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1. Introduction

Rhythm disruptions are core clinical features of bipolar disorder [1]
and have been hypothesized as underlying pathophysiological me-
chanisms of the illness [2]. The disorder is often times marked by
chronobiological fluctuations and disturbances. Certain course of illness
characteristics, such as rapid cycling and seasonality, also suggest
rhythm disturbances to be a component of the disorder.

All organisms exhibit rhythmic oscillations in a variety of physio-
logical processes [3]. These rhythms are largely regulated by the bio-
logical timing system [4]. While the master timekeeping mechanism is
the suprachiasmatic nucleus (SCN) of the hypothalamus [5], at the core
of the circadian timing system are endogenous molecular clocks com-
prised of “clock genes” [3,4]. Endogenous molecular clocks function as
interconnected transcriptional and translational feedback loops [3,4]. It
is the rhythmic expression of circadian genes that result in the rhythmic
properties (i.e., phase, period, amplitude) of endogenous clocks. The
core molecular clock is structured as follows: clock circadian regulator
(CLOCK) and aryl hydrocarbon receptor nuclear translocator like
(ARNTL) form a heterodimer that act as positive regulators activating
the transcription of period circadian regulator (PER) and cryptochrome
circadian regulator (CRY) genes. PER and CRY proteins form a het-
erodimer which, in turn, inhibit the transcriptional activity of the
CLOCK:ARNTL heterodimer. The resulting decrease in PER and CRY
concentrations resets the cycle. The pushes and pulls of these tran-
scriptional/translational feedback loops sustain the period of the cir-
cadian oscillator at a near 24-h period. This process is modulated by
several factors like kinases such as glycogen synthase kinase 3 beta
(GSK3B) and casein kinase 1 epsilon (CSNKI1E). In addition to their

central role as timekeepers, endogenous molecular clocks regulate the
expression of clock-controlled output genes whose products are re-
sponsible for the temporal organization of physiological processes many
of which are implicated in mood regulation [6,7]. It is now accepted
that virtually every cell contains an autonomous circadian clock [8] and
that the circadian timing system is comprised not of one central loop
but rather multiple interconnected loops [9].

In their preeminent textbook, Manic-Depressive Illness, Goodwin
and Jamison postulated that “the genetic defect in manic depressive
illness involves the circadian pacemaker or systems that modulate it”
[10]. As a complex trait disorder [11], multiple genetic risk factors are
likely associated with the development of bipolar disorder. Circadian
genes are plausible candidate genes for bipolar disorder [10]. It has
been proposed that the phenotypic expression of certain diseases may
be related to the functioning of molecular clocks [12]. From a pheno-
typic standpoint, circadian gene variants may impact the expression of
bipolar disorder. Circadian gene polymorphisms have been associated
with recurrence rates and cycling patterns [13,14], insomnia [13,15],
age at illness onset [16], diurnal patterns of mood expression [13], and
response to treatments such as sleep deprivation [16] and lithium [17].

We, therefore, designed a proof-of-concept study to assess the re-
lationship between circadian gene single nucleotide polymorphisms
(SNPs) and clinical and behavioral assessments of sleep and rhythms
and course of illness characteristics in subjects with bipolar type I dis-
order (BDI).
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2. Material and methods
2.1. Subjects

Sixty six (66) BDI subjects were included for evaluation. Subjects
were assessed at the University of Texas Southwestern Medical Center
at Dallas (UTSW) and the University of Texas Health Science Center San
Antonio (UTHSCSA) between the dates of February 25, 2009 to October
30, 2009. Patients were recruited from county and community hospi-
tals, the university medical center, community mental health clinics,
and psychiatric and clinical research groups at UTSW and UTHSCSA.
The study was approved by the UTSW and UTHSCSA institutional re-
view boards and was consistent with standard for the ethical conduct of
human research. Written informed consent was obtained for all sub-
jects.

Subjects with a history of neurological impairment or uncontrolled
medical conditions with the potential to disrupt sleep-wake cycle and
rhythms, shift work or diurnal changes in work schedule four weeks
prior to or during the course of the study, travel involving three or more
time zones occurring four weeks prior to or during the course of the
study, current use of hypnotic agents for sleep, and a history of sub-
stance abuse or dependence one month prior to study participation
were excluded from the study. DSM-IV Axis I diagnosis of BDI was
confirmed by the Structured Clinical Interview for DSM-IV Axis I
Disorders (SCID-I/P) [18] or Mini International Neuropsychiatric In-
terview (MINI) [19]. All cases were then subject to a best estimate di-
agnostic consensus including a minimum of three experienced clin-
icians in order to confirm the diagnosis.

2.2. Subject clinical and demographic information

The demographic variables collected included age, gender, and
race. Young Mania Rating Scale (YMRS) [20] was used to determine the
degree of manic symptoms while the clinician-rated 30-item Inventory
of Depressive Symptoms rating scale (IDS-30-C) [21] was used to de-
termine the degree of depressive symptoms. Information regarding
course of illness was gathered using both structured clinical interviews
(SCID-I/P or MINI) and detailed psychiatric histories. Course of illness
characteristics gathered included: age at onset of psychiatric symptoms
(age at first recognized psychiatric symptoms), age at onset of mania
(age at first manic or hypomanic episode), age at onset of depression
(age at first depressive episode), polarity of first episode (depressed or
manic), rapid cycling (DSM-IV-TR definition), degree of inter-episode
recovery (with or without good inter-episode recovery), history of
psychosis, and history of suicide attempts. A history of current medi-
cation use was also obtained.

2.3. Chronobiological and sleep rating scale assessments

The Pittsburgh Sleep Quality Inventory (PSQI) [22] was used to
characterize sleep quality and the history and course of sleep wake
patterns. The Composite Scale for Morningness (CSM) [23] assessed
participant’s chronotype or diurnal preference for daily activities. The
Seasonal Pattern Assessment Questionnaire (SPAQ) [24] was used to
assess whether personal activity and behaviors were related to changes
in seasons. Sleep diaries were used to help record participant's sleeping
and waking patterns.

Actigraphy. Basic Motionlogger actigraph units (Ambulatory
Monitoring, Inc., Ardsley, NY) were used to collect data regarding lo-
comotor activity. Data was sampled in 60-second epochs. Subjects wore
the apparatus continuously on the non-dominant wrist for 7 days.
Summary statistics characterizing circadian rhythms and sleep-wake
cycles were calculated using Action 4 circadian rhythm analysis soft-
ware (Ambulatory Monitoring, Inc., Ardsley, NY) and Action W-2
Software (Ambulatory Monitoring, Inc., Ardsley, NY).

The 24-h autocorrelation coefficient [25] was used as an indicator
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of the degree of rhythmicity. This value represents the correlation of a
time series with its own past and future values and may be taken as an
indicator of the degree of rhythmicity. Higher 24-h autocorrelation
scores indicate a higher degree of rhythmicity. Lower scores indicate a
lower degree of rhythmicity. Cosinor analysis [26,27] was used to
calculate the amplitude, the difference between the peak and mean
value of the cosine wave, and the mesor, the mean value of the cosine
curve best fitting the data. The circadian quotient [25], or amplitude to
mesor ratio, was then calculated and used as a proxy for the robustness
of rhythms. Goodness-of-fit omega was used to calculate how well the
cosinor model fit the actigraph data [28]. The UCSD Sleep Algorithm
was used to calculate the following sleep-wake variables: sleep minutes
(average daily minutes scored as sleep), wake minutes (average daily
minutes scored as wake), percent sleep (percentage of minutes scored as
sleep), and sleep efficiency (actual time spent asleep to the total sleep
episode time) and wake after sleep onset (WASO) (minutes scored as
wake during the sleep period).

2.4. DNA isolation and genotyping

DNA was isolated from whole blood. SNPs were genotyped using
GoldenGate Custom Genotyping Assay and run on the BeadExpress
System (Illumina Inc., San Diego, CA). Genotyping was blinded to
subject diagnosis and characteristics. The SNP panel consisted of var-
iants from circadian genes selected from the literature and based on
previous suggestive association with bipolar disorder [13,14,16,29-36]
(Table 1). SNPs located on the following genes were included for

Table 1

Circadian Gene Variants. Table 1 presents the circadian single nucleotide
polymorphisms (SNP) selected for inclusion in the study. Information regarding
SNP, gene, chromosome (CHR), base pair positions (GRCh38.p12). Associated
literature references are also included.

SNP Gene CHR Position Citations
15228642 PER3 1 7803233 [30,76,97]
1510462020 PER3 1 7820623 [30,76,971]
152640909 PER3 1 7830057 [30,76,971]
15934945 PER2 2 238246412 [30,97]
152304674 PER2 2 238273263 [30,97]
152304672 PER2 2 238277948 [30,97]
1s334555 GSK3B 3 120085289 [16,32,36,97]
153755557 GSK3B 3 120096110 [52]
1511927974 near GSK3B 3 120105190 [40]

1510462028 CLOCK 4 55432133 [35]

151801260 CLOCK 4 55435202 [13,14,30,35,97]
rs3736544 CLOCK 4 55443825 [13,14,30,35,97]
1517777927 CLOCK 4 55446466 [13,14,30,35,971]
1511932595 CLOCK 4 55457430 [13,14,30,35,97]
154340844 CLOCK 4 55462689 [13,14,30,35,97]
156850524 CLOCK 4 55515830 [13,14,30,35,971]
157732671 PPARGC1B 5 149832680 [98]

157022435 RORB 9 74629537 [30,34]
1s3750420 RORB 9 74634466 [30,34]
1s3903529 RORB 9 74649312 [30,34]
156486122 ARNTL 11 13339977 [13,29,30,35,97]
rs3816360 ARNTL 11 13346203 [13,29,30,35,97]
151868049 ARNTL 11 13362135 [13,29,30,35,97]
153789327 ARNTL 11 13363769 [13,29,30,35,97]
1511022778 ARNTL 11 13369313 [13,29,30,35,97]
15969485 ARNTL 11 13381496 [13,29,30,35,97]
1510838524 CRY2 11 45848626 [13,30,35,97]
1510838527 CRY2 11 45881643 [13,30,35,97]
152291738 TIMELESS 12 56421497 [13,29,30]
rs11113179 CRY1 12 107059007 [30,35]
152289591 PER1 17 8144692 [13,30,35,97]
152735611 PER1 17 8144965 [13,30,35,97]
15885747 PER1 17 8147419 [13,30,35,97]
152314339 NR1D1 17 40096959 [13,30,33,35,98]
154510078 CSNK1D 17 82247837 [30]

152075983 CSNK1E 22 38294692 [13,30,35,97]
151534891 CSNK1E 22 38299094 [13,30,35,97]
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assessment: ARNTL, CLOCK, casein kinase 1 delta (CSNK1D), CSNKI1E,
cryptochrome circadian regulator 1 (CRY1), cryptochrome circadian
regulator 2 (CRY2), GSK3B, nuclear receptor subfamily 1 group D
member 1 (NR1D1), period circadian regulator 1 (PER1), period cir-
cadian regulator 2 (PER2), period circadian regulator 3 (PER3), PPARG
coactivator 1 beta (PPARGC1B), RAR related orphan receptor B
(RORB), and timeless circadian regulator (TIMELESS).

2.5. Quality control

A total of 66 subjects with bipolar disorder were genotyped for 39
SNPs. All samples and SNPs had a call rate (non-missing information)
greater than 95%. Two of the SNPs (rs3750420 and rs2314339) had a
minor allele frequency (MAF) less than 0.05 and were excluded from
further analysis. Hardy-Weinberg Equilibrium (HWE) was tested using
the chi-square test as implemented in the software PLINK. No SNP
failed the HWE p-value cut-off of 0.005.

2.6. Statistical analysis

Continuous variables were described using mean and standard de-
viation. Categorical variables were summarized using frequency and
percentages. With respect to genetic analysis, SNPs were tested for as-
sociation with the actigraphy- and clinically-based variables after ad-
justment for age, gender, race, mood state, and medication use.
Associations for course of illness characteristics were adjusted for race
and gender. Since the inheritance pattern for the genes studied are not
known, the additive model was initially used for testing all SNP asso-
ciations. SNP associations that were significant in the additive model
were further tested using the dominant and recessive models. The
commands -linear and -logistic were used for continuous and binary
outcomes, respectively. The level for statistical significance was set at a
p-value of less than 1.35e—3, which was obtained by the Bonferroni
method (0.05/37). The PLINK software [37] was used for all analyses.

3. Results
3.1. Sample characteristics

Table 2 summarizes the demographic, clinical, and course of illness
characteristics of our study cohort. The mean age of the sample was
42.41 = 11.65years and female predominant (65.15%). The majority
(60.6%) of the subjects were self-reported Caucasians followed by
Hispanics (19.70%) and African Americans (19.70%). The majority
(82.54%) of subjects were taking psychotropic medications. The mood
symptomatology was in the mild to moderate range with mean YMRS
and IDS-30-C scores of 14.7 *+ 7.34 and 21.84 *+ 10.91, respectively.
The mean ages of onset of psychiatric symptoms, depression, and mania
were 18.16 + 9.18, 18.58 =+ 8.34, and 21.75 *= 10.03, respectively.
Within the sample, 60.66% met criteria for rapid cycling, 71.43% had
poor inter-episode recovery, 68.25% had experienced psychosis, and
56.25% reported a history of suicide attempt. 79.03% reported their
first episode as depressive. PSQI score (9.8 + 4.26) was indicative of
moderate sleep disturbance, CSM score of intermediate chronotype
(32.76 *+ 8.39), and SPAQ scores of moderate seasonality
(9.23 *= 6.63).

Table 3 summarizes actigraphic variables calculated for the sample.
Cosinor-based variables for the sample were as follows. Amplitude,
mesor, circadian quotient demonstrated means and standard deviations
of 2654.21 + 1132.18, 3496.4 + 1514.83, and 0.78 * 0.16, re-
spectively. Goodness-of-fit omega scored as 0.47 *= 0.14 demon-
strating a moderate fit of the data with the cosine model. The 24-h
autocorrelation coefficient was 0.34 = 0.13 suggesting a low level of
correlation between activity at the same time point on each observa-
tional day. Over the observational period an average of
393.66 * 95.71 min were scored as sleep, 900.96 *= 122.34 min were
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Table 2

Demographic, Clinical, and Course of Illness Characteristics. Table 2 presents
the demographic, clinical, and course of illness characteristics of the study
sample. Categorical variables are reported as numbers (percentages). Con-
tinuous variables are reported as means * standard deviations. Young Mania
Rating Scale (YMRS). 30-Item Inventory of Depressive Symptoms scale (IDS-30-
C), Pittsburgh Sleep Quality Index (PSQI), Composite Scale for Morningness
(CSM), Seasonal Pattern Assessment Questionnaire (SPAQ).

Demographic, Clinical, and Course of Illness Characteristics

Demographic Characteristics

Age 42.41 + 11.65
Gender
Male 23 (34.85%)
Female 43 (65.15%)
Race
Caucasian 40 (60.61%)
African American 13 (19.70%)
Hispanic 13 (19.70%)

Clinical Characteristics

YMRS Score 14.7 = 7.34
IDS-30-C Score 21.84 + 10.91
Medications
Unmedicated 11 (17.46%)
Medicated 55 (82.54%)
Lithium 14 (22.58%)
Anticonvulsant 33 (53.23%)
Antipsychotic 25 (40.32%)
Antidepressant 23 (37.10%)
Benzodiazepine 18 (29.03%)

Course of Illness Characteristics

Age at onset psychiatric symptoms 18.16 = 9.18
(in years)

Age at onset of mania (in years) 21.75 * 10.03

Age at onset of depression 18.58 + 8.34

(in years)

Polarity of first episode
Depression
Mania
Rapid Cycling
Poor Inter-Episode Recovery
History of Psychosis
History of Suicide Attempt

49 (79.03%)
13 (20.97%)
37 (60.66%)
48 (71.43%)
43 (68.25%)
36 (56.25%)

Sleep, Chronotype, and Seasonality Rating Scales

PSQI 9.8 = 4.26
CSM 32.76 + 8.39
SPAQ 9.23 * 6.63

scored as wake, with the percentage of sleep scored as 28.14 = 7.21%.
Sleep efficiency was 66.6 = 12.98 and wake after sleep onset was
260.52 = 136.29 min.

3.2. Relationships between circadian gene SNPs and actigraphy, clinical,
and course of illness characteristics

Table 4 presents nominally and statistically significant associations
after adjustment for age, gender, race, and medication use. Multiple
SNPs demonstrated suggestive associations with two associations re-
maining significant after correction for multiple testing (Table 5). The
GSK3B variant rs334555 (C > G), which had a MAF of 9.1%, was
significantly associated with lower CSM scores (regression coeffi-
cient = —7.34, p-value = 1.04e — 3, additive genetic model; regression
coefficient = —9.15, p-value = 2.90e—4, dominant genetic model).
The RORB variant rs7022435 (G > A), which had a MAF of 23.5%,
was significantly associated with higher PSQI scores (regression coef-
ficient = 2.68; p-value = 1.04e — 3, additive genetic model; regression
coefficient = 2.85, p-value = 3.67e—3, dominant genetic model; re-
gression coefficient = 5.15, p-value = 2.74e—2, recessive genetic
model).
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Table 3

Actigraphy Statistics. Table 3 presents the actigraphy statistics of the study
sample. Rhythm related actigraphy variables include: Amplitude (the differ-
ence between the peak and mean value of the cosine wave), Mesor (the mean
value of the cosine curve best fitting the data), Circadian Quotient (amplitude
to mesor ratio; used as a proxy for the robustness of rhythms), 24-h Auto-
correlation Coefficient (the similarity between observations as a function of the
time lag between them with a value of 1 indicating perfect correlation and a
value of —1 indicating a perfect negative correlation; taken as an indicator of
the strength of the rhythm), and Goodness-of-Fit Omega (statistical test used to
calculate how well the cosinor model fits the actigraphy data). Sleep related
actigraphy variables include: Sleep Minutes (average minutes scored as sleep),
Wake Minutes (total minutes scored as wake), Percent Sleep (percentage of
minutes scored as sleep), and Sleep Efficiency (actual time spent asleep to the
total sleep episode time) and Wake After Sleep Onset (average minutes scored
as wake during the sleep period).

Actigraphy Statistics

Actigraphy Rhythm Measures Mean = SD
Amplitude 2654.21 = 1132.18
Mesor 3496.4 + 1514.83
Circadian Quotient 0.78 = 0.16

24-h Autocorrelation Coefficient 0.34 = 0.13
Goodness-of-Fit Omega 0.47 = 0.14
Actigraphy Sleep-Wake Measures Mean * SD

Sleep Minutes 393.66 *+ 95.71
Wake Minutes 900.96 * 122.34
Percent Sleep 28.14 = 7.21
Sleep Efficiency 66.6 = 12.98

Wake After Sleep Onset 260.52 + 136.29

4. Discussion

In this manuscript we present the findings of a proof-of-concept
study designed to assess the relationship between circadian gene var-
iants and sleep, rhythm, and course of illness characteristics in subjects
with BDL Several nominally significant associations were noted. After
correction for multiple testing, 2 associations remained statistically
significant.

The rs334555 polymorphism on GSK3B was significantly associated
with lower CSM scores under additive (p = 1.04e—3) and dominant
(p = 2.90e —4) models, indicating an association with an evening
chronotype. This SNP was also nominally associated with a lower de-
gree of wake after sleep onset, greater degree of sleep efficiency, higher
24-h autocorrelation coefficient scores, and rapid cycling phenotype.
The variant rs334555 has previously been associated with impulsivity
[38] and white matter abnormalities [39] in bipolar disorder and has
been reported as a component of a haplotype associated with early age
at onset of major depressive disorder [40]. GSK3B is a kinase that
modulates the circadian timing system by phosphorylating molecular
clock proteins [41]. A growing body of literature suggests that this gene
may be an important factor in understanding the pathophysiology of
bipolar disorder. Variants in GSK3B have been associated with the
disorder [42,43] and with clinical characteristics of the illness such as
an increased risk for suicidal behavior [44], later age at onset [16,32],
manic and depressive dimensions [45] and delusional thoughts [46].
GSK3B may also play an important role in the treatment of bipolar
disorder. Mood stabilizers have been shown to directly affect the
functioning of GSK3B [47-51] and may do so by modify the functioning
of molecular clocks [47,50]. Studies have also reported that GSK3B
variants may be associated with variations in treatment responses in
bipolar disorder [16,17,52,53].

RORB is a transcription factor that demonstrates circadian expres-
sion and regulates the expression of various core circadian genes [9,54].
In our sample, the RORB rs7022435 SNP was significantly associated
with higher PSQI scores indicative of a greater degree of sleep dis-
turbance. This SNP also demonstrated a nominal association with a
lower age at onset of psychiatric symptoms. RORB rs7022435 has
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previously been established to associate with BD compared to controls
by McGrath et al. (Case-Control OR = 2.881, Case-Control P-
value = 1.10E—06), as was a haplotype (A-A-A) consisting of RORB
variants rs7022435 — rs17691614 — rs7032677 (P-value = 8.17E—07,
Permuted P-value less than 0.001) [34]. Other RORB SNPs have been
reported that associate with BD risk compared to healthy controls
[30,55]. Convergent functional genomics studies have also identified
RORB as a potential risk gene for BD [56,57]. Relationships between
RORB markers and verbal intelligence [58] as well as seasonality [59]
have also been reported in BD. Our findings along with prior research
suggest that, by influencing the core molecular clock, genetic variants
in RORB can have an effect on the risk for developing BD as well as the
expression of the illness.

In toto, the findings of this study are in line with previous literature
that supports the possible impact that circadian gene variants may have
on the phenotypic expression of bipolar disorder and may highlight
important areas for future research. For example, circadian gene var-
iants have been associated with chronotype in bipolar disorder [60,61].
In addition to the relationship noted between the rs334555 GSK3B 3
SNP and chronotype, we report 2 additional SNPs demonstrating sug-
gestive associations with CSM scores. This line of investigation may be
of importance given that an evening chronotype has been associated
with the illness [62-64] and clinical correlates such as rapid mood
swings [65,66], greater recurrence rates [65], and an earlier age of
illness onset [65]. Additionally, Hasler et al. reported that evening
chronotypes with insomnia displayed diurnal patterns of positive affect
characterized by phase delay and smaller amplitude, reduced degree of
diurnal variation in the metabolism of the medial prefrontal cortex and
the striatum [67].

Our study findings also support previous literature that suggests
relationships between circadian gene variants and sleep characteristics
in bipolar disorder [13,15,68]. In addition to the associations between
the RORB rs7022435 SNP and PSQI scores, two additional variants
located in RORB were associated with higher PSQI scores. The PER2
SNP rs2304674 also showed several nominal associations with sleep
variables. This would indicate an important area for future research as
sleep disturbances are a hallmark of bipolar disorder [69-72] and may
represent a heritable phenomenon [73].

Some of the findings also suggest that circadian gene variants may
be important factors in determining course of illness characteristics in
bipolar disorder. As in other studies [13,14,74], we report three asso-
ciations that suggest the relationship between circadian gene poly-
morphisms and a rapid cycling phenotype. These findings are also in
line with some reports suggesting that rapid cycling may be associated
with underlying circadian disruption [75]. As in prior studies
[16,33,76], we also noted nominal associations between circadian gene
variants and an earlier age at illness onset. In keeping with other reports
[77,78], we report 6 circadian gene polymorphisms, 3 on ARNTL and 3
on CSNK1E, which demonstrated a suggestive association with suicid-
ality. This may be a particularly important area of interest as suicidal
ideation has been related to circadian disruption [53,79-84], an eve-
ning chronotype [79,85-87], and with greater incidence frequency in
the evening hours [88,89]. Variants in ARNTL have reached genome-
wide significant levels of association in genome-wide association stu-
dies (GWAS) of schizophrenia [90], chronotype [91], and cognitive
function [92]. In addition, we have previously reported that ARNTL and
CSNKI1E haplotypes are associated with bipolar disorder in Hispanic
pedigrees [93].

A strength of this study includes examining the relationships be-
tween circadian gene variants and chronobiological and course of ill-
ness characteristics in the disorder. Another strength is that our study is
one of few that sought to examine the relationships between circadian
gene variants and actigraphically-based measurements of sleep and
activity rhythms. Previous studies have reported associations between
CLOCK 31111 T/C SNP and variations in diurnal activity [68,94], de-
layed sleep onset [68], and reduced amount of nighttime sleep [68].
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Associations between circadian gene single nucleotide polymorphisms (SNPs) and clinical and behavioral assessments of sleep and rhythms and course of illness
characteristics. The significant and nominally significant single nucleotide circadian gene polymorphisms and clinical and behavioral assessments of sleep and
rhythms and course of illness characteristics are summarized. ¥ denotes adjustments. Associations for actigraphy- and clinically-based were adjusted for age, gender,
race, mood state, and medication use. Associations for course of illness characteristics were adjusted for race and gender. Bolded font and ~ denote statistical
significance after Bonferroni correction. Pittsburgh Sleep Quality Index (PSQI), Composite Scale for Morningness (CSM).

Circadian Gene SNP Associated Variable Regression Coefficient” p-Value® Bonferroni Adjusted p-Value
ARNTL 156486122 History of Suicide 2.411 0.0159 0.5883
153816360 Goodness-of-Fit Omega 2.032 0.0473 1.0000
rs1868049 History of Suicide —2.380 0.0173 0.6401
153789327 History of Suicide —2.800 0.0051 0.1887
Mesor -2.310 0.0249 0.9213
rs11022778 CSM —2.082 0.0420 1.0000
15969485 Rapid Cycling 2.238 0.0252 0.9324
CLOCK 151801260 Circadian Quotient 2.052 0.0452 1.0000
153736544 Age at Onset Psychiatric Symptoms —2.552 0.0133 0.4921
Goodness-of-Fit Omega —2.240 0.0294 1.0000
156850524 Goodness-of-Fit Omega 2.097 0.0409 1.0000
CRY1 1511113179 Week After Sleep Onset 2.349 0.0227 0.8399
PSQI 2.034 0.0468 1.0000
CSNK1D 154510078 24-Hr Autocorrelation 2.244 0.0291 1.0000
CSM —2.208 0.0315 1.0000
Goodness-of-Fit Omega —2.041 0.0464 1.0000
CSNK1E rs2075983 History of Suicide —2.222 0.0263 0.9731
156001093 History of Suicide —2.941 0.0033 0.1221
15135757 History of Suicide —2.533 0.0113 0.4181
Rapid Cycling —2.286 0.0223 0.8251
GSK3B rs334555 CSM —3.434 0.0011" 0.0407"
Week After Sleep Onset —2.576 0.0129 0.4773
Sleep Efficiency 2.313 0.0247 0.9139
24-Hr Autocorrelation 2.290 0.0261 0.9657
Rapid Cycling -2.139 0.0324 1.0000
1s3755557 24-Hr Autocorrelation —2.146 0.0365 1.0000
rs11927974 Mesor 2.750 0.0082 0.3034
Amplitude 2.101 0.0405 1.0000
PER2 152304674 Sleep Efficiency —2.876 0.0058 0.2146
Mesor 2.802 0.0071 0.2627
Sleep Minutes —2.446 0.0179 0.6623
Percent Sleep —2.381 0.0210 0.7770
Wake Minutes 2.328 0.0238 0.8806
RORB 157022435 PSQI 3.463 0.0010" 0.0370"
Age at Onset Psychiatric Symptoms —3.024 0.0037 0.1369
153903529 Age at Onset Psychiatric Symptoms —2.760 0.0077 0.2849
PSQI 2.614 0.0115 0.4255
TIMELESS 152291738 Goodness-of-Fit Omega —2.462 0.0172 0.6364
Table 5 Another study reported a polymorphism in the acetyl O-methyl-

Association of circadian gene variants with chronotypic profiles. Circadian
Gene polymorphism, MAF, associated outcome variables, and adjusted coeffi-
cients and respective p-values are presented for additive, dominant, and re-
cessive models. The RORB variant rs7022435 was significantly associated with
PSQI (regression coefficient = 2.68; p-value = 1.04e—3, additive genetic
model; regression coefficient = 2.85, p-value = 3.67e—3, dominant genetic
model; regression coefficient = 5.15, p-value = 2.74e—2, recessive genetic
model). The GSK3B variant rs334555 was significantly associated with CSM
(regression coefficient = —7.34, p-value = 1.04e — 3, additive genetic model;
regression coefficient = —9.15, p-value = 2.90e — 4, dominant genetic model).
Pittsburgh Sleep Quality Index (PSQI), Composite Scale for Morningness (CSM).

SNP MAF Outcome Adjusted” Coefficient (p-value)
Variable
Additive Dominant Recessive
157022435 0.23  PSQI 2.68 2.85 5.15
(0.00104) (0.00367) (0.02736)
1s334555  0.09 CSM —7.34 -9.15 -1.65

(0.00114) (0.00029) (0.83730)
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transferase gene to be associated with longer sleep duration, greater
activity levels during sleep periods, and greater inter-daily stability of
activity rhythms [95]. Collectively, these studies demonstrate the uti-
lity of using chronobiological markers and course of illness character-
istics to help discover phenotypic variants associated with the illness.

Limitations of our study should also be noted. Our small sample size
may leave room for false positive findings and might result in a lack of
power for some analyses. The results will, therefore, need to be re-
plicated in larger samples. While we attempted to account for variables
(i.e., age, gender, race, medication use) that may be impacting the re-
lationships between circadian genes and outcome variables of interest,
larger sample sizes will allow for the assessment of the relative impacts
of these variables in establishing these relationships. For example, the
sample was multi-racial. Although we adjusted for race, confounding
due to population structure cannot be eliminated.

In addition to increasing the sample size, other methodological
approaches to assessing the relationship between circadian genes and
chronobiological phenotypes are necessary. Since our study focused
only on SNPs, there is an inherent limitation to the number of markers
representing the circadian genes. Sequencing of the circadian genes
will, therefore, be necessary to characterize the associations between
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circadian genes and chronobiological characteristics of the disorder. As
has been recently shown [96], linkage analysis may be an important
methodological approach to determine the heritability of chronotype in
relation to circadian gene variants in BD.

The current study protocol allowed the comparison of groups of
patients that share common clinical features and course of illness
characteristics investigated that are not relevant to healthy controls
(e.g. age at onset of psychiatric symptoms, polarity of first episode,
rapid cycling, poor inter-episode recovery, history of psychosis),
thereby preventing any conclusions pertaining to associations specific
to BDI. Future research including healthy controls, particularly as they
relate to chronobiological characteristics, would strengthen the results
of this study by determining if these findings are disease specific or are
noted in other psychiatric illnesses or in subjects not suffering from a
psychiatric disorder. Subsequent studies should address this methodo-
logical limitation.

A further limitation of this study is the cross-sectional design. Future
studies will benefit from longer observational periods in order to fully
capture circadian phenotypes particularly when utilizing tools such as
actigraphy. In addition, longer observational periods may help to fur-
ther account for the effects of mood state and medications. Longitudinal
studies specifically focusing on characterizing biological rhythms may
help to define specific phenotypes of the disorder and therefore increase
the power of future genetic association studies.

5. Conclusions

Biological rhythm disturbances have been suggested to play a key
role in the pathophysiology of bipolar disorder. In this manuscript, we
present the findings of a proof-of-concept study designed to assess the
relationships between circadian gene variants and clinical and beha-
vioral assessments of sleep and rhythms and course of illness char-
acteristics in subjects with BDI. In this study, we found 2 statistically
significant associations (GSK3B SNP, rs334555, with evening chron-
otype and RORB SNP, rs7022435, with higher PSQI scores). In addition,
several other suggestive associations were noted. Further research in
larger sample sizes is required to more definitively explore the re-
lationships between circadian gene variants and characteristics of BDI.
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