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ABSTRACT

Replication timing during S-phase impacts mutation rates in yeast and human cancers; however,
the exact mechanism involved remains unclear. Here, we analyze the impact of replication
timing on UV mutagenesis in Saccharomyces cerevisiae. Our analysis indicates that UV mutations
are enriched in early-replicating regions of the genome in wild-type cells, but in cells deficient in
global genomic-nucleotide excision repair (GG-NER), mutations are enriched in late-replicating
regions. Analysis of UV damage maps revealed that cyclobutane pyrimidine dimers are enriched
in late-replicating regions, but this enrichment is almost entirely due to repetitive ribosomal
DNA. Complex mutations typically associated with TLS activity are also elevated in late-replicat-
ing regions in GG-NER deficient cells. We propose that UV mutagenesis is higher in early-
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replicating regions in repair-competent cells because there is less time to repair the lesion
prior to undergoing replication. However, in the absence of GG-NER, increased TLS activity

promotes UV mutagenesis in late-replicating regions.

Introduction

Exposure to ultraviolet (UV) light is a primary risk
factor for skin carcinogenesis because UV radia-
tion induces damage in DNA that causes muta-
tions during replication. The major class of UV-
induced DNA damage is cyclobutane pyrimidine
dimers (CPDs), which form between adjacent pyr-
imidine bases (i.e., TT, TC, CT, or CC) [1-3]. If
not efficiently repaired by the nucleotide excision
repair (NER) pathway [4-7], these helix-distorting
lesions can block ongoing DNA replication [2,8].
Replicative bypass of CPDs and other helix-
distorting UV photoproducts is thought to involve
either an error-free recombination-based mechan-
ism, such as template switching, or bypass by
translesion DNA synthesis (TLS) [9,10]. This latter
mechanism involves potentially error-prone DNA
synthesis past the lesion by TLS DNA polymerases,
which is likely responsible for most UV-induced
mutations [9,11].

Multiple studies suggest that UV-induced muta-
tions and spontaneous mutation classes do not

accumulate at a uniform rate during S-phase
[12-15]. Genome sequencing of human skin can-
cers such as melanoma has revealed that a larger
fraction of somatic mutations occurs in late-
replicating regions of the genome relative to ear-
lier-replicating regions [12,16,17]. Elevated muta-
tion rates in late-replicating regions of the genome
have been observed not only in many other cancer
types (e.g., [12,18,19]), but also in human germline
mutations [15]. Multiple mechanisms have been
proposed to explain this correlation, including dif-
ferences in the deoxynucleotide pool during
S-phase, in the utilization of TLS polymerases to
bypass lesions, and in DNA repair activity due to
regional differences in chromatin accessibility
[13,15-17,19,20]. For example, the relative acces-
sibility of UV damage to repair by the global
genomic-NER (GG-NER) pathway significantly
contributes to replication timing-associated differ-
ences in mutation frequency in human skin can-
cers [16,17]. Despite intense study, to what extent
these and potentially other mechanisms contribute
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to elevated mutation rates in late-replicating
regions of the genome is still largely unclear.
Moreover, a few mutational processes (e.g., muta-
tions induced by APOBEC cytidine deaminases)
are enriched in early-replicating regions of the
genome [21,22], but the mechanism responsible
for this association is unknown.

Previous research has also indicated that repli-
cation timing impacts mutation frequencies in
yeast (S. cerevisiae), with rates being elevated in
late-replicating regions [13,14,23]. For example,
one study measured the spontaneous mutation
rates in a URA3 reporter gene integrated at 43
different locations in yeast and found a six-fold
variation in URA3 mutation frequency across
these 43 locations [13]. This disparity could largely
be explained by the replication timing of the geno-
mic region in which the reporter gene was inte-
grated, based on a previously published genome-
wide map of replication timing [24], with locations
in late-replicating regions having significantly
higher mutation frequencies. However, other stu-
dies reported a much smaller variation in muta-
tion frequencies with replication timing in yeast,
with spontaneous mutation rates showing only a -
20-30% increase in late-replicating regions
[14,23]. While these studies examined spontaneous
mutation rates, the effect of replication timing on
the frequency of mutations induced by exogenous
damaging agents such as UV light in yeast is
unknown. The temporal regulation of error-
prone TLS activity during S-phase has been pos-
tulated as a potential cause of the increase in
spontaneous mutation frequency during late repli-
cation observed in yeast cells [13], since the REV1
TLS polymerase is expressed exclusively during
late S-phase and G2/M-phases of the cell cycle
[25]. However, whether a similar mechanism reg-
ulates UV-induced mutation frequency in yeast is
unclear.

We have previously used genome sequencing to
identify UV-induced mutations in repair-
proficient and repair-deficient cells repeatedly
exposed to either UVC or UVB light [26,27].
Here, we use this compendium of more than
60,000 UV-induced mutations to characterize
how replication timing in vyeast affects UV
mutagenesis.

Materials and methods
Data sources and timing map

Analyses were performed for data from WT,
radl6A, and rad26A yeast strains exposed to
either UVC or UVB radiation. The mutation
data are from previously performed whole-
genome sequencing of yeast cells subjected to
UV passaging experiments [26,27] and are avail-
able on NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra) under
BioProject accession number SRA:
PRJNA605561 (UVC) and PRJNA888347 (UVB).
Single-base substitutions and complex mutations
were extracted from these data sets and put into
BED files. CPD-seq data were obtained from pub-
lished UV damage and repair experiments in
yeast [28,29] and can be obtained from the Gene
Expression Omnibus (GEO) database using acces-
sions: GSE79977 (WT) and GSE131101 (radl6A).
CPD-seq wig files were converted to BED files
and analyzed in a similar manner as the mutation
data. A CPD count was assigned to both positions
in the lesion-forming dipyrimidine. Dipyrimidine
sequence counts were obtained from FASTA files
derived from the identified early, middle, and
late-replicating regions of the genome. Analysis
of the CPD-seq data and mutation data was also
repeated excluding in CPDs and mutations in
rDNA repeats associated with the following gen-
ome coordinates: chrXIl:451430-468920 and
chrXI1:489928-490455.

The replication timing map was derived from
data lifted to the Saccer3 genome assembly from
Raghuraman et al. [24], which provides replication
time values by genome location at 500 base-pair
intervals.

Assigning replication times

A custom Python script was used to classify muta-
tions from our previously obtained whole-genome
sequencing data sets from UV passaging experi-
ments based on when they occur during S-phase.
The code is available on GitHub in the repository
allysasewell/DNA_replication timing. Using the
timing map from Raghuraman et al. [24], approx-
imate replication times were assigned to each
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single-base substitution in the inputted BED files.
This was accomplished by identifying the interval
each mutation from the BED file falls within and
using the following formula to calculate replication
time:

time = timel + (time2—timel)*[(pos—posl)/(pos2
—posl)]

In this formula, posl is the first position in the
interval from the timing map that is replicated at
timel, pos2 is the second position in the interval
replicated at time2, and pos is the position of the
mutation in the BED file. Mutations in regions not
covered in the intervals from the timing map, such
as the first approximately 250 base pairs of each
chromosome, were excluded.

Data classification and analysis

Once replication times were assigned, substitution
mutations could be categorized as early, middle, or
late. Early, middle, and late-replicating regions
were defined for the S. cerevisiae genome by sort-
ing data from the Raghuraman et al. replication
timing map [24] and dividing it into three bins
each encompassing a third of the genome. This
resulted in times from 0 to 27.67 minutes being
classified as early, 27.67-34.28 min as middle, and
times after 34.28 min as late. Counts were
obtained for each replication timing bin and com-
pared with expected values calculated based on
trinucleotide counts for each bin, as determined
by inputting FASTA files for each chromosome
and assigning a replication time for the middle
base of each trinucleotide as described above, and
overall mutation frequencies for each trinucleotide
sequence context. Additionally, each bin was
further subdivided into three more bins for
a total of nine timepoints for use in linear regres-
sion analysis relating mutation frequency for each
bin to its average replication time.

Analysis of mutations and CPDs associated with
different replication timing categories and indivi-
dual chromosomes was performed similarly as
described above.

Analyzing complex mutations

To identify complex mutations, each yeast isolate
was considered separately, and if a mutation was
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within 10 base pairs of the preceding or subse-
quent mutation, it was added to the list of complex
mutations, if not already present. Mutations could
be substitutions, insertions, or deletions. BED files
were created with all the complex mutations, and
replication timing was analyzed as described
above. When calculating expected values for com-
plex mutations, it was assumed that the propor-
tions of mutations in early, middle, and late
categories would be identical to those observed
for single-base substitutions (SBS). Mutation spec-
tra for complex mutations included only SBS
occurring in complex mutation events.

A custom Python script was used to find the
cosine similarities between the mutation spectra
for complex mutations and each of the mutation
signatures listed in the COSMIC database [30].
The lists of mutation frequencies in each trinu-
cleotide context were treated as vectors, so the dot
product of the complex mutation frequencies and
the COSMIC mutation signature frequencies was
calculated and divided by the product of the vector
magnitudes.

Results

To explore the impact of replication timing during
S-phase on UV mutagenesis in yeast, we analyzed
a compendium of ~12,000 UV-induced single base
substitutions (SBS). These mutations were identi-
fied by whole-genome sequencing of wild-type
(WT) yeast isolates exposed to 15 doses of 25 ]/
m” of UVC light [26]. The replication timing of
each mutation was estimated from a published
whole-genome map of replication timing in yeast
[24]. Using this replication timing map, we
divided the genome into early, middle, and late-
replicating segments, each containing approxi-
mately equivalent amounts of genomic sequence
(see Methods). We used this analytical framework
to compare the total number of UV-induced
mutations in early, middle, and late-replicating
regions of the yeast genome.

This analysis indicated that in WT yeast the
number of UV-induced mutations was ~8% higher
in early-replicating regions of the genome relative
to late-replicating regions (Figure la). Genomic
regions with middle replication timing had an
intermediate count of mutations, ~3% higher
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than late-replicating regions. As a control, we esti-
mated the expected number of mutations in each
region due to DNA sequence composition alone,
which were calculated from the underlying DNA
sequence using observed mutation frequencies for
each trinucleotide sequence context (see Methods).
These expected mutation counts showed relatively
little variation (~1% difference between cate-
gories), and statistical analysis indicated that the
observed mutation counts in the replication timing
categories significantly differed from the expected
count (p=0.019). To further characterize the
dependence of UV mutagenesis on replication
timing, we subdivided the early, middle, and late-
replicating regions into nine total bins ordered by
replication timing and quantified the number of
mutations in each bin. Linear regression analysis
revealed a significant negative correlation between
mutation count and replication timing (Figure 1b,
Pearson’s R=-0.74, p=0.0216), consistent with
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the hypothesis that the accumulation of UV muta-
tions is elevated early in S-phase.

To further test this hypothesis, we analyzed the asso-
ciation between replication timing and UV mutagenesis
in a separate compendium of >5000 single base substitu-
tions derived from whole-genome sequencing of WT
yeast exposed to 15 doses of 300 J/m” of UVB light [27).
UVB and UVC light generate similar classes of UV
photoproducts in DNA and a similar spectrum of muta-
tions, albeit at somewhat different proportions
[26,27,31]. Our analysis indicated that UVB-induced
mutations in WT cells are elevated in early-replicating
regions of the yeast genome, with ~13% more mutations
than in late-replicating regions (Figure 1c). In contrast,
the expected mutation counts based on sequence com-
position alone only varied by <1% between each replica-
tion timing category and were significantly different than
the observed mutation counts (p=0.0035). Linear
regression analysis of UVB-induced mutations indicated
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Figure 1. UV-induced single base substitutions in wild-type (WT) cells are elevated in early-replicating regions of the yeast genome.
(a) The number of single-base substitutions in early, middle, and late-replicating regions of the genome for UVC-treated wild-type
(WT) yeast. Mutations are derived from genome-wide sequencing of WT yeast exposed to 15 doses of UVC light (25 J/m? per dose),
as described in [26]. *p < 0.05 based on chi-square analysis of observed mutation counts relative to the expected mutations counts
based on tri-nucleotide sequence contexts of the early, middle, and late-replicating genomic sequences. (b) Linear regression results
plotting number of single-base substitution mutations by replication time for UVC-exposed WT yeast. The regression equation is y =
—7.125x + 1570 with a Pearson’s R of — 0.74 and a p-value of 0.0216. Simple linear regression was performed using GraphPad prism
version 10.0.3. (c) The number of single-base substitutions in early, middle, and late-replicating regions of the genome for UVB-
treated wild-type (WT) yeast. Mutations are derived from genome-wide sequencing of WT yeast exposed to 15 doses of UVB light
(300 J/m? per dose), as described in [27]. **p < 0.005 based on chi-square analysis. (d) Linear regression results plotting number of
single-base substitution mutations by replication time for UVB-exposed wild-type yeast. The regression equation is y =—3.158%x +
699.7 with a Pearson’s R of — 0.61 and a p-value of 0.0841. (e) Mutation spectrum for single-base substitutions (C>a, C>G, C>T, T>A,
T>C, or T>Q) in early S-phase for WT UVC-exposed yeast cells. Counts for all trinucleotide contexts are included, with the mutated
base in the middle. (f) Mutation spectrum for single-base substitutions in late S-phase for WT UVC-exposed yeast cells.
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replication timing and mutation accumulation  observed variation in mutation counts in early
(Figure 1d, Pearson’s R =—0.61), as the correlation was  versus late-replicating regions of the yeast genome.
not statistically significant (p = 0.084), likely because of =~ To test this hypothesis, we analyzed published
the smaller number of UVB-induced mutations yeast CPD-seq data, which maps UV-induced
analyzed. CPD lesions at single-nucleotide resolution across

We also compared the trinucleotide spectra of UV-  the yeast genome [29]. We initially examined UV-
induced mutations in early and late-replicating regions  induced CPD formation by assigning lesions iden-
of the yeast genome. Analysis of UVC-induced muta-  tified by CPD-seq to early, middle, or late-
tions indicated a very similar mutation spectrum in  replicating regions of the genome (see Methods).
early and late-replicating regions of the genome Our results indicated that late-replicating
(Figure lef). In support of this finding, quantitative  regions of the genome are enriched for CPD
analysis of the frequency of each mutation class in  lesions, containing ~20-25% more damage than
different trinucleotide sequence contexts (e.g, early or middle-replicating regions (Figure 2a and
TCT>TTT, etc.) revealed a very high similarity in the =~ Supplemental Figure S2a). One possible explana-
mutation spectra of the early and late-replicating  tion of this result is that late-replicating regions
regions of the genome (R*=099, Supplemental could have a higher frequency of CPD-forming
Figure 1a). Comparisons with the mutation spectrum  dipyrimidine sequences. However, sequence ana-
of middle replication timing regions also showed very  lysis indicated that late-replicating regions had
high similarity (Supplemental Figure 1b,c). We  a slightly lower number of dipyrimidine sequences
observed similar results for the UVB mutation data  than early or middle-replicating regions
(Supplemental Figure 1d-f). Taken together, these find-  (Figure 2b). Analysis of CPD-seq data derived
ings indicate that UV-induced mutations in repair-  from isolated yeast genomic DNA that was UV
proficient WT yeast are elevated in early-replicating  irradiated in vitro [29] showed a similar pattern
regions of the genome, but the spectrum of mutations ~ of CPD enrichment in late-replicating regions of
is not significantly altered by replication timing. the genome (Figure 2c¢ and Supplemental Figure
S2b), suggesting that the overall DNA sequence
composition of late-replicating regions, and not
DNA binding by cellular proteins, is primarily
responsible for elevated UV damage formation.
Analysis of CPD-seq data in WT cells following
2 h of repair [29] showed a similar degree of
We wondered whether differences in UV damage  enrichment of CPDs in late-replicating regions
formation or repair efficiency might explain the

Apparent elevation of UV damage in
late-replicating regions is due to ribosomal DNA
repeats
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Figure 2. Analysis of UV-induced CPD formation and repair in early, middle, and late-replicating regions of the yeast genome. (a)
Percentage of CPDs in early, middle, and late-replicating regions of the yeast genome immediately after UVC-radiation of WT cells (0
h). CPD counts were determined from published cpd-seq data [29]. (b) Percentage of dipyrimidine sequences in early, middle, and
late-replicating regions of the yeast genome. (c) Same as panel a, except for UVC-radiation (90 J/m2) of isolated yeast genomic DNA.
(d) Same as panel a, except after 2 h of repair in UV-radiated WT cells (2 h). (e) Fraction of CPDs remaining after 2 h of repair in UV-
radiated WT cells relative to the 0 h control in early, middle, and late-replicating regions of the yeast genome.
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relative to early or middle-replicating regions (i.e.,
~25-30% higher CPDs in late-replicating regions,
Figure 2d). Analysis of the fraction of CPDs
remaining following 2 h repair in WT cells relative
to the 0 h control revealed a roughly similar frac-
tion of unrepaired CPDs in each of the replication
timing categories (Figure 2e). In summary, our
data indicate that NER efficiency is roughly similar
in late, middle, and early-replicating genomic
regions in WT cells, while UV damage is specifi-
cally elevated in late-replicating regions.

We wondered whether the enrichment of UV-
induced mutations in early replicating regions and
CPDs in late-replicating regions were consistent
across individual chromosomes. To address this
question, we initially tested how replication timing
impacted UV mutagenesis along individual yeast
chromosomes. For UVC-irradiated WT cells, the
percentage of mutations in early-replicating
regions varied from chromosome to chromosome
(Figure 3a). For example, in chromosomes III, XV,
and XVI, more than 50% of the mutations were in
early-replicating regions, while in chromosomes
VII, VIII, and IX, fewer than 15% of mutations
were in early-replicating regions and more than
50% of mutations were late-replicating (Figure 3a).
Associations with early or late-replicating regions
in each chromosome largely matched the expected
mutation counts based on DNA sequence compo-
sition (see black circles in Figure 3a), indicating
that the chromosome-to-chromosome variation
observed was largely due to chromosome-specific
differences in replication timing. For example,
more than 50% of the DNA sequence in chromo-
somes III, XV, and XVI is early-replicating, which
can account for why such a high proportion of
mutations are assigned to this replication timing
category in these chromosomes. Analysis of UVB-
induced mutations in WT yeast showed a similar
pattern (Supplemental Figure S3).

In addition to this chromosome-to-
chromosome variation, the UVC mutation data
showed a general trend of fewer mutations in late-
replicating regions than expected by DNA
sequence composition across the different chro-
mosomes (Figure 3a). Statistical analysis using
a Wilcoxon matched-pairs signed rank test con-
firmed that the percentage of total mutations in
late-replicating regions across the different

chromosomes was smaller than expected (p=
0.025). This finding is consistent with our previous
analysis indicating that, for the genome as a whole,
there are fewer mutations in late-replicating
regions than early or middle-replicating regions
of the genome (see Figure 1).

Similar analysis of CPD lesions in individual
chromosomes for UV radiated WT cells (0h)
revealed a comparable pattern of chromosome-to-
chromosome variability in the distribution of CPD
lesions in early versus late-replicating regions
(Figure 3b). Again, this variability could largely
be explained by the fraction of early versus late-
replicating DNA sequence in each chromosome, as
the percentage of CPD-forming dipyrimidine
sequences (black circles in Figure 3b) largely mir-
rored the percentage of CPDs in each
chromosome.

One notable exception was chromosome XII,
where there was a much higher percentage of CPDs
in late-replicating regions than expected based on the
percentage of dipyrimidine sequences (Figure 3b and
Supplemental Figure S4a). Closer inspection of CPD
counts in 1kb bins along chromosome XII revealed a
~40-fold enrichment of CPDs associated with
a specific region of late-replicating DNA that contains
the ribosomal DNA (rDNA) locus (Figure 3c). The
rDNA locus in S. cerevisiae typically contains 150-200
tandem repeats of a cassette containing the four ribo-
somal RNA genes [32,33], but only two rDNA repeats
are included in the Saccer3 reference genome assem-
bly [34]. This discrepancy can explain why CPDs are
strongly enriched at the late-replicating rDNA locus
in chromosome XII, and why this enrichment was not
accounted for when calculating the distribution of
dipyrimidine sequences in early versus late-
replicating ~ regions  of  chromosome  XII
(Supplemental Figure 4a). Filtering out CPDs resident
in the rDNA locus eliminated the apparent enrich-
ment of CPDs in late-replicating regions of the yeast
genome (Figure 3d,e and Supplemental Figure S4b-d).
Taken together, these findings indicate that the appar-
ent enrichment of CPD lesions in late-replicating
regions of the genome is caused by the repetitive
nature of the late-replicating rDNA locus in chromo-
some XII. Instead, this new analysis indicates that
CPD levels immediately after UV radiation (0 h), in
UV radiated naked DNA, or after 2h of repair are
very similar between early and late-replicating regions
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Figure 3. Comparison of the percentages of mutations and CPDs incurred in early and late-replicating regions in UVC-exposed wild-
type (WT) yeast for individual chromosomes. (a) Mutation percentages in early and late-replicating DNA (green and yellow bars,
respectively) were derived from whole-genome sequencing of UVC-exposed yeast cells [26] and plotted for each yeast chromosome.
Expected values (black dots) were calculated based on the DNA sequence context using trinucleotide counts by region (early,
middle, or late-replicating) and overall mutation frequencies for each trinucleotide context. Each individual chromosome is labeled.
The dotted lines represent the expected proportion of mutations (i.e., 33% or 1/3™) for early and late-replicating regions across the
genome as a whole. (b) Same as panel a, but showing percentages of CPDs in early and late-replicating DNA derived from cpd-seq
data from UV-radiated WT cells (0 h; data from [29]). Black circles indicate the percentages of dipyrimidine sequences in early and
late-replicating DNA for each chromosome. Gray arrow indicates a significant discrepancy between percentage of total CPDs and
dipyrimidine sequences in chromosome XII. (c) Plot of CPD counts for 1kb bins spanning chromosome XII. Each band is indicated by
a single circle, which is color-coded by whether it occurs in a late, early, or middle-replicating region of the chromosome. Black
circles indicate regions in which the entire bin does not fall into a single replication timing category, or where replication timing data
was not available. The ribosomal DNA (rDNA) locus is indicated on the plot. (d-e) Percentage of total CPDs in each replication timing
category for UV-radiated WT cells, either (d) immediately after UV-radiation or (e) after 2 h repair, after removing CPDs occurring in
repetitive rDNA locus (see materials and methods).

of the genome and largely coincide with the frequency UV mutations are elevated in late-replicating
of dipyrimidine sequences (Figure 3d.e and regions in GG-NER-deficient rad16A cells
Supplemental Figure S4b-d).

To account for the possibility of a similar bias
in our mutation data due to the rDNA repeats,
which tend to be located in late-replicating
regions of chromosome XII, we repeated our
analysis of UV mutations excluding these
regions. However, the effect of eliminating
these regions on replication timing trends was
negligible, likely because few mutations were
called in the repetitive rDNA locus. After
excluding the rDNA locus, we still observed sig-

Previous studies in human skin cancers have sug-
gested that differential NER activity can potentially
explain variations in mutation density associated with
replication timing [16,17]. To investigate how NER
activity influences replication timing-associated
mutation rates in yeast, we analyzed UV-induced
mutations derived from vyeast strains deficient in
either the transcription coupled-nucleotide excision
repair (TC-NER) or global genomic-nucleotide exci-
sion repair (GG-NER) pathway. First, we analyzed
o i ] ) ~10,000 mutations derived from whole-genome
n1f1c‘ant. enrlchment of mutations in ear'ly— sequencing of TC-NER deficient rad26A cells that
replicating 'regl.ons of'the yeast genome rel'atlve had been exposed to 15 doses of 25 J/m* UVC light
to late-re'phc'atmg regl(‘)n's (Supplemental Figure [26]. This analysis revealed a similar pattern to WT
§5), confirming our original results. cells, with ~13% more mutations in early-replicating
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Figure 4. UV-induced single base substitutions in rad26A cells are elevated in early-replicating regions of the yeast genome. (a) The
number of single-base substitutions in early, middle, and late-replicating regions of the genome for UVC-treated rad26A yeast.
Mutations are derived from genome-wide sequencing of WT yeast exposed to 15 doses of UVC light (25 J/m? per dose), as described
in [26]. *p < 0.0005 based on chi-square analysis of observed mutation counts relative to the expected mutations counts based on
tri-nucleotide sequence context of the early, middle, and late-replicating genomic sequences. (b) Linear regression results plotting
number of single-base substitution mutations by replication time for UVC-exposed rad26A yeast. The regression equation is y =
—8.288x + 1355 with a Pearson’s R of — 0.82 and a p-value of 0.0072. Simple linear regression was performed using GraphPad prism
version 10.0.3. (c-e) Comparison of mutation spectra for each trinucleotide context at different replication times for rad26A yeast
cells exposed to UVC. Correlation/linear regression analysis was performed using GraphPad prism version 10.0.3. p < 0.0005 for each

comparison.

regions of the genome than late-replicating regions
(Figure 4a). Again, the observed mutation counts in
each replication timing category were significantly
different than the expected counts derived from
DNA sequence composition alone (p <0.0005).
Linear regression analysis also revealed a significant
negative correlation between time of replication in
S-phase and mutation count (Figure 4b, Pearson’s R
=-0.82, p=0.0072). The mutation spectra of early,
middle, and late-replicating regions were highly simi-
lar (Figure 4c-e), consistent with our analysis of UV
mutations in WT cells. Taken together, these findings
suggest that TC-NER does not contribute to the dif-
ference in mutation counts in early- versus late-
replicating regions of the genome.

In contrast, similar analysis of ~23,000 mutations
from GG-NER defective rad16A cells that had been

exposed to 15 doses of UVC light (12.5 J/m?) [26]
showed a very different pattern than WT or rad26A
cells. In rad16A cells, UVC-induced mutations were
significantly elevated in late-replicating regions of
the genome, with ~36% more mutations than in
early-replicating DNA (Figure 5a). Consistently,
the observed mutation counts in early, middle,
and late-replicating regions of the genome signifi-
cantly differed from the expected mutation counts
based on DNA sequence composition (p < 0.0005),
even if the rDNA locus is excluded (Supplemental
Figure S6). Moreover, regression analysis also indi-
cated a positive linear relationship between replica-
tion time and mutation count (Figure 5b, Pearson’s
R=0.96, p<0.0005). Very similar results were
obtained when we analyzed a separate cohort of
~14,000 mutations derived from whole-genome



sequencing of rad16A cells that have been irradiated
15 times with 150 J/m? of UVB (Figure 5¢,d) [27].
In UVB-irradiated radI6A cells, late-replicating
regions had a ~ 32% increase in mutations relative
to early-replicating regions of the genome
(Figure 5c¢), and the observed counts of mutations
in each replication timing category significantly
differed from the expected count based on DNA
sequence composition (p < 0.0005). Regression ana-
lysis also indicated that mutation counts showed
a significant positive correlation with replication
timing (Figure 5d, Pearson’s R = 0.95, p < 0.0005).
While UV-induced mutation frequency in
radl6A was elevated in late-replicating regions,
we did not observe any significant differences in
the mutation spectrum in genomic regions with
different replication timing. For example, in UVC-
irradiated radl6A cells, the trinucleotide mutation
spectrum of early-replicating regions was very simi-
lar to that of late-replicating regions (Figure 5e,f),
having an R’ of 0.99 (Supplemental Figure S7a).
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Middle-replicating regions also had a very similar
mutation spectrum as early and late-replicating
regions (Supplemental Figure S7b,c). Similar results
were obtained when analyzing the mutation spectra
of mutations arising in UVB-irradiated radI16A cells
(Supplemental Figure S7d-f).

Analysis of the distribution of mutations in
UVC-irradiated rad16A cells across different chro-
mosomes revealed a chromosome-to-chromosome
variation similar to that observed in WT cells (com-
pare Figures 3a and 6a). However, there was
a general trend of more mutations in late-
replicating regions relative to the expected percen-
tage based on sequence composition (Figure 6a).
Very similar patterns were observed when we ana-
lyzed a separate set of UVB-induced mutations in
radl6A cells (Figure 6b). Statistical analysis using
the Wilcoxon matched-pairs signed rank test vali-
dated that the count of radl6A UVC-induced
mutations in late-replicating regions across differ-
ent chromosomes was higher than expected (p =
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Figure 5. UV-induced single base substitutions in rad16A cells are elevated in late-replicating regions of the yeast genome. (a) The
number of single-base substitutions in early, middle, and late-replicating regions of the genome for UVC-treated rad716A yeast.
Mutations are derived from genome-wide sequencing of rad76A yeast exposed to 15 doses of UVC light (12.5 J/m? per dose), as
described in [26]. *p < 0.0005 based on chi-square analysis of observed mutation counts relative to the expected mutations counts
based on tri-nucleotide sequence context of the early, middle, and late-replicating genomic sequences. (b) Linear regression results
plotting number of single-base substitution mutations by replication time for UVC-exposed rad16A yeast. The regression equation is
y =50.67x + 1029 with a Pearson’s R of 0.96 and a p-value of <0.0005. Simple linear regression was performed using GraphPad
prism version 10.0.3. (c) The number of single-base substitutions in early, middle, and late-replicating regions of the genome for
UVB-treated rad16A yeast. Mutations are derived from genome-wide sequencing of WT yeast exposed to 15 doses of UVB light (150
J/m? per dose), as described in [27]. **p < 0.0005 based on chi-square analysis. (d) Linear regression results plotting number of
single-base substitution mutations by replication time for UVB-exposed rad7164 yeast. The regression equation is y = 26.6x + 727.1,
with a Pearson’s R of 0.95 and a p-value <0.0005. (e) Mutation spectrum for single-base substitutions (C>a, C>G, C>T, T>A, T>C, or
T>Q) in early S-phase for rad16A UVC-exposed yeast cells. Counts for all trinucleotide contexts are included, with the mutated base
in the middle. (f) Mutation spectrum for single-base substitutions in late S-phase for rad16A UVC-exposed yeast cells.
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0.0002). Taken together, these findings indicate that
in GG-NER -deficient radl6A cells, UV-induced
mutations are significantly elevated in late-
replicating regions, but the corresponding mutation
spectrum is unaffected by replication timing.

Complex mutations are elevated in late-
replicating regions in rad16A cells

To investigate the potential causes of elevated
mutation counts in late-replicating regions, we
analyzed published CPD-seq data from radl6A
cells [28]. After excluding repetitive rDNA regions
(see Figure 3), our analysis indicated that initial
CPD formation in radl6A cells is roughly equiva-
lent in late-replicating regions of the genome rela-
tive to middle or early-replicating regions
(Figure 7a and Supplemental Figure S8a). Similar
results were obtained after 2 h of repair (Figure 7b
and Supplemental Figure S8b). Analysis of the
fraction of CPDs remaining following 2h repair
in radl6A cells relative to the 0 h control revealed
a roughly similar fraction of unrepaired CPDs in
late-replicating DNA relative to other replication
categories (Figure 7c and Supplemental Figure
S8c). These results are similar to our previous
analysis of CPD formation in WT cells (see
Figure 3). In summary, these findings indicate
that in radl6A cells, late-replicating DNA has
similar levels of initial CPD formation and repair
as early or middle-replicating regions.

Previous studies have suggested that elevated
spontaneous mutation rates in late-replicating

a rad16A UVC
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% Total Mutations
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regions might be due to increased usage of TLS
polymerases to bypass lesions, as opposed to error-
free mechanisms [13,25]. We wondered whether
this mechanism might contribute to elevated
mutation counts in late-replicating regions in
radl6A cells. DNA polymerase zeta, which is
required for TLS activity in yeast, often generates
complex mutations, which are defined as multiple
closely spaced substitutions and/or insertion/dele-
tion (indel) events [35,36]. Hence, we identified
putative complex mutation events, which we
defined as two or more substitutions and/or indels
each occurring within 10 bp of each other (see
Materials and Methods) in individual sequenced
isolates of the UVC-irradiated radI6A strain.
Using these criteria, we identified a total of 522
mutations in UVC radl6A cells that were part of
a complex mutation event. We then analyzed the
distribution of these complex mutation events in
different replication timing categories during
S-phase to see if this signature of TLS activity
was elevated in late-replicating regions in radl6A
cells.

This analysis revealed that in UVC-irradiated
radl6A cells, complex mutations are enriched in
late-replicating regions of the yeast genome
(Figure 8a). There were 66% and 62% more com-
plex mutations in late-replicating regions than
early or middle-replicating regions, respectively.
Moreover, the distribution of complex mutations
in different replication timing categories signifi-
cantly differed from the expected mutation count
based on the observed number of SBS in UVC-
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Figure 6. Analysis of UV mutations in rad716A cells for individual yeast chromosomes. (a-b) Mutation percentages in early- and late-
replicating DNA (green and yellow bars, respectively) were derived from whole-genome sequencing of (a) UVC-exposed and (b) UVB-
exposed rad16A yeast cells [26] and plotted for each yeast chromosome. Expected values (black dots) were calculated based on the
DNA sequence context using trinucleotide counts by region (early, middle, or late-replicating) and overall mutation frequencies for
each trinucleotide context. The dotted lines represent the expected proportion of mutations (i.e., 33% or 1/3™) for early and late-
replicating regions across the genome as a whole. Each individual chromosome is labeled.
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Figure 7. Analysis of UV-induced CPD formation and repair in GG-NER deficient rad716A cells in early, middle, and late-replicating
regions of the yeast genome. (a) Percentage of CPDs in early, middle, and late-replicating regions of the yeast genome immediately
after UVC-radiation of rad76A cells (0 h). CPD counts determined from published cpd-seq data [28], after removing CPDs associated
with ribosomal DNA (rDNA) repeats. (b) Same as panel a, except after 2 h of repair in UV-radiated rad716A cells (2 h). (c) Fraction of
CPDs remaining after 2 h of repair in UV-radiated rad76A cells relative to the 0 h control in early, middle, and late-replicating regions
of the yeast genome, after removing CPDs associated with ribosomal DNA (rDNA) repeats.
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Figure 8. Complex mutations in UV-radiated rad716A cells are enriched in late-replicating regions. (a) The number of complex
mutations in early, middle, and late replication for UVC-treated rad16A yeast. Complex mutations were defined as multiple
independent substitutions and/or an indels within 10 base pairs of an adjacent mutation in the same sequenced yeast isolate.
mutation data is from whole-genome sequencing of UVC-exposed yeast cells of rad716A yeast exposed to 15 doses of UVC light (12.5
J/m? per dose), as described in [26]. *p < 0.05 relative to total base substitutions based on Chi-squared analysis. (b) Linear regression
results plotting number of complex mutations by replication time for UVC-exposed rad716A yeast. The regression equation is y =
1.947x — 6.497 with a Pearson’s R of 0.80 and a p-value of 0.0091. Simple linear regression was performed using GraphPad prism
version 10.0.3. (c) the number of complex mutations in early, middle, and late replication for UVB-treated rad716A yeast. Mutation
data is from whole-genome sequencing of UVB-exposed yeast cells of rad16A yeast exposed to 15 doses of UVB light (150 J/m? per
dose), as described in [27]. (d) Linear regression results plotting number of complex mutations by replication time for UVB-exposed
rad16A yeast. The regression equation is y = 1.063x + 1.689 with a Pearson’s R of 0.83 and p =0.0052. (e) Mutation spectrum for
complex single-base substitutions (C>a, C>G, C>T, T>A, T>C, or T>G) in rad16A UVC-exposed yeast cells. Counts for all trinucleotide
contexts are included, with the mutated base in the middle. (f) Mutation spectrum for complex single-base substitutions in rad16A
UVB-exposed yeast cells.
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Similar analysis of putative complex mutations
in UVB-irradiated rad16A cells again revealed an
elevated frequency in late-replicating regions
(Figure 8c). The distribution of complex mutations
in different replication timing categories signifi-
cantly differed from the expected counts based
on sequence composition (p <0.005) but did not
significantly differ from expected mutation fre-
quencies derived from the observed single-base
substitution counts in UVB-irradiated radl6A
cells (p>0.05). Linear regression analysis con-
firmed that complex mutations showed
a significant positive correlation with replication
timing (Figure 8d, Pearson’s R =0.83, p =0.0052).
Taken together, these findings indicate that puta-
tive complex mutations, which are a signature of
TLS activity by DNA polymerase zeta, are elevated
in late-replicating regions in UV-irradiated radl6A
cells.

Analysis of the spectra of single-base substitu-
tions occurring in putative complex mutations in
UV-irradiated radl6A cells revealed distinct pat-
terns of mutations (Figure 8e,f). For example, the
relative proportions of C>T and T>C substitutions
in dipyrimidine sequences were reduced in the
complex mutation spectra (Supplemental Figure
S9a) relative to the spectra of other, non-complex
single-base substitutions (Supplemental Figure
S9b), while the proportion of C>A, C>G, T>A,
and T>G substitutions was higher in the complex
mutation spectrum (Supplemental Figure S9a).
These latter substitutions might reflect ‘collateral
damage’ in which the TLS polymerase makes addi-
tional errors after bypassing a UV lesion [34].
Correlation analysis was performed to quantify
these differences in mutation spectra. While the
correlation between the rad16A complex and non-
complex mutation spectra was high (Pearson’s
R 0.78 (UVC) and 0.72 (UVB), p<0.0005; see
Supplemental Figure S9¢,d), it was reduced relative
to the correlation between different replication
timing categories for all single-base substitutions
(Pearson’s R ~ 0.99).

We compared the mutation spectra of single-
base substitutions in complex mutations in the
UVC- and UVB-irradiated radl6A cells with
COSMIC single base substitution signatures
derived from sequenced tumors [30]. None of the
COSMIC signatures were highly similar (ie,

cosine similarity >0.75) to either the rad16A UVC
or UVB complex mutations (Supplemental Figure
$10). However, a few COSMIC signatures showed
a marginal cosine similarity (i.e., cosine similarity
>0.59), with COSMIC signatures SBS7a, SBS40a,
and SBS40c showing marginal similarity to both
the radl6A UVC and UVB complex mutations
(Supplemental Figure S10). SBS7a is highly
enriched in skin cancers such as melanoma, and
is known to be caused by UV exposure. SBS40a
and SBS40c have an unknown etiology, but are
found in many cancer types [37]. Taken together,
these findings suggest a model in which elevated
TLS activity in late-replicating regions promotes
UV mutagenesis in GG-NER deficient radl6A
cells.

Discussion

Previous studies have indicated that the timing in
which a genomic region is replicated during
S-phase significantly impacts the frequency of
mutations in many cancer types, including in
skin cancers [13-15], as well as the frequency of
spontaneous mutations in yeast [9-12]. However,
the mechanism responsible for this effect remains
poorly understood, with a number of competing
hypotheses proposed. Here, we explored the
impact of replication timing on UV mutagenesis
in yeast, using a compendium of >60,000 UV-
induced mutations derived from repair-proficient
and repair-deficient strains. This analysis indicated
that in GG-NER proficient yeast, UV-induced sin-
gle-base substitutions are significantly elevated in
early-replicating regions of the genome. In con-
trast, in GG-NER deficient radI6A cells, UV-
induced mutations are elevated in late-replicating
regions. Investigation of genome-wide maps of
CPD formation and repair indicate that UV-
induced CPD formation is specifically elevated in
late-replicating regions of the genome, but this was
determined to be specifically due to CPD forma-
tion in late-replicating ribosomal DNA (rDNA)
repeats. Our analysis indicates that complex muta-
tions, which are a signature of TLS polymerase
activity, are also elevated in late-replicating regions
in radl6A cells. Taken together, these findings
suggest that elevated TLS activity contributes to
elevated mutation rates in late-replicating regions



in radl6A cells, while GG-NER activity in WT
cells suppresses mutations in late-replicating
regions.

Surprisingly, WT yeast exposed to UVC and UVB
irradiation show a consistently elevated frequency of
mutations in early-replicating regions of the genome.
The magnitude of this increase was relatively small,
ranging from 8% to 13% higher than the mutation
count in late-replicating regions; however, this effect
size is roughly comparable to the ~20-30% increase in
mutation frequency in late-replicating regions
observed in previous genome-wide studies analyzing
spontaneous mutations or SNPs in yeast [14,23]. This
finding is unexpected, since previous studies of spon-
taneous mutations in yeast and somatic mutations in
human cancers generally saw the opposite trend, with
fewer mutations in early-replicating regions relative to
late-replicating DNA. However, at least two muta-
tional processes operating in cancer cells are enriched
in early-replicating DNA, namely mutations arising
from APOBEC cytidine deaminases and a subset of
UV-induced mutations in melanoma associated with
COSMIC signature 7b [21,22]. This latter finding is
consistent with the UV-induced mutations we
observed in repair-proficient yeast, which are also
enriched in early-replicating DNA. In contrast, UV-
induced somatic mutations in melanoma associated
with COSMIC signature 7a are enriched in late-
replicating regions [22].

Our analysis of published CPD-seq maps
[28,29] indicates that the enrichment of UV-
induced mutations in early-replicating regions of
the yeast genome is unlikely to be a consequence
of elevated UV damage formation or repair inhi-
bition. Indeed, our initial analysis of CPD forma-
tion revealed ~20-25% more damage in late-
replicating regions of the genome relative to
early or middle-replicating regions. A previous
study of UV damage formation in human cells
also observed increased CPD levels in late-
replicating heterochromatin regions associated
with the nuclear lamina [38]. However, in this
prior study, the authors concluded that elevated
UV damage formation was due to the positioning
of late-replicating regions near the nuclear per-
iphery [38], while our analysis of CPD-seq data in
yeast indicated that elevated CPD formation in
late-replicating regions of the yeast genome is
entirely due to repetitive rDNA sequences. Once
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the repetitive rDNA was excluded, roughly similar
levels of CPD formation were observed in early
and late-replicating regions of the genome. In the
future, it will be intriguing to investigate the
impact of replication timing on more rare forms
of UV damage, such as pyrimidine-pyrimidone
[4] photoproducts and atypical thymine-adenine
(TA) photoproducts [39,40]. Our analysis of
repair of CPD lesions across the genome indicates
that replication timing in yeast also does not sig-
nificantly modulate repair efficiency. In contrast,
late replicating regions in human cells tend to be
heterochromatic and therefore less accessible to
repair factors, which is thought to be a primary
cause of elevated somatic mutation rates in late-
replicating regions of the human genome
[16,19,41,42]. In summary, our analysis of gen-
ome-wide CPD-seq data indicates that postulated
differences in repair efficiency or damage forma-
tion cannot explain the enrichment of UV-
induced mutations in early-replicating regions of
the genome in WT yeast.

Instead, we propose a model in which muta-
tions accumulate in early-replicating regions
because there is less time for the NER machinery
to repair lesions in such regions prior to mutations
being fixed by replication (Figure 9). Previous
studies indicate that S-phase in undamaged yeast
cells requires ~25 min to complete [43]. Hence, for
yeast cells that were UV-irradiated in the G1, M,
or G2 phases of the cell cycle, there could be as
much as a 25-min difference in the time available
to repair for damage located in an early-replicating
region of the genome relative to a late-replicating
region. Since the yeast cell cycle as a whole
requires only ~90-120 min to complete, this extra
time likely results in lower numbers of unrepaired
CPDs in late-replicating regions prior to replica-
tion (Figure 9). This difference in repair time
between early and late-replicating regions of the
genome would be even greater if such cells enter
the intra-S-phase checkpoint after initiating repli-
cation, due to replication stress arising from the
presence of unrepaired UV damage [44]. In con-
trast, in cells irradiated in the G1, M, or G2 phases
of the cell cycle, early-replicating regions should
have the least amount of time to repair DNA
lesions prior to replication (Figure 9), and this
can potentially explain our observation that UV-
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induced mutations are elevated in early-replicating
regions of the genome.

In support of this model, deletion of RADIS,
which is required for GG-NER in yeast [45], elim-
inates the enrichment of UV-induced mutations in
early-replicating regions. Instead, UV-irradiated
radl6A cells show a significant enrichment of sin-
gle-base substitutions in late-replicating regions,
with>30% more mutations than in early-
replicating regions of the genome. Our analysis
of genome-wide CPD-seq data in yeast indicates
that UV-induced CPD formation is roughly simi-
lar in each replication timing category, once the
repetitive rDNA locus is excluded. Similar analysis
of genome-wide repair data from radl6A cells
(presumably reflecting ongoing TC-NER) suggests
that repair of CPDs is also roughly equivalent in
genomic regions with different replication timing.
While our analysis suggests that elimination of
GG-NER in yeast enhances mutation frequency
in late-replicating regions, previous studies in
human skin cancers indicate that loss of GG-
NER (e.g, in XPC”" skin cancers) reduces the
enrichment of mutations in late-replicating
regions [16,17], likely because late-replicating
regions in human cells are largely heterochromatic
and, therefore, normally inaccessible to the GG-
NER machinery. Hence, this discrepancy can be at
least in part explained by differences in chromatin
organization and repair accessibility between

uv additional

\ time for repair
(prior to replication)

early- and late-replicating regions in yeast and
human cells.

In yeast, the expression of REV1, which is essential
for TLS activity by DNA polymerase zeta (pol zeta),
is restricted to late S and G2/M phases of the cell
cycle [25]. A previous study suggested that this tem-
poral regulation of TLS activity promotes elevated
rates of spontaneous mutations in late-replicating
regions of yeast chromosome VI [13]. Consistent
with this hypothesis, analysis of the replication tim-
ing of putative complex mutation events, which are
a signature of pol zeta TLS activity [35,36], revealed
that in UV-irradiated radI6A cells, such mutation
classes are enriched in late-replicating regions.
Hence, elevated TLS activity in late-replicating geno-
mic regions may promote higher mutation rates in
these regions in rad16A cells (Figure 9). In contrast,
no analogous temporal regulation has been demon-
strated for human REV1. Differential expression of
the mutagenic REVI TLS polymerase throughout
S-phase in yeast could contribute to the effect of
replication timing on mutation frequency, especially
in GG-NER deficient cells, and may account for the
discrepancy between the impact of replication tim-
ing on UV mutagenesis in GG-NER deficient yeast
cells (ie., rad16A) and human tumors (i.e., XPC”).

Our preliminary analysis indicates that complex
mutations are also enriched in late-replicating regions
in UVC-irradiated WT cells (Supplementary Figure
S11), consistent with our analysis of UVC-exposed
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Figure 9. Model of how replication timing affects mutation frequency by regulating the amount of time available to repair CPD
lesions formed during the G2, M, or G1 (i.e., G2/M/G1) phases of the cell cycle prior to replication. We propose that increased time to
repair during S-phase suppresses UV mutation rates in late-replicating regions in GG-NER proficient cells, while elevated TLS activity
in late-replicating regions promotes UV mutagenesis in GG-NER deficient cells.



radl6A cells. However, preliminary analysis of com-
plex mutations in WT cells irradiated with UVB light
did not show enrichment in late-replicating regions,
but instead were enriched in early-replicating regions
(Supplementary Figure S11). While UVB-irradiated
radl6A cells showed elevated complex mutations in
late replicating regions (Figure 8c), the observed
enrichment was less than that observed for UVC-
irradiated rad16A cells, and not statistically significant
when compared to the expected number of complex
mutations based on the observed patterns of single-
base substitutions. It is possible that wavelength-
dependent differences in UV photoproduct formation
may in part explain this discrepancy. For instance,
UVC exposure is thought to yield a higher proportion
of 6-4PPs and atypical thymine-adenine (TA) photo-
products than UVB treatment [46,47], and mutagenic
bypass of both of these photoproducts is thought to
involve pol zeta [48-50]. We hypothesize that muta-
genic bypass of these helix-distorting photoproducts
by pol zeta may be responsible for the enrichment of
complex mutations in late-replicating regions in
UVC-irradiated cells.

In conclusion, these findings indicate that the
interplay of replication timing, repair activity, and
translesion DNA synthesis shapes the frequency of
UV-induced mutations during S-phase. Since
replication timing also significantly impacts UV
mutagenesis in human skin cancers, these findings
have potentially important implications for under-
standing the origin of mutational heterogeneity in
human cancer genomes.

Acknowledgments

We are grateful to Dr. Benjamin Morledge-Hampton and Lily
Hirano for bioinformatics assistance.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by grants from the National
Institute of Environmental Health Sciences [RO1ES028698,
RO1ES032814, R21ES035139, and R21ES035888 to J.J.W.].

NUCLEUS 15

Author contributions

J. J. W. conceived the project. A. S. and J. J. W. conducted
bioinformatics analysis. A. S. and J. J. W. wrote the manu-
script. All authors have read and approved the final work.

Data availability statement

The data that support the findings of this study are available
in NCBI Sequence Read Archive (SRA; https://www.ncbi.
nlm.nih.gov/sra) under BioProject accession number SRA:
PRJNA605561 (https://www.ncbi.nlm.nih.gov/bioproject/?
term=(PRJNA605561)) and PRJNA888347 (https://www.
ncbi.nlm.nih.gov/bioproject/?term=(PRJNA888347)), and
from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/)  under
GSE79977 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE79977) and GSE131101 (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE131101). Software code is
available on Zenodo at https://zenodo.org/records/14990403.
Source data for graphs are included in Supplemental Data
File 1 and is available on Zenodo at https://zenodo.org/
records/15009048. The authors confirm that the data sup-
porting the findings of this study are available in the article
and its supplemental materials.

accessions:

References

[1] Brash DE. UV signature mutations. Photochem
Photobiol. 2015;91(1):15-26. doi: 10.1111/php.12377

[2] Friedberg EC, Walker, GC, Siede W, et al. DNA repair
and mutagenesis. 2nd ed. Washington, D.C.: ASM
Press; 2006. p. xxvii, 1118.

[3] Pfeifer GP, Besaratinia A. UV wavelength-dependent
DNA damage and human non-melanoma and mela-
noma skin cancer. Photochem Photobiol Sci. 2012;11
(1):90-97. doi: 10.1039/c1pp05144j

[4] Hanawalt PC, Spivak G. Transcription-coupled DNA
repair: two decades of progress and surprises. Nat Rev
Mol Cell Biol. 2008;9(12):958-970. doi: 10.1038/nrm2549

[5] Marteijn JA, Lans H, Vermeulen W, et al
Understanding nucleotide excision repair and its roles
in cancer and ageing. Nat Rev Mol Cell Biol. 2014;15
(7):465-481. doi: 10.1038/nrm3822

[6] Scharer OD. Nucleotide excision repair in eukaryotes.
Cold Spring Harb Perspect Biol. 2013;5(10):a012609.
doi: 10.1101/cshperspect.a012609

[7] Prakash S, Prakash L. Nucleotide excision repair in
yeast. Mutat Res. 2000;451(1-2):13-24. doi: 10.1016/
$0027-5107(00)00037-3

[8] Ikehata H, Ono T. The mechanisms of UV
mutagenesis. ] Radiat Res. 2011;52(2):115-125. doi:
10.1269/jrr.10175

[9] Boiteux S, Jinks-Robertson S. DNA repair mechanisms
and the bypass of DNA damage in Saccharomyces


https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/bioproject/?term=(PRJNA605561
https://www.ncbi.nlm.nih.gov/bioproject/?term=(PRJNA605561
https://www.ncbi.nlm.nih.gov/bioproject/?term=(PRJNA888347
https://www.ncbi.nlm.nih.gov/bioproject/?term=(PRJNA888347
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://zenodo.org/records/14990403
https://zenodo.org/records/15009048
https://zenodo.org/records/15009048
https://doi.org/10.1111/php.12377
https://doi.org/10.1039/c1pp05144j
https://doi.org/10.1038/nrm2549
https://doi.org/10.1038/nrm3822
https://doi.org/10.1101/cshperspect.a012609
https://doi.org/10.1016/S0027-5107(00)00037-3
https://doi.org/10.1016/S0027-5107(00)00037-3
https://doi.org/10.1269/jrr.10175
https://doi.org/10.1269/jrr.10175

16 A. SEWELL AND J. J. WYRICK

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

cerevisiae. Genetics. 2013;193(4):1025-1064. doi: 10.
1534/genetics.112.145219

Kunz BA, Straffon AF, Vonarx EJ. DNA
damage-induced mutation: tolerance via translesion
synthesis. Mutat Res. 2000;451(1-2):169-185. doi: 10.
1016/S0027-5107(00)00048-8

Lawrence C. The RAD6 DNA repair pathway in
Saccharomyces cerevisiae: what does it do, and how
does it do it? Bioessays. 1994;16(4):253-258. doi: 10.
1002/bies.950160408

Liu L, De S, Michor F. DNA replication timing and
higher-order = nuclear  organization  determine
single-nucleotide substitution patterns in cancer
genomes. Nat Commun. 2013;4(1):1502. doi: 10.1038/
ncomms2502

Lang GI, Murray AW. Mutation rates across budding
yeast chromosome VI are correlated with replication
timing. Genome Biol Evol. 2011;3:799-811. doi: 10.
1093/gbe/evr054

Agier N, Fischer G. The mutational profile of the yeast
genome is shaped by replication. Mol Biol Evol
2012;29(3):905-913. doi: 10.1093/molbev/msr280
Stamatoyannopoulos JA, Adzhubei I, Thurman RE,
et al. Human mutation rate associated with DNA repli-
cation timing. Nat Genet. 2009;41(4):393-395. doi: 10.
1038/ng.363

Zheng CL, Wang N, Chung J, et al. Transcription
restores DNA repair to heterochromatin, determining
regional mutation rates in cancer genomes. Cell Rep.
2014;9(4):1228-1234. doi: 10.1016/j.celrep.2014.10.031
Yurchenko AA, Rajabi F, Braz-Petta T, et al. Genomic
mutation landscape of skin cancers from DNA
repair-deficient xeroderma pigmentosum patients. Nat
Commun. 2023;14(1):2561. doi: 10.1038/s41467-023-
38311-0

Woo YH, Li WH. DNA replication timing and selec-
tion shape the landscape of nucleotide variation in
cancer genomes. Nat Commun. 2012;3(1):1004. doi:
10.1038/ncomms1982

Supek F, Lehner B. Differential DNA mismatch repair
underlies mutation rate variation across the human
genome. Nature. 2015;521(7550):81-84. doi: 10.1038/
naturel4173

Schuster-Bockler B, Lehner B. Chromatin organization
is a major influence on regional mutation rates in
human cancer cells. Nature. 2012;488(7412):504-507.
doi: 10.1038/naturel1273

Kazanov MD, Roberts SA, Polak P, et al. APOBEC-
Induced cancer mutations are uniquely enriched in
early-replicating, gene-dense, and active chromatin
regions. Cell Rep. 2015;13(6):1103-1109. doi: 10.1016/
j-celrep.2015.09.077

Yaacov A, Vardi O, Blumenfeld B, et al. Cancer muta-
tional processes vary in their association with replica-
tion timing and chromatin accessibility. Cancer Res.
2021;81(24):6106-6116. doi: 10.1158/0008-5472.CAN-
21-2039

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

Zhu YO, Siegal ML, Hall DW, et al. Precise estimates of
mutation rate and spectrum in yeast. Proc Natl Acad
Sci USA. 2014;111(22):E2310-2318. doi: 10.1073/pnas.
1323011111

Raghuraman MK, Winzeler EA, Collingwood D, et al.
Replication dynamics of the yeast genome. Science.
2001;294(5540):115-121.  doi:  10.1126/science.294.
5540.115

Waters LS, Walker GC. The critical mutagenic transle-
sion DNA polymerase Revl is highly expressed during
G 2 /M phase rather than S phase. Proc Natl Acad Sci
USA. 2006;103(24):8971-8976. doi: 10.1073/pnas.
0510167103

Laughery MF, Brown AJ, Bohm KA, et al. Atypical UV
photoproducts induce non-canonical mutation classes
associated with driver mutations in melanoma. Cell
Rep. 2020;33(7):108401. doi: 10.1016/j.celrep.2020.
108401

Laughery MF, Plummer DA, Wilson HE, et al
Genome-wide maps of UVA and UVB mutagenesis in
yeast reveal distinct causative lesions and mutational
strand asymmetries. Genetics. 2023;224(3):iyad086.
doi: 10.1093/genetics/iyad086

Mao P, Smerdon MJ, Roberts SA, et al. Asymmetric
repair of UV damage in nucleosomes imposes a DNA
strand polarity on somatic mutations in skin cancer.
Genome Res. 2020;30(1):12-21. doi: 10.1101/gr.
253146.119

Mao P, Smerdon MJ, Roberts SA, et al. Chromosomal
landscape of UV damage formation and repair at
single-nucleotide resolution. Proc Natl Acad Sci USA.
2016;113(32):9057-9062. doi: 10.1073/pnas.
1606667113

Forbes SA, Beare D, Boutselakis H, et al. COSMIC: somatic
cancer genetics at high-resolution. Nucleic Acids Res.
2017;45(D1):D777-D783. doi: 10.1093/nar/gkw1121
Laughery MF, Wilson HE, Sewell A, et al. The surpris-
ing diversity of UV-Induced mutations. Adv Genet
(Hoboken, NJ). 2024;5(2):2300205. doi: 10.1002/ggn2.
202300205

Kobayashi T, Heck DJ, Nomura M, et al. Expansion
and contraction of ribosomal DNA repeats in
Saccharomyces cerevisiae: requirement of replication
fork blocking (Fobl) protein and the role of RNA
polymerase I. Genes Dev. 1998;12(24):3821-3830. doi:
10.1101/gad.12.24.3821

Petes TD. Yeast ribosomal DNA genes are located on
chromosome XII. Proc Natl Acad Sci USA. 1979;76
(1):410-414. doi: 10.1073/pnas.76.1.410

James SA, O’Kelly MJT, Carter DM, et al. Repetitive
sequence variation and dynamics in the ribosomal
DNA array of Saccharomyces cerevisiae as revealed
by whole-genome resequencing. Genome Res. 2009;19
(4):626-635. doi: 10.1101/gr.084517.108

Harfe BD, Jinks-Robertson S. DNA polymerase { intro-
duces multiple mutations when bypassing spontaneous
DNA damage in Saccharomyces cerevisiae. Mol Cell.


https://doi.org/10.1534/genetics.112.145219
https://doi.org/10.1534/genetics.112.145219
https://doi.org/10.1016/S0027-5107(00)00048-8
https://doi.org/10.1016/S0027-5107(00)00048-8
https://doi.org/10.1002/bies.950160408
https://doi.org/10.1002/bies.950160408
https://doi.org/10.1038/ncomms2502
https://doi.org/10.1038/ncomms2502
https://doi.org/10.1093/gbe/evr054
https://doi.org/10.1093/gbe/evr054
https://doi.org/10.1093/molbev/msr280
https://doi.org/10.1038/ng.363
https://doi.org/10.1038/ng.363
https://doi.org/10.1016/j.celrep.2014.10.031
https://doi.org/10.1038/s41467-023-38311-0
https://doi.org/10.1038/s41467-023-38311-0
https://doi.org/10.1038/ncomms1982
https://doi.org/10.1038/ncomms1982
https://doi.org/10.1038/nature14173
https://doi.org/10.1038/nature14173
https://doi.org/10.1038/nature11273
https://doi.org/10.1016/j.celrep.2015.09.077
https://doi.org/10.1016/j.celrep.2015.09.077
https://doi.org/10.1158/0008-5472.CAN-21-2039
https://doi.org/10.1158/0008-5472.CAN-21-2039
https://doi.org/10.1073/pnas.1323011111
https://doi.org/10.1073/pnas.1323011111
https://doi.org/10.1126/science.294.5540.115
https://doi.org/10.1126/science.294.5540.115
https://doi.org/10.1073/pnas.0510167103
https://doi.org/10.1073/pnas.0510167103
https://doi.org/10.1016/j.celrep.2020.108401
https://doi.org/10.1016/j.celrep.2020.108401
https://doi.org/10.1093/genetics/iyad086
https://doi.org/10.1101/gr.253146.119
https://doi.org/10.1101/gr.253146.119
https://doi.org/10.1073/pnas.1606667113
https://doi.org/10.1073/pnas.1606667113
https://doi.org/10.1093/nar/gkw1121
https://doi.org/10.1002/ggn2.202300205
https://doi.org/10.1002/ggn2.202300205
https://doi.org/10.1101/gad.12.24.3821
https://doi.org/10.1101/gad.12.24.3821
https://doi.org/10.1073/pnas.76.1.410
https://doi.org/10.1101/gr.084517.108

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

2000;6(6):1491-1499.
00145-3

Stone JE, Lujan SA, Kunkel TA, et al. DNA polymerase
zeta generates clustered mutations during bypass of
endogenous DNA  lesions in  Saccharomyces
cerevisiae. Environ Mol Mutagen. 2012;53(9):777-786.
doi: 10.1002/em.21728

Alexandrov LB, Kim J, Haradhvala NJ, et al. The reper-
toire of mutational signatures in human cancer. Nature.
2020;578(7793):94-101. doi: 10.1038/541586-020-1943-3
Garcia-Nieto PE, Schwartz EK, King DA, et al
Carcinogen susceptibility is regulated by genome archi-
tecture and predicts cancer mutagenesis. Embo J.
2017;36(19):2829-2843. doi: 10.15252/embj.201796717
Bohm KA, Morledge-Hampton B, Stevison S, et al
Genome-wide maps of rare and atypical UV photopro-
ducts reveal distinct patterns of damage formation and
mutagenesis in yeast chromatin. Proc Natl Acad Sci USA.
2023;120(10):€2216907120. doi: 10.1073/pnas.2216907120
Bohm KA, Sivapragasam S, Wyrick JJ. Mapping atypi-
cal UV photoproducts in vitro and across the
S. cerevisiae genome. Star Protocol. 2022;3(1):101059.
doi: 10.1016/j.xpro.2021.101059

Adar S, Hu J, Lieb JD, et al. Genome-wide kinetics of
DNA excision repair in relation to chromatin state and
mutagenesis. Proc Natl Acad Sci USA. 2016;113(15):
E2124-2133. doi: 10.1073/pnas.1603388113

Polak P, Karli¢ R, Koren A, et al. Cell-of-origin chro-
matin organization shapes the mutational landscape of
cancer. Nature. 2015;518(7539):360-364. doi: 10.1038/
naturel4221

Lengronne A, Pasero P, Bensimon A, et al. Monitoring
S phase progression globally and locally using BrdU
incorporation in TK(+) yeast strains. Nucleic Acids
Res. 2001;29(7):1433-1442. doi: 10.1093/nar/29.7.1433

doi:  10.1016/S1097-2765(00)

(44]

(45]

(46]

(47]

(48]

(49]

(50]

NUCLEUS 17

Iyer DR, Rhind N. The intra-S checkpoint responses to
DNA damage. Genes (Basel). 2017;8(2):74. doi: 10.
3390/genes8020074

Verhage R, Zeeman AM, de Groot N, et al. The RAD7
and RAD16 genes, which are essential for pyrimidine
dimer removal from the silent mating type loci, are also
required for repair of the nontranscribed strand of an
active gene in Saccharomyces cerevisiae. Mol Cell Biol.
1994;14(9):6135-6142. doi: 10.1128/MCB.14.9.6135
Perdiz D, Grof P, Mezzina M, et al. Distribution and repair
of bipyrimidine photoproducts in solar UV-irradiated
mammalian cells. Possible role of Dewar photoproducts
in solar mutagenesis. ] Biol Chem. 2000;275
(35):26732-26742. doi: 10.1016/S0021-9258(19)61437-7
Su DG, Taylor JS, Gross ML. A new photoproduct of
5-methylcytosine and adenine characterized by
high-performance liquid chromatography and mass
spectrometry. Chem Res Toxicol. 2010;23(3):474-479.
doi: 10.1021/tx9003962

Vandenberg BN, Laughery MF, Cordero C, et al
Contributions of replicative and translesion DNA poly-
merases to mutagenic bypass of canonical and atypical
UV photoproducts. Nat Commun. 2023;14(1):2576.
doi: 10.1038/s41467-023-38255-5

Gibbs PE, McDonald ], Woodgate R, et al. The relative
roles in vivo of Saccharomyces cerevisiae pol 1, pol {,
Revl protein and Pol32 in the bypass and mutation
induction of an abasic site, T-T (6-4) photoadduct and
T-T cis-syn cyclobutane dimer. Genetics. 2005;169
(2):575-582. doi: 10.1534/genetics.104.034611

Sziits D, Marcus AP, Himoto M, et al. REV1 restrains
DNA polymerase zeta to ensure frame fidelity during
translesion synthesis of UV photoproducts in vivo.
Nucleic Acids Res. 2008;36(21):6767-6780. doi: 10.
1093/nar/gkn651


https://doi.org/10.1016/S1097-2765(00)00145-3
https://doi.org/10.1016/S1097-2765(00)00145-3
https://doi.org/10.1002/em.21728
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.15252/embj.201796717
https://doi.org/10.1073/pnas.2216907120
https://doi.org/10.1016/j.xpro.2021.101059
https://doi.org/10.1073/pnas.1603388113
https://doi.org/10.1038/nature14221
https://doi.org/10.1038/nature14221
https://doi.org/10.1093/nar/29.7.1433
https://doi.org/10.3390/genes8020074
https://doi.org/10.3390/genes8020074
https://doi.org/10.1128/MCB.14.9.6135
https://doi.org/10.1016/S0021-9258(19)61437-7
https://doi.org/10.1021/tx9003962
https://doi.org/10.1038/s41467-023-38255-5
https://doi.org/10.1534/genetics.104.034611
https://doi.org/10.1093/nar/gkn651
https://doi.org/10.1093/nar/gkn651

	Abstract
	Introduction
	Materials and methods
	Data sources and timing map
	Assigning replication times
	Data classification and analysis
	Analyzing complex mutations

	Results
	Apparent elevation of UV damage in late-replicating regions is due to ribosomal DNA repeats

	UV mutations are elevated in late-replicating regions in GG-NER-deficient rad16∆ cells
	Complex mutations are elevated in late-replicating regions in rad16∆ cells

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Author contributions
	Data availability statement
	References

