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Summary

Circadian rhythms in mammals are generated by a transcriptional negative feedback loop that is
driven primarily by oscillations of PER and CRY, which inhibit their own transcriptional
activators, CLOCK and BMAL1. Current models posit that CRY is the dominant repressor while
PER may play an accessory role. In this study, however, constitutive expression of PER, and not
CRY1, severely disrupted the clock in fibroblasts and liver. Furthermore, constitutive expression
of PER2 in the brain and SCN of transgenic mice caused a complete loss of behavioral circadian
rhythms in a conditional and reversible manner. These results demonstrate that rhythmic levels of
PERZ2, rather than CRY1, are critical for circadian oscillations in cells and in the intact organism.
Biochemical evidence supports an elegant mechanism for the disparity: PER2 directly and
rhythmically binds to CLOCK:BMAL1, while CRY only interacts indirectly; PER2 bridges CRY
and CLOCK:BMAL1 to drive the circadian negative feedback loop.

Introduction

In mammals, daily physiological processes such as sleep/wake cycles, hormone production,
and metabolism are governed by endogenous circadian clocks (Allada et al., 2001; Hastings
et al., 2003; Lowrey and Takahashi, 2004; Panda et al., 2002; Reppert and Weaver, 2002).
In the suprachiasmatic nuclei (SCN) of the anterior hypothalamus resides a master clock,
which coordinates synchronization of other clocks in the brain as well as clocks in the liver,
kidney, and other peripheral tissues (Yamazaki et al., 2000; Yoo et al., 2004). These
peripheral tissues also contain self-sustained circadian oscillators that are believed to have a
similar molecular composition and operational mechanism as the SCN (Liu et al., 2007;
Yagita et al., 2001).

Forward and reverse genetic studies have successfully revealed molecular components of the
circadian clock (Bae et al., 2001; Bunger et al., 2000; King et al., 1997; Preitner et al., 2002;
Sun et al., 1997; Takahashi, 2004; Tei et al., 1997; van der Horst et al., 1999; Zheng et al.,
2001; Zheng et al., 1999). Such molecules have been shown to form a network of
transcriptional/translational feedback loops. However, much remains to be discovered in
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order to delineate the precise biochemical interactions through which these molecules
generate a circadian timekeeper.

It is generally acknowledged that at the core of the clock mechanism, molecular rhythms are
generated by a circadian autoregulatory feedback loop that contains both positive and
negative transcriptional elements (Allada et al., 2001; Lowrey and Takahashi, 2004; Reppert
and Weaver, 2002; Sato et al., 2006; Schibler, 2005). Three basic-helix-loop-helix (bHLH)/
PAS-containing transcription factors, CLOCK, NPAS2 and BMAL1, constitute the positive
(activator) elements, as CLOCK:BMAL1 (hereafter used as shorthand for the heterodimer of
CLOCK [or NPAS2] and BMAL1) activates the transcription of Period (Per)and
Cryptochrome (Cry) genes, which constitute the negative (repressor) elements. As the
levels/activities of the negative elements rise, they progressively repress their own
transcription by interfering with the function of the positive elements. This inhibition is
gradually relieved as the negative elements are degraded by the proteasome pathway
through specific E3 ubiquitin ligases (Busino et al., 2007; Eide et al., 2005; Godinho et al.,
2007; Reischl et al., 2007; Shirogane et al., 2005; Siepka et al., 2007), thus creating
oscillating transcription with a period of ~24 hours.

Expression of the positive elements, Bmall and Clock; is regulated in a circadian manner by
a second transcriptional feedback loop involving the two nuclear receptors, REV-ERBa and
RORa (Liu et al., 2008; Preitner et al., 2002; Sato et al., 2004). However, oscillations in
Bmalland Clock mRNA levels are not required for circadian rhythm generation; although
these rhythms are abolished in Rev-erba deficient mice, behavioral and molecular rhythms
remain largely intact (Preitner et al., 2002). Furthermore, constitutive expression of Bmall
in Bmall-deficient mice can restore circadian rhythmicity in the arrhythmic mutant mice
(McDearmon et al., 2006). A clock must have oscillating components; because oscillations
in Clock and Bmall are not required, oscillations in Perand/or Cry genes are likely to be
essential in order to complete a negative feedback loop. This general question (which
oscillations are essential for clock function?) has been addressed in model organisms such as
Neurospora, Drosophilaand cyanobacteria (Aronson et al., 1994; Kitayama et al., 2008;
Yang and Sehgal, 2001), but no conclusive experiments have been performed in mammalian
circadian systems thus far. Although a few studies implicated Peror Cry oscillations as
important for rhythm generation (Numano et al., 2006; Ueda et al., 2005; Yamamoto et al.,
2005), their results have been contradicted by other studies (Fan et al., 2007; Fujimoto et al.,
2006; Yamanaka et al., 2007). Furthermore these studies focused on clock outputs and did
not provide mechanistic insight into the underlying molecular clock.

To address more definitively whether oscillations of PER, CRY or both are required for
circadian rhythm generation, and to determine how constitutive expression of the proteins
can affect the molecular clock, we abolished PER or CRY oscillations in fibroblasts and
intact mice, and assessed both rhythmic outputs and the molecular clock mechanism. We
report here that PER, and not CRY, is a critical oscillating component in the mammalian
clock mechanism. Biochemical analysis reveals that PER globally regulates the molecular
oscillator through both transcriptional and post-transcriptional mechanisms. Importantly, our
findings suggest that CRY cannot inhibit CLOCK:BMAL1 directly, but rather relies on PER
to bridge it to the CLOCK:BMALL1 complex. These results argue that rhythms in PER,
rather than CRY, define a critical rhythmic nodal point for the generation of circadian
rhythms and highlight the conserved role of PER among animals (e.g., Drosophila and
mammals) in the generation of circadian rhythms.

Mol Cell. Author manuscript; available in PMC 2013 April 15.
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Results

Constitutive overexpression of PER1 and 2, but not CRY1, abolishes the circadian
rhythmicity in luciferase activity in MEFs

We used mouse embryonic fibroblasts (MEFs) derived from the Per2-Y¢ mouse as a model
for /n vivo circadian clocks, since the monitoring of circadian rhythms in living cells and
tissues derived from this reporter-knockin mouse has been well established (e.g., (Liu et al.,
2007; Yoo et al., 2004)]). We confirmed that the MEFs exhibited robust rhythms in
luciferase activity over 7 days (Fig 1A), as has been reported for various tissues derived
from the knockin mice (Yoo et al., 2004). In addition, the PER2:Luciferase fusion protein
oscillated in abundance and phosphorylation in MEFs, much as it did in liver (Fig 1B).

We then assessed the circadian clock in MEFs after abolishing oscillations in CRY1, PER1,
or PER2 by constitutively expressing these genes from the cytomegalovirus (CMV)
promoter in an adenoviral vector (Fig 1C). Adenoviral infection and expression of a hon-
specific protein such as Green Fluorescent Protein (GFP) did not significantly affect the
overt luciferase rhythms compared to the no-virus control (Fig 1D). Constitutive expression
of CRY1 was no more effective than GFP at affecting the endogenous clock: luciferase
rhythms of CRY 1-overexpressing MEF cells were robust and normal (Fig 1D). However,
when PER1 or 2 was constitutively expressed, circadian bioluminescence rhythms were
completely abolished (Fig 1D). The suppression of the luciferase rhythms by PER2 was
maintained even when the titer of PER2 virus was 1/6 that of the others (Suppl. Fig 1).

The ineffectiveness of CRY1 did not result from inadequate expression of the target protein,
since both PER2 and CRY1 were more than 10-fold overexpressed relative to their
endogenous counterparts, as measured in GFP-MEFs (Fig 2A). GFP and ACTIN blots
demonstrate that similar titers of adenovirus and similar amounts of total protein were used
for all three cases (Fig 2B). Consistent with our luciferase data, rhythms (in abundance and
phosphorylation) of endogenous PER1 and PER2 were intact in GFP- and CRY1-
overexpressing MEFs, while those rhythms were completely abolished in PER2-
overexpressing MEFs (Fig 2A). PER2 overexpression was associated with other interesting
changes as well, including a dramatic increase in the levels of endogenous CRY1 and 2 (Fig
2A). Cry2mRNA levels were not significantly altered (Fig 2C), indicating that the increased
CRY?2 levels were due to altered posttranscriptional regulation of Cry2. However, both
altered transcriptional and posttranscriptional regulation of CryZ seemed to contribute to the
increased levels of CRY1 in PER2-overexpressing MEFs (Fig 2C and see below):
transcriptional because mMRNA levels increased, but also posttranscriptional because protein
levels increased even more (~4 fold increase for protein vs. ~2 fold increase for mRNA).
Bmall mRNA levels were elevated in PER2-MEFs, whereas mRNA levels of Per and
clock-controlled genes, Dbp and Rev-erba., were suppressed compared to GFP-MEFs (Fig
2C).

CRY proteins are the major inhibitors of CLOCK:BMALL1 driven transcription in reporter
gene assays (Griffin et al., 1999; Kume et al., 1999). Why, then, does the overexpression of
CRY1 fail to affect the overt rhythm in our system? The protein analysis discussed above
(Fig 2A) demonstrates that inadequate expression levels are not a concern. We also tested
the potency of virally expressed CRY1 in inhibiting CLOCK:BMAL 1-activated
transcription and found that viral CRY1 is comparable to plasmid-expressed CRY1 in
potency for inhibiting CLOCK:BMAL1 when normalized for expression level (Fig 2D). We
also assessed subcellular localization of the viral CRY1, and found that it is mostly nuclear
(Suppl Fig 2A) as is pcDNA Cry1in COS7 cells (Kume et al., 1999). However, in MEFs we
found that the exogenous viral CRY1 was distributed between nucleus and cytoplasm (Fig
2E and Suppl Fig 2B), reminiscent of endogenous CRY proteins /in vivo (Lee et al., 2001;
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Preitner et al., 2002). To rule out that viral CRY1 failed to disrupt circadian rhythms when
overexpressed in MEFs because it did not adequately accumulate in the nucleus, a strong
nuclear localization signal (NLS) derived from the simian virus 40 large T antigen was
added to the N-terminus of CRY1-HA. This NLS increased nuclear localization of CRY1 in
our MEFs (Fig 2F and Suppl Fig 2C) and enhanced CRY1’s inhibitory activity on
CLOCK:BMALL1 in the reporter assay in COS7 cells (Fig 2G), but still failed to disrupt
luciferase rhythms in MEFs (Suppl Fig 2D). Thus, we can conclude that the circadian clock
in MEFs is not perturbed by overexpression of CRY, even though the overexpressed CRY
can potently inhibit CLOCK:BMALL transcription in reporter gene assays and has
significant nuclear localization.

Constitutive overexpression of PER2, but not CRY1, disrupts circadian rhythms in liver

Our results showing that CRY rhythms and proper levels are not required for clock function
are surprising given that the current working model of clock function involves direct and
rhythmic binding of CRY to the CLOCK:BMAL complex (Reppert and Weaver, 2002). We
therefore tested whether our findings are limited to the clock system in fibroblast cells or
whether similar results could be reproduced in intact mice. For this purpose, we generated
tissue (liver)-specific transient transgenic mice by systemically delivering the recombinant
adenoviruses into mice through tail vein injection (Herzig et al., 2001). In our hands, we
routinely observed more than an 80% infection rate in liver as judged by the number of
GFP-expressing cells (Suppl. Fig 3). We injected GFP, CRY1 or PER2 adenovirus into an
outbred CD1 strain and an inbred C57BL/6 strain to demonstrate that our results are not
strain specific (Fig 3). In both strains of mice, the adenoviral-overexpressed PER2 and
CRY1 levels were several fold higher than peak levels of endogenous PER2 and CRY1 in
GFP expressing mice (see Suppl. Fig 4 for quantitative comparison). The extent and range
of phosphorylation of overexpressed PER2 were similar to endogenous PER2 (Suppl. Fig 4),
suggesting that the level of overexpression did not saturate endogenous phosphorylation
machinery.

In CRY1- and GFP-overexpressing liver, PER1 and PER2 were rhythmic in both CD1 (Fig
3A) and C57BL/6 (Fig 3B) strains of mice. By contrast, in PER2-overexpressing liver,
circadian rhythms were severely disrupted (Fig 3A and C). As seen in MEFs (Fig 2A), CRY
protein levels were dramatically increased in PER2 liver. To examine more carefully how
overexpression of PER2 disrupted the circadian transcription/translation feedback loop, we
measured levels of clock components at four-hour intervals over one circadian cycle in
C57BL/6 mice (Fig 3C and D). As before, PER2 overexpression severely disrupted PER1
rhythms and dramatically increased CRY levels (Fig 3C). CLOCK levels were slightly
elevated (<2-fold) and BMALL levels were more strongly elevated (2- to 3-fold) compared
to those in GFP liver. Phosphorylation patterns also differed with PER2 overexpression: for
CLOCK, hyperphosphorylated isoforms were predominant and constitutively present, while
for BMALL, both hypo- and hyperphosphorylated isoforms were present in the PER2 liver
(see Suppl Fig 5 for side by side comparison for BMALZ1). The increase in BMALL1 levels
were apparently due to both transcriptional and posttranscriptional regulation since Bmall
MRNA levels were elevated, but less than 2-fold (Fig 3D and Suppl Fig 6). The elevation of
Bmall mRNA levels is reminiscent of previous data in Rev-erba deficient mice (Preitner et
al., 2002), suggesting that it could be due to suppression of Rev-erba expression.

Constitutive overexpression of PER2 decreased mRNA levels of all clock genes except for
Bmal1 (Fig 3D and Suppl Fig 6), consistent with an increase in PER:CRY -mediated
transcriptional repression; viral infection and GFP expression in and of themselves did not
significantly affect clock gene mRNA levels. Although the mRNA levels for most clock and
clock-controlled genes were similarly modulated between MEFs and liver by overexpressed
PER2, we observed different effects on Cry mRNA. In MEFs, CryZ mRNA levels were
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elevated and those for Cry2were neither increased nor decreased,; in liver, CryZand 2
MRNA levels were both decreased. This may be due to a possible difference in clock
mechanisms between peripheral tissues or the presence of systemic signals in intact mice
that are absent when studying cultured MEFs.

Constitutive overexpression of PER2 in liver results in increased and constitutive
interaction between CRY and CLOCK:BMAL1, and this interaction is missing in Per1/2

mutant mice

Although CRY1 overexpression did not disrupt rhythms, previous work has argued that
CRYs play a major role in the inhibition of CLOCK:BMALZ1 (Griffin et al., 1999; Kume et
al., 1999; Lee et al., 2001). If the interaction of CRY with CLOCK:BMAL1 remains tightly
regulated despite CRY overexpression, then that could explain why the clock is not sensitive
to overall CRY levels. If CRY binding to CLOCK:BMALL is regulated by PER, then that
would explain why PER2-overexpression disrupts the clock and results in an apparent
excess of CLOCK:BMALL inhibition, suggested by the suppression of CLOCK:BMAL1
target gene mRNA levels (Fig 3D). If these hypotheses are correct, then CLOCK:BMAL1
would be rhythmically bound by CRY1/2 despite constitutive overexpression of CRY1, and
constitutively bound by CRY1/2 under conditions of PER2 overexpression. We assessed
CRY binding to CLOCK:BMAL1 using coimmunoprecipitation experiments.

In GFP- or CRY 1-overexpressing livers, much higher levels of CRY1 and 2 were copurified
with CLOCK and BMAL1 at CT16 than at CT08 (Fig 4A), in accordance with the normal
protein and mMRNA abundance rhythms in these livers (Fig 3) (Lee et al., 2001). The
exogenously expressed CRY1 interacted with endogenous PER2, CLOCK and BMAL1,
indicating that the exogenous CRY1 can interact with endogenous clock proteins normally
(Suppl Fig 7A). Although the interaction remained rhythmic in CRY1-overexpressing liver,
the levels of copurified CRY1 were slightly increased compared to GFP-liver. However, in
PER2-overexpressing liver, this rhythmic interaction was abolished and levels of copurified
CRY were dramatically increased at both times compared to CRY 1- or GFP-overexpressing
livers at CT16 (Fig 4A). Thus, in liver, the patterns of CRY interaction with
CLOCK:BMAL1 match our prediction that rhythmic CRY interaction with
CLOCK:BMAL1 persists in the face of constitutive overexpression of CRY1, a finding that
is difficult to reconcile with the current working model of the clock, which posits direct
interaction of CRY with CLOCK:BMALZ1. Coimmunoprecipitation assays in MEFs
produced similar results (Suppl. Fig 7B).

These results suggest that endogenous PER2 is a limiting factor for CRY interaction with
CLOCK:BMALL. This idea is further supported by the reduced levels of CRY2 that are
copurified with CLOCK:BMAL1 in CRY 1-overexpressing liver and MEFs compared to
GFP controls (Fig 4A and Suppl Fig 7B). This reduction is presumably due to overexpressed
CRY1 binding endogenous PER2 (which is limiting), making less PER2 available for
facilitating CRY2 binding with CLOCK:BMAL1. When PER?2 is constitutively
overexpressed, on the other hand, CRY1 and 2 interact with CLOCK:BMAL1 in a greatly
increased constitutive manner, indicating that the rhythm in CRY:CLOCK:BMAL1
interaction is driven by temporal abundance of PER2, not CRY1. The PER-mediated
interaction is further supported by the finding that although CLOCK and BMAL1 were
readily copurified with each other, neither of them significantly interacted with CRY in
Per1/2/% mutant mice (Fig 4B) (Lee et al., 2004). In contrast to the results in PER2-
overexpressing liver, CLOCK was hypophosphorylated at both CT06 and 18, and its levels
were slightly reduced. Likewise, BMALL levels were greatly reduced and it was
hyperphosphorylated at both times. Since Bmall mRNA levels are comparable between wt
and the mutant mice (Suppl Fig 7C), the increased BMAL1 and CLOCK are due at least in
part to posttranscriptional mechanisms in the PER2-overexpressing liver.

Mol Cell. Author manuscript; available in PMC 2013 April 15.
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In PER2-overexpressing liver, more CLOCK and BMALL are present than in GFP- or
CRY1-overexpressing liver, and more CLOCK was copurified by IP for BMAL1 and vice
versa (Fig 4A). These data indicate that interaction between CLOCK and BMALL1 in PER2-
overexpressing liver is proportionally increased with the increased levels of the proteins in
the starting extracts, suggesting that the increased interaction between negative (PER;CRY)
and positive (CLOCK:BMAL1) elements does not disrupt the CLOCK:BMAL1 complex
(Lee etal., 1999; Lee et al., 2001).

The negative complex, PER:CRY, interacts with the positive complex (CLOCK:BMAL1)
through PER, and formation of the PER:CRY complex is essential for the clock

Our data above suggests that PER is the interface or scaffolding molecule that brings the
positive and negative components together, and that CRY may not bind directly to
CLOCK:BMALL1 in its normal rhythmic interaction /n vivo. Since these results contradict
the current model of the clock mechanism, we sought to test this hypothesis critically by
carefully measuring and comparing the interactions of PER and CRY for CLOCK:BMAL1
in vivoand in vitro.

First, to reduce the possibility that interactions could be due to unknown intervening
molecules in our binding assay, we employed /n vitro translated clock proteins (Fig 5A). We
found that IP for CLOCK or BMAL1 co-purified robust quantities of PER2, whereas CRY1,
while detectable, was barely above background level. Similar results were reproduced when
CLOCK and BMAL1 were incubated separately with PER2 or CRY1 in vitro (Suppl Fig
8A) and when the clock proteins were co-expressed in HEK 293 cells (Suppl Fig 8B and C).
The transiently expressed CRY1, CLOCK and BMAL1 were predominantly nuclear in HEK
293 cells (Suppl Fig 9). Importantly, copurified CRY1 with CLOCK or BMALL1 was
dramatically increased when PER2 and CRY 1, instead of CRY1 alone, were incubated with
CLOCK and BMALL1 in the /n vitro experiments (Fig 5B). The interaction between
CLOCK:BMAL1 and PER2 did not require CRY, since PER2 can be copurified with
CLOCK in Crydouble knockout MEFs (Fig 5C). Interestingly, however, overexpression of
PER?2 alone did not suppress mRNA levels of endogenous Peri and Dbp in the mutant
MEFs (Fig 5D), whereas overexpression of both PER2 and CRY1 reduced mRNA levels of
those genes (Fig 5D). Thus, our data support the conventional model in that CRY is required
for inhibition, but differs in suggesting that CRY may do so indirectly, with PER bridging
CRY interaction with CLOCK:BMAL1.

Coimmunoprecipitation studies with serial deletion mutants of PER2 demonstrated that the
PAS domain in PER2 can interact with both CLOCK and BMAL1 (Suppl. Fig 10). Given
that all three proteins have a PAS domain, and PAS domains are frequently involved in
protein-protein interactions (Huang et al., 1993), this result is not surprising. However, the
interaction assay revealed that at least one more region downstream of PAS in PER2 can
interact with BMAL1 almost as strongly as the PAS domain (Suppl. Fig 10C). We call this
the BMALZ1-binding domain (BBD). Thus, there are at least two domains on PER2 that can
interact directly with CLOCK:BMAL1.

Finally, we disrupted the /n vivo interaction between PER and CRY by overexpressing the
CRY-Binding Domain (CBD) (Miyazaki et al., 2001; Yagita et al., 2002) of PER2 in MEFs
using the adenoviral vector to determine which molecule is the interface in interacting with
CLOCK:BMAL1. Since the CBD consists of only 101 amino acids on the C-terminus of
PER?2, it does not bind CLOCK:BMALL1 when transiently expressed in cells (data not
shown). We assume that for a CLOCK:BMAL1/PER2/CRY complex, the CBD is unlikely
to disrupt the interface between the CLOCK:BMAL1 dimer and PER2 or CRY; instead, the
CBD would be expected to disrupt only the interaction between PER2 and CRY. Thus, if
CRY binds directly to CLOCK and/or BMAL1, the CBD would only reduce the amount of
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PER2 copurified by IP for CLOCK (or BMALZ1), since the CBD would not disrupt the
interaction between CLOCK:BMAL1 and CRY. However, if PER binds the complex, the IP
would produce only less copurified CRY and would not disrupt the CLOCK:BMAL1:PER2
complex. We first confirmed that the CBD readily interacted with in vivo CRY1/2 (Fig 5E).
When the CBD was overexpressed in MEFs, IP for PER2 produced less copurified CRY's
compared to those in GFP MEFs, demonstrating that the CBD indeed disrupted the
interaction between PER2 and CRY s (Fig 5F). This occurred even in the face of increased
levels of CRYs. We observed that CRY levels were increased by only overexpressing the
CBD of PER2 (compare inputs between GFP and CBD MEFs), but hyperphosphorylation of
CLOCK was not induced (compare between Fig 5F and Suppl. Fig 7B). These data suggest
that increased levels of CRY in PER2-overexpressing cells are a direct effect of CRY
interaction with PER2. Copurified CRY1 and 2 by IP for CLOCK or BMALL1 were greatly
reduced by the CBD (Fig 5F and Suppl. Fig 11), consistent with our hypothesis that CRY
interaction with the CLOCK:BMAL1 complex is mediated by PER2. The importance of
PER2:CRY interaction is demonstrated by complete disruption of bioluminescence rhythms
in MEFs when the interaction is disrupted by the CBD (Fig 5G), further suggesting that both
PER and CRY are integral components of the negative complex.

of PER play a dominant role in circadian rhythm generation over those of CRY

Because the Bmall feedback loop involving REV-ERBa and RORa represents a second
feedback loop within the clock mechanism, it is possible that circadian rhythms could persist
in CRY1-overexpressing cells as a consequence of this second feedback loop. To test this
possibility, we disrupted the normal oscillations/levels of both Bmall and Cry1 by
constitutively overexpressing them in the MEFs. We found that circadian bioluminescence
rhythms were still robustly rhythmic in BMAL1 and CRY1-overexpressing MEFs, similar to
GFP-MEFs (Fig 6A). The expression levels of BMAL1L and CRY1 in the co-infected cells
were more than 10-fold higher than endogenous levels of the proteins in GFP-MEFs (Fig
6B). Thus, we can rule out a role for BMALL1 oscillations underlying the persistence of
rhythms under conditions of constitutive CRY 1 overexpression.

Because the overexpression levels of PER2 in MEFs were more than 10 times higher than
peak endogenous levels of PER2, we tested whether the clock would still be functional,
albeit at a weak level, if the constitutive levels were closer to the endogenous levels. To
effectively disrupt the endogenous oscillations of PER2 near the peak endogenous levels,
Bmall promoter was used to drive expression of Per2in antiphase to endogenous PerZ.
First, by driving expression of Luciferase under control of the Bmall and Per2 promoters in
wildtype MEFs, we confirmed that oscillations driven by these two promoters occur in
antiphase (Fig 6C). When PER2 was exogenously expressed anti-phase by the Bmall
promoter, the levels were ~4 times higher than the peak level of endogenous PER2 in GFP
control MEFs (Suppl Fig 12A). At this relatively modest level of PER2 overexpression,
bioluminescence rhythms were still severely compromised in Per2-4¢ MEFs (Fig 6D).
However, when PER2 was expressed at similarly high levels but in-phase with the
endogenous PER2 under the Per2promoter (Suppl Fig 12B), the circadian rhythms were
still robustly rhythmic (Fig 6D), suggesting that a rhythm of mPER in the correct phase is
far more critical than mPER’s absolute abundance levels. Interestingly, the period of the
rhythms was significantly shorter (~ 1 hr) than that of GFP control MEFs, consistent with
studies in Drosophila showing that increased transcription of gperfrom the endogenous
promoter or increased gper gene dose does not disrupt rhythms but shortens the period
(Baylies et al., 1987; Hao et al., 1999; Kadener et al., 2008; Rutila et al., 1992). Exogenous
antiphasic-oscillating expression of dC/ock does not disrupt circadian rhythms in Drosophila
(Kim et al., 2002), further supporting the critical role of PER oscillation.

Mol Cell. Author manuscript; available in PMC 2013 April 15.
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Our earlier experiments demonstrate that PER affects CRY stability as well as CRY binding
with CLOCK:BMALL. These results suggest that temporal PER abundance controls critical
circadian parameters such as timing and duration of the negative feedback inhibition through
posttranslational regulation of CRY. To analyze the effects of PER2 on CRY stability more
quantitatively, we examined the stability of CRY1 and 2 in the presence of overexpressed
GFP or PER2. While GFP expression or viral infection of MEFs did not significantly affect
the stability of CRY (data not shown), PER2 overexpression greatly extended CRY’s half
life (Fig 6E and F). Immunocytochemistry experiments showed that nuclear staining of
endogenous CRY was more pronounced after PER2 overexpression, indicating that PER2
affects nuclear accumulation as well as the stability of CRY (Fig 6G and H), consistent with
previous work (Lee et al., 2001). These results are likely relevant to the circadian clock, and
not an artifact due to PER2 overexpression, because we observed the opposite results in
Per1/2 double mutant mice. CRY1/and 2 levels in the mutant mice were much lower than
those in wild type mice, even though the mRNA levels were comparable (Suppl. Fig 13).

Transgenic mice expressing PER2 under control of brain specific promoters exhibit loss
of rhythmicity in a conditional manner

Our results thus far consistently showed that PER rhythms are critical for clock function in
two distinct peripheral tissues and two mouse strains. To test whether the same is true for the
master circadian pacemaker in the SCN, behavioral rhythms were assessed in conditional
transgenic mice constitutively overexpressing Per2 under a brain-specific promoter (Scg2)
in a tetracycline-dependent manner (Hong et al., 2007) (Fig 7A). Two independent lines of
tetO:Per2 transgenic mice were established and the overexpression of Per2was validated by
in situhybridization (Fig 7B and Suppl Fig 14A), immunoblots (Fig 7C, D, E) and
quantitative PCR (Suppl Fig 14B) in various brain tissues including the SCN. Double-
transgenic animals exhibited levels of PER2 in the SCN that were 3-5 fold greater than
levels seen in the single transgenic controls, when the levels were measured by X-ray film
and quantitative chemiluminescence imaging with serially diluted samples (Fig 7E and
Suppl Fig 15).

As seen in PER-overexpressing MEFs and liver, higher levels of CRY, CLOCK and
BMAL1 were measured in the SCN of double transgenic mice (Fig 7D). Moreover,
circadian rhythms in locomotor activity were abolished in both double-transgenic lines
overexpressing Per2 (Fig 7F). Loss of circadian rhythmicity was quantified by the power of
the Fast Fourier Transform (FFT) in the circadian period range in constant darkness (Suppl
Fig 16). This loss of circadian rhythmicity caused by the overexpression of Per2was
conditional; treatment with 10 ug/ml doxycycline (Dox) silenced the transgene, and the
circadian rhythms of double transgenic animals returned to a wild type state. This change
was reflected in the return of circadian rhythmicity with an appropriate free running period
(Fig 7F) as well as in the increased amplitude of the FFT in the circadian range (Suppl Fig
16). These phenotypic effects were seen in two independent tetO:Per2transgenic lines,
consistent with the idea that the phenotypes are not due to position or deleterious effects of
the transgenes. To further support these claims, the tetO:Per2 Line 2was crossed with an
independent brain specific {74 (CamKZ2:tTA) line with enriched SCN expression (Mayford
et al., 1996). These animals also showed no circadian rhythm in constant darkness and this
deficit was reversed by treatment with10 ug/ml of dox (Suppl. Fig 17). Taken together these
results demonstrate that circadian rhythms can be completely disrupted by constitutive
expression of Per2in the brain, as seen in MEFs and liver, and that PER oscillations are
critical for not only peripheral clocks but also for the master circadian pacemaker in SCN
driving locomotor activity rhythms.
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Discussion

Although it has been postulated that oscillations of key clock components play a central role
in circadian rhythm generation, it has not been previously demonstrated /n vivo that
oscillation of a particular clock component is critical for the mammalian circadian clock. In
the work presented here, contrary to the current models of the clock mechanism in mammals
(Lowrey and Takahashi, 2004; Panda et al., 2002; Reppert and Weaver, 2002), constitutive
overexpression of CRY1 did not significantly affect the circadian oscillator in MEFs and
intact mice. The molecular oscillator can function normally even without oscillations and
proper levels of both CryZ and Bmal1. In contrast, we have shown that oscillations of PER
are critical for the circadian rhythm in cultured MEFs as well as in mouse liver and brain /n
Vivo.

We have also described a mechanism explaining the critical role of PER rhythms. The
rhythmic interaction between the positive complex (CLOCK:BMAL1) and the negative
complex (PER:CRY) is mediated by the rate-limiting PER, and this rhythmic inhibition
drives the negative feedback loop. Our results suggest that not only is PER the limiting
factor in the formation of the PER:CRY inhibitor complex, but that PER also initiates
negative feedback regulation by bringing CRY into contact with CLOCK:BMAL1.

How do we reconcile this mechanism (based on our /in vivo data) with models based on
numerous transient transfection studies suggesting the direct inhibition of CLOCK:BMAL1
by CRY (Griffin et al., 1999; Kume et al., 1999; Shearman et al., 2000b)? One possible
explanation would be that endogenous PER in mammalian cells or some unknown
Drosophila protein (possibly dPER) in S2 cells may have complexed with the transfected
CRY for inhibition of CLOCK:BMALL1. Another scenario (more likely) is that the transient
transfection assays do not reflect the true /7 vivo mechanism for inhibition of
CLOCK:BMAL1 by PER/CRY. Unlike artificial promoters used in those assays, native
promoters would contain more endogenous regulatory elements and normal chromatin
structure, whose regulation by epigenetic factors in a circadian manner may play essential
roles in the clock mechanism (Doi et al., 2006; Etchegaray et al., 2003; Ripperger and
Schibler, 2006). As discussed in the study by Fan et al. (Fan et al., 2007), the discrepancy
could be due to the artificial promoters missing essential regulatory elements other than the
E-Box. Alternatively, considering the complexity of endogenous chromatin structure and
regulation, the lack of proper chromatin structure in the transfected promoters may account
for the discrepancy. Indeed, numerous studies have shown that transfected DNA templates
cannot form the same high order chromatin structure as their endogenous counterpart genes
(Cervoni and Szyf, 2001; Fryer and Archer, 1998). As a result, transfected promoters are
differentially regulated from endogenous or stably integrated promoters by the same
transcription factors in some cases. For example, the transcription factor adenovirus E1A
inhibits glucocorticoid-dependent transcription from the murine mammary tumor virus
promoter in a chromatin context-dependent manner; E1A inhibits the transcription from
stably integrated promoter, but not from transfected promoter (Burkhart et al., 2005; Soeth
et al., 2002). Taken together, these findings suggest that simplified and artificial reporter
assays based on transient transfection may not reflect the true /n vivo mechanisms for gene
expression and regulation. If this is the case, then in transient transfection assays CRY may
well inhibit CLOCK:BMAL1 through a direct mechanism, but /n vivo CRY depends on
PER to interact with and inhibit CLOCK:BMALL1.

Our model of the clock’s negative feedback mechanism is supported not only by the
elimination of rhythms by PER2 overexpression and the failure of CRY overexpression to
do the same, but also by a deeper analysis of biochemical mechanisms. Our stoichiometric
binding assay using /n vitro translated proteins showed that PER2 has much greater binding
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capacity than CRY1 for CLOCK and BMAL1, supporting the idea that PER brings CRY
close to CLOCK:BMAL1 by directly binding to the complex, not the other way around.
This is further supported by /n vivo data showing that disruption of PER:CRY interaction by
CRY-Binding Domain (CBD) mainly removes CRY from the large clock protein complex
(CLOCK:BMAL1:PER:CRY) indicating that PER is at the interface for interaction between
CRY and CLOCK:BMALZ1. Our data suggest that the scaffolding role of PER may be
conserved between Drosophila and mammals, since recent studies showed that dPER may
be an indirect inhibitor as a molecular bridge between positive and negative components in
Drosophila (Kim et al., 2007; Nawathean et al., 2007). Although both PER and CRY can
interact with CLOCK:BMAL1 independent of each other in artificial systems, our data
suggest that a PER:CLOCK:BMALL interaction predominates /n vivo. Thus, direct
CRY:CLOCK:BMAL1 interactions, if present in vivo, may be stoichiometrically or
functionally insignificant for the clock mechanism.

The overexpression levels of PER2 in MEFs and transgenic mice were at least 3-5 fold
higher than those of its endogenous counterpart, and thus may exceed the physiological
range. One could argue that the overexpressed PER2 could disrupt the molecular clock by a
non-physiological mechanism unavailable to overexpressed CRY1 and BMAL1. However,
our data showing that overexpression itself does not disrupt circadian rhythms strongly
argue against this possibility. When PER2 was similarly overexpressed using either the
Bmall or Per2promoter in MEFs, circadian rhythms were eliminated only in Bmall-PER2
MEFs. Per2-PER2 MEFs exhibited rhythms as robust as in control cells, suggesting that a
PER2 rhythm in the correct phase is far more critical than mere PER2 levels, and that 3-5
fold overexpression does not cause any deleterious effects on the molecular oscillator.

Our data clearly show that PER2 rhythms are far more critical than those of CRY for clock
function, and therefore PER is a preeminent point of clock regulation. This work has
focused on the effects that PER has on CRYSs, but PER’s roles extend to other clock
components as well. Phosphorylation and possibly abundance of CLOCK and BMALL1 are
greatly affected by PER levels, suggesting that PER may regulate transcriptional activity of
the transcription factors through posttranslational modifications such as phosphorylation, as
has been shown in Drosophila (Kim et al., 2007; Yu et al., 2006). Although the functions of
these phosphorylation changes have not yet been determined, prior studies have shown that
hyperphosphorylation of dCLOCK induced by dPER is associated with rhythmic
transcription of Drosophila clock genes and dCLOCK stability (Kim et al., 2007; Yu et al.,
2006). These functions may be conserved in the mammalian system. In terms of clock
regulation, robust temporal oscillations in PER levels are vital to the mammalian clock; thus
it will be important in future work to focus attention on how PER levels are regulated via
transcriptional and posttranscriptional mechanisms.

Experimental Procedures

Animals, Cells and Antibodies

All animals were maintained in a climate-controlled room and used according to the FSU
and Northwestern University Animal Care and Use Committee’s guidelines. All experiments
involving animals were performed according to Committee-approved protocols. CD1 and
C57BL/6 mice were purchased from Charles River laboratory or The Jackson Laboratory.
The Per1/2 mutant mice were described previously (Bae et al., 2001). The Cry1/2double
mutant mouse was kindly provided by Dr. Aziz Sancar (Univ. of North Carolina at Chapel
Hill). Wild type MEFs and tail fibroblasts were isolated from the Per2-4¢ mice and
immortalized by retroviral introduction of a dominant-negative mutant p53 (GSE56)
(Ossovskaya et al., 1996). MEFs and tail fibroblasts exhibited similar results in experiments
in Fig 1. Results from MEFs are shown in Fig 1. Primary MEFs from the Cry double mutant
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mice were used in Fig 5D. COS7 and HEK 293 cells were obtained from ATCC. Antibodies
to clock proteins were described previously (Lee et al., 2001; Lee et al., 2004). PER1-1-R,
PER2-1-R, CLK-1-GP, BM1-2-GP, C1-GP and C2-GP antibodies were used. Monoclonal
anti-GFP antibody was purchased from Boehringer Mannheim. Rabbit anti-ACTIN antibody
was purchased from Sigma. Anti-HA (3F10) and V5 were from Roche (Germany) and
Invitrogen (Carlsbad, CA), respectively.

Immunoblotting, Immunoprecipitation (IP)

Immunoblotting and IP were performed as described previously (Lee et al., 2001; Shearman
et al., 2000a). In Suppl Fig 18, we show that our extraction condition can extract the
majority (>90%) of CLOCK and BMAL.1 proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Bioluminescence rhythms in MEFs are abolished by constitutively expressed PER, but not
by GFP or CRY1. (A) Per2-4c MEFs exhibit circadian bioluminescence rhythms over 7 days
after serum shock. (B) PER2:Luciferase fusion protein shows circadian oscillations in
abundance and phosphorylation in both liver and MEFs. * indicates nonspecific bands. (C)
The adenoviral vector efficiently infects MEFs. MEFs were infected with GFP-adenovirus
and fixed 24 hr later to take a visible light image and a fluorescence (GFP) image. (D) MEFs
were infected with adenoviral vector expressing GFP, CRY1, PER1 or PER2 or mock
infected with medium only (no virus) for 2 hours and then serum shocked for 2 hours before
measurement of bioluminescence.
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Constitutive expression of PER2, and not CRY 1, disrupts PER protein rhythms and mRNA
rhythms of clock and clock-controlled genes. (A) (B) MEFs were infected and serum
shocked as described in Fig 1. Both endogenous (the fusion protein; top band) and
exogenous (bottom band) PER2 are shown for PER2 immunoblot of PER2-MEFSs. The
adenoviral vector has dual CMV promoters, one default CMV promoter for GFP and the
other one for the gene of interest (He et al., 1998), in our case PER2 or CRY 1. Thus, similar
intensities of GFP signal indicate similar viral titers among the three groups. (C)
Quantitation of mMRNA levels of clock and clock-controlled genes in Adenovirus GFP
(green)- and Adenovirus PER2 (red)-MEFs. mRNA levels were measured by quantitative
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real time PCR. Data are shown as mean+/-SEM of three experiments. For some data points,
error bars (if less than 3) are obscured by the square symbols. (D) The viral CRY1 can
inhibit CLOCK:BMAL1-driven transcription in reporter assays. The inhibitory activity
between plasmid (pcDNA3.1) and adenoviral CRY1 on CLOCK:BMAL1-driven
transcription was compared in transient transfection assays. The first three reactions (bars)
were done only with plasmid transfection but the other three reactions were performed with
transfection (CLOCK and BMALL1) and viral infection (CRY). Results are shown as mean+/
—-SEM of triplicate samples and are representative of three independent experiments. (E) (F)
The viral CRY1-HA was both cytoplasmic and nuclear (E), but the viral NLS-CRY1-HA
was predominantly nuclear (F). The overexpressed viral CRY1-HA was visualized with
immunofluorescence using anti-HA antibody. These single cells correspond to the cells in
white boxes in Suppl Fig 2B—C, magnified as representatives. (G) The inhibitory activity of
plasmid (pcDNA3.1)-expressed CRY and adenoviral NLS-CRY1 on CLOCK:BMAL1-
driven transcription was compared in COS7 cells, as in (D).
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Fig. 3.

Constitutive expression of GFP, CRY1 or PER2 in mouse liver produced similar results as
in MEFs. (A) (B) (C) CD-1 (A) and C57BL/6 (B and C) strains were injected with
adenovirus expressing GFP, CRY1 or PER2 and sacrificed at the indicated circadian times.
Liver extracts were subjected to immunoblotting. Results are representative of at least 2
mice per time point. * indicates a nonspecific band in the CLOCK immunoblot. The arrow
indicates a hypophosphorylated isoform, which is much weaker in PER2-liver. Note that the
top isoform is much more enriched in the PER2-liver. (D) Quantification of mMRNA levels of
clock and clock-controlled genes in control (no virus, black), GFP (green)-, and PER2 (red)-
liver. mRNA levels were measured by quantitative real-time PCR. Results are average+/
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—-SEM of three mice for controls, and representative of two mice per time point for GFP and
PER2-adenovirus injected mice. The data for the second set of the GFP and PER2 mice are

shown in Suppl Fig 6. Levels were normalized so that the highest levels of the control mice

equaled 100 arbitrary units. The CT 0 data were plotted twice as CT 0 and 24.
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In GFP- or CRY-overexpressing liver, rhythmic interaction between CLOCK:BMALL1 and
PER/CRY is maintained, but the interaction is constitutively elevated in PER2-
overexpressing liver and almost absent in PerZ/2/9 mutant mice. (A) Liver samples at CT 08
and 16 in Fig 4A (CD1 mice) were subjected to IP for CLOCK and BMAL1 and the
resulting immunocomplexes were immunoblotted for clock proteins. Two arrow heads
indicate two hyperphosphorylated isoforms of CLOCK compared to the other two isoforms
as has been shown previously (Lee et al., 2001). The asterisk denotes a nonspecific band in
the BMAL1 immunoblot ensuring equal loading of total protein. (B) IP for CLOCK and
BMAL1 was performed using liver samples at CT06 and 18 from Per1/2/% mutant and
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matching wt mice. To compensate for lower amounts of clock proteins in the mutant mice,

twice as much starting material was used for the IP experiments. Note that CLOCK is
hypophosphorylated, but BMALL is hyperphosphorylated in the mutant mice.
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PER is the scaffolding molecule between the activator complex (CLOCK:BMAL1) and the
negative complex (PER:CRY). (A) PER2 has a much higher affinity than CRY 1 for binding
to CLOCK:BMALL. Equal moles of /n vitro translated proteins were mixed in different
combinations and subjected to IP for CLOCK or BMALL. (B) CRY1 copurified with
CLOCK and BMAL1 is dramatically increased in the presence of PER2 in vitro. Equimolar
amounts of the in vitro translated proteins were mixed as indicated and subjected to IP for
CLOCK or BMALL1. Note that copurified CRY1 levels are dramatically different when
PER?2 is absent (the blue arrows) and present (the red arrows). (C) PER2 does not require
CRY for binding CLOCK. PER2-V5 adenovirus was infected into primary Cry double-
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mutant MEFs to test if PER2 can interact with CLOCK:BMALL in the absence of CRYSs.
(D) Adenoviral overexpression of PER2 in the Cry double-knockout (CKO) MEFs does not
suppress endogenous mRNA expression of Perl and Dbp, but co-overexpression of PER2
and CRY1 does. Average+/—SEM of three experiments is shown. GFP and PER2+CRY1
samples differed significantly (Student t-test; one star: p<0.05; two stars: p<0.01). (E) CRY-
binding domain of PER2 (CBD) interacts with endogenous CRY1 and 2. MEFs were
infected with GFP or CBD (CBD-V5) adenovirus and subjected to IP for CRY1 or CRY2.
(F) CBD disrupts CRY interaction with clock protein complexes. Results from IP for
BMAL1 are shown in Suppl. Fig 11. (G) PER2:CRY interaction is essential for circadian
rhythm generation. When the interaction is disrupted by CBD, overt rhythms were
completely abolished.
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Fig. 6.

Peroscillation plays a dominant role in circadian rhythm generation. (A) Overexpression of
both CRY1 and BMALL does not affect the circadian rhythms. MEFs were co-infected with
CRY1 and BMALL adenoviruses. (B) PER2 remains rhythmic in MEFs overexpressing
CRY1 and BMALL. MEFs were harvested 12 and 28 hr after GFP or CRY1/BMAL1
adenovirus infection and serum shock. The arrow head indicates the exogenous BMAL1
(2XHA-BMAL1). (C) Per2and Bmall promoters drive antiphasic oscillations in MEFs.
Adenovirus expressing Luciferase under Per2or Bmall promoter was infected into wt
MEFs and bioluminescence rhythms were measured. The arrows indicate the antiphasic
oscillations by two promoters. (D) PER2 expression from the Bmall promoter severely
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compromised the circadian rhythms in Per2-4¢ MEFs, whereas that from Per2 promoter did
not disrupt the circadian rhythms. (E) (F) Extended half-lives of endogenous CRYs in
PER2-MEFs. To measure half-lives of endogenous CRYSs, cycloheximide was added 12 hrs
after GFP or PER2 adenovirus infection and serum shock. (F) shows mean +/-SEM of three
experiments. (G) (H) Nuclear staining of endogenous CRYSs is more pronounced in PER2-
MEFs than in GFP-MEFs.
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Fig. 7.

PER2 overexpression in the brain, including SCN, abolished locomotor activity rhythms in
constant darkness (DD). (A) Conditional Per2expression. The system works by driving the
tetracycline transactivator (tTA) expression from a tissue-specific promoter (Scg2), which
binds the tetracycline operator (#etO) and drives the transcription of Per2through a minimal
promoter sequence (Pmin). However, doxycycline (Dox) potently inhibits ¢7A, turning off
Per2transgene expression. (B) /n situhybridization for Per2 confirms exogenous expression
throughout the brain with enriched expression in the SCN. Representative sections
encompassing the SCN are shown for six genotypes: wild type (WT); tetO.Per2 Linel Only
(tetO:L1); tetO.Per2 Line 20nly (tetO.L2); Scg2:tTA Only (tTA); tetO:Per2 Line 1/
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Scg2:tTA (DTg L1); tetO.Per2 Line 2/Scg2:tTA (DTg L2). Levels of Per2mRNA
expression in the SCN of double transgenic (DTg) mice were 2-3 fold higher than those in
the SCN of WT and other control mice (Suppl. Fig 14A). (C) (D) PER2 levels in DTg were
higher in olfactory bulbs (OB), cerebellum and SCN than those in control mice. The single
transgenic (ferO:L2) mouse was used as the control. The tissues from control and DTg mice
were collected at CT12 and 24. Unlike OB and cerebellum, there was no sign of
overexpression in liver. Note that the phase of PER2 rhythm in control mice is different
between SCN and the other brain areas. (E) The serial dilution samples of the DTg SCN
extract at CT12 indicate that the levels of PER2 overexpression were 3-5 fold higher than
those of PER2 in the control mice at CT12. Quantitative chemiluminescence imaging is
shown in Suppl Fig 15. (F) Disrupted circadian rhythms of PER2-overexpressing double-
transgenic mice. Representative actograms for the two double transgenic lines show a loss of
rhythmicity in DD when compared to WT and single transgenic controls. Locomotor
behavior returns to a WT state in the double transgenic animals with a treatment of 10p.g/ml
dox. This treatment can then be reversed with a water washout converting the double
transgenic animals back to a state with no circadian rhythmicity. The yellow shading
denotes the time of dox administration in DD. (G) A revised mammalian circadian clock
model. When PER is absent, CRY is predominantly cytoplasmic and transcriptional
activation by CLOCK:BMAL1 is permitted (activation phase). However, when PER
abundance reaches a certain level, PER:CRY complexes enter or accumulate in the nucleus.
In the nucleus, PER directly binds the CLOCK:BMAL1 complex to mediate the negative
feedback effects of the PER:CRY complex (inhibition phase of the negative feedback loop).
(H) In the presence of constitutively overexpressed PER, excess PER:CRY complexes
accumulate in the nucleus and constitutively inhibit CLOCK:BMAL1 complex, leading to
constitutive inhibition of the negative feedback loop.
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