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The circadian clock is a global regulatory mechanism that controls
the expression of 50 to 80% of transcripts in mammals. Some of
the genes controlled by the circadian clock are oncogenes or tumor
suppressors. Among these Myc has been the focus of several stud-
ies which have investigated the effect of clock genes and proteins
on Myc transcription and MYC protein stability. Other studies have
focused on effects of Myc mutation or overproduction on the cir-
cadian clock in comparison to their effects on cell cycle progression
and tumorigenesis. Here we have used mice with mutations in the
essential clock genes Bmal1, Cry1, and Cry2 to gain further insight
into the effect of the circadian clock on this important oncogene/
oncoprotein and tumorigenesis. We find that mutation of both Cry1
and Cry2, which abolishes the negative arm of the clock transcription—
translation feedback loop (TTFL), causes down-regulation of c-MYC,
and mutation of Bmal1, which abolishes the positive arm of TTFL,
causes up-regulation of the c-MYC protein level in mouse spleen.
These findings must be taken into account in models of the clock
disruption—cancer connection.
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he circadian clock is a molecular clock that regulates bio-

chemical, physiologic, and behavioral functions with about
24 h periodicity. In mammals the core molecular clock is made
up of CLOCK (or NPAS2) and BMALL transcriptional activa-
tors and Cryptochrome (CRY1 and CRY2) and Period (PER1
and PER2) transcriptional repressors. CLOCK and BMALIL
activate transcription of CRYs and PERs, and these proteins,
after a time delay, enter the nucleus and inhibit their own
transcription (transcription—translation feedback loop [TTFL))
with a period of about 24 h. This primary period is consolidated
by the nuclear receptors NR1D1 and NR1D2 which control the
expression of the Bmall gene (1-8). Downstream clock-controlled
genes are regulated by promoter binding by CLOCK-BMALI,
which is integrated with gene-specific regulatory factors, and clock
control manifests as gene expression levels that either do not os-
cillate or do oscillate with peak/nadir expression times character-
istic of each circadian gene (9-12). Fifty to 80% of all protein-
encoding genes in mice and 10 to 20% of protein-encoding genes
in a given tissue are clock controlled. Naturally, such a global
regulatory system interfaces with nearly all cellular metabolic
systems and signaling pathways. Among these, the link between
the circadian clock and cell proliferation and thus between the
clock and oncogenes and tumor suppressors has been the focus
of numerous studies. Of these investigations the ones on the
CLOCK/c-MYC interconnection are of special interest for several
reasons (13-16).

First, like the CLOCK-BMALI heterodimer, the MYC-MAX
heterodimer binds to the E-box element (CACGTG) in cognate
promoters for gene regulation (17-19). Second, there is ~30%
overlap of BMALLI binding sites with ¢-MYC binding sites (18,
20). Third, Myc is mutated or amplified in a significant fraction
of all cancers, in particular in leukemias and lymphomas (16, 17,
21). Fourth, there are reports that there is an inverse correlation
between MYC levels in lymphomas and clock gene expression
and that high MYC expression in a variety of tumors is associ-
ated with down-regulation of BMAL1 and poor clinical out-
comes (20, 22). Finally, there are reports that in addition to a
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BMAL1-MYC connection, MYC is also controlled by the PER
and CRY proteins that make up the negative arm of the TTFL
(13-16). To gain further insights into this important subject, we
decided to investigate the effects of Bmall and Cry knockouts in
mice on c-Myc expression in spleen with regard to both circadian
pattern and protein level. Our data show that Bmall KO
(knockout) causes up-regulation of c-Myc over the entire circa-
dian cycle. Cryl or Cry2 knockouts do not significantly affect
c-Myc level. However, Cryl/2 double knockout causes significant
depression of the c-Myc level over the entire circadian cycle.

Results

To investigate the effect of the circadian clock on ¢c-MYC ex-
pression and activity, we analyzed the effects of mutations in the
positive and negative arms of the circadian TTFL on the level of
¢-MYC and its target genes in mouse spleen. Spleen has been
used in prior studies of c-MYC since leukemias and lymphomas
are often associated with c-Myc dysregulation, and spleen is a
major lymphoid organ in which c-MYC expression is relatively
high. Under the conditions of our experiments, wild-type (WT)
mice exhibited normal circadian rhythmicity; results showing
rhythmic expression of PER2 in spleen with a peak at ZT20
(zeitgeber time) are shown in SI Appendix, Fig. S1.

Regulation of c-MYC by the Positive Arm of the Circadian Clock.
Previous work has shown that c-MYC inhibits Bmall transcrip-
tion either directly by binding to the Bmall promoter in the form
of MYC-MIZ1 and repressing its transcription (20) or by binding
to the E-box in Nridi1/2 promoters in the form of MYC-MAX
and up-regulating NR1D1/2, which in turn binds to the RER
elements in the Bmall promoter (22). Here we wished to
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Fig. 1. Bmal1 deletion increases c-MYC expression in vivo. (A) -Catenin and c-MYC expression were measured by Western blot of spleen extracts from WT
and Bmal1 KO mice using GAPDH and Ponceau S as loading controls. Samples were collected at the indicated time points (ZT = Zeitgeber time). (B)
Quantification of c-MYC and B-catenin protein levels. For each genotype and time point, three mice were used for quantification. White and black bars
indicate lights on and lights off, respectively. Error bars correspond to SEM (standard error of the mean). For c-MYC, data were normalized to a value of 1 for
WT at ZTO; for B-catenin, data were normalized to a value of 1 for WT at ZT16. N.S, not significant, *P < 0.05, **P < 0.01, as determined by t test. (C) c-MYC
target gene mRNA levels in spleen of WT and Bmal1 KO mice. For each genotype and time point, three mice were used for quantification after normalizing to
gapdh RNA. White and black bars indicate lights on and lights off, respectively. Error bars correspond to SEM. Data were normalized to a value of 1 for WT at
ZT0. N.S, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, as determined by t test.
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Fig. 2. BMAL1 regulates c-Myc at the transcriptional level. (A) Expression of genes that regulate c-MYC degradation was measured by reverse transcription-

qPCR using spleens of WT and Bmal1 KO mice and using gapdh as an internal control. Samples were collected at the indicated time points. Error bars
correspond to SEM. Data were normalized to a value of 1 for WT at ZT0. (B) c-Myc mRNA levels in spleen samples detected by reverse transcription-qPCR.
Three biological repeats were used for quantification. White and black bars indicate lights on and lights off, respectively. Error bars correspond to SEM. Data

were normalized to a value of 1 for WT at ZT0. N.S, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, as determined by t test.

investigate the converse regulation to find out how the positive
arm of the circadian clock affects c-Myc expression by comparing
¢-MYC protein levels over a circadian cycle in the spleen of WT
and Bmall KO (knockout) mice. Fig. 1 4 and B shows that in
WT spleen c-MYC is expressed at a constant level over the
circadian cycle. In Bmall KO spleen the c-MYC level is elevated
1.5- to 2.0-fold over most of the circadian cycle (Fig. 1 B, Left)
(9-12). To confirm these changes in c-MYC level as a conse-
quence of Bmall KO, we measured the mRNA levels of four

Liu et al.

¢-MYC regulated genes as sentinels over a circadian cycle (18,
19, 23). Fig. 1C shows that three out of four of these genes ex-
hibit elevated transcription over most or part of the circadian
cycle. These sentinel genes exhibit no consistent, rhythmic pat-
tern. These data taken in totality suggest that c-MYC expression
is controlled negatively by the positive arm of the circadian clock.

BMAL1 Regulates c-Myc Level by Transcriptional Control. In our
Western blots, we also measured levels of -catenin, which was
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Fig.3. Cry1/2 double knockout decreases c-MYC expression in vivo. (A) Endogenous proteins c-MYC and p-catenin were detected by WB (Western blotting) in
spleens of WT and three Cry mutants using GAPDH and Ponceau S as loading controls. Samples were collected at the indicated time points. (B-D) Quanti-
fication of c-MYC and p-catenin protein levels in the indicated genotypes. For each genotype and time point, three mice were used for quantification. White
and black bars indicate lights on and lights off, respectively. Error bars correspond to SEM. For c-MYC, data were normalized to a value of 1 for WT at ZT8; for
B-catenin, data were normalized to a value of 1 for WT at ZT4. N.S, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, as determined by t test.

recently shown to be an important transcriptional activator of
c-Myc (24-27). Fig. 1 A and B, Right shows that in Bmall KO
mice (28), B-catenin levels are uniformly elevated over the cir-
cadian cycle compared to WT mice. A corresponding increase in
c-Myc RNA in Bmall KO mice compared to WT, shown in
Fig. 2B, suggests that transcriptional control of c-Myc is an im-
portant mechanism of clock control of c-MYC levels.

¢-MYC is an extremely unstable protein that is degraded with
a half-life of 15 to 20 min through the ubiquitin—proteosome
system mediated by several E3 ligases, including p-TrCP2, FBXW7,
FBXWS, and USP28 (29-32). To examine whether the clock af-
fected c-MYC expression by a posttranscriptional mechanism by
altering E3 ligase levels, we analyzed the transcription of some key
E3 ligases that have been implicated in c-MYC degradation. As
seen in Fig. 24 the expression of these genes is not affected by
Bmall KO, while the transcription of c-Myc is elevated over most of
the cycle (Fig. 2B), consistent with the notion that the elevation of
¢-MYC in Bmall KO mice is caused by elevated transcription of
c-Myc mediated by clock-controlled p-catenin.

Regulation of c-MYC by the Negative Arm of the Circadian Clock. The
data for Bmall KO mice indicate that c-Myc is a second-order
clock-controlled gene. To further test this model, we analyzed

21612 | www.pnas.org/cgi/doi/10.1073/pnas.2011225117

the effect of the negative arm of the TTFL by investigating
¢-MYC expression in Cry mutant mouse strains (33, 34). The
Western blot results in Fig. 3 show ¢-MYC protein levels in
spleens from WT, Cryl KO, Cry2 KO, and Cry1/2 KO mice. As is
apparent, Cryl KO and Cry2 KO single mutants have no effect
on c-MYC level over the entire circadian cycle, while Cry1/2 KO
mutant mice exhibit uniform down-regulation of c-MYC over
virtually the entire cycle (Fig. 3 4-D). Thus, c-MYC expression is
controlled positively by the negative arm of the circadian clock.

CRYs Regulate c-Myc Level by Transcriptional Control. Experiments
were then done to see whether the negative and positive arms of
the clock control c-MYC by a common mechanism. We found
that c-MYC and B-catenin protein levels are depressed exclu-
sively in the Cryl/2 KO mice (Fig. 3), and c-Myc expression is
also depressed at most time points exclusively in Cry1/2 KO mice
(Fig. 44). Fig. 4B shows that depressed c-MYC levels in Cryl/2
KO mice are associated with depressed transcription of c-MYC
target genes, while there are no significant changes in the tran-
scription levels of the c-MYC-acting E3 ligases (Fig. 4C). In
addition, previous studies indicated that GSK-3p participates in
phosphorylation and degradation of c-MYC (35-37). However,
we did not observe differences in the amounts of either active

Liu et al.
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Fig. 4. CRYs modulate c-MYC expression through transcriptional regulation. (A) c-Myc levels in the spleen samples of WT and Cry1/2 KO mice detected by
reverse transcription-qPCR. Three biological repeats were used for quantification. White and black bars indicate lights on and lights off, respectively. (B)
mRNA levels of c-MYC target genes in the spleens of WT and Cry7/2 KO. For each genotype and time point, four mice were used for quantification. (C)
Expression of genes that regulate c-MYC degradation were measured by reverse transcription-qPCR in spleens of WT and Cry1/2 KO mice using gapdh as an
internal control. Samples were collected at the indicated time points. Error bars correspond to SEM. Data were normalized to a value of 1 for WT at ZT0. n.s,
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, as determined by the t test.
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0.01, as determined by the t test. (E and F) Ctnnb7 mRNA levels in spleen samples from WT, Bmal1 KO, and Cry1/2 KO mice detected by reverse transcription-
gPCR. Three biological repeats were used for quantification. White and black bars indicate lights on and lights off, respectively. Error bars correspond to SEM.
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Fig. 6. BMAL1 and CRY control of c-MYC expression in mouse spleen (model of circadian regulation of c-MYC). (A) BMAL1 deficiency induces the tran-
scription of Ctnnb1 (B-catenin), which binds the TCF/LEF family of transcription factors resulting in high expression of c-Myc. (B) In the Cry1/2 KO, CLOCK-
BMALT1 at its binding site in the Ctnnb1 intron suppresses the transcription of Ctnnb1 (B-catenin), which results in low expression of c-Myc.

form (p-Tyr216-GSK-3p) or total GSK-3p between wild-type and
mutant (Cryl KO, Cry2 KO, and Cry1/2 KO) mice (SI Appendix,
Fig. S2). Thus, the evidence derived from both positive and
negative arms of the clock indicate that clock regulation of c-Myc
is via transcriptional control.

BMAL1 Regulates c-Myc Level by Repressing Ctnnb1 Transcription. In
light of the involvement of B-catenin in clock control of c-Myc,
we were interested in the control of the Cmnbl gene that ex-
presses p-catenin. Previous studies showed that BMALL can
rhythmically bind to the Ctnnbl intron region illustrated in Fig. 54
(10, 12, 38). To address how BMALLI regulates Ctnnbl, we per-
formed chromatin immunoprecipitation (ChIP) qPCR experi-
ments using the BMALL antibody to clarify CLOCK-BMALI1
binding to this intron region in WT and Cryl/2 KO spleen. Two
time points were examined, ZT8 and ZT20, which are close to the
peak and trough times of BMALL1 binding. Positive control results
in Fig. 5 B and C show that binding of BMALL1 to NrldI and Dbp
promoters in wild-type spleen is higher at ZT8, consistent with
previous mouse liver ChIP-seq results (10, 12, 38). In Cry1/2 KO
spleen, the absence of the negative arm of the clock is associated
with significant enrichment of BMALI binding at both ZT8 and
ZT20 compared to WT (Fig. 5 B and C). Interestingly, Fig. 5D
shows that in WT mice, the binding of BMALL to the intron re-
gion is constitutive; it does not exhibit circadian oscillation as it
does in the Nrid1 and Dbp promoters. Importantly, there is dra-
matically higher BMALI1 binding in Cry1/2 KO spleen at both ZT8
and ZT20 compared to WT (Fig. 5D). Measurements of overall
BMALL expression at all circadian time points in WT and Cryl/2
KO spleen showed that BMALL was lower in the Cry1/2 KO at all
time points; however, the phosphorylated, active form of BMALL1
was more highly expressed at all time points in the Cry1/2 KO (ST
Appendix, Fig. S3), as reported previously (39, 40). Consistent with
these results, and our findings in Fig. 5 E and F showing that
Ctnnbl transcription is elevated in Bmall KO mice and depressed
in Cry1/2 KO mice over the circadian cycle, is a model in which the
binding of BMALI to the Ctnnbl intron region represses Ctnnbl.
While CLOCK and BMALL are generally recognized as tran-
scriptional activators, inhibition of gene expression by CLOCK-
BMALI binding has also been reported (5).
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Discussion

c-Myc is an extensively investigated oncogene that is either mu-
tated or amplified in a significant number of cancers. Recent re-
search has implicated Myc mutation or overproduction in circadian
clock disruption (9, 20). Conversely, it has been reported that CRY2,
which participates in the negative arm of the circadian TTFL, binds

Table 1. Primers used in this study

Primers Sequence (5’ - 3’) Reference
c-Myc fwd GCGACTCTGAAGAAGAGCAAG This study
c-Myc rev GCCTCGGGATGGAGATGAG This study
Ctnnb1 fwd ACAGCACCAATGATGAGCAG This study
Ctnnb1 rev GGCTGGACCCATTAGCTGTA This study
Bcl2I11 fwd CCCGGAGATACGGATTGCAC Huber et al. (23)
Bcl2I11 rev GCCTCGCGGTAATCATTTGC Huber et al. (23)
Slc7a5 fwd ATATCACGCTGCTCAACGGTG Huber et al. (23)
Slc7a5 rev CTCCAGCATGTAGGCGTAGTC Huber et al. (23)
Ptk2b fwd TGAGCCCTTGAGCCGTGTA Huber et al. (23)
Ptk2b rev AGCTTGAAGTTCTTCCCTGGG Huber et al. (23)

Huber et al. (23)
Huber et al. (23)

CTCCTGTTTGCCATCATCTGC
GGGTCTTGTTTGCTGTTTGAGA

St6gall fwd
Stégall rev

TrcpP2 fwd TGGCGCCTATGATGGGAA Huber et al. (23)
TrCP2 rev GTCAAGAGCAGCCTGCAAGTC Huber et al. (23)
Fbxw?7 fwd GAGACTTCATCTCCTTGCTTCCTAAA Huber et al. (23)
Fbxw7 rev CGCTTGCAGCAGGTCTTTG Huber et al. (23)
Fbxw8 fwd GCCAGGTTGCCTTTGGAGT Huber et al. (23)
Fbxw8 rev TCCCGGATGTTGACACAGGTA Huber et al. (23)
Usp28 fwd GGGTCCGAGAAGGAAAGCC Huber et al. (23)
Usp28 rev CACGGAACGATCCGAAGGAAG Huber et al. (23)
gapdh fwd CATCACTGCCACCCAGAAGACTG Chiou et al. (5)
gapdh rev ATGCCAGTGAGCTTCCCGTTCAG Chiou et al. (5)
Ctnnb1 intron F GGGCTTATTTACAACAGCACCAA This study
Ctnnb1 intron R TCACCTTCCTCCTGGCACAG This study
Nr1d1 E-box F GCTGCTGGAAARAGTGTGTCA Annayev et al. (43)
Nr1d1 E-box R ATGGAGAAATGAGGCACCAG Annayev et al. (43)
Dbp E-box F TGTGAACACTCGGCTCCTTT Annayev et al. (43)
Dbp E-box R ATATTTGGCCAATGGGAGGA Annayev et al. (43)
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to phosphorylated c-MYC and targets it to ubiquitylation by FBXL3
and ultimate degradation by the proteasome (23). This study showed
that in Cry2 KO mice, c-MYC was overproduced and these mice had
increased incidence of lymphosarcomas.

The mechanisms by which ¢-MYC affects the clock are a
matter of some debate but in essence are in agreement on the
fact that c-MYC overproduction disrupts the circadian clock.
Here we have approached the c-MYC-circadian clock connec-
tion from the clock perspective, namely, the effects of various
clock mutations on c-MYC levels. We find that Bmall and Cryl/
2 knockout mutations have opposite effects on c-MYC tran-
scription and protein levels: In Bmall KO c-MYC transcription
and protein levels are elevated, whereas in Cryl/2 KO ¢-MYC
transcription and protein levels are depressed. Furthermore, we
have obtained data showing that these outcomes are the conse-
quence of c¢-Myc being a second-order clock-controlled gene
through p-catenin, which is controlled by the core circadian clock
(Fig. 6). Our results are in apparent contrast to a report that
CRY?2 stimulates ubiquitylation of c-MYC by SCF (FBXL3) and
its degradation by the proteasome and, as a consequence, Cry2
KO mice have higher levels of c-MYC and higher levels of
lymphosarcomas compared to WT controls (23). However, these
experiments were in mice with Eu-Myc*'~ background in which
the translocation of c-Myc and IgH element mimics the translo-
cation in human Burkitt lymphoma (23, 41). Under our experi-
mental conditions in which c-Myc is expressed under the control
of its native promoter at physiologically relevant levels the Cry2
KO mutant has no measurable effect on c-MYC level, nor does
the Cryl KO mutant (Fig. 3 and SI Appendix, Fig. S4). Only in
the Cryl/2 KO mutant do we observe an effect of CRY on
¢-MYC manifested as consistently down-regulated c-MYC levels
over the entire circadian cycle. Further studies are need to rec-
oncile these seemingly contradictory results.

Experimental Procedures

Mice. Bmal1 KO (28) mice were bred by intercrossing of heterozygotes.
Littermates were genotyped by PCR as previously described. The Cry1 KO, Cry2
KO, and Cry1/2 KO mice (33, 34, 42) were bred as homozygotes and were
genotyped by Transnetyx. Bmal1l KO and WT were obtained from The Jackson
Laboratory. Bmal1 KO and all three Cry KO mice (33, 34) are in the C57BL/6J
background. All mice were synchronized to a standard light:dark 12 h:12 h
schedule at a constant temperature of 21 °C to 23 °C, with food and water ad
libitum; both males and females were used interchangeably in this study. Tra-
ditionally, ZTO is the time of lights on, and ZT12 is the time of lights off. Mice
were handled according to the guidelines of the NIH and the University of North
Carolina School of Medicine (Institutional Animal Care and Use Committee).

Western Blotting Assay. Spleens were collected at the indicated circadian time
points from 3- to 6-month-old, light:dark 12 h:12 h-synchronized mice and
homogenized with 800 pL ice-cold protein lysis buffer: 20 mM Tris-HCI,
150 mM NacCl, 1 mM Na,EDTA (disodium ethylenediaminetetraacetic acid),
1 mM EGTA (ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic acid),
1% Nonidet P-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate,
1 mM -glycerophosphate, 1 mM Na,VO,, 1x tablet protease inhibitor (Roche,
catalog no. 42364500), and 1 mM PMSF (phenylmethylsulfonyl fluoride) by 10
strokes of a Teflon homogenizer. Homogenates were then incubated 5 min
on ice and then further homogenized with 65 strokes in an ice-cold Dounce
homogenizer with a tight pestle. The supernatants were collected after
centrifugation for 8 min at 15,000 rpm at 4 °C in a centrifuge (Model 5425,
Eppendorf). Proteins were quantified using Bio-Rad Protein Assay (Bio-Rad,
catalog no. 5000006). For the immunoblot procedure, proteins resolved by
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) were
transferred to 0.45 pM nitrocellulose membranes (Bio-Rad, catalog no.
1620115) by the Trans-Blot Turbo transfer system (Bio-Rad). Then, membranes
were blocked with 5% nonfat dry milk diluted in 1XPBST (0.1% TWEEN-20 in

1. S. M. Reppert, D. R. Weaver, Coordination of circadian timing in mammals. Nature
418, 935-941 (2002).

2. M. H. Hastings, A. B. Reddy, E. S. Maywood, A clockwork web: Circadian timing in
brain and periphery, in health and disease. Nat. Rev. Neurosci. 4, 649-661 (2003).
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phosphate buffer solution) to block for ~2 h at room temperature and then
incubated with primary antibodies at 4 °C overnight. Rabbit anti-c-MYC
(Abcam: ab32072), mouse anti-p-catenin (Novus: 12F7), rabbit anti-GSK-3f [p
Tyr216] (Novus: NB100-81946), rabbit anti-GSK-38 (Cell Signaling: 27C10),
rabbit anti-PER2 (Alpha Diagnostic: PER21-A) were all diluted 1:1,000. Mouse
Anti-B-ACTIN (Sigma: A1978) and rabbit anti-GAPDH (EMD Millipore: ABS16)
were both diluted 1:10,000. After three washes with PBST (10 min each), mem-
branes were incubated with the corresponding secondary antibody for ~1 h at
room temperature. The membranes were imaged using western ECL (enhanced
chemiluminescence) substrate (Bio-Rad, catalog no. 170-5061) after three washes
with PBST (10 min each). For quantification, band intensity was analyzed with
Image J. Relative signals for test proteins were obtained by normalizing the test
protein signal to the GAPDH or ACTIN loading control signal.

Reverse Transcription-qPCR. Spleens were harvested at the indicated time
points and homogenized with 200 pL TRIzol (Ambion, catalog no. 260706)
using RNase-Free Disposable Pellet Pestles (Fisher Scientific, catalog no. 12-141-364).
Eight hundred milliliters of TRIzol were added to homogenates, mixed, and
then incubated at room temperature for 5 min. Chloroform (200 pL) was
added with mixing, and the supernatants were collected after centrifugation
for 20 min at 15,000 rpm at 4 °C in a centrifuge (Model 5425, Eppendorf).
Samples went through all steps of a RNA Mini Kit (Ambion, catalog no.
12183018A) to obtain total RNA. A 1-ug quantity of each RNA was reverse
transcribed with a cDNA Synthesis Kit (Bio-Rad, catalog no. 1708891). For re-
verse transcription-qPCR of c-Myc, bcl2/11, Ptk2b, stégall, slc7a5, Fbxws,
Fbxw?7, p-Trcp2, Usp28, Ctnnb1, and gapdh, we used a SYBR gPCR detection kit
(Bio-Rad, catalog no. 1725121). The specific primer sequences for gPCR are de-
scribed in Table 1. At least three biological replicates were performed using the
QuantStudio Real-Time PCR System (Life Technologies).

ChIP-qPCR. ChIP-gPCR was performed using published protocols with minor
modifications (4, 5). Spleens were collected from mice at the indicated cir-
cadian time points, placed in 2.5 mL per spleen of 1% formaldehyde in PBS,
and then homogenized by 10 strokes of a Teflon homogenizer and then 15
strokes of a glass homogenizer (WHEATON, catalog no. 357544) using the
loose “A" pestle. Homogenates were then incubated for 10 min at room
temperature. Twenty-one milliliters of ice-cold nuclei buffer (2.2 M sucrose,
125 mM glycine, 10 mM Hepes [pH 7.6], 15 mM KCI, 2 mM EDTA, 0.1 mM
spermine, 0.5 mM spermidine, 0.5 DTT, 1x tablet protease inhibitor, and
0.5 mM PMSF) were add to stop the cross-linking reactions. Samples were
carefully layered on top of 10 mL of ice-cold nuclei buffer in ultraclear tubes
(Beckman Coulter, catalog no. Z00302SCA) and then centrifuged for 1.5 h at
24,000 rpm and 4 °C in a SW27 rotor (Beckman). The nuclei were washed two
times with nuclei wash buffer (20 mM Tris [pH 7.5], 150 mM NaCl, and 2 mM
EDTA), suspended in 400 pL RIPA (radioimmunoprecipitation assay) ChIP
buffer containing 0.6% SDS (50 mM Tris [pH 8.0], 150 mM NacCl, 1 mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, and 1x tablet protease in-
hibitor), and then sonicated using an ultrasonicator (Qsonica) for 7 min with
a setting of 30% AMPL (amplitude) 3 s on and 5 s off. Samples were
centrifuged at 14,000 rpm for 10 min at 4 °C. Supernatants were added to 2 mL
of SDS-free RIPA ChIP buffer to dilute the SDS concentration from 0.6 to 0.1%
and then divided into 1.1 mL for IP (immunoprecipitation) and 11 pL for input.
For each IP, 10 uL of Dynabeads Protein G slurry (Invitrogen, catalog no.
00787116) was prepared by incubating with 1 pg of rabbit anti-BMAL1 (Bethyl,
catalog no. A302-616A) for 6 h at 4 °C with rotation. After overnight incubation
of supernatants with resins, resins were then washed, and bound material was
eluted using elution buffer (0.1 M NaHCO3 and 1% SDS). Eluates were digested
by Protease K, purified by a PCR purification kit (QIAGEN, catalog no.
163037455), and subjected to qPCR. At least two technical replicates of gPCR
were performed for each biological ChIP replicate, and three biological repli-
cates were performed for BMAL1 assays. The specific primers used for gPCR are
described in Table 1. The error bars represent SEM among biological replicates;
t tests were used to measure statistical differences.

Data Availability. All study data are included in the article and S/ Appendlix.
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