
As leading causes of morbidity that require significant long-term
medical and social care, mental disorders have increasingly
attracted attention in recent years. Schizophrenia, major
depressive disorder and bipolar disorder are the three major
disorders. Numerous family, twin and adoption studies confirmed
that genetic factors play an important role in these mental
disorders.1 Some of the underlying genetic risk factors for these
three disorders have been identified in genetic association studies.
Although the findings from these studies have often been
inconsistent and have not been validated in different populations,
some encouraging results have emerged recently. The CACNA1C
gene has been found to be a risk gene for several major psychiatric
disorders and has been validated in different populations.2–9 This
gene is located at 12p13.3, spanning an approximately 645 kb
genomic region, consists of 56 exons and encodes the alpha-1C
subunit of the L-type voltage-dependent calcium channel
Cav1.2. Cav1.2 couples transient increase of membrane
permeability for calcium-causing cell-membrane depolarisation,
leading to activated intracellular gene transcription and plays an
important role in dendritic development, neuronal survival,
synaptic plasticity, memory formation, learning and
behaviour.10–13 The CACNA1C gene is widely expressed in the
cardiovascular system and the entire nervous system, especially
hippocampus and thalamus of brain.14,15 Genome-wide
association studies (GWASs) have detected the single nucleotide
polymorphism (SNP) rs1006737 in intron of the CACNA1C gene
as a shared risk factor for schizophrenia, bipolar disorder and
major depressive disorder in the White population.4,16 However,
few genetic study of the CACNA1C gene have been carried out
in the Han Chinese population. To investigate whether CACNA1C
is associated with schizophrenia and major depressive disorder in
the Han Chinese population, we genotyped rs1006737 along
with ten other SNPs (online Table DS1) in 1235 people with

schizophrenia, 1045 with major depressive disorder and 1235
controls of Han Chinese origin.

Method

Participants

Our sample set consists of 1235 people with schizophrenia (805
males and 430 females), 1045 participants with major depressive
disorder (729 males and 316 females) and 1235 normal controls
(665 males and 570 females) recruited from the Han Chinese
population. All of the participants in our study were unrelated,
living in Shanghai, China, and were of Shanghai origin. Patients
were out-patients or in-patients whose condition was stable and
were interviewed by two independent psychiatrists and diagnosed
strictly according to DSM-IV criteria.17 All participants gave
informed consent, the details of which had been reviewed and
approved by the local ethical committee. Controls were
randomly selected from the general population in Shanghai.

The mean age of individuals in the schizophrenia group was
36.4 years (s.d. = 9.0). All of the participants with schizophrenia
had paranoid schizophrenia and no lifetime history of an episode
of mania or depression. The mean age of individuals in the major
depressive disorder group was 34.4 years (s.d. = 12.1). They were
carefully selected on the basis that all of them had experienced
at least two distinct major depressive disorder episodes and
displayed no signs of bipolar disorder during the 2-year period
after the onset of depression. The mean age of individuals in
the control group was 30.6 years (s.d. = 11.4). All controls were
randomly selected from the general public of the Han Chinese
population. Volunteers who replied to a written invitation
completed an evaluation of their medical history, with
supplementary questions about psychosis and other major
complex diseases. Before collecting their blood, a face-to-face
interview was conducted that included a physical examination
(height, weight, blood pressure, etc.).
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Background
Common psychiatric disorders are highly heritable, indicating
that genetic factors play an important role in their aetiology.
The CACNA1C gene, which codes for subunit alpha-1C of the
Cav1.2 voltage-dependent L-type calcium channel, has been
consistently found to be the shared risk gene for several
kinds of mental disorder.

Aims
To investigate whether CACNA1C is a susceptibility gene
for schizophrenia and major depressive disorder in the Han
Chinese population.

Method
We carried out a case–control study of 1235 patients with
schizophrenia, 1045 with major depressive disorder and 1235
healthy controls. A tag single nucleotide polymorphism (SNP)

rs1006737 along with another 10 tag SNPs in the CACNA1C
gene were genotyped in all samples.

Results
We found that rs1006737 was associated with both
schizophrenia (Pallele = 0.0014, Pgenotype = 0.006, odds ratio
(OR) = 1.384, 95% CI 1.134–1.690) and major depressive
disorder (Pallele = 0.0007, Pgenotype = 0.003, OR = 1.425, 95% CI
1.160–1.752).

Conclusions
Our findings support CACNA1C being a risk gene for both
schizophrenia and major depressive disorder in the Han
Chinese population.
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Genotyping

Genomic DNA was prepared from peripheral blood samples of
participants using the QuickGene DNA whole blood kit L
protocol. The tag SNP selection was performed using haploview
software, with pair-wise tagging, r250.5 and minor allele
frequency (MAF)50.05.18,19 Details of all 11 SNPs genotyped in
the CACNA1C gene can be found in Table DS1. All SNPs were
genotyped using TaqMan SNP Genotyping Assays on a Fludigm
EP1 platform. All probes were designed and synthesised by Life
Technology. The criteria for excluding poorly performing samples
and SNPs were determined by the genotype calls of each sample
with a call-rate better than 96.5% (online Tables DS2 and DS3).

Statistical analysis

All the parameter calculations, including allele and genotype
frequencies, and Hardy–Weinberg equilibrium analysis were
carried out online using a SHEsis platform on Windows 7 (http://
analysis2. bio-x.cn/myAnalysis.php).20,21 All tests were two-tailed
and statistical significance was assumed at the threshold of 0.05.

Population-stratification analysis

To avoid the false-positive association caused by potential
population stratification, we performed the stratification analysis
on STRUCTURE software on Windows 7 (version 2.3.4, http://
pritch.bsd.uchicago. edu/structure.html).22–25 We used genotype
data from 79 random SNPs to undertake population-stratification
analysis on the third-stage sample set. We obtained data about
these 79 SNPs from 522 HapMap samples, 174 samples from Utah
residents with ancestry from northern and western Europe in the
United States (CEU), 209 samples from Yoruba in Ibadan, Nigeria
(YRI), and 139 samples from Han Chinese in Beijing (CHB)
(HapMap public release 28 at http://hapmap.ncbi.nlm.nih.gov/
cgi-perl/gbrowse/hapmap28_B36/).26 The software assumes that
there were K populations (K is the number of assumed
populations) in the data-set and then tries to find the distinct
populations using the genotype data. Taking into consideration
the immigration and geographical genetic isolation and the fact
that the samples of the two disorders were both recruited from
the same population, we applied the admixture model and
correlated-frequencies model, with a burn-in length of 10 000
and MCMC (Markov chain Monte Carlo) repeats of 10 000. To
make sure the results were consistent, we ran the program several
times at each K from two to seven.

Results

We found that rs1006737 was positively associated with both
schizophrenia (rs1006737: Pallele = 0.0014, Pgenotype = 0.006, odds
ratio (OR) = 1.384, 95% CI 1.134–1.690) and major depressive
disorder (rs1006737: Pallele = 0.0007, Pgenotype = 0.003, OR = 1.425,
95% CI 1.160–1.752) (online Tables DS4 and DS5). Moreover,
after Bonferroni multiple tests correction, rs1006737 was still
significantly associated with both disorders (online Tables DS4
and DS5).

Online Fig. DS1 shows the results of population-stratification
analysis, which is the triangle chart of K = 3. Each angle represents
a possible independent ancestry and the different coloured dots
represent the individuals in assumed population components.
When K= 3, the results described by the triangle chart are best.
The combined population of CEU, CHB and YRI displayed a clear
stratified pattern (Fig. DS1a). Our samples of the two disorders
and controls distributed evenly in the triangle, which indicates
that there was no obvious significant stratification in the

population (Fig. DS1b). When K ranged from two to seven, the
results were consistent with each other. Taken together, we can
therefore conclude that our positive results before correction were
unlikely to have been caused by population stratification. (See
online supplement DS1 for additional results.)

Discussion

Findings relating to the CACNA1C gene

Schizophrenia, major depressive disorder and bipolar disorder are
three severe mental disorders. They not only affect individuals
and their families but also challenge society and health services
worldwide. A high degree of heritability has indicated that genetic
factors play an important role in their aetiologies. The CACNA1C
gene was reported to have a nominal association with bipolar
disorder in a family-based association study.27 Combined with
data from the Wellcome Trust Case–Control Consortium
GWAS,28 Sklar et al reported that rs1006737, within the
CACNA1C gene, was associated with bipolar disorder
(P= 161074) in a GWAS of 1461 people with bipolar disorder
and 2008 controls.9 A subsequent study with a larger sample size
confirmed that rs1006737, in CACNA1C, was associated with
bipolar disorder (P= 7.0610–8, OR = 1.181) in a White
population.2 The CACNA1C gene has also been found to be
associated with other psychiatric disorders. Genetic studies have
discovered that the genotype of CACNA1C was also associated
with schizophrenia5,29 and major depressive disorder.7,30 Green
et al reported in a GWAS that the risk SNP (rs1006737) for bipolar
disorder was also a conferred risk for schizophrenia and early
recurrent major depressive disorder.3 A meta-analysis of two
separate GWASs of people with bipolar disorder and major
depressive disorder revealed that rs1006737 reached genome-wide
significance after combining bipolar with unipolar mood
disorders.4 The consistent findings in genetic studies indicates that
the CACNA1C gene belongs to a class of shared susceptibility
factors for major psychiatric disorders and has likely played an
important role in the pathogenesis of them.

Nevertheless, the mechanisms underlying how genetic changes
in CACNA1C modify risk for developing psychiatric disorders are
still unclear. This gene encodes the alpha-1C subunit of the L-type
voltage-dependent calcium channel Cav1.2. Calcium channels are
involved in various aspects of neuronal development and in the
establishment of maintenance of connectivity during development
and throughout adulthood.31 Previous studies of people with
bipolar disorder have consistently reported elevated basal and
stimulated intracellular calcium levels in peripheral blood
cells.32,33 The evidences suggested that calcium signalling may play
a role in bipolar disorder. Cav1.2 participates in the proper
function of numerous neurological circuits in the hippocampus,
amygdala and mesolimbic reward and motivation systems.34,35

These are strongly implicated in psychiatric disease pathophysiology.
The CACNA1C gene has also been found to be expressed in

many tissues in the human body across various developmental
stages.36 And, it is widely expressed in the brain, especially
hippocampus and thalamus.15 The relevance of CACNA1C to
bipolar disorder was supported by the observed downregulation
of messenger (m)RNA transcripts in mouse brain in response to
lithium.37 Notably, a missense mutation in CACNA1C can
cause Timothy syndrome, which is characterised by multi-organ
dysfunction such as cardiac arrhythmias and cognitive
abnormalities.38 The heterozygous knockout adult mice of
CACNA1C were found expressing decreased Cav1.2 protein levels
and L-type calcium channel current, and protecting against
depression-like phenotypes.39 A larger effect-size study clearly
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indicated that genetic variant at SNP rs1006737 was associated
with changes in brain structure and function in normal controls.40

Genetic variation at rs1006737 may be involved in modulating
gene expression, whereas the risk allele of rs1006737 is associated
with increased expression levels of CACNA1C.29 Three studies
found the rs1006737 risk allele was associated with increased brain
grey matter, either total grey matter volume or in specific brain
regions in healthy controls. 41–43

In our study, the main finding was a significant association
between the CACNA1C gene and both schizophrenia and major
depressive disorder in the Han Chinese population. We have con-
firmed that rs1006737 in CACNA1C was significantly associated
with schizophrenia (Pallele = 0.0014, Pgenotype = 0.006, OR = 1.384,
MAF = 0.101) and major depressive disorder (Pallele = 0.0007,
Pgenotype = 0.003, OR = 1.425, MAF = 0.103) in a case–control
study with a large sample size in the Han Chinese population.
Even when Bonferroni correction (it is considered the most
conservative method) was used, we still found that rs1006737
was associated with schizophrenia (Pallele = 0.028) and major
depressive disorder (Pallele = 0.014). At the same time, we found
another SNP (rs2239015) was significantly associated with schizo-
phrenia (after Bonferroni correction: Pallele = 0.006, Pgenotype = 0.030,
OR = 1.249, MAF = 0.355) (Table DS4).

Nyegaard et al reported that rs1006737 was associated with
schizophrenia (P= 0.015, OR = 1.16, MAF = 0.361) in a case–
control study of 976 people with schizophrenia and 1489 healthy
controls of European origin.5 Green et al have reported that
rs1006737 is associated with major depressive disorder
(P= 0.013, OR = 1.15, MAF = 0.363) in recurrent major depressive
disorder (n= 1196) and UK non-psychiatric comparison groups
(n= 15 316).3 Comparing our results with theirs, the MAFs for
the SNPs were quite different but the ORs are all in the same
direction (for schizophrenia, OR: 1.384 v. 1.16, MAF: 0.101 v.
0.361; for major depressive disorder, OR 1.425 v. 1.15, MAF
0.103 v. 0.363).

Avoiding the potential influence of population stratification in
our samples was important. We therefore used the software
STRUCTURE 2.3.4 and data from 79 additional random SNPs
dispersed on different chromosomes to analyse the potential
population stratification in our samples. We did not detect any
population stratification, and therefore, the results could not be
affected by this confounding factor.

Future directions for research

Given rs1006737 and rs2239015 were both located in introns of
CACNA1C, they were not expected to directly interfere with
properties relating to the structure and function of Cav1.2. We
know that intronic variation is likely to be involved in regulating
gene expression and that extensive alternative splicing exists in the
CACNA1C transcripts. It may potentially generate thousands of
splice variants. Now, it is important to confirm the consequences
of changes in splice variation of CACNA1C on neurophysiology. If
we can find relevant answers, it might be very helpful for deciding
novel therapeutic targets and approaches. In addition, it is also
necessary to test its association with bipolar disorder in a large
sample of individuals of Han Chinese origin in the future.
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