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A translational exploration of the effects of WNT2
variants on altered cortical structures in autism
spectrum disorder
Yi-Ling Chien, MD, PhD; Yu-Chieh Chen, MS; Yen-Nan Chiu, MD;
Wen-Che Tsai, MD, PhD; Susan Shur-Fen Gau, MD, PhD

Background: Evidence suggests that cortical anatomy may be aytpical in autism spectrum disorder. The wingless-type MMTV integration site family, member 2 (WNT2), a candidate gene for autism spectrum disorder, may regulate cortical development. However, it is unclear whether WNT2 variants are associated with altered cortical thickness in autism spectrum disorder. Methods: In a sample of
118 people with autism spectrum disorder and 122 typically developing controls, we investigated cortical thickness using FreeSurfer software. We then examined the main effects of the WNT2 variants and the interactions of group × SNP and age × SNP for each hemisphere and brain region that was altered in people with autism spectrum disorder. Results: Compared to neurotypical controls, people
with autism spectrum disorder showed reduced mean cortical thickness in both hemispheres and 9 cortical regions after false discovery
rate correction, including the right cingulate gyrus, the orbital gyrus, the insula, the inferior frontal gyrus (orbital part and triangular part),
the lateral occipitotemporal gyrus, the posterior transverse collateral sulcus, the lateral sulcus and the superior temporal sulcus. In the
full sample, 2 SNPs of WNT2 (rs6950765 and rs2896218) showed age × SNP interactions for the mean cortical thickness of both hemispheres, the middle-posterior cingulate cortex and the superior temporal cortex. Limitations: We examined the genetic effect for each
hemisphere and the 9 regions that were altered in autism spectrum disorder. The age effect we found in this cross-sectional study needs
to be examined in longitudinal studies. Conclusion: Based on neuroimaging and genetic data, our findings suggest that WNT2 variants
might be associated with altered cortical thickness in autism spectrum disorder. Whether and how these WNT2 variants might involve
cortical thinning requires further investigation. Trial registration: ClinicalTrials.gov no. NCT01582256. Protocol registration: National
Institutes of Health no. NCT00494754.

Introduction
Atypical age-related changes in cortical anatomy have been reported frequently in people with autism spectrum disorder,1,2
presenting as early cortical overgrowth followed by cortical
dysmaturation throughout childhood and adolescence, suggesting exaggerated or slowed thinning in different cortical regions in youth.3,4 Early longitudinal studies identified several
cortical regions that showed deviated trajectories in people
with autism spectrum disorder (aged 3–36 yr, mean 16.8 yr)
compared to typically developing controls, including the
parietal and occipital cortices.5,6 Yang and colleagues7 also
found a lack of normative age-related cortical thinning in
r egions related to the social perception, language, self-
referential and action observation networks in preadolescents

with autism spectrum disorder (aged 4–12 yr, mean 8.4 yr),
further supporting the hypothesis that cortical development
in autism spectrum disorder undergoes accelerated expansion in early childhood and altered thinning in adolescence
and early adulthood.3 A recent study1 found atypical age-
related changes in cortical thickness in people with autism
spectrum disorder (aged 6–30 yr), primarily in frontal and temporoparietal areas associated with the symptoms of autism
spectrum disorder, and these differentiated autism spectrum
disorder from typical development.
A large-scale, multisite study (n = 1327, aged 2–65 yr)8 identified greater cortical thickness (including the superior temporal
gyrus and inferior frontal sulcus) in people with autism spectrum disorder (n = 491). The study also found subtle but important age-specific cortical alterations: greater thickness in
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younger children with autism spectrum disorder (6–14 yr) in
the lateral temporal and frontal regions and in the posterior cingulate cortex. Another study,2 analyzing an ENIGMA data set
(n = 1571, mean age ± standard deviation [SD] 15.4 ± 8.6 yr),
found a negative linear relationship between age and cortical
thickness in several brain regions and a quadratic age effect in
the insula, indicating that people with autism spectrum disorder show a peak of difference in cortical thickness around adolescence, with greater thickness in the frontal cortex and less
thickness in the temporal cortex. Both cross-sectional largescale studies support the concept of age-related alterations in
cortical thickness in people with autism spectrum disorder.
Atypical brain development may be regulated or moderated
by genetic mechanisms. The brain cortex can be parcellated into
clusters of maximal shared genetic influence based on genetic
correlations between brain regions,9,10 supporting the hypothesis that genetically programmed neurodevelopmental events
may affect the organization of the cerebral cortex decades
later.9,11,12 As well, Fjell and colleagues13 found that both developmental and adult age-related changes in cortical thickness
closely followed the genetic organization of the cerebral cortex:
change rates varied as a function of the genetic similarity between regions. However, whether the candidate genes that
regulate central nervous system patterning are also associated
with cortical thickness in neurodevelopmental disorders such
as autism has received little attention compared to other indexes of brain structure, such as brain volume14,15 or structural
connectivity.16,17 Cortical thickness is related to the migration of
neurons and the organization of minicolumns,18 and it may represent dendritic arborization and pruning in the grey matter.19
The wingless-type MMTV integration site family member
2 (WNT2) gene is a candidate gene for autism spectrum disorder that is essential for regulating early cortical development by promoting cortical dendrite growth and spine formation. 20–22 The Wnt signalling pathway controls the
proliferation of progenitor cells;23 inhibition of Wnt signalling
disrupts dendritic spine development and reduces the size
and complexity of dendritic arborization.22 In an animal
model of autism spectrum disorder using prenatal valproate
exposure that causes stereotypy and decreased social behaviours in rodents,24 the gene expression and translation of
Wnt2 (and genes under transcriptional control of the Wnt
pathway) were upregulated in the prefrontal cortex and hippocampus,25 implying the dysregulation of Wnt2 expression
in specific brain areas in autism spectrum disorder.
In humans, WNT2 variants have been associated with several
neurodevelopmental disorders, including autism spectrum disorder.26–28 Wassink and colleagues28 screened the WNT2 coding
sequence for mutations and found 2 families containing nonconservative coding-sequence variants that segregated with autism. They also identified linkage disequilibrium with a single
nucleotide polymorphism (SNP) from the 3’-untranslated region of WNT2 in autism-affected sibling-pair families with
severe language abnormalities.28 However, the association of
that SNP with autism spectrum disorder was not replicated in
an independent data set of 135 singletons and 82 multiplex
families.29 Marui and colleagues27 reported significant associations between autism and 3 SNPs of WNT2 (rs3779547,

E648

rs4727847 and rs3729629), or 2 major haplotypes (A-T-C and GG-G, consisting of rs3779547, rs4727847 and rs3729629 in intron
4) in a case–control analysis (170 people with autism v. 214 controls) and a transmission disequilibrium test analysis (98 autism
trios). Furthermore, our previous studies have shown that the
WNT2 haplotypes composed of rs2896218 and rs6950765 (G-G;
2 SNPs in intron 4) were not only associated with the risk of
autism spectrum disorder,26 but may also moderate clinical
phenotypes, such as age at first phrase (SNP rs2896218 or a
3-locus haplotype [A-G-A, rs4727845, rs2228946 and
rs2896218]) and several symptom domains (e.g., rs2896218–
rs6950765 [G-G] v. more severe stereotyped behaviours).30
The WNT genes encode secreted growth factor-like proteins
that involve growth regulation, differentiation, dendritic spine
development and arborization,22 which may contribute to cortical thickness.19 Given the regulatory role of WNT2 in cortical
development, the potential association between WNT2 variants
and cortical thickness and thinning over time is of particular
interest, specifically for the cortical regions implicated in neurodevelopmental disorders such as autism spectrum disorder.
This study aimed to investigate the genetic effect of WNT2
on cortical thickness in regions that are altered in people with
autism spectrum disorder, and to examine whether these gen
etic effects varied between people with autism spectrum disorder and typically developing controls in an age-dependent
manner. Given that WNT2 variants have been genetically associated with autism spectrum disorder and its clinical severity,
and that they may regulate cortical development, we hypothesized that the genetic variants of WNT2 previously reported
(i.e., rs2896218 and rs6950765) might be associated with altered
cortical thickness or thinning in autism spectrum disorder.

Methods
Participants
We recruited 118 people with autism spectrum disorder
(age: range 6–28 yr, mean ± SD 13.1 ± 4.6 yr, median 14 yr;
male: n = 113, 95.8%) from National Taiwan University
Hospital, T
 aipei, Taiwan. We also recruited 122 typically
developing controls (age: range 7–56 yr, mean ± SD 21.0 ±
9.7 yr, median 19 yr; male: n = 75, 61.5%) through school
referral or advertisements.
All participants with autism spectrum disorder were diagnosed by senior board-certified child psychiatrists based on
DSM-5 diagnostic criteria;31 clinical diagnosis was further
confirmed in structural interviews using the Chinese version
of the Autism Diagnostic Interview–Revised (ADI-R).32 All
typically developing controls were clinically evaluated to
rule out any traits of autism; their parents were interviewed
using the Chinese version of the Kiddie Schedule for Affective Disorders and Schizophrenia, Epidemiological version
(K-SADS-E),33 to exclude current or lifetime autism spectrum
disorder and other major neuropsychiatric disorders (e.g.,
attention-deficit/hyperactivity disorder, schizophrenia,
mood disorders, anxiety disorders or other neurodevelopmental disorders). We also collected a detailed family history for
each participant to ensure that every first- or second-degree
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relative was Han Chinese and that no first- or second-degree
relatives of the typically developing controls had a diagnosis
of autism spectrum disorder. Participants with a full-scale IQ
(FIQ) lower than 70 were excluded from the study. Participants with a systemic disease, chromosome deficit, any neurologic disorder or any major psychiatric disorder were also
excluded. All participants were ethnic Han Chinese.

Procedure
The research ethics committee approved the study before its
implementation (approval no. 201201006RIB; ClinicalTrials.
gov no. NCT01582256). After the purposes and procedures of
the study were fully explained and confidentiality was assured, we obtained written informed consent from the partici
pants and their parents. All participants were clinically evaluated by experienced child psychiatrists, followed by ADI-R
interviews with the parents (for autism spectrum disorder
group only) and K-SADS-E interviews with the participants
and parents (for all participants) to confirm the diagnosis of
autism spectrum disorder and any other diagnostic status.
To determine IQ, all participants were assessed using the
Wechsler Intelligence Scale for Children (version III) if they were
younger than 16 years, or the Wechsler Adult Intelligence Scale
(version IV) if they were older than 16 years. All participants
completed a head MRI. We drew peripheral blood samples for
genotyping. The parents also completed the Chinese version of
the Social Responsiveness Scale (SRS), described below.

Measures
The ADI-R32 is a standardized, comprehensive, semistructured,
investigator-based interview of the caregiver. It covers most developmental and behavioural aspects of autism spectrum disorder, including reciprocal social interaction and communication,
restricted behaviours, repetitive behaviours and stereotyped
behaviours for children from 18 months to adulthood. The Chinese version of the ADI-R was approved by the World Psychological Association in 200734 and has been widely used in clin
ical studies to validate the diagnosis of autism spectrum
disorder in study samples of ethnic Chinese populations.
The SRS,32 a widely used quantitative measure of autistic
traits in the general population, is a 65-item rating scale that
measures the severity of autism-spectrum symptoms in
natural social settings over the preceding 6 months. In this
study, caregivers used the SRS to report on the autistic traits of
participants with autism spectrum disorder. The SRS has good
reliability and validity.32 The Chinese version35 has a 4-factor
structure (i.e., social communication, stereotyped behaviours/
interest, social awareness and social emotion) but is better conceptualized as a 1-factor model. We used the SRS total score in
our analyses as a general index of autism-like social deficits.

SNP selection and genotyping
We prepared genomic DNA from peripheral blood using the
Puregene DNA purification system (Gentra Systems Inc.) according to the manufacturer’s instructions. We selected 6 tag

SNPs of WNT2 (i.e., rs4727845, rs2228946, rs2896218, rs6950765,
rs10227271 and rs2285545) based on the Ensembl-DAS Integration from the Center for Human Genetics36 and the International HapMap project (www.hapmap.org).26 We decided the
number of linkage disequilibrium blocks according to the
HapMap Genome Browser release database and selected 1 or
2 tag SNPs that represented each block spanning the whole
gene, including the 5'- and 3'-untranslated regions. We designed
the primers for the selected SNPs using a method detailed in a
previous study.26 All SNP genotyping was performed in the
SEQUENOM MassARRAY System using matrix-assisted laser
desorption/ionization-time of flight mass spectrometry. During
a pretest of the 6 selected SNPs, we discarded rs4727845 because
of a concern about primer interaction on the iPLEX platform.
Success rates for genotyping were mostly 99% to 100%, except
for rs10227271 (64%~80%), and rs2228946 had a minor allele frequency lower than 5%. Therefore, these SNPs were also excluded from further analysis.

MRI data acquisition
We acquired images for all participants on a 3 T MRI system
(Trio; Siemens) with a 32-channel head coil. Head movement
was restricted with expandable foam cushions and was assessed immediately after image acquisition. We acquired
high-resolution T1-weighted MRIs covering the whole head
with a 3-dimensional magnetization-prepared rapid gradient
echo (MPRAGE) sequence (repetition time 52 530 ms, echo
time 3.4 ms, flip angle 59°), resulting in an isotropic spatial
resolution of 1 mm3.

MRI data analysis: whole-brain segmentation and cortical
thickness calculation
For quality assurance, images with excessive in-scanner head
motion were excluded based on the Human Connectome
Project pipeline.37 We used FreeSurfer V5.2.0 (https://surfer.
nmr.mgh.harvard.edu/) on a 64-bit Linux operating system to
reconstruct the cortical surface from the MPRAGE images.38
We performed whole-brain volumetric segmentation.39,40 Images with a Euler number (a measure of the topological complexity of the reconstructed cortical surface calculated by the
number of vertices minus the number of edges plus the number of faces)37 of exactly 2 (indicating adequate data quality)
underwent further analysis.41 Then, we used the FreeSurfer
automatic cortical parcellation routine to automatically identify and label cortical regions according to the Desikan atlas.42
Cortical thickness was automatically calculated by computing the shortest distance between the white matter
boundary and the pial surface at each vertex.43 The reliability
of the cortical thickness calculated by FreeSurfer has been assured.44 The automatic reconstruction and calculation were
then reprocessed after manual correction for errors. In brief,
these procedures included the removal of non-brain tissue;
automated Talairach transformation; segmentation of subcortical white matter and deep grey matter volumetric structures; intensity normalization; tessellation of grey matter and
white matter boundaries; automated topology correction;
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and surface deformation for optimal placement of the borders between grey matter and white matter, and between
grey matter and cerebrospinal fluid. The automatic parcellation of cortical regions derived 74 brain regions in each hemisphere, and we then obtained the thickness of each region.

Statistical analysis
We used SAS (version 9.4; SAS Institute Inc.) to perform statistical analyses. We used analysis of variance to compare the
means of age, IQ and SRS subscores between people with autism spectrum disorder and typically developing controls using
a generalized linear model and the PROC GLM procedure.
We employed a 2-step approach to examine the effects of
genetic variants on cortical thickness in regions that differed
between people with autism spectrum disorder and typically
developing controls. First, we identified cortical regions that
were altered in autism spectrum disorder by comparing the
cortical thickness of both hemispheres and 74 brain regions in
an age- and sex-compatible subsample, in which typically developing controls with the same sex and the closest age
(± 1 yr) were selected for comparison with each participant
with autism spectrum disorder aged 8–20 years. We controlled for sex, age, FIQ and intracranial volume (to correct for
individual differences in head size)7,45–47 in the comparison.
We initially included the quadratic term of age in the model,
but we eventually discarded it because the main results were
not different. We applied false discovery rate (FDR) correction
for multiple comparisons within each hemisphere (containing

74 regions). The mean cortical thickness of both hemispheres
and the 9 regions that were significantly different in people
with autism spectrum disorder in the age- and sex-compatible
subsample were also significantly different in people with autism spectrum disorder for the full sample.
Using these results from the first step, we examined the
effect of genetic variants for the full sample. For both hemispheres and the 9 regions that were altered in people with
autism spectrum disorder, we conducted multivariate analyses to test the main effect of each SNP on cortical thickness,
including diagnosis, sex, age, FIQ and intracranial volume in
the model. We further tested whether the effect of SNP differed between the 2 groups by adding an interaction term
(SNP × diagnosis) to the model. Considering the age range of
our sample, we also tested the interaction between SNP effect
and age by examining another interaction term (SNP × age)
in the full sample. We also tested the same model for participants with autism spectrum disorder and typically developing controls separately to investigate the SNP × age interaction specifically for those 2 groups.

Results
Sample characteristics
Participant IQ profiles were within the normal range and
were significantly lower in people with autism spectrum
disorder than in typically developing controls (Table 1).
The ADI-R subscores for people with autism spectrum

Table 1: Participant demographic characteristics
Autism spectrum disorder*
n = 118

Typically developing controls*
n = 122

F / χ2

p value

13.11 ± 4.64

20.98 ± 9.70

F = 63.27

< 0.001

113 (95.8)

75 (61.5)

χ2 = 41.6

< 0.001

9 (7.6)

5 (4.1)

χ2 = 1.36

0.24

100.8 ± 19.9

111.6 ± 10.9

F = 28.51

< 0.001

Performance IQ

99.7 ± 21.1

111.5 ± 13.3

F = 26.99

< 0.001

Full-scale IQ

100.1 ± 20.1

112.3 ± 11.7

F = 33.31

< 0.001

Social reciprocal interaction

19.68 ± 6.98

–

–

–

Communication: verbal

14.68 ± 5.03

–

–

–

Communication: nonverbal

7.84 ± 3.43

–

–

–

Repetitive or stereotyped behaviour or interests

7.26 ± 2.67

–

–

–

Social reciprocal interaction

10.29 ± 4.71

–

–

–

Repetitive or stereotyped behaviour or interests

5.27 ± 2.52

–

–

–

Social awareness deficits

20.57 ± 5.29

12.50 ± 5.95

F = 78.05

< 0.001

Social communication deficits

40.04 ± 14.95

8.82 ± 7.09

F = 208.91

< 0.001

Social emotion deficits

12.81 ± 4.66

3.57 ± 3.52

F = 161.74

< 0.001

Stereotyped behaviours

20.28 ± 7.54

3.92 ± 4.31

F = 216.78

< 0.001

Total score

93.70 ± 28.74

28.80 ± 17.11

F = 231.99

< 0.001

Characteristic
Age, yr
Male, n (%)
Left-handedness, n (%)
Verbal IQ

Autism Diagnostic Interview–Revised*
Most severe at 4 to 5 yr

Current

Social Responsiveness Scale†

*Values are mean ± standard deviation unless otherwise specified.
†The Autism Diagnostic Interview–Revised is an investigator-based interview of the caregiver, and the Social Responsiveness Scale is a caregiver-report measure of autistic
traits in natural social settings. The subscores and total scores for both scales are shown here.
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 isorder at the most severe age (i.e., 4–5 yr) passed the
d
threshold for a diagnosis of autism. As expected, participants with autism spectrum disorder had more severe current autism symptoms than typically developing controls
(as assessed by the SRS).

Brain regions with significant group differences in cortical
thickness
We compared cortical thickness in an age- and sex-comparable
subsample aged 8–20 years (autism spectrum disorder: n =
88, mean age ± SD 12.7 ± 3.1 yr, male 95.5%; typically developing controls: n = 51, mean age ± SD 13.7 ± 3.6 yr, male
88.2%; Table 2). Compared to typically developing controls,
participants with autism spectrum disorder showed significantly reduced mean cortical thickness in both hemispheres
(Cohen d = 0.403 for the right hemisphere and 0.360 for the
left hemisphere). Nine cortical regions over the right hemisphere showed reduced cortical thickness in participants
with autism spectrum disorder after FDR correction: the
middle-posterior part of the cingulate gyrus, the posterior
transverse collateral sulcus, the orbital gyri, the superior segment of the circular sulcus of the insula, the posterior ramus
of the lateral sulcus, the triangular part of the inferior frontal
gyrus, the superior temporal sulcus, the orbital part of the
inferior frontal gyrus and the lateral occipitotemporal gyrus
(Cohen d = 0.358–0.581; Table 2 and Figure 1). These regions

remained significantly different between participants with
autism spectrum disorder and typically developing controls
when we analyzed the full sample (118 participants with autism spectrum disorder and 122 typically developing controls), controlling for sex, age, IQ, handedness and intra
cranial volume (Appendix 1, Table S1, available at jpn.ca).
Although age was a significant covariate for the thickness of
most cortical regions, we found no age × diagnosis interaction (all p > 0.10).
Surprisingly, although some of the left cortical regions
were significantly thinner before correction (uncorrected p <
0.05; including the precuneus, the superior occipital sulcus,
the transverse occipital sulcus, the superior parietal lobule
and the middle-posterior part of the cingulate gyrus and
sulcus), none of the findings for these regions survived FDR
correction using the classical 1-stage method (qFDR = 0.067).
We repeated the multiple test corrections using another
FDR method (graphically sharpened method) and found
that the findings for these left cortical regions did survive
FDR correction to reveal a thinner cortex (q FDR = 0.035;
Appendix 1, Table S2).

SNP main effects
As expected, genotype frequency was not associated with
diagnosis (Appendix 1, Table S3) for imaging genetic translation in the current sample, which may not have had adequate

Table 2: Group comparison of the cortical thickness of both hemispheres and 9 altered cortical regions*
Characteristic

Autism spectrum disorder†
n = 88

Typically developing controls†
n = 51

F / χ2 / t

p value

qFDR

Cohen d

Age, yr (range)

12.68 ± 3.09 (8–20)

13.73 ± 3.61 (8–20)

F = 3.24

0.07

–

–

Male, n (%)

84 (95.5)

45 (88.2)

χ2 = 2.52

0.11

–

–

Left-handedness, n (%)

80 (90.9)

48 (94.1)

χ2 = 0.46

0.50

–

Full-scale IQ

104 ± 16

113 ± 12

F = 13.51

< 0.001

–

–

Right hemisphere

3.101 ± 0.169

3.157 ± 0.100

t = –2.65

0.009

–

0.403

Left hemisphere

3.108 ± 0.165

3.158 ± 0.107

t = –2.50

0.014

–

0.360

Right middle-posterior part of the
cingulate gyrus and sulcus
(posterior midcingulate cortex)

3.383 ± 0.223

3.498 ± 0.169

t = –3.61

< 0.001

0.004

0.581

Right posterior transverse
collateral sulcus

2.730 ± 0.285

2.855 ± 0.246

t = –3.39

0.001

0.004

0.470

Right orbital gyri

3.399 ± 0.219

3.500 ± 0.159

t = –2.93

0.004

0.008

0.528

Right superior segment of the
circular sulcus of the insula

3.424 ± 0.227

3.508 ± 0.169

t = –3.22

0.002

0.005

0.420

Right posterior ramus of the lateral
sulcus

3.181 ± 0.239

3.294 ± 0.194

t = –2.76

0.007

0.008

0.519

Right triangular part of the inferior
frontal gyrus

3.281 ± 0.265

3.380 ± 0.197

t = –2.82

0.006

0.008

0.424

Right superior temporal sulcus
(parallel sulcus)

3.156 ± 0.202

3.222 ± 0.165

t = –2.73

0.007

0.008

0.358

Right orbital part of the inferior
frontal gyrus

3.409 ± 0.301

3.521 ± 0.226

t = –2.90

0.004

0.008

0.421

Right lateral occipitotemporal
gyrus (fusiform gyrus, O4–T4)

3.408 ± 0.211

3.504 ± 0.179

t = –2.61

0.010

0.010

0.491

Cortical thickness, mm

FDR = false discovery rate.
*The comparison of cortical thickness used age, sex, full-scale IQ and intracranial volume as covariates. Multiple comparisons of the 9 regions were adjusted using false discovery rate.
†Values are mean ± standard deviation unless otherwise specified.
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A

B

Right orbital gyri
Right lateral occipitotemporal gyrus (fusiform gyrus, O4–T4)
Right triangular part of the inferior frontal gyrus
Right orbital part of the inferior frontal gyrus
Right superior temporal sulcus (parallel sulcus)
Right middle-posterior part of the cingulate gyrus and sulcus (posterior midcingulate cortex)
Right posterior transverse collateral sulcus
Right superior segment of the circular sulcus of the insula
Right posterior ramus of the lateral sulcus

Figure 1: The 9 cortical regions identified with reduced cortical thickness, presented on (A) a standard brain cortex and (B) an inflated
brain cortex.
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power to detect a genetic association. Therefore, in the following analysis we evaluated the effects of SNPs and diagnosis in a pooled sample.
For mean thickness of the left or right hemisphere and each
of the 9 cortical regions identified in our first step, we examined the main effect of each SNP on cortical thickness in the
full sample. We summarized the thickness of the above cortical regions for each genotype of the WNT2 SNPs (Appendix 1,
Table S4). None of the WNT2 variants showed a main effect
on any of the hemispheres or 9 cortical regions. This result
was consistent across dominant, recessive and overdominant
models (Appendix 1, Table S5).

Interaction between SNP effect and diagnosis
For each SNP, we examined the interactions between SNP
and diagnosis on the cortical thickness of each hemisphere
and cortical region in a single-regression model. After FDR
correction, we found that rs6950765 had a significant inter
action with autism spectrum disorder diagnosis for the cortical thickness of the posterior ramus of the right lateral sulcus
(F = 10.37, p = 0.001, qFDR = 0.004). Specifically, typically developing controls who carried the GG (3.17 ± 0.19 mm) or GC
(3.25 ± 0.19 mm) genotype had a thinner cortex than those
who carried the CC genotype (3.34 ± 0.21 mm; F = 5.02, p =
0.008); we did not find the same association in participants
with autism spectrum disorder (F = 1.43, p = 0.24). We repeated this analysis in the 3 genetic models, and the finding
for rs6950765 remained in the dominant (qFDR = 0.008) and
overdominant models (qFDR = 0.009). As well, rs2896218
showed a significant interaction with autism spectrum diagnosis for the triangular part of the right inferior frontal gyrus
in the overdominant model (F = 7.42, p = 0.007), but this finding did not survive FDR correction (qFDR = 0.06).

Interaction between SNP effect and age
We examined the interactions between age and SNP on the
cortical thickness of each hemisphere and cortical region for
each SNP in a single-regression model. In the full sample
(combining participants with autism spectrum disorder and
typically developing controls), we found main effects of
rs6950765 (left side: F = 6.79, p = 0.001; right side: F = 6.94,
p = 0.001) and rs2896218 (left side: F = 5.32, p = 0.006; right
side: F = 5.38, p = 0.005) on the mean thickness of both
hemispheres (Figure 2 and Table 3), the right middle-
posterior part of the cingulate gyrus and sulcus, the orbital
gyri, the superior segment of the circular sulcus of the insula, the triangular part of the inferior frontal gyrus, and the
superior temporal sulcus (Table 3). We also found significant interactions between age and the 2 SNPs in most of
these regions (maximal |Cohen d| = 0.486; Table 3). Specif
ically, both SNPs interacted with age on the right middleposterior part of the cingulate gyrus and sulcus, the orbital
gyri, the triangular part of the inferior frontal gyrus and the
superior temporal sulcus (Table 3 and Appendix 1, Figure S1
and Figure S2 for rs6950765 and rs2896218, respectively).
After FDR correction, the SNP × age interactions remained

significant for both SNPs for the middle-posterior part of
the cingulate gyrus and sulcus (rs6950765: qFDR = 0.0002;
rs2896218: qFDR = 0.004), the orbital gyri (rs6950765: qFDR =
0.021; rs2896218: qFDR = 0.046) and the superior temporal sulcus (rs6950765: q FDR = 0.023; rs2896218: q FDR = 0.046;
Appendix 1, Figure S1 and Figure S2). Our further examination of the SNP × age interactions in 3 genetic models revealed that these significant findings largely remained in
the overdominant model but not in the dominant or recessive models (Appendix 1, Figure S6).
Considering that the distribution of cortical thickness may
not have been the same between participants with autism
spectrum disorder and typically developing controls, we further examined SNP × age interactions, stratifying the
2 groups for the 2 SNPs (Appendix 1, Figure S7).
In typically developing controls, the rs2896218 × age interaction was significant in the right hemisphere (F = 5.30, p =
0.006), but the interaction term was only nominally significant in the left hemisphere (F = 4.08, p = 0.020). The rs6950765
× age interaction was marginally significant in both the left
and right hemispheres (left side: F = 4.05, p = 0.020; right side:
F = 0.065, p = 0.033). For the 9 cortical regions, the rs2896218 ×
age interaction was significant in the middle-posterior part of
the cingulate gyrus and sulcus (qFDR = 0.003) and the orbital
gyri (qFDR = 0.008), but the rs6950765 × age interaction was significant only for the right middle-posterior part of the cingulate gyrus (qFDR = 0.003).
In autism spectrum disorder, none of the interactions survived FDR correction, though rs6950765 still showed a main
effect in the left (p = 0.004) and right hemispheres (p = 0.005),
as well as in the right middle-posterior part of the cingulate
gyrus and sulcus (qFDR = 0.023) and the superior temporal
sulcus (qFDR = 0.023) after controlling for their interaction
with age.
Examination of the SNP main effect and SNP × age interaction in the 3 genetic models (Appendix 1, Table S8)
showed that the above findings mostly remained in the
overdominant and recessive models but not the dominant
model in typically developing controls. In autism spectrum
disorder, rs6950765 and rs2896218 showed significant main
effects in both hemispheres in the overdominant model
after controlling for their interactions with age; rs6950765
also showed a main effect on the superior temporal sulcus
in the overdominant model (qFDR = 0.023). In autism spectrum disorder, the rs6950765 × age interaction was significant in both hemispheres in both the overdominant and recessive models. For the 9 regions, rs6950765 showed a
significant interaction with age on the thickness of the right
middle-posterior part of the cingulate gyrus and sulcus
(qFDR = 0.037) and right orbital gyrus (qFDR = 0.037) in the recessive model, and this finding survived FDR correction
(Appendix 1, Table S8). None of the other SNP × age interactions survived FDR correction.
We also analyzed the genetic association between the
WNT2 SNPs and cortical thickness across the 148 regions
(74 for each hemisphere) of the whole brain, including SNP
main effect, SNP × diagnosis interaction and SNP × age interaction (Appendix 1, Table S9).
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Discussion
As one of the first studies to explore the effect of WNT2 variants on cortical thickness, the current study had 2 main findings. First, we found a reduction of mean cortical thickness in
both hemispheres in people with autism spectrum disorder
compared to typically developing controls. As well, 9 regions
in the right hemisphere showed significantly lower cortical
thickness in participants with autism spectrum disorder after
FDR correction. Second, 2 SNPs of WNT2 (rs6950765 and
rs2896218) showed significant interactions with age on the
mean cortical thickness of both hemispheres and several cortical regions that were altered in autism spectrum disorder
(the middle-posterior part of the cingulate gyrus and sulcus,
the orbital gyri and the superior temporal sulcus).
Consistent with several studies,3,5,48,49 our findings suggest a
general reduction in cortical thickness in both hemispheres in

A

B
Right hemisphere mean thickness, mm

rs6950765
Left hemisphere mean thickness, mm

people with autism spectrum disorder. In the present study, the
9 regions that showed significantly reduced thickness in participants with autism spectrum disorder were located mainly in the
right cingulate gyrus, the orbital gyrus, the insula, the inferior
frontal gyrus (orbital part and triangular part) and the lateral
occipitotemporal gyrus. Several of these regions overlapped with
previous findings that showed thinner cortex in regions of the
frontal,5,49 temporal2,48 and occipital areas5 in people with autism
spectrum disorder of a similar age range, and in studies revealing an atypical trajectory of the frontal and temporal cortices in
longitudinal studies ranging from childhood7 to young adulthood.1 However, our findings of a thinner cortex were inconsistent with 2 recent large-scale studies that reported increased
thickness over the frontal cortex but contradictory findings for
the temporal cortex.2,8 It should be noted that the quality-control
methods, analysis pipelines (CIVET v. FreeSurfer) and segmentation or parcellation methods varied across these studies.
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Figure 2: The genotypes rs6950765 and rs2896218 were associated with mean cortical thickness in both hemispheres. (A) Genotype
rs6950765 and the mean thickness of the left hemisphere. (B) Genotype rs6950765 and the mean thickness of the right hemisphere. (C)
Genotype rs2896218 and the mean thickness of the left hemisphere. (D) Genotype rs2896218 and the mean thickness of the right hemisphere. The CG of rs6950765 and the AG of rs2896218 showed greater cortical thinning of both hemispheres with age.
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6 years, the stage when accelerated cortical expansion has
been reported.
In addition, some regions have been rarely reported in
terms of cortical thickness in autism spectrum disorder (e.g.,
the insula), although evidence has suggested altered volume
or function in these regions in people with autism spectrum
disorder.50–53 Notably, previous studies have shown reduced
cortical thickness in the left hemisphere in children54,55 or
adults55,56 with autism spectrum disorder. Our findings in a
larger sample of participants with autism spectrum disorder

To complicate matters, heterogeneity remains an unresolved issue in neuroimaging research in people autism
spectrum disorder. For example, samples composed of different developmental stages, sexes, clinical severities and
comorbidities could have contributed to inconsistent findings. Our sample (aged 6–56 years) covered younger childhood8 and the entire period of adolescence,2 which were assumed to show greater alterations in cortical thickness, but
unlike the wide age range of large-scale studies,2,8 we were
unable to capture early developmental changes before age

Table 3: Significant main effect of SNPs and age × SNP interactions in the entire sample (n = 240)
Main effect of SNP
Region

Age × SNP interaction

Cohen d

Statistics

Cohen d

Statistics

R2

Left hemisphere
(mean thickness)

AA v. GG: 0.038
AG v. GG: 0.175

F = 5.32
p = 0.006

Age × AA: −0.316
Age × AG: −0.475
Age × GG: −0.127

F = 5.06
p = 0.007

0.27

Right hemisphere
(mean thickness)

AA v. GG: 0.034
AG v. GG: 0.174

F = 5.38
p = 0.005

Age × AA: −0.300
Age × AG: −0.459
Age × GG: −0.122

F = 4.78
p = 0.009

0.26

Right middle-posterior part
of the cingulate gyrus and
sulcus (posterior
midcingulate cortex)

AA v. GG: 0.152
AG v. GG: 0.283

F = 10.33
p < 0.001**

Age × AA: −0.273
Age × AG: −0.437
Age × GG: 0.008

F = 9.71
p < 0.001**

0.24

Right orbital gyri

AA v. GG: 0.098
AG v. GG: 0.183

F = 4.31
p = 0.015

Age × AA: −0.320
Age × AG: −0.386
age × GG: −0.036

F = 5.27
p = 0.006*

0.22

Right superior segment of
the circular sulcus of the
insula

AA v. GG: 0.090
AG v. GG: 0.161

F = 3.31
p = 0.038

Age × AA: −0.222
Age × AG: −0.297
Age × GG: −0.042

F = 2.30
p = 0.10

0.14

Right triangular part of the
inferior frontal gyrus

AA v. GG: 0.025
AG v. GG: 0.143

F = 4.10
p = 0.018

Age × AA: −0.223
Age × AG: −0.380
Age × GG: −0.096

F = 4.40
p = 0.013

0.17

Right superior temporal
sulcus (parallel sulcus)

AA v. GG: −0.017
AG v. GG: 0.149

F = 6.65
p = 0.002*

Age × AA: −0.286
Age × AG: −0.465
Age × GG: −0.199

F = 4.91
p = 0.008*

0.27

Left hemisphere
(mean thickness)

CC v. GG: −0.110
CG v. GG: 0.190

F = 6.79
p = 0.001

Age × CC: −0.057
Age × CG: −0.484
Age × GG: −0.344

F = 6.01
p = 0.003

0.29

Right hemisphere
(mean thickness)

CC v. GG: −0.107
CG v. GG: 0.196

F = 6.94
p = 0.001

Age × CC: −0.050
Age × CG: −0.471
Age × GG: −0.329

F = 5.91
p = 0.003

0.27

Right middle-posterior part
of the cingulate gyrus and
sulcus (posterior
midcingulate cortex)

CC v. GG: −0.229
CG v. GG: 0.184

F = 14.48
p < 0.001**

Age × CC: 0.089
Age × CG: −0.454
Age × GG: −0.301

F = 13.97
p < 0.001**

0.27

Right orbital gyri

CC v. GG: −0.157
CG v. GG: 0.132

F = 7.04
p = 0.001*

Age × CC: 0.016
Age × CG: −0.396
Age × GG: −0.334

F = 7.09
p = 0.001*

0.23

Right superior segment of
the circular sulcus of the
insula

CC v. GG: −0.151
CG v. GG: 0.121

F = 6.26
p = 0.002*

Age × CC: 0.032
Age × CG: −0.333
Age × GG: −0.234

F = 5.97
p = 0.003*

0.16

Right triangular part of the
inferior frontal gyrus

CC v. GG: −0.061
CG v. GG: 0.193

F = 6.27
p = 0.002*

Age × CC: −0.048
Age × CG: −0.379
Age × GG: −0.235

F = 5.00
p = 0.008*

0.18

Right superior temporal
sulcus (parallel sulcus)

CC v. GG: −0.075
CG v. GG: 0.215

F = 8.01
p < 0.001**

Age × CC: −0.125
Age × CG: −0.486
Age × GG: −0.315

F = 6.07
p = 0.003*

0.27

rs2896218

rs6950765

FDR = false discovery rate; SNP = single nucleotide polymorphism.
Model: Cortical thickness of specific brain region = β0 + β1 “SNP” + β2 “age × SNP” + β3 “age” + β4 “sex” + β5 “full-scale IQ” + β6 “handedness” +
β7 “intracranial volume” + ε. Findings for the main effects of SNP and age × SNP interaction for rs2896218 and rs6950765 are summarized
above. For the 9 cortical regions, *qFDR < 0.05, **qFDR < 0.01.
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(aged 6–28 yr) did show reduced mean cortical thickness in
both hemispheres, but only the 9 cortical regions in the right
hemisphere survived FDR correction. Several left cortical
regions (i.e., precuneus, superior occipital sulcus and transverse occipital sulcus, superior parietal lobule and middleposterior part of the cingulate gyrus and sulcus) did not
survive FDR correction using the classical 1-stage method
(qFDR = 0.067) but did survive when we used a graphically
sharpened approach (qFDR = 0.035; Appendix 1, Table S4),
showing a thinner cortex. In this sense, adopting a more
stringent method (i.e., the classical 1-stage method) for multiple test corrections suggests that our findings for regions
of altered cortical thickness may have been conservative but
more robust. Nonetheless, evidence has shown that autism
spectrum disorder (aged 2–65 years) is significantly associated with reduced asymmetry of cortical thickness, mainly
in the medial frontal, orbitofrontal, cingulate and inferior
temporal areas. 57 Our findings of significantly reduced
thickness in the inferior frontal, temporal and cingulate cortices of the right hemisphere may lend further support for
asymmetry in cortical thickness in specific cortical regions
in people with autism spectrum disorder.
Our novel finding that WNT2 SNPs (rs2896218 and
rs6950765) interacted with age over the cortical regions that
showed reduced thickness in autism spectrum disorder is intriguing. Previous research has suggested that WNT2 is one
of the candidate genes for autism in Asian samples.27 Our
previous study using a trios design also showed a significant
association between autism and a WNT2 haplotype composed of rs2896218 and rs6950765 (G-G),26 as well as the associations of these SNPs with language development (p =
0.0033)58 and stereotyped behaviours (Cohen d = −0.44).30 In
the current study, we found that the same 2 SNPs were associated with cortical thinning in the middle-posterior cingulate gyrus and orbital gyri: people carrying heterozygous
genotypes of rs6950765 (CG) and rs2896218 (AG) showed a
greater magnitude of cortical thinning with age compared to
those carrying homozygous genotypes of risk alleles
(rs6950765: GG; rs2896218: GG), in support of an overdominant model. It remains to be elucidated whether the exaggerated thinning of the cortex observed in people with specific
genotypes of WNT2 is attributable to alterations in cortical
dendritic growth and spine formation regulated by WNT2.20–22
On the other hand, the statistical significance of the age ×
SNP interaction disappeared in the autism spectrum disorder
group after FDR correction. Future studies should examine
the age × SNP interaction in large-scale samples of participants with autism spectrum disorder and a wider age range
(covering middle and late adulthood) to reveal long-term
trends for cortical reduction with age.
The 2 WNT2 SNPs (rs2896218 and rs6950765) located in
intron 4 were physically close to the SNPs associated with
autism spectrum disorder (i.e., rs377954, rs4727847 and
rs3729629) reported by Marui and colleagues,27 with a distance of only about 5.4 to 6.7 kb. New evidence emphasizes
the intriguing role of noncoding regions in the genome, particularly for regulatory elements. These 2 SNPs were not
located at the splicing site of WNT2, and not at a transcription

E656

factor binding site. However, in our subsidiary analysis, we
explored whether these 2 SNPs might be located at the
boundary of topological association domains and close to the
predicted CCCTC-binding factor (CTCF) binding sites
(http://insulatordb.uthsc.edu/; Appendix 1, Table S10).
CTCF is a versatile transcription regulator that is evolutionarily conserved across species. In the eukaryotic
genome, CTCF plays a crucial role in the global organization of chromatin architecture,59 including chromatin insulation.59,60 Chromatin insulators are enhancer-blocking and
domain-bordering,61,62 and therefore are critical regulatory
elements for the control of gene expression. They represent
a class of diverged DNA sequences capable of shielding
genes against inappropriate cis-regulatory signals from
their genome neighbourhood. Evidence from the Hi-C experiment, a method to study the 3-dimensional architecture
of genomes, has demonstrated that interacting genomic regions commonly contain CTCF binding sites and that the
boundaries of genomic topological domains are enriched
for CTCF binding sites.63–65 Whether the CTCF binding sites
near rs6950765 and rs2896218 are involved in the regulation
of WNT2 gene expression is intriguing. Moreover, emerging
studies have highlighted that the Wnt signalling pathway
also plays a major role in regulating tolerance versus
immunity66 and immune response to infection.67 Whether
such mechanisms are also related to the thinning of cortical
structures via CTCF binding sites near rs6950765 and
rs2896218 warrants further research.

Limitations
Despite its strengths (including a 2-stage approach to examine cortical regions relevant to autism spectrum disorder and
selecting WNT2 gene variants based on previous findings in
the Taiwanese autism spectrum disorder cohort), the present
study had several limitations.
We performed statistical analyses on each hemisphere
and targeted the 9 regions that were significantly altered in
autism spectrum disorder. Although we also analyzed the
genetic association of WNT2 variants analyzed for the
whole brain (Appendix 1, Table S9), future studies may consider a more advanced data-driven method such as machine
learning to investigate the effect of the WNT2 variants on
the entire cortex.
The present study was a cross-sectional study, and the associations found between age and cortical thickness need to be
examined in longitudinal studies that completely match participants with autism spectrum disorder and typically developing
controls based on age and sex to clarify exact age effects in individuals. As well, age trends may differ during the crucial earlier
developmental stage before age 6 years, which we did not sample in the present study but should be examined further.
Our sample size may have been insufficient to identify
small effect differences, particularly for the interaction terms.
Using sensitivity power calculations, our total sample size of
240 had 80% power to detect the main effect of effect size 0.23
(at α = 0.05), but identifying interactions for the same effect
size would need a larger sample to determine.
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Some of the cortical regions we evaluated in the right hemisphere are functionally associated with cognitive and behavioural differences in autism spectrum disorder. Although evidence suggests that cortical thickness later in life is attributable
to genetic control, intervention effect and gene–environment
interaction on the cortex remain essential factors to be controlled for in future imaging genetic studies. Nevertheless, our
translational study combined neuroimaging and genetics at a
single research site to examine the genetic association between
WNT2 and cortical thickness, and was the first of its kind to explore the genetic effect on changes in cortical thickness over
time. Future studies may adopt a trajectory analysis to validate
our exploratory findings in larger independent samples.
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