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Abstract

The mammalian circadian clock regulates a wide variety of physiological and behavioral processes. In turn, its
disruption is associated with sleep deficiency, metabolic syndrome, neurological and psychiatric disorders,
and cancer. At the turn of the century, the circadian clock was determined to be regulated by a transcriptional
negative feedback mechanism composed of a dozen core clock genes. More recently, large-scale genomic
studies have expanded the clock into a complex network composed of thousands of gene outputs and inputs.
A major task of circadian research is to utilize systems biological approaches to uncover the governing
principles underlying cellular oscillatory behavior and advance understanding of biological functions at the
genomic level with spatiotemporal resolution. This review focuses on the genes and pathways that provide
inputs to the circadian clock. Several emerging examples include AMP-activated protein kinase AMPK,
nutrient/energy sensor mTOR, NADþ-dependent deacetylase SIRT1, hypoxia-inducible factor HIF1a,
oxidative stress-inducible factor NRF2, and the proinflammatory factor NF-kB. Among others that continue
to be revealed, these input pathways reflect the extensive interplay between the clock and cell physiology
through the regulation of core clock genes and proteins. While the scope of this crosstalk is well-recognized,
precise molecular links are scarce, and the underlying regulatory mechanisms are not well understood. Future
research must leverage genetic and genomic tools and technologies, network analysis, and computational
modeling to characterize additional modifiers and input pathways. This systems-based framework promises to
advance understanding of the circadian timekeeping system and may enable the enhancement of circadian
functions through related input pathways.

© 2020 Elsevier Ltd. All rights reserved.
Circadian Systems Biology

Physiology and behavior are the product of
complex systems rather than simple outputs of
single genes. Thus, their integrative understanding
should be achieved using a systems approach at the
genome-wide level with both spatial and temporal
resolution. The Human Genome Project highlights
this, as it utilized an interdisciplinary approach to
generate a large volume of high throughput data and
helped pave the way for systems biology. While a
concise and universal definition of systems biology
remains elusive, it can be thought of as an iterative
process: identifying the components of a system,
r Ltd. All rights reserved.
determining how the components fit together, and
developing models to describe the emergent proper-
ties of the system; for example, the circadian
oscillatory behavior in cells and organisms [1e3].
Understanding how gene networks produce emer-

gent properties in physiology and behavior is a
fundamental question in biology. The mammalian
circadian timekeeping system represents an ideal
model for this research [4,5]. The cellular level holds a
particularly important position in circadian timekeep-
ing, as the underlying genetic program is ubiquitous
amongst nearly all cell types, and circadian oscillation
is cell-autonomous [6e8], although different tissues
exhibit physiologically distinctive functions [9e11].
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Cellular clock models have been used extensively for
mechanistic studies and systematic identification of
novel components as the first step toward a systems
understanding of circadian timekeeping. Circadian
systems biology research has led the way in genome-
wide analyses of the clock outputs in multiple cell and
tissue types, identified additional clock modifiers, and
uncovered the extensive interplay between the
circadian clock and cell physiology. This systems
biology approach is being used to uncover circadian
functions at the higher biological levels, particularly the
varying organ and tissue types. These efforts are
ongoing, but future research requires more focused
network analysis and computational modeling to
uncover the missing connections linking genes to
complex oscillatory behavior.
Current Understanding of the Clock
Mechanism

The circadian system consists of a hierarchy of
oscillators at the cellular, tissue, and organismal
levels. The suprachiasmatic nucleus (SCN) of the
anterior hypothalamus acts as the central clock to
Fig. 1. The mammalian circadian clock. The circadian c
numerous oscillating proteins into the endogenous timeke
transcriptional negative feedback loop, in which clock activator
E-Box elements of Per and Cry. In turn, PER and CRY dimeriz
BMAL1-CLOCK and, subsequently, their own transcription. A
Boxes of NR1D1/NR1D2 and DBP to promote their expres
transcription of Bmal1 and activate the transcription of RORs,
coordinate the extra-SCN and peripheral oscillators
into a coherent timekeeping system [8,12]. The SCN
clock is reset by environmental cues, with photic
input being the most dominant by transmitting input
about the light-dark cycle via the retina to align with
the 24-h rotation of the Earth.
The E-box-centered Core Negative
Feedback Loop

Although each tissue is distinctive at the physiologi-
cal level, they share a similar molecular mechanism at
the cellular level: an autoregulatory transcriptional/
translational negative feedback loop [11] (Fig. 1). In
mammals, the positive arm consists of BMAL1 and
CLOCK, two bHLH-PAS transcriptional activators that
heterodimerize and bind to E-box cis-elements to
upregulate the transcription of Period (Per1, Per2,
Per3)andCryptochrome (Cry1,Cry2). Thesegenesare
transcribed and subsequently translated, after which
they dimerize in the cytoplasm. After accumulation in
the cytoplasm, the PER/CRY complex is translocated
into the nucleus and represses the transcriptional
activity of BMAL1-CLOCK, thereby inhibiting their own
lock is a highly conserved mechanism that synchronizes
eping system. At the core of the circadian clock is a
s BMAL1 and CLOCK dimerize to act upon the respective
e within the cytoplasm and return to the nucleus to repress
dditionally, BMAL1-CLOCK acts upon the respective E-
sion, while NR1D1/NR1D2 and DBP act to repress the
respectively.
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transcription. During the early repression phase, PER
represses E-box transcription by binding to CRY1 and
displacing the BMAL1-CLOCK-CRY complex from the
E-box in aCRY-dependentmanner. This is followedby
the late repression phase, in which CRY1 represses
BMAL1-CLOCK, extending CRY1 repression into the
next cycle [13,14].
The D-box and RORE-centered
Interlocking Loops

Two additional feedback loops are integrated with
the E-box-centered core clock mechanism, mediated
by the retinoic acid-related orphan receptor-binding
element (RORE) and the D-box [11,15] (Fig. 1).Within
the RORE loop, ROR activators (RORa, RORb, and
RORg) and repressors (REV-ERBa, or NR1D1; REV-
ERBb, or NR1D2) act to regulate rhythmic transcrip-
tion ofBMAL1,CLOCK, andNFIL3 (orE4BP4). TheD-
box transcription is regulated by the NFIL3 repressor
and DBP, TEF, and HLF activators [16]. Circadian
transcription mediated by the D-box, E-box, and
RORE cis-elements forms a clockwork more complex
than the E-box loop alone. Within the clockwork,
circadian DBP and NR1D1 expression are regulated
primarily by the E-box, PER3 by the D-box, and
BMAL1 and CLOCK by RORE with each exhibiting a
distinct phase. PER1 and PER2, through regulation of
the E-box by a still-to-be-defined mechanism, display
a delayed phase in comparison to DBP and NR1D1.
Interestingly,CRY1 (aswell asRORs) is regulatedbya
combinatorial mechanism involving all three cis-
elements, rendering a significant phase delay in
comparison to DBP and NR1D1 [17]. These loops,
individually and in combination, underlie the rhythmic
expression of a large number of genes at several
distinct circadian phases [10,13,15]. The core and
secondary interlocking loops function to impart robust-
ness against genetic perturbation, as well as offer
additional nodes to regulate additional circadian out-
puts [18].
Over the past two decades, several major genome-

wide studies have identified thousands of clock output
genes and hundreds of clock input genes. Thus, the
relatively simple clockwork centered on the three cis-
elements has further expanded to a more complex
circadian gene network. This network complexity
appears to be the norm in biological systems and
disease states, not the exception [19e22].
Post-translational Regulation of PER
and CRY

Post-translational modifications and clock protein
turnover rates play critical roles in the regulation of
circadian oscillation [11,23,24]. The PER and CRY
repressors, in particular, have a dominant role in
circadian transcription. In principle, PER/CRY
repression involves protein accumulation, post-
translational modifications, translocation into the
nucleus, repression of BMAL1-CLOCK, and even-
tual degradation. The PER protein stability and
turnover, regulated by its respective phosphorylation
and ubiquitination states, in turn regulates the speed
of the clock. PER1 and PER2 have been shown to
be phosphorylated by CK1D and CK1E kinases,
dephosphorylated by phosphatase PP1, and subse-
quently ubiquitinated by the bTrCP (aka FBXW1) E3
ubiquitin ligase complex for proteasome degradation
[25,26]. In CK1D/E deficient cells and mouse
models, elevated PER slows transcriptional progres-
sion and produces a longer period. Conversely, a
CK1E gain-of-function (tau) mutation led to the
acceleration of PER degradation and shortened
period length [27,28]. This is showcased in familial
advanced sleep phase syndrome, which is caused
by a missense mutation in PER2 that interferes with
its phosphorylation by CK1E, and thereby shortens
the period length [29].
Similarly, CRY is regulated by the coordinated

actions of FBXL3 and FBXL21. They act as CRY
recognition F-box proteins in the SKP1/CUL1/F-box
(SCF) E3 ligase complex for CRY ubiquitination and
proteasomal degradation. Loss-of-function muta-
tions in FBXL3 compromise its ubiquitination
activity, allowing CRY stabilization, and subse-
quently causing lengthened circadian periods
[30,31]. FBXL21 is predominantly localized in the
cytosol and functions in concert with FBXL3 to
regulate the normal period length. FBXL3 functions
as the primary CRY E3 ligase to slow down CRY
buildup. Interestingly, FBXL21 binds to CRY with a
stronger affinity but is less effective in ubiquitination.
In the nucleus, FBXL21 counteracts FBXL3 activity,
which results in less efficient CRY ubiquitination,
thereby stabilizing CRY in the nucleus. With a
missense mutation in FBXL21, CRY proteins are
degraded faster, and a shortened period is pro-
duced [32,33].
While it is generally accepted that these factors

regulate the nuclear translocation and accumulation
of the PER/CRY repressor complex, the precise
steps by which they do so remain elusive. A recent
study implicated a perinuclear protein complex
(including CK1) assembled by a long noncoding
RNA titled NRON [34]. Perturbation of the NRON
scaffolding complex affects PER/CRY nuclear
translocation, dampens amplitude, and alters per-
iod length. An active area of research is the
elucidation of the relative nuclear/cytoplasmic
levels of PER and CRY repressors, nucleocyto-
plasmic ratio of BMAL1/CLOCK and PER/CRY, and
relative potential of transcriptional activation
versus repression.
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The Outputs: Tissue-specific Circadian
Output Networks

The circadian clock extends well beyond the core
and secondary loops mediated by the three circa-
dian cis-elements. Circadian regulated genes have
been profiled in a number of organ/tissue and cell
types, including adrenal gland, aorta, brainstem,
brown fat, cerebellum, colon, heart, hypothalamus,
kidney, liver, lung, pancreas, pituitary, SCN, skeletal
muscle, spleen, white adipose, pancreatic beta cells,
fibroblasts, hepatocytes, and osteosarcoma cells
[10,35e41]. In the most comprehensive genome-
wide study to date, protein-coding genes in mice
were screened for circadian rhythms using RNA-
sequencing and DNA arrays across twelve tissue
types. Nearly half of all genes screened were found
to exhibit rhythmic transcription in at least one organ
[10]. Nearly all organs studied were found to have
two primary periods of high transcription: dawn and
dusk. These studies demonstrate the pervasiveness
of circadian regulation in cellular and organismal
physiology. Further, most core clock genes were
found to be rhythmically expressed in-phase across
all the tissue types, with the majority of these genes
highly specific to both cell and tissue type. For
instance, the liver contains rhythmically expressed
genes that are often involved in the rate-limiting
steps of various metabolic pathways. While these
studies advanced our understanding of circadian
regulation of biological systems and contribute
significantly to systems biology of the circadian
clock, major questions remain. In particular, future
studies should elucidate how tissue-specific circa-
dian gene expression and phases are achieved.
Noncoding and regulatory RNA has also been

shown to oscillate in a circadian manner. In a study
of the liver transcriptome, lincRNAs, and miRNAs
(several of which have known functions in the liver)
were found to have circadian expression patterns
[10,42]. Nascent RNA transcripts have been demon-
strated to loosely overlap with mRNA transcripts in
amplitude and timing, which emphasizes considera-
tion of post-transcriptional regulation in studying
circadian timing [43].
Studies have emerged that profiled the cistrome

and epigenome to uncover the genome-wide target
sites of core clock components [13,44e46]. In the
most comprehensive study to date, Koike and
colleagues examined transcriptional regulation at
the genome-wide level with a temporal focus on
transcription factors, RNA polymerase II (RNAPII)
recruitment, nascent RNA expression, and chroma-
tin remodeling. The transcriptional circadian cycle of
the clock can be understood in three distinct phases.
During the poised phase, CRY1 represses BMAL1-
CLOCK, followed by a decline in occupancy of CRY1
and an increase in binding of the coactivator p300.
During the transcriptional activation phase, BMAL1
and CLOCK heterodimerize and bind to E-box cis-
elements to upregulate the transcription of PER and
CRY. Lastly, during the repression phase, the PER/
CRY complex is translocated into the nucleus and
begins to repress the transcriptional activity of
BMAL1-CLOCK. This final phase encompasses a
larger period of repression than that of the first, as
PER and CRY must accumulate to levels that are
sufficient to repress BMAL1-CLOCK. Chromatin
remodeling also is regulated by the clock. Histone
modifications, such as H3K4me3 and H3K36me3,
are rhythmic and vary in amplitude among genes.
RNAPII was also found to demonstrate rhythmic
recruitment. RNAPII recruitment appeared 3 h prior
to H3K36me3 and mRNA accumulation and 1 h prior
to H3K4me3. Therefore, the recruitment and initia-
tion of RNAPII, in conjunction with histone modifica-
tion, appears to be regulated by the circadian clock.
These studies provided insight into the genome-wide
circadian transcriptional mechanisms on the chro-
matin level.
A similar circadian gene expression paradigm can

be seen across several recent studies utilizing
human tissues [47e51]. Powered by the cyclic
ordering by periodic structure (CYCLOPS) algo-
rithm, designed to reconstruct human sample
temporal order in the absence of time-of-day
information, these studies identified thousands of
genes exhibiting rhythmic expression in the body.
More specifically, nearly half of protein-coding genes
were shown to be cycling in at least one of the
thirteen tissues from several hundred human
donors. Collectively, these studies reveal the pre-
valence of clock-regulated genes in both mice and
humans. Further, the majority of all manufactured
drugs target genes with circadian expression, con-
tributing to the relatively novel practice of circadian
medicine that calls for prospective chronotherapeu-
tics in translational research and clinical medicine
[52,53].
The Inputs: Circadian Networking with
Cell Physiology

Intercellular coupling in the SCN confers robust-
ness against genetic perturbation. However, periph-
eral clocks function autonomously and lack strong
intercellular coupling, making themmore susceptible
to genetic manipulation [8,12]. Thus, cell-based
assays allow for the discovery of cell-autonomous
circadian defects, and strategical cell-based models
are more tractable for phenotypic screening and
rapid discovery of clock function. Several groups,
including our own, have developed peripheral cell-
based clock model systems for clock studies
[12,54e56]. In a collaborative effort to gain a
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systems-level understanding of the molecular clock
network, we carried out a high-throughput genome-
wide siRNA screen in a U2OS (human osteosar-
coma) cell line and were able to identify nearly a
thousand clock modifiers [55]. The identified genes
were additionally screened for “network effects” and
were found to have a dose-dependent impact on
BMAL1, CLOCK, PER1, PER2, CRY1, CRY2, DBP,
and NR1D1 expression levels. Pathway and network
analyses have revealed a deep integration between
the circadian clock and many cellular functions [55].
Many of the clock modifiers, through direct and
indirect pathways, associate with known core clock
components. In particular, while inhibition of multiple
components of the insulin signaling pathway
resulted in circadian oscillation perturbation, many
components of the pathway are regulated at the
transcriptional level by the circadian clock [10,55].
Thus, insulin signaling and the circadian clock are
functionally integrated. Network analysis in several
additional studies revealed dynamic circadian pro-
tein-protein interaction networks, which enabled the
prediction of temporal organization of cellular func-
tions and identification of additional clock factors
[57,58]. Other small-scale screens have identified
post-translational modifiers, such as kinases, phos-
phatases, F-box proteins, and E3 ubiquitin ligases
that target NR1D1 and affect circadian rhythms by
often targeting a protein for proteasomal degradation
[59,60]. These studies revealed that the circadian
clock gene network is far more extensive than
previously recognized (Fig. 2).

AMPK and mTOR

AMP-activated protein kinase (AMPK) is a rhyth-
mically expressed kinase that functions as a tissue-
specific energy sensor to maintain homeostasis
[61,62]. AMPK regulates the cellular circadian
clock based upon energy needs and nutrient
availability, with its dysregulation linked to chronic
diseases including obesity, inflammation, diabetes,
and cancer [63]. The activity level of AMPK has also
proven to be rhythmic [64,65]. When the energy
state of the cell is low, and AMP/ATP is high, AMPK
is activated to inhibit catabolic consumption of ATP
and induce its anabolic production. Research over
the last decade has identified diverse molecular
mechanisms that regulate AMPK activity, which, in
turn, regulate various metabolic and physiological
processes in the central nervous system and
peripheral tissues [63]. As a clock regulator, AMPK
was shown to phosphorylate CK1E (i.e., increased
activity), resulting in enhanced phosphorylation and
degradation of PER2 [66,67]. In fibroblasts, CRY1
was shown to be phosphorylated by AMPK at the
highly conserved Ser71, leading to its ubiquitination
by FBXL3 and subsequent proteasomal degradation
[64,67,68]. However, a recent study showed that
CRY1 Ser71Ala mutation altered voluntary activity
but failed to affect circadian rhythms in vivo [69].
Therefore, while phosphorylation of CRY1 by AMPK
is not required for the regulation of circadian rhythms
under normal physiological conditions, it is unknown
as to whether it is critical under conditions of AMPK
activation.
Recent findings also suggest that AMPK could

regulate the clock function via the AMPK-mTOR-
autophagy pathway to effect CRY1. Unlike AMPK,
which is activated by low energy states, the
mechanistic target of rapamycin (mTOR) is an
intracellular nutrient sensor for high cellular energy
states. mTOR associates with several components
to form two mTOR complexes, mTORC1 and
mTORC2. mTORC1 is regulated by growth factors,
insulin, and certain amino acids. Activation of
mTORC1 can result in increased protein synthesis,
lipid synthesis, and inhibits autophagy to promote
cell growth [70]. Key players of the PI3K-AKT-mTOR
pathway (e.g., Pik3ca, Pik3r1, mTOR, Rictor,
4EBP1) are rhythmically expressed [10,55], and
mTOR activity (signified by phosphorylated S6 and
4EBP1) displays a circadian pattern in the SCN,
liver, skeletal muscles, and adipose tissues [71,72].
PER2 acts as a scaffold to recruit TSC1 and
suppress mTORC1 activity, thereby contributing to
the circadian regulation of mTOR [73].
Conversely, recent studies identified a critical role

for mTOR in regulation by photic entrainment,
synchronization of the SCN clock [74e76], and
regulation of cell- and tissue-autonomous circadian
clock function [71,77,78]. We identified mTOR as a
clock modifier in our functional genomic screen,
where RNAi knockdown led to a long period and low
amplitude oscillations in human U2OS cells [55].
Using genetic and pharmacological approaches, we
extended this finding and showed that mTOR
perturbation altered circadian rhythms in fibroblasts,
hepatocytes, adipocytes, liver, SCN, and animal
behavior [71]. For example, mTOR inhibitors caused
a long period and low amplitude in mouse hepato-
cytes and SCN explants. Further, mTOR hetero-
zygous mice showed more scattered activity
patterns, longer duration in the active phase, and
less precise activity onset and offset, indicative of a
compromised clock [71,75]. In summary, while
mTOR activation results in shorter periods and a
faster clock, its inhibition causes both lengthened
periods and a dampened amplitude. These pheno-
types are consistent across cell and tissue types,
including the SCN, and are supported by several
recent reports that identify the role of mTOR in
maintaining circadian function [77e81]. Further,
genetic alteration of mTOR also impacted circadian
rhythms in Drosophila [82,83].
It has been shown that mTOR modifies the

circadian clock through CRY1 regulation, in
which mTOR signaling upregulates CRY1 through



Fig. 2. Input cellular pathways to the circadian clock. The core clock is further interconnected with additional cellular
pathways that play a role in regulating circadian oscillations. Depicted here are several recently characterized input
pathways. The tonic signaling pathway mediated by cAMP-CREB contributes to both photic resetting and cell-autonomous
circadian oscillations. AMPK and mTOR act as homeostatic energy sensors to affect the clock function through nutrient
sensing and CRY1 protein regulation. While SIRT1 alters clock function via post-translational modifications of PER2 and
PGC1a, PARP1 functions by modifying CLOCK. In response to oxygen level fluctuations, HIF1a and NFR2 modify the
transcription of several clock genes. NF-kB has been shown to regulate many clock genes, including DBP and NR1D1.
Most of these input pathways are under the control of the circadian clock, and conversely, as depicted above, also provide
input to and regulate the clock function, highlighting the extensive interplay between the circadian clock and cell
physiological processes.
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increased translation and decreased autophagic
degradation (Fig. 2). In Tsc2 knockout cells (i.e.,
constitutively activated mTOR), BMAL1, CLOCK,
and CRY1 expression levels are elevated [71,77].
However, only CRY1 induction by serum is affected
by rapamycin, suggesting mTORC1 dependence,
and is independent of the Bmal1 or Per genes [71].
Further, mTOR-autophagy underlies CRY1 accumu-
lation, as CRY1 was elevated in autophagy-deficient
Atg7 deficient mouse liver samples [84]. CRY1 is
known to be ubiquitinated by FBXL3 and degraded
by the proteasome [32,33]. However, FBXL3 levels
were higher in Atg7 deficient cells [84], which does
not explain the elevated CRY1 levels. CRY1 was
shown to be the only clock protein that is targeted by
autophagy and elevated in Atg7 knockout mouse
liver. More specifically, CRY1 was shown to be
degraded by autophagy via LC3 ligation; CRY1
contains four LC3 interaction region (LIR) motifs, and
LIR mutations abolished its autophagic degradation
[84].

PARP-1 and SIRT1

Nicotinamide adenine dinucleotide (NADþ) pro-
duction is rhythmic and regulated by the clock
[85,86]. Conversely, NADþ and NADP both act as
clock regulators. In an in vitro assay, their respective
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oxidized forms (NADþ and NADPþ) inhibit the
binding of BMAL1-CLOCK to the E-box; however,
their reduced forms (NADH and NADPH) enhance
E-box binding [87]. NADPþ/NADPH can also affect
the ability of the CLOCK paralog NPAS2 and BMAL1
complex and bind to DNA [88].
Poly(ADP-ribose) Polymerase 1 (PARP-1) and

Sirtuin 1 (SIRT1), known NADþ sensors, have been
shown to regulate the clock [89,90]. Previously,
PARP-1 has been associated with transcriptional
regulation in an NADþ-dependent manner [91].
PARP-1 is a multifunctional enzyme that, upon
activation, catalyzes the transfer of ADP from NAD
to synthesize Poly(ADP-ribose). As this polymer acts
to facilitate DNA repair, intracellular levels of NAD
can become substantially depleted [92]. ADP-ribo-
sylation mediated by PARP-1 has been shown to
have rhythmic activity, peaking at ZT4 [89]. This
study further confirmed that PARP-1 acts on the
BMAL1-CLOCK heterodimer. Poly(ADP-ribosyl)
ation of CLOCK limits the DNA-binding ability of
BMAL1-CLOCK to the E-Box and results in delayed
interaction with PER and CRY. Conversely, PARP-1
deficiency upregulates BMAL1-CLOCK binding to
the E-box and leads to a phase-shift in negative
regulatory interactions [93]. As such, PARP-1 can
modify the clock in response to nutrient status,
providing a mechanism for metabolic coordination
with circadian function.
There is a mutual regulation between the circa-

dian clock and the NADþ-SIRT1 pathway. SIRT1 is
an NADþ-dependent deacetylase that has been
shown to bind to both BMAL1-CLOCK and PER2
[89,90,94,95]. SIRT1 recruitment has a direct effect
on BMAL1-CLOCK's regulation of nicotinamide
phosphoribosyltransferase (NAMPT), the rate-limit-
ing enzyme of the NADþ salvage pathway [85,86].
NAMPT was shown to be activated by BMAL1-
CLOCK and display strong circadian expression. As
NAMPT upregulates NADþ, SIRT1 is upregulated
and binds to the BMAL1-CLOCK complex, promot-
ing the expression of NAMPT. SIRT1 was shown to
deacetylate core clock proteins BMAL1 and PER2,
as well as the transcriptional coactivator PGC-1a.
The perturbation of SIRT1 activity altered circadian
amplitudes of PER2 and DBP mRNA expression
levels [89,94,96]. Likewise, Sirt1 knockout mice
exhibited an increase in Dbp and Per2 expression.
SIRT1 also regulates the SCN and may play a role
in aging. Levels of BMAL1, PER2, and SIRT1 in the
SCN decreased with age in wild-type mice [97].
SCN knockout of SIRT1 in young mice mimicked
the phenotypic effects of aged mice, while over-
expression of SIRT1 enhanced BMAL1 and PER2
expression. Knockdown, knockout, and overex-
pression of PGC-1a demonstrated similar expres-
sion patterns in response to nullified and
overexpressed SIRT1 [96].
CREB

While the E-box is the predominant site for
circadian clock gene regulation, rhythmic gene
expression in the SCN is also under the control of
the cAMP response element-binding protein (CREB)
[98,99]. CREB is a basic leucine-zipper transcription
factor that can be phosphorylated in response to
increases in intracellular Ca2þ and cAMP levels. The
cAMP-CREB pathway plays roles in entrainment
and synchronization of the SCN clock, as well as in
cell- and tissue-autonomous oscillations. Neurons in
the SCN must synchronize not only to the light/dark
cycle but also within the SCN ensemble. The SCN
inputs can be categorized into photic signals and
nonphotic signals. The light-induced pathway origi-
nates at the rods and cones of the retina [100].
Intrinsically photosensitive retinal ganglion cells
(ipRGCs) containing melanopsin receive the input
through bipolar cells and amacrine cells. The
ipRGCs can be categorized into five different
classes (M1-M5), with M1 ipRGCs having the
highest melanopsin expression [101]. The ipRGCs
extend to the ventral neurons in the SCN through the
retinohypothalamic tract (RHT). The postsynaptic
signaling network partially converges on the Ca2þ/
cAMP-CREB pathway to acutely induce PER1 and
PER2 transcription, which resets the phase of
postsynaptic neurons [100]. Photic induction of
PER1 and PER2 and phase resetting is rapid and
circadian time-dependent, with early and late sub-
jective night causing phase delay and advancement
of locomotor rhythms, respectively. Upon light
exposure, PER1 and PER2 transcription is induced
through the binding of CREB to CRE upstream of
their promoter, which causes the phase shifting of
circadian rhythms. Compromised CREB signaling
results in a reduced PER1 and PER2 amplitude.
Through a similar mechanism of CREB regulation of
PER1 and PER2, the recurring synaptic transmis-
sion also underlies stabilization and amplification of
neuronal rhythms to generate coherent and persis-
tent circadian oscillations in the SCN.
Previous studies show that the SCN displays

robust circadian oscillations of intracellular [Ca2þ]
and Ca2þ/cAMP response element (CRE)-mediated
transcription [98,102], suggesting the Ca2þ/cAMP-
CREB signaling pathway is regulated by the
circadian clock. The circadian rhythm of CREB
activity may be enabled through the repression of
CRY1 activity in the nucleus and the cytoplasm. In
the nucleus, CREB is known to activate gene
transcription through its association with CREB-
binding protein (CBP), a histone acetylase and
transcriptional coactivator. CRY1 exhibits strong
repression on CREB-CBP transcription of target
genes, including PER1 and PER2 [103]. Intriguingly,
CRY1 was shown to inhibit cAMP production in
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response to G protein-coupled receptor activation
through the interaction and interference with Gsa,
thereby reducing the activity of adenyl cyclase [104].
The rhythmic cAMP-CREB signaling and control of
PER1 and PER2 may form negative feedback in the
SCN to sustain autonomous oscillations in the SCN,
in which the CREB output provides regulatory input
to subsequent clock cycles. Inhibition of AC by MDL,
a potent inhibitor, was able to reduce [cAMP] levels
significantly [98]. This perturbation caused a dose-
dependent suppression of the amplitude of circadian
transcription and translation in the SCN. This
additional regulation likely contributes to the robust
function of the SCN.
Recently, CREB has been shown to play a role in

the resetting of the peripheral clock in response to
nutrient signaling. During fasting, glucagon upregu-
lates CREB signaling to induce PER2 gene tran-
scription. PER2 was shown to be recruited to the
mTORC1 complex to inhibit its activity, resulting in
reduced overall protein synthesis in the liver [73].
CREB-mediated PER2 expression links circadian
clock function to fasting states and metabolism. The
interconnectedness with other signaling pathways
may allow for the fine-tuning of the clock to changing
nutrient and metabolic inputs.

HIF1a and NRF2

Circadian rhythms allow for temporal segregation
of oxidative events and cellular proliferation to
minimize damage to the cell and thereby enable
the diurnal coordination of cell cycle and metabolism
[105]. Under stress conditions, cellular and tissue
level responses are mediated by two specific
transcription factors: hypoxia-inducible factor 1a
(HIF1a) and oxidative stress-inducible nuclear factor
erythroid-derived 2-related factor 2 (NRF2). These
factors work to maintain homeostatic levels of
oxygen in the cell and minimize cellular damage.
Recent studies reveal bidirectional interactions
between the circadian and HIF-mediated pathways
that influence metabolic adaptation to hypoxia.
HIF1a contains a canonical E-box within its promoter
region and can be bound by BMAL1 and CLOCK in
the mouse liver [106,107]. Genetic disruption of
BMAL1 in skeletal myotubes and fibroblasts led to
increased levels of HIF1a under hypoxic conditions,
whereas abrogation of CRY stabilized HIF1a [107].
These studies suggest that HIF1a transcription is
under the control of the circadian clock. Conversely,
HIF1a has been shown to bind to the E-box on
CRY1, PER1, and PER2 genes to upregulate their
transcription [107,108]. HIF1a deficient cells dis-
played lower levels of PER1, PER2, CRY1, CRY2,
and NR1D1 expression compared to controls cells.
As such, hypoxia lengthens the period and attenu-
ates the amplitude of oscillations in a dose-depen-
dent manner [106,107]. Oxygen can function as a
resetting cue for circadian clocks, with tissue
oxygenation in living animals showcasing a daily
rhythm. Physiological range oxygen cycles were
able to alter core clock gene expression and
synchronize cellular clocks in a HIF1a-dependent
manner, suggesting that oxygen resets the clock via
HIF1a activation [108].
Recent studies uncovered a reciprocal relation-

ship between NRF2 and the circadian clock. NRF2
has been shown to be expressed rhythmically, which
is expected to play an important role in anticipating
redox stress and maintaining redox homeostasis
[109,110]. BMAL1-CLOCK was shown to bind to the
E-box ofNRF2 to upregulate its transcription [109]. In
line with this notion, it was shown that Bmal1
knockout mouse tissues accumulated higher levels
of reactive oxygen species than wild type mice [111].
NADPH was also shown to regulate circadian
oscillations [112]. Genetic and pharmacological
inhibition of the pentose phosphate pathway, which
interferes with NADPH production, and therefore,
redox homeostasis, led to lengthened periods.
Mechanistically, this regulation involves NRF2 activ-
ity and increased coactivator CBP/p300 interaction
with BMAL1-CLOCK [110,112]. NRF2 was shown to
bind to the E-box of PER2, CRY2, and NR1D1 to
increase their transcription [109,110,113]. Oxidative
stress caused an NRF2-dependent reduction of
circadian amplitude [110]. Thus, maintenance of
redox homeostasis is shown to alter circadian clock
function in a HIF1a- and NRF2-dependent manner,
while the circadian clock also alters the expression
of both transcription factors.

NF-kB

The Nuclear factor kappa-light chain enhancer of
activated B cells (NF-kB) family of transcription
factors plays a critical role in inflammation, immunity,
and cell proliferation and survival [114e117]. Proin-
flammatory stimuli, such as tumor necrosis factor
alpha (TNFa), interleukin 1 (IL-1), and bacterial
lipopolysaccharides (LPS) activate the canonical
NF-kB pathway. LPS, IL-1, and TNFa were shown to
alter clock gene expression in the SCN, lung, liver,
and fibroblasts, as well as alter locomotor activity
[118e124]. LPS-induced lung and liver inflammation
resulted in a reprogramming of core clock genes and
outputs in the liver and lung, which led to a shortened
period [120,121]. In a mouse model of chronic
obstructive pulmonary disease (COPD), cigarette
smoke exposure combined with viral infection dis-
rupts clock function and leads to enhanced inflam-
matory responses in the lung and reduced locomotor
activity [125]. Further, endotoxin was shown to
suppress clock gene expression in human periph-
eral blood leukocytes [126]. The NF-kB RELB
subunit was shown to interact with BMAL1-CLOCK
and repress DBP expression [127]. Conversely,
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CLOCK was shown to interact with the NF-kB
subunit pRELA/p65 and promote NF-kB-related
transcription [128]. These results, taken together,
support an interplay between the circadian clock and
the inflammatory NF-kB pathway. This interplay is
expected to have important implications in patho-
physiology and disease states, such as asthma, a
prominent disease type with a strong circadian
variation of symptoms. Despite these findings, the
mechanism behind NF-kB's repression of clock
gene expression remains unclear.
Computational Modeling

Network analysis and computational modeling are
essential to gaining a systems-level understanding
of the circadian network. Several clock models have
been developed over recent years that incorporate
core clock components and their respective interac-
tions, followed by the quantification of these interac-
tions in the feedback loops that yield cellular
oscillatory behavior [129e134]. These models have
helped to understand the relatively less complex
clockwork of multiple positive and negative feedback
loops. For example, mathematical modeling was
used to predict a highly specific gain-of-function tau
mutation of CK1E that increased kinase activity for
phosphorylation and degradation of PER1 and
PER2 [135]. More recently, the same group com-
bined phosphoswitch mathematical modeling with
experimental validation to clarify that CK1D/E are the
PER2 priming kinases and suggest that multisite
phosphorylation is the key step to determine
periodicity [25].
The growing list of input pathways showcases the

highly interactive cellular homeostasis network.
These cellular functions are regulated by the clock
and provide inputs to regulate the clock function in
the context of a physiologically relevant cellular
homeostatic state. Understanding the complexity
requires network analyses and computational mod-
els that incorporate these input pathways into the
clockwork model. For example, a recent mathema-
tical model of the circadian clock in the liver links the
feeding cycle to clock function [136]. This model
incorporated SIRT1 and AMPK in response to
NADþ/NADH and AMP/ATP ratios, respectively,
mimicking different cellular energy states and feed-
ing cycles. The model reproduced the dampened
circadian rhythms under a high-fat diet mediated by
AMPK and predicted that this effect might be
pharmacologically rescued by timed REV-ERB
agonist administration.
As discussed earlier, SIRT1 plays a role in

regulating the circadian clock. However, while
SIRT1 deficiency was shown to increase amplitude
via BMAL1 acetylation in one study [94], another
group showed decreased amplitude through an
increase in acetylated PER2 [89]. To resolve this
issue, a more recent study combined mathematical
modeling with experimental validation and clarified
mechanistic insights into the effects of SIRT1 on the
circadian cycle [137]. In this study, they developed a
circadian enzymatic model that incorporates the
core clockwork and the SIRT1 input pathway.
Predictions from this model were experimentally
validated using previously developed approaches,
such as cellular genetic methods, network analysis,
and quantitative kinetic bioluminescence measure-
ments [18,54,55]. The data suggest that PER2, not
BMAL1, is the primary target of SIRT1. Further,
SIRT1 was also shown to regulate PGC1a, leading
to elevated ROR, and as a consequence, enhanced
rhythmic BMAL1 expression. The combined compu-
tational and experimental approaches suggest that
SIRT1 positively regulates clock function through its
actions on PER2 and PGC1a, and SIRT1 deficiency
causes low amplitude oscillations. Thus, the SIRT1
dual effect on PER2 and PGC1a contributes to
circadian amplitude regulation.
Future modeling is expected to offer mechanistic

insights into how the core clock works, as well as its
integration within local cell physiology. For example,
with the basic clockwork model as the foundation,
future work should incorporate other well-under-
stood pathways, such as the AMPK and mTOR
signaling nexus and the redox sensing pathway. It is
noted that the vast majority of circadian clock
research has focused on the regulation of period
length and phase. However, virtually all clock genes
regulate amplitude in addition to period and phase.
Despite its importance, much less research has
been done on the mechanisms that underlie
amplitude. The precise regulatory mechanism gov-
erning period and amplitude, and the relationship
between the two, are not well understood. Although
all the computational models produce 24 h periodi-
city, they have limited predictive capacity, especially
under varying genetic and environmental conditions.
At this time, it is not intuitive as to how the clock is
integrated with multiple distinct signaling inputs. The
insights from the modeling can make predictions for
mechanistic testing, model iteration, and possibly
inform how asynchronous and incongruous genetic
and environmental conditions alter circadian
properties.
To more accurately model the clockwork, future

modeling must integrate the intracellular network
features of the mammalian clock [18]. The network
features act in concert as a genetic buffering system
to maintain robust functions of the clock against
genetic and environmental perturbation. Alteration of
clock function is ultimately reflected at the level of
transcription. Thus, mechanistic insights can be
obtained from studying the effects of genetic and
environmental perturbations on the expression
patterns of the core clock genes. For endogenous
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clock gene expression, we must examine the entire
clock network rather than a few outputs. A previous
study established a gene dosage network analysis
(GDNA) with which to determine how gene perturba-
tion affects the clockwork. This is best exemplified by
the effects of PER1 knockdown on PER2 and PER3,
CRY1 knockdown on CRY2, and BMAL1 knockdown
on NR1D1 and NR1D2, and as a result, on CLOCK
and CRY1 [18,54]. The clock is a dynamic system,
so a dynamic GDNA assay that incorporates a
temporal dimension must be developed. Results
from these novel GDNA studies will then be used as
training datasets to integrate into computational
models of the circadian clock, enabling the probe
into the mechanistic basis of novel clock modulators.
It is worth noting that studies over the past two

decades also demonstrated cell- and tissue-type
specific clock modifiers and inputs. The cell-type-
specific function of clock genes may result from their
differential tissue expression, alternative splice
variants, post-translational modifications, and cell-
type-specific compensatory mechanisms (see
Ref. [56] and references cited therein). Thus, cell-
type-specific clock modifier function starts to
become clear when local physiology is considered
as an input to the clock. Thus, systems-level
understanding will offer deeper insights into the
mechanistic basis of tissue-specific clocks, akin to
the realization that cyclin-dependent kinase net-
works in the cell cycle control program are tissue-
specific [138].
The circadian function represents a fascinating

field of study in which a complex behavior has a
genetic basis and the underlying molecular mechan-
ism is cell-autonomous. For example, CRY2 deletion
caused long period length in peripheral cell and
tissue models, the SCN, and circadian locomotor
behavior [12]. A gain-of-function mutation in CRY1
caused stronger E-box repression activity and
lengthened the period of circadian rhythms in cells
and mice, which underlies the familial delayed sleep
phase syndrome in humans [139]. However, system
robustness increases from the autonomous cell to
the organismal level. Highlighting this is the SCN
ensemble, a network of neurons coupled by inter-
cellular signaling mechanisms that act to protect
against genetic and environmental perturbations.
For example, the long period length phenotype in
CRY2 knockout cells is much stronger than in SCN
explants and more so in animal behavior. CRY1
knockout cells are only transiently rhythmic, but Cry1
knockout SCN explants are robustly rhythmic [12].
Similar observations were made in the case of Clock
and Bmal1 deficiency [132,140,141]. There appear
to be distinct levels of robustness at different
biological levels, with each exhibiting varying
degrees of circadian phenotypes. Future work must
consider the inclusion of the biological levels in
modeling. Given the complexity of the system, this
represents a unique and unprecedented opportunity
to advance our understanding of the circadian
timekeeping system and its position within the larger
physiological schematic.
Perspectives

While much is known of the circadian network, a
full understanding remains elusive. To gain insights
into this complex biological network, systems biology
approaches promise the best results. In this context,
we need to continue this systems-based framework
to study how the clock gene network is assembled
and how network interactions culminate in emergent
clock properties. Intriguingly, it is evident that the
circadian and other metabolic networks exhibit
remarkable parallels with those of metabolic dis-
eases, aging, and cancer, which underscores the
interconnectedness of all cellular functions.
Future research should focus on characterizing

more cellular functions that input to the clock network
in a cell and tissue-type dependent manner. Identi-
fication of these clock modifiers has raised important
questions about their spatiotemporal location within
the network and their role in regulating the clock
mechanism and circadian behavior. While past
screens have utilized RNAi, which has inherent
drawbacks, future genome-wide screens may lever-
age the power of Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/Cas9 genome
editing to screen for clock modifiers and provide a
complete answer to these questions. It is now
possible to readily manipulate a larger number of
genes simultaneously to validate their functions, in a
manner comparable to the yeast system decades
ago. CRISPR/Cas9 genome editing uses homology-
directed repair (HDR) with an exogenous template
for genetic knock-ins and non-homologous end
joining (NHEJ) for frame-shift mutations and pre-
mature stop codons through insertions and deletions
(indels) for genetic knock-outs [142]. CRISPR has
been utilized in lentivirus to knockout single genes,
such as FBXL3 in U2OS BMAL1-luciferase reporter
cells, leading to increased protein levels and
decreased mRNA transcripts of CRY1 and CRY2
and matched previous low amplitude, long period
phenotypes previously demonstrated in mice [143].
CRISPR has also been used in lentivirus for double
knockouts, such as both CRY1 and CRY2 in U2OS
BMAL1-luciferase reporter cells [144]. CRY1 knock-
outs had low amplitude, short period phenotypes
while CRY2 knockouts had long period phenotypes.
Knockout of both CRY1 and CRY2 resulted in
arrhythmicity, which, along with the other two
phenotypes, is consistent with previous studies in
cells and mice [12,55,145,146]. By utilizing a
streamlined cloning and all-in-one adenoviral strat-
egy, a recent study used CRISPR to knock out both
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BMAL1 and PER2 in a U2OS BMAL1-luciferase
reporter cell line [147]. The generated BMAL1
knockouts were arrhythmic and were able to be
rescued, while the PER2 knockouts demonstrated
low amplitude. These studies showcase the potential
that CRISPR/Cas9 has in delineating the circadian
clock and its extensive input pathways; however,
examples are still relatively scarce. Here we present
several recently characterized input genes and
pathways to highlight this concept and potential
challenges. CRISPR has been utilized for more than
simply knockouts, for example, generating site
mutations and fusion proteins across species at
the cellular to organismal levels. When the catalytic
activity of Cas9 is rendered inactive (dCas9),
CRISPR can be used as an RNA-guided site-
selective DNA recognition tool [148]. For example,
dCas9 proteins fused with a repressor can be
coupled with small guide RNA (sgRNA) to silence
gene expression (CRISPRi), similar to RNA inter-
ference (RNAi), but with minimizing the off-target
effects of RNAi [149]. Likewise, dCas9 proteins
fused with a transcriptional activator (CRISPRa) can
activate gene expression. These are just a few of the
tools that can be developed utilizing dCas9 fusion
proteins, and the possibilities are endless. These
approaches make it possible to study multiple
players within the same pathway or across pathways
to expand upon our understanding of the clock
network.
Further, systems biology research requires more

focused efforts on network analysis and computa-
tional modeling to help uncover design principles of
circadian function at multiple levels of the circadian
organization, with a central focus on representative
cellular clock models. Several prominent cellular
models (i.e., 3T3 fibroblasts, U2OS osteosarcomas,
and MMH-D3 hepatocytes) are cell-autonomous,
without systemic input otherwise present in vivo.
Conversely, given the prevalence of cell- and tissue-
specific circadian functions, findings from one cell
type should be extrapolated to another with both
experimental validation and caution.
Small molecules can also be used as a tool in

future studies to gain a further understanding of the
clock network. Given the strong correlation between
disease states, such as aging and circadian decline,
recent studies have started to explore pharmacolo-
gical agents to enhance dampened clocks
[150,151]. Mice with high-amplitude rhythms show
improved longevity [97,152]. Time-restricted feeding
(i.e., limiting food access only to active phase) can
improve age-related or diet-induced circadian dis-
ruption and have beneficial effects [153e155]. Many
small molecules target the clock directly through
input pathways and oscillatory proteins or indirectly
through feedback from output pathways [150].
Phenotypic kinetic reporter assays, in which lucifer-
ase expression is under the control of a circadian
expression promoter protein, can be used to observe
changes in amplitude, period, and phase to identify
small molecule clock modifiers. Several small
molecules (e.g., rapamycin, resveratrol, nobiletin,
and metformin) have shown great potential for
i n c r e a s i n g l i f e s p a n a n d h e a l t h s p a n
[150,151,156e161]. For example, resveratrol
(which is found in grapes and red wine) has been
reported to activate SIRT1 [160,162]. Resveratrol
was found to decrease transcription in both E-box-
luciferase and Per1-luciferase reporter cell lines
[163], and likely affects the clock via its effect on
mTOR and autophagy [71,159,160,162]. Rapamy-
cin's antiaging affect involves mTORC1's role in
regulating CRY1 and clocks [71,156,164]. Nobiletin
was shown to increase rhythm amplitude in aged
mice by targeting RORs [158,165]. Another example
of a small molecule modulator of the clock is the type
2 diabetes mellitus drug, metformin. As an AMPK
activator, metformin creates a phase advance in
most clock genes in the liver and both phase
advance and phase delay in clock genes in the
muscle [166]. These are just a few examples of the
many small molecules that have been found to
modulate the clock. Future studies will further
explore identifying small molecules that effect the
clock and discover new therapeutic uses for circa-
dian clock-related disorders.
The handful of clock modifiers discussed here

showcase that the circadian clock is intimately linked
to cellular homeostasis, and deregulation can man-
ifest in perturbed clock function. Thus, normal
circadian performance can serve as a biomarker for
cellular homeostasis. Intriguingly, it is now possible to
alter clock function by tweaking the modifiers outside
the core clock loop, which offers new opportunities
for enhancing circadian function through the input
pathways. Further, as many drugs target rhythmic
genes and clock modifiers, they may affect circadian
timekeeping and alter cellular homeostasis, resulting
in altered sleep/wake cycle and physiological pro-
cesses. Circadian medicine offers a novel and
important approach to patient care based on tem-
poral precision and personalization.
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