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Disruptive expression patterns of the circadian clock genes are highly associated with many human
diseases, including cancer. Cell cycle and proliferation is linked to a circadian rhythm; therefore, ab-
normal clock gene expression could result in tumorigenesis and malignant development. The molec-
ular network of the circadian clock is based on transcriptional and translational feedback loops orches-
trated by a variety of clock activators and clock repressors. The expression of 10~15% of the genome
is controlled by the overall balance of circadian oscillation. Among the many clock genes, Period 1
(Perl) and Period 2 (Per2) are clock repressor genes that play an important role in the regulation of
normal physiological rhythms. It has been reported that PER1 and PER2 are involved in the ex-
pression of cell cycle regulators including cyclins, cyclin-dependent kinases (CDKs), and CDK
inhibitors. In addition, correlation of the down-regulation of PER1 and PER2 with development of
many cancer types has been revealed. In this review, we focused on the molecular function of PER1
and PER? in the circadian clock network and the transcriptional and translational targets of PER1 and
PER? involved in cell cycle and tumorigenesis. Moreover, we provide information suggesting that
PER1 and PER2 could be promising therapeutic targets for cancer therapies and serve as potential
prognostic markers for certain types of human cancers.
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Introduction

A variety of cellular and physiological activities including
cell cycle, proliferation, energy metabolism, and hormone
fluctuation, rely on a master clock consisting of a 24 hr circa-
dian rhythmic system [8]. The circadian system is controlled
by a central oscillator located in the hypothalamic supra-
chiasmatic nuclei and peripheral oscillators in all cells and
tissues of the body. The oscillations of circadian clocks are
based on an intracellular molecular network that includes
a set of autoregulatory feedback loops in which transcription
of specific genes are negatively regulated by their own

proteins. Several circadian clock genes including brain and
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muscle aryl hydrocarbon receptor nuclear translocator-like 1
(Bmall), circadian locomotor output cycles kaput (Clock), Period
genes (Perl and Per2), Cryptochrome genes (Cryl and Cry2),
and others have been identified [33]. These gene products
take charge of many cellular activities by regulating tran-
scription/translation levels of downstream clock-controlled
genes (CCGs) that belong to various cellular signaling
pathways. The causes of many diseases, such as cancer, neu-
rological disorders, and metabolic disorders, are highly asso-
ciated with alteration of clock gene expressions [4, 16, 36].
Among clock genes, Per] and Per2 show crucial activities
for regulation and maintenance of the circadian rhythms [22,
35]. Several studies have recently reported that PER proteins
are involved in cell cycle regulation leading to imbalance
between apoptosis and proliferation and consequent cancer
progression [12, 22].

In this review, we focus on the functions of PER proteins,
PERT and PER?, in malignant transformation and tumor de-
velopment and describe the potential anti-cancer strategies
for PER-targeted cancer therapy as circadian rhythm-based

approaches.
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PER proteins: negative-feedback
repressors of circadian rhythm

Period 1 (Perl) and Period 2 (Per2) are core clock genes
playing important roles in the regulation of normal circadian
rhythms in mammals. PER proteins belong to clock repress-
ors with other proteins such as CRYs and ERV-ERBs, which
are controlled by clock activators including CLOCK and
BMALI. The appropriate expression levels of these clock
genes (repressors and activators) are necessary to keep con-
stant circadian rhythms under normal conditions.

In Fig. 1, Schematic diagram illustrated the overview of
the molecular mechanisms for the feedback loop of circadian
clock genes. CLOCK/BMALLI heterodimers as transcription
factors bind and activate expression of their target CCG
genes including Per1, Per2, Cryl, and Cry2 (Fig. 1). PERs and
CRYs form heterodimer and act as negative-feedback re-
pressor complexes. PER and CRY dimers repress the activity
of CLOCK/BMALI1 complexes in the nucleus. Following ac-
cumulation of PER and CRY proteins in the cytoplasm, they
interact with casein kinase I d/e and AMP kinase and are
phosphorylated. Once phosphorylated, PER and CRY pro-
teins undergo polyubiquitination and degradation by Skpl-
Cullin-F-box protein E3 ubiquitin ligase complexes including
b-TrCP and FBXL3. These are the core CLOCK-BMAL1/
PER-CRY feedback loops, which involve a feedback cycle
that takes approximately 24 hr [23, 39]. In addition, there
are additional feedback loops including REV-ERBa,
PAR-bZip and others, which are transcriptional targets of
CLOCK-BMALLI as well [11, 23, 39]. At the molecular level,
a variety of transcription factors are directly involved in the
regulation of the central clock through autoregulatory tran-

scription-translation feedback loops. The negative feedback
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Fig. 1. The feedback loop of circadian clock genes.

loops operate approximately 24 hr oscillations, while the
positive loops contribute on the stabilization and fine-tuning
of the negative loops [7, 30].

Previously reported studies demonstrated that PER1 as
a short period-associated protein and PER2 as a long peri-
od-associated protein work together to maintain the circa-
dian period at 24 hr [40], although PER2 acts as a positive
rather than a negative factor in the CLOCK/BMALI path-
way [34]. PER1 and PER2 each play distinct, but important
roles in circadian oscillation, as indicated by a study that
showed Perl/Per2 double-mutant mice immediately showed
arrhythmic phenotypes [1]. There are emerging clues that
the PER1 and PER2 are involved in circadian rhythm-regu-
lated cell cycle arrest in normal and cancerous tissues, sup-

porting their tumor suppressive activities [9, 12].

PER1 and PER2 as tumor suppressors, and
their application to cancer therapy

In the view of pathology, abnormal regulation of the cell
cycle results in unlimited cell division and, consequently,
malignant cell transformation. Accumulated evidence in-
dicates that the expression of several key players in cell cycle
progression are dependent on oscillation of circadian genes,
while disrupted circadian rhythms are highly associated
with tumorigenesis and cancer development.

The clock genes may play a role in growth control in nor-
mal and cancer cells. Cell death and proliferation are con-
trolled by circadian synchronization. Deregulation of circa-
dian rhythms by clock gene mutation or external damage
is responsible for aberrant cell cycle progression, a major
hallmark of the cancer cells. The transcriptional levels of
WEE]1 kinase, a CDK inhibitor (CKI) of G2/M transition, are
directly regulated by the CLOCK/BMALI1 loop. Cry1/2”"
mice showed increased levels of WEE1 in response to pro-
longed activation of CLOCK/BMALL, leading to delayed M
phase entry [24]. Another circadian loop (REV-ERB/RORK)
is responsible for rhythmical expression of p21°*" [15]. A
recent study indicated that CRY2 plays a critical role in
c-MYC degradation through the interplay with F-box and
leucine rich repeat protein 3, leading to suppression of can-
cer cell proliferation [19]. In the case of PERI, it interacts
with ATM and leads to CHK2 phosphorylation, con-
sequently inducing cell cycle arrest and apoptosis upon gen-
otoxic stress [12]. PER2 leads to increased p53 stability by
interfering with Mdm2-induced ubiquitination in response



to DNA damage [13, 14]. In addition, the levels of b-catenin
were increased by loss of Perl and Per2, resulting in b-cat-
enin-mediated signaling associated with cell proliferation
and tumorigenesis in colon and non-colon cancer cells [41].
In clinical studies subject to head and neck squamous cell
carcinoma (HNSCC) patients and healthy individuals, sev-
eral CCGs including Per1, Per2, Per3, Cryl, Cry2, Clock, CKle,
Bmall, and TIM were down-regulated in HNSCC patients
[17]. Moreover, lower expression levels of Perl, Per2, Per3,
Cry2, and Bmall were shown in the tumor tissues of color-
ectal cancer patients compared with their corresponding nor-
mal tissues [25]. Such clock genes exhibited tumor sup-
pressor activities and their variants were discovered in hu-
man cancers [12, 31, 43]. These results provides an oppor-
tunity to develop novel therapeutic targets to enhance the

sensitivity to anti-cancer therapy.

Period 1 (Per1)

PER1 showed tumor suppressor activities (Fig. 2). Previ-
ous studies have reported that various cancer types includ-
ing prostate cancer, brain cancer, breast cancer and non-
small cell lung cancer (NSCLC) show low expression levels
of PER1 [3, 4, 22, 42]. Moreover, PER1 can modulate cell
cycle progression and cell proliferation through regulation
of several cyclins. The increased expression of cyclin D1, cy-
clin E, cyclin Bl, CDK1, and WEE1 and the decreased ex-
pression of p53, cyclin A2, pl6, p21, and CDC25 were accom-
panied by low levels of PER1, resulting in increased G2/M
phase transition and cell proliferation [10, 12]. A recent study
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Fig. 2. PER1 and PER2 act as tumor suppressor.
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demonstrated that PER1 can be regulated by c-MYC at the
post-transcriptional level [29]. C-MYC overexpressed in
many types of cancer can be recruited to Per] promoter with
BMALL, resulting in repression of Perl expression followed
by alteration of the CLOCK/BMALI-PER/CRY feedback
loop and promotion of cancer development. In a HNSCC
study, recovery of PER1 expression was associated with pos-
itive prognosis in postoperative patients [17]. In addition,
Perl-low expressing NSCLC patients showed a shorter sur-
vival period compared with Perl-high expressing ones [22].
A few studies supported that PER1 might be a potential tar-
get for cancer therapy. High expression of PER1 contributes
increased radiosensitivity to glioma tissues [44]. Another
study showed that haloperidol, an antipsychotic drug, can
increase mRNA levels of Per] expression in US7MG glio-
blastoma cells although further studies to investigate the
molecular mechanisms are required [26].

To support the information about tumor suppressive ac-
tivities of PER1, we analyzed several cancer-associated data-
bases. Upon examination of the Oncomine database (http://
www.oncomine.org/), we found several datasets demon-
strating that Per] expression is significantly down-regulated
in lung adenocarcinomas [2] and ductal breast carcinomas
[32] compared to corresponding normal tissues (Fig. 3A).
Moreover, the dataset obtained from The Human Protein
Atlas (http://www.proteinatlas.org/) indicated that PER1-
negative (low expression) patients showed poor prognosis
compared to PER1-positive (high expression) patients (Fig.
3B). These data indicated the importance of PER1 as a tumor
suppressor and a prognostic marker for (at least) certain
types of human cancers.

Period 2 (Per2)

Like PER1, PER2 also acts as a tumor suppressor (Fig.
2). Accumulated evidence confirms that deregulation of
PER? is correlated with cancer development and PER2 was
down-regulated in various cancer types, including breast
cancer, colorectal cancer, non-small lung cancer, skin cancer
and myeloid leukemia [6, 20-22, 28, 45]. Overexpression of
PER2 in cancer cells resulted in reduced cell proliferation
capacity and induction of apoptotic rate accompanied with
decreased levels of cyclin Bl, Bcl-2 and c-MYC and increased
levels of p53 [18, 38]. A recent study showed that down-reg-
ulation of PER? is associated with induction of drug resist-
ance in NSCLC cells [5]. Per2”" mutant mice showed c-Myc
up-regulation and p53 down-regulation and they became
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Fig. 3. Expression levels and prognostic value of PER1 in certain types of human cancers. (A) Datasets obtained from Oncomine
(http:/ /www.oncomine.org/) demonstrated that lung adenocarcinomas and ductal breast carcinomas expressed low levels
of Perl to normal counterparts ([Left] Ref#2, p = 3.3510°, fold change = -5.555; [Right] Ref#32, p = 5.83’10'6, fold change
= -6.423). (B) Datasets available from The Human Protein Atlas (http://www.proteinatlas.org/) demonstrated the prognostic
value of PERI in liver cancer patients. The results indicated that PERI-negative (low levels) patients showed poor prognosis
when compared to PER1-positive (high levels) patients (p-value = 2.56710™).

cancer-prone after DNA damage [9]. Abnormal levels of
PER2 expression were associated with an imbalance between
apoptosis and cell proliferation in response to genotoxic
stress. Knockdown of PER?2 led to increased expression of
MDM2, ¢-MYC, Bcl-2, MMP2, and VEGF, and decreased ex-
pression of p53, Bax, and TIMP-2, indicating that PER2
knockdown promotes tumorigenicity of cancer cells [37]. In
a study using rodent hepatocellular carcinoma models, PER2
as a liver tumor suppressor played a critical role in tumor
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initiation as well as malignant progression [27]. Loss of Per2
in NSCLC patients showed high correlation with negative
values of clinicopathological factors, including differ-
entiation level, tumor status, and lymph node metastasis, in-
dicating that Per2 might be a potential prognostic marker
in NSCLC [22]. PER2 expression is positively associated with
increase of sensitivity to radiotherapy in glioma although
the molecular mechanisms remain elusive [44].
Consistent with the PER1 case, we also analyzed can-
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Fig. 4. Expression levels and prognostic value of PER2 in certain types of human cancers. (A) Datasets obtained from Oncomine
demonstrated that lung adenocarcinomas and ductal breast carcinomas expressed low levels of Per2 relative to normal counter-
parts ([Left] Ref#2, p = 0.005, fold change = -2.213; [Right] Ref#32, p = 5.67°10%, fold change = -4.140). (B) Datasets available
from The Human Protein Atlas demonstrated the prognostic value of PER2 in head and neck cancer patients. The results
indicated that PER2-negative (low levels) patients showed poor prognosis compared to PER2-positive (high levels) patients
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cer-associated databases to provide supporting information
regarding the tumor suppressive activities of PER2. Several
datasets from the Oncomine database demonstrated that
Per2 expression is significantly down-regulated in lung ad-
enocarcinomas [2] and ductal breast carcinomas [32] when
compared with corresponding normal tissues (Fig. 4A).
Additionally, the dataset from The Human Protein Atlas in-
dicated that PER2-negative (low expression) patients showed
poor prognosis compared to PER2-positive (high expression)
patients (Fig. 4B). This information indicated that PER2 can
also play a tumor suppressive role and is a potential prog-
nostic indicator for human cancers.

Conclusions

This review indicated that PER1 and PER2 are important
tumor suppressors that function through interplay with cell
cycle regulators. PER proteins are involved in regulation of
various cell cycle genes and cancer-associated genes, indicat-
ing that they are closely correlated with tumorigenesis and
malignant development. Recent studies provided accumu-
lated evidence that pharmacological targeting of circadian-
associated proteins might be potent anti-cancer strategies,
although there is still debate regarding whether a single-
targeting drug would be a proper approach because of com-
pensation of other downstream effectors in the circadian
feedback loops. Further studies will need to focus on the
molecular mechanisms of PER1 and PER?2 in the circadian
gene network and cell cycle network, and the development
of specific pharmacological agents for expression and activa-
tion of PER1 and PER2, providing potential molecular tar-

gets for anti-cancer therapeutic strategies.
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