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Abstract

Mammalian Cryptochromes, CRY1 and CRY2, function as principal regulators of a tran-
scription-translation-based negative feedback loop underlying the mammalian circadian
clockwork. An F-box protein, FBXL3, promotes ubiquitination and degradation of CRYs,
while FBXL21, the closest paralog of FBXL3, ubiquitinates CRY's but leads to stabilization
of CRYs. FbxI3 knockout extremely lengthened the circadian period, and deletion of Fbx/21
gene in FbxI3-deficient mice partially rescued the period-lengthening phenotype, suggest-
ing a key role of CRY protein stability for maintenance of the circadian periodicity. Here, we
employed a proteomics strategy to explore regulators for the protein stability of CRYs. We
found that ubiquitin-specific protease 7 (USP7 also known as HAUSP) associates with
CRY1 and CRY2 and stabilizes CRYs through deubiquitination. Treatment with USP7-spe-
cific inhibitor or Usp7 knockdown shortened the circadian period of the cellular rhythm. We
identified another CRYs-interacting protein, TAR DNA binding protein 43 (TDP-43), an
RNA-binding protein. TDP-43 stabilized CRY1 and CRY2, and its knockdown also short-
ened the circadian period in cultured cells. The present study identified USP7 and TDP-43
as the regulators of CRY1 and CRY2, underscoring the significance of the stability control
process of CRY proteins for period determination in the mammalian circadian clockwork.

Introduction

Circadian rhythms are observed in broadly across organisms from bacteria to mammals. These
rhythms are generated by an internal time-measuring system, the circadian clock, operating at
the cellular level [1]. Mammalian circadian clockwork is composed of a series of clock genes
and protein products forming a transcriptional-translational negative feedback loop [2]. A het-
erodimer of CLOCK and BMALLI binds to E-box cis-elements and activates transcription of
their neighboring genes [3-5]. Among those, Period (Per1-3) and Cryptochrome (Cryl and
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Cry2) encode transcriptional repressors PERs and CRYs that form complexes repressing their
own transcription activated by CLOCK-BMALI through E-box [6]. The protein levels of CRYs
and PERs are strictly regulated by multiple processes, particularly posttranslational modifica-
tions. CRY1 and CRY2 have stronger repressor activities as compared to their binding partners,
PER proteins [6]. Hence, the protein modifications such as phosphorylation [7-10] and ubi-
quitination [11] of CRY1 and CRY?2 play critical roles in the circadian clockwork. For example,
an F-box-type ubiquitin E3 ligase, FBXL3, ubiquitinates CRY1 and CRY?2, leading to proteaso-
mal degradation [12-14]. FbxI3 mutant or knockout mice [12,14-16] showed extremely long
periods of the circadian rhythms at the behavioral and cellular levels. FBXL21, the closest para-
log of FBXL3, also ubiquitinates and stabilizes CRY proteins [15,17]. FBXL21 functionally
competes with FBXL3, and deletion of FbxI21 gene attenuated the period-lengthening effect of
FbxlI3 knockout in the mouse behavioral rhythms [15]. Importantly, some of the double knock-
out mice showed arrhythmic behaviors in constant darkness, indicating that regulation of CRY
stabilities by the two ubiquitinating enzymes is crucial for the stable and robust circadian oscil-
lation [15]. However, it is poorly understood how FBXL21 antagonizes FBXL3, and we con-
sider that a more global network of protein-protein interactions underlies the regulation of
CRY stability.

The present study aimed at identifying regulators of the protein lifetimes of CRY proteins.
For this purpose, we performed a shotgun proteomics analysis of the CRY interactome. In a
screen of proteins regulating CRY's stabilities, we found that ubiquitin-specific protease 7
(USP7) and TAR DNA binding protein 43 (TDP-43) stabilize CRY proteins. USP7 is a USP
family deubiquitinating enzyme originally identified as herpesvirus-associated ubiquitin-spe-
cific protease (HAUSP) [18]. A research group very recently reported that USP7 regulates cel-
lular response to DNA damage via CRY1 deubiquitination and stabilization [19]. Here, we
found that USP7 stabilizes both CRY1 and CRY?2 proteins by deubiquitination, regulating the
circadian oscillation. Specifically, the inhibition of USP7 shortened the period length of the cir-
cadian clock in cultured cells. Also we found that TDP-43 associates with both CRY1 and
CRY2, although TDP-43 is well known as an RNA-binding protein regulating mRNA metabo-
lism [20,21]. Similar to USP7, TDP-43 stabilizes CRY proteins and its knockdown shortened
the period length of the cellular clock. Interestingly, the stabilization of CRYs by USP7 was not
affected by FbxI3 knockdown, while the stabilization by TDP-43 was abrogated by FbxI3
knockdown, suggesting that TDP-43 interferes with FBXL3 function. These results highlight a
global protein network for regulation of the lifetimes of CRY1 and CRY?2, and this regulatory
network plays a key role for the period determination of the circadian clock.

Results

USP?7 deubiquitinates CRY proteins

To explore regulators of the protein stabilities of CRY1 and CRY2, we performed CRY interac-
tome analysis using highly sensitive LC-MS/MS-based shotgun proteomics. FLAG-tagged
CRY1 or CRY2 was affinity-purified from NIH3T3 cells, and 216 proteins were detected as
CRY-interacting proteins (Fig 1A and 1B and S1-54 Tables). The proteins identified as inter-
acting with both CRY1 and CRY?2 included FBXL3, SKP1, CKIS3, glucocorticoid receptor (GR)
and DDBI, which were previously reported to bind with CRY1 or CRY2 [12,13,22-24]. The
interaction of CRY with TRIM28, KCTD5 and DDBI was confirmed by co-immunoprecipita-
tion assay (S1 Fig). Among these proteins, we found USP7, a deubiquitinating enzyme which is
also known as a herpesvirus-associated ubiquitin-specific protease (HAUSP) [18]. USP7 is
involved in regulation of p53 and its E3 ligase, Mdm?2, through their deubiquitination [25]. We
also verified the interaction of Myc-USP7 with FLAG-CRY2 in NIH3T3 cells by co-
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Fig 1. USP7 interacts with CRY proteins. A. Silver staining image of proteins co-purified with FLAG-His-Myc-CRY1 (FHM-CRY1) or FHM-CRY2. NIH3T3 cells
expressing FHM-CRY 1 or FHM-CRY2 were treated with 10 uM MG 132 for 6 hours and lysed with IP Buffer. Cell lysates were subjected to immunoprecipitation
using anti-FLAG-M2 agarose beads. FH-LacZ expressed in NIH3T3 cells was used as a control. B. The numbers of proteins co-purified with FHM-CRY1 or
FHM-CRY2. Proteins co-purified with FH-LacZ were eliminated from the list of CRY1 and CRY2 interacting proteins. Proteins detected in both CRY1 and CRY2
samples with high MS scores were listed in S1 Table. C. Interaction of USP7 with CRY2 protein. NIH3T3 cells expressing FLAG-CRY2 and/or Myc-USP7 were
cultured in the presence of 10 uM MG132 for 6 hours and lysed with IP Buffer. The cell lysates were subjected to immunoprecipitation using anti-FLAG, anti-Myc
antibody or normal mouse IgG (negative control) as precipitating antibodies.

doi:10.1371/journal.pone.0154263.g001

immunoprecipitation assay. Myc-USP7 was co-immunoprecipitated with FLAG-CRY2, and
similarly FLAG-CRY2 was co-immunoprecipitated with Myc-USP7 (Fig 1B).

We then asked whether CRY is a substrate of USP7-catalyzed deubiquitination by in vitro
deubiquitination assay. As a positive control, recombinant protein USP2 catalytic domain [26]
was incubated with FLAG-CRY2 purified from NIH3T3 cells, by which the up-shifted smear
bands of FLAG-CRY2 were reduced (Fig 2A). Under these conditions, incubation of FLAG--
CRY2 with USP7 similarly decreased the smear bands of CRY2 (Fig 2A). We examined deubi-
quitinating activity of USP7 on CRY2 in cultured HEK293T/17 cells by in vivo
deubiquitination assay. Co-expression of Myc-USP7 decreased up-shifted form of FLAG--
CRY?2 (Fig 2B), whereas co-expression of catalytically inactive mutant, USP7-C223A [27],
caused no detectable change in the band densities (Fig 2B). Similar results were seen in phar-
macological analysis, in which the up-shifted bands of Myc-CRY1 and Myc-CRY2 expressed in
NIH3TS3 cells were significantly increased by treatment with USP7-specific inhibitor, HBX
41108 [28](Fig 2C). These results demonstrate that USP7 deubiquitinates CRY proteins.

USP7 stabilizes CRY proteins

In general, deubiquitinating enzymes including USP family proteins edit free ubiquitin chains
or ubiquitin(s) attached to proteins, modulating the protein function by regulating stability,
localization and signal transduction [29]. We previously showed that ubiquitination of CRYs
by FBXL3 and FBXL21 promotes their proteasomal degradation and stabilization, respectively,
presumably by catalyzing formation of ubiquitin chains with linkage modes different from
each other [15]. Furthermore, it was recently reported that DDB1 and FBXW?7 also ubiquiti-
nate CRYs and promote the proteasomal degradation [24,30]. Thus, it is likely that USP7 regu-
lates the protein stabilities of CRYs by cleaving the ubiquitin chains attached by these E3
ligases. To explore this possibility, we examined the effect of overexpression of USP7 on CRY
stabilities. The protein levels of Myc-CRY1 and Myc-CRY2 were increased by co-expression of
Myc-USP7 in HEK293T/17 cells (Fig 3A). The protein levels of Myc-PER2 (S2 Fig) and GFP
(Fig 3A) were unaffected by overexpression of Myc-USP7, indicating that CRY1 and CRY?2 are
the specific targets of USP7. We then determined the effect of USP7 on the lifetimes of
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Fig 2. USP7 deubiquitinates CRY proteins. A. In vitro ubiquitination assay. HEK293T/17 cells were
transfected with the expression vector of FLAG-CRY2. Forty-two hours after the transfection, the cells were
cultured in the presence of 10 uM MG132 for 6 hours and then harvested. FLAG-CRY2 purified from the cell
lysate with anti-FLAG M2 agarose beads was incubated with or without a recombinant protein, full-length
USP?7 or a catalytic domain of USP2 (USP2 CD), for 30 min at 37°C. Recombinant USP2 catalytic domain
was used as a positive control [26]. B. In vivo deubiquitination assay in HEK293T/17 cells. The cells were
transfected with indicated expression vectors. Forty-two hours after the transfection, the cells were cultured in
the presence of 10 yM MG 132 for 6 hours and then lysed with IP Buffer. FLAG-CRY2 was purified with anti-
FLAG M2 agarose beads, followed by western blotting analysis with anti-CRY2 antibody. An inactive mutant
of USP7 (USP7-C223A) was used for a negative control. C. Effect of USP7-specific inhibitor on CRY up-
shifted bands. NIH3T3 cells were transfected with the expression vector for Myc-CRY 1 or Myc-CRY2. Forty-
two hours after the transfection, the cells were cultured in the presence of 20 uM HBX 41108 for 6 hours. The
smear bands of Myc-CRY 1 or Myc-CRY2 were quantified (means + SEM, n =3, **: p <0.01 by Student’s t-
test).

doi:10.1371/journal.pone.0154263.9g002

CRY1-LUC and CRY2-LUC proteins by recording the decay rates of their bioluminescence sig-
nals in HEK293T/17 cells [15,31]. Overexpression of Myc-USP7 significantly lengthened the
lifetimes of CRYs-LUC (Fig 3B), while having no significant effect on the lifetime of LUC pro-
tein (S3 Fig).

In contrast to USP7 overexpression, treatment of HEK293T/17 cells with HBX 41108
reduced the steady state levels of Myc-CRY1 protein in a dose-dependent manner (Fig 3C).
HBX 41108 treatment also accelerated CRY2-LUC degradation in HEK293T/17 cells (54 Fig).
We then knocked down Usp7 by shRNA in HEK293T/17 cells (S5A and S5B Fig). The starting
levels of the bioluminescence signals derived from CRY1-LUC or CRY2-LUC in Usp7-knock-
down cells were far lower than that in the control cells when the recording started (with the
addition of cycloheximide) 72 hours after the transfection (Fig 3D). This observation indicated
that Usp7 knockdown decreased the steady state levels of CRY1 and CRY2 proteins. The half-
lives of CRY1-LUC and CRY2-LUC in Usp7-knockdown cells were significantly shorter than
those in the control cells, while there was no discernable effect of Usp7 knockdown on LUC sta-
bility (Fig 3E and S5C Fig). To ask whether USP7 specifically inhibits CRY degradation
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Fig 3. USP7 increases the protein levels and stabilities of CRY1 and CRY2. A. Effect of USP7 expression on CRY protein levels. HEK293T/17 cells were
transfected with indicated expression vectors. Forty-eight hours after the transfection, the cells were lysed with SDS-PAGE sample buffer, and the cell lysate
was analyzed by western blotting. GFP was used as a control. Quantified data are shown by means + SEM (n =3, **: p <0.01 by Student’s t-test). B. Effect
of USP7 overexpression on CRY-LUC protein stability. HEK293T/17 cells were transfected with expression vectors for CRY-LUC and Myc-USP7 (or empty
control), and cultured for 48 hours. The culture medium was changed to the recording medium containing 0.1 mg/ml cycloheximide. Bioluminescence signals
were recorded continuously at 10-min intervals, and the signal was normalized to the value at time 0. Half-lives of CRY1-LUC and CRY2-LUC were
calculated by fitting an exponential decay curve to bioluminescence signals, and are shown as means + SEM (n = 3, **: p <0.01 by Student’s t-test). C.
USP?7 inhibitor treatment of NIH3T3 cells decreased Myc-CRY 1 expression. NIH3T3 cells were transfected with Myc-CRY1 and GFP expression vectors.
Forty-two hours after the transfection, the cell were cultured with 10 or 20 uM HBX 41108 for 6 hours. Quantified data are shown as means + SEM (n = 3). D.
Usp7 knockdown decreased the starting levels of CRYs-LUC. The decay of the bioluminescence signals was recorded as described in B. The starting levels
of CRYs-LUC bioluminescence signals are shown as means + SEM (n =4, **: p <0.01 by Student’s t-test). E. Usp7 knockdown decreased CRYs-LUC
stability. The bioluminescence signals normalized to the value at time 0 and the half-lives of CRYs-LUC are shown as means + SEM (n =4, **: p < 0.01 by
Tukey’s test or Student’s t-test). F. Effect of USP7 overexpression on CRY2-LUC protein stability in Fbx/3 knockdown cells. HEK293T/17 cells were
transfected with indicated plasmid vectors and cultured for 72 hours. The decay of the bioluminescence signals was recorded as described in B. Quantified
data are shown as means + SEM (n = 3, *: p < 0.05 by Student’s t-test).

doi:10.1371/journal.pone.0154263.9003

promoted by FBXL3, we examined USP7-mediated stabilization of CRY in FbxI3-knockdown
cells (S5D Fig). Fbxl3 knockdown in HEK293T/17 cells did not abrogate USP7-dependent sta-
bilizing effect on CRY2 (Fig 3F), suggesting that USP7 deubiquitinates CRY protein that was
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us0.3-luc, and USP7 expression vector. Twenty-four hours after the transfection, the cellular rhythms were synchronized by 30-min treatment with 0.1 uM
dexamethasone (Dex). The culture medium was changed to the recording medium, and bioluminescence signals were recorded continuously. The calculated
circadian periods are shown as means + SEM (n = 4, *: p < 0.05 by Student’s t-test). B. Cellular rhythms in Usp7 knockdown cells. Bioluminescence rhythms of
Bmal1-luc reporter were recorded as described in A. The calculated circadian periods are shown as means + SEM (n =4, **: p < 0.01 by Tukey’s test).

doi:10.1371/journal.pone.0154263.g004

ubiquitinated by multiple E3 ligases. Together, we concluded that USP7 stabilizes CRY proteins
and consequently regulates CRY levels in the cultured cells.

Inhibition of USP7 shortens the circadian period

Previous studies demonstrated that dysregulation of CRY stabilities caused abnormal periodic-
ity in mouse behavioral rhythms and gene expression rhythms [12,14,15,17,31,32]. For exam-
ple, knockdown or knockout of FbxI3 lengthened the circadian period [15,16], whereas
knockdown or mutation of FbxI21 shortened the period [15,17]. Here we found that overex-
pression of USP7 lengthened the circadian period of the cellular rhythms (Fig 4A). In contrast,
treatment of PER2:LUC mouse embryonic fibroblast (MEF) with HBX 41108 shortened the
circadian period (S6A Fig). Similar to the inhibitor treatment, shRNA-mediated Usp7 knock-
down resulted in shortening of the circadian period in NIH3T?3 cells (Fig 4B and S6B Fig).
These results are consistent with the previous findings that stabilization of CRY proteins
lengthened the period of the circadian rhythms and destabilization of CRYs by FbxI21 knock-
down caused a shortening of the period [11].

TDP-43 stabilizes CRY proteins and regulates the circadian period

In the screening for regulators of CRYs stabilities, we paid special attention to not only ubiqui-
tination-related enzymes but also other CRY-interacting proteins with high MS scores, which
was an indicator of peptide quantity and quality identified by MS/MS analysis (S1 Table).
Among these proteins, we found that TDP-43 increased the protein amount of CRY1 or CRY2
when co-expressed in HEK293T/17 cells (Fig 5A). TDP-43 protein is an RNA-binding protein
and it is responsible for the onset of neuronal diseases, amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD). TDP-43 binds to target mRNAs such as Neurofila-
ment (Nefl) and Survival of motor neuron 2 (Smn2), and regulates the mRNA stability, splicing,
translocation, and translation [20,33]. Nevertheless, TDP-43 was included in the present CRY1
and CRY?2 interactome (S1 Table), and we confirmed their protein-protein interaction by co-
immunoprecipitation assay (Fig 5B and 5C). To ask whether TDP-43 regulates CRY protein
stability through the protein-protein interaction, we examined the degradation rate of CRY1--
LUC or CRY2-LUC co-expressed with TDP-43. Overexpression of FLAG-TDP-43 lengthened
the half-lives of CRY1-LUC and CRY2-LUC in HEK293T/17 cells (Fig 5D), while FLAG-TDP-
43 had no effect on the stability of LUC control (S7 Fig). On the other hand, knockdown of
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Fig 5. TDP-43 interacts with CRY proteins and stabilizes CRY proteins. A. Effect of TDP-43 expression on CRY protein levels. HEK293T/17 cells were
transfected with expression vectors for Myc-CRY 1, Myc-CRY2 and FLAG-TDP-43, and cultured for 48 hours. The cells were lysed with SDS-PAGE sample
buffer, and the cell lysate was analyzed by western blotting. Quantified data are shown by means + SEM (n = 3, **: p <0.01 by Student’s t-test). GFP was
used as a control. B, C. Interaction of TDP-43 with CRY2 protein. HEK293 cells expressing FLAG-CRY2 were lysed with IP buffer, followed by
immunoprecipitation using anti-FLAG antibody. Binding of endogenous TDP-43 with FLAG-CRY2 was detected by western blotting analysis (B). HEK293
cells expressing Myc-CRY2 and/or FLAG-TDP-43 were lysed with IP Buffer. The cell lysates were subjected to immunoprecipitation using anti-FLAG
antibody (C). D. Effect of TDP-43 overexpression on CRY-LUC stability. HEK293T/17 cells were transfected with CRYs-LUC and TDP-43 expression vectors
and cultured for 48 hours. The culture medium was changed to the recording medium containing 0.1 mg/ml cycloheximide and the bioluminescence signals
of CRY-LUC were recorded. Bioluminescence signal at the start time point was set to 1. Half-lives of CRY1-LUC and CRY2-LUC were calculated by fitting an
exponential decay curve to bioluminescence signals and shown as means + SEM (n =4, **: p <0.01, ***: p < 0.001 by Student’s t-test). E. Tdp-43
knockdown decreased CRY2-LUC stability. The decay of the bioluminescence signals of CRY2-LUC was recorded, and the half-life of CRY2-LUC was
calculated as described in D. Quantified data are shown as means + SEM (n =4, **: p <0.01 by Student’s t-test). F. Effect of TDP-43 overexpression on
CRY2-LUC protein stability in Fbx/3-knockdown cells. HEK293T/17 cells were transfected with indicated expression vectors and cultured for 72 hours. The
decay of the bioluminescence signals was recorded as described in D. Quantified data are shown as means + SEM (n =4, **: p <0.01 by Student’s t-test).

doi:10.1371/journal.pone.0154263.9005

Tdp-43 by shRNA accelerated degradation of CRY2-LUC (Fig 5E and S8 Fig). In contrast to
the action of USP7, the stabilizing effect of TDP-43 overexpression on CRY2 protein was abro-
gated in FbxI3 knockdown cells (Fig 5F), suggesting that TDP-43 specifically protects CRY
from FBXL3-mediated degradation by interfering with FBXL3 function. We concluded that
TDP-43 stabilizes CRY1 and CRY?2 proteins and increases their expression levels.

We then determined the effect of Tdp-43 knockdown on the cellular rhythms of NTH3T3
cells. We found that Tdp-43 knockdown shortened the circadian period (Fig 6A). These results
(Figs 4 and 6A) raised a model, in which destabilization of CRY proteins shortens the circadian
period of the cellular rhythms (Fig 6B), and emphasize the important role of the protein stabili-
ties of CRY1 and CRY?2 for period determination of the circadian clock.
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doi:10.1371/journal.pone.0154263.9g006

Discussion

In many species, ubiquitination of clock proteins has been reported to play multiple roles in
their clockwork [11,34]. Of note, ubiquitination mediated by ubiquitin E3 ligases is a reversible
reaction, which is catalyzed by deubiquitinating enzymes [35]. The ubiquitin editing events
such as cleavage and remodeling of the ubiquitin chains are important processes for ubiquiti-
nation-mediated cellular functions. However, studies on deubiquitinating enzymes have been
left behind in the research field of chronobiology [11]. It has been recently reported that
BMALL, PERI and CRY]1 are deubiquitinated by Ubiquitin-specific protease 2 (USP2) in
mammals, and that Usp2 knockout mice exhibited altered response to light in the behavioral
rhythms [26,36,37]. USP17 was reported to control DNA-damage response by stabilizing one
of the clock proteins, DEC1 [38], while the role of USP17 in the clockwork remains elusive. In
the present study, we identified USP7 as a deubiquitinating enzyme of CRY1 and CRY2 in
screening of the CRY interactome (Fig 1). Very recently, it has been shown that CRY1 interacts
with USP7 when cultured cells respond to DNA damage and that USP7 protects CRY1 from
FBXL3-mediated degradation [19]. They showed a significant contribution of USP7 to CRY1
stability controlled by deubiquitination in proper response to DNA-damage for DNA repair
[19]. Here, we demonstrated that, even in the absence of any DNA damage-inducible stimuli,
not only CRY1 but also CRY2 binds to USP7 and is deubiquitinated by USP7 (Figs 1 and 2).
USP7 plays an important role in regulating stabilities of both CRY1 and CRY2 for maintaining
the normal period of the circadian clock oscillation (Fig 4).

We previously reported that FBXL3 and FBXL21 catalyze formation of different types of
ubiquitin chains at different lysine residues of CRY proteins, leading to degradation and stabili-
zation of CRYs, respectively [15]. USP7 stabilizes CRYs and Usp7 knockdown shortened the
circadian periods (Figs 3 and 4B), implying that USP7 removes ubiquitin chain(s) acting as a
proteasomal degradation signal. However, it is still possible that USP7 may antagonize the
action of FBXL21 by cleaving the ubiquitin chain(s) formed by FBXL21. It should be empha-
sized that almost all the members of USP family appear to have no particular preference to any
specific chain linkages to cleave [35]. Furthermore, a recent study of USP7 protein structure
indicated that it could cleave any types of ubiquitin chains [39]. Recently, two research groups
reported that, besides FBXL3, FBXW?7 and DDBI1 also promote CRY degradation through
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ubiquitination [24,30]. Hence it is likely that USP7 cleaves ubiquitin chains generated by multi-
ple E3 ligases, and consequently governs the stabilities of CRY1 and CRY2. This idea is sup-
ported by the observation that solo knockdown of FbxI3 did not mask the stabilizing effect of
USP7 on CRY?2 (Fig 3F). On the other hand, TDP-43 stabilizes CRY2 in a manner dependent
on FBXL3 (Fig 5F), suggesting that TDP-43 interferes with FBXL3 function probably by bind-
ing to CRY proteins.

TDP-43 has been previously characterized as an RNA-binding protein and the biological
significance of TDP-43 in RNA metabolism has been well established [20,40]. Intriguingly,
hyper-phosphorylated/ubiquitinated TDP-43 is also a major pathological protein causing
neurodegenerative diseases, such as ALS and FTLD [20,40]. In patients with these diseases, dis-
turbed hormonal rhythms and sleep disorders are frequently observed [41,42]. Our findings
may provide a new link between the circadian clock and these neurological pathologies. In the
present study, we demonstrated a noticeable role of TDP-43 in regulating CRY stabilities prob-
ably through protein-protein interaction (Fig 5). Regulation of the clock(-related) protein sta-
bility by an RNA-binding protein was previously found in Neurospora circadian clockwork
[43,44], in which FRQ-interacting RNA helicase (FRH) binds to FRQ, a principal repressor of
the negative feedback loop [43]. FRH binding to frg mRNA helps protein folding of FRQ
immediately after its translation, and protects FRQ from proteasomal degradation [44]. Inter-
estingly, while RNA helicase activity of FRH is not essential for the clock function, FRH-FRQ
interaction is necessary for FRQ stabilization and the circadian oscillation [44]. To our knowl-
edge, the present work is the first report that the protein stabilization mediated by an RNA-
binding protein is important for the mammalian circadian clock, while the molecular mecha-
nism underlying the CRY stabilization remains to be elucidated.

Previous studies reported that FbxI3 mutant mice or FbxI3 null mice showed the behavioral
and cellular rhythms with extremely long circadian periods [12,14,16]. Conversely, FbxI21
knockdown or its mutation caused short periods [15,17]. Thus, FBXL3 acts as a destabilizer of
CRY1 and CRY?2 to accelerate the circadian oscillation of the molecular clock, whereas FBX1.21
is a stabilizer of CRYs to decelerate the clock oscillation (Fig 6B). In the present study, we dem-
onstrated that USP7 and TDP-43 are the stabilizers of both CRY proteins and that knockdown
of Usp7 or Tdp-43 shortened the circadian period. A general principle appears to participate in
the mechanism, by which the fine-tuning of CRY protein stability controls the circadian period
(Fig 6B) and this idea is consistent with a simulation study predicting that the protein degrada-
tion rate of CRY is a critical determinant of the circadian period [45]. Collectively, we conclude
that a complex network of regulation for the protein stabilities of CRY proteins contributes to
the robust and stable oscillation of the circadian clock.

Material and Methods
Cell culture and plasmids for transfection

NIH3T3 (Riken Cell Bank) and HEK293T/17 cells were cultured and passaged under 5%
CO, in DMEM (Sigma Aldrich), 100 U/ml penicillin, 100 pg/ml streptomycin, and 10%

fetal bovine serum (Equitech Bio). Mammalian expression vectors of pCMV-Tag 3B-Myc-
mCRY1, pCMV-Tag 3B-Myc-mCRY2, pcDNA3.1-FLAG-His-Myc-mCRY1 (FHM-CRY1),
pcDNA3.1-FLAG-His-Myc-mCRY2 (FHM-CRY2) and pcDNA3.1-FLAG-His-LacZ (FH-
LacZ) were constructed as previously described [10,15]. For mammalian expression vectors
of pcDNA3.1-FLAG-mTDP-43 and pcDNA3.1-FLAG-hFBXL3, full length mouse Tdp-43 or
human FbxI3 CDS with an oligonucleotide encoding FLAG epitope sequence was cloned into
pcDNA3.1. Expression plasmids of pCS2-6xMyc-mPER2 and pcDNA3-6xMyc-hUSP7 were
kindly provided by Dr. Louis Ptacek (University of California, San Francisco) and Dr. Akiko
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Murayama (University of Tsukuba), respectively. Reporter vectors used for degradation
assay, p3XFLAG-CMV14-mCRY1-LUC, p3xFLAG-CMV14-mCRY2-LUC and p3xFLAG-
CMV14- LUC [31], were kindly provided by Dr. Steve A. Kay and Dr. Tsuyoshi Hirota. The
catalytic inactive form of human USP7 expression vector (pcDNA3-6xMyc-hUSP7-C223A)
was created by site-direct mutagenesis. shRNA vectors targeting Usp7 or Tdp-43 were gener-
ated by inserting target sequences into the pSilencer3.1-H1 puro vector (Ambion). Target
sequences were 5-GTGTG AAATT CCTAA CATTG C-3' (human and mouse Usp7 shl),
5-GTCCCTTTAG CATTA CAAAG A-3' (human and mouse Usp7 sh2), 5-GTAGA
TGTCT TCATT CCCAA A-3' (mouse Tdp-43 shl), and GCAAT AGACA GTTAG AAAGA
A-3' (human and mouse Tdp-43 sh2), 5-CGGCC ACTTG ATGAA GAGTT A-3' (human
FbxI3). As a control, scrambled sequence was used as previously described [46]. pEGFP-C1
(Clontech) was used for transfection and loading control. pcDNA3, pcDNA3.1 and pSilen-
cer3.1-HI puro vector were used for negative (empty vector) controls for USP7, TDP-43
expression and knockdown experiments, respectively.

Antibodies and reagents

Anti-CRY]1 or anti-CRY2 polyclonal antibody was raised in rabbits by using partial fragments
of mouse CRY1 (506-606) or mouse CRY2 (524-592) as antigen peptides, respectively [15].
Other antibodies were obtained from the following commercial vendors: anti-USP7 (Bethyl
Laboratories), anti-Myc, anti-ubiquitin, anti-GFP (Santa Cruz Biotechnology) and anti-FLAG
(Sigma Aldrich). Transfection into the cultured cells was performed with Lipofectamine 2000
reagent (Life Technologies) or polyethylenimine (Polysciences) with standard protocols. USP7
specific inhibitor HBX 41108 was purchased from Boston Biochem and solved in DMSO,
which was used as a vehicle control of the inhibitor treatment. Silver stain MS kit (WAKQO) was
used for silver staining of gels according to the manual.

MS spectrometry analysis

Proteins purification and shotgun proteomic analysis were performed as previously described
[15]. Briefly, NIH3T3 cells were transfected with expression vectors for FLAG-His-Myc-CRY1,
FLAG-His-Myc-CRY2 or FLAG-His-LacZ (as a control). FLAG-tagged proteins were immu-
noprecipitated by FLAG-M2 agarose affinity gel (Sigma Aldrich). LacZ or CRY proteins were
eluted by 150 ng/ul FLAG-peptide (Sigma Aldrich) followed by tryptic digestion. Shotgun
proteomic analyses were performed by a linear ion trap-orbitrap mass spectrometer (LTQ-Or-
bitrap Velos, Thermo Fisher Scientific) coupled with nanoflow LC system (Dina-2A, KYA
Technologies).

Co-immunoprecipitation

Transfected NIH 3T3 cells were lysed for 30 min in ice-chilled IP Buffer [20 mM HEPES--
NaOH, 137 mM NaCl, 2 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 1 mM DTT,

4 pg/ml aprotinin, 4 ug/ml leupeptin, 50 mM NaF, ImM Na;VO,, 1 mM phenylmethylsulfonyl
fluoride; pH 7.8]. The lysate was incubated with a precipitating antibody solution for 2 hr at
4°C, followed by incubation with 20 ul Protein G-Sepharose beads for 1 hr at 4°C. The beads
were washed three times with IP Buffer and then subjected to immunoblotting.

Western blotting

Proteins separated by SDS-PAGE were transferred to polyvinylidene difluoride membrane
(Millipore). The blot membranes were blocked in a blocking solution (1% [w/v] skim milk in
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TBS [50 mM Tris-HCI, 140 mM NaCl, 1 mM MgCl,; pH 7.4]) for 1 hr at 37°C, and then incu-
bated overnight at 4°C with a primary antibody in the blocking solution. The signals were visu-
alized by an enhanced chemiluminescence detection system (PerkinElmer Life Science). The
blot membrane was subjected to densitometric scanning and the band intensities were quanti-
fied by using ImageJ software v.10.2.

In vitro deubiquitination assay

HEK293T/17 cells expressing FLAG-CRY2 proteins were treated with 10 uM MG132 for 6 hr
and then lysed in IP Buffer for 30 min. The cell lysate was incubated with 20 ul of anti-FLAG
M2 beads (Sigma Aldrich) for 2 hr at 4°C. FLAG-CRY?2 was eluted with 150 pg/ml FLAG epi-
tope peptide solution (Sigma Aldrich). Eluted FLAG-CRY2 was incubated with human recom-
binant protein of USP2 catalytic domain (Life Sensors) or human USP7 (Life Sensors) in USP
reaction buffer (10 mM NaH,PO,, 140 mM NaCl, 5 mM MgCl,, 2 mM DTT; pH 7.4) for 30
min at 37°C, followed by western blotting analysis.

In vivo deubiquitination assay

FLAG-CRY?2 proteins were co-expressed with Myc-USP7 or with Myc-USP7-C223A in
HEK?293T/17 cells. The cells were treated with 10 uM MG132 for 6 hr and then lysed for 30
min in IP Buffer. The cell lysate was incubated with 1 pg of anti-FLAG M2 antibody (Sigma
Aldrich) for 2 hr at 4°C, followed by incubation with 20 ul Protein G-Sepharose beads for

1 hr at 4°C. The beads were washed three times with IP Buffer and then subjected to immuno-
blotting.

CRY-LUC degradation assay

HEK293T/17 cells were transfected with an expression vector for CRY1-LUC, CRY2-LUC or
LUC (control) [31] and cultured for 24 or 48 hours. The cultured medium was changed to the
recording medium (described in the method of Real-time monitoring of rhythmic gene expres-
sion) containing cycloheximide (Nacalai Tesque; 100 pug/ml in final concentration). Luciferase
activity of CRY-LUC was recorded at 10-min intervals at 37°C in air with Dish Type Lumines-
cencer, Kronos (ATTO) or LumicCycle 32 (Actimetrics). The half-life of CRY-LUC was esti-
mate by fitting an exponential decay curve to normalized bioluminescence signals. More
detailed experimental conditions were described in Supporting Information (S5 Table).

Real-time monitoring of rhythmic gene expression

Real-time monitoring of the luciferase expression rhythm was performed as previously
described [46] with a minor modification to the recording medium: phenol-red free DMEM
(Sigma Aldrich) supplemented with 10% fetal bovine serum (Equitech Bio, Inc.), 3.5 mg/ml
glucose, 25 U/ml penicillin, 25 pg/ml streptomycin, 0.1 mM luciferin, and 10 mM HEPES-
NaOH (pH 7.0).

Supporting Information

S1 Fig. Interaction of identified proteins with CRY1. A. Interaction of TRIM28 with CRY1.
HEK293T/17 cells expressing Myc-CRY1 and/or FLAG-TRIM28 were cultured in the presence
of 10 uM MG132 for 6 hours and lysed with IP Buffer. The cell lysates were subjected to immu-
noprecipitation using anti-Myc (left panel), anti-FLAG (right) antibody, or normal mouse IgG
(negative control) as precipitating antibodies. B. Interaction of KCTD5 with CRY1 protein.
Co-immunoprecipitation was performed as described in A. C. Interaction of DDB1 with CRY1
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or CRY2 proteins. Co-immunoprecipitation was performed as described in A.
(EPS)

S2 Fig. Effect of Myc-USP7 overexpression on Myc-PER2 protein levels. HEK293T/17 cells
were transfected with indicated expression vectors and cultured for 48 hours. Then the cells
were lysed with SDS-PAGE sample buffer, and the lysate was analyzed by Western blotting.
GFP was used for transfection and loading controls. Quantified data were shown by means +
SEM (n = 3). n.s. represents non-significant change (p > 0.05 by Student’s ¢-test).

(EPS)

S$3 Fig. Effect of Myc-USP7 overexpression on LUC stability. HEK293T/17 cells were trans-
fected with expression vectors for LUC and Myc-USP7 (or the empty vector) and cultured for
48 hours. The culture medium was changed to the recording medium containing 0.1 mg/ml
cycloheximide. Bioluminescence signals were recorded continuously at 10-min intervals and
normalized to the value at time 0. Half-life of LUC was calculated by fitting an exponential
decay curve to the bioluminescence signals and shown as means + SEM (n = 3).

(EPS)

S4 Fig. Effect of USP7 inhibitor on CRY2-LUC stability. HEK293T/17 cells were transfected
with expression vectors for CRY2-LUC and cultured for 24 hours. The culture medium was
changed to the recording medium containing 20 pM HBX 41108 and 0.1 mg/ml cyclohexi-
mide. Bioluminescence signals were recorded continuously at 10-min intervals and normalized
to the value at time 0.

(EPS)

S5 Fig. Effect of Usp7 knockdown on LUC stability. A. HEK293T/17 cells were transfected
with Myc-USP7 and shRNA vectors targeting human Usp7, and cultured for 72 hours. The
cells were lysed with SDS-PAGE sample buffer, and the cell lysate was analyzed by western
blotting. The band intensities of Myc-USP7 were normalized to GFP levels. The quantified
data are shown as means + SEM (n = 3). B. Knockdown of endogenous USP7 in HEK293T/17
cells. HEK293T/17 cells were transfected with the shRNA expressing vectors, and the trans-
fected cells were selected by puromycin. C. HEK293T/17 cells were transfected with the
shRNA expressing vectors. The cells were cultured for 72 hours, and the culture medium was
changed to the recording medium containing 0.1 mg/ml cycloheximide. Bioluminescence sig-
nals were recorded continuously at 10-min intervals and normalized to the value at time 0
(upper panel). Half-life of LUC was calculated by fitting an exponential decay curve to the bio-
luminescence signals (control: 105 +/- 12 min, shRNA#1: 112 +/- 12 min, shRNA#2: 94 +/- 10
min) and shown as means + SEM (n = 3, lower left panel). The starting levels of CRYs-LUC
bioluminescence signals were shown as means + SEM (n = 3, lower right panel). n.s. represents
non-significant change (p>0.05 by Tukey’s test). D. HEK293T/17 cells were transfected with
FLAG-FBXL3 and FbxI3 shRNA expression vectors, and cultured for 72 hours. The cells were
then lysed with SDS-PAGE sample buffer, and the cell lysate was analyzed by western blotting.
The band intensities of FLAG-FBXL3 were normalized to GFP levels, and shown as means
+SEM (n = 3).

(EPS)

S6 Fig. Bioluminescence rhythms of the cultured cells treated with USP7 inhibitor and
knockdown efficiency of Usp7. A. The cellular rhythms of PER2:LUC MEF were synchro-
nized by 30-min treatment of 0.1 uM dexamethasone (Dex). The culture medium was changed
to the recording medium including HBX 41108, and the bioluminescence signals of PER2::
LUC were recorded continuously (left panel). The calculated period lengths are shown as
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means + SEM (n = 4, right panel). B. NTH3T3 cells were transfected with Myc-USP7 and
Usp7-targeting shRNA expression vectors, and cultured for 72 hours. The cells were lysed with
SDS-PAGE sample buffer, and the cell lysate was analyzed by western blotting. The band inten-
sities of Myc-USP7 were normalized to B-actin levels and the quantified data are shown as
means + SEM (n = 3).

(EPS)

S7 Fig. Effect of TDP-43 protein expression on LUC stability. HEK293T/17 cells were trans-
fected with expression vectors for LUC and FLAG-TDP-43. The cells were cultured for 48
hours, and the culture medium was changed to the recording medium containing 0.1 mg/ml
cycloheximide. Bioluminescence signals were recorded continuously at 10-min intervals and
normalized to the value at time 0. Half-lives of LUC were calculated by fitting exponential
decay curves to the bioluminescence signals and shown as means + SEM (n = 4). n.s. represents
non-significant change (p>>0.05 by Student’s t-test)

(EPS)

S8 Fig. Knockdown efficiency of Tdp-43. A. HEK293T/17 cells were transfected with expres-
sion vectors for FLAG-TDP-43 and shRNA targeting Tdp-43, and cultured for 72 hours. The
cells were lysed with SDS-PAGE sample buffer, and the cell lysate was analyzed by Western
blotting. The band intensities of FLAG-TDP-43 were normalized to GFP levels and averaged
data are shown as means + SEM (n = 3). B. Knockdown of endogenous TDP-43 in NIH3T3
cells. NIH3T3 cells were transfected with sShRNA expression vectors targeting Tdp-43, and the
transfected cells were selected by puromycin.

(EPS)

S1 Table. Proteins co-purified with either CRY1 or CRY2. Proteins with Mascot score above
100 in CRY1 or CRY?2 interactome analysis were listed.
(DOCX)

S2 Table. List of peptides identified in LacZ sample.
(XLSX)

S3 Table. List of peptides identified in CRY1 sample.
(XLSX)

$4 Table. List of peptides identified in CRY2 sample.
(XLSX)

S5 Table. Detailed transfection conditions for the degradation assay.
(DOCX)
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