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The circadian clock of the suprachiasmatic nucleus (SCN) drives daily rhythms of behavior. Cryptochromes (CRYs) are powerful tran-
scriptional repressors within the molecular negative feedback loops at the heart of the SCN clockwork, where they periodically suppress
their own expression and that of clock-controlled genes. To determine the differential contributions of CRY1 and CRY2 within circadian
timing in vivo, we exploited the N-ethyl-N-nitrosourea-induced afterhours mutant Fbxl3Afh to stabilize endogenous CRY. Importantly,
this was conducted in CRY2- and CRY1-deficient mice to test each CRY in isolation. In both CRY-deficient backgrounds, circadian
rhythms of wheel-running and SCN bioluminescence showed increased period length with increased Fbxl3Afh dosage. Although both CRY
proteins slowed the clock, CRY1 was significantly more potent than CRY2, and in SCN slices, CRY1 but not CRY2 prolonged the interval
of transcriptional suppression. Selective CRY-stabilization demonstrated that both CRYs are endogenous transcriptional repressors of
clock-controlled genes, but again CRY1 was preeminent. Finally, although Cry1�/�;Cry2�/� mice were behaviorally arrhythmic, their
SCN expressed short period (�18 h) rhythms with variable stability. Fbxl3Afh/Afh had no effect on these CRY-independent rhythms,
confirming its circadian action is mediated exclusively via CRYs. Thus, stabilization of both CRY1 and CRY2 are necessary and sufficient
to explain circadian period lengthening by Fbxl3Afh/Afh. Both CRY proteins dose-dependently lengthen the intrinsic, high-frequency SCN
rhythm, and CRY2 also attenuates the more potent period-lengthening effects of CRY1. Incorporation of CRY-mediated transcriptional
feedback thus confers stability to intrinsic SCN oscillations, establishing periods between 18 and 29 h, as determined by selective
contributions of CRY1 and CRY2.

Introduction
The principal pacemaker in the brain, the suprachiasmatic nu-
cleus, is an extremely precise and effective biological clock. The
daily rhythms of behavior and physiology that it drives synchro-
nize and adapt an individual to the solar cycle of day and night
(Brown et al., 2012). Consequences of disrupted circadian time-
keeping include behavioral, endocrine, metabolic, reproductive,
and immune function disturbances (Barnard and Nolan, 2008;
Delezie and Challet, 2011; Sehgal and Mignot, 2011; Kennaway et
al., 2012; Logan and Sarkar, 2012). Nevertheless, single gene dis-
turbances with dramatic effects on circadian function are ex-
tremely rare. This is because many of the regulatory core clock

components exist as paralogous pairs or gene families, often serv-
ing partially overlapping functions (Looby and Loudon, 2005).
Clarification of these gene-specific functions is therefore a pre-
requisite for understanding the molecular basis of the clock and
its relevance to disease.

The mammalian cryptochrome proteins, CRY1 and CRY2,
are the key negative transcriptional regulators within the tran-
scriptional feedback loops that constitute the core molecular
pacemaker of the suprachiasmatic nucleus (SCN) (Vitaterna et
al., 1999; van der Horst et al., 1999). They inhibit the expression
of their own genes and also of period genes (Per1, 2, 3) by oppos-
ing E-box mediated transactivation by CLOCK:BMAL1 het-
erodimers (Kume et al., 1999). But although their sequence
conservation is extremely high, wheel-running analysis of null
mutations highlights surprising and opposite effects on circadian
output pathways. Circadian period is shorter in Cry1�/� mice
(consistent with the negative action of Cry1 at E-box elements)
while, paradoxically, it is longer in Cry2�/� mice. However,
Cry1�/�;Cry2�/� mice show complete arrhythmicity in constant
darkness indicating that they play distinct but at least partially
overlapping roles. Examination of these roles has relied princi-
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pally on in vitro overexpression approaches in cell lines (Griffin et
al., 1999; Kume et al., 1999). Although useful in mapping general
properties, such studies are not able to reveal the selective and
particular contributions of endogenous CRY1 and CRY2 within
the dynamic environment of the SCN circadian clockwork, not
least because overexpression in cell lines inevitably suppresses the
very circadian dynamics that are the point of experimental inter-
est. Crucially, transcriptional repression by cryptochromes is cir-
cadian time dependent, meaning that efficient mechanisms need
to be in place to regulate CRY protein levels. The discovery of
multiple mutations in Fbxl3 (Godinho et al., 2007; Siepka et al.,
2007) has highlighted the importance of their timely proteasomal
degradation. Both mutations in Fbxl3 cause severe period length-
ening of circadian behavior and exhibit a reduced affinity for
endogenous CRY proteins resulting in their stabilization across
the circadian cycle. Effectively, this allows one to investigate CRY
function in the mammalian oscillator by studying the effect of
CRY-related transcriptional repression at times when they would
normally be curtailed. Moreover, consequent effects on tran-
scription of other core oscillator genes and effects on output
rhythms can also be assessed. We therefore generated double and
triple Cry1/Cry2/Fbxl3 mutants to investigate behavioral and
molecular consequences of stabilizing either CRY1 or CRY2 pro-
teins in mice lacking the alternative form of Cry.

Materials and Methods
Animals. Animal studies described in this paper were performed under
the guidance issued by the Medical Research Council in Responsibility in
the Use of Animals for Medical Research (July, 1993) and Home Office
Project Licenses #30/2686 and 80/1874. Cry1�/� and Cry2�/� mice were
kindly provided by G. T. van der Horst (Erasmus MC, Rotterdam, The
Netherlands) (van der Horst et al., 1999). These lines were crossed to
Fbxl3Afh/Afh mice to generate double heterozygous and homozygous mu-
tants. For SCN slice studies, all combinations of genotypes were gener-
ated in crosses to PER2::LUC mice (Per2Tm1Jt). All lines were maintained
on a C57BL/6J background. Mice were housed in individually ventilated
cages under 12/12 h light/dark (LD) conditions with food and water
available ad libitum. For circadian recording, mice were housed in indi-
vidual cages equipped with running wheels in light-tight ventilated
chambers (Bacon et al., 2004). Mice of either sex were maintained for
7–10 d in LD conditions and were subsequently transferred to constant
dark (DD) conditions for 10 –14 d. Wheel running data were collected
and analyzed using Clocklab (Actimetrics Software).

Bioluminescence imaging. SCN organotypic slice cultures from 10 –14-
d-old pups (sex not determined) were prepared and bioluminescence
emission recorded using photomultipliers and CCD cameras
(Hamamatsu) as described previously (Maywood et al., 2006). Rhyth-
micity and period were assessed with BRASS software (A. Millar, Univer-
sity of Edinburgh, Edinburgh, UK and M. Straume, University of
Virginia, Charlottesville, VA).

Genotyping. DNA was extracted from ear biopsies using 100 �l of 50 mM

NaOH at 95°C for 90 min and buffered with 10 �l of 1 M Tris pH7.5.
Fbxl3Afh/Afh and PER2::LUC mice were genotyped using assays as previ-
ously described (Yoo et al., 2004; Godinho et al., 2007). For Cry1, gene-
specific primers were GTGTCTGGCTAAATGGTGG (forward) and
CAGGAGGAGAAACTGACGCACT (reverse) and an additional Neo-
cassette-specific forward primer, TGAATGAACTGCAGGACGAG. Stan-
dard PCR conditions were used to amplify products using the PCR cycle
(94°C for 30 s, 61°C for 60 s, 72°C for 60 s) X35. Wild-type allele product size
was 1600 bp and mutant product size was 2200 bp. For Cry2, gene-specific
primers were CCAGAGACGGGAAATGTTCTT (forward) and GCTTCA
TCCACATCGGTAACTC (reverse) and an additional Neo-cassette specific
forward primer, GAGATCAGCAGCCTCTGTTCC. Standard PCR condi-
tions were used to amplify products using the PCR cycle (95°C for 30 s, 55°C
for 30 s, 72°C for 90 s) X35. Wild-type allele product size was 550 bp and
mutant product size was 310 bp.

qPCR. Liver and cerebellum from wild-type and double homozygous
mutant male mice (n � 3) were dissected at zeitgeber times (ZT) 3, 7, 11,
15, 19, and 23, snap frozen on dry ice, and stored at �80°C. RNA was
extracted using the standard Trizol (Life Technologies) extraction pro-
tocol. Total RNA concentration was determined using a Nanodrop ND-
1000 (Thermo Fisher Scientific).

Gene expression was determined using SYBR green-based real-time PCR
(RT-PCR) assays using the following primers: Bmal1 (forward: CCGTGC
TAAGGATGGCTGTT, reverse: TTGGCTTGTAGTTTGCTTCTGTGT),
Cry1 (forward: GTGGATCAGCTGGGAAGAAG, reverse: CACAGGGCAG
TAGCAGTGAA), Cry2 (forward: TGACCTAGACAGAATCATCGAACT
G, reverse: GGCTGATGAGGGCCTGAA), Dbp (forward: GAGCCTTCTG
CAGGGAAACA,reverse:GCCTTGCGCTCCTTTTCC),Per1(forward:CC
CCTGCCTCCCAGTGA, reverse: CTGAAAGTGCATCCTGATTGGA),
Per2(forward:AGCTACACCACCCCTTACAAGCT,reverse:GACACGGC
AGAAAAAAGATTTCTC), Rev-erb�, (forward: CGTTCGCATCAATCGC
AACC, reverse: GATGTGGAGTAGGTGAGGTC), and the housekeeping
control gene Rpl13a (forward: TGCTGCTCTCAAGGTTGTTC, reverse: TG
CTTCTTCTTCGATAGTGC). Reverse transcription (RT) was performed
using the Superscript III first-strand synthesis for qPCR kit (Life Technolo-
gies) with 1 �g of total RNA as template. RT-PCRs were performed in trip-
licate using 10 �l of 2� Power SYBR Green PCR master mix (Life
Technologies), 2 �l of product from the RT reaction (diluted 1:4), 1 �l of 2
�M primer mix (containing both the forward and reverse primers), and 7 �l
of nuclease-free water. A sample minus reverse transcription buffer was used
as a negative control for the RT-PCRs. All of the negative controls used failed
to reach threshold by 45 cycles.

RT-PCRs were run on a 7500 Fast Real-Time PCR System (Applied
Biosystems). Relative expression was calculated using the standard
2 �(��(Ct)) relative expression method. Relative expression of individual
samples was normalized to that of Rpl13a.

Protein extraction, antibodies, and Western blotting. Cerebellum from wild-
type and double homozygous mutant male mice (n � 3) was dissected at ZT
3, 7, 11, 15, 19, and 23, snap frozen on dry ice, and stored at �80°C. For
CRY2 studies, tissue aliquots (50–70 mg) were lysed in 1 ml of RIPA buffer
(1.75 g of NaCl, 2 ml of NP40, 10 ml of Tris pH 7.5 1 M, 2 ml of 10% SDS, 10
ml of 10% sodium deoxycholate, 176 ml of H2O) with protease and phos-
phatase inhibitors (Roche) using FastPrep lysing matrix D (MP Biomedi-
cals). Protein concentrations in lysates were measured using Bradford
reagent (Sigma). Two times LDS sample loading buffer (2.5 �l; Invitrogen)
and reducing agent (1 �l; Invitrogen) were added to 10 �g of protein lysates.
Samples were heat-denatured and loaded on 4–12% Bis-Tris NuPAGE pre-
cast gels (Invitrogen). For CRY1 studies, proteins were extracted from snap-
frozen tissues using 2� Laemelli buffer (6� is 1.2 g SDS, 6 mg bromophenol
blue, 4.7 ml of Glycerol, 1.2 ml of Tris 0.5 M pH 6.8, 4.1 ml of ddH2O, and
reducing agent �-mercaptoethanol or DTT). Samples were sonicated
(Health-Sonics) for 30 min and then centrifuged for 15 min at 4°C. Five
microliters of aliquots of heat-denatured samples were directly loaded on the
gel. Electrophoresis and Western blot were performed using the Invitrogen
system. NuPAGE 4–12% Bis-Tris gels were run in MOPS running buffer
and then transferred to PVDF membrane using a semidry blotter (Bio-Rad).
Membranes were first incubated in blocking solution [5% dried nonfat milk
prepared in Tris-buffered saline containing 0.1% Tween 20 (TBST)] at 4°C
for 24 h on a shaking platform, washed with TBST, incubated with custom-
made antibodies to CRY1 or CRY2 (1:500 in blocking solution overnight at
4°C) or with anti-actin (Abcam, 1:80,000, 30 min at room temperature),
washed with TBST, and finally incubated with HRP-conjugated anti-rabbit
(Bio-Rad, 1:3000 in blocking solution for 1 h at room temperature) or anti-
mouse IgG (Sigma, 1:10,000, 1 h at room temperature). CRY1 and CRY2
antibodies were raised against murine peptide sequences SQEEDAQSVGP-
KVQRQSSN and VTEMPTQEPASKDS, respectively. After washing, Amer-
sham ECL Plus Western blot Detection Kit (GE Healthcare) was used for
signal detection using the UVP ChemiDoc-It Imaging System.

Statistical analysis. For wheel-running and SCN slice studies, two-way
ANOVA with Bonferroni post hoc analysis was performed. For protein
studies, the relative expression of CRY protein normalized to �-actin
across all time points in wild-type and Cry�/�;Fbxl3Afh/Afh double mu-
tants was analyzed by two-way ANOVA with time and genotype as fac-
tors. For gene expression analysis, two-way ANOVA with Bonferroni
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post hoc analysis was performed using genotype and time as factors. For
Cry1 and Cry2 expression analysis, two-way ANOVA was performed
with no post hoc analysis. All data were analyzed using SPSS statistical
software.

Results
Circadian behavioral effects of selective and independent
stabilization of endogenous CRY1 or CRY2 by Fbxl3 Afh/Afh

In otherwise wild-type mice, Fbxl3Afh/Afh jointly stabilizes CRY1
and CRY2 proteins over the circadian cycle (Godinho et al.,
2007). To test for independent actions of Fbxl3Afh/Afh on the in-
dividual proteins, its effects on CRY1 and CRY2 were tested in
Cry2�/� and Cry1�/� mice, respectively. In cerebellum samples
collected around the light-dark cycle, the Afh mutation, in the
absence of CRY1, significantly upregulated and stabilized CRY2
(lower CRY2 band) compared with wild-type (two-way ANOVA,
genotype effect; F(1,36) � 4.7, p � 0.036; time effect; F(5,36) �
0.307, p � 0.906, Fig. 1A,B, left). Similarly, in the absence of
CRY2, Fbxl3Afh/Afh significantly upregulated and stabilized CRY1
protein levels across time (two-way ANOVA, genotype effect;
F(1,36) � 4.8,p � 0.035; time effect; F(5,36) � 0.247,p � 0.938, Fig.
1A,B, right). Having established that Fbxl3Afh has independent
biochemical effects on both CRY1 and CRY2, i.e., stabilization in
the absence of the alternative paralogue, we then examined the
consequences of this selective stabilization on circadian behavior.

To assess the behavioral effects of stabilized CRY2 in the ab-
sence of CRY1, wheel-running rhythms were recorded in mice
with each of the nine allelic combinations of Cry1 null (or WT)
and Fbxl3Afh (or WT) (Fig. 2A,B). All genotypes entrained to the
initial 12/12 h LD schedule for 7 d. Upon transfer to DD, the
animals exhibited clear free-running rhythms for 2 weeks, with
genotypically specific periods, significantly affected by both Cry1 and
Fbxl3 alleles (two-way ANOVA: F(2,113) � 33.4, p � 0.0001 and
F(2,113) � 76.2, p � 0.0001, respectively). There was also a significant
interaction between the two genotypes (F(4,113) � 6.2, p � 0.0001).

Whereas Fbxl3Afh significantly lengthened free-running period in a
wild-type background (wild-type � 23.68 � 0.09 h; Fbxl3Afh/Afh �
26.48 � 0.16 h, � � 2.80 h), Cry1�/� significantly shortened it
(wild-type�23.68�0.09 h; Cry1�/� �22.89�0.07 h,��0.79 h).
More surprisingly, with the loss of Cry1, the Fbxl3Afh allele retained
its ability to lengthen free-running period, although this effect me-
diated via stabilization of CRY2 was dramatically attenuated in the
Cry1�/� animals when compared with wild-types (Cry1�/�;
Fbxl3�/� � 22.89 � 0.07 h; Cry1�/�; Fbxl3Afh/Afh � 24.19 � 0.16 h,
� � 1.30 h). Thus, in the absence of CRY1, circadian stabilization of
endogenous CRY2 lengthened period, but not as efficiently as in the
combined presence of both CRY2 and CRY1 in wild-type mice (1.30
vs 2.80 h, respectively).

In the converse test, the behavioral effects of Fbxl3Afh on en-
dogenous CRY1 were determined in the progressive absence of
CRY2 (Fig. 3A,B). Two-way ANOVA revealed significant main
effects of both Cry2 and Fbxl3Afh genotypes (F(2,113) � 21.1, p �
0.0001 and F(2,113) � 361.2, p � 0.0001, respectively) both of
which lengthened period: deficiency of CRY2 thus contrasting
with the accelerating effect of CRY1 deficiency. There was also
a significant interaction between genotypes (F(4,113) � 2.64,
p � 0.038). Period lengthening by the Cry2 allele was small, but
dose-dependent and significant in both heterozygotes and ho-
mozygotes (wild-type � 23.68 � 0.09 h; Cry2�/� � 24.24 �
0.08 h, � � 0.56 h). In double mutants, the ability of the Fbxl3Afh
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Figure 2. Effects of Cry1�/� and Fbxl3Afh/Afh alone and in combination on wheel-running
behavior in mice. A, Representative double-plotted actograms for all genotype combinations of
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comparing the set of three lighter hued columns with the three medium and three dark) and
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three blue and three red) effects.
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allele to lengthen period in constant darkness was retained
(Cry2�/�; Fbxl3�/�, 24.24 � 0.08 h; Cry2�/�; Fbxl3Afh/Afh, �
27.83 � 0.31 h, � � 3.59 h) and thus stronger in the sole presence
of CRY1 than in the sole presence of CRY2 (3.59 vs 1.30 h, re-
spectively) and in wild-types with both CRY1 and CRY2 (2.8 h).
This demonstrates that both CRY1 and CRY2 are mediators of
the circadian behavioral actions of Fbxl3Afh, which exerts its ef-
fects by stabilization of both targets. CRY1, however, is the pre-
dominant, more potent endogenous mediator in lengthening the
period of behavioral rhythms in mice. We therefore tested the
hypothesis that endogenous CRY1 is the predominant transcrip-
tional repressor in the molecular circadian oscillator.

Independent spatiotemporal roles for endogenous CRY1 and
CRY2 in transcriptional repression are revealed by Fbxl3 Afh-
dependent stabilization
The effects of selective stabilization of either CRY1 or CRY2 on
circadian behavior likely results from changes in the expression of
their target genes. To explore this possibility in biochemically
tractable tissues with intrinsic CRY-dependent pacemakers, we
investigated the expression of a number of oscillating genes using
qPCR across the 24 h cycle in a well characterized circadian tissue,
liver, and in a neural tissue, cerebellum (Fig. 4A,B, Table 1).
Expression patterns of all genes tested in wild-type controls were
robustly rhythmic with the expected phases of expression in both
tissues.

Clock gene expression in livers of Cry1�/� mice showed no
significant changes relative to wild-type controls (two-way
ANOVA comparing genotypes across time) while effects in
Cry1�/�; Fbxl3Afh/Afh double mutants were limited. Although
Dbp expression was significantly damped in double mutants (p �
0.002), other genes maintained a robust rhythmicity with subtle
albeit significant (two-way ANOVA main effects and interaction)
changes in the amplitude and phase of expression. In marked
contrast, the expression of liver clock genes in the absence of
CRY2 was sensitive to the level of CRY1, these being widely and
globally suppressed in Cry2�/�; Fbxl3Afh/Afh samples where CRY1
is stabilized. In summary, disturbances in the rhythmic expres-
sion of clock genes in the liver highlighted the pronounced ability
of endogenous CRY1 to suppress circadian transcription. In con-
trast, stabilized endogenous CRY2 was relatively impotent in reg-
ulating hepatic gene expression rhythms.

In contrast to liver, both cryptochrome proteins were capable
of significant transcriptional repression in cerebellum, although
CRY1 was the stronger of the two. Undoubtedly, CRY2 can have
significant, but more focused, tissue-specific roles in transcrip-
tional regulation. In the absence of CRY1, CRY2 demonstrated
subtle effects on gene expression while stabilized CRY2 had a
relatively strong effect, with almost complete suppression of Per2
(p � 0.0001) and Dbp (p � 0.008) and upregulation of RevErb�
(p � 0.001). In cerebellum, as in liver, unopposed CRY1 signifi-
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cantly affected the expression of all genes investigated (Per2 p �
0.006, Dbp p � 0.001, RevErb� p � 0.002), while these repressive
effects were even stronger when CRY1 was stabilized (Per2 p �
0.009, Dbp p � 0.0001, RevErb� p � 0.0001).

Thus, while CRY1 is undoubtedly a strong transcriptional re-
pressor, endogenous CRY2 is also confirmed to be a transcrip-
tional repressor, and although it plays a relatively minor role in
liver, its repressive effect on gene expression in the cerebellum
may serve in unraveling target-specific and tissue-specific roles
for CRY2 in the regulation of circadian transcription.

The selective effects of endogenous CRY1 and CRY2 on SCN
molecular pacemaking
Taking the respective behavioral and transcriptional effects of
endogenous CRY1 and CRY2 in combination, we sought to test
their action within the central pacemaker of the SCN, arguing
that differential transcriptional actions of CRY1 and CRY2 would
underpin differences in circadian period. Cry�/� and Fbxl3Afh

mice were therefore intercrossed with the PER2:LUC reporter
line (Yoo et al., 2004) to monitor the molecular pacemaker as
PER2-driven bioluminescence rhythms in neonatal SCN slice
cultures (Fig. 5A,B). All genotypic combinations generated ro-
bust, high-amplitude circadian cycles of bioluminescence. Anal-
ysis by two-way ANOVA revealed a significant effect for all
genotypes (Cry2�/� F(2,68) � 134.0, p � 0.0001, Afh F(2,68) �
130.0, p � 0.0001: Cry1�/� F(2,80) � 98.1, p � 0.0001, Afh F(2,80) �
216.2, p � 0.0001), although interactions between genotypes did
not reach significance. Fbxl3Afh lengthened SCN biolumines-
cence rhythms in a dose-dependent fashion (wild-type � 24.20 �
0.06 h; Fbxl3Afh/Afh � 27.01 � 0.36 h, � � 2.81 h), whereas
Cry1�/� shortened (wild-type � 24.20 � 0.06 h; Cry1�/� �
22.32 � 0.12 h, � ��1.88 h) and Cry2�/� lengthened the period
of these rhythms (wild-type � 24.06 � 0.10 h; Cry2�/� �
26.16 � 0.11 h, � � 2.10 h). In double mutants, period length-
ening by the Fbxl3Afh allele was not as severe in Cry1�/� SCN with
stabilized CRY2 (2.18 h) as it was in CRY wild-type SCN (2.81 h)
or in Cry2�/� SCN with stabilized CRY1 (3.50 h). Thus, stabilized
endogenous CRY1 and CRY2 can both act independently as de-
celerators of the SCN molecular pacemaker, and both can medi-
ate the actions of Fbxl3 Afh. Finally, the period of bioluminescence
rhythms for each genotype tended to be slightly longer than
behavioral rhythms, but, nevertheless, Pearson’s correlation
from behavioral and slice studies (R 2, Fig. 5C,D) indicated a

strong correlation (Cry1�/�;Fbxl3Afh/Afh R 2 � 0.82, p � 0.05;
Cry2�/�Fbxl3Afh/Afh R2 �0.84, p�0.05) between the wheel running
activity and the SCN slice data in both groups of double mutants
across the genotypic range. Thus, although additional potential tar-
gets of Fbxl3Afh cannot be excluded from the clockwork, the effects of
CRY stabilization at the level of the SCN can nevertheless explain in
full the observed behavioral consequences of Fbxl3Afh.

To gain further insight into the selective effects of CRY1 and
CRY2 on the SCN pacemaker, the normalized bioluminescent
waveforms of SCN with the different genotypes were aligned rel-
ative to peak PER2::LUC expression levels (Fig. 5E,F). Such an
approach had previously shown that the principal effect of
Fbxl3Afh/Afh was to prolong the circadian nadir of PER2::LUC
expression, consistent with an extended phase of negative feed-
back (Godinho et al., 2007). Comparisons of the duration of the
PER2::LUC circadian nadir in double mutants confirmed that
CRY1 stabilization is predominantly responsible for period
lengthening in Fbxl3Afh/Afh. While the duration of this trough in
Cry1�/�; Fbxl3Afh/Afh SCN slices (i.e., a CRY2-driven clock) is not
significantly different from that of wild-type slices, it is signifi-
cantly lengthened in Cry2�/�; Fbxl3Afh/Afh slices (i.e., a CRY1-
driven clock) and is comparable to the lengthening seen in
Fbxl3Afh/Afh mice. The finding was essentially confirmed when
nadir duration was expressed as a percentage of peak duration (�/�
157 � 10%, Fbxl3Afh/Afh 188 � 16%**, Cry1�/�; Fbxl3Afh/Afh 171 �
17%, Cry2�/�; Fbxl3Afh/Afh 177 � 7%**; **p � 0.001). This
functional assay thereby provides a clear association between
the respective transcriptional activities of endogenous CRY1 and
CRY2 and their effects on SCN-dependent circadian behavior in
Fbxl3 wild-type and Fbxl3Afh backgrounds.

Circadian stabilization of mouse cryptochromes is both
necessary and sufficient to account for the Fbxl3 Afh/Afh

period-lengthening phenotype
Although the wheel-running behavior in Cry1�/�; Cry2�/� dou-
ble mutants shows a 24 h rhythm under a light/dark cycle, this
effect is due to the masking effect of light on locomotor activity in
a nocturnal rodent. In contrast, in constant darkness the
Cry1�/�; Cry2�/� double mutants were totally arrhythmic (Vi-
taterna et al., 1999; van der Horst et al., 1999). To determine
whether cryptochromes are solely responsible for the period-
lengthening phenotype in Fbxl3Afh/Afh mice, we generated
Fbxl3Afh/Afh; Cry1�/�; Cry2�/� triple mutant mice and confirmed

Table 1. Statistical analysis of gene expression effects in WT, Cry1�/� , Cry1�/�; Fbxl3Afh/Afh, Cry2�/�, and Cry2�/�; Fbxl3Afh/Afh tissues

Gene Genotype effect Time effect Genotype*time Post hoc

Liver Cry1 �/� Cry1 �/�; Fbxl3Afh/Afh

Per2 F(2,36) � 4.231, p � 0.022 F(5,36) � 3.861, p � 0.007 F(10,36) � 2.632, p � 0.016
Dbp F(2,36) � 15.846, p � 0.0001 F(5,36) � 20.325, p � 0.0001 F(10,36) � 2.208, p � 0.040 p � 0.002
Rev-erbA F(2,36) � 4.162, p � 0.024 F(5,36) � 25.401, p � 0.0001 F(5,36) � 3.361, p � 0.004

Cry2 �/� Cry2 �/�; Fbxl3Afh/Afh

Per2 F(2,36) � 9.447, p � 0.001 F(5,36) � 4.475, p � 0.003 p � 0.011
Dbp F(2,36) � 12.18, p � 0.0001 F(5,36) � 4.08, p � 0.005 F(10,36) � 3.070, p � 0.006 p � 0.002
Rev-erbA F(2,36) � 7.173, p � 0.002 F(2,36) � 6.347, p � 0.0001 F(2,36) � 5.104, p � 0.0001 p � 0.007 p � 0.007

Cerebellum Cry1 �/� Cry1 �/�; Fbxl3Afh/Afh

Per2 F(2,36) � 25.077, p � 0.001 p � 0.005 p � 0.0001
Dbp F(2,36) � 27.228, p � 0.0001 F(5,36) � 2.523, p � 0.047 p � 0.036 p � 0.008
Rev-erbA F(2,36) � 14.40, p � 0.0001 F(5,36) � 3.127, p � 0.019 p � 0.010 p � 0.001

Cry2 �/� Cry2 �/�; Fbxl3Afh/Afh

Per2 F(2,36) � 7.001, p � 0.003 p � 0.006 p � 0.009
Dbp F(2,36) � 20.456, p � 0.0001 p � 0.001 p � 0.0001
Rev-erbA F(2,36) � 17.45, p � 0.003 p � 0.002 p � 0.0001
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that triple mutant mice were also behaviorally arrhythmic (Fig.
6A,B). Moreover, there were no observable additional conse-
quences of Fbxl3Afh for circadian behavior. Thus, the circadian
stabilization of mouse cryptochromes is necessary to express the
Fbxl3Afh/Afh circadian behavioral phenotype in vivo. Recently,
however, we discovered that Cry1�/�; Cry2�/� SCN can express
intrinsic CRY-independent molecular pacemaking with an ex-
tremely short period of �18 h, albeit highly variable and unstable
(Maywood et al., 2011a). It is possible that these intrinsic rhythms
could be driven exclusively by PER-mediated transcriptional
feedback but equally likely that these rhythms could be main-
tained through intracellular signaling systems (such as Ca 2� or
cAMP) independent of any transcriptional/posttranslational
feedback loop (Hastings et al., 2008). These findings are not un-
precedented, being similar to results obtained using SCN from
the Bmal1�/� behaviorally arrhythmic model (Ko et al., 2010). In
the current study, therefore, representative examples of slices ex-

pressing both rhythmic and arrhythmic bioluminescence were
recorded (Fig. 6C,D), and �58% (10/17) of all Cry1�/�; Cry2�/�

slices recorded were rhythmic with a period of 18.03 � 0.60 h
(Fig. 6E). This intrinsic pacemaker rhythm was also evident in
the presence of Fbxl3Afh/Afh with �61% (8/13) of Fbxl3Afh/Afh;
Cry1�/�; Cry2�/� slices expressing bioluminescence oscillations.
Importantly, their period of 18.92 � 0.94 h was not significantly
different from that seen in CRY-deficient slices with wild-type
Fbxl3 background. The lack of effect on the intrinsic Cry1�/�;
Cry2�/� SCN pacemaker demonstrates that the circadian stabi-
lization of mouse cryptochromes is necessary and sufficient to
express the Fbxl3Afh/Afh phenotype; i.e., Fbxl3 Afh has no mediators
of its circadian actions other than CRY1 and CRY2. Moreover, it
would appear that even though Cry1�/�; Cry2�/� mice can
maintain a rhythm in the SCN, they are unable to coordinate
rhythms in circadian output measures, hence they are behavior-
ally arrhythmic.
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Figure 5. Measurement of bioluminescence rhythms in the SCN of double mutants further
defines the contribution of CRY1 to molecular pacemaking. Grouped data (mean �SEM) com-
paring the period of PER2::luc bioluminescence rhythms for all genotype combinations of
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only, whereas the post hoc for Cry are the same as the wheel-running behavior. Correlation, for
all 9 genotypic combinations, between period length in vitro in SCN slices and in vivo wheel-
running behavior in (C) Cry1�/�; Fbxl3Afh/Afh and (D) Cry2�/�; Fbxl3Afh/Afh double mutant
crosses. Pearson’s correlation coefficient (R 2) shows a high degree of correlation between the
two groups of data in both sets of mutants. E, Circadian waveform normalized plots of biolumi-
nescence curves (mean �SEM) from wild-type (black, n � 7), Fbxl3Afh/Afh (green, n � 11),
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slices. Statistical significance was determined by one-way ANOVA with Bonferroni post hoc
analysis, ***p � 0.01.
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Figure 6. An intrinsic CRY-independent pacemaker in SCN is extremely short, unstable, and
is unaffected by Fbxl3Afh. Double plotted actograms depicting behavioral arrhythmicity in
Cry1�/�; Cry2�/� double (A) and Cry1�/�; Cry2�/�; Fbxl3Afh/Afh (B) triple mutants. Addi-
tion of Fbxl3Afh/Afh has no consequences on the arrhythmic phenotype in Cry1�/�; Cry2�/�

mice. In SCN slices expressing Per2::Luc bioluminescence, �60% of slices from both double
(solid lines) and triple mutants (dashed lines) can maintain a rhythm for several days (C) al-
though many slices exhibit unstable rhythms or arrhythmicity (D). Rhythmic slices express an
intrinsic rhythm (E) that is extremely short in Cry1�/�; Cry2�/� slices (gray, 18.03 � 0.60 h,
n � 10) and is not affected by the presence of Fbxl3Afh/Afh (black, 18.92 � 0.94 h, n � 10). F,
A schematic representation of the proposed effects of CRY1, CRY2, and CRY1 and CRY2 in com-
bination upon the intrinsic �18 h period of the SCN in the absence of cryptochromes. Period
length can be variably lengthened by the addition of CRY2 and/or CRY1 (horizontal gray bars
with white error bars) with further lengthening to a maximum of �30 h when combinations of
Cry alleles are stabilized in the presence of Fbxl3Afh (horizontal black bar extensions with black
error bars). These combined results would suggest that, contrary to what has previously been
proposed, CRY2 functions as a clock decelerator but is less efficient and antagonistic to the
actions of CRY1 on clock speed.
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Discussion
Through the generation of double mutants that maintain stable
protein levels of one CRY in the absence of its paralogue, we have
demonstrated differential and selective contributions of endoge-
nous CRY1 and CRY2 proteins in defining the pace of the SCN
circadian clock and its circadian transcriptional outputs. Specif-
ically, we have established that CRY1 is a more potent transcrip-
tional suppressor of endogenous target genes in cerebellum and
liver than is CRY2, and correspondingly that it is more effective
than CRY2 in lengthening the period of the SCN oscillator
through a more prolonged duration of E-box-mediated tran-
scriptional repression during circadian night. Notwithstanding
its less potent but nevertheless real transcriptional activity, en-
dogenous CRY2 has a critical role in tuning SCN circadian period
by opposing the action of CRY1. Moreover, we have shown that,
although there are potentially additional targets of FBXL3, stabi-
lization of CRY1 and CRY2 is both necessary and sufficient to
account for the Fblx3Afh period-lengthening phenotype. Finally,
our analysis of the Cry1�/�;Cry2�/�;Fbxl3Afh/Afh compound
phenotype revealed a spontaneous, short period, CRY- and FBXL3-
independent pacemaking activity in the SCN, which in the wild-type
SCN is tuned to 24 h by CRY2 titrating the action of the more effi-
cient clock decelerator CRY1.

Our findings on differential CRY1 and CRY2 contributions to
SCN circadian timing and output rhythms in liver and cerebel-
lum provide an in vivo context to interpret recent data on the
transcriptional architecture of the circadian feedback loop using
ChIP-seq in mouse liver. In both SCN and liver, expression of
CRY1 and CRY2 is circadian, protein levels accumulating in par-
allel during late circadian day and into circadian night (Kume et
al., 1999; Lee et al., 2001; Koike et al., 2012). Despite common
changes in abundance, their interactions with DNA regulatory
elements show contrasting temporal profiles. Whereas occu-
pancy by CRY2 starts to increase from early circadian day and
peaks in early circadian night (CT16), coincident with associated
PER-mediated transcriptional repression, CRY1 binding starts in
later circadian night (CT20) with a peak at circadian dawn (CT0).
A particular property ascribed to CRY1 is the extension of the
repression phase into the next circadian cycle, holding off
CLOCK:BMAL transcriptional activation in an otherwise
“poised” state (Koike et al., 2012). The mild transcriptional inhi-
bition we have revealed for endogenous CRY2 likely corresponds
to its time-limited occupancy of target elements, coincident with,
and possibly facilitated by, PER proteins. Its titration of CRY1-
mediated feedback may arise from this occupancy—CRY2 deny-
ing CRY1 early access to its DNA targets. On the other hand,
CRY1 repression appears to have an autonomous, open-ended
action, independent of PER and CRY2 activity that extends into
circadian day. Thus, its stabilization by Fbxl3Afh enables it to delay
the onset of transactivation by transcriptionally poised CLOCK/
BMAL, thereby potently extending the interval of negative feed-
back. This new perspective on DNA-occupancy by CRY1 also
provides a molecular explanation for another phenotype of
Fbxl3Afh: the additive effects of the Fbxl3Afh and Casein Kinase 1�
Tau (CK1�Tau) mutations (Maywood et al., 2011b). CK1�Tau ac-
celerates circadian behavior and SCN pacemaking by destabiliz-
ing PER proteins, facilitating their early degradation and thereby
truncating their interval of negative transcriptional feedback. In
mice carrying both Fbxl3Afh and CK1�Tau mutations, the circa-
dian period is determined by their additive contributions—there
is no evidence of epistasis between them. Thus, the CK1�Tau and
Fbxl3Afh alleles independently shorten and lengthen the PER-

dominated and CRY1-dominated intervals of transcriptional in-
hibition, respectively, in circadian night and early circadian day.

The differential contributions of CRY1 and CRY2 to tran-
scriptional feedback also have relevance for clock-controlled out-
puts, the effectors of circadian behavior and physiology. In the
absence of Cry1 (in a CRY2-driven clock), there were subtle
tissue-specific and target-specific effects on transcription. CRY2
shows a minimal effect in liver regardless of whether it has been
stabilized by Fbxl3Afh. In cerebellum, CRY2 basal effects are more
pronounced and this is more apparent when CRY2 is stabilized.
On the other hand, in the absence of CRY2, in a CRY1-driven
clock, there is an almost universal transcriptional repression of
clock-controlled genes, particularly so when CRY1 is stabilized
by Fbxl3Afh. The results strongly indicate that endogenous CRY
proteins may have distinct roles in transcriptional complexes in
different mammalian tissues. Such a role has previously been
suggested for the circadian transcriptional repressors SHARP-1
(DEC2) and SHARP-2 (STRA13/DEC1) (Rossner et al., 2008).

One important feature that distinguishes the current study of
CRY function from other studies is the focus on physiologically
relevant changes that incorporate all of the necessary processes
modifying CRY function in vivo. In contrast, overexpression
studies of recombinant proteins in vitro have yielded conflicting
views on CRY functions in the oscillator (Ueda et al., 2005; Fan et
al., 2007; Liu et al., 2007; Yamanaka et al., 2007; Khan et al., 2012).
This could be related to the differences in promoters used in
expression constructs or in cells or tissues used to determine
oscillator effects, but could equally likely be related to the fact that
these systems cannot account for all of the modifications and
subcellular trafficking that CRY proteins must undergo during
the course of the SCN circadian cycle (Eide et al., 2002; Hirayama
et al., 2003; Sanada et al., 2004; Harada et al., 2005; Chaves et al.,
2006; Hitomi et al., 2009; Lamia et al., 2009; McCarthy et al.,
2009). Nevertheless, our observations that stabilization of ei-
ther CRY1 or CRY2 can lengthen period have recently been
replicated through the use of a novel small molecule that ap-
pears to phenocopy the Fbxl3Afh mutation by stabilizing CRY
proteins (Hirota et al., 2012). In addition, an in silico mathe-
matical model used by the same group (Hirota et al., 2012)
predicted our experimentally derived conclusions from in vivo
studies that stabilization of CRY2 in the absence of CRY1 can
lengthen circadian period.

Our data from wheel-running and SCN oscillations show that
stabilization of CRY2 can slow the clock, whereas mice that are
homozygous null for Cry2 also have a slower clock [the present
study and data from the studies by Vitaterna et al. (1999); van der
Horst et al. (1999)]. This is in some ways a paradoxical result.
How might the absence of CRY2 and the stabilization of CRY2
have the same overall phenotypic effect? This paradox is resolved,
however, by considering the summary of genetic interactions be-
tween Cry and Fbxl3 mutations in SCN slices (Fig. 6F), which
confirmed that in the “ground state” of Cry1�/�; Cry2�/�, SCN
slices express an intrinsic period of �18 h. Addition of CRY2 and
CRY1 together lengthens this period to a wild-type condition of
�24 h. Restoration of CRY2 alone, however, is less effective and
so a CRY1-null SCN, expressing only CRY2, has a period shorter
than wild-type, but nevertheless longer than the doubly CRY-
deficient ground state. Conversely, restoration of CRY1 alone, in
the absence of CRY2, is even more effective and the period is
longer than the wild-type condition. This comparison further
demonstrates that CRY2 (in the wild-type context) attenuates the
potent effect of CRY1, generating a wild-type period of �24 h.
Thus, it is this interaction of CRY1 and CRY2 that leads to the
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paradoxical observation that loss of the negative regulator CRY2
lengthens the period of the clock. It does so because it unmasks
the unopposed effects of the more potent regulator, CRY1. Con-
trary to our current understanding of clock function, therefore,
endogenous CRY2 is not an “accelerator” of the clock—it is sim-
ply a less effective decelerator of the intrinsic CRY-free clock, but
nevertheless one that competes with endogenous CRY1 and sup-
presses the more potent action of CRY1 on pacemaking. In sup-
port of this observation, period lengthening can be achieved by
the stabilization of either CRY in the presence of Fbxl3Afh/Afh,
although this effect is stronger when CRY1 rather than CRY2
is stabilized. The bioluminescence data provide clear evidence
of these differential effects of CRY1 and CRY2. By aligning
waveforms of PER2::LUC activity, the interval of negative
feedback was assessed by measuring the duration of the nadir of
PER2::LUC expression. Previously, we have shown that the
Fbxl3Afh mutation acts via extending the duration of this nadir
(Godinho et al., 2007). Our current findings show that selective
stabilization of CRY1 is the principal mediator of period length-
ening in the SCN. These results complement the early behavioral
findings (van der Horst et al., 1999) that the effects of CRY2 on
circadian regulation are sensitive to the dosage of CRY1.

The description of CRY-independent oscillation in the SCN
extends previous reports in CRY-null and Bmal1�/� SCN slices
(Ko et al., 2010; Maywood et al., 2011a), which argue that the
SCN can sustain intrinsic rhythms independently of the tran-
scriptional oscillator. These are likely to be mediated through
intercellular and intracellular signaling oscillations involving
cAMP and [Ca 2�]i. However, although molecular oscillations
can remain rhythmic in Cry1�/�;Cry2�/� SCN in the absence
of CRY1 and CRY2 to control output pathways, circadian in-
formation cannot be effectively relayed to other brain regions
and peripheral organs, thus explaining the immediate and com-
plete behavioral arrhythmicity seen in the Cry1�/�; Cry2�/�

mouse.
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