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Autism spectrum disorder (ASD) is a class of neurodevelopmental conditions with a large epidemiological and societal impact
worldwide. To date, numerous studies have investigated the associations between genetic variants and ASD risk. To provide a
robust synthesis of published evidence of candidate gene studies for ASD, we performed an umbrella review (UR) of meta-analyses
of genetic studies for ASD (PROSPERO registration number: CRD42021221868). We systematically searched eight English and
Chinese databases from inception to March 31, 2022. Reviewing of eligibility, data extraction, and quality assessment were
performed by two authors. In total, 28 of 5062 retrieved articles were analyzed, which investigated a combined 41 single nucleotide
polymorphisms (SNPs) of nine candidate genes. Overall, 12 significant SNPs of CNTNAP2, MTHFR, OXTR, SLC25A12, and VDR were
identified, of which associations with suggestive evidence included the C677T polymorphism of MTHFR (under allelic, dominant,
and heterozygote models) and the rs731236 polymorphism of VDR (under allelic and homozygote models). Associations with weak
evidence included the rs2710102 polymorphism of CNTNAP2 (under allelic, homozygote, and recessive models), the rs7794745
polymorphism of CNTNAP2 (under dominant and heterozygote models), the C677T polymorphism of MTHFR (under homozygote
model), and the rs731236 polymorphism of VDR (under dominant and recessive models). Our UR summarizes research evidence on
the genetics of ASD and provides a broad and detailed overview of risk genes for ASD. The rs2710102 and rs7794745
polymorphisms of CNTNAP2, C677T polymorphism of MTHFR, and rs731236 polymorphism of VDR may confer ASD risks. This study
will provide clinicians and healthcare decision-makers with evidence-based information about the most salient candidate genes

relevant to ASD and recommendations for future treatment, prevention, and research.
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INTRODUCTION

Autism spectrum disorder (ASD) is a group of neurodevelop-
mental conditions characterized by early-onset dysfunctions in
communication, impairments in social interaction, and repetitive
and stereotyped behaviors and interests [1]. Patients develop
ASD-related symptoms when they are 12—18 months of age, and
diagnosis is generally made at the age of 2 years [2]. In 2010, 52
million people had been diagnosed with ASD worldwide, which
was equivalent to a population prevalence of 7.6 per 1000 or 1 in
132 persons [3]. ASD is the leading cause of disability in children
under 5 years, and people with ASD may require high levels of
support, which is costly and thus leads to substantial economic,
emotional, and physical burdens on affected families [3].

Due to the lack of clinical and epidemiological evidence for an
ASD cure, researchers have focused on better understanding ASD
and advancing risk prediction and prevention [3]. The causes of
ASD are complex and multifactorial, with several associated genes
and environmental risk factors [4]. A previous umbrella review (UR)
of environmental risk factors for ASD showed that several
maternal factors, including advanced age (=35 years), chronic
hypertension, preeclampsia, gestational hypertension, and being
overweight before or during pregnancy, were significantly
associated with ASD risk, without any signs of bias [5, 6].

Accumulating twin- and family based studies further indicate that
genetic factors play critical roles in ASD, such that the
concordance rate among monozygotic twins is higher (60-90%)
than that among dizygotic twins (0-30%) [7, 8]. The heritability of
ASD has been estimated to be 50%, indicating that genetic factors
are the main contributors to the etiology of ASD [8].

To date, numerous studies investigating the association
between genetic variants and ASD risk have been published [9-
11]. Most of these studies focused on identifying single nucleotide
polymorphisms (SNPs) of candidate genes associated with ASD
risk. However, these SNP studies had small sample sizes and,
therefore, low statistical power to demonstrate statistically
significant effects of low-risk susceptibility genes, leading to
inconsistent conclusions. Although meta-analyses have been
conducted to resolve this problem, single SNPs or genes have
usually been investigated.

An UR collects and evaluates multiple systematic reviews and
meta-analyses conducted on a specific research topic, provides a
robust synthesis of published evidence, and considers the
importance of effects found over time [12]. In addition, the results
of UR studies may increase the predictive power with more
precise estimates [13]. Thus, we aimed to perform an UR study of
all the systematic reviews and meta-analyses that have been
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published, assessing candidate genes associated with ASD risk.
This study will provide clinicians and healthcare decision-makers
with evidence-based information about candidate genes of ASD
and recommendations for future prevention and research in less
time than would otherwise be required to locate and examine all
relevant research individually.

METHODS

Literature search strategy and eligibility criteria

We systematically searched the PubMed, EMBASE, PsycINFO, Web
of Science, Cochrane Library, China National Knowledge Infra-
structure, Sinomed, and Wanfang databases from inception to
March 31, 2022. The databases were searched using the following
strategy: (autis* [All Fields] OR autism* [All Fields] OR autistic* [All
Fields] OR ASD [All Fields] OR autism spectrum disorder* [All
Fields] OR PDD-NOS [All Fields] OR PDDNOS [All Fields] OR
unspecified PDD [All Fields] OR PDD [All Fields] OR pervasive
developmental disorder* [All Fields] OR pervasive developmental
disorder not otherwise specified [All Fields] OR Asperger* [All
Fields] OR Asperger* syndrome [All Fields]) AND (gene* [All Fields]
OR genom* [All Fields]) AND (systematic review [All Fields] OR
meta-analysis [All Fields]). Authors S. Qiu and Y. Qiu independently
conducted literature searches for potential articles included in this
review. The references of the relevant articles were manually
searched to identify and incorporate eligible studies.

We included meta-analyses of family based and case-control
studies that examined associations between ASD and potential
risk genes. We only included meta-analyses that reported either
effect estimates of individual study or the data necessary to
calculate these estimates. We excluded meta-analyses if (1) risk
genes were used for screening, diagnostic, or prognostic
purposes; (2) a study examined ASD as a risk factor for other
medical conditions; (3) a study included fewer than three original
studies investigating the association between risk genes and ASD;
and (4) a study with missing information after the corresponding
author, whom we contacted through email, failed to provide the
required information. All articles retrieved were first organized in
the reference manager software (Endnote 9, Clarivate Analytics,
New York, NY, USA), and duplicates were deleted. S. Qiu and Y. Qiu
chose eligible articles by screening the titles, abstracts, and full
article texts independently. Disagreements were resolved through
a discussion with a third investigator (Y. Li) until a consensus was
reached.

Data extraction and quality assessment

From each eligible meta-analysis, we extracted the first author,
publication year, genetic risk factors examined, number of studies,
number of ASD cases and participants, study-specific relative risk
estimates (odds ratio [OR]) with the corresponding 95% con-
fidence interval (Cl), sample size of cases and controls, genotype
and allele counts, and individual study designs (case-control,
family based or mixed [case-control and family based]). We used
the ‘assessment of multiple systematic reviews' tool, consisting of
11 items, to assess the methodological quality of the meta-
analyses [14]. Data extraction and quality assessment were
independently conducted by S. Qiu and Y. Qiu. Disagreements
were resolved via a discussion with a third investigator (Y. Li) until
a consensus was reached.

Data analysis

In agreement with previous URs, we performed a statistical
analysis using a series of tests that were previously developed and
reproduced [13, 15, 16]. If more than one meta-analysis on the
same research question was eligible, the most recent meta-
analysis was retained for the main analysis. For each eligible meta-
analysis, we calculated the summary-effect size with 95% C/ [17].
We also calculated the 95% prediction interval (Pl) to explain the
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between-study heterogeneity and to assess the uncertainty of a
new study [18, 19]. Heterogeneity between studies was assessed
using the Chi-squared test based Q-statistic and quantified using
the P-statistic [20, 21]. If there was no substantial statistical
heterogeneity (P > 0.10, 2 < 50%), data were pooled using a fixed-
effect model; otherwise, heterogeneity was evaluated using a
random-effect model [22]. The Hardy-Weinberg equilibrium
(HWE) of meta-analyses in the control group was analyzed using
Chi-squared tests. Additionally, small-study effects were evaluated
using Egger’s regression asymmetry test. P-values < 0.10 were
considered to indicate the presence of small-study effects [23, 24].
The Chi-squared test was used to assess the presence of excess
significance, which evaluated whether the observed number of
studies with significant results (P < 0.05) was greater than the
expected number [22, 25]. All statistical analyses were performed
using RStudio 3.6.2. Statistical significance was set at P <0.05,
except where otherwise specified.

Determining the credibility of evidence
In line with previous URs, we categorized the strength of the
evidence of risk genes for ASD into five levels: convincing (class I),
highly suggestive (class Il), suggestive (class Ill), weak (class IV),
and not significant [5, 26-28]. Criteria for the level of evidence
included the number of ASD cases, P-values by random effects
model, small-study effects, excess significance bias, heterogeneity
(1A, and 95% Cl.

This review was prospectively registered with PROSPERO
(registration number: CRD42021221868).

RESULTS

Description of eligible meta-analyses

A total of 5062 articles were identified through an initial search.
After removing duplicates, the titles and abstracts of 3182 articles
were screened for eligibility. Of the remaining 66 articles that were
reviewed in full, 28 eligible articles were selected for data
extraction (Fig. 1).

The characteristics of the selected studies are presented in
Table 1. Of the 28 included reviews, eight were on methylenete-
trahydrofolate reductase (MTHFR) [29-36]; four each on solute
carrier family 6 member 4 (SLC6A4) [37-40] and contactin
associated protein 2 (CNTNAP2) [41-44]; three each on oxytocin
receptor (OXTR) [45-47] and reelin (RELN) [48-50]; two each on
gamma-aminobutyric acid type A receptor subunit beta3 (GABRB3)
[51, 52], solute carrier family 25 member 12 (SLC25A12) [53, 54],
and vitamin D receptor (VDR) [55, 56]; and one on catechol-o-
methyltransferase (COMT) [39] (one meta-analysis was on both
COMT and SLC6A4). These studies were published from 2008 to
2021 and considered the associations between 41 SNPs in nine
candidate genes and ASD risk. For quality assessment, 22 articles
that scored 5—8 were rated as ‘moderate quality’, and six that
scored < 5 were rated as ‘low quality’. Seventeen studies (60.7%)
performed the HWE check (Table 1). With respect to the study
design, 14 (64.3%) studies synthesized case-control studies, two
(7.1%) included family based studies, and eight (28.6%) used both
case-control and family based studies (Table 1).

Summary-effect sizes and significant findings
The results of the associations between the 41 SNPs and ASD risks
reported in the meta-analyses are presented in Table 2 under five
different genetic models: allelic model (mutant allele vs. wild-type
allele), dominant model (mutant homozygote + heterozygote vs.
wild-type homozygote), heterozygote model (heterozygote vs.
wild-type homozygote), homozygote model (mutant homozygote
vs. wild-type homozygote), and recessive model (mutant homo-
zygote vs. wild-type homozygote + heterozygote).

Only one meta-analysis on the rs2710102 polymorphism of
CNTNAP2 showed that the polymorphism was associated with ASD

Translational Psychiatry (2022)12:249
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Fig. 1 Flow chart of literature identification and selection.
susceptibility in allelicc, homozygote, and recessive models [44].
This meta-analysis also found that the rs7794745 polymorphism of
CNTNAP2 was associated with an increased risk of ASD in
dominant and heterozygote models [44].

All four meta-analyses reported no significant association
between the A1298C polymorphism of MTHFR and ASD risk. All
eight meta-analyses on the C677T polymorphism of MTHFR
showed that the polymorphism was associated with ASD
susceptibility in allelic and heterozygote models [29-36]. Seven
meta-analyses found that the C677T polymorphism was asso-
ciated with an increased risk of ASD in dominant [29, 31-36] and
homozygote [29-31, 33-36] models. Five meta-analyses found
that the C677T polymorphism was associated with an increased
risk of ASD in the recessive model [29-31, 33, 34].

For OXTR, 19 SNPs were summarized. LoParo et al. [45] found
that the mutant allele of rs2268491, wild-type allele of rs237887,
and mutant allele of rs7632287 were risk-inducing SNPs of ASD. In
addition, Kranz et al. [46] found that the mutant allele of rs237889
was associated with ASD risk.

Regarding SLC25A12, both Aoki et al. [53] and Liu et al. [54]
found that the mutant alleles of rs2056202 and rs2292813
significantly increased ASD risk in family-based and mixed
studies. We excluded the results of the associations between
rs2292813 and ASD risk based on the case-control design
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reported by Liu et al. [54], as the authors included only two
case-control studies.

Sun et al. [55] found that the rs2228570 polymorphism of VDR
was associated with an increased ASD risk in homozygote and
recessive models, while Yang et al. [56] did not find significant
associations in any genetic model. Both authors [55, 56] found
that the rs731236 polymorphism of VDR was significantly
associated with ASD risk in allelicc homozygote, and recessive
models. Sun et al. [55] found that the rs731236 polymorphism was
significantly associated with ASD risk in the dominant model. Both
Sun et al. [55] and Yang et al. [56] found that the mutant allele of
rs7975232 of VDR was significantly associated with a decreased
ASD risk (Table 2). There were no significant SNPs in COMT,
GABRB3, RELN, and SLC6A4.

Determining the credibility of evidence

When more than one meta-analysis on the same research
question was eligible, the most recent one was retained for the
main analysis. After comparing the publication year and sample
size of each meta-analysis, 11 meta-analyses were retained for
further analysis, of which two each study were on RELN and
MTHFR, and one each was on CNTNAP2, COMT, GABRB3, OXTR,
SLC25A12, SLC6A4, and VDR. We extracted the allele and genotype
frequencies of each SNP in case and control groups from the

SPRINGER NATURE



S. Qiu et al.

Table 1. Information on meta-analyses included in the umbrella review.

Genes Studies Study design HWE check AMSTAR
CNTNAP2 Uddin et al. [44] case control Yes 5
CNTNAP2 Wang et al. [43] case control - 5
CNTNAP2 Werling et al. [41] case control&family based - 3
CNTNAP2 Zhang et al. [42] case control&family based - 5
COMT Yang et al. [39] case control Yes 6
GABRB3 Mahdavi et al. [51] case control Yes 5
GABRB3 Noroozi et al. [52] case control Yes 5
MTHFR Li et al. [33] case control Yes 5
MTHFR Li et al. [34] case control Yes 5
MTHFR Pu et al. [29] case control Yes 5
MTHFR Rai [30] case control Yes 3
MTHFR Razi et al. [32] case control Yes 6
MTHFR Sadeghiyeh et al. [31] case control Yes 5
MTHFR Wang and Wu [35] case control Yes 6
MTHFR Zhanget al. [36] case control Yes 6
OXTR Kranz et al. [46] family based - 2
OXTR LoParo and Waldman [45] case control&family based - 5
OXTR Zhou [47] case control - 6
RELN Chen [49] case control - 4
RELN Herndndez-Garcia (2020) [50] case control = 3
RELN Wang [48] case control&family based Yes 5
SLC25A12 Aoki and Cortese [53] case control&family based - 4
SLC25A12 Liu et al. [54] case control&family based Yes 7
SLC6A4 Huang and Santangelo [37] family based Yes 5
SLC6A4 Mo et al. [38] case control&family based - 5
SLC6A4 Wang et al. [40] case control - 6
SLC6A4 Yang et al. [39] case control&family based Yes 6
VDR Sun [55] case control Yes 6
VDR Yang and Wu [56] case control Yes 5

HWE Hardy-Weinberg equilibrium, — no data/data not complete.

original research for further analysis. However, the allele and
genotype frequencies of some SNPs in the compared groups
could not be extracted from the original research that did not
contain the information, and we could not obtain this information
from the corresponding authors of the studies. Finally, we
analyzed the data of 20 SNPs with allele frequencies in 10 meta-
analyses from 117 original studies and 16 SNPs with genotype
frequencies in eight meta-analyses from 101 original studies.
Associations were measured using five different genetic models
(Tables 3, 4).

We found that the rs2710102 polymorphism of CNTNAP2 was
associated with a decreased ASD risk in the allelic (OR = 0.849, 95%
C1=0.734-0.981, P=0.0263), homozygote (OR=10.668, 95% C/=
0.470-0.950, P=0.0248), and recessive (OR=0.715, 95% Cl=
0.563-0.909, P=0.0062) models. In addition, we found that the
mutant allele of rs7794745 (CNTNAP2) increased ASD risk based on
the dominant (OR = 1300, 95% C/=1.109-1.523, P=0.0012) and
heterozygote (OR = 1.275, 95% C/ = 1.081-1.504, P =0.0039) mod-
els. The C677T polymorphism of MTHFR was associated with an
increased ASD risk in the allelic (OR=1.799, 95% C/ = 1.303-2.483,
P=0.0004), dominant (OR=1.959, 95% CI=1402-2.738, P<
0.0001), heterozygote (OR=1.767, 95% (l=1.343-2.330,
P <0.0001), and homozygote (OR = 1.795, 95% Cl = 1.158-2.782, P
=0.0089) models. The rs607755 polymorphism of RELN was
associated with an increased ASD risk in the allelic (OR=1.316,
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95% Cl = 1.029-1.683, P = 0.0284), dominant (OR = 1.520, 95% Cl =
1.061-2.178, P=0.0226), heterozygote (OR=1.483, 95%
C1=1.016-2.165, P=0.0411), and homozygote (OR=1.816, 95%
Cl=1.051-3.136, P =0.0324) models. The rs731236 polymorphism
of VDR was associated with an increased ASD risk in the allelic (OR =
1.297, 95% Cl=1.125-1494, P=0.0003), dominant (OR=1.304,
95% Cl = 1.082-1.571, P = 0.0053), homozygote (OR = 1.741, 95% C/
=1.258-2.409, P=0.0008), and recessive (OR=1.613, 95% Cl=
1.187-2.190, P =0.0022) models. In addition, we found that the
mutant allele of rs7975232 (VDR) decreased ASD risk (OR=0.823,
95% Cl = 0.681-0.993, P = 0.0425) based on the allelic model. There
was no significant association between the other SNPs and ASD risk
(all P>0.05; Table 4).

As for the results of PI, the null value was excluded in only four
SNPs of rs2710102 (CNTNAP2) under the allelic, homozygote, and
recessive models; rs7794745 (CNTNAP2) under the heterozygote
model; rs607755 (RELN) and rs731236 (VDR) under the allelic and
homozygote models (Table 4). When evaluating small-study
effects using Egger's regression asymmetry test, evidence for
statistically significant small-study effects in the meta-analyses
was identified in some SNPs. Supporting evidence included a
meta-analysis on A1298C (MTHFR) under the allelic, dominant, and
heterozygote models; a meta-analysis on C677T (MTHFR) under
the five genetic models; a meta-analysis on rs20317 (GABRB3)
under the dominant and heterozygote models; one each on

Translational Psychiatry (2022)12:249
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- no data/data not complete.

S. Qiu et al.

rs736707 (RELN) and rs1544410 (VDR) under the recessive and
allelic models, respectively; and three meta-analyses on rs607755
(RELN), 5-HTTLPR (SLC6A4), and rs7975232 (VDR) under the
heterozygote model (P < 0.10).

Hints of excess-statistical-significance bias were observed in
rs2710102 (CNTNAP2) under the allelic, homozygote, and recessive
models; rs4680 (COMT) under the allelic model; rs20317 (GABRB3)
under the heterozygote model; A1298C (MTHFR) under allelic,
dominant, heterozygote, and recessive models; C677T (MTHFR)
under homozygote and recessive models; rs736707 (RELN) under
allelic, dominant, and homozygote models; 5-HTTLPR (SLC6A4)
under allelic and recessive models; rs11568820 (VDR) under the
dominant model; and rs731236 (VDR) under the heterozygote
model, with statistically significant (P < 0.05) excess of positive
studies (Table 4).

We categorized the strength of the evidence of 20 SNPs for
ASD into five levels. According to the criteria for the level of
evidence, for rs2710102 (CNTNAP2), the P-value based on the
random effects model was significant at P <0.05 under allelic,
homozygote, and recessive models. Between-study heterogeneity
was not significant (P>0.10, 1*<50.0%), the 95% PI did not
exclude the null value, and there was no excess significance bias
(P>0.05) under the five genetic models. For rs7794745
(CNTNAP2), the P-value based on the random effects model was
significant at P < 0.05 under dominant and heterozygote models.
For C677T (MTHFR), there was a total of 2147 ASD cases, which
was > 1000, and the P-value based on the random effects model
was significant at P< 107> under allelic, dominant, and hetero-
zygote models. Moreover, it was significant at P < 0.05 under the
homozygote model. Between-study heterogeneity was large (/*>
50.0%) under the five genetic models, the 95% P/ did not exclude
the null value under the five genetic models, and there was no
excess significance bias (P> 0.05) under allelic,c dominant, and
heterozygote models. For rs731236 (VDR), there was a total of
1088 ASD cases, which was >1000, the P-value based on the
random effects model was significant at P < 107> under allelic and
homozygote models, and the P-value was significant at P <0.05
under dominant and recessive models. Between-study hetero-
geneity was not significant (P>0.10, °<50.0%), the 95% PI
excluded the null value, and there was no small-study effect (P >
0.10) and excess significance bias (P > 0.05) under the five genetic
models (Table 4). Thus, the rs2710102 (CNTNAP2) was graded as
weak evidence (class IV) under allelic, homozygote, and recessive
models; rs7794745 (CNTNAP2) was graded as weak evidence
(class IV) under dominant and heterozygote models; the C677T
(MTHFR) was graded as suggestive evidence (class Ill) under
allelic, dominant, and heterozygote models; C677T (MTHFR) was
graded as weak evidence (class IV) under the homozygote model;
VDR (rs731236) was graded as suggestive evidence (class Ill)
under allelic and homozygote models; and VDR (rs731236) was
graded as weak evidence (class IV) under dominant and recessive
models.

DISCUSSION

This UR summarizes evidence on the genetic basis of ASD. Our
study design provides a robust and significant synthesis of
published evidence and increases the conclusive power with more
precise estimates. Overall, 12 significant SNPs of CNTNAP2, MTHFR,
OXTR, SLC25A12, and VDR were identified from 41 SNPs of nine
candidate genes in 28 meta-analyses. Of those, associations with
suggestive evidence (class Ill) were the C677T polymorphism of
MTHFR (under allelic,c dominant, and heterozygote models) and
rs731236 polymorphism of VDR (under allelic and homozygote
models). Associations with weak evidence (class IV) were the
rs2710102 polymorphism of CNTNAP2 (under allelic, homozygote,
and recessive models), rs7794745 polymorphism of CNTNAP2
(under dominant and heterozygote models), C677T polymorphism
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(0.536-1.022)
0.759

0.014 0.542-1.071 0.766 Non-

0.834

0.1168 0.0

0.1118

Fixed

Heterozygote

significant

(0.540-1.066)
0.528

Non-

0.300

0.615 0.119-2.306

0.091

0.1558 583

0.1558

Random

Homozygote

significant

(0.218-1.276)

0.735

0.663 0.263-2.053 0.152 Non-

0.055

0.3137 65.5

0.3137

Random

Recessive

significant

(0.404-1.337)

PI Prediction interval.

of MTHFR (under homozygote model), and rs731236 polymorph-
ism of VDR (under dominant and recessive models).

ASD remains a ‘disease of theories’, as multiple genes and
environmental risk factors are probably involved in its pathogen-
esis. However, to date, the etiology and pathological mechanism
of ASD are still unknown [57]. The genetic architecture of ASD is
complex. Moreover, most research in this field has focused on
candidate genes, primarily those with a plausible role in the
known underlying pathophysiology, including mitochondrial
dysfunction, abnormal neurodevelopment, and dysfunction of
synapse formation and stability during neurodevelopment
[58, 59].

CNTNAP2 is a member of neurexin superfamily and is a synaptic
protein [60]. It plays a major role in neural development, crucial for
neural circuit assembly [61]. CNTNAP2 mutations may be linked to
the abnormal behavior of ASD by altering synaptic neurotransmis-
sion, functional connectivity, and neuronal network activity
[61, 62]. The rs2710102 and rs7794745 are two common non-
coding variants in CNTNAP2, with four and three meta-analyses
reporting the associations with ASD, respectively. The results of
the meta-analysis by Uddin et al. were inconsistent with the other
authors’ [44]. We further re-analyzed and categorized the
strengths of evidence. Both the rs2710102 and rs7794745
polymorphisms of CNTNAP2 were associated with decreased risk
of ASD. The rs2710102 was graded as having a weak association
with ASD under allelic, homozygote, and recessive models. The
rs7794745 was graded as having a weak association with ASD
under dominant and heterozygote models. Therefore, it is likely
that the rs2710102 and rs7794745 polymorphisms of CNTNAP2
influence the risk of ASD.

MTHEFR is one of the most frequently-researched genes in ASD,
with four and eight meta-analyses for A1298C [29, 31-33] and
C667T [29-36] polymorphisms, respectively. The A1298C and
C667T polymorphisms of MTHFR are associated with reduced
enzymatic activity, which affects folate metabolism, and, conse-
quently, fetal brain development [29, 32, 33]. Dysfunction of the
brain is indicated in ASD etiology; thus, MTHFR has been the focal
point of investigation in this disorder. The meta-analysis by Li et al.
was selected because it was the most recent among the examined
meta-analyses [34]. The genotype distributions of the A1298C and
C667T polymorphisms of MTHFR in the control group were not
found in the HWE, which may be due to selection bias, population
stratification, and genotyping errors within the original studies.
We found no significant association between the A1298C
polymorphism of MTHFR and ASD risk in the five genetic models,
which was consistent with the four meta-analyses, indicating that
the A1298C polymorphism of MTHFR may not be a risk SNP of
ASD. We found that the C667T polymorphism of MTHFR was
associated with an increased risk of ASD, graded as having
suggestive association under allelic, dominant, and heterozygote
models and weak association under the homozygote model. Thus,
the C667T polymorphism of MTHFR may confer ASD risk.

OXTR, a neuropeptide gene, is also one of the most frequently-
studied genes associated with ASD [45]. Oxytocin plays an
important role in a range of human behaviors, including affiliative
behavior to social bonding, and is differentially expressed in the
blood of individuals with autism compared to that of non-autistic
individuals [45, 63]. Three meta-analyses investigated 19 SNPs and
ASD risk. Of these, only rs2254298 and rs53576 were analyzed in
two meta-analyses [45, 46], and the remaining SNPs were unique
in one meta-analysis. Three SNPs (rs2268491, rs237887, and
rs7632287) were significantly associated with ASD risk [45, 46];
however, we failed to determine the credibility of the evidence
because of the lack of original data.

RELN encodes a large secreted extracellular matrix protein
considered to be involved in neuronal migration, brain structure
construction, synapse formation, and stability during neurodeve-
lopment [59]. Fatemi et al. found decreased levels of reelin mRNA
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and protein and increased levels of reelin receptors in the brain
and plasma of individuals with autism [64]. Dysfunction of the
reelin signaling pathway has been found in ASD, schizophrenia,
epilepsy, bipolar disorder, mental retardation, depression, Alzhei-
mer’s disease, and lissencephaly [59, 65]. Genetic association
studies have been conducted to investigate the associations
between SNPs within RELN and ASD with conflicting results. None
of the three meta-analyses found significant associations [48-50].
The meta-analysis by Herndndez-Garcia et al. was retained for
further analysis of the original studies after comparing publication
years and sample sizes of the three meta-analyses [50].
Herndndez-Garcia et al. did not find a significant association
between RELN and ASD risk [50]. In our analysis, because there was
no substantial statistical heterogeneity under the five genetic
models (all P>0.10, I’ <50%), a fixed model was applied to pool
the effect size. We found that the rs607755 of RELN was associated
with ASD risk in allelic, dominant, heterozygote, and homozygote
models. This inconsistent result was caused by different pooling
methods, indicating that it is necessary to perform an UR to
provide a robust synthesis of published evidence and evaluate the
importance of genetic factors related to ASD. Our UR results
showed that the rs607755 of RELN was not significant when we
categorized the strength of the evidence. Thus, it may not be a risk
factor for ASD.

SLC25A12 encodes the mitochondrial aspartate/glutamate carrier
of the brain, a calcium-binding solute carrier located in the inner
mitochondrial membrane that is expressed principally in the heart,
brain, and skeletal muscle [66, 67]. Rossignol et al. found that
individuals with ASD had a significantly higher prevalence of
mitochondrial diseases than that of controls, indicating the
involvement of mitochondrial dysfunction in ASD [58]. Thus, an
increasing number of genetic studies on ASD have focused on
SLC25A12. However, the results on the association between SNPs of
SLC25A12 and ASD risk are inconsistent. Two meta-analyses were
performed by Aoki et al. [53] and Liu et al. [54], and despite
differences in the number of studies between the two meta-analyses,
both found a higher risk of ASD in individuals with the mutant allele
of rs2056202 or rs2292813. However, we failed to determine the
credibility of the evidence because of a lack of original data.

Vitamin D plays a significant role in brain homeostasis,
neurodevelopment, and immunological modulation, and its
deficiency has been reported in children with ASD [68]. Hence,
changes in the genes involved in the transport or binding of
vitamin D may be associated with ASD risk. Notably, vitamin D
exerts its effects on genes via the VDR gene, to which changes
may be an underlying risk factor for ASD. Sun et al. [55] and Yang
et al. [56] performed meta-analyses to pool the effect size of
inconsistent conclusions from original studies on the associations
between SNPs in VDR and ASD risks. We further re-analyzed and
categorized the strengths of evidence. The rs731236 polymorph-
ism of VDR was associated with an increased risk of ASD, graded
as having a suggestive association under allelic and homozygote
models and a weak association under dominant and recessive
models without small-study effects, excess significance bias, and
large heterogeneity. It is likely that the VDR rs731236 polymorph-
ism influences the risk of ASD.

Our study has some limitations. First, associations between
several SNPs and ASD risks under five genetic models or in
different populations were not fully assessed in our UR, partly due
to insufficient original data. Second, our UR is limited by
significant heterogeneity that may be caused by population
stratification, study design, and differences in the pattern of
linkage disequilibrium structure. Finally, ASD is a complex disorder
with different causative factors (multiple genetic and environ-
mental factors). We did not investigate the involvement of
environmental factors in ASD. Despite these limitations above,
our UR includes its prospective registration with PROSPERO, an
extensive search strategy, clear criteria of inclusion and exclusion,
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duplicated processing by two authors, accurate quality assess-
ment, systematic assessment and critical comparison of meta-
analyses, and consistent standards for re-analysis of original data.

In conclusion, our UR summarizes evidence on the genetics of
ASD and provides a broad and detailed overview of risk genes for
ASD. The rs2710102 and rs7794745 polymorphisms of CNTNAP2,
C677T polymorphism of MTHFR, and rs731236 polymorphism of
VDR may confer ASD risk. This study will aid clinicians in decision-
making through the use of evidence-based information on the
most salient candidate genes relevant to ASD and recommenda-
tions for future treatment, prevention, and research.
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