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The circadian clock is based on a transcriptional feedback loop
with an essential time delay before feedback inhibition. Previous
work has shown that PERIOD (PER) proteins generate circadian
time cues through rhythmic nuclear accumulation of the inhibitor
complex and subsequent interaction with the activator complex in
the feedback loop. Although this temporal manifestation of the
feedback inhibition is the direct consequence of PER’s cytoplasmic
trafficking before nuclear entry, how this spatial regulation of the
pacemaker affects circadian timing has been largely unexplored.
Here we show that circadian rhythms, including wake-sleep cycles,
are lengthened and severely unstable if the cytoplasmic trafficking
of PER is disrupted by any disease condition that leads to increased
congestion in the cytoplasm. Furthermore, we found that the time
delay and robustness in the circadian clock are seamlessly gener-
ated by delayed and collective phosphorylation of PER molecules,
followed by synchronous nuclear entry. These results provide clear
mechanistic insight into why circadian and sleep disorders arise in
such clinical conditions as metabolic and neurodegenerative dis-
eases and aging, in which the cytoplasm is congested.
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Biological oscillations, such as the cell cycle and circadian
rhythms, rely on negative feedback loops in which time delay

and high sensitivity are essential features for their robustness and
self-sustainability (1–3). In the mammalian circadian clock,
CLOCK:BMAL1 (the activator complex) drives transcription of
the pacemaker genes Per1 and Per2 (Per), and PER proteins
form an inhibitor complex containing Cryptochrome (CRY)
proteins, which inhibits CLOCK:BMAL1 to close the loop (4–7).
PER is translated and accumulates for several hours before be-
ing allowed to inhibit the activator complex (time delay); PER
seems to be a scaffolding protein with a phosphotimer that
mediates time-dependent interaction between the activator and
the inhibitor complex (8–12). Casein kinases CK1δ/e are critical
for PER phosphorylation-mediated nuclear entry and subsequent
interaction with the activator complex: PER is constitutively
hypophosphorylated and perinuclear in CK1δ/« double-knockout
cells (11, 13). Thus, a critical time delay in the mammalian clock,
which would be followed by rapid feedback inhibition from ac-
cumulated inhibitor molecules (high sensitivity), is likely mediated
at the phosphorylation step for nuclear entry.
The precision of the time delay and the high sensitivity are

challenging to explain due to “noise” in the cellular environment
and the stochastic behavior of individual PER molecules. Several
thousand PER molecules translated throughout the cytoplasm
over several hours would have great heterogeneity in phos-
phorylation and distance to the nucleus (14), and these mole-
cules must transit through a crowded and noisy cytoplasm,
further amplifying the heterogeneity. Because the phosphoryla-
tion and nuclear entry of PER molecules must occur in a precise
and collective manner at the same time every day, there must be

a mechanism that can compensate for the spatiotemporal het-
erogeneity of the pacemaker molecules to elicit coordinated
feedback inhibition from thousands of molecules of the pace-
maker. If the cytoplasm is congested with increased macromol-
ecules, such as accumulated waste or energy reserve materials, a
state known to increase cytoplasmic viscosity and thus decrease
the speed of molecular diffusion (15), these “traffic jams” would
interfere with PER trafficking and coordination, creating even
more noise in the clock, which can manifest in disrupted output
rhythms, such as wake-sleep cycles. If the robustness and pre-
ciseness of the circadian clock indeed originate from coordinated
precise cytoplasmic trafficking of PER molecules, then disrup-
tion in cytoplasmic homeostasis would greatly compromise cir-
cadian rhythms, including wake-sleep cycles.
To test this hypothesis, we developed a mathematical model,

cell-based assays, and animal models simulating different levels
of traffic jams. We initially focused on the autophagy pathway
because it is a primary mechanism regulating cytoplasmic flux by
trafficking waste, energy materials, and dysfunctional organelles
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to the lysosomes for recycling. However, we also tested our hy-
pothesis in nonautophagy animal models with increased cyto-
plasmic crowding, such as P62, ob/ob mutants, and a tauopathy
transgenic animal (Tg4510).
In the present study, we show that circadian rhythms are

predictably modulated by the level of cytoplasmic crowding. In
cell and animal models with congested cytoplasm due to in-
creased cytoplasmic crowding, circadian behavioral rhythms
(wake-sleep cycles) and the molecular clock are lengthened and
extremely unstable due to disrupted coordination of individual
pacemaker molecules before nuclear entry. The key to the co-
ordination is spatially coordinated temporal PER phosphory-
lation. PER phosphorylation for nuclear entry does not occur
until its concentration reaches a certain threshold, which is
strongly favored only in the perinucleus, and thus leads to the
time delay and high amplitude (robust feedback inhibition) of
the clock.

Results
Circadian Rhythms Are Dramatically Modulated by Cytoplasmic
Conditions. To test whether compromised cytoplasmic traffic
affects the circadian clock, we measured circadian rhythms and
molecular clock components under conditions in which cyto-
plasmic flux is either accelerated or slowed. Specifically, since
autophagy is a major regulator of cytoplasmic content (16), we
first tested how circadian rhythms are affected under autophagy-
activating and -inhibiting conditions. We started with two estab-
lished cell culture models, mouse embryonic fibroblasts (MEFs)
and human U2OS cells (17, 18), using circadian bioluminescence
rhythms as a reporter. When Per2Luc MEFs were subjected to
amino acid (AA) starvation, a strong inducer of autophagy (16,
19), circadian period was dramatically shortened, by up to
several hours (Fig. 1A). In contrast, when autophagy was inhibited
pharmacologically using 3-MA, LY294002, or wortmannin—all of
which inhibit the class III phosphatidylinositol 3-kinase (PI3K)
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Fig. 1. The circadian clock is regulated by integrated spatial and temporal mechanisms. (A) Circadian rhythms were shortened by autophagy-inducing AA
starvation. Per2Luc MEFs were placed in different concentrations of AAs by varying the ratio between DMEM (100% AA) and EBSS (0% AA). After approx-
imately 3 d, 2%, 5%, and 10% media were replaced with 100% medium and 100% medium was replaced with 5% medium while bioluminescence rhythms
were measured. The low signal in 2% medium after replacement with the normal medium suggests that the starvation condition was not physiologically
sustainable. n = 3 each. Data are representative of three experiments. (B) Circadian rhythms were lengthened and dampened by inhibition of autophagy in a
dose-dependent manner. Note that robust rhythms were recovered after washout, indicating that the drugs did not affect cell viability at these doses. n = 3
each. Data are representative of three experiments. (C) Actograms of three mice heterozygous for Atg5 deletion. The black line indicates LD (12 h light:12 h
dark) to DD (constant dark) transition, and the gray shading indicates TM treatment. No two mice showed a similar stable phase angle after TM treatment. Six
more heterozygotes are shown in SI Appendix, Fig. S4. (D) Periods calculated from short intervals of stable phase angle (1 to 2 wk) were compared between
WT (C57BL/6J) and Atg5 het mice. The average period of Atg5 het mice (Atg5fl/+; CAG-Cre-ER) was significantly longer than that of WT mice after TM
treatment and significantly different before and after TM treatment (P < 0.01, two-tailed t test). The periods of Atg5 het mice before TM treatment were
calculated from the actograms in the first 2 wk in DD. (E) Starvation-induced period shortening in WT mice. C57BL/6J mice were entrained in LD followed by
DD for 2 wk, which served as baseline activity. A hypocalorie diet was provided at ZT12 of the previous LD for 12 d (indicated by the green line), followed by a
return to ad libitum. The red line indicates the predicted continuous activity onset had the mice not been subjected to starvation. n = 8.
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and thereby inhibit autophagosome formation, the cargo-carrying
vehicle (20–22)—the cells showed dramatic period lengthening
and dampened amplitude in a dose-dependent manner (Fig. 1B
and SI Appendix, Fig. S1A). Similar observations for autophagy-
regulated circadian rhythms were made in U2OS cells (SI Ap-
pendix, Fig. S1 B and C). Circadian rhythms were phase-shifted by
the drugs in a phase-dependent manner (SI Appendix, Fig. S2A),

consistent with direct action on the clock mechanism (not a
“masking” effect). Treatment with 3-MA was confirmed to inhibit
autophagy, as it increased levels of LC-II and inhibited degrada-
tion of P62 (a known autophagy substrate) under starvation con-
ditions (19) (SI Appendix, Fig. S2 B and C).
We next analyzed the effects of altering autophagy on sleep

cycles in mice. Atg5 and Atg7 are critical autophagy genes that
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the transgenic PER2-Venus (SI Appendix, Fig. S5) (Scale bar: 50 μm.) (J) Perinuclear enrichment of PER2-Venus was more pronounced by starvation. U2OS cells
were incubated with normal or 5% AAmedium for 12 h after discontinuation of PER2-Venus induction (Scale bar: 50 μm.) (K) Perinuclear localization of PER2-
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encode structural proteins important for the formation of auto-
phagosomes (23, 24). A conventional Atg5 mutant mouse dies
due to defective autophagy during the early neonatal starvation
period (24). To circumvent this early lethality, we used a floxed
Atg5 mutant mice with an estrogen receptor (ER)-inducible Cre
driver, CAG-Cre-ER, which allows us to delete the floxed Atg5 in
adult mice using tamoxifen (TM)-containing food. Unfortunately,
when both alleles of Atg5 were deleted by the CAG-Cre-ER and
TM, all the resulting homozygous mutant mice died within 10 d
(n = 6) (SI Appendix, Fig. S3A). However, heterozygous Atg5
mutant mice (Atg5fl/+; CAG-Cre-ER) were viable and had no
health issues except a circadian phenotype. All of them showed
unstable, lengthened circadian rhythms (Fig. 1 C and D and SI
Appendix, Fig. S4). The heterozygotes showed abrupt, spontane-
ous phase shifts and frequent period changes, leading to an un-
stable phase angle. In contrast, when WT C57BL/6J mice were
subjected to starvation to induce autophagy, wake-sleep rhythms
were significantly shortened (Fig. 1E). It has been demonstrated
that the TM treatment does not affect circadian rhythms (25, 26)
(SI Appendix, Fig. S3 B and C).

Temporal Phosphorylation of PER Molecules Is Spatially Coordinated.
Biochemical PER rhythms are defined by temporal phosphory-
lation and abundance changes. PER phosphorylation and
abundance are temporally regulated in ∼24-h cycles in MEFs
and U2OS cells, mirroring the in vivo phosphotimer dynamics (8,
27). Therefore, we next tested how altering autophagy affects the
PER rhythms in the cells. In starved MEFs and U2OS cells, PER
exhibited accelerated profiles of phosphorylation and breakdown
over 4 h compared with control cells, suggesting that nuclear
entry of PER was accelerated as well (Fig. 2 A and B) (10). AA
starvation given in a 2-h pulse produced a rapid drop in biolu-
minescence signal in a dose-responsive manner (Fig. 2C, Inset).
Accordingly, 0% AA treatment induced greater acceleration in
PER phosphorylation and breakdown compared with 2% and
5% AA treatment (Fig. 2 A and D). This acceleration likely is not
mediated through the modulation of translation or transcription
of Per genes, because PER phosphorylation and degradation
seem to occur normally even when translation is blocked by cy-
cloheximide (28). PER degradation has previously been shown
to be dependent on phosphorylation (11, 13, 25), and thus the
AA starvation treatment likely accelerated PER phosphorylation
first, which then led to accelerated PER degradation. Treatment
with 3-MA induced the opposite effect: accumulation of hypo-
phosphorylated PER (Fig. 2E). These data suggest that temporal
PER phosphorylation is regulated by the speed of PER traf-
ficking (see below for more supporting data). Consistent with
this idea and with the noisy rhythms in Atg5 heterozygote mice,
circadian rhythms—especially amplitude—were severely dis-
rupted in homozygous Atg5 knockout MEFs (Fig. 2 F and G).
Circadian phenotypes were mild in Atg5 mutant mice and cells
compared with PI3K-inhibited cells, probably because autopha-
gosomes can be generated by Atg5/7-independent noncanonical
autophagy pathways (29).
To determine whether cytoplasmic trafficking of PER was

indeed affected by altered autophagy, we analyzed PER sub-
cellular localization under different conditions by labeling it with
the fluorescent protein Venus. Venus fusion to the C terminus of
PER2 did not affect the clock properties of PER2, as demon-
strated by Smyllie et al. (14) and described in SI Appendix, Fig.
S5. In accordance with the data on bioluminescence and
phospho-timer rhythms in different autophagy conditions, nu-
clear accumulation of PER2-Venus protein was accelerated and
delayed by starvation and 3-MA, respectively (Fig. 2H). During
the course of these imaging studies, we noticed that PER
strongly accumulated in the perinuclear region before nuclear
accumulation, which was accelerated by starvation (Fig. 2 I–K

and Movie S1). Because PER phosphorylation by CK1δ/e is re-
quired for nuclear entry (11, 13) (SI Appendix, Fig. S5), our data
suggest that the PER phosphorylation needed for nuclear entry
most likely occurs in the perinucleus. If this phosphorylation oc-
curred independent of location and was only temporally regulated,
then PER would not accumulate strongly in the perinucleus.

Cooperative PER Phosphorylation Underlies the Robustness and Time
Delay. Because our data suggest that phosphorylation of PER
molecules occurs in a collective manner in the perinucleus for
coordinated nuclear entry of PER molecules, we evaluated
whether a computer simulation based on our experimental data
could generate such a spatially regulated collective phosphoryla-
tion of PER molecules (Fig. 3A). In this model, hyper-
phosphorylation of PER for nuclear entry occurs faster than its
hypophosphorylation in a cooperative manner (Fig. 3B), which is
supported by experimental data and several analogous models of
the cell cycle (9, 30, 31). This leads to a sharp, switch-like col-
lective hyperphosphorylation of PER molecules; as the local level
of PER exceeds a threshold in the perinucleus, the majority of
hypophosphorylated PER is synchronously hyperphosphorylated,
generating a bistable transition (Fig. 3C and SI Appendix, Fig. S6).
When cytoplasmic flux is normal, PER accumulates to threshold
levels only in the perinuclear region, which can trigger synchro-
nous hyperphosphorylation and nuclear entry within a narrow
time window (Fig. 3 D and E). Although not included in our
current model, this switch-like phosphorylation in the perinucleus
would be even more robust if the model were to reflect the fact
that the affinity of CK1δ/e to PER is stronger than that of phos-
phatase PP1 (11). Because CK1δ/e are stoichiometric binding
partners of PER through dedicated protein-binding domains, the
local concentration of the kinases would resemble that of PER,
leading to more local enrichment of CK1δ/e over PP1 in the
perinucleus (13). When the cytoplasm is overcrowded, PER can
accumulate near the threshold level beyond the narrow peri-
nucleus area, which will generate hyperphosphorylated PER in a
random spatiotemporal manner, disabling the circadian peri-
nuclear bistable transition (Fig. 3 F and G and SI Appendix, Fig.
S7). This model explains all the foregoing data (Figs. 1 and 2) and
predicts noisy rhythms in any mouse models with increased
cytoplasmic congestion (Fig. 3H).
P62 is one of many autophagy adaptor molecules but is not an

autophagy gene and is not involved in autophagosome formation
(32). It has been shown that P62 mutant mice exhibit adult-onset
obesity and increased fat deposition, which can cause cytoplas-
mic congestion (33). When P62 mutant mice were subjected to
behavioral analysis, all showed lengthened and unstable rhythms
indistinguishable from those in Atg5 heterozygotes (Fig. 3 I and
J). Furthermore, instability of their wake-sleep rhythms wors-
ened with age, which also correlated with weight gain (SI Ap-
pendix, Fig. S8). Another line of nonautophagy mutant mice, ob/ob
(34), which exhibit cytoplasmic congestion due to increased fat
deposition, also showed similarly lengthened and unstable
rhythms (Fig. 3K).
Our model of the spatiotemporally regulated bistable PER

phosphorylation is further supported by several lines of in vivo
biochemical data. When PER protein rhythms were analyzed in
in vivo tissues by immunoblotting, all exhibited a switch-like
pattern of phosphorylation: a sudden jump between hypo-
phosphorylated and hyperphosphorylated states (Fig. 4 A and B),
consistent with previous publications (e.g., ref. 10). This pattern
would not be observed if PER molecules produced several hours
apart were progressively phosphorylated; according to our sim-
ulation, this would lead to significant amounts of hypophosphory-
lated PER at all times, even in the presence of robust mRNA
oscillations (Fig. 4 C and D). Notably, size fractionation of cell
extracts revealed sharp hyperphosphorylation of PER when the
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size of PER complexes reached a certain threshold, likely via
multimerization among PER molecules, supporting our model of
cooperativity (Fig. 4E). Furthermore, hypophosphorylated spe-
cies were minimally detectable once the PER complexes reached
a certain size, after which they jumped to the hyper-
phosphorylation state (Fig. 4E). While not explicitly incorpo-
rated in our model for simplicity (Fig. 3 A and B), previous
studies have suggested that a switch-like phosphorylation can

occur through cooperative multimerization of substrates (1, 35).
As PER-containing complexes can contain multiple copies of PER
molecules (10, 36), we hypothesized that the switch-like phos-
phorylation (Fig. 3C) can occur via multimerization of PER
molecules, which would be greatly facilitated by local enrichment.
Because the PAS domain is the only known motif required for
PER multimerization—PER homodimers, heterodimers, or pos-
sibly multimers—we tested how PER phosphorylation is affected
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when PAS-PAS dimerization is disrupted by mutating a key resi-
due in the direct interface.
Previous work has demonstrated that PER homodimers are

stabilized by the conserved tryptophan residue in the PAS B do-
main (W448mPER1, W419mPER2, and W359mPER3), and
mutation of this residue to glutamate effectively disrupted
homodimers in all PERs (37, 38). Therefore, we assessed phos-
phorylation of transiently expressed WT and W448E PER1 mu-
tant in the presence of CK1δ. While WT PER1 was robustly
phosphorylated by CK1δ, phosphorylation of the mutant PER1
was largely abolished, exhibiting only hypophosphorylated species
(Fig. 4F). Both WT and mutant PER1 interacted with CK1δ
(Fig. 4F), demonstrating that the mutation did not affect CK1δ
binding (12, 39). Finally, we found that, as with overexpressed
PER2-Venus, a ring shape of perinuclear accumulation was de-
tected with endogenous PER1 and PER2 at a specific phase in
U2OS cells (SI Appendix, Fig. S9A). Taken together, our data

suggest that the PAS domain, which has not been characterized in
terms of clock function, is the key motif for generating a time cue
for time-delayed, high-amplitude nuclear entry through mediation
of cooperative phosphorylation of PER.

Defective Clocks in Diseased Cytoplasm Can Be Corrected by Restoring
Stoichiometry of PER. According to our hypothesis, the severity
of rhythm disruption and collective phosphorylation should be
worsened as the level of crowding increases in clock cells. To
test this prediction, we monitored circadian rhythms during the
differentiation of 3T3 L1 fibroblasts into adipocytes, which
should produce a gradual increase in fat storage vacuoles over
the course of differentiation. Indeed, the development of fat
vacuoles was dramatic after differentiation, especially in the
perinuclear area (Fig. 5 A and B). Consistent with our model
(Fig. 3H) and the foregoing data, hypophosphorylated PER
species remained pronounced at all times of the day, and the
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overall abundance of PER increased dramatically, as hypo-
phosphorylated species are more stable than hyperphosphorylated
species (25) (Fig. 5C). PER2-Venus was cytoplasmic predomi-
nantly in the adipocytes even after starvation (SI Appendix, Fig.
S9B). Circadian rhythms became gradually unstable and ultimately
were completely lost as L1 cells differentiated into adipocytes
(Fig. 5D). As demonstrated by the behavioral data from Atg5 and
p62 mutant mice, when the clock is unstable due to mildly in-
creasing crowding, period can go in either direction unpredictably,
which is predicted by our modeling.
Our mathematical model predicted that circadian rhythms

could be restored in adipocytes if rhythmic Per2 gene expression
were augmented to compensate for the loss of the bistable
phosphorylation in the perinucleus (Fig. 5E). Indeed, when we
overexpressed a Per2 promoter-Per2 cDNA (Per2-cPer2) trans-
gene in adipocytes using an adenoviral vector, as has been done
previously (8), circadian rhythms were successfully restored,
confirming our prediction (Fig. 5F).

Circadian Rhythms Are Lengthened in a Nonmetabolic Disease Model
with Increased Cytoplasmic Crowding. If the underlying mechanism
of the circadian phenotypes in our models is indeed through
disruption of the pacemaker trafficking and not by disruption of
metabolic pathways, then a similar phenotype would be observed
in any animal model with increased cytoplasmic crowding. To

test this hypothesis, we measured circadian rhythms in a tauop-
athy model, Tg4510, which harbors the mutant P301L mutant tau
and has been shown to have evident tanglelike cytoplasmic in-
clusions, brain atrophy, and behavioral phenotypes, including
circadian disorders at age 5 to 8 mo (40, 41). Although circadian
rhythms, including wake-sleep cycles, are known to be disrupted
in neurodegenerative diseases such as Alzheimer’s disease (AD),
the underlying mechanistic causes of the circadian disorders have
not been fully characterized (40, 42).
Tauopathy is a hallmark feature of several neurodegenerative

diseases, including AD, progressive supranuclear palsy, and
frontotemporal dementias, all of which develop intracellular tau
tangles in the cytoplasm of neurons, generating a significant
amount of cytoplasmic congestion (43). Hyperphosphorylation
of tau, in particular pSer396, is strongly associated with abnormal
cleavage and folding of tau, leading to tauopathy (44). Because
most behavioral assays involving circadian locomotor activity in
Tg4510 have been done at middle age to old age, when brain
atrophy is evident, the phenotypes could be related to loss of
relevant neurons or disruption in the neuronal network rather
than to disruption in cell-intrinsic mechanisms. To avoid this
complication, we measured behavioral rhythms at 3 mo of age,
before severe tauopathy and atrophy are evident. As shown in
Fig. 6A, the free-running period was lengthened in 3-mo-old
Tg4510 mice compared with control mice, consistent with our
prediction. The presence of tau tangles was confirmed in the
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hypothalamus, where the SCN (suprachiasmatic nuclei) resides,
as measured by dramatically increased pSer396 levels (Fig. 6 A,
Bottom). These data suggest that the clock impairment may
precede brain atrophy and canonical tauopathy, leading to
cell death.

Discussion
Our model can explain how a long and precise time delay before
rapid feedback inhibition can be generated by a delayed and
switch-like collective phosphorylation of PER molecules for
nuclear entry. Although PER can be hypophosphorylated or
prime-phosphorylated by the kinases in a cis-acting manner (30),
our data suggest that dimerization or multimerization is required
for nuclear entry-mediating hyperphosphorylation, because
CK1δ/e phosphorylate only trans-PER in the complex (Fig. 6B).
The key to this collective hyperphosphorylation is transacting
phosphorylation by CK1δ/e in PER multimers, which is facili-
tated only when PER levels reach a certain threshold and is
further facilitated by increasing the local CK1/PP1 activity ratio

in the perinucleus. We believe that perinuclear accumulation of
PER molecules is actively managed by the actin and/or micro-
tubule transport networks, rather than via passive diffusion of
PER molecules. We also believe that active cytoskeletal transport
of PER toward the nucleus is likely, given that many other tran-
scription factors with nuclear localization signals are transported
in this way (e.g., ref. 45). PER accumulates in the perinucleus
because this active transport drives PER to the perinucleus, but
without hyperphosphorylation, PER cannot enter the nucleus.
Only after accumulating to a certain level can PER sufficiently
dimerize and then be phosphorylated for nuclear entry. We
speculate that efficient PER phosphorylation and nuclear entry
cannot occur until the majority of PER-interacting importin
molecules are occupied by PER monomers, which then start to
become dimerized in the perinucleus. This idea is supported by
the previous studies showing that nuclear import of the PER:CRY
inhibitory complex is mediated by specific importin molecules
(46–48). This spatiotemporally regulated collective behavior of
interacting pacemaker PER molecules can compensate for the
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stochastic noise of individual molecules and differences in cell size
at the system level. According to our model, variances in traf-
ficking speed and distance of individual molecules are highly tol-
erable at the group level. Spatiotemporally regulated bistable
phosphorylation is also a key feature of several critical steps in the
cell cycle; for example, phosphorylation of Aurora B is similarly
regulated during mitosis (31).
The presence of a time delay mechanism before nuclear entry

was first discovered in Drosophila and has been proposed to be
conserved in mammals (49). However, Smyllie et al. (14), using a
Per2-Venus knock-in mouse model, showed that endogenous
PER2-Venus is not detectable exclusively in the cytoplasm at any
circadian phase throughout the whole circadian cycle, arguing
against a Drosophila-like time delay mechanism. We believe that
our data are not incompatible with those reported by Smyllie et al.
According to our model (SI Appendix, Fig. S10), cytoplasmic PER
forms a strong gradient throughout the cytoplasm, with the peri-
nucleus having the highest levels, not the diffuse cytoplasmic
staining. As soon as perinuclear PER levels reach the threshold,
those PER species are collectively phosphorylated and enter the
nucleus. This occurs continuously within a narrow time window
(high sensitivity), over ∼4 h because of the collective, cooperative
phosphorylation (Figs. 3H and 4B). Thus, our model does not
predict exclusive and diffusive cytoplasmic accumulation of PER
at any circadian phase. Indeed, we observed a faint perinuclear
ring and both cytoplasmic and nuclear staining at a peak phase of
endogenous PER (SI Appendix, Fig. S9A).
Interestingly, the temporal profile of PER2-Venus nuclear

accumulation measured by Smyllie et al. (14) also occurred on a
similar time scale, ∼3.7 h. This fast nuclear accumulation rate is
highly unlikely without the collective phosphorylation followed
by synchronous nuclear entry, considering the presence of PER
over 20 h each day (Fig. 4A). A similarly fast nuclear entry of
PER through distinctive cytoplasmic foci has been observed in
Drosophila, suggesting that the cooperative dPER (Drosophila
PERIOD protein) phosphorylation mechanism by DBT (Dou-
bletime) may be conserved in Drosophila (50, 51).
Similar phenotypes as in our mutant/Tg models have also been

reported in many other disease conditions, including high-fat
diet-induced obese mice and mice of advanced age (40, 52,
53). Although it has been demonstrated that all these models
have increased cytoplasmic congestion (e.g., refs. 33, 41, 54, 55),
it is possible that the clock could also be modulated by disruption
in specific metabolic pathways, such as mTOR, AMPK, and
oxidative stress pathways, in these animals (56–58).
Based on our data and model, we propose that the essential

time delay before feedback inhibition and the high amplitude of
circadian rhythms are generated at the nuclear gating step, and
this can be severely disrupted by many disease conditions with
compromised cytoplasmic homeostasis.

Materials and Methods
Animals. All mice were maintained in a climate-controlled room and used
according to Florida State University or University of South Florida Animal Care
and Use Committee guidelines. All experiments involving animals were per-
formed according to approved protocols. We used approximately equal numbers
of male and female mice for behavioral studies. Sex differences in behavioral
rhythms and cellular clock rhythms were very subtle to insignificant (59).

The floxed Atg5 mutant mice in the C57BL/6 background were obtained
from the Mizushima laboratory under a material transfer agreement (MTA).
We combined it with an inducible cre driver, CAG-cre-ER (The Jackson Lab-
oratory; 004682), which allowed us to delete Atg5 throughout the whole
body in adults (Atg5fl/fl; CAG-cre-ER) using TM-containing food. The cre
driver has been used successfully in our laboratory to delete several genes,
including CK1δ (11), Dicer (26), and βTrcp2 (25). According to Mizushima
et al. (60), Atg5 mutant mice generated by low-level recombination with a
CAG-cre driver were viable. However, in our study, when Atg5 was deleted
by the CAG-cre-ER driver and TM, all the resulting homozygous mutant mice
died within 10 d (n > 6). Our recombination rates were higher than those

reported by Hara et al. (60), which could explain the discrepancy. Hetero-
zygous Atg5 mutant mice (Atg5fl/+; CAG-cre-ER) were viable and did not
have any health issues.

The P62 mutant mice in C57BL/6 background were obtained from the
Yanagawa laboratory under an MTA (61). The behavioral data presented in Fig. 3I
were obtained when the P62mutant mice started to show unstable phase angles.
The majority of the mice showed such unstable rhythms at age 8 mo or older.

The leptin knockout ob/ob mice were obtained from The Jackson Labo-
ratory (B6.Cg-Lepob/J: 000632). The behavioral rhythms shown in Fig. 3K
were obtained when these mice were ∼3 mo old, while they were still active
and showed discernible circadian rhythms.

C57BL/6J (000664) mice were purchased from The Jackson Laboratory. The
behavioral rhythms shown in SI Appendix, Fig. S3C were obtained twice: once
at age ∼3 mo and then after they were reentrained by LD (light:dark cycles) at
age ∼5 mo before they were placed in DD (constant darkness) again.

Tg4510 transgenic mice harboring tetO-P301L tau (The Jackson Labora-
tory; 015815) were crossed with Camk2a-tTA transgenic mice (The Jackson
Laboratory; 007004) to express the mutant tau (40). Then 3-mo-old dou-
ble transgenic and nontransgenic littermates were used to assess the
circadian period.

MEFs. Per2Luc MEFs have been described previously. MEFs from Atg5fl/fl;
CAG-cre-ER; Per2Luc/Luc were prepared from embryos isolated from pregnant
female mice at 13 d postcoitum. Embryos were removed, finely minced,
treated with 0.25% trypsin, and then incubated at 37 °C for 30 min. The
mixture was passed through a fine 100-μm membrane to remove debris, and
the resulting cells were maintained at 37 °C in 5% CO2 in Dulbecco’s Mod-
ified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS). Atg5 deletion was induced by 4-hydroxytamoxifen as described pre-
viously (11). Both male and female embryos were used.

Other Cell Lines. 3T3 L1 (ATCC CL-173) and U2OS (ATCC HTB-96) cells were
obtained from the commercial vendor American Type Culture Collection.
The U2OS-Bmal1-luc cell line has been described previously (27). All cells
were maintained at 37 °C and 5% CO2 in DMEM supplemented with
10% FBS.

Cell Culture and Bioluminescence Recording. For bioluminescence recordings,
cells were plated into 24-well plates to be ∼90% confluent at 24 h before the
start of the experiment. Immediately before the start of the experiment,
cells were given a 2-h serum shock with 50% horse serum in DMEM, washed
with PBS and fresh DMEM supplemented with 1% FBS, 7.5 mM sodium bi-
carbonate, 10 mM Hepes, 25 U/mL penicillin, and 25 μg/mL streptomycin,
after which 0.1 mM luciferin was added. The plates were sealed with cel-
lophane tape and placed into a LumiCycle (Actimetrics). For bioluminescence
experiments, the results were reproduced in at least two independent ex-
periments. AA starvation media were generated by mixing a complete
medium DMEM (Corning; 10-017-CV) with 0% AA medium EBSS (Sigma;
E6267). In SI Appendix, Fig. S1C, one sample per wortmannin concentration
is shown. The results are representative of three experiments. 3-MA
(M9281), LY294002 (L9908), wortmannin (W1628), and MG-132 (474790)
were from Sigma-Aldrich.

For live cell snapshots and movies in Fig. 2 and Movie S1, an Andor Revo-
lution spinning-disk laser confocal microscope with 20× objective was used.

For Fig. 2 F and G, Atg5mutant cells were treated with 4-hydroxytamoxifen
or ethanol 3 d before the cells were serum-shocked, placed in the LumiCycle,
and harvested at indicated times.

Differentiation of 3T3 L1 into adipocytes was done following the protocol
described by Zebsch et al. (62). In brief, 3T3 L1 cells were grown to 70%
confluency. To initiate differentiation, cells were treated with MDI medium
(0.5 mM IBMX, 1 mM dexamethasone, and 10 μg/μL insulin in DMEM) for 3 d,
followed by insulin-only medium for 3 d. Fat vacuoles were visible after day
4, and differentiation was complete in 10 d. To visualize fat vacuoles, the
cells were stained with 10% Oil Red O (Sigma-Aldrich; O0625).

More detailed information about the materials and methods used in this
study is available in SI Appendix.

Data and Materials Availability.
All data presented in this study are available in the main text or
SI Appendix. The noncommercial antibodies are available under
an MTA with Florida State University. The computer codes used
in this study are available at https://github.com/daewookkim/
The-spatial-stochastic-model-of-the-circadian-clock.
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