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Summary

Robustness in biology is the stability of phenotype under diverse genetic and/or environmental
perturbations. The circadian clock has the remarkable stability of period and phase which—unlike
other biological oscillators—is maintained over a wide range of conditions. Here we show that the
high fidelity of the circadian system stems from robust degradation of the clock protein, PERIOD.
We show that PERIOD degradation is regulated by balanced ubiquitination/deubiquitination, and
disruption of the balance can destabilize the clock. In mice with loss-of-function mutation of the
E3 ligase gene B-Trcp2, the balance of PERIOD degradation is perturbed, and the clock becomes
dramatically unstable, presenting a unique behavioral phenotype unlike other circadian mutant
animal models. We believe our data provide a molecular explanation for how circadian phases
such as the wake-sleep onset times can become unstable in humans and present a unique mouse
model to study human circadian disorders with unstable circadian rhythm phases.
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eTOC Blurb

In certain human sleep disorders, wake-sleep onset times shift daily in an unpredictable manner.
D'Alessandro et al. develop a unique mouse model that emulates the human sleep disorders and
provide a molecular explanation for unstable wake-sleep rhythms.

Introduction

Daily rhythms in mammalian physiology and behavior, such as wake-sleep cycles, are
controlled by a molecular circuit called the circadian clock [1-3]. Circadian rhythms are
extremely reliable, with little cycle-to-cycle variation under constant conditions such as
constant darkness [4]. Because the circadian clock is a molecular circuit that functions cell
autonomously, rhythms can be measured at cellular, tissue, and whole organismal levels [5,
6]. At the organismal level, rhythms can be measured in real time, noninvasively, by
monitoring locomotor activity rhythms [7, 8]. The period and phase (e.g., wake-up time or
activity onset) of locomotor rhythms in animals are highly stable and reliable over months,
enabling prediction of future phases accurately based on measurements in previous cycles.

The molecular backbone of the circadian clock is a transcriptional negative feedback loop
with interacting positive and negative elements [9, 10]. CLOCK (or NPAS2) and BMAL1
are the positive elements, activating transcription of many downstream genes, including
behavior-regulating genes and the main negative elements, Period (Per, including Perl and
Per2) and Cryptochrome (Cry, including CryZ and Cry2), whose products form an auto-
inhibitory complex [9, 10]. Among all essential clock components, PER is the
stoichiometrically rate-limiting component; high amplitude oscillations in PER levels are
essential for a robust molecular clock, indicating that duration (period) and phase of the
circadian cycle are primarily determined by PER oscillations [11-14].

If robust and consistent PER rhythms are the basis for the high fidelity of the system, then
the temporal abundance of PER should be precisely regulated through timely synthesis and
degradation of PER protein. Key regulation seems to occur at the posttranslational level
because although Pertranscription is regulated at genetic and epigenetic levels [15-18], these
mechanisms are not essential for generating 24-hr rhythmicity nor for the fidelity of the
clock: transgenic expression of a Per-coding sequence from an inducible promoter without
any endogenous transcriptional regulation can still produce robust circadian rhythms in
Per1/2 double knockout mice [19]. Other studies in mammals as well as Drosophila show
that posttranslational regulation of PER associated with degradation works as a circadian
timer determining period and phase; PER phosphorylation kinetics, balanced by kinases and
phosphatases and associated with degradation, can affect circadian period and phase in a
predictable manner [20, 21]. Furthermore, synthetic oscillators built on transcriptional
feedback loops but lacking the natural clock's posttranslational regulation are unstable and
unpredictable in period and phase from cycle to cycle, even though they may successfully
generate self-sustaining oscillations [22-24]. In contrast, the period of the endogenous clock
is almost identical across diverse mammalian cell types (including both primary cultured
cells and cancer-derived cell lines) [5, 25]. Since the circadian period would be critically
influenced by PER degradation kinetics, it is highly likely that the regulation of PER
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degradation is conserved in these cells. This also suggests that PER degradation should be
similar across cell types and cellular environments, unlike most other proteasome substrates
such as p53 and B-Catenin (B-Cat), whose half-lives change dramatically under different
conditions and in different cell types [26, 27]. Taken together, understanding how PER is
precisely and robustly regulated at the posttranslational level is essential to explain why
circadian rhythms are more precise and more noise-resistant in vivo than other biological
oscillations [28, 29], including synthetic ones.

The Ubiquitin Proteasome System (UPS), which mediates rapid and specific degradation of
a target protein through a specific E3 ubiquitin ligase or ligases [30], has been implicated in
the circadian clock mechanisms of multiple organisms, including mammals, Drosophila, and
Neurospora [31-36]. In mammals, genetic and biochemical studies demonstrated that CRY
protein is targeted for proteasomal degradation specifically by the E3 ubiquitin ligases
FBXL3 and FBXL21 [37-41]. However, loss-of-function mutations in these two E3 ligase
genes did not disrupt molecular and behavioral circadian rhythms dramatically compared to
phenotypes caused by mutations in other essential clock genes. By design principles, the
circadian clock would be most dramatically affected by disruption in degradation of the rate-
limiting component, PER. However, we lack in vivo data on how PER is degraded and how
disruption in PER degradation affects circadian behavior. Although E3 ubiquitin ligases p-
TRCP1 and 2 have previously been suggested to play a role in PER degradation, g-7rcp
knockout mice have no circadian phenotype [33], indicating that the paralog S-7rcp2is
redundant in PER degradation or that other E3 ligases are involved.

Here we report that PER degradation is uniquely mediated by balanced ubiquitination and
deubiquitination involving at least two different E3 ligases and a specific deubiquitinase,
USP14. Genetic and pharmacological disruption in ubiquitination and deubiquitination of
PER severely altered clock function. High fidelity of PER degradation is ensured by excess
B-TRCP such that even a dramatic reduction in B-TRCP levels does not affect the half-life of
PER and the clock. However, when levels of the E3 ligase are reduced below a saturation
level relative to the substrate, the fidelity of degradation Kkinetics is disrupted, resulting in
dramatic variability in circadian rhythms from cycle to cycle. Thus - T7rcp double-mutant
mice exhibit highly unstable behavioral rhythms, with variable activity onset times almost
on a daily basis. By using a mathematical model, we found that such unstable circadian
rhythms in B-7rcp mutant mice stem from loss of nonlinear degradation of PER, which has
been validated experimentally.

Dynamic ubiquitination and deubiquitination of PER in vivo

If regulation of PER degradation is as central to the circadian clock as we hypothesize, then
PER should have a short half-life. To test this hypothesis, we determined and compared the
half-lives of PER and the other major clock proteins following cycloheximide (CHX)
treatment. To minimize CHX cytotoxicity and effects other than the inhibition of translation,
and thus accurately calculate endogenous half-lives of clock proteins, a lowest effective
CHX concentration was determined by measuring degradation rates of PER2-LUC in real
time. The results indicated that CHX concentration can be lowered to less than 1/8 of what
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other studies used to inhibit translation [41, 42], while retaining similar efficacy (Figure
S1A). When mouse embryonic fibroblasts (MEFs) were treated with this dose, levels of
endogenous CLOCK, BMALL1, and CRYs were reduced only slightly over the course of 12
hrs (Figure 1A). However, PER levels were dramatically reduced over the same time course,
demonstrating that PER1 and 2 have the shortest half-lives among clock proteins, which is
also consistent with previous findings [19] (Figure 1A).

In vitro studies have suggested that PER can be ubiquitinated by specific E3 ligases such as
B-TRCP1/2 [31]. However, in cell culture models, polyubiquitinated PER is not detectable
after treating cells with proteasome inhibitors, while polyubiquitinated species of p-Cat, a
known B-TRCP substrate, were readily visible under the same conditions [43]. We
hypothesized that polyubiquitinated PER, unlike p-Cat, cannot accumulate in vivo in the
presence of the proteasome inhibitors because ubiquitinated PER species are subjected to
rapid deubiquitination if they are not degraded by the proteasome. If polyubiquitinated PER
species are subjected to rapid trimming activity by non-integral deubiquitinases (DUBS) [44,
45], those species would become detectable if the relevant DUBs are inhibited. When MEFs
were subject to several broad-spectrum or specific DUB inhibitors, slow migrating PER1
and 2 species appeared only when treated with b-AP15, a specific inhibitor to the non-
integral DUBs, USP14 and UCH37 [46] (Figures 1B, S1B and S1C). None of the other
major clock proteins were substantially affected by the DUB inhibitors, even though total
ubiquitination levels of cellular protein were markedly increased by b-AP15 and some of the
other DUB inhibitors (Figures 1C and S1B). For example, treatment with a pan-inhibitor
PR-619 induced a dramatic increase in ubiquitinated protein levels and depleted free
ubiquitin (Figure 1C). The slow migrating PER species, presumably polyubiquitinated PER,
rapidly appeared and became predominant under b-AP15 treatment, even when PER was
overexpressed more than 20-fold above endogenous levels (Figures 1D and S2A),
suggesting that PER is an intrinsically good substrate for ubiquitination. Free ubiquitin
seems to be a limiting component in this ubiquitination since free ubiquitin is almost
depleted after 30 minutes of treatment with b-AP15 (Figure S2B). When MEFs
overexpressing other clock proteins were treated with b-AP15, only CRY1 was apparently
ubiquitinated in a subtle manner (Figure 1D). The slow migrating PER species were indeed
due to polyubiquitination (Figure 1E). Furthermore, when PER2 and His-Ubiquitin were
transiently co-expressed and treated with b-AP15 in 293 cells, levels of His-Ubi-PER2
increased dramatically compared to control samples without b-AP15 treatment (Figure 1F).
Rapid ubiquitination of PER by b-AP15 treatment also occurred in U20S cells (Figure S2C)
suggesting that the system for the dynamic ubiquitination and deubiquitination is conserved
across different cell types, and this may be responsible for the specific and invariable half-
life of PER and high fidelity of the circadian system.

To identify specific DUBs that can deubiquitinate polyubiquitinated PER proteins,
polyubiquitinated PER1 species were immune-purified and incubated with various purified
DUBs including USP14 and UCH37. In these initial experiments, none of the DUBs (not
even USP14) seemed to affect the substrate, even though some exhibited deubiquitinase
activity towards a positive control substrate, Ub-rhodamine 110 (Figures S2D and S2E).
Since it was shown that some of DUBSs including USP14 depend on the 26S proteasome for
normal activity [47, 48], we tested if USP14 mixed with purified 26S proteasome can
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deubiquitinate and/or degrade the substrate. Moderately polyubiquitinated PER1 species
disappeared when exposed to the mixture of 26S and USP14, probably due to
deubiquitination followed by degradation (Figure 2A). The 26S proteasome alone also
induced apparent deubiquitination, though at a much slower rate. We believe trimming of
distal ubiquitination by USP14 facilitated proteasomal degradation by the 26S proteasome
because heavily branched ubiquitin chains prevent 26S proteasome-associated Rpn11 from
accessing the base of polyubiquitin chains. It is likely that PER degradation typically occurs
well before it reaches this extreme polyubiquitination because highly polyubiquitinated PER
species accumulated with time rather than decreased under b-AP15 treatment (Figures S2A
and S2B). If USP14 is indeed a DUB for ubiquitinated PER in vivo, the half-life of PER and
speed of the clock would be regulated by USP14 because the ubiquitination rate of PER
would affect degradation kinetics of PER. When PER was coexpressed with wild-type (wt)
or a dominant-negative mutant (dn) USP14 in 293 cells [49], PER1 levels were up- and
down-regulated, respectively (Figure 2B). PER2 levels were down-regulated when co-
expressed with the dn-USP14 (Figure 2B and S2F).

To test how knockdown of USP14 activity affects the endogenous clock, the dnUSP14 was
expressed in Per2-4¢ MEFs. The circadian period was shortened in a dnUSP14 dose-
responsive manner because PER degradation was accelerated by the dnUSP14 (Figures 2C,
2D and S2G), indicating that USP14 is indeed a clock-relevant DUB. A low dose of b-AP15
affected only certain PER species that are found in the nucleus. Subcellular fractionation
studies showed that only hyperphosphorylated PER1 but both hypo- and
hyperphosphorylated PER2 species are found in the nucleus [11]. Only these nuclear PER
species disappeared while hypophosphorylated PER1 species were intact under the low dose
treatment (Figure 2E), suggesting that nuclear PER proteins are preferentially subjected to
ubiquitination and proteasomal degradation. Consistent with this idea, when
hyperphosphorylated PER2 species were transiently expressed, they were degraded much
faster than non- to hypophosphorylated PER2 by b-AP15 treatment (Figure 2F). Our data
suggest that p-Cat is a much less efficient substrate for ubiquitination than PER. If free
ubiquitin is limiting and B-Cat is not a preferred substrate for ubiquitination, b-AP15
treatment would delay ubiquitination of these poor substrates. Indeed, p-Cat ubiquitination
was significantly delayed in b-AP15-treated cells compared to control cells (Figure 2G).
Taken together, these data suggest that PER is a priority substrate for ubiquitination and
deubiquitination in cells where free ubiquitin is limiting, which ensures consistent
degradation over a wide range of cellular conditions. Therefore, unlike B-Cat, de/
ubiquitination of PER and its half-life would be much less affected by stochastic or even
stressful variation in the cellular environment.

B-TRCP1 and 2 are essential and partially redundant for the clock

B-Trcpwas initially implicated in PER degradation based on homology with Drosophila
slimband on subsequent in vitro studies [31-34, 36]. However, S-7rcp mutant mice did not
show a significant change in circadian behavior [33] (Figures S3A and S3B). We believe this
is due to redundancy between two paralogues, 8-7rcp and B-7rcp2. In our in vitro binding
assays, B-TRCP2 does bind to PER, and does so more efficiently in the presence of CK16,
as shown previously [36] (Figure S3C). Since constitutive g-T7rcp2 deletion could lead to
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embryonic lethality, we generated a conditional 8- Trcp2 mutant mouse to circumvent this
issue using the cre-loxP technology (Figure S4). During the course of our study, Ben-Neriah
and colleagues demonstrated that 8- 7rcp2 is indeed essential for development [50]. While g-
Trep1 knockout (ko) mice do not exhibit any discernible defects other than male sterility
[51], our constitutive B-TrcpZ ko mice (like Ben-Neriah's) showed embryonic lethality: no
homozygous B-Trcp2 ko offspring were generated from the mating of heterozygote parents
(8- Trep2*/knockout firsty (n > 40 pups). This difference could be due to differential
spatiotemporal expression between the two paralogues or a dramatic difference in expression
levels. In MEFs, mRNA levels of g-7rcp2were 9-fold higher than those of g-7rcp (Figure
S4D). Thus it may be that S-7rcpI ko mice have a normal clock because the clock
mechanism can continue to rely on the much more abundant B-7rcp2. Accordingly, unlike -
Trcpl mutant mice, B-Trep2 mutant mice exhibited a dramatic circadian phenotype that is
distinctively different from other existing clock mutant mice (Figure 3). Phase angle (activity
onset) changed constantly once deletion of g-7rcp2was induced. The majority of the mutant
mice were still rhythmic but an accurate calculation of period was not possible due to the
unstable phase angle (Figures 3A-D and S5A) (n=11). Some of the mutant mice became
arrhythmic after period was lengthened (Figure 3A) (n=2). As shown with five different g-
Trep2 mutant mice in Figure 3, no two mice exhibited similar patterns in the phase angle
change: phase angle changed abruptly and randomly in all mice. Although in some cases
phase angle changed on a daily basis, in most cases, the phase angle seemed stable for
several (~7) days after a sudden shift. We used these days of relative stability to calculate the
circadian periods of rhythmic g-Trcp2 mutant mice (n=11). These quantitative data clearly
demonstrate that circadian period is generally lengthened and period variability increases
dramatically once B-TrcpZ2is deleted. After the period is lengthened or the mice rendered
arrhythmic, the mutant mice were re-entrained normally by a 12 hr-light:12 hr-dark cycle
(LD), indicating that the light input pathway is intact (Figure S5B). Bioluminescence
rhythms from mutant MEFs also showed similarly unstable and low amplitude rhythms
(Figures 3E and 3F). In addition, the variance in the duration of upswing and downswing
increased dramatically after tamoxifen treatment (Figure 3G).

B-Trepl is partially redundant with g-Trep2, B-Trcp1 and 2 double-mutant mice showed
more severe phenotypes than S-7rcp2 single-mutant mice (Figures 4A-C). The phenotype
was proportional to dosage of the S-7rcp genes. Mice with only one allele of 8-Trcp1 (8-
Trepl+l-; B-Trep2-1-) showed consistently longer periods than those with two (8- Trcp1+/+;
B-TrepZ-1-), and died within a month of B-7rcp2 gene deletion (n>5). Complete double-
mutant mice B-TrcpI-/-; B-Trep2-I- were lethal within 2 weeks after deletion and showed
arrhythmicity before they died (Figure 4A) (n>10). The double-mutant mice were active
until a day before their death and even exhibited increased wheel running activity compared
to baseline prior to gene deletion. Since wheel running requires high levels of motor
coordination, these data suggest that deletion of both B-T7rcp genes do not induce broad
pathological dysfunction in the brain. Double heterozygotes and mice with only one allele of
B-TrepZ did not show unstable phase angle but exhibited slightly longer periods (Figure 4C).
In peripheral tissues, the molecular clock was completely disrupted in double-mutant mice
(Figures 4D and 4E). Unlike dPER in s/imb-mutant Drosophila, PER1 and PER2 were
constitutively hyperphosphorylated and their levels were not dramatically upregulated.
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Consistent with previous findings [12], CLOCK and BMALL1 were constitutively
upregulated in B-Trcp double mutant cells. As expected based on g-7rcp1 studies [33], 8-
Trep2 mRNA did not oscillate in peripheral tissues (Figure S6A).

To avoid the lethality associated with whole-body knockout and thus to monitor activity
from double mutant mice for a longer period, we generated neuron-specific mutant mice
using Secretogranin2 (ScgZ, a neuronal promoter)- 74 and fefO-cre transgenes [12]. Neuron-
specific B-Trcp double mutant mice survived much longer and also showed similarly
unstable phase angle (8-Trcp1*": B-Trep2™f/Scg2-TA; tetO-cre) or arrhythmicity (8-
Trep1”; B-Trep2"f/Scg2-TA, tetO-cre), supporting our hypothesis that unstable phase
angle (wake/sleep cycles) is due to a defective clock in the pacemaker neurons rather than
disrupted general physiology (Figure 4F).

PER degradation is regulated by multiple E3 ligases

To tease out how PER proteasomal degradation and the clock controlled pathways are
altered by B-7rcp deficiency, we measured how PER posttranslational regulation and the
transcriptome are altered in S-7rcp mutant MEFs. As in peripheral tissues in mice, PER1
and 2 were constitutively expressed in double mutant MEFs (Figure 5A). A canonical -
TRCP substrate, p-Cat, could not be ubiquitinated and its levels were elevated in g-7rcp1/2
knockout cells (Figure 5B). Consistent with hyperphosphorylated status of PER in S-Trcp1/2
mutant cells, levels of nuclear PER1 and 2 were higher than those in control cells,
suggesting that hyperphosphorylated nuclear PER proteins are subjected to proteasomal
degradation by pB-TRCP (Figure 5C). Proteasomal targeting of nuclear PER by B-TRCP is
supported by the subcellular location of endogenous B-TRCP2, which is predominantly
perinuclear with mild nuclear presence (Figures 5D and S6B). High levels of constitutive
nuclear PER and increased CRY levels (Fig 5C and S6C) suggested constitutive feedback
inhibition of CLOCK:BMALL. Indeed, expression of most of the direct clock-controlled
genes (CCGs) were altered in a manner consistent with higher inhibition of
CLOCK:BMAL1 (Figure 5E). In addition, deletion of g-7rcp1 and 2affected gene
expression in various signaling pathways including the Wnt pathway (Table S1). As
expected from stabilized B-Cat, the Wnt pathway seems to be upregulated (Figure 5E). For
example, expression of a major feedback inhibitor and transcriptional target of the Wnt
pathway, Wnt inhibitor factor 1 (Wifl), increased dramatically, while a Wnt pathway
activator, Wnt16, was dramatically downregulated [52].

When stability of PER was measured with CHX treatment, stability of both PER1 and 2
increased significantly with deletion of g-7rcp1 and 2genes (Figure 6A). Consistent with
our prediction, hyperphosphorylated PER species were persistently present after CHX
treatment in the mutant cells, suggesting that hyperphosphorylated PER species are
preferred targets of B-TRCP. However, those species were still degraded albeit at a slower
rate, suggesting that PER is targeted for proteasomal degradation by other E3 ligase(s) in
addition to p-TRCP. Indeed, accelerated endogenous PER degradation occurred by b-AP15
treatment in B-Trcp1/2 knockout cells (Figure 6B). Polyubiquitination of PER1 and 2 was
also as robust in mutant cells under b-AP15 treatment as in control cells, further supporting
that multiple E3 ligases for PER exist (Figure 6B). The levels of B-TRCP seem to be in a
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great excess relative to the levels of endogenous PER because behavioral rhythms and the
half-life of PER are only slightly altered even in 8- 7rcp2 mutant mice which have lost 90%
of total B-7rcp expression. Assuming that B-TRCP1 and 2 are equally potent, these data
indicate that proteasomal targeting of PER by excess p-TRCP ensures a maximum rate of
degradation always, even when B-TRCP levels or activity fluctuates dramatically.

If B-TRCP abundance is indeed much in excess to PER, degradation of moderately
overexpressed PER in wt cells would not be affected because B-TRCP is still in excess.
However, the degradation kinetics of overexpressed PER would be greatly slowed in -
Trep2 mutant cells because the amount of B-TRCP1 in the mutant cell would be barely
enough to degrade even endogenous levels of PER, as expected from the behavioral data.
Our results were consistent with this expectation: when PER2 was moderately
overexpressed, degradation of both endogenous and transgenic PER2 (tPER2) occurred at a
similar rate (Figure 6C), but when PER2 was similarly overexpressed in g-7rcp2 mutant
cells, PER2 degradation was dramatically slowed, similar to endogenous PER in g-Trcp1/2
double-mutant cells. Endogenous PER1 followed the same pattern.

PER proteins are progressively phosphorylated as they accumulate and disappear [11]. Our
data so far suggest that the main role of B-TRCP is to target hyperphosphorylated PER
species for proteasomal degradation in a robust and fast manner on top of basal degradation
mediated by an unknown mechanism. In other words, PER half-life is progressively
shortened as it is more and more phosphorylated because these species are additionally
targeted for degradation by p-TRCP, leading to exponential degradation in the later stage of
the circadian cycle. To test if hyperphosphorylated PER species are indeed more unstable,
half-life was compared between hypo- and hyperphosphorylated PER2 using an inducible
transgenic Per2system [19]. When PER2 was comparably expressed, hyperphosphorylated
species were degraded dramatically faster than hypophosphorylated ones (Figure 6D) further
supporting that PER phosphorylation is a prerequisite for B-TRCP-mediated ubiquitination
and degradation.

The nonlinear degradation of PER is critical for the stability of the circadian clock

In both laboratory experiments and mathematical models, it has been well demonstrated that
certain molecular alterations can speed up, slow down, or completely disrupt the circadian
clock [3, 41, 53]. However, it has not been shown how the clock and circadian rhythms can
be unstable as they are in - Trcp2 mutant mice. Our mouse experiments suggest that
impairment of PER proteasomal degradation can disrupt the stability of the clock. To better
understand the underlying design principles of the circadian clock, in silico simulation was
performed using a mathematical model for the circadian oscillator that includes proteasomal
degradation (Figure 7).

We have previously used the Kim-Forger circadian model, which describes the core
transcriptional-translational negative feedback loop of the circadian clock [14, 54], but uses
a simple linear degradation process for PER. Recent studies have shown that a Michaelis-
Menten type of degradation can be used to simulate the biological proteasomal degradation
involving multiple components such as ubiquitin; E1, E2, and E3 enzymes; deubiquitinases;
and the proteasome [55, 56]. Thus, to incorporate p-TRCP-mediated PER proteasomal
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degradation into the model, we modified the model (Figure 7A) by replacing the simple
linear degradation equation with a Michaelis-Menten equation:

Vmax[R]
Kg+[R])

where [A] is the concentration of the substrate protein (PER). The maximal degradation rate,
Vnax @nd half-maximal constant, K, of the degradation are determined by the combination
of the concentrations of E1, E2, E3 ligases, deubiquitinase, and proteasome [56].

Xu and Qu showed that the decrease of the E3 ligase considerably increases Ky but has little
effect on the value of V/;,x[56]. Thus, to simulate 8-7rcp2 or B-Trcpl/2 mutant clock cells,
in which the levels of the E3 ligase B-TRCP are decreased, we increased Kybut fixed the
value of V., (Figure 7B). Furthermore, to investigate how cellular “noise” affects period
and amplitude when K changes, we performed a stochastic simulation using the Gillespie
algorithm. For 10° stochastic oscillations, we calculated peak-to-peak periods and amplitude
of each cycle. As the value of Kincreases, the average period from cycle to cycle increased
only modestly, but amplitude decreased dramatically (Figures 7B and 7C) consistent with
the phenotype in B-Trcp2 mutant cells (Figures 3 and 4). The most striking outcome of this
in silico simulation was the dramatic instability of the oscillator, which is not proportional to
the increase in period. This is exactly what we have observed in S-7rcp mutant mice. The
period was lengthened only modestly before it becomes arrhythmic as the dosage of g-Trcp
decreases. In certain other clock-mutant mice, circadian period can be lengthened to greater
extremes while maintaining robust rhythms [38, 57]; thus the arrhythmic behavior in g-7rcp
mutant mice cannot be explained by period lengthening. It is rather caused by increased
instability or noise of the oscillator due to compromised nonlinear degradation. If Ky
increases to a certain level, leading to a 2.5-fold half-life increase in PER stability, rhythms
are completely disrupted as observed in B-T7rcp1/2 double mutant cells (Figure 7C). On the
other hand, varying V. leads to a larger change in period but a smaller change in
amplitude and period stability than simulations with varying K, (Figure S7A). Similar
patterns were also observed when different circadian clock models were used [54, 58, 59]
(Figure S7B).

In our model, when Kybecomes much larger than [R], PER degradation occurs linearly
Vinax[R] _ Vinax[R]

because (R i, K, - 1Nus,as Kyincreases due to S-7rcp mutations, a non-linear

degradation process is changed into a linear degradation process. Previous modeling studies

have also reported that the nonlinear degradation is critical for robustness of rhythms

[60-62].

When Per2-4¢ B-Trep wt MEFs were treated with CHX, the transient half-life of PER2-LUC
decreased as PER2-LUC levels decreased gradually with time, probably because PER
becomes more and more ubiquitinated by B-TRCP (Figure 7D). However, this nonlinear
degradation profile was compromised in g-7rcp2 mutant cells, consistent with the model
prediction. Although the overall half-life changed mildly in g-7rcp1/2 mutant cells, rhythms
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are completely compromised. Taken together, our data strongly support the hypothesis that
robust PER degradation in a saturated and nonlinear manner is essential for the high fidelity
and stability of the circadian oscillator.

Discussion

While the transcriptional negative feedback loop based on PER and CRY is required to
generate circadian rhythms, it does not appear enough to explain the exceptional stability of
the rhythms, considering the fact that the majority of synthetic oscillators based on
transcriptional negative feedback loops lack such stability. This represents a fundamental
gap in our understanding of the circadian system. The present study provides a mechanistic
understanding of this key property of the clock, along with supporting in vivo and in silico
data. Our proposed mechanism for the stability and fidelity of the clock is also tied to how
the clock is self-sustained. Mounting evidence supports that PER is “the state variable” in
the clock system.

It seems a common theme that PER is regulated by reversible biochemical reactions; PER
phosphorylation state is regulated by both kinases and phosphatases [20]. In this study, we
have shown that PER ubiquitination is also reversible. Rapid reversible biochemical
reactions of PER are seemingly futile, especially considering the long time scale of PER
activity in the negative feedback loop. However, we believe this would be the most effective
way to build a slow molecular oscillator that can resist variations and fluctuations in the
cellular environment. Essential parameters such as time delay, nonlinearity and robustness
can be generated simultaneously from the dynamics of reversible opposing reactions: the
time delay occurs because the opposing reactions slow down the net change on the substrate
(PER). Robustness is maintained over a wide range of cellular environmental fluctuations,
such as temperature, if both forward and reverse enzymes are affected at a similar rate,
keeping the relative ratio of activity the same. Even if environmental fluctuations affect the
reaction only in one direction, modest fluctuations would not affect the reaction rate
significantly because all these reactions occur at a saturation level (i.e., enzyme >>
substrate), which would be maintained whether enzyme levels/activities increase or decrease
as long as they are above the saturation level. As shown in this study, in association with the
phosphotimer [20, 21], B-TRCP regulation of PER degradation generates a nonlinear
degradation of the inhibitor ensuring a robust derepression of the feedback inhibition
followed by a robust rising phase in the next cycle.

Inhibition of USP14 activity by a dominant negative USP14 mutant accelerated the oscillator
(Figure 2C). We believe that slow degradation of PER by USP14 at the right phase of the
feedback loop is essential for the time delay in derepression of circadian transcription as
well as for generating nonlinear degradation. It has been long assumed that a time delay
before the feedback inhibition is essential for self-sustaining oscillators, although the
underlying mechanism is not clearly defined for the circadian clock. Circadian rhythms are
strikingly symmetric: e.g., bioluminescence rhythms from PER2-Luciferase consist of a ~12
hr upswing and ~12 hr downswing [5]. We believe a symmetric time delay and nonlinearity
are present in equal measure on both sides of the curve in order to generate a symmetric
oscillator.
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B-Trep has been implicated in the mammalian clock based on homology with s/imbin
Drosophila clock and in vitro studies as stated above. However, according to our current
study, PER ubiquitination can occur without p-TRCP1/2 as PER ubiquitination is largely
intact in B-Trcp1/2 double mutant cells. Since F-box ligases recognize phosphodegrons [63],
the main role of B-TRCP may be to preferentially target hyperphosphorylated PER for
degradation on top of the basal (constant) degradation of PER mediated by other, unknown
E3 ligase(s), which leads to nonlinear degradation. Our mathematical modeling predicted
that self-sustaining rhythms are unstable or less likely to continue if the B-TRCP step is
missing and the nonlinearity is compromised. Deficiency of p-TRCP2 resulted in a small
change in circadian period, but dramatic variations of the rhythms from cycle to cycle. In g-
Trcp1/2 double mutant cells, PER is still degraded, but rhythms are completely disrupted
rather than lengthened because the system is extremely unstable. It has been well
demonstrated that nonlinearity is essential for robustness in any gene regulation network and
morphogen gradients for pattern formation during development [64, 65].

The wake/sleep cycle is the most salient circadian rhythm in mammals. The wake time
(activity onset) is especially tightly coupled to the circadian clock, and thus is frequently
used as the marker of phase of circadian rhythms. It is very stable in frequency in most
individual animals under constant conditions. The frequency or period can be changed by
mutations in clock genes. However, none of the previously characterized clock mutant mice
exhibited unstable wake/sleep rhythms as we have now shown in g-Trcp2 mutant mice (e.g.,
Clock™Lt and Ovtm mutant mice) [41, 57]. The unstable phenotype is unique among rodent
models and emulates certain human circadian sleep disorders. Five different circadian sleep
disorders have been recognized depending on the etiology and overt phenotype [66], two of
which involve irregular wake/sleep cycles: non-24 hr wake/sleep and irregular wake/sleep
disorders. We believe that unstable PER rhythms could be the major underlying cause of
irregular wake/sleep cycles in some of the circadian patients. Since it is highly unlikely that
both B-Trcp2 alleles are deleted or inactivated in humans, we speculate that the unstable
rhythms are more commonly caused by polymorphisms or point mutations in Pergenes that
affect PER ubiquitination by B-TRCP; this would also disrupt the nonlinear degradation of
PER similar to 8- 7rcp mutation in mice. However, if mutations or polymorphisms including
the hPER2 mutation leading to FASPS do not affect Kyand Vmax of PER ubiquitination
and degradation, the clock would not be unstable even though the clock can be shortened or
lengthened because the timing of ubiquitination may change but not the kinetics.

In short, our study shows that PER is uniquely and extensively ubiquitinated, and this
process has a direct consequence on PER degradation, clock function, and behavior. It is
imperative to continue to study how PER polyubiquitination is mediated and how this is
coupled to proteasomal degradation, as this mechanism may underpin multiple circadian
sleep disorders.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Choogon Lee (Choogon.lee@med.fsu.edu).
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Experimental Model and Subject Details

Animals—All mice were maintained in a climate-controlled room and used according to
the Florida State University Animal Care and Use Committee's guidelines. All experiments
involving animals were performed according to approved protocols. We used about equal
number of 2-4 months old male and female mice for behavioral studies. Sex differences in
behavioral rhythms and cellular clock are very subtle to insignificant [67].

The B-TrcpI mutant mouse was described previously [51]. The 8-Trcp2 mutant mouse
harboring the knockout First allele was generated in the C57BL/6N strain at the Knockout
Mouse Project Repository (KOMP), at University of California, Davis, in which loxP sites
flank exon 4 of the B-Trcp2 (Fbxwi11) gene. The heterozygote mutant mice we received
from the KOMP were backcrossed into C57BL6/J stain for several generations. These mice
were then crossed with a flippase (FIp) driver mouse, Gt (ROSA) 26Sor (tm2(FLP)Sor/J)
(Jackson Labs #012930), in order to convert the knockout-first allele to a conditional
knockout allele. The resulting offspring were bred with a Cre-driver mouse (CAG-CreEsr-1,
Jackson Labs #004682) in order to make a mouse in which B-TRCP2 could be conditionally
deleted throughout the body. To generate a brain-specific 8- 7rcp2 mutant mouse, the 8-
Trep2"f mouse was crossed with a Scg2-TA/tetO-cre double transgenic mouse [12]. Scg2-
TA was described previously [12]. tetO-cre transgenic mouse was purchased from Jackson
Laboratory (#006234).

Mouse Embryonic Fibroblasts (MEFs)—MEFs were prepared from embryos isolated
from pregnant female mice, 13 days post-coitum. Embryos were removed, finely minced and
treated with 0.25% trypsin and incubated at 37 °C for 30 minutes. The mixture was passed
through a fine 100pm membrane, to remove debris, and the resulting cells were maintained
at 37 °C, 5% CO, in Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10%
fetal bovine serum (FBS). B-7rcpZ2 deletion was induced by 4-hydroxytamoxifen as
described previously [20]. Both male and female embryos were used. MEFs originated from
different embryos with the same genotype produced same results when they were tested for
bioluminescence rhythms.

Other Cell Lines—HEK?293a (ThermoFisher #R70507) and U20S (ATCC HTB-96) cells
were obtained from commercial vendors. All cells were maintained at 37 °C, 5% CO» in
DMEM, supplemented with 10% FBS.

Method Details

Genotyping—Different alleles of B-7rcp2 were detected using the following primers.

B-Trcp2 Knockout First: common loxP: gagatggcgcaacgcaattaat (fw)

Fbxw11-SR2; caaacgttaacaggctggagagatgg (rev)

Amplicon: 670 bp

B-Trcp2F!o% and wt alleles: Fhxw11E3Fw: gecctgetttatcattggtatgtatgt

Curr Biol. Author manuscript; available in PMC 2018 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D'Alessandro et al.

Page 13

Fbxw11E4Rev: cacagatgacgttccattacty

Amplicon: wt ~600 bp; mutant 860 bp

B-Trcp2F'o% and B-Trep2: alleles: FRT/loxPFw: gaaagtataggaacttcgtcgaga

Fbxw11-SR2: caaacgttaacaggctggagagatgg (rev)
Fbxwl1lE4Rev: cacagatgacgttccattactg
Amplicon: flox 560 bp; ko 640 bp

PCR condition: 50-100 ng genomic DNA was set up with dNTP (0.5mM), primers and DNA
polymerase (NEB, M0530) in a 20 ul reaction and subjected to the following thermal cycle:
94 C for 30 sec; 35 cycles of 94 C for 30s, 60 C for 45s, 72 C for 45s; 72 C for 10 min.

Analysis of circadian behavioral rhythms and other data—All mice were
individually housed in wheel-running cages, with free access to food and water. Wheel-
running activity was recorded and analyzed using established software platforms (the
Stanford Software System or ClockLab from Actimetrics). In Fig S4B, a 30 min light pulse
(~500 lux) was given to mice at either ZT15 or ZT21 in the last LD cycle. Phase shifts were
calculated as described previously [68]. Initially, all animals were placed in a 12h light:12h
dark (LD) cycle, for at least 7 days. Mice were then transferred to constant darkness (DD),
for at least two weeks, to measure baseline activity. 8- 7rcp2 deletion was induced in the
whole body in 8- Trep2™"/CAG-CreEsr-1 mutant mice by feeding them tamoxifen-
containing chow (Harlan TD.130859; 0.4g tamoxifen/kg food) for two weeks. The wt
control and - Trgp2™ control without the CAG-CreEsr-1 transgene in Fig 3 received the
same treatment. LD entrainment and baseline behavioral data are not shown in Fig 3B. We
showed that this tamoxifen treatment does not induce circadian disruption in wt and floxed
mutant mice without the cre transgene [69].

After two weeks, any remaining tamoxifen chow was removed and replaced with regular
mouse chow for the remainder of the recordings. For the 8- 7rcp1/2 brain-specific mutant
mice, the breeding mothers were given ad /ibitum access to drinking water that contained
20pg/mL doxycycline and 5% sucrose, to maintain suppression of the tetO-cre transgene
expression in utero. Pups were also maintained on 20ug/mL doxycycline, in 5% sucrose
water, throughout the weaning period, the one-week LD and 2-6 weeks DD baseline periods.
After measuring baseline in DD, the bottles were switched to regular water to allow for
transgene expression and subsequent deletion of B-7rcpZ, in a brain-specific manner.

Antibodies—Antibodies to clock proteins were generated against recombinant clock
proteins expressed and have been previously reported [11, 70]. CLK-1-GP, BM1-2-GP, C1-
GP (CRY1), C2-GP (CRY2), CK156-GP and CK1e-GP antibodies were used at 1:1,000
dilution in 5% milk-Tris-buffered saline containing 0.05% Tween 20 solution. New anti-
PER1 and 2 antibodies were generated using the same recombinant proteins described
previously [11]. The antibodies were generated by Cocalico Biologicals Inc. (Reamstown,
PA, USA). These antibodies were tested and compared with the original antibodies. The best
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antisera were selected and affinity-purified. To detect PER1 and 2, PER1-GP62 and PER2-
GP58 were used (Both were raised in guinea pigs). Endogenous PER proteins detected by
these antibodies showed the same oscillation pattern in abundance and phosphorylation as
the original ones (PER1-GP and PER2-GP). Antibodies to B-TRCP1 and B-TRCP2 were
raised against amino acids 1-130 of B-TRCP1 and amino acids 1-96 of p-TRCP2,
respectively. The DNA sequence encoding the p-TRCP1 peptide was cloned into BamHI
and Hindlll sites of pET23b vector and the DNA sequence for the p-TRCP2 peptide was
cloned into BamHI and EcoRl sites of the vector. Antibodies were generated by Cocalico
Biologicals Inc. (Reamstown, PA, USA). Representative antiserum to each peptide was
affinity purified and designated p1-GP4 for p-TRCP1 and p2-GP15 for B-TRCP2 (Both
were raised in guinea pigs). Rabbit anti-ACTIN antibody (Sigma, A5060) and used at
1:2,000. The ubiquitin antibody (Cell Signaling Technologies, #3933) was used at a 1:1,000
dilution. The beta-Catenin antibody (BD Biosciences, #610153) was used at a 1:3,000
dilution. Anti-HA and Flag antibodies were purchased from Sigma (#11583816001,
#F3165) and anti-His antibodies from Santa Cruz (#53073).

Adenoviral vectors and plasmids—The construction of the recombinant adenoviral
vectors encoding wt-USP14 (pAdTrack-wtUSP14) and a dominant negative (dn)-USP14
(pAdTrack-dnUSP14) followed the procedure of He et al. [71]. Briefly, a wt-USP14 plasmid
was purchased from Addgene (#22569). The coding sequence was sub-cloned into a pcDNA
3.1 vector, with the addition of a 5" Sall restriction site, an HA-tag and a Kozak sequence,
and a terminal 3" Notl restriction site. The sequence between the Sall and Notl sites was
subcloned into the pAdTrack-CMV vector. The resultant wt-USP14 pAdTrack was used in
virus production. The dn construct was produced from the WT-USP14 in pcDNAS3.1,
through the introduction of a C114A mutation (Lee et al., 2010). Primers were designed
using NEB Basechanger: F1 TGGTAACACTGCCTACATGAATGCCAC and R1
AGGTTTGTCAATCCACATG (DN mutated bases are in bold). Mutagenesis was performed
by the FSU Biology Cloning facility, using a Q5 Site-Directed Mutagenesis kit (NEB). After
confirmation of the mutation, the construct was sub-cloned into the pAdTrack-CMV vector,
using the 5" Sall and 3" Notl restriction sites. These shuttle vectors were subsequently cut
with Pmel for linearization and then transformed into the E.coli BJ5183 strain, together with
the pAdEasy adenoviral backbone vector, to generate complete adenoviral vectors through 7/n
vivo recombination. Generation and purification of the recombinant adenovirus into
packaging cells (HEK293a, ATCC) was also performed as described previously [71]. Proper
titers to achieve >95% infection efficiency, of the purified virus, were assessed by counting
green fluorescent protein (GFP)-expressing cells, in culture plates, infected with different
concentrations of adenoviruses [12]. The shuttle vectors were used for transfection
experiments in Fig 2B. To overexpress PER1, PER2, BMAL1 and CRY1, adenoviral vectors
expressing these proteins were used as described previously [12]. Full length cDNA
encoding B-Trcp2 were subcloned into pcDNA3.1/V5 using Kpnl/Xhol sites after adding
Flag tag at the N-terminus. pcDNA-His-Ubiquitin plasmid was generated by Robert Tomko
laboratory (Florida State University). pcDNA-Perl, Per2and CK16 plasmids were described
previously [12].
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Cell culture and bioluminescence recording—For bioluminescence recordings, all
cells contained the PER2-LUC reporter [5]. Cells were plated into 24-well plates to be
approximately 90% confluent 24 hours prior to the start of the experiment. Immediately
before the start of the experiment, cells were given a two-hour serum shock with 50% horse
serum in DMEM, washed with phosphate buffered saline (PBS) and fresh DMEM
supplemented with 1% FBS, 7.5mM sodium bicarbonate, 10 mM HEPES, 25 U/ml
penicillin and 25 pug/ml streptomycin and 0.1mM luciferin was added. The plates were
sealed with cellophane tape and placed into a Lumicycle (Actimetrics, Wilmette, IL). For
bioluminescence experiments, the results were reproduced in at least two independent
experiments. For the bioluminescence experiment with dn-USP14, PER2-LUC MEFs were
treated with 1:500 and 1:1000 dilutions of purified DN-USP14 adenovirus one day prior to
being set up on the Lumicycle.

For immunablots, cells were seeded in 60-mm dishes to be 90% confluent 24 hours prior to
the experiment. On the following day, respective drugs were added the wells of the plates
after a two-hour serum shock with 50% horse serum in DMEM. These plates were sealed
with cellophane tape and placed into a Lumicycle luminometer (Actimetrics, Wilmette, IL).
For immunoblots with MEFs, cells were seeded in 60-mm dishes to be 90% confluent on the
day of the experiment. The cells were treated, as described within figure legends, and
collected 24 h later. For cycloheximide treatment, 8 ug/ml was added to cells 24 h after
serum shock and cells were collected at specified times after the treatment.

Drug treatments in cells—Cells were seeded in 60-mm dishes to be 90% confluent 24
hours prior to the experiment. For Fig 1B, C, 5uM Ub-aldehyde (UBP-Bio F3100), 2uM and
20uM b-AP15 (UBP-Bio F2100), or 20uM, 50uM PR619 (UBP-Bio F2110) was added to wt
MEFs for 30 or 60 minutes. E-64 (Sigma E3132), P5091 (UBP-Bio F4110) and MG132
(UBP-Bio F1100) were used at 10, 20 and 40 mM, respectively. In other experiments, b-
AP15 was added at 10uM unless otherwise stated. Control cells received the same volume of
DMSO. For cycloheximide (CHX) treatment, 8 pg/ml was added to cells.

Transfection, Immunoblotting and Immunoprecipitation—In Fig 2B, Perl, Per2,
WT-USP14 and DN-USP14 plasmids were transfected into HEK293a cells using Qiagen's
PolyFect Transfection Reagent (Qiagen). Briefly, the PolyFect reagent was mixed with 1ug
plasmid DNA and combined with 150uL of DMEM. The solution was mixed briefly and
incubated at room temperature for 10 minutes. The mixture was added to the cell medium
and incubated for 48 hours before harvest. The transfection in Fig S5 was done similarly
using Perl, PerZ, CK16and B-Trcp2 plasmids.

The cells in 6 cm dishes were harvested and flash-frozen on dry ice. Protein extraction and
immunoblotting were performed as previously described [19]. Briefly, tissues or cells were
homogenized at 4°C in 10 volumes of extraction buffer (EB) (0.4M NaCl, 20mM HEPES
(pH 7.5), ImM EDTA, 5mM NaF, 1 mM dithiothreitol, 0.3% Triton X-100, 5% glycerol,
0.25mM phenylmethylsulfonyl fluoride, 10mg of aprotinin per ml, 5mg of leupeptin per ml,
1mg of pepstatin A per ml). Homogenates were cleared by centrifugation 12 min, 12,0009 at
4°C. Supernatants were mixed with 2x sample buffer and boiled. Proteins were separated by
electrophoresis through SDS polyacrylamide gels and then transferred to nitrocellulose
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membranes. Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline
containing 0.05% Tween-20, incubated with primary antibodies overnight followed by
incubation with secondary antibodies for 1 h. The blots were developed using an enhanced
chemiluminescence substrate (WestFemto, ThermoFisher Scientific).

Immunoprecipitation was performed as described previously [11]. Briefly, protein extracts
were prepared as described above. 10% of the initial protein extract was saved for the input.
20uL Protein G sepharose 4 fast flow beads (GE Healthcare) per reaction was equilibrated
with 500uL of EB for 15 minutes on a rotating wheel. The beads were centrifuged at 3000
rpm for fifteen seconds and the supernatant was removed. This wash step was repeated three
additional times. After the final wash, two volumes of EB were added to the beads. To pre-
clear the extracts, 10uL of the equilibrated bead solution were added to the extracts and
incubated for 30 minutes on a rotating wheel at 4°C. The samples were centrifuged at 12,000
rpm for 5 minutes at 4°C and then the pre-cleared extract was transferred to a fresh tube.
Separately, 10uL per reaction of equilibrated beads were added to 400uL of EB. Then 0.1ug
of affinity-purified antibody per reaction was added to the tube. This mixture was incubated
at room temperate for one hour on a rotating wheel. The samples were centrifuged at 3000
rpm for fifteen seconds and the supernatant was removed. Next, the protein extract was
added into the tube containing the antibody-protein sepharose beads and incubated at 4°C on
a rotating wheel for four hours. The tubes were centrifuged at 3000 rpm for fifteen seconds,
and the supernatant was removed. 1mL of EB was added to the tube and incubated on a
rotating wheel at 4°C for twenty minutes. The samples were centrifuged at 3000 rpm for 15
seconds and the supernatant was removed. This was step was repeated 5 more times to
completely wash the beads. After the final wash, the majority of the EB was removed and
30uL of 1X sample buffer was added. The samples were boiled at 95°C for 3 minutes.

Deubiquitination assay—Polyubiquitinated PER1 was immune-purified from b-AP15
treated MEFs overexpressing PER1 (10 uM, 30 min) as described above. A small fraction
was mixed with 2X sample buffer and saved for input. The remaining immune complex was
used for DUB assays. DUBs and Bovine 26S proteasome were purchased from UBPBiIo,
#J6110 and A1200 (Aurora, CO, USA). DUB assays were performed according to the
manufacturer’s protocol (J6110) by mixing a fraction of purified polyubiquitinated PER1
with individual enzymes. When DUB assays were performed in the presence of 26S
proteasome, 2mM ATP was added (Fig 2A). The reactions were stopped by adding 2x
sample buffer followed by boiling for 3 min at 94 C. The DUB assay using Ubi-
rhodamine110 was done according to the manufacturer's protocol (J6110).

RNA-sequencing and analysis— 7amoxifen-treated - Trcp1-/-; B-Trep2M/CAG-
creER and control wt MEFs were cultured to ~100% confluency in 15 cm dishes (n=3 each)
and subjected to 200nM 4-hydroxytamoxifen (TM) treatment. The tamoxifen-treated cells
were harvested on day 4 after the treatment. Cells were harvested using 1x PBS and a cell
scraper, then centrifuged for 5 minutes at 3000 revolutions per minute (rpm) at 4°C. The
PBS was removed and the cell pellets were flash-frozen on dry ice. The RNA was extracted
using Trizol (Invitrogen) according to the manufacturer's instructions. The resulting aqueous
phase was removed and transferred to a new tube. One volume of 70% ethanol was added,
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and this solution was placed onto an RNeasy column (Qiagen) and the RNA-containing was
purified according to the manufacturer's instructions. The RNA was finally eluted with 50uL
of nuclease-free water. The sample concentrations were measured using a Nanodrop
(Thermo Fisher) and frozen at -80°C until processing. Synthetic RNA strands were added to
5ug of RNA from each sample as spike-ins to assess the performance of each library (ERCC
ExFold RNA Spike-In Mixes [Ambion]). The mRNA was purified with a NEB Next mMRNA
magnetic isolation module (NEB, catalog). cDNA libraries were generated from 50ng of
isolated mRNA using a NEBnext Ultra mRNA library preparation kit for lllumina
sequencers (NEB), and a unique 6-nucleotide index was incorporated to each library (NEB).
The concentration of each cDNA library was estimated with KAPA-PCR (KAPA
Biosystems), and average fragment length was determined with a bioanalyzer dsDNA kit
(Agilent Technologies). 8nM of each cDNA library was pooled into one of three cDNA
libraries. Each of the three cDNA libraries underwent additional quality-control analysis via
bioanalyzer and KAPA-PCR. 10pM of each cDNA library pool was sequenced on an
Illumina HiSeq 2500 at the Translational Science Laboratory at the Florida State University
College of Medicine.

Tissue collection and quantitative RT-PCR—Tissue samples from g-Trcp1-/-; -
Trcp2f / Cag-CreESR-1 transgenic mice were collected at 4-hour intervals in DD as soon
as the animals displayed arrhythmic behavior, which normally occurs within 5-6 days after
tamoxifen treatment. Matching wt tissues were collected at the same time.

RT-PCR was performed with RNA purified as described previously and using the following
primers:

B-ActinF1 5 -ATGGGTCAGAAGGACTCCTATGTGGG-3', R15'-GGCC
ACACGCAGCTCATTGTAGAAGG-3'.

B-Trcp2F1 5’ -GCCCTGCTTTATCATTGGTATGTATGT-3', R15'-
CACAGATGACGTTCCATTACTG-3/,

Immunocytochemistry—TM-treated 8- Trcp1-/- ; B-Trep2™ / Cag-CreESR-1 MEFs and
untreated control cells were plated on glass cover slips in six-well plates and grown to 70%
confluency. The cells were fixed on day 5 after the TN treatment with 4% paraformaldehyde
(PFA) in 1x PBS for ten minutes on a shaker at room temperature. The PFA was then
washed off with 1x PBS three times for five minutes per wash. The cells were then blocked
in 5% fetal bovine serum (FBS) supplemented with 0.5% TritonX-100 in PBS for 30
minutes at room temperature. The cells were incubated in 1:300 dilutions of PER1-GP,
PER2-GP, C1-GP or BT2-GP15 antibody overnight, at 4°C, on a shaker. The following day,
the primary antibodies were removed and the cells were washed in 1x PBS 3 times for 5
minutes per wash. A Texas Red-conjugated, goat-anti Guinea Pig 1gG (H+L) secondary
antibody (Thermo Scientific #PA1-28595) or FITC-labeled anti-Guinea Pig secondary
antibody for B-TRCP2 (Jackson ImmunoResearch # 706-095-148) was added to the
samples, at 1:300 concentration, for two hours at room temperature with shaking. The
secondary antibody was removed and cells were washed with 1x PBS 3 times for 5 minutes
per wash. Vectashield antifade (Vector Labs) mounting medium with DAPI (H-1200) was
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added to the coverslips. The coverslips were placed on microscope slides, and the edges
were sealed. The images were obtained using a confocal fluorescent microscope.

Quantification and Statistical Analysis

Locomotor activity analysis (Fig. 3, 4, S3, S6)—Wheel-running activity was
recorded and analyzed using the Stanford Software System (Santa Cruz, CA, USA) (Fig. S3)
or ClockLab (Actimetrics, Wilmette, IL, USA) (all other actograms: Fig. 3, 4, S6). The free-
running period was calculated using a -y 2-periodogram with 6-minute resolution and the
relative power (amplitude), of the circadian spectrum, was determined from a normalized
Fast Fourier transform, using a Blackman-Harris window (ClockLab). Significance levels
(e.g., period differences between WT and S-7rcp mutant mice) were determined by Student's
t test between the two groups except Fig S1A where one-way ANOVA was used. The
significance levels were represented as follows: * when p<0.05, ** when p<0.01 and ***
when p<0.001.

Bioluminescence rhythm analysis (Fig. 2, 3, S1)—Real-time levels, period, and
other features of the bioluminescence rhythms of Pert“c MEFs were evaluated using the
Lumicycle software (Actimetrics). Significance levels were determined by Student's t test
between two groups. The significance levels were represented as follows: * when p<0.05, **
when p<0.01 and *** when p<0.001.

RNA/cDNA sequence analysis (Fig. 5, S5)—Reads were trimmed of low-quality (-
20) and adapter sequences at the 3" end with cutadapt v1.9. Trimmed reads were aligned to
the mm10 reference genome [72] with hisat v2.0.3 using default parameters and an index for
the reference genome built with transcripts from the gencode comprehensive gene
annotation of the mouse genome (GRCm38) version M1 1 for reference chromosome
regions. Reads were assigned to transcripts using featureCounts v1.5.0-p3 and differential
gene expression analysis was performed with Bioconductor's edgeR package version 3.12.1
using default parameters. Reads with alignment quality <20 were filtered with samtools
1.3.1 and genome-wide coverage of blocks of alignments was calculated using bedtools
2.25, and normalized to reads per million. Genome-wide coverage was used to generate
tracks for the UCSC genome browser [73].

PER stability analysis (Fig. 6D)—Our inducible Per2 MEFs (Rosa-rtTA, tetO-Per?) (tet
ON system) have been described previously [19]. Hypophosphorylated PER2 was generated
by treating the inducible Per2 cells with a low dose of Dox (0.5 ug/ml) for 6 hrs while
hyperphosphorylated PER2 was generated by incubating the cells with a maximum dose of
Dox (2 ug/ml) for 4 hrs followed by wash-off and further incubation without Dox for 6 hrs.
Since transcription stops after Dox is removed, existing PER2 would be continuously
phosphorylated without adding de novo synthesized PER2 during the 6 hour period.
Relevant bands on the PER immunoblots were quantified using standard densitometry as
described previously [11]. Immunostaining intensity was plotted as the mean +/— SEM of 3
replicates.
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Immunocytochemistry: fluorescence quantification (Fig. 5C)—ImageJ (v1.49,
NIH) was used for fluorescence intensity quantification in Fig 5C. Briefly, an outline was
drawn around the nucleus of each cell to be measured, and an identical region was placed in
an adjacent area without fluorescent signal for background subtraction. The net average
fluorescence intensity was calculated for each experimental group. Statistical analysis was
performed using Student's t test in the GraphPad Prism 5.

Mathematical modeling (Fig 7)—The mathematical model in Fig. 7A:

The modified Kim-Forger model [14] [59] [54], where repressor (R) nonlinearly degrades, is
described with the following equation:

[Q]:ac[ﬂf] *ﬁc[CL
[Al=ea[C] - 555

F(R)= (A—[R]—K)+ \/(szf[R]fK)2+4AK7

VmaX[R]
Where 7¢ +|R] describes the proteasomal degradation of repressor via reversible

ubiquitination [55, 56]. Scaling of M, C, and R normalizes all production rates (a;), and with
the assumption that B,~B¢ non-dimensionalization of time also normalizes the clearance
rates (By~=PB¢) as described in [14, 54]. This leads to the non-dimensionalized model with
four dimensionless free parameters, A=0.0659, K=10, K;=10"1, and V/},,,=0.08:

‘/max R
[R=[C] - YaulE,
f(R

)= (A—[R]—K)+ /(A—[R]—K)*+4AK
= 2A g

where we kept the notation of variables and parameters from the original model for the
simplicity. For stochastic simulations of the model, the Gillespie algorithm is used [74]. We
assumed volume Q=10,000 to convert the concentration to the number of molecules and
derive propensity functions so that the simulated C. V. of periods is similar to the
experimental measurements (Fig. 3D-F). Furthermore, with this choice of Q, the number of
PER molecules becomes ~2,000, which is a similar order of magnitude with the experiment-
based estimates of PER in liver cells [75]. We assumed that binding and unbinding between
repressors and activators, and reactions underlying proteasomal degradation of the repressor
occur much faster than other reactions. Due to such large timescale separation, the non-
elementary propensity functions (i.e. f(R) and Michaels-Menten function) can lead to
accurate stochastic simulations [74].

In the mammalian circadian clock, PER forms a large inhibitory complex including CRY,
CK18/e, and NuRD to sequester and repress the BMAL/CLOCK activator complex [12, 76,
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77]. While the roles and interactions of all the components of the inhibitory complex are not
completely understood, PER is rate-limiting and appears to play the most critical role (e.g.
PER, but not CRY, overexpression completely disrupts the circadian rhythms [12]). Thus,
rather than attempting to model every component of the whole complex, we assume, for
simplicity, that Rin the model represents the total concentration of PER in the nucleus.

1

: ; f(R)]=————+ : :
Flo[r;g]e Goodwin type model (Fig. S7B), we used 1+([R]/K)“ following Kim et
a .

Transient half-life analysis (Fig. 7D)—We estimated the transient half-life of PER2 as
follows. To ensure majority of PER2 is hyperphosphorylated, we treated cells with CHX
when PER2-LUC is at peak. Then, the decay curves of PER2-LUC were divided into
segments of 1hr with a sliding window, which is moved at an increment of 10 min. Each
segment of decay curve is fitted to the exponential decay curve to estimate the transient half-
life. When PER2-LUC levels reach around 10% of its initial level after CHX treatment, the
data become noisy and unreliable and thus were not included.

Data and Software Availability

Table S1. Transcriptome comparison between wt and 8- 7rcp1/2 mutant MEFs: https://
data.mendeley.com/datasets/j6527m9jw2/draft?a=2e00a744-4521-4545-8a7b-41a161647a29

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. -Nonlinear degradation of PER is required for the robustness of circadian
rhythms.
. -PER degradation is regulated by a balance between ubiquitination and
deubiquitination.
. -Disrupting this balance causes irregular wake-sleep cycles in mice.
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Figure 1. PER degradation is finely tuned by reversible ubiquitination
(A) PER1 and 2 have the shortest half-lives among essential clock proteins. Per2-4¢ MEFs

were treated with CHX and harvested at the indicated times. The arrow indicates a
nonspecific band in the PER1 blot. These results were replicated in three independent
experiments. (B) PER is robustly ubiquitinated when cells are treated with the DUB
inhibitor, b-AP15, but not other DUB inhibitors. The PER1 blot was stripped for the PER2
blot. The arrow indicates a nonspecific band. (C) The drugs induced dramatically elevated
ubiquitination in total proteins. Note that treatment with b-AP15 or PR-619 almost depleted
free ubiquitin (Ubi). Two different Ubi blots are shown. (D) Overexpressed PER proteins are
also rapidly ubiquitinated. PER and CRY were overexpressed more than 20-fold above
endogenous counterparts in MEFs. (E) The slow migrating PER species are
polyubiquitinated PERs. (F) PER2 is ubiquitinated when cotransfected with 6xHis-Ubi.
PER2 and 6xHis-Ubi were coexpressed in HEK293a cells. See also Figures S1 and S2A-C.
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Figure 2. USP14 is a DUB for PER
(A) In vitro deubiquitination assays are consistent with the model that polyubiquitinated

PER1 is deubiquitinated and degraded by a 26S proteasome-USP14 complex. Note that
PER1 species at the top of the resolving gel disappeared when co-incubated with the
complex. (B) PER is destabilized when USP14 activity is inhibited. Perl or Per2was co-
transfected with wt Uspi4or a dnUspi4in HEK293a cells. (C) The circadian clock is
accelerated when dnUSP14 is expressed. Per2-4c MEFs were infected with two different
titers of dnUsp14-adenovirus. Data in the lower graph are mean+/-SEM (n=8 each).
Representative of three experiments. (D) Hypophosphorylated PER2 species are
predominant and rapidly degraded in dnUSP14-overexpressing cells. Representative of two
experiments. (E) Nuclear PER species are predominantly affected by the deubiquitinase
inhibitor drug b-AP15. Note that hyperphosphorylated PER1 species (indicated by the red
arrow) accumulate at T32 only in control and 2 pM-treated cells, but not in 4 pM-treated
cells. The black arrow indicated a nonspecific band. T24 and T32 hours represent times after
a 2-hr serum shock to synchronize cell rhythms. (F) The sensitivity of hyperphosphorylated
PER species is reproduced with overexpressed PER. Hypo- and hyperphosphorylated PER2
was inducibly overexpressed in Rosa-TA;, tetO-Per2 MEFs. (G) Ubiquitination of B-Cat is
delayed in b-AP15 treated cells. See also Figures S2D-G.
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Figure 3. Behavioral rhythms are unstable in 8- Trcp2 mutant mice
(A) Deletion of g-TrcpZ leads to unstable (11 mice) or arrhythmic (2 mice) behavior. The

arrow indicates when a 12 hr light: 12 hr dark (LD) cycle changed to constant darkness
(DD), and the shaded area indicates when tamoxifen-containing food was given (Figure S4).
(B) Behavioral phenotypes of two more S-7rcp2 mutant mice are shown. The actograms
were measured in DD after 2 weeks of tamoxifen treatment. (C) Quantification of amplitude
in 8- Trep2 mutant mice. Amplitude was dramatically reduced in - Trep2™| CAG-cre-ER
mutant mice (n=11) compared to control mice, - 7rcp2™ without the cre-ER transgene.
Tamoxifen treatment in the control B-Trep2™" mice did not change either period or
amplitude (n=9). Period = 23.58+/-0.32 (before) vs. 23.52+/-0.51 (after) (mean+/-STD)
(p>0.05). Representative actograms for the control mice are shown in Figure S5A. (D)
Quantification of period in B-7rcpZ mutant mice. Since it is not possible to calculate long-
term periods and statistical values due to unstable phase angle in all individual mutant mice,
short-term periods were calculated over a short duration where phase angle is stable (~ 1
week) in individual g-T7rcp2 mutant mice for ~ 3 months (red dots) (n=11). Eleven columns
represent 11 individual mutant mice. Baseline period before tamoxifen treatment was stable
and measured for two weeks (pink dots). Similarly short-term periods were also measured in
C57BL6/J over two months (blue dots) (n=8). (E, F, G) Unstable rhythms and reduced
amplitude are recapitulated in cultured g-7rcp2 mutant cells. Bioluminescence rhythms were
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measured from Per2-4C; B-Trep2™fl| CAG-cre-ER MEFs before and after tamoxifen
treatment. Period was calculated on the 2", 3" and 4t cycle. n=16 each. Black and blue
dots represent before and after TM treatment, respectively. n=12 each in (G). See also
Figures S3-5.
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Figure 4. Behavioral rhythms are disrupted in £ Trcpl/2 mutant mice in a gene-dosage
dependent manner

(A) Representative actograms from g-Trep1*; B-Trep2 ™f / CAG-CreER-1 (n=3) and S-
Trepl 7~ B-Trep2 " / CAG-CreER-1 (n=10) mutant mice. The arrow and shaded area
indicate the LD to DD transfer and TM treatment, respectively. Locomotor activity was
measured until the mutant mice died. (B) Quantification of period before and after TM
treatment. (C) B-Trcp1*: B-Trcp2”* and B-Trep1”; B-Trep2”* mutant mice exhibit slightly
longer periods than matching wt mice. The 8- Trcp2 null allele (B- Trep2knockout-Firsty \yas
used to generate the mutant mice. (D) Peripheral clocks are arrhythmic in 8-7rcp1/2 double
mutant mice. Wt and ko PER1 results were spliced from the same blots. (E) B-TRCP2 is
almost absent 5 days after TM treatment. The mutant liver tissues from (D) were used. (F)
Brain-specific S-7rcp2 mutant mice survived longer but exhibited similarly disrupted
behavioral rhythms. Doxycycline (dox) in drinking water suppresses recombination in these
mice [12].
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Figure 5. Circadian and Wnt pathways are disrupted in 8- Trcpl/2 double mutant MEFs
(A) The molecular clock is disrupted in the mutant cells. Cells were harvested at the

indicated times after a 2-hr serum shock. Recombination was induced by adenovirus
expressing cre recombinase as described previously [20]. (B) The canonical substrate of -
TRCP, p-Cat cannot be ubiquitinated in the mutant cells. (C) PER and CRY are
predominantly nuclear in the mutant cells. See Figure S6C for CRY 1. Nuclear PER levels
are higher in the mutant cells than in control cells. p < 0.001 (unpaired Student's ¢test).
Mean+/-STD. Scale bar = 25um. (D) B-TRCP2 is mostly perinuclear with the weak nuclear
staining. Scale bar = 25um. A representative single cell is shown in Figure S6C. (E) Genes
involved in the circadian and Wnt pathways are dysregulated. Green and red bars indicate
significantly up and down-regulated genes, respectively (FDR-adjusted p <0.05). The whole
transcriptome is compared between control and double mutant MEFs in Table S1. See also
Figure S6.

Curr Biol. Author manuscript; available in PMC 2018 November 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

D'Alessandro et al.

Page 32
A [Trep1-/-/2*"/CAG-cre-ER+CHX C
- ™ CHX
Tme(hr) 0 3 6 9 12 0 3 6 9 12-25EIKD PER2 PER1
PER1T I g ™ EL L L Time{hr) 0 4 8 12 04 812
e =Z50KD
> oPen ) 0 By ot gy PER2-Luc & == ' 4 3
tPER2 "'a— | e
BEEC LS --‘ =150 Kl
PER2 -
.. -. =150 kD E e |
» 1207
] PER2
>
3 g0 +tPER2 -“_ (kD A-Trop2
H ko cell
5 40 Actn  \E——— e
E] 38 kD

a 1]

Time(hr) 0 2 8 9 12 N 2 8 % 12

CHX

Hyper-P

120 3 6 912

. - light

exp

..‘-
T LA o

BTrep1-~2"/CAG-cre-ER+AP15 D
B . ™ Hypo-P
Time(min) 0 15 30 0 15 30 Time(h)0 3 6 9
M M peert
150 kD= -
150 KD mp
PER2
i .. . PER2
150»:0-'— .h
Actin -
B Trepl-/-/2"/CAG-cre-ER 38 kD w-—“
™ - ™
AP15 - + - + o &
‘ gk
-
I E
PER1
h PER2 ..
M
250 kD Actin e et
15GkD-. .

Actin - - . .- w-
38 kD = e -

Figure 6. PER is stabilized in g-Trcpl/2 double mutant cells
(A) PER stability was measured after CHX treatment. Data are

Relative levels

Time(hr) & 3 8 98 12

mean+/-SEM, n=3 each. (B)

PER can be robustly ubiquitinated in the 8- Trcp2/2 double mutant cells. PER degradation
and ubiquitination were induced by b-AP15 treatment as in control cells. The arrow in the

bottom blots indicates the boundary between stacking and resol

ving gel. (C) B-TRCP is in

excess to PER. Per2-4¢ homozygous knockin MEFs were used for the wt control, but wt
Per2allele (+/+) was used for S-TrcpZ ko cells. Note that endogenous and exogenous PER2
proteins are different in size in wt control cells but the same in the mutant cells. (D)
Hyperphosphorylated PER is more unstable. Comparable amounts of hypo-and
hyperphosphorylated PER2 was expressed in the inducible Per2 MEFs before CHX
treatment. The solid and broken lines represent hypo- and hyper-phosphorylated PER2

samples, respectively. Mean+/-SEM, n=3.
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Figure 7. The circadian clock becomes unstable in g-Trcp mutant cells in silico
(A) Diagram of the modified Kim-Forger model, where PermRNA (“M”) is translated to

PER protein (“C”) in the cytoplasm. The nuclear translocated PER protein (“R”) represses
transcriptional activity of the activator (“A”). Here, all parameters and variables are
dimensionless (see Method for details). (B) To simulate 8- 7rcp gene dosage decrease, K, for
PER-proteasome increases in the model. 10° oscillations of stochastic simulation are
analyzed. Here, the half-life is defined as the time to reach the 50% of the initial
concentration of PER protein. Furthermore, the period, amplitude, half-life are normalized to
the value of 1 for WT model. Here, K= 0.1, 0.132, 0.167, 0.2, 0.234, 0.275, 0.315, 0.355,
0.4, 0.45, 0.497, to generate half-life values similar to those seen in the experimental data
(see Figure. 6A). (C) Trajectories of deterministic simulations (dashed line) and stochastic
simulations (solid line). As Kyincreases, oscillations in the presence of stochasticity become
more variable and finally become completely disrupted. Here, K= 0.1, 0.234 and 1, for wt,
B-Trep2-/-and B-Trepl1/2-/- respectively, to generate half-life values similar to those seen in
the experimental data (Fig. 6A). (D) Transient PER2 half-life is gradually shortened in wt
cells, but not in mutant cells. Transient half-life of PER2-LUC was calculated from
bioluminescence rhythms in wt, g-Trcp2 and B-Trep1/2 mutant MEFs, after translation is
stopped by CHX. N=4 each. See also Figure S7.
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