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Association of the circadian factor Period 2 to
p53 influences p53’s function in DNA-damage
signaling
Tetsuya Gotoh*, Marian Vila-Caballer*,†, Jingjing Liu, Samuel Schiffhauer, and Carla V. Finkielstein
Integrated Cellular Responses Laboratory, Department of Biological Sciences, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061

ABSTRACT Circadian period proteins influence cell division and death by associating with
checkpoint components, although their mode of regulation has not been firmly established.
hPer2 forms a trimeric complex with hp53 and its negative regulator Mdm2. In unstressed
cells, this association leads to increased hp53 stability by blocking Mdm2-dependent ubiquitination and transcription of hp53 target genes. Because of the relevance of hp53 in checkpoint signaling, we hypothesize that hPer2 association with hp53 acts as a regulatory module
that influences hp53’s downstream response to genotoxic stress. Unlike the trimeric complex,
whose distribution was confined to the nuclear compartment, hPer2/hp53 was identified in
both cytosol and nucleus. At the transcriptional level, a reporter containing the hp21WAF1/CIP1
promoter, a target of hp53, remained inactive in cells expressing a stable form of the hPer2/
hp53 complex even when treated with γ-radiation. Finally, we established that hPer2 directly
acts on the hp53 node, as checkpoint components upstream of hp53 remained active in
response to DNA damage. Quantitative transcriptional analyses of hp53 target genes demonstrated that unbound hp53 was absolutely required for activation of the DNA-damage
response. Our results provide evidence of the mode by which the circadian tumor suppressor
hPer2 modulates hp53 signaling in response to genotoxic stress.
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INTRODUCTION
Transcription of period genes oscillates in a circadian manner and
is essential for maintaining a functional clock that is driven by interacting transcription-translation–based autoregulatory feedback
loops (for review, see Takahashi et al., 2008). Three homologues
(period 1–3) have been identified in mammals, whose levels oscillate in the suprachiasmatic nuclei, where the master clock is

located, and in peripheral tissues (Albrecht et al., 2007). Period
(Per), cryptochrome (Cry), casein kinase Iε/δ (CKIε/δ), circadian locomoter output cycles kaput (Clock), and brain and muscle Arntlike protein 1 (Bmal1) are the main players responsible for driving
the primary negative-feedback loop of the clock, where transcriptional activation, heterodimerization, and translocation maintain
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the dynamics of the process (for review, see Takahashi et al.,
2008).
In recent years, it has been determined that clock component
roles have expanded beyond their strict function as modulators of
the organism’s adaptive response to environmental cues (i.e., light/
dark cycles) to include regulating sleep–wake cycles and release of
hormones, maintaining the body’s thermoregulation, and having a
role in photoperiodism. Extensive work in various organismal systems has identified clock factors as obligatory intermediates that
control numerous physiological processes directly relevant to human diseases and behavioral disorders (for review, see Takahashi
et al., 2008). For example, a Bmal1/Mop3 (Arnt1)–null mutant mouse
exhibits infertility, decreased body weight usually associated with
abnormal gluconeogenesis and lipogenesis, premature aging, and
sleep fragmentation (Bunger et al., 2000; Rudic et al., 2004; Laposky
et al., 2005; Shimba et al., 2005; Kondratov et al., 2006), whereas a
ClockΔ19 (antimorph) mouse mutant is hyperphagic and obese, hypersensitive to chemotherapeutic agents, and exhibits a manic phenotype (Naylor et al., 2000; Rudic et al., 2004; Gorbacheva et al.,
2005; Turek et al., 2005). Others, such as the Cry1 and Cry2 doublenull mutant mouse, exhibit a delay in tissue regeneration as monitored in the liver (Matsuo et al., 2003). Csnk1e (CK1εtau mutant) mutant animals have an enhanced metabolic but reduced growth rate
(Oklejewicz et al., 1997; Lucas et al., 2000), whereas both Csnk1d
(CK1δ)- and timeless-null mutations result in a lethal phenotype
(Gotter et al., 2000; Xu et al., 2005). Additional physiological phenotypes, including diminished pupillary light reflex, impaired temporal
regulation of metabolism and feeding, age-related autoimmune
diseases, and defects in skeletal muscle regeneration, have also
been described in mice exhibiting mutations in other clock-related
genes, such as Rora, b, and c, Dec 1 and 2, Opn4, Vip, Vipr2, and
Nocturnin (for review, see Takahashi et al., 2008). Moreover, deletion and mutations of mouse Period genes result in numerous
changes in an animal’s phenotype, including shortening or loss of
the circadian period (in the case of Per1 and Per2 double-null mutant mice), sensitization of animals to drugs, improper alcohol intake, altered glucose metabolism, and abnormal cellular proliferation (Zheng et al., 1999, 2001; Shearman et al., 2000; Bae et al.,
2001; Cermakian et al., 2001; Fu et al., 2002). Of interest, neither
Per1- nor Per3-null mutant mice exhibit a phenotype that is reminiscent of that observed in animals in which the expression of checkpoint proteins is compromised (Fu et al., 2002); however, Per2-null
mutant mice do. Accordingly, Per2-null mice show increased hyperplastic growth, tumor development, and severe morbidity, a phenotype that is accompanied by hair graying and hair loss, which is exacerbated in the presence of genotoxic stress (Fu et al., 2002).
Although there have been attempts to identify molecular signatures
responsible for the Per2-null phenotype (Fu et al., 2002), the mechanistic foundation that further supports the observed phenotype is
lacking.
Connections between clock molecules and the cellular DNA
damage response have been identified. In Neurospora crassa, the
clock gene period 4 was identified as an orthologue of the mammalian checkpoint kinase 2 (Chk2) gene (Pregueiro et al., 2006). In
colon cancer cell lines, overexpression of Per1 sensitizes cells to
DNA damage–induced apoptosis by a yet-unknown mechanism
that involves interaction with Chk2 (Gery et al., 2006). However, unlike Per2, Per1 does not seem to act as a tumor suppressor, since
homozygous Per1 mutant mice display only a shorter circadian period with reduced precision and stability, and ablation of the per1
gene does not affect cell proliferation (Zheng et al., 2001). Finally,
the human Timeless (hTim) protein seems to be required for the
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phosphorylation and activation of Chk1 by the ataxia telangiectasia
and Rad3-related protein (ATR), whereas Per3 appears to physically
bind to both ATM and Chk2. However, the role of hTim in circadian
regulation of mammalian cells is controversial (Unsal-Kacmaz et al.,
2005), and the per3 gene product is not necessary to sustain circadian rhythmicity in mice (Shearman et al., 2000). Overall these studies suggest a scenario in which multiple circadian players converge
on a multilevel cellular clock that links environmental conditions to
the biochemical and genetic machinery of the cell to influence cell
cycle progression and the response to genotoxic stress.
More recently, we performed interaction studies using human
Period 2 (hPer2) as bait to map and identify protein–protein interactions and endogenous protein partner complexes (Gotoh et al.,
2014). The transcription factor and checkpoint-component p53 (human p53 transcription factor [hp53]) is among the novel hPer2 interactors. Association of hPer2 to the C-terminus region of hp53 results in formation of a trimeric complex in which the oncogenic
protein murine [human] double minute-2 (Mdm2) is bound to the
N-terminus of hp53. As a result, hPer2 promotes hp53 stability by a
mechanism that involves inhibition of hp53 ubiquitination by Mdm2
(Gotoh et al., 2014). The end result is the intersection of circadian
and checkpoint components at the key hp53 node and the modulation of the hp53 transcriptional response. Our findings are in agreement with the observation that endogenous p53 is largely undetectable in thymocytes from Per2-null mice and that de novo
accumulation of p53 seems to occur several hours after the insult is
applied in Per2-null animals (Fu et al., 2002), an observation that
goes along with our findings of hPer2 acting as a transcriptional
regulator of the TP53 gene (Gotoh et al., 2014).
A number of additional findings indirectly point toward cross-talk
between Per2 function and the p53-mediated DNA damage response; however, it remains unclear how Per2 relates to that process
mechanistically. For example, it is known that overexpression of Per2
results in reduced cellular proliferation and increased apoptosis in
lung and mammary carcinoma, but not in embryonic fibroblast
NIH3T3 cells, by a transcriptional mechanism that involves the
up-regulation of proapoptotic components (i.e., TP53 and BAX
[encodes the Bcl-2-associated X protein, Bax]) and the simultaneous
attenuation of antiapoptotic transcripts, including MYC, BCL2L1,
and BCL2 (Hua et al., 2006). Sun et al. (2010) expanded these findings to leukemia cells by showing that Per2 overexpression promotes
p53-dependent G2/M arrest by down-regulation of CCNB1 and
MYC expression followed by apoptosis. In line with these observations is the finding that overexpression of Per2 in hematopoietic cancer cell lines results in a phenotype that includes growth inhibition,
cell cycle arrest, apoptosis, and loss of clonogenic ability (Gery and
Koeffler, 2009). More recently, the known Ser662Gly (S662G) mutation
in Per2, responsible for familial advanced sleep phase syndrome,
has been linked to enhanced resistance to x-ray–induced apoptosis
and increased E1A- and RAS-mediated oncogenic transformation
(Gu et al., 2012). Accordingly, animals bearing the Per2S662G mutation show accelerated tumorigenesis in a p53R172H/+ background.
This effect is independent of the length of the circadian cycle but
influences the relative phases of expression of p53-regulated, clockcontrolled cell cycle genes (i.e., CDKN1a [encoding cyclin-dependent kinase inhibitor p21, p21CIP1/WAF1] and CCND1; Gu et al., 2012).
More recently, we showed that hPer2 acts on hp53 by controlling its
stability and activity in unstressed conditions (Gotoh et al., 2014) and
hypothesized that exposure to genotoxic stress triggers a rapid,
hp53-mediated transcriptional checkpoint response by releasing
hp53 from a preformed, nucleus-localized, hPer2/hp53 stable endogenous complex. Our findings establish the spatial distribution of
Molecular Biology of the Cell

FIGURE 1: Distribution of the hPer2/hp53 complex among cellular compartments. (A) HCT116 cells were transfected
with pCS2+myc-hp53 and either pCS2+FLAG-hPer2 (+) or empty vector (–) and maintained in complete medium for 20 h
before adding or not (control; –MG132) MG132 (50 μM) and ubiquitin aldehyde (5 nM). Cells were maintained an
additional 4 h before harvesting. Lysates (6.4 × 105 cells) were used to prepare the cytosolic (C) and total (T) fractions,
whereas 32 × 105 cells were used for nuclear (N) preparation. Total, cytosolic, and nuclear extracts were incubated with
α-myc antibody and protein A beads in NP40 lysis buffer containing MG132 and ubiquitin aldehyde. Washed samples
were analyzed by immunoblotting using specific antibodies. Ubiquitinated myc-hp53 complexes (myc-hp53(Ub)n) are
indicated between brackets. Immunoblot data from a single experiment repeated three times with similar results.
Quantification of the sample’s ubiquitinated signal was performed using ImageJ, version 1.45 (National Institutes of
Health software package; Schneider et al., 2012; bar graph). (B) HCT116 lysates (2.8 × 105 cells for T/C; 14 × 105 cells for
N) from pCS2+FLAG-Mdm2– and pCS2+myc-hPer2– cotransfected cells treated or not (–MG132) with 50 μM MG132
and 5 nM ubiquitin aldehyde were immunoprecipitated using α-FLAG and protein A beads and analyzed by
immunoblotting for endogenous hp53 (bottom) and myc- and FLAG-expressed proteins (top and middle, respectively).

the various hPer2, hp53, and Mdm2 complexes, the need for hPer2
association with hp53 to maintain basal levels of this protein, and the
relevance of hPer2/hp53 dissociation for an effective hp53-mediated
DNA damage checkpoint response.

RESULTS
Spatial organization and shuttling of circadian molecules are common themes when it comes to understanding how oscillations are
generated and sustained in biological clock systems. They are also
common subjects when considering how sensor components segregate signals in response to stress conditions at various points in the
cell cycle. In light of our previous findings in which the circadian factor hPer2 directly binds the tumor suppressor and checkpoint component hp53 in unstressed cells, we now ask whether the complex’s
spatial organization, as well as association, is critical for an effective
hp53-mediated transcriptional response under stress conditions.

Subcellular distribution of hPer2/hp53 complexes
To assess whether functional compartmentalization of the
hp53/hPer2 complex occurs, we performed cell fractionation
Volume 26 January 15, 2015

experiments and monitored the formation of polyubiquitinated
hp53 complexes and hPer2 binding in extracts from cells treated
with proteasome inhibitors (Figure 1, A and B). Human colon carcinoma HCT-116 (HCT116) cells (p53+/+) were cotransfected with
myc-hp53 and FLAG-hPer2 or empty vector (–) and treated with
MG132 (+MG132) or vehicle (–MG132). Total, cytosolic, and nuclear fractions were analyzed for hp53/hPer2 complex formation
and the presence of polyubiquitinated hp53. Input levels of mychp53 and FLAG-hPer2, as well as of endogenous hp53 and hPer2
levels, were monitored in each fraction (Supplemental Figure S1,
A and B) and normalized to those of myc-hp53 for the experiment
shown in Figure 1A. Unlike nontreated MG132 cells, immunoprecipitation of myc-hp53 showed the presence of stable mychp53(Ub)n forms in total (T) and cytosolic (C) fractions and, to
a lesser extent, in the nuclear (N) fraction of samples treated
with MG132 (Figure 1A, bottom, lanes 1–3 vs. lanes 7–9). These
results most likely represent the effect of proteasome inhibitors
in preserving the myc-hp53 ubiquitinated complexes and accumulation in the cytosol as the preferred site for their ubiquitinmediated degradation.
Per2 mediates p53 response to DNA damage
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Significantly, overexpression of FLAG-hPer2 followed by mychp53 binding abrogated the formation of hp53(Ub)n in both nuclear
and cytosolic fractions (Figure 1A, bottom, lanes 7–9 vs. lanes 10–12),
in agreement with the subcellular distribution of hPer2 in those compartments (Figure 1A, top, lanes 10–12, and Supplemental Figure S1B)
and the proposed role of hPer2 in modulating hp53 polyubiquitination. These results establish a physical and functional presence of
hp53/hPer2 complex in the cytosol and nucleus. Further support
comes from results shown in Figure 1A (lanes 1–6), in which studies
similar to the ones described earlier were conducted in the absence
of MG132 (–MG132), allowing the proteasomal machinery to be fully
functional. As a result, hp53(Ub)n forms were undetected (lanes 1–6),
and only trace amounts of hPer2 were associated with myc-hp53 in
immunoprecipitated nuclear samples (Figure 1A, top and bottom,
lane 6) even when input amounts were comparable to those used in
the +MG132 experiment (Supplemental Figure S1B, top, lanes 4–6
vs. lanes 10–12). As previously shown, Per2 is degraded by the proteasomal pathway unless associated (Yagita et al., 2002), and thus
the level of FLAG-hPer2 was expected to be low in both the cytosolic
and nuclear compartments in the absence of MG132 but detectable
if associated to a protein counterpart. In sum, our data establish that
1) the hPer2/hp53 complex can be found in both the nuclear and
cytosolic subcellular compartments and 2) physical interaction between hp53 and hPer2 might influence hPer2 degradation as well.
Next we asked whether Mdm2 associates with the hPer2/hp53
once in the nucleus. To answer this question, we cotransfected
HCT116 cells with FLAG-Mdm2 and myc-hPer2 and looked for formation of the trimeric complex with endogenous hp53 (Figure 1B).
Transfected cells were incubated in the absence (–) or presence (+)
of MG132 and subjected to cellular fractionation. Consistent with
their endogenous distribution, input myc-hPer2 was found in both
cytosolic and nuclear fractions (Supplemental Figure S1C, lanes 2
and 3; Gotoh et al., 2014), and FLAG-Mdm2 preferably distributed
in the nuclear fraction (Supplemental Figure S1C, lane 2), although
some signal was detected in the cytosol, most likely as a result of
MG132 addition and inhibition of self-ubiquitination (Supplemental
Figure S1C, lane 5). Consequently, endogenous hp53 levels were
also increased in MG132-treated samples (Supplemental Figure
S1C, lanes 2 and 3 vs. lanes 5 and 6).
Analysis of α-FLAG–immunoprecipitated samples shows that
FLAG-Mdm2 associated with myc-hPer2 and hp53 in the nuclear
fraction of cells treated with MG132, whereas the trimeric complex
was less conspicuous but still detectable in the absence of the proteasome inhibitor (Figure 1B, lane 3 vs. lane 6). Of interest, mychPer2 did not seem to be associated with the Mdm2/hp53 complex
in the cytosolic fraction (Figure 1B, lanes 2 and 5) but likely formed
a two-component complex with hp53 in the absence of ubiquitination (Figure 1A, lanes 11 and 12). Because the input levels of mychPer2 were comparatively similar in –MG132 and +MG132 samples
(Supplemental Figure S1C, top), one might speculate that the trace
levels of hPer2 associated with the FLAG-Mdm2/hp53 complex
within the nuclear fraction in MG132-untreated cells (Figure 1B, lane
3) were the result of either hPer2 being a substrate of Mdm2-mediated ubiquitination once the complex was in place or the action of
an additional nuclear E3-ligase for hPer2 (i.e., β-TRCP; Ohsaki et al.,
2008). Further experiments need to be done to test both possibilities. As expected, FLAG-Mdm2 was detected in association with
hp53 in the cytosolic compartment, in agreement with previous
findings (Freedman and Levine, 1998), and relative amounts of
FLAG-Mdm2/hp53 complex increased in MG132-treated samples
(Figure 1B, lane 2 vs. lane 5). In summary, our data establish that
hPer2/hp53/Mdm2 exists only in the nucleus and that the hPer2/
362 | T. Gotoh, M. Vila-Caballer, et al.

hp53 and hp53/Mdm2 complexes can be readily detected in both
nuclear and cytosolic fractions.

Functional insights into the hPer2/hp53 complex
We previously identified the hp53/hPer2 complex within the nuclear
compartment (Figure 1). Thus we next asked whether hp53 transcriptional activity was compromised when bound to hPer2. To answer this question, we first needed to generate a form of the hp53/
hPer2 complex that would be constitutively bound and not dissociate once formed in cells. For this task, we generated a chimera set
in which either hPer2 full-length or glutathione S-transferase was
cloned downstream of hp53 and immediately after a flexible linker
(called hp53(ch)hPer2 and hp53(ch)GST hereafter, respectively;
Figure 2A). The rationale behind this design is that hPer2 would interact with hp53 by flipping over and forming a stable, covalently
bound complex through their domain interactions, which would be
nondissociable as seen using biofluorescence complementation assays (unpublished data). As a result, we expect to find the ubiquitination of hp53 compromised without altering its compartmentalization. Therefore hp53(ch)hPer2 would be an adequate tool to
evaluate the effect of a nondissociable hp53/hPer2 complex in hp53
downstream gene activation.
To further functionally validate the hp53(ch)hPer2 chimera, we
evaluated the ubiquitination status of hp53 in the complex (Figure
2B). In vitro ubiquitination assays were performed using recombinantly expressed proteins (FLAG-hp53, FLAG-hp53(ch)GST, FLAGhp53(ch)hPer2(356-574/683-872), and FLAG-hp53(ch)hPer2) preincubated, or not (–), with myc-hPer2, followed by myc-Mdm2
addition. Once the ubiquitination reaction took place, hp53 and its
chimera proteins were immunoprecipitated and analyzed for ubiquitin incorporation by immunoblotting (Figure 2B and Supplemental
Figure S2). Results show that FLAG-hp53 and FLAG-hp53(ch)GST
behave similarly with respect to overall ubiquitination status when
prebound to hPer2 and compared with their controls in the absence
of hPer2 addition (Figure 2B, bottom, lane 7 vs. lane 8 and lane 2 vs.
lane 3). Consistent with its role as a stable complex, ubiquitination
of FLAG-hp53(ch)hPer2(356-574/683-872) and FLAG-hp53(ch)hPer2
closely resembled the basal signal obtained with just hp53 (or
hp53(ch)GST) when preincubated with hPer2 (Figure 2B, bottom,
lane 5 vs. lanes 3 and 8; Supplemental Figure S2, lane 3 vs. lane 5),
further validating the chimera as an nondissociable hp53/hPer2
complex mimetic. In all cases, binding components were confirmed
by immunoblotting and are shown in Figure 2B (top and middle).
Next we compared the localization of hp53(ch)hPer2 with that of
myc-tagged hp53 and its chimera form (hp53(ch)GST) in human
non–small cell lung carcinoma-1299 (H1299) cells (p53-null). Accordingly, we transfected H1299 cells with the various constructs and
monitored their subcellular localization by fluorescence microscopy.
Representative pictures are shown in Figure 3 and Supplemental
Figure S3. In most normal cells, p53 is cytoplasmic; however, it is
primarily located in the nucleus in rapidly growing normal cells,
transformed cells, and various tumor cells, including those from
breast and colon (Liang and Clarke, 2001). In agreement, myc-hp53
and myc-hp53(ch)GST were largely detected in the nuclear compartment (Figure 3 and Supplemental Figure S3, i and ii). The hp53(ch)
hPer2 chimera was detected in both cytosolic and nuclear compartments (Figure 3 and Supplemental Figure S3, vi), in agreement with
hPer2/hp53 distribution as in Figure 1A. Moreover, hp53(ch)hPer2
was recognized by α-p53 and α-Per2 antibodies targeting conformational native epitopes in both proteins, suggesting that the integrity of the folding in the complex was not compromised. Comparable
results were also obtained with tagged forms of the chimera complex
Molecular Biology of the Cell

FIGURE 2: In vitro ubiquitination of hp53 is compromised when stably bound to hPer2. (A) Schematic representation of
all chimeras designed for this study. Constructs were 5′ FLAG-tagged, myc-tagged, or untagged upstream of hp53,
followed by downstream cloning of GST, hPer2, or hPer2(356-574/683-872) open reading frames. A linker encoding for
six Gly was inserted between both the hp53 and hPer2 genes and the two hPer2-coding fragments. (B) In vitro
transcribed and translated FLAG-hp53, FLAG-hp53(ch)hPer2(356-574/683-872), FLAG-hp53(ch)GST, myc-Mdm2, and
myc-hPer2 proteins were used for ubiquitination experiments. When indicated, myc-hPer2 and either FLAG-hp53 or
FLAG-hp53(ch)GST were preincubated; thus the complex was formed before adding myc-Mdm2. For the FLAGhp53(ch)hPer2(356-574/683-872) chimera, the translated protein and myc-Mdm2 were incubated together before the
ubiquitination reaction took place. Ubiquitination was carried out as described in Materials and Methods. FLAG-tagged
proteins were immunoprecipitated with α-FLAG/protein A beads and blotted using α-ubiquitin antibody. Membranes
were then stripped and reprobed with α-FLAG and -myc antibodies to detect complex bound proteins. Asterisk
indicates IgG heavy chain. Immunoblot data from a single experiment repeated three times with similar results.
Quantification of the sample’s ubiquitinated signal was performed using ImageJ, version 1.45 (bar graph). Statistical
comparisons were evaluated by t test. #p ≤ 0.05; ##p < 0.005.
Volume 26 January 15, 2015
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Localization of p53 in the nucleus is the
result of the presence of three monopartite
nuclear localization signals (NLSs) located
within the C-terminus of p53, with NLS1
(316PQPKKKP322) being the most active
(Shaulsky et al., 1990). Remarkably, it is the
C-terminus of hp53 that interacts with hPer2,
and, thus, it seems reasonable that hp53
NLSs would be occluded at the interface of
the two interacting molecules. Moreover,
the strongest NLS described in hPer2 so far
is a bipartite sequence located between
residues 778 and 794 (Yagita et al., 2002)
that in hPer2 directly interacts with hp53
and most likely would not be exposed.
Therefore we ask what element(s) actually
drive the hp53(ch)hPer2 complex to the nucleus. To answer this question, we generated additional chimeras of hp53 in which
the hPer2-interacting fragments 356–574
and 683–872 (which contain the hPer2 NLS)
were cloned downstream of hp53 (contains
all NLSs) and were separated by flexible
linkers (called hp53(ch)hPer2(356-574/683872) hereafter; Figure 2A). As shown in
Figure 3 and Supplemental Figure S3iii,
hp53(ch)hPer2(356-574/683-872) failed to
localize in the nucleus of H1299 cells and
readily accumulated in the cytoplasmic
compartment, suggesting that neither NLS
was functional and that hp53(ch)hPer2 translocation had most likely been driven by a
yet-to-be identified NLS in hPer2 or that
there is an additional cargo protein associated with the complex involved in translocation. To evaluate this possibility, we engineered an NLS sequence, in this case from
SV40 (Kalderon et al., 1984), inserted it upstream of hp53(ch)hPer2(356-574/683-872),
and monitored its localization in H1299
cells. Of interest, the sole addition of this
NLS resulted in hp53(ch)hPer2(356-574/683872) shuttling to the nucleus, supporting the
existence of a yet-to-be identified component related to hPer2 that provides a signal
for transportation (Figure 3 and Supplemental Figure S3, iii vs. v). Finally, we showed
that hCry1 was able to bind hPer2/hp53
FIGURE 3: Relevance of hPer2-interacting domains for hp53 localization. H1299 cells were
when tested in vitro, a result that points to
transfected with myc-tagged forms of hp53, hp53(ch)GST, hp53(ch)hPer2(356-574/683-872),
the existence of multiple regulators of diNLS-hp53(ch)GST, and NLS-hp53(ch)hPer2(356-574/683-872) (i–v) or the untagged form of
hp53(ch)hPer2 (vi). Proteins were visualized by confocal microscopy using α-myc-Cy3–
verse biochemical nature. Binding of hCry1
conjugated primary antibody (i–v) or α-p53 and -Per2 primary antibodies and α-mouse Cy3– and could be explained as the result of its interα-rabbit Alexa Fluor 488 (Life Technologies)–conjugated secondary antibodies, respectively (vi).
action with the C-terminus of hPer2 (Yagita
Actin fibers and DNA were stained with phalloidin Alexa Fluor 488 and Syto60 (Life
et al., 2002), a region that does not overlap
Technologies), respectively. Merge images (right) were from protein staining, phalloidin, and
with the binding site mapped for hp53 (SupDNA (i–v) and protein and DNA (vi). A Nikon ECLIPSE TE2000-E microscope and NIS-Elements
plemental Figure S4A; Gotoh et al., 2014).
AR 3.0 software were used to record images. Scale bars, 10 μm.
Despite this result, this last finding needs to
be taken with caution, as we failed to find
(unpublished data). Profile plotting of signal intensity along cross
compelling evidence to prove the existence of an endogenous
sections of cells transfected with the various constructs unambiguhPer2/hCry1/hp53 complex in cells, a result that might reflect its
ously determined their distribution and levels of expression (Suppletransient nature or simply expose the low efficiency of the immunomental Figure S3).
precipitating antibodies that were used.
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FIGURE 4: Binding of hPer2 to hp53 prevents hp21 from being
expressed. H1299 cells were transfected with pCS2+FLAG-hp53,
-hp53(ch)GST, -NLS-hp53(ch)GST, -hp53(ch)hPer2(356-574/683-872)
(labeled #), or -NLS-hp53(ch)hPer2(356-574/683-872) and harvested
24 h later. Cell lysates (∼40 μg) were resolved by SDS–PAGE and
recombinant (top left and right) and endogenous proteins (middle and
bottom left and right) detected by immunoblotting using α-p21,
-FLAG, and -tubulin antibodies.

hp53 transcriptional activity is compromised when bound
to hPer2
First, we investigated whether shuttling of the hPer2/hp53 complex
from the cytosol to the nucleus was sufficient to trigger hp53-mediated downstream signaling (Figure 4 and Supplemental Figure S4B).
Accordingly, we transfected H1299 cells (p53-null) with various chimera constructs, as well as with wild-type hp53, and monitored the
expression of the cyclin-dependent inhibitor human p21WAF1/CIP1
(hp21WAF1/CIP1), a transcriptional target of p53, by immunoblotting.
Transfection of cells with hp53, FLAG-hp53(ch)GST, and FLAG-NLShp53(ch)GST resulted in localization of all three proteins in the nucleus (Figure 3, i, ii, and iv) and hp21WAF1/CIP1 expression (Figure 4,
lanes 2, 3, and 5, and Supplemental Figure S4B, lanes 3 and 4). As
expected, transfection of H1299 with FLAG-hp53(ch)hPer2(356574/683-872) did not lead to hp21WAF1/CIP1 expression, as the complex remained sequestered in the cytosol (Figures 3iii and 4, lane 4).
Of interest, and despite the addition of an NLS to favor shuttling,
transfection of cells with either FLAG-NLS-hp53(ch)hPer2(356574/683-872) (Figure 4, lane 6) or FLAG-hp53(ch)hPer2 (Supplemental Figure S4B, lane 6) did not result in hp21WAF1/CIP1 expression.
These findings show that other events besides translocation are involved in triggering hPer2-mediated hp53 downstream signaling.
To further investigate the contribution of hPer2 in p53-mediated
signaling, we tested the ability of hPer2 to modulate the reporter
activity of a p53-responsive promoter CDKN1a (called hp21WAF1/
CIP1
-luc hereafter) in the context of H1299 cells cotransfected with
various hp53 and hPer2 chimeras when exposed, or not, to genotoxic stimuli (Figure 5, A and B). Chimeric transfections did not alter
cell viability (Supplemental Figure S5). Unlike cells transfected with
FLAG-hp53(ch)hPer2, H1299 cells show a roughly fourfold increase
in hp21WAF1/CIP1-luc activity compared with empty vector–transfected
cells when expressing comparative levels of either FLAG-hp53 or
hp53(ch)GST in the absence of radiation (–γ-IR; Figure 5B and Supplemental Figure S6A). As expected, H1299 cells transfected with
either FLAG-hp53 or hp53(ch)GST and exposed to genotoxic stress
(+γ-IR) showed a greater enhancement of hp21WAF1/CIP1 activity
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(∼50% more than similar untreated cells) that is down-regulated to
basal levels when cells were transfected with FLAG-hp53(ch)hPer2
instead (Figure 5B and Supplemental Figure S6A). Moreover, this
result seems to be independent of the radiation dose, as shown in
Supplemental Figure S7. In accordance, hp21WAF1/CIP1 activity remained low in FLAG-hp53(ch)hPer2(356-574/683-872)–transfected
cells despite overexpression of the recombinant proteins and relocalization of the FLAG-NLS-hp53(ch)hPer2(356-574/683-872) chimera to the nucleus (Figure 3 and Supplemental Figures S4B, S6B,
and S8E). Collectively these results suggest that when bound to
hPer2, hp53 is unable to perform its transcriptional function despite
the chimera being localized in the same cellular compartment
(Figures 3 and 5B).
We then expanded our studies to examine the transcriptional
effect of hp53(ch)hPer2 chimera on other hp53 target genes
(i.e., SFN [encodes 14-3-3σ], BAX, MYC, CDKN1a, GADD45α
[encodes growth arrest and DNA damage–inducible protein 45α,
Gadd45α]) by measuring mRNA levels using quantitative reversetranscription PCR (qRT-PCR). The rationale behind this experiment is
that hp53(ch)hPer2 would counteract the effect of hp53 (or hp53(ch)
GST) in gene expression due to its incapability of dissociating hPer2
from hp53, thus acting as a dominant-negative complex. Moreover,
we expect that, whereas genotoxic stress (+γ-IR) would exacerbate
specific p53-mediated gene expression, hp53(ch)hPer2 would continue to maintain a negative effect despite the stimuli.
As shown in Figure 5C, untreated H1299 cells (–γ-IR) transfected
with hp53(ch)hPer2 showed down-regulation of both SFN and
CDKN1a expression relative to the values obtained for hp53 transfection. Conversely, MYC exhibited positive regulation, whereas
BAX and GADD45α remained largely unchanged. These results are
in agreement with the positive role of hp53 in transcription of SFN
and CDKN1a and its repressor role toward MYC. Three independent controls were simultaneously tested for all analyzed genes and
incorporated as supplementary material (Supplemental Figure S8,
A–C). There were no significant differences in gene expression when
1) empty vector (EV)–transfected cells were exposed, or not, to γ-IR,
ruling out off-target effects (Supplemental Figure S8A), 2) cells transfected with either FLAG-hp53(ch)GST or FLAG-hp53 showed comparative levels of expression for all transcripts in the absence of radiation (Supplemental Figure S8B), and 3) under genotoxic stress
(Supplemental Figure S8C). In all cases, gene expression levels were
relative to those obtained by transfecting FLAG-hp53.
Next H1299 cells were exposed to genotoxic stress (+γ-IR) and
transcripts amplified and compared relative to that of FLAG-hp53
(–γ-IR) (Figure 5C). As expected, both SFN and CDKN1a transcripts
increased in response to radiation, confirming activation of the hp53
pathway (Figure 5C, white vs. black bars). The relevance of hPer2 dissociation for hp53 activity was evident when similar transcript levels
were measured in extracts from hp53(ch)hPer2-transfected cells and
were found significantly down-regulated (Figure 5C, black vs. black
dashed bars). In other cases, neither hp53 nor hp53(ch)hPer2 transfections affected the expression of hp53 target genes (i.e., GADD45α
and BAX) independently of whether cells were exposed or not and
collected shortly after genotoxic stress (–/+ γ-IR). Finally, MYC expression was upregulated, approximately threefold, in hp53(ch)hPer2transfected H1299 cells relative to FLAG-hp53, opposing its repressor role on MYC expression. Similar experiments were performed
using FLAG-hp53(ch)hPer2(356-574/683-872), a chimera construct
that effectively blocks hp53 ubiquitination (Supplemental Figure S8D)
but remains secluded in the cytosolic compartment unless an NLS is
added (Figure 3). As expected, transcript analyses of FLAG-hp53(ch)
hPer2(356-574/683-872)–H1299 transfected cells showed a pattern
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FIGURE 5: The hPer2 protein maintains hp53 transcriptionally inactive when complexed. (A) Schematic representation
of the approach followed. In all cases, H1299 cells were harvested after transfection and before irradiation (γ-IR, 5 Gy;
t = 0). (B, C) Cells harvested 2 h after irradiation. (D) Time points taken at 2-h intervals after irradiation. (B) H1299 cells
were cotransfected with the reporter hp21WAF1/CIP1-luc construct, pCS2+FLAG-hp53, pCS2+FLAG-hp53(ch)GST,
pCS2+FLAG-hp53(ch)hPer2, or EV, with pCMV-β-gal as internal control. Extracts from cells treated (+γ-IR) or not (–γ-IR)
with radiation were assayed for luciferase and β-galactosidase activities. The experiment was replicated thrice; error
bars indicate SEM, and data were evaluated by ANOVA using Bonferroni posthoc test (SPSS). ###p ≤ 0.001. (C) H1299
cells were transfected with either pCS2+FLAG-hp53 or pCS2+FLAG-hp53(ch)hPer2 and treated (+γ-IR) or not (–γ-IR)
with radiation. The qRT-PCR data were normalized to the levels of expression in untreated FLAG-hp53–transfected cells
(–γ-IR). Data are presented as the mean ± SEM from three independent experiments performed in triplicate. Statistical
comparisons were evaluated by ANOVA using Bonferroni or Games-Howell posthoc analyses when needed (SPSS). NS,
not significant; #p ≤ 0.05; ##p ≤ 0.01; ###p ≤ 0.001. (D) H1299 cells were transfected with pCS2+FLAG-hp53, pCS2+FLAGhp53(ch)GST, or pCS2+FLAG-hp53(ch)hPer2 and treated (+γ-IR) or not (–γ-IR) with radiation as indicated in A and
Materials and Methods. Aliquots of lysates taken at different times (20 μg) were blotted using specific antibodies
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of expression that resembles the one observed when cells were transfected with hp53(ch)hPer2 and opposite to that resulting from hp53
transfection (Supplemental Figure S8D). Taken together, our data
support a model in which hp53 binding to hPer2 is required for maintaining basal levels of hp53 in the nucleus in an inactive transcriptional state by forming a stable complex. Moreover, our findings imply that unbound hp53 from hPer2/hp53 is an absolute requirement
to signaling downstream in response to DNA damage.

The hPer2 protein directly influences checkpoint signaling
In an attempt to gain better understanding of the role of hPer2 in
hp53-mediated checkpoint signaling, we investigated the integrity
of the checkpoint pathway upstream of hp53 and for hp21WAF1/CIP1
expression in various transfected scenarios in irradiated H1299 cells
(Figure 5D and Supplemental Figure S8F). Phosphorylation of downstream ATM/ATR kinase (i.e., Ser345 in Chk1) precedes p53 stabilization and is a marker of checkpoint activation (for review, see Meek,
2009). Therefore H1299 cells were transfected with EV, FLAG-hp53,
FLAG-hp53(ch)GST, FLAG-hp53(ch)hPer2, or FLAG-hp53(ch)
hPer2(356-574/683-872) and exposed, or not, to genotoxic stress.
Extracts were analyzed for endogenous active forms of hChk1 and
hp53 and levels of hp21WAF/CIP1 (Figure 5D and Supplemental Figure
S8F). First, we monitored hChk1 protein in all samples to find steady
levels of expression throughout the time course analyzed in both
exposed and transfected samples (Figure 5D and Supplemental
Figure S8F). In addition, activation of Chk1 by phosphorylation in
Ser345 was detected as early as 2 h postirradiation in exposed samples from transfected cells (+γ-IR), thus confirming both checkpoint
activation and the integrity of the p53 upstream signal cascade in all
cases (Figure 5D and Supplemental Figure S8F). On the other hand,
phosphorylation of Ser15 of hp53 was detected exclusively in extracts from FLAG-hp53 and FLAG-hp53(ch)GST cells and in response
to radiation (Figure 5D), suggesting that, if present, hp53 would get
activated. Of interest, neither FLAG-hp53(ch)hPer2 nor FLAGhp53(ch)hPer2(356-574/683-872) was phosphorylated on Ser15 of
the hp53 portion of the chimera, implying that this site might not be
accessible when the complex with hPer2 is formed (Figure 5D and
Supplemental Figure S8F). Together our present data and previous
studies support a model in which binding of hPer2 to hp53 modulates its stability and compromises hp53 function (Figure 6; Gotoh
et al., 2014).

DISCUSSION
The connection of circadian components to various aspects of cell
division promises a better understanding of how cells sense and
respond to changes in environmental conditions. At the transcriptional level, the integration of clock core components to multiple
signaling networks is evident from studies carried out using genome-wide RNA interference screening analysis and high-throughput microarray technologies (Duffield et al., 2002; Panda et al.,
2002; Mullenders et al., 2009; Zhang et al., 2009). Indeed, these
studies have thoroughly identified genes whose knockdown directly
modulates the circadian clock and others whose expression is controlled by clock core components (Duffield et al., 2002; Panda et al.,
2002; Mullenders et al., 2009; Zhang et al., 2009). Regardless of the

analysis platform, it is clear that cell cycle and circadian components
are interlocked through genetic, protein interaction, and physiological mechanisms and that perturbation of the circadian system affects cell growth and proliferation (Fu et al., 2002; Matsuo et al.,
2003; Miller et al., 2007). Accordingly, circadian-regulated cell cycle
genes such as CCND1, WEE1, MYC, GADD45α, and CDKN1a are
known to show periodic patterns of expression in a 24-h cycle, a
finding further strengthened by the identification of Per2 and Bmal1
as direct modulators of WEE1, MYC, and CDKN1a expression
(Grundschober et al., 2001; Fu et al., 2002; Matsuo et al., 2003;
Grechez-Cassiau et al., 2008). Further theoretical analyses of protein
interaction networks helped place gene products that are directly or
indirectly associated to known clock components, including various
cell cycle modulators, in a global interactome map, which has provided clues about the many aspects of cell physiology directly regulated by the clock (for review, see Zhang and Kay, 2010).
An initial question relates to the subcellular localization of hp53,
hPer2, and Mdm2 and their respective complexes. Our studies establish the presence of the hp53/hPer2 complex in both cytosolic
and nuclear compartments, whereas the presence of the trimeric
complex with Mdm2 seems to be restricted to the nucleus (Figure 1
and Supplemental Figure S1). Our chimera experiments provide evidence of distinct roles of hPer2 in both subcellular compartments.
We believe that, when in the cytosol, hPer2 provides the signal
needed for the hp53/hPer2 complex to translocate to the nucleus,
whereas in the nucleus, hPer2 helps to maintain hp53 in a stable,
inactive form until a stimulus (either external or internal) is applied to
the biological system (Figure 6). This model is largely supported by
our previous work (Gotoh et al., 2014) and experiments showing
that 1) blockage of the hp53 C-terminus NLSs by binding to hPer2
domains (hp53(ch)hPer2(356-574/683-872)), but not full-length
hPer2 (hp53(ch)hPer2), prevents hp53 from nuclear localization
(Figure 3, iii and vi, and Supplemental Figure S3), 2) addition of NLS
to the same construct relocalizes the chimera protein in the nucleus
(Figure 3v and Supplemental Figure S3), 3) only a constitutive hp53/
hPer2-bound chimera (hp53(ch)hPer2) localizes in both compartments (Figure 3vi and Supplemental Figure S3), suggesting a role
for hPer2 in hp53 translocation, and, finally, 4) constitutive association of hPer2 to hp53 in the form of [hp53(ch)hPer2] prevents hp53
from exerting its transcriptional activity in cells even in the presence
of genotoxic stress (Figure 5 and Supplemental Figures S7 and S8).
At present, it cannot be formally excluded that hPer2, hCry1, and
hp53 or a fraction of these molecules could, a priori, form a trimeric
complex in the cell. This is largely due to our finding that in vitro–
expressed proteins were able to form multiple stable complexes
(Supplemental Figure S4A). In addition, rhythmic hPer2 heterodimerizes with hCry1 through feedback to the nucleus and sustains
oscillations. Thus, it is plausible that two pools of hPer2 might exist—one bound to hp53 and a separate pool that associates with its
circadian counterpart. Nevertheless, the two pools of hPer2 might
not be exclusive and might serve to assign distinct functions to
hPer2 in each of these pools.
Once the hp53/hPer2 complex is in the nucleus, Mdm2 binds
to the N-terminus domain of hp53, forming a trimeric complex in
which hp53 ubiquitination does not take place (Figures 1B and 6;

(α-Chk1 and α-p21 for endogenous Chk1 kinase and hp21WAF1/CIP1, respectively; α-FLAG for FLAG-hp53, FLAG-hp53(ch)
GST, and hp53(ch)hPer2; α-Chk1-Ser345 for phosphorylation in Ser345 of endogenous Chk1; and α-p53-Ser15 for
phosphorylation in Ser15 in FLAG-hp53, FLAG-hp53(ch)GST, and hp53(ch)hPer2). Tubulin was used as a loading control
(bottom). Asterisk indicates a nonspecific signal.
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FIGURE 6: Proposed model of hPer2 and hp53 interaction and function. Newly synthesized hp53, hPer2, and Cry
localize in the cytosolic compartment where the Cry/hPer2/CKIε/δ (pool I) is formed, and hPer2 is incorporated in one or
more complexes that constitutes pool II. Pool I: As extensively reviewed, cytosolic hPer2 is phosphorylated by casein
kinase I ε/δ (CKIε/δ) and initially degraded by the ubiquitin proteasome pathway (Ko and Takahashi, 2006). Later, Cry
accumulates and associates with hPer2/CKIε/δ, and this complex translocates to the nucleus, where Cry disrupts the
Clock/Bmal1-associated transcriptional complex, resulting in inhibition of CRY, PER, and REB-ERVα and derepression of
BMAL1 transcription and modulation of the expression of other clock-controlled genes (shown as “circadian circuit” for
simplicity). Pool II: The hPer2 protein associates with cytosolic hp53, forming a stable complex (Gotoh et al., 2014) that
translocates to the nuclear compartment and keeps hp53 in a functionally inactive but stable state, ensuring that basal
levels of hp53 exist (“priming state”). This heterodimer eventually incorporates Mdm2, forming a trimeric and stable
Mdm2/hp53/hPer2 complex. In response to, for example, a genotoxic stress (labeled as γ-IR in the cartoon), the trimeric
complex disassembles by a yet-unknown mechanism, which leads to release of hp53 and downstream activation of
genes involved in cell cycle arrest and DNA repair. An amplification loop exists in which hPer2, alone or in association
with an unidentified partner, transcriptionally activates TP53, further sustaining the hp53-mediated response (boxed in
orange). Alternatively, cytosolic hp53 enters the nucleus, where it is targeted by Mdm2 and either polyubiquitinylated
and degraded back into the cytosol or monoubiquitinated and translocated to a different compartment, as has been
described (for review, see Kruse and Gu, 2009).

Gotoh et al., 2014). This is in addition to the already established
canonical p53 pathway, in which nuclear trafficking of hp53 is followed by Mdm2 binding and either monoubiquitination and nuclear
export or p53 polyubiquitination and proteasomal degradation
(incorporated in Figure 6; Honda et al., 1997; Li et al., 2003). We
speculate that, under physiological conditions, hp53 remains an inactive component of the hp53/hPer2/Mdm2 and hp53/hPer2 complexes and is therefore unable to modulate the expression of downstream target genes (Figures 5 and 6 and Supplemental Figure S4).
Regulation of stress-mediated p53 activation has largely relied
on a well-established model in which p53 stabilization precedes activation. Stabilization is primarily accomplished via the release of
p53 from its interaction with Mdm2 by a mechanism that involves
checkpoint activation, p53 phosphorylation, and inhibition of p53’s
interaction with Mdm2 (for review, see Meek, 2009), thus preventing
p53 ubiquitination and proteasomal degradation (for review, see
Kruse and Gu, 2009). Once stabilized, p53 is further posttranslation368 | T. Gotoh, M. Vila-Caballer, et al.

ally modified, and its tetrameric form binds to DNA at specific highand low-affinity p53 response elements, which regulates the expression of target genes via the recruitment of coactivators and
corepressors. Despite being capable of providing an explanation for
the many modes by which p53 controls gene expression, the canonical model is not sufficient to explain more recent genetic studies. Therefore further refinement has been introduced. As a result,
the most recently updated model takes into consideration the many
stress types that converge in p53, the various posttranslational modifications to which p53 is subjected (i.e., acetylation, sumoylation),
and the tissue-specific function of p53. The end result is a model in
which regulatory redundancy among posttranslational modifications
is a common theme and serves to permit p53 to sense different
signals and intensities, which allows for a signaling response that is
properly modulated and tissue specific (for review, see Vousden,
2009). As expected, there is also a myriad of p53 binding partners,
whose interactions exert selective influences on p53 target genes,
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ranging from Mdm2 and MdmX negative regulators to orphan receptors, and for which a wealth of studies already exists (for review,
see Vousden, 2009). Thus some common steps exist in the regulation of p53 activity (stabilization, modification, protein interaction,
and promoter-specific activation), but many players differentially intervene in each step to influence the outcome of the response.
Questions arise about how free hp53 accumulates in response to
radiation and what the role of hPer2 is in this event. Although we
cannot provide a definitive mechanism for how the transition from
hPer2 bound to hPer2 free leads to hp53 accumulation and transcriptional response (Figure 6, dashed arrow), it does not seem to
be globally associated with hPer2 dissociation and shuttling, as is
the case for HCT116 cells (Supplemental Figure S10A), but, more
likely, to be specific for certain cell types, as is for HEK293 cells
(Supplemental Figure S10B). In addition, it also seems linked to
posttranslational events, as we found that hPer2 is associated with
checkpoint kinases in response to radiation (unpublished data). Finally, we cannot rule out the existence of additional players in this
response, including other circadian factors that may act by sequestering hPer2 away from (or “pulling hPer2 out of”) the complex with
hp53 when cells are exposed to a genotoxic stimulus. As a result,
our model stresses the need for the existence of an hp53 tetramer
that is free of hPer2 in order for its transcriptional activity to take
place (Figures 5 and 6 and Supplemental Figure S4); nonetheless,
more in-depth studies need to be performed to uncover the exact
mechanism.
An additional component in the model refers to the regulation of
TP53 (encodes p53) transcription by hPer2, a process we propose
that acts as a form of amplification loop that helps sustain the initial
hPer2/hp53-mediated response (Supplemental Figure S9; Gotoh
et al., 2014). The relevance of hPer2-mediated TP53 transcription is
exposed when the expression of hp53 downstream target genes in
the context of hPer2 overexpression is analyzed (Supplemental
Figure S9A; Gotoh et al., 2014). Based on our proposed model,
overexpression of hPer2 should lead to stabilization of hp53 and
inactivation of its transcriptional activity as a result of hPer2/hp53
complex formation. However, Gotoh et al. (2014) reported that this
is not the case and that whereas hp53 is stabilized by hPer2 over
expression, transcription of the hp53 downstream target genes remains largely unaltered. A way to reconcile these data is to monitor
TP53 transcription in the context of hPer2 overexpression (Supplemental Figure S9, A and B; Gotoh et al., 2014). Accordingly, our
data show that whereas cells expressing hPer2 (HCT116 cell, p53+/+)
up-regulate TP53 (Supplemental Figure S9A), the pool of hp53
complexed to hPer2 is only a fraction of the total level of hp53 in the
cell, and thus “free” hp53 still exists and is able to transcriptionally
activate downstream target genes (Supplemental Figure S9, A
and B). This concept is further validated in H1299 cells (p53-null),
in which hPer2 overexpression does not result in CDKN1a expression but FLAG-hp53 and -hPer2 cotransfection does when the
level of hp53 is greater than that of hPer2 (Supplemental Figure
S9C). Finally, an interesting aspect of our work is the level within
the checkpoint hierarchy at which hPer2 intersects this pathway,
the hp53 node. Because cancer development largely relies on sustained inactivation of the p53 pathway, the existence of factors
that respond to environmental signals and influence hp53 stability
encourages the search for unconventional drug targets and would
certainly provide a new direction as to when and how to treat various cancers.
Our results, which establish a connection between the circadian
regulatory system and the DNA-damage response mechanism at
the level of hPer2–hp53 interaction, have important implications for
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our understanding of the etiology of cancer and the development of
novel treatment modalities. Because cancer initiation and progression largely rely on a variety of DNA-damage repair mechanisms
going awry in normal cells, thus facilitating tumor growth, the identification of hPer2 as a factor that responds to environmental signals
and stabilizes hp53 provides a unique opportunity to evaluate the
influence of the environment in the development of, for example,
sporadic forms of cancers. Furthermore, our findings encourage a
search for unconventional drug targets and treatment regimens
based on the dynamics of the circadian control system.

MATERIALS AND METHODS
Plasmid constructs
The FLAG-tagged, myc-tagged, and untagged chimera constructs
of hp53 and hPer2 were generated as follows. The hp53 cDNA
clone was amplified by PCR and the stop codon removed before
cloning into the LIC site of either pCS2+FLAG or myc tag vectors.
For the GST chimera construct of hp53, the GST sequence was
cloned downstream of hp53 into the SalI/XhoI sites in either vector. A glycine linker of six residues was introduced between hp53
and GST to favor flexibility. These chimera constructs are called
FLAG-hp53(ch)GST and myc-hp53(ch)GST throughout the text.
For the hPer2 chimera of hp53, the two hPer2-interacting fragments (residues 356–574 and 683–872) were subcloned downstream of hp53 following essentially the approach described except that hPer2(356-574) and hPer2(683-872) fragments were
sequentially cloned into the SalI/XhoI and SalI/SalI sites, respectively. As was the case with the GST chimera construct, six glycine
residues were added between hp53 and hPer2(356-574) and between the hPer2 fragments. These chimera constructs are referred
to as FLAG-hp53(ch)hPer2(356-574/683-872) and myc-hp53(ch)
hPer2(356-574/683-872). Chimeras containing an NLS were generated by cloning the NLS sequence encoding the TPPKKKRKVEDP residues from SV40 (Rexach and Blobel, 1995) upstream of hp53 using the appropriate pCS2+ as the template.
The constructs are called FLAG-NLS-hp53(ch)GST, myc-NLShp53(ch)GST, FLAG-NLS-hp53(ch)hPer2(356-574/683-872), and
myc-NLS-hp53(ch)hPer2(356-574/683-872). Full-length Per2-containing chimeras were generated as follows. The hPer2 cDNA was
cloned downstream of hp53 into the SalI/XbaI sites. A six-glycine
linker was genetically engineered between hp53 and hPer2 sequences to allow for flexible rotations. The full-length chimeras
are referred to as FLAG-hp53(ch)hPer2, myc-hp53(ch)hPer2, and
hp53(ch)hPer2. The hp21WAF1/CIP1-Luc reporter plasmid was a kind
gift from Daiqing Liao (University of Florida, Gainesville, FL) and
is described in Zhao et al. (2003).

Cell culture and transfections
The HCT116 and H1299 cell lines were purchased from the
American Type Culture Collection and maintained according to the
manufacturer’s recommendations. For transfection experiments,
cells were seeded in six- or 12-well plates until they reached 50–80%
confluence. Transfections were optimized using Lipofectamine LTX
(Life Technologies, Grand Island, NY) for HCT116 and H1299 following the manufacturer’s instructions. Otherwise, transfections in all
cell lines were in HyClone HyQ-RS reduced serum medium (Thermo
Scientific, Waltham, MA) for 4 h for H1299 and HCT116. Proteins
were then allowed to express at 37°C/5% CO2 in the appropriate
medium containing 10% fetal bovine serum without antibiotics, after which they were either collected or further synchronized. Extracts
for protein analysis were prepared in NP-40 lysis buffer containing
10 mM Tris-HCl (pH 7.5), 137 mM NaCl, 1 mM EDTA, 10% glycerol,
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0.5% NP-40, 80 mM β-glycerophosphate, 1 mM Na3VO4, 10 mM
NaF, and protease inhibitors (10 μM leupeptin, 1 μM aprotinin A,
and 0.4 μM pepstatin).

In vitro binding assays
In vitro transcription and translation of pCS2+myc-hPer2, mycMdm2, myc-hCry1, FLAG-hPer2, and FLAG-hp53 were carried out
using the SP6 high-yield TNT system (Promega, Madison, WI) following the manufacturer’s instructions, although, unlike the standard
procedure, the reaction was cold. Aliquots (1–4 μl) of indicated recombinant proteins were preincubated for 20 min at room temperature to allow the complex to form before adding NP40 lysis buffer.
Immunoprecipitation of the various complexes was carried out
essentially as described.

Immunoprecipitation and immunoblot assays
For (co)immunoprecipitation experiments, transfected cells were
harvested in lysis buffer, and extracts (∼100 μg) were incubated
with either α-FLAG M2 agarose beads (Sigma-Aldrich, St. Louis,
MO) or α-myc (9E10) beads (Santa Cruz Biotechnology, Dallas, TX)
for either 2 h or overnight at 4°C with rotation before washing.
Where indicated, immunoprecipitations were carried out in a twostep procedure, with extracts being incubated with the antibody
(α-myc, α-FLAG, or α-p53) overnight at 4°C before the addition of
protein A beads (50% slurry; Sigma-Aldrich). Sample beads were
then washed with lysis buffer, resolved by SDS–PAGE, and analyzed by immunoblotting using specific primary antibodies (αFLAG [Sigma-Aldrich], α-myc [Santa Cruz Biotechnology], α-Per2
[Sigma-Aldrich]), α-p53 [Santa Cruz Biotechnology], and αubiquitin [Enzo Biomol, Farmingdale, NY]). When indicated, the
purity of the various cellular fractions was monitored by immunoblotting using α-tubulin (Sigma-Aldrich) and α-lamin A/C (Santa
Cruz Biotechnology) antibodies for the cytosolic and nuclear fractions, respectively. In all cases, horseradish peroxidase–conjugated α-rabbit or α-mouse immunoglobulin G (IgG) secondary
antibodies (GE Healthcare Life Sciences, Buckinghamshire, UK;
Cell Signaling, Danvers, MA) were used for immunoblotting following standard procedures. Chemiluminescence reactions were
performed using the SuperSignal West Pico substrate (Pierce,
Rockford, IL).
In other experiments, aliquots of total cell extracts were analyzed
for expression of endogenous proteins. Circadian-synchronized
HCT116 cells were collected at different times after synchronization
and extracts (20–100 μg) analyzed for endogenous expression of
hPer2, hp53, Mdm2, hCry1, and tubulin using specific antibodies. In
addition, H1299 cells transfected with FLAG-hp53, FLAG-hp53(ch)
GST, FLAG-hp53(ch)hPer2(356-574/683-872), FLAG-hp53(ch)hPer2,
or EV were treated or not (control; –γ-IR) with ionizing radiation (5 Gy;
+γ-IR; Di Leonardo et al., 1994) and collected at different times after
irradiation. Extracts (20 μg) were analyzed for expression of endogenous and recombinant proteins as well as posttranslational modifications by immunoblotting using α-FLAG, -Chk1 (Santa Cruz Biotechnology), -Chk1-Ser345 (Cell Signaling), -p53-Ser15 (Cell Signaling),
-p21 (Cell Signaling), and -tubulin (Sigma-Aldrich) antibodies.
Finally, endogenous hp21 expression was monitored in extracts
(30–40 μg) from H1299 cells transfected with FLAG-hp53, FLAGhp53(ch)GST, FLAG-NLS-hp53(ch)GST, FLAG-hp53(ch)hPer2(356574/683-872), NLS-FLAG-hp53(ch)hPer2(356-574/683-872), FLAGhp53(ch)hPer2, FLAG-hp53(ch)hPer2, or EV using an α-p21 antibody
(Cell Signaling). Fusion proteins were detected using α-FLAG antibody as described. In all cases, tubulin levels were monitored by
immunoblotting and used as a loading control.
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RNA extraction and qRT-PCR
Cell samples were obtained from cultures and treated or not (control; –γ-IR) with ionizing radiation (5 Gy; +γ-IR) 2 h before collection.
In other experiments, cells were transfected and/or circadian synchronized before radiation treatment. Total RNA was extracted from
cell pellets using the Trizol Reagent (Life Technologies) following the
manufacturer’s instructions. RNA was quantified by spectrophotometric reading at 260 nm and analyzed for quality assurance using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA)
at the Virginia Bioinformatics Institute Proteomics Core Facility
(Blacksburg, VA). qRT-PCR was conducted essentially as previously
described (Yang et al., 2008). Briefly, total RNA was pretreated with
DNaseI (Promega) at 37°C for 30 min, and a 1-μg sample was used
as a template for first-strand cDNA synthesis using the iScript cDNA
Synthesis system (Bio-Rad, Hercules, CA). qRT-PCR assay was performed using IQ SYBR Green Supermix (Bio-Rad) as follows: 10 ng
of cDNA (50 ng for the 14-3-3σ gene) was added to a 20-μl reaction
volume containing the indicated primers for amplification (see Supplemental Methods and Supplemental Table S1). Real-time assays
were performed in triplicate on a MyIQ single-color Real-Time PCR
Detection instrument (Bio-Rad). Data were collected and analyzed
with Optical System Software, version 1.0. The glyceraldehyde-3phosphate dehydrogenase and β-actin genes were used as internal
controls to compute the relative expression level (ΔCT) for each
sample. The fold change of gene expression in each sample was
calculated as 2−ΔΔCt.

Immunofluorescence microscopy
H1299 cells were cultured on coverslips for 24 h and then transfected with pCS2+myc-hp53, -hp53(ch)GST, -hp53(ch)hPer2(356574/683-872), -NLS-hp53(ch)GST, or -NLS-hp53(ch)hPer2(356574/683-872) or untagged hp53(ch)hPer2 using Lipofectamine LTX
(Life Technologies). After transfection, cells were fixed (3.7% formaldehyde/phosphate-buffered saline [PBS]/0.5% Triton X-100),
washed with PBS/0.5% Triton X-100 and then 0.1% Triton X-100,
and blocked with goat serum at room temperature for 30 min. Subcellular localization of myc fusion proteins was detected using an
anti-myc-Cy-3–conjugated antibody (Sigma–Aldrich). Localization
of untagged chimera recombinant protein (hp53(ch)hPer2) was visualized using α-p53 (Sigma-Aldrich) and -Per2 antibodies (Santa
Cruz Biotechnology). Actin and nuclei were visualized by incubating
fixed cells with phalloidin-Alexa 488 (Life Technologies) and SYTO
60 (Life Technologies). Fluorescence was visualized using a Nikon
Eclipse TE2000-E microscope equipped with a Cascade II E2V
CCD97 camera (Photometrics, Tucson, AZ) at 488, 568, and 647 nm.
Images were processed using the NIS-Elements AR 3.0 Nikon
software.

Gene reporter activity
H1299 cells were seeded onto 12-well plates and cotransfected with
∼200 ng of hp21WAF1/CIP1-luciferase (Luc) and pCS2+FLAG-hp53,
-hp53(ch)GST, -hp53(ch)hPer2, or -hp53(ch)hPer2(356-574/683-872)
or empty vector (pCS2+FLAG) each. The pCMV-β-gal (∼200 ng)
plasmid was included as an internal control. Cells were treated or
not (controls; –γ-IR) with ionizing radiation (5 Gy; +γ-IR) and harvested 2 h later. Reporter activity was measured using the BrightGlo Luciferase Assay System (Promega) according to the manufacturer’s instructions. Readings were recorded from a Glomax
Luminometer, and results were normalized for expression of β-gal,
which was determined separately using the Galacto-Light Plus System (Bio-Rad). Experiments were done in triplicate and repeated at
least twice.
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Statistical analyses
Data were processed using either a two-tailed unpaired Student’s t
test or an analysis of variance (ANOVA) followed by either Bonferroni or, when necessary, Games-Howell post hoc test (SPSS; IBM,
Armonk, NY). Levene’s test was used to determine homogeneity of
variances, whereas data normality was examined using Shapiro–
Wilk W test and Box–Cox Y transformation (JMP 9; SAS) and applied
when necessary. Values of p ≤ 0.05 were considered statistically
significant.
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Supplemental Figures
FIGURE S1: A. The hp53/hPer2 complex is present in the nuclear compartment. HCT116 cells were
transfected with pCS2+FLAG-hPer2 and total, cytosolic, and nuclear fractions (T, C, and N, respectively)
were immunoprecipitated using -p53 antibody. Complex components were identified by
immunoblotting using specific antibodies (right panels). Input samples are shown on left panels. Asterisk
indicates a non-specific signal. B. Input controls of hPer2 and hp53 expressing proteins. HCT116 cells
were transfected with pCS2+myc-hp53 and either pCS2+FLAG-hPer2 (+) or empty vector (-) and
maintained in complete media for 20 h before adding, or not (control; -MG132), MG132 (50 M) and
ubiquitin aldehyde (5 nM) as described in Fig. 4.D legend. Cells were maintained four additional hours
before harvesting. Lysates equivalent to 2.56x10 4 cells were used to prepare the cytosolic (C) and total
(T) fractions whereas 1.28x104 cells were used for nuclei (N) preparation. Protein expression was
evaluated in total, cytosolic, and nuclear fractions and input amounts detected by immunoblotting using
-Per2, -p53, -lamin A/C, and -tubulin antibodies. C. Input controls of hPer2 and Mdm2 expressing
proteins. HCT116 cell lysates (3.5x104 cells for T/C; 15.7x104 cells for N) from pCS2+3xFLAG-Mdm2
and pCS2+myc-hPer2 cotransfected cells treated, or not (control), with MG132 and ubiquitin aldehyde as
described in Fig. 4.E legend, were analyzed for protein expression by immunoblotting using p53
(middle panel), -FLAG, and -myc (upper two panels). In all experiments, lamin A/C and tubulin were
used as loading controls for nuclear and cytoplasmic fractions, respectively (lower two panels).
FIGURE S2: In vitro transcribed and translated FLAG-hp53(ch)hPer2, FLAG-hp53(ch)GST, myc-Mdm2,
and myc-hPer2 proteins were used for ubiquitination experiments. When indicated, myc-hPer2 and
FLAG-hp53(ch)GST were pre-incubated, thus, the complex was formed before adding myc-Mdm2. For
the FLAG-hp53(ch)hPer2 chimera, the translated protein and myc-Mdm2 were incubated together before
the ubiquitination reaction took place. Ubiquitination was carried out as described in the “Materials and
Methods” section. FLAG-tagged proteins were immunoprecipitated with -FLAG/protein A-beads and
blotted using -ubiquitin antibody. Membranes were then stripped and re-probed with -p53 and –myc
antibodies to detect complex bound proteins. Asterisk indicates IgG heavy chain. The figure shows
immunoblot data from a single experiment that was repeated three times with similar results.
Quantification of the sample’s ubiquitinated signal was performed using ImageJ Software v1.45 (bar
graph). Statistical comparisons were evaluated by t-test. ##: p<0.005.
FIGURE S3: Profile plots of signal intensity across H1299 cells transfected with myc-tagged forms of
hp53,
hp53(ch)GST,
hp53(ch)hPer2(356-574/683-872),
NLS-hp53(ch)GST,
and
NLShp53(ch)hPer2(356-574/683-872) (Figure 3, panels i-v), or the untagged form of hp53(ch)hPer2 (Figure
3, panel vi). Recombinant proteins (in red) and DNA levels (in blue) were scored along the white lines
shown in each of the image panels located on the left. Fluorescence was visualized using a Nikon Eclipse
TE2000-E microscope equipped with a Cascade II E2V CCD97 camera (Photometrics). Images were
processed using NIS-Elements AR 3.0 Nikon software and quantified using ImageJ software v1.45.
FIGURE S4: A. In vitro association of Cry1 to hPer2/hp53 complex. In vitro transcribed and translated
FLAG-hp53, FLAG-hPer2, myc-hp53, myc-hPer2, and myc-hCry1 proteins were pre-incubated as
follows: FLAG-hp53 with either myc-hPer2 (ratio 1:2; lane 1) or myc-hCry1 (ratio 1:1; lane 2) and
FLAG-hPer2 with either myc-hp53 or myc-hCry1 (ratio 2:1; lanes 3-4). Complexes were allowed to form
by incubating the proteins at room temperature for 20 min. Immunoprecipitations were performed using
-FLAG-conjugated beads followed by washing in NP40 lysis buffer. Associated proteins were detected
by immunoblotting using -FLAG (upper panel) or -myc (lower panel) antibodies. In lanes 5-6,
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complex of myc-hp53 with FLAG-hPer2 (ratio 1:2) or myc-hCry1 with FLAG-hPer2 (ratio 1:2) were
formed by incubation at room temperature before adding myc-hCry1 or myc-hp53, respectively.
Complexes were immunoprecipitated and analyzed as described above. FLAG- and myc-inputs are
indicated in top and right panels. Asterisk indicates IgG heavy chain. B. Binding of hPer2 to hp53
prevents hp21 from being expressed. H1299 cells were transfected with pCS2+FLAG-hp53, hp53(ch)GST, -hp53(ch)hPer2, or -hp53(ch)hPer2(356-574/683-872) and harvested 24 h later. Cell
lysates (~40 g) were resolved by SDS-PAGE and recombinant (upper left and right panels) and
endogenous proteins (middle and lower left and right panels) detected by immunoblotting using -p21, p53, -FLAG, -tubulin antibodies.
FIGURE S5: H1299 cells (~ 8x105) were transfected with empty vector, pCS2+FLAG-hp53,
pCS2+FLAG-hp53(ch)GST, or hp53(ch)hPer2 and maintained for 24 h before irradiation (5 Gy).
Samples were harvested every 12h for 3 days after treatment (t=0 before treatment) and analyzed for
viability using a MTT viability assay (Abnova) following manufacturer’s instructions. Absorbance was
measured at OD570nm in a SPECTRA MAX 190 plate reader (Molecular Devices).
FIGURE S6: Expression levels of recombinant proteins in samples from experiments shown in Figures
5B (panel A) and S7E (panel B). In all cases, cell lysates (40 g) were resolved by SDS-PAGE and
recombinant proteins were detected by immunoblotting using an -FLAG antibody (upper panel).
Tubulin was used as the loading control (lower panel). EV: empty vector.
FIGURE S7: H1299 cells were transfected with either pCS2+FLAG-hp53, pCS2+FLAG-hp53(ch)GST,
hp53(ch)hPer2, or empty vector (EV) and treated (+-IR), or not (--IR), with different doses of radiation
(0.5, 2.5, or 5 Gy). Cell lysates (50 g) were collected 2 h after irradiation and proteins resolved by SDSPAGE and blotted using an -Chk1-Ser345 antibody for phosphorylation in Ser345 of endogenous Chk1 as
described in the “Materials and Methods” section (top panels). Tubulin was used as the loading control
(lower panel). Protein levels were quantified using ImageLab version 5.1 (Bio-Rad, middle bar graph)
and values are represented as the mean ± SEM from three independent experiments. Real-time qRT-PCR
data were normalized to the levels of expression in untreated empty vector. Data are presented as the
mean ± SEM from three independent experiments performed in triplicate (lower bar graph). Statistical
comparisons were done by t-test. NS: indicates not significant; #: indicates p≤0.02; ##: indicates p≤0.05.
FIGURE S8: H1299 cells were transfected with: i) empty vector (EV, A), ii) pCS2+FLAG-hp53 or
pCS2+FLAG-hp53(ch)GST (B and C, respectively), or iii) pCS2+FLAG-hp53 or pCS2+FLAGhp53(ch)hPer2(356-574/683-872) (D). Cells were treated (+-IR, A, C, D) or not (--IR, A, B, D) with
radiation and harvested as indicated in Fig. 6.A legend. Total RNA was purified using TRIzol and cDNA
synthesized as described in the “Materials and Methods” section. Real-time qRT-PCR data were
normalized to the levels of expression in untreated empty vector (A) or FLAG-hp53 transfected cells (BD). Data are presented as the mean ± SEM from three independent experiments performed in triplicate.
Statistical comparisons were done by either two-tailed unpaired t-test (A-C) or ANOVA using Bonferroni
or Games-Howell post-hoc analyses when needed [D; SPSS; IBM Statistics]. NS: indicate not
significant; #: indicates p≤0.05; ##: indicates p≤0.01; ###: indicates p≤0.001. E. H1299 cells were cotransfected with the reporter hp21 WAF1/CIP1-luc construct cloned in pGL2 and pCS2+FLAG-hp53,
pCS2+FLAG-hp53(ch)hPer2(356-574/683-872) or empty vector (~200 ng) plus pCMV--gal (~200 ng)
as internal control. Extracts from cells treated (+-IR), or not (--IR), with radiation were assayed for
luciferase and -galactosidase activities. The experiment was replicated thrice; error bars indicate SEM
and data evaluated by ANOVA using Bonferroni post-hoc test [SPSS; IBM Statistics]. ##: indicates
p<0.01; ###: indicates p<0.001. F. H1299 cells were transfected with either pCS2+FLAG-
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hp53(ch)hPer2(356-574/683-872) or empty vector (EV) and treated (+-IR), or not (--IR), with radiation
as indicated in Fig. 6.A and in the “Materials and Methods” section. Aliquots of lysates taken at different
times (20 g) were resolved by SDS-PAGE and blotted using specific antibodies [-Chk1 and -p21 for
endogenous Chk1 kinase and hp21WAF1/CIP1, respectively; -FLAG for FLAG-hp53(ch)hPer2(356574/683-872); -Chk1-Ser345 for phosphorylation in Ser345 of endogenous Chk1, and -p53-Ser15 for
phosphorylation in Ser15 in FLAG-hp53(ch)hPer2(356-574/683-872)]. Tubulin was used as loading
control (lower panel). Asterisk indicates nonspecific signal.
FIGURE S9: A. HCT116 cells were transfected with either FLAG-hPer2 or siRNAhPer2 and collected at
24 and 48 h post-transfection, respectively. Empty vector (EV) and mock samples were controls. qRTPCR data are presented as the mean ± SEM from three independent experiments performed in triplicate.
Statistical comparisons were done by two-tailed unpaired t-test and analyses performed using SPSS (IBM
Statistics). NS: indicates not significant; ##: indicates p≤ 0.01. B. Lysates (250 g) from HCT116 cells
transfected with either FLAG-hPer2 or empty vector were incubated with -Per2 antibody and protein Abeads in NP40 lysis buffer for immunodepletion Unbound fraction (supernatants) were analyzed by
immunoblotting using specific antibodies. C. H1299 cells were transfected with pCS2+FLAG-hPer2,
pCS2+FLAG-hp53, empty vector (EV), or a combination of plasmids. Cells were harvested 24 h after
transfection and aliquots were analyzed by immunoblotting and quantified using ImageLab version 5.1
(Bio-Rad). Data are presented as the mean ± SEM from three independent experiments performed in
triplicate.
FIGURE S10: A. HCT116 lysates (15x10 5 cells) from non-irradiated (-) or -IR (+, 10Gy) cells were used
to prepare the cytosolic (C) and total (T) fractions whereas 45x105 cells were used for nuclei (N)
preparation. Endogenous proteins were identified in total, cytosolic, and nuclear fractions and input
amounts detected by immunoblotting using -Per2, -p53, -lamin A/C, and -tubulin antibodies (upper
panels). Total, cytosolic, and nuclear extracts were incubated with -Per2 antibody (0.7 g) and protein
A-beads in NP40 lysis buffer for 3h at 4ºC. Washed samples were analyzed by immunoblotting using
specific antibodies. The figure shows immunoblot data from a single experiment that was repeated twice
times with similar results. Increased levels of hp53 were expected in the nuclear fraction as result of
stabilization and in response to -IR [for review see Kruse, (2009)]. B. HEK293 lysates (200 g) from
pCS2+3xFLAG-Mdm2, pCS2+3xFLAG-hp53, and pCS2+myc-hPer2 cotransfected cells treated, or not (0
h), with 20 Gy of -IR were immunoprecipitated using -FLAG and protein A-beads. Immunoblotting
was performed using specific antibodies to detect myc-hPer2 association and 3xFLAG-expressed proteins
(upper and lower panels, respectively). Twenty g of whole lysates were tested for protein expression
levels and are shown on the left.
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Supplemental Material
Table
Table S1 Primer sequences for qRT-PCR reactions. Primers used throughout are summarized.
Sequences were retrieved from their corresponding GeneBank accession number and primers designed
using Beacon Design TM (Premierbiosoft) software.
Table S1. Primer sequences for qRT-PCR reactions.
Gene
ACTB

Encoding
Protein
-actin

BAX

Bax

CLOCK

Clock

CRY1

Cry1

GADD45 Gadd45α
GAPDH

GAPDH

MYC

c-myc

PER2

Per2

CDKN1

p21 WAF1/CIP1

TP53

p53

NR1D1

Rev-erbα

TBP

Tbp

SFN

14-3-3 σ

Primer Sequence 5’-3’
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

TCAGAAGGATTCCTATGTGGGCGA
TTTCTCCATGTCGTCCCAGTTGGT
GTTGTCGCCCTTTTCTACTTTGCC
TGTCCAGCCCATGATGGTTCTGAT
AGTTCAGCAACCATCTCAGGCTCA
TTGCTGGTGATGTGACTGAGGGAA
ATCATTGGTGTGGACTAC
TCTGCTTCATTCGTTCA
TGCTGGTGACGAACCCACATTCAT
CACCCACTGATCCATGTAGCGACTTT
CTCTGGTAAAGTGGATATTGT
GGTGGAATCATATTGGAACA
AGGAGACATGGTGAACCAGAGTTT
AGAAGCCGCTCCACATACAGTCCT
TGAGAAGAAAGCTGTCCCTGCCAT
GACGTTTGCTGGGAACTCGCATTT
TCCAGCGACCTTCCTCATCCAC
TCCATAGCCTCTACTGCCACCATC
GCGTGTGGAGTATTTGGATGA
AGTGTGATGATGGTGAGGATGG
AGCATGACCAAGTCACCCTGCTTA
TGCGGCTTAGGAACATCACTGTCT
CACGAACCACGGCACTGATT
TTTTCTTGCTGCCAGTCTGGAC
GCAAGACCGAGATTGAGG
TGTCACAGGGGAACTTTATTG

GeneBank
Accession Number
NM_001101.3
NM_004324.3
NM_004898.3
NM_021117.3
NM_001924.3
NM_002046.4
NM_002467.4
NM_022817.2
NM_000389.4
NM_000546.5
NM_021724.3
NM_003194.4
NM_006142.3
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