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Abstract 
 
Mismatch repair (MMR) is one of the main systems maintaining fidelity of replication. 

Differences in correction of errors produced during replication of the leading and the 

lagging DNA strands were reported in yeast and in human cancers, but the causes of these 

differences remain unclear. Here, we analyze data on human cancers with somatic 

mutations in two of the major DNA polymerases, delta and epsilon, that replicate the 

genome. We show that these cancers demonstrate a substantial asymmetry of the mutations 

between the leading and the lagging strands. The direction of this asymmetry is the 

opposite between cancers with mutated polymerases delta and epsilon, consistent with the 

role of these polymerases in replication of the lagging and the leading strands in human 

cells, respectively. Moreover, the direction of strand asymmetry observed in cancers with 

mutated polymerase delta is similar to that observed in mismatch repair (MMR)-deficient 

cancers. Together, these data indicate that polymerase delta (possibly together with 

polymerase alpha) contributes more mismatches during replication than its leading-strand 

counterpart, polymerase epsilon; that most of these mismatches are repaired by the MMR 

system; and that MMR repairs ~3 times more mismatches produced in cells during lagging 

strand replication compared to the leading strand.  

Introduction 

Replication is a very accurate process. Its fidelity is achieved through three main components: base 

selectivity of polymerases, proofreading activity of their exonuclease domains, and repair of mismatches 

that escaped proofreading by mismatch repair (MMR) system (Kunkel 2009). Studies in yeast indicate 

that the effectiveness of each of these steps depends on the mismatch type, and that MMR compensates 

for the infidelity of polymerases (St Charles et al. 2015; Kunkel 2011). The classical model of eukaryotic  

replication fork (Larrea et al. 2010) suggests a division of labor in replication of the leading and lagging 

strands among the major DNA polymerases, with polymerase epsilon (pol epsilon) replicating the leading 
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strand and polymerases alpha (pol alpha) and delta (pol delta) replicating the lagging strand, to the 

possible exception of replication origins and other specific regions where pol delta may contribute to 

replication of both strands (Yeeles et al. 2017). Under this model, the asymmetry in mutation rates 

between the leading and the lagging DNA strands may arise due to differences in fidelity of polymerases 

replicating these strands. In yeasts, different replicative polymerases possess different biases in the types 

of mutations they introduce, leading to differences in mismatch types between the leading and the lagging 

strands (St Charles et al. 2015).  

The strand asymmetry of mutations is also observed in MMR-deficient cancers (Haradhvala et al. 2016; 

Morganella et al. 2016). As MMR is primarily a co-replicative process (Hombauer et al. 2011; Liao et al. 

2015), we hypothesized that this asymmetry is due to a joint effect of the differences in rates of 

mismatches produced by replicative polymerases on the leading and on the lagging strands, and 

differences in number of mutations repaired by the MMR between the two strands. To investigate this 

question, we employed data from patients with inherited biallelic MMR deficiency (bMMRD) and 

somatic mutations in one of the two major replicative polymerases, pol epsilon (mutated pol epsilon) or 

pol delta (mutated pol delta).  

Results 

Stand-specific mutational patterns in cancers with mutated pol epsilon or pol delta  

Mutations in replicative polymerases are frequent in cancers with inherited bMMRD and result in a 

hypermutable phenotype. In these patients, the fidelity of the damaged polymerase is decreased by a 

factor of 100 to 1000, and most mutations are produced by it (Korona et al. 2011; Henninger and Pursell 

2014; Shlien et al. 2015; Erson-Omay et al. 2015). We found that the relative frequencies of mutation 

types were distorted in these cancers compared to tumors without mutations in polymerases (Fig. 1).  

bMMRD samples with mutations in pol epsilon are strongly enriched in C→T mutations, especially in the 

GpCpG context, and C→A mutations in the NpCpT context (Supplemental Fig. S1). We compared the 

mutational spectra of bMMRD tumors with mutated pol epsilon to the mutational signatures from the 

COSMIC database (http://cancer.sanger.ac.uk/cosmic/signatures) (Supplemental Table S1). The 
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mutational spectrum was similar to signatures 6, 15 and 20 which are known to be reflective of MMR 

deficiency (Supplemental Table S1), and also to signature 14 (cosine distance = 0.74) (Supplemental 

Table S1). In the COSMIC database, the only signature attributed to pol epsilon deficiency was signature 

10. The etiology of signature 14 was previously unknown, although it has been observed in samples with 

increased mutation rate and replicative asymmetry (Tomkova, M. et al. 2017). To resolve this, we 

employed additional data on samples with mutated pol epsilon and with or without somatic disruption of 

the MMR from the TCGA database. As expected, the spectrum of bMMRD samples with mutated pol 

epsilon is more similar to that of TCGA samples with deficient MMR (cosine distance = 0.78) than with 

intact MMR (cosine distance = 0.43) (Supplemental Fig. S2). We found that the mutational spectrum of 

the TCGA samples strongly depended on the MMR status: the spectrum of samples with intact MMR 

matched well signature 10 (cosine distance = 0.92), while the spectrum of samples with defective MMR 

matched signature 14 (cosine distance=0.97). Therefore, signature 14 is the signature of mutated pol 

epsilon not corrected by the MMR.  

We then used mutation data from the bMMRD samples to ask if mismatches produced by human 

polymerases are biased towards one mismatch from the complementary pair, and to determine the 

preferred mismatch. Using an approach that determines the replication fork polarity (FP) as the derivative 

of the replication timing (Baker et al. 2012; Haradhvala et al. 2016; Morganella et al. 2016; Seplyarskiy et 

al. 2016), we predicted for each genomic region whether the reference strand is replicated more 

frequently as leading (FP > 0) or lagging (FP < 0). Briefly, FP values reflect the ratio of the frequencies of 

passages of the replication fork in forward and reverse directions relative to the reference strain. We then 

compared the rates of complementary mutations between the leading and the lagging strands in cancers 

with mutated pol epsilon and mutated pol delta (Fig. 2a, b, Supplemental Fig. S3).   

We find that each polymerase usually produces one of the two complementary mismatches with a higher 

frequency (Fig. 2b). This effect changes monotonically with FP values. The largest difference is observed 

in the most extreme replication fork direction bins, which correspond to the genomic regions where we 

could predict FP with the highest confidence (Seplyarskiy et al. 2016) . In what follows, we use the values 

in these bins for our comparisons and model; when all data were used, the observed asymmetry was 
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weaker as expected, but its direction was the same (Supplemental Table S2). The direction of the 

asymmetry observed for mutated pol epsilon for all substitution types are consistent with prior 

experimental results (Shinbrot et al. 2014).  

 Moreover, for two complementary pairs of mutations (C→A/G→T and T→G/A→C mutations) the 

biases associated with pol epsilon and pol delta were the opposite: pol epsilon preferentially produced 

mismatches resulting in these mutations on the leading strand, while pol delta produced them on the 

lagging strand (Fig. 2b), in line with the observations in yeast (Fortune et al. 2005; Shcherbakova et al. 

2003; Lujan et al. 2014). Similar asymmetry patterns in samples with inactivating mutations in mismatch 

repair system and pol epsilon were observed in other available cancer datasets: whole genomes of uterine 

corpus endometrial carcinoma (UCEC) and colon adenocarcinoma (COAD), as well as in another 

independent dataset of bMMRD glioblastoma cancers (Erson-Omay et al. 2015) (Supplemental Fig. S4-

6). Moreover, these trends are consistent between individual samples (Supplemental Table S3), which 

shows that this asymmetry is specific to the mutational processes rather than cancer sample or cancer 

type.  

Mutational spectra and strand asymmetries in MMR-deficient cancers 

To investigate the properties of MMR, we compared COAD and UCEC cancers with functional and 

dysfunctional MMR pathway. MMR inactivation leads to abundant small insertions and deletions (indels) 

at simple sequence repeats. The resulting microsatellite instability (MSI) phenotype can be used to 

identify MMR deficiency. We used experimental data from the TCGA database where cancers were 

characterized as microsatellite stable (MSS) or unstable. Inactivation of MMR can be caused by 

mutations in MMR genes, and for some of the samples, we were able to find somatic nonsense and frame-

shift mutations in genes of MMR system (Supplemental Table S4).  However, MMR inactivation is more 

often caused by epigenetic alterations that change the expression of MMR genes, for example methylation 

of the MLH1 gene promoter (Simpkins et al. 1999), or even driven by inactivation of genes not directly 

involved in MMR (Li et al. 2013). Therefore, we confirmed MMR deficiency in MSI cancers by 

analyzing the resulting mutational spectra. In all MSI samples, we observed high load of the mutational 

signatures of defective DNA mismatch repair (signatures 6, 15, 20, 26 in Supplemental Table S5; 
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http://cancer.sanger.ac.uk/cosmic/signatures), thus confirming MMR deficiency. The mutational spectra 

of COAD and UCEC cancers are somewhat distinct (Supplemental Fig. S7a, b). In many MSI samples of 

UCEC, we also observed the clock-like signature 5 (Alexandrov et al. 2015) 

(http://cancer.sanger.ac.uk/cosmic/signatures) and other mutational signatures not related to MMR 

deficiency (Supplemental Table S5), indicating that the mutational patterns in UCEC MSI cancers are 

confounded by MMR-independent mutational processes. Among the MSS samples, a high fraction of the 

TpCpN→G and TpCpN→T mutations (corresponding to signatures 2 and 13, 

http://cancer.sanger.ac.uk/cosmic/signatures) was observed in UCEC but not in COAD samples; 

otherwise, the MSS spectra of the two cancer types were very similar. Signatures 2 and 13 are the 

mutational signatures of the APOBEC activity (Alexandrov et al. 2013); we excluded samples with these 

signatures (Supplemental Table S6) from further analysis.  

We asked which types of substitutions are corrected by the MMR more effectively in humans. For this, 

we compared the mutational spectra of MMR-deficient and MMR-proficient cancers (Fig. 3a). The 

efficiency of the MMR of a particular mismatch type can be obtained as the ratio of the rates of the 

corresponding mutation in MMR-deficient and MMR-proficient cells. MMR corrects all types of 

mutations in all contexts (Fig. 3b), with a particularly high efficiency for mismatches resulting in the 

following mutations: C→T in the GpCpN context, A→G in all contexts, and C→A in the CpCpN (Fig. 

2), in line with previous studies (Supek and Lehner 2015).  

Similarly to the analysis of samples with mutated polymerases, we then compared the rates of 

complementary mutations between the leading and the lagging strands for somatic mutations in MSS 

cancers and MSI cancers, as well as for germline mutations inferred from human polymorphism (Fig. 4) 

or human-chimpanzee divergence data (Supplemental Fig. S8). As above, the below results are based on 

the 20% of the genome with the most robust estimation of the FP; the asymmetries in the rest of the 

genome were similar (Supplemental Table S7). 

In rare polymorphism, the replication asymmetry between complementary mutations is much weaker, in 

line with previous results (Chen et al. 2011). The small observed asymmetry for some mutation types is 
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likely due to non-replication-related errors. The best-studied example is the C→T mutation, which is 

enriched on the lagging strand in the germline mainly due to the activity of APOBEC family proteins 

(Seplyarskiy et al. 2017). The lack of strong asymmetry in germline mutations and in MSS cancers 

indicates that replication-associated mutational biases between the two strands in MMR-proficient cancer 

and germline cells are weak. By contrast, in MSI cancers where the MMR system is not proficient, we 

observe a strongly biased distribution of complementary mutations between the leading and the lagging 

DNA strands. A particularly strong (1.5-1.8-fold) asymmetry is observed for mutations that correspond to 

mismatches effectively repaired by the MMR (A→G, CpCpN→A and GpCpN→T). The asymmetry is 

small or nearly absent for mutation types depleted in mutational spectra of MSI cancers (A→T, C→G, 

DpCpN→A, HpCpN→T), with the exception of the A→C mutation, where the asymmetry is 1.5-fold. 

For the A→C mutation, the asymmetry was high, although this mutation is not assigned to the mutational 

signature of MMR deficiency (http://cancer.sanger.ac.uk/cosmic/signatures). The rate of this mutation in 

MSI cancers was particularly elevated in CpApG and GpApB (B corresponds to nucleotides C, G or T) 

contexts (Fig. 3b, Supplemental Fig. S9a), and its asymmetry in these contexts is also significantly higher 

than in all other contexts (Supplemental Fig. S9b). Thus, the A→C mutations in some contexts appear to 

be a minor mutational signature of the MMR.  

Conceivably, the observed effect of the FP could be confounded by differences in replication timing 

between genomic regions. MMR is known to act more effectively in early replicating regions (Supek and 

Lehner 2015), and this could contribute to the observed asymmetry. Indeed, we found that the bins with 

the highest absolute values of FP are slightly biased towards early replicating regions (Supplemental Fig. 

S10). However, this bias cannot explain the observed asymmetry, because a similar level of asymmetry is 

observed in early and late replicating regions (Supplemental Table S8).  

Separate analyses of UCEC and COAD cancer types and separate analysis of individual samples provide 

concordant results (Supplemental Table S9, Supplemental Table S10), confirming that the asymmetry is 

mainly determined not by the cancer type but by the (in)activity of the MMR system, although the 

observed minor differences between samples may likely reflect an admixture of MMR-independent 

mutational processes.  The asymmetry is very similar if we analyze only intergenic regions (Supplemental 
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Fig. S11), implying that it is not associated with transcription. We also reproduced our results in an 

independent dataset of exome sequences of MSI and MSS cancers from the TCGA involving a larger 

number of samples (Supplemental Fig. S12), separating them by cancer type: COAD, stomach 

adenocarcinoma (STAD) and UCEC. Again, the asymmetries observed were similar and concordant 

between cancer types (Supplemental Table S9) and samples (Supplemental Table S10).  

MMR corrects single-nucleotide insertions and deletions (indels) with the highest effectiveness among all 

single nucleotide errors. In MMR-deficient cells, indels in homopolymer tracts and di-nucleotide tandem 

repeats are the most frequent type of mutations. As in yeast (Lujan et al. 2015), in humans deletions are 

more common than insertions in MMR deficient cells, and their rate increases with the homopolymer 

tract length. We studied the most frequent deletions type, deletions of A or T in corresponding 

homopolymer tracts. We observe a small asymmetry for deletions (Supplemental Fig. S13), supporting 

the conjecture that the MMR activity differs between the two strands.  

Thus, the strand biases observed in MMR-deficient cancers are robust. In MMR-proficient cells, these 

biases have to be compensated by the MMR. MMR corrects more errors on one of the two strands, thus 

equalizing the mutation rate between strands.  

Replication-based asymmetry in MMR-deficient cancers matches that in cancers with 

mutated polymerase delta 

To better understand this balance between mutation and repair biases, we compare the direction of the 

mutational strand asymmetry in the extreme FP bins in MSI cancers and in cancers with mutated 

polymerases. Notably, the asymmetry in mutated pol delta cancers is similar to that in MSI cancers with 

wild type polymerases (Fig. 5, Supplemental Figure S14), suggesting that pol delta is also the main 

contributor to the mutations when it is intact. We also obtained very similar results using the newly 

available experimental data on FP obtained by sequencing of Okazaki fragments (Petryk et al. 2016) 

(Supplemental Figure S15). Furthermore, the contexts of mutations of MMR-deficient cancers are also 

more similar to those in cancers with mutated pol delta than that in cancers with mutated pol epsilon 

(Supplemental Table S11). 
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We designed a simple model using the asymmetry observed in cancers with mutated pol epsilon and 

mutated pol delta to estimate the contributions of these polymerases to mutagenesis (see Methods). It 

assumes that (i) all mutations in cancers with mutated pol epsilon (mutated pol delta) arise due to 

mismatches produced during leading (respectively, lagging) strand replication; (ii) each of these 

polymerases independently contributes some fraction of mutations; (iii) the frequencies of these 

mutations are not affected by the MMR system in MSI cancers; and (iv) the direction of the replication 

fork in the 20% of the genome where replication asymmetry could be determined with the highest 

confidence is known exactly. We applied this model to the three mutation types with substantially 

elevated frequencies in MSI spectra, i.e., those efficiently corrected by the MMR (Fig. 3): A→G, C→A 

and C→T. For these mutation types, we found that the contribution of pol delta to the asymmetry 

observed in MSI cancers was 1.9 to 4.4 fold higher than the contribution of pol epsilon (Supplemental 

Table S12). Accounting for the frequencies of the corresponding mutations, the overall contribution of 

pol delta to mutagenesis was ~3-fold greater than that of pol epsilon (Fig. 5b). An independent dataset of 

12 MSI COAD cancers (Katainen et al. 2015) yielded a 2-fold greater contribution of pol delta (data not 

shown). This implies that the main driver of the asymmetry in MSI cancers are the mutations introduced 

by pol delta. 

Discussion 

While previous studies have revealed the asymmetry in the substitution rates between the leading and 

lagging strand, its cause remained elusive. One reason for this was the difficulty in distinguishing 

between mutations resulting from mismatches in complementary strands. For example, an excess of 

C→A mutations on the lagging strand is equally consistent with an excess of G→T mutations on the 

leading strand. Here, we aim to resolve this by relating the observed asymmetries to the mutational 

signatures of polymerases. In particular, for the C→A/G→T mutation, we observed that neither of the 

two major polymerases introduce many G-dA mismatches (which would lead to G→T mutations); 

instead, both polymerases demonstrate an excess of C-dT mismatches (which would lead to C→A 

mutations). Thus, the above pattern more likely results from an excess of C→A mutations on the lagging 

strand than of G→T on the leading strand.  
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As MMR is primarily a co-replicative process (Hombauer et al. 2011; Liao et al. 2015), most mutations in 

MMR-deficient cancers are replicative errors. Therefore, the strand biases observed in MSI cancers reveal 

the biases of corresponding polymerases without the confounding factor of MMR. We show that the 

strand bias associated with MSI is largely concordant with the strand bias observed in cancers with 

mutated pol delta for different mutation types, implying that the asymmetry in MSI cancers is likely due 

to the higher prevalence of mutations introduced by pol delta as it replicates the lagging strand.  

This analysis is subject to several caveats. First, we assumed that the ratio of error rates among 

complementary mutations measured for mutated polymerases is the same as that of wild type 

polymerases. This is true as long as the magnitude of the strand bias primarily reflects the selectivity of 

nucleotide incorporation during DNA synthesis. At least for the C→A vs G→T mutations, the error rate 

estimated from lactase array for wt pol epsilon confirms this (Shinbrot et al. 2014). Second, we assumed 

that the frequencies at which mismatches are incorporated into DNA are independent of the functionality 

of the MMR. This is a parsimonious assumption, and we are unaware of any data falsifying it. Third, our 

approach allows predicting only the preferential direction of the replication fork; therefore, the magnitude 

of asymmetry may be underestimated, especially if it is very strong (Seplyarskiy et al. 2016). These 

caveats, however, are unlikely to affect our conclusions qualitatively.  

Our analysis relies on the classical eukariotic model of replication fork, where each strand is replicated by 

its own polymerase. This model has been challenged recently. According to an alternative model, pol 

delta is responsible for the synthesis of both the leading and the lagging DNA strands, while the 

exonuclease activity of pol epsilon is involved in correction of mismatches produced by pol delta during 

leading strand replication (Johnson et al. 2015). However, this new model contradicts much of the 

available data, and is highly controversial (Burgers et al. 2016; Lujan et al. 2016). Most previous 

experimental studies confirm the classical model, including experiments with mutant polymerases 

(Kunkel and Burgers 2008; Pursell et al. 2007; Nick McElhinny et al. 2008; Johnson et al. 2015) or 

incorporation of ribonucleotides (Johnson et al. 2015; Clausen et al. 2015), where specific mutations were 

observed on the corresponding strands; experiments investigating the association of proteins with leading 

and lagging strands of DNA replication forks (Yu et al. 2014); and biochemical experiments of assembly 

 Cold Spring Harbor Laboratory Press on August 5, 2023 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


11 

 

and stabilization of replication complexes (Langston et al. 2014; Georgescu et al. 2014, 2015). Moreover, 

recent evidence suggests that pol epsilon does not proofread errors made by pol delta (Flood et al. 2015). 

This model (Johnson et al. 2015) also contradicts our data, as it doesn’t predict the opposite strand biases 

we observe in cancers with mutated pol epsilon and pol delta  (Fig. 2b). Furthermore, it predicts no 

asymmetry in MMR-deficient cancers with mutated pol epsilon, because under this model, both strands 

are replicated by pol delta and repaired by pol epsilon. Conversely, our data is in perfect agreement with 

the classical model, which assumes that different strands are replicated by different polymerases.  

Another recent study suggests that pol delta can replicate both DNA strands near replication origins 

(Yeeles et al. 2017). We believe that these results cannot affect our inferences, as they suggest that pol 

delta replicates both strands only at replication origins, while the bulk of the genome is replicated 

according to the classical model. This is also consistent with our results: if most of the genome was 

replicated by pol delta alone, we would not observe the opposite patterns of asymmetry between pol 

epsilon and pol delta. 

According to the classical model, alongside pol delta, polymerase alpha is also involved in replication of 

the lagging strand, with pol delta repairing the mismatches introduced by it (Pavlov et al. 2006). A recent 

study also proposed that rapid re-association of DNA-binding proteins can prevent pol-delta-mediated 

displacement of pol-alpha-synthesized DNA (Reijns et al. 2015). This could increase mutation rate on the 

lagging strand due to unrepaired errors produced by error-prone pol alpha. Therefore, pol alpha may 

contribute to the patterns observed in cancers with mutated pol delta. We are unaware of human data that 

could allow to distinguish between the contributions of pol alpha and pol delta. However, in yeasts with 

mutations in pol alpha, the strand asymmetry is qualitatively similar to that in yeasts with mutated pol 

delta (Lujan et al. 2014), suggesting that both enzymes contribute to the excess of mutations on the 

lagging strand. More generally, factors including those discussed above can affect our quantitative 

estimates for the extent of the asymmetry introduced and repaired for different mutation types.  

Mutational spectra differ between the MMR-proficient and MMR-deficient cancers with somatic 

mutations in pol epsilon or delta cancers (Supplemental Fig. S16). However, the level of replication 
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asymmetry was similar among all cancers with mutated pol epsilon or mutated pol delta (Supplemental 

Table S13).  Therefore, like in yeasts (Lujan et al. 2014), while the MMR may change the mutational 

spectra, it is insufficient to compensate for the radical asymmetries introduced by mutated pol epsilon and 

mutated pol delta.  

Since the strand asymmetry observed in MMR proficient cells, including the germline, is weak, the strand 

biases introduced by polymerases have to be compensated by the MMR. As more mismatches are 

incorporated on the lagging strand, this also implies that the MMR repairs more mismatches on the 

lagging strand. This can have two explanations. First, the MMR efficiency could differ between the 

strands, so that it is more likely to repair a mismatch on the lagging than on the leading strand. Second, 

MMR could have equal efficiency between strands, preserving the asymmetries of coreplicative 

mutations, but could radically reduce their numbers, removing the overall mutational asymmetries by 

increasing the fraction of symmetric non-coreplicative mutations. It should be possible to distinguish 

between these two models by comparing the effect of MMR deficiency between pol epsilon and pol delta 

mutated cells. If MMR is more efficient on the lagging strand, MMR deficiency should lead to a more 

radical increase in the mutation rate in polymerase delta mutated strains, compared to polymerase epsilon 

mutated cells. In yeast, MMR inactivation has a 2-fold stronger effect on the mutation rate in polymerase 

delta mutated strains (Lujan et al. 2014), consistent with this expectation.  

In humans, data on MMR-proficient cancers with mutated polymerases could resolve this issue. 

Unfortunately, sufficient data are currently available only for cancers with mutated polymerase epsilon, 

but not with mutated polymerase delta. Still, if the MMR has a weaker effect on the mismatches on the 

leading strand, the status of the MMR should affect the mutation rate in cancers where most mutations are 

caused by mismatches introduced by pol epsilon to a lesser extent, compared to cancers where both 

polymerases have comparable contribution. In line with this expectation, the mutation rate differs 

between MMR-proficient and MMR-deficient cancers by a factor of ~9, while the same ratio for cancers 

with mutated polymerase epsilon is only ~2 (Supplemental Figure S17). Therefore, the available data 

suggests that MMR not only removes more mismatches, but also does it more efficiently, on the lagging 

strand. 
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In summary, we show that the polymerase error rate is higher during lagging strand replication, that this 

asymmetry is primarily due to mutations produced by pol delta (and probably pol alpha) on the lagging 

strand, and that a higher number and, likely, a higher fraction of these mismatches are removed by the 

MMR on the lagging strand (Fig. 6). This is in agreement with the biochemical property of the MMR to 

preferentially eliminate mismatched nucleotides on the DNA strand containing the nick (Pluciennik et al. 

2010). As the lagging strand is replicated in Okazaki fragments, their ends could represent a signal of the 

nascent strand for the MMR, facilitating its recruitment to this strand (Lujan et al. 2012). Our 

observations are strongly concordant with experiments in yeasts (Lujan et al. 2014), indicating that basic 

principles of mismatch repair are conserved between yeasts and humans. While our results reflect the 

properties of the MMR in somatic cells, they are likely to be similar in germ line cells. In the absence of 

MMR, the asymmetry in the numbers and types of mismatches produced during replication of leading and 

lagging strands in germ line cells would not only lead to an increase of the genomic mutation rate but also 

bias the local nucleotide content. From the evolutionary point of view, the concordance between the 

biases in introduction and repair of mismatches helps reduce the genomic mutation rate and to prevent 

accumulation of local strand biases in nucleotide composition. 
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Methods 

Mutation Data. We used the following previously published data: (a) somatic mutations for whole-

exome sequences of MSI (n = 159) and MSS (n = 782) cancers and  for whole genome sequences of MSI 

(n=11) and MSS (n=27) cancers from the data portal of The Cancer Genome Atlas (TCGA) (https://tcga-

data.nci.nih.gov/tcga/dataAccessMatrix.htm); (b) BAM files with aligned reads for ultra-hypermutated 

cancers  with inherited biallelic mismatch repair deficiency (bMMRD) and somatic mutation in Pol 

epsilon or Pol delta (Shlien et al. 2015); (c) vcf files for hypermutated cancers with inherited homozygous 

mutation in MSH2 gene (MMR system) and somatic mutation in pol epsilon (Erson-Omay et al. 2015); 

(d) human-chimpanzee-orangutan multiple alignment from the UCSC Genome Browser 

(https://genome.ucsc.edu/); (e) human polymorphism data from 1000 Genomes Project. Substitution rates 

were calculated as the number of substitutions of a particular type divided by the number of target sites. 

For asymmetry analyses of the MSI and MSS TCGA data, cancers with mutations in replicative 

polymerases were excluded. For analysis of the interspecies data, we obtained mutations in the human 

line after its divergence from the chimpanzee by maximum parsimony, using orangutan as the outgroup.    

Identification of somatic mutations in ultra-hypermutated cancers. Somatic mutations were identified 

using MuTect (v. 1.1.4) (Cibulskis et al. 2013) under the default parameters. Mutations were then filtered 

against common single-nucleotide polymorphisms (SNPs) found in dbSNP and against the Catalogue of 

somatic mutations in cancer (COSMIC database). 

Leading vs. lagging strand asymmetry. The derivative of the replication timing (RT) at the position of 

the mutation was used as a proxy for the probability that the reference strand is replicated as leading or 

lagging in the current position, as described in ref. (Seplyarskiy et al. 2016). RT for lymphoblastoid cell 

lines was used (Koren et al. 2012).  The genome was categorized by these values into 10 equal bins, with 

the low value of the derivative corresponding to the propensity of the DNA segment to be replicated as 

lagging, and high value, as leading (Supplemental Figure S18). For each bin, the numbers of substitutions 

and target sites were calculated. Each substitution was counted twice: as a substitution on the reference 

sequence with the corresponding derivative of the replication timing, and as a complementary substitution 

with the inverse derivative. Thus, each plot of substitutions asymmetry (Fig. 2b and 4) is symmetric with 

respect to zero. Score confidence intervals were obtained for the relative risk in a 2x2 table. For separate 

analysis of late and early replicating regions the genome was separated in two categories by the 

replication timing value (25% of the genome with the highest and the lowest RT values).    

Okazaki fragments sequencing data. We downloaded data for Okazaki fragments sequencing for 

lymphoblastoid cell line GM06990 (Petryk et al. 2016). We used RFD values to identify whether 

reference strand is replicated primarily as leading (low RFD) or lagging (high RFD). We subdivided the 

genome into 10 equal bins according to the RFD values (Supplemental Figure S19). 
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Indels analyses. We used data on single nucleotide deletions in poly(A) and poly(T) tracts for MSI 

cancer genomes, for tracts with length six to eight identical nucleotides where enough deletions were 

found for analysis. 

APOBEC enrichment. APOBEC enrichment was counted for each sample as ratio of C→K mutation 

rates in TpCpW and VpCpW contexts. Weights of mutational signature were calculated using R-package 

"deconstructSigs" (Rosenthal et al. 2016). 

Model for mutational biases between strands. We calculated the ratios of the mutation rates using the 

following logic. From Fig. 5, for each type of mutation A→B, we obtained the ratio of its rate r(A→B) 

and the rate of its complement r(A'→B') on the leading strand. Then 

                 (1)                        

where α is the fraction of mutations A→B and A'→B' that are produced by pol epsilon on the leading 

strand; 1-α is the fraction of such mutations that are produced by pol delta on the lagging strand; xε and 1-

xε are the fractions of mutations A→B and A'→B' respectively produced by pol epsilon; xδ and 1-xδ are 

the fractions of mutations A→B and A'→B' respectively produced by pol delta; and xMMR  and 1-xMMR are 

the fractions of mutations A→B and A'→B' respectively on the leading strand in MSI cancers. 

For example, consider mutation C→A/G→T. From Fig. 5, xMMR/(1-xMMR) is 0.63. As the C→A/G→T 

ratio for the leading strand in mutated pol epsilon cancers is 1.96 (Fig. 5), the fraction of C→A mutations 

produced by pol epsilon is xε= 0.66, and the fraction of G→T mutations produced by pol epsilon is 1-xε= 

0.34. Similarly, as the C→A/G→T ratio for the lagging strand in mutated pol delta cancers is 2.07, the 

fraction of C→A mutations produced by pol delta is xδ= 0.67, and the fraction of G→T mutations 

produced by pol delta is 1-xδ= 0.33. From equation 1, (1-α)/α = 4.39. In other words, for this mutation 

type, pol delta produces mismatches leading to this mutation type on the lagging strand ~4 times more 

often than pol epsilon produces them on the leading strand. As no strand bias is observed in MSS cancers, 

the repair bias by MMR has to be exactly inverse, repairing 4 times as many mutations produced by pol 

delta than by pol epsilon. The results for the two other mutation types are calculated similarly 

(Supplemental Table S12). The overall strand asymmetry of MMR was calculated as the mean asymmetry 

across the five mutation types, weighted by the proportions of each mutation in MSI cancers. 
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Figure 1. Mutation frequencies in bMMRD cancers with subsequent mutations in pol epsilon or pol 

delta. Data for 7 exomes of bMMRD cancer (5 mutated pol epsilon and 2 mutated pol delta). Relative 

frequencies of single-nucleotide substitutions are shown irrespective of the strand; data from TCGA 

database for MMR-deficient (MSI) and MMR-proficient (MSS) samples without mutations in pol epsilon 

and pol delta are shown for comparison. N is the number of mutations observed in each sample. 

Figure 2. Replication asymmetry in bMMRD samples with mutations in replicative polymerases. a, 

A schematic representation of estimation of the ratio of the mutation rates for complementary mutations. 

In the example shown, the frequency of the C-dT mismatch, resulting in the C→A mutation, is 1.5 times 

higher than the rate of the complementary G→T mutation when pol epsilon is mutated, and 4 times 

higher when pol delta is mutated. Leftmost and rightmost bin together correspond to the 20% of the 

genome for which we can identify with the highest confidence that the reference strand is replicated 

primarily as lagging or leading, respectively. b, The ratio of the mutation rates for complementary 

mutations (vertical axis) as a function of the propensity of the replication fork to replicate the reference 

strand as lagging or leading (horizontal axis). X-axis bins correspond to the percentiles of the replication 

timing derivative. Vertical bars represent 95% confidence intervals. Asterisks indicate significance of the 

deviation from 1 at the rightmost (or leftmost) bin (*: p<0.05, **: p < 0.01,***:p<0.001). D corresponds 

to nucleotides A, G or T. H corresponds to nucleotides A, C or T. Note the logarithmic vertical axis. 

Figure 3. Comparison of mutational spectra of MMR deficient and MMR proficient cancers. 

Complementary mutation types were pooled. Data for MSI (n = 10) and MSS (n = 22) colon 

adenocarcinoma samples and uterine corpus endometrial carcinoma were pooled. Data for whole genome 

sequencing. a, Relative frequencies of the 96 mutation types (all possible mutation types in all possible 

tri-nucleotide contexts) in MSI and MSS cancers; b, Ratio of the rates of each substitution in MSI and 

MSS cancers. Note the logarithmic vertical axis.   

Figure 4.  Strand asymmetry of mutations. Panels show ratios of the mutation rates for complementary 

mutations in 10 MSI (3 COAD and 7 UCEC) and 22 MSS (8 COAD and 14 UCEC) cancers, and in rare 

human polymorphism. Whole genomes data used. Axes and notations are as in Fig. 2b 
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Figure 5. Strand asymmetry of mutations in MSI cancers and in bMMRD cancers with mutated pol 

epsilon and pol delta cancers. a, The asymmetry for complementary mutations in the 20% of the 

genome where replication asymmetry could be determined with the highest confidence (corresponding to 

bins 1 and 10 in Fig. 2b and 4). Error bars represent 95% confidence intervals. b, Model-estimated ratio 

of MMR effectiveness on the lagging and the leading strands. 

Figure 6. The schematic representation of MMR effectiveness during the leading and the lagging 

strand replication. While mismatches (red asterisks) are introduced more frequently during replication 

of the lagging strand by pol delta, MMR corrects more mismatches on the lagging strand. 
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