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Abstract

Background: Cell proliferation in all rapidly renewing mammalian tissues follows a circadian rhythm that is often disrupted
in advanced-stage tumors. Epidemiologic studies have revealed a clear link between disruption of circadian rhythms and
cancer development in humans. Mice lacking the circadian genes Period1 and 2 (Per) or Cryptochrome1 and 2 (Cry) are
deficient in cell cycle regulation and Per2 mutant mice are cancer-prone. However, it remains unclear how circadian rhythm
in cell proliferation is generated in vivo and why disruption of circadian rhythm may lead to tumorigenesis.

Methodology/Principal Findings: Mice lacking Per1 and 2, Cry1 and 2, or one copy of Bmal1, all show increased
spontaneous and radiation-induced tumor development. The neoplastic growth of Per-mutant somatic cells is not
controlled cell-autonomously but is dependent upon extracellular mitogenic signals. Among the circadian output pathways,
the rhythmic sympathetic signaling plays a key role in the central-peripheral timing mechanism that simultaneously
activates the cell cycle clock via AP1-controlled Myc induction and p53 via peripheral clock-controlled ATM activation. Jet-
lag promptly desynchronizes the central clock-SNS-peripheral clock axis, abolishes the peripheral clock-dependent ATM
activation, and activates myc oncogenic potential, leading to tumor development in the same organ systems in wild-type
and circadian gene-mutant mice.

Conclusions/Significance: Tumor suppression in vivo is a clock-controlled physiological function. The central circadian clock
paces extracellular mitogenic signals that drive peripheral clock-controlled expression of key cell cycle and tumor
suppressor genes to generate a circadian rhythm in cell proliferation. Frequent disruption of circadian rhythm is an
important tumor promoting factor.
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Introduction

Disruption of circadian rhythm increases spontaneous and

carcinogen-induced mammary tumors in rodents [1,2,3,4,5,6].

Epidemiological studies have revealed that human night-shift

workers show an increased risk of breast, colon, lung, endometrial

and prostate cancer, hepatocellular carcinoma and non-Hodg-

kin’s lymphoma [7,8,9,10,11,12]. Loss of circadian rhythm is also

associated with accelerated tumor growth in both rodents and

human cancer patients [13,14,15]. These findings raise the

question of how circadian dysfunction increases the risk of

cancers.

Circadian rhythms in mammals are generated by an endoge-

nous clock composed of a central clock located in the

hypothalamic suprachiasmatic nucleus (SCN) and subordinate

clocks in all peripheral tissues. The SCN clock responds to external

cues and drives peripheral clocks via circadian output pathways.

Both the central and peripheral clocks are operated by feedback

loops of circadian genes, including Bmal1, Clock, Period (Per1-3) and

Cryptochrome (Cry1 and 2). Bmal1 and Clock encode bHLH-PAS

transcription factors that heterodimerize and bind to E-boxes in

gene promoters to activate Per and Cry transcription, whereas Per

and Cry encode repressors of BMAL1/CLOCK. The alternating

activation and suppression of the BMAL1-driven positive loop and

the PER/CRY-controlled negative loop result in a circadian

oscillation of the molecular clock [16,17,18].

The molecular clock regulates clock-controlled genes (CCGs) to

control tissue/organ function. Most CCGs follow tissue-specific

expression patterns. Only a small group of CCGs, which include

key cell cycle regulators and tumor suppressors, are expressed in

all tissues studied. Such circadian control leads to the coupling of

cell proliferation with key tissue functions in vivo

[19,20,21,22,23,24]. Disruption of circadian rhythm in cell

proliferation is frequently associated with tumor development

and progression in mammals [4,5,12,25,26,27,28].

Both positive and negative loops of the molecular clock are

involved in cell cycle control. For example, BMAL1 suppresses

proto-oncogene c-myc but stimulates the tumor suppressor Wee1
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[19,22,29], CRY2 indirectly regulates the intra S-check point

[30,31], and PER1 directly interacts with ATM in response to c-

radiation in vitro [32]. In mice, mutation in Per2 leads to

deregulation of DNA-damage response and increased neoplastic

growth [19,24,29]. In humans, deregulation or polymorphism of

Per1, Per2, Cry2, Npas2 and Clock is associated with acute

myelogenous leukemia, hepatocellular carcinoma, breast, lung,

endometrial and pancreatic cancers, and non-Hodgkin’s lympho-

ma [12,33,34,35,36,37,38,39,40,41].

However, peripheral clock-controlled gene expression is not

sufficient to generate and maintain the circadian rhythm of cell

proliferation because G1 cell cycle progression in normal somatic

cells is strictly controlled by extracellular mitogenic signals [42]. In

vivo, these signals include hormones, growth factors, cytokines and

neurotransmitters that follow cyclic changes over a 24 hour period

since they are either directly released from circadian output

pathways or encoded by CCGs in peripheral tissues [43,44,45].

We hypothesize that cell proliferation in vivo is paced by both

central and peripheral clocks. The central clock-controlled

mitogenic signals simultaneously actives the cell cycle and

peripheral clocks leading to a circadian coupling of cell cycle

and tumor suppressor gene expression. Disruption of circadian

rhythm promotes tumor development due to, at least in part, loss

of the homeostasis of cell cycle control.

To test our hypothesis, we studied the role of circadian

homeostasis of the sympathetic nervous system (SNS) in tumor

suppression. The central clock generates a robust circadian

rhythm in SNS signaling via direct and indirect targeting of the

presympathetic neurons located in the hypothalamic autonomic

paraventricular nucleus [43]. In vivo, the SNS controls all

peripheral tissues by releasing the hormones epinephrine and

norepinephrine that target adrenergic receptors (ADRs) on the cell

membrane [46]. Norepinephrine is directly released from

postganglionic sympathetic neurons, whereas epinephrine is

released from preganglionic sympathetic neuron-controlled chro-

maffin cells located in the adrenal medulla [46]. We have

previously reported that all circadian gene-mutant mice studied

show hyperplastic growth of osteoblasts in bone, and that b-
adrenergic receptor (ADRb) activation leads to Per and Ap1

induction in primary osteoblasts. In addition, AP1 directly

activates c-myc, whereas BMAL/CLOCK prevents myc over-

expression [29]. Since the induction of Per leads to peripheral

clock activation [47] and that the activation of c-myc initiates cell

proliferation [48], SNS signaling could be a circadian time cue for

both cell cycle and peripheral clocks. Therefore, SNS dysfunction

may disrupt the circadian homeostasis of cell cycle control in

peripheral tissues.

Here we report that all circadian gene-mutant mouse models

studied are cancer-prone and that hyperplastic growth of Per-

mutant somatic cells is dependent upon extracellular mitogens.

Rhythmic SNS signaling plays a key role in pacing cell

proliferation rate in peripheral tissues by simultaneously activating

Ap1-c-myc and ATM-p53 signaling. However, activation of Ap1 by

SNS signaling is independent of the peripheral clock while

activation of ATM is peripheral clock-dependent. Disruption of

circadian rhythm desynchronizes the central clock-SNS-peripheral

clock axis, suppresses peripheral clock function and abolishes

peripheral clock-dependent ATM activation, leading to myc

oncogenic activation and increased incidence of tumors in wild-

type mice. Our studies identify a previously unknown molecular

pathway that links disruption of circadian rhythm with oncogen-

esis and demonstrate that tumor suppression in vivo is a clock-

controlled physiological process but not a non-clock function of a

specific circadian gene.

Results

Tumor Suppression in vivo Is Not a Cell-autonomous
Function
We found that when kept in 24 hour alternating light-dark

conditions (24hr LD cycles), mice deficient in Bmal1 (Bmal1+/2),

Cry1 and Cry2 (Cry12/2;Cry22/2), Per1 and Per2 (Per12/2;Per2m/m)

or Per2 alone (Per22/2) were all cancer-prone. About 10–15% of

Bmal12/2 mice also showed hyperplasia of salivary glands in spite

of a significant reduction in the size of other major organ systems

due to aggressive aging [49]. Bmal1+/2, Cry- and Per-mutant mice

all showed increased risk of ulcerative dermatitis and hyperplasia

in the salivary gland, preputial gland, liver and uterus as well as

spontaneous lymphoma, liver and ovarian tumor development,

although spontaneous tumors in Cry-mutants were mostly

identified after 50 weeks of age, later than that of Per12/2;

Per2m/m and Per22/2 mice (Fig. 1a, Table 1, Fig. S1a and data not

shown).

A sublethal dose of c-Radiation induced premature aging on the

external appearance of all circadian gene-mutant mouse models

studied and further increased incidence of tumor and hyperplasia as

well as ulcerative dermatitis in Bmal1+/2, Per- and Cry-mutant mice

(Fig. 1b, Table 1 and Fig. S1b). About 8% of irradiated Bmal12/2

mice also developed lymphoma despite an average lifespan of 27

weeks due to a further accelerated rate of aging (Fig. 1c and Table 1).

Irradiated Bmal1+/2 mice showed a similar rate of tumor

development as did irradiated Per22/2 mice (Fig. 1d–e and

Table 1). Since all circadian gene-mutant mouse models show

increased sensitivity to c-radiation, we conclude that the molecular

clock functions in tumor suppression in vivo.

We then examined the role of the central clock in tumor

suppression by studying the effects of jet-lag (an 8hr phase-

advance followed by an 8hr phase-delay in the onset of the light

period every 3 days) on tumor development in mice. We found

that jet-lag further increased and hastened tumor development

in wt, Cry- and Per-mutant mice and induced pancreatic, kidney

and intestinal tumors in mutant mice. However, jet-lag did not

significantly change the overall survival and tumor development

of irradiated Bmal12/2 mice that were deficient in responding to

circadian light cues in the central clock (Table 1, Fig. 2a, Fig.

S1c and data not shown) [50]. Jet-lag also significantly changed

tumor spectrum and induced osteosarcoma, liver and ovarian

tumors, hyperplasia of the salivary gland, liver and uterus as

well as severe seminal vesicle enlargement in wt mice (Table 1.

Fig. 2b–g, Fig. S1d–l and data not shown). In addition, although

when kept 24hr LD cycles, female circadian gene-mutant mice

showed an earlier onset and a higher tumor incidence compared

to male mutant mice, we did not found a significant gender

difference in total tumor incidence and the time of tumor onset

among irradiated and jet-lagged male and female mutant mice

(data not shown).

Sympathetic Signaling Is a Circadian Time Cue
We found that chronic jet-lag disrupted the circadian rhythm in

urine levels of creatinine and creatinine kinase and significantly

increased the risk of renal failure in mice (Table 1 and data not

shown). Mice that displayed fatal renal failure usually had only one

kidney left at the time of pathological examination which

completely lost filtration function due to severe hydronephrosis

leading to pressure atrophy and loss of the renal cortex (Fig. 3a–e).

Since renal failure has a strong correlation with sympathetic

dysfunction [51], this finding indicates that jet-lag disrupts the

homeostasis of multiple circadian output pathways including the

SNS. To test this hypothesis, we first studied urine catecholamine
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levels in wt and Per12/2;Per2m/m mice. We found that in 24hr LD

cycles, both wt and Per12/2;Per2m/m mice showed a two-peak

oscillation in norepinephrine and a one-peak oscillation in

epinephrine levels in urine (Fig. 3f–g). In constant darkness

(24hr DD cycles), the urinary catecholamine levels still oscillated

with a similar pattern as in 24hr LD cycles in wt mice, but were

significantly elevated and arrhythmic in Per12/2;Per2m/m mice

(Fig. 3h–i). We conclude that one of the urine norepinephrine

peaks is generated by central clock-controlled postganglionic

sympathetic neuron activity, while the other is generated by

preganglionic sympathetic neuron-controlled chromaffin cells that

also rhythmically release epinephrine. Since the central clock in

Per12/2;Per2m/m mice is driven by environmental light in LD

cycles but is not functional in DD cycles [52], these mice could

maintain a circadian rhythm of urinary catecholamine levels in

LD cycles but not in DD cycles.

We then studied whether the SNS rhythmically activates gene

expression in peripheral tissues. We found that among various

SNS targets studied, Ucp1 mRNA, which is expressed in brown

adipose tissue under the control of a CRE site in Ucp1 promoter

[53], could be used as a molecular marker to analyze the

activities of both central and peripheral clocks. In 24hr LD

cycles, Ucp1 mRNA showed a two-peak expression in wt BAT,

with the first peak appearing at ZT10 and the second at ZT22.

In Per12/2;Per2m/m BAT, only the ZT22 peak was observed

(Fig. 4a–b). In 24hr DD cycles, Ucp1 mRNA still followed a two-

peak expression in wt BAT, but was arrhythmic and high in

Per12/2;Per2m/m BAT (Fig. 4c–d). In wt mice, the activation of

CREB peaked between ZT10 and ZT18 (Fig. S2a–b). Loss of

function in Per1 and Per2 had no effect on CREB activation

induced by ADRb signaling (Fig. S2c), but abolished the

peripheral clock activity as shown by lacking a rhythmic

expression of Per2 and Bmal1 mRNAs in Per12/2;Per2m/m BAT

(Fig. 4e–g). Thus, we conclude that the ZT10 peak of Ucp1

mRNA is generated by a collaborative activity of the central and

peripheral clocks, whereas, the ZT22 peak of Ucp1 mRNA is

exclusively controlled by the central clock.

We next examined the effect of jet-lag on Ucp1 mRNA

expression in wt mice on the second day after one cycle of jet-lag.

We found that although the ZT22 peak of Ucp1 mRNA was

found in both control and jet-lagged mice, the ZT10 peak of Ucp1

mRNA was absent in jet-lagged mice, which correlated with a

lack of rhythmic expression of Per2 and Bmal1 mRNAs in the

same BAT (Fig. 4h–i, Fig. S2d–e). We then studied Ucp1

expression in wt mice treated with chronic jet-lag for 10 months

and found that Ucp1 mRNA expression followed a similar pattern

in these mice compared to wt mice treated with only one cycle of

jet-lag (Fig. 4j–k). Together, our studies demonstrate that

although the central clock in mice always couples to external

light cues, acute jet-lag promptly disrupts the coordination of the

central and peripheral clocks, whereas chronic jet-lag abolishes

the peripheral clock function in the absence of circadian gene

mutations.

Sympathetic Signaling Is a Mitogenic Signal
To investigate whether SNS signaling stimulates cell cycle

progression, we treated wt and Per12/2;Per2m/m calvarial osteoblasts

(preosteoblasts) with isoproterenol (iso), a synthetic agonist for

ADRb2 and b3 expressed on the preosteoblast cell membrane

[54,55]. We found that iso induced Ap1, c-myc and cyclin D1 mRNAs

as well as Cyclin D1 protein in both wt and Per12/2;Per2m/m

preosteoblasts, but the level of c-myc and cyclin D1 induction was

significantly elevated in Per-mutant cells (Fig. 5a–c). The induction of

c-myc by iso was c-fos-dependent (Fig. 5d). Iso activated Per and c-fos in

preosteoblasts via ADRb3, or both ADRb2 and ADRb3 since

ADRb22/2 preosteoblasts showed an intact Per1 and c-fos induction

by iso (Fig. 5e). We then studied whether iso stimulates osteoblast

proliferation. We found that Per12/2;Per2m/m osteoblasts showed a

higher G2 cell population compared to wt controls when grown in

media containing 10% serum (Fig. 5f), which indicates that these cells

had an accelerated rate of proliferation. However, under serum-

starved conditions, wt and Per12/2;Per2m/m osteoblasts arrested

equally well (Fig. 5g). Iso induced cell cycle progression in both wt and

Per12/2;Per2m/m preosteoblasts but iso-treated Per12/2;Per2m/m

osteoblasts needed less time to progress from G1 to G2 phase

compared to wt controls (Fig. 5h). The accelerated proliferation of

Per12/2;Per2m/m osteoblasts correlated with the over-induction of

c-myc and Cyclin D1 by iso in these cells (Fig. 5a–c). Thus,

hyperplastic growth of Per12/2;Per2m/m osteoblasts is dependent on

extracellular mitogenic signals.

The SNS Activates ATM-p53 Signaling to Prevent Myc
Oncogenic Activation
Since p53 plays a key role in preventing Myc oncogenic activation

[48], we studied whether iso also induces p53 expression in

preosteoblasts. We found that p53 was induced by iso with kinetics

similar to AP1 transcription factors in wt osteoblasts. However, iso-

treated Per12/2;Per2m/m osteoblasts showed AP1 overexpression in

the absence of p53 induction (Fig. 6a). The expression of p53 is

mainly controlled by its interaction with the E3 ubiquitin ligase

MDM2 in vivo [56,57]. Thus, we examined MDM2 expression in iso-

treated preosteoblasts. We found that MDM2 was suppressed by iso

with the same kinetics as p53 induction in wt osteoblasts, but

remained high in Per12/2;Per2m/m osteoblasts (Fig. 6a). The MDM2-

p53 interaction is best studied in c-radiation response, which activates
protein kinase ATM that phosphorylates p53 at Ser18 (S18) and

MDM2 at Ser395 (S395) in mice. The phosphorylation at these two

sites blocks MDM2-p53 interaction, leading to MDM2 autoubiqui-

tination and p53 induction [58]. Since we used an anti-MDM2 2A10

antibody raised against a MDM2 C-terminal region containing the

S395 residue, the interaction of 2A10 with MDM2 could be blocked

byMDM2 S395 phosphorylation [58]. Thus, we studiedMDM2 and

p53 expression in iso-treated preosteoblasts using an anti-p53 S18

antibody and an anti-MDM2 AB4 antibody that interacts with

MDM2 at the N-terminal region. We found that these two antibodies

detected a similar rate of p53 induction and MDM2 degradation in

wt osteoblasts as shown by the p53 PAb421 and MDM2 2A10

Figure 1. Circadian Gene-mutant Mice Are Cancer-prone. (a) Representative histological slides of cystic hyperplasia of the uterus,
spontaneous ovarian and liver tumors, and lymphoma in the livers of Cry- and Per-mutant mice. (b) All mutant mouse models studied show aging
phenotypes on their external appearance after exposure to a 4 Gy sublethal c-radiation at 6 weeks of age including hair graying, alopecia, ruffled fur,
skin lesions, cataracts and eye inflammation, hunchback postures, body weight changes, and sluggish activities. The ages of irradiated mice shown in
(b) are: Bmal12/2 mice at 3–6 months of age, Bmal1+/2 mice at 6–8 months of age, Cry12/2;Cry22/2 mice at 3–6 months of age, Per22/2 mice at 6–8
months of age, Per12/2;Per2m/m mice at 6–8 months of age, and wt littermates at 6–8 months of age. (c) Representative histological slides show
lymphoma in the chest cavity of a 20-week old and the salivary gland of a 36-week old irradiated Bmal12/2 mouse, and the active bone marrow in a
40 week-old irradiated Bmal12/2 mouse that also displayed aging phenotype on the external appearance. The Kaplan-Meier survival curves of (d)
Bmal1+/2 and (e) Per22/2 mice (2IR: untreated, +IR: irradiated, p1: untreated wt vs. untreated mutant littermates, and p2: irradiated wt vs. irradiated
mutant littermates).
doi:10.1371/journal.pone.0010995.g001
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antibodies but failed to detect p53 S18 induction and MDM2

decrease in Per12/2;Per2m/m osteoblasts (Fig. 6b). We then studied

p53 induction in iso-treated wt and Atm2/2 preosteoblasts. We found

that in wt osteoblasts, ATM was activated by iso, as shown by ATM

S1981 phosphorylation [59], in an iso dose-dependent manner and

that the duration and the levels of ATM activation correlated with the

level of p53 S18 phosphorylation and total p53 accumulation. In

contrast, Atm2/2 osteoblasts that lacked p53 S18 phosphorylation

failed to show p53 induction by iso (Fig. 6c–d). Together, our findings

indicate that the SNS activates p53 via ATM in a peripheral clock-

dependent manner.

SNS-controlled p53 Signaling Plays a Key Role in Tumor
Suppression
We then studied p53 expression and S18 phosphorylation in

vivo. We found that the expression of total p53 and p53 S18

phosphorylation followed a coupled circadian rhythm over a 24hr

period and peaked around ZT10 in most wt thymuses studied. In

Per12/2;Per2m/m thymuses, p53 S18 phosphorylation was almost

undetectable, and the total p53 level was significantly dampened

over a 24hr period (Fig. 7a). In Atm2/2 thymuses, the circadian

rhythm of p53 expression and p53 S18 phosphorylation was

completely abolished (Fig. 7b). In addition, in 24hr LD cycles, the

circadian expression of p53 was coupled with c-Fos and c-Myc in

all wt mouse tissues studied including thymus, liver, kidney and

white adipose tissues (Fig. 7c and data not shown).

We next studied p53 and c-Myc expression in the thymus of jet-

lagged wt mice and found that one cycle of jet-lag was sufficient

enough to uncouple p53 and Myc signaling, inhibit p53, and

stimulate Myc expression (Fig.7d–f). To further study the role of

p53 in clock-controlled tumor suppression, we crossed p532/2

mice with Per22/2 mice that have deficient peripheral clocks and

overexpress c-myc [19]. We found a Per2 and p53 dose-dependent

reduction in survival time in mice due to increased tumor

development. Complete loss of Per2 function reduced the average

life span of p532/2 mice from 6 months to 4 months (Fig. 7g) [60].

Figure 2. Disruption of Circadian Rhythm Promotes Tumor Development in Wild-type Mice. (a) The Kaplan-Meier survival curves of wt,
Cry12/2;Cry22/2, Per12/2;Per2m/m and Bmal12/2 mice (2IR: untreated, +IR: irradiated, +IR/Shift: irradiated and jet-lagged, p1: untreated wt vs.
untreated mutant mice, p2: untreated wt mice vs. irradiated mice, p3: untreated wt mice vs. irradiated/jet-lagged mice, and p4: untreated vs.
irradiated Bmal12/2 mice). Median survival times in weeks (95% CI) are 79.7 weeks (79.2–80.1) for untreated, 78.6 weeks (77.5–79.7) for irradiated and
67.9 weeks (63.3–72.5) for irradiated/jet-lagged wt mice, 76.9 weeks (73.9–80.0) for untreated, 69.3 weeks (64.4–74.2) for irradiated and 54.9 weeks
(47.8–62.0) for irradiated/jet-lagged Cry12/2;Cry22/2 mice, 74.8 weeks (71.8–77.8) for untreated, 67.1 weeks (62.5–71.7) for irradiated and 56.1 weeks
(51.0–61.2) for irradiated/jet-lagged Per12/2;Per2m/m mice, and 35.5 weeks (30.73–40.1) for untreated, 27.3 weeks (23.3–31.4) for irradiated and 28.5
weeks (24.4–32.5) for irradiated/jet-lagged Bmal12/2 mice. Representative pictures of (b) lymphomas in the salivary glands of irradiated/jet-lagged
Bmal12/2, Bmal1+/2, Cry12/2;Cry22/2, Per22/2, Per12/2;Per2m/m and wt (Per1+/+;Per2+/+) mice, (c) hepatocellular carcinomas in irradiated/jet-lagged
Bmal1+/2, Cry12/2;Cry22/2, Per12/2;Per2m/m, Per22/2 and wt (Bmal1+/+ and Per1+/+;Per2+/+) mice, (d) ovarian granulosa cell tumors in irradiated/jet-
lagged Cry12/2;Cry22/2, Per12/2;Per2m/m, Per22/2 and wt (Cry1+/+;Cry2+/+) mice, (e) osteosarcoma growing out from the spine into the chest cavity of
an irradiated/jet-lagged wt (Per1+/+;Per2+/+) mouse and on the back of an irradiated/jet-lagged Per22/2 mouse, (f) severe cystic hyperplasia of the
uterus in irradiated/jet-lagged Cry12/2;Cry22/2, Per12/2;Per2m/m and wt (Per1+/+;Per2+/+) mice, and (g) seminal vesicles from an untreated 60-week old
wt (Per1+/+;Per2+/+) mouse and age-matched irradiated/jet-lagged Cry12/2;Cry22/2 and Per12/2;Per2m/m mice.
doi:10.1371/journal.pone.0010995.g002
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Figure 3. Circadian Control of Sympathetic Signaling. (a–e) Jet-lag induces fatal kidney failure in mice. The arrows indicate (a) severe cystic
renal dysplasia with hydronephrosis of the remaining kidney (.20 times enlarged) in an irradiated and jet-lagged Per12/2;Per2m/m mouse, (b) the
remaining failed kidney in an irradiated and jet-lagged Cry12/2;Cry22/2 mouse, (c) the remaining failed kidney in an irradiated and jet-lagged wt
mouse, (d) the failed kidney next to the other apparently normal kidney from an untreated Bmal12/2mouse, and (e) the remaining failed kidney with
kidney stones accumulated inside in an irradiated and jet-lagged wt mouse (Bmal1+/+). (f–i) Summaries of urinary norepinephrine and epinephrine
levels in wt and Per12/2;Per2m/m mice in (f–g) 24hr LD (ZT) and (h–i) DD (CT) cycles detected from 3 to 6 independent experiments (ZT: Zeitgeber
Time, with light on at ZT0 and off at ZT12; CT: Circadian Time, with CT0 as the beginning of the subjective day and CT12 as the beginning of the
subjective night) (6SEM).
doi:10.1371/journal.pone.0010995.g003

Figure 4. Central Clock-controlled Sympathetic Signaling is a Key Central-peripheral Timing Mechanism. (a) Northern blot of Ucp1
mRNA expression in wt and Per12/2;Per2m/m BAT in 24hr LD cycles. (b) A summary of three independent Northern blot analyses described in (a)
(6SEM). (c) Ucp1 mRNA expression in wt and Per12/2;Per2m/m BAT in 24hr DD cycles. (d) A summary of three independent Northern blot analyses
described in (c) (6SEM). (e) Per2 and Bmal1 expression in wt and Per12/2;Per2m/m BAT in 24hr LD cycles. Summaries of (f) Per2 and (g) Bmal1 mRNA
expression in 24hr LD cycles from three independent experiments (6SEM). (h) Per2, Bmal1 and Ucp1 mRNA expression in BAT from untreated
(Control) wt mice and wt mice treated with one cycle of jet-lag (Shift). (i) A summary of three independent Northern blot analyses described in (h)
(6SEM). (j) Ucp1mRNA expression in BAT from age-matched control wt mice and wt mice treated with 10 months of chronic jet-lag. (k) A summary of
Ucp1 mRNA expression from three independent Northern blot analyses described in (j).
doi:10.1371/journal.pone.0010995.g004
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We then treated p532/2 mice with jet-lag and found that jet-

lagged p532/2 mice showed increased liver and salivary gland

hyperplasia, kidney failure, and accelerated tumor development

compared to untreated control p532/2 mice. Lymphoma and

osteosarcoma were identified among jet-lagged p532/2 mice, with

10% of tumors being osteosarcoma (Fig. 7h and data not shown).

Discussion

We have found that circadian gene-mutant mice share common

aging and cancer-prone phenotypes although these symptoms may

be more evident at different times during lifespan or under

different physiological conditions in different mouse models.

Disruption of circadian rhythm abolishes the peripheral clock

which induces a tumor spectrum in wt mice similar to that found

in circadian gene-mutant mice. These findings demonstrate that

tumor suppression in vivo is a clock-controlled physiological

function but not a non-clock function of a specific circadian gene.

Epidemiological studies have shown that disruption of circadian

rhythm increases the risk of breast, prostate, endometrial, ovarian,

lung, colon and pancreatic cancers, as well as non-Hodgkin’s

lymphoma, osteosarcoma and hepatocellular carcinoma in

humans [7,8,9,10,11,12,40,41,61,62,63,64]. The role of circadian

dysfunction in mammary tumor development in rodents has also

been well-documented [1,2,3,4,5]. Our studies show that chronic

jet-lag also increases the risk of ovarian, kidney, intestinal and

pancreatic cancers, osteosarcoma, lymphoma and hepatocellular

carcinoma in mice. Together, these studies suggest that the

mechanism of clock-controlled tumor suppression is conserved

during evolution.

Irradiated and jet-laggedmale wild-typemice show relatively lower

tumor incidences and later onset of tumors than their female

Figure 5. Hyperplastic Growth of Per-mutant Osteoblasts Is Extracellular Signal-dependent. (a). Northern blot analysis of Ap1, c-myc and
Cyclin D1 induction in 10 mM iso-treated wt and Per12/2;Per2m/m preosteoblasts. (b) Western blot analysis of Cyclin D1 expression in 10 mM iso-
treated wt and Per12/2;Per2m/m preosteoblasts. The level of b-Actin in each sample is detected as a loading control. (c) A summary of Cyclin D1
induction from three independent Western blot analyses described in (b) (6SEM). (d) Northern blot analysis of c-myc induction by 10 mM iso in wt
and c-fos2/2 preosteoblasts. (e) Northern blot analysis of Per1 and c-fos induction by 10 mM iso in wt and Adrb22/2 preosteoblasts. The ratios of G1, S,
and G2 phase cells of wt and Per12/2;Per2m/m calvarial osteoblasts as determined by flow cytometry analysis under the normal growth condition (10%
serum in culture media) (f), the serum starved condition (0.2% serum in culture media) (g), and at 16 hours after treatment with 10 mM iso (h). Per12/

2;Per2m/m osteoblasts show an increase in G2 phase in less than 16 hours after iso treatment, whereas wt osteoblasts only show an increase in S
phase but not in G2 phase at the same time. The numbers below each histogram summarizes three independent flow cytometry analyses (6SEM).
Asterisks indicate statistically significant differences.
doi:10.1371/journal.pone.0010995.g005
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littermates. However, we did not find a significant gender-dependent

difference in the time of tumor onset and total tumor incidence

among irradiated and jet-lagged circadian gene-mutant mice.

Although a larger sampling size may show a gender-dependent

tumor development in irradiated and jet-lagged mutant mice, our

studies indicate that gender-independent mechanisms are also

involved in clock-controlled tumor suppression. Recently, nonsexual

hormones leptin and growth hormones have been linked to the

development of colon and breast cancers as well as non-Hodgkin’s

lymphoma in humans [65,66,67]. A role for SNS dysfunction in the

development and/or progression of various human cancers has also

been reported, which include prostate, breast, pancreatic, colon and

ovarian cancers, glioma, neuroblastoma, osteosarcoma, hepatocellu-

lar carcinoma, cholangiocarcinoma and non-Hodgkin’s lymphoma

[68,69,70,71,72,73,74,75,76,77,78]. These findings in conjunction

with our own studies indicate that circadian dysfunction of

sympathetic activity could promote tumor development indepen-

dently and/or synergistically with sex hormones.

The direct and indirect neuronal control of SNS by the central

clock and the multi-synaptic control of peripheral tissues by the

SNS have been intensively studied [43,46]. Our studies demon-

strate for the first time that in vivo, the rhythmic SNS signaling is a

key central-peripheral timing mechanism that couples cell

proliferation and tumor suppression with mammalian daily

physiology. Such circadian control provides a gender-independent

mechanism for tumor suppression. The identification of Ucp1 as an

endogenous reporter for both central and peripheral clock

activities in our studies also provides a powerful tool for analyzing

and comprising the status of endogenous circadian homeostasis

which could not be evaluated by behavioral studies due to the light

masking effect on the central clock.

Previous studies have shown that Per-mutant mice are cancer-

prone, whereas Cry12/2;Cry22/2 mice are deficient in cell

proliferation in the first 72 hours of liver regeneration

[19,22,24,29]. A similar deficiency in liver regeneration has been

reported for mice lacking the nuclear receptor FXR which are also

prone for spontaneous hepatocellular carcinoma [79,80]. These

findings, along with our own studies, suggest that cell proliferation

is differentially controlled under different physiological conditions

in vivo. Using the central clock-SNS-peripheral clock axis as a

model system, we propose that the central clock-controlled SNS

signaling generates a coupled AP1, peripheral clock, and ATM

activation. The activation of AP1 leads to myc-induced cell cycle

progression, while the activation of the peripheral clock inhibits

myc overexpression and is required for ATM activity. ATM then

induces p53 to prevent Myc oncogenic signaling by blocking p53-

MDM2 interaction. Disruption of circadian rhythm desynchro-

nizes the central clock-SNS-peripheral clock axis which suppresses

peripheral clock and peripheral clock-dependent ATM-p53

signaling but has no effect on c-myc activation. Together, these

events lead to Myc oncogenic activation that promotes genomic

instability and tumor development (Fig. 7i). Our model suggests

that the circadian clock plays a dual role in cell cycle control and it

suppresses tumor development by controlling the homeostasis but

not the inhibition of cell proliferation.

Our finding of the sympathetic control of ATM-p53 signaling

indicates that the induction of p53 occurs as an integrated part of

mammalian daily physiology in vivo. This finding has important

therapeutic implications. Recent studies indicate that cancer

chronotherapy improves therapeutic index [81]. This may, at

least in part, be explained by the fact that chronotherapy is usually

applied during the sleeping phase when the endogenous p53 level

is high, allowing host tissues to better tolerate genotoxic insults that

induces p53 and p53-dependent apoptosis in somatic cells

expressing low levels of p53. We have previously reported that

wt thymocytes are less protected from radiation-induced apoptosis

if mice are irradiated at ZT2 or ZT18 when the endogenous p53

level is low compared to thymocytes irradiated at ZT10 when the

endogenous p53 level is high (Fig. 7a–c) [19]. Further study of

clock-controlled ATM-p53 signaling is important for the develop-

ment of novel strategies for cancer prevention and treatment.

Materials and Methods

Animal Maintenance
Animal experiments were approved by the Baylor College of

Medicine Institutional Animal Care and Use Committee.

Research was conducted in compliance with the Animal Welfare

Act Regulations and other Federal statutes with regard to animals

and experiments involving animals and adheres to the principles

Figure 6. Sympathetic Signaling Activates p53 via ATM. (a) Western blot of p53, MDM2, c-FOS and c-JUN in 10 mM iso-treated wt and Per12/2;
Per2m/m osteoblasts using anti-p53 PAb421, MDM2-2A10, c-FOS and c-Jun antibodies. (b) Western blot of p53 and MDM2 in 10 mM iso-treated wt and
Per12/2;Per2m/m osteoblasts using anti-p53-S18 and MDM2-AB4 antibodies. (c) Western blot analysis of ATM-S1981 and p53 in 10 mM iso-treated wt
and atm2/2 osteoblasts using anti-ATM-S1981, p53-S18 and p53-PAb421 antibodies. (d) Western blot analysis of ATM and p53 in 100 mM iso-treated
wt and atm2/2 osteoblasts.
doi:10.1371/journal.pone.0010995.g006
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set forth in the Guide for Care and Use of Laboratory Animals,

National Research Council, 1996. Mice were generated by

heterozygous breeding of C57BL/6 inbred strains of Bmal1+/2

[50], Cry1+/2;Cry2+/2 [82], Per1+/2;Per2+/m [52], Per2+/2 [19],

Per2+/2;p53+/2 and p53+/2 [60] mice, and 129/C57BL6 hybrid

strain of Atm+/2 mice [83], and maintained under standard

pathogen-free conditions of 2–5 per cage at 21uC–23uC with a

humidity of 50%–70%, an air-flow rate of 15 exchanges/hr and in

24hr L/D cycles (light on at ZT0 and off at ZT12) if no specific

light/dark conditions were described in the text.

Survival Curve Studies
Similar numbers of male and female mice of each genotype were

used for all survival curve studies. Mice were monitored 2–3 times a

week following the five Morton and Griffiths aspects of animal

conditions as a guide. Terminally-ill mice showed multiple symptoms

including lack of food-intake, difficulty in standing, walking and

breathing, visible abnormal growth at localized body parts, dramatic

loss of body weight, ulcerated skin infections that did not respond to

antibiotic treatment, and bleeding from the mouth, vagina, and/or

anus, etc. These mice were sacrificed before death and all their vital

organ/tissues were inspected. The major organs and tumors were

isolated and processed for histological analysis. More than 95% of

terminally-ill mice identified were diagnosed with grave pathological

conditions including metastasizing tumors that had caused extensive

damage of affected tissues, severe hyperplasia of reproduction organs

or renal failure that would have caused death. The estimated time of

natural death for these mice was #1 or 2 days from the time of

euthanasia.

Mouse Tissue and Urine Sample Collection
For collecting mouse tissues and urine samples in DD cycles,

mice were maintained in standard LD cycles for two weeks and

then placed in 24hr DD cycles for two days before being

sacrificed for sample collection. For collecting mouse tissue

samples from jet-lagged mice, mice were placed in 24hr LD

cycles for two days after jet-lag prior to tissue isolation at

indicated ZT times.

Figure 7. Circadian Expression of p53 Suppresses Tumor Development. Western blots of p53 expression in (a) the wt and Per12/2;Per2m/m

and (b) the wt and atm2/2 thymuses over a 24hr LD cycle (The PAb421 antibody also detected immunoglobulin heavy chain (IGH) in total protein
extracts from the thymus, which run above p53 as a 64 kDa band). (c) Western blot of p53, c-Fos and c-Myc in thymuses of wt mice over a 24hr LD
cycle. (d) A representative Western blotting of p53 and c-Myc expression in the thymus of control wt mice and wt mice treated with one cycle of jet-
lag (shift). A summary of three independent Western blot analyses described in (d) for control (e) and jet-lagged (f) wt mice (6SEM). (g) The Kaplan-
Meier survival curves of mice with different copies of p53 and Per2 (p1: p53+/+;Per22/2 vs. p532/2;Per22/2 littermates, p2: p53+/+;Per22/2 vs. p53+/2;
Per22/2 littermates, and p3: p532/2;Per2+/+ vs. p532/2;Per22/2 littermates). Median survival times in weeks (95% CI) are 55.8 weeks (52.03–59.58) for
p53+/+;Per22/2 mice, 44.4 weeks (38.8–50) for p53+/2;Per22/2 mice, 28.9 weeks (25.3–32.56) for p532/2;Per2+/+ mice, and 21 weeks (18.1–23.9) for
p532/2;Per22/2 mice. (h) The Kaplan-Meier survival curves of control and jet-lagged p532/2 mice. Median survival times in weeks (95% CI) are 27.5
weeks (23.3–31.6) for control and 17.6 weeks (14.1–21.1) for jet-lagged p532/2 mice. (i) A model for circadian control of tumor suppression.
doi:10.1371/journal.pone.0010995.g007
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Jet-lag
Mice were shifted every 3 days from 6 weeks of age between a

24hr LD cycle of 6:00am to 6:00pm light/6:00pm to 6:00am dark

and a 24hr LD cycle of 10:00am to 10:00pm dark/10:00pm to

10:00am light.

c-Radiation
Mice were irradiated at 6 weeks of age at ZT10 with a single

dose of 4Gy (16.8 cGy/sec) sublethal c-radiation in a cesium-137

Gammacell.

Histological Analysis
Tissue and tumor samples were fixed in formalin. Paraffin

sections were prepared and stained with haematoxylin and eosin

following standard procedures. All tumor types were confirmed by

histological diagnosis.

RNA and Protein Analysis
Northern and Western blot analyses were performed following

the standard procedures as described previously [19]. RNA

expression was detected by Northern blot analysis and quantified

using a Molecular Dynamics Storm 860 PhosphorImager/

Fluorima. Protein expression detected by Western blot analysis

was quantified using the ImageJ program.

Antibodies
Anti-MDM2 2A10 (Calbiochem), PAb421 (Oncogene), anti-c-

Fos (Santa Cruz), anti-c-Jun (Santa Cruz), anti-CREB S133 (Santa

Cruz), anti-c-Myc (Santa Cruz), anti-ATM-S1981 (Calbiochem),

anti-p53-S18 (R&D Systems), anti-MDM2 AB4 (Calbiochem),

anti-MDM2-H122 (Santa Cruz) and anti-b-Actin (Sigma).

Cell Culture
Calvarial osteoblasts (preosteoblasts) were isolated, cultured,

and treated with iso (Sigma, final conc. 10mM or 100mM) as

described previously [29].

Flow Cytometry
Cells were fixed in 70% ethanol, incubated with PBS containing

50mg/ml propidium iodide, 0.2% Tween 20, and 1 mg/ml RNase

at 4uC overnight, and then analyzed by a Becton Dickinson

FACScan flow cytometer using CellQuest software (Becton

Dickinson) as described previously [19,29].

Urine Catecholamine Assays
Urine norepinephrine and epinephrine levels were measured

using the Catecholamine Research Biotrak Assay System (Amer-

sham) by TLC following manufacturer’s instructions [29].

Statistical Analysis
All survival curves were plotted using the Kaplan-Meier survival

analysis software. Other statistical analysis was assessed by

Student’s two-tailed t-test. Values were considered statistically

significant at p,0.05.

Supporting Information

Figure S1 Neoplastic Growth and Tumor Development in

Circadian Gene-mutant Mice. (a) Uteri from untreated 7-week old

wt (Cry1+/+;Cry2+/+), Cry12/2;Cry22/2, and Per12/

2;Per2m/m mice. (b) Uteri from an untreated 60-week old wt

(Per1+/+;Per2+/+) and age-matched irradiated/jet-lagged

Cry12/2;Cry22/2 and Per12/2;Per2m/m mice. (c) Repre-

sentative pictures of lymphomas developed in the chest cavities of

irradiated/jetlagged Bmal12/2, Bmal1+/2, Cry12/2;Cry22/

2, Per22/2 and Per12/2;Per2m/m and wt (Per1+/+;Per2+/+)

mice. Histological slides showing (d) over-distended seminal

vesicles filled with seminal fluid in an irradiated/jet-lagged

Per22/2 mouse, (e) ulcerative necrotizing dermatitis of an

irradiated Cry12/2;Cry22/2 male mouse, (f) osteosarcoma in

an irradiated/jet-lagged Cry12/2;Cry22/2 mouse, and lym-

phoma in (g) the salivary gland of an irradiated Per12/2;Per2m/

m mouse, (h) the lung and (i) skeleton muscle of irradiated Per22/

2 mice, and (j) the ovary, (k) kidney and (l) liver of irradiated/jet-

lagged wt mice.

Found at: doi:10.1371/journal.pone.0010995.s001 (4.18 MB TIF)

Figure S2 Sympathetic Control of Gene Expression. (a) Western

blot analysis of the activation of CREB in the thymus of wt mice

over a 24hr LD cycle using an anti-CREB S133 antibody. (b) A

summary of CREB activation detected from three independent

experiments as described in (a) (6SEM). (c) CREB is activated by

iso in both wt and Per12/2;Per2m/m osteoblasts. (d) A summary

of Bmal1 mRNA expression in BAT of untreated (Control) and

jet-lagged (Shift) wt mice from 3 independent experiments

(6SEM). (e) A summary of Per2 mRNA expression in BAT of

untreated (Control) and jet-lagged (Shift) wt mice from three

independent experiments (6SEM).

Found at: doi:10.1371/journal.pone.0010995.s002 (0.30 MB

TIF)

Acknowledgments

We thank J.P. Liu, S.A. Mayo and K. Liu for helping to prepare the

manuscript, C.A. Bradfield for providing Bmal1+/2 mice, A. Sancer for

providing Cry1+/2;Cry2+/2 mice, and O.E. Smith for assisting in statistical

analysis of data.

Author Contributions

Conceived and designed the experiments: LF. Performed the experiments:

SL LF. Analyzed the data: SL LAD AJH DM LF. Contributed reagents/

materials/analysis tools: LAD AJH DM LF. Wrote the paper: SL LAD

AJH DM LF.

References

1. Hamilton T (1969) Influence of environmental light and melatonin upon

mammary tumour induction. Br J Surg 56: 764–766.

2. Aubert C, Janiaud P, Lecalvez J (1980) Effect of pinealectomy and melatonin on

mammary tumor growth in Sprague-Dawley rats under different conditions of

lighting. J Neural Transm 47: 121–130.

3. Shah PN, Mhatre MC, Kothari LS (1984) Effect of melatonin on mammary

carcinogenesis in intact and pinealectomized rats in varying photoperiods.

Cancer Res 44: 3403–3407.

4. van den Heiligenberg S, Depres-Brummer P, Barbason H, Claustrat B,

Reynes M, et al. (1999) The tumor promoting effect of constant light exposure

on diethylnitrosamine-induced hepatocarcinogenesis in rats. Life Sci 64:

2523–2534.

5. Mhatre MC, Shah PN, Juneja HS (1984) Effect of varying photoperiods on

mammary morphology, DNA synthesis, and hormone profile in female rats.

J Natl Cancer Inst 72: 1411–1416.

6. Filipski E, Innominato PF, Wu M, Li XM, Iacobelli S, et al. (2005) Effects of

light and food schedules on liver and tumor molecular clocks in mice. J Natl

Cancer Inst 97: 507–517.

7. Hansen J (2001) Increased breast cancer risk among women who work

predominantly at night. Epidemiology 12: 74–77.

Clock and Tumor Suppression

PLoS ONE | www.plosone.org 11 June 2010 | Volume 5 | Issue 6 | e10995



8. Davis S, Mirick DK, Stevens RG (2001) Night shift work, light at night, and risk

of breast cancer. J Natl Cancer Inst 93: 1557–1562.

9. Lahti TA, Partonen T, Kyyronen P, Kauppinen T, Pukkala E (2008) Night-time

work predisposes to non-Hodgkin lymphoma. Int J Cancer 123: 2148–2151.

10. Viswanathan AN, Schernhammer ES (2009) Circulating melatonin and the risk

of breast and endometrial cancer in women. Cancer Lett 281: 1–7.

11. Kloog I, Haim A, Stevens RG, Portnov BA (2009) Global co-distribution of light

at night (LAN) and cancers of prostate, colon, and lung in men. Chronobiol Int

26: 108–125.

12. Echave Llanos JM, Nash RE (1970) Mitotic circadian rhythm in a fast-growing

and a slow-growing hepatoma: mitotic rhythm in hepatomas. J Natl Cancer Inst

44: 581–585.

13. Li JC, Xu F (1997) Influences of light-dark shifting on the immune system, tumor

growth and life span of rats, mice and fruit flies as well as on the counteraction of

melatonin. Biol Signals 6: 77–89.

14. Filipski E, King VM, Li X, Granda TG, Mormont MC, et al. (2002) Host

circadian clock as a control point in tumor progression. J Natl Cancer Inst 94:

690–697.

15. Sephton SE, Sapolsky RM, Kraemer HC, Spiegel D (2000) Diurnal cortisol

rhythm as a predictor of breast cancer survival. J Natl Cancer Inst 92: 994–1000.

16. Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals.

Nature 418: 935–941.

17. Takahashi JS, Hong HK, Ko CH, McDearmon EL (2008) The genetics of

mammalian circadian order and disorder: implications for physiology and

disease. Nat Rev Genet 9: 764–775.

18. Hastings M, O’Neill JS, Maywood ES (2007) Circadian clocks: regulators of

endocrine and metabolic rhythms. J Endocrinol 195: 187–198.

19. Fu L, Pelicano H, Liu J, Huang P, Lee C (2002) The circadian gene Period2

plays an important role in tumor suppression and DNA damage response in

vivo. Cell 111: 41–50.

20. Duffield GE, Best JD, Meurers BH, Bittner A, Loros JJ, et al. (2002) Circadian

programs of transcriptional activation, signaling, and protein turnover revealed

by microarray analysis of mammalian cells. Curr Biol 12: 551–557.

21. Panda S, Antoch MP, Miller BH, Su AI, Schook AB, et al. (2002) Coordinated

transcription of key pathways in the mouse by the circadian clock. Cell 109:

307–320.

22. Matsuo T, Yamaguchi S, Mitsui S, Emi A, Shimoda F, et al. (2003) Control

mechanism of the circadian clock for timing of cell division in vivo. Science 302:

255–259.

23. Reddy AB, Karp NA, Maywood ES, Sage EA, Deery M, et al. (2006) Circadian

orchestration of the hepatic proteome. Curr Biol 16: 1107–1115.

24. Wood PA, Yang X, Taber A, Oh EY, Ansell C, et al. (2008) Period 2 mutation

accelerates ApcMin/+ tumorigenesis. Mol Cancer Res 6: 1786–1793.

25. Appleton DR, Thomson PJ, Donaghey CE, Potten CS, McGurk M (2002)

Simulation of cell proliferation in mouse oral epithelium, and the action of

epidermal growth factor: evidence for a high degree of synchronization of the

stem cells. Cell Prolif 35 Suppl 1: 68–77.

26. Bjarnason GA, Jordan R (2000) Circadian variation of cell proliferation and cell

cycle protein expression in man: clinical implications. Prog Cell Cycle Res 4:

193–206.

27. Smaaland R (1996) Circadian rhythm of cell division. Prog Cell Cycle Res 2:

241–266.

28. Rydell R, Wennerberg J, Willen R (1990) Circadian variations in cell cycle phase

distribution in a squamous cell carcinoma xenograft; effects of cisplatin and

fluorouracil treatment. In Vivo 4: 385–389.

29. Fu L, Patel MS, Bradley A, Wagner EF, Karsenty G (2005) The molecular clock

mediates leptin-regulated bone formation. Cell 122: 803–815.

30. Unsal-Kacmaz K, Chastain PD, Qu PP, Minoo P, Cordeiro-Stone M, et al.

(2007) The human Tim/Tipin complex coordinates an Intra-S checkpoint

response to UV that slows replication fork displacement. Mol Cell Biol 27:

3131–3142.

31. Unsal-Kacmaz K, Mullen TE, Kaufmann WK, Sancar A (2005) Coupling of

human circadian and cell cycles by the timeless protein. Mol Cell Biol 25:

3109–3116.

32. Gery S, Komatsu N, Baldjyan L, Yu A, Koo D, et al. (2006) The circadian gene

per1 plays an important role in cell growth and DNA damage control in human

cancer cells. Mol Cell 22: 375–382.

33. Hoffman AE, Zheng T, Stevens RG, Ba Y, Zhang Y, et al. (2009) Clock-cancer

connection in non-Hodgkin’s lymphoma: a genetic association study and

pathway analysis of the circadian gene cryptochrome 2. Cancer Res 69:

3605–3613.

34. Marino JL, Holt VL, Chen C, Davis S (2008) Shift work, hCLOCK T3111C

polymorphism, and endometriosis risk. Epidemiology 19: 477–484.

35. Zhu Y, Leaderer D, Guss C, Brown HN, Zhang Y, et al. (2007) Ala394Thr

polymorphism in the clock gene NPAS2: a circadian modifier for the risk of non-

Hodgkin’s lymphoma. Int J Cancer 120: 432–435.

36. Gery S, Gombart AF, Yi WS, Koeffler C, Hofmann WK, et al. (2005)

Transcription profiling of C/EBP targets identifies Per2 as a gene implicated in

myeloid leukemia. Blood 106: 2827–2836.

37. Chen ST, Choo KB, Hou MF, Yeh KT, Kuo SJ, et al. (2005) Deregulated

expression of the PER1, PER2 and PER3 genes in breast cancers.

Carcinogenesis 26: 1241–1246.

38. Gery S, Komatsu N, Kawamata N, Miller CW, Desmond J, et al. (2007)

Epigenetic silencing of the candidate tumor suppressor gene Per1 in non-small

cell lung cancer. Clin Cancer Res 13: 1399–1404.

39. Shih MC, Yeh KT, Tang KP, Chen JC, Chang JG (2006) Promoter methylation

in circadian genes of endometrial cancers detected by methylation-specific PCR.

Mol Carcinog 45: 732–740.

40. Pogue-Geile KL, Lyons-Weiler J, Whitcomb DC (2006) Molecular overlap of fly

circadian rhythms and human pancreatic cancer. Cancer Lett 243: 55–57.

41. Lin YM, Chang JH, Yeh KT, Yang MY, Liu TC, et al. (2008) Disturbance of

circadian gene expression in hepatocellular carcinoma. Mol Carcinog 47:

925–933.

42. Massague J (2004) G1 cell-cycle control and cancer. Nature 432: 298–306.

43. Buijs RM, Kalsbeek A (2001) Hypothalamic integration of central and

peripheral clocks. Nat Rev Neurosci 2: 521–526.

44. Schibler U (2009) The 2008 Pittendrigh/Aschoff lecture: peripheral phase

coordination in the mammalian circadian timing system. J Biol Rhythms 24:

3–15.

45. Fu L, Lee CC (2003) The circadian clock: pacemaker and tumour suppressor.

Nat Rev Cancer 3: 350–361.

46. Furness JB (2006) The organisation of the autonomic nervous system: peripheral

connections. Auton Neurosci 130: 1–5.

47. Zylka MJ, Shearman LP, Weaver DR, Reppert SM (1998) Three period

homologs in mammals: differential light responses in the suprachiasmatic

circadian clock and oscillating transcripts outside of brain. Neuron 20:

1103–1110.

48. Dang CV, O’Donnell KA, Juopperi T (2005) The great MYC escape in

tumorigenesis. Cancer Cell 8: 177–178.

49. Kondratov RV, Kondratova AA, Gorbacheva VY, Vykhovanets OV,

Antoch MP (2006) Early aging and age-related pathologies in mice deficient

in BMAL1, the core componentof the circadian clock. Genes Dev 20:

1868–1873.

50. Bunger MK, Wilsbacher LD, Moran SM, Clendenin C, Radcliffe LA, et al.

(2000) Mop3 is an essential component of the master circadian pacemaker in

mammals. Cell 103: 1009–1017.

51. Oparil S, Sripairojthikoon W, Wyss JM (1987) The renal afferent nerves in the

pathogenesis of hypertension. Can J Physiol Pharmacol 65: 1548–1558.

52. Zheng B, Albrecht U, Kaasik K, Sage M, Lu W, et al. (2001) Nonredundant

roles of the mPer1 and mPer2 genes in the mammalian circadian clock. Cell 105:

683–694.

53. Scarpace PJ, Matheny M (1998) Leptin induction of UCP1 gene expression is

dependent on sympathetic innervation. Am J Physiol 275: E259–264.

54. Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, et al. (2002) Leptin

regulates bone formation via the sympathetic nervous system. Cell 111:

305–317.

55. Mendez-Ferrer S, Lucas D, Battista M, Frenette PS (2008) Haematopoietic stem

cell release is regulated by circadian oscillations. Nature 452: 442–447.

56. Jones SN, Roe AE, Donehower LA, Bradley A (1995) Rescue of embryonic

lethality in Mdm2-deficient mice by absence of p53. Nature 378: 206–208.

57. Iwakuma T, Lozano G (2003) MDM2, an introduction. Mol Cancer Res 1:

993–1000.

58. Maya R, Balass M, Kim ST, Shkedy D, Leal JF, et al. (2001) ATM-dependent

phosphorylation of Mdm2 on serine 395: role in p53 activation by DNA

damage. Genes Dev 15: 1067–1077.

59. Bakkenist CJ, Kastan MB (2003) DNA damage activates ATM through

intermolecular autophosphorylation and dimer dissociation. Nature 421:

499–506.

60. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA, Jr.,

et al. (1992) Mice deficient for p53 are developmentally normal but susceptible

to spontaneous tumours. Nature 356: 215–221.

61. Touitou Y, Bogdan A, Levi F, Benavides M, Auzeby A (1996) Disruption of the

circadian patterns of serum cortisol in breast and ovarian cancer patients:

relationships with tumour marker antigens. Br J Cancer 74: 1248–1252.

62. Klevecz RR, Braly PS (1987) Circadian and ultradian rhythms of proliferation in

human ovarian cancer. Chronobiol Int 4: 513–523.

63. Panzer A (1997) Melatonin in osteosarcoma: an effective drug? Med Hypotheses

48: 523–525.

64. Tokunaga H, Takebayashi Y, Utsunomiya H, Akahira J, Higashimoto M, et al.

(2008) Clinicopathological significance of circadian rhythm-related gene

expression levels in patients with epithelial ovarian cancer. Acta Obstet Gynecol

Scand 87: 1060–1070.

65. Skibola CF, Holly EA, Forrest MS, Hubbard A, Bracci PM, et al. (2004) Body

mass index, leptin and leptin receptor polymorphisms, and non-hodgkin

lymphoma. Cancer Epidemiol Biomarkers Prev 13: 779–786.

66. Schernhammer ES, Holly JM, Hunter DJ, Pollak MN, Hankinson SE (2006)

Insulin-like growth factor-I, its binding proteins (IGFBP-1 and IGFBP-3), and

growth hormone and breast cancer risk in The Nurses Health Study II. Endocr

Relat Cancer 13: 583–592.

67. Renehan AG, Brennan BM (2008) Acromegaly, growth hormone and cancer

risk. Best Pract Res Clin Endocrinol Metab 22: 639–657.

68. Hoshino S, Takahashi H, Shimura T, Nakazawa S, Naito Z, et al. (1994)

Melanotic neuroectodermal tumor of infancy in the skull associated with high

serum levels of catecholamine. Case report. J Neurosurg 80: 919–924.

Clock and Tumor Suppression

PLoS ONE | www.plosone.org 12 June 2010 | Volume 5 | Issue 6 | e10995



69. Kiba T (2004) Relationships between the autonomic nervous system and the
pancreas including regulation of regeneration and apoptosis: recent develop-
ments. Pancreas 29: e51–58.

70. Bevilacqua M, Norbiato G, Chebat E, Baldi G, Bertora P, et al. (1991) Changes
in alpha-1 and beta-2 adrenoceptor density in human hepatocellular carcinoma.
Cancer 67: 2543–2551.

71. Sood AK, Bhatty R, Kamat AA, Landen CN, Han L, et al. (2006) Stress
hormone-mediated invasion of ovarian cancer cells. Clin Cancer Res 12:
369–375.

72. Kim M, Na DL, Park SH, Jeon BS, Roh JK (1998) Nervous system involvement
by metastatic hepatocellular carcinoma. J Neurooncol 36: 85–90.

73. Schoenberg BS (1977) Multiple primary neoplasms and the nervous system.
Cancer 40: 1961–1967.

74. Giglio P, Gilbert MR (2005) Neurologic complications of non-Hodgkin’s
lymphoma. Curr Oncol Rep 7: 61–65.

75. Kriss VM, Stelling CB (1995) Osteosarcoma after chemotherapy for neuroblas-
toma. Skeletal Radiol 24: 633–635.

76. Rao J, Yang J, Liu Z, Wang L, Yin Z, et al. (2008) Hypothetic association
between greater sympathetic activity and prostate cancer. Med Hypotheses 71:
442–443.

77. Wong HP, Yu L, Lam EK, Tai EK, Wu WK, et al. (2007) Nicotine promotes
colon tumor growth and angiogenesis through beta-adrenergic activation.
Toxicol Sci 97: 279–287.

78. Alaminos M, Davalos V, Ropero S, Setien F, Paz MF, et al. (2005) EMP3, a

myelin-related gene located in the critical 19q13.3 region, is epigenetically

silenced and exhibits features of a candidate tumor suppressor in glioma and

neuroblastoma. Cancer Res 65: 2565–2571.

79. Huang W, Ma K, Zhang J, Qatanani M, Cuvillier J, et al. (2006) Nuclear

receptor-dependent bile acid signaling is required for normal liver regeneration.

Science 312: 233–236.

80. Yang F, Huang X, Yi T, Yen Y, Moore DD, et al. (2007) Spontaneous

development of liver tumors in the absence of the bile acid receptor farnesoid X

receptor. Cancer Res 67: 863–867.

81. Levi FA (2008) The circadian timing system: a coordinator of life processes:

chronobiological investigations. Implications for the rhythmic delivery of cancer

therapeutics. IEEE Eng Med Biol Mag 27: 17–19.

82. Selby CP, Thompson C, Schmitz TM, Van Gelder RN, Sancar A (2000)

Functional redundancy of cryptochromes and classical photoreceptors for

nonvisual ocular photoreception in mice. Proc Natl Acad Sci U S A 97:

14697–14702.

83. Westphal CH, Rowan S, Schmaltz C, Elson A, Fisher DE, et al. (1997) atm and

p53 cooperate in apoptosis and suppression of tumorigenesis, but not in

resistance to acute radiation toxicity. Nat Genet 16: 397–401.

Clock and Tumor Suppression

PLoS ONE | www.plosone.org 13 June 2010 | Volume 5 | Issue 6 | e10995


