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Abstract
A broad variety of organisms display circadian rhythms (i.e., oscillations with 24-hr periodicities)
in many aspects of their behavior, physiology and metabolism. These rhythms are under genetic
control and are generated endogenously at the cellular level. In mammals, the core molecular
mechanism of the oscillator consists of two transcriptional activators, CLOCK and BMAL1, and
their transcriptional targets, CRYPTOCHROMES (CRYS) and PERIODS (PERS). The CRY and
PER proteins function as negative regulators of CLOCK/BMAL1 activity, thus forming the major
circadian autoregulatory feedback loop. It is believed that the circadian clock system regulates
daily variations in output physiology and metabolism through periodic activation/repression of the
set of clock-controlled genes that are involved in various metabolic pathways. Importantly,
circadian-controlled pathways include those that determine in vivo responses to genotoxic stress.
By using circadian mutant mice deficient in different components of the molecular clock system,
we have established genetic models that correlate with the two opposite extremes of circadian
cycle as reflected by the activity of the CLOCK/BMAL1 transactivation complex. Comparison of
the in vivo responses of these mutants to the chemotherapeutic drug, cyclophosphamide (CY), has
established a direct correlation between drug toxicity and the functional status of the CLOCK/
BMAL1 transcriptional complex. We have also demonstrated that CLOCK/BMAL1 modulates
sensitivity to drug-induced toxicity by controlling B cell responses to active CY metabolites.
These results suggest that the sensitivity of cells to genotoxic stress induced by anticancer therapy
may be modulated by CLOCK/BMAL1 transcriptional activity. Further elucidation of the
molecular mechanisms of circadian control as well as identification of specific pharmacological
modulators of CLOCK/BMAL1 activity are likely to lead to the development of new anti-cancer
treatment schedules with increased therapeutic index and reduced morbidity.
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ANTICANCER THERAPY—A DOUBLE-EDGED SWORD
Two major types of anticancer therapy—chemotherapy and radiation—were introduced into
the clinic several decades ago and have demonstrated significant success in treating a variety
of tumors. However, both types of anticancer therapy are compromised by accompanying
nonspecific damage to normal tissues that often results in debilitating side effects. Well-
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known examples of such complications include the hematopoietic syndrome (induced by
radiation and some DNA-damaging chemotherapeutic drugs, such as cyclophosphamide),
direct neurotoxicity (induced by vinca alkaloids), damage to the oral mucosa, kidney and
bladder, radiation-induced damage to intestinal epithelia, and many others. All of these side
effects not only enhance the morbidity associated with treatment, but also increase the risk
of bacterial, viral and fungal infections in immuno-compromised patients. The severity of
side effects depends on a variety of factors including the particular type of therapy, the
dosage and schedule used and individual responses to treatment. To estimate the relative
effect of the positive and negative aspects of chemotherapy and radiation, each type of
therapy is characterized by a therapeutic index, which reflects the level of tumor response to
treatment and the severity of side effects (the amount of damage caused to normal tissues).
Improving the ratio of desired to undesired effects of therapy, the therapeutic index, is a
major goal of cancer therapy.

Various approaches have been used to increase the therapeutic index for treating different
types of cancer. Some of them are directed towards development of more specific means of
drug delivery, while others exploit the differences in cellular responses and metabolic
requirements between tumor and normal cells. For example, the use of chemotherapy in
combination with monoclonal antibody against HER2 surface antigen significantly increased
the therapeutic index of treating metastatic breast cancers that overexpress HER2.1 Various
hormone-based therapies exploit their selective action on particular types of cells and are
widely used to inhibit the growth of breast and prostate cancer cells.2,3 Because many tumor
cells develop resistance to drugs in the course of treatment, the efficacy of the treatment
could be improved by using the anticancer agents in combination with inhibitors of multi-
drug transporters.4

There are also a variety of gene therapy strategies aimed at enhancing the effects of radiation
and drug therapy through direct targeting of individual components of specific pathways,5

such as PI3-Akt,6 angiogenesis7 or p53.8 The latter is based on a well-known fact that a
variety of tumor cells are resistant to apoptosis due to the loss of critical components of cell
death inducing pathways, such as p53. Therefore, temporal suppression of p53 by chemical
inhibitors helps to reduce radiation damage to normal tissues without affecting the
sensitivity of tumor cells.9,10

Among known metabolic regulators of cellular responses to genotoxic drugs that could be
used for modulation of stress response are inhibitors of glycolysis (2-deoxy-D-glucose),
which could specifically modify the responses of cancer cells, particularly to DNA
damaging therapeutic agents.11 In addition, dietary supplements like glutamine may
decrease the incidence and/or severity of chemotherapy-associated mucositis, irinotecan-
associated diarrhea and paclitaxel-induced neuropathy and may enhance the therapeutic
index by protecting normal tissues from radiation-related injury.12

All of the strategies described above assume that neoplastic and normal tissues respond to
various treatments in a certain constant manner and the understanding of the underlying
mechanisms of response can be used for improvement of therapy. However, observations
made over 30 years ago in clinical practice and in experimental model systems conclusively
demonstrated that in vivo responses to various therapies might display significant variations
depending upon time of treatment. Based upon these observations, it has been proposed that
together with many other physiological and metabolic parameters, an organism’s response to
different treatments could be controlled by the circadian clock system and that introduction
of chronomodulated schedules could further enhance the efficacy of anticancer therapy.
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CHRONOTHERAPY—BENEFICIAL BUT INCONVENIENT FOR PRACTICAL
APPLICATIONS

Historically, clinical studies testing whether cancer chemotherapy timing affects therapeutic
index started with the observation that the circadian pattern of Ara-C administration
determines both its toxicity and antitumor activity.13 This initial observation was later
extended to testing the effect of timed administration of over 30 anticancer agents in mice
and rats.14 For most of them, the differences in toxicity ranged from 2-to 8-fold depending
upon the time of their administration. Although less experimental data has been generated
for chronomodulated radiation therapy, there have been some reports on circadian variations
in sensitivity to whole body radiation in mice (reviewed in ref. 15).

Taken together, these findings led to the concept of chronotherapy, wherein medication or
other treatment is delivered at the optimal time of day to maximize efficacy and minimize
morbidity. These studies formed the basis for several clinical trials in which the efficiency of
a given treatment was compared using either conventional or chronomodulated delivery
schedules. The first of these studies, performed for doxorubicin/cisplatin treatment of
advanced ovarian cancer, demonstrated a significant advantage of timed drug
administration. Patients that received both drugs at specific times associated with reduced
toxicity in experimental systems demonstrated better performance and showed half as many
complications with the same therapeutic effect16. Other widely known and well-documented
examples of the successful use of a timed drug delivery schedule are the chronotherapy of
metastatic colorectal cancer with 5-FU in combination with leucovorin and oxaliplatin
(reviewed in ref. 17) and 5-FU treatment of bladder cancer.18

Despite the existence of compelling experimental data from animal studies and the strong
support of several successful clinical trials, the chronomodulated approach has not become
accepted in clinical practice. Empirically designed optimal treatment schedules are typically
inconvenient both for patients and medical personnel, as they often dictate treatments at
times that are normally considered rest times. In addition, the lack of a clear mechanistic
rationale behind the experimental observations did not allow standardization of these
procedures in clinical practice. However, recent progress in the identification of circadian
clock genes and the elucidation of the molecular mechanisms underlying circadian control
of various physiological processes have generated novel tools and approaches allowing a
reassessment of the basic concepts of chronotherapy at a mechanistic level.

CIRCADIAN CLOCKS—A UNIVERSAL TIMING MECHANISM CONTROLLING
RESPONSES TO VARIOUS TREATMENTS

Living organisms have developed many systems that ensure proper adaptation to constantly
changing environmental conditions. One of the most powerful conditions that affect a broad
range of organisms, from bacteria and fungi to plants and animals, is the daily light-dark
cycle caused by the Earth’s rotation. To ensure proper adaptation to this constantly changing
environment, many organisms have developed a molecular system called the circadian
system (from Latin “circa”—about and “diem”—day), capable of generating 24-hour
periodicities in various physiological and behavioral processes. In mammals, such
fundamental parameters as the sleep-wake cycle, blood pressure, body temperature,
hormone secretion, and immune system activity all demonstrate daily fluctuations that can
persist with a period close to 24-hr even in the absence of environmental cues. It has been
recognized that these rhythms are generated endogenously and are capable of responding to
external stimuli to coordinate the phases of the endogenous clocks with the environment.
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During the past decade, enormous progress has been made in understanding the molecular
mechanisms underlying various circadian processes. Thus, it has been established that in
mammals molecular clocks are present not only in the specialized neurons of the
suprachiasmatic nucleus (SCN) of the anterior hypothalamus, but also in multiple other
tissues of the body (reviewed in ref. 19). In all tissues studied, clock function at the
molecular level is determined by interlocking transcription/translation-based feedback loops
that drive rhythmic rNA and protein expression of key clock components (reviewed in Ref.
20). The major loop is regulated by two positive activators, CLOCK and BMAL1, which
belong to the family of bHLH-PAS domain transcription factors. Upon forming a
heterodimer, they regulate gene expression by interacting with E-box enhancer elements
(CACGTG) in the promoters of target genes. CLOCK/BMAL1 target genes include those
encoding several repressors, such as PERIOD proteins, PER1, PER2 and the
CRYPTOCHROME molecules, CRY1 and CRY2, which function to inhibit the CLOCK/
BMAL1 complex (Fig. 1). The CLOCK/BMAL1 heterodimer also controls transcription of
the Rev-erba gene, whose protein product feeds back to periodically repress expression of
Bmal121. Positive and negative elements of these regulatory loops function to coordinate
transcriptional events at appropriate times to provide 24-hour periodicities (Fig. 1).
Posttranslational mechanisms such as protein phosphorylation of negative (PER and
CRY22–24) and positive (CLOCK and BMAL125, 26) components also play important roles
in core clock activity.

How do oscillations in the expression of clock genes translate into physiological
periodicities? Insight into this question was made possible by the development of microarray
technology and its application to the circadian system. When applied to various circadian
models, this approach identified a large number of genes showing 24-hr periodicities in their
expression profiles27–32 indicating that they may be under direct or indirect control of the
CLOCK/BMAL1 transactivation complex. Altogether, the microarray studies demonstrated
several important points. First, they showed that a significant portion of the genome (in
mammals, approximately 3–10% of detectably expressed transcripts) is under circadian
control30. Second, they demonstrated remarkable tissue-specificity of circadian regulation
with less then 5–10% overlap in clock-controlled genes between different tissues. In many
cases, tissue-specific clock-controlled genes were recognized to be involved in rate-limiting
steps that were distinct for the organ function30–31. Finally, these studies presented the
possibility that profiling of additional tissues might reveal more circadian regulated genes,
and that the list of clock-controlled genes might include some that modulate sensitivity to
genotoxic stress induced by cancer treatment (chemotherapy and radiation). Such clock-
controlled fluctuations in gene expression levels could potentially provide the mechanistic
background for the daily variations in therapeutic effects observed in various animals
systems and in clinical practice.

CIRCADIAN MUTANT MICE AS A MODEL SYSTEM FOR TWO EXTREME
STATES OF CIRCADIAN CLOCK FUNCTION

Most traditional in vivo chronobiological studies have been performed on animals that were
synchronized to a light:dark cycle 12:12 (12 hrs of light, 12 hrs of darkness) and subjected to
certain treatments or sample collection at different times of the 24-hr cycle. This
experimental approach, however, is compromised by multiple variable physiological and
behavioral factors for which it is not possible to control. The most obvious of these
complications is that animal husbandry typically occurs during daytime because it is
convenient for laboratory personnel, yet this is normally the rest time for nocturnal rodents.
More definitive experimental models have recently been established due to identification of
clock genes and an emerged understanding of molecular clock function. Based upon our
current view on the molecular mechanism of clock system functions, we can mimic the two
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opposite extremes of the activity of the CLOCK/BMAL1 transactivation complex using
three mouse genetic models—Clock/Clock mutant, Bmal1−/− knockout and Cry1−/−Cry2−/−

knockout animals. Phenotypically, all three mutant mouse models are characterized by
disrupted circadian rhythmicity at the behavioral level33–35. However, at the molecular
level, these experimental models correlate with different temporal states of circadian clock
function and may approximate two opposite extremes in relation to the activity of the
CLOCK/BMAL1 transactivation complex. Thus, mutant mice with targeted disruption of
the Bmal1 gene or deficiency in CLOCK transactivation function due to mutation represent
the minimal transcriptional activity of the complex due to the deficiency of transcriptional
activators35–37. In contrast, mice with targeted disruption of both Cryptochrome genes
contain CLOCK/BMAL1 in its maximally active state since they lack the CRY1/CRY2
circadian inhibitors38, 39. At the same time, in wild-type mice, circadian variations in
CLOCK/BMAL1 activity occur with a normal 24-hour cycle (Fig. 2). To explore possible
molecular links between response to chemotherapeutic agents in vivo and the status of the
major circadian transactivation complex, we compared the sensitivity of these three types of
mutant mice to a widely used chemotherapeutic drug—cyclophosphamide (CY).

SENSITIVITY OF NORMAL CELLS TO GENOTOXIC STRESS DEPENDS ON
THE FUNCTIONAL STATUS OF THE CLOCK/BMAL1 TRANSACTIVATION
COMPLEX

As expected based upon previous studies, normal mice show a robust rhythm in sensitivity
to CY. Both drug-induced mortality and morbidity were the lowest when CY was
administered during late afternoon/early night hours, which corresponds to the time of day
when transcriptional activity of CLOCK/BMAL1 is at its highest daily level in most
peripheral tissues tested40. Consistent with this, Clock/Clock mutant mice and Bmal1−/−

mice, which are characterized by constant low levels of CLOCK/BMAL1 transcriptional
activity, both demonstrated increased drug sensitivity at all times tested. In contrast,
Cry1−/−Cry2−/− mice, which are deficient in the CRY transcriptional repressors, were more
resistant to the toxicity of CY treatment than wild-type mice. Thus, comparison of wild-type
mice to three different models of circadian mutant mice showed that both survival and
morbidity after administration of sublethal doses of CY were directly correlated with
CLOCK/BMAL1 functional activity. These results confirm the involvement of the circadian
system in regulating sensitivity to drug-induced toxicity in vivo. Moreover, they suggest that
drug sensitivity does not depend upon persistence of rhythmicity per se but rather is guided
by functional activity of the major circadian transcriptional complex, CLOCK/BMAL1. This
implies that CLOCK/BMAL1 may directly control the molecular determinants of drug
sensitivity at the transcriptional level.

Traditionally, daily variations in sensitivity to chemotherapy have been attributed to rhythms
in the activity of multiple drug metabolizing enzymes14,41. This point of view is supported
by the results of global gene expression analysis of circadian transcriptional output, which
demonstrated that many genes encoding drug metabolizing enzymes display 24-hr
periodicities in their expression pattern in the liver30,31. That is why the results of our
detailed pharmacokinetic analysis of CY metabolites in the plasma of mice of different
circadian genotypes after CY administration were quite surprising. Performed in various
experimental setups, they did not reveal any genotype- or time-of-administration-dependent
changes that could account for the dramatic differences in drug sensitivity observed in our in
vivo experiments40. These data are also supported by the measurements of CY activation
rate by hepatocytes isolated from wild-type, Clock/Clock and Bmal1−/− mice. Taken
together, these results suggest that in contrast to traditional view, the circadian clock system
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modulates response to chemotherapeutic drug through controlling the sensitivity of target
cells to drug-induced toxicity rather than by modulating the pharmacokinetics of CY.

There are several cellular targets of CY-induced toxicity that have been described in animal
models and clinical studies. Among others, side effects of CY therapy include liver and lung
damage due to endothelial cell injury42,43, bladder toxicity, hemorrhagic intestinal injury
and cardiomyopathy. However the major target for CY toxicity, which is considered to be
the primary dose-limiting factor of CY use in the clinic, is the hematopoietic system44. In
mice, the peak of CY-induced myelosupression occurs at ~ day 3–5 (depending on the
strain) after CY treatment and is followed by a period of rebound neutrophilia45. This time
course corresponds closely to the body weight loss profile observed in our experiments—
wild-type mice reached their drug-induced body weight minimum at days 3–5, after which
they go through a dose-dependent recovery process. In contrast, CY-sensitive circadian
mutants lost significantly more weight by this time and were unable to recover40.

The measurement of basic hematological parameters performed at different times after CY
administration in wild-type and Clock/Clock mutant mice demonstrated a severe reduction
in the number of circulating lymphocytes, which was more pronounced in the CY-sensitive
Clock/Clock mutants than in wild type mice both at the peak time of bone marrow
suppression and during the recovery period. Flow cytometric analysis of bone marrow and
spleen cells with fluorescently-labeled anti-B220 antibody showed that, in both tissues, the
reduction in circulating lymphocytes was due to loss of B cells. Interestingly, all of the
circadian mutant mice tested showed no differences in basal hematological parameters under
normal conditions. However, following exposure to CY, wild-type and Cry1−/−Cry2−/− mice
retained significantly higher numbers of lymphocytes when compared to Bmal1−/− and
Clock/Clock mutant mice and their overall WBC parameters were less distorted40. These
data conclusively demonstrate that circadian control of drug response in vivo is mediated
through CLOCK/BMAL1-dependent modulation of B cell survival/recovery.

Although the exact mechanism of circadian control of drug-induced toxicity still remains to
be clarified, the fact that it is not determined simply by metabolic differences but rather
involves regulation of a component of the immune system underscores the important role of
the circadian system in global physiology. It is quite likely that such control is not limited to
the effects of cyclophosphamide, but may be involved in responses to other classes of
therapeutic agents.

MOLECULAR CLOCKS IN TUMORS
The direct correlation between CLOCK/BMAL1 function and in vivo drug sensitivity
demonstrated in Gorbacheva et al40 opens up an important prospective application of the
intrinsic clock mechanism, in which existing therapeutic schedules might be rationally
modulated to increase the therapeutic index of a given cancer treatment. If cellular responses
to genotoxic stress can be modulated by the functional status of a molecular clock, it might
be possible to use this mechanism to specifically increase the sensitivity of tumor cells to
chemotherapeutic drugs and radiation. Such an approach would have an important
advantage if used in combination with conventional protocols, allowing a similar therapeutic
effect to be achieved while using lower doses of drugs and thus reducing the morbidity
associated with the treatment. There are, however, a number of important questions that, for
the most part, still remain unanswered:

1. Are circadian genes expressed in tumors and if so, are they functional?

2. Does the activity of CLOCK/BMAL1 correlate with tumor sensitivity to anticancer
treatment?
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3. Are tumor clocks synchronized with those in other tissues of the organism?

Tumors and tumor-derived immortalized cell lines display multiple genetic abnormalities.
The most prominent among them are the loss of tumor suppressor gene expression and
enhanced expression of oncogenes, which, in turn, may affect various pathways. To date,
there have been only a few reports on the expression levels of clock genes in tumors and
tumor cell lines. The results of the most comprehensive study, in which global gene
expression levels were measured in different human tumor cell lines, are summarized on a
publicly available database.46 Analysis of these data demonstrates that a variety of tumor
cell lines of different origin have detectable expression levels of all clock genes. Similar
results were obtained through analysis of a variety of mouse tumor cell lines using real-time
PCR with probes specific to major clock genes (Antoch M, unpublished data).

If clock genes are not lost in tumors, are they still capable of sustaining circadian
fluctuations in target gene expression? Circadian rhythms in cell culture were first detected
in rat-1 fibroblasts and the H35 hepatoma cell line.47,48 These studies demonstrated that
molecular clocks are present in various cells and tissues and most likely are capable of
sustaining oscillations at a single cell level;49,50 however, to display coordinated oscillation,
they have to be synchronized. Such synchronization occurs in vivo through a signal coming
from the SCN and in vitro can be achieved by short treatment with high serum
concentrations or a wide variety of chemicals that affect different signaling pathways,
including activators of protein kinase A, protein kinase C, MAP kinase, dexamethazone,
glucose, endothelin and retinoic acid receptor.47,48,51–54 Several lines of evidence suggest
that at least some cultured tumor cells retain functional clock activity and thus can display
rhythmic expression under certain conditions. For example, neuroblastoma cells SH-SY5Y,
when induced by high serum concentration, demonstrated circadian oscillation of hPer1
expression.55 However, in other cell lines derived from glioblastomas and osteosarcomas,
hPer1 expression was induced by high serum but failed to display circadian oscillations in
expression. Rhythmic expression of core clock genes has been also detected in sarcoma 180
and melanoma B16 tumors implanted in nude mice.56 Interestingly, the phases of circadian
gene expression oscillation in these tumors were similar to those in the normal tissues (liver)
of the animal. Finally, rhythmic expression of the clock-controlled gene encoding
methionine aminopeptidase 2 has recently been reported in three types of transplanted
tumors—sarcoma 180, Lewis lung carcinoma, and B16 melanoma—and in all cases, the
rhythmic expression of the target gene reflected the CLOCK/BMAL1 phase in peripheral
tissues.57 Nevertheless, it still remains to be determined if, similar to what has been
described for normal cells, sensitivity to genotoxic stress in tumor cell correlates with
CLOCK/BMAL1 functional activity.

MOLECULAR DETERMINANTS OF SENSITIVITY TO ANTICANCER DRUGS
In order to exploit circadian-controlled drug sensitivity to improve treatment of patients, one
must first identify the molecular targets of this control both in normal and tumor cells. In
general, the primary targets of the toxic effects of anticancer therapy are cells with high
levels of proliferation such as hematopoietic cells, vascular endothelial cells and intestinal
epithelial cells. Several groups have reported daily or/and circadian rhythms in proliferation
activity in these tissues.58–60 Since cell sensitivity to anticancer agents is known to depend
upon cell cycle stage, these observations provide a possible explanation for the time-of-day
variations in drug-induced toxicity. Indeed, daily variations in radiation-induced apoptosis in
mouse small intestine have been reported as a major determinant of circadian control of
radiation response.61 In addition, several examples of cellular rhythms in enzymatic
activities and cell cycle regulation were described as major determinants of anticancer drug
pharmacology.62–64 Our own study identified B-cells as a major target of CLOCK/BMAL1-
controlled CY toxicity.40
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Although rhythms in cellular proliferation have been observed, the molecular basis
underlying these rhythms remains unknown. It is possible that the CLOCK/BMAL1
complex may be directly involved in regulating expression of genes involved in cell cycle
regulation and apoptosis. Indeed, some of these genes demonstrate circadian variation in
their transcript levels and their expression patterns are disrupted in the tissues of circadian
mutant mice. Low-amplitude circadian variations in the expression profiles of some pro-and
anti-apoptotic genes have been described in mouse bone marrow and tumors;65 however, it
is still not clear how these fluctuations may be mechanistically translated into differences in
cell survival rate. Recently, two examples of possible molecular connections between the
circadian system and cell proliferation/apoptosis were reported. One study used a liver
regeneration model to determine the effect of clock genes on the timing of the G2/M
transition. The results show that timing of the G2/M transition is set by the circadian clock
through CLOCK/BMAL1-controlled expression of the Wee1 kinase that is involved in
phosphorylation of the crucial regulator of the cell cycle, CDC2. Furthermore, the rate of
liver regeneration depended on the activity of CRYPTOCHROMEs, since in Cry double-
knockout mice regeneration occurred more slowly than in wild-type mice.66 The second
report demonstrates that mice with mutations in the circadian Period2 gene are more
resistant to low doses of ionizing radiation, which could be detected at the level of
individual thymocytes.67 These findings suggest that circadian control may be based on the
CLOCK/BMAL1-dependent regulation of the balance of pro-and anti-apoptotic factors at
the single-cell level.

In contrast to cultured cells, at the organismal level, cell survival following genotoxic stress
may be determined not only by cell-intrinsic mechanisms, but also by extracellular signaling
pathways that may be modulated by CLOCK/BMAL1. It is well known that treatment with
different growth factors and cytokines can prevent cell death induced by a variety of
cytotoxic agents. Some of these agents, such as fibroblast growth factor, epidermal growth
factor, and transforming growth factor are known to display daily variations in their plasma
concentrations.68–70 It is likely that circadian modulation of responses to genotoxic stress in
vivo will reflect the complex superposition of multiple factors and levels of regulation.
Clearly, more experiments need to be done to decipher each of these levels of regulation.

CONCLUDING REMARKS
The recent progress in our understanding of the molecular link between the circadian system
and stress response pathways has focused on the role of circadian clock genes in modulating
sensitivity to anticancer drugs. However, there are other aspects of host-tumor interactions
that may be modulated by CLOCK/BMAL1 and may be potentially important in therapeutic
applications. For example, there is growing evidence that disruption of circadian rhythmicity
increases the rate of tumor progression both in experimental mouse models71 and in clinical
studies.72,73 The only mechanistic link between the circadian system and tumorigenesis that
has been proposed to date is based upon the observation that mice with mutations in the
circadian Period2 gene were more cancer-prone than wild-type mice.67 It is not clear,
however, if the observed predisposition is due to direct regulation of genes affecting cell
death and proliferation within individual cells or if it reflects the long-term effect of
disruption of circadian rhythmicity at the level of the organism. In the latter case, Period2
would qualify as a gene involved in tumor prevention rather than as a classical tumor
suppressor gene.

An improved understanding of the molecular link between the circadian system and
genotoxic stress response pathways and the identification of more direct targets of CLOCK/
BMAL1 that could modulate cell survival in response to stress both at the cellular and
organismal levels promise to improve treatment of human cancer patients. Circadian-
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modulated therapeutic regimens could be based on two approaches: they may either be
rationally adjusted to specific times that prove to be less toxic to normal tissues or may be
pharmacologically modulated by specific drugs acting through or on circadian system
regulators. In this respect, direct correlation of drug response in vivo with CLOCK/BMAL1
transcriptional activity recognizes this complex as a potential direct target for drug
discovery. The identification of such drugs is an extremely important goal as, ideally, it will
allow clinicians to specifically target tumor cells while sparing normal cells, independent of
the time of treatment.
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Figure 1.
Schematic representation of mammalian circadian autoregulatory feedback loop. Positive
elements of the loop (CLOCK and BMAL1) dimerize to activate rhythmic transcription of
Per and Cry genes through specific enhancer elements. The nuclear-localized CRY and PER
proteins interact with CLOCK and BMAL1 to negatively regulate CLOCK:BMAL1-
mediated transcription. Rev-erbα transcription is regulated by the same components that
control Per and Cry transcription, and the resulting circadian accumulation of REV-ERBα
leads to periodic repression of Bmal1 transcription.
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Figure 2.
Schematic representation of the molecular consequences of mutations in circadian genes.
(A) Normal circadian pattern of expression. Both core clock genes (Periods and
Cryptochromes) and multiple clock-controlled target genes are rhythmically expressed due
to periodic activation and inhibition of the CLOCK/BMAL1 transcriptional complex. (B)
Either mutation within the Clock gene or disruption of the Bmal1 gene blocks activation of
both core clock genes and clock-controlled target genes, resulting in reduced transcript
abundance. (C) Deficiency in both CRYPTOCHROMEs results in constant activation of
CLOCK/BMAL1 target genes. PERIODs cannot effectively inhibit CLOCK/BMAL1 in the
absence of CRY1 and CRY2 for two reasons: (1) PERs are not as potent inhibitors as
CRYs;74 and (2) CRYs are likely to promote PER nuclear translocation.75 The lack of CRY
inhibition is expected to lead to constant medium-to-high levels of target gene transcripts, as
demonstrated for Per transcripts.38,39
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