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Abstract

Circadian clocks temporally coordinate physiology and align it with geophysical time, enabling
diverse lifeforms to anticipate daily environmental cycles. In complex organisms, clock function
originates from the molecular oscillator within each cell and builds upwards anatomically into an
organism-wide system. Recent advances have transformed our understanding of how clocks are
connected to achieve coherence across tissues. Circadian misalignment, often imposed in modern
society, disrupts coordination among clocks and has been linked to diseases from metabolic
syndrome to cancer. Thus, uncovering the physiological circuits whereby biological clocks achieve
coherence will inform on both challenges and opportunities in human health.

Summary sentence:

In complex organisms, circadian rhythms are the manifestation of communicating cell and tissue
clocks.

Introduction

Life has evolved as the Earth rotates around its axis, establishing light-dark as a perpetual
cycle. As a result, biological mechanisms that monitor geophysical time are conserved
across species. In fact, all photosensitive life forms harbor a timed molecular oscillator, or
clock, which emerged in cyanobacteria ~2.1 billion years ago. Around that time, a day on
Earth was ~6 hr shorter, thus these prokaryotes likely exhibited rhythms with an 18 hr period
(1). Over time, as the Moon slowly drifted away from Earth, days lengthened to 24 hr and
species including mammals emerged with the ~24 hr circadian rhythms that are recognized
today.

Simple observation brought forth the idea that circadian rhythms are intrinsically generated
and therefore genetically encoded. The daily opening and closing of Mimosa pudica leaves
persists when the plant is sealed in a photo-impenetrable box. Moreover, circadian wheel
running activity of rodents continues when they are placed in constant darkness. Similarly,
humans in isolation units, devoid of environmental influences, maintain rhythmicity (2).
This intrinsic ability reveals that organisms not only react to timed environmental cues, but
also anticipate them. The prevailing opinions for how clock-generated anticipation imparts a
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selective fitness include energetic efficiency, temporal separation of anabolic and catabolic
processes and the coordination of damaging and reparative cellular events. In humans,
circadian alignment is associated with health, and misalignment with the propensity for
disease.

In prokaryotes, time keeping is a task for a single cell directly exposed to the environment,
and synchronization of intracellular processes to geophysical time, referred to as
entrainment, is directly achieved. For complex multicellular organisms, wherein tissues
reside internally, timing must be coordinated across the organism. Interestingly, the
peripheral organs of some vertebrates entrain directly to light, as is the case in zebrafish (3).
In mammals, however, most cells lack photosensitivity and need specialized circuits to
communicate circadian information.

Experiments in rodents pinpointed the suprachiasmatic nucleus (SCN) as the anatomical
structure of the central circadian clock (4). The subsequent discovery that mammalian core
clock genes are expressed in most cells opened the possibility that all cells and tissues
harbor their own clocks. The development of genetic tools for live imaging of clock proteins
and tissue-specific clock disruption enabled the findings that peripheral tissues have clock
functionality (5-7). Here, we review recent progress in our understanding of how cell and
tissue clocks communicate in mammals, with reference to others species where appropriate.

Clock oscillators: from cells to organism

The core molecular oscillator is a transcription-translation feedback loop (Figure 1). The
activators circadian locomotor output cycles protein kaput (CLOCK) and brain and muscle
ARNT-like 1 (BMALZY) heterodimerize to recognize E-box motifs and regulate the
expression of thousands of genes, named clock-controlled genes (CCGs) or output genes (8).
Among these, the repressors period (Per) and cryptochrome (Cry) are translated and
assemble into repressor complexes that inhibit CLOCK:BMAL1 function. The activity and
proteasomal degradation of repressor complexes is tightly controlled by posttranslational
modifications, and its clearance alleviates CLOCK:BMAL1 inhibition for the start of
another cycle (9). Interlocking of this primary loop with additional activator-repressor pairs,
for example nuclear receptor subfamily 1 group D (REV-ERB) and RAR-related orphan
receptor (ROR), allows for differentially phased cycles of transcription according to the
distribution of dedicated motifs, including E-box, D-box and ROR elements, across the
genome (10). These interconnected loops, which exhibit inherent ~24 hr periodicity, rely on
nucleosome dynamics, long-range promoter-enhancer interactions and a variety of co-factors
and chromatin remodelers (10, 11).

Sensing and responding to the extracellular environment is a built-in feature of the clock that
shapes its period, phase, amplitude and output (Figure 1). CLOCK, BMAL1 and PER
proteins contain per-ARNT-sim (PAS) domains, structures that respond to metabolites and
xenobiotics (12, 13). The nuclear receptors REV-ERB and ROR are activated by hormonal
ligands and metabolites such as heme and sterols (14, 15). Clock and clock-controlled gene
promoters contain DNA elements that integrate intracellular signals resulting from variations
in calcium, cyclic adenosine monophosphate (CAMP), growth factors, temperature and
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hormones (16-20). Additional layers of regulation arise from various posttranslational
modifications on clock proteins, as well as interaction with nutrient- and redox-responsive
co-regulators (21-25).

The self-sustaining nature of the clock is conceptually remarkable, allowing individual cells
to function as cell-autonomous oscillators. Single-cell imaging of Per2-luciferase in low
density cultures shows that dispersed neurons and fibroblasts have a wide range of periods
and randomly distributed phases, evidence that each oscillator is independent from the next
(26, 27). Increasing cell density, however, increases the number of rhythmic cells and
induces weak local coupling of period and phase between neighboring cells (28, 29). Thus,
as tonic inputs from the population reach a critical level, a collective strengthening of
rhythmicity leads to enhanced synchrony.

The combined regulation of clock inputs and outputs forms the basis for coordination and
reinforcement between individual oscillators, i.e. coupling. Whereas synchronization of cells
aligns phases and resets periods, coupling engenders a population rhythm that is more
precise, more robust and more resilient than its constitutive cells (30). Both SCN and
peripheral tissue explants remain synchronized longer than their dispersed cells, illustrating
coupling of individual oscillators (6, 27, 31). Owing to neuronal circuitry, SCN explants
oscillate in a manner that appears to perpetuate indefinitely. By contrast, cells of peripheral
tissues desynchronize over time, presumably from a lack of reinforcing synaptic
mechanisms, rendering them inherently less coupled (6). Desynchronizing explants show
tissue-specificity in oscillator uncoupling; cells of bone and tendon mostly lose phase
coherence over time, yet in heart tissue this is accompanied by loss of amplitude of
individual cells (32, 33).

Coupling oscillators in the brain

The brain receives photic information through the retino-hypothalamic tract, axonal
projections of melanopsin-expressing, intrinsically photosensitive retinal ganglion cells
(ipRGCs) that relay non-image-forming light signals from the eye to the SCN. Each day,
internal time is aligned with external time through the photic resetting of the SCN clock.
Acute depolarization by light induces synaptic mechanisms that lead to the activation of a
transcriptional program involving cAMP-responsive element-binding protein (CREB)-
mediated induction of immediate early genes, clock genes such as PerI and Per2(34) and
chromatin remodeling (35).

Coupling of SCN neurons has been extensively studied (36). Emerging evidence indicates
that the clock circuitry connects astrocytes and neurons (Figure 2). Astrocytes harbor their
own distinct molecular clock and pattern of intracellular calcium trafficking, which oscillate
in anti-phase to neurons, peaking during the inactive phase (37). Astrocytes constrain the
period of the SCN because their endogenous period is several hours shorter than neurons
(37, 38). Remarkably, restoring Cry1 expression specifically in astrocytes of CryZ-null mice
reinstates molecular and behavioral rhythms, revealing that astrocytes are sufficient time-
keeping (39). The neurotransmitter glutamate couples the clock across the two cell types
(37, 39). Blocking Connexin 43 hemichannels — and consequently astrocytic release of
glutamate — results in desynchronized SCN slices (39). A scenario has emerged whereby
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glutamate acts rhythmically on pre-synaptic neurons through N-methyl-D-aspartate
(NMDA) receptors to depolarize y-aminobutyric acid-specific (GABAergic) post-synaptic
neurons and engage the clock through CREB-mediated activation of Per2(37). Extra-
synaptic GABAA receptors and astrocytic GABA transporter 3 (GAT3) also contribute to
this interplay. A 2h GABA pulse can entrain cultured neurons through the GABA receptor,
and GABAergic antagonists rescue behavior of mice lacking astrocytic Bmall (40). How
coupling signals are relayed to the clock in astrocytes is unclear, but /n vitro experiments
show the neurotransmitters glutamate, serotonin and dopamine induce PerI gene expression
in astrocytes through extracellular regulated kinase (ERK) signaling (41).

Coupling of peripheral oscillators

Not yet fully explored, coupling mechanisms in non-neural tissues have been described in
plants and animals (42, 43). In mice, the cochlear clock is anatomically divided by regions.
Per2 expression initiates from the hair cell and spiral ganglion neurons of the apex and
travels toward the base (42), effectively creating clock ‘regions’ with sequential phases,
positioned along the length of the cochlear axis. These discrete regions are maintained when
action potentials or gap junctions are inhibited, but lost by blockade of voltage-gated
potassium channels or extracellular calcium, pointing to non-neuronal coupling mechanisms
(42). This tonotopical arrangement of cochlear clock may mediate time-dependent
sensitivity to different auditory frequencies.

Fibroblast and neuronal rhythms depend on membrane potential and intracellular calcium,
signals that can be shared across cells through gap junctions (44), which are debated as
universal clock couplers. One such mechanism exists in Drosophila melanogaster— cycling
Innexin (INX) gap junctions drive a rhythm of blood brain barrier permeability by regulating
the flow of Mg2* ions between glial cell layers. As a result, nighttime (compared to daytime)
administration of the anti-epileptic drug phenytoin promotes accumulation in the brain and
is more efficacious (45). This gating of access to the brain, if conserved in mammals, is
highly relevant to the timing of drug delivery for neurological disorders. In other tissue-
contexts, physical contacts between cells are often dispensable for rhythms, and released
factors appear to be more dominant signals for coupling (46-48).

Organ to system level clock function

Why does the behavior of individual peripheral oscillators change in tissues? Experiments /7
vitro that reconstruct tissue-like environments implicate the cell cycle, extracellular matrix
(ECM) and diversity of local cell types (49, 50). For instance, inhibiting the cell cycle
increases coherence of fibroblast oscillations /n vitro. Hepatocytes cultured on ECM
components have more robust clock gene rhythms that, over time, lose amplitude rather than
their phase relationships (synchrony) with other cells. Pancreatic islets contain several cell
types that release locally acting entrainment factors (31, 48, 51). In the liver, single nucleus
sequencing experiments demonstrate that cellular rhythms can arise from communication
between different cell types. In adult mice, hepatocyte-specific knockout of REV-ERBa and
REV-ERB, and in effect clock function, reprograms rhythmic features of neighboring
endothelial and Kupffer cells, including enhancers, transcripts and metabolites, despite an
intact clock in those cells (52). Bioinformatic analysis identifies intercellular ligand-receptor
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pairs that might enable the passage of circadian signals from one cell to the next, perhaps to
integrate cell-type-specific functional niches.

Coupling of cellular oscillators constitutes a tissue clock, likewise coupled tissue oscillators
constitute an organismal clock. Local clocks in peripheral tissues are coupled to central
clocks in the brain. Lesions that ablate the SCN, or genetic deletion of the SCN clock,
attenuates amplitudes and alters phases of the liver, heart, kidney, white adipose tissue,
pancreas, adrenal gland and epidermis (53-58). Casein kinase 1 delta and epsilon (CK18, &)
mutations, introduced specifically into GABA neurons of mice, induce an abnormally long
circadian period in the brain to which peripheral tissues entrain despite harboring an
endogenous 24 hr period (59). Coupling to the SCN has also been demonstrated by grafting
fibroblasts in the mouse. Remarkably, cells with ablation of PerZ and thereby a defective
clock, readily gain normal rhythmicity when grafted in a wild type mouse (60).

Peripheral clocks may connect to each other independently of the central SCN pacemaker.
Intriguingly, under constant light conditions, brain clocks and locomotor activity are
arrhythmic, yet peripheral clock oscillations can persist — a finding suggestive of coupling
between peripheral tissues (61). Supporting this idea, Liver-specific deletion of Bmall
subtly increases the amplitude of clock gene expression in muscle (7) and streptozoticin-
induced diabetic mice, which lack pancreatic B cell clocks and rhythmic production of
insulin, have livers that are slightly phase advanced and slightly less robust (49). These
results suggest coupling to a certain extent, but may also be indicative of systemic metabolic
communication. High-throughput metabolomics has revealed a staggering number of
metabolites oscillating in serum, underscoring the multitude of options for the spreading of
molecular information (62). Loss of circadian coherence among serum metabolites may
contribute to certain pathological conditions. For example, in a genetic mouse model of lung
adenocarcinoma, distal tumors impose a profound rewiring of hepatic transcriptional and
metabolic programs (63).

Synchrony and Homeostasis

In 1849, physiologist Claude Bernard defined homeostasis as a state of steady chemical and
physical equilibrium, essential for maintenance of living organisms as well as their capacity
of adaptation to a changing environment (64). Accordingly, homeostasis is based on the
coordinated balance among tissues and organs, to insure systemic control of physiology. In
this context, the discovery that clocks are present in all vertebrate tissues (5, 6, 48, 65),
effectively generating a circadian network, provided evidence that circadian rhythms
represent the quintessential example of homeostatic control (Figure 3 and Table 1) (66, 67).
Consistent with homeostatic failure as a basis of many diseases (22, 63), clock
malfunctioning is linked to cardiovascular disorders, metabolic perturbations, neurological
disorders and increased risk of cancer (54, 55, 68).

Specialized circuitry senses and relays circadian information in the brain and body. The
SCN clock is able to keep time in the absence of external timing cues, as supported by
seminal SCN-lesion experiments in rodents. Recently, formal demonstration of this ability
has been made possible by genetic disruption of clock function, which leaves the anatomical
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structure of the SCN intact. Without Bmal1 in the SCN, peripheral clocks remain
synchronized under light-dark conditions, and only upon release into constant darkness do
they gradually desynchronize (53-55).

Interactions among hypothalamic neurons pass circadian signals from the SCN to distal
regions of the brain and on to peripheral organs. Per2expression follows dense projections
from the SCN core region to the shell region, with modulation by a minority of local
neuropeptide-expressing neurons (34). The shell, and core to a lesser extent, innervate and
receive innervation from other hypothalamic nuclei with roles in systemic metabolic
homeostasis and their own functionally distinct clocks, including the ventromedial
hypothalamus (VMH), dorsomedial hypothalamus (DMH) and arcuate nucleus (ARC) (69—
71). For example, VMH Bmall controls daily thermogenesis in brown adipose tissue via
adrenergic, sympathetic neuronal connections (71). Rhythmic secreted factors and neuronal
activity from the hypothalamus further act on the pineal and pituitary neuroendocrine centers
to coordinate 24 hr systemic homeostasis (72).

Systemic rhythms blanket clocks

Autonomic nervous system efferents, circulating endocrine factors and the sleep-wake and
feeding-fasting cycles are entrainment cues for peripheral tissues. Experimental joining of
the bloodstreams of SCN-lesioned and intact mice rescues clock gene oscillations in the
liver and kidney of the arrhythmic host. There is no rescue for skeletal muscle, heart or
spleen, implicating blood-borne signals for the entrainment of some tissues and neural
pathways for others (73). The sleep-wake cycle sets whole-organism-level systemic rhythms.
Mammalian body temperature fluctuates just 2-3°C over the circadian cycle, yet this small
oscillation is sufficient to synchronize clock gene expression and phase shift clocks in a heat
shock factor (HSF)-dependent manner (74). In the mouse, these responses are mediated
transcriptionally, via heat shock responsive elements in the Per2 gene promoter, as well as
post-transcriptionally, as PER2 function can be driven by systemic cues in the absence of
other clock components (75). Locomotor activity cycles drive daily tissue oxygenation;
varying O, levels within the physiological range synchronizes muscle cells through hypoxia-
inducible factor 1 alpha (HIF1a), an oxygen sensor coupled to the clock (25, 76, 77).
Periods of feeding and fasting generate a rhythm of CO5, another blood gas which
modulates clock phase (76). Feeding and fasting also drive a general rhythm of nutrient flux
that has pronounced effects on the clock through coupled energy and redox sensors (21, 78).
Engaged simultaneously, systemic cues recruit and align peripheral clocks.

The influence of behavioral cycles is not restricted to the periphery but dictates brain
rhythms as well. In forebrain synapses, while the temporal accumulation of mMRNAs is
unaffected, constantly high sleep pressure over the circadian cycle disrupts rhythmic protein
accumulation and phosphorylation (79, 80). Effectively then, neuronal resident clocks
control the priming of synaptic terminals with mRNA, while the sleep-wake cycle drives
translation of proteins and their functional status.
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Peripherally-derived timing cues: layers of synchrony

Peripheral clocks govern additional layers of control which parallel “top-down’ regulation.
The number of bona fide entrainment factors that emanate from peripheral tissues has grown
substantially (Table 1). Ex vivo experiments demonstrate the cell- and tissue-autonomous,
rhythmic secretion of insulin and glucagon from pancreatic § and a cells, various myokines
from human skeletal myotubes, and glucocorticoids from the adrenals (48, 65, 81). Other
organs that secrete circadian factors include the gut, stomach, liver and adipose tissue (82—
85) (Figure 3).

In vivo, many factors have been implicated in the entrainment to feeding time. Both familiar
and additional signal transduction pathways that converge on the clock have been found (86,
87). The hepatokine angiopoietin-related protein 8 (ANGPTLS8) and its receptor paired
immunoglobulin-like receptor (PIRB) trigger a phosphorylation cascade involving mitogen-
activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-KB) and protein kinase B (AKT) that induces PerI gene expression (83).
Downstream signaling of glucagon and gut-secreted oxyntomodulin is reminiscent of the
SCN, wherein cAMP signaling activates CREB at clock gene promoters (85). The growth
and metabolism integrator mammalian target of rapamycin (mTOR) has emerged as a
ubiquitous means to signal to the clock. mTOR complexes contribute to photic entrainment
and synchronization of the SCN. Outside the brain, mTOR activation shortens the period and
enhances amplitude of hepatocytes and adipocytes, and alters clock protein levels in
fibroblasts (88). In the liver, mTOR complex 1 is involved in translating pre-existing Per2
mRNA (89).

Organism-wide homeostasis requires the proper timing and output of a network of clocks, a
concept not limited to metabolism. One example is the homing of leukocytes. At the onset of
light, the SCN activates sympathetic nerves of the bone marrow, releasing into the blood
hematopoietic stem cells that give rise to circulating leukocytes (90). The clocks in
leukocytes, synchronized by systemic redox flux, time the cell surface presentation of
migratory factors whilst the clock in the endothelium enables the leukocyte adhesion
cascade by timed-presentation of the cell surface homing factors vascular cell adhesion
protein 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) (91, 92). As a result,
immigration of leukocytes into target tissues proceeds at the onset of dark until blood count
falls and bone marrow mechanisms are reset. The extent to which innate and adaptive
immunity are systemically regulated by the clock system is gaining appreciation (93).

How synchrony within peripheral tissues is established remains poorly understood, yet work
in the pancreatic islet demonstrates how an array of local paracrine factors can push and pull
on the phases of resident cells. Dispersed islet cells from rodents and humans display robust
rhythms comparable to intact islets, indicating that physical contacts are dispensable for
synchrony. When a and B cells are cultured separately, 4 hrs separates the peaks of insulin
and glucagon secretion, however this gap shortens to 2 hrs in a mixed population (48). This
relationship is established by cell-type-specific expression of receptors and signaling
pathway activity such that glucagon induces high amplitude Per2 oscillations in p cells but
not in a cells, whereas insulin can synchronize both a and B cells. & cells factor into this
phase relationship through release of somatostatin (94). In vivo ~8 hrs separate the peaks of
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glucagon and insulin, timing that is ultimately set by additional neuronal, feeding and
hormonal timing cues.

An interesting aspect of clock network synchrony is its apparent redundancy, with myriad
cues engaged simultaneously. Removing a single rhythmic cue often has modest, if not
negligible, effects on synchrony of the system. Subjecting mice to arrhythmic feeding
regimes has no effect on the phase or amplitude of the liver clock, a highly feeding-sensitive
organ (95). This is likely an inherent feature aimed at reinforcing stability. A variety of cues
may also exist to coordinate specific clock output across tissues. For instance,
adrenalectomy, which eliminates the glucocorticoid rhythm, has a negligible effect on the
molecular clock, yet renders certain glucocorticoid target genes arrhythmic in the liver and
adipose tissue (16, 96, 97).

Closing the circuit: peripheral feedback to the brain

The SCN is unperturbed by manipulations that have profound effects on peripheral clocks,
such as day-time feeding (98). However, the central clock is housed in the hypothalamus, the
neuroendocrine center that senses and integrates systemic energy metabolism. The early
discovery that muscle-specific overexpression of BMALL1 in an otherwise clock-less mouse
can partially rescue circadian locomotor activity raised the possibility of feedback from
peripheral to central clocks (99, 100). The liver clock has been shown to regulate locomotion
in mice, specifically a bout of activity immediately prior to food availability, referred to as
food anticipatory activity (FAA). FAA continues in SCN-lesioned mice, but is abolished by
liver-specific deletion of PerZ, demonstrating that this behavior requires a peripherally-
derived clock signal (101). Restoring the deficit of circulating p-hydroxybutyrate left behind
by loss of PerZpartially rescues corticosterone levels and FAA, however liver-specific
overexpression of Per2in Per2~~ mice fails to, thus intact clock function in other tissues,
likely non-SCN brain regions, is required for this response.

The brain relies on peripheral tissues to support metabolite levels, an aspect of systemic
metabolism that can be observed in the cortex by liver-specific clock disruption and in the
hypothalamus by adipose clock disruption (102, 103). Mice with adipose-specific ablation of
Bmall exhibit obesity, concomitant with reduced energy expenditure, increased food intake
during the rest phase, and lower concentrations of polyunsaturated fatty acids (PUFAS).
Feeding these mutant mice a diet rich in PUFAs restores energy homeostasis, including body
weight, food intake and PUFA content in the hypothalamus, thus linking the adipocyte clock
to hypothalamic clocks through circulating fatty acids (103). Adipose-secreted proteins,
referred to as adipokines, also constitute brain-body feedback circuits; a large existing
literature describes the multi-level circadian regulation of leptin and adiponectin (103-106).

Circadian information flows from the SCN to other hypothalamic nuclei, yet this flow is not
unidirectional, as the SCN also receives synaptic inputs from the ARC and DMH (69, 107).
Physically disrupting the neuronal connectivity between the SCN and ARC results in ARC
desynchronization and loss of locomotor activity rhythms, circulating corticosterone levels
and body temperature. Moreover, without connections to the ARC, glucose administration
fails to induce c-Fos expression in the SCN, suggesting that hypothalamic nuclei can relay
metabolic feedback to the SCN (70). Considering that inverted feeding disrupts clock gene
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rhythms in extra-SCN nuclei, it is tempting to speculate that this interplay finely tunes
central clock function based on peripheral clock status (98).

Inputs that determine clock output

Genome-wide profiling experiments in rodents and primates show a substantial portion (up
to ~15%) of the transcriptome oscillates (108, 109). Remarkably, considering there is only a
small overlap of oscillating genes in different tissues, it is thought that most of the
mammalian genome has the potential to undergo circadian regulation (108, 109). How the
same core clock transcription factors (TFs) impart tissue-specificity is an active area of
research. Data points to both intrinsic and extrinsic signals that aid in dictating clock output.
An important note is that output autonomy varies dramatically across tissues. For example,
the olfactory bulb is able to drive daily rhythms in olfactory responsivity even with the SCN
ablated (110), whereas peripheral clocks are semi-autonomous and rely on the function of
the clock in many tissues (53, 54).

Connectivity of central and peripheral clocks

Work in flies and mice is beginning to reveal the connectivity of clock systems for peripheral
and metabolic tissues (Figure 4) (111-113). Disrupting specifically the local clock in liver,
muscle or adipose tissue ablates the majority of mRNA and protein oscillations, yet a subset
of mRNAS continues to oscillate. Thus, certain rhythms result from distal clock function, or
yet unidentified external cues (75, 103, 114). Importantly, in the absence of all other clocks
in vivo, genetic reconstitution of hepatic and epidermal clocks is able to drive ~10-20% of
the transcriptional and metabolic output, demonstrating their autonomy as well as their
inherent limitation (53, 54). Interestingly, epidermal autonomous transcripts overlap with
those that escape aging-associated reprogramming (115), suggesting that the mechanisms
which enable full circadian output across tissues can be lost even if the local clock
machinery appears unperturbed.

What inputs, then, dictate rhythmic outputs (Figure 5)? Imposing an arrhythmic feeding
paradigm on mice disrupts ~70% of the rhythmic transcriptome in the liver, as well as
rhythms of key metabolic genes in skeletal muscle and brown adipose tissue, hence feeding-
fasting provides a driving input to metabolic tissues (95, 116-120). To what extent feeding
signals directly regulate target tissues remains unclear. Metabolic intermediaries, such as the
gut microbiota, are likely contributors. Rhythmic abundance of gut bacteria is driven by
feeding and fasting, and microbiota-depletion reprograms the rhythmic transcriptome of
both the intestinal epithelium and liver, demonstrating its wide-ranging influence (121). Loss
of inputs including the feeding rhythm, microbiota or non-hepatic BmalZ results in hundreds
of de novo oscillating genes in the liver, therefore inputs seemingly inhibit portions of the
local output (53, 54, 95, 121). An important aside is that loss of the aforementioned inputs
does not alter core clock function in any overt manner, despite the requirement of the local
clock for most rhythmic output. Hence, clock machinery might effectively integrate
circadian signals within the system to regulate output. This concept awaits formal
demonstration.
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Directing clock output genes

Systematic analyses of genome-wide datasets collected over the circadian cycle have
conceptualized how the clock controls rhythmic gene expression. Key findings are that 1)
BMAL1 positioning on chromatin is mostly cell-autonomous; 2) BMAL1 binding sites have
little overlap between tissues and are distinguishable by the state of nucleosome depletion;
3) clock protein binding sites overlap heavily with lineage-specific TFs; and 4) rhythmic
promoter-enhancer interactions are associated with rhythmic genes (8, 122-124). Thus, local
clocks are poised but require signals from the whole network for complete temporal control
of transcription (53). Many extrinsic rhythmic signals impinge on TFs and epigenetic
regulators that interact with the clock machinery (21, 24, 77, 122, 125).

An important level of control is provided by nuclear receptors (NRs), which can operate as a
point of metabolic integration for the clock. NRs regulate the expression of specific sets of
genes in response to ligands emanating from extrinsic sources. Their circadian function
depends on at least four sources of rhythmic information. One, amounts of ligand often
oscillate in the serum, resulting in cyclic NR activity. To illustrate, the hypothalamic-
pituitary-adrenal axis controls the serum oscillation of corticosterone and circadian
glucocorticoid receptor activation in several tissues (16, 96, 97). Two, many NRs are
rhythmically expressed and have nuclear protein levels that rise and fall over the course of a
day, therefore activity depends on the phase relationship between receptor and ligand (126,
127). Three, some NRs and other cooperating TFs continue to oscillate in clock-disrupted
Cry1/2-null mice, pointing to control by behavior or systemic cues (126). Four, several
examples exist of NRs interacting with clock proteins at specific times during the day,
resulting in circadian regulation of distinct sets of genes (128). CRY1 and CRY 2, for
example, interact broadly with various NRs, co-occupy thousands of genomic binding sites
and function as co-repressors of gene expression (129). NR function is a striking example of
the complexity of circadian regulation as it relates to systemic physiology.

A point to consider is that molecular oscillations can exist in the absence of the essential
clock gene Bmal1. Skin fibroblasts and liver from Bmal1~~ mice exhibit large scale
oscillations of transcripts, proteins and protein phosphorylation sites that persist under free-
running conditions (i.e. no extrinsic forces present), are temperature compensated and can be
entrained (synchronized), suggesting the presence of a non-canonical mechanism that meets
the criteria of a molecular clock (130). However, the physiological relevance of this
phenomenon is unclear, since almost all transcripts and proteins that oscillate in Bmal1™~ do
not oscillate in wild type (53, 54, 130). One possibility is that these non-canonical rhythms
arise under conditions of BMALL1 disruption, and therefore may be relevant in pathological
contexts.

Concluding Remarks

In modern society, aligning our internal time with geophysical time is challenging.
Misalignment, wherein eating and sleeping patterns conflict with the natural light-dark
cycle, is associated with metabolic syndrome, cardiovascular disease, neurological
conditions and cancer. Shift workers are particularly vulnerable to misalignment, and reports
of hospital nurses and police officers confirm that internal desynchrony is a consequence of
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an inverted work schedule (131, 132). And just as circadian disruption can induce
pathologies, pathologies can induce circadian disruption. In mice, bouts of intermittent
hypoxia — similar to obstructive sleep apnea in humans — shift the phase of the clocks in the
liver, kidney and lung such that inter-organ timing is discombobulated (133). It has become
urgent that we uncover the molecular underpinnings of the relationship between the
circadian clock and disease.

Studies in mice demonstrate a direct cause and effect relationship between desynchrony and
metabolic dysfunction. Mice with deletion of BmalZ in the SCN retain peripheral clock
synchrony under a light-dark cycle, yet become desynchronized under constant darkness,
concomitant with fat accumulation and impaired glucose utilization. When synchrony is
reestablished by restricting food intake to a 12 hr window, body weight and glucose
metabolism are restored (55). These results suggest it is not merely the presence of a
restorative signal that is essential, but rather its rhythmicity. The physiological
glucocorticoid rhythm is not obesogenic, but lack of oscillation and its flattening to a
persistent signal of the same magnitude triggers adipocyte differentiation and fat
accumulation (134).

High fat diet disrupts the temporal coordination of metabolic pathways between tissues, as
revealed by simultaneous profiling of the circadian metabolome in brain, body and serum of
mice (62). Moreover, lack of a discernable feeding-fasting rhythm ablates oscillation of key
metabolic genes (95, 118). By contrast, the powerful and durable effect of food and food
timing on the clock can be harnessed to bolster the system. There is recent evidence that
some patients with metabolic syndrome benefit from time restricted eating (135).
Deciphering the circuitry of communication between clocks has the potential to transform
our understanding of physiology and metabolism, and may hold therapeutic promise to
identify innovative, non-invasive strategies to fight disease and improve human wellbeing.
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Figure Caption 0. . Céllular to Organismal Timekeeping: Communication Between Clocks.
The mammalian circadian clock is a coupled network of cell and tissue clocks. Light and

food are predominant cues, pushing and pulling on the phase, enhancing or attenuating the
amplitude and activating or inhibiting functional rhythms. In a tissue-specific manner, clocks
receive input signals and convert them into timed functional outputs, many of which in turn
act as inputs, effectively connecting the network.
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Figure 1. Extracellular signals and the molecular clock.
Simplified scheme of the molecular clock/oscillator. Right — the core transcriptional

activators circadian locomotor output cycles protein kaput (CLOCK) and brain and muscle
ARNT-like 1 (BMALL), together with the repressors period (PER) and cryptochrome (CRY)
and interlocked auxiliary loops (regulating D-boxes and ROR elements), control a near 24-hr
cycle of each other’s expression as well as clock controlled output genes (CCGs). Left —
extracellular signals that engage the clock through various means to set period, phase,
amplitude and output. PTM — posttranslational modification; cAMP — cyclic adenosine
monophosphate; PAS — Per-Arnt-Sim; ROR —RAR-related orphan receptor; REV-ERB —
nuclear receptor subfamily 1 group D; DBP — albumin D-box binding protein; 7ef-
thyrotroph embryonic factor; H/f- hepatic leukemia factor; NFIL3 — nuclear factor,
interleukin 3 regulated.
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Figure 2. Coupling of clocksin neurons and astrocytes.
Astrocytes harbor autonomous clocks that operate in anti-phase to neurons. During daytime,

astrocytic glutamate release is suppressed, which inhibits presynaptic terminals to alleviate
GABA, stimulating electrical activity and Ca2*-induced CREB activation leading to Per2
gene expression. At nighttime, astrocytes release glutamate, which acts on presynaptic
terminals to enhance GABA, in effect inhibiting electrical activity and Per2. Regulation of
Per2in this manner links rhythmic astrocytic signals to the clock in neurons. Other
components implicated in this process are GAT3, an astrocytic GABA transporter, and
EphA4, an adhesion molecule that physically connects astrocytes and neurons and the
connexin 43 (Cx43) hemichannel. Upper right inlet — the sleep-wake cycle drives oscillation
of synaptic proteins and their phosphorylation, another layer of circadian regulation. GABA
— y-aminobutyric acid; cAMP — cyclic adenosine monophosphate; CREB — cAMP response
element-binding protein; Per2- period 2; GAT3 — GABA transporter type 3; EphA4 — EPH
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receptor A4; Glu — glutamate; ERK — extracellular signal-regulated kinase; NT —
neurotransmitter; NMDAR2C — A-methyl-D-aspartate receptor 2 ¢c; GABAR — GABA
receptor.
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Figure 3. Connections of the mammalian clock system.
(A) A conceptual model based on knowledge from the turn of the century. (B) A current

model of the system. In addition to the suprachiasmatic nucleus (SCN), other distinct
hypothalamic clocks control daily energy homeostasis. The autonomic nervous system
(ANS) differentially innervates peripheral tissues and modulates their clocks by adjusting
sympathetic tone. All clocks are connected via the circulatory system by an ever-growing list
of synchronizing factors, many of which are under local circadian control in peripheral
tissues. See also Table 1 for circadian factors, their signaling pathways and clock targets
within the system. PN — pineal gland; PT — pituitary gland.
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Figure 4. Inputsdetermining peripheral clock output.
Conceptual model showing the drivers of circadian output of a peripheral metabolic tissue.

Arrows indicate a driving circadian signal. The box depicts 100% of the local oscillatory
output. Local clocks exhibit autonomy in driving a small fraction of output (green) (54) (53).
Central (brain) clock-controlled cycles, feeding-fasting and sleep-wake, can drive rhythms
independently or presumably in cooperation with the local clock (blue and turquoise).
Peripheral clocks may influence rhythmicity of each other in a central clock dependent or
independent manner (red, purple and brown). Many circadian signals likely synergize across
tissues and intermediates (e.g. gut microbiota) to shape the full rhythmic output, with
mechanisms which remain elusive (gray). It is unclear if the local clock is required for
certain connections (?).
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Figure 5. Multi-level control of clock output and communication.
The clock can autonomously support a portion of circadian output. Nuclear receptors (NRs)

regulate gene expression in tandem with clock proteins and are activated by extrinsic
ligands, many of which oscillate in the bloodstream as a result of clock control in another
tissue. The daily nuclear accumulation of certain transcription factors (TFs) is driven by
feeding or body temperature rhythms. Systemic rhythms post-transcriptionally shape mRNA
and protein oscillations. Feeding and fasting regulate RNA processing, translation and
degradation while temperature fluctuations can induce alternative splicing programs that
generate rhythmicity. Daily systemic energy metabolism regulates the functional status of
proteins through post-translational modifications tied to metabolite levels. cAMP — cyclic
adenosine monophosphate; NONO — non-POU domain-containing octamer-binding protein;
SR - serine/arginine-rich splicing factor family; Ac — acetylation; P — phosphorylation.
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Table 1.
Communicating signals within the mammalian clock network.
Question mark indicates an undefined mechanism or target.
Tissue Signal Mediator Clock Target Refs
Brain Hypothalamic Synaptic receptors, CAMP, PKA, CREB, Per, Cry 36, 40
Neurotransmitters and ERK, PRDX, mTOR, Fos, Jun, DUSP4,
Neuropeptides NMDAR2C, GABAAR
Autonomic Nervous System adrenergic, cholinergic receptors, MAPK, Perl 72
PKA
Sleep-Wake, Feed-Fast Cycles | Metabolic hormones, Nutrient flux, CLOCK:BMAL1, PER2, REV- 22
Coupled energy sensors (AMPK, SIRTS, ERBa
PGCla), CO2, 02
Temperature Cycle HSF1 PER2, Per2 74,75
Pituitary \asopressin AVPR1-3, CREB Per1-2 66
Gland
Pineal Gland Melatonin PKC Perl-2 66
Thyroid Thyroxine; Triiodothyronine Thyroid hormone receptor ? 66
Adrenal Corticosterone Glucocorticoid Receptor CRY1-2, CLOCK, Clock gene 66
Gland GREs
Aldosterone Mineralocorticoid receptor Clock gene GREs 66
Lung 02 HIFla CRY1, PER2, BMAL1 25
CO2 ? ? 76,77
Adipose Leptin Leptin receptor ? 105, 106
Adiponectin AdipoR1-2 ? 82
Liver FGF21 B-Klotho ? 87
Angptl8 PirB, NF-xB, p38, Akt Perl 83
IGF-1 GSK-3p Bmall 99
RBP4 ? ? 86
Skeletal IL-6, IL-8, MCP-1 ? ? 65
Muscle
Pancreas Insulin PTEN, mTORC1, Akt, miR24, 29, 30 /%MALl phosphorylation, PER, 89, 48
er
Glucagon adenylate cyclase ? 48,94
Somatostatin SSTR2-3 ? 94
GLP-1 GLP1R ? 94
GI Tract Oxyntomodulin Glucagon Receptor, CREB Per 85
Ghrelin GHSR ? 84

CAMP - cyclic adenosine monophosphate; PKA - protein kinase A; CREB - cAMP response element-binding protein; ERK - extracellular signal-
regulated kinase; PRDX - peroxiredoxin; mTOR - mammalian target of rapamycin; DUSP4 - dual specificity protein phosphatase 4; N-methyl-D-
aspartate receptor 2C; gamma-aminobutyric acid A receptor; Per - period; Cry - cryptochrome; MAPK - mitogen-activated protein kinase; AMPK -
5" adenosine monophosphate-activated kinase; SIRT - sirtuin; PGC1la - peroxisome proliferator-activated receptor gamma coactivator 1-alpha;
CLOCK - circadian locomotor output cycles kaput; BMALL1 - brain and muscle ARNT-Like 1; REV-ERBa - nuclear receptor subfamily 1, group
D, member 1; HSF1 - heat shock factor 1; MRTF - myocardin-related transcription factor; PER2 - period 2; AVPR - arginine vasopressin receptor;
PKC - protein kinase C; GRE - glucocorticoid response element; HIF1a - hypoxia-inducible factor 1-alpha; CRY1 - cryptochrome 1; AdipoR -
adiponectin receptor; FGF21 - fibroblast growth factor 21; Angptl8 - angiopoietin-related protein 8; PirB - murine paired immunoglobulin receptor
B; NF-xB - nuclear factor kappa-light-chain-enhancer of activated B cells; Akt - protein kinase B; IGF-1 - insulin-like growth factor 1; GSK-3p -
glycogen synthase kinase 3 beta; RBP4 - retinol binding protein 4; IL-6 - interleukin 6; IL-8 - interleukin 8; CCL2 - chemokine (C-C motif) ligand
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2; PTEN - phosphatase and tensin homolog; mTORC1 - mTOR complex 1; SSTR - somatostatin receptor; GLP-1 - glucagon-like peptide-1;
GLP1R - GLP1 receptor; GHSR - growth hormone secretagogue receptor; SCFA - shot chain fatty acid; HDACS3 - histone deacetylase 3; STAT3 -
signal transduction and activator of transcription 3; ILC3 - type 3 innate lymphoid cells; NFIL3 - nuclear factor interleukin 3 regulated.
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