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The mammalian circadian clock is based on a transcription–translation feedback loop (TTFL) in which CLOCK and
BMAL1 proteins act as transcriptional activators ofCryptochrome and Period genes, which encode proteins that repress
CLOCK–BMAL1 with a periodicity of ~24 h. In this model, the mechanistic roles of CRYand PER are unclear. Here, we
used a controlled targeting system to introduce CRY1 or PER2 into the nuclei of mouse cells with defined circadian
genotypes to characterize the functions of CRYand PER. Our data show that CRY is the primary repressor in the TTFL:
It binds to CLOCK–BMAL1 at the promoter and inhibits CLOCK–BMAL1-dependent transcription without
dissociating the complex (‘‘blocking’’-type repression). PER alone has no effect on CLOCK–BMAL1-activated
transcription. However, in the presence of CRY, nuclear entry of PER inhibits transcription by displacing CLOCK–
BMAL1 from the promoter (‘‘displacement’’-type repression). In light of these findings, we propose a new model for the
mammalian circadian clock in which the negative arm of the TTFL proceeds by two different mechanisms during the
circadian cycle.
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The circadian rhythm is the cyclic change in biochemi-
cal, physiological, and behavioral functions of organisms
with a periodicity of ;24 h. In mammalian organisms,
this cell-autonomous and self-sustained rhythm is gener-
ated by a transcription–translation feedback loop (TTFL)
(Reppert and Weaver 2002; Hardin and Panda 2013;
Partch et al. 2014). According to the commonly accepted
model (‘‘canonical model’’), the core clock circuitry is
composed of four genes/proteins and their paralogs
(Clock [Npas2], Bmal1, Cry [Cry1 and Cry2], and Per
[Per1 and Per2]), which generate rhythmicity in the
following manner: CLOCK and BMAL1 transcriptional
activators bind to E-box sequences in the promoters of
Cry and Per genes and activate their transcription; CRYand
PER proteins then accumulate in the cytoplasm and, after
a time delay, enter the nucleus as a heterodimer and inhibit
their own transcription (Kume et al. 1999; Vitaterna et al.
1999; Zheng et al. 1999, 2001; Shearman et al. 2000) as well
as the transcription of other output genes controlled by

CLOCK–BMAL1 (Fig. 1A; Hughes et al. 2009). The core
clock circuitry is stabilized by secondary Ror/Rev-Erb
(Nr1d1, Nr1d2) loops that are controlled by the core loop
and in turn regulate the activation and repression of Bmal1
and Cry1 transcription, respectively (Preitner et al. 2002;
Etchegaray et al. 2003; Liu et al. 2008; Ukai-Tadenuma et al.
2011; Bugge et al. 2012; Cho et al. 2012). Further robustness
of the rhythm and stability of the clock are ensured by post-
translational modifications and proteolysis of the clock
proteins (Lee et al. 2001; Masri and Sassone-Corsi 2010;
Partch et al. 2014).
The canonical model is largely based on genetic data with

mutant mice, reporter gene assays, and protein–protein
interaction analysis (Kume et al. 1999; Vitaterna et al.
1999; Shearman et al. 2000; Bae et al. 2001; Zheng et al.
2001; Ishikawa et al. 2002; Tamai et al. 2007). Although the
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model has provided a framework for molecular clock re-
search, themechanism of action of the core clock proteins—
in particular the roles of PERs andCRYs,whichmake up the
negative arm of the loop—has remained ill-defined. A recent
comprehensive biochemical study with the four core clock
proteins and in vivo chromatin immunoprecipitation (ChIP)
and transcription analyses revealed an unexpected fact that
is inconsistent with the canonical model: CRY binds to
the CLOCK–BMAL1–E-box complex in vitro and in vivo
independent of PER and inhibits transcription (Ye et al.
2011). A subsequent genome-wide ChIP study (Koike et al.
2012) and a small molecule inhibitor/computational mod-
eling study (St John et al. 2014) supported this finding;
namely, that CRY is the dominant repressor in the TTFL.
In contrast to these findings that define a role of CRY in

the feedback loop, the role of PER in repression has
remained unclear. PER heterodimerizes with CRY, protects

it from ubiquitylation and proteolysis (Czarna et al. 2013;
Hirano et al. 2013; Xing et al. 2013; Yoo et al. 2013), and
promotes nuclear entry of CRY, thus contributing to re-
pression (Lee et al. 2001). However, its physical participa-
tion in the repressive complex has been controversial
(Zheng et al. 1999; Miki et al. 2012). The biochemical study
(Ye et al. 2011) revealed that PER (PER1 or PER2) does not
bind to the CLOCK–BMAL1–E-box complex and, impor-
tantly, provided the first evidence for a ternary CLOCK–
BMAL1–CRY complex in vitro and in vivo that is incompat-
ible with PER binding (Partch et al. 2014). Most surprisingly,
in vitro, it was found that PER causes the dissociation of CRY
from the CLOCK–BMAL1–E-box complex (Ye et al. 2011),
suggesting that it may actually interfere with E-box repres-
sion byCRY.However, genome-wide ChIP experiments have
indicated that PER actively participates in repression by
binding to E-box promoters in a multiprotein complex that

Figure 1. Experimental systems for analysis of the repressive phase of the mammalian clock TTFL. (A) Canonical model of the
mammalian circadian clock. In this highly simplified model, only the core TTFL is shown: The CLOCK–BMAL1 heterodimer binds to the
E-boxes in Per and Cry genes and activates their transcription. The CRYand PER proteins dimerize in the cytoplasm and, after a time lag,
enter the nucleus, bind to CLOCK–BMAL1, and inhibit their own transcription. The cycle starts over after CRY and PER levels decrease
by proteolysis. (B) Targeted nuclear delivery system for analysis of CRY1 and PER2 functions. CRY1–ER* or PER2–ER* are expressed in
Cry1/2�/� or Per1/2�/� cells, respectively. The fusion proteins are retained in the cytoplasm in complex with heat-shock protein (HSP).
Upon addition of 4-hydroxytamoxifen (4-OHT), HSP dissociates, and the fusion proteins enter the nucleus. (C,D) 4-OHT-induced nuclear
entry of CRY1–ER* and PER2–ER* analyzed by immunofluorescencemicroscopy (C) and immunoblotting analysis of nuclear extracts (D).
Red arrows point to nuclei. A nonspecific band (N.S.) and tubulin protein are shown for loading controls.
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includes PER and CRY in addition to other transcription
factors that interact with PERs (Brown et al. 2005; Duong
et al. 2011; Koike et al. 2012; Padmanabhan et al. 2012;
Duong andWeitz 2014). Furthermore, itwas reported that the
associations of CRYand the PERmultiprotein complex with
E-boxes are temporally separated, and thus it was proposed
that each mode of binding confers unique regulatory proper-
ties (Koike et al. 2012; Gustafson and Partch 2014; Partch
et al. 2014).
To reconcile these seemingly conflicting findings and

define more precisely the roles of CRYs and PERs in the
core clock mechanism, we generated a mouse fibroblast
cell line lacking CRYs and PERs and derivative lines that
express CRY or PER that can be targeted to the nucleus in
a controllable manner. Using this system, we were able to
analyze the effects of CRY alone, PER alone, and CRY plus
PER on the binding of CLOCK–BMAL1 to chromatin and on
transcription of genes exclusively controlled by CLOCK–
BMAL1.We found thatCRYalone binds toCLOCK–BMAL1
on chromatin and inhibits the transcriptional activation
without affecting the binding of CLOCK–BMAL1 to chro-
matin. In contrast, PER alone had no effect on the binding of
CLOCK–BMAL1 to cognate promoters or on CLOCK–
BMAL1-activated transcription. Unexpectedly, however, in
cells expressing CRY, nuclear entry of PER resulted in
removal of CLOCK–BMAL1 from chromatin and inhibition
of CLOCK–BMAL1-mediated transcription. We propose
a new model for the core mammalian molecular clock that
incorporates these new findings and previously described
properties of CRY and PER proteins.

Results

A system for controllable delivery of CRY and PER
into the nucleus

Although our previous study demonstrated that CRYis the
dominant repressor in the core circadian clock TTFL, the
role of PER, other than stabilizing CRY and facilitating its
nuclear entry, remained ill-defined. In particular, the fact
that PER specifically interacts with CLOCK–BMAL1 off
DNA (Ye et al. 2011) suggested the reasonable possibility
that PER, in the absence of CRY, could function as a
repressor/coregulator of CLOCK–BMAL1. To address this
specific question, we used the estrogen receptor (ER)-
mediated controllable nuclear entry system (Littlewood
et al. 1995) to study the effects of CRY1 and PER2 on
CLOCK–BMAL1 activity. In this system (Fig. 1B), the
target protein is fused to a mutant form of the ER ligand-
binding domain (ER*), which binds the estrogen agonist
4-hydroxytamoxifen (4-OHT) but not estrogen, and hence
its subcellular localization can be controlled by 4-OHT
addition to the medium.
We made CRY1–ER* and PER2–ER* constructs and

stably expressed them in desired Cry- or Per-null mutant
mouse skin fibroblasts. Figure 1C shows the subcellular
distribution of the two proteins by immunofluorescence
microscopy. Both proteins are largely cytoplasmic before
4-OHT treatment and become concentrated in the nu-
cleus after addition of the drug. Immunoblotting data in

Figure 1D support the immunofluorescence data by
demonstrating the movement of these proteins into the
nucleus by 4-OHT in as little as 1 h. Of note, although
the recombinant proteins were expressed in amounts
greatly exceeding their endogenous binding partners
(data not shown), Cry1/2�/� cells still contain consider-
able amounts of PER2, and Per1/2�/� cells contain con-
siderable amounts of CRY1 (Fig. 1D), and this fact must be
taken into account in interpreting data regarding the
effects of nuclear entry of CRY1–ER* and PER2–ER* on
CLOCK–BMAL1-mediated gene expression.

Regulation of CLOCK–BMAL1 by controlled nuclear
entry of CRY1 or PER2

The Nr1d1 (Rev-Erba) and Dbp genes are controlled by
binding of CLOCK–BMAL1 to E-box cis-regulatory ele-
ments in their promoters with negligible contribution
from other transcription factors (Rey et al. 2011). There-
fore, we used these genes to define the roles of CRY and
PER in E-box repression. We treated our Cry1/2�/�;
CRY1–ER* and Per1/2�/�; PER2–ER* mouse skin fibro-
blasts with 4-OHT and monitored transcription of Nr1d1
and Dbp and binding of core clock proteins to their
promoters. The results in Figure 2, A–F, show that
although both CRY1 (Fig. 2A) and PER2 (Fig. 2D) repress
the transcription of the sentinel genes, they appear to do
so by different mechanisms: CRY1 binds to CLOCK–
BMAL1 on DNA (Fig. 2C) and inhibits transcription
(Fig. 2A) without affecting the binding of CLOCK–
BMAL1 to chromatin, as determined by ChIP analysis
(Fig. 2B; Supplemental Fig. S1A). Strikingly, in contrast to
CRY1, even though PER2 inhibits the transcription of
the target genes to the same extent as CRY1 (Fig. 2D), it
appears to do so by dissociating CLOCK–BMAL1 and
CRY1 from the promoters (Fig. 2E,F; Supplemental Fig.
S1B) without changing their protein levels (Supplemental
Fig. S1C). However, in this system, although the recombi-
nant proteinswere expressed in excess, both theCry1/2�/�;
CRY1–ER* and the Per1/2�/�; PER2–ER* cells also contain
endogenous PER and CRY proteins, respectively (Fig. 1D).
Thus, it was conceivable that the ‘‘repression’’ by CRY1
and PER2 in this system was actually mediated by the
CRY–PER heterodimer, and the different modes of re-
pression were due to the differential abundance of CRY1
and PER2 in the two cell lines. To test this model, it was
necessary to analyze the effects of CRY and PER on
CLOCK–BMAL1 activity in cells that contained either
CRY alone or PER alone.

Quadruple clock mutant cell line and specific
functions of CRY and PER in the circadian TTFL

To define the functions of CRY and PER more precisely,
we generated a mouse embryonic fibroblast (MEF) cell
line lacking both CRY1/2 and both PER1/2 proteins. The
cell line was generated from Per1/2�/� MEFs by using
TALEN nucleases targeting the Cry1 and Cry2 genes.
Figure 3A shows that in this quadruple mutant cell line
(Cry1/2�/�; Per1/2�/�), there are no CRY1/2 or PER1/2
proteins, as determined by immunoblotting. To analyze
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the effects of CRY and PER proteins in isolation, the
quadruple mutant cell line was stably transfected with
either CRY1–ER* or PER2–ER*. As shown in Figure 3B,
the fusion proteins have a mostly cytoplasmic location
in untreated cells and enter the nucleus upon 4-OHT
treatment, as expected.
Next, we used this system to test the effects of CRY1 and

PER2 in isolation on CLOCK–BMAL1 binding to E-boxes
and on CLOCK–BMAL1-activated transcription, and the
results are shown in Figure 3, C–F. The effects of CRY1–
ER* on both endpoints (Fig. 3C,D) are essentially identical
to those obtained in the presence of PER2 (see Fig. 2A,B):
CRY1–ER* inhibits CLOCK–BMAL1-activated transcrip-
tion (Fig. 3C) without affecting the binding of CLOCK–
BMAL1 to the cognate promoter (Fig. 3D). However, PER2,
in stark contrast to the finding in Per1/2�/�; PER2–ER*
cells (see Fig. 2D,E), is recruited to the E-box sites (Supple-
mental Fig. S2A) in the quadruple mutant (which lacks
CRYs) but has no effect on either CLOCK–BMAL1 binding
to target promoters (Fig. 3F) or the CLOCK–BMAL1-
activated transcription from these promoters (Fig. 3E).
When CRY1 protein was expressed in the Cry1/2�/�;
Per1/2�/�; PER2-ER* cells, the CLOCK–BMAL1-releasing
activity of PER2 was restored (Supplemental Fig. S2B,C).
Taken together, the data in Figures 2 and 3 lead us to
conclude that CRY is a bona fide repressor of CLOCK–
BMAL1 and that it represses transcription by two
mechanisms. First, by binding to CLOCK–BMAL1–E-
box complexes, CRY blocks CLOCK–BMAL1/basal tran-
scription machinery interactions independent of PERs

(‘‘blocking’’-type repression). Second, when PER proteins
are at sufficiently high concentration (and have poten-
tially undergone appropriate post-translational modifica-
tion), CRY promotes the dissociation of CLOCK–BMAL1
from cognate promoters together with PER (‘‘displacement’’-
type repression).
The results obtained from cells expressing CRY1–ER*

protein agree with the in vitro data, in which CRY1 binds
stably to the CLOCK–BMAL1–E-box ternary complex in
the absence of PER (Ye et al. 2011). However, dissociation
of the transactivator complex from promoters by PER2 in
the presence of CRY (Fig. 2E; Supplemental Fig. S1B)
differs from the in vitro data, in which PER2 removes
only CRY1 from the CRY1–CLOCK–BMAL1–E-box com-
plex (Ye et al. 2011). It is possible that the in vivo system
provides additional factors to allow PER2 to remove not
only CRY but also the entire complex (Brown et al. 2005;
Duong et al. 2011; Padmanabhan et al. 2012; Duong and
Weitz 2014).

Mapping the PER2 domains required to disrupt
the CRY–CLOCK–BMAL1–E-box complex

PER2 has distinct sequence/structural motifs that have
been shown or predicted to play specific roles in PER
function (Fig. 4A): PAS domains, which have been shown
to interact with PAS domains of CLOCK and BMAL1
(Chen et al. 2009); a casein kinase-binding domain (CKBD),
which interacts with casein kinases (Ck1d and CK1e) and
also contains highly conserved sequences that may be

Figure 2. Effect of CRY1 or PER2 nuclear entry on E-box binding and transcription in Cry1/2�/� or Per1/2�/� mutants. Nuclear entry
of CRY1–ER* inhibits transcription (A) without disrupting the CLOCK–BMAL1–E-box complex (B) and is accompanied by increased
binding of CRY1 to the E-box (C). Nuclear entry of PER2–ER* inhibits transcription (D) by displacing CLOCK–BMAL1 (E) and CRY1 (F)
from the E-box.
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important for protein–protein interaction (Vielhaber et al.
2000; Lee et al. 2004); a proline-rich region; and an LXXLL
nuclear receptor interaction motif (Albrecht et al. 2007;
Schmutz et al. 2010) followed by a 100-amino-acid stretch
known to be the primary CRY-interacting domain (Eide
et al. 2002; Yagita et al. 2002; Chen et al. 2009; Schmalen
et al. 2014). In view of these aspects of PER2 structure, we
wished to define the PER2 domains responsible for dis-
rupting the binding of CRY1 and CLOCK–BMAL1 to E-
boxes in vivo. To this end, we constructed three PER–ER*
deletion mutants (Fig. 4A) and stably expressed them in
the Per1/2�/� cells lines. As apparent in Figure 4B, 4-OHT
induced nuclear accumulation of these PER2–ER* deriva-
tives as it did the full-length (FLPER2) protein.
Next, we performed ChIP to measure binding of BMAL1,

CRY1, and PER2 to the Nr1d1 E-box before and after
4-OHT-induced nuclear entry of the PER2 derivatives (Fig.
4C). The results show that, as expected, FLPER2(1–1257)
disrupts binding of BMAL1 and CRY1 to the promoter. The
same activity is seenwith PER2(596–1257), which indicates
that the PER2 PAS domains are not required for the PER2
corepressor activity. The PER2(1–916) and the PER2(882–
1257) proteins do not dissociate the clock complex but, of
special interest, are bound to the E-box, indicating that they
both contain sites that interact stably with the CRY–
CLOCK–BMAL1–E-box complex, although this interaction
in the case of the full-length protein appears to be transient,
resulting in complex dissociation.

From these results, the following conclusions can be
made. First, although the PAS domains of PER2 were
presumed to be responsible for recruitment of the PER–
CRY complex to CLOCK–BMAL1 to initiate E-box re-
pression (Chen et al. 2009), they are in fact dispensable for
PER2 to dissociate the CLOCK–BMAL1–promoter com-
plex. Second, deletion of the CRY-interacting domain
eliminated the ability of PER to function because it can
no longer bind CRY (Schmalen et al. 2014). Third, deletion
of the CKBD from PER2 abolishes its repressive activity
[cf. PER2(596–1257) vs. PER2(882–1257)], suggesting that
kinases or other PER-interacting partners might be re-
cruited to this region and required for PER2 to displace
CLOCK–BMAL1 from chromatin.

Discussion

In addition to the information gathered from the reporter
gene assay (Kume et al. 1999) and analysis of gene ex-
pression in clock mutant mice (Vitaterna et al. 1999;
Zheng et al. 1999, 2001; Shearman et al. 2000), the nu-
clear delivery system that we used here provides novel
insights into the repressive phase of the molecular clock
(Fig. 5). As seen in theWestern blot in Figure 5A, CRY1 and
PER2 levels in mouse liver nuclei peak at different cir-
cadian times as controlled by both rhythmic transcription
and ubiquitylation and proteolytic degradation (Lee et al.
2001; Ukai-Tadenuma et al. 2011). Taking into account

Figure 3. Effect of CRY1 or PER2 nuclear entry on E-box binding and transcription in the Cry1/2�/�; Per1/2-/ mutant. (A) Repressor
protein expression in wild-type and mutant mouse cell lines analyzed by immunoblotting. (B) 4-OHT-induced nuclear entry of CRY1–
ER* and PER2–ER* in the quadruple mutant cell line analyzed by immunofluorescence microscopy. (C–F) Effects of CRY1 or PER2
nuclear entry on CLOCK–BMAL1 function: CRY1–ER* nuclear entry inhibits transcription (C) without displacing CLOCK–BMAL1
from the promoter (D). In the absence of CRYs, PER2–ER* nuclear entry does not affect E-box transcription (E) or CLOCK–BMAL1
binding to the E-box (F). (EtOH) Ethanol.
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this pattern of CRY1 and PER2 levels over a circadian
cycle and the findings reported in this study as well as
previously published rhythmic CLOCK, BMAL1, and
CRY1 chromatin-binding data (Ripperger and Schibler
2006; Stratmann et al. 2010, 2012; Rey et al. 2011; Koike
et al. 2012), we propose the following qualitativemodel for
E-box repression over the course of the cycle in mouse
livers (Fig. 5B): At the beginning of the circadian cycle
(Zeitgeber time 0 [ZT0]), the CRY1 level is high, and CRY1
binds to the CLOCK–BMAL1–E-box complex and inhibits
transcription (blocking-type repression). Over the course of
the light phase, CRY1 is degraded, and CLOCK–BMAL1-
mediated transcription is derepressed. In the evening,
PER2 accumulates and may bind to the CLOCK–BMAL1–
E-box, but the CRY1 level is low, and E-box transcription
continues. At night, both CRY1 and PER2 levels are high,
resulting in CRY- and PER-dependent dissociation of
CLOCK–BMAL1 from the promoter and transcription
repression (displacement-type repression; this phase of re-
pression may involve a transient [PER2–CRY1–CLOCK–
BMAL1–E-box] complex, but we were not able to detect

PER2 at Nr1d1 or Dbp promoters by the standard ChIP
method using mouse livers). Late at night and in the early
morning hours, PER2 is degraded, but CRY1 continues
to accumulate in the nucleus and maintains the repres-
sive phase of the cycle (blocking-type repression). This sets
the stage for the activator phase by allowing the formation
of the CRY1–CLOCK–BMAL1–E-box complex, which is
primed to transition to the activator phase upon proteolytic
degradation of CRY1. We note that while the model
presented here (Fig. 5B) refers to events occurring in the
liver, themodel likely applies to the SCN as well, in which
the phase is advanced by ;4 h (Lopez-Molina et al. 1997).
We believe that this model clarifies some of the seem-

ingly conflicting findings regarding the roles of CRYs and
PERs in the repressive arm of the mammalian circadian
clock. Thus, while CRY is an essential repressor in block-
ing-type repression, PER also plays multiple roles in the
repression: First, it binds to CRY and prevents its ubiq-
uitylation in the cytoplasm and nucleus by different E3
ligases (Hirano et al. 2013; Xing et al. 2013; Yoo et al. 2013).
Second, it aids the nuclear import of CRY (Lee et al. 2001).

Figure 4. Mapping of PER2 domains necessary for disrupting the CRY–CLOCK–BMAL1–promoter complex. (A) PER2-ER* constructs
used in Per1/2�/� cells. The numbers associated with each mutant represent the amino acids of full-length PER (1257 amino acids)
contained in each mutant protein. An SV40 nuclear localization signal is fused to the PER2(882–1257) to assure its nuclear translocation.
(B) Nuclear entry of the fusion proteins following 4 h of treatment with 4-OHTanalyzed by immunofluorescence. (C) Analyses of BMAL1,
CRY1, and PER2 chromatin binding by ChIP. Full-length PER2 and PER2(596–1257) disrupt CRY1–CLOCK–BMAL1 binding to chromatin
without measurable PER2 binding. Neither the N-terminal half [PER2(1–916)] nor the C-terminal half [PER2(882–1257)] of the protein have
an effect on CRY1–CLOCK–BMAL1 binding to chromatin, but both do weakly associate with the promoter.
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Finally, when present at high concentration, it causes
CRY-dependent displacement-type repression by remov-
ing CLOCK–BMAL1 from the E-box.
The model in Figure 5B is a rather idealized model for

transcriptional control of the clock that is further refined
into a smooth sinusoidal pattern by the contribution of
CRY2 and PER1 proteins, which have slightly different
expression kinetics than CRY1 and PER2, which are
known to have a more dominant role in the negative
arm of the circadian TTFL (Partch et al. 2014). We also
note that the proposed repression and transcriptional
expression pattern is for genes such as Dbp and Nr1d1,
which are exclusively controlled by the core clock pro-
teins. For other genes, such as Cry1, which is controlled
by both the primary TTFL and the consolidatingRor/Rev-
Erb loop (Preitner et al. 2002; Liu et al. 2008; Ukai-
Tadenuma et al. 2011; Cho et al. 2012), the repression
pattern will be different because of the kinetics of REVERB
and ROR accumulation and differential contributions of
the various transcriptional activators and repressors to the
control of expression.
Finally, we wish to point out the remarkable similar-

ities at the mechanistic level between the mammalian
and Drosophila core clock repression mechanisms even
though the role of CRY has highly diverged between the
two systems. In Drosophila, CRY is the primary circa-
dian photoreceptor (Stanewsky et al. 1998), and PER has

subsumed the role of the mammalian CRY as the
primary repressor and carries out inhibition by two mech-
anisms (Menet et al. 2010): At night (ZT16–ZT24), dPER
is abundant and inhibits CLK–CYC by binding to the
complex on circadian promoters (‘‘on-DNA’’ repression).
During the early light phase (ZT24–ZT6), it inhibits by
sequestering CLK in a 1:1 PER–CLK complex (‘‘off-DNA’’
repression). In mammals, as we show in this study, CRY
does one type of repression (blocking type), and PER–CRY
does the other (displacement type). However, in the
displacement-type repression, in contrast to Drosophila,
we did not detect a stoichiometric off-DNA complex of
CLOCK–BMAL1–CRY–PER (data not shown), and the
precise mechanism of this mode of repression remains
to be determined by future investigations.

Materials and methods

Animals

Mice were handled in accordance with the guidelines of the
National Institutes of Health, and procedures were approved by
the Institute Animal Care and Use Committee of the University
of North Carolina, School of Medicine. Per1/2�/� double-knock-
out mice were generated by crossing Per1�/� and Per2�/� mice
(Bae et al. 2001) obtained from Jackson Laboratory. Wild-type
mouse strain C57BL/6 was from Jackson Laboratory. All mice
were maintained on an LD 12:12 schedule.

Figure 5. Model for the primary TTFL of the mammalian clock in the mouse liver. (A) Expression patterns of the four core clock
proteins in mouse liver nuclei over a circadian period revealing different peak expression times of CRY1 and PER2. (ZT) Zeitgeber time;
(ZT0) light on; (ZT12) light off for mice under a 12-h light:12-h dark cycle. (B) New model for the mammalian circadian clock. The
figure shows a semiquantitative heat map representation of CRY1 and PER2 protein expression as well as the ChIP data for CLOCK–
BMAL1 and CRY1 over a circadian cycle and its consequences with regard to interactions of core clock proteins with the E-box and the
effects of these interactions on transcription of genes (Nr1d1 and Dbp) regulated exclusively by the core TTFL.
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Plasmids

Plasmids used in this study can be obtained from Addgene with
detailed sequence information. Flag-mCRY1-pBABEpuro and
Flag-mPer2-pBABEpuro were made by inserting a PCR product
containing mCRY1 or mPer2 into pBABEpuro. To generate Flag-

mCry1ER-pBABEpuro and Flag-mPer2ER-pBABEpuro, the es-
trogen ligand-binding domain was amplified from HA-FOXO3a

WT-ER (Tran et al. 2002) by PCR and inserted into Flag-mCRY1-
pBABEpuro and Flag-mPer2-pBABEpuro. Deletion mutants of
PER2–ER were similarly generated by PCR according to the two-
step cloning strategies described above. To generate PER2(882–
1257)–ER*pBABEpuro, a SV40 large T antigen nuclear localiza-
tion sequence (DPKKKRKV) was added to the N terminus. Note
that all of the ER* constructs described in this study contain
a Flag tag at the N terminus.

Cells and antibodies

The Cry1/2�/� mouse skin fibroblasts have been described pre-
viously (Ye et al. 2011). The Per1/2�/� embryonic fibroblasts were
prepared from Per1/2�/� double-knockout mice (Bae et al. 2001).
Fibroblasts expressing mCRY1–ER* and mPER2–ER* were made
by retrovirus infection. Briefly, retroviral constructs were cotrans-
fected together with pVSVG and pCIHPZ plasmid DNAs into
HEK293T to produce retrovirus particles. Next, fibroblasts were
infected with the retrovirus, and transfectants were selected in
medium containing 4 mg/mL puromycin for 2 wk. Single colonies
were isolated and cultured for subsequent analysis.

Anti-mCRY1 (IgM-type monoclonal) antibodies were described
previously (Ye et al. 2011). Anti-CLOCK (Bethyl Laboratories),
anti-BMAL1 (Bethyl Laboratories), anti-PER2 (Alpha Diagnostic
International), and anti-Flag (Sigma) antibodies were obtained
from commercial sources.

Disruption of Cry1 and Cry2 with TALEN nuclease

TALENs designed to disrupt mCry1 and mCry2 were generated
with the assistance of resources available at https://tale-nt.cac.
cornell.edu (Cermak et al. 2011; Doyle et al. 2012). Components
of the Golden Gate TALEN and TAL effector kit 2.0, obtained
from Addgene, were used for assembly of TALENs in the pC-
GoldyTALEN destination vector (Bedell et al. 2012; Carlson
et al. 2012), which was obtained separately from Addgene.

Briefly, Per1/2�/� double-knockout MEFs were used to gener-
ate Cry1/2�/�, Per1/2�/� cells. To begin, MEFs at approximately
passage 5 were cotransfected with theCry2-directed TALEN pair
in Supplemental Table S1 (C2X1Ahd TALENs 1 and 2); a Cry1-
directed TALEN pair (data not shown); plasmid pBSSVD2005
(Addgene plasmid 21826), which permits cells to become im-
mortalized; and a GFP-expressing construct (pEGFP). One clone,
called ‘‘M32,’’ had wild-type Cry1 alleles, and both Cry2 alleles
had a single base-pair deletion. The deleted base pair is number
56 of the coding sequence (an A) and causes codons 19–39 to be
out of frame and codon 40 to be a stop codon.

Next, theM32 knockout cell line (Cry1+/+; Cry2�/�; Per1/2�/�)
was cotransfected with the Cry1 TALEN pair directed toward
exon 1 of the Cry1 gene in Supplemental Table S1 (C1X1
TALENs 1 and 2) and pBABEpuro plasmid DNA. Transfected
cells were selected with puromycin for 3 d. Numerous clones
were isolated, and one of the mutants, ‘‘M32P17,’’ was used as
Cry1/2�/�; Per1/2�/� cells in this study. M32P17 has two
mutations (a 4-base-pair [bp] deletion and a 5-bp deletion in
exon 1) that knock out the Cry1 gene and resulted from the
action of the C1X1 TALEN pair. The 4-bp deletion is from
nucleotide 64 to nucleotide 67 (AAGG) of the coding sequence,

makes codons 22–67 out of frame, and makes codon 68 a stop
codon. The 5-bp deletion is from nucleotide 64 to nucleotide 68
(AAGGA), makes codons 22–57 out of frame, and makes codon
58 a stop codon.

All clones were isolated and screened by Western blot with
anti-CRY1 or anti-CRY2 antibodies. DNA from target regions of
clones lacking CRY expression as determined by Western blot
was amplified by PCR and subcloned, and subclones were
sequenced.

Fluorescence microscopy

For Flag-CRY1–ER* and Flag-PER2–ER* immunofluorescence
staining, fibroblasts were cultured on poly-D-lysine Cellware 12-
mm round coverslips (BD Bioscience) placed in 35-mm dishes.
After treatment with 4-OHT, cells were fixed with 2% formal-
dehyde in PBS, permeabilized by PBT (0.1%Triton X-100 in PBS),
blocked with antibody-blocking buffer (5% BSA in PBT) for 1 h,
and incubated with anti-Flag antibody for 45 min. After washing
three times with PBT, the cells were incubated with Alexa Fluor
488 (goat anti-mouse IgG; Invitrogen) secondary antibody for 30
min. Next, the coverslip was washed three times andmounted in
Prolong Gold anti-fade reagent. Images were captured using
a LeicaSP2 confocal microscope.

ChIP

Formaldehyde was added to adherent cell cultures to a final
concentration of 1% (v/v). After 10 min of mixing at room
temperature, glycine was added to a final concentration of 0.1
M and incubated for another 10 min. Cells were washed and
collected in cold PBS. Collected cells were lysed on ice in 1 mL of
ice-cold cell lysis buffer I (50 mMTris-HCl at pH 8.0, 85mMKCl,
0.5% NP40) containing protease inhibitor cocktail (Roche) for 10
min. Nuclei were recovered by centrifugation and resuspended in
0.8 mL of RIPA ChIP lysis buffer (50 mM Tris-HCl at pH 8.0, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1%
sodium deoxycholate, protease inhibitor cocktail) and incubated
for 10 min. Lysates were sonicated 24 rounds for 10 sec using
a Misonix Sonicator 3000 with microtip on ice water and then
centrifuged at 14,000 rpm for 10 min to pellet debris. Chromatin
samples were precleared for 1 h at 4°C with 20 mL of protein A
beads (Millipore) followed by incubation with antibody overnight
at 4°C. Immune complexes were recovered for 40 min at 4°C
using 30 mL of protein A/ssDNA agarose beads. Complexes were
washed twice with RIPA buffer, three times with LiCl wash buffer
(100 mM Tris-HCl at pH 8, 500 mM LiCl, 1% NP40, 1% NaDoc,
protease inhibitor cocktail), and twice with TE buffer. Immuno-
precipitation reactions and input chromatin were eluted by
elution buffer (1% SDS, 0.1 M NaHCO3) and digested with
proteinase K. Cross-links were reversed overnight at 65°C in
elution buffer plus 150 mM NaCl. DNA was purified by Qiagen
PCR purification kit and subjected to PCR.

Quantitative real-time PCR and data analysis

Real-time PCR assays were performed by using an ABI 7300
system (Applied Biosystems) and iTaq SYBR Green/ROX qPCR
Master Mix (Bio-Rad). Quantitation of ChIP was performed with
the primer sets described previously (Annayev et al. 2014). Each
sample was analyzed in triplicate. To compare ChIP data from
different chromatin samples, signals obtained from each chro-
matin sample were first divided by signals obtained from the
corresponding input sample. Next, results were normalized as
follows: In Figure 2, B and C, results obtained with 0h of 4-OHT
treatment of Cry1/2�/� cells were given a value of 1. In Figure 2,
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E and F, results with Per1/2�/� cells after 0 h of 4-OHT were
given a value of 1. In Figure 3, D and F, results with 0 h of EtOH
were given a value of 1.

Quantitation of Nr1d1 and Dbp mRNA levels was performed
with the primer sets as described (Annayev et al. 2014). Each
sample was analyzed in triplicate, and cycle thresholds of
individual genes were first normalized to corresponding Gapdh

mRNA expression values obtained with the primer set. Next,
data sets were normalized in the same way as ChIP data sets,
giving a value of 1 to 0 h of 4-OHT treatment of Cry1/2�/� cells
in Figure 2A, 0 h of 4-OHT treatment of Per1/2�/� cells in Figure
2D, and 0 h of treatment with EtOH in Figure 3, C and E.
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