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Abstract
Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders. Recent

studies suggested that calcium channel genes might be involved in the genetic etiology of

ASD. CACNA1A, encoding an alpha-1 subunit of voltage-gated calcium channel, has been

reported to play an important role in neural development. Previous study detected that a sin-

gle nucleotide polymorphism (SNP) in CACNA1A confers risk to ASD in Central European

population. However, the genetic relationship between autism and CACNA1A in Chinese

Han population remains unclear. To explore the association of CACNA1A with autism, we

performed a family-based association study. First, we carried out a family-based associa-

tion test between twelve tagged SNPs and autism in 239 trios. To further confirm the associ-

ation, the sample size was expanded to 553 trios by recruiting 314 additional trios. In a total

of 553 trios, we identified association of rs7249246 and rs12609735 with autism though this

would not survive after Bonferroni correction. Our findings suggest that CACNA1Amight

play a role in the etiology of autism.

Introduction
Autism spectrum disorders (ASD) are a common neurodevelopmental disorder characterized
by abnormality in three domains: deficit in social interaction, impairment in communication
skills, and the presence of stereotyped behaviors [1]. These core symptoms are detected within
the first three years of age. Previous studies reported that ASD affect approximately 1 out of 88
children, with a male to female ratio of 4:1 [2,3]. Autism is generally attributed strong genetic
underpinnings. Twin studies suggested an estimated heritability of almost 90% for autism. The
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risk among siblings of affected individuals is approximately 20–80 times higher than that of the
general population [3].

The calcium ion, one of the most ubiquitous biological signaling molecules, plays important
roles in the central nervous system. Disruption of intracellular calcium homeostasis underlies a
host of neurologic diseases such as seizures and autism [4]. A previous study indicated that
neocortical calcium level in autistic patients is significantly higher than that of healthy controls
[5]. In addition, postmortem analysis of brain tissues from ASD patients showed alterations of
calcium signaling [6]. Moreover, animal models such as Cd38-/- and Cadps2-/- mice with cal-
cium signaling dysfunction have autistic-like behavioral deficits, for example, reduced social
interaction [7, 8]. Taken together, these studies suggest that Ca2+ homeostasis might play a cru-
cial role in the pathogenesis of ASD.

Calcium channels mediate the influx of calcium ions into the cell upon membrane depolari-
zation, and play critical roles in neuronal excitability, depolarization-evoked neurotransmitter
release, and gene expression [9]. Accumulative genetic evidence has implicated the significant
association between calcium channel genes and autism. A previous study reported a de novo
mutation in the exon of CACNA1C, which encodes an alpha 1C subunit of voltage-gated cal-
cium channel, in patients with Timothy syndrome [10], characterized by major developmental
delays, cognitive impairments, and autism spectrum disorders.

Another study revealed that several SNPs, including SNPs in CACNA1C and another cal-
cium channel gene CACNB2, are significantly associated with five major psychiatric disorders,
including ASD [11]. Wang et al. reported suggestive evidence of an association between ASD
and SNPs surrounding CACNA1C [12]. In addition, genome-wide association study revealed
that four SNPs in three calcium channel genes (CACNA1C, CACNA1G, and CACNA1I) are
associated with ASD [13]. These lines of evidence provide strong support for calcium channel
genes as candidate genes of autism.

CACNA1A (calcium channel, voltage-dependent, P/Q type, alpha 1A subunit) encodes an
alpha-1 subunit of voltage-gated calcium channel, is predominantly expressed in the cerebel-
lum, frontal cortex and hippocampus. It was previously shown that the second cistron of CAC-
NA1A encodes a transcription factor mediating cerebellar development [14]. Moreover,
specific ablation of Cacna1a in mouse forebrain results in multiple cognitive impairments, and
Cacna1a knock-out mice show deficits in spatial learning and reduced recognition memory
[15]. Previous studies have demonstrated that mutations in CACNA1A are associated with
three neurologic disorders, including familial hemiplegic migraine, epilepsy, and episodic and
progressive ataxia [16,17]. CACNA1A is located on chromosome 19p13, and a previous study
identified the region of suggestive linkage with autism on 19p13 [18]. Furthermore, a 2-year-
old girl with de novo 19p13 deletion was shown to have severe psychomotor impairment, lan-
guage delay, intellectual disability and seizures [19]. It is known that autism coexist with sei-
zures and mental retardation in up to 30% and 80% of patients, respectively [20]. Interestingly,
a SNP in CACNA1A was found among the top 15 SNPs contributing to ASD diagnosis predic-
tion in a CEU (Utah residents with Northern andWestern European ancestry from the CEPH
collection) cohort [21]. Therefore, we hypothesized that CACNA1Amight be involved in the
etiology of autism.

We performed a family-based association study to assess the association between CAC-
NA1A and autism in Chinese Han population. Our results showed association between
rs12609735 and rs7249246 in CACNA1A with autism in a total of 553 trios though statistical
significance was not reached after Bonferroni correction. These results suggest that CACNA1A
might be a susceptibility gene for autism.

CACNA1AWas Associated with Autism in Chinese Han Population
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Methods and Materials

Ethics Statement
This study was approved by the Ethics Committee of Institute of Mental Health, The Sixth
Hospital, Peking University. All subjects provided written informed consent, and informed
written consent for children was obtained from their biological parents (the children’s legal
guardians).

Subjects
A total of 553 Chinese Han trios (children affected with autism and their unaffected biological
parents) were assessed. By using the genetic power calculator software, we selected a cohort of
239 trios as a discovery cohort. Among the 239 autistic children, 226 were male and 13 female.
Their ages at the clinical assessment ranged from 2 to 17 years, averaging 7.5 years. Then, we
expanded our sample size to 553 trios (1659 individuals) by recruiting 314 additional trios
(median age of 6.0 years old). Of all 553 autistic children, 513 were male and 40 female. The
trios were recruited at the Institute of Mental Health, Peking University, China.

Children with autism were evaluated using the DSM-IV diagnostic criteria by two senior
psychiatrists. For clinical assessment, the Autism Behavior Checklist (ABC) [22] and Child-
hood Autism Rating Scale (CARS) [23] were used. Children with phenylketonuria, fragile X
syndrome, tuberous sclerosis, and chromosomal abnormality by karyotyping analysis were
excluded. To decrease the heterogeneity of the cases, children affected with Asperger disorder
and Rett syndrome were also excluded. Genomic DNA was extracted from peripheral blood of
all individuals using Qiagen QIAamp DNA Kits after informed consent.

SNP selection and genotyping
Genotype data in Chinese Han in Beijing (CHB) from HapMap phase Ⅱ andⅢ were down-
loaded from the HapMap genotype dataset (http://hapmap.ncbi.nlm.nih.gov/). Then, pairwise
tagging in the Tagger module in Haploview version 4.2 program (http://www.broad.mit.edu/
mpg/haploview/) was also carried out to select SNPs that could capture the common genetic
variations (r2>0.8). Furthermore, physical distance between SNPs and minor allele frequency
(MAF)>0.05 were considered. Therefore, twelve tagged SNPs in CACAN1A were selected from
13214919 bp to 13488269 bp on chromosome 19 with a mean inter-SNP distance of 23 Kb
(GRCH38, National Center for Biotechnology Information [NCBI]) (Fig 1).

All SNPs were genotyped using the Sequenom genotyping platform (http://www.sequenom.
com/), which uses the MALDI-TOF (matrix-assisted laser desorption/ionization time-of-
flight) primer extension assay. Primers were designed according to the sequence of the forward
strand from the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/). The iPlex genotyping
assay was used, which resulted in increased plexing efficiency and flexibility for the MassAR-
RAY system through single base primer extension with mass-modified terminators [24,25].

Statistical analysis
The Hardy-Weinberg Equilibrium (HWE) for genotype frequency distributions was tested
using the chi-square goodness-of-fit test. Mendelian inconsistencies were tested using the fam-
ily-based association test (FBAT) software (http://www.biostat.harvard.edu/~fbat/default.
html). Genotypes of families with Mendelian errors were reset to zero. We used Haploview ver-
sion 4.2 to calculate the pairwise D' values for SNPs and construct haplotypes. SNP pairs were
considered to be in strong linkage disequilibrium (LD) if D'>0.7.

CACNA1AWas Associated with Autism in Chinese Han Population
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Association analyses for SNPs were performed using FBAT v1.7.2 [26]. The inheritance
models examined were based on the number of copies of an allele required for increased sus-
ceptibility, and included additive, dominant, and recessive models, defined as follows: (1) addi-
tive, 1 or 2 copies of a risk allele increase the likelihood of possessing a trait in an additive
fashion (i.e., risk with 2 alleles>1 allele>0 allele), (2) dominant, 1 or 2 copies of an allele are
associated with an equal likelihood of having a trait, and (3) recessive, 2 copies of an allele are
necessary to increase the likelihood of having a trait. The inheritance modes of ASD are
unclear. Therefore, the three models were examined. It should be noted that because each SNP
is biallelic, the results for the recessive model is the same as the dominant model (the Z-scores
for the alleles are flipped and in the opposite direction). To decrease type I error, Bonferroni
correction was used, setting the significance level to p<0.0042 (α/n = 0.05/12 = 0.0042).

The FBAT program uses generalized score statistics to perform a variety of transmission
disequilibrium tests (TDT), including haplotype analyses. individual haplotype tests were con-
ducted under the “biallelic”mode in haplotype based association test (HBAT). Meanwhile, the
global haplotype tests of association were performed under “multiallelic”mode in HBAT. Per-
mutation tests were used for multiple testing corrections of haplotype analyses (n = 10,000).

The power for this association study was calculated using the Quanto software, version 1.2.4
(http://biostats.usc.edu/software).

In silico analysis of noncoding variants and expression pattern of
CACNA1A
Two software programs were used to explore the annotations of the noncoding variants. Hap-
loReg v3 (http://compbio.mit.edu/HaploReg) was employed to identify chromatin states, con-
servation and regulatory motif alterations of risk variants and SNPs [27]. In addition, is-rSNP
(http://bioinformatics.research.nicta.com.au/software/is-rsnp/) was used to predict whether a
SNP is a regulatory SNP and the set of transcription factors (TFs) with affected binding [28].
Moreover, expression level of CACNA1A in different brain regions and different cell lines were
measured with Gene Enrichment Profiler tool (http://xavierlab2.mgh.harvard.edu/

Fig 1. A diagram of the position of selected 12 SNPs inCACNA1A. A diagram of the structure of CACNA1A, exons are in black. The selected 12 SNPs
were noted.

doi:10.1371/journal.pone.0142887.g001
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EnrichmentProfiler/index.html) [29]. Dynamic CACNA1A expression along the entire devel-
opment and adulthood in the cerebellar cortex, mediodorsal nucleus of the thalamus, striatum,
amygdala, hippocampus, and 11 areas of neocortex were assessed via the Human Brain Tran-
scriptome database (http://hbatlas.org/pages/hbtd) [30].

Results
All selected 12 SNPs in CACNA1A were successfully genotyped. The genotype concordance
rate in re-genotyped samples by Sequenom was more than 99%. Genotype frequencies and
Hardy-Weinberg equilibrium data in the 239 trios are shown in S1 Table.

For the 12 SNPs with risk allele frequencies ranging from 0.276 to 0.911 in the 239 trios, the
power to detect these risk alleles ranged from 37 to 87%. The power to detect the risk allele fre-
quencies for rs7249246, rs12609735 and rs2419244 was about 87%, increasing to more than
90% after expanding the sample size to 553 trios.

In 239 trios, univariate (single marker) FBAT demonstrated that allele C of rs12609735
showed a preferential transmission from parents to autistic children under an additive model
(C>T, Z = 2.261, p = 0.024; S2 Table). Under a recessive model, the C allele of rs12609735
showed a preferential transmission (rs12609735: C>T, Z = 2.008, p = 0.045). Meanwhile, the G
allele of rs7249246 and the A allele of rs2419244 were under-transmitted from parents to off-
spring (rs7249246: G>T, Z = -2.276, p = 0.023; rs2419244: A>G, Z = -2.039, p = 0.041) (S3
Table). Results for the dominant model was the same as that of recessive model (the Z-scores
for the alleles are flipped and in the opposite direction) (S4 Table)

Then, we expanded the sample size to 553 trios (1659 individuals) to further investigate the
association of three SNPs (rs7249246, rs12609735, and rs2419244) with autism. The genotype
distributions of SNPs in autistic children did not deviate from Hardy-Weinberg equilibrium
except for rs7249246 with p< 0.05. However, the genotype distribution of rs7249246 in
parents did not deviate from Hardy-Weinberg equilibrium (S5 Table).

Under an additive model, univariate FBAT still demonstrated that the C allele of
rs12609735 showed a preferential transmission from parents to children affected with autism
in the 553 trios (C>T, Z = 1.998, p = 0.046; Table 1). Furthermore, the G allele of rs7249246
showed an under-transmission (G>T, Z = -2.668, p = 0.008) under a recessive model
(Table 2). The Z-scores for the alleles calculated by FBAT under the dominant model are
flipped and in the opposite direction (Table 3). However, the statistical sigficance would not
remain after Bonferroni correction.

The two SNPs rs7249246 and rs12609735 were in one LD block (D’ = 0.74) as shown in S1 Fig.
Haplotype analysis was carried out only for the LD block. We found no significant association of

Table 1. Results of association analyses between 3 SNPs inCACNA1A in 553 trios by FBAT under an additive model.

Marker Allele Afreq Fam S E (S) Var (S) Z p

rs7249246 G 0.500 388 372.00 381.50 128.75 -0.837 0.402

T 0.500 388 404.00 394.50 128.75 0.837 0.402

rs12609735 C 0.343 356 306.00 284.50 115.75 1.998 0.046

T 0.657 356 406.00 427.50 115.75 -1.998 0.046

rs2419244 A 0.561 394 423.00 433.00 129.50 -0.879 0.380

G 0.439 394 365.00 355.00 129.50 0.879 0.380

Afreq, allele frequency; Fam, number of informative families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of S

under the null hypothesis (i.e., no linkage and no association).

doi:10.1371/journal.pone.0142887.t001
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the haplotypes constructed from rs7249246 and rs12609735 with autism (Table 4). Genotype data
for the 239 trios and additional 314 trios are shown in S6 Table and S7 Table, respectively.

In silico analysis of function prediction for noncoding variants revealed that rs7249246
might alter six motifs (S8 Table). In addition, rs7249246 and rs12609735 might be regulatory
SNPs, which affect the ability of a transcription factor to bind to DNA (S9 Table). Expression
pattern showed that CACNA1A is highly expressed in the human brain, especially the cerebel-
lum, cerebellum peduncles and hippocampus (S2 Fig). During the developmental stages, CAC-
NA1A expression level increases rapidly before the postnatal 500 days and is maintained at a
relative high level stably in different brain regions throughout life (S3 Fig).

Discussion
In the present study, we performed a family-based association study to investigate the associa-
tion between CACNA1A and autism in Chinese Han population. Our results indicated that
rs7249246 and rs12609735 in CACNA1A were significant associated with autism in 553 nuclear
families though the association was not significant after Bonferroni correction

We observed a deviation from Hardy-Weinberg equilibrium in the affected individuals at
rs7249246, while the genotype distribution of rs7249246 did not deviate from Hardy-Weinberg
equilibrium in parents. This could represent a potentially interesting disease association, since
the deviation was observed only in affected individuals.

CACNA1A is highly expressed in the cerebellum and abundant in the cerebral cortex and
hippocampus throughout life. In the first three years of human life, CACNA1A expression lev-
els increase rapidly in the above brain regions. Strong evidence indicate that CACNA1A signif-
icantly affects the development of the cerebellum and frontal cortex function, maintaining the

Table 2. Association results between 3 SNPs inCACNA1A and autism in 553 trios by FBAT under a recessive model.

Marker Allele Afreq Fam S E (S) Var (S) Z p

rs7249246 G 0.500 251 74.00 93.75 54.81 -2.668 0.008

T 0.500 264 90.00 100.25 58.06 -1.345 0.179

rs12609735 C 0.343 160 60.00 53.25 33.31 1.169 0.242

T 0.657 303 110.00 124.75 69.06 -1.775 0.076

rs2419244 A 0.561 298 105.00 118.00 66.75 -1.591 0.112

G 0.439 220 76.00 79.00 47.25 -0.436 0.663

Afreq, allele frequency; Fam, number of informative families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of S

under the null hypothesis (i.e., no linkage and no association).

doi:10.1371/journal.pone.0142887.t002

Table 3. Association results between 3 SNPs inCACNA1A and autism in 553 trios by FBAT under a dominant model.

Marker Allele Afreq Fam S E (S) Var (S) Z p

rs7249246 G 0.500 264 174.00 163.75 58.06 1.345 0.179

T 0.500 251 177.00 157.25 54.81 2.668 0.008

rs12609735 C 0.343 303 193.00 178.25 69.06 1.775 0.076

T 0.657 160 100.00 106.75 33.31 -1.169 0.242

rs2419244 A 0.561 220 144.00 141.00 47.25 0.436 0.663

G 0.439 298 193.00 180.00 66.75 1.591 0.112

Afreq, allele frequency; Fam, number of informative families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of S

under the null hypothesis (i.e., no linkage and no association).

doi:10.1371/journal.pone.0142887.t003
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balance of excitatory/inhibitory inputs [15], and gene transcription [14]. CACNA1A dysfunc-
tion might lead to cerebellar atrophy [14] and functional deficits of the cerebellum, which usu-
ally are detected in autistic patients [31–34]. In addition, more than thirty mutations in
CACNA1A could cause deficits in neuronal transmission [35,36]. Individuals carrying CAC-
NA1Amutations were shown to present congenital ataxia, cerebellar atrophy and developmen-
tal delay, sharing some clinical features of autism [37,38]. Moreover, forebrain specific
CACNA1A knock-out mice showed impaired synaptic transmission at hippocampal glutama-
tergic synapses, deficits in spatial learning, reduced recognition memory, and reduced anxiety-
like behaviors [15]. Some of these impairments could mimic the clinical symptoms of autism.

Multiple studies have suggested that calcium channel dysfunction might contribute to the
pathogenesis of autism. Previous genetic studies have indicated an association between autism
and CACNA1C [11–13]. A recent study identified rare causal variants of CACNA1F (an X-
linked gene) in ASD patients by resequencing of functional genomic regions [39]. Moreover, a
whole exome resequencing study identified rare de novo alleles of CACNA1D and CACNA1E
as "top de novo risk mutations" for autism [40]. The calcium channel is involved in calcium-
modulated functions, including intracellular signaling, neurotransmitter release and gene
expression. Replicated association studies focus on calcium channel genes and functional
assays of the linked polymorphisms may further expand our understanding of the relationship
between autism and calcium channel function.

To decrease population stratification, we performed a family-based association study.
Although a previous study suggested a SNP in CACNA1A to be among the top 15 SNPs con-
tributing to the ASD diagnosis prediction in a CEU cohort [21], these results have not been
confirmed by replicated research. Here we reported the association between CACNA1A and
autism in Chinese Han population for the first time. Our study indicated that calcium channel
genes might be considered susceptibility genes for autism.

In summary, we detected an association of rs7249246 and rs12609735 in CACNA1A with
autism though this would not survive after Bonferroni correction. Our study indicated that
CACNA1Amight play a role in the pathogenetic mechanism of autism. These findings should
be confirmed by additional larger sample size studies. Further mutation screening and
researches on CACNA1A function are essential to understand the underlying mechanisms of
this gene on autism.

Supporting Information
S1 Fig. The linkage disequilibium (LD) block of three SNPs in CACNA1A in the 553 trios.
Solid spine of LD, D’>0.7; Markers with LD (D’<1 and LOD>2) are shown in pink. Regions of

Table 4. Association of haplotypes constructed from rs7249246 and rs12609735 inCACNA1A.

Marker Haplotypes freq Fam S E (S) Var (S) Z p Global p Permutationa p

rs7249246- rs12609735 G-T 0.456 355.0 352.30 367.42 112.48 -1.422 0.155 0.210 0.187

T-C 0.299 299.8 262.30 246.92 100.15 1.541 0.123

T-T 0.200 285.7 191.70 197.58 82.23 -0.652 0.514

G-C 0.045 85.5 51.70 46.08 18.90 1.284 0.199

a Whole marker permutation test using chisq sum p value, the number of permutation is 10,000; freq, Estimation of haplotype frequencies; Fam, number of

informative families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of S under the null hypothesis (i.e., no linkage

and no association).

doi:10.1371/journal.pone.0142887.t004
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low LD and low LOD scores (D’<1 and LOD<2) are shown in white.
(DOC)

S2 Fig. Enrichment profile of CACNA1A in human various cells/tissues.
(DOC)

S3 Fig. Dynamic expression levels of CACNA1A in the human brain throughout life. CBC,
the cerebellar cortex; MD, mediodorsal nucleus of the thalamus; STR, striatum; AMY, amyg-
dala; HIP, hippocampus; NCX, 11 areas of neocortex
(DOC)

S1 Table. Information of the selected 12 SNPs in CACNA1A and genotype frequencies in
239 autism trios of Han Chinese descent. a Hardy-Weinberg equilibrium p value for genotype
distributions in children affected with autism; b Hardy-Weinberg equilibrium p value for geno-
type distributions in parents.
(DOCX)

S2 Table. Results of association analyses between 12 SNPs in CACNA1A and autism in 239
trios by FBAT under an additive model. Afreq, allele frequency; Fam, number of informative
families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of
S under the null hypothesis (i.e., no linkage and no association).
(DOCX)

S3 Table. Results of association analyses between 12 SNPs in CACNA1A and autism in 239
trios by FBAT under a recessive model. Afreq, allele frequency; Fam, number of informative
families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of
S under the null hypothesis (i.e., no linkage and no association).
(DOCX)

S4 Table. Results of association analyses between 12 SNPs in CACNA1A and autism in 239
trios by FBAT under a dominant model. Afreq, allele frequency; Fam, number of informative
families; S, test statistics for the observed number of transmitted alleles; E(S), expected value of
S under the null hypothesis (i.e., no linkage and no association).
(DOCX)

S5 Table. Information of 3 SNPs in CACNA1A and genotype frequencies in 553 autism
trios of Han Chinese descent. a Hardy-Weinberg equilibrium p value for genotype distribu-
tions in children affected with autism; b Hardy-Weinberg equilibrium p value for genotype dis-
tributions in parents.
(DOCX)

S6 Table. Genotype data of 12 SNPs in 239 trios of Chinese decent.
(XLS)

S7 Table. Genotype data of 3 SNPs in additional 314 trios of Chinese decent.
(XLS)

S8 Table. Functional annotation for rs7249246.
(XLS)

S9 Table. Results of is-rSNP in predicting the effect of rs7249246 and rs12609735 on tran-
scription factors. �p-values adjusted by Benjamini-Hochberg correction;Only BH corrected
p<0.05 are listed.
(XLS)

CACNA1AWas Associated with Autism in Chinese Han Population

PLOS ONE | DOI:10.1371/journal.pone.0142887 November 13, 2015 8 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142887.s012


Acknowledgments
We thank all subjects who participated in this study and our colleagues for their assistance in
recruiting patients. This work was supported by the National Natural Science Foundation of
China (81471383, 81471360), Beijing Municipal Science & Technology Commission
(Z131107002213100). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Author Contributions
Conceived and designed the experiments: DZ LFW. Performed the experiments: JL YY LFW
YYR TLL. Analyzed the data: YY JL HYWHY. Wrote the paper: JL YY LFW ZLW. Collected
the samples: MXJ.

References
1. Liu X, Takumi T. Genomic and genetic aspects of autism spectrum disorder. Biochem Biophys Res

Commun. 2014; 452: 244–253. doi: 10.1016/j.bbrc.2014.08.108 PMID: 25173933

2. Developmental Disabilities Monitoring Network Surveillance Year Principal I, Centers for Disease C,
Prevention. Prevalence of autism spectrum disorder among children aged 8 years—autism and devel-
opmental disabilities monitoring network, 11 sites, United States, 2010. MMWRSurveill Summ. 2014;
63: 1–21. PMID: 25522191

3. Fombonne E. Epidemiology of autistic disorder and other pervasive developmental disorders. J Clin
Psychiatry. 2005; 66 Suppl 10: 3–8. PMID: 16401144

4. Gargus JJ. Genetic calcium signaling abnormalities in the central nervous system: seizures, migraine,
and autism. Ann N Y Acad Sci. 2009; 1151: 133–156. doi: 10.1111/j.1749-6632.2008.03572.x PMID:
19154521

5. Palmieri L, Papaleo V, Porcelli V, Scarcia P, Gaita L, Sacco R, et al. Altered calcium homeostasis in
autism-spectrum disorders: evidence from biochemical and genetic studies of the mitochondrial aspar-
tate/glutamate carrier AGC1. Mol Psychiatry. 2010; 15: 38–52. doi: 10.1038/mp.2008.63 PMID:
18607376

6. Cellot G, Cherubini E. GABAergic signaling as therapeutic target for autism spectrum disorders. Front
Pediatr. 2014; 2: 70. doi: 10.3389/fped.2014.00070 PMID: 25072038

7. Jin D, Liu HX, Hirai H, Torashima T, Nagai T, Lopatina O, et al. CD38 is critical for social behaviour by
regulating oxytocin secretion. Nature. 2007; 446: 41–45. PMID: 17287729

8. Sadakata T, Washida M, Iwayama Y, Shoji S, Sato Y, Ohkura T, et al. Autistic-like phenotypes in
Cadps2-knockout mice and aberrant CADPS2 splicing in autistic patients. J Clin Invest. 2007; 117:
931–943. PMID: 17380209

9. Catterall WA. Voltage-gated calcium channels. Cold Spring Harb Perspect Biol. 2011; 3: a003947. doi:
10.1101/cshperspect.a003947 PMID: 21746798

10. Bidaud I, Mezghrani A, Swayne LA, Monteil A, Lory P. Voltage-gated calcium channels in genetic dis-
eases. Biochim Biophys Acta. 2006; 1763: 1169–1174. PMID: 17034879

11. Cross-Disorder Group of the Psychiatric Genomics C. Identification of risk loci with shared effects on
five major psychiatric disorders: a genome-wide analysis. Lancet. 2013; 381: 1371–1379. doi: 10.
1016/S0140-6736(12)62129-1 PMID: 23453885

12. Wang K, Zhang H, Ma D, Bucan M, Glessner JT, Abrahams BS, et al. Common genetic variants on
5p14.1 associate with autism spectrum disorders. Nature. 2009; 459: 528–533. doi: 10.1038/
nature07999 PMID: 19404256

13. Lu AT, Dai X, Martinez-Agosto JA, Cantor RM. Support for calcium channel gene defects in autism
spectrum disorders. Mol Autism. 2012; 3: 18. doi: 10.1186/2040-2392-3-18 PMID: 23241247

14. Du X, Wang J, Zhu H, Rinaldo L, Lamar KM, Palmenberg AC, et al. Second cistron in CACNA1A gene
encodes a transcription factor mediating cerebellar development and SCA6. Cell. 2013; 154: 118–133.
doi: 10.1016/j.cell.2013.05.059 PMID: 23827678

15. Mallmann RT, Elgueta C, Sleman F, Castonguay J, Wilmes T, van den Maagdenberg A, et al. Ablation
of Ca(V)2.1 voltage-gated Ca(2)(+) channels in mouse forebrain generates multiple cognitive impair-
ments. PLoS One. 2013; 8: e78598. doi: 10.1371/journal.pone.0078598 PMID: 24205277

16. Garcia Segarra N, Gautschi I, Mittaz-Crettol L, Kallay Zetchi C, Al-Qusairi L, Van Bemmelen MX, et al.
Congenital ataxia and hemiplegic migraine with cerebral edema associated with a novel gain of function

CACNA1AWas Associated with Autism in Chinese Han Population

PLOS ONE | DOI:10.1371/journal.pone.0142887 November 13, 2015 9 / 11

http://dx.doi.org/10.1016/j.bbrc.2014.08.108
http://www.ncbi.nlm.nih.gov/pubmed/25173933
http://www.ncbi.nlm.nih.gov/pubmed/25522191
http://www.ncbi.nlm.nih.gov/pubmed/16401144
http://dx.doi.org/10.1111/j.1749-6632.2008.03572.x
http://www.ncbi.nlm.nih.gov/pubmed/19154521
http://dx.doi.org/10.1038/mp.2008.63
http://www.ncbi.nlm.nih.gov/pubmed/18607376
http://dx.doi.org/10.3389/fped.2014.00070
http://www.ncbi.nlm.nih.gov/pubmed/25072038
http://www.ncbi.nlm.nih.gov/pubmed/17287729
http://www.ncbi.nlm.nih.gov/pubmed/17380209
http://dx.doi.org/10.1101/cshperspect.a003947
http://www.ncbi.nlm.nih.gov/pubmed/21746798
http://www.ncbi.nlm.nih.gov/pubmed/17034879
http://dx.doi.org/10.1016/S0140-6736(12)62129-1
http://dx.doi.org/10.1016/S0140-6736(12)62129-1
http://www.ncbi.nlm.nih.gov/pubmed/23453885
http://dx.doi.org/10.1038/nature07999
http://dx.doi.org/10.1038/nature07999
http://www.ncbi.nlm.nih.gov/pubmed/19404256
http://dx.doi.org/10.1186/2040-2392-3-18
http://www.ncbi.nlm.nih.gov/pubmed/23241247
http://dx.doi.org/10.1016/j.cell.2013.05.059
http://www.ncbi.nlm.nih.gov/pubmed/23827678
http://dx.doi.org/10.1371/journal.pone.0078598
http://www.ncbi.nlm.nih.gov/pubmed/24205277


mutation in the calcium channel CACNA1A. J Neurol Sci. 2014; 342: 69–78. doi: 10.1016/j.jns.2014.
04.027 PMID: 24836863

17. Rajakulendran S, Kaski D, Hanna MG. Neuronal P/Q-type calcium channel dysfunction in inherited dis-
orders of the CNS. Nat Rev Neurol. 2012; 8: 86–96. doi: 10.1038/nrneurol.2011.228 PMID: 22249839

18. McCauley JL, Li C, Jiang L, Olson LM, Crockett G, Gainer K, et al. Genome-wide and Ordered-Subset
linkage analyses provide support for autism loci on 17q and 19p with evidence of phenotypic and inter-
locus genetic correlates. BMCMed Genet. 2005; 6: 1. PMID: 15647115

19. Natiq A, Elalaoui SC, Miesch S, Bonnet C, Jonveaux P, Amzazi S, et al. A new case of de novo
19p13.2p13.12 deletion in a girl with overgrowth and severe developmental delay. Mol Cytogenet.
2014; 7: 40. doi: 10.1186/1755-8166-7-40 PMID: 24963350

20. Berney TP. Autism—an evolving concept. Br J Psychiatry. 2000; 176: 20–25. PMID: 10789321

21. Skafidas E, Testa R, Zantomio D, Chana G, Everall IP, Pantelis C. Predicting the diagnosis of autism
spectrum disorder using gene pathway analysis. Mol Psychiatry. 2014; 19: 504–510. doi: 10.1038/mp.
2012.126 PMID: 22965006

22. Krug DA, Arick J, Almond P. Behavior checklist for identifying severely handicapped individuals with
high levels of autistic behavior. J Child Psychol Psychiatry. 1980; 21: 221–229. PMID: 7430288

23. Schopler E, Reichler RJ, DeVellis RF, Daly K. Toward objective classification of childhood autism:
Childhood Autism Rating Scale (CARS). J Autism Dev Disord. 1980; 10: 91–103. PMID: 6927682

24. Jurinke C, van den Boom D, Cantor CR, Koster H. The use of MassARRAY technology for high
throughput genotyping. Adv Biochem Eng Biotechnol. 2002; 77: 57–74. PMID: 12227737

25. Storm N, Darnhofer-Patel B, van den BoomD, Rodi CP. MALDI-TOF mass spectrometry-based SNP
genotyping. Methods Mol Biol. 2003; 212: 241–262. PMID: 12491915

26. Rabinowitz D, Laird N. A unified approach to adjusting association tests for population admixture with
arbitrary pedigree structure and arbitrary missing marker information. Hum Hered. 2000; 50: 211–223.
PMID: 10782012

27. Ward LD, Kellis M. HaploReg: a resource for exploring chromatin states, conservation, and regulatory
motif alterations within sets of genetically linked variants. Nucleic Acids Res. 2012; 40: D930–934. doi:
10.1093/nar/gkr917 PMID: 22064851

28. Macintyre G, Bailey J, Haviv I, Kowalczyk A. is-rSNP: a novel technique for in silico regulatory SNP
detection. Bioinformatics. 2010; 26: i524–530. doi: 10.1093/bioinformatics/btq378 PMID: 20823317

29. Benita Y, Cao Z, Giallourakis C, Li C, Gardet A, Xavier RJ. Gene enrichment profiles reveal T-cell
development, differentiation, and lineage-specific transcription factors including ZBTB25 as a novel
NF-AT repressor. Blood. 2010; 115: 5376–5384. doi: 10.1182/blood-2010-01-263855 PMID:
20410506

30. Pletikos M, Sousa AM, Sedmak G, Meyer KA, Zhu Y, Cheng F, et al. Temporal specification and bilater-
ality of human neocortical topographic gene expression. Neuron. 2014; 81: 321–332. doi: 10.1016/j.
neuron.2013.11.018 PMID: 24373884

31. Courchesne E, Saitoh O, Townsend JP, Yeung-Courchesne R, Press GA, Lincoln AJ, et al. Cerebellar
hypoplasia and hyperplasia in infantile autism. Lancet. 1994; 343: 63–64. PMID: 7905084

32. Courchesne E, Yeung-Courchesne R, Press GA, Hesselink JR, Jernigan TL. Hypoplasia of cerebellar
vermal lobules VI and VII in autism. N Engl J Med. 1988; 318: 1349–1354. PMID: 3367935

33. Fatemi SH, Halt AR, Realmuto G, Earle J, Kist DA, Thuras P, et al. Purkinje cell size is reduced in cere-
bellum of patients with autism. Cell Mol Neurobiol. 2002; 22: 171–175. PMID: 12363198

34. Hashimoto T, TayamaM, Murakawa K, Yoshimoto T, Miyazaki M, Harada M, et al. Development of the
brainstem and cerebellum in autistic patients. J Autism Dev Disord. 1995; 25: 1–18. PMID: 7608030

35. Pietrobon D. CaV2.1 channelopathies. Pflugers Arch. 2010; 460: 375–393. doi: 10.1007/s00424-010-
0802-8 PMID: 20204399

36. Russell MB, Ducros A. Sporadic and familial hemiplegic migraine: pathophysiological mechanisms,
clinical characteristics, diagnosis, and management. Lancet Neurol. 2011; 10: 457–470. doi: 10.1016/
S1474-4422(11)70048-5 PMID: 21458376

37. Fujioka S, Rayaprolu S, Sundal C, Broderick DF, LangleyWA, Shoffner J, et al. A novel de novo patho-
genic mutation in the CACNA1A gene. Mov Disord. 2012; 27: 1578–1579. doi: 10.1002/mds.25198
PMID: 23038654

38. Garcia-Baro-Huarte M, Iglesias-Mohedano AM, Slocker-Barrio M, Vazquez-Lopez M, Garcia-Morin M,
Miranda-Herrero MC, et al. Phenotypic variability in a four generation family with a p.Thr666Met CAC-
NA1A gene mutation. Pediatr Neurol. 2014; 51: 557–559. doi: 10.1016/j.pediatrneurol.2014.07.008
PMID: 25266619

CACNA1AWas Associated with Autism in Chinese Han Population

PLOS ONE | DOI:10.1371/journal.pone.0142887 November 13, 2015 10 / 11

http://dx.doi.org/10.1016/j.jns.2014.04.027
http://dx.doi.org/10.1016/j.jns.2014.04.027
http://www.ncbi.nlm.nih.gov/pubmed/24836863
http://dx.doi.org/10.1038/nrneurol.2011.228
http://www.ncbi.nlm.nih.gov/pubmed/22249839
http://www.ncbi.nlm.nih.gov/pubmed/15647115
http://dx.doi.org/10.1186/1755-8166-7-40
http://www.ncbi.nlm.nih.gov/pubmed/24963350
http://www.ncbi.nlm.nih.gov/pubmed/10789321
http://dx.doi.org/10.1038/mp.2012.126
http://dx.doi.org/10.1038/mp.2012.126
http://www.ncbi.nlm.nih.gov/pubmed/22965006
http://www.ncbi.nlm.nih.gov/pubmed/7430288
http://www.ncbi.nlm.nih.gov/pubmed/6927682
http://www.ncbi.nlm.nih.gov/pubmed/12227737
http://www.ncbi.nlm.nih.gov/pubmed/12491915
http://www.ncbi.nlm.nih.gov/pubmed/10782012
http://dx.doi.org/10.1093/nar/gkr917
http://www.ncbi.nlm.nih.gov/pubmed/22064851
http://dx.doi.org/10.1093/bioinformatics/btq378
http://www.ncbi.nlm.nih.gov/pubmed/20823317
http://dx.doi.org/10.1182/blood-2010-01-263855
http://www.ncbi.nlm.nih.gov/pubmed/20410506
http://dx.doi.org/10.1016/j.neuron.2013.11.018
http://dx.doi.org/10.1016/j.neuron.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24373884
http://www.ncbi.nlm.nih.gov/pubmed/7905084
http://www.ncbi.nlm.nih.gov/pubmed/3367935
http://www.ncbi.nlm.nih.gov/pubmed/12363198
http://www.ncbi.nlm.nih.gov/pubmed/7608030
http://dx.doi.org/10.1007/s00424-010-0802-8
http://dx.doi.org/10.1007/s00424-010-0802-8
http://www.ncbi.nlm.nih.gov/pubmed/20204399
http://dx.doi.org/10.1016/S1474-4422(11)70048-5
http://dx.doi.org/10.1016/S1474-4422(11)70048-5
http://www.ncbi.nlm.nih.gov/pubmed/21458376
http://dx.doi.org/10.1002/mds.25198
http://www.ncbi.nlm.nih.gov/pubmed/23038654
http://dx.doi.org/10.1016/j.pediatrneurol.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25266619


39. Myers RA, Casals F, Gauthier J, Hamdan FF, Keebler J, Boyko AR, et al. A population genetic
approach to mapping neurological disorder genes using deep resequencing. PLoS Genet. 2011; 7:
e1001318. doi: 10.1371/journal.pgen.1001318 PMID: 21383861

40. O'Roak BJ, Vives L, Girirajan S, Karakoc E, KrummN, Coe BP, et al. Sporadic autism exomes reveal a
highly interconnected protein network of de novo mutations. Nature. 2012; 485: 246–250. doi: 10.
1038/nature10989 PMID: 22495309

CACNA1AWas Associated with Autism in Chinese Han Population

PLOS ONE | DOI:10.1371/journal.pone.0142887 November 13, 2015 11 / 11

http://dx.doi.org/10.1371/journal.pgen.1001318
http://www.ncbi.nlm.nih.gov/pubmed/21383861
http://dx.doi.org/10.1038/nature10989
http://dx.doi.org/10.1038/nature10989
http://www.ncbi.nlm.nih.gov/pubmed/22495309

