; Branco et al., 2016 ; Klingbeil et al., 2019 ;

ark et al., 2020 ). By validating our findings in rsfMRI FC endopheno-

ypes with dMRI-derived endophenotypes, we tried to provide both a

unctional and structural connectome point of view of the language or-

anization in the brain. Finally, recent imaging genetic approaches such

s multivariate GWAS, allowed us to increase in statistical power and

ircumvent the small effect sizes of these original endophenotypes. We

elieve that such approaches are really promising and will broadly dis-

eminate in the imaging-genetic field and beyond. With the presented

pproach, we tried to contribute to these innovative trends and to pave

he way to other alternative task-free approaches to study natural lan-

uage and its genetic underpinnings. 
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