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Discussion

The circadian clock is responsible for generating daily rhythms in our behav-
ior, physiology and metabolism (Albrecht and Eichele, 2003; Pittendrich, 1993).
Many biological processes such as cell cycle regulation, apoptosis, cell metabo-
lism and detoxification are under circadian control (Matsuo et al., 2003; Miller et
al., 2007; Lavery et al., 1999). Therefore it might not come as a surprise that the
toxic response of cells to compounds may depend on the moment of exposure
(e.g. morning vs. evening), a phenomenon that is referred to as chronotoxicity (Lévi
and Okyar, 2011; Lévi and Schibler, 2007). Nowadays, many toxicity studies and risk
assessment assays use modern omics-based technologies to investigate and
identify differences in the biological response of cells exposed to environmental
chemical compounds. However, despite the fact that temporal (i.e. daily) variations
in gene expression, protein and metabolite levels can be expected to influence the
outcome of an omics-based experiment, the circadian clock is usually not considered.

In Chapter 2 we demonstrated the impact of the circadian clock on transcrip-
tomics experiments by demonstrating that the time of exposure has a dramatic
effect on the transcriptional response. To achieve this, we used cyclophospha-
mide (CP), a chemotherapeutic agent with known chronotoxic properties, as a
model compound (Gorbacheva et al., 2005). Previous studies demonstrated that
the functional status of the CLOCK/BMALT complex (activation of the E-box pro-
moter element-containing clock and clock-controlled genes) was responsible for the
sensitivity or tolerance seen in mice after exposure to CP (Gorbacheva et al., 2005).
Transcriptome analysis performed on the livers of mice exposed to CP at the
moments where animals were found to be sensitive and tolerant (ZT8 and
ZT20, respectively), revealed large differences in the number of differentially
expressed genes (DEGs) and pathways, with the strongest and weakest
response correlating with tolerance and sensitivity towards the drug, respectively. In
addition, we have shown that the use of time-matched control samples dramatically
reduces the number of false positive DEGs by eliminating clock controlled non-CP
responsive genes. This highlights the importance of the circadian clock when perform-
ing omics-based experiments to identify biomarkers for biological and toxic response.

The circadian system is known to activate the transcription of clock
controlled genes (CCGs), such as genes involved in metabolization and
detoxification processes, (e.g. phase | and Il and Ill enzymes) (Lévi and Schibler,
2007), as well as DNA repair, apoptosis, and DNA damage checkpoint control
genes (Fu et al., 2002; Gorbacheva et al., 2005; Gery et al., 2006; Kang et al., 2009,
Sancar et al., 2010). These biological processes might play a role in the chronotoxic
properties of CP or other (chemotherapeutic) compounds. Studies performed on
the cerebellum and liver revealed that one of the nucleotide excision repair (NER)
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factors that recognize the DNA damage, XPA, is under circadian control and is
directly regulated by the CLOCK/BMAL1 complex (Kang et al, 2009;
Sancar et al., 2010). The XPA protein was demonstrated to show a robust circadian
oscillation, which is anti-phase to CRY1 (Kang et al., 2010). The maximal CP
sensitivity was seen at the moment where XPA activity was at its lowest, which
coincides with the phase at which CLOCK/BMAL1 transcriptional activation levels
were at its lowest (early moring/afternoon) (Gorbacheva et al., 2005; Kang et al., 2009,
2010). This might suggest that the maximum and minimum repair capacities of NER are
responsible for the sensitivity and tolerance to CP at defined moments during the day.

In our study, mice were exposed to a single dose of CP for 4 hours and
immediately sacrificed afterwards. Gorbacheva and coworkers demonstrat-
ed a clear difference in the survival rate of mice that were chronically exposed
to CP for 3 days at defined time points. It is not known what kind of damage CP
exposure may cause within 4 hours and whether this is enough to already see any
chronotoxic effect. To understand more about the chronotoxic effects of CP, it
might be useful to study the CP-induced transcriptional response in circadian clock-
deficient mice, for instance in Cry1/Cry2 double knockout animals. These mice,
in which the E-box element containing genes are constitutively active, have been
demonstrated to be resistant to CP at any moment of the day (Gorbacheva et al., 2005),
and might therefore provide more information about the chronotoxic properties of CP.

To get a full understanding of the chronotoxic properties of any
compound it might be useful to not only study the liver, but also other organs and
tissues, such as kidney, stomach, lungs, blood and bone marrow. Moreover, in
addition to transcriptomic analysis, one might even consider using metabolic cages,
making it possible to collect the feces and urine of the animals in order to study
the detoxification processes and metabolites that are secreted from the body.
As animal exposure studies in chemical risk assessment are considered
undesirable due to high cost and the use of many laboratory animals, society wants us to
replace these in vivo assays by in vitro systems. To date many of these alterna-
tive systems make use of modern omics technology. However, in most of these
in vitro toxicogenomic studies, the circadian clock is also not considered. In or-
der to obey the 3R principle of legislation (replacement, refinement and reduc-
tion of animal testing), we decided to develop an in vitro assay that allows us
to study the chronotoxic properties of chemical compounds, and that might
provide us with a quick screening assay for risk assessment. In Chapter 3 we
designed a liver-based ex vivo chronotoxicity assay that allows us to screen (hepato)
toxic compounds for their (chrono)toxic properties. In order to set up an in vitro
or ex vivo chrono(hepato)toxicity assay, these systems must fit a couple of require-
ments, such as the ability to follow the circadian clock and the capacity to metabolize
compounds into their active form (i.e. expressing cytochrome P450 (CYP-450) phase
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[, Il 'and lll enzymes) (Xu et al., 2005). In our study, we used liver slices from the
Per2::Luc clock reporter mouse model. Liver slices have been demonstrated to be a
successful model system for toxicogenomics studies (Staal et al., 2007; Elferink et
al., 2008). Moreover, liver slices maintain tissue structure, cell-cell and cell-matrix
interactions, as well as expression of many xenobiotic enzymes (de Graaf et al., 2010;
Boess et al., 2003; Moronvalle-Halley et al., 2005), making this system more beneficial
compared to hepatocytes or established hepatoma cell lines (e.g. HepG2), which
lose their differentiation in culture and were demonstrated to express low levels of
xenobiotic enzymes (Ogino et al.,2002; Wilkening et al., 2003; de Graaf et al., 2010).

We have shown that liver slices display robust circadian oscillations that
can be followed in time by real-time recording of the Per2::Luciferase reporter. To
investigate whether liver slices can be used in a chronotoxicity assay, we have
used benzola]pyrene (B[a]P) as a test compound. In previous studies, exposure to
polycyclic aromatic hydrocarbons such as Bla]P and tetrachlorodivenzo-p-dioxin
(TCDD), was shown to induce CypTal in a circadian clock-dependent manner, with
highest and lowest induction at the peak and trough of Per2 (Tanimura et al., 2011; Qu
et al., 2010; Tischkau et al., 2011). The aryl hydrocarbon receptor (AhR), responsible
for the induction of many CYP-450 enzymes including CypTal, contains a bHLH/PAS
domain and is known to interact with the core clock component BMALT and has been
shown to be rhythmically expressed in the lungs, liver and SCN (Hogenesch et al.,
1997, Richardson et al., 1998). We showed that liver slices are a valuable tool to study
chronotoxic effects of chemical compounds, and that in liver slices, the induction of
Cyplal after Bla]P exposure is dependent on the moment of exposure (time of day),
with the highest induction at CTr12 (peak mPer2) and the lowest at CTr24 /0 (trough
of mPer2). By performing microarray analysis of liver slices exposed to B(a)P at those
time points, we found differences in gene expression patterns, related biological
functions and pathways, demonstrating the involvement of the circadian clock in the
biological response of B[a]P. Chronotoxicity assays in either in vivo, in vitro or ex vivo
systems might be very useful for risk assessment studies and may provide more insight
determining the moment of highest risk when exposed to (geno)toxic compounds.

The circadian clock has demonstrated to be involved in many disorders
and diseases such as cancer. Several epidemiological studies demonstrated that
disruption of the circadian rhythm may lead to cancer in humans and in
rodents (Schernhammer et al., 2001; Lee et al., 2010; Filipski and Lévi, 2009).
However, the involvement of the core clock genes in cancer progression is still poorly
understood. In Chapter 4 we investigated how downregulation of the circadian core
clock genes affects the cancer properties (i.e. proliferation, migration and invasion
capacity) and the response to genotoxic stress. We therefore systematically
downregulated the core clock genes in the well-characterized non-small-cell lung
carcinoma (NSCLC) cell line H1299. Our results demonstrate that knockdown of the
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core clock genes has a significant effect on cancer properties. However, our results
contradict with previous published studies, revealing that disruption of the clock is
harmful and may lead to cancer (Filipski et al., 2003; Lee et al., 2010; Fu et al., 2002). The
differences seen might be explained by the type of cell line used (e.g. cancer vs.
normal cells) specific cell characteristics (e.g. status of cell cycle related genes), as
well as on gene inactivation procedure (e.g. transient shRNA or siRNA transfection).

We also found significant differences in the genotoxic sensitivity of H1299
cells after stable downregulation of core clock genes. The circadian system is known
to influence the DNA damage response and the core clock gene Per? is known
to play a role in therein (Gery et al., 2006; Borgs et al., 2009). PER1 is shown to be
directly involved in the cellular stress response, where it activates the DNA damage
proteins ATM and phoshorylates CHK2 (Gery et al., 2006; Borgs, et al., 2009). This will
eventually lead to a cell cycle arrest and DNA repair (Borgs et al., 2009). However,
little is known about the involvement of the other core clock genes and proteins in
the DNA damage response. Previous studies demonstrated that the loss of both Cry
genes reduced cancer progression and improved the response to chemotherapeu-
tic agents. However, this was only seen in a P53-deficient background (Ozturk et al.,
2009; Lee et al., 2011). This phenotype is also seen after knockdown of both Cry genes
in the H1299 cell line, since H1299 cells do not express the P53 protein. This suggests
that in the absence of P53, the CRY proteins may play a significant role in the DNA
damage response. Furthermore, after downregulating CryT and Cry2 in the H1299
cell line, we found a difference in the genotoxic stress response. After genotoxic
exposure, CryT knockdown cells appeared to be resistant when exposed to cisplatin and
doxorubicin, while after Cry2 knockdown, the cell appeared to be extremely sensitive.
Our results suggest that the CRY2 protein plays a prominent role in the genotoxic
stress response. These studies reveal a specific function for the CRY proteins outside
the context of the clock, suggesting that this might also be the case for the other
core clocks genes. By performing omics-based analysis of our panel of clock gene
knockdown H1299 cells, we may be able to gain a better understanding of the
involvement of the core clock genes on cancer progression in a particular cell line or
mouse model.
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Summary
Life on Earth is constantly exposed to annual, monthly and daily (24-hour)
geophysical cycles. These cycles may cause temporal changes in the environment
and affect most, if not all life forms. Of these cycles, the daily 24-hour day/night cycle
has the most profound impact. To adapt to the day/night cycle, most organism have
developed an internal clock, the circadian clock (Latin, circa= about, diem= day), to
impinge 24-hour rhythmic cycles to behavioral, physiological and metabolic
processes (e.g., sleep-wake cycle, blood pressure, body temperature, hormone
secretion) and allows to anticipate to the momentum of the day. In mammals, the
circadian system is organized in a master clock the Suprachiasmatic nuclei (SCN),
and peripheral clocks located in all organs and tissues throughout the body.
The SCN is located in the hypothalamus, in the brain, and is responsible for the
generation of circadian rhythms. The SCN is a small bilateral pair structure of
10.000 neurons that receive light signals from the environment via the retina and
is therefore able to entrain the circadian system to the day/night cycle in order to
keep the same phase as the environment. Via hormonal and neural factors, the
SCN is able to synchronize the peripheral clocks to maintain a 24 hour rhythm.
At cellular level, circadian rhythms are generated by a molecular
oscillator, composted of positive and negative transcription translation feedback
loops. The CLOCK and BMALT protein, which are part of the positive loop, are
responsible for the activation of the genes involved in the negative loop, Period
(Per) and Cryptochrome (Cry) genes. The PER and CRY proteins are able to inhibit
CLOCK/BMAL1 and thereby also repress their own transcription, which results in a
circadian oscillation in gene expression with a periodicity of approximately 24 hours.
The CLOCK/BMALT1 protein complex also activates cyclic transcription of genes that
are not part of the molecular oscillator, but couple it to output processes. These clock
controlled genes (CCGs) account for approximately 10% of the whole genome and is
can be under direct or indirect control of the circadian oscillator. Many of these CCGs
are involved in the cell-cycle progression, apoptosis, metabolism and detoxification,
suggesting the involvement of the circadian clock in the (in)activation of genotoxic
compounds and the DNA damage response. Indeed, the magnitude of the cellular
response to (genojtoxic chemical compounds can depend on the moment (day/
night) of exposure, a phenomenon nowadays referred to as chronotoxicity. Likewise,
the efficacy and the severity of toxic side-effects of several chemotherapeutic agents
has been shown to be more pronounced at defined moments over the day which
may minimize the side effects and might therefore be very useful to treat cancer.
However, many toxicological studies do not take the circadian clock (and therefore
the daily variation in gene and protein levels) in consideration, which can influence
the outcome of these studies. In Chapter 2 we performed an exposure study in which
mice were treated with cyclophosphamide (CP), a widely used chemotherapeutic
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agent, at two define moments throughout the day (day/night). We found remarkable
difference in the amount of differentially expressed genes (DEGs) and pathways when
treated at those define time-points, demonstrating the importance of the circadian
clock and its role in (geno)toxic stress response. These kinds of in vivo toxicological
studies are very time and cost consuming, are requiring many animals, for which
reason society wants us to replace, reduce and refine animal studies. To obey
societies wishes, we decided to set up an ex vivo chronotoxicity assay. In Chapter 3 we
demonstrate that liver slices are an ideal model system to set up an ex vivo
chronotoxicity assay. The use of liver slices has many advantages, it maintains
similar structure as the liver in vivo, and liver slice express genes and proteins
involved in  xenobiotic activation such as Cytochrome P-450 enzymes
(CYP-450). We decided to use Benzola]pyrene (B[a]P) a known environmental
carcinogenic prodrug, which metabolic activation is under circadian control as
test compound. The main P-450 enzyme involved in the metabolization and
detoxification of Bla]P, CypTal, is rhythmic expressed after Bla]P exposure that
follows the circadian oscillation of mPer2. The liver slices were exposed to Bla]P
and collected at the moment of maximal and minimal induction of CypTal. Our
results revealed differences in pathways and DEGs that were specific to the time of
treatment. These results demonstrate that liver slices make a very useful system to
study the chronotoxicity of compounds and that B[a]P has chronotoxic properties.

Disruption of the circadian rhythm by either genetic defects or by
chronic disruption such as jet lag or shift work, has significant effects on human
health and can lead to many disorders and diseases, such as cancer. Furthermore,
the core circadian clock genes have been demonstrated to be involved in cancer
progression. In Chapter 4 we focus on the involvement of the core clock genes
on cancer cell properties and tumor progression of the well characterize human
non-small-cell lung carcinoma cell-line, H1299. By systematically downregulating
the core circadian clock genes we analyzed specific cancer characteristics
(proliferation, migration and invasion). Knockdown of the core circadian clock genes
in the H1299 cell line had a significant effect on cell growth, cell migration and inva-
sion, and genotoxic stress response. Our study suggests that disruption of the circadian
clock in the H1299 cell line might be useful for the treatment of this type of cancer. This
however our results contradicts with previous studies and suggests that there is still a
lot unknown about the involvement of the core circadian clock genes and cancer.

Overall, we demonstrated that the circadian clock plays an
important role in the toxicity and efficiency of (gen)toxic compounds, and that
downregulation of the core clock genes in the H1299 cell line has a
significant effect of the cancer characteristics and genotoxic stress response.
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Samenvatting
Leven op aarde wordt continue blootgesteld aan jaarlijkse, maandelijkse, en
dagelijkse (24-uur) geofysische cycli. Deze cycli veroorzaken tijdelijke verander-
ingen in de omgeving die vrijwel alle levensvormen op aarde beinvloeden. Van
deze cycli heeft de dagelijkse dag/nacht cyclus het grootse effect. Om zich te
kunnen aanpassen aan deze dagelijkse veranderingen hebben de meeste
organismen een interne klok, circadiane klok (Latijns circa= ongeveer, diem= dag),
ontwikkelddiezorgtvooreenongeveer24 uurdurende cyclusin gedrags, fysiologische
en metabolische processen (bijvoorbeeld, slaap/wakkerritme, bloeddruk,
lichaamstemperatuur, hormoon uitscheiding) die nodig zijn gedurende dag.
Het circadiane systeem in zoogdieren is opgedeeld in een centrale klok in de
suprachiasmatische nucleus (SCN), en in perifere klokken die zich bevinden in
vrijwel alle organen en weefsels. De SCN bevindt zich in de hypothalamus in het
hersengebied, en is verantwoordelijk voor het genereren van circadiane ritmes.
De SCN bestaat uit een tweetal kleine bilaterale structuren van ongeveer 10.000
neuronen en ontvangt lichtsignalen uit de omgeving (dag/nacht cyclus) via de
retina om zo dezelfde fase/ tijdindictie te behouden als de
omgeving. Via hormonale en neuronale factoren kan de SCN de perifere
circadiane klokken synchroniseren om zo ook een 24 uur ritme aan te houden.
Op cellulair  niveau worden circadiane ritmes in zoogdieren
gegenereerd door een moleculaire oscillator, bestaande uit positieve en
negatieve transcriptie/translatie terugkoppelings cycli. Hier zijn de CLOCK en
BMAL1 eiwitten, die deel uitmaken van de positieve cyclus, verantwoordelijk
voor het activeren van de expressie van de Period (Per) en Cryptochrome (Cry)
genen, die deel uitmaken van de negatieve loop. De PER en CRY eiwitten kunnen
vervolgens hun eigen activiteit remmen door CLOCK/BMAL1 te onderdrukken,
hierdoor ontstaan er genexpressies met circadiane oscillaties van ongeveer 24 uur.
De CLOCK/BMAI1 eiwitten activeren ook genen die geen deel uitmaken van de
moleculaire oscillator, maar die wel circadiane oscillaties vertonen. Deze klok
gereguleerde genen zijn goed voor ongeveer 10% van alle genen van het
gehele genoom, staan onder directe of indirecte controle van CLOCK/BMAI1, en
koppelen de klok aan circadiane output processen, zoals metabolische en
fysiologische processen. Veel van deze klok gereguleerde genen zijn betrokken
bij een aantal biologische processen zoals de voortgang van de celdelingscyclus,
apoptose (celdood), stofwisseling en ontgifting, en laat dus zodanig de
betrokkenheid van de circadiane klok zien bij de (de)activatie van (geno)toxische
stoffen en bij DNA schade response. Bovendien is gebleken dat van veel
(geno)toxische stoffen het moment van blootstelling (dag/nacht) een grote
invloed heeft of de cellulaire response, een fenomeen wat tegenwoordig
chronotoxiciteit word genoemd. Daarnaast, is bewezen dat de doeltreffendheid en de
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schadelijke bijwerkingen van chemotherapeutische middelen afhankelijk zijn van
het moment (dag/nacht) van blootstelling. Door deze medicijnen op het juiste
moment van de dag toe te dienen kunnen de bijwerkingen geminimaliseerd
worden en kan de behandelingsmethode effectiever zijn. Vele toxicologische
studies houden geen rekening met de circadiane klok en de dagelijkse
veranderingen in de activiteit van genen en de hoeveelheid eiwit in de cel,
wat de uitkomst van deze studies enorm kan beinvloeden. Om de betrokken-
heid van de circadiane klok bij het uitvoeren van toxicologische experimenten
aan te tonen, hebben wij in hoofdstuk 2 muizen behandeld op twee specifieke
momenten van de dag (dag/ nacht) met cyclophosphamide (CP), een gebruikelijk
chemotherapeutisch middel met chronotoxische eigenschappen. Uit ons onderzoek
is gebleken dat er duidelijke verschillen zijn in differentiéle genexpressie niveaus en
pathways tijdens blootstelling op de twee tijdstippen. Deze resultaten laten duidelijk
hetbelang zien van de circadiane klok en de rol die het speeltin (geno)toxische stress.
Het uitvoeren van in vivo experimenten is erg tijdrovend, duur en vereist veel
proefdieren. Omdat de maatschappij/samenleving aandringt op vervanging,
vermindering en verfijnen van dierproeven, hebben wij besloten om een ex vivo
chronotoxiciteit assay op te zetten. In hoofdstuk 3 laten we zien dat leverplakjes een
ideaal ex vivo model system vormen voor het opzetten van een chronotoxiciteitsas-
say. Het gebruik van leverplakjes heeft vele voordelen, het is vergelijkbaar met de
intacte lever (heeft vergelijkbare structuur als de lever), en vele genen en eiwitten
betrokken bij xenobiotische activatie, zoals cytochroom P-450 enzymen (CYP-450)
komen tot expressie. Voor het opzetten van de ex vivo chronotoxiciteit assay hebben
we Benzo[a]pyrene (B[a]P), een bekend milieu verontreinigd carcinogene als test stof
gebruikt, waarvan het metabolisme onder circadiane controle staat. Het CYP-450
enzym, Cyplal is voornamelijk verantwoordelijk voor de metabolisatie en
detoxificatie proces van B(a)P, en komt ritmisch tot expressie na B[a]P blootstelling
en is vergelijkbaar met de circadiane oscillatie van mPer2. Lever plakjes werden
blootgesteld aan B[a]P en gecollecteerd op de tijdstippen waar CypTal maximaal
en minimaal geinduceerd werd. Onze studie laat duidelijke verschillen zien in differentiéle
genexpressie waarden en pathways op de verschillende tijdspunten. Uit deze resultaten
concluderen wij dat het mogelijk is om lever plakjes te gebruiken voor het bestuderen
van de chronotoxiciteit van stoffen, en dat B[a]P chronotoxische eigenschappen bevat.

Het verstoren van het circadiane ritme door genetische verander-
ingen of chronische verstoring van het ritme, zoals jet lag en shift werken, heeft
aanzienlijk veel effect of gezondheid en kan voor vele aandoeningen en ziektes
veroorzaken zoals kanker. Daarnaast zijn de essentiéle circadiane klokgenen
betrokken bij kankerprogressie. In hoofdstuk 4 laten we zien wat voor
effect de essentiéle circadiane klokgenen hebben op de kankerprogres-
sie in de goed gekarakteriseerde humane long carcinoma cellijn, H1299. Door
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systematisch de circadiane klok genen uit te schakelen hebben wij de specifieke
kankereigenschappen (celgroei, -migratie en -invasie) geanalyseerd. Het
uitschakelen van de circadiane klokgenen in de H1299 cellijn heeft een significant
effect op de celgroei, celmigratie, celinvasie en op de genotoxische stress na
blootstelling aan chemotherapeutische middelen. Onze studie suggereert dat
verstoring van de circadiane klok in deze cellijn waarschijnlijk erg nuttig kan zijn
bij de behandeling van deze vorm van kanker. Hoewel onze resultaten voorgaande
studies zowat tegenspreken, suggereert dit dat er nog veel onbekend is over de
betrokkenheid van de circadiane klokgenen in het ontstaan en behandelen van kanker.

Samenvattend hebben wij aangetoond dat de circadiane klok een
belangrijke rol speelt bij de toxiciteit en werkzaamheid van (geno)toxische stoffen.
En dat de uitschakeling van de circadiane klok genen in de H299 cellijn significant
effecten hebben op de kanker eigenschappen en genotoxische stress respons.
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Our society expects safety assessment for drugs, chemicals, cosmetics, and foods, which to date cannot be
achieved without the use of laboratory animals. At the same time, society aims at refining, reducing, and
(ultimately) replacing animal testing. As a consequence, much effort is taken to establish alternatives, such
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as toxicogenomics-based risk assessment assays on cultured cells and tissues. Evidently, the properties of
cells in vitro will considerably differ from the in vivo situation. This review will discuss the impact of the
circadian clock, an internal time keeping system that drives 24-h rhythms in metabolism, physiology and
behavior, on in vitro genotoxic risk assessment. Our recent observation that DNA damaging agents can
synchronize the circadian clock of individual cells in culture (and as a consequence the cyclic expression
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of clock-controlled genes, comprising up to 10% of the transcriptome) implies that the circadian clock
should not be neglected when developing cell or tissue-based alternatives for chronic rodent toxicity
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1. Introduction

Carcinogenesis is a multi-step process in which genetic and
epigenetic alterations enable cells to escape from regulated cell
proliferation programs. A selective growth advantage of such cells
(allowing clonal expansion), along with a loss of genomic sta-
bility (resulting in neoplastic transformation) ultimately results
in the formation of primary and secondary (metastatic) tumors
[1]. It is generally believed that the driving force behind tumor
induction and progression is the induction of deletions and muta-
tions, originating from DNA damage instigated by the exposure

* Corresponding author. Tel.: +31 10 7043455/199; fax: +31 10 7044743.
E-mail address: g.vanderhorst@erasmusmc.nl (G.T.J. van der Horst).

1383-5718/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.mrgentox.2009.09.001

of the genome to dispense endogenous (i.e. reactive metabolic
byproducts) and environmental (i.e. ionizing radiation, ultravi-
olet light, chemical compounds) agents [2]. To counteract the
deleterious effects of DNA damage and faithfully duplicate their
genome, cells have evolved an intricate network of genome care
taking mechanisms, which include DNA damage signaling, cell
cycle arrest, DNA repair, replicative senescence, and apoptosis, and
which are collectively referred to as the DNA damage response
(DDR) [3-5]. Malfunction of DDR pathways causes a mutator phe-
notype and predisposes to cancer, as well illustrated by genetic
disorders like ataxia telangiectasia (AT; defective DNA damage
signaling), xeroderma pigmentosum (XP; defective nucleotide
excision repair), Fanconi anemia (defective cross-link repair), Li-
Fraumeni, and familial retinoblastoma (defective cell cycle control)
[6].
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As cancer is the second leading cause of death in the West-
ern society, and since pharmaceutical, chemical, cosmetic, and
food industries are continuously developing new chemical com-
pounds (adding up to the vast amount of natural environmental
toxicants and carcinogens), it does not come as a surprise that
our society demands such synthetic compounds to be tested for
(geno)toxic and carcinogenic potential. To date, the only direct
test for carcinogenic risk assessment of chemicals involves chronic
exposure of rodents (or other animals, e.g. dogs) to various doses
of the test compound (18-24 months; at least 50 animals per
sex per dose) and analysis of tumor incidence and tumor type
[7,8]. As this chronic in vivo bioassay (apart from being time-
consuming, expensive, and having limited sensitivity) uses large
numbers of animals and has a severe impact on animal welfare, it
also does not come as a surprise that the same society urges the
scientific community to invest in the development of assays that
reduce and refine, and preferably replace animal use (3-R princi-
ple).

An important step towards refinement has been made with
the establishment of transgenic animal models such as the
Xpa~!-[p53*/~ mouse (deficient in nucleotide excision DNA repair
and lacking one allele of the p53 tumor suppressor gene), which
robustly responds in a very sensitive and discriminative man-
ner to human genotoxic and non-genotoxic carcinogens within 9
months following initiation of treatment [9,10]. More recently, the
Xpa~!~[p53*/~ mouse model has also been used in a short-term
(14 days) exposure study, combined with a genome wide expres-
sion profiling using micro-array technology. This toxicogenomics
approach allowed the identification of multigene gene-expression
signatures as a highly predictive and discriminative biomarker for
genotoxic and non-genotoxic carcinogens [11].

The ultimate aim is to entirely replace animal-based carcino-
genic risk assessment assays by in vitro assays that make use of
cultured tissue explants and/or cell lines, the latter requiring no
animals at all. To this end, many efforts are undertaken worldwide
to establish and validate transcriptomics-based high-throughput
cellular assays for carcinogenic risk assessment. Evidently, in vitro
culture systems have their own limitations and in vivo-in vitro dif-
ferences should be taken into account. For example, whereas in the
intact organism, mammalian cells usually are exposed to oxygen
levels ranging from 2 to 8% [12], cell culturing is often routinely
performed at atmospheric oxygen levels (20%). Under such condi-
tions, primary embryonic mouse fibroblasts will undergo a limited
number of population doublings and enter a state of replicative
senescence, after which some cells may escape and grow into a
spontaneously immortalized cell line. This process is accompanied
by an increase in spontaneous mutation frequency and a robust
DNA damage response, which can be prevented by culturing the
cells at 3% oxygen [13-15].

Another potential source of in vivo-in vitro differences is the
presence of an internal time keeping system, known as the circa-
dian clock. Mammals are equipped with an internal light-entrained
circadian clock that drives 24-h rhythms in metabolism, physiol-
ogy, and behavior, and allows them to optimally anticipate the
momentum of the day. Evidence is increasing that the intensity
of adverse effects of exposure to environmental (e.g. pollutants) or
therapeutic (e.g. anti-cancer drugs) genotoxic agents can depend on
the time of exposure (e.g. morning vs. evening). The phenomenon of
time-dependent changes in an organism’s sensitivity to toxicants is
referred to as chronotoxicity [16,17]. Conversely, we have recently
shown that genotoxic agents impinge on the circadian clock [18].
Below, following a general introduction on the circadian system, we
will discuss the implications of the reciprocal link between geno-
toxic stress induced by DNA damage and the circadian clock, as
well as its potential impact on in vitro genotoxic risk assessment
assays.

2. The circadian system

The rotation of the earth around its axis imposes daily recurring
changes to our environment, notably cyclic light-dark and tempera-
ture alternations. To anticipate to these solar day-night cycles, most
organisms have developed an internal clock with a near 24-h peri-
odicity, allowing them to optimally tune metabolic, physiological,
and behavioral functions (e.g. the sleep-wake cycle, body temper-
ature, blood pressure, hormone levels) to the special physiological
needs the organism will have at specific times during the day [19].
The importance of circadian (Latin for “approximately one day”)
clocks is well illustrated by the fact they have evolved multiple
times during evolution and are found across all three kingdoms of
life [20]. To maintain synchrony between body time and solar time,
circadian clocks need to be adjusted every day by light.

2.1. The light-entrained central clock in the SCN

Akey feature of circadian rhythms is that they are self-sustained
and persist in the absence of light-dark cycles. When housed in
constant darkness, laboratory mice will maintain a “free-running”
rest-activity pattern with a period length (7, tau) that is determined
by the internal clock. In search for the location of the mammalian
circadian clock, rodents have been subjected to lesion experiments
in which defined brain areas were selectively damaged. Ablation
of a small region in the hypothalamus, known as the suprachias-
matic nucleus (SCN), was shown to cause behavioral arrhythmicity
[21,22]. Moreover, transplantation of fetal SCN tissue to the brain of
arrhythmic SCN-lesioned hamsters restored their circadian behav-
ior [23] through a diffusible signal [24]. Although these experiments
already pointed to the SCN as the primary clock organ, the pivotal
evidence putting the SCN at the top of the circadian hierarchy came
from transplantation experiments with the first mammalian circa-
dian mutant, the tau hamster, displaying a behavioral period of 22
and 20h in the hetero- and homozygote state, respectively [25].
By transplanting a mutant SCN to SCN-lesioned wild type ham-
sters (and vice versa), the Menaker group showed that behavioral
rhythms were restored and that the circadian period of the recipient
animal was determined by the mutant donor SCN [26].

On average, the period of the rodent circadian clock is shorter
than 24 h, whereas the human clock has the period slightly longer
than 24 h[27]. Accordingly, the SCN clock needs to be adjusted daily
to keep pace with the exact 24-h solar light-dark cycle. Although
various stimuli can reset the circadian clock, nature has chosen
light (representing the most reliable and predictable environmen-
tal change) as entraining stimulus [28,29]. For instance, when
housed in constant darkness, a light pulse at the end of the sub-
jective night (the activity phase in rodents) will phase advance the
clock of mice, resulting in an earlier onset of activity and other
clock-controlled processes. Oppositely, exposing the same animals
to a light pulse at the beginning of the subjective night will result
in a phase delay. During the subjective day (the resting phase in
rodents) light pulses do not exert any effect.

The light information, to achieve the photoentrainment, is
perceived by the eye and transmitted to the SCN through the retino-
hypothalamic tract. To this end, the inner nuclear layer of the retina
is equipped with a subset of ganglion cells that contain the pho-
topigment melanopsin and project specifically to the SCN [30-32].
However, as melanopsin deficient mice still show residual pho-
toentrainment (unless crossed with rodless/coneless mice), other
photopigments likely also contribute to circadian photoentrain-
ment [33-36].

2.2. Circadian rhythmicity is generated by a molecular oscillator

Molecular and genetic analysis of the circadian clock in plants
(Arabidopsis), fungi (Neurospora), insects (Drosophila), amphibia
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Fig. 1. The mammalian circadian oscillator. Simplified scheme showing the molec-
ular mammalian circadian oscillator composed of a negative feedback loop and one
auxiliary feedback loop. In this model CLOCK/BMAL1 (components of the positive
limb) drive expression of the Cry and Per genes through E-box elements in their
promoters. Following synthesis and accumulation of the CRY and PER proteins in
the cytoplasm (delayed by extensive posttranslational modification of the proteins,
resulting in degradation by the ubiquitin-proteasome system), CRY and PER proteins
form complexes that shuttle between cytoplasm and nucleus. When the nuclear con-
centration of CRY/PER complexes reaches a critical level, they inhibit CLOCK/BMAL1
driven transcription. This same mechanism also generates rhythmic transcription
of E-box containing clock-controlled output genes with a phase similar to the Cry
and Per genes. At the same time CLOCK/BMAL1 activate Rev-erba/B gene expres-
sion. The REV-ERBa/$ proteins bind to ROR-elements in the Bmall promoter and
inhibit Bmall expression by displacing the ROR transcriptional activators from the
ROR-elements. This causes circadian expression of Bmall, as well as output genes
with ROR-elements with a phase that is opposite to that of the E-box element con-
taining genes. Among the first order output genes are other transcription factors
that drive rhythmic expression of their target genes with a phase different from
the E-box or RORE containing genes. These second order genes usually have lower
amplitude oscillations than the first order output genes, which are direct targets of
CLOCK/BMALT or ROR.

(Xenopus), fish (zebrafish), and mammals (rodents) revealed
that circadian rhythms are generated by a molecular oscil-
lator, consisting of an ingeniously designed auto-regulatory
transcription-translation feedback loop (TTFL) in which cyclically
expressed clock gene products regulate their own expression with
an approximate 24-h periodicity [20].

As shown in Fig. 1, the mammalian molecular oscillator con-
sists of a feedback loop in which the transcription factor Brain and
muscle Arnt-like protein-1 (BMAL1) together with either CLOCK or
Neuronal PAS domain protein 2 (NPAS2) drives transcription of the
Cryptochrome (Cry1 and Cry2) and Period (Per1 and Per2) genes
through E-box enhancer elements in their promoters. After a delay
of several hours, the gene products accumulate and form CRY/PER
heterodimers that move to the nucleus and shut down their
own expression (negative feedback) by inhibiting BMAL1-CLOCK-
mediated transcription [37]. Inactivation of Bmal1 or simultaneous
inactivation of Cry1 and Cry2, or Per1 and Per2 results in an imme-
diate loss of rhythmicity at the behavioral and molecular level
[38-43], demonstrating the importance of this negative feedback
loop. Additionally, other feedback loops exist that are thought
to confer robustness and precision to negative feedback driven
oscillations [44]. In one of these loops, CLOCK/BMAL1 activates
transcription of the Rev-erba orphan nuclear receptor gene. The
REV-ERBa protein inhibits Receptor tyrosine kinase-like orphan
receptor (ROR)-driven transcription of the Bmall gene by compet-
ing with the ROR proteins for binding to ROR-elements (RORE)
in the Bmall promoter [45]. This mechanism generates high-
amplitude oscillations in Bmal1 transcription and, even though this

loop is not essential for the clock mechanism, it extends rhythmic
transcription to genes with RORE elements in their promoters.

In addition, prominent posttranslational modification of clock
proteins occurs [46]. Particularly, phosphorylation and ubiqui-
tination of the PER and CRY proteins (determining the rate of
degradation of these proteins) is important to establish the delay
in Cry and Per mRNA and protein peaks.

2.3. Peripheral clocks in other tissues and cells

Initially, neurons of the central circadian pacemaker in the SCN
were thought to be the only cell type capable of generating long-
term self-sustained circadian rhythms. However, using transgenic
rats expressing the luciferase reporter gene under control of the
Per1 promoter, it was shown that circadian oscillators also exist in
peripheral tissues [47]. In all rat and mouse peripheral tissues ana-
lyzed thus far, such peripheral clocks oscillate with a 7-11 h phase
delay (depending on the organ) compared to the master oscilla-
tor in the SCN. However, peripheral circadian oscillators appeared
not self-sustaining as the luciferase signal gradually damps ex vivo,
when tissues are disconnected from the SCN [47]. However, using a
knock-in mouse model expressing a PERIOD2::LUCIFERASE fusion
protein as a real-time reporter of circadian dynamics, the Takahashi
laboratory later showed that explanted peripheral tissues were
capable of maintaining self-sustained rhythms [48]. Importantly,
SCN-lesioning caused a phase desynchrony of peripheral clocks in
these animals, suggesting that peripheral clocks are self-sustained
and desynchronize, rather than dampen in the absence of the SCN
[48]. Moreover, these findings also show that the SCN functions to
maintain proper phase relationships between tissues, rather than
being the driving force for peripheral clocks [48]. Peripheral oscil-
lators are thought to regulate the circadian output of the functions
specific to that particular tissue or organ. In contrast to the SCN core
oscillator, peripheral oscillators are not entrained by light. How-
ever, rodent kidney and liver peripheral clocks have been shown to
be able to entrain to restricted food availability during the subjec-
tive day, when the rodents normally sleep. As the SCN clock does
not respond to alter feeding patterns, restricted feeding thus causes
a phase uncoupling of master and peripheral clocks [49].

Cultured fibroblasts serve as excellent tools to study circadian
clock performance at the molecular level. Whereas cell cultures
provided with a clock reporter gene do not show circadian oscil-
lations, the Schibler group has shown that robust oscillations can
be induced by exposing confluent, serum-starved cell cultures to
50% serum [50]. It soon became clear that a variety of compounds
acting on different pathways (e.g. cAMP/PKA and MAPK) were
able to elicit the same response [51-53]. Later, it was shown that
aforementioned treatments cause a synchronization of individ-
ual self-sustained cellular oscillators rather than a reinitiation of
damped cellular oscillators. To achieve this synchronization, the
clock of the individual cells must be reset to the same phase [54].
For the glucocorticoid receptor agonist dexamethasone, for exam-
ple, this synchronization is achieved by resetting all phases of the
individual cells to the same, new phase [54].

The composition and molecular mechanism of the circadian
oscillator in peripheral cells is essentially the same as that of the
SCN clock and, as shown for mouse embryonic and dermal fibrob-
lasts from clock mutant mice, genetic defects that affect period
length or cause arrhythmicity of behavior, have the same effect
on the peripheral molecular oscillator in vitro [50,55].

2.4. Clock-controlled output processes
The circadian core oscillator is coupled to behavioral, physio-

logical, and metabolic output processes through clock-controlled
genes, which may contain E-box or ROR-elements in their promoter
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(Fig. 1). Among these clock-controlled genes are transcription fac-
tor encoding genes, which further add to the complexity and
dynamics of circadian gene expression by rhythmically driving
output genes with a phase different from that obtained with E-
box or ROR-elements alone [56,57]. One well-studied example of a
clock-controlled transcription factor is the PAR-bZIP transcription
factor DBP (D-site albumin promoter Binding Protein), expression
of which is directly activated by CLOCK/BMAL1 [58]. Two other
related PAR-bZIP transcription factors, Thyrotroph Embryonic Fac-
tor (TEF) and Hepatic Leukemia Factor (HLF), have also been shown
to oscillate. Together with DBP, they generate circadian expres-
sion of many genes involved in detoxification and drug metabolism
[59]. Other examples of rhythmically expressed transcription fac-
tors include Peroxisome Proliferator-Activated Receptor o (PPAR«t)
and a variety of other nuclear receptors that link the circadian
clock to metabolism and possibly other processes [60,61]. Through
these combined mechanisms the clock generates rhythms in gene
expression of up to 10% of the genome [62]. The genes that oscillate
vary from tissue to tissue, possibly reflecting the specific require-
ments for each tissue.

Surprisingly, as shown using a mouse model with a conditional
active/inactive liver clock, a portion of the rhythmically expressed
genes (including the clock gene Per2), keep oscillating even in the
absence of a functional molecular liver clock [63]. The circadian
expression of these genes is probably driven by circadian systemic
cues and/or body temperature cycles.

By cyclically expressing genes encoding posttranslational mod-
ification enzymes, the circadian clock may also control the function
of output proteins that are constitutively expressed (and thus
escape notice in transcriptome profiling or other gene expression
studies). For example, the expression of the cell cycle kinase WeeT is
controlled through E-box elements in its promoter, leading to circa-
dian oscillations of WEE1 protein and kinase activity and resulting
in circadian phosphorylation of its constitutively expressed target
proteins [64]. More recently, the activity of the NAD*-dependent
deactylase Sirtuin 1 (SIRT1) was shown to be controlled by the cir-
cadian clock through transcriptional control of the Nampt gene,
encoding nicotinamide phosphoribosyltransferase, which acts as
a SIRT1 cofactor and rate-limiting enzyme in the NAD* salvage
pathway [65,66]. SIRT1 deacytelates proteins such as histones, p53,
FOXO, PGC1a, PER2 and BMALT1, and as such acts in a wide range of
processes such as cell cycle control, metabolism, and the circadian
clock itself [67]. Thus, the circadian clock may influence these pro-
cesses through control of SIRT1 activity, which may have important
implications for toxicological and therapeutic studies.

Besides these intra-cellular mechanisms, the clock in the central
nervous system governs the secretion of many hormones and pep-
tides, through which it affects cellular processes in the periphery.
Even the circadian variation in body temperature has an impact on
peripheral oscillations by regulating the activity of the transcription
factor heat-shock factor 1 (HSF1) [68].

3. The circadian clock, cell cycle and DNA damage
sensitivity

Interestingly, recent studies have shown that the cell cycle, as
well as the DNA damage response that controls cell cycle progres-
sion under conditions of genotoxic stress, are connected to the
circadian clock [5,69,70]. A circadian clock mediates an additional
layer of control over cell cycle progression and it may well originate
from the need of organisms to restrict replication of their genome
(i.e.S-phase) to the moment of the day where the risk of exposure to
environmental and endogenous DNA damaging agents (i.e. ultravi-
olet light during the day; reactive oxygen species and other harmful
metabolic side products generated during respiratory metabolism)

is at its lowest [71,72]. There have been several reports on circa-
dian variation in cell cycle division in human and rodent tissues
[73-75]. For instance, human epidermal cells have been shown to
follow a diurnal pattern of periodic entrance from G1 into S-phase,
with higher levels of DNA synthesis noted between 2 and 6 p.m.
[74] with p53 and cyclin E, A, and D1 gene expression exhibiting a
circadian pattern [75].

To date, many of the core clock genes have been linked to cell
cycle related phenotypes, both in vitro and in vivo. The first demon-
stration came from experiments with Per2 mutant mice. When
exposed to ionizing radiation (IR), mutant animals displayed a
marked increase in tumor development (as compared to wild type
animals) and an impaired DDR in thymocytes [76]. Under normal
conditions and after IR, the expression of several cell cycle and DDR
related genes (including c-Myc and several p53 target genes) was
altered in the Per2 mutant liver. This impaired DDR response and
IR-induced tumorigenesis was not observed in fibroblasts and mice
deficient in other components of the negative regulatory feedback
loop, such as the Cry1 and Cry2 genes [77].

Some mechanistic insight into how the circadian clock gates
cell cycle progression came from a study of liver regeneration
after partial hepatectomy [64]. In wild type mice, partial hepate-
ctomy causes hepatocytes (normally in a Gg state of non-division)
to start proliferating en masse and entry into M-phase was shown
to be time-of-day dependent. In contrast, arrhythmic Cry1/Cry2-
deficient mice did not display such gating of cell cycle progression.
Additionally, Cry-deficient hepatocytes also took longer to restore
the liver to its original mass, a phenotype that was linked to consti-
tutively high expression and activity of the clock-controlled WEE1
kinase that governs entry to M-phase [64]. In another study, mice
lacking components of the negative limb of the feedback loop (i.e.
Cry1/Cry2 or Per1/Per2 animals) were shown to have increased
bone mass due to accelerated proliferation of osteoblasts in a cell-
autonomous manner [78].

Components of the positive limb of the circadian oscillator
have also been implicated in cell cycle control. Proliferation of
arrested, serum-starved Clock mutant mouse embryonic fibrob-
lasts was impaired after serum-induced cell cycle re-entry [79].
Microarray analysis of the liver transcriptome revealed that a vari-
ety of cell cycle related genes are under circadian control and have
altered expression levels in Clock mutant tissues, some but not all of
these genes were also deregulated in Clock mutant mouse embry-
onic fibroblasts [79]. Bmal1-deficient hepatocytes, cultured in vitro,
showed a phenotype similar to Clock mutant fibroblasts [80]. The
reduced proliferation in Bmal1-deficient hepatocytes was linked to
increased expression level of p21 (also known as Cdkn1a).

Energy metabolism (producing reactive radicals) and xenobi-
otic metabolism are prominently controlled by the circadian clock,
implying that the sensitivity of tissues to environmental (e.g. pol-
lutants) or therapeutic (e.g. anti-cancer drugs) genotoxic agents
can depend on the time of exposure (e.g. morning vs. evening).
Indeed, it is known for long that the effectiveness of radiother-
apy and chemotherapeutic agents and the extent of toxic side
effects depend on the time-of-day of administration [81]. This phe-
nomenon is referred to as chronotoxicity, and its intended use in
the clinic chronotherapy. Investigating how the circadian clock is
connected to the cell cycle and DDR is of prime importance for
understanding why and how chronotoxicity and chronotherapy
work, especially when it involves genotoxic agents.

4. DNA damage and the circadian clock
Interestingly, we and others [18,82] have shown that the con-

nection between the mammalian clock and the DDR is reciprocal.
When studying the response of cultured fibroblasts to DNA dam-
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Fig. 2. DNA damage synchronizes the circadian clock in vitro. Northern blot analysis of Bmall, Per2 and Dbp mRNA levels following treatment of Rat-1 fibroblasts with
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the circadian clock with a 12 h phase difference as compared to endothelin-1, implying different underlying clock resetting mechanisms. Upper panel adapted from Yagita

etal. [55] and reprinted with permission from AAAS.

age, we noticed to our great surprise that ionizing radiation is
able to synchronize the circadian clock with an opposite phase
angle, as compared to the rhythms elicited upon treatment of
cells with known synchronizers such as serum shock, forskolin and
dexamethasone (Fig. 2). This finding prompted us to investigate
whether ionizing radiation could phase shift the circadian clock
of synchronized cell cultures. As shown in Fig. 3, using confluent
forskolin-synchronized Rat-1 fibroblasts, expressing a luciferase
reporter gene under control of the Per2 promoter, we observed
that ionizing radiation (IR) phase-advanced the circadian clock
in a dose- and time-dependent manner [18]. A similar response
could be provoked by ultraviolet light and oxidative stress, sug-
gesting that clock resetting may be a universal property of DNA
damage. Moreover, a non-lethal dose of ionizing radiation was also
able to phase advance the running-wheel-behavior of free-running
C57BL6/] mice when treatment was performed in the middle of
the subjective day (CT6), but not at the end of the subjective night
(CT22)[18]. This type of clock resetting is very different from light-
mediated phase shifting: photic pulses are known to phase advance
or delay the clock only during the subjective night, and not dur-
ing the subjective day. The phase response curve (PRC) for ionizing
radiation in cultured mammalian cells [18,82] is remarkably simi-
lar to the PRC for the genotoxic agent MMS in the mold Neurospora
[83] and ultraviolet light in the flagellate Gonyaulax [84]. In both
cases, only phase advances were observed, and only when applied
during the subjective day.

Noteworthy, ionizing radiation-induced phase shifting of the
mammalian circadian clock does not involve temporary changes
in the expression level of known clock genes (i.e. Per1, Per2, Cry1,
Cry2, Bmall, Clock) and does not require de novo protein synthesis,
suggesting that some posttranslational modification mechanism
might be at work. Our observation that three different genotoxic
agents (i.e. ionizing radiation, ultraviolet light and tert-butyl per-
oxide) were able to reset the mammalian circadian clock not only
points to DNA damage as the causative trigger, but also suggests
that a clue to the underlying mechanism might be found among the
DNA damage response pathways. Indeed, we have shown that ion-
izing radiation-induced phase shifting of the mammalian molecular
clock is abrogated in cultured fibroblasts from cancer-predisposed
ataxia-telangiectasia and Nijmegen breakage syndrome patients

(carrying mutations in the ATM and NBS gene, respectively) and
in Rat-1 cells treated with an ATM-specific inhibitor [18]. The
ATM (ataxia telangiectasia mutated) protein belongs to the phos-
phatidylinositol 3-kinase-related kinase (PIKK) family of protein
kinases and initiates the DNA damage signaling cascade by phos-
phorylating cell cycle regulator and DNA repair proteins [85].

How does the DNA damage response (notably DNA damage sig-
naling and the ATM kinase) connect to the circadian system? In
Neurospora, the DNA damage-induced clock resetting is mediated
by phosphorylation of the Frequency (FRQ) clock protein (one of
the core proteins of the Neurospora clock; see [86]) by PRD-4, an
ortholog of the mammalian checkpoint kinase CHK2 [83]. Thus, the
question arises which mammalian clock protein would serve as
a candidate for bridging DNA damage signaling and the circadian
clock. Recently, in a large-scale mass spectrometry analysis, the
PER1 clock protein was identified as a potential target for ionizing
radiation-induced phosphorylation by ATM/ATR [85]. Furthermore,
PER1 was shown to physically interact with the ATM and CHK2 pro-
teins [87]. Although other clock proteins should not be excluded,
these findings make PER1 a good candidate to reciprocally connect
the DDR and circadian clock pathways.

5. C es for in vitro ic risk

assays

Evidently, our recent observation that DNA damaging agents
can synchronize the circadian clock of individual cells in culture
(and as a consequence the cyclic expression of clock-controlled
genes, comprising up to 10% of the transcriptome) has implications
for the development of transcription profiling based in vitro risk
assessment assays.

Let us consider the set-up of a typical experiment for determina-
tion of the transcriptional response of cultured cells (e.g. fibroblasts,
primary hepatocytes, HepG2 cells, etc.) upon exposure to genotoxic
stress (Fig. 4A). In this experiment, cell cultures are treated with
the DNA damaging agent of interest at t=0 and mRNA levels are
measured before, and at several time points after exposure. In this
example, gene X shows a higher expression level 12 h after expo-
sure of the cells, while transcript levels at t=4 and t=24 are close
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Fig. 3. DNA damage resets the circadian clock in a time- and dose-dependent man-
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mPer2 promoter) after treatment with different doses of IR (1 or 10 Gy) at different
times (30 h vs. 40 h) after synchronization. (B) Dose dependency of the magnitude
of ionizing radiation induced phase shifts in Rat-1 Per2:luc cells irradiated 30 h after
forskolin synchronization. (C) Phase response curve of ionizing radiation (10 Gy)
induced phase shifts in Rat-1 Per2:luc cells. Note that ionizing radiation only induces
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Fig. 4. Implications of DNA damage resetting of the circadian clock for in vitro geno-
toxic risk assessment assays. (A) Imaginary in vitro experiment for identification
of genotoxic stress markers. Cultured cells are exposed to a DNA damaging agent.
mRNA profiles are determined at various times after exposure (solid bars) and com-
pared to those obtained from mock-treated cells (not shown) or cells harvested prior
to treatment (dashed bars). The data obtained for gene X suggest that this gene is a
DNA damage responsive gene. (B) Same experiment as described under (A) except
that mRNA levels were analyzed at 4-h intervals (additional data represented by
hatched bars). Note that exposure to the DNA damaging agent is synchronizing the
individual cellular circadian clocks, and accordingly transcription of clock (output)
genes. On the basis of this experiment, gene X is likely a clock-controlled output
gene, rather than DNA damage responsive gene. (C) Modified version of the in vitro
experiment for identification of genotoxic stress markers. The circadian clock of the
individual cells is synchronized by treatment with forskolin (or another known syn-
chronizing compound), after which cells are exposed to the DNA damaging agent at
a defined phase of the circadian day. Expression profiles are determined 12 h after
treatment (solid bars) and compared to those obtained prior to treatment (dashed
bars). Note the time-of-day differences in the response of gene Y, as well as the
stronger response at a defined moment of the day in circadian clock synchronized
cell cultures, as compared to non-synchronized cultures, indicative for chronotoxic
effects of the DNA damaging agent.

to baseline expression level. On the basis of these data one might
easily conclude that gene X is a DNA damage responsive gene that
could well serve as a biomarker for the tested compound. How-
ever, in view of our finding that DNA damage resets the cellular
clock of mammalian cells [18], the measured changes in transcript
levels could well represent rhythmic expression of a clock gene or
clock-controlled output gene (Fig. 4B). We therefore envisage that
alarge percentage of responsive genes (as identified by microarray
analysis) in non-synchronized genotoxic stress-exposed cell and
tissue cultures might not represent DNA damage responsive genes.
Given the purpose of the experiment (identification of biomarkers
for genotoxic stress), such responsive genes can even be considered
as false positives. Evidently, such genes will blur the biomarker pro-
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file, and although bioinformatics approaches can be taken to filter
out clock-controlled genes, one should bear in mind that many of
the DDR genes are under circadian control (e.g. c-myc, p53, p21,
cyclins: A, B, D, weel) [64,76,80,87-89].

We therefore propose an alternative approach in which (i) intra-
cellular clocks are synchronized prior to exposure and (ii) exposure
is carried out at various specific phases of the circadian day (Fig. 4C).
Analysis of transcriptome changes at various time points after treat-
ment will allow identification of DNA damage responsive genes,
irrespective of whether these genes are under circadian control
or not. Importantly, this approach will also recognize chronotoxic
characteristics of chemical agents, as in such cases the magnitude
of the response will depend on the circadian phase at which cells
were treated. Moreover, the magnitude of the change in expression
levels of DNA damage responsive genes, as induced by treatment
of cells with a genotoxic agent at a defined circadian phase, might
even be stronger than in non-synchronized cells, thereby adding to
the sensitivity of the assay.

We are currently performing a comparative in vivo/in vitro
study in which animals, tissues, and cells are exposed to
(geno)toxic/carcinogenic agents at defined circadian times, and
transcriptome changes are determined by omics approaches. Apart
from delivering predictive gene expression fingerprints for chem-
ical risk assessment, we believe that the obtained knowledge will
provide insight into the mechanisms underlying chronotoxicity.
This information will not only be of prime importance to fur-
ther optimize chronotherapeutic treatment of cancer patients, but
can also be used to advise workers to restrict handling of such
compounds to the moment of the day (i.e. body time) where the
biological consequence of accidental exposure is at its lowest.
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The Potorous CPD Photolyase Rescues a Cryptochrome-
Deficient Mammalian Circadian Clock
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Abstract

Despite the sequence and structural conservation between cryptochromes and photolyases, members of the
cryptochrome/photolyase (flavo)protein family, their functions are divergent. Whereas photolyases are DNA repair enzymes
that use visible light to lesion-specifically remove UV-induced DNA damage, cryptochromes act as photoreceptors and
circadian clock proteins. To address the functional diversity of cryptochromes and photolyases, we investigated the effect of
ectopically expressed Arabidopsis thaliana (6-4)PP photolyase and Potorous tridactylus CPD-photolyase (close and distant
relatives of mammalian cryptochromes, respectively), on the performance of the mammalian cryptochromes in the
mammalian circadian clock. Using photolyase transgenic mice, we show that Potorous CPD-photolyase affects the clock by
shortening the period of behavioral rhythms. Furthermore, constitutively expressed CPD-photolyase is shown to reduce the
amplitude of circadian oscillations in cultured cells and to inhibit CLOCK/BMAL1 driven transcription by interacting with
CLOCK. Importantly, we show that Potorous CPD-photolyase can restore the molecular oscillator in the liver of (clock-
deficient) Cry1/Cry2 double knockout mice. These data demonstrate that a photolyase can act as a true cryptochrome. These
findings shed new light on the importance of the core structure of mammalian cryptochromes in relation to its function in
the circadian clock and contribute to our further understanding of the evolution of the cryptochrome/photolyase protein
family.
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Introduction the circadian clock [6,8]. Unexpectedly however, inactivation of the
Cryl and Crp2 genes in the mouse was shown to shorten or lengthen
Life is subject to the 24-hour rotation cycle of the earth, which the period length of the circadian clock respectively, whereas in the
imposes rhythmic changes in light and temperature conditions. In absence of both genes circadian rhythmicity was completely lost [9—
order to anticipate these environmental changes, most organisms 11]. This observation, together with the finding that the Cry genes
have developed a circadian clock with a period of approximately encode the most potent inhibitors of the circadian transcription
24 hours that allows them to adjust behavior, physiology and  activator CLOCK/BMALI [12], positioned the mammalian CRY
metabolism to the momentum of the day. To keep pace with the proteins at the heart of the circadian core oscillator.
day/night cycle, this internal clock needs to be reset every day, The mammalian circadian clock consists of a molecular oscil-
using light (the most predictable environmental cue) as the lator, composed of a set of clock genes that act in transcription-
strongest Zeitgeber (German for “time giver” or synchronizer). translation-based feedback loops. The CLOCK/BMALI heterodimer
The mammalian master clock is located in the suprachiasmatic activates transcription of the Period (Perl, Per2) and Cryptochrome (Cryl,
nuclei (SCN) of the hypothalamus, and receives light-induced Cr2) clock genes through E-box elements in their promoter.
signals from the retina via the retino-hypothalamic tract [1]. In Following synthesis, the PER and CRY proteins will gradually accu-
turn, this master clock sends humoral and neuronal signals that mulate in the nucleus and ultimately repress CLOCK/BMALL,
synchronize peripheral oscillators, located in virtually every cell and thereby transcription of their own gene [13-15]. A second loop
or tissue [2-5]. is formed by REV-ERBa, which cyclically inhibits RORo-driven
The mammalian cryptochrome proteins (CRY1 and CRY?2) transcription of the Bmall gene [16-19]. Adding to this transcrip-
belong to the cryptochrome/photolyase family (CPF) of flavopro- tion/translation feedback loop mechanism is a network of post-
teins and were initially identified as homologues of photolyase [6,7]. translational modifications of clock proteins (phosphorylation,
In view of their strong resemblance to plant cryptochrome proteins, (de)acetylation, sumoylation and ubiquitylation) that fine-tune the
which act as blue light photoreceptors, the mammalian CRY period length of the circadian oscillator and confer robustness and
proteins were hypothesized to act as photoreceptors for resetting of persistence to the molecular clock [20-27].
PLoS ONE | www.plosone.org 1 August 2011 | Volume 6 | Issue 8 | e23447
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Photolyases, the other members of the CPF, are DNA repair
enzymes that use visible light to lesion-specifically remove ultraviolet
light-induced cyclobutane pyrimidine dimers (CPDs) or (6-4)
pyrimidine-pyrimidone photoproducts ((6-4)PPs) from the DNA in
a reaction called photoreactivation [28,29]. Placental mammals
have lost photolyase genes during evolution and solely rely on
nucleotide excision repair for removal of CPDs and (6-4)PPs [30].
Nevertheless, when expressed in the mouse, CPD and (6-4)PP
photolyases rapidly remove these UV-induced lesions in a light-
dependent manner and protect the animal from sunburn, mutation
induction, and skin cancer development [31-33].

Phylogenetic analysis has shown that the CPF is divided in two
major subgroups. The first subgroup encompasses (i) class I CPD
photolyases, (ii) (6-4)PP photolyases and animal cryptochromes, (i)
plant cryptochromes, and (iv) DASH cryptochromes, whereas the
second subgroup is solely composed of class I CPD photolyases
[29]. It is accepted that all members of the photolyase/crypto-
chrome protein family evolved from a common ancestor CPD
photolyase by multiple gene duplications [34]. Cryptochromes and
photolyases on the one hand share a common backbone, the core
domain, which binds two chromophoric cofactors (i.c. FAD and
either 5,10-methenyl-tetrahydrofolate or 8-hydroxy-5-deazaflavin),
but on the other hand differ in the presence of N- and C-terminal
extensions (see Figure 1). Whereas eukaryotic photolyases have
an N-terminal extension, containing nuclear and mitochondrial
localization signals, cryptochromes contain a unique C-terminal
extension of variable length and amino acid composition. It is
currently accepted that the functional diversity among crypto-
chromes (i.e. photoreceptor, circadian photoreceptor, or core clock
protein) is achieved by the diversity of their C-terminal extensions.

Detailed structure/function analysis of the C-terminal region of
mammalian CRY1 allowed us to identify a putative coiled-coil
domain at the beginning of the C-terminal extension as a potential
PER and BMALI binding site [35]. Deletion of the complete C-
terminal extension (aa 471-606 of mouse CRY1) abolished the
CLOCK/BMALI transcription inhibitory potential of CRYI,
Similarly, Green and co-workers have demonstrated that the C-
terminal extension of Xenopus laevis CRY proteins is crucial for
transcription repression [36]. Interestingly, specific deletion of
cither the coiled-coil domain (aa 471-493) or the downstream tail

A DNA Repair Enzyme as Circadian Clock Protein

region (aa 494-606) of mammalian CRY1 failed to eliminate its
ability to inhibit CLOCK/BMALI-mediated transcription [35],
likely because these mutant proteins can still bind to CLOCK via a
yet unidentified region of the core domain. This finding lead us to
suggest that an interaction between the C-terminal extension and
the core domain is mandatory for the clock function of mam-
malian cryptochromes, possibly by providing structure to the latter
[35].

In the present study, we have explored the importance of the
core domain of mammalian CRY proteins for core oscillator
function by addressing the question to what extent photolyase
enzymes affect circadian core oscillator function. Using i vivo
(photolyase transgenic mice) and i vitro (cellular clock reporter and
CLOCK/BMALLI transcription assays) approaches, we show that
Potorous tridactylus CPD photolyase (hereafter referred to as PICPD-
PL) not only displays cryptochrome-associated functions, but also
can replace the CRY proteins in the mammalian circadian core
oscillator.

Materials and Methods

Ethics statement

Mice were kept at the Animal Resource Center (Erasmus
University Medical Center), which operates in compliance with
the European guidelines (European Community 1986) and The
Netherlands legislation for the protection of animals used for
research, including ethical review. Animal studies at Erasmus
University Medical Center were approved by DEC Consult, an
independent Animal Ethical Committee (Dutch equivalent of the
IACUC) under permit numbers 139-09-02 (EUR1702) 139-09-11
(EUR1760) and 139-09-12 (EUR1761).

Mouse lines and monitoring of circadian behavior
B-actin:A46-4)PP-PL [33], B-actin: PICPD-PL [31], and Per2::-
Luc transgenic mice (generation described below), as well as
CryI”""/ CpZ”" knockout mice [9], all in a C57BL/6] background,
were housed under standard conditions and fed ad lbitum. All
mouse lines were backcrossed at least 11 times to a C57BL/6]
background. For the monitoring of locomotor activity rhythms,
male mice (12-16 weeks) were individually housed in a light-proof

N-term. . unique C-term.
SHBHSIOR conserved core domain P
S » | »
MTHF FAD
binding binding

Potorous CPD-photolyase

Arabidopsis (6-4)PP-photolyase

Mouse CRY1

Mouse CRY2
~ CLOCK bindin BMAL1
& o binding

Figure 1. Cryptochromes and photolyases. Schematic representation of PtCPD-PL, At(6-4)PP-PL and mouse CRY1 and 2. Conserved and unique
domain are indicated above, chromophore binding site are indicated by vertical doted lines. CLOCK and BMAL1 binding regions in mouse CRY and

indicated below.
doi:10.1371/journal.pone.0023447.g001
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chamber in cages (30x45 cm) equipped with a running wheel
(14 cm in diameter) and a sensor system to detect wheel
revolutions. Animals were maintained in a cycle of 12 h light
(150 lux) and 12 h darkness (LD) or in continuous darkness (DD)
in constant ambient temperature with water and food available ad
libitum. Voluntary wheel running (wheel revolutions per unit of
time) was continuously recorded by an online computer using the
ERS program. Activity records were plotted as actograms and the
period of locomotor activity was determined by the chi-square
method. Unpaired Student’s t-tests were used to make statistical
comparisons between the different genotypes.

Generation of Per2:Luc transgenic mice

The construct used to generate the Per2:Luc transgenic mice
consists of the luciferase gene under control of the mPer2 promoter,
cloned in pBS (Figure S1). The primers used to amplify the 4.2 kb
mPer2 promoter fragment are indicated in Figure S1. Intronic
sequences from the rabbit B-globin locus were included in the
expression construct for messenger stability. The expression
construct fragment was excised from the plasmid using appropri-
ate restriction enzymes, separated from the vector DNA by
agarose gel electrophoresis, isolated from the gel with the
GeneClean II kit (Biol01), and further purified using Elutip-D-
mini columns (Schleicher and Schuell, Dassel, Germany). The
fragment was dissolved in injection buffer (10 mM Tris-HCI
pH 7.5, 0.08 mM EDTA) and injected in the pronucleus of
fertilized eggs derived from FVB/N intercrosses as described [37].
Animals were backcrossed in a C57BL/6] background. Genotyp-
ing was performed by PCR using primers located in the luciferase
gene (Figure S1). Annealing was performed at 55°C. DNA derived
from transgenic mice rendered a PCR product of 475 bp, whereas
no product was detected using DNA from wild type litter mates.

RNA isolation and quantitative PCR

Coronal cryrosections (25 um) mounted on 1 mm PALM pen-
membraneTM slides were rapidly thawed, fixed for 30 seconds in
70% EtOH and immediately stained with haematoxylin for 3
minutes. Following staining sections were rinsed in DEPC treated
dH20 and dehydrated by several rinses in 100% EtOH. Laser
catapult microdissection (LCM) of the SCN was accomplished
using the PALM Microlaser system on freshly prepared sections.
Isolated SCN was dissolved immediately in Lysis Buffer (Qiagen)
and stored at —80°C for subsequent RNA purification. RNA was
purified with the inclusion of ‘on-column’ DNase treatment using
the Qiagen RNeasy ‘Micro’ kit according the manufacturers
protocol, except that an additional clution was performed in the
final step to maximize RNA yield. RNA eluted with RNase-free
dH,0O was vacuum evaporated for immediate amplification and
c¢DNA generation. Quality of the freshly purified RNA was
assayed using the Agilent BioAnalyzer in combination with the
RNA ‘Pico’ chip. When intact 18S/28S ribosomal RNA peaks
were evident, the sample was considered worthy of assay by Q-
PCR.

Amplification was accomplished using the Ovation™ RNA
Amplification System V2 according to the manufactures protocols
(Nugen Technologies Inc). Efficiency of the amplification was
assayed quantitatively by 260/280 nm estimation of cDNA
concentration, where a yield of at least 4.8 pg cDNA was deemed
sufficient for specific amplification of the RNA template; and
qualitatively using the BioAnalyzer with the RNA ‘Nano’ chip to
confirm that the majority of unfragmented, amplified cDNA is
approximately of 900 bp in length. Quantitative PCR for the
determination of A#(6-4)PP-PL and P{CPD-PL mRNA levels was

performed in triplicate using an iCycler iQ;rM Real-Time PCR
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Detection System (BioRad), SYBR-green and primers [31,33]
generating intron-spanning products of 150-300 bp. Expression
levels were normalized to Hprt (hypoxanthine guanine phosphor-
ibosyl transferase) mRNA levels. The generation of specific
products was confirmed by melting curve analysis, and primer
pairs were tested with a logarithmic dilution of a ¢cDNA mix to
generate a linear standard curve, which was used to calculate
primer pair efficiencies.

Cell culture and transfection

COS7 [35], NIH3T3 (American Type Culture Collection), and
HEK293T (American Type Culture Collection) cells, as well as
primary wild type and P/CPD-PL mouse dermal fibroblasts
(MDFs) and immortalized Crl”’"/Cp2”’" MDFs, were cultured
in Dulbecco’s modified Eagle’s medium-F10-Pen/Strep-10% fetal
calf serum. To generate MDFs, mice were sacrificed by cervical
dislocation, and a small piece of back skin of the mouse was
removed and cut into pieces with a razor blade). Skin pieces
were washed in ethanol, rinsed in phosphate-buffered saline, and
incubated overnight in medium supplemented with 1.6 mg/ml
collagenase type 11. Single cells were obtained by passing through
a cell strainer, and collected by centrifugation for 5 min at 500 g,
resuspended in culture medium, and seeded onto a 10 cm dish.
MDFs were cultured in a low-oxygen incubator (5% CO,, 3%
O,). Transient expression studies were performed by transfecting
cells with plasmids using Fugene reagent (Boehringer) according to
the manufacturer’s instructions. The following pCDNA3-based
plasmids (Invitrogen) were used: pcDNA-HA-mCryl, pcDNA-
PCPD-PL, pcDNA-Bmall and pcDNA-Clock. pcDNA-PICPD-
PL is based on the construct used to generate the transgenic mice
[31]. For luminescence measurements pGl4.11-Bmall::luciferase
(kindly provided by Dr. U. Schibler, Geneva) was used as a
reporter.

Real time bioluminescence monitoring

To monitor circadian oscillations in cultured cells in real time,
cells were cultured in medium buffered with 25 mM HEPES and
containing 0.1 mM luciferin (Sigma). After synchronization of
intracellular clocks by treatment of confluent cultures with
forskolin (dissolved in 100% ethanol, added to the culture medium
at a final concentration of 30 pM), bioluminescence was recorded
for 7 days (75 sec measurements at 10 min intervals) with a
LumiCycle 32-channel automated luminometer (Actimetrics)
placed in a dry, temperature-controlled incubator at 37°C. Data
was analyzed with the Actimetrics software and two sample
comparisons were done using a Students T-test. Amplitudes were
calculated both with Actimetrics software, on base-line subtracted
data, and by comparing peak versus trough values for RAW
data. Control amplitude was set at 100%. Both methods were
comparable.

CLOCK/BMALT1 transcription reporter assay

To determine the capacity of PICPD-PL to inhibit CLOCK/
BMALLI driven transcription, we used a luciferase reporter assay as
previously described [12,35]. COS7 cells were transfected with
200 ng of the mPerl::luciferase reporter construct and 15 ng of null-
Renilla luc, which was used as an internal control. Clock, Bmall,
Cryl and P/CPD-PL plasmids were added as indicated in the
figure legend. The total amount of DNA transtfected was kept
constant at 2 ug by supplementing with empty pcDNA3.1 vector
(Invitrogen). Transcriptional activity was assessed with the Dual-
Luciferase 10 Reporter Assay System (Promega) by measuring a
ratio of firefly luciferase activity to Renilla luciferase activity in each
cellular lysate.
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Co-immunoprecipitation experiments

Co-immunoprecipitation studies were performed as described
previously [21]. In short, we transiently expressed a PICPD-PL
and either Flag-Bmall and/or Flag-Clock in HEK 293T cells and
used anti-FLAG antibodies (Sigma) and ant-PICPD-PL [31]
antibodies for the immunoprecipitation and immunoblot analysis
step (1:1000 dilution). As secondary antibody, we used horseradish
peroxidase conjugated anti-mouse IgG (DAKO) and anti-rabbit
IgG (BioSource) at a 1:1000 dilution. Chemoluminescence was
detected using the ECL system (Pharmacia Biotech).

Hydroporation experiments

Hydrodynamic tail vein injection experiments were performed as
described [38]. In brief, a sterile Ringers Solution (0.9% NaCl, 0.3%
KCl, 0.13% CaCly) containing a total of 10 ug plasmid DNA was
rapidly injected (8-10 sec) in the tail vein of the mouse under
isoflurane anesthesia. This induces uptake of DNA by the liver,
which is initially transient and a small proportion will integrate upon
regeneration of the liver. Expression of the hydroporated constructs
was non-invasively analyzed using an IVIS® Spectrum imaging
device (Caliper/Xenogen) (Figure S2), and positive mice were
selected for liver isolation and slicing. Animals were sacrificed 24 h
after injection (transient expression) and the livers were rapidly
removed and placed in ice cold Hank’s balanced salt solution
supplemented with 50 mM glucose, 4 mM sodium bicarbonate,
10 mM HEPES, 10.000 unit/ml penicillin/10.000 ug/ml strepto-
mycin [5]. Liver slices (200 um) were prepared using an automated
Krumdieck tissue slicer (Alabama R&D). Individual slices were
placed on a membrane insert (Millipore) in a 35-mm dish in imaging
medium (DMEM supplemented with 0.1 mM luciferin, 2% B27
supplement, 4 mM sodium bicarbonate, 10 mM HEPES, 2.5 ml
10.000 units/ml penicillin/10.000 pg/ml streptomycin). Real time
imaging and synchronization were performed as described above.
The plasmids used were pGl4.11-Bmall::luciferase and pcCryl::
PtCPD-PL. Cloning and characterization of the Cry/ promoter will
be described elsewhere (Saito and van der Horst, unpublished data).

Results

Potorous tridactylus CPD photolyase transgenic mice
have a short period circadian clock

To investigate whether their strong structural resemblance to
cryptochromes (see Figure 1) allows photolyases to interfere with
mammalian circadian core oscillator function, we took advantage
of the availability of B-actin promoter-driven Potorous tridactylus CPD
photolyase and Arabidopsis thaliana (6-4)PP photolyase transgenic
mice (hereafter referred to as PICPD-PL and A#(6-4)PP-PL. mice),
previously generated in our laboratory. These animals carry 3
copies of the PICPD-PL and A#6-4)PP-PL transgene, respectively,
and express an active photolyase, capable of removing DNA lesions
from the DNA in a light-dependent manner [31,33]. As shown in
Figure 2A, and as could be expected on the basis of the ubiquitous
expression of the f-actin promoter, quantitative RT-PCR analysis of
mRNA derived from laser microdissected SCN revealed that
PiCPD-PL and A#6-4)PP-PL mice express the photolyase transgene
in the SCN at comparable levels to the Hprt gene.

We next addressed the question whether expression of
photolyase in the SCN would affect the circadian behavior of
the mouse. To this end, we measured circadian wheel-running
behavior of photolyase transgenic mice and sex and age-matched
control littermates under normal light/dark (LD) cycles and in
constant darkness (dark/dark; DD). As shown in Figure 2B, the
period length (tau or 1) of circadian behavior of A#(6-4)PP-PL
transgenic mice is indistinguishable from that of the corresponding
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wild type littermates. In marked contrast, P{CPD-PL transgenic
mice revealed a small but significant shortening of the period length
of (15 to 20 min, p<<0.05), as compared to wild type littermates
(Figure 2C). In addition, the tau of the PICPD-PL mice has a larger
(2-fold) variation than that of control littermates, possibly derived
from small individual differences in expression levels.

These findings strongly suggest that expression of Potorous
tridactylus CPD photolyase in the SCN interferes with circadian
clock performance. In contrast, Arabidopsis thaliana (6-4)PP photo-
lyase does not appear to influence the circadian clock. This
observation is in agreement with our finding that 4¢(6-4)PP-PL is
not able to inhibit CLOCK/BMALL [35]. We therefore further
will focus on the effect of PXCPD-PL on circadian rhythms.

Potorous tridactylus CPD photolyase dampens the
circadian core oscillator

As photolyases structurally resemble cryptochromes [29,34],
and given the observation that transient constitutive overexpres-
sion of the CRY1 protein suppresses the rhythmic expression of a
cotransfected Bmall::Luc reporter gene (Figure 3A), we next
igated the effect of transient overexpression of PICPD-PL on
the circadian clock of cultured fibroblasts. After synchronization of
the individual intracellular circadian clocks with forskolin [39],
cells cotransfected with the Bmall::Luc reporter construct and
empty pcDNA3 vector (used as a negative control) were shown to
oscillate with a period of 25.6%0.2 hr (n=11). Interestingly,
overexpression of PICPD-PL reduces the amplitude of the
oscillations in a dose-dependent manner (Figure 3B; Table 1).

To study the influence of CPD photolyase on core oscillator
performance under physiological conditions, PACPD-PL mice were
interbred with Per2::Luc mice to obtain primary CPD-photolyase
mouse dermal fibroblast (MDF) lines containing a clock reporter.
Bioluminescence rhythms in PICPD-PL/Per2::Luc MDFs show a
reduction in amplitude (38%5%) when compared to those in
Per2::luc (control) fibroblasts (Figure 3C; Table 1), thus confirming
the data obtained in the transient expression studies. Interestingly,
and in line with the animal studies, the period of oscillations in
PICPD-PL/Per2:Luc MDFs (22.7£0.4 hr; n=4) is approximate-
ly 50 min shorter (p<<0.05) than that of Per2:Lluc fibroblasts that
do not carry the CPD photolyase transgene (23.8+0.2 hr; n=4).

Taken together, these data demonstrate that the PICPD-PL
exerts a dominant negative effect on the circadian clock by
dampening the oscillations and shortening the period length, likely
by interfering with CRY mediated functions.

inve

Potorous tridactylus CPD photolyase inhibits CLOCK/
BMAL1-driven transcription

The dominant negative effect of CPD photolyase on cellular
clock performance and circadian behavior, as evident from the in
vivo and in vitro studies, prompted us to investigate the underlying
mode of action. Since CRY proteins are strong inhibitors of the
CLOCK/BMALI transcription activator [12], we used a COS7
cell based reporter assay to analyze the ability of PICPD-PL to
inhibit CLOCK/BMALI-driven transcription of the mPer! promoter-
driven luciferase reporter gene. Consistent with previous studies
[12,35] simultaneous expression of CLOCK and BMALI causes a
30-fold induction in transcription of the luciferase gene, which is
strongly repressed in the presence of CRY1 (Figure 4A). Interest-
ingly, notwithstanding the fact that the protein should be expressed
at high level, the PICPD-PL is also capable of significantly
suppressing CLOCK/BMALLI activity.

From these data we conclude that PICPD-PL is able to interfere
with mammalian core oscillator performance by exerting a
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Figure 2. Circadian behavior of photoly ic mice. (A) Quantitative RT-PCR analysis of photolyase mRNA levels in the laser-
microdissected SCN of PtCPD-PL and At(64)PP PL transgenlc mice. Left panel: Ethidium bromide stained gel of PCR amplified cDNA, obtained from
two independent transgenic mice and corresponding wild type littermates (sacrificed at ZT3). Right panel: graphic representation of quantitative RT-
PCR amplification data from two independent animals per genotype (see Experimental procedures for details). The Y-axis represents the PtCPD-PL
and At(6-4)PP-PL mRNA levels relative to that of Hprt. (B, C) Circadian behavior of At(6-4)PP-PL (B) and PtCPD-PL (C) transgenic mice and
corresponding littermates (n = 10 per genotype). Animals were kept under normal light conditions (LD 12:12 h) and subsequently exposed to
constant darkness (DD) (indicated on the right side of the panels). Shown are representative examples of double-plotted actograms and graphic
representations of the free-running period (1) in constant darkness (bottom panels). Error bars represent the standard error of the mean (SEM); the
asterisk indicates significance (p=0.03).

doi:10.1371/journal.pone.0023447.g002

cryptochrome-like function, i.c. inhibition of CLOCK/ BMALI-
mediated transcription.

>
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o 400 Potorous tridactylus CPD photolyase interacts with CLOCK
o 200 - We have previously shown that the inhibition of CLOCK/
2 BMALI mediated transcription by CRY1 requires a complex
§ 0 V network of interactions with CLOCK and BMALI, involving the
‘£ -200 - CRY1 core domain and C-terminal extension [35] (see also
2 -400 Figure 1). We therefore next asked the question whether PICPD-
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Table 1.

Figure 3. PtCPD photolyase dampens circadian oscillations. (A,
B) Representative examples of bioluminescence rhythms in NIH3T3 cells
co-transfected with a mBmal1:luciferase reporter construct and either Tau (hours) Amplitude (%)
empty pcDNA3 (blue line), pcDNA-Cry1, (100 ng, purple line; 200 ng,
red line) or pcDNA-CPD photolyase (200 ng, olive line; 400 ng, green
line). Empty pcDNA3 vector was added to correct for the amount of PtCPD-PL 25.57+0.16 65+7
DNA transfected. (C) Representative example of bioluminescence
rhythms in primary MDFs, derived from PtCPD photolyase transgenic
mice (green line) and wild type littermates (blue line), transiently Tau (hours) Amplitude (%)
expressing the Bmall:luciferase reporter gene. Bioluminescence

NIH 3T3 cells

control 25.60+0.16 100

MDF lines

recordings were started immediately after forskolin synchronization of wr 23831018 100
the individual cellular clocks. The Y-axis represents base line subtracted PtCPD-PL 22.70+0.43 62+5
bioluminescence values.
doi:10.1371/journal.pone.0023447.g003 doi:10.1371/journal.pone.0023447.t001
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Figure 4. PICPD photolyase represses CLOCK/BMAL1-driven
transcription and interacts with CLOCK. (A) COS7 cell-based
CLOCK/BMALT1 transcription assay using a mPer] E-box promoter-
luciferase reporter construct. Luminescence, shown as x-fold induction
from the basal expression level (set to 1), is indicated on the Y axis.
PcDNA3, pRL-CMV, and the mPer2:luc were added in all reactions. The
presence or absence of Cry1 (10-100 ng) and PtCPD-PL (100-300 ng)
expression plasmids is indicated below the graph. Empty pcDNA3
vector was added to correct for the amount of DNA transfected. Mean
and standard deviation of triplicate samples are shown. (B) Identifica-
tion of photolyase-binding proteins. PtCPD-PL was precipitated from
HEK293T cells, transfected with PtCPD-PL, Flag-Clock or Flag-Bmal1 or
double transfected with PtCPD-PL and either Flag-Clock or Flag-Bmal1.
Upper panels: Immunoblot analysis of total cell lysates, confirming the
presence of the various transiently expressed proteins. Lower panels
(IP): Immunoblot analysis of precipitated PtCPD-PL (anti-PtCPD-PL
antibodies) and CLOCK and BMAL1 (anti-FLAG antibodies).
doi:10.1371/journal.pone.0023447.9g004

and subjected to real ime luminescence monitoring. As expected,
expression of pCryl::Cryl (C, D) restores circadian rhythms in
arrhythmic Cryl”"/Cp2 " fibroblasts (Figure 5C and D) , whercas
the empty vector has no effect (Figure 5A and B). Interestingly,
pCryl::PICPD-PLinduces oscillations (Figure 5E and F). Although
the period appears in the circadian range, the irregular character
of the oscillations precluded calculation of tau.
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Taking into account the irregular character of the above
mentioned oscillations, we took an alternative approach to further
to study the capacity of PICPD-PL to rescue circadian rhythms in
tissues. To this end, we used the hydroporation technique [38] to
introduce clock reporter and CPD photolyase expression constructs
in the mouse liver. Twenty-four hours after co-injection of
pGL4.11-Bmall::Luc and either pCryl::PICPD-PL or the empty
vector in the tail vein of the mouse, liver slices were prepared and
clock performance was monitored by real-time imaging of
bioluminescence. Co-injection of the Bmall::Luc reporter plasmid
and empty vector in Cpl”/Cp2” mice and CroI™/Cp2™
littermate controls resulted in rhythmic expression of the luciferase
reporter gene in Crl*’/Cp2* liver slices (Figure 6A and B),
whereas, in line with the absence of a circadian clock, biolumines-
cence levels remained flat in liver slices from CUJI'/'/CB)J?'/' mice
(Figure 6C and D), thus validating the hydroporation approach.
Interestingly, upon co-injection of the Bmall::Luc reporter plasmid
and pCryl::PICPD-PL and PICPD-PL expression construct in
Cl”"/Crp2”" animals, we observed a reinitiation of circadian
rhythmicity in Cp-deficient liver slices for at least two cycles
(Figure 6E and F). This oscillation dampened rapidly, but could be
revived for at least one cycle by forskolin treatment of the liver slices
(Figure 6G). As in the absence of PICPD-PL forskolin did not exert
any effect on bioluminescence levels in Gl /Cp27 slices
(Figure 6H), the forskolin-induced bioluminescence rhythm in
PICPD-PL expressing Cryl ™"/ Cry2 " slices can only be explained by
resynchronization of (running) intracellular clocks.

From these data we conclude that rhythmically expressed
PICPD photolyase can functionally substitute for CRY proteins in
the mammalian circadian oscillator and that such a PICPD-PL-
driven molecular oscillator can still respond to non-photic clock-
synchronizing stimuli (i.e. forskolin).

Discussion

In the present study, we analyzed the capacity of two different
photolyases to interfere with circadian clock performance: the
Class IT CPD photolyase from Potorous tridactylus (PtCPD-PL),
which is only distantly related to CRY1, and the (6-4)PP
photolyase from Arabidopsis thaliana (At(6-4)PP-PL), which is closely
related to CRY1. In line with our observation that 446-4)PP-PL
does not inhibit CLOCK/BMALI transcriptional activity [35],
analysis of the circadian behavior of f-actin promoter-driven A¢(6-
4)PP-PL transgenic mice (ubiquitously expressing the transgene,
including the SCN) did not reveal any dominant negative effect of
the photolyase on circadian period length. In marked contrast, f3-
actin promoter-driven PICPD-PL transgenic mice showed a small
but significant reduction of the period length of circadian
behavior. In support of this iz vivo observation, we also obtained
a shortening of the period length of the molecular oscillator in
cultured PICPD-PL dermal fibroblasts. This accelerated clock in
PICPD-PL transgenic mice is unlikely an artifact resulting from
unintended inactivation of known (core) clock genes, as analysis of
the sequences flanking the integration site of the transgene
excluded the presence of such genes (data not shown). Moreover,
transiently overexpressed P(CPD-PL was able to dampen the
circadian oscillator in NIH3T3 cells. In this respect PtCPD-PL
resembles CRY1, which when overexpressed also blunts circadian
rhythms. The effect of PCPD-PL on circadian rhythms is
mediated by repression of CLOCK/BMALI-mediated transcrip-
tion via direct physical interaction with CLOCK, but not with
BMALL.

Previously, we have shown that removal of the complete C-
terminal extension of CRY1 abolishes repressor activity towards
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Figure 5. Correction of the circadian clock in fibroblast lines derived from CRY-deficient mice. Representative examples of
bioluminescence rhythms in immortalized MDF lines, derived from Cry1”/Cry2”" mice, and stably expressing either empty pcDNA3 (A, B),
pcCry1:Cry1 (C, D) or pcCry1:PtCPD-PL (E, F), and transfected with the reporter construct. Y-axis represents base line subtracted bioluminescence

values.
doi:10.1371/journal.pone.0023447.9005

CLOCK/BMALI driven transcription of E-box containing
clock genes and clock-controlled genes [35]. In the same study,
we demonstrated that whereas A#(6-4)PP-PL by itself has no effect
on CLOCK/BMALL, fusion of the last 100 aa of the CRY1 core
domain in conjunction with its C-terminal extension (aa 371-606)
to A(6-4)PP-PL) resulted in a chimeric protein which is still able
to inhibit CLOCK/BMALI-mediated transcription. Based on
these findings, we hypothesized that acquirement of C-terminal
extensions (to the core domain) during evolution functionally
separated cryptochromes from photolyase and conferred a clock
function to the CRY proteins [35]. We now provide evidence that
PICPD-PL harbors core clock features that allow it to repress
CLOCK/BMALLI transcriptional activity and function as a true
cryptochrome. Considering that A46-4)PP-PL is more homo-
logous to CRY1 than PCPD-PL, our findings suggest that it is
not the primary amino acid sequence per sé¢, but rather the
overall structure of the core domain, that makes a photolyase
repressing CLOCK/BMALI-mediated transcription. Our results
indicate that the PICPD-PL by itself has the proper structure,
whereas A1(6-4)PP-PL gains such a structure after fusion with a C-
terminal extension of mammalian CRY1 [35]. In addition, as
PiICPD-PL fails to bind BMALI, interaction with CLOCK is
sufficient to inhibit CLOCK-BMALI-mediated transcription,
which is in complete agreement with our previous observation
that the BMALI-binding coiled-coil domain in the C-terminal

:@: PL0oS ONE | www.plosone.org

extension of CRY1 can be deleted without major consequences
[35].

Given the dominant negative effect of constitutive PICPD-PL
expression on circadian behavior of the mouse (in vivo data), it is
tempting to speculate on the underlying molecular mechanism by
which PICPD-PL can inhibit CLOCK/BMALI-driven transcrip-
ton (in vitro data) and its impact on circadian core oscillator
performance. By interacting with CLOCK, PCPD-PL may
prevent the formation of CLOCK/BMALI heterodimers and/
or binding of the CLOCK/BMALI heterodimer to E-box pro-
moters in the DNA. In this scenario, the photolyase reduces the
efficiency at which E-box containing clock (controlled) genes are
transcribed by reducing the number of available transcription
activators. However, as we have shown that a Chrysodeixis chalcites
nucleopolyhedroviral photolyase can bind to mammalian CLOCK
without affecting CLOCK/BMALI transcription potential, binding
of a CPF protein per se does not prevent CLOCK/BMALI
heterodimerization and DNA binding (Biernat and Chaves,
submitted for publication). Therefore, a more plausible explanation
would be that binding of PICPD-PL to CLOCK inhibits tran-
scription activation of E-box promoter-bound CLOCK/BMALI
heterodimers in a cryptochrome like manner. Strikingly, using an in
vivo hydroporation approach, we show that PICPD-PL can rescue
the lost circadian oscillator in CRY-deficient cells. When expressed
from the Cry/ promoter, PICPD-PL revived rhythmic expression of
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Figure 6. PtCPD photolyase corrects the circadian clock in the liver of CRY-deficient mice. Representative examples of bioluminescence
rhythms in liver slices obtained from mice hydroporated with pGL4.11-Bmal1:Luc (black line), together with either empty pcDNA3 (blue line) or
pcDNA-CPD photolyase constructs (green line). (A, B )Liver slices from control mice, injected with the reporter construct only. (C-H) Liver slices from
Cry1”"/Cry2”" mice injected with either empty pcDNA3 (C, D, H) or pcCry1:PtCPD-PL (E-G), in addition to the reporter construct. In some experiments
(G and H) the slices were treated with Forskolin at 96 h to resynchronize the circadian clock. The Y-axis represents base line subtracted

bioluminescence values.
doi:10.1371/journal.pone.0023447.9006

the Bmall::luciferase reporter gene in the (7()/]'/'/(]0/2'/' mouse liver
explants. Moreover, the period of oscillations was in the same range
as that of a CRY-driven oscillator and responds to non-photic phase
synchronizing stimuli (i.e. forskolin). We therefore conclude that the
PICPD-PL protein has the potential to act as a true mammalian
CRY protein.

‘While this work was in progress, two other members of the CPF
have been shown to maintain dual functions: the PICPF1 protein
from the marine diatom Phacodactylum tricornutum and the OtCPF1
protein from the green algae Ostreococcus tauri. These proteins hold

@ PLoS ONE | www.plosone.org

(6-4)PP photolyase activity and (like Potorous CPD-PL) can inhibit
CLOCK/BMALI driven transcription in a heterologous mam-
malian system [42,43] and are therefore considered a missing link
in evolution. Interestingly, we found that Arabidopsis thaliana (6-4)PP
photolyase does not inhibit CLOCK/BMALI [35] or affect
circadian behavior, whereas the distantly related Potorous CPD
photolyase does. Moreover, we show that this marsupial class 1T
CPD-photolyase can actually substitute for CRY proteins in the
mammalian circadian oscillator. In a parallel study, we have
shown that the Chrysodeixis chalcites nucleopolyhedrovirus PHR2
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protein, another class II CPD photolyase, is able to interact with
CLOCK and affect circadian rhythms in vitro (Biernat and Chaves,
unpublished data).

These findings contribute to understanding the functional
evolution of cryptochromes and photolyases. So far, the identified
CPF members with a dual function are either (6-4)PP photolyases
from lower cukaryotes [42,43] or class II CPD photolyases (this
manuscript; Biernat and Chaves, submitted for publication).
Ancestral CPF members were likely proteins with both DNA
repair and circadian clock function. We propose that after the
divergence of classes I and II, class II CPD photolyases have kept
this dual function throughout evolution. Class I CPD photolyases
and (6-4)PP photolyases, however, have lost the circadian function
in time, which was taken by cryptochromes. In view of this
hypothesis, it will be challenging to study molecular clocks in
organisms that have both a photolyase with a dual function and
cryptochromes, as is the case of marsupials, such as Potorous and
Monodelphis. The genome of Monodelphis domesticus has been se-
quenced and reveals the presence of cryptochrome genes, as well
as photolyase. It will be of interest to determine how the
non-placental mammals will respond to the loss of photolyase. On
the basis of our data, one would predict a change in tau, suggesting
that the circadian clock of placental mammals has adapted to the
loss of photolyase by adjusting period. Studying the marsupial
circadian system at the cellular and molecular level will answer
these questions and shed light on the functional evolution of the
CPF.

The present study has identified the Potorous tridactylus CPD
photolyase as an attractive candidate for further structure-function
studies, aiming at understanding the functional diversity between
cryptochromes and photolyases. Analogous to our previous study
with mammalian CRY1 - Arabidopsis (6-4)PP photolyase chimeric
proteins, it will be informative to swap domains between Potorous
CPD photolyase and CRY proteins for functional mapping. Such
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studies will ultimately reveal how nature uses the same core
sequence for completely different functions (e.g photoreactivation
by photolyases vs clock function of cryptochromes).

Supporting Information

Figure S1 Schematic representation of the mPer2::Luc
construct used to generate transgenic clock reporter
mice. (A) The luciferase gene is cloned in front of the mPer?
promoter, using pBS as backbone. Intronic sequences from the
rabbit f-globin locus were included in the expression construct for
messenger stability. Restriction enzyme sites are indicated. (B)
Sequence of the primers used to amplify the 4.2 kb mPer2
promoter fragment. (C) Sequence of the luciferase primers used
to genotype mPer2::Luc mice.
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Figure S2 Detection of luminescence in the liver of
hydroporated mice. Representative examples of dorsal lumi-
nescence images, obtained 24 hour after hydroporation of mice
with either the Bmall::Luc reporter construct (left) or the empty
vector (right). Expression of the hydroporated constructs was non-
invasively monitored in isoflurane anesthetized animals using an
IVIS® Spectrum imaging device (Caliper/Xenogen). Colors
indicate signal intensity. Note that the reporter is prominently
expressed in the liver.
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