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Abstract

Eukaryotic DNA replication is highly stratified, with different genomic regions shown to replicate
at characteristic times during S phase. Here we observe that mutation rate, as reflected in recent
evolutionary divergence and human nucleotide diversity, is markedly increased in later-replicating
regions of the human genome. All classes of substitutions are affected, suggesting a generalized
mechanism involving replication time-dependent DNA damage. This correlation between
mutation rate and regionally stratified replication timing may have substantial evolutionary
implications.
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Evolutionary divergence and inferred mutation rates are known to vary across the human
genomel™3, and it has long been speculated that this is a consequence of covariance with an
epigenetic feature1:2. In human cells, the time of DNA replication exhibits marked regional
variability during an S-phase lasting approximately 10-hours4+°. To parallel the
conventional division of S-phase into four sequential temporal states (S1-S4), we used a
hidden Markov model6 to perform unbiased four-state partitioning of continuous, high-
resolution replication timing measurements across 1% of the human genome7. We then
determined human-chimpanzee nucleotide divergence rates and the density of SNPs8 at
putatively neutrally evolving sites within each temporal state, excluding any bases within
annotated exons, repetitive elements, CpG islands, 2kb-regions upstream and downstream of
genes, intronic splice sites, and conserved non-coding sequences9 (Supplementary Table
S1).

We observed a striking trend relating the rate of evolutionary divergence and the density of
human SNPs to the progress of DNA replication (Fig. 1). Human-chimpanzee substitutions
and human SNP density increase 22% and 53%, respectively, during the temporal course of
replication, both of which are highly statistically significant (p < 8.43 x 10726, Cochran-
Armitage; Fig. 1a—c, g—i). To rule out potential confounding by the overall low genome-
wide rate of human-chimpanzee divergence, we also analyzed human-macaque divergence,
with similar results (p < 2.7 x 107°%; Fig. 1d—f). We confirmed the absence of bias due to a
sampling or stratification effect across different genomic regions by testing (Cochran-
Mantel-Haenszel) for three-way interactions, treating region assignment as controlling
variable (p < 7.2 x 10712, p < 0.00026 for human-chimpanzee divergence and human SNPs,
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respectively). Additionally, we repeated all analyses with an independent set of randomly
ascertained SNPs10, with nearly identical effect (p < 9.69 x 10722),

Next we examined whether the observed correlation between mutation rate and replication
time could be explained by variation in another genomic feature for which replication timing
might be acting as a surrogate. Regional variation in G+C content?:3 and, independently,
recombination rate2:3 have been invoked as potential causes of human mutation rate
variation. We therefore obtained the distribution of G+C content, CpGs, recombination
hotspots9, and gene, exon, and conserved non-coding sequence® densities in sliding non-
overlapping 50kb windows (approximating the size of chromosomal domains linked to
replicons) across each temporal replication state (Supplementary Fig. S1). We binned each
distribution into three classes (low, medium and high content), with an equal number of
windows at each level and performed separate tests for three-way interactions using each
factor as a controlling variable (total 12 tests). All were highly significant with p-values not
exceeding 3.0 x 10712 (Table 1), as were repeated tests with the additional permutation re-
sampling of temporal states (p < 5.0 x 1078 for divergence; p < 2.2 x 1074 for SNPs; Table
1).

To address potential interplay between more than one variable, we developed multiple
regression models of both divergence and diversity, confirming the independent effect of
replication timing (Supplementary Table S2 and Supplementary Fig. S2). These models
suggest that replication time alone may explain 40-70% of the variability explained by the
full model, and ~8% of overall variability in diversity and divergence. The observed
correlation between rates of nucleotide change and replication timing is therefore highly
unlikely to be caused by variation in G+C content or by a mutagenic effect of
recombination. To rule out any hidden dependence on window size, we repeated all analyses
conditioned on smaller (30kb) and larger (100kb) windows, with equivalent results
(Supplementary Fig. S3).

The effects of replication timing on evolutionary divergence and SNP density are highly
similar when all other genomic features are controlled. These findings are compatible with a
process that impacts mutation rate, which should affect both diversity and divergence in a
stable fashion over evolutionary time. Furthermore, the findings persist across the spectrum
of selected sites, from ancestral repeats and 4-fold degenerate sites to conserved non-coding
sequences and non-degenerate coding sites (Supplementary Fig. S4), and across the human
and chimpanzee lineages following the split from macaque (Supplementary Fig. S5).

We next considered whether the relationship with mutation rate might be due to a
consequence of transcription such as transcription-coupled repairll. To rule this out, we
examined introns and intergenic regions separately, and found no significant difference in
any parameter (data not shown).

Finally, we examined the possibility that the mutational effect might be restricted to the
subset of the genome we analyzed. To test this, we examined a lower-resolution genome-
wide data set comprising early- and late-replicating regions mapped in lymphoblastoid
cells®. These data also evince a mutational effect analogous with that reported above
(Supplementary Fig. S6), confirming the generality of our observations.

What molecular mechanism might underlie a monotonic increase in mutation rate during S-
phase? One possibility is that late stages of DNA replication are associated with the slowing
or stalling of replication forks due to exhaustion of the dNTP pool or difficulty in
negotiating heterochromatinized templates, with consequent accumulation of single-stranded
DNA (ssDNA\) regions!2. ssDNA is more susceptible to endogenous and environmental
damage, and can potentiate mutagenesis directly3! or via triggering of intra-S-phase
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checkpoints that set in motion low-fidelity polymerases. Another possibility is that the
mismatch repair system might erode during S-phase, or that lesions in late replicating
regions simply lack adequate time to undergo effective repair.

To differentiate these scenarios, we examined mutations at CpG dinucleotides, which arise
overwhelmingly from spontaneous deamination of methylcytosine into thymine, a process
which escapes DNA mismatch repair. Surprisingly, we found that both evolutionary
divergence and human nucleotide diversity at CpG sites (Fig. 1c,f,i) correlate with
replication timing, closely paralleling other types of sites (Fig. 1a,b,d,e,g,h). The parallelism
between CpG and non-CpG sites cannot be explained by alterations in the dNTP pool, nor
by reduced polymerase fidelity, nor by defective mismatch repair. In addition, we found all
classes of evolutionary transitions and transversions to display strong replication timing-
dependence with a characteristically similar trend (Supplementary Fig. S7). This indicates
that the effect is not due to biases in the genesis of specific mutational events nor to their
handling by the repair machinery.

Our results therefore suggest that a simple consequence of the process of DNA replication —
accumulation of single-stranded DNA within later replicating regions — may provide the
most parsimonious explanation. Because sSDNA is highly susceptible to endogenous DNA
damage, including alkylation, oxidation and deamination!3, accumulation of ssDNA in late-
replicating regions would be expected to increase mutation rate across all classes of
substitutions, consistent with our observations.

In conclusion, we find a clear and striking relationship between the time at which human
genomic DNA sequences replicate and their corresponding mutation rates. Our results
affirm longstanding speculation concerning the existence of such a relationship, and they
explain limited prior observations of increased SNP density near later replicating genes4. In
order for mutations to be propagated, they must arise in the germ line. Our results were
obtained using replication timing measurements from somatic cells, suggesting that the
somatic replication program largely parallels the temporal landscape of replication in germ
cells, which have evaded study owing to their scarcity. Because the replication timing of
tissue-specific genes is expected to vary between cell types, it is reasonable to expect that
there will be discrepancies between our calculations and those that might be made from
germ cells were data available. The correlation reported herein should therefore be regarded
as a lower limit estimate of actual dependence of mutation rate on replication timing.

Interestingly, exons preferentially reside in early replicating regions (Supplementary Fig.
S1) and, consequently, in regions with reduced mutation rate. This observation may have
either a mechanistic or a selection-based explanation. We found that replication timing is the
dominant factor responsible for the reduced nucleotide diversity around exons. It is further
observable that a significant number of human genes controlling developmental fate,
differentiation, and cell proliferation are exceptions and undergo replication late in S-phase
in most adult cell types!®, and that late replication timing is associated with repression of
cell fate-modifying genes!®. This suggests that increased mutation rate affecting late
replicating regions of the human genome may reflect a significant evolutionary cost for
sequestering specific gene subsets within a repressed nuclear compartment?®.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Replication time-dependence of evolutionary divergence and human SNP density
Shown are replication time-dependence of (a—c) human-chimpanzee divergence (fraction

sites changed); (d—f) human-macaque divergence; and (g—i) human polymorphism rate (SNP
density), computed across 44 regions (ENCODE) comprising 1% of the human genome.
Analyses are presented for all putatively neutral sites (a,d,f — left column), for neutral sites
with all CpG-prone dinucleotides removed (b,e,h — middle column), and for CpG
dinucleotides only (c,f,i — right column). CpG-prone dinucleotides were defined as all sites
immediately preceded by C of followed by G in either species, CpG dinucleotides were
defined as sites for which C was immediately followed by G at least in one of the species.
Plots show mutation rates averaged over all 50kb non-overlapping windows within each of
four temporal replication states (S1-S4), together with 95% confidence intervals for the
mean. Significance of each trend is shown within the corresponding panel as a p-value
(Cochran-Armitage trend test for proportions). For divergence analysis, human-chimpanzee
hgl7vsPanTrol and human-macaque hgl7vsRheMac?2 axtNet alignments9 were processed
to exclude all regions with more than a single substitution per sliding 5-nucleotide window
and axtNet fragments which were either shorter than 500 bases or demonstrated average
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substitution rate above 3% (12% in case of macaque) were also discarded. For

polymorphism analysis, we used Version 1 bulk SNPs data set published as part of the
Personal Genome Sequence project8 (Watson).

Nat Genet. Author manuscript; available in PMC 2010 August 2.

Page 6



Page 7

Stamatoyannopoulos et al.

9-0T'G> 9-0T'G> 9-0T'G> 9-0T'G> 9-0T'G> 9-0TG> uoneinwisd
8ousblianlp anbese-uewnH
gz 0TGT gz-0T¥'T | 0s-0T'0T | 62-0T'68 | g 0TL'E | 0e-0T'6'C | UOnRIIILAS
y-0TL'T y-0T-C'¢ y-O0TT'T y-0T-8'T 0T 0T y-0T9'T uoneinwiisd
Ajsuap dNS uewnH
e1-0T'8'T 21-0T'0°€ | y1-0T'T'8 | ¢1-0T'6'C | 2z-0T-C'T | ¢-0T-0'C | uoleIYIIENS
9-0T'§> 9-0T'S> | 9 0TG> | ¢-0T'G> | ¢-0T'S> | 9 0T'G> | UolEINWISY
aouabianip sazuedwiy)-uewnH
ep-0T°C'T w-0T'T'L 6v-0T'S'T ep-0T'€€ 1g-0T'TT 19-01'8°C uoneatjnens
sj0dsioy uoleUIqUI0daY SND REIED) suox3 od) o+9 anjea-d

*3N0QR PaQI0Sap Se 211S1e]S [9ZSUseH-|21UBIAI-URIYI0D JO UOIIRINdJed AQ Pamo]|o) ‘ainjes) Yyoea

10J SMOPUIM gX0S palelauab Jo 18s e 4oy sjuswubisse Buiwi uoljealjdal Jo suoneinwlad wopuel 000‘00Z Butuuni Ag 1IN0 palLIRI a1aMm S1S8) 0]41eD-31UOIA]
‘3]qeLieA Buljjouod e se 101ae) [euonisodwod yaes Buisn pawoyiad usy) a1am suoloelsiul Aem-aaay) J04 S1Sa) [9ZSUsRH-|lURN-URIYI0D "|9A3] Yoea
lapun smopuim pajood Jo Jaguinu [enba ue yum ‘(Jusiuod ybiy pue winipaw ‘Moj) Sassejd 9aiyl 01Ul paurelqo sanjea uonisodwod Buluuig pue ($S-TS)
Sa1e]S Uoleal|das [eiodwsal N0y ay) JO Yoea ssoloe mopulm gyg Bulddejtano-uou e Bulpljs Ag paanpold sem ainies) [euonisodwod yoes Jo uonnglisip

8y ‘sayoeoudde (ojred-a1uolA) Buljdwes-ai uoneinwiad pue (jazsuseH-|a1uBA-UeIY20D) pazifelausb) uonealsnens yiog Aq paindwod atem sanjea-d (TS
‘614 pejuswiajddng 8as) s10dsjoy uonruIquiodal pue ((SND) saousnbas Buipod-uou paalasuod ((basiay) suun auab {(bagyey) suoxs isHdD Jo Jaquunu syl
‘JU81U0d D+9 Buipnjoul sajqelieA BuljjoJIU0D XIS JO BUO AQ PaljiTes alam AlISUsp dNS uewny pue aouabisAlp anbeoew-uewny pue sszuedwiyd-uewnH

uewiny pue aousbisAlp A1euo1njoAs Jo souspuadap-aLun uonealjda. Jo aouediubIs
T3149vl

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Nat Genet. Author manuscript; available in PMC 2010 August 2.



