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ABSTRACT 27 

Transitions of cytosine to thymine in CpG dinucleotides are the most frequent type of mutations 28 

observed in cancer. This increased mutability is commonly explained by the presence of 5-29 

methylcytosine (5mC) and its spontaneous hydrolytic deamination into thymine. Here, we describe 30 

observations that question whether spontaneous deamination alone causes the elevated 31 

mutagenicity of 5mC. Tumours with somatic mutations in DNA mismatch-repair genes or in the 32 

proofreading domain of DNA polymerase ε (Pol ε) exhibit more 5mC to T transitions than would be 33 

expected, given the kinetics of hydrolytic deamination. This enrichment is asymmetrical around 34 

replication origins with a preference for the leading strand template, in particular in methylated 35 

cytosines flanked by guanines (GCG). Notably, GCG to GTG mutations also exhibit strand asymmetry 36 

in mismatch-repair and Pol ε wild-type tumours. Together, these findings suggest that mis-37 

incorporation of A opposite 5mC during replication of the leading strand might be a contributing 38 

factor in the mutagenesis of methylated cytosine. 39 
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1. INTRODUCTION 42 

C to T transitions in a CpG context (CpG>TpG) are the most frequently observed mutations in cancer 43 

and genetic disorders [1,2]. Two independent observations link these mutations to 5-methylcytosine 44 

(5mC), an epigenetic modification of cytosine. First, most cytosines in CpG dinucleotides are 45 

methylated in humans [3]. Moreover, the increased C>T mutagenicity in CpG dinucleotides is 46 

present specifically in cytosines that are methylated, compared to unmodified or hydroxymethylated 47 

cytosines [4]. Second, it was shown in vitro that methylated cytosine (5mC) has a four-fold higher 48 

rate of spontaneous deamination than unmodified cytosine [5]. The products of deamination can be 49 

repaired by base excision repair (BER). DNA glycosylases involved in BER of T:G mismatches (TDG 50 

and MBD4) excise T from the mismatch, leading to the restoration of C:G [6,7]. Notably, while the 51 

deamination of 5mC produces thymine, leading to a T:G mismatch, C and 5-hydroxymethylcytosine 52 
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(5hmC) deaminate into uracil and 5-hydroxymethyluracil, respectively. Since these bases do not 53 

normally occur in DNA, they are potentially more efficiently recognised and replaced by BER [8]. 54 

Moreover, deamination of 5hmC does not contribute to the steady-state levels of 5hmU in mouse 55 

embryonic stem cells, suggesting either infrequent deamination or very fast repair [9]. Failure to 56 

correct the T:G mismatch before replication results in a mutation in one daughter cell, due to the 57 

semiconservative nature of DNA replication. Thus replication of a T:G mismatch leads to a C:G>T:A 58 

mutation. 59 

Mutations can also arise through mis-incorporation of bases during cell division. The fidelity of DNA 60 

replication relies on proofreading by the major replicative polymerases Pol ε and Pol δ, and on post-61 

replicative DNA mismatch-repair (MMR) which removes errors from the newly synthesised DNA 62 

strand [10]. Deficiency in any of these protective mechanisms leads to an increase in the number of 63 

mutations. In particular, defects in MMR genes lead to “hypermutability” (104-105 mutations per 64 

Gbp), and mutations in the proofreading domain of Pol ε lead to “ultra-hypermutability”, often 65 

exceeding 105 mutations per Gbp [11,12]. Moreover, defects in Pol ε and Pol δ proofreading cause 66 

tumours in mice [13] and germline mutations in POLE and POLD1 (encoding the catalytic subunits of 67 

Pol ε and δ, respectively) and genes of the MMR pathway predispose to cancer in humans [10]. 68 

DNA polymerase proofreading and post-replicative MMR (in their canonical, replication-linked 69 

functions) are highly unlikely to play a role in the repair of 5mC deamination induced mutations, as 70 

they operate after parental strands have been separated during replication, at which point a 5mC to 71 

T deamination event is indistinguishable from other thymines. Therefore, although the total 72 

frequency of mutations due to unrepaired errors introduced during replication increases drastically 73 

in polymerase proofreading/MMR deficient samples, it would be expected that the frequency of 74 

CpG>TpG mutations should only increase by a small amount.  75 

Contrary to this expectation, we observe that the frequency of CpG>TpG mutations in tumours with 76 

defective Pol ε or MMR is approximately six-fold higher than for other types of mutations. We show 77 

that the increased CpG>TpG mutation rate in Pol ε or MMR mutant cancers is linked to DNA 78 
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methylation, has a clear replication strand asymmetry, being enriched on the leading strand, with a 79 

preference for a GCG sequence context. We also detect weaker but consistent replication strand 80 

asymmetry of GCG>GTG mutations in Pol ε and MMR proficient samples. Together, our results 81 

suggest that a substantial fraction of C>T mutations at methylated cytosines is independent of 82 

spontaneous deamination, instead arising during DNA replication. 83 

2. MATERIALS AND METHODS 84 

2.1. Somatic mutations 85 

Cancer somatic mutations in 3442 whole-genome sequencing samples (Supplementary Table 1) 86 

were obtained from the data portal of The Cancer Genome Atlas (TCGA), the data portal of the 87 

International Cancer Genome Consortium (ICGC), and previously published data in peer-review 88 

journals [1,12,14–16]. MSI and POLE-MUT samples were combined from previous studies [11,12,17]. 89 

For the TCGA samples, aligned reads of paired tumour and normal samples were downloaded from 90 

the UCSC CGHub website under TCGA access request #10140 and somatic variants were called using 91 

Strelka (version 1.0.14) [18] with default parameters. Somatic mutations in autosomes only were 92 

taken into account. 93 

2.2. DNA modification maps 94 

Maps of cytosine modifications (Supplementary Table 2) were obtained from BS-Seq data sets from 95 

the data portals of The Cancer Genome Atlas (TCGA), Roadmap Epigenome, Blueprint, and from 96 

previously published data in peer-review journals [19–22] and where needed converted to hg19 97 

using liftover tool. For brain, kidney, and prostate maps, raw reads were processed with Trim galore, 98 

Bismark[23] and Mark duplicates from Picard tools; and only sites covered with at least 5 reads were 99 

taken into account. 100 

2.3. Mutation frequency with respect to modification levels 101 

All cytosines in the CpG context were divided into 10 right-open intervals according to their 102 

modification levels (the number of unconverted reads divided by the number of all reads in BS-Seq): 103 
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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 104 

each sample. A linear regression model was fitted to the data (function fitlm in MatLab) and the 105 

offset, slope, and last value, and fold-change from first to last value were measured. When 106 

comparing CpG sites with low vs. intermediate vs. high modification levels, the thresholds (0.8 and 107 

0.95) were chosen such that the three groups have approximately similar numbers of CpG sites in 108 

most tissues. 109 

2.4. Direction of replication 110 

Left- and right-replicating domains were taken from [17]. Each domain (called territory in the 111 

original source code and data) is 20kbp wide and annotated with the direction of replication and 112 

with replication timing.  113 

2.5. Mutation frequency with respect to the direction of replication 114 

First, transitions between left- and right-replicated domains were computed as in [17]. These 115 

transitions represent regions rich for replication origins. We computed the CpG>TpG mutation 116 

frequency in the 20kbp domains distant 0 to 1Mbp from the closest left-/right- transition, with 117 

respect to the strand (plus=Watson vs. minus=Crick) of the cytosine of the CpG. Template for the 118 

leading strand then corresponds to the plus strand in the left direction and minus strand in the right 119 

direction and vice versa for the lagging strand template. Finally, we annotated all cytosines in a CpG 120 

context whether they are on the leading or lagging strand, and computed CpG>TpG mutation 121 

frequency for the leading and lagging strand separately. Signtest was used for evaluating 122 

significance of CpG>TpG mutation frequency difference between the two strands.  123 

2.6. Spontaneous deamination estimates 124 

The number of years needed to reach the observed number of C>T mutations in methylated CpGs 125 

observed in POLE-MUT and MSI samples was based on the spontaneous deamination rate of 5mC in 126 

double-stranded DNA (5.8·10-13 s-1) reported by Shen et al. [24], the number of seconds in a year 127 

(31556736), the observed frequency of GCG>GTG mutations (i.e., GmCG>T/GmCG; for mC with a 128 
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modification level of at least 0.9) in MSI (5.133·10-4) and POLE-MUT (1.785·10-3) samples, and 129 

computed as: 130 

MSI: 
5.133 ∙10−4

5.8∙10−13 ∙ 31556736
= 28.05 years 131 

POLE-MUT: 
1.785 ∙10−3

5.8∙10−13 ∙ 31556736
= 97.53 years 132 

 133 

3. RESULTS 134 

We explored the mutation spectra of 14 tumour samples with a mutation in Pol ε (POLE-MUT 135 

samples), 19 samples with microsatellite-instability (MSI) deficient in MMR, and 3409 other cancer 136 

samples (proficient; PROF). The median overall mutation frequency per base was 1.5·10-6 (IQR 137 

0.6·10-6–3.5·10-6) in PROF samples, 36.9·10-6 (IQR 18.0·10-6–47.4·10-6) in MSI samples, and 267.4·10-6 138 

(IQR 99.9·10-6–300.5·10-6) in POLE-MUT samples (N>N in Fig. 1A–B). In PROF samples, the median 139 

CpG>TpG mutation frequency (i.e., the number of CpG>TpG mutations relative to the number of 140 

CpGs in the genome) was 7.4·10-6 (IQR 3.7·10-6–16.8·10-6), approximately 5 fold higher than the 141 

overall mutation frequency (i.e., the number of all mutations relative to the number of all positions 142 

in the genome). Notably, the CpG>TpG mutation frequency also increased in MSI and POLE-MUT 143 

samples, compared to the overall mutation frequency (MSI: median 247.7·10-6 per CpG, IQR 144 

162.7·10-6–367.3·10-6; POLE-MUT: median 1559.8·10-6 per CpG, IQR 707.9·10-6–2574.2·10-6) 145 

(CpG>TpG in Fig. 1A–B, Fig. 1-supplement 1). This observation is surprising, since neither MMR nor 146 

proofreading during DNA replication by Pol ε are thought to be essential for effective repair of 147 

deamination induced T:G mismatches [8]. 148 
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 149 

Fig. 1: Frequency of C to T mutations in a CpG context is unexpectedly high in POLE-MUT and MSI samples and correlates 150 

with DNA modification levels. A: Median CpG>TpG and N>N (overall) mutation frequency in each cancer type separately. 151 

B: Distribution of CpG>TpG and N>N mutation frequency in POLE-MUT, MSI, and PROF (other) samples. The white circle 152 

with the black dot inside denotes the median. C-G: Fraction of mutated CpG sites as a function of modification levels. The 153 

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 154 

mutation frequency in each bin. Individual samples are plotted in different colours. H: Distribution of the slope of the linear 155 

relationship between DNA modification levels and CpG>TpG mutation frequency in four tissues (brain, colorectum, gastric, 156 

and uterus). The Wilcoxon ranksum test was used to evaluate differences between the groups (POLE-MUT, MSI, and PROF) 157 

of samples. See the distribution of offsets in Fig. 1-supplement 2. 158 

We next used bisulfite-sequencing (BS-seq) derived DNA modification maps from normal tissue of 159 

the same organ as each cancer sample to explore whether DNA modifications play a role in the 160 

occurrence of CpG>TpG mutations in POLE-MUT and MSI samples. These maps represent levels of 161 
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both the more frequent 5mC as well as the less frequent 5hmC, since BS-seq alone cannot 162 

distinguish between these two modifications. In all POLE-MUT and MSI samples, the CpG>TpG 163 

mutation frequency was positively correlated with modification levels (Fig. 1C–G). Moreover, the 164 

slope of the correlation was significantly higher in POLE-MUT than in MSI, and in MSI than in tissue-165 

matched PROF samples (Fig. 1H, 1-supplement 2). These results support the notion that the 166 

mechanism responsible for the elevated mutation rate of CpGs in POLE-MUT and MSI samples is 167 

linked to epigenetic DNA modifications.  168 

It is unlikely that Pol ε or MMR, through their canonical, replication-linked activity, are used for the 169 

repair of deamination-induced T:G mismatches that happened before replication. However, it is 170 

possible that their non-canonical, replication unrelated, activity is involved in the repair of 171 

deamination induced mismatches. Conversely, the CpG>TpG mutations could be replication related, 172 

but independent of spontaneous deamination of 5mC. We therefore explored whether the CpG>TpG 173 

mutagenicity in POLE-MUT and MSI samples shows any replication-linked characteristics, to 174 

distinguish between the potential replication-unrelated repair of spontaneous deamination, and a – 175 

yet undescribed – replication-related source of CpG>TpG mutations.  176 

In eukaryotic cells, DNA replication is initiated around replication origins (ORI) from where it 177 

proceeds in both directions, synthesizing the leading strand continuously and the lagging strand 178 

discontinuously. As Pol ε is the main leading strand DNA polymerase [25,26], mutations in POLE-179 

MUT samples are distributed asymmetrically on the leading and lagging strands [11,17]. MSI samples 180 

also display replication strand bias across several types of mutations [17], presumably because MMR 181 

is involved in balancing the differences in fidelity of the leading and lagging polymerases [27]. In 182 

order to determine whether CpG>TpG mutations in POLE-MUT and MSI samples happened during or 183 

before replication, we computed the frequency of CpG>TpG mutations on the plus (Watson) and 184 

minus (Crick) strand around transitions between left- and right-replicating regions, as defined in 185 

[17]. The transitions correspond to regions enriched for replication origins. 186 
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In the POLE-MUT and MSI samples, we observed a strong enrichment of CpG>TpG mutations on the 187 

leading strand template (plus strand in the left direction, minus strand in the right direction) (Fig. 2). 188 

Moreover, the strand asymmetry was at least as strong or stronger in highly modified CpGs (top 189 

tertile) than in lowly modified CpGs (bottom tertile) (Fig. 2C–D). This effect was furthermore 190 

observed across cancer types and across modification levels (Fig. 2 supplement 1). It thus appears 191 

that DNA repair deficient cells accumulate more CpG>TpG mutations in cytosines that were modified 192 

on the template for the leading strand, suggesting that they are related to replication. 193 

 194 

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 195 

on the lagging strand, especially in modified CpG sites. A-B: Mean CpG>TpG mutation frequency on the plus (Watson) and 196 

minus (Crick) strand around transitions between left- and right-replicating regions. The transitions correspond to regions 197 

enriched for replication origins. The leading strand template corresponds to the plus strand in the left direction and the 198 

minus strand in the right direction, whereas the lagging strand template corresponds to the minus strand in the left 199 

direction and the plus strand in the right direction.  C-D: Difference in the leading and lagging CpG>TpG mutation 200 

frequency in each sample (signtest was used for evaluating significance between leading and lagging strand).  201 

The link between C>T mutagenicity in methylated CpG sites and replication could either be a unique 202 

feature of POLE-MUT and MSI samples, or it could be present in all samples, but normally be 203 

suppressed by a combination of Pol ε proofreading and MMR. To explore the first option, we tested 204 
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the observed POLE and MMR mutations for signs of a “gain of function” mutation. A range of 9 205 

different variants in the proofreading domain of POLE were present in the 14 POLE-MUT samples, all 206 

of them showing an increase of CpG>TpG mutations in modified cytosine (Fig. 3A). The positive 207 

correlation of CpG>TpG mutagenicity with methylation seems to be independent of the type of POLE 208 

mutation, cancer type or age at diagnosis, and is present in both POLE-MUT and MSI samples (Fig 209 

3A). A gain-of-function mutation therefore seems unlikely.  210 

 211 

Fig. 3: Increase of C to T mutations in modified cytosine on the leading strand is most consistent in a GCG sequence 212 

context in POLE-MUT and MSI samples. A: C>T mutation frequency in CpG context binned by the tissue-matched 213 

modification levels (0-0.1, …, 0.9-1.0). Individual samples are plotted as separate traces. In POLE-MUT samples, the colour 214 

represents different variants of the POLE mutation. In both POLE-MUT and MSI samples, the shape of the marker 215 

represents different tissues. The age at diagnosis is shown next to the last value of the sample. B: CpG>TpG mutation 216 
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frequency stratified by the 5’ flanking sequence context. The bars denote mean over samples and individual samples are 217 

shown as markers with shape and colour distinguishing the tissue type. C: C>T mutation frequency in CpG sites in the 218 

leading and lagging strands, in low mod (0.8) vs high mod (>0.95), and stratified by the 5’ sequence context: ACG, CCG, 219 

GCG, and TCG. D: C>T mutation frequency in GCG context in leading and lagging strand binned by the tissue-matched 220 

modification levels (0-0.1, …, 0.9-1.0).  221 

Interestingly, the frequency of C>T mutations was not only affected by the 3’ sequence context, but 222 

also the 5’ base of cytosine. We noticed that, while C>T mutations in a TCG context (TCG>TTG) 223 

dominate in colorectal POLE-MUT samples, both tissues with MSI samples and all tissues with POLE-224 

MUT samples exhibited high levels of C>T mutations in a GCG context (GCG>GTG) (Fig.3B, Fig3-225 

supplement 1). GCG>GTG mutations also showed particularly strong strand asymmetry and 226 

correlation with modification levels in all MSI and POLE-MUT samples (Fig. 3C, D, 3-supplement 2).  227 

Our observations could be explained by a model of CpG>TpG mutagenesis in which 5mC is 228 

occasionally incorrectly paired with adenine by Pol ε during replication of the leading strand, 229 

potentially due to the structural similarity of 5mC and thymine. If such mismatches were not 230 

detected by the polymerase proofreading machinery or MMR, they would result in CpG>TpG 231 

mutations most frequently where 5mC occurred in the leading strand template. Under this model of 232 

decreased fidelity of wildtype Pol ε in replication of 5mC, we would expect that such errors could 233 

sometimes escape the polymerase proofreading and MMR even in POLE-WT and MMR proficient 234 

samples, resulting in a slight strand asymmetry of CpG>TpG mutations. To test this, we grouped 235 

PROF samples by tissue, and in each tissue measured the percentage of samples with a higher 236 

CpG>TpG mutation frequency on the leading than the lagging strand, while also distinguishing 237 

between all four sequence contexts. The majority of samples exhibited leading strand bias for 238 

GCG>GTG mutations in 13 out of 16 tissue types in lowly and intermediately modified CpGs (Fig. 4- 239 

supplement 1). This effect was even stronger (16 out of 16 tissues) when restricting the analysis to 240 

highly modified CpGs only (Fig. 4), supporting the hypothesis that CpG>TpG mutations can also be 241 

caused by errors during the replication of methylated cytosine by Pol ε. 242 
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243 
Fig. 4: GCG>GTG mutations are more frequent on the leading strand than on the lagging strand, even in Pol ε and MMR 244 

proficient samples. The heatmap shows the percentage of samples with higher C>T mutation frequency on the leading 245 

strand than on the lagging strand (only C>T mutations in highly modified (>0.95) CpG sites, using tissue-matched 246 

modification maps): white colour denotes no data, blue colour denotes more frequent lagging bias, and red denotes more 247 

frequent leading bias. The number above each column represents the percentage of cancer types with a leading strand 248 

bias in a majority of samples. Asterisks represent significance of the bias in each column (signtest; ***P < 0.001; **P < 0.01; 249 

*P < 0.05). 250 

4. DISCUSSION 251 

The increased rate of C>T mutations at CpG dinucleotides across tissue types has been thought to 252 

primarily stem from spontaneous deamination of methylated cytosine. The fact that POLE-MUT and 253 

MSI samples exhibit high CpG>TpG mutation frequency is therefore surprising, since neither MMR 254 

nor proofreading by Pol ε are thought to be required for the repair of deamination damage. A similar 255 

increase of CpG>TpG mutations in MSI and POLE-MUT colorectal cancer samples has also been 256 

observed in another study that was published during the preparation of this manuscript [28], but the 257 

correlation of these mutations with methylation levels was not explored in much detail. 258 

Three theoretical models could explain this observation. In the first model, MMR and Pol ε —259 

through a non-canonical, replication-unrelated mechanism— are in fact essential for the repair of 260 

T:G mismatches created by spontaneous deamination of 5mC. For MMR, this is the model proposed 261 
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in a recent study [28]. However, the observed number of CpG>TpG mutations in MSI and POLE-MUT 262 

samples is difficult to reconcile with the known deamination kinetics of methylated cytosine in 263 

double-stranded DNA, even under the unrealistic assumption that no repair mechanisms at all are 264 

active in these samples. At 5.8 x 10-13 mutations per 5mC per second [24], it would take 28 years to 265 

reach the observed C>T mutation frequency in modified GCG sites of MSI samples, and 98 years for 266 

POLE-MUT samples (see Methods for calculations). These timescales are unlikely to represent the 267 

real time between the acquisition of the MMR or Pol ε mutation and the collection of the sample. 268 

Moreover, if spontaneous deamination was the source of CpG>TpG mutagenicity in MMR and Pol ε 269 

deficient samples, one would not expect to see replication strand asymmetry. However, CpG>TpG 270 

mutations are highly enriched on the leading strand in all these samples and therefore do not 271 

support this first model. 272 

The second possible explanation is that the Pol ε and MMR mutations are gain of function 273 

mutations, causing a mutator phenotype that actively increases CpG>TpG mutagenicity during 274 

replication. This mechanism has been suggested by Poulos et al. [28] for the POLE-MUT samples and 275 

by Kane et al. [29] in S. cerevisiae, where an analog of the human P286R variant (but not other 276 

variants) in the yeast Pol ε produced a strong mutator phenotype, increasing the mutation rate 277 

beyond that of the proofreading-null allele. However, we observed a marked increase of C>T 278 

mutation frequency in modified CpG sites in a wide range of Pol ε variants (Fig. 3A). Furthermore, a 279 

strong correlation of GCG>GTG mutations with DNA modification levels was observed across POLE-280 

MUT and MSI samples from multiple cancer types. It therefore seems unlikely that multiple different 281 

Pol ε and MMR mutations all result in the same mutator phenotype.  282 

The third model posits that wildtype Pol ε has a slightly decreased fidelity when encountering 5mC, 283 

particularly in a GCG context, on the template strand and incorrectly pairs it with A, leading to 284 

5mC:A mismatches. This could potentially be a consequence of the high structural similarity 285 

between 5mC and T, both of which present a methyl group at the same position of pyrimidine ring. If 286 

the resulting 5mC:A mismatches were not repaired before the next round of replication, for example 287 
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because of a lack of mismatch repair in MSI tumours, one would expect an enrichment of GCG>GTG 288 

mutations on the leading strand, as we observe in our data. Similarly, a lack of proofreading by Pol ε 289 

itself might overwhelm the capacity of downstream repair pathways and thus, too, lead to an 290 

increased CpG>TpG mutations rate. The fact that we also detected a leading strand bias for 291 

GCG>GTG mutations in a majority of Pol ε and MMR proficient tumours hints at the possibility that 292 

the mechanism described above does contribute to the overall CpG>TpG mutation burden. This 293 

model is also consistent with observations from samples with a mutation in the proofreading 294 

domain of POLD1, a gene encoding the catalytic subunit of Pol δ. POLD1-MUT samples are also 295 

highly mutated, but, unlike in POLE-MUT samples, CpG>TpG mutations form only a small percentage 296 

of the mutation burden [12]. This observation supports the notion that the CpG>TpG mutagenesis is 297 

specifically linked to the leading strand synthesis. 298 

5. CONCLUSIONS 299 

To conclude, we have presented evidence suggesting that replication of methylated cytosines is 300 

likely to contribute to the higher mutation rate of CpGs in the genome. This unanticipated finding 301 

changes the commonly accepted paradigm in the field, where spontaneous deamination has been 302 

proposed as the only reason for the mutagenicity of methylated CpG sites. While replication-linked 303 

CpG>TpG mutations dominate in Pol ε mutated or MMR deficient cells, the relative contribution of 304 

replication-linked mutations compared to deamination-induced mutations in repair-proficient cells is 305 

less clear. Pol ε proofreading and MMR both repair mutations originating during replication, while 306 

MBD4 and TDG are glycosylases repairing lesions caused by spontaneous deamination of 5mC. Pol ε 307 

mutations increase CpG mutation rate by 210-fold in human cancers, while Mbd4 deficient mice 308 

exhibit an increase in mutation frequency by 3-fold [30], suggesting that replication might be more 309 

mutagenic at methylated CpGs than deamination, unless TDG plays a dominant role in repair of 310 

deamination lesions. Thus, Pol ε might even be the primary source of C>T mutations in methylated 311 

CpGs, which could also explain that cancers from tissues with higher turnover rates exhibit an 312 
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increased rate of CpG>TpG mutations [31]. Further experimental work will be required to fully 313 

elucidate the fidelity of Pol ε when replicating 5mC. 314 

SUPPORTING INFORMATION 315 

Fig. 1-supplement 1: Frequency of C to T mutations in a CpG context is unexpectedly high in POLE-316 

MUT and MSI samples. 317 
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correlates with DNA modification levels: comparison of linear models. 319 
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Fig. 3-supplement 1: CpG>TpG mutation frequency in different sequence contexts. 322 

Fig. 3-supplement 2: Increase of C to T mutations in modified cytosine on the leading strand is most 323 

consistent in a GCG sequence context in POLE-MUT and MSI samples. 324 

Fig. 4-supplement 1: GCG>GTG mutations are more frequent on the leading strand than on the 325 
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 496 

6. SUPPLEMENTARY FIGURES 497 

 498 

Fig. 1-supplement 1: Frequency of C to T mutations in a CpG context is unexpectedly high in POLE-499 

MUT and MSI samples. Frequency of individual types of mutations in POLE-MUT, MSI, and tissue-500 

matched PROF samples, normalised by the total sum in each sample. The bars denote mean over 501 

samples and individual samples are shown as markers in different shapes and colours. 502 
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 503 

Fig. 1-supplement 2: Frequency of C to T mutations in a CpG context in POLE-MUT and MSI 504 

samples correlates with DNA modification levels: comparison of linear models. In each sample, a 505 

linear model was fitted on the data, representing CpG>TpG mutation frequency in different bins of 506 

cytosine modification levels. The distribution of their parameters is compared: slope (A), offset, i.e., 507 

the value in unmodified cytosines (B), the last values, i.e., the value in fully modified cytosines (C), 508 

the fold-change from unmodified to fully modified cytosines (D) in MSI, POLE, and PROF samples in 509 

four tissues (brain, colorectum, gastric, and uterus). The Wilcoxon ranksum test was used to 510 

evaluate differences between the groups of samples. 511 
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 512 

Fig. 2-supplement 1: Frequency of C to T mutations in a CpG context in POLE-MUT and MSI 513 

samples is higher on the leading strand than on the lagging strand, especially in modified CpG 514 

sites. Left column: Mean CpG>TpG mutation frequency on the plus (Watson) and minus (Crick) 515 

strand around transitions between left- and right-replicating regions. The transitions correspond to 516 

regions enriched for replication origins. Comparison of CpG sites with low modification levels (0.8) 517 

and high modification levels (>0.95) is shown. Note the variation in the number of samples per 518 

cohort (between 2 and 10). Right column: C>T mutation frequency in CpG sites in the leading and 519 

lagging strand binned by their tissue-matched modification levels (0-0.1, …, 0.9-1.0). 520 
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 521 

Fig. 3-supplement 1: CpG>TpG mutation frequency in different sequence contexts. CpG>TpG 522 

mutation frequency stratified by the 5’ flanking sequence context and tissue type. The bars denote 523 

mean over samples and individual samples are plotted in different colours and markers. 524 
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 525 

Fig. 3-supplement 2: Increase of C to T mutations in modified cytosine on the leading strand is 526 

most consistent in a GCG sequence context in POLE-MUT and MSI samples. C>T mutation 527 

frequency in CpG sites in leading and lagging strand binned by their tissue-matched modification 528 

levels (0-0.1, 0.1-0.2, …, 0.9-1.0) and sequence context: ACG (first column), CCG (second column), 529 

GCG (third column), and TCG (fourth column). 530 
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 531 

Fig. 4-supplement 1: GCG>GTG mutations are more frequent on the leading strand than on the 532 

lagging strand, even in Pol ε and MMR proficient samples. Percentage of samples with higher C>T 533 

mutation frequency on the leading strand than on the lagging strand for CpG sites with low (0.8) 534 

modification levels (A), and for sites with intermediate (between 0.8 and 0.95) modification levels 535 

(B), using tissue-matched modification maps. White colour denotes no data, blue colour denotes 536 

more frequent lagging strand bias, and red denotes more frequent leading strand bias. Asterisks 537 

represent significance of the bias (signtest; ***P < 0.001; **P < 0.01; *P < 0.05). 538 

Supplementary Table 1: Overview of BS-Seq and TAB-Seq data used to generate modification maps. 539 
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Tissue Method Source Link 

blood lymphoid BS-Seq Blueprint FTP 

blood myeloid BS-Seq Blueprint FTP 

bone BS-Seq Blueprint FTP 

brain BS-Seq (Wen et al., 2014) SRR847423, SRR847424 

brain TAB-Seq (Wen et al., 2014) SRR847425, SRR847426, SRR847427, SRR847428 

breast BS-Seq Epigenome Roadmap FTP 

colorectum BS-Seq TCGA TCGA-AA-3518-11A-01D-1518-05 

gastric BS-Seq Epigenome Roadmap FTP 

kidney BS-Seq (Chen et al., 2015) SRR1654399, SRR1654400, SRR1654401 

liver BS-Seq Epigenome Roadmap FTP 

lung BS-Seq Epigenome Roadmap FTP 

oesophagus BS-Seq Epigenome Roadmap FTP 

oral BS-Seq Blueprint FTP 

ovary BS-Seq Epigenome Roadmap FTP 

pancreas BS-Seq Epigenome Roadmap FTP 

prostate BS-Seq (Pidsley et al., 2016) FTP 

skin BS-Seq (Vandiver et al., 2015) SRR1042910 

uterus BS-Seq TCGA TCGA-AX-A1CI-11A-11D-A17H-05 

 540 

Supplementary Table 2: Overview of whole genome sequencing data used for mutation information. 541 

Cohort Cancer type samples Source 

Alexandrov_Ding_AML Blood myeloid 7 (Alexandrov et al., 2013) 

Alexandrov_Imielinski_Lung_A
deno 

Lung adenocarcinoma 24 (Alexandrov et al., 2013) 

Alexandrov_Lymphoma_B_cell Blood lymphoid 24 (Alexandrov et al., 2013) 

Bass_Colon Colorectum 9 (Bass et al., 2011) 

bMMRD POLE-MUT brain 2 (Shlien et al., 2015) 

Dulak_Oesophagus Oesophageal adenocarcinoma 16 (Dulak et al., 2013) 

ICGC_BOCA_FR Bone 98 ICGC 

ICGC_BRCA_EU Breast 560 ICGC 

ICGC_CLLE_ES Blood lymphoid 152 ICGC 

ICGC_COCA_CN Colorectum 26 ICGC 

ICGC_EOPC_DE Prostate 62 ICGC 

ICGC_ESAD_UK Oesophagus adenocarcinoma 213 ICGC 

ICGC_LICA_FR Liver 14 ICGC 

ICGC_LINC_JP Liver 31 ICGC 

ICGC_LIRI_JP Liver 283 ICGC 

ICGC_LUSC_CN Lung squamous 10 ICGC 

ICGC_LUSC_KR Lung squamous 30 ICGC 

ICGC_MALY_DE Blood lymphoid 100 ICGC 

ICGC_MELA_AU Skin 199 ICGC 

http://ftp.ebi.ac.uk/pub/databases/blueprint/data/homo_sapiens/GRCh38/bone_marrow/F2012-2912/precursor_B_cell/Bisulfite-Seq/CNAG/PreB2C-V152.CPG_methylation_calls.bs_call.GRCh38.20160531.bw
http://ftp.ebi.ac.uk/pub/databases/blueprint/data/homo_sapiens/GRCh38/bone_marrow/F2012-2912/hematopoietic_multipotent_progenitor_cell/Bisulfite-Seq/CNAG/HPC-V151.CPG_methylation_calls.bs_call.GRCh38.20160531.bw
http://ftp.ebi.ac.uk/pub/databases/blueprint/data/homo_sapiens/GRCh38/venous_blood/S00W8Y/mesenchymal_stem_cell_of_the_bone_marrow/Bisulfite-Seq/CNAG/S00W8Y51.CPG_methylation_calls.bs_call.GRCh38.20160531.bw
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM1127nnn/GSM1127125/suppl/GSM1127125_UCSF-UBC.Breast_Luminal_Epithelial_Cells.Bisulfite-Seq.RM066.wig.gz
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM1010nnn/GSM1010984/suppl/GSM1010984_UCSD.Gastric.Bisulfite-Seq.STL003.wig.gz
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM916nnn/GSM916049/suppl/GSM916049_BI.Adult_Liver.Bisulfite-Seq.3.wig.gz
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM983nnn/GSM983647/suppl/GSM983647_UCSD.Lung.Bisulfite-Seq.STL002.wig.gz
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM983nnn/GSM983649/suppl/GSM983649_UCSD.Esophagus.Bisulfite-Seq.STL003.wig.gz
http://ftp.ebi.ac.uk/pub/databases/blueprint/data/homo_sapiens/GRCh38/tonsil/T14_11/germinal_center_B_cell/Bisulfite-Seq/CNAG/GC_T14_11.CPG_methylation_calls.bs_call.GRCh38.20160531.bw
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM1010nnn/GSM1010980/suppl/GSM1010980_UCSD.Ovary.Bisulfite-Seq.STL002.wig.gz
ftp://ftp.ncbi.nlm.nih.gov/geo/samples/GSM983nnn/GSM983651/suppl/GSM983651_UCSD.Pancreas.Bisulfite-Seq.STL003.wig.gz
ftp://ftp.ncbi.nlm.nih.gov/geo/series/GSE86nnn/GSE86832/suppl/GSE86832_bigTable.tsv.gz
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ICGC_ORCA_IN Oral 25 ICGC 

ICGC_OV_AU Ovary 115 ICGC 

ICGC_PACA_AU Pancreas 252 ICGC 

ICGC_PACA_CA Pancreas 181 ICGC 

ICGC_PAEN_AU Pancreas 48 ICGC 

ICGC_PAEN_IT Pancreas 37 ICGC 

ICGC_PBCA_DE Brain 374 ICGC 

ICGC_PRAD_CA Prostate 124 ICGC 

ICGC_PRAD_UK Prostate 161 ICGC 

ICGC_RECA_EU Kidney clear cell 95 ICGC 

TCGA_AML_Strelka Blood myeloid 49 TCGA 

TCGA_MSI_Strelka MSI colorectum 9 TCGA 

TCGA_POLE_COAD_Strelka POLE colon 7 TCGA 

TCGA_POLE_READ_Strelka POLE rectum 3 TCGA 

TCGA_POLE_UCEC_Strelka POLE uterus 2 TCGA 

Wang_Gastric_MSI MSI gastric 10 (Wang et al., 2014) 

Wang_Gastric_MSS Gastric 90 (Wang et al., 2014) 
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