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The circadian clock controls daily oscillations of gene expression at the
cellular level. We report the development of a high-throughput
circadian functional assay system that consists of luminescent re-
porter cells, screening automation, and a data analysis pipeline. We
applied this system to further dissect the molecular mechanisms
underlying the mammalian circadian clock using a chemical biology
approach. We analyzed the effect of 1,280 pharmacologically active
compounds with diverse structures on the circadian period length
that is indicative of the core clock mechanism. Our screening para-
digm identified many compounds previously known to change the
circadian period or phase, demonstrating the validity of the assay
system. Furthermore, we found that small molecule inhibitors of
glycogen synthase kinase 3 (GSK-3) consistently caused a strong short
period phenotype in contrast to the well-known period lengthening
by lithium, another presumed GSK-3 inhibitor. siRNA-mediated
knockdown of GSK-3� also caused a short period, confirming the
phenotype obtained with the small molecule inhibitors. These results
clarify the role of GSK-3� in the period regulation of the mammalian
clockworks and highlight the effectiveness of chemical biology in
exploring unidentified mechanisms of the circadian clock.

screening � small molecule library � kinase

Genetic networks of regulated transcription and protein turn-
over lie at the core of circadian regulation in all organisms.

Mutation in key nodes of the circadian networks causes changes in
overt behavioral and physiological rhythms (1, 2). For example,
familial advanced sleep phase syndrome with early sleep times and
early-morning awakening is attributed to missense mutations of
human PER2 and CSNK1D genes (3, 4). The clock genes constitute
the transcription/translation-based negative feedback loop of the
core oscillator; CLOCK/BMAL1 heterodimers activate transcrip-
tion of Per and Cry genes, and PER and CRY proteins in turn
inhibit their own transcription (5). In addition to transcriptional
regulation, posttranslational modifications of clock proteins by
phosphorylation, ubiquitination, and acetylation play essential roles
in the oscillator mechanism (6, 7).

The molecular clock machinery resides at the cellular level, and
each single cell shows circadian rhythmicity in a cell-autonomous
manner (8–10). At the organismal level, the cellular oscillators are
organized in a hierarchy, in which the suprachiasmatic nucleus
(SCN) constitutes the central circadian pacemaker (11). In the
SCN, the cellular clocks are synchronized to form a coherent
oscillator through intracellular coupling (12), making the SCN clock
more robust against genetic and environmental perturbations than
peripheral oscillators (13). Therefore, a cell-based assay system
using cultured fibroblasts that lack intercellular coupling (9, 10) will
provide a particularly responsive system to characterize the circa-
dian clockwork through an unbiased, phenotype-driven screening
(14, 15). Perturbations may be revealed in such a cell-based
approach that might otherwise be masked via coupling in the SCN
and thus missed using behavioral genetic screens.

Although many clock genes forming the core oscillatory loop
have been identified, evidence suggests the existence of more
additional unknown clock components and modulators (16). Chem-
ical biology methods use small molecules as proof-of-concept
probes for biological systems and can be effective in discovering
biological mechanisms (14, 17). The approach can complement the
limitations of classical forward and reverse genetic screens associ-
ated with lethality, pleiotropy, and functional overlapping of closely
related proteins. Chemical probes can be applied in a dose-
dependent and reversible manner at multiple levels of biological
organization. A set of compounds that potently affect the circadian
clock function will lead to the identification of clock components
and form the basis for therapeutic strategies directed toward
circadian disorders. In this study, we developed a robust cell-based
circadian screening paradigm for the identification of compounds. To
test the screening pipeline, we used a structurally diverse chemical
library [Library of Pharmacologically Active Compounds (LOPAC)]
containing 1,280 pharmacologically active compounds that span a
broad range of biological pathways. Among them, we successfully
identified 11 compounds causing reproducible period changes. There-
fore, the assay system is competent for large-scale compound screening
to discover new chemical probes for dissecting circadian pathways.

Results and Discussion
Development of a High-Throughput Circadian Assay System. We used
the circadian luciferase reporter Bmal1-dluc (18) for monitoring
circadian rhythms in cultured cells and developed a 384-well
plate-based assay system to screen compound libraries. Among all
cell lines tested, a human U2OS cell line showed prominent
rhythmicity with high luminescence intensity. We established sev-
eral clonal U2OS lines stably expressing the Bmal1-dluc reporter
and selected one clone with high amplitude and a low damping rate
rhythm for further study. In parallel, we developed a curve fitting
program for the analysis of large amounts of luminescence data to
obtain rhythm parameters such as period length (CellulaRhythm;
see Materials and Methods).

By optimizing cell culture and luminescence measurement con-
ditions, we obtained highly consistent rhythms from each well in a
384-well format [supporting information (SI) Fig. S1]. More than
97% of the wells are within the period range of mean � 0.5 h, which
is similar to and better than a system recently reported (15) that
used a U2OS reporter line, 384-well plate assays, and kinetic
luminescence measurements to perform siRNA-based perturba-
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tions to the circadian machinery. Furthermore, treatment of the
cells with D4476, a CKI�/� inhibitor known to lengthen the
circadian period (19), caused a long period phenotype in a dose-
dependent manner at final concentrations of 3–20 �M (Fig. S2).
These results indicate the validity of the system for the screening of
compounds affecting the circadian period.

Screening of LOPAC Chemical Library. The potential effect of 1,280
compounds on the cellular circadian rhythm was investigated at
final concentration of 7 �M (Fig. 1). The screening was repeated

twice, and 13 primary ‘‘hits’’ were identified based on period
change (lengthening or shortening) of �0.5 h in both screening
(Table 1). The effect of 13 hit compounds was further investi-
gated at various concentrations. Eleven of the compounds
showed dose-dependent period lengthening or shortening (Figs.
2, 3, and Fig. S3), confirming the result of the screening.
Interestingly, vincristine, an inhibitor of microtubule assembly,
showed a bidirectional effect: period shortening at lower dose
and lengthening at higher dose (Fig. 2).

The hit compounds can generally be classified as inhibitors/

Fig. 1. Raster plot of the result of LOPAC chemical library screening. Luminescence rhythms of Bmal1-dluc cells were monitored by using ViewLux system in the
presence of compounds (final concentration, 7 �M). One screening contained four 384-well plates, and profiles of one 384-well plate are represented in each panel.
Each horizontal raster line represents a single well, with elapsed time plotted to the right. Luminescence intensity data from each well are normalized for amplitude,
and then indicated by gray scale: peak is white and trough is black. The screening was repeated twice, and the result from the first experiment is shown. Solid and open
arrowheads indicate the positions of long and short period compounds in Table 1, respectively. Note that there are many compounds that change the phase of the
rhythm without affecting the period.

Table 1. Long and short period compounds identified from LOPAC chemical library screening

Compound name Function

Period change, h

ConfirmationExp1 Exp2

Roscovitine Inhibitor of CDK �1.1 �1.4 Figs. 2 and 3
SP600125 Inhibitor of JNK �1.0 �1.4 Fig. 2
SB 202190 Inhibitor of p38 MAPK �1.0 �1.2 Fig. S3
DRB Inhibitor of CK2 �0.7 �1.0 Fig. 2
Vincristine Inhibitor of microtuble �0.6 �1.0 Fig. 2
Etoposide Inducer of DNA damage �3.5 �1.5 Fig. 2
Mitoxantrone Inducer of DNA damage �1.5 �2.0 Fig. S3
PMA Activator of PKC �1.9 �1.6 Fig. 2
SKF-96365 Inhibitor of Ca2� entry �1.3 �2.1 Fig. 2
Indirubin-3�-oxime Inhibitor of CDK and GSK-3 �1.0 �0.7 Fig. 2
Kenpaullone Inhibitor of CDK and GSK-3 �1.1 �0.5 Fig. 3
Ethamivan Respiratory stimulant �2.5 �0.6 No period effect
2-Methoxyestradiol Estrogen derivative �1.2 �1.6 No period effect

Luminescence rhythms of Bmal1-dluc cells were monitored by using ViewLux system in the presence of
compounds (final concentration, 7 �M). Each luminescence profile was fitted with damped cosine curve to obtain
period parameter. The compounds that caused �0.5-h period changes in both screening were listed with period
change (in hours) relative to the median period of DMSO control wells. Positive and negative values represent
period lengthening and shortening, respectively. Ethamivan and 2-methoxyestradiol did not show period
changing effect in confirmation assay (data not shown).
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activators of protein kinases, inhibitors of microtubule assembly,
inhibitors of Ca2� entry, and inducers of DNA damage (Table 1).
Many of the compounds are related to the pathways already known
to affect the circadian clock function in a variety of organisms and
tissues as follows. Roscovitine (a CDK inhibitor), SP600125 (a JNK
inhibitor), and SB 203580 (an analog of p38 MAPK inhibitor SB

202190) cause period lengthening in cultured Aplysia eye (20),
mouse tissues (21), and chicken pineal gland (22), respectively.
Decreased activity of CK2 causes long period behavioral rhythms
in Drosophila (23, 24). Furthermore, supporting the short period
phenotypes of PMA (an activator of PKC), etoposide, and mitox-
antrone (DNA damage inducers) in our assay (Table 1), PMA

Fig. 2. Dose-dependent effect of hit compounds. Luminescence rhythms of Bmal1-dluc cells were monitored by using ViewLux system in the presence of various
concentrations of compounds (8 points of 3-fold dilution series; final concentrations, 3 nM to 7 �M). (A) Luminescence profiles are indicated for each compound. Data
are the representative of duplicate experiment. (B) Period parameter was obtained by the curve fitting and plotted against final concentration of the compound. Data
are the mean with variation of duplicate experiment.
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treatment and DNA damage by �-radiation have been reported to
cause phase advances but not delays of the rhythms in cultured
hamster SCN and free-running mice, respectively (25, 26). Taken
together, the identification of these previously known compounds
and pathways validates our screening paradigm and suggests highly
conserved mechanism of the circadian clock across species and
tissue types.

Period Shortening by Inhibition of GSK-3�. Period-shortening com-
pounds indirubin-3�-oxime and kenpaullone (Table 1) are known to
inhibit both CDK and GSK-3 (27). In contrast, roscovitine, that
inhibits CDK but not GSK-3 (27), caused a long period phenotype
(Table 1). To clarify the difference of the effect of CDK inhibition
and GSK-3 inhibition on the period length, we tested additional
CDK and GSK-3 inhibitors (Fig. S4). We found that GSK-3-

Fig. 3. Effect of CDK and GSK-3 inhibitors on the cellular circadian rhythm. Luminescence rhythms of Bmal1-dluc cells were monitored by using ViewLux system (for
GSK-3-directed inhibitors) or Tecan luminometer (for CDK-directed inhibitors) in the presence of various concentrations of compounds (10 points of 3-fold dilution
series; final concentrations, 4 nM to 70 �M). (A) Luminescence profiles are indicated for each compound. Data are the representative of duplicate experiment. (B) Period
parameter was obtained by the curve fitting and plotted against final concentration of the compound. Data are the mean with variation of duplicate experiment.
Similar result was obtained from another experiment. Note that obtained period and phase of the basal rhythm and luminescence intensity are different between
ViewLux system and Tecan luminometer, because of the setup difference that did not affect the effect of compounds (data not shown).
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directed inhibitors including Chir99021 (28) and 1-azakenpaullone
(29) shortened the period, but CDK-directed inhibitors such as
purvalanol A (27) and NU6102 (30) did not (Fig. 3). Interestingly,
the period shortening effect of GSK-3-directed inhibitors is oppo-
site to the well-known period lengthening effect of lithium (31),
which has been proposed to act through GSK-3 inhibition (32). We
also observed prominent period lengthening by LiCl in our assay
system (Fig. S5).

To elucidate the role of GSK-3 in the period regulation of
mammalian cells, we performed siRNA-mediated knockdown ex-
periments. Transfection of GSK-3� siRNA (si1 and si2) strongly
and specifically reduced endogenous GSK-3� mRNA levels (Fig.
4A) and shortened the circadian period (Fig. 4 B and C). We
obtained similar period shortening in mouse primary fibroblasts

infected with a lentivirus vector encoding GSK-3� shRNA (Fig.
S6). Together, the chemical biology and genomic approaches clarify
the role of GSK-3� in the period regulation of the mammalian
circadian clock.

Role of GSK-3� in the Circadian Clock Mechanism. In Drosophila,
reduction of GSK-3 activity by genetic manipulation causes period
lengthening (33), in contrast to our findings in mammalian cell
culture. Of note, GSK-3 phosphorylates TIM protein in Drosophila
(33), but there is no tim ortholog in mammals (34). Instead, GSK-3�
is known to phosphorylate PER2, CRY2, and Rev-erb� in mam-
mals (35–37). GSK-3�-mediated phosphorylation leads to protea-
somal degradation of CRY2 (36) and stabilization of Rev-erb�
(37). Considering that Cry2 and Rev-erb� knockout mice show long
and short period phenotypes, respectively (38–40), it is possible that
the period shortening by GSK-3� inhibition is mediated at least in
part by the regulation of CRY2 and Rev-erb� protein levels (i.e.,
stabilization of CRY2 and degradation of Rev-erb�). The role of
GSK-3� is of interest and should be addressed in future studies.

Although lithium lengthens the period of circadian rhythms in a
wide range of experimental systems such as unicellular organisms,
insects, mice, and humans (31), the exact mode of action is still
uncertain. Because lithium inhibits inositol monophosphatase and
other phosphomonoesterases and GSK-3 (32), the long period
phenotype in mammals might be mediated by lithium-targeted
protein(s) other than GSK-3.

Period Changing Compounds from LOPAC Chemical Library. The
LOPAC chemical library contains many drugs currently on the
market and in clinical trials. Therefore, our screening results
obtained from human cells might have an important implication for
the application of such drugs. Roscovitine, vincristine, etoposide,
and mitoxantrone are in clinical trials against cancers, and they
showed significant period changing effects (Table 1) that may affect
the circadian clock of normal, non-dividing tissues.

The specificity of 20 kinase inhibitors including clinical drugs was
reported by developing a small molecule-kinase interaction profil-
ing method (41). The kinase-interaction of roscovitine, SP600125,
and SB 202190 was investigated, and interestingly, all of the
compounds showed strong binding with CKI� (41), the inhibition of
which caused a long period phenotype (Fig. S2). It is possible that
the period lengthening effect of roscovitine, SP600125, and SB
202190 (Table 1) is mediated via CKI� inhibition and their primary
target (CDK, JNK, or p38 MAPK). Further studies are necessary
to determine the responsible protein for the circadian effect of these
compounds.

Chemical Biology Approach for Circadian Clock Mechanism. We have
successfully miniaturized the automated luminescence monitoring
of cellular circadian rhythms to a 384-well format and set up data
analysis tools to extract circadian parameters from thousands of
datasets, enabling us to identify period altering compounds from
LOPAC chemical library screening. To discover clock components
through the chemical biology approach, we need a more compre-
hensive, large-scale approach with many different types of com-
pounds. Such diversity-oriented screening usually requires hun-
dreds of thousands of chemical probes to identify a viable lead
compound (42). We are screening a nonproprietary compound
collection containing �650,000 diverse compounds with predicted
drug-like properties. A wide variation of chemical structures has the
advantage of probing many classes of potential targets, some of
which may lead to the identification of new mechanisms regulating
circadian clock functions in many tissues.

Materials and Methods
Compounds. The 1 mM solution of LOPAC chemical library (Sigma) and its 8-point
dilution series were obtained as 384-well format from GNF HTS core. D4476,
indirubin-3�-monooxime, 5 iodo-, roscovitine, purvalanol A, and NU6102 were

Fig. 4. Effect of GSK-3� knockdown on the circadian rhythm. Bmal1-dluc cells
were transfected with GSK-3� siRNA (GSK3B si1 or si2), luciferase siRNA (pGL3 si),
or control siRNA (pGL2 si), and luminescence rhythms were monitored by using
Tecan luminometer. After 4-d monitoring, the cells were collected for RT-qPCR
analysis. (A) Endogenous GSK-3� (GSK3B) and GSK-3� (GSK3A) mRNA levels were
analyzed by RT-qPCR and indicated by normalization with GAPDH. Data are the
meanwithvariationof2 independentexperiments. (B) Luminescenceprofilesare
indicated for each siRNA. Data are the representative of 4 independent experi-
ments. (C) Period parameter was obtained by the curve fitting and plotted. Data
from each experiment is shown by a circle, and mean period is indicated by a
horizontal bar.
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purchased from Calbiochem; SB 202190, mitoxantrone, and kenpaullone were
from Sigma; 1-azakenpaullone was from Alexis Biochemicals; and Chir99021 was
synthesized. The dilution series of the compounds was made on 384-well plate by
using a robotic liquid handling system (MiniTrak, Perkin–Elmer).

Cell-Based Circadian Assay. A clonal line of human osteosarcoma U2OS cells
stably expressing the Bmal1-dluc reporter was established by using the method
described in ref.18andgrownintheculturemedium(DMEMsupplementedwith
10% FBS, 0.29 mg/ml L-glutamine, 100 units/ml penicillin, and 100 �g/ml strep-
tomycin).

For the luminescence recording, the cells were suspended in the culture
medium and plated onto 384-well white solid-bottom plates (Greiner) at 20 �L
(2,000 cells) per well by using a microplate dispenser (�Fill; BioTek). They were
cultured for 2 days to reach confluence. Then, 50 �L of the explant medium
[DMEM supplemented with 2% B27 (Invitrogen), 10 mM Hepes (pH 7.2), 0.38
mg/ml sodium bicarbonate, 0.29 mg/ml L-glutamine, 100 units/ml penicillin, 100
�g/ml streptomycin, 0.1 mg/ml gentamicin, and 1 mM luciferin (Promega)] was
dispensed to each well by using �Fill, followed by the application of 500 nL of
compounds (dissolved in DMSO; final 0.7% DMSO) by using 384-well head
PinTool (GNF Systems). The plate was covered by an optically clear film (USA
Scientific) and set to luminescence monitoring system. This procedure is sufficient
for the synchronization of the cellular rhythms accompanied by the induction of
endogenous PER1 and PER2 genes (data not shown). The luminescence was
recorded by using a microplate reader (Infinite M200; Tecan) or a GNF automated
robotic system (GNF Systems) equipped with a CCD imager (ViewLux, Perkin–
Elmer). The settings for Tecan luminometer are as follows: temperature setting,
35 °C; integration time, 14 sec; interval time, 100 min. The setting for ViewLux
system: incubator temperature, 37 °C; exposure time, 120 sec; interval time,
120 min.

Luminescence Data Analysis. By using the R-project computing environment
(www.r-project.org), we have developed an automated analysis algorithm for
curve fitting and data display (‘‘CellulaRhythm,’’ see SI Appendix for code). Raw
luminescence data were fit to a damped cosine curve using nonlinear least
squares to the following equation:

Luminescence � Baseline 	 mt

	 Amplitude�e�kt�cos� 2
� t � Phase�

Period �

where m � Slope, k � Damping rate, and t � Time. Due to transient luminescence
changes upon the medium change, the first 20 h data were excluded from the
analysis. The quality of the curve fitting was inspected manually, and the data
with poor fitting were filtered out. In many case, the poor fitting arose from
experimental problem such as toxic effect of the compound. Local effects such as
edge effect on the rhythm were evaluated by visual inspection of the raster plot
of luminescence data.

siRNA-Mediated Knockdown. siRNAs were purchased from Qiagen (GSK3B si1,
Hs�GSK3B�7; GSK3B si2, Hs�GSK3B�8), and 3 pmol of each siRNA was spotted onto
96-well white solid-bottom plates (Corning). A total of 60 �L of Opti-MEM
(Invitrogen) containing 0.2 �L of Lipofectamine 2000 (Invitrogen) was dispensed
onto each well and incubated for 20 min at room temperature. Then, 60 �L of the
cells in DMEM supplemented with 20% FBS was dispensed (6,000 cells per well).
The cells were cultured overnight, and the medium was changed to 180 �L of the
culture medium. They were cultured for another 2 days to reach confluence.
Then, the medium was changed to 180 �L of the explant medium, and the plate
was covered by the optically clear film. The luminescence was recorded by using
Tecan luminometer with the following settings: temperature setting, 35 °C;
integration time, 20 sec; interval time, 36 min. To obtain the period parameter,
the luminescence data (10–60 h) were analyzed by using MultiCycle software
(Actimetrics), in which polynomial order was set at 1 for background subtraction.

The cells were collected after 4 days of recording for RT-qPCR analysis. cDNA
sample was prepared by using RNeasy kit (Qiagen) and SuperScript III Reverse
Transcriptase (Invitrogen). qPCR was performed on 7900HT Fast Real-Time PCR
System (Applied Biosystems) by using SYBR Green PCR Master Mix (Applied
Biosystems). The sequences of qPCR primers were as follows: GAPDH-F, TGCAC
CACCA ACTGC TTAGC; GAPDH-R, ACAGT CTTCT GGGTG GCAGT G; GSK3B-F,
TGGAA TCTGC CATCG GGATA; GSK3B-R, ATTGG GTTCT CCTCG GACCA; GSK3A-F,
TGATG AACTG CGATG TCTGG; and GSK3A-R, TGAGA GACGG TT
GGA TGGAG.
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