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Differential Relationship of DNA Replication Timing
to Different Forms of Human Mutation and Variation

Amnon Koren,12 Paz Polak,23 James Nemesh,2 Jacob ]J. Michaelson,4 Jonathan Sebat,4
Shamil R. Sunyaev,23 and Steven A. McCarroll!/25*

Human genetic variation is distributed nonrandomly across the genome, though the principles governing its distribution are
only partially known. DNA replication creates opportunities for mutation, and the timing of DNA replication correlates with
the density of SNPs across the human genome. To enable deeper investigation of how DNA replication timing relates to human
mutation and variation, we generated a high-resolution map of the human genome’s replication timing program and analyzed its
relationship to point mutations, copy number variations, and the meiotic recombination hotspots utilized by males and females.
DNA replication timing associated with point mutations far more strongly than predicted from earlier analyses and showed
a stronger relationship to transversion than transition mutations. Structural mutations arising from recombination-based
mechanisms and recombination hotspots used more extensively by females were enriched in early-replicating parts of the
genome, though these relationships appeared to relate more strongly to the genomic distribution of causative sequence features.
These results indicate differential and sex-specific relationship of DNA replication timing to different forms of mutation and

recombination.

Introduction

A human genome undergoes more than 20 mitotic repli-
cations and 1 meiotic replication in its passage from one
generation to the next and dozens of additional mitotic
replications in giving rise to the cells of the human
soma. Each of these genome replications presents oppor-
tunities for error. These opportunities for error are not
distributed uniformly across the genome, because DNA
replication involves a structured program in which
genomic regions replicate in a specific temporal order
(reviewed in Hiratani et al.'). Locus-specific replication
timing was previously shown to correlate with evolu-
tionary divergence and the density of SNPs in human
populations, such that regions of the genome that
replicate later during S phase have accumulated more
mutations during human evolution.”* Late replication
also associates with elevated mutation rates in mice,*°
fruit flies,® yeast,”® archaea,’ and bacteria.'® Recent
reports also suggest an association of DNA replication
timing with cancer mutations''™'*® and with deletions
and duplications in cancer cells'* and in Drosophila
melanogaster.'®

To better understand the human genome’s replication
program and its relationship to these and other forms
of human genome variation and mutation, we sought
to generate a high-resolution map of human genome
replication timing and to analyze the distributions of
distinct forms of mutation and recombination across
this map.

Materials and Methods

Replication Timing

We used six lymphoblastoid cell lines whose genomes have been
fully sequenced (at >30X average coverage) by the 1000 Genomes
Project.'® These cell lines are derived from father-mother-offspring
trios, one of West African ancestry (YRI; individuals NA19239,
NA19238, NA12940) and the other of European ancestry (CEU;
individuals NA12891, NA12892, NA12878).

For each cell line, four parallel asynchronous cultures of ~50
million cells each were fixed with 70% ethanol. Fixed cultures
were subsequently washed with PBS and treated with Accutase
(Innovative Cell Technologies) for 20 min. Cells were pelleted, sus-
pended in 10 ml PBS, and treated with 2.5 ml 10 mg/ml RNaseA
for 30 min at 37°C and 2.5 ml 1 mg/ml propidium iodide for
30 min (Sigma). More than 1 million S and G1 cells were sorted
with a FACSAria cell sorter (Beckton Dickinson).

DNA was extracted with the DNeasy blood and tissue Kkit
(QIAGEN) and 100-base, paired-end reads were sequenced on
the Illumina HighSeq 2000 and aligned to the human genome
reference hg18 with BWA.!”

Data Processing

We combined the reads from all experiments into a single
“consensus” data set. For the X chromosome, reads from male
and female cell lines were considered separately; the female profile
was used for all analyses besides the comparison with the cell line
mutation data, most of which is based on male cell lines. We
defined varying-size, equal-coverage chromosomal windows as
segments covered by 200 reads in the G1 fraction and counted S
phase reads in the same windows. The average size of these
segments was ~2 Kb. Data were normalized to 0 mean and 1 SD.
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Windows of 100 Kb along the chromosomes that contained
data segments with an internal standard deviation larger than
1.1 were removed from further analysis (these corresponded
predominantly to borders of centromeric gaps). Subsequently,
we considered chromosomal fragments covering contiguous
sequenced positions (i.e.,, fragmented the chromosomes to
intergap fragments). Fragments containing fewer than 20 data
windows were removed from further analysis. The remaining
fragments were smoothed with a cubic smoothing spline via the
Matlab function csaps with a parameter of 10~ '°.

The processed replication timing data are available from the
author’s (S.A.M.) website.

Comparison to Replication Timing
p values were determined by the Kolmogorov-Smirnov test for
differences between distributions.

Regression Analysis

In order to test whether replication timing has an additional
impact on rates of the different genetic variation types beyond
those caused by other confounding factors, we modeled rates of
genetic variation events as linear functions of different factors
by using Poisson regression. In order to do so we divided the
genome into 100 Kb long windows. For every window, we calcu-
lated the number of the following response variables: transition
mutations, transversion mutations, NAHR CNVs, NH CNVs, and
female and male recombination hotspots. For each of the windows
we calculated the following quantities: GC content, SNP density
(data from the 1000 Genomes pilot project), replication timing,
female and male recombination rates, and log distance to the
telomere. Corrected variation rates were calculated with the R
function glm (“generalized linear model”), with an exposure
variable being the number of nucleotides in a given window for
CNV and recombination events and the number of weak bases
for W-to-S mutations or strong bases for S-to-W mutations.

Results

A High-Resolution Map of DNA Replication Timing

To better understand how DNA replication timing relates
to mutations in humans, we first generated a DNA replica-
tion timing profile of high temporal and spatial resolution
as a resource for human genetic studies. Extending a
method we recently described for profiling replication of
yeast genomes,'® we flow-sorted lymphoblastoid S and
G1 phase cells, then generated chromosomal DNA replica-
tion profiles based on sequence read depth of S phase DNA
relative to G1 DNA (Figure S1; Materials and Methods).
This method reads out the genome’s temporal replication
program as a distribution of locus-specific copy number,
because early-replicating regions of the genome are over-
represented and late-replicating regions are underrepre-
sented, in DNA from S phase cells. G1 phase cells serve
as a control for other influences of sequence features on
molecular abundance in a sequencing library.

As evidence of their quality, our data showed high auto-
correlation along each chromosome, reflecting a genomi-
cally structured program (Figure S1). They also showed
high reproducibility, with a Pearson r = 0.97 for biological

repeats. The data were also broadly consistent with lower-
resolution replication timing profiles available from earlier
methods (r = 0.55-0.82; Figure S1).

We applied our method to six lymphoblastoid cell lines
from two mother-father-offspring trios deeply sequenced
by the 1000 Genomes Project (Materials and Methods).
Interindividual correlations between the measured replica-
tion profiles were 0.91-0.97 (Figure S1). For the purpose of
the current study, and justified by the high correlations
across individuals, we combined data across individuals
to generate a high-resolution “consensus” human genome
DNA replication profile. Our data are more accurate and
complete than previous data sets in two dimensions. One
of these dimensions is spatial resolution, which was
accomplished by both (1) high genome-wide sequence
coverage (~46x for all individuals and fractions combined
[Table S1], more than two orders of magnitude more than
previous studies) and (2) higher relative coverage of repet-
itive regions resulting from longer read lengths. These data
also provided substantially improved temporal resolution,
because our approach allows cells to be sampled across
S phase, rather than simply comparing two specific S phase
fractions. The use of samples with fully sequenced
genomes enabled a high level of control for structural
variation within the studied genomes when analyzing
replication patterns.

Point Mutations Are Enriched in Late-Replicating
Regions

Late-replicating regions of the human genome have previ-
ously been shown to harbor a greater density of SNPs in
human populations.® This relationship was also apparent
in our data, showing (as expected from the earlier work)
a statistically significant though quantitatively modest
magnitude (r = —0.15, p < 10~ '%%) (Figure S2).

SNP diversity data reflect both mutational processes
operating on germline cells and evolutionary processes
operating in human populations. We hypothesized that
the replication program might relate more strongly to
the distribution of mutations themselves, particularly if
those mutations were ascertained in the same cell type
and without the additional influences of population
genetics. We therefore performed a direct comparison of
replication timing to 5,740 cell line mutations in the
same cell type. The mutations were ascertained from two
sets of experiments analyzing deeply sequenced genomes
of lymphoblastoid cell lines derived from families: (1)
two father-mother-offspring trios (the same cell lines
used to generate the replication timing profiles) in which
mutations were ascertained as alleles unique to the
offspring’® and (2) a novel data set of ten family quartets,
each consisting of a father, mother, and pair of monozy-
gotic twins, in which somatic mutations were ascertained
as alleles unique to an offspring and not shared with the
offspring’s twin or parents (Table S2; we note that most
mutations originate from six individuals in this data set;
JJM., J.S., unpublished data).
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Transition Mutations, and Especially Transversion Mutations, Are Enriched in Late S Phase

(A) The replication time of chromosome 5 along with the density of cell line mutations. The density of mutations is shown in reverse
scale (i.e., higher mutation rates are shown lower on the plot), as mutation rate per 100 Kb windows (smoothed over 40 windows) in all

cell lines combined.

(B) Distribution of DNA replication timing for the entire genome (gray; mean set to 0) and for cell line mutation locations (green:
transitions; red: transversions): transitions, and especially transversions, show a strong bias toward late S phase.

(C) The average replication timing structure in the region extending to 3 megabases of both sides of all mutation locations. In dashed
lines are the same plots for 20 sets each of random genomic locations matching in number to the mutation events of the different types.

The rate of point mutations along chromosomes tightly
followed the replication timing profile (Figure 1A). Intrigu-
ingly, the correlation of mutations with replication timing
was far stronger than had been apparent from earlier
comparisons of replication timing to the density of SNPs
(r = —0.57, versus r = —0.15 for SNPs; Figure 1A). The
most likely explanatory factor is that we have ascertained
mutations and replication in the same cell type; additional
contributing influences could in principle also come
from the high quantitative resolution of our data and the
ability to neutralize population-genetic noise by exam-
ining mutation directly rather than using standing varia-
tion (SNPs) as a proxy. We obtained comparable results
when analyzing each mutation data set and each indi-
vidual separately (Figure S2 and data not shown).

Point mutations consist of two types: transitions (from
a purine [A or G] to another purine or from a pyrimidine
[C or T] to another pyrimidine) and transversions (from a
purine to a pyrimidine or vice versa). Our analysis revealed
a strong association between DNA replication timing and
the specific types of point mutations observed: transition
mutations were >2-fold more abundant in late-replicating
than in early-replicating parts of the genome, whereas
transversion mutations showed a >6-fold increase (when
comparing the mutation rich-most bins in early and late
S phase; Figures 1B, 1C, and S2). Such a relationship had
not been observed in earlier studies® but was strong and
prominent in our data, given the increase in power
afforded by the high-resolution replication and cell line
mutation maps. We also observed the difference between
transitions and transversions in population-level SNP

data, indicating that this relationship was not specific to
cell lines (Figure S3). The difference between transitions
and transversions was not explained by any one specific
type of mutation, nor by mutations in CpG dinucleotides
(Figure S4 and see Table S1). The effect of late replication
on mutations was similar for transcribed and nontranscribed
regions (data not shown), suggesting that interference or
cooperativity between the replication and transcription
machinery is not a major factor in mutagenesis.

Structural Mutations
Copy number variations (CNVs) such as deletions and
duplication are a substantial source of human genome
variation. Most CNVs are thought to form by one of two
types of mechanism: (1) recombination-based mecha-
nisms, particularly nonallelic homologous recombination
(NAHR) mediated by flanking homologous sequences, or
(2) nonhomology (NH)-based mechanisms such as non-
homologous end-joining (NHEJ) and microhomology-
mediated break-induced replication (MMBIR) (reviewed
in Hastings et al.?°). The mechanism of formation of thou-
sands of CNVs was recently inferred by the 1000 Genome
Project based on analysis of their precise breakpoint
sequences.?’ CNVs show a strongly nonrandom distribu-
tion, with “hotspots” of multiple events, typically of the
same formation mechanism, in close genomic proximity.
This suggests that regional factors affect the probability
that CNV arises at any particular site.

We therefore evaluated how CNV formation hotspots
distribute across the genome’s replication program.
Surprisingly, NAHR- and NH-mediated CNVs showed
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Figure 2. Hotspots of NAHR-Mediated CNVs Are Enriched in Early S Phase, whereas NH-Mediated CNV Hotspots Are Enriched in Late

S Phase

(A) Distribution of DNA replication timing for the entire genome (gray) and hotspot locations of NAHR (green)-, and NH (red)-mediated
CNVs. All CNV locations of each type were hierarchically clustered with a distance cutoff of 5 Mb (for NAHR) or 1 Mb (NH), and hotspots

were defined as clusters with at least five events.

(B) The average replication timing structure surrounding CNV hotspot locations (as in Figure 1B).
(C) The replication profile of chromosome 7, with the locations of hotspots of NAHR (green)- and NH (red)-mediated events

shown.

(D) The average replication timing structure surrounding all CNV locations compared to random locations matched for GC content
(within a 0.01% range). The association of NH events with DNA replication timing is not due to GC effects. In contrast, when consid-
ering GC content, NAHR events occur in later-replicating regions than expected for genomic regions with the same GC content (and not

early-replicating regions as suggested when ignoring GC content).

distinct relationships to DNA replication timing: hotspots
of NAHR-mediated events were >4-fold enriched in early-
replicating regions, whereas NH hotspots were ~2-fold
enriched in late-replicating regions (when comparing the
CNV rich-most bins in early and late S phase; Figures 2A—
2C). The difference between NAHR- and NH-mediated
CNVs was also observed for nonhotspot CNV sites
(Figure 2D), as well as for deletion and insertion/duplica-
tion events separately (data not shown). These patterns
were observed even when removing events flanked by
repetitive elements or overlapping any known functional
elements (Figure S5), suggesting that these patterns do
not arise from the distribution of high-copy repetitive
elements nor from selection. There was no significant
correlation between CNV allele frequency and replication
timing (Figure S5), further supporting the idea that selec-
tion is not the underlying cause of these relationships.

To further evaluate these relationships, we also analyzed
the genomic distributions of historical deletions that have
become fixed in the ancestors of all humans.?*? Analysis of
the genomic sequence flanking each CNV (in a manner
analogous to the analysis of polymorphic CNVs in Mills
et al.>!) enabled separation of these human-specific dele-
tions into those predicted to have occurred by NAHR and
by NH mechanisms. Deletions consistent with formation
by NAHR were enriched in the genomic regions that
replicate early in S phase. In contrast, deletions consistent
with an NH formation mechanism were enriched in late-
replicating parts of the genome (Figure S6).

Meiotic Recombination
NAHR is intimately related to the normal process of
allelic homologous recombination: both are mediated by
homology, arise during meiosis from processing of
double-strand breaks, and overlap in their preferred
locations?'?32% (reviewed in Sasaki et al.?’). Meiotic
recombination is distributed nonrandomly along the
genome, with distinct hotspots at which the probability
of recombination is much higher than elsewhere in the
genome. Although the location of hotspots is determined
to a large extent by binding sites for the histone methyl-
transferase PRDM9 (reviewed in Ségurel et al.®), recombi-
nation rate also varies on larger scales.?” It is unclear what
determines these large-scale variations. Intriguingly, a
recent study of recombination events in individual
humans, based on analysis of more than 15,000 Icelandic
parent-offspring pairs, revealed a difference between
male and female recombination rates that spanned scales
of several megabases and led to the identification of close
to 9,000 hotspots that were observed to be utilized
primarily by one sex or the other.>°

We analyzed the sex-specific distribution of meiotic
recombination events along the human DNA replication
timing profile. In order to capture the full range of differ-
ences between the sexes, we calculated a “difference
map” from the female and male recombination maps*’
and analyzed hotspot regions in this differential map.
Recombination events in females were substantially more
biased toward early-replicating regions of the genome
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than were recombination events in males (Figures 3A and
3B). This was also observed when analyzing hotspots in
each recombination map separately: recombination
hotspots used more frequently by females were signifi-
cantly biased toward early S phase, whereas male-preferred
recombination did not show a strong bias (Figure 3C). This
result was confirmed with a second, lower-resolution data
set on sex-specific recombination®! (data not shown). We
also analyzed the correlation between replication timing
and recombination rates over a wide range of recombina-
tion scales and found that broad-scale female recombina-
tion rates also associate with DNA replication timing
substantially more strongly than male recombination rates
do (Figure 3D).

Because recombination-based mechanisms mediate the
formation of many CNVs, the above result predicts that
CNVs arising in fathers will show a different genomic
distribution than CNVs arising in mothers. We analyzed
the distribution of 368 de novo copy number mutations
that had been resolved with respect to parent-of-origin.
To do this, we collated data from several recent studies of
neuropsychological disease (see Figure S7 for references)
that used SNP array-genotyped father-mother-offspring
trios to find de novo copy number mutations and inferred
the parental origin of the mutation through analysis of the
SNP alleles that changed in copy number at each CNV. De
novo CNVs associated with DNA replication timing in a
manner consistent with sex-specific recombination: muta-
tions occurring on maternally inherited segments tended
to involve genomic regions that replicate early in S phase,
whereas male mutation events showed a weaker relation-
ship to replication timing (Figure S7). This sex difference
in the distributions of copy number mutations could be

due to a direct effect of DNA replication timing or to
a difference in the relative frequency of NAHR versus NH
in males and females.

Recombination-Dependent Events Associate with
Local Sequence Composition

Meiotic recombination depends on the PRDM9 histone
methyltransferase that binds a GC-rich motif;*® GC-rich
sequences can also promote recombination by facilitating
the formation of unstable structures such as G quadru-
plexes.**** In turn, GC content itself distributes nonran-
domly with respect to DNA replication timing, with
early-replicating regions having higher GC content than
late-replicating regions. To better understand these rela-
tionships, we performed partial correlation and regression
analyses of mutation rates, recombination rates, replica-
tion timing, and GC content, considering as additional
predictors recombination rates, SNP density, and distance
to the telomere (Figure S8 and Table S1). The relationships
of cell line mutations and NH CNVs to replication timing
remained strong and consistent when these covariates
were included in the analysis. In contrast, NAHR CNVs
and female recombination rates associated more strongly
with the GC content of local sequence (at 10 kb scale)
than to DNA replication timing itself; when adjusting for
covariation with GC content, their relationship to replica-
tion timing reversed sign. Male recombination showed an
association with late-replication timing that was stronger
than that of female recombination. We confirmed these
results by analyzing the replication structure around
random locations in the genome that were matched to
have a similar GC content as the tested events. NAHR
CNVs (Figure 2D; note that NAHR and NH CNVs appeared
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Shown are the 25", 50", and 75" percentile of the replication
time distribution of events of the indicated genetic variation
type. The timing shown is the replication timing of genomic
locations carrying these variation types, but not necessarily the
time of occurrence of the relevant events (some of which, particu-
larly meiotic recombination events, occur separately than DNA
replication).

to be biased toward late replication to similar extents)
and female- and male-preferred recombination hotspots
(Figure 3C) associated with genomic regions that replicate
later in S phase than expected for regions with similar GC
content. In contrast, the relationships of replication
timing to the distributions of transition and transversion
mutations was robust to the effects of GC content of local
sequence (Figure S9). Therefore, whereas NAHR and female
recombination events are strongly enriched in early-
replicating parts of the genome, this relationship appears
to be driven by local sequence content; the effect of repli-
cation timing itself appears toward increasing the likeli-
hood of these events in late-replicating regions.

We also used these multivariate analyses to further scru-
tinize the distribution of substitution polymorphisms
(SNPs); the result (Figure S8) revealed an even stronger
influence of replication timing on SNP variation than
had been apparent in our earlier unadjusted analysis. The
relative strength of association of replication timing to
new mutations, relative to the previously observed rela-
tionship to the distribution of SNPs, appears to be at least
partly due to the latter relationship being influenced by
the mutagenic effects of recombination.

To further evaluate whether any of the relationships
found in this study were due to effects in subtelomeric or
in centromeric regions, we repeated all analyses excluding
10 Mb regions from the ends and/or flanking the centro-
meres of each chromosome. The results were substantially
consistent, indicating that these relationships persist
across the entire length of chromosomes.

Discussion

Our results expand on earlier observations that replication
timing correlates with the distribution of sequence muta-
tions.* ® In particular, we find that late replication differen-
tially increases the chances of occurrence of different types
of mutations and recombination, with a notably stronger
relationship to the distribution of transversions than tran-
sition mutations (Figure 1). This observation may begin to
distinguish among models to explain the earlier observa-

tion that SNP density is greater in late-replicating
regions.® In particular, this observation would not be
expected under a model in which DNA is just generally
more prone to damage during later stages of S phase;’
rather, specific biochemical aspect(s) of the replication
process are likely to change during S phase with concomi-
tant effects on the introduction or repair of DNA lesions.
Possible factors include dNTP levels and/or balance,3*3°
activity of alternative DNA polymerases (replicative or
trans-lesion),*® and mismatch repair activity.*’

Different types of mutational and recombination events
have very different distributions along the genome
(Figure 4), a finding that has implications for under-
standing the evolution of genome organization. For
example, protein-coding genes are known to concentrate
in the early-replicating parts of the genome, a distribution
that may protect them from both somatic and germline
mutations. To further explore these relationships with
the high-resolution replication timing map generated in
this study, we analyzed how functionally defined classes
of genes relate to replication timing. Genes involved in
the negative regulation of cell growth showed a particularly
early average replication time, an organization that may be
critical for protection of somatic cells from cancer.

Another form of genome variation that varies along
the replication profile is mobile element insertions: the
positions of Alu insertions are strongly biased toward
early-replicating regions, whereas the positions of L1
insertions are biased toward late-replicating regions®®
(and further supported by our data). This is at least partially
determined by the preferred AT-rich cleavage site of the
LINE endonuclease and by selective forces,>® such as the
tendency of Alu to insert and/or be maintained at genic
loci (which are early replicating). Disentangling these
effects would require the observation of a large number
of new Alu mutation events.

New mutations are increasingly used as a gene discovery
strategy in the study of cancer and other diseases, as the
advent of high-throughput sequencing now makes it
possible to identify new mutations in all protein-coding
genes and to identify genes that harbor statistical excesses
of mutations in diseased tissues and patients (e.g., Neale
et al., 3 O’Roak et al.,** Sanders et al.*!). A critical feature
of all such analyses is to identify genes that contain an
excess of mutations (relative to the number observed in
all other genes) that is statistically surprising, in a way
that defines that specific gene as being of importance in
the disease. It will be critical that such analyses are
calibrated to the true mutation rate of each gene. The
high-resolution replication map provided here will be
a useful resource for such studies.

Finally, we report a sex difference for the association of
recombination and copy-number mutations with DNA
replication timing. This sex difference could result from
the conjunction of two factors: first, an influence of repli-
cation timing on the subsequent likelihood that a sequence

will sustain meiotic DSBs;***? second, a difference
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between the premeiotic replication timing programs of
male and female germlines. The latter is likely, given previ-
ously observed differences in the replication timing pro-
grams of different tissues (up to ~20% of the genome***°),
Further methodological development will be required to
determine the replication programs of male and female
germline cells; however, the possibility of a sex difference
in the replication program would have far-reaching impli-
cations for understanding sequence evolution. In partic-
ular, given the strong association we describe between
replication timing and point mutations, we predict that
mutations that originate in the two sexes will ultimately
be found to have different genomic distributions.

Supplemental Data

Supplemental Data include nine figures and two tables and can be
found with this article online at http://www.cell.com/AJHG/.
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