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Cisplatin is a major cancer chemotherapeutic drug. It kills cancer
cells by damaging their DNA, mainly in the form of Pt-d(GpG)
diadducts. However, it also has serious side effects, including
nephrotoxicity and hepatotoxicity that limit its usefulness. Chro-
notherapy is taking circadian time into account during therapy to
improve the therapeutic index, by improving efficacy and/or
limiting toxicity. To this end, we tested the impact of clock time
on excision repair of cisplatin-induced DNA damage at single-
nucleotide resolution across the genome in mouse kidney and
liver. We found that genome repair is controlled by two circadian
programs. Repair of the transcribed strand (TS) of active, circadian-
controlled genes is dictated by each gene’s phase of transcription,
which falls across the circadian cycle with prominent peaks at
dawn and dusk. In contrast, repair of the nontranscribed strand
(NTS) of all genes, repair of intergenic DNA, and global repair
overall peaks at Zeitgeber time ZT08, as basal repair capacity,
which is controlled by the circadian clock, peaks at this circadian
time. Consequently, the TS and NTS of many genes are repaired
out of phase. As most cancers are thought to have defective cir-
cadian rhythms, these results suggest that future research on
timed dosage of cisplatin could potentially reduce damage to
healthy tissue and improve its therapeutic index.
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Cisplatin and its derivatives are frontline drugs in the treat-
ment of testicular, ovarian, colorectal, lung, and head and

neck cancers (1, 2). However, its utility is compromised by pri-
mary or acquired resistance of the cancer cells to the drug and by
serious side effects that include nephrotoxicity, hepatotoxicity,
and neurotoxicity (3–5). Two approaches have been taken to
overcome these limitations. In one approach new derivatives that
exhibit lower toxicity or circumvent the DNA repair system that
causes resistance have been developed (2, 4). The second approach
is chronochemotherapy (6–8). The goal of chronochemotherapy is
to deliver the drug at a time of the day that is optimal for killing
cancer cells while sparing normal tissue and avoiding development
of resistance. For achieving this goal, it is necessary to understand
the pharmacodynamics and pharmacokinetic properties of the
drug, in particular the factors that impinge upon Pt-DNA adduct
formation and repair.
In the past, several attempts have been made to develop

chronochemotherapy regimens for combination chemotherapy
that included cisplatin or oxaliplatin (6, 7). While some beneficial
effects were reported with some of these regimens, the gains have
been either minor or have not been replicated in subsequent
studies (9). As a consequence, cisplatin chronochemotherapy is
currently not practiced in clinical oncology. We reasoned that a
mechanism-based approach that takes into account the kinetics of
Pt-DNA adduct repair at every single point in the genome in-
cluding the genes involved in carcinogenic growth and drug re-
sistance may help design a more efficient chronotherapy regimen.

Recently, we developed the eXcision Repair-sequencing (XR-
seq) method for whole-genome single-nucleotide-resolution map-
ping of nucleotide excision repair (10–14). Using this method, we
have analyzed the damage and repair maps for UV-, cisplatin-, and
oxaliplatin-induced DNA damage in human cells (11, 12). Here,
for the first time, we apply XR-seq to generate a repair map from a
whole animal using mice as a model system. Moreover, by ad-
ministering cisplatin and performing XR-seq on kidney and liver
at 4-h intervals for a 24-h period, we have generated whole-
genome circadian repair maps for these two organs.
Our data reveal that the repair of cisplatin damage in the

mouse genome is controlled by two circadian programs. Repair
of the transcribed strand (TS) of circadian-controlled genes is
dictated by each gene’s phase of transcription (15) and falls across
the entire circadian cycle. In contrast, repair of the nontranscribed
strand (NTS) of transcribed genes, circadian or otherwise, repair of
intergenic DNA, and global repair overall peaks at Zeitgeber time
(ZT) ∼ 08 because global repair capacity which is controlled by
the circadian clock peaks at this circadian time (16, 17). As a
result, the TS and NTS of diurnally expressed genes are repaired
out of phase. As it has been reported that cancers may have cir-
cadian rhythms in phase with the host (18) or out of phase with
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the host (19) or even lack rhythmicity (19), these findings con-
stitute a foundation for future research for mechanism-based
chronochemotherapy.

Results
High-Resolution, Genome-Wide Mapping of Nucleotide Excision
Repair in Mice. Recently, we developed a nucleotide excision re-
pair (excision repair) assay (XR-seq) for genome-wide mapping of
repair sites at single-nucleotide resolution in cultured mammalian
cells (11, 12). In this assay, the 26–27-nt-long oligonucleotides gen-
erated by the repair reaction are captured, sequenced, and aligned to
the genome to generate a repair map. In this investigation, for the
first time, we applied this assay to study genome-wide repair in an
animal: we injected mice with cisplatin and, after an appropriate
period for adduct formation and repair, tissues were harvested
and the excision repair products were isolated and sequenced for
genome-wide mapping. Fig. 1 shows excision products and XR-seq
libraries generated from kidney and liver 2 h after drug administration.
Next, we extended this experiment to generate repair maps as a

function of circadian time for mouse kidney and liver. We used the
experimental design shown in Fig. 2A. Mice were injected with
cisplatin at 4-h intervals, and, 2 h after each injection, kidneys and
livers were harvested and excision repair products were isolated
and processed by the XR-seq procedure. SI Appendix, Fig. S1
shows that at all circadian time points the excised oligomers are of
26–27-nt median length with the Pt-d(GpG) diadduct located at
19–20/20–21 nucleotides from the 5′ end and 5–6 nucleotides from
the 3′ end of the oligonucleotide, in agreement with data from
human cells in tissue culture (12–14). Next, we analyzed the effects
of genomic location and circadian time on excision repair.

Overall Effects of Transcription on Repair. When we analyzed the
repair of the TS and NTS genome-wide, we observed results
similar to those obtained with cultured cells (12). First, as
reported for excision repair in tissue culture (12, 15), the TS is
repaired 5–10-fold more efficiently than the NTS (Fig. 2B).
Second, as in tissue culture, the promoter-proximal region is
repaired with higher efficiency than the gene body because of the
high fraction of aborted transcripts in the first 1,000 bp of RNA
polymerase II-transcribed genes (20, 21). Third, at transcription
end sites (TES) there is a strong dip in repair at the termination
site but the TS preference still continues beyond the TES, as for
most genes the TES is a region rather than a single point. Finally,
upstream of promoters, the strand preference for repair is re-
versed. This is because for ∼80% of genes the promoter region
contains a unidirectional forward core promoter for transcribing
the gene and a unidirectional reverse core promoter (21) that is
responsible for divergent short upstream transcripts.

Effect of Circadian Clock on Transcription-Coupled Repair. Pre-
viously, using in vitro assays with cell-free extracts, we reported
that a key core excision repair factor, XPA, and therefore the
cellular repair activity, was controlled by the circadian clock with a
peak at ZT ∼ 10 and a trough at ZT ∼ 22 (16). Since the in vitro
assay measures global repair and not transcription-coupled repair
(13, 15), it was of interest to analyze the contribution of this global
repair oscillation on repair of TS and NTS in genes that are con-
trolled by the circadian clock (22) and in genes that are constitu-
tively transcribed. Fig. 2C shows the repair patterns of the TS and
NTS of the circadian clock gene Npas2, a nearby clock-controlled
gene which is transcribed codirectionally with Npas2, Rpl31 [as
reported by MetaCycle (23)], and a constitutively transcribed gene
that is transcribed in the opposite direction, Tbc1d8. Repair of the
TS of Npas2 is overwhelmingly clock-controlled with a peak at
ZT20-ZT0 and a trough at ZT08-12, in agreement with its known
transcriptional rhythmicity (22). The NTS of Npas2 is repaired
poorly at all circadian times relative to the peak value of the TS.
The TS of Rpl31, on the same strand as Npas2, is also highly effi-

ciently repaired relative to its NTS but oscillation of its TS repair is
relatively weak and delayed compared with Npas2 (maximum ZT0-
ZT08, minimum ZT16), in agreement with its transcriptional pro-
file in MetaCycle. The Tbc1d8 gene, which is expressed constitu-
tively and transcribed in the opposite direction of Npas2, exhibits a
high ratio of TS/NTS repair over the entire circadian cycle. Similar
results are seen throughout the genome with respect to the repair
of the TS and NTS of constitutively expressed and clock-controlled
genes over the entire circadian cycle (discussed further below).

Genome-Wide Analysis of Circadian Control of TS and NTS in the
Mouse Kidney. To determine the effect of the circadian clock
on TS and NTS repair genome-wide, we analyzed the repair
patterns of 1,661 genes that exhibited rhythmicity in TS repair
with an amplitude of twofold or higher in kidney. The heatmaps
in Fig. 3A reveal different patterns of rhythmicity for the TS and
NTS. Repair maxima for the TS are spread over the entire circadian

Fig. 1. Excision products and XR-seq libraries. (A) Detection of the excised
oligonucleotides from kidney and liver of mice administered cisplatin at
10 mg/kg. Mice were killed 2 h after cisplatin injection at ZT02. Kidney and
liver nuclei were isolated, lysed gently, and TFIIH was immunoprecipitated
with anti-p89 and anti-p62 antibodies, which bring down the primary exci-
sion products tightly bound to TFIIH (11, 12). The excision products were
further purified with anti–Pt-DNA (cisplatin) antibodies. A small fraction of
the purified DNA was 3′ labeled with 32P-cordycepin and analyzed on a se-
quencing gel, along with 17- and 24-nt-long size markers. The 50-mer was
included in the labeling reactions as an internal control to measure labeling
and recovery efficiency. (B) Analysis of dsDNA libraries generated from the
excised oligomers at ZT04. The purified excised oligomers were treated with
NaCN where indicated to reverse the Pt adduct and then subjected to the
indicated PCR cycles and separated on a polyacrylamide gel (12).

E4778 | www.pnas.org/cgi/doi/10.1073/pnas.1804493115 Yang et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
26

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804493115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1804493115


www.manaraa.com

Fig. 2. Transcriptional and circadian control of excision repair of cisplatin-DNA adduct in mice. (A) Schematic of circadian repair experiment. Mice kept under
12-h light:12-h dark (LD 12:12) condition were administered cisplatin at the indicated time points and tissues were harvested 2 h later; the excision products
were isolated and analyzed by XR-seq. ZT indicates circadian time where ZT0 is light-on and ZT12 is light-off. For each time point three mice were killed for
XR-seq. Repair data were collected from two independent circadian experiments that were in good agreement (SI Appendix, Fig. S2). (B) Genome-wide
analysis of TS and NTS repair shows strong preference for TS repair in promoter-proximal regions, throughout gene bodies, and into the TES. Preferential
repair reversal upstream of the TSS is due to bidirectional promoters for most mammalian genes such that the NTS in the gene body becomes the TS upstream
of the transcription start sites (TSS). The y axis shows RPKM for 100-nt windows. (C) Illustration showing the combined effects of the circadian clock and
transcription on cisplatin repair. Transcription and repair patterns of a 295-kb region of chromosome 1 encompassing the Npas2 clock gene and two
neighboring genes are shown. Blue, plus strand XR-seq repair reads; red, minus strand XR-seq repair reads. The Npas2 gene is itself clock-regulated and repair
of its TS peaks at ZT20-ZT0 and troughs at ZT08. The clock output gene Rpl31 exhibits much weaker rhythmicity in repair that is delayed compared with Npas2
(peak ZT0-ZT08, minimum ZT16). Tbc1d8 exhibits high amplitude and constant TS repair over the entire course of the circadian cycle.
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Fig. 3. Two interdependent circadian programs control repair of the TS and NTS. (A) Heatmaps of circadian repair cycles of TS and NTS of 1,661 highly
rhythmic genes in mouse kidney. Exp/Med is, for each gene, RPKM at a given ZT divided by the median ZT RPKM value. Note the distribution of the repair
maxima over the entire circadian cycle for the TS and the single maximum for repair of the NTS due to the circadian-controlled peak repair activity which
manifests itself on the NTS but its contribution to the TS repair is obscured by the much stronger effect of transcription on repair. The scale for selecting the
significant cyclical genes is meta2d_pvalue < 0.05, meta2d_rAMP > 0.1. Each horizontal line represents one gene from ZT0 to ZT24 with two replicates. (B)
Radial diagram representation of TS and NTS repair. The TS repair exhibits two peaks corresponding to predawn and predusk, in agreement with numerous
transcriptional analyses studies (22, 28, 31). The NTS repair exhibits a single peak at ZT08-11 in agreement with the peak transcription-independent excision
repair activity (16, 17). The scale for selecting the significant cyclical genes both in TS and NTS is meta2d_pvalue < 0.05, meta2d_rAMP > 0.1. (C) Heatmap
representation of global repair of the NTS of all genes (Left). Genes without significant rhythmicity (based on TS, meta2d_pvalue ≥ 0.05) are shown (Right).
Each horizontal line represents one gene from ZT0 to ZT24 with two replicates. (D) Global repair phase of total genes (Left) and noncyclical genes (Right) are
presented in radial plots. Analysis of phase distribution reveals peak NTS repair at ZT08-11. (E) Examples of dissonance of the TS vs. NTS repair for genes were
chosen to represent transcription (and hence TS repair) maxima covering an entire circadian cycle. The dissonance is most apparent when the transcription/
repair phase is farthest from ZT08, which represents the total repair activity and hence maximum NTS repair. We used three animals per time point for
analysis and performed two biological replicates. The time range is from ZT0 to ZT24. In E (as in A), data for ZT0 to ZT24 replicate one are followed by data for
ZT0 to ZT24, replicate two.
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cycle with two major clusters at ZT08 and ZT20. In contrast,
NTS repair of the same genes has a single maximum at ZT08.
This point is more clearly illustrated by plotting the data in the
form of radial diagrams (24) (Fig. 3B). In agreement with several
transcription profiling studies (22–32) the TS repair shows two
anticipatory circadian peaks at predawn and predusk. The exact
phases of these peaks differ slightly from those of the tran-
scriptional analyses, which is most likely due to technical limi-
tations in measuring transcription or repair phase. Indeed,
similar differences are seen among the transcriptional profiling
reports (25, 28, 31). Of special interest, in contrast to the TS
repair, the NTS repair exhibits a single peak at predusk (Fig. 3B),
which is consistent with the oscillation of basal excision repair
activity with a peak at ZT ∼ 10 (16).
Interestingly, when we plot the repair profiles of all annotated

genes, we observe a maximum at ZT08 for the NTS (Fig. 3 C and
D) and the removal of rhythmically transcribed genes from this
analysis does not change the basic patterns of either the heatmap
or the radial map, indicating that the repair maximum at ZT08 for
the NTS is the consequence of repair oscillation and is in-
dependent of the circadian control of target genes transcription.
For clock-controlled genes (24, 25, 27–30), the effect of tran-

scription oscillation on repair of the TS and the effect of repair
oscillation on the NTS give rise to an interesting phenomenon:
For many of these genes, the two strands are repaired out of phase
with one another (Fig. 3E). Here, we plotted the TS repair z-score
of representative genes with repair maxima ranging from ZT0 to
ZT20 along with the NTS repair z-score of the same genes. It is
apparent that at the single gene level the NTS repair is out of
phase with the TS repair, except when the TS repair peak is also at
ZT08. This phase dissonance between the two strands is most
striking when the TS repair maxima are at ZT0 and ZT20.
Analysis of cisplatin repair in liver yielded results similar to

kidney, with TS repair peaks anticipating dawn and dusk and a
single peak of NTS repair anticipating dusk (SI Appendix, Fig.
S3). However, the NTS repair peak in liver was considerably
wider (ZT07-11). This is most likely due to a combination of
factors, including the relatively slow adduct formation kinetics in
liver compared with kidney (33), the larger number of oscillating
transcripts in liver, and the effect of feeding on liver metabolism
(31, 32). While further research is needed to deconvolute the
contributions of these factors to the liver repair pattern, on the
whole, the liver repair profile supports the conclusion that the TS
and NTS repair are controlled by different programs.

Effect of the Circadian Clock on Cisplatin Repairome in Mouse. In a
previous study, overall excision repair activity in the skin of UV-
irradiated mice was measured at two time points, and more re-
pair was observed at ZT09 than ZT21 (17), in agreement with
our repair rhythmicity peak at ZT ∼ 08 in the NTS of kidney and
liver (Fig. 3 and SI Appendix, Fig. S3). Since the NTS constitutes
a minority of the genome, we expected to find this repair pro-
gram in control of other regions of the genome of our cisplatin-
treated mice. In fact, Fig. 4A shows that intergenic regions, which
make up a large portion of the genome (SI Appendix, Fig. S4), do
show repair rhythmicity similar to the NTS of transcribed genes,
peaking at ZT08. Of note, in this plot, since repair in different
regions is plotted as a percent of total repair at each time point,
and the bulk of repair is rhythmic, there is an apparent trough in
repair of the TS in both cyclical and noncyclical genes at ZT08.
Interestingly, in the plot of TS repair of all annotated genes in

Fig. 4B, repair rhythmicity with a peak at ZT08 is seen in the
circadian profiles. In this heatmap, repair rhythmicity peaking at
ZT08 is observed even with cyclically transcribed/transcription-
coupled repaired genes included in the data set, because the
latter constitute a minority of all genes, and their peaks at var-
ious ZTs tend to obscure one another plotted in this format.
Focusing on the noncyclical genes (Fig. 4B, Right), we examined

the source of rhythmic TS repair with a ZT08 peak by separating
these genes into quartiles based upon repair level (Fig. 5). This
analysis shows that TS repair oscillation with a ZT08 maxima is
limited to the weakly repaired quartiles (Q1, Q2), which presumably
are silent or weakly transcribed. Among the more strongly transcribed
genes in Q4, such as Tbc1d8 (Fig. 2C), rhythmicity in repair of the TS
mediated by the core repair factors with a peak at ZT08 is not ob-
served because the much more efficient, constitutive transcription-
dependent repair predominates. However, for the NTS even in this
group the repair peak is at ZT08. The NTS repair peak at
ZT08 is less apparent in strongly transcribed genes because it is
obscured by the more efficient, constitutive antisense tran-
scription near the promoter. Overall, we find that the rhythmic
core repair program with a ZT08 maxima controls large regions
of the genome (SI Appendix, Fig. S4) including the TS of weakly
or nonexpressed genes, all NTS, and intergenic DNA, and this
wide coverage explains the finding that when total repair is
measured, a peak at ZT08 is observed (16, 17).
In summary, our findings categorize discrete regions of the

genome based upon their circadian program of repair as shown
in Fig. 6. In this representation, the rhythmic repair pattern
characterized by a peak in repair at ∼ZT08 is due to a peak in
activity of the XPA protein and hence basal nucleotide excision
repair activity at ∼ZT08 (16, 17). The effect of this program is
seen in intergenic DNA, all NTS DNA, and the TS of silent
genes and weakly transcribed constitutive genes. Transcription-
driven repair is a far more efficient repair mode (13, 15), and
genes that are strongly, constitutively expressed are strongly and
constitutively (arrhythmically) repaired because transcription-
coupled repair (TCR) is much more efficient than the rhyth-
mic repair activity which is mediated by the basal repair factors
only. Circadian controlled, rhythmically expressed genes exhibit
a striking rhythmic repair of the TS that peaks at different times
of day depending upon the expression phase of each gene. The
relative abundance of these various categories dictates the repair
patterns we have observed for basal genomic repair, for TS and
NTS repair of constitutively expressed, and the repair of circa-
dian-clock–controlled rhythmically expressed genes.

Discussion
Here we report the application of the XR-seq method to gen-
erate single-nucleotide-resolution DNA repair maps from an
animal for the first time. By damaging DNA with cisplatin and
sampling repair over an entire circadian cycle, we have obtained
circadian repair maps for mouse kidney and liver. These analyses
have enabled us to determine which strand of which gene is
repaired at a given time of the day for the entire mouse genome
and have revealed that for many genes the TS and NTS are
repaired out of phase because repair is controlled by two circa-
dian programs: the molecular circadian clock that controls the
transcription and TCR of clock-controlled genes which fall
across the entire circadian cycle (22), and the global repair ac-
tivity which is controlled by the clock (16, 17) and exhibits a
maximum at ZT ∼ 08. We believe our data, which predict when
each strand of all genes will be repaired, provide the potential for
developing mechanism-based chemotherapy with cisplatin.
For over three decades, attempts have been made to apply

chronochemotherapy to cisplatin-containing combined chemo-
therapy regimens with mixed, and, at times, contradictory, re-
sults. In particular, an early report claimed that application of
chronotherapy to combination cisplatin plus doxorubicin treat-
ment of advanced ovarian cancer nearly quadrupled the 5-y life
expectancy (34, 35). However, a follow-up clinical trial with a
larger group of patients using the same drug combination and
chronotherapy regimen did not detect a difference in median
duration of survival of patients on standard-timed vs. circadian-
timed chemotherapy (36).
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More recently, two large chronochemotherapy trials conducted
in the United States and in Europe have failed to show significant
benefits of cisplatin-containing combined drug regimens in the
chronotherapy arm of the trials. The American study (37), by the
Gynecologic Oncology Group (GOG), concluded that there was
no significant benefit in terms of response rate of progression-free
survival, overall survival, or toxicity profile with circadian-timed vs.
standard-timed doxorubicin plus cisplatin treatment in patients
with advanced or recurrent endometrial carcinoma. Consequently,
the GOG has decided not to conduct additional clinical trials of
circadian-timed chemotherapy in endometrial cancer.
The European study (38), by the European Organization for

Research and Treatment of Cancer Chronotherapy Group exam-
ined the combination of Oxaliplatin, Fluorouracil, and Leucovorin
as first-line chemotherapy for metastatic colorectal cancer and
found that survival and toxicity side effects were similar between
patients with circadian-timed and standard-timed treatment. Im-
portantly, the risk of earlier death with chronotherapy vis-à-vis
standard therapy was marginally but statistically significantly de-

creased in men, while the risk of early death in the chronotherapy
arm of the women was increased by a larger margin than the small
decrease seen in men. Consequently, this chronotherapy regimen is
no longer in use. In fact, to our knowledge, there are no chro-
nochemotherapy regimens that have shown beneficial effects and
have been subsequently confirmed by other clinical trials.
We believe that instead of empirical approaches, a mechanism-

based approach is needed to devise a potentially beneficial cisplatin
chronochemotherapy regimen. An approach that takes into account
the damage and repair patterns of individual genes over the course
of the day both in normal tissue and in cancer is likely to reveal
whether cisplatin chronotherapy can improve the therapeutic index.
Here, we have documented the circadian repair pattern of cisplatin
damage genome-wide and at single-nucleotide resolution in normal
mouse tissues. Similar high-resolution circadian repair maps of in-
dividual cancer types are needed to determine optimal timing and
treatment plans to preferentially kill cancer cells while sparing
normal tissues. Currently, there are few studies on the circadian
clock of cancers. The findings have ranged from cancer tissue being

Fig. 4. Genome-wide rhythmicity of repair in kidney. (A) The distribution of repair in TS (noncyclical), TS (cyclical), NTS, and intergenic DNA were plotted to
show the reads at each ZT as a percent of total. Rhythmicity in global repair (NTS and intergenic) is indicated by the peak in repair at ZT08. NTS and intergenic
do not include overlapping genes. (B) Heatmap representation of TS repair of all genes (Left), and genes without significant rhythmicity (Right) based on TS,
meta2d_pvalue ≥ 0.05.
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arrhythmic, to being rhythmic but out of phase with normal tissue,
to being rhythmic and in phase with normal tissue (18, 19, 39–44). It
is necessary to determine the circadian phase and amplitude rela-
tionships between cancer and normal tissues to develop truly
mechanism-based chronotherapy regimens. We believe the circa-
dian DNA repair maps we have described in this study are a step in
that direction. Currently, we are applying the technology described
in this paper to various cancer model systems toward the goal of
mechanism-based cisplatin chronochemotherapy. However, we wish
to note that in light of the studies reporting a whole spectrum of
phase relationship between cancer and normal tissues, it is likely
that only a subset of cancer types or cancer patients might benefit
from mechanism-based chronotherapy.

Materials and Methods
Mice. Wild-type animals (6-mo-old C57BL/6J females) were purchased from
Jackson Laboratory, and maintained on a light:dark 12:12 schedule for at
least 2 wk before sacrifice. ZT0 is the time of light-on and ZT12 is the time of
light-off. Micewere handled in accordancewith the guidelines of the NIH and
the University of North Carolina School ofMedicine (Institutional Animal Care
and Use Committee).

Cisplatin Injection. Cisplatin (each milliliter contains 1 mg cisplatin and 9 mg
sodium chloride in water for injection; Fresenius Kabi Pharmaceutical Com-
pany) was administered by i.p. injection of 10-mg cisplatin/kg.

In Vivo Excision Assay. Two hours after injecting cisplatin, the mice were killed
by carbon dioxide exposure, the liver and kidneys were removed and washed
extensively with cold PBS, and then homogenized in 5 mL ice-cold PBS using
15 strokes of a Teflon homogenizer, at which point the plunger moved freely. The
homogenized tissues were transferred into 50-mL tubes and pelleted by centrifu-
gation in a centrifuge (Model CL2, cat. no. 004260F; Thermo Fisher) at 2,500 rpm for
4 min, the supernatant was discarded, and the pellets were washed three times to
remove fatty material. The pellets were suspended in 5 mL ice-cold Buffer A
[25 mM Hepes (pH 7.9)], 100 mM KCl, 12 mM MgCl2, 0.5 mM EDTA, 2 mM DTT,
12.5% glycerol, 0.5% Nonidet P-40)/per liver or two kidneys and incubated for
10 min on ice. Resuspended cells were transferred to an ice-cold Dounce
homogenizer and lysed on ice with 60 strokes using a tight plunger. The chromatin
fraction was then pelleted by centrifugation for 30 min at 14,000 rpm at 4 °C in a
centrifuge (Model 5418, cat. no. 022620304; Eppendorf). The supernatants were
harvested for the first immunoprecipitation [anti-TFIIH, p89 antibody (G-10) and
p62 antibody (H-10); Santa Cruz Biotechnology]. The precipitation and wash pro-
cedures were described previously (10). The DNAs were subjected to a second
round of immunoprecipitation with anti-cisplatin antibody (ab103261; Abcam) (12)
before labeling. DNA labeling has been previously described (10) and the labeled
DNAs were resolved in 10% denaturing sequencing gels.

Fig. 5. Rhythmic repair of the TS of weakly/nontranscribed genes in kidney. (A) Heatmap analysis of repair of noncyclical genes as a function of repair level. After
removing cyclical genes, the remaining genes were divided into quartiles Q1 through Q4 having successively higher levels of repair. The TS exhibits repair oscillation
in the weakly repaired and presumably weakly- or nontranscribed genes in Q1 and Q2. In contrast, when the repair level and hence transcription is high (Q4),
efficient TCR dominates the repair process, and obscures any basal repair activity oscillation; thus, TS repair at ZT08 is at a level comparable to or lower than repair at
other time points. In all quartiles repair oscillation is seen in the NTS strand which is as expected from Fig. 3 A and C, and serves as a positive control here. (B) Boxplot
representation of the level of total reads of TS and NTS repair in different quartiles, Q1–Q4. For A and B, we limit the minimum reads number plus 2 for each gene at
different time points, and each quartile has 3,565 genes.
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XR-Seq Assay. Treatment of mice, harvesting of tissues, and purification of
excision products was the same as in the in vivo excision assay. Excision
products were treated with NaCN to remove Pt before PCR (12). Remaining
steps, including oligonucleotides and adaptors were according to the pre-
viously described XR-seq procedure (11).

Sequencing and Genome Alignment. At least 8.7 million reads were obtained
for each replicate (after removing duplicate reads). Flanking adapter se-
quences were removed from the reads using BBDuk with command options
bbduk.sh ktrim = r k = 21 hdist = 2 minlen = 1 mink = 15. Duplicate reads
were removed by FASTX-Toolkit with command options fastx_collapser
-v -Q33. Reads were aligned to the mm10 mouse genome using bowtie2
with command options bowtie2 -f–very-sensitive -x -u -s. Following alignment,
the files were split into plus and minus strands for subsequent analysis. The
raw data and alignment data are available on Gene Expression Omnibus
(GEO), accession number GSE109938.

Data Visualization. For comparing repair signals at different time points, we
normalized all of the count data to a sequencing depth of 10 million. The
bigwig file is visualized by IGV (software.broadinstitute.org/software/igv/,
Broad Institute, and the Regents of the University of California) (45, 46).

Plotting Average Repair Profiles. To plot average repair profiles relative to
annotated transcription start site (TSS) or TES, we used only genes that do not
overlap and are at least 5,000 bp in length. Read counts were calculated from
aligned bam files using bedtools coverage (47), for 100-nt windows, counts
that are normalized to RPKM (reads per kilobase per million).

Analysis of Data from XR-Seq. Aligned reads were strand-specifically assigned to
genes using bedtools with command line options bedtools intersect -c -a -b. The
reference gene list mm10 was downloaded from the University of California,
Santa Cruz (UCSC) genome browser and was used to remove overlapping genes.

TS gene hit numbers were normalized by RPKM, and then bymeta2d (23) with
default set except minper = 24, maxper = 24, and cycMethod = c(“JTK,” “LS”).
The scale for selecting the significant cyclical genes is meta2d_pvalue < 0.05,
meta2d_rAMP > 0.1. To draw the heatmap in Fig. 3A, 1,661 genes from kidney
were selected. Relative expression for each gene in Fig. 3A is represented by the
RPKM value for each time point divided by the median RPKM value of the six
time points. Biological replicates were used and plotted left to right with ZT0 to
ZT20 data from experiment 1 followed by ZT0 to ZT20 data from experiment 2.
The NTS plot used the same 1,661 genes selected for the TS plot.

For representative genes at different ZT in Fig. 3E, we plot with z-scores
calculating by RPKM. z-score is, for each gene, RPKM at a given ZT minus the
mean ZT RPKM value divided by the SD of the ZT RPKM value.

Down-Sampled Analysis. We randomly selected 8.7 million reads (replicate 1) or
20 million reads (replicate 2) from each sample using subsample (https://github.
com/paulgb/subsample). The reference genomemm10 was downloaded from the
UCSC genome browser. We separated the whole chromatin into gene area,
intergenic area, and overlapping gene based upon the reference genes. Then we
obtained read numbers for each area. TS and overlapping gene repair are mainly
TCR, and NTS and intergenic repair aremainly global repair. After meta2d analysis
by using read numbers, we selected significant cyclical genes for making Fig. 4A.

ACKNOWLEDGMENTS. This work was supported by NIH Grants GM118102
and ES027255 (to A.S.) and NS054794 (to J.B.H.).

Fig. 6. Model for circadian-clock control of repair of cisplatin damage in the mouse genome. (A) Intergenic DNA; (B) NTS (C) TS-silent/weakly transcribed
constitutive genes. (D) TS-strongly transcribed constitutive genes; (E) TS-rhythmically expressed genes. Colored lines indicate levels of repair which may be
constant (flat line) or rhythmic (curved and sinusoidal). Rectangles denote genes: the NTS and NTS repair are in blue, the TS is gray, and intergenic DNA and
intergenic DNA repair are in dark gray.
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