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USP2a Protein Deubiquitinates and Stabilizes the Circadian
Protein CRY1 in Response to Inflammatory Signals™
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Background: Ubiquitination-dependent proteasome degrades CRY1. However, the deubiquitination enzyme for CRY1 is

unknown.

Results: USP2a deubiquitinates and stabilizes CRY1 in vitro and in vivo. TNF-« stabilizes CRY1 via USP2a.
Conclusion: USP2a functions to stabilize CRY1 during a circadian cycle and in response to TNF-« treatment.
Significance: USP2a-dependent stabilization of CRY1 may mediate disruption of the clock function during inflammation.

The mammalian circadian clock coordinates various physio-
logical activities with environmental cues to achieve optimal
adaptation. The clock manifests oscillations of key clock pro-
teins, which are under dynamic control at multiple post-trans-
lational levels. As a major post-translational regulator, the
ubiquitination-dependent proteasome degradation system is
counterbalanced by a large group of deubiquitin proteases with
distinct substrate preference. Until now, whether deubiquiti-
nation by ubiquitin-specific proteases can regulate the clock
protein stability and circadian pathways remains largely
unclear. The mammalian clock protein, cryptochrome 1
(CRY1), is degraded via the FBXL3-mediated ubiquitination
pathway, suggesting that it is also likely to be targeted by the
deubiquitination pathway. Here, we identified that USP2a, a
circadian-controlled deubiquitinating enzyme, interacts
with CRY1 and enhances its protein stability via deubiquiti-
nation upon serum shock. Depletion of Usp2a by shRNA
greatly enhances the ubiquitination of CRY1 and dampens
the oscillation amplitude of the CRY1 protein during a circa-
dian cycle. By stabilizing the CRY1 protein, USP2a represses
the Per2 promoter activity as well as the endogenous Per2
gene expression. We also demonstrated that USP2a-depen-
dent deubiquitination and stabilization of the CRY1 protein
occur in the mouse liver. Interestingly, the pro-inflammatory
cytokine, TNF-q, increases the CRY1 protein level and in-
hibits circadian gene expression in a USP2a-dependent
fashion. Therefore, USP2a potentially mediates circadian
disruption by suppressing the CRY1 degradation during
inflammation.

Many physiological activities, such as the sleep-wake cycle,
blood pressure fluctuations, and lipid and glucose metabolism,
follow a 24-h circadian rhythm to allow mammals to adjust to

* This work was supported, in whole or in part, by National Institutes of Health
Grant K99/R00 DK077449 (to L. Y.). This work was also supported by Pilot
Grant 5P30DK034933 (to L. Y.) from Michigan Gastrointestinal Hormone
Research Core Center and Pilot Grant P60DK020572 from University of
Michigan Diabetes and Research Training Center.

I This article contains supplemental Figs. S1-S10.

" To whom correspondence should be addressed. Tel.: 734-764-9920; E-mail:
leiyin@umich.edu.

25280 JOURNAL OF BIOLOGICAL CHEMISTRY

environmental cues (1-3). These circadian activities are tightly
synchronized by the molecular clock, which is driven by an
interlocked transcriptional and translational feedback loop (2,
3). During a normal circadian cycle, the two positive regulators,
BMALI and CLOCK, drive the expression of the negative reg-
ulators, including Crys (Cryl and Cry2), Pers (Perl, Per2, and
Per3), as well as Rev-erba (4-7). Subsequently, CRY and PER
proteins form a heterodimer complex and translocate back into
the nucleus where they directly bind the BMAL1-CLOCK com-
plex, repressing their own transcription to end the current
cycle. Changes in clock protein stability in the negative feed-
back loop can impact both the period length and amplitude of
circadian oscillations (8, 9).

Mammalian CRY1 protein shows a strong circadian oscilla-
tion in the liver, reaching its trough and peak levels at ZT8 and
ZT15, respectively (10-12). AMP-activated protein kinase-de-
pendent phosphorylation and subsequent FBXL3 E3 ligase-me-
diated ubiquitination have been shown to degrade CRY1 during
a normal circadian cycle (13-16). A nonphosphorylatable
CRY1 mutant (S71A) no longer interacts with FBXL3 and
becomes resistant to AMP-activated protein kinase activator-
induced degradation (15). However, the CRY2 protein has been
demonstrated to be phosphorylated at Ser-552 by GSK3f prior
to degradation by the proteasome system (17, 18). Although
both CRY1 and CRY?2 proteins are modified by ubiquitination,
the critical lysine residues of either CRY1 or CRY2 protein serv-
ing as ubiquitination sites have not been identified yet.

Several genetic mouse models have revealed the circadian
function of the mammalian CRY1 (14, 16, 19). The CryI null
mice display a ~60-min shorter free-running period (19). In
contrast, mice with the Fbx/3 mutation display a 26-h circadian
period probably due to the delayed CRY1 protein degradation
(14, 16). Both mouse models indicate that the temporal abun-
dance of the CRY1 protein is critical for determining the circa-
dian period length. However, whether the circadian expression
of the CRY1 protein also contributes to amplitude change has
not been fully addressed (20, 21). Besides its role in circadian
rhythms, the CRY1 protein may also be involved in inflamma-
tory response (22), glucose metabolism (23), and blood pressure
control (24). Whether the CRY1-dependent circadian function
drives these diverse biological effects of CRY1 remains to be
determined. A better understanding of the pathway controlling
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the CRY1 protein oscillations will help with understanding the
physiological functions of CRY1.

A large group of cysteine proteases called deubiquitinating
enzymes (DUBs)” counteracts the ubiquitin-dependent degra-
dation to prevent targeted destruction by proteasomes (25-27).
The mammalian genome encodes about 80 -90 DUB enzymes
with only a handful studied for their specific substrates and
functions. DUB proteins exhibit several ubiquitination-related
functions, including processing and recycling of ubiquitin after
removal of the polyubiquitin chain of the specific substrate pro-
teins (26). A recent large scale proteomic study (27) clearly
demonstrated a large network of DUB enzymes within several
major pathways, although relatively little is known about the
physiological substrates of each DUB enzyme. The targets of
DUB enzymes include transcription factors (28, 29), cell surface
receptors (30), apoptosis (31), and Wnt signaling (32, 33).

The deubiquitinating enzyme USP2 has two isoforms due to
alternative splicing, USP2a (69 kDa) and USP2b (45 kDa).
USP2a targets multiple substrates for protein stability, includ-
ing p53 (34), fatty acid synthase (35), cyclin D1 (36), and mouse
double minute X (MDMX) (37). The Usp2a mRNA is ubiqui-
tously expressed in most mouse tissues (38) and modulated by
cytokines such as IL-18 (39), TNF-« (40), and adiponectin (41)
in a cell type-specific manner. Aberrant expression of the
Usp2a mRNA has been found in several types of human cancers
(42), including prostate cancer (35, 43), ovarian adenocarci-
noma (44), and breast cancer (37, 41). Remarkably, the Usp2a
mRNA displays a robust circadian oscillation and has been con-
sidered as a direct circadian output gene (45, 46). In the mouse
liver, Usp2a mRNA peaks around ZT16 with robust ampli-
tude (45). Such oscillation is completely lost in Clock mutant
mice (46). A recent study showed that deletion of the Usp2
gene impairs the light-induced phase shift, suggesting USP2
may mediate the signal-dependent regulation of the circa-
dian clock (47). However, the circadian targets of USP2a still
remain elusive.

In this study, we show that USP2a interacts with the clock
protein CRY1 in response to serum shock synchronization.
USP2a promotes the CRY1 deubiquitination and protein stabi-
lization in both cell cultures and the mouse liver. Depletion of
USP2a not only dampens the CRY1 protein oscillation during a
circadian cycle but also impairs the CRY1-mediated circadian
gene expression. More importantly, we discovered that TNF-«
treatment stimulates Usp2a gene expression and promotes
CRY1 protein stabilization in a USP2a-dependent manner. We
thus identified USP2a as a novel cellular mediator for inflam-
mation-induced disruption of the circadian clock functions.
Taken together, the CRY1-specific deubiquitinating enzyme
USP2a represents a potential enzymatic target for therapeutic
intervention aimed at the CRY1 protein turnover.

MATERIALS AND METHODS

Reagents and Plasmids—The full-length Usp2a expression
vector was initially purchased from Open Biosystems (Thermo
Scientific) and then subcloned into the pQCXIP vector (Clon-

2 The abbreviations used are: DUB, deubiquitinating enzyme; Q-PCR, quanti-
tative PCR; CHX, cycloheximide.
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tech). Usp2a enzyme-dead mutants were generated via
QuikChange site-direct mutagenesis (Agilent). Usp2a shRNA
knockdown construct was made by ligating the targeting oligo-
nucleotide sequence into the RNAi-Ready pSIREN-Retro-Q
vector (Clontech). The two targeting sequences for human
USP2a are 5'-AGAUUGUGGUUTCUGUUCU-3" and 5'-
CCGCGCUUUGUUGGCUAUA-3'. The shRNA targeting
sequence for mouse Cryl is 5'-GGAAAUUGCUCUCAAGGA-
AGU-3'. The shRNA targeting sequences for mouse Fbxl3 are
5'-GCUUUAUGGAUCUACCAAAGU-3'".

The mPer2 promoter-driven luciferase reporter construct is
a generous gift from Dr. Hogenesch at University of Pennsylva-
nia. All plasmids were confirmed by automated sequencing
analysis. TNF-a was purchased from Sigma. All the antibodies
used in this work were anti-CRY1, PER1 (Santa Cruz Biotech-
nology), anti-FLAG anti-ubiquitin, anti-MYC (Sigma), anti-
USP2 (Abgent), and anti-FBXL3 (Abcam). Anti-M2-agarose
beads were also purchased from Sigma. MG132 was purchased
from Biomol (Plymouth, PA).

Generation of Recombinant Adenovirus—Ad-Block-iT
shUsp2a and shLacZ control viruses were made using
BLOCK-iT Adenoviral RNAi Expression System (Invitrogen).
Ad-Easy-Usp2a virus was made according to instructions of the
AdEasy Adenoviral Vector System (Agilent). All the viruses
were concentrated by ultracentrifuge via cesium chloride gra-
dient and dialyzed against phosphate-buffered saline buffer
containing 10% glycerol prior to animal injection. Primers for
making pAd-BLOCK-iT shlsp2a construct are as follows: top,
5'-CACCGCTGAGATCTGACATCATTGGCGAACCAAT-
GATGTCAGATCTCAGC, and bottom, 5'-AAAAGCT-
GAGATCTGACATCATTGGTTCGCCAATGATGTCAGA-
TCTCAGC.

Cell Culture and Stable Cell Line—All cell lines (293T, Huh7,
HepG2, and Hepa-1) except NIH3T3 cell were maintained in
minimal essential medium supplemented with 10% fetal bovine
serum at 37 °C under 5% CO,. A 293T-derived stable cell clone
expressing either USP2a shRNA (shUSP2a-1 and shlUSP2a-2)
or shCon vector was generated by transient transfection and
subsequent selection in medium containing puromycin (1.5
pg/ml) for 3 weeks. The positive clones were confirmed by both
RT-PCR and immunoblotting.

Adenovirus Tail Vein Injection in Mice—All animal care and
use procedures were in accordance with guidelines of the Uni-
versity of Michigan Institutional Animal Care and Use Com-
mittee. Wild-type C57BL/6] male mice (between 8 and 10
weeks old) were maintained on a 12:12 light/dark cycle with
free access to standard diet and water. For adenoviral injec-
tions, 1 X 10'? plaque-forming units per recombinant adeno-
virus were administrated via tail vein injection. For each virus, a
group of four to five mice were injected with the same dose
treatment. 10 days after injection, mice were sacrificed around
ZT8 after overnight fasting, and liver tissues were harvested for
protein analysis.

In-cell Ubiquitination Assay—Either shCon- or shUSP2a-ex-
pressing 293T cells were co-transfected with plasmids encod-
ing Cryl and ubiquitin. 36 h after transfection, cells were
treated with 2 um MG132 for 16 h before lysis in 1% SDS dena-
turing buffer and boiling at 95 °C for 10 min. Cell lysates then
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were diluted 10-fold in FLAG IP buffer (50 mm Tris, pH 8.0, 150
mMm NaCl, 2 mm EDTA, 1% Nonidet P-40) and pre-cleared by
centrifugation at 4 °C for 10 min. The supernatant was used in
IP buffer with anti-FLAG antibody. Immunocomplexes were
resolved on 10% SDS-polyacrylamide gels and detected with
anti-ubiquitin (Sigma). For detecting the endogenous CRY1
protein ubiquitination, lysates were immunoprecipitated with
anti-CRY1 (Santa Cruz Biotechnology) at 1:200 dilution. For
detecting the CRY1 ubiquitination in mouse liver, the liver tis-
sues were homogenized in RIPA buffer to obtain the whole cell
lysates. About 2 mg of total liver protein lysates were treated in
denaturing conditions (as above) and then subjected to immu-
noprecipitation with indicated antibodies.

In Vitro Deubiquitination Assay—Both Usp2a WT and
290CA mutant were subcloned into pGEX4T.1 vector and
transformed BL-21 competent cells. GST fusion proteins were
induced by isopropyl 1-thio-B-p-galactopyranoside at 1 mm
and captured by glutathione-Sepharose beads (GE Healthcare).
Elution buffer was used to elute GST fusion proteins off the
beads for in vitro deubiquitination assay. CRY1-FLAG conju-
gates were captured by anti-FLAG M1 beads (Sigma) after lysis
of transfected 293T cells. 10 ul of immunoprecipitated proteins
were incubated with 20 ul of purified GST-USP2a-WT or
-290CA mutant at 37 °C in reaction buffer (Tris 50 mm, pH 7.5,
NaCl 150 mm, EDTA 2 mm, and DTT 2 mm) for 1 h. N-Ethyl-
maleimide (NEM) was added at 10 mm as positive control for
DUB inactivation. Reactions were mixed with 5X SDS loading
buffer and denatured at 95 °C for 5 min before immunoblotting
with anti-ubiquitin antibody.

Immunoprecipitation and Immunoblotting—Cell pellets
were lysed in ice-cold RIPA buffer supplemented with 1X pro-
tease inhibitor and 50 mM NaF and incubated on ice for 20 min.
The protein lysates were cleared by centrifugation at 14,000
rpm at 4 °C for 10 min. The supernatants were collected and
quantified using the Bio-Rad protein assay kit. For detecting the
clock proteins in the nuclear fraction, cells or tissues were first
exposed to hypotonic buffer, and the cytosolic fractions were
separated by low speed centrifugation. The nuclear pellets were
then resuspended in RIPA buffer and centrifuged at 14,000 rpm
at 4 °C to obtain nuclear fractions. Blots were probed with the
following primary antibodies: anti-CRY1, anti-USP2a, and anti-
ubiquitin (Sigma). The standard immunoprecipitation method
has been described previously (8). For detecting the protein
interaction between FLAG-CRY1 and Myc-USP2a, the cells
were treated with 2 h of serum shock and lysed in RIPA buffer.
The cell lysates were then incubated with specific antibodies
overnight at4 °C. The immunocomplex was captured by adding
30 wl of protein A-Sepharose beads and incubating at 4 °C for
1h. The beads were washed five times in RIPA buffer and eluted
in 30 ul of 2X SDS loading buffer. Western blotting was per-
formed to detect the presence of targeted proteins.

Transfection and Luciferase Reporter Gene Assay—Cells were
plated in a 24-well plate overnight before transfection with
mPer2 promoter luciferase reporter alongside either expression
of sShRNA vectors using Lipofectamine 2000 (Invitrogen). 48 h
post-transfection, cells were lysed for luciferase activity assay
measurement on BioTek Synergy 2 microplate reader. 3-Galac-
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tosidase construct was also co-transfected in each well for nor-
malizing luciferase activity.

Serum Shock and Synchronization Study—Hepa-1clc-7 cells
were used in the synchronization study. The confluent cells
were first transduced with Ad-shLacZ or Ad-shUsp2a for 16 h.
50% horse serum was then added 48 h later as described previ-
ously (48). Cells then were collected for both mRNA and pro-
tein analysis at 4-h intervals between 16- and 60-h time points.
Densitometry analysis was performed using the band analysis
tool provided by Alphalmager (ProteinSimple). The protein
level of CRY1 was normalized by the level of RAN, the loading
control protein.

¢DNA Synthesis and Q-PCR—Total cellular RNA extraction
was performed with TRIzol reagent (Invitrogen) and chloro-
form. cDNA was synthesized using Verso cDNA kit (Thermo
Fisher Scientific, Surrey, UK) and subjected to Q-PCR using
Absolute Blue SYBR Green ROX Mix (Thermo Fisher Scien-
tific, Surrey, UK) on an ABI 7900 HT thermal cycler (Applied
Biosystems, Foster City, CA). The value of each cDNA was cal-
culated using the AACt method and normalized to the value of
housekeeping gene control (18 S RNA). The data were plotted
as fold of change. The primer sequences used in this study are:
hlUsp2 forward, 5'-ctgcectgaatacctggtcg-3', and reverse, 5'-tcg-
gtaggttgggctgatgat-3'; mlsp2 forward, 5'-ctgagagattactgcctc-
cag-3', and reverse, 5'-ctcagatgggctcaccacatc-3'; hPer2 forward,
5'-agttggcctgeaagaaccag-3’, and reverse, 5'-actcgcatttcctcttcaggg-
3'; hDbp forward, 5'-gttgatgacctttgaacccga-3’, and reverse, 5'-
ccteeggeacctggattttt-3'; 1Cryl forward, 5'-acaggtggcegatttttgctte-
3’, and reverse, 5'-tccaaagggctcagaatcatact-3'; mPer2 forward, 5'-
ttccactatgtgacaageggagg-3', and reverse, 5’'-cgtatccattcatgtcggg-
ctc-3'; mBmall forward, 5'-aaccttcccgeagetaacag-3', and reverse,
5'-agtcctctttgggecacctt-3'.

Real Time Bioluminescence Assay—The U20S-Bmall-luc
cells (21) were kindly provided by Dr. John Hogenesch (Univer-
sity of Pennsylvania) and maintained in DMEM with 5% FBS
and 1 ug/ml puromycin. Manipulation of USP2a expression
was achieved by transient transfection with the expression vec-
tor for Usp2a overexpression or shRNA knockdown. Two days
post-transfection, the medium was changed to phenol red-free
DMEM containing 5% FBS, nonessential amino acids, 1 X pen-
icillin/streptomycin/glutamine, 20 mm HEPES, 0.1 mu lucife-
rin (Promega), 100 nm dexamethasone, and 10 uM forskolin for
synchronization. The dishes were covered with sterile glass
coverslips, sealed with sterile vacuum grease, and placed into a
Lumicycle (Actimetrics). Bioluminescence levels were mea-
sured every 10 min for 5 days or more. The data analysis was
performed using the Lumicycle analysis program (Periodogram
graph, poly order 7), and means of both amplitude and period
were extracted and exported for statistical analysis.

RESULTS

Serum Shock Potently Increases the Expression of the CRY1
Protein—Serum shock can synchronize the molecular circa-
dian clock in various cell types (48, 49). We previously reported
that serum shock transiently induces degradation of FLAG-
REV-ERBgq, a key negative component of the circadian loop (8,
50). This observation led us to ask whether other clock pro-
teins are also affected by serum shock. To test this notion, we
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FIGURE 1. Serum shock induces the expression of the CRY1 protein.
A, serum shock (SS) induced an increase in CRY1-FLAG protein in human 293T
cells stably transfected with the Cry1-FLAG expression vector. B, endogenous
CRY1 protein level in 293T cells after serum shock. The level for DDB1 protein
was shown as loading control. C, endogenous mRNA for human REV-ERBa
and CRYT in 293T cells treated with serum shock. The data were plotted as
mean = S.D. of triplicates. *, p value <0.05 by Student's t test.

generated stable cell lines expressing various FLAG-tagged
clock proteins (CRY1-FLAG, PER1-FLAG, PER2-FLAG, and
BMALI1-FLAG) to study their responses to serum shock. In
contrast to FLAG-REV-ERBe, which is usually down-regu-
lated by serum shock, the CRY1-FLAG was stabilized upon
serum shock (Fig. 14), whereas other clock proteins, includ-
ing PER1-FLAG, PER2-FLAG, and BMALI-FLAG, are
largely unchanged (supplemental Fig. 1). Moreover, this sta-
bilization also occurred for the endogenous CRY1 protein in
293T cells (Fig. 1B). The potent effect of serum shock was
further observed in other cell lines, which have been used in
circadian studies, including NIH3T3, primary mouse hepa-
tocytes, and mouse embryonic fibroblasts (supplemental Fig.
2A). We verified the specificity of the CRY1 antibody by
using the protein lysates isolated from cells transfected with
the CrylshRNA vector (supplemental Fig. 2B). It has been
shown that serum shock can induce the mRNA expression of
human BMALI and REV-ERBa (50). We therefore examined
the mRNA level of CRYI in cells treated with serum shock.
Interestingly, the quantitative RT-PCR only showed a mod-
est change in CRY1 mRNA level compared with the induc-
tion of both BMALI and REV-ERBa (Fig. 1C and supplemen-
tal Fig. 3A), indicating that the potent increase in the CRY1
protein during the course of serum shock is not primarily
through elevated transcription.
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FIGURE 2. Serum shock promotes deubiquitination of CRY1 via induction
of USP2a. A, ubiquitination status of CRY1-FLAG upon serum shock (SS). The
293T Cry1-FLAG stable cells were treated with serum shock for 1 h and then
lysed forimmunoprecipitation (/P) with anti-FLAG antibody in the denaturing
conditions. The amount of ubiquitin-CRY 1-FLAG conjugates was detected by
immunoblotting (IB) with anti-ubiquitin. B, ubiquitination status of the
endogenous CRY1 protein upon serum shock. 293T cells were treated with
serum shock for 1 h before lysis forimmunoprecipitation with anti-CRY1 anti-
body in denaturing conditions and immunoblotting with anti-ubiquitin.
Input samples (Input) are shown as well. C, mRNA levels of USP2a in 293T cells
after serum shock were determined by real time Q-PCR. The data were plotted
as mean = S.D. of three replicates. *, p value < 0.05 by Student’s t test.
D, knockdown of USP2a by two shRNA targeting sequences (shUSP2a-1 and
shUSP2a-2) in 293T cells was confirmed by real time Q-PCR. The data were
plotted as means = S.D. of triplicates. *, p value <0.05. E, effect of USP2a
knockdown on CRY1 protein stabilization after serum shock. 293T cells stably
transfected with shRNA for USP2a were serum-shocked for the indicated time
points before anti-CRY1 immunoblotting. The USP2a protein levels were
detected by immunoblotting.

Serum Shock Enhances the CRY1 Protein Deubiquitination by
Inducing the Deubiquitinating Enzyme USP2a—The fact that
the Cryl mRNA was only modestly induced upon serum shock
prompted us to speculate that this induction mainly occurs at
the post-transcriptional level. Because CRY1 has been shown to
be a direct target of ubiquitination-dependent degradation (13,
14, 16), we examined the ubiquitination status of CRY1 upon
serum shock via immunoprecipitation of the ubiquitin-conju-
gated CRY1. Indeed, the total ubiquitinated CRY1 was reduced
in serum shock-treated samples in comparison with the con-
trol. This is true for both FLAG-tagged and endogenous CRY1
protein (Fig. 2, A and B), indicating that CRY1 stabilization after
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FIGURE 3. USP2a interacts with CRY1 protein and promotes its deubiq-
uitination. A, 293T cells were transfected with Cry1-FLAG in the presence or
absence of Myc-Usp2a. Cells were then treated with 2-h serum shock and
harvested forimmunoprecipitation (IP) with anti-FLAG. The presence of MYC-
USP2a was detected with anti-MYC. B, USP2a binds to the N-terminal region
of the CRY1 protein. Both Cry1 full-length and AC426aa truncation mutant
were transfected into 293T cells along with Myc-Usp2a. 48 h later, cells were
harvested for immunoprecipitation with anti-MYC and immunoblotting (/B)
with anti-FLAG. C, abundance of CRY1-FLAG protein after CHX treatment and
in the presence of USP2a knockdown. The same amount of Cry1-FLAG plas-
mid was transfected with either shCon vector or shUSP2a vectors (a mixture of
equal amount of shUSP2a-1 and shUSP2a-2). 48 h later, the cells were treated
with CHX (100 ng/ml) for the indicated time duration and then harvested for
detecting levels of CRY1-FLAG and USP2a. The level of B-tubulin was used as
loading control. A representative of three experiments with similar results is
shown here. Quantification of CRY1-FLAG protein levels during the course of
CHX treatment was plotted and is shown in the right panel. Each value repre-
sents means = S.D. of three independent experiments. D, enhanced ubiquiti-
nation status of CRY1-FLAG in 293T cells stably expressing shUSP2a. Cry1-
FLAG expression vector was transfected into 293T stable cell lines (shCon
versus shUSP2a-1) before anti-FLAG immunoprecipitation. The ubiquitin-con-
jugates were detected by anti-ubiquitin. £, ubiquitination status of CRY1-
FLAG was reduced by overexpression of wild-type mouse USP2a in the
shUSP2a 293T stable cell. The Usp2a vector encodes the mouse USP2a pro-
tein, whereas the shUSP2a vector targets the human USP2a protein. F, in vitro
deubiquitination assay of HA-tagged ubiquitin conjugates of CRY1-FLAG in
the presence of GST-USP2a-WT. Immunoprecipitated ubiquitin-CRY1-FLAG
conjugates were incubated with purified GST-USP2a-WT protein purified
from BL21 cells at 37 °C for 1.5 h. Ubiquitinated CRY1 proteins were detected
by anti-HA immunoblotting. NEM was used as positive control for DUB
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serum shock is indeed due to a reduction in its ubiquitina-
tion status. We also observed that serum shock induced the
expression of FBXL3, a known CRY1 E3 ligase involved in its
proteasome-dependent degradation (supplemental Fig. 3B).
Although there was an increase of the basal level of CRY1 pro-
tein in FbxI3-depleted Hepa-1 cells, Fbxl3 knockdown by
shRNA did not block serum shock-induced CRY1 stabilization
(supplemental Fig. 3C). Thus, it is unlikely that FBXL3 contrib-
utes to the CRY1 protein stabilization upon serum shock. In
conclusion, our results indicate that CRY1 stabilization is likely
due to an increased deubiquitination rather than a loss of active
ubiquitination.

To determine whether DUB enzymes are involved in reduc-
ing the overall CRY1 ubiquitination upon serum shock, we
measured the expression of Usp2a, which has been recently
associated with circadian rhythm systems and repeatedly
reported in circadian expression arrays (45—47). We observed a
potent induction of the Usp2a mRNA in 293T cells (Fig. 2C) as
well as Hepa-1clc-7 (Hepa-1) cells (supplemental Fig. 44) upon
serum shock. We also measured USP2a protein in Hepa-1 cells
following serum shock (supplemental Fig. 4B). Such treatment
specifically enhanced the level of USP2a (69 kDa) but not the
other isoform USP2b (45 kDa) (supplemental Fig. 4B). Given
the prominent role of USP2a in regulating the stability or the
function of proteins such as cyclin D1 (36), MDMX (37), ENaC
(51), Aurora kinase (52), and TRAF2 (53), we sought to deter-
mine whether USP2a affects the protein turnover of CRY1
through modulating its ubiquitination status. We therefore
generated 293T stable cell lines expressing two Usp2a shRNA
vectors (shlUsp2a-1 and shlUsp2a-2) and achieved 90% knock-
down efficiency at the mRNA level (Fig. 2D). To test the
hypothesis that USP2a is directly responsible for CRY1 protein
stabilization, we treated the shl/SP2a-expressing 293T stable
cells with serum shock for the indicated time points and
observed a significant reduction in the total CRY1 protein in
comparison with shRNA control (Fig. 2E). Such results are sup-
portive of our hypothesis that USP2a is required for CRY1 pro-
tein stabilization upon serum shock.

USP2a Interacts with CRY1 and Regulates Its Ubiquitina-
tion—To address whether USP2a directly acts on CRY1 to con-
trol its protein stability, we first asked whether these two pro-
teins interact with each other. In cells co-transfected with both
Cryl-FLAG and Myc-Usp2a, a clear protein-protein interac-
tion between CRY1-FLAG and MYC-USP2a was detected fol-
lowing anti-FLAG immunoprecipitation (Fig. 3A). Interest-
ingly, serum shock treatment did not further increase the
interaction between these two proteins, suggesting that the
increased USP2a protein expression may be sufficient to medi-
ate the serum shock effect. To map the region within the CRY1
protein for interaction with USP2a protein, we created both N-

enzyme inhibition. Anti-GST antibody was used to measure GST fusion pro-
teins in each reaction. G, only the mouse USP2a-WT and 571HA mutant but
not 290CA mutant reduced the ubiquitinated CRY1-FLAG in shUSP2a 293T
stable cells. The Usp2a expression vector encodes the mouse USP2a protein,
whereas the shUSP2a vector targets the human USP2a protein. H, in vitro
deubiquitination assay of ubiquitin-conjugated CRY1-FLAG in the presence
of either GST USP2-WT or GST USP2a-290CA. Anti-HA immunoblotting was
used to detect the HA-tagged ubiquitin signal after reaction. Anti-GST anti-
body was used to measure GST fusion proteins in each reaction.

VOLUME 287 +NUMBER 30+JULY 20, 2012


http://www.jbc.org/cgi/content/full/M112.340786/DC1
http://www.jbc.org/cgi/content/full/M112.340786/DC1
http://www.jbc.org/cgi/content/full/M112.340786/DC1
http://www.jbc.org/cgi/content/full/M112.340786/DC1
http://www.jbc.org/cgi/content/full/M112.340786/DC1

and C-terminal truncation mutants of CRY1 and tested their
interaction properties with USP2a. We observed that both
CRY1 wild-type and C-terminal deletion mutant (AC426aa)
interacted strongly with full-length USP2a (Fig. 3B). We were
not able to detect a clear interaction between USP2a and CRY1
N-terminal deletion mutants because the expression of those
mutants (AN50aa and AN150aa, data not shown) was barely
detectable even in the presence of MG132. Together, our data
suggest that the N-terminal region (N180aa) of CRY1 is critical
for both maintaining the structural integrity and interacting
with USP2a. To address whether USP2a directly impacts CRY1
protein degradation, we measured the CRY1-FLAG protein
abundance in cells expressing shlUSP2a after exposure to pro-
tein synthesis inhibitor cycloheximide (CHX) (Fig. 3C, both
panels). The CRY1-FLAG protein in shRNA control-trans-
fected cells has a half-life of more than 6 h, whereas the same
protein has a half-life of about 3 h in shlsp2a-expressing cells.
To address whether USP2a modulates CRY1 ubiquitination to
control its protein stability, we established an in-cell ubiquiti-
nation protocol, which allows us to examine the ubiquitination
of either CRY1-FLAG or endogenous CRY1 protein. In this
ubiquitination assay, we transfected stable cell lines expressing
either shRNA control or shlsp2a (the shUsp2a-1293T cell line
used in Fig. 2D) along with Cryl-FLAG expression construct.
The protein lysates were prepared after overnight treatment
with MG132 and were then used in anti-FLAG immunoprecipi-
tation assay. The ubiquitination status of CRY1 was confirmed
by the formation of ubiquitin-CRY1-FLAG conjugates, which
can be detected as a smear by anti-ubiquitin antibody. Indeed,
we observed a dramatic increase in the formation of ubiquitin-
CRY1-FLAG conjugates along with the reduced CRY1 protein
level in 293T stable cells depleted of USP2a, suggesting that
USP2a stabilizes the CRY1 protein by actively removing the
polyubiquitin chain (Fig. 3D). Moreover, overexpression of
the wild-type mouse USP2a was able to completely remove the
CRY1-FLAG ubiquitination in shlsp2a-expressing 293T stable
cells (Fig. 3E). Next, we set up an in vitro deubiquitination assay
to test whether USP2a functions directly as a DUB enzyme for
the ubiquitinated CRY1 protein using the recombinant GST-
USP2a protein. We confirmed the enzymatic activity of GST-
USP2a by its ability to remove the ubiquitin moiety from
TRAF2, a recently identified target of USP2a (data not shown)
(53). As shown in Fig. 3F, we observed an almost complete loss
of ubiquitination signal in the presence of GST-USP2a, which
was inhibited by the DUB inhibitor NEM.

Mutations of either the highly conserved Cys residue in the
Cys box or the His residue in the His box of USP2a have been
shown to create enzyme-dead or dominant negative forms of
USP2a protein (34, 35). Based upon protein alignment analysis
of human and mouse USP2a protein sequences, we created
both Cys-box (290CA) and His-box (571HA) mouse USP2a
mutants for assessing the importance of its enzymatic activity
in CRY1 deubiquitination. In another in-cell deubiquitination
assay in Fig. 3G, both the USP2a-WT and 571HA mutant led to
a similar reduction of CRY1 ubiquitination, whereas the 290CA
mutant failed to decrease the CRY1 ubiquitination. To confirm
USP2a-290CA as a loss-of-function mutant, we performed
another in vitro deubiquitination assay by incubating the
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immunoprecipitated ubiquitin-CRY1 conjugates with either
purified GST-USP2a-WT or GST-USP2a-290CA before
immunoblotting with anti-HA antibody. Although GST-
USP2a-WT strongly reduced the level of CRY1 ubiquitination,
GST-USP2a-290CA was unable to remove the polyubiquitin
chain off the CRY1 protein (Fig. 3H). Together, our results indi-
cate that the conserved Cys-290 residue is critical for the USP2a
enzymatic activity during the course of deubiquitination of
CRY1.

Besides CRY1, other mammalian clock proteins have also
been shown to be regulated by ubiquitination-dependent path-
ways (8, 13, 14, 16, 54 —-56), raising the question concerning the
specificity of the CRY1 regulation by USP2a. Because the
USP2a-dependent deubiquitination assay is highly sensitive, we
set up a screening for the potential clock proteins targeted by
USP2a. USP2a did not reduce the ubiquitination of CRY2-
FLAG, BMALI-FLAG, and PER1-FLAG (supplemental Fig. 5),
suggesting that USP2a deubiquitination is specific to the CRY1
protein in the cultured cells. Thus, we established a critical role
of USP2a in the regulation of CRY1 protein ubiquitination and
degradation.

USP2a Deubiquitinates and Stabilizes CRY1 in Vivo—So far
we have demonstrated the up-regulation of CRY1 by USP2a
upon serum shock in the cultured cell lines. Its role in the reg-
ulation of CRY1 protein in vivo still remains to be determined.
While examining the mRNA oscillation pattern in the liver iso-
lated from mice housed in 12-h light/dark conditions, we found
that the mRNA oscillation of hepatic Usp2a peaked at ZT16
and was in the same phase as that of Cry1, although anti-phasic
to another circadian output gene, Dbp (Fig. 4A), consistent with
the literature (47). To test whether USP2a regulates CRY1 ubigq-
uitination and stability in vivo, we injected mice with adenovi-
ruses for overexpressing or knocking down mouse Usp2a
through tail vein administration. In all three adenoviral
shUsp2a-transduced liver lysates, the endogenous CRY1 pro-
tein level was remarkably lower than in shLacZ control (Fig.
4B). In addition, Usp2a knockdown boosted the level of CRY1
ubiquitination (Fig. 4C). Conversely, adenovirus-mediated
Usp2a overexpression led to stabilization of the CRY1 protein
and reduced the level of CRY1-ubiquitin conjugates in liver
lysates (Fig. 5, D and E). Taken together, our data demonstrate
that USP2a-dependent deubiquitination and stabilization of
CRY1 are conserved in vivo. To our knowledge, this is the first
report that shows CRY1 ubiquitination can be detected and
modulated in the mouse liver.

USP2a Regulates the CRY1 Protein Oscillations in Synchro-
nized Hepa-1 Cells—To determine the role of USP2a on the
CRY1 protein cycling, we examined the effect of Usp2a deple-
tion on the CRY1 protein oscillation in synchronized Hepa-1
cells, which were previously reported in a circadian study (8).
After observing in-phase transcription of both the Usp2a and
Cryl mRNA levels in Hepa-1 cells (supplemental Fig. 6), we
applied adenovirus-mediated transduction in those cells to
achieve high efficiency of Usp2a knockdown. As observed in
293T cells, depletion of Usp2a with adenoviral shRNA
decreased the overall level of CRY1 while increasing its ubiq-
uitination status (Fig. 5A4). Next, we performed a circadian
study using adenoviral shRNA-transduced Hepa-1 cells after
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FIGURE 4. USP2a regulates CRY1 stability through deubiquitination in
the mouseliver. A, circadian oscillations of Cry1, Usp2a, and Dbp mRNA levels
in circadian liver samples. Liver tissues from five mice were sampled for each
time point. B, effect of depletion of Usp2a on the CRY1 protein level in liver
lysates from mice injected with the adenoviral Usp2a shRNA through the tail
vein. Three mice were injected with either shLacZ control or the shUsp2a
adenovirus. C, CRY1-ubiquitin (Ub) conjugates were detected in pooled liver
lysates from B by anti-CRY1 immunoprecipitation (/P) and anti-ubiquitin
immunoblotting (IB). Mouse IgG was included as control for antibody speci-
ficity. D, effect of overexpression of USP2a on the CRY1 protein level in liver
lysates from mice injected with Usp2a overexpressing adenovirus (n = 3). The
control virus expresses GFP. E, overexpression of USP2a by adenovirus tail vein
injection reduced CRY1-ubiquitin conjugates in pooled liver lysates from D.

synchronization by serum shock. During a 60-h cycle (CT16 to
CT60), depletion of Usp2a not only reduced the overall level of
the CRY1 protein but also dampened its oscillations (Fig. 5B).
Furthermore, we examined the impact of Usp2a knockdown on
three other clock proteins (Fig. 5B). Although the REV-ERB«
protein level was slightly increased, there was minimal change
for DBP in the case of Usp2a knockdown. In contrast, the PER1
protein was completely destabilized during the circadian cycle.
The possible cause for the lowered PER1 protein level might be
that the reduced level of CRY1 triggers destabilization of the
PERI1 protein due to its complex formation with PER1 (57, 58).
Together, our results suggest that USP2a is required for deu-
biquitinating CRY1 and maintaining the robust circadian oscil-
lations of the CRY1 protein in synchronized hepatocytes.
USP2a Regulates the CRYI-dependent Circadian Func-
tion—CRY1 functions as a critical component of the negative
feedback loop within the circadian network (7, 19, 59). Once
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FIGURE 5. USP2a regulates circadian oscillation of CRY1 protein in syn-
chronized Hepa-1 cells. A, knockdown of Usp2a by adenoviral shRNA leads
to the decreased endogenous CRY1 protein level while enhancing its ubig-
uitination in mouse Hepa-1 cells. IP, immunoprecipitation; /B, immunoblot;
Ub, ubiquitin. B, circadian oscillations of clock proteins during a 60-h circadian
study were disrupted by adenoviral shUsp2a expression in Hepa-1 cells after
serum shock. The nuclear protein lysates at each time point were pooled from
three individual wells and were used in Western blotting for detecting the
levels of CRY1, PER1, and REV-ERBa. The level of RAN was used as the loading
control. The relative abundance of endogenous CRY1 protein during a circa-
dian cycle was normalized by the loading control protein, RAN, and plotted
(bottom panel).

Normalized CRY1 Protein Levels
5

inside the nucleus, the CRY1 protein forms a complex with PER
to block the transcription activity of BMAL1/CLOCK. Expres-
sion of endogenous Per2 and Dbp is sensitive to the CRY1 pro-
tein abundance because overexpression of the CRY1 protein in
cells potently suppresses Per2 and Dbp transcription (supple-
mental Fig. 7, A and B). To determine whether USP2a is directly
involved in the CRY1l-mediated clock gene regulation, we
tested the impact of USP2a overexpression on the mPer2 pro-
moter-driven luciferase reporter activity in Hepa-1 cells. Co-
transfection of Usp2a suppressed the mPer2-luc activity via
CRY1 because adenovirus knockdown of CryI abrogated such
repression (Fig. 6A). In contrast, co-transfection of USP2a
290CA failed to repress mPer2-luc, indicating that the enzy-
matic activity of USP2a is required in this process (Fig. 6B). To
examine the role of USP2a in the cell autonomous clock, we
measured the mRNA oscillations of four core clock genes (Per2,
Bmall, Dbp, and Rev-erba) between 16 and 60 h after synchro-
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FIGURE 6. USP2a regulates the CRY 1-mediated circadian function. A, Per2-
luc activity is inhibited by overexpression of Usp2a but reversed by Cry1
knockdown in Hepa-1 cells. Hepa-1 cells were transduced by either shLacZ or
shCryT adenovirus after co-transfection with the Per2-luc reporter vector and
Usp2a expression vector. The luciferase activities were measured and calcu-
lated 72 h after transduction. The data were plotted as means = S.D. (n = 3).
*, p value < 0.05; **, p value < 0.01 by Student’s t test. B, effects of USP2a-
290CA on the Per2-luc activity. The luciferase activity was measured and cal-
culated 72 h after transfection. The data were plotted as means = S.D. (n = 3).
*, p value < 0.05 by Student's t test. C, effect of Usp2a knockdown on the
circadian oscillations of the Per2 mRNA in synchronized Hepa-1 cells. Hepa-1
cells were synchronized with serum shock after transduction with either Ad-
shLacZ or Ad-shUsp2a. The mRNA levels of endogenous Per2 at indicated time
points were measured by Q-PCR. The data were plotted as means = S.D. (n =
3). The area under the curve analysis for Per2 mRNA oscillation was presented
as well. *, p value < 0.05 by Student's t test. D, effect of Usp2a knockdown on
circadian oscillations of the Bmall mRNA in synchronized Hepa-1 cells. The
data were plotted as means = S.D. (n = 3). The area under the curve analysis
for Bmall mRNA oscillations was presented as well. *, p value < 0.05 by Stu-
dent's t test. E, effect of Usp2a knockdown on period and amplitude of the
Bmali-luciferase in U20S cells. Manipulation of the USP2a protein level was
achieved by transfection with shUsp2a vectors (a mixture of equal amount of
shUsp2a-1 and shUsp2a-2) before synchronization by dexamethasone and
forskolin. A representative of three replicates is shown in the biolumines-
cence graphs. Amplitude and period lengths of three replicates are shown as
means = S.D. for each treatment. **, p value < 0.01 was determined by Stu-
dent’s t test. Con, control.

nization by serum shock in Hepa-1 cells. Consistent with CRY1
being arepressor of these circadian genes, knockdown of Usp2a
led to higher amplitude of oscillations of Per2 (Fig. 6C), Bmall
(Fig. 6D), and Dbp throughout most time points (supplemental
Fig. 8). Moreover, between 24 and 48 h, the knockdown of
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Usp2a caused earlier peaks of the Per2, Bmall, and Dbp mRNA
expression. The area under the curve analysis confirmed a sig-
nificant difference between shLacZ and shlUsp2a adenovirus-
treated samples (Fig. 6, C and D, right panel). To further assess
the impact of USP2a on the molecular clock behavior, we
switched to the established U20S stable cell line that displays
robust oscillations of the Bmall promoter-driven luciferase
activity monitored by real time bioluminescence for days after
synchronization (20, 21). Compared with shCon, knockdown of
Usp2a led to higher amplitude of the Bmall-luc oscillations
(Fig. 6C). However, depletion of Usp2a did not cause either
phase shift or change of period length in the Bmall-luc activity.

For measuring gain-of-function of Usp2a on the Bmall-luc
activity, we observed that only overexpression of Usp2a-WT
but not Usp2a-290CA mutant reduced the Bmall-luc activity
in a transient transfection assay (supplemental Fig. 94). More-
over, overexpression of Usp2a-WT caused a modest but signif-
icant reduction in the amplitude of the reporter activity com-
pared with GFP control (supplemental Fig. 9B), similar to an
observation upon CRY1 overexpression in NIH3T3 cells (60).
Either overexpression or knockdown of Usp2a did not seem to
affect the period length of the Bmall-luc reporter activity, con-
sistent with the phenotype of Usp2 null mice (47). Taken
together, our data suggest that manipulation of USP2a mainly
alters the amplitude of molecular clock oscillations in the syn-
chronized cells.

TNF-o Induces USP2a to Stabilize the CRY1 Protein—There
is growing evidence for the intimate connection between
inflammation response and the molecular clock (61, 62). The
functional circadian clock systems are detected in major
immune cells, including macrophages (63), B cells (64, 65), and
natural killer cells (66 —68). It has been reported that circadian
clock disruption via the shifted light/dark cycle or genetic dele-
tion of clock genes impairs innate immunity and response to
LPS treatment in mice (22, 61, 63). Conversely, pro-inflamma-
tory cytokines such as TNF-a and IL-1f3 suppress the expres-
sion of several major clock genes in NIH3T3 cells (69, 70). We
also found that TNF-a treatment led to a down-regulation of
the circadian output gene DBP and suppressed the Per2 pro-
moter-driven luciferase reporter activation by BMAL1L/
CLOCK overexpression in human hepatoma Huh7 cell line
(supplemental Fig. 10, A and B). To determine whether TNF-«
can directly target core clock proteins and in turn affect clock
gene expression, we treated Huh?7 cells with increasing doses of
TNF-a overnight and observed a dose-dependent increase of
the CRY1 protein (Fig. 7A). Similar induction of the CRY1 pro-
tein was observed in another human hepatocarcinoma HepG2
cell line after TNF-« overnight treatment (supplemental Fig.
10C). Of note, the TNF-« effect was more potent when cells
were incubated in a low glucose condition versus a high glucose
condition (data not shown). TNF-« treatment had no effect on
the REV-ERBa protein level, indicating its induction on CRY1
is relatively specific (supplemental Fig. 9D). Furthermore, the
ubiquitination status of CRY1 was reduced upon TNF-a« treat-
ment, reminiscent of serum shock treatment (Fig. 7B). In the
meantime, we found that TNF-« treatment potently induced
both the mRNA and protein expression of USP2a (Fig. 7, C and
D), suggesting that TNF-a may utilize USP2a to control the
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FIGURE 7. TNF-a stabilizes CRY1 protein through USP2 induction. A, CRY1
protein in human hepatocarcinoma Huh?7 cells treated with increasing doses
of TNF-a. The protein lysates were harvested 16 h after TNF-a treatment. The
CRY1 protein in both cytoplasmic and nuclear fractions was measured by
immunoblotting (/B). B, ubiquitination of the endogenous CRY1 was exam-
ined in Huh7 cells treated with TNF-a. After 16 h treatment of TNF-q, protein
lysates were subjected to immunoprecipitation (/P) with anti-CRY1. The ubiqg-
uitin-CRY1 conjugates were detected by anti-ubiquitin (Ub). C, TNF-« treat-
ment induces the mRNA level of Usp2a in Huh7 cells. Huh7 cells were treated
with 10 ng/ml TNF-a for 16 h before harvesting for Q-PCR. The data were
plotted as means = S.D. of four replicates. *, p value < 0.05 was calculated by
Students’ t test. D, dose-dependent induction of the Usp2a protein by TNF-a
in Huh7 cells. Huh7 cells were treated with increasing doses of TNF-a for 6 h
before harvesting for immunoblotting with anti-USP2a. E, effect of USP2a
depletion on TNF-a-induced CRY1 protein stabilization. Huh7 cells were first
transfected with either control or shUSP2a vector (a mixture of equal amounts
of shUsp2a-1 and shUsp2a-2). 48 h later, cells were treated with a 2-h serum
shock and switched to serum-free medium. TNF-a was then added before the
protein lysates were harvested at indicated time points and examined for the
CRY1, USP2a, and RAN protein levels. The mRNA levels of Usp2a after trans-
fection were also determined by Q-PCR (shown in supplemental Fig. 9E).
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CRY1 protein turnover. To confirm whether USP2a indeed
mediates the TNF-a effect on the CRY1 stability, we depleted
Usp2a with an shRNA vector and then stimulated cells with
TNEF-a after verifying the knockdown efficiency by RT-Q-PCR
(supplemental Fig. 10E). In this condition, TNF-a was no lon-
ger able to increase the level of the CRY1 protein (Fig. 7E),
indicating that USP2a is indeed required for the TNF-a-in-
duced stabilization of the CRY1 protein. These data indicate
that chronic TNF-« treatment suppresses the circadian clock
by stabilizing the CRY1 protein through USP2a.

DISCUSSION

The importance of the ubiquitin-proteasome system in cir-
cadian rhythms has been demonstrated via identification of
critical ubiquitin E3 ligase for individual core clock proteins
(71). Like other post-translational modifications, ubiquitina-
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FIGURE 8. Working model. The CRY1 protein stability is under dynamic con-
trol by both ubiquitination and deubiquitination. After AMP-activated pro-
tein kinase-dependent phosphorylation, CRY1 will be polyubiquitinated by
FBXL3 E3 ligase for proteasomal degradation. Ubiquitinated CRY1 protein
becomes a suitable substrate for the deubiquitinating enzyme USP2a, which
can be induced by a pulse of serum shock or the inflammatory cytokine
TNF-a. CRY1 regulation by TNF-a may be important for the cross-talk
between inflammatory response and the molecular clock.

tion is a reversible process catalyzed by both E3 ligases and
deubiquitination enzymes. Thus, it is conceivable that deubiq-
uitination enzymes are an essential part of the circadian net-
work to fine-tune circadian rhythms in response to environ-
mental cues. Here, we reported that serum shock potently
induces the CRY1 protein by inhibiting CRY1 ubiquitination in
a variety of cells. We identified USP2a as the critical DUB
enzyme for deubiquitinating the CRY1 protein upon serum
shock. Depletion of USP2a not only down-regulates the CRY1
protein level but also alters the CRY1-dependent circadian
function. We also generated strong evidence showing that
USP2a regulates CRY1 ubiquitination and protein stability in
vivo and in vitro. To our knowledge, this is the first report show-
ing in vivo and in vitro ubiquitination of the CRY1 protein.
Most interestingly, Usp2a mRNA is up-regulated by the pro-
inflammatory cytokine, TNF-q, and this induction accounts for
the CRY1 protein stabilization after TNF-« stimulation. There-
fore, we uncovered a critical link for direct regulation of the
circadian clock in inflammatory conditions (Fig. 8).

Liver CRY1 proteins show a clear pattern of circadian oscil-
lations (10, 11, 16). The CRY1 protein rhythmicity was dis-
turbed in FbxI3 mutant mice (16) and LkbI knock-out mice
(15). In the case of Fhxl3 mutant mice, a delayed CRY1 protein
degradation results in a significantly longer circadian period. In
the liver of Lkb1 null mice, the defect in CRY1 degradation leads
to a severely dampened oscillation of Dbp and Per2 genes (15).
Our finding points out a reversible regulation of the CRY1 pro-
tein turnover by demonstrating USP2a as a stabilizing factor for
this critical clock component. The Fbx/3 mRNA expression
remains at a constant level during a circadian cycle (16),
whereas the Usp2a mRNA displays a robust circadian oscilla-
tion (45). The abundance of USP2a may become a rate-limiting
factor to determine the fate of ubiquitinated CRY1 protein dur-
ing a given circadian cycle. When the cellular USP2a level is
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low, the ubiquitinated CRY1 protein will undergo proteasome-
dependent degradation. However, in the presence of elevated
levels of USP2a, the CRY1 protein remains stable despite being
modified by ubiquitination. We propose that the CRY1 protein
cycling is a function of dynamic balance between FBXL3-medi-
ated ubiquitination and USP2-dependent deubiquitination.
Future work will study the cross-talk between USP2a and
FBXL3 in regulating the circadian oscillation of CRY1 protein.

Our data show that USP2a affects the molecular clock gene
and protein oscillations by stabilizing a core clock protein in the
negative feedback loop. Our data support the network features
of the molecular clock system (4) in which the clock utilizes
active compensatory mechanisms to confer robustness and
maintain proper functions. Knockdown of Usp2a leads to lower
levels of CRY1 protein throughout the entire circadian cycle.
This circadian impact is further amplified by the effect of CRY1
on PER1, REV-ERBe, and even BMALLI proteins. Our current
observation establishes the role of USP2a as a stabilizer of the
main negative feedback loop. A recent publication has reported
that Usp2 knock-out mice preserve rhythmicity during dark/
dark conditions but display increased phase delay upon low
lighting exposure (47). Those Usp2 knock-out mice share a sim-
ilar phenotype with Rev-erba knock-out mice, which show
inaccurate phase response to light due to the impaired negative
feedback loop (72). Although the Usp2 knock-out study does
show that USP2 forms a complex with clock proteins, including
BMALI and CRY1 in the suprachiasmatic nucleus extracts, it
focuses on the regulation of deubiquitination and stability of
BMALI other than CRY1 protein by USP2b (the 45-kDa iso-
form) in 293 and NIH3T3 cells. Another recent study reveals
that CRY1 protein undergoes a conformational change to
transduce the blue light signal, to which animals are most sen-
sitive to in a low lighting setting (73). Based upon that observa-
tion, our data provide another intriguing possibility that
USP2a-dependent stabilization of CRY1 may also be responsi-
ble for the delayed phase observed in Usp2 knock-out mice. We
speculate that CRY1 may be an alternative target of USP2 to
reset the clock in response to changes of lighting. It will be of
great interest to investigate the substrate specificity of each
USP2 isoform in various tissues and to determine their differ-
ential contribution to the circadian clock in a tissue-specific
manner.

A major finding in this study is that TNF-a can potently
promote deubiquitination and subsequent stabilization of the
CRY1 protein. This action is likely mediated by an increased
expression of USP2a upon TNF-a treatment. Throughout the
literature, TNF-q, IL-13, and adiponectin have been reported
to differentially regulate USP2a (39 —41). A recent publication
has demonstrated that USP2a functions as a critical down-
stream mediator of the TNFa-induced NF-kB signaling in
tumor cells (74). Because both mRNA and protein levels of
USP2a are induced by TNF-« treatment, it suggests that both
transcriptional and post-translational regulation might be
required for a robust USP2a induction, possibly via the NF-«B
pathway. How TNF-« activates Usp2a gene expression has not
been fully addressed in our study. The biological significance of
the CRY1 protein stabilization upon chronic TNF-« treatment
may imply that CRY1 is indeed required for TNF-« action on
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the clock gene expression. It has been reported that TNF-«
treatment suppresses clock gene expression in NIH3T3 fibro-
blasts by interfering with the E-box-mediated transcription
(69), although the underlying mechanism remains unclear. Our
findings provide a possible molecular mechanism for this TNE-
a-induced suppression of clock functions. It has been reported
that obesity and high fat diet dampen the molecular clock in the
liver. Both conditions are associated with a chronic state of low
grade inflammation. It is tantalizing to hypothesize that the
TNEF-a-induced CRY1 stabilization may also contribute to the
dampened clock function during the course of obesity (75-77),
a possibility that will be explored in future studies. The CRY1
protein may be involved in a feedback regulation of the TNF-«
signaling pathway. In Cry1/2 double null mice, the circulating
TNF-a level is significantly increased, suggesting an anti-in-
flammatory role of CRY1 and CRY2 proteins through down-
regulating TNF-a (22). Therefore, CRY1 may function in the
negative feedback loop to tune down prolonged inflammatory
response. Because this study is focused on hepatocytes, which
are not ideal for studying cytokine production, it will be of a
great interest to test whether the TNF-a/USP2a/CRY1 axis
functions in macrophages and other immune cells.

In summary, we have identified a novel regulatory mecha-
nism for controlling the CRY1 protein stability in the context of
the circadian network. Our work highlighted the importance of
the deubiquitinating enzyme USP2a in regulation of CRY1 pro-
tein stability and consequently circadian output gene expres-
sion in vitro and in vivo. Our results support the notion that
USP2a functions to connect chronic inflammation to circadian
disturbances. Because both inflammation and the circadian
clock are important regulators of metabolism, a better under-
standing of the role of USP2a in the regulation of CRY1 protein
might shed light on interplays between inflammatory response
and the circadian clock. Thus, USP2a holds great promise as a
pharmaceutical target for treating circadian and metabolic
disorders.
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