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The circadian clock system drives daily rhythms in physiology, metabolism, and

behavior in mammals. Molecular mechanisms of this system consist of multiple clock

genes, with Circadian Locomotor Output Cycles Kaput (CLOCK) as a core member that

plays an important role in awide range of behaviors. Alterations in the CLOCK gene are

associated with common psychiatric disorders as well as with circadian disturbances

comorbidities. This review addresses animal, molecular, and genetic studies evaluating

the role of the CLOCK gene on many psychiatric conditions, namely autism spectrum

disorder, schizophrenia, attention-deficit/hyperactivity disorder, major depressive

disorder, bipolar disorder, anxiety disorder, and substance use disorder. Many animal

experiments focusing on the effects of theClock gene in behavior related to psychiatric

conditions have shown consistent biological plausibility and promising findings. In

humans, genetic and gene expression studies regarding disorder susceptibility, sleep

disturbances related comorbidities, and response to pharmacological treatment, in

general, are in agreement with animal studies. However, the number of controversial

results is high. Literature suggests that the CLOCK gene exerts important influence on

these conditions, and influences the susceptibility to phenotypes of psychiatric

disorders.
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1 | INTRODUCTION

The endogenous circadian timing system controls daily rhythms in

physiology, metabolism, and behavior in mammals. Dysregulations of

circadian rhythmicity, usually manifested in alterations of the sleep-

wake cycle, are often observed as comorbid symptoms in psychiatric

disorders. However, a causative role in these disorders has already

been suggested (Karatsoreos, 2014; Kissling et al., 2008).

The endogenous circadian rhythm is regulated by the master

pacemaker, located in the suprachiasmatic nucleus (SCN) of the

hypothalamus, which coordinates clock rhythms in other brain regions

and peripheral organs in a process that is aligned with external

environmental stimuli (Buhr & Takahashi, 2013; Okamura, Yamaguchi,

& Yagita, 2002; Reppert & Weaver, 2002). The molecular mechanism

of the circadian clock system involves transcription-translation

negative-feedback loops of multiple circadian genes, as well as post-

transcriptional and post-translational modification and degradation of

clock proteins (Buhr & Takahashi, 2013; Ko & Takahashi, 2006;

Okamura et al., 2002; Reppert & Weaver, 2002).

1.1 | CLOCK gene: Function and expression

The human Circadian Locomotor Output Cycles Kaput (CLOCK) gene,

placed at chr4q12 and 119 kb long, is one of the most important genes
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of the endogenous master clock system. Its main function relies on the

transcription activation of downstream core clock genes and the

promotion of rhythmic chromatin opening, also regulating DNA

accessibility of other transcription factors (Doi, Hirayama, &

Sassone-Corsi, 2006; Hirayama et al., 2007). It encodes a protein of

846 amino acids, which acts both as a transcription factor as well as an

acetyltransferase. CLOCK H3 and H4 histone acetylation plays a

pivotal role in the modulation of chromatin structure (Doi et al., 2006).

Briefly, in the maintenance of the core circadian rhythm, CLOCK

protein is able to form a heterodimer with BMAL1 (encoded by Aryl

Hydrocarbon Receptor Nuclear Translocator, ARNTL), and this

heterodimer binds to E-box enhancer elements upstream of Period

(PER1, PER2, PER3) and Cryptochrome (CRY1, CRY2) genes, activating

their transcription. PER and CRY proteins heterodimerize and repress

their own transcription by interacting with CLOCK/BMAL1 com-

plexes. The synchronized expression of circadian genes is essential for

the organization of the 24-hr cycle (Buhr & Takahashi, 2013; Ko &

Takahashi, 2006; Okamura et al., 2002; Reppert & Weaver, 2002). A

natural significant age-dependent rhythmicity was already observed in

the expression of several genes in the human prefrontal cortex,

including PER1 and PER2 (Chen et al., 2016).

Contrary to its function in rhythmic transcription regulation of the

clock-controlled genes, expression of mammal CLOCK is described to

be nearly constitutive in the SCN (von Gall, Noton, Lee, & Weaver,

2003) and, for humans, constitutive expression has also been observed

in peripheral tissues, such as the oral mucosa, skin, and blood

(Balmforth et al., 2007; Bjarnason et al., 2001; Chen et al., 2016). The

simultaneous Clock co-expression in the blood, hippocampus, and

prefrontal cortex in rats suggests its expression in bloodmay be a good

marker of its availability in the brain (Witt et al., 2013). Interestingly, a

large range of inter-individual variation in the expression of CLOCK

mRNA levels was observed in human blood cells at the population level

(Balmforth et al., 2007), suggesting a variety of expression modulation

in the general population. Moreover, a hypomethylation of CLOCK

promoter as well as a higher CLOCK expression in blood cells of

nightshift workers have been observed, (Bhatti et al., 2015; Bracci

et al., 2014; Zhu et al., 2011), demonstrating an association between

circadian modulation and CLOCK regulation and reinforcing the link

between circadian rhythm and epigenetics.

1.2 | Animal models for CLOCK gene

Animal models have been used to aid in understanding the effects of

different genes and proteins on phenotypes. Two main mutations of

Clock have been used with this purposed: Clock semidominant allele

and knockout, which present substantial differences in terms of

phenotype.

ClockΔ19 is a specific semidominant mutation originally identified

in an N-ethyl-N-nitrosourea mutagenesis screen, characterized by the

skip of exon 19 in the Clock gene (King, Vitaterna et al., 1997; King,

Zhao et al., 1997; Vitaterna et al., 1994). The mutant protein lacks the

transactivation domain, and consequently, binds to Bmal1 forming a

nonfunctional heterodimer that prevents the occurrence of typical

transcription-inducing actions of this heterodimer (Vitaterna et al.,

1994). ClockΔ19/Δ19 mice display a long circadian period that

becomes arrhythmic with prolonged exposure to constant darkness

(King, Vitaterna et al., 1997; King, Zhao et al., 1997; Vitaterna et al.,

1994, 2006). ClockΔ19 mice display an increase in cocaine reward and

in the excitability of dopamine neurons in the midbrain ventral

tegmental area (VTA), a key brain reward region that has been

implicated in many psychiatric disorders. At the molecular level, the

mutation is associated with increased expression and phosphorylation

of tyrosine hydroxylase (the rate-limiting enzyme in dopamine

synthesis), as well as changes in several genes known to regulate

dopamine activity in the VTA (McClung et al., 2005). This mutation is

also linked to alterations in circadian phenotype, altered sleep patterns,

hyperactivity, mania-like and depressive-like behaviors, obesity,

metabolic alterations, and increased reward value for cocaine

(McClung et al., 2005; Naylor et al., 2000; Roybal et al., 2007; Rudic

et al., 2004; Turek et al., 2005).

The Clock knockout (KO) is a traditional homologous recombina-

tion mutation (DeBruyne et al., 2006), in which mice continue to

express a robust circadian rhythm in locomotor activity, although they

also present altered responses to light. At the molecular and

biochemical extents, null mutant animals present several alterations

in clock genes expression in both SCN and liver. However, the

molecular feedback loops of clock rhythmmaintain its normal function,

suggesting a molecular compensation mechanism (DeBruyne et al.,

2006). In fact, NPAS2, a paralog gene of CLOCK (Hogenesch et al.,

1997; Zhou et al., 1997), is able to dimerize with BMAL1 (Reick, Garcia,

Dudley, & McKnight, 2001) and functionally substitute for CLOCK in

the SCN and in the peripheral tissue (DeBruyne, Weaver, & Reppert,

2007; Landgraf, Wang, & Diemer, 2016).

1.3 | The role of CLOCK in the central nervous
system

Several behavioral and molecular studies suggest an important role of

Clock in neuronal function, mainly in the dopaminergic outputs

regulation, a pathway that is linked to the etiology of many psychiatric

disorders. Tyrosine hydroxylase (TH), cholecystokinin (CCK), andmany

other regulators of dopaminergic transmission are under transcrip-

tional control of the CLOCK protein (Arey et al., 2014; Sidor et al.,

2015). Moreover, expression of dopamine beta hydroxylase (Dbh) and

monoamine oxidase (Mao) zebrafish genes has been shown to be

significantly enhanced when co-transfected with Clock1a/2 and

Bmal1b (Huang et al., 2015). Other neurotransmitter signaling systems

have also been found to be altered following Clock gene disruption,

including the glutamatergic (McClung et al., 2005; Ozburn et al., 2013)

and GABAergic systems (McClung et al., 2005). Clock also regulates

the expression of neurogenic transcription factors, affecting the

differentiation of mouse adult neural stem/precursor cells (Kimiwada

et al., 2009).

In addition, the CLOCK acetylation function seems to regulate

cortisol signaling responses, through reduction in the binding of

glucocorticoid receptor (NR3C1) to glucocorticoid response elements,
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aswell as transcription repression of several glucocorticoid-responsive

genes related to hypothalamic–pituitary–adrenal axis (Nader,

Chrousos, & Kino, 2009). Zhang, Lahens, Ballance, Hughes, and

Hogenesch (2014) have recently shown that 43% of all protein coding

genes in the mammalian body display circadian rhythm expression,

largely in an organ-specific manner. In the central nervous system, the

proportion of circadian genes was approximately 4%, suggesting that a

greater number of genes may be regulated by CLOCK and other core

circadian genes in this tissue. In fact, in a chromatin immunoprecipita-

tion with massively parallel DNA sequencing (ChIP-Seq) experiment

using mice striatal tissue, 6,458 unique DNA binding sites for Clock

could be identified (Ozburn et al., 2015).

1.4 | CLOCK gene variability in human populations
and genetic association studies

The genomic variability of CLOCK gene (common polymorphisms, i.e.,

Minor Allele Frequency [MAF] ≥ 1%), according to the 1000 Genomes

Project Consortium (2015) phase 3 (Sudmant et al., 2015), comprises

406 SNPs for African, 271 for European, 278 for Asian, and 277 for

American continental populations. The rs1801260 (3111T/C) variant

is the most studied one, located at 3′-untranslated region (3′-UTR),

which is a region very important for mRNA stability, expression, and

function. Recently, data frommouse embryonic fibroblasts transfected

with 3111T/C constructs showed that the C-allele of rs1801260

results in significantly increased Clock and Per2mRNA expression over

24 hr (Ozburn et al., 2016). A higher expression of CLOCK in presence

of the C allele has also been observed in experiments with different

human cell lines (Shi et al., 2016). This SNP is placed in an interaction

site with miRNA-182 (Ozburn et al., 2016; Saus et al., 2010), which

could explain the functional results.

The rs1801260 (3111T/C) variant has already been associated

with evening preference in European and Japanese populations

(Katzenberg et al., 1998; Mishima, Tozawa, Satoh, Saitoh, & Mishima,

2005) and an association with delayed sleep phase syndrome (DSPS)

has been suggested (Iwase et al., 2002). In interaction with the

G-protein b3 subunit gene (GNB3), it was suggested to have a diurnal

preference modulation effect (Lee, Paik, Kang, Lim, & Kim, 2007).

Other polymorphisms in the CLOCK gene have also pointed to an

association with sleep duration (Allebrandt et al., 2010). However, a

number of studies report failure to replicate these associations

(Chang, Buch, Bradstreet, Klements, & Duffy, 2011; Choub et al.,

2011; Pedrazzoli et al., 2007; Robilliard et al., 2002), including recent

genome-wide association studies on chronotypes and sleep traits

(Hu et al., 2016; Jones et al., 2016; Lane et al., 2016). It is well

recognized, however, that true positive SNPs may not achieve

association with a trait/function at the level of genome-wide

significance (Purcell et al., 2009).

The function of CLOCK as a transcription factor and as a histone

acetyltransferase, as demonstrated in animal models and in vitro

functional experiments, implies that genetic and epigenetic variations

in the gene could contribute to physiological changes, whichmight lead

to alterations in susceptibility to psychiatric disorders. Disturbances of

the circadian clock system may be a key factor in explaining the high

level of sleep disturbances comorbid with common psychiatric

conditions. In this review, we collate data from a considerable number

of studies and discuss findings from animal and molecular studies that

examine the influence of the CLOCK gene on diverse aspects of main

psychiatric disorders.

2 | AUTISM SPECTRUM DISORDER

Autism spectrum disorder (ASD) is a neurodevelopmental disease

associated with deficits in social interaction and communication. Sleep

problems are considered one of the most common clinical symptoms

among affected children (Cotton & Richdale, 2006; Ming, Gordon,

Kang, & Wagner, 2008), and circadian disruption has also been

suggested as an endophenotype of ASD (Sacco et al., 2010). However,

only a few genetic studies have focused on the role of clock genes in

ASD etiology or sleep problems in children with ASD. A genome-wide

expression study identified many circadian-related genes that are

expressed differently in lymphoblastic cell lines from individuals with

ASD compared to controls. For instance, a decreased expression of the

CLOCK gene was observed in individuals with ASD (Hu et al., 2009).

Two other studies assessed a possible influence of the CLOCK gene in

ASD. Nicholas et al. (2007) evaluated 11 clock-related genes in a

sample mainly comprised of Caucasian individuals. Four CLOCK gene

polymorphisms were included in the analyses (rs1801260, rs6811520,

rs2272073, SNP4 G/A), but no associations were detected. A recent

study screened for mutations in clock-related genes in Japanese

individuals with ASD and controls. Many genetic variants were found

exclusively in ASD patients with sleep disorder, including rs3762836

(p.H542R) located at the CLOCK gene locus (Yang et al., 2016). Other

genetic variations that were detected were not related to this specific

gene.

Taking the findings mentioned above into consideration, the

relation between CLOCK gene and ASD remains uncertain. It is not

clear whether the observed effect in studies is related to ASD per se or

to sleep-related phenotypes in ASD. Further studies should consider

this issue in their design, in an attempt to clarify the meaning of the

observed association. In addition, it has been suggested that clock-

related genes could modulate synaptic proteins. In this sense,

evidences indicate that abnormal circadian rhythms and melatonin

synthesis might affect neuronal transmission, including modifications

in neurotransmitter levels (Bourgeron, 2007). The scarcity of studies as

well as the biological plausibility of an association between clock-

related genes and autism indicates the necessity of more studies in this

field.

3 | ATTENTION-DEFICIT/HYPERACTIVITY
DISORDER

Attention-deficit/hyperactivity disorder (ADHD) is a common, child-

hood-onset, chronic neuropsychiatric disorder characterized by

developmentally inappropriate inattentiveness, increased impulsivity,
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and hyperactivity (American Psychiatric Association, 2013). Aside from

these core symptoms, sleep disturbances are found to be highly

comorbid with ADHD. ADHD is associated with more eveningness/

later chronotypes and with a phase delay of circadian phase markers,

such as dim light melatonin onset and delayed sleep onset (Coogan &

McGowan, 2017). It is unclear whether sleep and circadian problems

are secondary effects of ADHDorwhether they play a causative role in

ADHD (Kissling et al., 2008). The biological plausibility for a role of the

CLOCK gene in ADHD is related to the dopaminergic system

impairment observed inClockΔ19 mutant mice (Huang et al., 2015;

Parekh, Ozburn, & Mcclung, 2015), which is of central importance in

current etiological understanding of ADHD.

Behavioral analyses demonstrated that rodents treated with

methylphenidate and atomoxetine, the twomain drugs used inmedical

treatment for ADHD, caused changes in both circadian and diurnal

rhythms (Algahim et al., 2009; Antle et al., 2012; O’Keeffe, Thome, &

Coogan, 2012). In mice, treatment with atomoxetine during daytime

also led to alteration in Clock gene expression, dependent on lighting

conditions. Daytime treatment led to a decrease of Clock expression,

while atomoxetine treatment during nighttime did not lead to any

changes in expression (O’Keeffe et al., 2012). Baird, Coogan, Kaufling,

Barrot, and Thome (2013) investigated the effects of methylphenidate

and atomoxetine administration on Clock gene expression in different

brain regions of mice. Both drugs led to specific circadian clockwork

modulations depending on the analyzed neuroanatomical structure.

There was no statistical main effect of treatment neither significant

time-treatment interaction effect on Clock expression. However, the

treatment with both methylphenidate and atomoxetine led to an

alteration of the Clock expression acrophase, indicated by an

expression peak occurring earlier in response to light, in the

dorsomedial hypothalamus and the caudate putamen. These results

suggest that therapeutic properties and/or adverse side effects of

these drugs could involve modulation of the circadian clock, including

theClock gene. In humans, evidence also suggest thatmethylphenidate

may exacerbate symptoms related to sleep and circadian rhythm

disruption (Corkum, Panton, Ironside, MacPherson, & Williams, 2007;

Galland, Tripp, & Taylor, 2010; Ironside, Davidson, & Corkum, 2010;

Sangal et al., 2006; Schwartz et al., 2004).

Only a few genetic association studies, using candidate gene

approach, focused on the role of CLOCK gene polymorphisms on

ADHD. Kissling et al. (2008) investigated rs1801260 in male adults

with ADHD of European origin, and found that T-carriers showed

higher number of ADHD-related symptoms. The same association was

also observed considering as outcome the patients’ self-reported

ADHDsymptoms in childhood. Similar resultswere observed in studies

using a family-based approach, as in two clinical samples of ADHD

from the United Kingdom and Taiwan. An increased transmission of T

allele of rs18011260 from parents to children and adolescents was

shown in the combined data, as well as within the Taiwanese data set

alone (Xu et al., 2010). Using a case-control approach, Cao, Cui, Tang,

and Chang (2012) also observed an association between rs18011260

and ADHD in a sample of children with Han Chinese origin. However,

the detected risk allele in this sample, in contrast to the studies

reviewed so far, was the C allele. The same study reported that 56.6%

of the sampled children with ADHD had sleep disturbances, a

phenotype that was also associated with the presence of C allele,

concluding that individuals carrying a C allele weremore susceptible to

ADHD as well as to ADHD-related sleep disturbances (Cao et al.,

2012). Finally, Jeong et al. (2014) conducted a population-based study

in healthy Korean adults, in which diurnal preference and ADHD-

related symptoms were assessed. Five SNPs in the CLOCK gene

(rs3805148, rs12504300, rs4864542, rs12649507, rs1801260) were

evaluated. An association of the number of ADHD-related symptoms

with rs1801260 in male subjects was observed. Moreover, inattention

symptoms were associated with rs3805148, rs12504300, rs4864542,

and rs12649507 in a haplotype-wise analysis. On the other hand, there

was no association between diurnal preference and the CLOCK gene.

No statistical significant effect of diurnal preference as a mediator

variablewas observed aswell, suggesting that the association between

CLOCK and ADHD-related features was not mediated by the degree of

evening preference (Jeong et al., 2014).

In conclusion, although there are only few studies evaluating the

link betweenADHDandCLOCK, andwhile a publication bias cannot be

ruled out, the variant rs18011260 has been found to play an important

role in ADHD, pointing to the need for more studies in the field.

Although animal studies suggest that ADHD drug treatments are able

to modulate or impact the expression of circadian genes, the causality

between sleep condition and ADHD should be the focus of further

studies.

4 | MOOD DISORDERS

Disruptions of circadian rhythms appear to be both a symptom and an

anticipating feature of major depressive disorder (MDD) and bipolar

disorder (BD) (Boland & Alloy, 2013; Boyce & Barriball, 2010). Many

patients with mood disorders (50–85%) show sleep disturbances and

other circadian alterations related to appetite, social interactions,

blood pressure, and hormone levels (Ford & Cooper-Patrick, 2001;

Rumble, White, & Benca, 2015).

Several preclinical studies, using different approaches, have

pointed to a role of circadian genes in mood-related behaviors

(Kronfeld-Schor & Einat, 2012). ClockΔ19mutant mice show increased

exploratory activity, hyperactivity, reduced anxiety and depressive-

related behavior, decreased sleep, and rapid mood cycling with a

profound manic-like phenotype during the daytime and a period of

euthymia at night (Roybal et al., 2007; Sidor et al., 2015; van

Enkhuizen, Minassian, & Young, 2013). Behavioral abnormalities

described above coincide with abnormal daytime spikes of dopami-

nergic activity and increased firing rates of dopaminergic neurons in

the VTA, and with increased tyrosine hydroxylase levels and dopamine

synthesis in the nucleus accumbens (NAc), suggesting a mechanistic

connection between circadian gene disruption and anticipation of

manic episodes in BD (Coque et al., 2011; Sidor et al., 2015).

Furthermore, ClockΔ19 mutant mice show biochemical, morphologi-

cal, and neurophysiological changes in NAc microcircuits that can be
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ameliorated by lithium treatment, suggesting that dysfunctional NAc

phase signaling may contribute to the mania-like behavioral manifes-

tations that result from diminished circadian gene function (Dzirasa

et al., 2010). In addition, ClockΔ19 mutant mice treated with lithium

(Coque et al., 2011; Roybal et al., 2007) and inhibitors of glycogen

synthase kinase-3ß (Kozikowski et al., 2011) showed similar effects

related to the reversion of behavioral abnormalities. Similarly, the

induction of functional Clock protein expression via viral-mediated

gene transfer specifically in the VTA has also been shown to rescue

behavioral changes of ClockΔ19 mutant mice (Roybal et al., 2007).

Male knockdown mice of Clock specifically in the VTA present a

phenotype similar to ClockΔ19 mice, exhibiting hyperactivity and

reduced anxiety-related behavior. However, a substantial increase in

depressive-like behavior was also observed in these mice (Mukherjee

et al., 2010). Furthermore, chronic mild stress in an animal model for

depressive-like behavior led to anhedonic behavior associated with

disturbed diurnal oscillation in circadian gene expression in the

basolateral amygdala, in which a higher Clock expression was observed

during the morning (Savalli, Diao, Schulz, Todtova, & Pollak, 2015).

Nevertheless, other studies showed that chronic unpredictable stress

inhibited Clock protein expression in the SCN during the light period.

Also, in the hippocampus, a peak of Clock protein expression was

shifted from the dark to light period, showing that Clock protein plays

an important role in long-lasting, depressive-like, stress-induced

behavior (Jiang et al., 2013). Logan et al. (2015) observed that chronic

unpredictable stress altered diurnal rhythms of Clock expression and

other circadian genes, in the SCN and in the NAc. More recently,

Calabrese, Savino, Papp, Molteni, and Riva (2016) demonstrated that

chronic mild stress reduces Clock protein levels in the prefrontal

cortex. Altogether, these studies demonstrated that chronic stress can

lead to a disruption in the circadian system, especially affecting Clock

expression.

Furthermore, in a mouse model of seasonal affective disorder,

melatonin treatment showed antidepressant-like effects, leading to

increased Clock mRNA levels in the SCN and also increased mRNA

levels of the serotoninergic system in the dorsal raphe nucleus, thus

pointing to a relation between antidepressant effects and Clock

regulation (Nagy et al., 2015). The effect of fluoxetine, a classical

antidepressant, was tested inmice selectively bred for high anxiety and

depression-like behavior, showing that treated mice have longer

circadian periods with no differences in hippocampal Clock gene

expression compared to normal mice (Schaufler et al., 2016).

In genetic association studies focusing on CLOCK and BD, MDD,

and related phenotypes, rs1801260 is the most frequently tested

polymorphism. Studies focused on comorbid circadian symptoms and

severity symptoms in patients, and explored the disorders’ etiology,

using healthy controls.

In patients with BD, the presence of the rs1801260C allele was

associated with higher lifetime recurrence rates of illness episodes,

increased occurrence of insomnia (both lifetime occurrence and during

depressive episodes), worse response to treatment of sleep dis-

turbances (Benedetti et al., 2007), number and recurrence of manic

episodes (Benedetti et al., 2003), evening preference (Lee et al., 2010),

and appetite disturbances in female patients with BD (Maciukiewicz

et al., 2014). In addition, three SNPs within or near the CLOCK gene

(rs534654, rs6850524, rs4340844) were significantly associated with

BD, early insomnia (rs534654), middle insomnia (rs534654,

rs6850524, rs4340844), late insomnia (rs534654, rs4340844), and

rapid cycling (rs534654) in these patients (Shi et al., 2008). Several

haplotypes consisting of six SNPs (rs534654, rs2412648, rs6850524,

rs11735267, rs7660668, rs4340844) at the CLOCK gene region also

showed nominal association with BD and late insomnia (Shi et al.,

2008). Six SNPs (rs3805148, rs3736544, rs12504300, rs4864542,

rs12648271, rs6850524) in a single 75 kb linkage block in the CLOCK

gene showed an association with BD (Kripke, Nievergelt, Joo,

Shekhtman, & Kelsoe, 2009), most consistently found for

rs3805148 and rs12504300. However, in this same study,

rs1801260 was not associated with BD (Kripke et al., 2009). A

family-based association study in a Latin population showed only a

nominal association of CLOCK (rs17777927) with BD (Gonzalez et al.,

2015). Haplotype analysis found no association between BD and nine

additional markers in the same linkage disequilibrium block as CLOCK

rs17777927 SNP (rs10462028, rs1801260, rs3805148, rs3736544,

rs11932595, rs4340844, rs4864542, rs2070062, rs13132420)

(Gonzalez et al., 2015).

The effect of gene-gene interactions on BD-related traits has also

been explored. A multi-locus interaction among rs6442925 (BHLHB2),

rs1534891 (CSNK1E), and rs534654 (CLOCK) was associated with BD

(Shi et al., 2008). Also, an interaction between CLOCK (rs11824092)

and ARNTL (rs11932595) genes was associated with sleep disturban-

ces in BD (Maciukiewicz et al., 2014). Similarly, interactions between

PER3 (rs2640909) and CLOCK (rs119325595) genes seem to play a

role in sleep quality, sleep duration, habitual sleep efficiency, and

subjective sleep quality (Dmitrzak-Węglarz et al., 2016).

Considering affective disorders in general, the CC genotype of

rs1801260 has been shown to be associated with higher recurrence of

initial, middle, and early insomnia in patients with MDD and BD, and a

similar trend toward a decreased need for sleep was observed only in

individuals with BD (Serretti et al., 2003). On the other hand, the

presence of at least one T allele in the same locus is associated with

higher global seasonality scores, and higher body weight and appetite

compared to CC genotypes (Kim et al., 2015). A recent study

investigated the relation of nine SNPs in the CLOCK gene

(rs1801260, rs3805148, rs6849474, rs11932595, rs12648271,

rs6850524, rs12649507, rs4340844, rs534654) and chronotypes

and sleep disturbances in patientswith bipolar and unipolar depression

(Dmitrzak-Węglarz et al., 2016). The results show an association

between rs12648271 and chronotype in the control group, and

between rs3805148 and sleep duration in patients with depression.

Depressed patients with BD carrying the rs1801260C allele showed

higher impairments of white matter integrity, visible in myelination,

orientation coherence, and microtubular axonal structure of fibers,

which are all potential structural biomarkers for the disorder (Bollettini

et al., 2016). The C variant in patients with depression along with BD

lead to higher discrepancy between the subjective and objective

severity of depression (Suzuki et al., 2017). In line with these studies,
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the CLOCK gene, might regulate non-clock functions such as

information processing and decision making. In this context, patients

with bipolar and unipolar depression who carried the C allele showed

an increase in their activity levels during the second part of the day,

shorter latencies of responses to emotional stimuli in neuropsycho-

logical performance tasks, and blood oxygen-level dependent (BOLD)

neural responses in a moral valence decision task (Benedetti et al.,

2008).

Considering MDD diagnosis, circadian gene expression measured

in peripheral blood leukocytes shows that older adults with a previous

history of MDD have higher CLOCK mRNA levels compared to non-

depressed participants (Gouin et al., 2010). Regarding genetic

association studies, the rs1801260C allele has shown a significant

protective effect in a male patient subset with MDD (Shi et al., 2016).

In terms of CLOCK post-transcriptional regulation, the T allele of

rs76481776 on miRNA-182, which leads to an overexpression of the

mature form of miRNA-182 and consequently a significant reduction

in CLOCK gene expression, has been associated with late insomnia in

patients with MDD (Saus et al., 2010).

Some studies have focused on treatment with lithium, a mood

stabilizer able to affect circadian rhythms and the expression of the

CLOCK gene. In this context, McCarthy et al. (2011) evaluated lithium

responses in patients with BD according to 16 variants in seven

circadian clock genes, and found no association between treatment

response and three SNPs in the CLOCK gene (rs1801260, rs3736544,

rs34897046). Moreover, fibroblast cell lines from patients with BD,

treated with lithium in vitro, showed functional cellular clock and

longer period, and lower sensibility to lithium modulation compared to

cell lines from controls (McCarthy et al., 2013). However, the same

study showed no relative contribution of the CLOCK gene to these

cellular alterations in response to lithium. The rs1801260C allele has

been shown to be associated with higher insomnia in individuals with

MDDunder fluvoxamine or paroxetine treatment (Serretti et al., 2005).

The TT genotype has been found to correlate with relapse within

6 months after recovery in patients with MDD on antidepressant

treatment (Serretti et al., 2004). Haplotype analysis (rs3736544,

rs1801260, rs3749474) indicated that the GTT haplotype was

associated with higher remission rates in MDD patients treated with

fluvoxamine (Kishi et al., 2009a).

Nevertheless, several other studies did not support previously

reported associations of BD and MDD (Bailer et al., 2005; Byrne et al.,

2014; Calati, Gaspar-Barba, Yukler, & Serretti, 2010; Crisafulli et al.,

2013; Desan et al., 2000; Etain et al., 2014; Kishi et al., 2009b, 2011;

Mansour et al., 2009; Nievergelt et al., 2006). Other negative findings

involve investigations of treatment response (Geoffroy et al., 2016;

Rybakowski, Dmitrzak-Weglarz, Kliwicki, & Hauser, 2014b), seasonal

variations in mood (Geoffroy et al., 2015; Johansson et al., 2003; Paik

et al., 2007), and chronotypes (Etain et al., 2014). Also, sleep

disturbances (insomnia, daytime sleepiness, sleep quality) were not

associated with rs1801260 in untreated patients with MDD (Antypa

et al., 2012; Serretti et al., 2010). Moreover, nine SNPs in CLOCK gene

(rs1801260, rs3805148, rs6849474, rs11932595, rs12648271,

rs6850524, rs12649507, rs4340844, rs534654) were evaluated in

relation to temperamental dimensions (depressive, cychothymic,

hyperthymic, irritable, and anxious) in BD patients and no association

was observed (Rybakowski, Dmitrzak-Weglarz, Dembinska-

Krajewska, et al., 2014).

In summary, these findings emphasize the importance of the

CLOCK gene in regulation ofmood disorders, although the data are still

controversial regarding clinical findings. Several clinical studies failed

to report an association between mood disorder diagnosis or

associated symptoms and CLOCK gene SNPs. Lack of gender-stratified

analyses or population-specific studies are amongst the possible

reasons for the inconsistent finding.

5 | SCHIZOPHRENIA

There is evidence pointing to strong links between disrupted circadian

clocks and schizophrenia (reviewed in Karatsoreos, 2014). Sleep

disturbance is a critical aspect of symptomatology and pathophysiol-

ogy of schizophrenia regardless of medication status or clinical phase

of illness. Reduced sleep quality with decreased total sleep time and

sleep efficiency has already been observed in individuals with

schizophrenia (Kamath, Virdi, & Winokur, 2015). Genome-wide

association studies (GWAS) evaluating chronotype, sleep duration,

and disturbance traits revealed an interesting genomic correlation

between schizophrenia and sleep traits (i.e., sleep duration, oversleep-

ing, and chronotype (Jones et al., 2016; Lane et al., 2016, 2017).

Johansson, Owe-Larsson, Hetta, and Lundkvist (2016) assessed

circadian expression of CLOCK and seven other clock genes in

fibroblast cultures and in mononuclear cells of blood sampled from

individuals with first onset psychosis, who later developed schizo-

phrenia. Lower levels of CLOCK mRNA expression were observed in

individuals with schizophrenia compared to controls, but only in blood

cells. No difference was detected regarding CLOCK gene expression in

fibroblast cultures. These findings strongly suggest that the molecular

clockmachinery is altered in schizophrenia, possibly due to the disease

and not due to epigenetic effects caused by long-term drug

treatments, since the expression alteration was observed previously

to any treatment enrollment.

Some polymorphisms in the CLOCK gene were investigated with

regard to schizophrenia. TheC allele of rs1801260was associatedwith

risk for schizophrenia in Japanese (Takao, Tachikawa, Kawanishi,

Mizukami, & Asada, 2007) and Han Chinese patients (Zhang et al.,

2011). However, Kishi et al. (2009a) failed to replicate this finding in a

larger Japanese sample, evaluating six different SNPs (rs11939815,

rs11931061, rs11133385, rs3736544, rs1801260, rs3749474).

Negative results were also observed by Mansour et al. (2009), when

they evaluated 10 SNPs in the CLOCK gene.

An exploratory study was conducted by Saleem, Anand, Jain, and

Brahmachari (2001), who aimed to investigate the putative polymor-

phic property of CAG repeats that encode a portion of the C terminal

region of the CLOCK protein. However, no variation in the length of

theCAG-repeat stretchwas observed in patientswith schizophrenia of

Indian origin.
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Many reports were conducted to evaluate the comorbid traits

strongly related to circadian cycles in schizophrenia or side effects of

treatment for schizophrenia. An association between rs1801260 and

clozapine-induced diurnal sleepiness was detected in individuals with

major psychosis, primarily schizophrenia, treated with clozapine

monotherapy for 6 months (Lattuada et al., 2004). The C allele and

CC genotype were associated with higher daytime sleepiness,

regardless of clozapine plasma levels, suggesting that C carriers would

be more susceptible to a clozapine hypersomnolence side-effect

(Lattuada et al., 2004). On the other hand, the polymorphisms

rs11939815, rs11133385, rs3736544, rs1801260, and rs3749474

were not associated with schizophrenia or with clinical improvement,

in a Korean sample treated with antipsychotics (Crisafulli et al., 2012).

Patients under clozapine treatment frequently report sialorrhea as

an inconvenient side effect, believed to be related to the circadian

rhythm (Solismaa et al., 2014). Solismaa et al. (2014) evaluated four

CLOCK gene SNPs in Finnish patients and controls; however, no

association was detected in a case-control analysis nor considering

sialorrhea as a comorbidity in patients with schizophrenia. Regarding

restless legs syndrome, which is more common during the night, it was

found in a sample of Korean patients with schizophrenia that the T

allele of rs2412646 confers a risk to develop this sleep disorder. No

statistically significant association was observed considering

rs1801260, while haplotype analysis revealed a significant influence

of the T–T haplotype (rs1801260–rs2412646) in schizophrenic

patients with restless legs syndrome (Jung et al., 2014).

In conclusion, results regarding the etiology of schizophrenia are

inconclusive. However, candidate gene studies as well as expression

studies suggest a role of CLOCK in the etiology of the disorder and in

circadian rhythm-related features that occur as side-effects of

treatment for schizophrenia.

6 | SUBSTANCE USE DISORDER

Substance use disorder comprises abuse and dependence of

substances, including alcohol, tobacco, nicotine, and opioids. This

disorder represents a significant health problem, associated with

impaired control, social impairments, and other disabilities (American

Psychiatric Association, 2013). Disruptions in sleep cycle, activity

cycles, blood pressure, and body temperature rhythms are related to

drug addiction (Jones, Knutson, & Haines, 2003; Wasielewski &

Holloway, 2001). It has also been suggested that clock genes could

regulate the reward system through dopamine neurotransmission,

which is directly associated with addiction (McClung et al., 2005;

Spencer et al., 2012).

Evidence from animal models has demonstrated an interesting link

between addiction, circadian rhythms, and clock genes (Hirsh, 2001). In

this regard,Drosophila types with mutations in circadian genes, such as

Clock, were associated with lower cocaine sensitization (Andretic,

Chaney, & Hirsh, 1999), but not with ethanol tolerance (Pohl et al.,

2013). Similarly, mice lacking the Clock gene showed abnormalities in

cocaine-induced locomotor sensitization (McClung et al., 2005).

Studies have also shown that impairments in Clock functions lead to

an increased vulnerability for cocaine use and increased cocaine

reward (McClung et al., 2005; Ozburn, Larson, Self, & Mcclung, 2012).

Furthermore, mice with the ClockΔ19 mutation have been associated

with an increase in the reward value for cocaine (Roybal et al., 2007)

and an increase in alcohol intake and preference, with an augmented

response to the sedative effects of alcohol (Ozburn et al., 2013).

Despite these findings, the same pattern observed for cocaine and

alcohol may not occur for other substances; mice with the same

mutation in the Clock gene (ClockΔ19) did not present modifications in

rhythmic behavior induced by methamphetamine (Mohawk, Baer, &

Menaker, 2009), and exhibited a similar response to nicotine compared

to wild-type (WT) controls (Bernardi & Spanagel, 2013).

In an attempt to assess the effect of the administration of different

drugs on the circadian rhythm, several studies using animal models

have been performed. In general, in rats and mice, alcohol intake has

been associatedwith changes in the pattern of the circadian period and

higher locomotor activity (Rosenwasser et al., 2005; Seggio, Fixaris,

Reed, Logan, & Rosenwasser, 2009), whereas chronic morphine

administration was observed to change the circadian rhythm during

the withdrawal period (Glaser, Reyes-Vázquez, Prieto-Gómez, Burau,

& Dafny, 2012). Cocaine self-administration was correlated with the

regulation of circadian-related gene expression; specifically, Clock

mRNA levels were upregulated in response to cocaine treatment

(Lynch, Girgenti, Breslin, Newton, & Taylor, 2008). Moreover, Uz et al.

(2005) demonstrated an increased expression of Clock in the caudate-

putamen after cocaine administration. Nevertheless, Falcon, Ozburn,

Mukherjee, Roybal, and McClung (2013) did not detect changes in the

expression levels of Clock after cocaine administration, although other

circadian-related gene expression seemed to be affected.

In addition, human gene expression and genetic studies also

suggest a link between CLOCK expression and drug abuse. Lower

mRNA levels of CLOCK were observed in alcohol-dependent male

subjects compared to controls (Huang et al., 2010). The difference

remained present even after the first week of treatment. On the other

hand, Ando et al. (2010) did not observe a correlation between

expression levels of CLOCK and alcohol intake in Japanese men. Yang

et al. (2012) assessed comorbid dependence on multiple substances,

including cocaine, opioid, and alcohol dependence in both European

and Afro-American families. A genome-wide significant linkage signal

was observed on chromosome4, in close proximity to theCLOCK gene.

Furthermore, Sjöholm et al. (2010) and Kovanen et al. (2010) evaluated

the influence of SNPs in the CLOCK gene on alcohol use disorder in the

Finnish population. The T allele of rs2412648 was nominally

associated with alcohol dependence (Kovanen et al., 2010), and the

G allele of rs11240was associatedwith alcohol use disorder combined

with depression (Sjöholm et al., 2010). However, other SNPs

(rs3805151, rs2412646) were not related to alcohol use (Kovanen

et al., 2010; Sjöholm et al., 2010). Polymorphisms in the CLOCK gene

have also been evaluated in European-American and Afro-American

samples. No association with these polymorphisms was detected for

cocaine dependence (rs1801260, Malison, Kranzler, Yang, &

Gelernter, 2006) or alcohol and coffee consumption (rs70965446,
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rs1801260; Gamble et al., 2011). Moreover, two studies evaluated

the influence of rs1801260 on personality traits in healthy Japanese

subjects (Otowa et al., 2011; Tsuchimine, Yasui-Furukori, Kaneda, &

Kaneko, 2013), and found the C allele to be associated with higher

reward dependence scores (Tsuchimine et al., 2013). Altogether,

these findings demonstrate a relevant influence of the CLOCK gene

on use of different substances and on phenotype-related substance

dependence.

7 | ANXIETY DISORDERS

Anxiety is a usual response to stress; however, when anxiety

becomes excessive and uncontrollable and is accompanied by

disturbances in sleep, concentration, and social and occupational

functioning it starts to interfere with daily normal activities.

Nevertheless, the role of circadian clock-related genes in anxiety

disorders has rarely been explored (Sipilä et al., 2010), and only a few

preclinical studies investigated the influence of the Clock gene on

anxiety traits.

In mice, the rhythms of the Clock gene are first driven mainly in

gestational period by external lighting environment and continue to

develop after weaning, when the SCN represent the first tissue to

stabilize in the adult phase of rhythmic Clock gene expression

typically by 2 weeks of age (Christ, Korf, & von Gall, 2012). Some

studies have suggested that the environmental lighting conditions

experienced in early life can play an important role in affective

behavior (Borniger, McHenry, Abi Salloum, & Nelson, 2014; Toki

et al., 2007). Recently, young mice (between 3 and 5 weeks of age)

exposed to dim light at night showed increasing anxiety-like behavior

in the open field with increasing age (Cissé, Peng, & Nelson, 2016).

Furthermore, these mice showed increased levels of Clock gene

expression in the hypothalamus compared to dark-night exposed

counterparts. In the same study, adolescent mice also showed

freezing responses to a fearful stimulus (foot shock) (Cissé et al.,

2016).

Additionally, animals with the ClockΔ19 allele mutation showed

reduced anxiety-like behavior (Roybal et al., 2007), and spent more

time in open spaces while showing higher locomotor activity (Dzirasa

et al., 2011; Lamont, Legault-Coutu, Cermakian, & Boivin, 2007;

Roybal et al., 2007). Also, it was demonstrated that mice raised by

Clock mutant mothers develop anxiety-like behavior in adulthood

(Koizumi, Kurabayashi, Watanabe, & Sanada, 2013). However,

Easton, Arbuzova, and Turek (2003) did not observe any change in

anxiety behavior in ClockΔ19 mutant animals after conducting open

field tests.

ClockΔ19 mutant mice treated with lithium, or after a viral-

mediated Clock gene transfer directly in the VTA, show behavioral

responses similar toWT animals and increased dopaminergic activity

(Roybal et al., 2007). In vitro experiments with slice preparations

from VTA of ClockΔ19 mutant mice show increased dopamine cell

firing and decreased intracellular levels of dopamine that were

restored near toWT levels by chronic lithium treatment (Coque et al.,T
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2011). Interestingly, a selective reduction in VTA cell firing using the

Herpes simplex virus (HSV) vector containing the Kir2.1 potassium

channel subunit (HSV-Kir2.1 virus) in ClockΔ19 mice was enough to

reverse the increased exploratory behavior and anxiety-related

abnormalities in these animals (Coque et al., 2011). Furthermore, a

knockdown of Clock gene expression using interference RNA in the

VTA corroborates with the hyperactivity, the anxiolytic effects, as well

as the increased dopamine cell firing seen in ClockΔ19 mice

(Mukherjee et al., 2010).

Altogether, these findings demonstrate that the CLOCK gene

could be related to anxiety regulation, although no clear mechanism

has been proposed. Nevertheless, the evidence suggests an important

role in mood disorders, the dopaminergic system, and specific brain

regions, and points to a need for more studies on anxiety traits.

8 | CONCLUSION

Apart from circadian timing, clock genes may also be involved in a

number of other biological and behavioral processes. Here, we

comprehensively reviewed literature findings of molecular and genetic

data for the CLOCK gene with regard to main psychiatric disorders.

The notable role of the CLOCK gene in psychiatric disorders is

clearly demonstrated by animal studies. Studies on expression and

function of this gene in humans and animals are in accordance with

preclinical findings (Table 1). Mood disorders are the main evaluated

phenotype. The majority of the studies were conducted based on a

candidate-gene or a small set of candidate-genes approach, using mice

exposed to several treatments. Most of them observed differences in

gene or protein expression, suggesting that CLOCK plays a role in

psychiatric disorders.

A large amount of candidate gene studies corroborate with these

findings, although the number of inconsistent results is high (Table 2). A

large number of polymorphisms have already been evaluated along the

CLOCK gene. The most analyzed polymorphism was rs1801260. It

showed the highest proportion of positive results among the analyzed

polymorphisms considering the published data so far. The functional

role of this variant in CLOCK gene regulation (Ozburn et al., 2016; Shi

et al., 2016) could explain it, supporting the hypothesis of functional

role of CLOCK on psychiatric disorders. Although the hypothesis of

genetic association based on functional variants is compelling, the

direction of the association among the studies has inconsistencies.

Controversial findings regarding the association status observed

across clinical studies might be due to many different aspects,

discussed above.

Most of the studies have a small sample size, with a few reaching a

sample size of 500 cases and controls (Supplementary Table S1). The

lack of statistical power may be an important limitation for the studies

included in this review, since it is dependent on the sample size and

also on the effect size (usually small for common genetic variants

associated with complex diseases). Another potential source of

inconsistencies across results might be due to the heterogeneity

among the outcomes as well as the instrument used to assess them.

Many studies tested the associations between CLOCK polymorphisms

and psychiatric disorders, others with sleep or circadian-related

comorbidities, while others considered as outcome the response to

specific treatment (Supplementary Table S1). The assessment of

symptoms and diagnoses of psychiatric disorders also showed some

divergence among studies, although most of the studies used DSM-IV

criteria. The same occurs concerning circadian rhythm and sleep-

related assessment, which was measured through different question-

naires (Supplementary Table S1). In this sense, a comparison among the

observed results is limited.

Heterogeneity was also observed concerning the statistical

analyses, mainly concerning the genetic model assumed (additive,

dominant), and the adjustment for confounders. Most of the

psychiatric disorders included in this review present sex differences,

and a stratification of analyses by sex was already suggested by Shi

et al. (2016). In this sense, sex differences in glucocorticoid levels

may influence the expression of CLOCK, thereby, leading to sex-

dependent effects on clock-influenced gene expression pathways.

This scenario could influence the susceptibility to MDD in a gender-

specific manner, and also be related to other psychiatric disorders.

Until now, few genetic studies have considered stratification by sex,

which can be a putative explanation for inconsistencies among

studies.

Regarding genetic background differences across populations,

many SNPs of circadian system were observed to have MAFs

correlated with environmental variables (Dall’Ara et al., 2016; Forni

et al., 2014). Forni et al. (2014) showed a highly significant correlation

between photoperiodic amplitude and allele frequency of a CLOCK

SNP in worldwide populations, suggesting a large heterogeneity in

MAF for SNPs in CLOCK locus among populations. The frequencies of

ancestral allele of the most studied polymorphisms in psychiatric

disorders, according to The 1000 Genomes Project Consortium (2015)

(phase 3) information, are shown in Table 2. Although methodological

issues cannot be ruled out, the difference in MAFs among populations

can also be a reasonable explanation for the mixed results collated in

this review including those inconsistencies related to the direction of

association observed for rs1801260 (Table 2 and Supplementary

Table). In fact, ethnic variation has already been proposed to have

implications for the interpretation of results in circadian rhythm

association studies (Barbosa, Pedrazzoli, Koike, &Tufik, 2010). None of

the largest published GWASs on sleep related traits or chronotype

have found the CLOCK gene amongst the genome wide significant loci

(Hu et al., 2016; Jones et al., 2016; Lane et al., 2016). Psychiatric

Genomics Consortium (PGC) GWASs have also not found genome-

wide significant associations of the CLOCK gene with any major

disorder (Ripke et al., 2011, 2013; Sklar et al., 2011). Nonetheless, such

studies have only been conducted in European populations so far.

Substantial differences in allele frequencies among populations might

have an important impact on the genome-wide studies regarding

CLOCK gene findings as well.

Moreover, the role of environment factors cannot be excluded as a

reasonable explanation for the inconsistencies observed among

genetic studies. As pointed out by Landgraf, McCarthy, and Welsh
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(2014), the circadian clock and the stress response systems are closely

related, being the stress response a possible common mechanism in

which circadian clock genes could affect psychiatric disorders.

Additionally, psychiatric disorders such as ADHD, SCZ, BD, and

MDD are often accompanied by metabolic dysfunction symptoms,

such as obesity (Barandas, Landgraf,McCarthy, &Welsh, 2015), which,

in turn, have already been associated with CLOCK gene (Valladares,

Obregón, & Chaput, 2015). Although most of the studies relate the

association of CLOCK and psychiatric disorders by linking both through

sleep patterns, it is also noteworthy that CLOCK has been associated

with several metabolic processes in animal and human studies

(Barandas et al., 2015; Turek et al., 2005). However, to the best of

our knowledge, only a few genetic association studies focused on

metabolic comorbidities. Further studies exploring the role of CLOCK

in metabolic mechanisms are needed to clarify this link.

Finally, the influence of CLOCK gene in psychiatric disorders might

also emerge from a complex relation involving several clock genes.

McCarthy et al. (2012) findings support the hypothesis that variation

within clock gene network contributes to BD susceptibility and is also

related to others psychiatric disorders, such as ADHD, MDD, and SCZ.

While none of the individual clock genes have been strongly implicated

by GWAS, collectively they are associated with BD-spectrum illnesses

at a higher rate than it would be expected by chance (McCarthy,

Nievergelt, Kelsoe, & Welsh, 2012). This finding suggests that modest

associations detected in GWAS could represent authentic effects that

are too weak to achieve genome-wide significance. Results from

expression data also support the hypothesis that a large complex set of

circadian genes are involved in psychiatric disorder. For instance, in

humans, gene expression data using high-quality postmortem brains

showed that cyclic patterns were weaker in the brains of patients with

MDD due to shifted peak timing and potentially disrupted phase

relation between individual circadian genes (Li et al., 2013). On the

other hand, a clear involvement of circadian genes in psychiatric

disorders etiology is not a consensus. Byrne et al. (2014) suggested

that genes encoding components of the molecular clock are not good

candidates for BD, SCZ or MDD susceptibility, using a gene-based

analysis (Ripke et al., 2011, 2013; Sklar et al., 2011). An update of this

analysis, based onmore recent PGCpublished data, however, would be

helpful to improve the current understanding of the role of CLOCK

gene in psychiatric disorders. It would be especially interesting for SCZ

giving the recent findings showing genome correlations between this

disorder and sleep related traits and chronotype (Lane et al., 2016,

2017).

In conclusion, animal studies point to a biological plausibility of the

CLOCK gene being a causative factor in major psychiatric disorders.

While expression and genetic association studies, in general, are in

agreement with this assumption, the number of controversial results is

high. Despite the large number of candidate gene studies that have

identified polymorphisms associated with mood and other psychiatric

disorders, this review therefore suggests that the effect of common

variants in the CLOCK gene is likely to be small, as it has been observed

for other common variants in other genes and complex phenotypes.

Finally, further studies, especially those based on genome-wide

approaches, are needed to clarify the role of CLOCK in psychiatric

disorders and their circadian alteration comorbidities.
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