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The circadian clock coordinates daily oscillations of essential phy-
siological and behavioral processes. Conversely, aberrant clocks
with damped amplitude and/or abnormal period have been asso-
ciated with chronic diseases and aging. To search for small mole-
cules that perturb or enhance circadian rhythms, we conducted a
high-throughput screen of approximately 200,000 synthetic com-
pounds using Per2∷lucSV reporter fibroblast cells and validated
11 independent classes of molecules with Bmal1:luciferase reporter
cells as well as with suprachiasmatic nucleus and peripheral tissue
explants. Four compounds were found to lengthen the period in
both central and peripheral clocks, including three compounds
that inhibited casein kinase Iε in vitro and a unique benzodiazepine
derivative acting through a non-GABAA receptor target. In addi-
tion, two compounds acutely induced Per2∷lucSV reporter biolumi-
nescence, delayed the rhythm, and increased intracellular cAMP
levels, but caused rhythm damping. Importantly, five compounds
shortened the period of peripheral clocks; among them, four com-
pounds also enhanced the amplitude of central and/or peripheral
reporter rhythms. Taken together, these studies highlight diverse
activities of drug-like small molecules in manipulating the central
and peripheral clocks. These small molecules constitute a toolbox
for probing clock regulatorymechanisms andmay provide putative
lead compounds for treatment of clock-associated diseases.

The mammalian circadian clock is an essential timing system
driving daily oscillations of physiology and behavior, including

sleep/wake cycles, cell division cycles, metabolism, cardiovascular
functions, hormone secretion, and mood balance (1–6). In mam-
mals, the central pacemaker of the hierarchical clock system
resides in the hypothalamic suprachiasmatic nucleus (SCN), func-
tioning to respond to photic input signals and to regulate output
pathways through neuronal and hormonal signals (7, 8). The
peripheral, non-SCN clocks are subsequently synchronized by
SCN-derived signals to perform tissue-specific functions (9, 10).
At the molecular level, the cellular oscillator is similar in both
SCN and peripheral tissues, containing interlocked negative
feedback loops (11, 12). In the primary clock feedback loop, het-
erodimeric transcription factors (CLOCK/BMAL1 and NPAS2/
BMAL1) drive expression of the Period1/2 and Cryptochrome1/2
genes. The encoded PER1/2 and CRY1/2 proteins in turn hetero-
dimerize and repress CLOCK/BMAL and NPAS2/BMAL1
activity to inhibit their own expression (13, 14). In addition, a
secondary feedback loop consisting of the nuclear hormone
receptors (REV–ERBs and RORs) directly regulates Bmal1 gene
transcription, thus modulating the transcriptional output of the
primary loop (15, 16).

In addition to the core transcriptional feedback loops, signal-
ing and regulatory steps are also key. For example, the cAMP-
dependent signaling pathway has been shown to be an integral
component of the clock network, transmitting external signaling

to the core oscillator to trigger rapid adaptive responses (17, 18).
Furthermore, posttranscriptional control mechanisms such as
phosphorylation and ubiquitination have also been shown to play
important roles in clock regulation (19–22). The PER proteins,
for example, are regulated by casein kinase I (CKI)-directed
phosphorylation, which consequently leads to polyubiquitination
by the E3 ligase β-TRCP for proteosome-dependent degradation,
a process central to molecular oscillation of the clock (23, 24).
Overall, complex clock regulatory pathways appear to act in
concert to render precision and robustness of the clock.

Chemical screening has emerged as a powerful tool to inves-
tigate clock regulatory mechanisms (25) and other processes
(26). Several recent studies have employed cell-based chemical
screening strategy to identify small molecules with clock-altering
activities. For example, screening of off-patent drug collections
has revealed multiple casein kinase I inhibitors that markedly
lengthened the circadian period (27) and a period-shortening
compound that acts on glycogen synthase kinase-3β (GSK-3β)
(28). More recently, screening of a large collection (170,000) of
uncharacterized compounds identified another period-lengthen-
ing compound that interacts with multiple kinases, including
CKIα previously unknown to be involved in clock regulation (29).
These studies provide proof-of-principle evidence for the chemi-
cal screening approach.

The above screens have mainly identified period-altering
compounds, with the great majority lengthening the period. On
the other hand, circadian amplitude, a measure of robustness, is
technically more difficult to quantify and can be influenced by a
number of downstream factors (30, 31). Circadian reporter assays
based upon the cycling core clock elements are ideal for screens
because they are close to the mechanism, can be measured in
real time, and can be used to estimate rhythm amplitude. In the
current study, we employed a cell-based circadian reporter assay
in a high-throughput chemical screen of 200,000 synthetic small
molecules. In addition to unique CKI inhibitors, a benzodiazepine
derivative was also found to significantly lengthen the period. In-
terestingly, we identified previously uncharacterized compounds
that shortened the period of central and/or peripheral clocks.
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Several of these period-shortening compounds also appeared to
enhance the amplitude of reporter rhythms in wild-type and
ClockΔ19/+ cells and tissue explants. Furthermore, two com-
pounds were found to enhance intracellular cAMP levels, and
caused acute reporter induction followed by significant phase delay
of the reporter rhythm. These small molecules may be utilized
in the future as probes of clock regulatory mechanisms as well as
potential candidates for therapeutic development.

Results
High-Throughput Screen for Chemical Modulators of the Mammalian
Circadian Clock. We first developed a high-throughput assay to al-
low continuous monitoring of circadian cycles in adult mouse ear
fibroblast cells expressing a PER2-luciferase fusion reporter from
the endogenous Per2 locus (Fig. S1). These cells were derived from
Per2∷lucSV knockin mice analogous to the published Per2∷luc
knockin mice (32, 33). Screening of 200,000 commercial com-
pounds (University of Texas Southwestern) was carried out over
a 10 month period (Fig. 1A). A number of period-lengthening
compounds were found to severely reduce the amplitude of repor-
ter rhythms. Because cell toxicity could underlie such effects, these
compounds were not analyzed further in the current study. Subse-
quently, 530 primary hits underwent consecutive dose response va-
lidation, first in 384-well plates followed by 35 mm dishes (Fig. S2),
with the latter step using chemicals reordered from commercial
suppliers. Fifty one validated hits were subjected to a secondary
screen using Bmal1:luc U2OS osterosarcoma cells (34) containing
a luciferase reporter driven by the Bmal1 promoter (Fig. S3) that
is regulated by a distinct feedback loop compared with Per2 (10).
The final 11 structurally distinct, independent classes of compounds

(Fig. S4), exhibitingminimal cytotoxicity in fibroblast cells (Fig. S5),
were classified into three groups, including period-lengthening
(Fig. S4A, compounds 1–4), cAMP enhancing (Fig. S4B, com-
pounds 5 and 6), and period-shortening (Fig. S4C, compounds
7–11). A number of compounds also enhanced the amplitude of
reporter bioluminescence in Per2∷lucSV cells (Fig. S2). All the hit
compounds caused greater than 2x SD changes in period and/or
amplitude as analyzed by the MultiCycle data analysis software
(Fig. S1B, Actimetrics) in Per2∷lucSV cells at 1.5 μM.

Period Lengthening by Compounds Acting as CKI Inhibitors. We first
examined the mechanisms of the period-lengthening compounds
(Fig. S4A). Given the clock-lengthening effects of CKI inhibitors
(27, 29, 35), we performed in vitro casein kinase Iε inhibition
assays. Three compounds (1–3, Fig. 1B) were found to be potent
inhibitors of CKI, displaying more potent activities than the clas-
sical CKI inhibitor IC261 (Fig. 1C). Consistent with their robust
inhibition of CKIε activity, compounds 1–3 were able to markedly
lengthen the period in both peripheral (fibroblast/U2OS cells
and pituitary tissues) and central SCN clocks (Fig. 1 D and E).
Furthermore, compound 1 showed the most robust inhibition
of CKIε activity, and correspondingly elicited the most significant
period-lengthening effects. As expected, real-time quantitative
PCR (qPCR) analysis revealed that Per2 mRNA rhythms exhib-
ited longer periods and delayed phases in parallel with the repor-
ter rhythm (Fig. 1F, Fig. S6). These results underscore the
prominent role of CKI in the regulation of clock period.

Dual Action by a Period-Lengthening Benzodiazepine Compound. The
other period-lengthening compound, compound 4, showed no
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Fig. 1. Casein kinase I inhibitors. (A) Flowchart of the screen and characterization. (B) Chemical structures of compounds 1–3. (C) In vitro CKIε inhibition assay.
(Top) The first two lanes correspond to no enzyme and no substrate controls. IC261 and SP600125 serve as positive controls. The compounds and controls were
added to the final concentration of 20 μM. Data was analyzed by one-way ANOVA, Dunnett’s test. Compared with the DMSO control: b, p < 0.01; c, p < 0.001.
(Bottom) Dose-dependent inhibition of three CKI inhibitors, compounds 1–3. IC261 and SP600125 serve as positive controls. The concentration gradient for
each compound was 0.6, 2, 6, 20, 40, and 60 μM. (D) Effects of compounds 1–3 at the indicated concentrations on reporter rhythms in Per2∷lucSV and Bmal1:luc
U2OS cells. Data was analyzed by one-way ANOVA, Dunnett’s test. Compared with the DMSO control: a, p < 0.05; b, p < 0.01; c, p < 0.001. (E) Period-lengthen-
ing effects of compounds in pituitary and SCN tissues from Per2∷luc mice. The graphs to the right show quantitation. Data was analyzed by one-way ANOVA,
Dunnett’s test. Compared with the DMSO control: a, p < 0.05; b, p < 0.01; c, p < 0.001. (F) Real-time qPCR analysis of Per2 mRNA expression in wild-type MEF
cells without reporter. Cells were treatedwith compounds or DMSO at time 0, and collected every 4 h up to 44 h (12 samples per set). Data was analyzed by two-
way ANOVA, Bonferroni’s test. Compared with the DMSO control: a, p < 0.05; b, p < 0.01; c, p < 0.001.
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activity in the CKI assay (Fig. 1C). This compound contains a
benzodiazepine scaffold (Fig. 2A) found in classical agonists of
the inhibitory GABAA receptors. Benzodiazepine agonists aug-
ment GABA-induced neuronal inhibition and have been used
extensively as sedative drugs in humans (36). More recently,
benzodiazepines have been utilized as a versatile scaffold for
synthesis of derivatives with unique biological activities (37).
Compound 4 showed broad period-lengthening activities in per-
ipheral and SCN tissues (Fig. 2 B and C). An analogue, 4–1,
lengthened the periods of both SCN and peripheral clocks, albeit
to lesser degrees relative to compound 4 (Fig. S7 A–C); whereas,
the classical benzodiazepine drug diazepam caused modest per-
iod lengthening in SCN slices, and showed no activity in fibroblast
cells or peripheral tissues (Fig. S7 A–C).

In whole-cell voltage-clamp recording using rat hypothalamic
brain slices (38), diazepam and compound 4, but not 4–1 and
two other inactive analogues, increased the peak amplitude and
decay times of the GABAA-dependent inhibitory postsynaptic
currents (IPSCs) (Fig. S7 D and E). These observations suggest
a dual function of compound 4 requiring an additional pharma-
cophore other than the benzodiazepine scaffold. In central
neurons, although induction of GABAA receptor by compound
4 may contribute moderately to period lengthening similar to
diazepam, the majority of its activity is likely mediated via an ad-
ditional target. In peripheral, nonneuronal cells where GABAA
receptors are not abundantly expressed, compound 4 likely acts
on a non-GABAA receptor target.

Complex Circadian Effects by cAMP-Inducing Compounds. Com-
pounds 5 and 6 (Fig. 3A) caused acute induction of reporter
bioluminescence, followed by significant phase delay of reporter
rhythms in fibroblast cells (Fig. 3B). In addition, compound 5,
as well as an analogue 5–1, also caused rapid damping of
Per2∷lucSV rhythms (Fig. 3B, Fig. S8A). These observations are
reminiscent of the effects seen previously in SCN slices treated
with forskolin (17). We therefore conducted cAMP ELISA assays
and showed that treatment of compounds 5, 5–1, and 6 dose-
dependently increased intracellular cAMP levels (Fig. 3C).
Furthermore, a well-established inhibitor of the cAMP-cataboliz-
ing enzyme phosphodiesterase 4, rolipram, also caused acute bio-
luminescence induction and subsequent phase delay (Fig. S8B).
Previously, forskolin has been shown to acutely induce Per1
mRNA levels, but not those of Per2 and the clock output gene
Dbp (39, 40). As shown in Fig. 3D, the effects of compounds 5

and 6 on Per1, Per2, and Dbp gene expression were highly con-
cordant with those of forskolin, except that the acute induction
of Per1 by compounds 5 and 6 appeared weaker yet more persis-
tent. Taken together, these results indicate that compounds 5
and 6 induce intracellular cAMP levels.

The effects of these molecules on circadian rhythm appeared
highly complex. In the primary screen, these compounds caused
significant initial induction of the reporter bioluminescence and a
concomitant phase delay in the following cycles (Fig. 3B, Left).
The dose response patterns in other cells, however, are highly
variable (Fig. 3B, Right; Fig. S8 A and C), suggesting the potential
of a complex web of intracellular targets, perhaps corresponding
to the various downstream effectors of the cAMP signaling path-
way. In pituitary explants, both 5 and 5–1, but not 6, shortened
the period (Fig. S8D). No significant effects were observed in
the SCN tissue explant (Fig. S8E), perhaps partly due to poor
solubility of these compounds.

Period-Shortening Compounds. Compounds 7–11 were found to
shorten the period of reporter bioluminescence in fibroblast cells
(Fig. 4 A and B), reducing the period by 1.5–2.5 h at 5 μM con-
centration (Table S1). Several active analoguess were also found
to exhibit robust period-shortening effects, whereas an inactive
analogue of compound 10 showed insignificant clock-altering
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Fig. 2. A dual-acting benzodiazepine derivative. (A) Structure of compound
4. (B) Effects of compound 4 on reporter rhythms in Per2∷lucSVand Bmal1:luc
U2OS cells. (C) Period-lengthening effects of compound 4 on central and
peripheral tissues.

Fig. 3. Compounds that enhance intracellular cAMP levels. (A) Structures of
compounds 5 and 6. (B) Effects of compound 5 on Per2∷lucSV and Bmal1:luc
U2OS cells. (C) Intracellular cAMP measurement. Wild-type MEF cells were
treated with the compounds at 5 μM, and cAMP levels in the lysates were
quantified via absorbance measurement. Forskolin (5 μM) serves as a positive
control. Data was analyzed by one-way ANOVA, Dunnett’s test. Compared
with the DMSO control: b, p < 0.01; c, p < 0.001. In the dose response experi-
ments, compounds were added to 0.5, 1.5, and 5 μM. (D) Acute effects of the
compounds on clock gene expression. MEF cells were treated with DMSO
(0.1%) and compounds (forskolin, compounds 5 and 6 in 0.1% DMSO final
concentration) at time 0, and cells were collected at 0, 0.5, 1, 2, and 4 h
for real-time qPCR analysis of Per1, Per2, and Dbp mRNA levels.
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activities (Fig. S9). Compounds 7–11 are not structurally related
with previously identified GSK-3β inhibitors (28), and did not
exhibit inhibitory activities in GSK-3β kinase inhibition assay
(Fig. S10). When administered to peripheral tissue explants
(pituitary and lung) (Fig. 4C, Fig. S11A, respectively), compounds
7–11 consistently shortened the periods of reporter rhythms, and
the extent of shortening appeared to be tissue-specific. Real-
time qPCR analysis revealed phase advancement of Per2 mRNA
accumulation in accordance with the observed period-shortening
effects (Fig. 4D). Thus, compounds 7–11 strongly shortened
period in peripheral clocks, but were less effective on the SCN
(Fig. S11B), perhaps due to the known robustness of the SCN
network to perturbation (41, 42).

In addition to period shortening, these compounds had distinct
effects on the amplitude of oscillations. Compound 7 caused only
modest enhancement of the reporter bioluminescence amplitude

in cells (<50%, Fig. 4B) and no effects in tissue explants (Fig. 4C).
In contrast, compounds 8–11 showed dose-dependent amplitude
enhancement in fibroblast cells (2.1–3.5-fold, Fig. 4B, Table S1).
Moreover, in pituitary explants, compounds 8–11 also enhanced
reporter bioluminescence amplitude in conjunction with their
period-shortening effects (Fig. 4C). Expression of Per2 and two
CLOCK output genes, Dbp (43) and Rev-erbα (44), was also in-
duced to varying extents in a time- and compound-dependent
manner in mouse embryonic fibroblast (MEF) cells (Fig. 4D,
Fig. S11C), further supportive of the amplitude enhancing effects
by compounds 8–11. Interestingly, the most significant enhance-
ment of the SCN rhythm amplitude was observed with compound
10 (Fig. S11B).

Previous studies have demonstrated that a number of patho-
logical conditions are associated with damped clocks (31, 45).
Next we investigated whether compounds 8–11 can restore the
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Fig. 4. Period-shortening compounds. (A) Structures of compounds 7–11. (B) Effects of compounds 7–11 on Per2∷lucSV cells. (C) Period shortening in pituitary
explants. Compared with the control: *, p < 0.05. Data was analyzed by one-way ANOVA, Dunnett’s test. Compared with the DMSO control: a, p < 0.05; b,
p < 0.01. (D) Real-time qPCR analysis of Per2 mRNA expression in wild-type MEF cells without reporter. Cells were treated with compounds or DMSO at time 0,
and collected every 4 h up to 44 h (12 samples per set). RNA and cDNA samples were prepared for qPCR analysis. Data was analyzed by two-way ANOVA,
Bonferroni’s test. Compared with the DMSO control: a, p < 0.05; b, p < 0.01; c, p < 0.001. (E) Amplitude enhancement of reporter oscillation in Clock∆19/+
mutant reporter cells. (Upper Left) Per2∷luc reporter rhythms in wild-type and Clock∆19/+ hetetozygous fibroblast cells. (Lower Left) Induction of reporter
rhythms by compounds 8–11 in Clock∆19/+ hetetozygous fibroblast cells. (Upper Right) Comparison of bioluminescence amplitude in wild-type and treated
Clock∆19/+ hetetozygous fibroblast cells. Luminescence amplitude for the first two cycles was measured using LumiCycle software and values are presented as
mean� SD from 3–5 independent samples. Data was analyzed by one-way ANOVA, Dunnett’s test. Compared with the DMSO Clock∆19/+ control: a, p < 0.05.
(Lower Right) Real-time qPCR analysis of Per2mRNA expression in Clock∆19/+MEF cells. Cells were treated with compound 8 or DMSO at time 0, and collected
every 4 h from 8 h post-treatment up to 44 h (10 samples per set). Data was analyzed by two-way ANOVA, Bonferroni’s test. Compared with the DMSO control:
a, p < 0.05; b, p < 0.01; c, p < 0.001. (F) Amplitude enhancing effects of compound 10 in SCN explants from Clock∆19/+mice. Time of compound or DMSO (0.1%
final concentration) administration is indicated by dotted lines. Two representative compound 10 treated samples are shown. The graph on the right indicates
fold induction of reporter rhythm amplitude compared with pretreatment baselines. Two-tailed t test: a, p < 0.05 versus the DMSO control.
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amplitude of damped clocks. ClockΔ19 mutant mice are known
to exhibit damped amplitude of circadian rhythms, accompanied
by various physiological and behavioral deficiencies (31, 46).
ClockΔ19/+ heterozygous cells displayed approximately three-
fold reduction in amplitude relative to wild-type cells (Fig. 4E,
Upper Left). Treatment of the ClockΔ19/+ cells with compounds
8–11 enhanced the amplitude of reporter oscillation in the first
two cycles by two- to threefold (Fig. 4E, Upper Right), with the
most pronounced effects observed for compounds 10 and 11.
Therefore, these compounds appeared to be capable of rescuing
the amplitude of the mutant peripheral clock to near normal
levels. In accordance, Per2 mRNA levels were also enhanced to
varying degrees in ClockΔ19/+ MEF cells treated with com-
pounds 8 and 11 compared with the control (Fig. 4E, Lower Right
and Fig. S11D). Next, compounds 8–11 were found to elicit
more robust reporter rhythms in ClockΔ19/+ pituitary explants
relative to the DMSO control, most significantly compound 11
(Fig. S11E). Moreover, compound 10 also enhanced reporter
amplitude in ClockΔ19/+ SCN explants (Fig. 4F). Overall, these
observations highlight potential therapeutic effects of these small
molecules in restoring normal oscillation amplitude.

Discussion
Diverse Clock-Manipulating Activities of Small Chemicals. High-
throughput screening of synthetic compounds offers an approach
to identify distinct chemical modulators of biological processes.
Previous circadian chemical screens have identified several com-
pounds that inhibited the CKI family of enzymes and caused dra-
matic period lengthening (27, 29). In the current study, we report
screening of a 200,000 chemical collection and identification of
11 small molecules that exhibited wide-ranging effects on circa-
dian rhythms and are structurally distinct from previously identi-
fied hit molecules (27–29).

Candidate approaches aiming at well-established clock regula-
tory pathways have revealed putative modes of action for two
groups of compounds. Three period-lengthening compounds
showed robust CKI inhibitory activities. Previously identified CKI
inhibitors have been shown to have promiscuous effects on para-
logous CKI kinases (12, 27, 29, 47); it is likely that the compounds
identified in this study act similarly. It is worth noting that unlike
compounds 1 and 2, compound 3 significantly induced the levels
of Per2 mRNAs (Fig. 1F), suggesting a unique mechanism for
this CKI inhibitor. In addition, a group of compounds were found
to induce intracellular cAMP levels, causing acute biolumines-
cence induction followed by significant phase delay and rapid
damping of the reporter rhythms. However, the circadian effects
of these compounds appear context-dependent, as evidenced by
complex dose response patterns and distinct effects in cell culture
versus tissue explants. The complex effects of these compounds
perhaps reflect distinct effector pathways associated with cAMP
induction.

Central Versus Peripheral Clocks. The central SCN clock in the
mammalian clock system has been shown to be particularly robust
due to intercellular coupling (42), thus resistant to genetic per-
turbation (41). Among different tissues, there is also considerable
variation in clock-regulated gene expression and physiological
functions (6). The current screen was initially conducted using
fibroblast cells, which can be regarded as a peripheral clock.
Further examination using pituitary tissues revealed largely con-
cordant effects of the hit compounds, although the relative
efficacy appears to vary among cells and various tissue explants.
Such tissue-specific circadian responses to chemicals may corre-
spond to distinct expression and/or activity of intracellular targets
in various tissues, which could have important implications on
therapeutic efficacy and toxicity for tissue-specific clocks.

Given the tissue-specific nature and the intercellular coupling
efficiency in the SCN, several hit molecules did not show signifi-

cant activities in SCN tissues. Nonetheless, a number of com-
pounds were found to function in both central and peripheral
tissues. The CKI inhibitors act via a universal clock regulatory
pathway. On the other hand, compound 4 showed strong GABAA
agonist activity, likely corresponding to the benzodiazepine moi-
ety. However, compound 4 also appears to contain additional
structural groups that confer its function in peripheral cells and
tissues where GABAA receptors are not known to be fully active.
A peripheral benzodiazepine target, translocator protein 18 kDa
(TSPO), has been previously identified (48). However, in a large-
scale siRNA screen, knockdown of the TSPO gene showed no
effects on circadian rhythms (49). Identification of the additional
pharmacophore on compound 4 will require significant medicinal
chemistry efforts to broadly interrogate functional group substi-
tutions. Regardless, these observations highlight the complexity of
circadian regulation, and also reveal unexpected versatility of
small molecules.

Enhancement of Reporter Rhythms by Small Molecules. A number
of compounds identified in the current screen were found to in-
crease reporter bioluminescence either acutely or persistently. The
molecular mechanisms underlying such effects, however, may be
complex. In the case of the cAMP-inducing compounds 5 and
6, acute induction of PER2-luciferase reporter bioluminescence
contrasts with their lack of effects on Per2 transcript levels (Fig. 3D,
Fig. S6). In comparison, compounds 8–11 displayed dose-depen-
dent period-shortening effects in conjunction with enhancement
of reporter rhythm amplitude over several cycles. These com-
pounds were also found to moderately elevate Per2 mRNA levels,
although the fold induction of Per2 mRNA expression is less pro-
nounced than that of reporter bioluminescence. These compounds
also showed distinct enhancing effects on mRNA expression of
two other CLOCK target genes Dbp and Rev-erbα, consistent
with their putative clock-enhancing functions and also suggestive
of divergent mechanisms of action. Furthermore, whereas com-
pounds 8–11 potently enhanced the reporter rhythm in peripheral
clocks, only compound 10 appeared to be effective in SCN ex-
plants. Future studies will investigate the effects of these various
chemicals on single-cell bioluminescence and molecular clock
functions, which may also shed light on the observed correlation
between period shortening and amplitude enhancement by these
molecules.

The Clock∆19 mutant mice have been shown to exhibit pro-
nounced circadian damping and altered phase resetting, accom-
panied by far-ranging physiological and behavioral defects (31,
46). Interestingly, we found that compounds 8–11 were able to
restore the amplitude of damped clocks associated with the
Clock∆19mutation to wild-type levels. These small molecules are
thus ideally suited for future investigation on whether clock-
associated physiology can be enhanced by small molecules.

The current high-throughput screen has led to identification of
potent chemical molecules capable of manipulating peripheral
and central clocks. These molecules display diverse clock-modu-
latory activities, potentially functioning as versatile probes of cir-
cadian biology. Future studies will focus on understanding their
mechanisms of action using unbiased approaches, and investi-
gating the potential beneficial effects of the compounds in phy-
siological settings.

Materials and Methods
Adult mouse ear fibroblast cells from Per2∷lucSV reporter mice were immor-
talized (50) and used for the high-throughput primary screen. The cell culture
conditions were based on the procedure previously described (33). Briefly,
cells were grown to full confluency in 384-well plates, and treated with 5 μM
forskolin for 1–2 h. After compounds were added to the plates with robot
(Beckman), the plates were tightly sealed with membranes (GeneMate)
and subjected to continuous monitoring by an EnVision microplate reader
(Perkin Elmer). By using MultiCycle software (Actimetrics), the data were
detrended (first-order polynomial) and then best-fit to a sine wave estimated
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by a Levenberg–Marquardt algorithm for measurement of period, phase,
amplitude, and damping rate. The primary hits were cherry-picked and sub-
jected to two rounds of dose response validation. Hits were subsequently
tested in the U2OS cell line containing a Bmal1 promoter-driven luciferase
reporter. Eleven compounds were found to exhibit robust clock-altering
effects in cells, and were considered as final hits (Table S1). Sequences of
primers used for real-time qPCR analysis are listed in Table S2.

The compound library at University of Texas Southwestern High-Through-
put Screening Core Facility consists of highly filtered commercial collections.
Please refer to the web site http://www.utsouthwestern.edu/utsw/cda/
dept24734/files/342125.html for more information regarding the chemical
library.

Please refer to SI Materials and Methods for additional information.
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