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A new locus regulating MICALL2 expression was identiﬁed
for association with executive inhibition in children with
attention deﬁcit hyperactivity disorder
L Yang1,11, S Chang2,3,11, Q Lu1, Y Zhang4, Z Wu1, X Sun1, Q Cao1, Y Qian1, T Jia5,6, B Xu5,6, Q Duan7, Y Li7,8,9, K Zhang2, G Schumann5,6,
D Liu10,12, J Wang2,3,12, Y Wang1,12 and L Lu1
Impaired executive inhibition is a core deﬁcit of attention deﬁcit hyperactivity disorder (ADHD), which is a common childhoodonset psychiatric disorder with high heritability. In this study, we performed a two-stage genome-wide association study of
executive inhibition in ADHD in Han Chinese. We used the Stroop color-word interference test to evaluate executive inhibition.
After quality control, 780 samples with phenotype and covariate data were included in the discovery stage, whereas 922 samples
were included in the replication stage. We identiﬁed one new signiﬁcant locus at 7p22.3 for the Stroop word interference time
(rs11514810, P = 3.42E − 09 for discovery, P = 0.01176 for replication and combined P = 5.249E − 09). Regulatory feature analysis and
expression quantitative trait loci (eQTL) data showed that this locus contributes to MICALL2 expression in the human brain. Most
genes in the network interacting with MICALL2 were associated with psychiatric disorders. Furthermore, hyperactive-impulsive-like
behavior was induced by reducing the expression of the zebraﬁsh gene that is homologous to MICALL2, which could be rescued by
tomoxetine (atomoxetine), a clinical medication for ADHD. Our results suggested that MICALL2 is a new susceptibility gene for
executive inhibition deﬁciency related to hyperactive-impulsive behavior in ADHD, further emphasizing the possible role of
neurodevelopmental genes in the pathogenic mechanism of ADHD.
Molecular Psychiatry advance online publication, 18 April 2017; doi:10.1038/mp.2017.74

INTRODUCTION
Attention deﬁcit hyperactivity disorder (ADHD) is a common
psychiatric disorder with a worldwide prevalence of ~ 5%.1
Genetic epidemiological studies have revealed that gene variants
constituted the primary etiology of ADHD, with a heritability
estimated to be 0.76.2 Candidate gene association studies have
identiﬁed several genes involved in the biosynthesis, release,
transmission and metabolism of neurotransmitters contributing to
the development of ADHD.3 However, these genes had only a
3.3% effect on the phenotypic variation of ADHD and interpreted
only 4.3% of the average heritability.2,4–6 In recent years, several
genome-wide association studies (GWAS) of ADHD suggested that
some genes related to neuronal development might be associated
with ADHD,7–10 but none of these genes had a signiﬁcant
genome-wide association with the behavioral phenotype. Thus,
new and validated pathogenic genes remain to be discovered.
One reason for the lack of signiﬁcant genetic results is that ADHD
is a heterogeneous disorder. The same clinical presentation of

inattention, hyperactivity and impulsivity may have different
etiological contributors. Endophenotypes are intermediate phenotypes, which are involved at a level between genes and phenotypes,
and are closer to the gene function. Many neuropsychological
features have been suggested to be endophenotypes of ADHD, of
which inhibition has the most supporting evidence.11–15 Inhibition is
one important component of executive function,16–20 which
regulates general cognitive processes. The psychological concept
of inhibition refers to negative control by the higher centers over the
lower centers of the nervous system. According to previous studies,
impaired inhibition, which is closely related to the symptom
impulsivity, was the core impairment in ADHD patients.21–23 Therefore, revealing the mechanism of impaired inhibition may help to
develop a deep understanding of the etiology of ADHD.
As catechol-O-methyltransferase (COMT) largely regulates the
synaptic availability of dopamine in the prefrontal cortex, which
mediates executive function, several investigators have tested the
association of COMT with aspects of executive function. The
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association of COMT with set shifting was ﬁrst reported in a
healthy sample.24 Using a stop-signal task, Mione et al.25 reported
an interaction between COMT Val158Met and gender on response
inhibition, showing that male subjects with the Val/Val genotype
had poorer inhibition abilities. This association was further
demonstrated by van Goozen et al.26 in 194 male adolescents
with ADHD, in which the COMT Val allele predicted poorer
response inhibition and set-shifting abilities. A signiﬁcant association was also found between the 5-HTT LL genotype and
inhibition in both adolescents and adults,27 in light of the
regulatory effect of serotonin in impulsivity. Further neuroimaging
analysis revealed that variation in 5-HTT affects neural activation in
the inferior and medial frontal and temporal/parietal regions of
the response inhibition network.28 In a gene–environment
interaction study, short-allele carriers displayed increased activation of the right fusiform gyrus compared with long-allele carriers
during failed inhibition.29 Additionally, several other genes were
investigated to identify their behavioral-cognitive phenotype to
explore ADHD-related endophenotypes. Cummins et al.30 used a
larger sample size and identiﬁed the association of ADRA2A
variants with increased intraindividual variability in response time
as well as with ADHD-like behaviors. However, no GWAS of
inhibition traits in ADHD had been conducted until now.
In this study, we conducted the Stroop color-word interference
test in our ADHD samples to measure their inhibition function.
GWAS for the two traits were then conducted in two independent
ADHD samples to ﬁnd and replicate inhibition-related genetic loci.
Furthermore, a series of bioinformatics analyses and gene
knockdown experiments in an animal model were performed to
investigate the function of the associated loci and the potential
effect of the associated genes on behavior. The ﬁndings may
provide strong evidence for and new insight into the pathological
mechanisms of executive inhibition and ADHD.
MATERIALS AND METHODS
Study samples and executive inhibition assessment
All the participants, who were recruited from the Child and Adolescent
Psychiatric Outpatient Department of Peking University Sixth Hospital, met
the DSM-IV ADHD diagnostic criteria. The clinical diagnosis was ﬁrst made
by a senior child and adolescent psychiatrist based on the parent- and
teacher-completed ADHD Rating Scale-IV and was then conﬁrmed by a
semistructured interview with the parents and child, performed using the
Chinese version of the Clinical Diagnostic Interview Scale.31 Those with
major neurological disorders (e.g., epilepsy, schizophrenia, pervasive
development disorder and mental retardation (IQ o 70)) were
excluded;7 IQ was assessed using the Chinese version of the Wechsler
Intelligence Scale for Children, third edition. Most subjects were drug
naive. For those who had been medicated, the drug was washed out for at
least 1 month before the patient was recruited. The study was approved by
the Institutional Review Board of Peking University Sixth Hospital. Written
informed consent was obtained from parents of the ADHD probands. We
used a two-stage study design and collected consecutive samples. The
discovery sample was 1040 children and adolescents with ADHD, who
were recruited before August 2011. Those recruited thereafter constituted
the replication sample, with 1192 cases.
We used the Stroop color-word interference task to assess executive
inhibition. The child and adolescent psychiatrist monitored all the tests
conducted on patients and collected the data. The task included four
sessions. At the beginning, thirty stimuli were presented in a 10 × 3 matrix
for three cards each (21 × 29.7 cm2). In the ﬁrst session, the subjects were
asked to read the names of colors (red, green, yellow and blue) printed in
black ink. In the second session, they were asked to name the colored
squares (red, green, yellow and blue). In the third session, the subjects
were asked to read the color words printed in different colors. In the fourth
session, they were asked to name the colors of the ink. The time required
to complete each session was recorded. The color interference time (CIT)
equals to the time required to complete session 3 minus that for session 1,
whereas the word interference time (WIT) equals to the time required to
complete session 4 minus that for session 2. Both the CIT and WIT reﬂected
interference inhibition.
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Genotyping, quality control and association test
For the ﬁrst stage of the study, genotypes were obtained using the
Affymetrix 6.0 array from CapitalBio (Beijing, China). After mapping the
single-nucleotide polymorphism (SNP) probes to SNPs with rs numbers,
653 428 SNPs remained. A total of 1026 cases remained after removing
those individuals with per-individual autosomal heterozygosity 45 s.d.
away from the mean, without age or IQ information, with a per-individual
call rate o 95% or with relatives with a genome identity PI_HAT ⩾ 0.185.
Then, principal component analysis was conducted for the remaining
samples using the SNPs with low linkage disequilibrium (LD) using the
EIGENSOFT 4.2 software,32,33 as described previously.34 Only the eigenvector 1 was signiﬁcant in the Tracy–Widom test and thus was used as a
covariate in the subsequent statistical analysis. Furthermore, 644 166 SNPs
remained after removing those SNPs with a per-SNP call rate o98%, a
Hardy–Weinberg equilibrium test Po0.001, or a minor allele frequency
o1%. Association analysis was conducted for each quantitative trait using
an additive linear regression model in PLINK,35 with age, IQ, sex and
eigenvector 1 of principal component analysis as covariates. Genotyping at
the replication stage was performed using the iPLEX MassARRAY Platform
(Sequenom, San Diego, CA, USA). After excluding individuals with a call
rate o95%, three SNPs with genotype data in 1174 samples were used for
the replication stage and for the combined analysis with the discovery
GWAS. Association analyses for the replication stage were implemented,
with sex, IQ and age as covariates. In the combined analysis, eigenvector 1
was also used as a covariate (eigenvector 1 was set to zero for the samples
from replication). Po5 × 10 − 8 was considered genome-wide signiﬁcance.
All reported P-values were two sided.

Imputation and association analysis after imputation
We used MACH-admix 1.036 to impute non-genotyped SNPs, using the ASN
data (286 individuals) from the 1000 Genomes Project Integrated Phase 1
Release37 as the reference panel. Imputed SNPs with a squared correlation
between imputed and true genotypes (rsq) o0.6 or SNPs with minor allele
frequency o0.01 were removed. Association analysis after imputation was
performed using mach2qtl.38 For signiﬁcant loci, to combine the discovery
stage data and the replication stage data, the genotype was extracted
from the imputation data, and the association results were analyzed
using PLINK.

Regulatory feature analysis and network construction
The regulatory features related to the signiﬁcant SNP were obtained from
rVarBase39 and ENCODE in UCSC Genome Browser.40 The LD-block region
denoted by rs11514810 and its LD proxies were used as the input in
rVarBase and UCSC ENCODE Browser. In rVarBase, we checked the
regulatory features by mapping each SNP in this block. In UCSC ENCODE
Browser, tracks included UCSC Genes, transcription, integrated regulation
from ENCODE for the H3K27ac mark and DnaseI hypersensitivity clusters,
transcription factor ChIP-Seq uniform peaks, chromatin state segmentation
by HMM, chromatin interaction analysis paired-end tags and common
SNPs (146). To explore the affected gene expression, the expression
quantitative locus for rs11514810 was examined in the UK Brain Expression
Cohort data set (GSE46706).41 Detailed processing and exclusion criteria
have been described elsewhere,41 and eQTL analysis was described by
Ramasamy et al.42 The expression plot was generated using BRAINEAC
(http://www.braineac.org/) by searching for MICALL2, selecting its transcript, t3035223, and then stratifying its expression by SNP rs11514810.
The MICALL2-interacting genes were from PINA v243 and InWeb,44 and the
MICALL2-coexpressed genes were from GeneMANIA.45

Validation of MICALL2 function in zebraﬁsh
The wild-type Tübingen strain zebraﬁshes used in this study were provided
by the College of Life Science at the Peking University. The animal
experiments were approved by the Institutional Animal Care and Use
Committee of Peking University (LSC-LiuD-01). A Micall2b splice-blocking
morpholino oligonucleotide (MO) was designed to bind exon 2/intron 2 to
inhibit Micall2b splicing after transcription (Figure 3a). Another MO with
5 bp mismatches was used as a control (hereafter called MIS). Embryos
were injected with 1 nl of MO/MIS at the one-cell stage and maintained at
28.5 °C in E2 zebraﬁsh embryo medium. Thirty embryos were ﬁxed in
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) at 3 days post fertilization
(d.p.f.), and RNA was extracted using isopropyl alcohol and trichloromethane
and then reverse transcribed into cDNA using a FastQuant RT Kit
© 2017 Macmillan Publishers Limited, part of Springer Nature.
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(with gDNase) (Tiangen, Beijing, China). Real-time PCR was performed to
amplify cDNA and to detect changes in gene expression. The locomotion
of larvae was analyzed at 6 d.p.f. Larvae injected with MO in E2 and four
doses of tomoxetine (produced by Tocris Bioscience, Bristol, UK; alternative
name is atomoxetine, 5, 10, 15, 20 μM) as well as larvae injected with the
MIS control were placed in a 48-well plate, with one larva per well; 8 larvae
for each group. The total sample size was estimated by experience in
reference to previous studies. All larvae were habituated in the well for
10 min. The total swimming distance and average velocity of the larvae
were recorded for 15 min using a Danio Vision Tracking System from
Noldus Information Technology (Wageningen, The Netherlands). The data
were analyzed using Ethovision 10.0 software (Noldus Information
Technology).

RESULTS
SNPs associated with the Stroop color-word interference test
After quality control for the genotype data as well as phenotype
and covariate data cleaning were performed, a total of 780
individuals tested with the Stroop color-word interference test
were included in the GWAS discovery stage; one individual had a
missing CIT value. In the replication stage, 922 samples were
included. The demographic description, IQ information and
cognitive-behavioral phenotype data comparison for the discovery and replication samples are presented in Table 1. The
distribution of the CIT and WIT for the discovery stage and the
replication stage are shown in Supplementary Figure 1.
Three loci showing signiﬁcance or trend signiﬁcance with the
Stroop WIT in the discovery stage were identiﬁed through
association analysis (Table 2). One of these loci is the signiﬁcant
locus in 7p22.3 (rs11514810, P = 3.42E − 09, BETA = 14.95 (10.05,
19.85)) (regional plot shown in Figure 1). Another locus located in
15q22.31 near gene MEGF11 (rs5016832, P = 5.04E − 07, BETA =
18.26 (11.2, 25.33)) showed trend signiﬁcance. Association analysis
for the imputation data revealed another signiﬁcant locus for the
WIT near microRNA gene MIR8079 in 13q14.11 (rs73182927,
P = 6.92E − 09, BETA = 56.51 (37.6, 75.42), rsq = 0.94). No signiﬁcant
results were found for the CIT. We attempted to replicate these
three loci for the WIT in the replication stage with 922 samples.
SNP rs11514810 reached the signiﬁcance threshold in the
combined analysis (P = 0.01176, BETA = 5.099 (1.14, 9.058) in
replication stage, P = 5.294E − 09, BETA = 9.31 (9.211, 9.41) in the
combined samples). The other two SNPs were not replicated.
Cross-trait validation for the inhibition-related loci
To further validate the loci identiﬁed as inhibition related, we
performed cross-trait validation for SNPs rs11514810 and
rs73182927 as well as their LD proxies (r240.75) on two Stroop
traits (WIT and CIT). As shown in Supplementary Table 1, the most
signiﬁcant SNP, rs11514810, for the WIT as well as its several LD
proxies also showed a nominal association with the CIT in both the
discovery samples and the replication samples. Rs73182927 near
MIR8079 and its LD proxies were also validated for the CIT in the
discovery stage. These ﬁndings indicate that Stroop word
interference and Stroop color interference may share some
common genetic basis.
Besides the inhibition trait, we have collected three-dimensional
symptoms, namely inattention (CDISatt), hyperactivity-impulsivity
(CDIShi) and overall assessment (CDISall), for the patients
according to the Clinical Diagnostic Interview Scale.21 First, we
calculated the correlations between the Stroop test traits (CIT and
WIT) and these three symptom traits (as shown in Supplementary
Table 2). The result showed that increased Stroop test scores were
associated with the increases in each of the ADHD symptom
scores, in which WIT is signiﬁcantly correlated with hyperactivityimpulsivity score and overall assessment. Furthermore, we
examined the role of WIT as a mediator to mediate the association
between rs11514810 with the ADHD symptoms. We used the
© 2017 Macmillan Publishers Limited, part of Springer Nature.

Table 1. Demographic and behavioral-cognitive features of the
discovery and replication samples
Features
Sex (male, %)
Age (years)
IQ
Stroop CIT
Stroop WIT

Discovery sample
(n = 780)
666
9.88
104.50
6.99
30.25

(85.4%)
(2.41)
(14.54)
(9.75)
(17.50)

Replication sample
(n = 922)
767
10.25
104.14
5.93
29.07

(83.2%)
(2.56)
(13.89)
(9.26)
(17.04)

P-value
0.22
0.00276
0.6
0.0207
0.162

Abbreviations: ANOVA, analysis of variance; CIT, color interference time;
WIT, word interference time. The P-value was calculated using ANOVA. For
the Stroop CIT, the discovery sample size was 779, and the replication
sample was 918.

model 4 in PROCESS46 to bootstrap the sampling distribution of
the indirect effect (where the indirect effect is the reduction in the
strength of the SNP/symptom association that is due to the WIT).
The indirect effect of rs11514810 on the hyperactivity-impulsivity
score (CDIShi) through WIT had a point estimate of 1.0238 and a
95% bias-corrected bootstrap conﬁdence interval of 0.3311–
2.5212, which means the mediation effect was different to zero
even at the lower bound of the conﬁdence interval. These data
showed that SNP rs11514810 accounts for signiﬁcant variation in
ADHD hyperactivity-impulsivity symptoms, in part through the
effects of the SNP on the intermediate phenotype of inhibitory
control.
Genetic mechanism of the signiﬁcant locus rs11514810
Given the strong association of rs11514810 with the WIT, we
further examined the regulatory function and related genes of
rs11514810. LD analysis identiﬁed 66 LD proxies for this SNP
(r240.75). Related regulatory elements identiﬁed when searching
for rs11514810 and its LD proxies included a chromatin interactive
region in MCF-7 and K562 cell lines. The chromatin interactive
region containing this LD block spans genes MICALL2, INTS1 and
PSMG3, among which MICALL2 is the nearest gene to rs11514810.
Regulatory features of SNP rs11514810 and its LD block from
ENCODE are shown in Supplementary Figure 2. One active
regulatory element (an H3K27ac mark) region exists in this LD
block (blue box), along with several active chromatin state
segmentations and transcription factor peaks, which may regulate
the expression of nearby genes. To assess the potential function of
this locus in brain tissue, we tested the association of SNP
rs11514810 with MICALL2 gene expression. eQTL data from the UK
Brain Expression Cohort41 showed that rs11514810 affected
MICALL2 expression in the intralobular white matter, the
hippocampus, the temporal cortex and the occipital cortex
(speciﬁcally the primary visual cortex) (Figure 2). The minor allele
T of rs11514810, associated with strong inhibition dysfunction,
decreased MICALL2 expression in several brain regions. In normal
samples, MICALL2 is expressed in brains at different development
stages (Supplementary Figure 3); thus, decreased MICALL2
expression may affect brain functioning. Furthermore, MICALL2
interacting with CasL-like 2 has been reported to function in
plexin-mediated axonal repulsion.47 To further explore the speciﬁc
function of MICALL2, we mapped a network including MICALL2
and its interacting or coexpressed genes (as shown in
Supplementary Figure 4). Among the 24 genes, all 6 interacting
genes and 6 of 18 coexpressed genes had speciﬁc evidence
indicating their association with psychiatric disorders, including
ADHD,48 schizophrenia49 and major depressive disorder50
(Supplementary Table 3). Thus, MICALL2 may contribute to
disorders related to impaired inhibitory control by interacting
with these genes.
Molecular Psychiatry (2017), 1 – 7
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Table 2.

Loci with PoE − 6 before imputation or PoE − 7 after imputation for the Stroop WIT in the discovery stage

Rep SNP

Chr

Pos

Rs11514810
Rs5016832
Rs73182927a

Chr7
Chr15
Chr13

1 428 476
64 130 426
44 843 625

Mapped gene

A1

P-value

MICALL2
MEGF11
MIR8079

T
G
G

3.42E − 09
5.04E − 07
6.92E − 09

BETA (95% CI)
14.95 (10.05, 19.85)
18.26 (11.2, 25.33)
56.51 (37.6, 75.42)

Abbreviations: CI, conﬁdence interval; SNP, single-nucleotide polymorphism; WIT, word interference time. aThis SNP is from imputation.

Figure 1.

Regional plot for the signiﬁcant locus rs11514810 for the Stroop word interference time.

Figure 2. The effect of rs11514810 on MICALL2 expression. The study of expression quantitative trait loci in brain tissue demonstrates the
effect of rs11514810 on MICALL2 gene expression in 10 different brain regions in 134 samples from the UK Brain Expression Cohort (UKBEC).
Boxplot dashed bars mark the 25th and 75th percentiles. CRBL, cerebellar cortex; FCTX, frontal cortex; HIPP, hippocampus; MEDU, medulla
(speciﬁcally inferior olivary nucleus); OCTX, occipital cortex (speciﬁcally primary visual cortex); PUTM, putamen; SNIG, substantia nigra; TCTX,
temporal cortex; THAL, thalamus; WHMT, intralobular white matter.

Validation of MICALL2 function in zebraﬁsh
Two homologous genes of MICALL2 are present in zebraﬁsh; one
of these genes, MICALL2b, is mainly expressed in the nervous
Molecular Psychiatry (2017), 1 – 7

system. After we injected micall2b-MOs into embryos at 3 d.p.f.,
MICALL2b gene expression was decreased compared with that in
the MIS-control group (Figure 3b). Further behavioral testing
© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 3. Zebraﬁsh with decreased micall2b expression showed hyperactive-impulsive behavior, and locomotion activity could be rescued by
treatment with a attention deﬁcit hyperactivity disorder (ADHD) drug. (a) Micall2b splice-blocking morpholino oligonucleotide (Micall2b-MO)
was designed to block splicing at the exon 2/intron 2 boundary. (b) Micall2b expression in MO-injected zebraﬁsh was lower than in mismatch
MO (MIS)-injected control or wild-type (WT) zebraﬁsh at 3 days post fertilization (d.p.f.). (c) The swimming distance of zebraﬁsh injected with
MO (n = 64) was greater than that of MIS-injected animals (n = 62) in 15 min at 6 d.p.f. Locomotion was reduced by treatment with tomoxetine
at 5 μM (n = 28), 10 μM (n = 26), 15 μM (n = 28) and 20 μM (n = 26). (d) The average speed of larvae injected with MO (n = 64) was faster than that
of larvae injected with MIS (n = 64). Changes in speed were rescued by treatment with tomoxetine at 5 μM (n = 29), 10 μM (n = 28), 15 μM (n = 27)
and 20 μM (n = 26). The P-value was calculated using an unpaired t-test; error bars are ± s.e.m. ***Po 0.0005 and *Po0.05.

showed that micall2b morphants displayed a marked increase in
total swimming distance over 15 min (1343.00 ± 87.73 mm in MO
vs 875.60 ± 76.44 mm in MIS, P = 0.0001) (Figure 3c), and a higher
mean swimming speed (2.716 ± 0.1038 mm s − 1 in MO vs
2.325 ± 0.1093 mm s − 1 in MIS, P = 0.01) (Figure 3d). Furthermore,
after treating the larvae with different concentrations of tomoxetine (TX) solution, which is a clinical medication for ADHD, ﬁshes
showed signiﬁcantly decreased total swimming distance
(Figure 3c) (MO E2 vs MO 5 μM TX, MO 10 μM TX, MO 15 μM TX,
MO 20 μM TX: 1343 ± 87.73 vs 717.9 ± 97.89, 590.8 ± 80.31,
479.7 ± 70.01 and 506.9 ± 73.41 mm, respectively; Po0.0001) and
average velocity (Figure 3d) (MO E2 vs MO 5 μM TX, MO 10 μM TX,
MO 15 μM TX, MO 20 μM TX: 2.716 ± 0.1038 vs 1.802 ± 0.1817,
1.529 ± 0.1676, 1.182 ± 0.2572, 1.106 ± 0.1307 mm s − 1, respectively;
Po0.0001) compared with larvae only incubated in E2. A negative
dose–response relationship was observed between the tomoxetine
concentrations and behavioral performance.
DISCUSSION
In this study, a GWAS was conducted to explore genes associated
with impaired executive inhibition in children with ADHD. One
new signiﬁcant locus, rs11514810, near the gene MICALL2 was
identiﬁed to be associated with the word interference time in the
Stroop test. Regulatory feature analysis for this locus showed that
this region contained several transcription factor peaks and active
regulatory elements, which may further inﬂuence the expression
of nearby genes. eQTL data in the brain veriﬁed the effect of SNP
rs11514810 on MICALL2 expression. Our animal experiment further
validated the contribution of MICALL2 to the inhibitory phenotype
in zebraﬁsh. Decreased MICALL2 expression led to hyperactiveimpulsive-like behavior, which could be rescued by treatment with
an ADHD drug.
Mical represents a conserved family of cytosolic multidomain
proteins. According to research on Mical family genes in ﬂies,
Mical genes are mainly expressed in the nervous system and the
© 2017 Macmillan Publishers Limited, part of Springer Nature.

musculature and have roles in axon guidance, myoﬁlament
organization and synaptogenesis.47,51 The connection of MICALL2
with several other genes associated with psychiatric disorders
(Supplementary Figure 4) indicates that MICALL2 might exert
important effects on the development of common phenotypic
features in psychiatric disorders, including ADHD, through
interactions with other genes. For example, MICALL2 could
regulate neurite outgrowth by binding to Rab13,52 which is
encoded by RAB13, and showed increased mRNA expression
during neuronal regeneration. Additionally, MICALL2 could mediate the endocytic recycling of occludin in the tight junctions of
MTD-1A cells53–55 and the migration of transfer Actinin-4
(encoded by ACTN4) from the cell body to the tips of neurites52
through binding to Rab13, which mediates the Dysbindin-1–
necdin–p53 pathway in schizophrenia.56
Inhibition dysfunction is a key deﬁcit of ADHD. By comparing
the inhibitory function of a subset of patients recruited for this
study with a control group, we revealed a consistent inhibitory
deﬁcit of ADHD patients in our previous study.57 Further evidence
from literature suggested inhibitory deﬁcit was heritable58 and
aggregated in the family members of individuals with ADHD.59
Family segregation was also supported by Rommelse et al.60 in a
large family-based study. In McAuley’s study,15 the difference of
response inhibition between ADHD and controls remained
signiﬁcant in adolescence, which was independent of remittent
or persistent of the disorder, suggesting state independence for
inhibitory deﬁcit. All the above evidence supported inhibition
dysfunction as an endophenotype of ADHD. In this study, we
identiﬁed the association of rs11514810 with inhibitory function in
the ADHD sample. By the mediation analysis, we further found
that, although rs11514810 was not associated with ADHD
symptoms, it accounts for indirect effect on ADHD hyperactivityimpulsivity symptom through the effect of the SNP on inhibition.
However, as we did not include a control group in the association
analysis, we cannot conclude that the gene variant identiﬁed
caused inhibitory dysfunction in ADHD. This variant may have also
Molecular Psychiatry (2017), 1 – 7
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been associated with individual differences in inhibitory control in
healthy individuals, which necessitated further elucidation in a
comparable control group. However, given the important role of
executive inhibition in research on psychiatric disorders, this
study, as the ﬁrst signiﬁcant GWAS of behavioral-cognitive
phenotypes, provided important information about the genetic
mechanism of inhibitory function.
In summary, in this study, we used two independent sample
groups to identify and verify the signiﬁcant variant near MICALL2
associated with executive inhibition, as measured using the Stroop
test. Within the same sample used for the GWAS of categorical
ADHD,7 the dimensional neuropsychological endophenotype
appeared to be more sensitive than the behavioral phenotype
for discovering signiﬁcant association signals. Further analysis of
expression regulatory features and studies in an animal model
helped to reveal the possible causal mechanism at the signiﬁcant
locus. The results provide more insight into the pathophysiology
of ADHD through the impairment of executive inhibition, again
highlighting neuronal development in the pathogenic process.
Considering the complexity of cognition and behavior, it is likely
that more genes remain to be discovered in larger samples and
that more aspects of executive function should be discussed.
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