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ABSTRACT

Transitions of cytosine to thymine in CpG dinucleotides are the most frequent type of mutations
observed in cancer. This increased mutability is commonly explained by the presence of 5-
methylcytosine (5mC) and its spontaneous hydrolytic deamination into thymine. Here, we describe
observations that question whether spontaneous deamination alone causes the elevated
mutagenicity of 5mC. Tumours with somatic mutations in DNA mismatch-repair genes or in the
proofreading domain of DNA polymerase € (Pol €) exhibit more 5mC to T transitions than would be
expected, given the kinetics of hydrolytic deamination. This enrichment is asymmetrical around
replication origins with a preference for the leading strand template, in particular in methylated
cytosines flanked by guanines (GCG). Notably, GCG to GTG mutations also exhibit strand asymmetry
in mismatch-repair and Pol € wild-type tumours. Together, these findings suggest that mis-
incorporation of A opposite 5mC during replication of the leading strand might be a contributing

factor in the mutagenesis of methylated cytosine.
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1. INTRODUCTION

C to T transitions in a CpG context (CpG>TpG) are the most frequently observed mutations in cancer
and genetic disorders [1,2]. Two independent observations link these mutations to 5-methylcytosine
(5mC), an epigenetic modification of cytosine. First, most cytosines in CpG dinucleotides are
methylated in humans [3]. Moreover, the increased C>T mutagenicity in CpG dinucleotides is
present specifically in cytosines that are methylated, compared to unmodified or hydroxymethylated
cytosines [4]. Second, it was shown in vitro that methylated cytosine (5mC) has a four-fold higher
rate of spontaneous deamination than unmodified cytosine [5]. The products of deamination can be
repaired by base excision repair (BER). DNA glycosylases involved in BER of T:G mismatches (TDG
and MBD4) excise T from the mismatch, leading to the restoration of C:G [6,7]. Notably, while the

deamination of 5mC produces thymine, leading to a T:G mismatch, C and 5-hydroxymethylcytosine
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(5hmC) deaminate into uracil and 5-hydroxymethyluracil, respectively. Since these bases do not
normally occur in DNA, they are potentially more efficiently recognised and replaced by BER [8].
Moreover, deamination of 5hmC does not contribute to the steady-state levels of 5hmU in mouse
embryonic stem cells, suggesting either infrequent deamination or very fast repair [9]. Failure to
correct the T:G mismatch before replication results in a mutation in one daughter cell, due to the
semiconservative nature of DNA replication. Thus replication of a T:G mismatch leads to a C:G>T:A

mutation.

Mutations can also arise through mis-incorporation of bases during cell division. The fidelity of DNA
replication relies on proofreading by the major replicative polymerases Pol € and Pol §, and on post-
replicative DNA mismatch-repair (MMR) which removes errors from the newly synthesised DNA
strand [10]. Deficiency in any of these protective mechanisms leads to an increase in the number of
mutations. In particular, defects in MMR genes lead to “hypermutability” (10*-10°> mutations per
Gbp), and mutations in the proofreading domain of Pol € lead to “ultra-hypermutability”, often
exceeding 10° mutations per Gbp [11,12]. Moreover, defects in Pol € and Pol & proofreading cause
tumours in mice [13] and germline mutations in POLE and POLD1 (encoding the catalytic subunits of

Pol € and §, respectively) and genes of the MMR pathway predispose to cancer in humans [10].

DNA polymerase proofreading and post-replicative MMR (in their canonical, replication-linked
functions) are highly unlikely to play a role in the repair of 5mC deamination induced mutations, as
they operate after parental strands have been separated during replication, at which point a 5mC to
T deamination event is indistinguishable from other thymines. Therefore, although the total
frequency of mutations due to unrepaired errors introduced during replication increases drastically
in polymerase proofreading/MMR deficient samples, it would be expected that the frequency of

CpG>TpG mutations should only increase by a small amount.

Contrary to this expectation, we observe that the frequency of CpG>TpG mutations in tumours with
defective Pol € or MMR is approximately six-fold higher than for other types of mutations. We show

that the increased CpG>TpG mutation rate in Pol € or MMR mutant cancers is linked to DNA
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methylation, has a clear replication strand asymmetry, being enriched on the leading strand, with a
preference for a GCG sequence context. We also detect weaker but consistent replication strand
asymmetry of GCG>GTG mutations in Pol € and MMR proficient samples. Together, our results
suggest that a substantial fraction of C>T mutations at methylated cytosines is independent of

spontaneous deamination, instead arising during DNA replication.

2. MATERIALS AND METHODS

2.1. Somatic mutations

Cancer somatic mutations in 3442 whole-genome sequencing samples (Supplementary Table 1)
were obtained from the data portal of The Cancer Genome Atlas (TCGA), the data portal of the
International Cancer Genome Consortium (ICGC), and previously published data in peer-review
journals [1,12,14-16]. MSI and POLE-MUT samples were combined from previous studies [11,12,17].
For the TCGA samples, aligned reads of paired tumour and normal samples were downloaded from
the UCSC CGHub website under TCGA access request #10140 and somatic variants were called using
Strelka (version 1.0.14) [18] with default parameters. Somatic mutations in autosomes only were

taken into account.

2.2. DNA modification maps

Maps of cytosine modifications (Supplementary Table 2) were obtained from BS-Seq data sets from
the data portals of The Cancer Genome Atlas (TCGA), Roadmap Epigenome, Blueprint, and from
previously published data in peer-review journals [19-22] and where needed converted to hgl9
using liftover tool. For brain, kidney, and prostate maps, raw reads were processed with Trim galore,
Bismark[23] and Mark duplicates from Picard tools; and only sites covered with at least 5 reads were

taken into account.

2.3. Mutation frequency with respect to modification levels
All cytosines in the CpG context were divided into 10 right-open intervals according to their

modification levels (the number of unconverted reads divided by the number of all reads in BS-Seq):
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[0-0.1), [0.1-0.2), ..., [0.9-1]. In each bin, the frequency of mutations was computed and plotted for
each sample. A linear regression model was fitted to the data (function £it1lm in MatLab) and the
offset, slope, and last value, and fold-change from first to last value were measured. When
comparing CpG sites with low vs. intermediate vs. high modification levels, the thresholds (0.8 and
0.95) were chosen such that the three groups have approximately similar numbers of CpG sites in

most tissues.

2.4. Direction of replication
Left- and right-replicating domains were taken from [17]. Each domain (called territory in the
original source code and data) is 20kbp wide and annotated with the direction of replication and

with replication timing.

2.5. Mutation frequency with respect to the direction of replication

First, transitions between left- and right-replicated domains were computed as in [17]. These
transitions represent regions rich for replication origins. We computed the CpG>TpG mutation
frequency in the 20kbp domains distant 0 to 1Mbp from the closest left-/right- transition, with
respect to the strand (plus=Watson vs. minus=Crick) of the cytosine of the CpG. Template for the
leading strand then corresponds to the plus strand in the left direction and minus strand in the right
direction and vice versa for the lagging strand template. Finally, we annotated all cytosines in a CpG
context whether they are on the leading or lagging strand, and computed CpG>TpG mutation
frequency for the leading and lagging strand separately. Signtest was used for evaluating

significance of CpG>TpG mutation frequency difference between the two strands.

2.6. Spontaneous deamination estimates

The number of years needed to reach the observed number of C>T mutations in methylated CpGs
observed in POLE-MUT and MSI samples was based on the spontaneous deamination rate of 5mC in
double-stranded DNA (5.8-10'8 s?) reported by Shen et al. [24], the number of seconds in a year

(31556736), the observed frequency of GCG>GTG mutations (i.e., GmCG>T/GmCG; for mC with a
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modification level of at least 0.9) in MSI (5.133-10%) and POLE-MUT (1.785-10) samples, and

computed as:

5.133-107%

MSI: S510-1> 31556736 — 28.05 years

1.785-1073

POLE-MUT: — = 97.53 years
5.8:10713 - 31556736

3. RESULTS

We explored the mutation spectra of 14 tumour samples with a mutation in Pol € (POLE-MUT
samples), 19 samples with microsatellite-instability (MSI) deficient in MMR, and 3409 other cancer
samples (proficient; PROF). The median overall mutation frequency per base was 1.5-10° (IQR
0.6-10°-3.5-10®) in PROF samples, 36.9-10° (IQR 18.0-10°-47.4-10®) in MSI samples, and 267.4-10°®
(IQR 99.9-10°-300.5-10®) in POLE-MUT samples (N>N in Fig. 1A-B). In PROF samples, the median
CpG>TpG mutation frequency (i.e., the number of CpG>TpG mutations relative to the number of
CpGs in the genome) was 7.4:10° (IQR 3.7-10°-16.8:10®), approximately 5 fold higher than the
overall mutation frequency (i.e., the number of all mutations relative to the number of all positions
in the genome). Notably, the CpG>TpG mutation frequency also increased in MSI and POLE-MUT
samples, compared to the overall mutation frequency (MSI: median 247.7-10° per CpG, IQR
162.7-10°-367.3-:10°;, POLE-MUT: median 1559.8-10° per CpG, IQR 707.9-10°-2574.2:10°)
(CpG>TpG in Fig. 1A-B, Fig. 1-supplement 1). This observation is surprising, since neither MMR nor
proofreading during DNA replication by Pol € are thought to be essential for effective repair of

deamination induced T:G mismatches [8].
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Fig. 1: Frequency of C to T mutations in a CpG context is unexpectedly high in POLE-MUT and MSI samples and correlates
with DNA modification levels. A: Median CpG>TpG and N>N (overall) mutation frequency in each cancer type separately.
B: Distribution of CpG>TpG and N>N mutation frequency in POLE-MUT, MSI, and PROF (other) samples. The white circle
with the black dot inside denotes the median. C-G: Fraction of mutated CpG sites as a function of modification levels. The
x-axis represents CpG sites grouped into 10 bins by their modification levels (0-0.1, ..., 0.9-1.0). The y-axis represents C>T
mutation frequency in each bin. Individual samples are plotted in different colours. H: Distribution of the slope of the linear
relationship between DNA modification levels and CpG>TpG mutation frequency in four tissues (brain, colorectum, gastric,
and uterus). The Wilcoxon ranksum test was used to evaluate differences between the groups (POLE-MUT, MSI, and PROF)

of samples. See the distribution of offsets in Fig. 1-supplement 2.
We next used bisulfite-sequencing (BS-seq) derived DNA modification maps from normal tissue of
the same organ as each cancer sample to explore whether DNA modifications play a role in the

occurrence of CpG>TpG mutations in POLE-MUT and MSI samples. These maps represent levels of
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both the more frequent 5mC as well as the less frequent 5hmC, since BS-seq alone cannot
distinguish between these two modifications. In all POLE-MUT and MSI samples, the CpG>TpG
mutation frequency was positively correlated with modification levels (Fig. 1C—G). Moreover, the
slope of the correlation was significantly higher in POLE-MUT than in MSI, and in MSI than in tissue-
matched PROF samples (Fig. 1H, 1-supplement 2). These results support the notion that the
mechanism responsible for the elevated mutation rate of CpGs in POLE-MUT and MSI samples is

linked to epigenetic DNA modifications.

It is unlikely that Pol € or MMR, through their canonical, replication-linked activity, are used for the
repair of deamination-induced T:G mismatches that happened before replication. However, it is
possible that their non-canonical, replication unrelated, activity is involved in the repair of
deamination induced mismatches. Conversely, the CpG>TpG mutations could be replication related,
but independent of spontaneous deamination of 5mC. We therefore explored whether the CpG>TpG
mutagenicity in POLE-MUT and MSI samples shows any replication-linked characteristics, to
distinguish between the potential replication-unrelated repair of spontaneous deamination, and a —

yet undescribed — replication-related source of CpG>TpG mutations.

In eukaryotic cells, DNA replication is initiated around replication origins (ORI) from where it
proceeds in both directions, synthesizing the leading strand continuously and the lagging strand
discontinuously. As Pol € is the main leading strand DNA polymerase [25,26], mutations in POLE-
MUT samples are distributed asymmetrically on the leading and lagging strands [11,17]. MSI samples
also display replication strand bias across several types of mutations [17], presumably because MMR
is involved in balancing the differences in fidelity of the leading and lagging polymerases [27]. In
order to determine whether CpG>TpG mutations in POLE-MUT and MSI samples happened during or
before replication, we computed the frequency of CpG>TpG mutations on the plus (Watson) and
minus (Crick) strand around transitions between left- and right-replicating regions, as defined in

[17]. The transitions correspond to regions enriched for replication origins.
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In the POLE-MUT and MSI samples, we observed a strong enrichment of CpG>TpG mutations on the
leading strand template (plus strand in the left direction, minus strand in the right direction) (Fig. 2).
Moreover, the strand asymmetry was at least as strong or stronger in highly modified CpGs (top
tertile) than in lowly modified CpGs (bottom tertile) (Fig. 2C-D). This effect was furthermore
observed across cancer types and across modification levels (Fig. 2 supplement 1). It thus appears
that DNA repair deficient cells accumulate more CpG>TpG mutations in cytosines that were modified

on the template for the leading strand, suggesting that they are related to replication.
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Fig. 2: Frequency of C to T mutations in a CpG context in POLE-MUT and MSI samples is higher on the leading strand than
on the lagging strand, especially in modified CpG sites. A-B: Mean CpG>TpG mutation frequency on the plus (Watson) and
minus (Crick) strand around transitions between left- and right-replicating regions. The transitions correspond to regions
enriched for replication origins. The leading strand template corresponds to the plus strand in the left direction and the
minus strand in the right direction, whereas the lagging strand template corresponds to the minus strand in the left
direction and the plus strand in the right direction. C-D: Difference in the leading and lagging CpG>TpG mutation

frequency in each sample (signtest was used for evaluating significance between leading and lagging strand).
The link between C>T mutagenicity in methylated CpG sites and replication could either be a unique
feature of POLE-MUT and MSI samples, or it could be present in all samples, but normally be

suppressed by a combination of Pol € proofreading and MMR. To explore the first option, we tested
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the observed POLE and MMR mutations for signs of a “gain of function” mutation. A range of 9
different variants in the proofreading domain of POLE were present in the 14 POLE-MUT samples, all
of them showing an increase of CpG>TpG mutations in modified cytosine (Fig. 3A). The positive
correlation of CpG>TpG mutagenicity with methylation seems to be independent of the type of POLE
mutation, cancer type or age at diagnosis, and is present in both POLE-MUT and MSI samples (Fig

3A). A gain-of-function mutation therefore seems unlikely.
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Fig. 3: Increase of C to T mutations in modified cytosine on the leading strand is most consistent in a GCG sequence
context in POLE-MUT and MSI samples. A: C>T mutation frequency in CpG context binned by the tissue-matched
modification levels (0-0.1, ..., 0.9-1.0). Individual samples are plotted as separate traces. In POLE-MUT samples, the colour
represents different variants of the POLE mutation. In both POLE-MUT and MSI samples, the shape of the marker

represents different tissues. The age at diagnosis is shown next to the last value of the sample. B: CpG>TpG mutation
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frequency stratified by the 5’ flanking sequence context. The bars denote mean over samples and individual samples are
shown as markers with shape and colour distinguishing the tissue type. C: C>T mutation frequency in CpG sites in the
leading and lagging strands, in low mod (<£0.8) vs high mod (>0.95), and stratified by the 5’ sequence context: ACG, CCG,
GCG, and TCG. D: C>T mutation frequency in GCG context in leading and lagging strand binned by the tissue-matched
modification levels (0-0.1, ..., 0.9-1.0).

Interestingly, the frequency of C>T mutations was not only affected by the 3’ sequence context, but
also the 5’ base of cytosine. We noticed that, while C>T mutations in a TCG context (TCG>TTG)
dominate in colorectal POLE-MUT samples, both tissues with MSI samples and all tissues with POLE-
MUT samples exhibited high levels of C>T mutations in a GCG context (GCG>GTG) (Fig.3B, Fig3-
supplement 1). GCG>GTG mutations also showed particularly strong strand asymmetry and

correlation with modification levels in all MSI and POLE-MUT samples (Fig. 3C, D, 3-supplement 2).

Our observations could be explained by a model of CpG>TpG mutagenesis in which 5mC is
occasionally incorrectly paired with adenine by Pol € during replication of the leading strand,
potentially due to the structural similarity of 5mC and thymine. If such mismatches were not
detected by the polymerase proofreading machinery or MMR, they would result in CpG>TpG
mutations most frequently where 5mC occurred in the leading strand template. Under this model of
decreased fidelity of wildtype Pol € in replication of 5mC, we would expect that such errors could
sometimes escape the polymerase proofreading and MMR even in POLE-WT and MMR proficient
samples, resulting in a slight strand asymmetry of CpG>TpG mutations. To test this, we grouped
PROF samples by tissue, and in each tissue measured the percentage of samples with a higher
CpG>TpG mutation frequency on the leading than the lagging strand, while also distinguishing
between all four sequence contexts. The majority of samples exhibited leading strand bias for
GCG>GTG mutations in 13 out of 16 tissue types in lowly and intermediately modified CpGs (Fig. 4-
supplement 1). This effect was even stronger (16 out of 16 tissues) when restricting the analysis to
highly modified CpGs only (Fig. 4), supporting the hypothesis that CpG>TpG mutations can also be

caused by errors during the replication of methylated cytosine by Pol e

11
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Fig. 4: GCG>GTG mutations are more frequent on the leading strand than on the lagging strand, even in Pol € and MMR
proficient samples. The heatmap shows the percentage of samples with higher C>T mutation frequency on the leading
strand than on the lagging strand (only C>T mutations in highly modified (>0.95) CpG sites, using tissue-matched
modification maps): white colour denotes no data, blue colour denotes more frequent lagging bias, and red denotes more
frequent leading bias. The number above each column represents the percentage of cancer types with a leading strand
bias in a majority of samples. Asterisks represent significance of the bias in each column (signtest; ***P < 0.001; **P < 0.01;

*P < 0.05).

4. DISCUSSION

The increased rate of C>T mutations at CpG dinucleotides across tissue types has been thought to
primarily stem from spontaneous deamination of methylated cytosine. The fact that POLE-MUT and
MSI samples exhibit high CpG>TpG mutation frequency is therefore surprising, since neither MMR
nor proofreading by Pol € are thought to be required for the repair of deamination damage. A similar
increase of CpG>TpG mutations in MSI and POLE-MUT colorectal cancer samples has also been
observed in another study that was published during the preparation of this manuscript [28], but the

correlation of these mutations with methylation levels was not explored in much detail.

Three theoretical models could explain this observation. In the first model, MMR and Pol € —
through a non-canonical, replication-unrelated mechanism— are in fact essential for the repair of

T:G mismatches created by spontaneous deamination of 5mC. For MMR, this is the model proposed

12



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

in a recent study [28]. However, the observed number of CpG>TpG mutations in MSI and POLE-MUT
samples is difficult to reconcile with the known deamination kinetics of methylated cytosine in
double-stranded DNA, even under the unrealistic assumption that no repair mechanisms at all are
active in these samples. At 5.8 x 1023 mutations per 5mC per second [24], it would take 28 years to
reach the observed C>T mutation frequency in modified GCG sites of MSI samples, and 98 years for
POLE-MUT samples (see Methods for calculations). These timescales are unlikely to represent the
real time between the acquisition of the MMR or Pol € mutation and the collection of the sample.
Moreover, if spontaneous deamination was the source of CpG>TpG mutagenicity in MMR and Pol €
deficient samples, one would not expect to see replication strand asymmetry. However, CpG>TpG
mutations are highly enriched on the leading strand in all these samples and therefore do not

support this first model.

The second possible explanation is that the Pol € and MMR mutations are gain of function
mutations, causing a mutator phenotype that actively increases CpG>TpG mutagenicity during
replication. This mechanism has been suggested by Poulos et al. [28] for the POLE-MUT samples and
by Kane et al. [29] in S. cerevisiae, where an analog of the human P286R variant (but not other
variants) in the yeast Pol € produced a strong mutator phenotype, increasing the mutation rate
beyond that of the proofreading-null allele. However, we observed a marked increase of C>T
mutation frequency in modified CpG sites in a wide range of Pol € variants (Fig. 3A). Furthermore, a
strong correlation of GCG>GTG mutations with DNA modification levels was observed across POLE-
MUT and MSI samples from multiple cancer types. It therefore seems unlikely that multiple different

Pol € and MMR mutations all result in the same mutator phenotype.

The third model posits that wildtype Pol € has a slightly decreased fidelity when encountering 5mC,
particularly in a GCG context, on the template strand and incorrectly pairs it with A, leading to
5mC:A mismatches. This could potentially be a consequence of the high structural similarity
between 5mC and T, both of which present a methyl group at the same position of pyrimidine ring. If

the resulting 5mC:A mismatches were not repaired before the next round of replication, for example
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because of a lack of mismatch repair in MSI tumours, one would expect an enrichment of GCG>GTG
mutations on the leading strand, as we observe in our data. Similarly, a lack of proofreading by Pol €
itself might overwhelm the capacity of downstream repair pathways and thus, too, lead to an
increased CpG>TpG mutations rate. The fact that we also detected a leading strand bias for
GCG>GTG mutations in a majority of Pol € and MMR proficient tumours hints at the possibility that
the mechanism described above does contribute to the overall CpG>TpG mutation burden. This
model is also consistent with observations from samples with a mutation in the proofreading
domain of POLD1, a gene encoding the catalytic subunit of Pol 6. POLD1-MUT samples are also
highly mutated, but, unlike in POLE-MUT samples, CpG>TpG mutations form only a small percentage
of the mutation burden [12]. This observation supports the notion that the CpG>TpG mutagenesis is

specifically linked to the leading strand synthesis.

5. CONCLUSIONS

To conclude, we have presented evidence suggesting that replication of methylated cytosines is
likely to contribute to the higher mutation rate of CpGs in the genome. This unanticipated finding
changes the commonly accepted paradigm in the field, where spontaneous deamination has been
proposed as the only reason for the mutagenicity of methylated CpG sites. While replication-linked
CpG>TpG mutations dominate in Pol € mutated or MMR deficient cells, the relative contribution of
replication-linked mutations compared to deamination-induced mutations in repair-proficient cells is
less clear. Pol € proofreading and MMR both repair mutations originating during replication, while
MBD4 and TDG are glycosylases repairing lesions caused by spontaneous deamination of 5mC. Pol
mutations increase CpG mutation rate by 210-fold in human cancers, while Mbd4 deficient mice
exhibit an increase in mutation frequency by 3-fold [30], suggesting that replication might be more
mutagenic at methylated CpGs than deamination, unless TDG plays a dominant role in repair of
deamination lesions. Thus, Pol € might even be the primary source of C>T mutations in methylated

CpGs, which could also explain that cancers from tissues with higher turnover rates exhibit an
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increased rate of CpG>TpG mutations [31]. Further experimental work will be required to fully

elucidate the fidelity of Pol € when replicating 5mC.
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