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The metazoan circadian clock mechanism involves cyclic transcrip-
tional activation and repression by proteins whose degradation is
highly regulated via the ubiquitin-proteasome pathway. The heme
receptor Rev-erba, a core negative component of the circadian net-
work, controls circadian oscillation of several clock genes, including
Bmal1 Rev-erba protein degradation can be triggered by inhibitors
of glycogen synthase kinase 3, such as lithium, and also by serum
shock, which synchronizes circadian rhythms in cultured cells. Here
we report that two E3 ligases, Arf-bp1 and Pam (Myc-bp2), are
copurified with Rev-erba and required for its ubiquitination. RNA-
interference-mediated depletion of Arf-bp1 and Pam stabilizes the
Rev-erba protein and protects Rev-erba from degradation triggered
by either lithium or serum shock treatment. This degradation path-
way modulates the expression of Rev-erba-regulated Clock gene
and circadian function in mouse hepatoma cells. Thus, Arf-bp1 and
Pam are novel regulators of circadian gene expression that target
Rev-erba for degradation.

ubiquitin | circadian rhythm

he physiology and behavior of mammals are subject to daily

oscillation driven by endogenous circadian rhythm systems
(1-3). In mammals, the core circadian network is generated and
maintained via a tightly regulated transcriptional-translational
feedback loop (4-6). BMALI and CLOCK, the positive com-
ponents of the circadian clock, activate many circadian output
genes, as well as the negative limbs of the circadian loops (2, 7-
9). The core negative limb is constituted by the PERIOD (PER)
and CRYPTOCHROME (CRY) proteins, which bind to and
inhibit BMAL1/CLOCK (4). The other negative limb is medi-
ated by the nuclear receptor Rev-erba (10), which directly
represses Bmall gene expression and plays a crucial role in cir-
cadian oscillation of Bmall mRNA (11).

Emerging evidence has demonstrated that the negative com-
ponents of the circadian clock are subjected to ubiquitination and
subsequent proteasome-mediated degradation (12, 13). For ex-
ample, the F-box protein FBXL3 regulates the stability of CRY
proteins (14-16), whereas another F-box protein containing E3
ligase SCF-BTrcpl targets phosphorylated PER2 protein for
degradation in both Drosophila and mammals (17-20). During
a normal circadian cycle, hepatic Rev-erba protein peaks during
the circadian day and becomes undetectable during the circadian
night (10). Similar to CRY and PER proteins, Rev-erba proteins
also undergo ubiquitination and proteasome degradation (21),
but the mechanism controlling this temporal rhythm of Rev-erba
protein remains unknown.

Lithium, a common treatment for bipolar disorder, can
lengthen the period of circadian rhythm in a wide range of ex-
perimental systems including insects, mice, and humans (22, 23).
In vitro studies suggest that lithium might target multiple clock
proteins via its inhibition of GSK3p (21, 24), although whether
GSK3p is the sole circadian target of lithium remains unclear. We
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previously reported that Rev-erba degradation is accelerated by
lithium and stabilized by GSK3p, suggesting the existence of
a lithium-induced degradation pathway for controlling Rev-erba
protein cycling (21). In the present work, we used an affinity pu-
rification-based proteomic approach to identify two E3 ligases that
play an important role in regulating Rev-erba protein turnover in
response to lithium and in antagonizing Rev-erba-mediated clock
gene regulation. These E3 ligases thus regulate clock gene ex-
pression by controlling the degradation of Rev-erba protein.

Results

Rev-erba Copurifies with E3 Ligases Arf-bp1 and Pam. We were in-
terested in identifying the degradation pathway, particularly the
ubiquitin E3 ligase, for Rev-erba that is relevant to its clock
function. During the ubiquitination process, E3 ligases often form
transient protein—protein interactions with their substrates. We
hypothesized that the interaction between Rev-erba and its pu-
tative E3 ligases would be stabilized when the degradation path-
way was initiated under conditions in which proteasome function
was blocked. Flag epitope-tagged Rev-erba (f-Rev-erba) was
found to have a half-life of about 30 min (Fig. 14), whereas a Rev-
erba mutant that mimics phosphorylation on serines 55 and 59
(55/59SD) (21) was stable, with a half-life of >2 h (Fig. S14).
Furthermore, lithium dramatically reduced f-Rev-erba protein,
opposite of its effect on stabilization of B-catenin in this cell line,
indicating preservation of the lithium-mediated degradation
pathway (Fig. 1B). The lithium effect likely occurs through in-
hibition of GSK3p, given that a specific GSK3p inhibitor also
caused the degradation of f-Rev-erba protein (Fig. S1B).

The f-Rev-erba was affinity-purified in the presence of lithium
and MG132, a proteasome inhibitor. Coomassie blue staining re-
vealed a high molecular weight component (Fig. 1C). MALDI-
TOF mass spectrometry identified two proteins corresponding
to this ~400-kDa species: Arf-bpl and PAM (Myc-bp2) (Fig. 1C).
The interaction between f-Rev-erba and Arf-bp1 was confirmed by
immunoblotting (Fig. 1D). Endogenous Rev-erba bound to Arf-
bpl in HepG2 cells pretreated with lithium and MG132 was
detected as well (Fig. S2). The addition of the Rev-erba ligand
heme had no significant effects on the steady-state level of Rev-
erba protein (Fig. S34) or on the protein half-life of Rev-erba
(Fig. S3B).
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Fig. 1. The E3 ligase proteins Arf-bp1 and Pam (Myc-bp2) copurify with
f-Rev-erba. (A) The protein half-life of f-Rev-erba in the presence of cyclo-
heximide was determined in a 293T cell line stably transfected with HA-f-
Rev-erba (HFR). The protein levels of HDAC3 and of an internal loading
control were measured. (B) The protein levels of f-Rev-erba in HFR cells
treated with lithium chloride (20 mM) were determined by immunoblot
analysis. The p-catenin level serves as a positive control for the action of
lithium. (C) Affinity purification of f-Rev-erba interacting complex from HFR
cells. Flag affinity-purification products were run on a polyacrylamide gel
and stained with Coomassie blue. The ~400-kDa band was subjected to
MALDI-TOF mass spectrometry, which identified two proteins: Pam (Myc-
bp2) and Arf-bp1. (D) The interaction of f-Rev-erba and Arf-bp1 was con-
firmed by Flag immunoprecipitation (IP), followed by immunoblotting with
an antibody against Arf-bp1. Two independent HFR clones (HFR3 and HFR8)
were examined for this purpose. The HDAC3 immunoblot was used as a
positive control for the f-Rev-erba IP, and the C/EBPa immunoblot served as a
negative control.

Arf-bp1 and Pam Regulate Rev-erba Protein Levels. Intriguingly,
both Arf-bpl and Pam are E3 ligases. Arf-bpl (also known as
Urebl, Lasul, or Huwel) belongs to the HECT (homolog of
E6AP) family of E3 ligases and is thought to target the ubiquiti-
nation and degradation of Mcl, p53, N-myc, and CDC6 (25-27).
Pam (also known as Myc-bp2, Phr, or Highwire) belongs to the
family of RING-domain E3 ligases and has been shown to regulate
mTOR signaling by targeting TSC2 for ubiquitination and degra-
dation (28). Consequently, we tested whether Arf-bpl and Pam
regulate the protein turnover of Rev-erba. We found that f-Rev-
erba levels were markedly reduced by ectopic expression of both
full-length proteins of Arf-bpl and Pam (Fig. 24). We then used
small interfering RNAs to deplete Arf-bpl and Pam mRNA
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Fig. 2. The E3 ligase proteins Arf-bp1 and Pam control Rev-erba protein
stability. (A) Effect of Arf-bp1 and Pam overexpression on f-Rev-erba pro-
teins. HFR cells were transfected with the empty control vector or the ex-
pression vectors of Arf-bp1 (2 pg) and Pam (2 pg). The levels of f-Rev-erba
proteins were determined by immunoblot analysis. (B) Effect of Arf-bp1 and
Pam knockdown on f-Rev-erba proteins. HFR cells were transfected with
control siRNA or Arf-bp1 and Pam siRNA oligos (300 pmol/well). Cell lysates
were analyzed by immunoblotting for the levels of Arf-bp1, f-Rev-erba, and
B-actin as a loading control. Knockdown efficiency for both Arf-bp1 and Pam
were determined by RT-qPCR (Fig. S2). (C) Hepa1lclc-7 cells were transfected
with the control or Arf-bp1 and PAM siRNA oligos (300 pmol/well) for 60 h
before harvest. The endogenous Rev-erba protein levels were examined by
immunoblot analysis.

and protein (Fig. 2 B and C and Fig. S4). (Note that only antibody
against Arf-bpl is commercially available.) Depletion of Arf-
bpl and Pam markedly stabilized both f-Rev-erba in HFR cells
(Fig. 2B), as well as the endogenous Rev-erba in Hepalclc-7
hepatocytes (Fig. 2C). Furthermore, both Arf-bpl and Pam are
required for the Rev-erba protein turnover; depletion of either by
siRNA was sufficient to stabilize Rev-erba protein (Fig. S5), sug-
gesting that these two E3 ligases might function together in
a complex to degrade the Rev-erba protein.

Arf-bp1 and Pam Promote Ubiquitination and Degradation of Rev-erbo.
An in vivo ubiquitination assay showed that Arf-bpl and Pam
promoted the formation of ubiquitinated Rev-erba (Fig. 34). The
magnitude of the molecular weight shift suggested that this was
polyubiquitination. Indeed, whereas both WT and a K63R mutant
form of ubiquitin were conjugated to Rev-erba, a K48R ubiquitin
mutant defective in the formation of polyubiquitin chain (29-31)
failed to show the same ubiquitin—-Rev-erba conjugates (Fig. 3B).
The ubiquitination process was defective when either Arf-bpl or
Pam was expressed alone (Fig. 3C), indicating that both of these
E3 ligases are required. Indeed, ubiquination appeared less when
only one was overexpressed, suggesting that the ratio of Arf-bpl
and Pam is important as well. To address whether Arf-bpl and
Pam promote ubiquitination and proteasome degradation of Rev-
erba, we determined the half life of the f-Rev-erba protein in the
presence of the protein synthesis inhibitor cycloheximide. De-
pletion of both Arf-bp1 and Pam markedly prolonged the half-life
of f-Rev-erba protein (Fig. 3D).

Regulation of the Degradation of Rev-erbo by Arf-bp1 and Pam.
Because substrate ubiquitination is usually signal-dependent,
and Rev-erba is a component of the circadian clock network, we
investigated the role of Arf-bpl and Pam in the regulation of
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Fig. 3. The E3 ligase proteins Arf-bp1 and Pam promote ubiquitination and
degradation of Rev-erba protein. (A) In vivo ubiquitination of f-Rev-erba
protein by Arf-bp1 and Pam. HFR cells were transfected with expression
vectors encoding Myc-ubiquitin with either GFP or Arf-bp1 and Pam. The
Rev-erba-Myc-ubiquitin conjugates were detected by immunoblotting with
anti-Myc antibody. (B) Arf-bp1 and Pam promotes polyubiquitination solely
via lysine 48 linkage. Two ubiquitin mutants (K48R and K63R) were used
along with the WT ubiquitin. All ubiquitin expression vectors were Myc-
tagged, and anti-Myc antibody was used to detect Rev-erba-myc-ubiquitin
conjugates. (C) Either Arf-bp1 or Pam alone is not sufficient to promote
ubiquitination of Rev-erba. In this in vivo ubiquitination assay, the Arf-bp1
and Pam plasmids were added individually or together into the transfection
mixture. (D) HFR cells were transfected with the control siRNA or siRNA
oligos for Arf-bp1 and Pam for 60 h before being treated with cycloheximide
(20 pg/mL) for the indicated times. The f-Rev-erba protein levels were ex-
amined by immunoblot analysis.

Rev-erba protein stability by lithium or serum shock, a treatment
aimed at synchronizing circadian rhythms in cultured cells. De-
pletion of Arf-bpl and Pam protected Rev-erba from lithium-
induced degradation (Fig. 44), consistent with the identification
of these E3 ligases in the presence of lithium. Moreover, serum
shock, which destabilizes Rev-erba and induces circadian syn-
chronization (21, 32), did not lead to Rev-erba degradation when
Arf-bpl and Pam were depleted (Fig. 4B). To explore whether
Arf-bpl and Pam are also necessary for Rev-erba protein oscil-
lation during a circadian cycle, we monitored Rev-erba protein
levels in HepalC1C-7 cells for a period of 56 h after synchroni-
zation (Fig. 4C and Fig. S6). Depletion of both Arf-bpl and Pam
significantly affected the oscillation amplitude of Rev-erba pro-
tein without changing its phase. Moreover, Rev-erba protein os-
cillation was even more robust when both Arf-bpl and Pam were
knocked down, suggesting that those two proteins may normally
play an inhibitory role in Rev-erba protein oscillation during
circadian rhythm.

Arf-bp1 and Pam Regulate Bmal1 Gene Expression. Rev-erba directly
binds and represses the Bmall gene, and mice lacking Rev-erba
exhibit dampened oscillation of Bmall (10). Therefore, we hy-
pothesized that depletion of Arf-bpl and Pam, which stabilizes
Rev-erba, would repress Bmall transcription. Indeed, depletion
of either Pam or Arf-bpl strongly suppressed the expression of
a luciferase reporter gene under the control of the Bmall pro-
moter (Fig. 54). This repression required the Rev-erbo—binding
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Fig. 4. Arf-bp1-andPam-mediated Rev-erba degradation is circadian-relevant.
(A) HFR cells were transfected with the control siRNA or siRNA oligos for Arf-
bp1 and PAM for 60 h and then treated with lithium chloride (20 mM) for the
indicated periods. The f-Rev-erba protein levels were evaluated by immuno-
blot analysis. (B) HFR cells were transfected with the control siRNA or siRNA
oligos for Arf-bp1 and PAM for 60 h and then synchronized with serum shock
(50% horse serum diluted in DMEM) for the indicated periods. The f-Rev-erba
protein levels were evaluated by immunoblot analysis. (C) Effect of Arf-bp1
and Pam on Rev-erba protein oscillation in synchronized Hepalclc-7 cells.
Hepalclc-7 cells were transfected with either control or Arf-bp1 and Pam
siRNA and synchronized by serum shock treatment. Protein levels of Rev-erba
were measured by immunoblot analysis and quantified by densitometry.
Plotted data are mean + SEM of three replicates.

sites; a non-Rev-erba binding Bmall luciferase mutant lost its
response to depletion of both Arf-bpl and Pam (Fig. 5B). Fur-
thermore, chromatin immunoprecipitation (ChIP) experiments
demonstrated increased binding of Rev-erba, along with its re-
pression partner HDAC3, to the Bmall promoter when both E3
ligases were knocked down (Fig. 5C).

Arf-bp1 and Pam Modulate the Circadian Clock. Because Arf-bpl
and Pam are involved in the Rev-erba-mediated Bmall regula-
tion, we sought to determine the role of Arf-bpl and Pam in
regulation of the cell-autonomous clock. Treatment of mouse
hepalclc-7 liver cells with dexamethasome and forskolin induced
circadian oscillation of the Bmall gene expression (Fig. 64).
Depletion of Arf-bpl and Pam (Fig. S4) not only produced a de-
crease in the expression levels of Bmall, but also dampened its
oscillating amplitude (Fig. 64). A recent study showed that
mRNA oscillation of Bmall gene is not essential for core clock
function (33). To test whether a persistent inhibition of the Bmall
expression caused by dysregulated Rev-erba protein could affect
the BMALI1-dependent clock function, we examined the circadian
oscillation of Cry1 and Per2 genes, which are both direct targets of
the BMAL1/CLOCK complex. As expected, Cryl oscillation was
significantly repressed [P < 0.05, area under the curve (AUC)] on
the depletion of Arf-bpl and Pam, although its circadian period
(t) remained the same (Fig. 6B). In contrast, Per2 oscillation was
repressed only within the first cycle, but fully recovered within the
second cycle (Fig. 6C), suggesting that Per2 cycling is more re-
silient to inhibition of Bmall expression. Together, these data
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Fig. 5. E3 ligases Arf-bp1 and Pam control Rev-erba-mediated circadian
function. (A) Repression of Bmall luciferase reporter (pGL4-Bmall-luc) in
293T cells transfected with the control siRNA or siRNA oligos for Arf-bp1 or
PAM alone, or both. Results are expressed as mean + SD of at least three
independent experiments. (B) Repression of either WT (pGL3-SV40-Bmal1-
wt-luc) or mutant Bmal1 luciferase reporter (pGL3-SV40-Bmal1-ROREm-luc)
in 293T cells transfected with either the control siRNA or siRNA oligos for
both Arf-bp1 and Pam. Results are expressed as mean + SD of at least three
independent experiments. *P < 0.05. (C) ChIP for occupancy of Rev-erba and
HDAC3 on the Bmal1 promoter in 293T cells transfected with control siRNA
or siRNA oligos for both Arf-bp1 and Pam. Antibodies against Rev-erba
(1:100) and HDAC3 (1:100) were used to immunoprecipitate the DNA-
protein complex. Anti-HSP90 was used as a nonspecific antibody control.
Data are plotted as mean + SD of three replicates. *P < 0.05 by Student'’s
t test. The results shown are representative of four separate experiments.

demonstrate that Arf-bpl and Pam are novel endogenous mod-
ulators of circadian clock gene expression.

Discussion

Circadian rhythms are generated via an interlocked transcrip-
tion-translational feedback loop driven by appropriate functions
of clock proteins. Timely removal of the negative-feedback loop
proteins is critical for the propagation of circadian cycles (13, 34).
Our finding that Rev-erba ubiquitination and protein stability
are controlled by Arf-bpl and Pam implicates these E3 ligases as
novel regulators of the circadian network that mediates lithium-
stimulated destabilization of Rev-erba.

An essential role for ubiquitin E3 ligases in circadian clock
regulation was initially demonstrated in Drosophila Slimb mutants
(17, 18). In mammals, FBXL3, an F-box protein containing E3
ligase, targets CRY for degradation, and FBXL3 mutant mice
display a 26-h circadian rhythm because of inappropriate stabili-
zation of CRY protein within each circadian cycle (14-16). A re-
cent study revealed a role of AMP-activated protein kinase—
mediated phosphorylation in degrading CRY proteins during the
circadian day (35), suggesting that degradation of clock proteins
can be triggered by nutritional signals. GSK3p-mediated phos-
phorylation of circadian proteins, including CRY2 (24) and
Rev-erba (21), is particularly relevant in this context, where the
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Fig. 6. E3 ligases Arf-bp1 and Pam regulate the cell-autonomous circadian
clock. Hepalcic-7 cells were transfected with either the control siRNA or
siRNA oligos for both Arf-bp1 and Pam. Then, 48 h later, cells were treated
with the synchronizing medium containing dexamethasone (100 nM) and
forskolin (10 pM) and collected at the indicated times after synchronization.
Knockdown of Arf-bp1 and Pam was confirmed by RT-qPCR (Fig. S7A). The
Rev-erba protein in those knockdown conditions was determined by West-
ern blot analysis (Fig. S7B). The value for the amount of mMRNA present at the
16 h time point was set at 1. Error bars represent + range (n = 2). The mRNA
levels of Bmal1 (A), Cry1 (B), and Per2 (C) are shown. P for Bmal1 AUC =
0.0073; P for Cry1 AUC = 0.044.

inhibitory effect of lithium on GSK3p activity mimics endogenous
signals that inhibit GSK3p, such as the Wnt-signaling pathway.
BMALI1/CLOCK-mediated transcription activation is necessary
for the circadian oscillation of Rev-erba mRNA (36), but until the
present study, very little was known about the molecular pathways
mediating protein oscillation of Rev-erba. Interestingly, the ~30-
min half-life of Rev-erba protein appears to be less than that of
CRY and PER proteins (14, 18, 20, 37). The finding that depletion
of Arf-bpl and Pam decreases the overall level of Bmall mRNA
and negatively affects the amplitude of Cryl and Per2 gene oscil-
lations suggests that altered degradation of Rev-erba protein is
essential for normal clock function. Consistent with this, earlier
work has shown that Bmall cycling is not essential for its circadian
function, although the absolute level of Bmall is the rate-limiting
factor for a functional clock (33). Our findings are also consistent
with recent work suggesting that the amplitude of molecular clock
is highly sensitive to disruption of the Rev-erba/BMALL axis (38).
However, knockdown of Arf-bpl and Pam did not completely
abolish the oscillation of Rev-erba protein, suggesting that other
mechanisms also contribute to Rev-erba protein oscillation.
Arf-bpl and Pam are each required for efficient ubiquitination
and degradation of Rev-erba. This suggests that both are involved
in transferring the ubiquitin moiety to the Rev-erba substrate via
the formation of a functional E3 ligase complex. In this case, one
E3 ligase might serve as a scaffold protein to assemble a highly
efficient ubiquitination complex while the other catalyzes the
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reaction. An important question that remains to be addressed is
how these two E3 ligases function together to promote ubiquiti-
nation of the Rev-erba protein.

The repressive activity of Rev-erba is regulated posttransla-
tionally at several levels in addition to the degradation pathway
reported here. The nuclear receptor corepressor (NCoR)-histone
deacetylase 3 (HDAC3) complex is critically important for Rev-
erba repression (11), and its disruption alters cell-autonomous
circadian rhythms (39). The interaction between Rev-erba and the
NCoR-HDAC3 complex is enhanced by heme, which functions as
a ligand for Rev-erba (40, 41). The NCoR-HDAC3 complex and
heme both directly bind to Rev-erba, underscoring the importance
of the regulation of Rev-erba protein levels by Arf-bpl and Pam.

Heme synthesis also exhibits a circadian rhythm (42), which is
modulated by the ability of Rev-erba to repress the coactivator
PGC-1a (43). In addition to regulating heme metabolism, Rev-erba
has been shown to regulate the metabolism of glucose, lipid, and
bile acid metabolism, particularly in the liver (41, 44, 45). Thus, Rev-
erba serves as a link between metabolic and circadian pathways, and
its distinct modes of posttranslational regulation, including the Arf-
bpl/Pam-mediated degradation pathway targeted by lithium,
might facilitate the fine-tuning of complex physiological processes.

Methods

Plasmids and Reagents. pQCXIP-HA-f-Rev-erba was generated using a stan-
dard subcloning strategy. pcDNA-Arf-bp1 was provided by Wei Gu (Univer-
sity of Columbia), and pCMX-Pam was provided by Vijaya Ramesh (Harvard
University). Additional details are provided in S/ Methods.

Generation of Stable Cell Lines. A 293T-derived stable cell clone expressing HFR
cellswasgeneratedforthe purpose oflarge-scale protein purification. Here293T
cells were transiently transfected with pQCIPX-HA-FLAG (HF; control vector) or
pQCIPX-HFR-f-Rev-erba expression vector and grown in a selection medium
containing puromycin (1.5 pg/mL) for 3 wk. The positive clones were confirmed
by both RT-PCR and immunoblot analysis for the presence of transgene. Rev-
erba-expressing clones (HFR) were also tested for their response to lithium
treatment and their repression functions on Rev-erba target genes.

Purification of Rev-erba from HFR Cells. Both control (HF) and HFR cells were
expanded and treated with lithium chloride (20 mM) and MG132 (2 pM)
before harvest. Cell pellets were lysed in ice-cold Flag immunoprecipitation
(IP) buffer [50 mM Tris-HCl (pH 7.5), 120 mM Nadl, 0.5 mM EDTA, 1% Triton
X-100, and 1x protease inhibitor) for 30 min, after which cell lysates were
centrifuged at 19,000 x g for 30 min. Then the supernatant was transferred
into a fresh tube containing 100 pL of Flag M2 agarose beads preequilibrated
with PBS. After overnight incubation at 4 °C with Flag M2 agarose beads, the
immunoprecipitated complexes were further cleared by washing the beads at
least five times with Flag IP buffer. Precipitates were eluted with 2x SDS
loading buffer, boiled at 95 °C for 10 min to release protein complex, and
separated on 4-20% SDS/PAGE gel for Coomassie blue staining (Pierce).
Specific bands were cut out from the gel and subjected to mass spectrometry
peptide sequencing. The presence of Arf-bp1 in the immunoprecipitated
complex was also evaluated by SDS/PAGE gel and immunoblot analysis.

In Vivo Ubiquitination Assay. HFR cells were cotransfected with pcDNA-Arf-
bp1 and pCMV-Pam along with either WT pCMV-myc-ubiquitin or ubiquitin
mutants (K48R or K63R). At 36 h after transfection, cells were treated with 20
mM lithium and 2 pM MG 132 for 16 h and then lysed in Flag IP buffer. About
1 mg of protein lysates after centrifugation were used in immunoprecipi-
tation assays with Flag M2 agarose beads. Inmunocomplexes were resolved
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on 4-20% gradient gels, and immunoblotting was performed with anti-Myc
antibody (Covance). About 5 pL of IP eluent was used for immunoblot
analysis to evaluate the expression of f-Rev-erba and Myc-ubiquitin.

Quantitative RT-PCR. Total cellular RNA was prepared using the RNeasy Kit
(Qiagen). cDNA was synthesized and subjected to the real-time PCR using
SYBR Q-PCR mastermix on a Prism 7900 thermal cycler (Applied Biosystems).
The value of each cDNA was calculated using the standard curve method and
normalized to the value of the housekeeping gene control (arbp). The data
were plotted as fold change. AUC analysis was used to calculate the dif-
ference of the circadian oscillation of target genes between control and
treatment conditions. The primer sequences used in this study are listed in S/
Materials and Methods.

Serum Shock and Synchronization Study. Either 293T or Hepalclc-7 liver-de-
rived cells were transfected with siRNA oligos before the synchronization
study. In general, at 48 h after transfection, cells were incubated in 0.5% FBS—
containing medium for 16 h and then synchronized by various treatments.
For the experiment presented in Fig. 4 B and C, the cells were exposed to
50% horse serum diluted in DMEM for the indicated time and then har-
vested for protein analysis. For the experiment presented in Fig. 6, the cells
were synchronized by a medium containing dexamethasome (100 nM) and
forskolin (10 pM). Total RNA was extracted at the indicated time points and
processed for RT-qPCR analysis using arbp as a normalization control.

Immunoblotting. Western blot analysis was performed as described previously
(21). Cell pellets were lysed in the ice-cold RIPA buffer supplemented with 1x
protease inhibitor and 50 mM NaF and then incubated on ice for 20 min. The
protein lysates were cleared by centrifugation at 20,800 x g at 4 °C for an-
other 10 min. The resulting supernatants were collected and quantified using
a BioRad protein assay kit. Blots also were probed with the following primary
antibodies: anti-Flag (Sigma-Aldrich), anti-Rev-erba and anti-GSK3p (Cell
Signaling), anti-Ran (BD Bioscience), anti-HDAC3 (Santa Cruz Biotechnology),
and anti-Arf-bp1 and anti-Myc (Covance). For the experiment shown in Fig.
4C and Fig. S6, the protein lysates were measured using with a bicinchoninic
acid (BCA) protein assay (Pierce) with BSA as the standard. All of the samples
were processed at the same time. For this, 30 pg of protein was loaded on
a SDS-PAGE gel with 26 wells. The lowest-exposure film was then used to scan
and to perform densitometry analysis with Imagel) software. The film was
scanned in color and then converted to gray scale to subtract the background.
The area of the box was maintained constant for all of the samples for
a particular protein. The integrated density of each band was obtained and
normalized with the respective integrated density of Ran.

ChIP Assay. The ChIP assay was performed as described previously (19). First, 293T
cells were transfected with either control siRNA or Arf-bp1/Pam siRNA mixture.
Then, 72 h later, the cells were harvested for the ChIP assay. The sonicated
chromatin materials were immunoprecipitated with the following antibodies at
4 °C overnight: anti-HDAC3, anti-acetyl histone H3 (Upstate Biotechnology),
anti-Rev-erba, and anti-Hsp90. The resulting DNA fragments were purified and
subjected to PCR analysis using primers encompassing the RORE region of the
human Bmal1 promoter. The PCR primer sequences were as follows: for hBmal1:
forward, 5'-ttggtcagcggcctctcta-3’; reverse, 5'-cccggatacctgectctt -3'; for h36B4:
forward, 5- acgctgctgaacatgctcaa-3’; reverse, 5'-gatgctgccattgtcgagea-3'.
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