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Figure 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
5′ and 3′, 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 quan-
titative trait loci (eQTL) associations (data source: eQTLGen (Võsa 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 and the nine FCs mentioned above.
E) Gene expression from BrainSpan for the interesting genes prioritised by FUMA.

4. Discussion387

In this study, we extracted individual language FC endophenotypes from the rsfMRI data388

of 32,186 participants from the UK Biobank cohort and conducted a multivariate genome-389

wide association study. We found 4566 significantly associated SNPs distributed over 11390

chromosomes. Three multivariate associations with lead SNPs were replicated in the non-391

British cohort, highlighting the robustness of these signals across different ancestries. Two392

functional connections, contributing in the perceptual motor interaction, associated with393

15q14 locus located in the RP11-624L4.1 antisense gene with modulatory effects on the394

expression of the THBS1 gene. Multiple FCs in the fronto-temporal semantic language395

network were found to be associated with SNPs regulating EPHA3 gene expression in 3p11.1396

locus. Each lead SNP was found to be associated with the neuroanatomical white matter397

tracts that support each of these FCs.398

4.1. Locus regulating THBS1 associated with the perceptual motor interactions process399

A locus in 15q14 was associated with the precentral-opercularis FC (Prec↔F3opd) and400

the precentral-Rolandic FC endophenotypes (PrecR↔RolS). The L—R Prec regions in the401

ventral precentral gyrus are both associated with phonology language component and con-402

sidered relevant for pharynx and tongue fine-movement coordination in the human and non-403

human primates (Vigneau et al., 2006; Kumar et al., 2016; Belyk and Brown, 2017). RolS in404
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the dorsal Rolandic sulcus is attributed to the phonology component and matches the mouth405

primary motor area but also the perception of syllables (Vigneau et al., 2006; Wilson et al.,406

2004; Fadiga et al., 2002). F3opd in the dorsal pars opercularis (BA44/45) is associated with407

semantic/sentence processing. The motor theory of speech perception has been quite an old408

debate (Liberman and Mattingly, 1985; Galantucci et al., 2006; Flinker et al., 2015; Schwartz409

et al., 2008; Whalen, 2019). In this study, we report a locus in 15q14 (lead SNP rs1440802)410

associated with both this FC between the motor and Broca’s areas and the frontal aslant411

tract connecting directly (pre)supplementary motor area with the opercular part of inferior412

frontal gyrus (Vergani et al., 2014; Catani et al., 2012), in line with this perception–motor413

link.414

SNPs in high LD with rs1440802 in the genomic region have been linked to several other415

structural features (surface area and cortical thickness) including primary motor cortex,416

primary somatosensory cortex (Elliott et al., 2018; van der Meer et al., 2020), supramarginal,417

and pars opercularis (van der Meer et al., 2020), supporting a common genetic influence of418

the sensory-motor interaction.419

The lead SNP rs1440802 and SNPs in LD uncovered to be associated with both (Prec↔F3opd)420

and (PrecR↔RolS) are found to be eQTL of THBS1 gene in the blood with high confidence.421

The thrombospondin-1 protein encoded by THBS1 gene is a member of the thrombospondin422

family, a glycoprotein expressed in the extracellular matrix. It has been implicated in synap-423

togenesis (Christopherson et al., 2005) and regulates the differentiation and proliferation of424

neural progenitor cells (Lu and Kipnis, 2010), and has been involved in human neocorti-425

cal evolution (Cáceres et al., 2003, 2007). Other members of the thrombospondin’s family,426

THBS2 and THBS4, have been shown to be over-expressed in the adult human cerebral427

cortex compared to chimpanzees and macaques (Cáceres et al., 2007). Their increased ex-428

pression suggests that human brain might display distinctive features involving enhanced429

synaptic plasticity in adulthood which may contribute to cognitive and linguistic abilities430

(Sherwood et al., 2008). From a developmental point of view, THBS1 appears to be un-431
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der control of temporal expression during development, as revealed by BrainSpan data (See432

Fig. 3e and Fig. SI4). THBS1 expression was studied from the longitudinal transcriptomic433

profile resource of the developing human brain (18, 19, 21, 23 weeks of gestation) (Johnson434

et al., 2009). Its expression is reported as over-expressed in the neocortex, including the435

perisylvian language areas, compared to phylogenetically older parts of the brain such as436

the striatum, thalamus and cerebellum (Johnson et al., 2009). Thrombospondin-1 have been437

linked to Autism spectrum disorder (Lu et al., 2014), Alzheimer’s disease (Ko et al., 2015),438

and Schizophrenia (Park et al., 2012).439

Taken together, these results indicate that THBS1, modulated by a lead SNP in the440

15q14 locus, could be prioritised in the study of key genes playing a role in the functional441

connectivity part of the perceptual motor interaction required for language, and with the442

anatomical connectivity, support of their interactions.443

4.2. Locus in EPHA3 associated with the fronto-temporal semantic network444

A locus in 3p11.1 is found associated with nine fronto-parietal-temporal endophenotypes.445

The angular gyrus (AG) has been shown to activate during functional imaging tasks probing446

semantics and involved in conceptual knowledge (Vigneau et al., 2006). F3orb in the pars447

orbitalis in the inferior frontal gyrus is labelled semantic for its involvement in semantic re-448

trieval in spoken and sign language (Rönnberg et al., 2004). It has also been associated with449

categorisation, association, and word generation tasks (Noppeney and Price, 2004; Booth450

et al., 2002; Gurd et al., 2002). The temporal pole region, located in the anterior temporal451

lobe, is associated with semantic and sentence processing (Vigneau et al., 2006) and the pos-452

terior superior temporal sulcus (pSTS) is reported to be implicated in syntactic complexity453

(Constable et al., 2004) but also process the semantic integration of complex linguistic mate-454

rial (Vigneau et al., 2006). Both pSTS and the angular gyrus overlap with the Geschwind’s455

territory (See Fig. 1a). The lateral/middle part of the middle temporal gyrus is devoted to456

verbal knowledge (Vigneau et al., 2006). These regions and their corresponding endopheno-457

types fit rather well with the fronto-temporal semantic system described in (Vigneau et al.,458
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2006) facilitating the association of integrated input messages with internal knowledge. The459

anterior part of the superior temporal gyrus and the posterior part of the inferior temporal460

gyrus are phonological–semantic interface areas processing. (Vigneau et al., 2006) propose461

that these ones are transitional zones between the perception and semantic integration of462

language stimuli and are crucial during the development of language.463

SNPs of this genomic region in high LD with the lead SNP rs35124509 have already464

been found associated with: rsfMRI ICA functional connectivity (edge 387, 383, 399, and465

ICA-features 3); see (Elliott et al., 2018). The ICA maps used for these FC estimations466

partially-overlap semantic language areas including the angular gyrus, the most anterior part467

of the STS, the anterior fusiform gyrus, the lateral-middle part of T2, the ventral part of the468

pars triangularis and the pars orbitalis of the left inferior frontal gyrus. Regarding cognitive469

traits, this locus was associated to intelligence (Savage et al., 2018). Finally, other SNPs, in470

strong LD with the lead SNP rs35124509, consistently act as an eQTL of EPHA3 in brain471

tissues.472

The ephrin type-A receptor 3 protein encoded by EPHA3 gene belongs to the ephrin473

receptor family that can bind the ephrins subfamily of the tyrosine kinase protein family.474

EPH receptors and their ligands were found to play important roles in multiple developmental475

processes, including tissue morphogenesis, embryogenesis, neurogenesis, vascular network476

formation, neural crest cell migration, axon fasciculation, axon guidance, and topographic477

neural map formation (Pasquale, 2008; Gibson and Ma, 2011; Gerstmann and Zimmer, 2018).478

EPHA3 binds predominantly EFNA5 and plays a role in the segregation of motor and sensory479

axons during neuromuscular circuit development (Lawrenson et al., 2002). In (Johnson et al.,480

2009), EPHA3 is reported as over-expressed in the fetal rhesus macaque monkey neocortex481

(NCTX) and especially in the occipital lobe compared to the other NCTX areas. Noticeably,482

its ligand EFNA5 is over-expressed in perisylvian areas and is located in a human accelerated483

conserved non-coding sequence (haCNS704) (Johnson et al., 2009). EPH receptors have been484

linked to neurodevelopmental disorders, including schizophrenia (Zhang et al., 2010) and485
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autism spectrum disorder (Casey et al., 2012). Moreover, in (Rudov et al., 2013), EPHA3486

is found in silico, as putative gene implicated in dyspraxia, dyslexia and specific language487

impairment (SLI). Finally, we observed that EPHA3 is expressed in the human brain, in a488

consistent manner across developmental stages from early prenatal to late-mid prenatal (8-24489

pcw, BrainSpan ; see Fig. 4e and Fig. SI4).490

Taken together, these results indicate that EPHA3 in the 3p11.1 locus, could be prioritised491

in the study of key genes playing a role in the fronto-temporal semantic network, and with492

the anatomical connectivity support of this network.493

4.3. Locus in PLCE1, NOC3L and HELLS494

A locus in 10q23.33 was highlighted by the mvGWAS. At the univariate level, no en-495

dophenotype reached the genome-wide significance threshold. But looking at the suggestive496

threshold p = 1e− 5, we pinpoint putative ’central’ endophenotypes to aid interpretation of497

the processes underlying this association signal. Two bilateral fronto-temporal endopheno-498

types were the most associated to rs11187838: the precentral-Rolandic FC endophenotypes499

(PrecR↔RolS, p = 1.85e − 07) and the right anterior part of the superior temporal gyrus500

(T1aR) overlapping Heschl’s gyrus (T1a/HeschlR) and its homotopic areas of LH primary501

auditory regions (T1a↔T1a/HeschlR, p = 9.61e − 06). All these regions participate in502

an elementary audio–motor loop involved in both comprehension and production of sylla-503

bles forming a bilateral fronto-temporal network activated by the auditory representation of504

speech sounds (Vigneau et al., 2006, 2011). SNPs of this genomic region in high LD with the505

lead rs11187838 act as an eQTL of HELLS, NOC3L, PLCE1 genes in multiple brain tissues506

(Supplementary Table SI8). The HELLS gene encodes the lymphoid-specific helicase (Lsh),507

a member of the SNF2 helicase family of chromatin remodeling proteins. Patients with a508

genetic mutation of HELLS present psychomotor retardation including slow cognitive, motor509

development and psychomotor impairment (Thijssen et al., 2015). The Lsh protein might510

play a role as epigenetic regulator in neural cells (Han et al., 2017). Finally, we observed511

that the three genes (NOC3L, PLCE1, HELLS ) are expressed in the human brain, across512
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developmental stages from early prenatal to early mid prenatal (8-17 pcw, BrainSpan).513

Taken together, these results indicate that the three highlighted genes (PLCE1, NOC3L514

and HELLS ) in the 10q23.33 locus, as potential candidates in the study of key genes playing515

a role in the bilateral fronto-temporal auditory-motor network.516

4.4. Limitations517

The lack of a large, age-matched replication sample represents one major limitation of518

the present study in the sense that we could not reproduce all our results. Additionally,519

we observed that the three associations replicated in the non-British sample were not the520

three most significant ones. For example, rs2279829 on chr3 was found associated with521

p = 7.57e−21 but was not replicated in the non-British cohort, while rs11187838 on chr10522

found associated with p = 4.29e−14 was replicated in the non-British cohort with p =523

2.92e−2. This suggests that some lead SNPs found associated with language FCs with a524

lower p value than p = 4.29e−14 but not replicated in the non-British sample might be525

specific to the British ancestry. Nevertheless, the sample size of the discovery sample was526

an order of magnitude larger than the replication sample, making it difficult to compare527

these different results. Although multivariate methods have shown to substantially increase528

statistical power and gene discovery compared to univariate approaches, the results are less529

straightforward to interpret. We have addressed this issue by assessing each of the prioritized530

loci at the univariate level, to pinpoint at central endophenotypes that are contributing the531

most to the multivariate signal. Moreover, as such a complex trait as language may be driven532

by a lot of interacting genes, a multivariate approach on the SNPs side is highly desired533

to uncover relevant gene pathways in language development and processing. Compared to534

structural endophenotypes, the FCs have low amplitude which hinders the study in terms of535

statistical power. This observation constitute a third limitation that is somehow surpassed536

when working on large scale cohorts and using multivariate approaches. Another potential537

limitation is the UK Biobank dataset in which this study is based. It should be noted that538

the UKB constitutes a relatively old sample. Future studies in other developmental stages539
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(i.e. children, adolescent, young-adult) will inform us whether the observed associations are540

stable across development, or whether they reflect some age-related specificity.541

4.5. Conclusions542

Thanks to imaging-genetics modern approaches that allow us to increase in statistical543

power and circumvent the small effect sizes, we could, at a certain level, shed lights into544

the genetic architecture of language functional connectivity by highlighting potential key545

genes related to language processing with -nearly- no recruitment bias. The neurobiology546

of language, but also many other neuroscience fields, could highly benefit from this type of547

methodology.548
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Cáceres, M., Lachuer, J., Zapala, M.A., Redmond, J.C., Kudo, L., Geschwind, D.H., Lock-598

hart, D.J., Preuss, T.M., Barlow, C., 2003. Elevated gene expression levels distinguish599

human from non-human primate brains. Proceedings of the National Academy of Sciences600

100, 13030–13035.601
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Rönnberg, J., Rudner, M., Ingvar, M., 2004. Neural correlates of working memory for sign782

language. Cognitive Brain Research 20, 165–182.783

Rudov, A., Rocchi, M.B.L., Accorsi, A., Spada, G., Procopio, A.D., Olivieri, F., Rippo,784

M.R., Albertini, M.C., 2013. Putative mirnas for the diagnosis of dyslexia, dyspraxia, and785

specific language impairment. Epigenetics 8, 1023–1029.786

39

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464351doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464351


Savage, J.E., Jansen, P.R., Stringer, S., Watanabe, K., Bryois, J., De Leeuw, C.A., Nagel,787

M., Awasthi, S., Barr, P.B., Coleman, J.R., et al., 2018. Genome-wide association meta-788

analysis in 269,867 individuals identifies new genetic and functional links to intelligence.789

Nature genetics 50, 912–919.790

Schmiedel, B.J., Singh, D., Madrigal, A., Valdovino-Gonzalez, A.G., White, B.M., Zapardiel-791

Gonzalo, J., Ha, B., Altay, G., Greenbaum, J.A., McVicker, G., et al., 2018. Impact of792

genetic polymorphisms on human immune cell gene expression. Cell 175, 1701–1715.793

Schwartz, J.L., Basirat, A., Ménard, L., Sato, M., 2012. The perception-for-action-control794

theory (pact): A perceptuo-motor theory of speech perception. Journal of Neurolinguistics795

25, 336–354.796

Schwartz, J.L., Sato, M., Fadiga, L., 2008. The common language of speech perception and797

action: a neurocognitive perspective. Revue française de linguistique appliquée 13, 9–22.798

Seghier, M.L., Price, C.J., 2018. Interpreting and utilising intersubject variability in brain799

function. Trends in cognitive sciences 22, 517–530.800

Sherwood, C.C., Subiaul, F., Zawidzki, T.W., 2008. A natural history of the human mind:801

tracing evolutionary changes in brain and cognition. Journal of anatomy 212, 426–454.802

Smith, S.M., Fox, P.T., Miller, K.L., Glahn, D.C., Fox, P.M., Mackay, C.E., Filippini, N.,803

Watkins, K.E., Toro, R., Laird, A.R., et al., 2009. Correspondence of the brain’s functional804

architecture during activation and rest. Proceedings of the national academy of sciences805

106, 13040–13045.806

Sudlow, C., Gallacher, J., Allen, N., Beral, V., Burton, P., Danesh, J., Downey, P., Elliott, P.,807

Green, J., Landray, M., et al., 2015. Uk biobank: an open access resource for identifying the808

causes of a wide range of complex diseases of middle and old age. Plos med 12, e1001779.809

40

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 19, 2021. ; https://doi.org/10.1101/2021.10.18.464351doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.18.464351


Tavor, I., Jones, O.P., Mars, R., Smith, S., Behrens, T., Jbabdi, S., 2016. Task-free mri810

predicts individual differences in brain activity during task performance. Science 352,811

216–220.812

Thijssen, P.E., Ito, Y., Grillo, G., Wang, J., Velasco, G., Nitta, H., Unoki, M., Yoshihara, M.,813

Suyama, M., Sun, Y., et al., 2015. Mutations in cdca7 and hells cause immunodeficiency–814

centromeric instability–facial anomalies syndrome. Nature communications 6, 1–8.815

Turner, T.H., Fridriksson, J., Baker, J., Eoute Jr, D., Bonilha, L., Rorden, C., 2009. Oblig-816

atory broca’s area modulation associated with passive speech perception. Neuroreport 20,817

492.818

Uddén, J., Hultén, A., Bendtz, K., Mineroff, Z., Kucera, K.S., Vino, A., Fedorenko, E., Ha-819

goort, P., Fisher, S.E., 2019. Toward robust functional neuroimaging genetics of cognition.820

Journal of Neuroscience 39, 8778–8787.821

Vergani, F., Lacerda, L., Martino, J., Attems, J., Morris, C., Mitchell, P., de Schotten,822

M.T., Dell’Acqua, F., 2014. White matter connections of the supplementary motor area823

in humans. Journal of Neurology, Neurosurgery & Psychiatry 85, 1377–1385.824

Vigneau, M., Beaucousin, V., Herve, P.Y., Duffau, H., Crivello, F., Houde, O., Mazoyer, B.,825

Tzourio-Mazoyer, N., 2006. Meta-analyzing left hemisphere language areas: phonology,826

semantics, and sentence processing. Neuroimage 30, 1414–1432.827
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10. Tables870

Table 1: Genomic loci associated highlighted using the multivariate genome-wide association studie. 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. Functionnal 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).

Genomic
Locus

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 48214217
ncRNA
intronic

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

2 rs2717046 2 58041936 intergenic T C 0.380 p = 7.50e−14 p = 0.95 CTD-2026C7.1 -
3 rs62158166 2 114077218 intergenic C G 0.223 p = 8.69e−10 p = 0.38 PAX8 -
4 rs67851870 3 17554860 intronic G A 0.322 p = 6.57e−16 p = 0.35 TBC1D5 -

5 rs35124509 3 89521693 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 93537923 intergenic A G 0.319 p = 1.17e−09 p = 0.93 RNU6-488P -
7 rs2279829 3 147106319 UTR3 T C 0.212 p = 7.57e−21 p = 0.68 ZIC4 -
8 rs145120402 5 93174765 intronic C A 0.0433 p = 1.83e−9 p = 0.10 FAM172A -
9 5:94068140 AC A 5 94068140 intronic A AC 0.209 p = 6.79e−9 p = 0.30 ANKRD32:MCTP1 -

10 rs4262195 6 96929475
ncRNA
intronic

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

11 rs11187838 10 96038686 intronic A G 0.435 p = 4.29e−14 p = 2.92e−2 PLCE1 -
12 rs11146399 10 134308479 intergenic T C 0.457 p = 5.50e−16 p = 0.28 RP11-432J24.5 -

13 rs11218557 11 122099839
ncRNA
intronic

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

14 rs186347 14 59072226 intergenic T G 0.458 p = 2.08e−11 p = 0.92 DACT1 -

15 rs1440802 15 39635124
ncRNA
intronic

C T 0.090 p = 1e−31 p = 9.58e−3 RP11-624L4.1
Prec↔F3opd,
PrecR↔RolS

16 rs4702 15 91426560 UTR3 A G 0.442 p = 3.77e−13 p = 0.42 FURIN -
17 rs34039488 17 27320232 intronic A G 0.162 p = 4.74e−8 p = 0.46 PIPOX:SEZ6 -
18 17:44270659 G A 17 44270659 intronic A G 0.399 p = 5.36e−16 p = 0.45 KANSL1 -
19 rs7234875 18 73114340 intergenic C T 0.399 p = 5.71e−14 p = 0.82 RP11-321M21.3 -
20 rs2542028 22 47196524 intronic G A 0.268 p = 3.06e−12 p = 0.60 TBC1D22A -
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Supplementary tables (separate Excel file)871

Table SI1: Overview of the regions obtained from the meta-analysis. Each ROIs is characterized by their
abbreviated anatomical label defined by Vigneau et al. (2006, 2011) and is labelled according to the language
component they belong to : phonology, semantic, and syntax.

Table SI2: Heritabilities of the 300 brain functional connectivity, estimated using the genotyped SNPs infor-
mation using genome-based restricted maximum likelihood (GREML) (Yang et al., 2010) as implemented in
GCTA (Yang et al., 2011) software (version 1.93.2beta). A 0.05 threshold on False Discovery Rate (FDR)
adjusted p-values was applied to account for multiple testing.

Table SI3: SNPs associated with the 142 heritable functional connectivity measures using MOSTest (van der
Meer et al., 2020) at the genome-wide significance threshold p = 5e−8.

Table SI4: Replication of the 20 lead SNP association using an independent non-British replication dataset
(N=4,754) using MOSTest (van der Meer et al., 2020). We considered the nominal significance threshold
pvalue < 0.05.

Table SI5: For each of the 20 lead SNPs identified in the multivariate GWAS, the corresponding univariate
summary statistics for FCs identified as central FC (threshold on the genome-wide significance threshold
p = 5e−8).

Table SI6: The SNP-based genetic correlation analysis was estimated (using GCTA (Lee et al., 2012) software,
version 1.93.2beta) for each pair of central FCs associated to 15q14 or 3p11.1 genetic loci.

Table SI7: Univariate associations of 2 lead SNPs (rs1440802 on 15q14, rs35124509 on 3p11.1) using PLINK
1.9 (Purcell et al., 2007) with diffusion MRI indices on the following 7 white matter tracts: the corpus
callosum, the left frontal aslant tract, the left arcuate anterior/long/posterior segment, the left inferior fronto-
occipital fasciculus, the left uncinate tract. Significant results were considered at the Bonferroni-corrected
threshold p = 6.94e−3(0.05/(3 ∗ 9 + 5 ∗ 9)).

Table SI8: eQTLs association, performed by FUMA, between the SNPs in the three replicated genomic risk
loci and all mapped genes in the following databases : GTEx/v8 (Consortium et al., 2017), PsychENCODE
(Wang et al., 2018), eQTLGen (Võsa et al., 2018), eQTLcatalogue, DICE (Schmiedel et al., 2018), BIOSQTL
(Zhernakova et al., 2017). A 0.05 threshold on False Discovery Rate (FDR) adjusted p-values was applied to
account for multiple testing.
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Table SI9: Center of mass of the language processing regions of interests retained in both left and right
hemispheres. Each ROIs is characterised by their abbreviated anatomical label defined by (Vigneau et al.,
2006, 2011) and their center of mass MNI stereotactic coordinates (x, y, z, in mm).

11. Supplementary figures872

Figure SI1: Locus Zoom of the significant loci identified by the multiariate GWAS for functional connectivity.

Figure SI2: Genomic loci, eQTL associations and chromatin interactions identified via multivari-
ate GWAS for functional connectivity. Circos plot representing the genomic risk loci, and the genes
associated with the loci by chromatin interactions and eQTLs. From outer layer to inner layer: Manhattan
plot. Genomic risk loci are in blue. Genes mapped by chromatin interaction are in orange. Genes mapped
by eQTL are in green. Genes mapped by both are in red. Chromatin interaction and eQTLs links follows
the same color coding presented above.

Figure SI3: Regional effects. Circle plot illustrating the lead SNPs identified from the multivariate GWAS
for functional connectivity. Z-values from the univariate GWAS for each FCs are mapped. The absolute
Z-values scaling is clipped at 8 (p = 1.2e−15). Positif effects of carrying the minor allele are shown in red,
and negative in blue.

Figure SI4: Functional annotation of both genomic risk loci 15q14 and 3p11.1. A) Gene expression
heatmap constructed with GTEx/v8 (54 tissue types) and B) BrainSpan 29 different ages of brain samples.
(Average of normalized expression per label).
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