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The circadian factor Period 2 modulates 
p53 stability and transcriptional activity 
in unstressed cells
Tetsuya Gotoh*, Marian Vila-Caballer*,†, Carlo S. Santos‡, Jingjing Liu, Jianhua Yang§, 
and Carla V. Finkielstein
Integrated Cellular Responses Laboratory, Department of Biological Sciences, Virginia Polytechnic Institute and State 
University, Blacksburg, VA 24061

ABSTRACT Human Period 2 (hPer2) is a transcriptional regulator at the core of the circadian 
clock mechanism that is responsible for generating the negative feedback loop that sustains 
the clock. Its relevance to human disease is underlined by alterations in its function that affect 
numerous biochemical and physiological processes. When absent, it results in the develop-
ment of various cancers and an increase in the cell’s susceptibility to genotoxic stress. Thus 
we sought to define a yet-uncharacterized checkpoint node in which circadian components 
integrate environmental stress signals to the DNA-damage response. We found that hPer2 
binds the C-terminal half of human p53 (hp53) and forms a stable trimeric complex with 
hp53’s negative regulator, Mdm2. We determined that hPer2 binding to hp53 prevents 
Mdm2 from being ubiquitinated and targeting hp53 by the proteasome. Down-regulation of 
hPer2 expression directly affects hp53 levels, whereas its overexpression influences both 
hp53 protein stability and transcription of targeted genes. Overall our findings place hPer2 
directly at the heart of the hp53-mediated response by ensuring that basal levels of hp53 are 
available to precondition the cell when a rapid, hp53-mediated, transcriptional response is 
needed.

INTRODUCTION
Circadian rhythms are conserved mechanisms of disparate phyloge-
netic origin and complexity that measure time on a scale of about 
24 h and adjust the organism’s physiology to external environmental 
signals (for review, see Bell-Pedersen et al., 2005). Accordingly, core 
circadian clock genes are genes whose protein products are neces-
sary components for the generation and regulation of circadian 
rhythms. In addition to defining the core of the molecular circadian 
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clock, high-throughput studies permitted identification of a large 
number of circadian molecular outputs that control many aspects 
of an organism’s physiology, ranging from organ function and cog-
nitive performance to systems-level behavior (Duffield et al., 2002; 
Duffield, 2003; Panda et al., 2002; Storch et al., 2002). Several of 
those studies showed that an estimated 10% of genes in a given 
tissue exhibit a pattern of circadian expression and ∼7% of all 
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circadian components as modulators of checkpoint molecules, thus 
supporting a potential role for circadian factors in tumorigenesis.

RESULTS
Mice without functional mouse Period2 (mPer2) show increased sen-
sitivity to γ-IR exposure and reduced apoptotic response, all of which 
are phenotypically manifested by premature hair graying and hair 
loss, early onset of hyperplastic growth, increased tumor occur-
rence, and severe morbidity (Fu et al., 2002). Despite the lack of a 
detailed mechanistic foundation for these observations, a number 
of cell cycle and tumor suppressor genes known to be under circa-
dian control (CCND1, CCNA2, and MYC, which encode cyclin D1, 
A, and c-myc, respectively) were found to be deregulated in per2-
deficient animals (Fu et al., 2002). This suggests a role of Per2 in 
tumor suppression by modulating DNA-damage-responsive path-
ways. Therefore we focused our initial studies on identifying hPer2 
partners acting on key nodes of the protein–protein interaction net-
work whose circadian deregulation can directly affect cellular 
homeostasis.

The hPer2 transcription factor interacts with the tumor 
suppressor protein p53
As part of an effort to define novel factors important for hPer2 
regulation, we used a bacterial two-hybrid system to screen a hu-
man liver cDNA library to search for interacting partners. We chose 
this library because liver is known to be a peripheral oscillator tis-
sue, and there are comprehensive studies on how circadian com-
ponents are interlocked and operate in liver tissue (Lamia et al., 
2008). Three baits were independently used for screening: full-
length hPer2 and two fragments of cDNA encoding the N-terminal 
(residues 1–821) and C-terminal (residues 822–1255) regions of 
hPer2. These regions were chosen because of their relevance to 
Per2 function in various cellular processes and the presence of 
functional and structural domains known to bind protein counter-
parts (Griffin et al., 1999; Kume et al., 1999) or small ligand mole-
cules (Yang et al., 2008). The human liver cDNA library (primary 
size, 6.9 × 106) was screened with the generated pBT recombinant 
plasmids. Approximately 4 × 106 clones were screened, and 120 
were identified as putative positive interactors (67 strong and 53 
weak interactors). These clones were maintained in nonselective 
media containing antibiotics and later patched on selective screen-
ing medium containing 5 mM 3-amino-1,2,4-triazole (3-AT) (Figure 
1A). All putative clones were then subjected to further screening 
on a dual selective screening medium (5 mM 3-AT and streptomy-
cin) and confirmed positive. To validate protein–protein interac-
tions, we performed retransformation of the reporter strain using 
the pTRG-positive clones and recombinant pBT baits. Our results 
show that 17 clones, which include proteins involved in cellular 
metabolic processes, RNA binding, regulation of programmed cell 
death, transcriptional activation, response to stress, and cell cycle 
progression, reproducibly grow on selective screening medium 
when cotransformed with the bait plasmid but failed to grow un-
der the same conditions when cotransformed with the empty pBT 
vector. Among the clones identified in the screening were hp53, 
the translationally controlled tumor protein (TCTP), and various 
fragments encoding open reading frame regions of the circadian 
factor crytochrome (Cry), a known direct interactor of hPer2 (Figure 
1A). Remarkably, hp53 was also identified as a positive interactor 
when screenings were carried out using the sequences encom-
passing the N- and C-terminal fragments of hPer2, suggesting that 
more than one interaction site for hp53 might exist within the cir-
cadian factor.

circadian-controlled genes regulate either cell-cycle progression or 
cell death processes (Duffield et al., 2002; Panda et al., 2002; Storch 
et al., 2002; Lowrey and Takahashi, 2004). These observations led to 
the hypothesis that the circadian and cell cycle systems operating 
within an individual cell are interlocked through the sharing of some 
critical elements. An emerging relationship among these mecha-
nisms arises from the observation that cell-cycle progression is im-
paired in circadian gene–deficient animals, providing the first direct 
link between circadian gene regulation and cell division (Matsuo 
et al., 2003). A less predictable discovery was that mutation of one 
of the circadian clock genes, period 2, resulted in a cancer-prone 
animal that developed spontaneous tumors more rapidly than nor-
mal animals. Moreover, this tumor-rate difference increased when 
animals were exposed to γ-irradiation (γ-IR), arguing for a role of the 
per2 gene in tumor suppression and DNA damage response through 
control of cell proliferation and death (Fu et al., 2002).

We focus our studies on Per2, a molecule whose function and 
structural organization is viewed as pivotal for its role as a “mole-
cular integrator” of the organism’s physiology and biochemical net-
work (Albrecht et al., 2007). However, Per2’s potential pleiotropic 
functions remain to be established. Not surprisingly, regulation of 
per2 gene expression is tightly controlled by a plethora of transcrip-
tion factors that either interact directly within regulatory regions of 
per2, such as p53 (Miki et al., 2013), or modulate the activity of other 
components of the transcription machinery (Horikawa et al., 2000; 
Fukuhara et al., 2001; Cajochen et al., 2006; Segall et al., 2006). 
Accordingly, fine-tuning of Per2 stability, localization, and posttran-
scriptional and posttranslational modifications is relevant for Per2 
interaction with various proteins and ligands, all of which have an 
effect on numerous regulatory signaling pathways (for review, see 
Albrecht et al., 2007, and references therein).

To understand fully how Per2’s function and oscillatory behavior 
modulate signaling events that influence critical aspects of disease 
development, we first looked for novel partners of human Period2 
(hPer2) that were essential components of cell proliferation and 
death pathways. We then investigated the regulatory consequences 
of their association in cell signaling. In the present study, we report 
the identification of the human tumor suppressor p53 (hp53 
hereafter) as a novel direct interactor of hPer2, a finding supported 
by two-hybrid screening studies and further validated in cells. We 
hypothesize that hPer2, a core circadian component and tumor sup-
pressor protein, is a novel downstream effector of the DNA-damage 
checkpoint pathway and is an important regulatory factor that selec-
tively modulates p53 function. Remarkably, hPer2 association with 
hp53 occurs within p53’s DNA-binding and C-terminal end. This re-
gion has a critical regulatory role for its tumor suppression function 
by virtue of containing the tetramerization domain required for hp53 
oligomerization, the nuclear localization signals needed for shut-
tling, and various residues targeted for posttranslational modifica-
tion, including those that are polyubiquitinylated (Kruse and Gu, 
2009). Moreover, our findings establish the presence of a trimeric 
complex in cells in which the murine double minute-2 (Mdm2) E3 
ubiquitin ligase, a negative regulator of hp53 that acts by modifying 
the hp53’s C-terminus and promoting its proteasomal degradation, 
binds to the N-terminus region of hp53. Conversely, hPer2 modu-
lates the extent of Mdm2-mediated ubiquitination by binding to the 
C-terminus portion of hp53. Furthermore, our studies show that 
hPer2 binding to hp53 directly controls hp53-mediated transcrip-
tional activity, suggesting a novel multilevel mechanism for regulat-
ing hp53 function to include circadian components. These findings 
not only provide important insights into the already complex mecha-
nism of hp53 regulation, but also shed light on the emerging role of 
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GST-hPer2(683-872), GST-hPer2(873-1120), and GST-hPer2(1121-
1255)—was incubated with 35S-labeled myc-hp53 and protein 
association evaluated by pull-down assays (Figure 1E and 
Supplemental Figure S1B). Results showed that hp53 interacts 
within the central region of hPer2 comprising residues 356–574 
(C-terminus of the PAS domain) and 683–872, a stretch of se-
quence predicted to be structurally flexible and strongly posttrans-
lationally processed (www.expasy.org/structural_bioinformatics 
and www.expasy.org/proteomics/post-translational_modification). 
Similar studies were carried out in the presence of 35S-labeled 
myc-hPer2 using various constructs of hp53, including the recom-
binant GST-hp53(1-200), GST-hp53(1-296), GST-hp53(1-325), GST-
hp53Δ30, GST-hp53(100-310), GST-hp53(200-393), and GST-
hp53(300-393) fragments (Figure 1F and Supplemental Figure 
S1C). Pull-down assays showed that hPer2 binds hp53 on its C-
terminal half, comprising most of the DNA-binding domain and 
oligomerization regions. Current models establish the DNA-bind-
ing functionality of hp53 to be dependent on both the core DNA-
binding domain to provide for sequence specificity and the C-ter-
minal region to recognize topological structural features of the 
target DNA (Kim et al., 1999; Ayed et al., 2001). Thus our results 
support a model of direct association between hPer2 and hp53 
and predict a functional regulatory role for these proteins when 
acting as a complex.

The hPer2 protein forms a ternary complex with hp53 and 
its negative regulator, the Mdm2 oncogene protein
The Mdm2 protein acts as a bona fide E3-ubiquitin ligase for p53 by 
binding to its N-terminus and promoting either p53 monoubiquit-
ination and nuclear export or p53 polyubiquitination and degrada-
tion through the proteasomal pathway (Honda et al., 1997; Li et al., 
2003). Our results show that hPer2 primarily interacts within the C-
terminal half of hp53. Thus it is possible that Mdm2 would also be 
sequestered into the complex. Extracts from HEK293 and HCT116 
cells were immunoprecipitated with α-p53 and α-Per2 antibodies, 
respectively, and complex molecules were detected by immunob-
lotting (Figure 2A). Consistent with this hypothesis, coimmunopre-
cipitation and immunoblotting showed that, in both cases and un-
der physiological conditions, Mdm2 associates with hp53/hPer2. 
This reveals the presence of the hp53/hPer2/Mdm2 endogenous 
complex in cells (Figure 2A). This result is in line with observations 
that all three proteins colocalize in similar cellular compartments and 
thus their interaction could readily occur (Supplemental Figure S2A; 
Giannakakou et al., 2000; Lohrum et al., 2000; Miyazaki et al., 
2001).

To study the functional relevance of interactions of these mole-
cules, we devoted further experiments to establishing an “in-cell” 
system that allowed us to manipulate the complex components. 
HEK293 cells were transfected with various tagged forms of hPer2, 
hp53, and Mdm2 and complexes were monitored by immunopre-
cipitation and blotting (Figure 2B). Results show ternary complexes 
that included Mdm2 were detected using reciprocally tagged forms 
of both hp53 and hPer2 proteins (Figure 2B, left dashed box). Fur-
thermore, an additional finding established that hPer2 is able to 
interact and form a stable complex with Mdm2 (Figure 2B, right 
dashed box). To rule out the contribution of endogenous hp53 in 
bridging hPer2/Mdm2 association, we transfected human non–
small cell lung carcinoma cells (H1299 cells, p53-null; they contain 
a homozygous partial deletion of the p53 protein and lack expres-
sion of p53) with FLAG-hPer2 and myc-Mdm2 and evaluated their 
interaction by coimmunoprecipitation (Supplemental Figure S2B). 
Interaction between hPer2 and its E3-ubiquitin ligase β-TrCP was 

To investigate whether Per2 forms a complex with p53 in cells, 
we examined various scenarios in which recombinantly expressed 
proteins and their endogenous counterparts were monitored for di-
rect interaction in mammalian cells and extracts (Figure 1, B–D, and 
Supplemental Figure S1). We analyzed diverse cell lines (CHO cells, 
human embryonic kidney 293 [HEK293], and human colon carci-
noma [HCT116] cells) to probe the prevalence of the complex in 
different backgrounds. These cell lines, besides being relatively easy 
to manipulate, were chosen because 1) CHO cells can be circadian 
synchronized, and mPer2 has been shown to be functional in this 
system (Yang et al., 2008), 2) human HEK293 cells have been an 
effective model to study the dynamic process of shuttling among 
hPer proteins as a result of posttranslational modifications (Vielhaber 
et al., 2001), the transcriptional regulation of genes by Clock/NPAS2 
and Bmal dimers (Shi et al., 2010), and the validation of neurotrans-
mitters regulating circadian locomotor rhythms (Mertens et al., 
2005), and, finally, 3) human carcinoma HCT116 cells were used to 
study the role of Per1 in cell growth (Gery et al., 2006), the contribu-
tion of specific SCF ubiquitin E3 ligases for circadian protein turn-
over (Yang et al., 2009a), and the role of hPer2 for expression of cell 
cycle genes (Yang et al., 2009b). In addition, all cell lines express the 
wild-type forms of p53 and Per2.

To examine the interaction between p53 and Per2, we first trans-
fected CHO cells with myc-hp53 and evaluated the presence of en-
dogenous mPer2 within the complex by immunoprecipitation (Figure 
1B). Results show mPer2 associates with the recombinantly ex-
pressed protein, further supporting our two-hybrid data, whereas 
unbound proteins remained available in the soluble fraction (Figure 
1B, top). Endogenous mPer2 is usually detected as a doublet by its 
specific antibody in CHO cells, as previously described (Yang et al., 
2008). We also performed reciprocal coimmunoprecipitation assays 
using CHO extracts from cells cotransfected with myc-hPer2, FLAG-
hp53, or both plasmids. As shown in Figure 1C, immunoprecipita-
tion of recombinant hPer2 specifically associates with hp53, a result 
of relevance for validating further in vitro experiments. The preva-
lence of this interaction was then assessed in both HEK293 and 
HCT116 cells by immunoprecipitating both endogenous compo-
nents of the hp53/hPer2 complex (Figure 1D). Thus cell extracts 
were immunoprecipitated with either α-Per2 antibody or immuno-
globulin G (IgG). As expected, immunoblot analysis revealed that 
hp53 is only detected in immunoprecipitates obtained using the α-
Per2 antibody but not control IgG (Figure 1D). In sum, these results 
indicate that p53 and Per2 can be coimmunoprecipitated from ex-
tracts of either transfected cells or endogenous pools and are con-
sistent with direct interaction between both proteins. To further test 
for this latter possibility directly, we incubated recombinant glutathi-
one S-transferase (GST)-hp53–bound beads with labeled myc-hPer2 
in the presence of increasing concentrations of untagged hp53 (Sup-
plemental Figure S1A). Our results indicate that hPer2 is efficiently 
displaced from the complex as a result of adding increasing amounts 
of hp53, which support a model of direct interaction among these 
two protein components.

The hPer2 protein associates with the C-terminal half 
of hp53
To define the regions in hp53 and hPer2 responsible for their inter-
action, we first generated a number of recombinant constructs 
based on sequence homology, secondary structure prediction, 
and molecular modeling for each protein and determined their 
binding capacity to its full-length radiolabeled counterpart. Each 
of the seven recombinant fragments of hPer2—GST-hPer2(1-172), 
GST-hPer2(173-355), GST-hPer2(356-574), GST-hPer2(575-682), 
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FIGURE 1: The circadian factor hPer2 interacts with hp53. (A) Two-hybrid protein–protein interaction between hPer2, 
hp53, TCTP, and Cry. Each pair of plasmids—i) pBT-LGF2 + pTRG-Gal11P, ii) pBT-hPer2 + pTRG, iii) pBT-hPer2 + 
pTRG-Gal11P, iv) pBT-hPer2 + pTRG-TCTP, v) pBT-hPer2 + pTRG-Cry, and vi) pTRG-hp53—was grown on nonselective 
medium plus antibiotics (LB tetracycline [Tet]/chloramphenicol [Cam]) and later patched on both selective screening 
minimum medium (MM Tet/Cam/5 mM 3-AT) and dual-selective minimum medium containing MM Tet/Cam/5 mM 3-AT/
streptomycin (Strep). Positive controls were i and v, whereas ii and iii were negative. (B) Pellets from CHO cells 
transfected with pCS2+myc-hp53 were lysed in 25 mM Tris-phosphate pH 7.8, 2 mM dithiothreitol, 2 mM 
1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid, 10% glycerol, and 1% Triton X-100, and extracts (∼300 μg) were 
incubated with α-myc beads. Endogenous mPer2 and recombinantly expressed hp53 were detected by using either 
α-Per2 (top) or -myc antibodies (bottom). Control indicates 20 μg of total extract. (C) Samples from CHO cells 
cotransfected with pCS2+myc-hPer2 and pCS2+FLAG-hp53 were immunoprecipitated using α-myc beads and 
immunoblotted using α-FLAG (top) and -myc antibodies (bottom). (D) One milligram of HEK293 and HCT116 extracts 
was incubated with either α-Per2 or IgG. Complexes were immunoprecipitated using protein A beads and 
immunoblotted for endogenous proteins using α-Per2 (top) and -p53 antibodies (bottom). For the positive control, 
HEK293 cells were transfected with pCS2+hPer2 (hPer2-tf), and total cell extracts (20 μg [1/1] and 2 μg [1/10]) were 
loaded. (E) Recombinant GST-tagged fragments of hPer2 were purified using affinity chromatography, and bound beads 
were incubated with 35S-labeled myc-hp53 and assayed for binding as described in the Supplemental Material. Bound 
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Binding of hPer2 influences hp53 stability
Rhythmic expression of p53 protein, but not its mRNA, has been 
observed in human tissues and correlates with those of the circadian 
oscillators Per and Bmal1 (Bjarnason et al., 1999, 2001). Remarkably, 
hp53 oscillations are not due to rhythmic expression of Mdm2, since 
its mRNA and protein levels exhibit a very modest oscillation 
throughout a 24-h cycle (Fu et al., 2002; Panda et al., 2002). Conse-
quently, we hypothesized that, when available, hPer2 binds to the 
C-terminal half of hp53 and inhibits its Mdm2-mediated ubiquitina-
tion, thus stabilizing hp53. To test this possibility, we knocked down 
the endogenous expression of hPer2 using small interfering RNA 
(siRNA) in HCT116 cells and monitored hp53 stability in the pres-
ence of cycloheximide (CHX), an inhibitor of protein translation 
(Figure 3A). Effective down-regulation of hPer2 was achieved 48 h 
after siRNA transfection (Figure 3A, top, lane 1 vs. lane 7) and was 
sustained over the time course analyzed (Figure 3A, top, lanes 7–12). 
Expression of hp53 was then evaluated at different times after CHX 
addition (t = 0, Figure 3A, middle). Our findings show that endoge-
nous hp53 levels dramatically dropped 1 h after CHX treatment 
(from 100 to 70 and 40% in mock- vs. siRNA-treated samples, re-
spectively (Figure 3A, middle, lane 3 vs. lane 9) and decreased 
thereafter (Figure 3B, top). Thus hp53 half-life (t1/2) decreased ∼60% 
in the absence of hPer2 expression, supporting a role for hPer2 in 
hp53 stability. Accordingly, we observed a direct correlation be-
tween the down-regulation of hPer2 after CHX addition in mock 
samples and the progressive decrease of hp53 (Figure 3A, lanes 
1–6) to the point in which hPer2 was undetectable and only trace 
levels of hp53 were identified (Figure 3, A, lane 6, and B). It is worth 
noting both the role of de novo transcription/translation in keeping 
hp53 levels detectable in the cell even in the absence of hPer2 as 
evidenced in Figure 3A (lane 7) and the relevance of hPer2 presence 
in sustaining hp53 levels (Figure 3A, middle). A clearer picture of the 
effect of hPer2 in hp53 stability arises from the quantitative analysis 
of the experiments shown in Figure 3A and summarized in Figure 
3B. Here we represent the remaining levels of hp53 (Figure 3B, top) 
and hPer2 (Figure 3B, bottom) detected in both mock- and siRNA 
hPer2 CHX-treated cells. The drop in hp53 levels is evident within 
the first 2 h post CHX treatment (Figure 3B, top, shaded box) and is 
concomitant with a decrease in hPer2 levels in mock samples (Figure 
3B, bottom, shaded box). Further support for our observations came 
from transfection studies in which hPer2 was overexpressed in 
HCT116 and endogenous hp53 levels were monitored after CHX 
addition (Supplemental Figure S3). As a result, we observed a sig-
nificant increase (∼60%) in endogenous hp53 levels in samples 
transfected with hPer2 (t = 0; Supplemental Figure S3). As expected, 
this effect was sustained while hPer2 was overexpressed in cells but 
dropped dramatically once CHX affected hPer2 translation, and its 
own stability was compromised by 4 h (Supplemental Figure S3A, 
middle, and graph, shaded box).

Although our results establish a role for hPer2 in promoting hp53 
stability, its influence on total hp53 cellular levels includes an addi-
tional transcriptional component when hPer2 is overexpressed. This 

used as a positive control (Supplemental Figure S2B; Ohsaki et al., 
2008). Results indicate that the hPer2/Mdm2 complex exists even 
in an hp53-null background, providing evidence for the physical 
association of hPer2 to Mdm2 in a p53-independent manner. Fur-
ther studies established that the formation of the hp53/hPer2/
Mdm2 complex is independent of the order of association of its 
components, as shown in Supplemental Figure S2C. In vitro bind-
ing of transcribed and translated recombinant hp53, hPer2, and 
Mdm2 into the trimeric complex occurred when hp53 was first as-
sociated with either Mdm2 or hPer2. Of note is the level of hPer2 
associated with the preformed hp53/Mdm2 complex versus the 
one detected associated with hp53. This level seems to be lower, 
suggesting that binding of hPer2 precedes Mdm2 association with 
hp53 (Supplemental Figure S2C, lane 1 vs. lane 3). Overall these 
results suggest a dynamic scenario in which hPer2 might influence 
the activity and/or function of the Mdm2/hp53 complex or any of 
its components in a model in which Mdm2 acts as an E3-ubiquitin 
ligase for hp53, further linking components of the checkpoint ma-
chinery to circadian factors.

Binding of hPer2 modulates the extent of Mdm2-mediated 
hp53 ubiquitination
Next we asked whether binding of hPer2 to the C-terminus of hp53 
modulates the extent of its ubiquitination when complexed to 
Mdm2. To test this possibility, we used a modified in vitro ubiquit-
ination assay in which hp53, Mdm2, and hPer2 proteins were incor-
porated stepwise into a cell-free system. First, we allowed the hp53/
hPer2 complex to form, followed by addition of Mdm2 in the pres-
ence of inhibitors of both proteasome and ubiquitin deconjugating 
enzymes, thus favoring the accumulation of ubiquitinated hp53 
complexes (FLAG-hp53(Ub)n) before immunoprecipitation (Figure 
2C and Supplemental Figure S4A). Results show that hPer2 effi-
ciently prevented Mdm2-mediated hp53 ubiquitination when pre-
bound. This is in contrast to what was observed when hp53 was 
solely incubated with Mdm2 (Figure 2C, lane 2 vs. lane 3, bottom, 
and Supplemental Figure S4A). A similar result was obtained using 
proteasome inhibitor–treated HEK293 cells cotransfected with 
hp53 and Mdm2 in the presence or absence of hPer2-expressing 
plasmid (Figure 2D, lane 3 vs. lane 4, top, and Supplemental Figure 
S4B). Comparative ratios of all proteins were detected in cells (Sup-
plemental Figure S2D), complexes were efficiently formed (Figure 
2D), and hp53 ubiquitinated forms were detected by specific 
immunoprecipitation (Figure 2D, top) and quantified (Supplemental 
Figure S4B). Although the data presented here suggest a role for 
hPer2 in controlling hp53 modifications mediated by Mdm2, they 
do not rule out the possibility of a deubiquitination activity associ-
ated with hPer2 that might counteract Mdm2 action. However, in 
vitro preliminary studies using hp53(Ub)n as a substrate suggest 
that this might not be the case (unpublished data). Consequently, 
the evidence suggests that binding of hPer2 to hp53 prevents 
Mdm2-mediated ubiquitination, allowing for the formation of a 
stable trimeric complex.

complexes were visualized by Coomassie staining (bottom) and the radiolabeled protein detected by autoradiography 
(top). (F) Mapping of hPer2-binding regions in hp53. Schematic representation of hp53 architecture (393 residues), 
including the transactivation (TAD; residues 1–42), proline-rich (PRD; residues 61–92), DNA-binding (residues 101–300), 
and tetramerization domains (TD; residues 326–356). The binding site in hPer2 is indicated with a solid line. Bead-bound 
GST-hp53 and recombinant proteins were incubated with [35S]myc-hPer2 and analyzed for complex formation as 
described. In all cases, GST beads were used as a negative control; beads, matrix sample with no antibody bound; EV, 
empty vector; Supernat, supernatant fraction after immunoprecipitation (IP); transf, transfected cells; B–F show 
immunoblot data from a single experiment that was repeated three times with similar results.
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FIGURE 2: The hPer2 protein forms a ternary complex with hp53 and Mdm2, controlling the extent of hp53 ubiquitination. 
(A) HEK293 and HCT116 protein extracts (1 and 2 mg, respectively) were incubated with either α-p53 or α-Per2, 
respectively, and protein A beads. Rabbit IgG was used as a negative control. Immunoprecipitated complexes were 
analyzed for the presence of hPer2, hp53, and Mdm2 using specific antibodies (top for HEK293 and bottom for HCT116). 
Asterisk indicates a nonspecific signal. (B) HEK293 cells were transfected with pCS2+myc-Mdm2, pCS2+myc-hp53, 
pCS2+FLAG-hp53, pCS2+FLAG-hPer2, pCS2+myc-hPer2, or a combination of plasmids and complexes 
immunoprecipitated using α-FLAG–coupled beads. Complex components were identified by immunoblotting using 
α-FLAG and α-myc antibodies (right top and bottom). Input amounts were monitored in cell lysates (20 μg) and shown in 
the left top and bottom. Results similar to those presented were observed in two independent experiments. (C) In 
vitro–synthesized myc-hPer2 and FLAG-hp53 proteins were preincubated before the addition of myc-Mdm2 (ratio 1:2:5: 
FLAG-hp53:myc-Mdm2:myc-hPer2). Samples were then subjected to in vitro ubiquitination, followed by 
immunoprecipitation of hp53-bound proteins using α-FLAG antibody and protein A beads. Bound proteins were detected 
by immunoblotting and are indicated with arrows (top and middle). FLAG-hp53(Ub)n forms of hp53 were detected using 
α-ubiquitin antibody (bottom). Asterisk indicates IgG heavy chain. (D) HEK293 cells were transfected with pCS2+myc-
Mdm2, pCS2+myc-hPer2, pCS2+FLAG-hp53, or a combination of plasmids and collected 12 h after treatment with 10 μM 
MG132. Cell lysates (100 μg) were incubated with α-FLAG and protein A beads and hp53-ubiquitinated complexes 
(FLAG-hp53(Ub)n) detected using α-ubiquitin antibody (top right). Bound proteins were visualized by immunoblotting using 
α-myc and α-FLAG antibodies (middle and lower right). An in vitro ubiquitination reaction was performed as described in 
C and is shown as control and for comparison purposes with the “in cells” result (left). Brackets denote ubiquitinated hp53. 
A, C, and D show immunoblot data from a single experiment that was repeated three times with similar results.
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of hp53 cellular levels by acting through different mechanisms; a 
canonical signaling pathway via TP53 gene transcription and, inde-
pendently, a noncanonical pathway that involves hPer2 binding to 
hp53, modulation of Mdm2-mediated hp53 ubiquitination and 
therefore hp53 stability.

The hPer2 factor influences the expression of hp53-target 
genes
We then asked whether increased stability of hp53 as a result of 
hPer2 transfection (Supplemental Figure S3) affects activation of 
hp53-mediated gene transcription, thus functionally linking hPer2 
to the hp53 pathway. First, we monitored the expression of p53-
targeted genes in HCT116 cells that were either overexpressing 

scenario became clear from experiments performed in HCT116 cells 
transfected with either FLAG-hPer2 or hPer2 siRNA and where hp53 
mRNA levels were measured in real time (Figure 3C). It also became 
clear from analyses of lung cancer cells, in which overexpression of 
hPer2 led to an increase in p53 mRNA and p53-mediated apoptosis 
(Hua et al., 2006). As shown in Figure 3C (left), overexpression of 
hPer2 resulted in a significant increase in TP53 transcription 
(encodes p53), an effect that was overturned in cells transfected 
with siRNA hPer2 (Figure 3C, right). Transcription of NR1D1 (en-
codes orphan nuclear receptor Rev-erbα) was used as an internal 
control, as its level is influenced by the presence of hPer2 in the cell, 
with repression taking place when hPer2 is at its highest (Ko and 
Takahashi, 2006). In summary, our data place hPer2 as a modulator 

FIGURE 3: Binding of hPer2 to hp53 modulates its stability. (A) HCT116 cells were transfected with siRNA hPer2 
(25 nM) or not (mock), and a sample equivalent to t = 0 h was collected 72 h later. Samples (t = 0.5–8 h) were harvested 
from cells maintained in complete medium plus cycloheximide (CHX, 100 μg/ml). Extracts were analyzed by 
immunoblotting using specific antibodies. A nontransfected control sample was loaded onto lane 12 and indicates the 
position of endogenous proteins. Immunoblot data from a single experiment that was repeated three times with similar 
results. (B) Protein levels (hPer2 and hp53) from mock- and siRNA hPer2-treated samples were quantified using ImageJ, 
version 1.45 (Schneider et al., 2012), and values were normalized to tubulin levels. Bar graphs indicate the percentage of 
protein remaining plotted as a function of time. The curve was fitted and hp53 half-life calculated using GraphPad Prism 
software (top). The gray box indicates the window of time while endogenous hPer2 was readily detected in mock 
samples. Data from a single experiment that was repeated three times with similar results. In all cases, mock and siRNA 
are represented by solid and dashed lines, respectively, and hp53 and hPer2 proteins are symbolized by  and , 
respectively. (C) HCT116 cells were transfected with either pCS2+FLAG-hPer2 (left bar graph) or siRNA hPer2 (right bar 
graph) and samples subjected to qRT-PCR as described in Materials and Methods. Data are presented as mean ± SEM 
from three independent experiments performed in triplicate. Statistical comparisons were done by two-tailed unpaired 
t test and analyses performed using SPSS. NS, not significant; #p ≤ 0.05; ##p ≤ 0.01. In all samples, endogenous hPer2 
levels were monitored by immunoblotting and before performing quantitative RNA analyses. Tubulin was a loading 
control (right).
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represent the diversity of cellular pathways controlled by p53 and 
the various forms of regulation, ranging from transcriptional re-
pression (i.e., MYC) to activation (i.e., SFN [encodes 14-3-3σ ], BAX 

hPer2 (Figure 4A, left, for each set of genes) or silenced for 
hPer2 expression (Figure 4A, right, for each set of genes). We 
chose to analyze the expression of those genes because they 

FIGURE 4: The hPer2 protein influences the expression of hp53 target genes. (A) HCT116 cells were transfected with 
either FLAG-hPer2 or siRNA hPer2 and collected at 24 and 48 h posttransfection, respectively. Empty vector (EV) and 
mock samples were controls. qRT-PCR 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. NS, not significant; ##p ≤ 0.01. (B) HCT116 cell extracts (20 μg) from the various samples in A were analyzed for 
hPer2 (top), endogenous hp53 (middle), and tubulin (bottom) by immunoblotting. Bands were quantified using ImageJ, 
version 1.45, and values normalized to tubulin levels (loading control). Bar graphs indicate the percentage of the 
remaining hp53 protein. Immunoblot data from a single experiment that was repeated three times with similar results. 
(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 samples prepared for qRT-PCR. Aliquots of cell extracts were 
analyzed by immunoblotting (right). Asterisks indicate nonspecific signal. 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 post hoc analyses when needed (SPSS). NS, not significant; #p ≤ 0.05; ##p ≤ 0.01. SFN 
encodes 14-3-3σ; BAX encodes the proapoptotic factor Bax; MYC encodes the oncogene c-myc; CDKN1a encodes 
hp21WAF1/CIP1; GADD45α encodes the gadd45α protein.
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and references therein). These findings highlight the complexity of 
the circadian-controlled network and emphasize its physiological 
relevance for human health and new therapeutic interventions.

Our findings provide the first evidence of direct protein–protein 
interaction between the clock factor hPer2 and the tumor suppres-
sor hp53 (Figures 1 and 2). They are further validated by converse 
studies performed in human cells in search of new modulators of 
p53-mediated proliferation arrest using large-scale RNAi screening 
(Berns et al., 2004). Although it is unclear how Per2 is involved in 
p53-mediated cell cycle arrest from the high-throughput studies, 
those results support Per2 as a tumor suppressor relevant to the p53 
pathway. Other forms of validation of the p53–clock connection re-
sult from the identification of modifiers of the clock’s amplitude and 
period. These include molecules that physically interact with p53 
(CDK9, NCL, ABL1, BRCA2; Zhang et al., 2009), down-regulation of 
which causes either short- or long-period changes, as well as high-
amplitude phenotypes in mammalian cells (Zhang et al., 2009). Fur-
thermore, knockdown of hp53 itself generates low-amplitude circa-
dian rhythms in U2OS cells, further linking the tumor suppressor to 
the clock (Zhang et al., 2009).

Binding of the E3 ligase Mdm2 to the N-terminus domain of 
hp53 allows for the formation of a trimeric complex in which hPer2 
binding to p53’s C-terminus prevents its ubiquitination and pro-
motes hp53 stabilization (Figures 2, C and D, 3, and 5). The stability 
of p53 has been the subject of numerous studies and is known to be 
largely influenced by posttranslational modifications, intracellular 
distribution, and binding to other interacting proteins (for review, 
see Lavin and Gueven, 2006). As a result, different scenarios should 
be considered when evaluating the mechanism by which hPer2 
leads to hp53 stabilization, including 1) intracellular localization of 
the hPer2/hp53 complex (unpublished data), 2) inhibition of Mdm2 
E3 ligase activity when in contact with hPer2 in the trimeric complex 
(Supplemental Figure S2C, lane 6), and, alternatively, 3) blockage of 
Mdm2 access to its substrate region within hp53. In support of these 
scenarios is the existence of multiple proteins that influence the sta-
bilization of p53, although the major control mechanism remains its 
interaction with and ubiquitination by Mdm2 (Harris and Levine, 
2005). However, proteins that reverse this modification and others 
that either enhance translation of p53 mRNA or alter its subcellular 
localization influence the total level of p53 present in the cell at a 
given time. The herpes virus–associated ubiquitin-specific protease 
(HAUSP) is a p53-interacting protein that stabilizes p53 by deubiq-
uitination even in the presence of an excess of Mdm2 (Li et al., 
2002). More recently, the ovarian tumor domain-containing ubiq-
uitin aldehyde-binding protein 1 (Otub1) was found to directly sup-
press Mdm2-mediated p53 ubiquitination and drastically stabilize 
p53 in response to DNA damage (Sun et al., 2012). An additional 
ubiquitin-independent but proteasome-dependent p53 degrada-
tion process is linked to its association to NAD(P)H quinone oxi-
doreductase (NQO1; Asher and Shaul, 2005). Both p53 and p73 
interact with NQO1, which is largely associated with the 20S protea-
some, unless an excess of NADH is present and competes off their 
interaction, preventing p53 degradation. Unlike in unstressed cells, 
in which Mdm2 prevents p300 from associating with p53, both CBP/
p300 transcriptional coactivators and Strap, a partner protein of 
p300, associate with p53 in response to DNA damage, increasing its 
level and half-life through a mechanism that involves p53 acetyla-
tion (Lambert et al., 1998; Barlev et al., 2001). Methylation of p53 by 
overexpression of various methyltransferases has also been linked 
to its hyperstabilization (Chuikov et al., 2004). Finally, protein–pro-
tein interaction has been proven effective in increasing the stability 
of various forms of mutant p53. For example, heat shock protein 90 

[encodes Bcl-2–associated X protein (Bax)], CDKN1a [encodes 
cyclin-dependent kinase inhibitor human p21 (hp21WAF1/CIP1)], and 
GADD45α [encodes the growth arrest and DNA-damage-induc-
ible protein 45 α (Gadd45α)]). Accordingly, hPer2-transfected cells 
showed a significant increase in expression of CDKN1a, SFN, 
GADD45α, and the proapoptotic component BAX, whereas the 
expression of the MYC oncogene remained invariable (Figure 4A, 
left, for each set of genes). Specificity of response toward hPer2 
was assessed by effectively abrogating its expression using siRNA 
in HCT116 and monitoring gene transcription in real time (Figure 
4A, right, for each set of genes). As shown, down-regulation of 
hPer2 counteracts the effect of the transcription of p53-target 
genes triggered by hPer2 overexpression, supporting a role for 
this circadian modulator in their transcriptional control. Consistent 
with our previous observations, increased hp53 levels were solely 
observed in hPer2-transfected samples (Figure 4B), supporting a 
model in which hPer2 action on hp53-mediated transcription 
might be the result of its stabilization.

Next we wanted to ascertain hp53 as the chief mediator of the 
hPer2 transcriptional effect shown in Figure 4A. We reasoned that if 
hPer2 induces CDKN1a, SFN, GADD45α, and BAX transcription via 
a p53-dependent pathway, transfection with hPer2 should not re-
store their expression in an hp53-null background unless either a 
p53-independent mechanism exists or hp53 is cotransfected along 
with hPer2 and the p53-mediated signaling pathway is restored. To 
test this possibility, H1299 cells (p53-null) were transfected with 
FLAG-tagged forms of hp53, hPer2, or both plasmids together 
(Figure 4C, inset) and analyzed for transcription of specific genes in 
real time (Figure 4C). Results show FLAG-hPer2 by itself was unable 
to significantly induce the expression of CDKN1a, GADD45α, or 
BAX in a p53-null background. Although the contribution of other 
mediators and additional signaling mechanisms cannot be com-
pletely ruled out, hPer2 seems to act primarily through hp53 and 
not vice versa, as hp53 does not seem to have a direct effect on 
hPer2 mRNA and protein expression in HCT116 cells (Supplemental 
Figure S5). Of interest, SFN expression seemed to be enhanced by 
just hPer2 transfection, suggesting the existence of at least an hp53-
independent but hPer2-dependent mechanism involved in SFN ex-
pression. As expected, FLAG-hp53 transfection led to increased 
transcriptional expression of SFN, CDKN1a, and GADD45α, whereas 
BAX levels remained largely unchanged. Of note, cotransfection of 
FLAG-hp53 and -hPer2 resulted in a synergistic effect that led to 
overexpression of SFN, CDKN1a, and GADD45α but not BAX.

Overall these results establish that 1) hp53 is a mediator of the 
hPer2 transcriptional response, 2) hp53 target genes such as SFN 
and BAX might have at least an additional mode of regulation by 
hPer2 that is independent of hp53, and 3) hPer2 most likely influ-
ences the ability of hp53 to function as a sequence-specific tran-
scription factor indirectly by influencing hp53 levels. Thus our data 
substantiate the biological relevance of hPer2 in modulating hp53 
target gene expression, and we speculate that the hPer2-hp53 axis 
might act on multiple hp53 canonical and noncanonical response 
elements to varying extents.

DISCUSSION
The emerging view of the role of core circadian clock components is 
that their function is no longer restricted to the generation of circa-
dian rhythms but that they also intervene in other cellular pathways 
believed to be under circadian regulation. Examples are many and 
growing and include signaling pathways involved in cell growth, di-
vision, death regulation, metabolism, behavioral disorders, immu-
nity, and xenobiotic responses (for review, see Takahashi et al., 2008, 
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Per2 in the suprachiasmatic nuclei, all of which result in p53−/− ani-
mals that exhibit altered circadian behavior, further supporting vari-
ous levels of regulation in the Per2-p53 axis.

The role of hPer2 as mediator of the hp53 transcriptional re-
sponse was established in a p53-knockout background (H1299, 
p53-null cells) in which the hPer2-hp53 axis was reconstituted in a 
stepwise manner (Figure 4). First, we showed that manipulation of 
hPer2 levels influences both the transcription of a broad range of 
hp53 target genes and the stability of endogenous hp53 (Figure 4, 
A and B). In fact, knocking down hPer2 expression counteracts any 
effect in transcription of hp53 target genes caused by hPer2 overex-
pression (Figure 4A). Whereas this result establishes a correlation 
between the presence of hPer2 and the expression of genes whose 
transcription is mediated by hp53, a direct connection is further es-
tablished when coexpression of hPer2 and hp53 synergistically en-
hances the transcription of SFN, CDKN1a, and GADD45α in an 
hp53-null background (Figures 4C and 5). Overall our results pose 
more relevant questions that refer to how both selectivity in terms of 
gene expression and diversity in terms of regulation are accom-
plished in the hPer2/hp53 axis and whether posttranslational modi-
fications play a role in fine-tuning the strength of their interaction for 
a wider range of control.

MATERIALS AND METHODS
Bacterial two-hybrid screening
To assay for two-hybrid interactions between a specific bait (pBT-
hPer2) and target plasmid pair from a library (pTRG cDNA library), 
we performed a two-hybrid screening analysis using the Bacterio-
Match II system (Stratagene, La Jolla, CA) following the manufac-
turer’s instructions. Briefly, BacterioMatch II validation reporter–
competent cells were cotransformed with ∼200 ng each of the bait 
vector plus pTRG target vector. Aliquots of each of the cotransfor-
mation mixtures were plated in both nonselective screening me-
dium (no 3-AT; Sigma-Aldrich, St. Louis, MO) and selective screen-
ing medium (5 mM 3-AT). Strong interactors were isolated from 

(hsp90) binds to the C-terminus of mutant p53 when in complex 
with Mdm2; however, in this case, hsp90 acts by inhibiting the ubiq-
uitin ligase activity of Mdm2, blocking the ubiquitination of both 
Mdm2 itself and mutant p53 (Peng et al., 2001). An additional mode 
of regulation results from association of the central and C-terminus 
regions of p53 to poly(ADP-ribose) polymerase-1 (PARP-1; Wesier-
ska-Gadek et al., 2003). In this case, inactivation of PARP-1 resulted 
in decreased levels of p53, whereas inhibition of nuclear export 
by leptomycin B prevented accelerated degradation of p53 in 
PARP-1–knockout cells, favoring p53 accumulation. As a result, p53 
stability results from its nuclear accumulation, as PARP-1 blocks 
p53’s nuclear export signal located in its carboxy-terminal area 
(Wesierska-Gadek et al., 2003). Overall the mechanisms for control-
ling p53 stabilization are many and varied, but they all serve the 
purpose of monitoring different aspects of cellular homeostasis.

What makes hPer2’s interaction with hp53 particularly attractive 
is the possibility of building a new level of regulation by understand-
ing how cell homeostasis harmonizes with its environment. Accord-
ingly, we asked about the relevance of the hp53/hPer2 regulatory 
mechanism in a physiological context. Here we embrace the con-
cept of “biological anticipation” first introduced to explain the func-
tion of the cardiomyocyte circadian clock in both myocardial health 
and disease (for review, see Durgan and Young, 2010). Basically, the 
concept proposes that a biological system is able to prepare for an 
event before it happens, thus ensuring rapid response in a tempo-
rally appropriate manner. Consequently, we hypothesize that the 
presence of hPer2 allows for the formation of the hp53/hPer2 com-
plex and hp53 stabilization. Thus the existence of basal levels of the 
hp53 tumor suppressor helps “prime” the signaling pathway to rap-
idly respond to a stress condition (metabolic, genotoxic). In this sce-
nario, induction of TP53 transcription via hPer2 (Figure 3C) or by any 
additional factor is a secondary step and would most likely help to 
sustain the response. Of interest, Miki et al. (2013) showed that tran-
scriptional regulation may be reciprocal and that p53 targets the 
Clock/Bmal1 complex, inhibiting the transcriptional expression of 

FIGURE 5: Proposed model of hPer2 and hp53 interaction and function. The hPer2 protein associates with cytosolic 
hp53, forming a stable complex that keeps hp53 in a stable state and ensuring that basal levels of hp53 exist (“priming 
state”). This heterodimer eventually incorporates Mdm2, forming a trimeric and stable Mdm2/hp53/hPer2 complex. In 
this scenario, Mdm2 is not able to ubiquitinate hp53 unless binding between these two proteins occurs in the absence 
of hPer2. We hypothesize that existence of the trimeric complex is compromised under, for example, stress signals, 
leading to release and activation of the hp53 downstream pathway.
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then processed as described, with the exception that in some of the 
experiments, blots were incubated with either α-Mdm2 (Santa Cruz 
Biotechnology and Calbiochem, Billerica, MA) primary antibody. In 
all cases, horseradish peroxidase–conjugated α-rabbit or α-mouse 
IgG secondary antibodies (GE Healthcare Life Sciences, Bucking-
hamshire, UK; Cell Signaling, Danvers, MA) were used for immuno-
blotting following standard procedures. Chemiluminescence reac-
tions were performed using the SuperSignal West Pico substrate 
(Pierce, Rockford, IL).

In vitro binding assays
In vitro transcription and translation of pCS2+ myc-hPer2, myc-
Mdm2, FLAG-hPer2, and FLAG-hp53 were carried out using the 
SP6 high-yield TNT system (Promega) 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.

Protein pull-down assays
GST fusion proteins were expressed in Escherichia coli strain 
Rosetta (Novagen) and purified by glutathione-Sepharose chroma-
tography based on the manufacturer’s instructions (GE Healthcare 
Life Sciences). For pull-down assays, a total of 5 μg of GST-hp53-
bound beads, its recombinant fragments, or an equivalent amount of 
glutathione beads (GST control) were washed in binding buffer 
(20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM EDTA, and 0.1% 
Triton X-100) and incubated with 2 μl of in vitro–transcribed and 
translated [35S]myc-hPer2 at 4°C for 1 h. After washing of the beads 
with low- and high-salt binding buffer (100 mM and 1 M NaCl, 
respectively), bound proteins were eluted by boiling in Laemmli sam-
ple buffer and analyzed by SDS–PAGE and autoradiography. A simi-
lar procedure was followed to evaluate binding of [35S]myc-hp53 to 
various tagged recombinant fragments of hPer2. For competition as-
says, untagged hp53 was generated by digestion of the fusion pro-
tein with thrombin, followed by concentration and buffer exchange 
(10 mM Tris-HCl, pH 8.0). Reactions were set using 5 μg of GST-hp53 
and increasing amounts of untagged p53 (0–20 μg) in the presence 
of a constant radiolabeled hPer2. Reactions were incubated at 4°C 
for 1 h, beads were washed, and samples analyzed by SDS–PAGE 
as described. Densitometric quantitation was carried out using a Flu-
oChem digital imaging system (Alpha Innotech, Santa Clara, CA).

Ubiquitination assays
For in vitro assays, pCS2+ constructs of myc-hPer2, myc-Mdm2, 
and FLAG-hp53 were transcribed and translated in vitro as de-
scribed. Aliquots of each tagged protein (1–4 μl), or a combination 
of them, were incubated at room temperature for 30 min to allow 
complex formation to happen before adding the reaction buffer 
containing 1× ubiquitination buffer (Enzo Biomol), 2 mM dithiothre-
itol, 20 μg/ml ubiquitin-aldehyde, 100 μg/ml ubiquitin, 1xATP-en-
ergy regeneration system (5 mM ATP/Mg2+; Enzo Biomol), 40 μM 
MG132, and 1 mg/ml HeLa S100 lysate fraction (Enzo Biomol) to a 
final volume of 10 μl. Reactions were further incubated at 37°C for 
30 min before being terminated by the addition of lysis buffer. 
Diluted samples were incubated twice at 4°C for 1 h, first after ad-
dition of 3 μg of α-FLAG antibody (Sigma-Aldrich) and then after 
the addition of 8 μl of protein A–Sepharose 4B (50% slurry; Sigma-
Aldrich). Bound complex were washed four times with NP40 lysis 
buffer, resuspended in Laemmli buffer, and resolved by SDS–PAGE 
and immunoblotting.

selective media within the first 24 h of incubation, and positive 
clones were maintained in lysogeny broth (LB) tetracycline/chloram-
phenicol (Tet/Cam) agar plates. Activation of a second reporter 
gene, aadA, encoding streptomycin resistance, was used to verify 
the specificity of the interaction between bait and target proteins. In 
this case, putative positive colonies were patched from selective 
screening medium onto a dual-selective screening medium plate 
containing both 3-AT and streptomycin. The pBT-LFG2/pTRG-
Gal11P cotransformant was used as a positive control in the experi-
ment and taken from a selective screening medium plate. Negative 
controls were the recombinant pBT-hPer2 cotransformed with either 
empty pTRG or pTRG-Gal11P vectors taken from a nonselective 
screening medium plate. Purification of plasmid DNA from the 
3-AT–resistant colonies isolated during library screening was per-
formed from cultures grown in LB supplemented with tetracycline. 
All cDNAs were sequenced to confirm the identity of the clones.

RNA extraction and quantitative reverse-transcription PCR
Total RNA was extracted from cell pellets using the TRIzol reagent 
(Life Technologies, Grand Island, NY) 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 
Bioinformatic Institute Proteomics Core Facility. Quantitative re-
verse-transcription PCR (qRT-PCR) was conducted essentially as pre-
viously described (Yang et al., 2008). Briefly, total RNA was pre-
treated with DNaseI (Promega, Madison, WI) 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, Hercu-
les, CA). qRT-PCR assay was performed using IQ SYBR Green Su-
permix (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 indi-
cated primers for amplification (see Supplemental Materials and 
Methods and Supplemental Table S1). Real-time assays were per-
formed in triplicate on a MyIQ single color Real-Time PCR Detec-
tion instrument (Bio-Rad). Data were collected and analyzed with 
Optical System software, version 1.0. The glyceraldehyde-3-phos-
phate dehydrogenase and β-actin genes were used as internal con-
trols to compute the relative expression level (ΔCt) for each sample. 
The fold change of gene expression in each sample was calculated 
as 2−ΔΔCt.

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) or α-myc (9E10) 
beads (Santa Cruz Biotechnology, Dallas, TX) either for 2 h or over-
night at 4°C with rotation before washing. Where indicated, immu-
noprecipitations were carried out in a two-step procedure, with ex-
tracts 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 four times with 
lysis buffer, resolved by SDS–PAGE, and analyzed by immunoblot-
ting using specific primary antibodies (α-FLAG [Sigma-Aldrich], α-
myc [Santa Cruz Biotechnology], α-Per2 [Sigma-Aldrich, Farm-
ingdale, NY], α-p53 [Santa Cruz Biotechnology], α-ubiquitin [Enzo 
Biomol]). For (co)immunoprecipitation experiments of endogenous 
proteins, cells were harvested in lysis buffer, and extracts (∼1 mg) 
were incubated with α-Per2 (Santa Cruz Biotechnology) or α-p53 
(Santa Cruz Biotechnology) overnight at 4°C before the addition of 
protein A beads (50% slurry; Sigma-Aldrich). Samples were then 
kept for an additional 2 h at 4°C with rotation before washing and 
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