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Circadian oscillation of nucleotide excision repair
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The circadian clock regulates the daily rhythms in the physiology
and behavior of many organisms, including mice and humans.
These cyclical changes at molecular and macroscopic levels affect
the organism’s response to environmental stimuli such as light and
food intake and the toxicity and efficacy of chemo- and radiother-
apeutic agents. In this work, we investigated the circadian behav-
ior of the nucleotide excision repair capacity in the mouse cere-
brum to gain some insight into the optimal circadian time for
favorable therapeutic response with minimal side effects in cancer
treatment with chemotherapeutic drugs that produce bulky ad-
ducts in DNA. We find that nucleotide excision repair activity in the
mouse cortex is highest in the afternoon/evening hours and is at
its lowest in the night/early morning hours. The circadian oscilla-
tion of the repair capacity is caused at least in part by the circadian
oscillation of the xeroderma pigmentosum A DNA damage recog-
nition protein.
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ircadian rhythm is the daily oscillation in the biochemical,

behavioral, and physiological functions of organisms (1, 2).
Circadian clock disruption by environmental factors and behav-
ioral patterns has been implicated as a contributing factor in
carcinogenesis (2—4). Similarly, a limited number of studies have
indicated that the efficacy of chemo- and radiotherapy of cancer
and the side effects of these treatments are markedly influenced
by the circadian time of administration of these agents (4, 5).
Although attempts have been made to put these findings to
practice in preventive and clinical medicine, the empirical nature
of the observations and the lack of mechanistic explanations for
the findings have been serious obstacles to making use of these
findings in cancer prevention and treatment.

Important progress in the past decade has provided a reason-
ably detailed model for the mammalian circadian clock. In mice
and humans, the clock is present in essentially every cell and is
generated by an autoregulatory transcription-translation feed-
back loop (TTFL) (1, 2): Clock and Bmall transcription factors
bind to the E-box promoter elements of the Cryptochrome (Cry)1
and 2 and Period (Per)l and 2 genes and activate their transcrip-
tion. The Cry and Per proteins make oligomeric complexes that,
after a time delay, inhibit the Clock-Bmall complex and hence
the transcription of the Cry and Per genes. The time delay
between the synthesis of Cry and Per and their action as
repressors generates an oscillatory pattern of expression of Crys
and Pers and other clock controlled genes that are regulated by
Clock-Bmall but are not part of the TTFL. It is this oscillation
of gene expression that affects cellular and organismic function
to give rise to the circadian rhythm at a macroscopic level. These
peripheral circadian oscillations are synchronized with one
another by the master circadian clock that is located above the
optic chiasma, in the suprachiasmatic nuclei (SCN). The SCN
coordinates the peripheral clocks in organs such as liver, kidney,
and heart to give rise to the circadian rhythm at the organism
level.

Because of such a pervasive influence of the circadian clock
on mammalian physiology, it is expected that any response of the
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organism to internal and external agents that cause perturbation
of tissue and organismic homeostasis would be gated by the
clock. One such response is the cellular response to DNA-
damaging agents. This response includes DNA repair, DNA
damage checkpoints, and apoptosis (6). In this work we have
investigated the effect of the circadian clock on nucleotide
excision repair in mice. Excision repair is a multicomponent
system that removes virtually all DNA base lesions, and it is the
sole system in mice and humans for the repair of bulky lesions
such as cyclobutane pyrimidine dimers, (6-4) photoproducts, and
cisplatin-d(GpG), and cisplatin-d(GpXpG) intrastrand diad-
ducts (7). Because of the significance of these adducts in
UV-induced carcinogenesis and in the treatment of a variety of
cancers by cisplatin, respectively, we decided to investigate the
effect of the circadian clock on nucleotide excision repair in
mice.

Results

Effect of Circadian Time on Excision Repair Activity in Mouse Cere-
brum. To determine whether the circadian time affects nucleo-
tide excision repair activity in mice, we harvested several organs
at ZT06 and ZT18 (ZTO is time of light-on under a 12-h
light:12-h dark lighting regimen) and tested them for nucleotide
excision repair activity. We used the highly sensitive and specific
“excision assay” (7, 8) to measure repair (Fig. 14). We found that
nonspecific nucleases in liver and kidney degraded the substrate
and seriously interfered with the assay (data not shown). In
contrast, cerebrum had an acceptable level of nonspecific nucle-
ases, and the excision assays with cerebrum cell-free extracts
yielded consistently good quality data that were amenable to
quantitative analysis. We performed the excision assay with
brains harvested at ZT06 and ZT18 (Fig. 1B). We found that the
extracts made at ZT06 were ~6-fold more active than those
made at ZT18 (Fig. 1C). To ensure that the difference in the
levels of excision observed represented real differences in the
excision rates, we performed a kinetic assay with the two types
of extracts. The results (Fig. 1, D and E) show that the ZT06
extract excises the (6-4) photoproduct at a 6- to 7-fold faster rate
than the ZT18 extract, suggesting that nucleotide excision repair
in the mouse brain may be regulated by the circadian clock.

Circadian Oscillation of Excision Repair in the Mouse Cerebrum. Next,
we measured the excision repair activity in the cerebrum over the
entire course of a circadian cycle to ascertain whether the
excision activity exhibits a bona fide circadian rhythm and, if so,
to locate the zenith and nadir of the activity. The results (Fig. 24
Left) reveal that excision activity does indeed show a circadian
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Fig. 1. Day and night nucleotide excision repair activity in the mouse brain.
(A) Diagram of the excision assay used to measure repair capacity. A 140-bp
duplex containing a centrally located (6-4) photoproduct (triangle) adjacent
to a 32P label (circle) is incubated with CFE, which removes the damage by dual
incisions in the form of 24- to 32-nt-long oligomers. (B) Excision activities in
cerebral CFEs of two mice killed at ZT06 (1300) and two killed at ZT18 (0100).
Each lane represents brain extract from one mouse. (C) Quantitative analysis
of the excision activity as a function of two circadian (ZT) times. The averages
and standard deviations were calculated from three independent excision
assays for each mouse (n = 6 for both ZT06 and ZT18). (D) Kinetics of excision
activity of CFE, from ZT06 and ZT18 brains. Kinetic assays were conducted with
two of the brain extracts used in B. Ten femtomoles of substrates were loaded
as a control (lane 1). () Quantitative analysis of data in D.

pattern with an activity maximum at ZT10-14 that is ~5- to
10-fold higher than the minimum value at ZT18-22 (Fig. 2B).
This oscillatory behavior, however, was obtained under condi-
tions of 12-h light:12-h dark (LD) cycle and, although unlikely,
it could have been a response at the tissue level to the LD cycles
rather than to an intrinsic oscillatory regulatory mechanism.
Hence, to test for a circadian rhythm in the conventional sense,
the cerebral excision repair activity was measured in mice under
constant conditions (in dark, DD) for the duration of the
experiment, and the results are presented as a function of
circadian time (CT, where CTO = subjective dawn and CT12 =
subjective dusk). The results (Fig. 24 Right), in agreement with
those obtained under LD cycles, show a circadian pattern of
oscillation of the excision repair activity. Therefore, we conclude
that excision repair activity in mice brain, and quite likely in
other organs, oscillates with a circadian periodicity.

Effect of the Circadian Clock on Excision Protein Levels. To find out
how the circadian clock controls the rhythmic activity of nucle-
otide excision repair, we determined the levels of the core clock
proteins (Fig. 34), core excision repair proteins (Fig. 3B), and
some of the key checkpoint and cell cycle proteins (Fig. 3C) that
may indirectly affect repair activity at two circadian times. As
expected, Clock does not exhibit circadian oscillation (9), Bmall
is high at ZT06 and low at ZT18. Cryl and Per2 are antiphase
with Bmall, again in agreement with previous reports and the
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Fig. 2. Circadian oscillation of nucleotide excision repair activity in the mouse
brain. (A) Excision assays with mice cerebrum extracts prepared from brains
harvested at the indicated ZT and CT times. Ten femtomoles of substrates were
loaded as a control. (B) Quantitative analysis of the excision activity as a function
of ZT or CT. For ZT, each data point represents the average of excision activity from
the cerebrums of three mice, and the bars represent SE. For CT, the data points
represent the average of duplicate experiments conducted with extracts from a
single mouse for each data point. Bars indicate SD.

known properties of these proteins (10). When the six core
excision repair factors were analyzed, only xeroderma pigmen-
tosum A (XPA), one of the three DNA damage recognition
proteins, exhibited a circadian time-dependent change in expres-
sion with a markedly higher level at ZT06 compared with ZT18
(Fig. 3B). None of the DNA damage checkpoint proteins tested
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Fig.3. Effect of the circadian clock on day and night expression patterns of

clock, excision repair, and checkpoint proteins. (A-C) Extracts from brains
harvested at ZT18 (night) and ZT06 (day) were analyzed by immunoblotting.
(A) Clock proteins. Clock shows no oscillation, whereas Cry1 and Per2 oscillate
antiphase with Bmal1. (B) Nucleotide excision repair proteins. XPA is highly
expressed during the day and down-regulated at night. The other excision
repair proteins do not exhibit a measurable variation between ZT18 and ZT06.
(C) Checkpoint proteins. None of the checkpoint/cell cycle proteins tested
exhibits a measurable difference between day (ZT06) and night (ZT18) values.
(D) Circadian oscillation of XPA. Brains were harvested from mice under either
LD or DD conditions, and the levels of XPA over a circadian period were
analyzed by immunoblotting along with the four core clock proteins as a
reference. Note the zenith values for XPA at afternoon/evening hours under
both ZT and CT conditions are in phase with Bmal1 and antiphase with Cry1
and Per2 as expected for a Clock-Bmal1-controlled protein. Clock that does not
oscillate is used as a loading control for a nonoscillating protein. (E) Quanti-
tative analysis of XPA oscillation. Each data point represents XPA value from
the cerebrum of one mouse, and the values are expressed relative to that of
XPA at CT14, which was the highest.
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Fig. 4. Complementation of excision repair-defective nighttime brain ex-
tract with XPA protein. (A) Specificity of XPA complementation. To the ZT06
brain extract XPA or XPC was added at the indicated amounts in the reaction
mixtures of the excision assays. Only the part of the gels containing the
excision products is shown. The assay with the ZT06 extract is included as
positive control. (B) Quantification of data shown in A. (C) Comparison of the
effect of XPA on night- and daytime cerebrum extracts excision activities. ZT06
and ZT18 extracts were supplemented with the indicated amounts of XPA, and
the excision assays were carried out for 60 min. (D) Quantitative analysis of
datain C.

exhibited circadian variability between these two phases (Fig.
3C). Next, we analyzed the levels of Per2, Cryl, Bmall, and XPA
over the course of a circadian period at 4-h intervals: XPA levels
are in phase with Bmall and antiphase with Cry1 and Per2 levels
(Fig. 3D), consistent with Fig. 34 and with the notion that Xpa
is a clock-controlled gene positively regulated by Clock-Bmall
and negatively regulated by Cry and Per as also evidenced by the
~3-fold elevated level of XPA protein in Cryl~/~Cry2~/~ mouse
fibroblasts relative to wild-type control (data not shown). Quan-
titative analysis of the data in Fig. 3D reveals a robust circadian
oscillation for XPA with ~10-fold difference between the zenith
and nadir values (Fig. 3E). In support of our finding, a compre-
hensive analysis of clock-controlled genes by microarray profil-
ing has revealed that Xpa expression in the mouse liver exhibits
a high-amplitude circadian pattern (11) and moreover our
immunoblot analysis revealed that oscillation of XPA in the liver
is in phase with that in the brain (data not shown).

Restoration of Excision Activity by Supplementing the Circadian Nadir
Extract with Recombinant XPA. To determine whether the reduced
excision repair in the ZT18 brain extracts was indeed caused by
the low level of XPA at this circadian time, we supplemented the
extract with recombinant XPA protein and tested for excision
activity. As seen in Fig. 4 A and B, addition of XPA restored the
excision activity to nearly ZT06 levels, indicating that the main
cause of circadian oscillation of excision repair activity in mouse
cerebrum is the circadian oscillation of the XPA protein level. In
contrast to XPA, addition of another key damage recognition
protein, XPC, to the ZT06 extract had no measurable effect on
the excision repair activity (Fig. 4 4 and B). To ascertain that the
restoration of excision repair capacity to the ZT18 extract by
addition of XPA was caused by the restoration of the low level
of XPA protein in the extract from this circadian time and not
to overall stimulation of excision by XPA added to all extracts,
we supplemented both the ZT06 and ZT18 extracts with in-
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creasing concentration of XPA and measured excision activity.
Fig. 4 C and D shows that although XPA has a minor stimulatory
effect on ZT06 extract, its effect on the ZT18 extract is such that
extracts from the two circadian times supplemented with 2—-4
pmol of XPA have indistinguishable excision activities, support-
ing the conclusion that the main cause of the oscillatory behavior
of excision repair is the XPA protein level.

Discussion

Exicision Repair and Brain Physiology. Neurons rely almost exclu-
sively on oxidative phosphorylation for energy metabolism, and as
a consequence their genome is under constant threat of damage by
reactive oxygen species that are generated as side products of
oxidative phosphorylation. Although many DNA lesions caused by
oxidative damage are repaired by base excision repair, it has been
demonstrated that nucleotide excision repair removes the two
major oxidative DNA lesions, 8-oxoguanine and thymine glycol, as
efficiently as the cyclobutane thymine dimer, which is considered
the classic substrate for this repair system (12). Hence, it is likely
that nucleotide excision repair plays an important role in maintain-
ing neuronal integrity and function under physiological conditions.
In addition to its physiological role, nucleotide excision repair plays
an important role in the cellular response to xenobiotic and
chemotherapeutic agents, and therefore its regulation, circadian
and otherwise, must be taken into account in preventive and
therapeutic approaches to cancer management.

Exicision Repair and Chronotherapy. In this work we find that
excision repair activity in the mouse brain exhibits circadian
oscillation with zenith at ZT10-14 and nadir at ZT18-22.
Interestingly, a previous study on the effect of circadian clock on
genotoxicity of cyclophosphamide in mice also found that the
animals exhibited maximum resistance at ZT10-14 and maxi-
mum sensitivity to the lethal effects of the drug at ZT18-22 (13).
Although the base monoadducts caused by cyclophosphamide
and similar alkylating agents are substrates for nucleotide exci-
sion repair (14), it is not known whether excision repair is the
main repair mechanism for these adducts. In addition, this class
of drugs makes DNA interstrand cross-links that are presumed
to be major contributors to the cytotoxic and chemotherapeutic
effects of these drugs. However, in mammals excision repair is
not the main pathway for cross-link repair (15), casting further
doubt about a causal relationship between the circadian oscil-
lations of excision repair and the sensitivity to cyclophospha-
mide. Clearly, further work is required to determine whether
there is a causal relationship or a simple coincidence between the
circadian times of maximum excision repair activity and maxi-
mum resistance to the lethal effects of cyclophosphamide that
was ascribed to the depletion of B cells in the bone marrow and
peripheral blood (13).

Nevertheless, the findings presented in this report provide a
plausible molecular explanation for the empirical observation
that circadian time of delivery of chemotherapeutic drugs such
as cisplatin, whose major DNA lesions are cisplatin-d(GpG) and
cisplatin-d(GpXpG) diadducts (6, 7), may be a significant con-
tributing factor to the efficacy of the drug and the severity of its
side effects (4, 5). The potential practical applications of our
findings are 2-fold. First, if the circadian behavior of the tumor
can be determined, the drug would have maximum efficacy when
delivered at a time corresponding to the CT18-22 of cerebrum
circadian time (16). Second, a significant fraction of cancer
patients who undergo chemotherapy report cognitive impair-
ment after the treatment (“postchemotherapy cognitive impair-
ment syndrome” or “chemobrain”) (17). Although the cause and
even the existence of such a syndrome is a matter of some debate,
it is conceivable that the syndrome, at least in part, is caused by
DNA damage to neurons that impair cognitive functions. The
extent of the damage caused by certain drugs such as cisplatin
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may be minimized by administering the drug at the time of
maximum excision repair activity in the brain (ZT10-14), pro-
vided that this administration scheme does not reduce the
efficacy of the drug on the tumor cells, which may or may not be
in phase with the circadian clock in the brain. It is hoped that a
systematic approach that incorporates the circadian clock as a
parameter in designing chemotherapeutic regimens would en-
hance the therapeutic index of cancer chemotherapy by cisplatin
and other drugs that produce base damage repairable by nucle-
otide excision repair.

Excision Repair and Preventive Medicine. Finally, it must be noted
that even though in this article we have analyzed only the
circadian oscillation of excision repair in the brain, we have
found that the XPA protein, which appears to be responsible for
the oscillatory behavior of the repair activity, oscillates in the
liver with amplitude and phase quite similar to those of the brain
(data not shown). Hence, we believe that the results obtained
with the mouse cerebrum would be applicable to most other
tissues as well. Therefore, we suggest that our findings must be
taken into account to minimize the harmful effects of DNA
damage by recreational activities such as sunbathing and occu-
pational activities such as working with genotoxic chemicals.
Further work on ascertaining that human excision repair exhibits
circadian oscillation similar to that in mice and determination of
the phases of maximum and minimum repair capacities are
necessary steps to expand our findings to clinical applications
and taking preventive measures to reduce cancer incidence by
solar UV, which is the major environmental carcinogen.

Materials and Methods

Harvesting Mice Cerebrums. C57BL/6) male mice (8—10 weeks old) were obtained
from the Jackson Laboratory and were maintained on a LD 12:12 schedule for at
least for 2 weeks before killing. For the DD experiments, mice that were main-
tained under LD were kept under constant darkness for an additional day. ZT0 is
the time of light-on (0700), and ZT12 is the time of light-off (1900). For animals
under DD, 0700 was taken to be CTO0 (35 h in DD), and 1900 was considered CT12
(47 hiin DD) even though because of the 23.7-h period of mice these values are off
of actual CT times by ~1%. The mice were handled in accordance with the
guidelines of National Institutes of Health and the University of North Carolina
School of Medicine. At the indicated times the mice were killed by carbon dioxide
exposure, and their brains were removed and washed extensively with cold PBS.
The cerebrum was separated from the cerebellum, and the spinal cord and was
flash frozen in dry ice/ethanol and stored at —80 °C until use. All surgical proce-
dures were carried out under red light.

Preparation of Cell-Free Extract (CFE) from Cerebrum. Frozen mouse cerebrum
was pulverized by using porcelain mortar and pestle under liquid nitrogen.
CFE was prepared as described in ref. 18 with some modifications. Briefly, the
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homogenized tissue was resuspended in 4 packed cell volume (PCV) (1 mL for
one cerebrum homogenate) of hypotonic lysis buffer [10 mM Tris-HCI (pH 8.0),
1 mM EDTA, 5 mM DTT, and protease inhibitor mixture (Roche)]. Cells were
cracked by three cycles of freeze/thaw in liquid nitrogen and were then
incubated on ice for 20 min. Four PCV of buffer containing 50 mM Tris-HCI (pH
8.0), 25% sucrose (wt/vol), 50% glycerol (vol/vol), 10 mM MgCl;, 2 mM DTT,
and protease inhibitor mixture were added. Then, 1 PCV of saturated
(NH4)2S04 (pH 7.0) was added slowly over a period of 30 min at 4 °C with
mechanical mixing. Insoluble material was removed by centrifugation at
30,000 X g at 4 °C for 1 h. To the supernatant an equal volume of 50%
saturated (NH4),SO4 (pH 7.0) was added and mixed mechanically for 30 min at
4 °C. The precipitated proteins were collected by centrifugation at 12,000 X g
for 20 min at 4 °C and resuspended in 100 uL of excision buffer [25 mM Hepes
(pH 7.9), 100 mM KCl, 12 mM MgCl, 0.5 mM EDTA, 2 mM DTT, 12% glycerol
(volivol), and protease inhibitor mixture] and transferred to slide-a-lyzer
minidialysis units 10,000 MWCO (Pierce) and dialyzed for 16 h. After dialysis
the insoluble material was removed by centrifugation, and the protein in the
supernatant was further concentrated by using a centrifugal filter device with
10-kDa exclusion (Millipore) until the concentration was 20-30 mg/mL by
Bradford assay.

Excision Repair Assay. Nucleotide excision repair activity with the brain extracts
was carried out with cell-free extracts supplemented with 35 nM replication
protein A (RPA) for optimal activity as reported in ref. 7. Briefly, 10 fmol of 140-bp
duplex with a (6-4) photoproduct in the center and 32P-label at the 5th phos-
phodiester bond 5’ to the damage was incubated with 70 ug of CFE protein in 25
uL of excision buffer at 30 °C for 1 h unless indicated otherwise. We used this
substrate rather than cisplatin-d(GpXpG) diadduct because of its ready availabil-
ity. The (6-4) photoproduct-containing oligomer was from the synthetic organic
chemistry core (University of Texas Medical Branch). Purified recombinant XPA
and XPC proteins (7) were added to the reaction mixtures at the indicated
amounts in complementation experiments. Note that because only a fraction of
recombinant XPA is active, the amount added to the ZT18 extract to reach activity
comparable with that of ZT06 extract is more than the difference in the levels of
XPA between the two extracts. Quantification of excision was performed by
using ImageQuant 5.2 software (Molecular Dynamics).

Immunoblotting. Conventional immunoblotting procedures were used to deter-
mine the levels of a select number of proteins involved in the circadian clock,
nucleotide excision repair, and cell cycle. The following antibodies were obtained
from commercial sources: Clock, actin, PCNA, ATR, RPA70, XPA, XPC, XPG, XPF,
XPB, and the p62 subunit of TFIIH (Santa Cruz Biotechnology), Per2 (BD Trans-
duction Laboratories), p-Rb $807/811 (Cell Signaling Technology), ATM (Novus
Biologicals), DNA-PK (Neomarkers), SMG1 (Bethyl Laboratories), and ATRIP
(Zymed). Bmal1 antibodies (19) were a kind gift from Choogon Lee (Florida State
University), and Cry1 antibodies were made in our laboratory (20).
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