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ABSTRACT

Imaging genetics studies with large samples have identified many genes associated with brain
functions and structures, but little is known about genes associated with brain functional and
structural network properties. The current genome-wide association study examined graph
theory measures of brain structural and functional networks with 497 healthy Chinese
participants (17–28 years). Four genes (TGFB3, LGI1, TSPAN18, and FAM155A) were
identified to be significantly associated with functional network global efficiency, and two
(NLRP6 and ICE2) with structural network global efficiency. Meta-analysis of structural and
functional brain network property confirmed the four functional-related genes and revealed
two more (RBFOX1 and WWOX ). They were reported to be significantly associated with
regional brain structural or functional measurements in the UK Biobank project; and showed
differential gene expression level between low and high structure–function coupling regions
according to Allen Human Brain Atlas gene expression data. Taken together, our results
suggest that brain structural and functional networks had shared and unique genetic bases,
consistent with the notion of many-to-many structure–function coupling of the brain.

AUTHOR SUMMARY

Genome-wide association studies on brain were often conducted with regional measurements
of the brain (e.g., regional volume, thickness) rather than whole-brain properties. Here we
associated whole genome to whole-brain structural and functional network properties (global
efficiency, local efficiency, small-worldness), and identified four genes (TGFB3, LGI1,
TSPAN18, and FAM155A) associated with functional brain network and two genes (NLRP6 and
ICE2) with structural network. Two more genes (RBFOX1 and WWOX ) were identified by
meta-analysis. These genes were reported to be associated with brain regional measurements
in the UK Biobank project, and they showed differential gene expression level between low
and high structure–function coupling regions, suggesting shared and unique genetic bases for
functional and structural brain networks.
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INTRODUCTION

Imaging genetics, a field that investigates the association between genes and the brain, has
been advancing rapidly over the past decade. The important role genes play in brain function
and structure has been supported by twin studies, which revealed moderate to high heritability
of brain function and structure (Kochunov et al., 2016; Thompson et al., 2001); candidate gene
studies, which implicated specific genes (Bigos & Weinberger, 2010); and genome-wide asso-
ciation studies (GWAS). The ENIGMA Consortium (https://enigma.ini.usc.edu/) has assembled
data from around the world and enabled meta-analyses of brain GWAS with tens of thousands
of subjects. Such analyses have identified many genes that contribute to brain structure and
function (Grasby et al., 2020; Medland et al., 2022; Satizabal et al., 2019; Thompson et al.,
2013, 2014, 2017, 2022). Other large-scale projects include the UK Biobank, the Adolescent
Brain Cognitive Development (ABCD) Study, and the Human Connectome Project, all of
which have collected multimodality brain imaging data and genomic data and have con-
ducted GWAS on thousands of brain regional measurements (e.g., regional volume, surface
area, thickness, white matter fractional anisotropy, and functional activation; see results online
at https://open.win.ox.ac.uk/ukbiobank/big40/ and https://bigkp.org/; Elliott et al., 2018; Smith
et al., 2021; Zhao et al., 2021, 2022). However, these GWAS have focused on independent
regional measurements of brain structure and function, and relatively little is known about
genes that contribute to the network properties of the brain networks.

The brain can be understood as a “small-world” network at the structural and functional
level, characterized as a combination of local connectivity and global integration (Bassett &
Bullmore, 2006; Bullmore & Sporns, 2009; Sporns, 2013; van den Heuvel & Hulshoff Pol,
2010). Brain network measures reflect whole-brain characteristics that are not captured by
regional measurements. In addition, the use of network measures is an effective way of dimen-
sionality reduction of brain imaging data and thus reduces the problem of multiple comparisons.

Just like its regional structure and function, the brain’s network measurements have also
been shown to be subject to genetic influence (Arnatkeviciute et al., 2021) with a moderate
level of heritability (Thompson et al., 2001, 2013). For example, graphological indicators of
structural brain networks are significantly heritable (h2 > 0.5; Bohlken et al., 2014). Several
whole-brain topological properties of resting-state fMRI networks, such as measures of global
efficiency, clustering coefficient, path length, and cost efficiency, exhibit heritability ranging
from 0.2 to 0.9 (Fornito et al., 2011; Sinclair et al., 2015; van den Heuvel et al., 2013). Another
study showed that more than 50% of the variation of functional connectivity can be explained
by genetic factors (Ge et al., 2017). Finally, Z. Gu et al. (2021) found that the coupling of brain
structure with brain function is highly heritable, even more heritable than structural or func-
tional connectivity. However, these studies were behavior genetics studies that could not have
identified specific gene(s).

Thus far, to the best of our knowledge, only one GWAS study has explored which genes
contribute to the brain network features (Foo et al., 2021). Based on the UK Biobank sample of
18,445 subjects, Foo et al. performed a GWAS analysis on 18 functional brain network mea-
sures, including global efficiency, characteristic path length, modularity, transitivity, and net-
work strength. They found that SLC25A33, TMEM201, and ZEB1 were associated with global
efficiency and characteristic path length, and that SH2B3 and ATXN2 were associated with the
default mode network’s strength. Foo et al., however, did not study structural network prop-
erties. Given the close connection between brain structure and function, it would be informa-
tive to directly compare their relevant genes to identify both shared and unique sets of genes
for brain structure and function.

Genome-wide association studies
(GWAS):
Associate each genetic variation on
the genome to a phenotype to
identify significantly associated ones.

Brain network:
The brain was segmented into many
regions, then connected according to
the connectivity between pairs of
regions to form a network, many
indices can be estimated to describe
the network.
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Researchers have discussed the nature of the relation between brain structure and function
(Honey et al., 2010; Ponten et al., 2010; Rubinov et al., 2009). On the one hand, brain struc-
ture is the physiological basis of function, which means functional networks are limited by
structural connections. Confirming such an intuitive view, studies have indeed shown that
the presence of a direct structural link between two brain regions is associated with stronger
functional interactions between them (Hermundstad et al., 2013; Honey et al., 2007, 2009;
Rubinov et al., 2009), that functional configuration of the cerebral cortex reflects underlying
anatomical connections (Cohen et al., 2008; Koch et al., 2002; Passingham et al., 2002;
Rykhlevskaia et al., 2008; Vincent et al., 2007), and that brain function can be predicted
from the structural connection via machine learning (Sarwar et al., 2021).

On the other hand, structure-function mapping is not one-to-one. Studies have found
functional connections that have few or no corresponding direct anatomical connections
(Damoiseaux & Greicius, 2009; Honey et al., 2007). The structure-function correspon-
dence may be even weaker at the macroscopic scale (Honey et al., 2009). It is believed
that the mapping from structure to function is in the form of many-to-many (Suárez et al.,
2020), with the same structure being linked to different functions and the same function
being supported by different structures (Park & Friston, 2013). Therefore, it is necessary to
explore both shared and unique genetic bases of brain structure and function network
properties.

The current study is a GWAS of global and local brain network measurements with a sam-
ple of healthy Chinese adults. We directly compared genes associated with functional and
structural networks to identify their shared and unique genes.

MATERIALS AND METHODS

Participants

Participants were 497 healthy Chinese college students (251 males and 246 females, age
range from 17 to 28 years) recruited from Beijing, China. Of them, 485 had both structural
and functional brain image data and were included in the structure–function coupling analy-
sis; 484 had both genetic and functional brain image data; and 472 had both genetic and
structural brain image data. Participants with missing data typically missed diffusion tensor
imaging (DTI) or genetic data. All subjects were Han Chinese, had normal or corrected-to-
normal vision, and reported no history of psychiatric diseases, head injuries, or
stroke/seizure. The study was approved by the Institutional Review Board of the State Key Lab-
oratory of Cognitive Neuroscience and Learning at Beijing Normal University, China. Written
informed consent was obtained from each participant after a complete description of the study
procedures.

Image Acquisition and Preprocessing

All subjects were scanned on a Siemens Trio 3 Tesla MR system in the Brain Imaging Center of
Beijing Normal University. During data collection, subjects were required to lie still in the MRI
machine, with head movement constrained by a foam pad. They were asked to close their
eyes, but remain awake, breathe steadily, relax their minds, and avoid thinking about anything
in particular.

The DTI data were acquired using a twice-refocused spin-echo EPI sequence with the fol-
lowing parameters: TR/TE = 8,000 ms/89 ms; matrix = 128 × 128; FOV = 282 × 282 mm;
number of slices = 62; voxel size = 2.2 × 2.2 × 2.0 mm3; 1 b0 volume and 30 directions with
b = 1,000 s/mm2. This procedure was repeated once and images were averaged from the two

Diffusion tensor imaging (DTI):
An MRI technique that uses
anisotropic diffusion to estimate the
axonal (white matter) organization of
the brain.
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scans for subsequent analyses. Resting-state functional images were acquired with single-
shot T2*-weighted gradient-echo EPI sequence, with the following parameters: TR/TE =
2,000 ms/30 ms; flip angle = 90°; FOV = 200 × 200 mm; matrix = 64 × 64; number of slices =
33; voxel size = 3.1 × 3.1 × 3.5 mm3. A series of 200 images were acquired. A high-
resolution 3D anatomical image was acquired for normalization purpose using T1-weighted,
three-dimensional, gradient-echo pulse sequence. Parameters for this sequence were as fol-
lows: TR/TE/flip angle = 2,530 ms/3.39 ms/7°, field of view = 256 × 256 mm, matrix = 256 ×
256, slice thickness = 1.33 mm. A total of 144 sagittal slices were acquired to cover the
whole brain.

Resting-state functional images were processed as described before (Feng et al., 2020).
Steps included removing first 10 volumes, slice timing correcting, realignment, coregistering
and normalizing to the standardized MNI space, linear detrending, nuisance regression, and
temporal band-pass filtering (0.01∼0.08 Hz). DTI data were preprocessed using PANDA tool-
box default settings (Cui et al., 2013). Standard steps include skull stripping, eddy-current cor-
rection, tensor fitting, and the calculation of diffusion tensor metrics as well as spatial
normalization.

Brain Network Construction and Analysis

Brainnetome Atlas (Fan et al., 2016) excluding the cerebellum was used to define nodes (246
brain regions); connectivity between pairs of nodes were defined as edges of structural and
functional networks. Functional connectivity was measured as the Pearson correlation
between mean time courses for each pair of nodes. Structural connectivity between regions
was estimated as connection probability calculated by probabilistic tractography. The proba-
bilistic diffusion tractography is used because of the evidence that the heritability estimates of
graph theoretic metrics are higher with probabilistic algorithms than with deterministic algo-
rithms (Zhan et al., 2015).

The functional and structural connectivity matrices of all subjects were fed into the
GRETNA v2.1 toolbox for graph theoretical network analysis (Wang et al., 2015). The
structural connectivity matrices were binarized at a threshold of 0, that is, having or not
having a connection. Sparsity of the functional network was set to 0.5 so that it would be
comparable to that of the structural network (0.5816). The following graph theory mea-
sures were calculated: clustering coefficient (Cp), local efficiency (Eloc), and normalized
clustering coefficient (γ), which all represent the local characteristics of the network; short-
est path length (Lp), global efficiency (Eg), and normalized shortest path length (λ), which
all represent the global characteristics of the network; and small-worldness (σ), which rep-
resents small-world characteristics.

Genotyping

The genotyping procedures for this dataset were previously reported in detail in Chen et al.
(2020). Briefly, DNA was extracted from blood samples and genotyped using Infinium chips
(Illumina, San Diego, CA, USA). The resulting data were then imputed using the Michigan
Imputation Server (https://imputationserver.sph.umich.edu/index.html) with the 1000G Phase
3 EAS population as a reference. To ensure high-quality data, the imputed data were further
cleaned by only keeping single-nucleotide polymorphisms (SNPs) with an imputation quality
of r2 > 0.8, a minor allele frequency of MAF > 0.05, and a Hardy-Weinberg equilibrium of
HWE > 1E−6, resulting in a total of 4,856,474 SNPs.

Resting-state functional image:
Functional MRI scanning during
which subjects just have a rest
without any specific task to do.
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Statistical Analysis

Structure–function coupling was measured as the Pearson correlation between the corre-
sponding functional and structural network measures, as well as for each edge across sub-
jects. The significant edges were classified as within or between subnetworks. The seven
subnetworks of Yeo (Yeo et al., 2011) were used, resulting in 28 categories (seven within-
subnetwork connectivity and 21 between-subnetwork connectivity). Enrichment patterns
among subnetworks were calculated as described in a previous article (Feng et al., 2022).
First, enrichment fold was calculated as the ratio of the actual observed number of coupling
edges within the category and the expected number (the number of significant edges times
the number of edges within a category divided by the number of total edges). Significance
level was then estimated by permutation, that is, randomly selecting the same number of
significant edges and calculating enrichment fold, and repeating the procedure 10,000 times
to obtain a null distribution.

Genome-wide association analyses were performed using linear regression models in
PLINK1.9 (https://www.cog-genomics.org/plink/1.9/), with genetic markers as predictors and
each of the graph theory measures as the dependent variable; age, gender, and 10 principal
components of the genomes were included as covariates. The results of the whole genome
analysis of each graph theory measure were presented in a Manhattan plot. Next, the summary
statistics from the GWAS were input into MAGMA (de Leeuw et al., 2015). The gene definition
was obtained from the MAGMA website (https://ctg.cncr.nl/software/magma) using the
NCBI37.3 version, resulting in 17,285 genes. The SNP-level statistical significance threshold
was set to p < 5E−8, and the gene-level threshold was set (after Bonferroni correction) at p <
2.89E−6 (0.05/17,285).

To identify genes that were associated with both brain structural and functional character-
istics, a meta-analysis was conducted using METAL (https://www.sph.umich.edu/csg/abecasis
/metal/; Willer et al., 2010). GWAS summary statistics of each measurement of the structural
and functional networks were meta-analyzed. The resulting GWAS results were fed to
MAGMA for gene-level analysis.

To further confirm the effects of the identified genes on brain structure and function, we
searched the UK Biobank Oxford Brain Imaging Genetics Server (https://open.win.ox.ac.uk
/ukbiobank/big40/), which contains the GWAS results for almost 4,000 imaging-derived phe-
notypes from the multimodal brain imaging data in the UK Biobank (with 40,000 subjects,
based on the imaging data release from early 2020). The discovery sample size was 22,138
and the replication sample size was 11,086. Chromosomes 1:22 and X were all included, and
the resulting number of SNPs was 17,103,079.

Finally, we explored the gene expression data of the identified genes using the Allen
Human Brain Atlas (https://human.brain-map.org; Hawrylycz et al., 2012), which includes
brain-wide gene expression data from six postmortem brains (one female, ages 24.0~57.0,
42.50 ± 13.38). We downloaded and processed the data with the abagen toolbox (version
0.1.3; https://github.com/rmarkello/abagen; Arnatkeviciute et al., 2019; Markello et al.,

Table 1. Coupling of brain network indices between structural and functional networks.

Cp Lp λ γ σ Eloc Eg
r −0.08 0.11 −0.09 −0.11 −0.09 0.07 0.10

p 0.09 0.02 0.04 0.02 0.04 0.12 0.03
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2021) using the 246-region Brainnetome Atlas in the MNI space. We selected the “cen-
troids” option to deal with brain regions that were not assigned any sample from any donor.
For all other settings, we used the default. This resulted in a matrix of expression level of
15,633 genes within 246 brain regions. The 246 brain regions were divided into two
groups: low (n = 96 regions) and high (n = 150 regions) structure–function coupling
regions. A two-sample test was then used to compare the expression level of each gene
between these two groups of regions.

RESULTS

Structure–Function Coupling

Table 1 shows Pearson correlations between the measures of structural and functional brain
networks. They were all nonsignificant after Bonferroni correction. Of the total 30,135 edges,
however, 476 were significantly correlated at p < 0.01. These significant edges were enriched
within the visual network and the default mode network, as well as between the frontoparietal
network and the default mode network (Figure 1). These results indicate that the structure–
function coupling was not captured by whole-brain connectivity patterns but was evident
for some subnetworks.

Figure 1. Significant structure–function coupling edges and their enrichment within/between
subnetworks.

Figure 2. Manhattan plot for λ of the functional brain network, with the blue dotted line representing suggestive threshold p = 5E−6 and the
red dotted line representing genome-wide significant results p = 5E−8.
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GWAS of Functional Brain Network Measures

Of the seven brain network indices investigated, only λ showed genome-wide significant
results (p < 5E−8; see Figure 2). Both linkage disequilibrium score regression intercept
(1.0026 ± 0.0071) (Bulik-Sullivan et al., 2015) and Q-Q plot genome control (0.9515) showed
no inflation. These significant SNPs are located on chromosomes 2, 4, 6, 10, 11, 13, and 16.
Detailed information of the significant loci with leading SNPs and mapped genes are shown in
Table 2. Gene effects on other brain network indices were weaker, with some SNPs showing
effects of p < 5E−6, but none reached genome-wide significance of p < 5E−8 (Figure S1 in the
Supporting Information).

MAGMA gene-based analysis confirmed the effect of SNPs on chromosomes 10, 11, and 13
on λ of the functional network (see Table 3). The genes with significant effects included LGI1,
TSPAN18, and FAM155A. In addition, TGFB3, located on chromosome 14, showed a

Table 2. Loci significantly associated with λ of the functional network.

CHR
Leading
SNP BP A1 Beta SE Z P

Total number of
significant SNPs

Region of
SNPs (bp) Gene

2 rs4671567 64598021 G 6.68E−06 1.20E−06 5.56 4.55E−08 1 64598021 –

4 rs142920507 44605055 T 6.98E−06 1.26E−06 5.57 4.40E−08 1 44605055 –

6 rs6923410 162105755 A 6.77E−06 1.17E−06 5.78 1.34E−08 1 162105755 PRKN

10 rs7099034 95545378 C 7.10E−06 1.27E−06 5.59 3.89E−08 1 95545378 LGI1

11 rs7928632 44873126 T 7.72E−06 1.31E−06 5.92 6.25E−09 7 44855750−
44873126

TSPAN18

13 rs7336849 108230531 A 8.10E−06 1.36E−06 5.94 5.58E−09 4 108230531−
108248045

FAM155A

16 rs79153854 79112865 T 7.26E−06 1.27E−06 5.72 1.93E−08 4 7420635−
79112865

WWOX

Table 3. Significant genes for functional and structural network indices identified by MAGMA.

Gene
Graph theory
measures CHR Start Stop

Function Structure

Z P Z P

TGFB3 Eg 14 76424440 76449334 4.91 4.62E−7* −0.64 0.61

TGFB3 Lp 14 76424440 76449334 5.36 4.06E−8* −0.69 0.63

LGI1 λ 10 95517566 95557916 4.14 6.62E−7* −0.64 0.63

TSPAN18 λ 11 44748731 44953978 4.82 7.10E−7* −1.51 0.88

FAM155A λ 13 107820879 108519460 4.43 2.16E−7* −0.46 0.45

NLRP6 λ 11 278570 285388 0.94 0.14 4.81 7.56E−7*

ICE2 λ 15 60711808 60771359 2.93 1.72E−03 4.71 1.24E−6*

* Significant after Bonferroni correction (p < 2.89e−6).
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significant effect on Lp and Eg of the functional network at the gene level (see Table 3). Details
of regional genetic effects of these genes are shown in Figure 3 with LocusZoom (Pruim et al.,
2010). Many SNPs in the gene regions showed relatively large effects, supporting the idea that
their cumulative effects at the gene level are strong.

Figure 3. Regional gene effects on network measurements for each gene identified by MAGMA, plotted by LocusZoom.
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GWAS of Structural Brain Network Measures

Gene effects on structural brain network measures were weaker compared with those on func-
tional network measures. No SNP had an effect on structural indices reaching genome-wide
significance. Nevertheless, many SNPs showed suggestive effects (Figure S2 in the Supporting
Information). MAGMA gene-based analysis captured some of these effects, with λ of the struc-
tural network being significantly associated with NLRP6 and ICE2 (Table 3). LocusZoom
showed that many SNPs within these regions, including some other genes close to NLRP6,
had moderate effects, suggesting a strong cumulative effect at the gene level (Figure 3).
Table 3 also seems to suggest that there is a certain degree of double disassociation between
genes associated with function and structure brain network measurements, suggesting differ-
ential genetic mechanisms on brain structure and function.

Meta-Analysis of GWAS Results on the Functional and Structural Networks

The meta-analysis of GWAS results on structural and functional network indices showed that
only λ was significantly associated with some SNPs (p < 5e−8) (Supporting Information Figure S3).
MAGMA analysis identified six significant genes for λ (Table 4), including LGI1, TSPAN18,
FAM155A, RBF0X1, andWW0X. The meta-analysis on Eg and Lp also revealed a significant effect
of TGFB3 (Table 4). These results were highly similar to those based on the functional network
(except for the newly identified RBF0X1 andWW0X ), suggesting that these meta-analysis results
were to some extent driven by those of the functional network GWAS.

Validation With Data From the UK Biobank

Although the phenotypes we used in this study (brain network measures) were different from
those in the UK Biobank database (regional measurements derived from multimodal neuroim-
aging data), it would be informative to explore whether there was converging evidence.
Results showed that for the genes identified in our study, each was associated with multiple
regional measurements (Supporting Information Table S1). Specifically, TGFB3 was associated
with some DTI measurements; LGI1, FAM155A, and ICE2 were associated with resting-state
functional connectivity; TSPAN18 and RBFOX1 were associated with the area and volume of
many regions; and NLRP6 was associated with DTI and resting-state fMRI indices. These
results confirmed the contribution of these genes to brain structure and function.

Table 4. Significant genes based on the meta-analysis identified by MAGMA.

Gene Graph theory measures CHR Start Stop Z P

TGFB3 Eg 14 76424440 76449334 5.11 1.61E−7*

TGFB3 Lp 14 76424440 76449334 5.14 1.38E−7*

LGI1 λ 10 95517566 95557916 4.64 2.88E−8*

TSPAN18 λ 11 44748731 44953978 4.94 3.88E−7*

FAM155A λ 13 107820879 108519460 4.28 4.36E−7*

RBFOX1 λ 16 5289469 7763342 4.32 2.54E−6*

WWOX λ 16 78133310 79246567 3.99 2.50E−6*

* Significant after Bonferroni correction (p < 2.89e–6).
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Validation With Data From the Allen Human Brain Atlas

Because the edges with high structure–function coupling were mainly enriched within the
visual network and the default mode network, as well as between the frontoparietal network
and the default mode network, we explored the identified genes’ expression patterns in these
subnetworks as compared with those in the other brain regions. The Allen Human Brain Atlas
gene expression data showed that TSPAN18, WWOX, and ICE2 showed lower levels of
expression in these high structure–function coupling subnetworks than in the low structure–
function coupling regions, whereas FAM155A and RBFOX1 showed the opposite pattern (i.e.,
higher levels of expression in these regions). See Table 5.

DISCUSSION

The current study for the first time explored genes that are commonly or specifically associated
with brain functional and structural network properties. Overall, we identified eight significant
genes. TGFB3, LGI1, TSPAN18, and FAM155Awere significantly associated with functional net-
work global efficiency; andNLRP6 and ICE2were significantly associated with structural network
global efficiency. The meta-analysis combining structural and functional brain network properties
further identified RBFOX1 and WWOX in addition to confirming the four genes associated with
functional network global efficiency mentioned above. Most of these genes have been associated
with regional brain measures according to the published UK Biobank database. These genes also
showed significantly higher or lower expression levels in high structure–function coupling
subnetworks than in low structure–function coupling subnetworks. In the following paragraphs,
we will discuss these genes and their roles in neuron growth or mental disorders.

The TGFB3 gene is expressed as transforming growth factor beta 3 (TGFB3) in the devel-
oping and adult brain. This protein plays a role in the development and function of the nervous
system and has been implicated in various processes including neural development, axon
guidance, synapse formation, and plasticity (Hao et al., 2008). A study demonstrated that
TGFB3 also plays a role in promoting axon outgrowth and guidance in the developing and
injured nervous system (Watabe & Miyazono, 2009).

LGI1 is expressed in the brain and is thought to play a role in brain development and neu-
rological disorders. Mutations in the LGI1 gene have been associated with a number of

Table 5. Gene expression difference between high and low structure–function coupling
subnetworks.

Gene t df p

TGFB3 −1.50 244 0.13

LGI1 −1.77 244 0.08

TSPAN18 −4.21 244 3.53E−5

FAM155A 3.25 244 1.30E−3

RBFOX1 4.50 244 1.04E−5

WWOX −4.06 244 6.51E−5

ICE2 −3.55 244 4.71E−4

NLRP6*

* Data were not available in the processed Allen Human Brain Atlas database.
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neurological disorders, including epilepsy and encephalitis (Cowell, 2014). A data-driven
study that combines resting-state fMRI and DTI investigated the neural mechanisms of anti-
LGI1 encephalitis associated with the LGI1 gene, and found that compared with the control
group, the functional connectivity of brain regions related to memory, cognition, and motor is
decreased in subjects with anti-LGI1 encephalitis, indicating that the LGI1 gene may be
involved in widespread changes in brain connectivity and microstructure (Qiao et al.,
2020). Some studies have also suggested that LGI1 may be involved in the development of
gliomas (W. Gu et al., 2005). A study on mouse brains also demonstrates that LGI1 may be
an important player in cerebellar and cortical development (Su et al., 2015).

TSPAN18 encodes a transmembrane protein that plays an important role in cell mem-
branes. In the nervous system, tetraspanin-18 (TSPAN18) may be involved in the calcium-
signaling pathway linked to dopamine-induced apoptosis of cortical neurons, and it is
considered to be an important mechanism in the pathogenesis of schizophrenia (Noy et al.,
2019). Tspan18 may be involved in regulating the formation and maintenance of neuronal con-
nections (cranial neural crest), that is, the formation and function of brain networks (Fairchild &
Gammill, 2013). Studies suggest that TSPAN18 expression in glial cells may be associated with
brain development and may play a role in neurodegenerative diseases (L. Wu et al., 2016).

FAM155A is a gene located on chromosome 13 and is expressed on the neuronal cell mem-
brane. Although the function of the FAM155A protein is not fully understood, some studies
suggest that it may be involved in the signaling processes on the cell membrane (Kang & Chen,
2022; Kschonsak et al., 2022). More research is needed to determine the relationship between
the FAM155A gene and the brain or brain networks.

NLRP6 has been shown in previous studies to interact with SP1 to enhance malignant
behavior, immune evasion, and radiation resistance in glioma cells (Yu et al., 2021). Research
on animals has shown that Nlrp6 also has pro-inflammatory effects in brain injury, and can
improve brain damage after cerebral hemorrhage (Coe et al., 2019).

The ICE2 (inducer of CBF expression 2) is a gene that encodes a transcription factor and is
involved in plant adaptation and response to environmental stress (Cai et al., 2019; C. L. Wu
et al., 2021). Guelfi et al. (2019) demonstrated that the ICE2 gene is associated with canine
blood cell neuroplasticity and has an interactive effect with the environment.

The protein encoded by the RBFOX1 (RNA binding fox-1 homolog 1) gene is involved in
the regulation of alternative splicing of pre-mRNA. Studies have found that RBFOX1 is
expressed at high levels in the brain and is involved in the regulation of the expression of
several key neural development and function-related genes. For example, it plays an important
role in neuronal migration and synaptic network formation during cortical development
(Hamada et al., 2016). Dysregulation of RBFOX1 has been linked to several neurodevelop-
mental disorders, including autism and intellectual disability (Bill et al., 2013).

The WWOX gene may play an important role in brain development. Studies suggest that
WWOX may be associated with neurodevelopment in the brain and may play a role in the
repair process after brain injury (Kośla et al., 2020). WWOX was initially found to potentially
suppress tumors, but more recently it has been linked to several central nervous system disor-
ders, including ADHD, Alzheimer’s disease, and autism (Aldaz & Hussain, 2020). It has been
determined that when the function of WWOX is impaired, it can lead to a range of neurode-
generative conditions (Aldaz & Hussain, 2020; Kośla et al., 2020). While the specific molecular
processes behind these conditions have yet to be fully understood, it is clear thatWWOX plays a
significant role in the normal development and functioning of the central nervous system.
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In summary, the genes identified in our study are usually related to brain development, the
growth and development of nerve cells, and neurological disorders. Lp, Eg, and λ all represent
the information transfer capacity and efficiency of the global network, suggesting that the
effects of these genes on the brain are dispersive rather than focused. More broadly, our results
are consistent with the evidence of high heritability of brain structure–function coupling (Z. Gu
et al., 2021). Our finding of both overlapping and distinct genes associated with brain structure
and function is also consistent with the notion that the coupling of brain function and structure
is not one-to-one but many-to-many mapping (see Introduction). Some genes influence whole-
brain functional and structural connection, which contributed to structure–function consis-
tency, whereas other genes influence either brain function or brain structure.

Studies of the UK Biobank (Elliott et al., 2018; Smith et al., 2021) have found that regional
indices of brain structure have higher heritability and show stronger gene effects than do
regional indices of brain function. In contrast, we found that the functional brain’s global net-
work indices showed stronger gene effects than did structural brain’s global network indices.
This inconsistency may be due to at least two differences in the studies: regional versus global
network indices, and Chinese versus European participants. Consistent with our results, Z. Gu
et al. (2021) also found the heritability of structure–function coupling is more correlated with
heritability of functional connectivity compared with that of structural connectivity with Euro-
pean participants. Another study of Europeans also found that gene co-expression and SNPs
were consistently more strongly related to functional than to structural connectivity (Bertolero
et al., 2019). They further found that the connectivity of brain network modules was primarily
encoded by sets of genes that are mostly nonoverlapping for different pairs of modules.

Foo et al. (2021) performed a GWAS based on UK Biobank large-sample data for graph
theory measures of resting-state functional brain networks, but they found genes that are dif-
ferent from ours. Several reasons could cause this result. First, there could be a population
difference that different genes affect brain structural and functional organization between East-
erners and Westerners. Second, since our sample size was not large, it may have lacked power
to detect genes with smaller effect sizes. Third, Foo et al. constructed weighted undirected
networks, but we used binarized networks. As Foo et al. pointed out, constructing weighted
networks avoided setting subjective binary thresholds, but they were more affected by non-
neural noise. Weighted networks may capture more information, but binary networks were
more often used in other studies (Bassett & Bullmore, 2017; Q. Wu et al., 2023). We further
run weighted network analysis on our dataset but failed to find any significant gene. However,
both Foo et al. and the current study found stronger genetic effects on global (Eg and Lp) com-
pared with local characteristics of the network, suggesting that genes may have widespread
effects on the brain. Still, the current study was the first effort to explore the common and
unique genes that influence brain functional and structural networks, and the results should
be interpreted with caution.
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