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Supplementary Notes 

Supplementary Note 1: Barcodes, Alignment and Coverage 

The sample barcodes (“pads”) were 6bp long in total on average, with one part being on read1 and 

the other part on read2. The sample barcodes were designed using genetic algorithms to maximise 

library complexity and distance between samples.  

Needleman-Wunsch algorithm was used to align the reads. The penalty parameters were -1 for a 

mismatch of a base with low-quality base call (PHRED score < 21), -2 for a mismatch of a high-quality 

base call (PHRED score ≥ 21), and -2 for an indel. In cases of a read-pair overlap, the read1 values were 

used, unless for bases in the overlap with low quality in read1 and high quality in read2. Since single 

base substitutions (SBS) were the major focus in this study, reads with indels were filtered out, to 

ensure that the SBS calls are not confounded by neighbouring indels, wrong alignment of nearby 

indels, or other indel-related issues. For variant calling, only bases with a PHRED score ≥ 21 (in at least 

three independent linear copies) were considered. Only molecules with at least three linear copies 

(each with a different unique linear-copy identifier) were used. Each sample had 1.4 million well-

covered molecules in median (Extended Data Table 1).  

Supplementary Note 2: Background Errors 

During PER-seq, assay-specific background errors can result from the following sources:  

1. Errors can be produced during the linear and exponential amplification.  

2. Errors can be produced during Illumina sequencing. 

3. DNA damage can happen during the entire assay. E.g., the single-stranded gap in plasmids can 

accumulate damage, including spontaneous deamination of cytosine or 5-methylcytosine. 

Similarly, damage can happen during the short periods of heating during the library 

preparation.  

4. The parental plasmid can carry some background mutations introduced in E. coli that escaped 

the repair. 

PER-seq is designed to minimise/account for all these four sources of errors, and subtract any 

potential remaining errors, in the following steps: (a) linear amplification and dual barcoding, (b) 

minimised heating, (c) background subtraction. Each step is described in detail below. 

Linear amplification and dual barcoding 

All variants need to be present in three independent linear copies – with the same unique molecular 

identified but with different unique linear-copy identifiers (note that this differs from the major use 



in the original MDS protocol1, as the dual-barcoding showed to be an important step for PER-seq 

during our optimisation process). As explained below, the probability of a variant resulting from a 

sequencing or amplification error is lower than 1e-9.  

The table below describes the parameters of the PER-seq protocol relevant for estimating the false-

positive rate (see Supplementary Note 3 for explanation of the PER-seq optimisation of some of the 

parameters): 

  Upper or lower bound  

L Number of linear copies (sufficiently 

covered and with sufficient base 

quality) for a given molecule 

≤ 10 We used 10 linear 

rounds for the first 

library, and further 

decreased this to 7 for 

all subsequent libraries 

EA Error rate of the amplification DNA 

polymerase 

≤ 1e-5 An upper bound; in 

reality, this is expected 

to be much lower (e.g., 

< 2e-6 for Kapa-U+) 

ES Error rate of Illumina sequencing ≤ 1e-3 Upper bound estimate2 

X Number of exponential rounds ≤ 19 Values range between 

9 and 19 rounds 

V Required minimal variant allele 

frequency 

≥ 70%  

ML Minimum number of linear copies 

required 

≥ 3  

MR Minimum number of reads per 

linear copy required 

≥ 1   

PAread Probability of an amplification error 

in a given read and position 

≤ 2e-4 Explained below 

PAlinear Probability of an amplification error 

in a given linear copy and position 

≤ 2e-4 Explained below 

PAmolecule Probability of an amplification error 

called as a variant in a given 

molecule and position 

≤ 1e-10 Explained below 



PSmolecule Probability of a sequencing error 

called as a variant in a given 

molecule and position 

≤ 1e-9 Explained below 

 

Amplification errors in a given read could have happened during the one linear round, or one of the X 

exponential rounds. The probability for each of the reads to have an amplification error at a given 

position can be therefore computed as the complement to no amplification errors happening during 

the 1 linear and X exponential rounds: 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  = 1 −  (1 − 𝐸𝐸𝐴𝐴)(𝑋𝑋+1)  ≤  1 −  (1 − 𝐸𝐸𝐴𝐴)20  ≤  1.9998𝑒𝑒 − 04 

For a variant called in one linear copy to result from an amplification error(s), at least 70% (V) of the 

reads within that linear copy would need to carry that amplification error. Since the minimum number 

of reads per linear copy required is MR = 1, this represents also the upper bound for PAread. When more 

than 1 reads are present, the probability of an amplification error is either the same (as the error could 

have happened in the linear amplification or the shared exponential rounds of these reads) or lower 

(if the amplification error happened in two independent branches of the exponential amplification). 

Therefore: 

𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ≤  𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  ≤  1.9998𝑒𝑒 − 04 

For a variant called in a given molecule to result from amplification errors, the same error would need 

to occur at the same position in at least three (ML) independent linear copies (or during their 

exponential amplification). More specifically, the error would need to occur in at least 70% (V) of the 

L linear copies, which corresponds to at least k successes of L attempts, where k spans from ceil(V*L) 

to L. For example, when L is 4 linear rounds, then k has values 3 (as ¾=0.75 ≥ 0.7) and 4. This can be 

computed as follows: 

𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = � �
𝐿𝐿
𝑘𝑘
� (𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)𝑘𝑘(1 − 𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)𝑛𝑛−𝑘𝑘

𝐿𝐿

𝑘𝑘=(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑉𝑉∗𝐿𝐿))

 

The values of PAmolecule are below 1e-10 for all scenarios with at least L= 3 linear copies (Supplementary 

Figure 1).  



 

Supplementary Figure 1: Probability of a variant called in a given molecule to result from amplification errors 

(PAmolecule) shown for different values of linear amplification copies recovered in the molecule (L). The y-axis 

is shown in a log10-scale. 

  



The upper bound for the probability of a called variant coming from Illumina sequencing error(s) is: 

𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  (𝐸𝐸𝑆𝑆)𝐿𝐿 ≤  (1𝑒𝑒-3)3 = 1𝑒𝑒-9 

Minimised heating 

The entire protocol has been optimised to reduce heating (and thus heating-induced damage), 

especially at high temperatures. Any damage that happens late enough (e.g., in the exponential 

amplification) has low probability to be called as a variant for the same reasons as explained above 

for the amplification errors. However, damage that happens early (e.g., in the single-stranded DNA of 

the gapped plasmid, or during the “linear 0” step of the amplification part) can contribute to assay-

specific background of PER-seq, and is subtracted in the “background subtraction step” (see below). 

Background subtraction 

In order to subtract any potential remaining background errors, we use a background subtraction 

approach. In particular, we sequence both strands of the parental plasmids (“parental template 

strand” and “parental daughter strand”) that have never been gapped/filled by Pol ε and both the 

“template strand” and “daughter strand” of the filled plasmids (Fig. 1a, Extended Data Fig. 1).  

Variant calling after background subtraction is then defined as: 

Daughter – Gapping bg.  – PD bg. 

where: 

• Daughter = variants called in the “daughter strand” 

• Gapping bg. = variants called in the “template strand” minus “parental template strand” 

(these include potential damage that happened to the template strand while gapped) 

• PD bg. = variants called in the “parental daughter strand” (including mutations introduced in 

E. coli, as well as any potential damage that happened during library preparation) 

For methylated samples, the correctly matched samples need to be subtracted: 

DaughterM – Gapping bg.M  – PD bg.U 

where: 

• DaughterM = daughter strand of the methylated plasmid 

• Gapping bg.M = variants called in the methylated “template strand” minus methylated 

“parental template strand” (these include potential damage that happened to the template 

strand while gapped) 

• PD bg.U = variants called in the unmethylated (mock-treated) “parental daughter strand”, as 

the true daughter strand is also unmethylated at the amplification stage of PER-seq 



The background subtraction process is then performed on the level of the strand-specific 192-channel 

error spectrum (number of errors in the given trinucleotide, divided by the number of such 

trinucleotides in the ROI). The reverse complement error spectrum of the template and parental 

template strands is used, to correctly account for the error direction. 

The measured median gapping and parental background values were 4.2e-6 and 3.7e-6, respectively 

(Supplementary Figure 2). The overall values did not significantly differ between the methylated and 

mock-treated samples. 

 

Supplementary Figure 2: Distribution of the measured average gapping background (a) and parental 

background (b) in mock-treated (teal) and methylated (dark red) samples. N: 18 (a, mock-treated), 17 (a, 

methylated), 18 (b, mock-treated), 8 (b, methylated). Two-sided two-sample t-test with uneven variance P-

values are shown on top of the boxplots to compare the values in methylated and mock-treated samples. 

Boxplots are plotted with the MATLAB function boxchart (see Methods). 

Importantly, the background subtraction can account for potential spontaneous deamination that 

happened during gapping or library preparation, to ensure that the observed CpG>TpG mutations are 

true Pol ε errors and not products of spontaneous deamination (Extended Data Fig. 7). 



Supplementary Note 3: PER-seq optimisation 

Some of the PER-seq protocol parameters were changed after the first novaseq library in order to 

increase coverage yield (well-covered molecules), further reduce heating-associated damage, and 

ensure that unused reverse adapter do not get used during the exponential amplification (which 

would lead to a single linear copy being represented by reads with multiple different reverse 

barcodes). The fully optimised protocol V2 is described in the methods section, with the difference 

summary being listed in the table below: 

Parameter/step V1 (validation1, 

novaseq1) 

V2 (novaseq3, 

novaseq4, novaseq5) 

Reason 

Amplification 

polymerase 

KapaU+ Q5U To increase 

coverage yield 

Each sample pooled 

from two preparations   

No Yes To increase 

coverage yield 

Number of linear rounds 10 7 To reduce heating-

associated damage 

PCR conditions 

optimised (shortened) 

No Yes To reduce heating-

associated damage 

Number of exponential 

rounds 

Fixed (19 rounds) Minimal necessary (see 

Methods) 

To reduce heating-

associated damage 

Removal of unused rv 

adapters 

No Yes To ensure that rv 

adapters do not get 

re-used 

 

Supplementary Note 4: Deamination in ssDNA 

Any ssDNA will accumulate deamination events. We designed the PER-seq protocol with this in mind 

and any deamination pattern that was introduced during the gapping, filling, or library preparation 

will be detected therein and subsequently subtracted.  

We always sequence the “parental” sample, that is the plasmid before the gapping & filling. We detect 

some C>T (T:G) mismatches in the parental samples, and their frequency matches the values we would 

expect based on the estimated duration the DNA spends as ssDNA during the library preparation and 

the known rates of C and 5mC deamination in ssDNA3 (Supplementary Figure 3a-b; compare the 

measured data in boxplots and expected values in lines). We optimised the protocol to minimise 

heating-associated cytosine deamination during library preparation, which resulted in a substantial 



reduction of C>T deamination events emerging from construction of sequencing libraries (compare 

Supplementary Figure 3a and Supplementary Figure 3b). 

 

Supplementary Figure 3: Background C>T errors in parental samples from the old protocol (validation1 and 

novaseq1 libraries), new protocol (novaseq 3-5), and on the gapped template. N = 2 (a), 3 (b), and 15 (c). The 

lines represent expected numbers based on the deamination rate of ssDNA3 and durations that ssDNA spends 

at different temperatures. A paired two-sided t-test was used to compare the values between the groups and 

the ratio of the medians is shown below the significant P-values. Boxplots are plotted with the MATLAB 

function boxchart (see Methods). 

We also always specifically sequence the template strand of the ROI after filling by the respective 

polymerases. This is what we refer to as the “template”. The difference between the template and 

the parental sample will capture deamination events that happened while the template was ssDNA 

between gapping and filling. Indeed, the C>T (T:G) mismatches we detect correspond to the duration 

the substrate spends as ssDNA before filling (Supplementary Figure 3c).  

This demonstrates that we can accurately detect deamination damage that happened both before 

and during library preparation. This is what contributes to the “background errors” of the assay. 

Crucially, we subtract these background errors from the values observed on the daughter strand, do 

ensure that they do not contribute to the POLE error spectra. 

It is also worth pointing out that these background errors (e.g., cytosine deamination in gapped 

template) remain similar for POLE-WT, POLE-EXO-, and POLE-P286R (Supplementary Figure 4). 



 

Supplementary Figure 4: Background C>T mutations in the template samples (corresponding to cytosine 

deamination during gapping, filling, and library preparation). For clarity, the raw mutation frequencies 

(without background subtraction) in the TP53 ROI are shown here. A paired two-sided t-test was used to 

compare the values between the groups and the ratio of the medians is shown below the significant P-values. 

Boxplots are plotted with the MATLAB function boxchart (see Methods). 

This is in stark contrast to the true C:dA misincorporations detected in the daughter strand (i.e., 

misincorporation of dA opposite C by Pol ε), which show a ca. 6-fold increase in POLE-EXO- and over 

12-fold increase in POLE-P286R, compared to POLE-WT (Supplementary Figure 5). 

 

Supplementary Figure 5: Mutations in the daughter samples (C:dA misincorporation). For clarity, the raw 

mutation frequencies (without background subtraction) in the TP53 ROI are shown here. A paired two-sided t-

test was used to compare the values between the groups and the ratio of the medians is shown below the 

significant P-values. Boxplots are plotted with the MATLAB function boxchart (see Methods). 

This shows clearly that the deamination rate of the template strand cannot explain the observed high 

CpG>TpG (C:dA) rate in the daughter strands and that these represent true mis-incorporations of 

adenine opposite template 5mC by the polymerase.  

Finally, we would like to clarify that both the daughter and the template strands get sequenced only 

from those molecules that were completely filled, ensuring that enzyme prep activity does not 



confound this. Also as discussed above, we have measured specific activity of different enzyme 

batches to ensure that our enzyme purification is of consistent quality. 

Supplementary Note 5: Quality control of Pol ε activity and filling 

The tables below represent percentage of unfilled plasmids: 

Filling 1 Wt exo- P286R 

TP53 unmethylated ND <10%* ND 

TP53 methylated 11.1% <10%* ND 

DNMT1 unmethylated 0.9% 7.8% ND 

DNMT1 methylated 9.8% 12.2% ND 

 

Filling 2 wt exo- P286R 

TP53 unmethylated 6% 12.6% 8.6% 

TP53 methylated <10%* 2% <10%* 

 

Filling 3 wt exo- P286R 

TP53 unmethylated ND 4.6% ND 

TP53 methylated 0.2% 3.1% ND 

 

Notes: 

• The numbers represent the percentage of the template remaining unextended, calculated 
by scanning the gels and then using Image J on the raw TIFFs. 

• ND = none detected (above background). 
• * Exact data not available. 

The table below shows specific activity measurements for each enzyme prep (normalised to wt): 

 wt exo- P286R 

First prep 1 1.01 0.88 

Second prep 1 1.57 1.49 

 

Notes: 

• Specific activity was measured by performing extension reactions as described previously4. 
Briefly, 20 fM of DNA polymerase was combined with excess of A2 substrate 



(CGCTGGCCGTAGTCTTCCAACGTCGTGACTGGGAAAA) annealed to C700/800 primer 
(TTTTCCCAGTCACGACGTTG) and incubated over a time course (1-8 min). Extension products 
were resolved using denaturing electrophoresis and quantified using Licor Odyssey CLx 
imaging system. Values were normalised to activity of wt protein.  

The table below shows mapping between enzyme prep, filling number, and NovaSeq libraries: 

library ROI Enzyme prep Filling 

novaseq1 TP53 1 1 

novaseq1 DNMT1 1 1 

novaseq3 TP53 2 2 

novaseq4 TP53 2 3 

 

Supplementary Note 6: Order of MMR loss and POLEd variants 

We have shown that the PER-POLE-P286R error signature closely resembles mutational profile of 

patients with combined POLEd&MMRd. However, it is known that the order of MMR loss and 

acquisition of the POLEd variant results in slightly different mutational profiles5,6. Comparing our PER-

seq measurements with profiles of tumours with known order of MMR loss and POLEd variant6, we 

show that PER-POLE-P286R best corresponds to profiles of cancer samples where MMR loss precedes 

POLEd variant (Supplementary Figure 6). 

Indeed, seven of the 17 POLEd & MMRd samples included in our study have a germline biallelic MMR 

deficiency (bMMRd), and thus the MMR loss preceded acquisition of the POLEd variant in them. 

Additional six samples have a stop-gained mutation in one of the MMR genes (MSH6, PMS2, MSH2, 

or MLH1) with VAF higher than (or in one case similar to) the VAF of the POLE variant, in line with the 

MMRd preceding POLEd. Of the remaining four samples, two had high (>50%) and one fairly high (27%) 

MLH1 promoter methylation, and one did not have methylation values available. In these fours 

samples, it is hard to determine the order of the MMRd loss, however, the rest of the cohort support 

the conclusion that the PER-POLE-P286R error signature best resembles mutational profile of MMRd 

loss preceding POLEd mutation.  



 

Supplementary Figure 6:  Comparison of the PER-POLE-P286R error signature with mutational profiles of 

POLEd&MMRd samples by the order of MMR loss and POLEd variant acquisition. a, Profile of samples where 

MMR loss occurred first. b, Profile of samples where POLEd variant occurred first.c, Error signature of PER-

POLE-P286R. Values for a and b are based on the Fig. 5A of the study by Campbell et al.6 

Supplementary Note 7: Multi-mutations 

Here, we analysed how frequently does Pol ε introduce more than one CpG>TpG (C:dA) errors in the 

same molecule (single substrate filling). We observed that the PER-POLE-P286R and PER-POLE-EXO- 

make multiple mistakes in the same molecule with a slightly higher frequency than expected by chance 

(Supplementary Figure 7). The expected values were computed using permutation testing of the 

observed CpG>TpG mutations in the given sample. For example, in PER-POLE-P286R, the median 

expected fraction of molecules with multiple CpG>TpG mutations is 1.2e-5, while the observed 

frequency is 1.7-fold higher. In the entire dataset, we detected only two molecules with three or more 

CpG>TpG mutations, as expected given the extremely low probability of such a scenario. Altogether, 

our results suggest that when PER-POLE-EXO- and PER-POLE-P286R make an error, there is an 

increased chance of another error happening in the same molecule. However, the frequency of 



multiple CpG>TpG mutations in the same molecule are still very rare (only 0-50 molecules out of 

millions of molecules). 

 

Supplementary Figure 7: Number of molecules with multiple CpG>TpG polymerase errors detected by PER-seq in 

unmethylated (top) and methylated (bottom) samples. The violin plots represent simulated data (N = 10,000 

iterations), the red dots represent real measurements for individual samples. The two-sided permutation test p-

value and fold-change of observed vs. median expected values are shown on top.  

Supplementary Note 8: Pol ε errors in TP53 hotspots 

The TP53 ROI covers the entire exon 8 of the canonical transcript ENST00000269305. This exon 

comprises three of the top 5 TP53 deleterious mutation hotspots, including the most mutated amino 

acid (R273). To establish whether Pol ε errors might contribute to the generation of TP53 hotspot 

mutations, we identified deleterious TP53 mutations within the ROI region from TCGA data 

(https://portal.gdc.cancer.gov/analysis_page?app=MutationFrequencyApp, deleterious defined as 

high impact VEP or probably/possibly damaging PolyPhen prediction). For each position in the ROI, we 

selected the (predicted) deleterious variant with the highest allele frequency (if one exists).  

Strikingly, the three best-known TP53 mutation hotspots in our ROI show extremely high Pol ε error 

rates in our PER-seq experiment (Supplementary Figure 8a). The R273H mutation, due to a C>T 

mutation in a CpG context, showed the highest PER-seq error rate, due to a mC:dA misincorporation. 

Notably, the PER-seq derived error frequency at loci that cause deleterious TP53 mutations 

https://portal.gdc.cancer.gov/analysis_page?app=MutationFrequencyApp


significantly correlates with the frequency with which the corresponding mutation is seen amongst 

TCGA patients (Spearman correlation r -0.6, p 1e-6, Fig. Supplementary Figure 8b). Finally, we 

searched for TP53 mutations (covered in this ROI) in POLEd samples (including POLEd&MMRd 

samples). We found four TP53 hotspots mutated in the POLEd samples (R273H, R273C, R282W, and 

R267W), and all of them had very high frequency in our PER-seq measurements (Supplementary Figure 

8a, blank squares). In summary, our data suggest that Pol ε errors contribute to the generation of 

some of the most important cancer driver hotspots in the TP53 gene. 

 

Supplementary Figure 8: Comparison of Pol ε errors in the TP53 ROI measured by PER-seq and mutation 

hotspots in TCGA. a, The average Pol ε errors measured by PER-seq on methylated template DNA of the TP53 

ROI. Only deleterious variants are shown here. The type of base change is colour-coded. The top 15 deleterious 

TP53 hotspots (across the entire gene) are denoted by black star, and the top 120 hotspots by grey star. 

Variants detected in six POLEd&MMRd samples in this study are denoted by empty square. The annotations 

above the top hotspot bars represent: the amino acid change, sequence context, base-change, and deleterious 

TP53 hotspot rank. b, The PER-seq error frequency plotted against the order (rank) of deleterious TP53 hotspots 

in TCGA (lowest rank represents highest frequency in TCGA). Two-sided Spearman correlation coefficient and p-

value are shown in the top right corner. 



 

Supplementary Figure 10: Occurrence of trinucleotides in the TP53 ROI (a), DNMT1 ROI (b), both ROIs together 

(c), compared to the entire human exome.  

Supplementary Note 9: Discussion of mechanisms of P286R mutagenesis 

The most common pathogenic somatic mutation in Pol ε results in proline 286 substitution with 

arginine (P286R). In fact, POLE-P286R is the most frequent variant in general in colorectal and 

endometrial cancers7–9, with frequency as high as ca. 7% of early-onset colorectal cancers10. The exact 

nature of how the defective enzyme contributes to the high mutational load is an area of active 

investigation11–15. For example, it was proposed that the arginine interferes with DNA entry into 

exonuclease side in a distinct mechanism of action from substitutions inactivating catalytic ability of 

exonuclease domain13.   

We show that Pol ε P286R not only generates 27 times more mutations than wt Pol ε, but also 2.1 

times more mutations than an exonuclease deficient enzyme. This demonstrates that P286R is not 

simply reducing the proofreading ability of the exonuclease domain. In vivo, the equivalent mutation 

to human P286R, when compared to a loss of Pol ε exonuclease activity, was also found to result in a 

much stronger mutator phenotype in fission yeast11,14 and shorter survival in mice16,17. In contrast, the 



equivalent P301R mutation in Saccharomyces cerevisiae Pol ε was reported to produce a lower error 

rate than the exo-null mutant enzyme in vitro12, probably because the yeast P301R mutant enzyme 

retains more exonuclease activity compared to its human counterpart, however there might be other 

species-specific differences as well4,8,12. While we cannot yet rule out that other factors, such as 

disruption of orchestrated repair, may be contributing to the hypermutation phenotype of Pol ε 

P286R, our data are compatible with the previously postulated hypothesis that P286R represents a 

gain-of-function mutation. 

Supplementary Note 10: Mutational signature SBS5 

The decomposition of the PER-POLE-P286R error signature into COSMIC SBS signatures showed a 

substantial contribution by SBS5 (Fig. 2d). The cause of SBS5 is currently unexplained. Our data raise 

the possibility that polymerase errors are involved in the aetiology of SBS5. This would agree with the 

clock-like properties of SBS518,19. We have explored this possibility and compared the SBS5 exposure 

in different cancer samples using SBS exposures reported in the PWCAG study19, downloaded from 

the PCAWG ICGC data portal. Interestingly, the highest burden of SBS5 can be indeed observed in 

POLEd and in MMRd cancer patients, showing more than 17-fold increase over exposures in patients 

proficient in POLE and MMR (Supplementary Figure 9). This supports a possibility that polymerase 

errors contribute to SBS5. 

However, SBS5 has a very “flat” profile, and is therefore difficult to distinguish from other signatures 

with a relatively uniform mutation rate across sequence contexts70. It is therefore possible that the 

“flat” component in PER-POLE-P286R is independent of SBS5. Finally, two of the distinguishing T>C 

peaks in SBS5 overlap with the two trinucleotides (TAT and AAT) not covered in our currently used 

two ROIs (Supplementary Figure 10). Therefore, future research will be needed to determine whether 

polymerase errors might contribute to SBS5. 

 

https://dcc.icgc.org/releases/PCAWG/mutational_signatures/Signatures_in_Samples/SP_Signatures_in_Samples


Supplementary Figure 9: Exposure to SBS5 in POLEd or MMRd cancer patients in comparison with PROF (POLEp 

& MMRp) patients. The SBS5 exposures have been downloaded from the PCAWG ICGC data portal and 

matched to the samples used in this study. For a fair comparison, only cancer types with POLEd or MMRd 

samples are shown here in both groups. A two-sided Mann–Whitney U test (rank-sum test) was used to 

compare the groups. Boxplots are plotted with the MATLAB function boxchart (see Methods). 

Supplementary Note 11: PER-seq, plasmid preparation 

Two regions of interest (ROIs) were used for PER-seq. The length of the ROI is up to 300bp in total 

(including priming regions and barcode), so that it is fully covered by 150bp paired-end sequencing. 

We chose natural sequences that exist in the human genome to avoid potential artefacts which could 

emerge in an artificially designed sequence. Both ROIs cover an exon. The two ROIs cover a wide 

spectrum of trinucleotides, with most being represented multiple times (Supplementary Figure 10). 

The first ROI was chosen from TP53 gene (hg19 chr17:7,576,947-7,577,207), because it contains 

position frequently mutated (CpG>TpG) in cancer. The second ROI comprised 260bp of the CpG island 

of the DNMT1 gene (hg19 chr19:10,252,661-10,252,920) and it contains 16 CpGs. Each ROI was 

amplified from human genomic DNA using primers containing HindIII and SacI restriction sites before 

cloning PCR products into a pUC19 vector modified by site directed mutagenesis (Agilent QuikChange 

Lightning Site Directed Mutagenesis kit) to contain BpU10I restriction sites flanking the multiple 

cloning site. Plasmids were then grown in XL-10 GOLD E.coli and isolated using Nucleobond Midiprep 

kit (Macherey-Nagel), snap frozen and stored in aliquots at -80°C for future use. 80U of M.SssI CpG 

methyltransferase (Thermo Fisher) was used to methylate 12µg of plasmid, with 400µM SAM in a 

100µl reaction alongside mock treated plasmids which were incubated in the same conditions without 

the M.SssI enzyme. To remove DNA with non-canonical bases (such as uracil or 8-oxoguanine), abasic 

sites and single strand breaks, 8µg of plasmid was incubated with 10U of UDG (NEB) and 16U FPG 

(NEB) in a 50µl solution with 0.5x UDG buffer and 0.5X NEB1 buffer for 30min, after which reaction 

volumes were increased to 100µl with 10µl 10x NEB4 (to a final concentration of 1x), 40U of T5 

exonuclease (NEB) and water followed by a further incubation at 37°C for 30 minutes and purification 

on Serapure beads. 1 µg of plasmid was then nicked twice on the same strand by incubation with 1U 

of Nt.BpU10I (Thermo Fisher) in a 50µl reaction containing 1X buffer R at 37°C for one hour. Plasmid 

was then gapped by addition of 50µl 1X buffer R containing DNA oligonucleotides complimentary to 

the nicked strand at a 50-molar excess to the plasmid before incubating at 95°C - 1s, 60°C - 30s, 37°C 

- 1min (in PCR cycler). Non-plasmid DNA was removed using Serapure size selection. This step was 

repeated and full gapping confirmed by testing resistance to restriction digestion by HindIII (NEB) and 

SacI (NEB) (Extended Data Fig 1a). To exclude any non-gapped plasmid from participating in the 
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subsequent steps, samples were digested with 1U BseRI (NEB) per 1µg of plasmid (cuts both the p53 

and DNMT ROI).  

Supplementary Note 12: Introducing P286R mutation in mESCs 

E14 mESC cells were grown on plates coated with 0.1% gelatin in water (Stemcell Technoligies) using 

DMEM, high glucose-10 media (Thermo Fisher Scientific) complemented with 15% (v/v) fetal bovine 

serum (Gibco,Thermo Fisher Scientific, Ref 10500-064, lot# 2534384H), 200 mM l-glutamine (Thermo 

Fisher Scientific), 1%(v/v) nonessential amino acids (Thermo Fisher Scientific), 1%(v/v) penicillin-

streptomycin (Thermo Fisher Scientific), 50mM beta-mercaptoethanol (Thermo Fisher Scientific), 100 

µg/ml leukemia inhibitory factor (LIF, produced in-house following a protocol by Tomala et al.20).  

The POLE P286R was engineered in mESCs using CRISPR-Cas9 assisted homologous recombination. 

CRISPR guide RNA (Supplementary Table 8) was designed and cloned into the pX330 expression 

plasmid (Addgene #42230; containing the CRISPR-Cas9 system, eGFP and a G418-resistance marker) 

as previously described (Van Gool et al., 2018). Template for homologous recombination was single-

stranded oligodeoxynucleotide (ssODNs) (Integrated DNA Technologies) designed to include the 

P286R mutation, a mutation in the protospacer adjacent motif (PAM) and a silent mutation to 

introduce BbsI restriction site (ssODNs in Supplementary Table 9).  

60,000-70,000 cells were transfected with 1.5µg of pX330 and 3.5µg of ssODN using Lipofectamine 

3000 (Thermo Fisher Scientific; L3000001). G418 (300µg/ml for 4 days; 4727878001, Merck Life 

Science UK) was added to the media for selection of transfected cells. The antibiotic-resistant cells 

were seeded at different concentrations into 100mm petri dishes and individual colonies were picked 

after 7-10 days into 96-well plate. To identify targeted clones, DNA was isolated and regions were 

amplified by PCR, followed by Sanger sequencing (Eurofins Genomics) (oligonucleotides sequences in 

Supplementary Table 10).  

Expression levels of mutant DNA polymerase was measured by Western Blotting. Cells were lysed in 

RIPA lysis buffer (Thermo Fisher Scientific; 89901) supplemented with protease and phosphatase 

inhibitors (Roche) and protein concentration was determined using a BCA protein assay kit (Pierce). 

Lysates were denatured for 5 min at 95 °C in Laemmli buffer containing 10% beta-mercaptoethanol 

and subsequently electrophoresed on 4–12% precast polyacrylamide gels (NuPAGE™ Bis-Tris Mini 

Protein Gels; Invitrogen; NP0321BOX) under denaturing conditions. Proteins were wet-transferred 

onto PVDF using the Mini Trans-Blot Electrophoretic Transfer Cell System (Bio-Rad) at 100 V (400 mA) 

for 60 min at 4 °C. Membranes were blocked in 5% milk TBS-T for 1 hour at room temperature and 

subsequently incubated with anti-POLE (1:1000) (Stratech; GTX132100-GTX) and anti- β-actin (1:5000) 

(Cell Signaling Technology; 3700) overnight at 4 °C on a roller. After washing, membranes were probed 



with either goat anti-mouse IgG (H + L)-HRP (Bio-Rad; 1706516) or goat anti-rabbit IgG (H + L)-HRP 

(Bio-Rad; 1706515) secondary antibodies diluted 1:2,500 for 45 minutes at room temperature. 

Membranes were developed with Pierce ECL (Thermo Fisher, 32106) and scanned using the ChemiDoc 

Imaging System (Bio-Rad). 

Supplementary Note 13: PER-EXTRACT-seq 

Preparation of nuclear extract and template filling was performed as described previously21. Briefly, 

1-5x107 exponentially growing cells were detached by trypsinisation, pelleted by centrifugation at 

400g for 3 min, washed in PBS and resuspended in 4ml of ice-cold Hypo/sucrose buffer (20mM HEPES-

KOH pH 7.5, 5mM KCl, 1.5mM MgCl2, 0.5mM DTT, 0.25M sucrose). Cells were the pelleted as above 

and buffer removed before resuspension in 4ml ice cold Hypo buffer (20mM HEPES-KOH pH 7.5, 5mM 

KCl, 1.5mM MgCl2, 0.5mM DTT), centrifugation and final resuspension in 1ml of ice-cold Hypo buffer. 

Cells were allowed to swell on ice for 30min prior to disruption by ten strokes in an ice-cold dounce 

homogeniser (tight pestle) followed by another 30min incubation on ice. The suspension was clarified 

by centrifugation at 21 000g for 40min at 0°C after which the supernatant was split into 50µl aliquots, 

snap frozen and stored at -80°C.  

Filling reactions were performed by gentle defrosting of nuclear extract and centrifugation at 21 000g 

at 0°C for 30min, followed by transfer of supernatant to an ice cold 1.5ml tube containing 50µl 2x 

filling buffer (60mM HEPES-KOH pH7.5, 14mM MgCl2, 1mM DTT, 0.2µM dNTPs, 8mM ATP, 80mM 

phosphocreatine disodium hydrate (Merck Life Science UK Limited), 1mg of creatine phosphokinase 

type I from rabbit (Merck Life Science UK Limited) and 100ng of plasmid and reactions mixed by 

pipetting. Samples were then incubated at 37°C shaking at 220rpm for 5min before addition of 3µl 

0.5M EDTA and 1µl proteinase K (20mg/ml). Reactions were incubated at 37°C for 20 min and DNA 

was then purified on Serapure beads as described previously. The PER-EXTRACT-seq samples are listed 

in Supplementary Table 11. 
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