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ABSTRACT

A single amino acid residue change in the exonu-
clease domain of human DNA polymerase �, P286R,
is associated with the development of colorectal
cancers, and has been shown to impart a muta-
tor phenotype. The corresponding Pol � allele in
the yeast Saccharomyces cerevisiae (pol2-P301R),
was found to drive greater mutagenesis than an en-
tirely exonuclease-deficient Pol � (pol2–4), an unex-
pected phenotype of ultra-mutagenesis. By studying
the impact on mutation frequency, type, replication-
strand bias, and sequence context, we show that
ultra-mutagenesis is commonly observed in yeast
cells carrying a range of cancer-associated Pol � ex-
onuclease domain alleles. Similarities between muta-
tions generated by these alleles and those generated
in pol2–4 cells indicate a shared mechanism of muta-
genesis that yields a mutation pattern similar to can-
cer Signature 14. Comparison of POL2 ultra-mutator
with pol2-M644G, a mutant in the polymerase domain
decreasing Pol � fidelity, revealed unexpected analo-
gies in the sequence context and strand bias of mu-
tations. Analysis of mutational patterns unique to ex-
onuclease domain mutant cells suggests that back-
tracking of the polymerase, when the mismatched
primer end cannot be accommodated in the proof-
reading domain, results in the observed insertions
and T>A mutations in specific sequence contexts.

INTRODUCTION

Aneuploidies or large genomic rearrangements are a com-
mon feature of many types of cancer, but widespread
hypermutation––the extensive accumulation of single nu-

cleotide variants (SNVs) or small insertion/deletions
(INDELs)––is comparatively less frequent (17% of adult
cancers analysed in (1)). Hypermutation usually arises from
exposure to mutagens, such as ultra-violet light or tobacco
smoke, and/or from hereditary or acquired DNA repair
defects leaving a trace of specific mutation signatures (2).
DNA mismatch repair (MMR) inactivation, for example,
has long been known to drive somatic hypermutation that
leads to hereditary colorectal adenocarcinomas (3). More
recently, specific mutator alleles altering the exonuclease
(proofreading) domain of replicative DNA polymerases �
and ε (Pol � and Pol ε), such as POLE-P286R, were found
to foster SNV hyper-mutation in the presence of functional
MMR, and drive the development of hereditary colorectal
or endometrial cancers (4–6).

The proofreading activity of B-family DNA polymerases
(such as Pol � and Pol ε) is triggered by the presence of a
base-pair mismatch between the template and the nascent
DNA strand at the primer-template junction, originating
from base mis-insertion or from a damaged template base
(7,8), and, possibly, by other impediments to elongation.
In these situations, the 3′ end of the primer is melted and
moved to the spatially separate proofreading domain, where
one or more nucleotides are exonucleolytically degraded (9–
11). The primer end is then returned to the polymerase do-
main, where DNA synthesis can continue (12,13).

The origin of hypermutation in cancer cells with Pol ε
proofreading domain mutants was originally ascribed to
inactivation of Pol ε exonuclease activity (4). Subsequent
work in the yeast S. cerevisiae, however, revealed that pol2-
P301R––the ortholog of the human Pol ε mutation POLE-
P286R––drives substantially greater mutagenesis than Pol
ε exo– (14), an exonuclease-deficient variant of Pol ε en-
coded by the yeast pol2–4 allele (15). This ultra-mutator
phenotype indicates that inactivation of the exonuclease ac-
tivity is not primarily at the origin of the massive mutation
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accumulation observed in pol2-P301R cells; and accord-
ingly, biochemical work revealed that exonuclease activity is
still detectable in the P301R mutant polymerase (∼20% to
∼60% of wild-type, depending on the assay) (16). Further
structural analyses revealed that this amino acid residue
change creates a barrier at the entrance of the exonuclease
domain, possibly preventing the newly synthesized strand
from accessing it (17). Inability to position the mismatched
primer in the proofreading domain, and the observed in-
creased mismatch extension ability, could explain the ultra-
mutagenic phenotype, but in vitro polymerase assays failed
to recapitulate ultra-mutagenesis (16). These observations
open up the possibility that other cellular processes may be
involved in the generation of mutations and motivated the
studies we describe herein.

MATERIALS AND METHODS

Yeast strains and plasmids

Sequence alignment with Clustal Omega version 1.2.1
was carried out to determine the Saccharomyces cerevisiae
residues orthologous to human Pol ε residues mutated in
the literature analysed. Uniprot sequences used for align-
ment were Homo sapiens POLE (Q07864) and S. cerevisiae
Pol2 (P21951). All S. cerevisiae strains used were derived
from the laboratory strain W303 (leu2–3,112 trp1–1 can1–
100 ura3–1 ade2–1 his3–11,15 RAD5). Polymerase mutant
alleles were created by cloning an N-terminal POL2 PCR
fragment into pRS306 and generating the mutations of in-
terest by site directed mutagenesis using the QuickChange
Lightning Kit following manufacturer’s instructions (Agi-
lent Technologies). Polymerase mutant alleles were intro-
duced into MATa haploid S. cerevisiae W303 strains, re-
sulting in a full-length copy carrying the mutation and a
non-mutated, truncated N-terminal fragment. Haploid pol2
mutants were then mated to a wild-type isogenic MATal-
pha strain to generate heterozygous diploid mutant strains.
Deletion of MSH2 was introduced in wild-type W303 by
one-step gene disruption. Disruptions were confirmed by
PCR and whole-genome sequencing. Haploid double mu-
tants pol2 msh2Δ were recovered by mating haploid pol2
with haploid msh2Δ strains, sporulation, tetrad dissection
and analysis. The genotypes of strains are described in Sup-
plementary Table S1.

Growth rate and mutation assays

The growth rates of heterozygous diploid polymerase mu-
tant strains were assessed by growing cultures to stationary
phase, diluting them into rich medium and growing for 450
min. Growth was assayed by measuring absorbance at 595
nm wavelength. To determine forward mutation rates at the
LYP1 locus, single colonies were excised from agar plates
with scalpels, inoculated in rich medium, and grown to sat-
uration. Cell cultures were subsequently diluted 1:100,000
and plated on YPAD (1% yeast extract, 2% peptone, 2% glu-
cose, 40 mg/l adenine) plates, or plated (50–250 �l) without
dilution on SD (Synthetic Defined media) –LEU +Thialy-
sine (50 mg/l) plates. Thialysine kills cells expressing an
active Lyp1 transporter. Different amounts were used for

different strains to obtain countable plates. Mutation rates
were calculated as described in (18).

Single-cell bottleneck propagation

Heterozygous diploid strains were grown on solid media
at 30◦C and propagated for 26 passages, every 2–3 days,
through single-cell bottlenecks by means of repetitive iso-
lation and single-colony picking. Cells were estimated to
have undergone ∼20 generations per passage to generate a
colony of 106 cells (∼500 generations during the entire prop-
agation). Colonies were picked randomly to avoid bias to-
wards adaptive or deleterious mutations (with the exception
of lethal mutations). In each experiment, each strain was
propagated in 18 parallel lines. Deviations from this num-
ber due to failures to sequence or to confirm the presence of
the mutation at the end of the propagation are denoted in
the relevant figures. Haploid strains were propagated for 13
passages. Standard YPAD non-selective rich medium was
used. In each experiment, whole-genome sequencing of two
random colonies for each strain was attempted at passage 0
and at the end of the propagation. Only mutations observed
in both colonies (where a second colony was available), and
absent from passage 0, were retained for further analysis.

Small-population bottleneck propagation

Haploid and heterozygous diploid polymerase mutant
strains were propagated in a 1536 plate format in a non-
selective complete synthetic medium (0.14% YNB, 0.5%
ammonium sulphate, 0.077% complete supplement mixture
[ForMedium], 2% (w/v) glucose and pH buffered to pH 5.8
with 1% (w/v) succinic acid). Plates were replicated using a
ROTOR Robot (Singer Ltd, UK) and 1536 short pin pads
every 2–3 days for 40 passages, through bottlenecks esti-
mated to contain ∼104 cells. Effective population size is,
however, likely to be smaller due to the population structure
of cells in a colony. The number of cells in the bottleneck
was calculated by estimates of pixel intensities using light
transmission and conversion of pixel intensities into cell
counts by calibration to a flow cytometry-based reference
(19). In these conditions, wild-type BY strains undergo ∼6
doublings per growth cycle (passage) suggesting that cells
underwent ∼240 generations over the duration of the exper-
iment. Final populations were streaked for single colonies
and the whole genome of 18–26 isolates per strain was se-
quenced. After reassigning strains to the correct genotypes
and ploidy 12–38 isolates per strain were analysed.

DNA extraction, library preparation and whole genome se-
quencing

Genomic DNA extractions and library preparations were
carried out as previously described (20). Libraries were se-
quenced using either HiSeq 2000 or HiSeq X (Illumina) to
generate 125 or 150 bp paired-end reads, respectively.

Reference genome alignment

Sequencing reads were aligned to the S. cerevisiae S288c
(R64–1-1) reference genome using BWA mem (-t 16 -p -T
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0) and duplicates were marked with bamstreamingmarkdu-
plicates (biobambam2 2.0.50) and stored in CRAM format
(primary data). From these, reads were extracted with sam-
tools fastq and subsequently re-aligned to a modified refer-
ence genome in which repetitive DNA regions were hard-
masked and moved, as single-copy sequences, to ad hoc ar-
tificial chromosomes. Duplicates were marked with bamsor-
madup SO = coordinate fixmate = 1.

Confirmation of strain genotypes

Samples were automatically checked for their expected
polymerase genotype using the script deletion check.pl.
Briefly, for point mutations the DNA sequence from the
triplet coding for the residue in question was extracted from
the sequencing data, translated and compared with the ex-
pected. Deletions and genetic mating type were determined
as previously described (20). Ploidy was determined a pos-
teriori, based on the distribution of the observed allelic fre-
quencies (AF). Strains displaying a median of alleles with
AF ∼0.5 were classified as diploid, while strains with a me-
dian AF of ∼1 were classified as haploid. In the rare cases
in which the number of de-novo alleles was too low, gen-
erating intermediate AF, the genetic mating type, identified
bioinformatically, was used.

Variant calling, consequence annotation and filtering

SNVs and small insertions/deletions (INDELs) were iden-
tified chromosome by chromosome using samtools mpileup
(v.1.9), with the following options: -g -t DP,DV -C0 -p
-m3 -F0.2 -d10000, followed by bcftools call -vm -f GQ
(v.1.9). All mutations from each chromosome were merged
with bcftools concat. All variants were annotated with the
Ensembl Variant Effect Predictor (VEP; v95.3). INDELs
were subsequently normalized with bcftools norm -m-both
–check-ref e and sorted with bcftools sort. Low quality vari-
ants were flagged with bcftools filter with the following
options -m + -e ‘INFO/DP<10’ -e ‘FORMAT/DV<3’ -e
‘TYPE = \‘snp\’ & QUAL<100’ -e ‘TYPE = \‘indel\’ &
QUAL<30’ -e ‘FORMAT/GQ<40’ -g 7. Variants present
in control samples were subsequently removed with bcftools
isec -w1 -C {sample file} {control file}.

Further mutation filtering

SNV mutations were further filtered on the QUAL value
and their prevalence across different sequencing samples.
Given the relatively low number of mutated positions com-
pared to the genome size, the vast majority of mutations
are expected to be unique in different MA lines in single-
cell bottleneck experiments, and shared mutations are likely
to originate from systematic sequencing errors. Taking this
into account, we removed mutations whose quality was
below an arbitrary threshold that grows linearly with the
prevalence of the mutation in different samples (Supple-
mentary Figure S1), thus excluding mutations that are fre-
quently observed and of lower quality. In small-population
bottleneck experiments, many mutations are shared be-
tween different colonies from the final population, because
of their shared ancestry. For this reason, a similar, less strin-
gent threshold was used. Filters were designed to remove

∼1–10% of all mutations. A similar rationale was used to
filter INDELS. Small changes in the filtering parameters do
not substantially alter the results of the subsequent analy-
ses.

Analysis of mutation numbers

The total number of SNPs/INDELs for each sequencing
sample was calculated by counting the number of mutations
passing all filters. In single-cell bottleneck propagations
two colonies per MA line were sequenced and only muta-
tions observed in both colonies (and absent from passage
0) were retained for further analysis; where a second colony
was not available because of sequencing failure, all muta-
tions in the only available colony were retained. For small
population bottleneck propagation all mutations present in
each colony from the final population were considered. Mu-
tation rates are given in terms of SNV(INDEL)/haploid
genome/passage and converted to SNV/generation/bp as-
suming a haploid genome size of 12 071 326 bp and 20 gen-
erations from single cell to colony.

Analysis of mutation types

In small-population propagation experiments, one single
mutagenic event is likely observed in more than one colony
picked from the final-population. Thus, mutations derived
from small-population experiments were initially grouped
by MA line and, in each line, when the same mutation was
observed in more than one colony, only one instance was
retained. Mutations from single-cell and small-propagation
experiments were then pooled for the purpose of the sub-
sequent analyses. Analysis of the frequency of different
SNV classes was carried out by grouping the mutations
by genotype (irrespectively of the type of propagation or
ploidy), counting the number relevant mutations, and sum-
ming complementary pairs (e.g. A>C + T>G).

Analysis of replication strand bias

The relative position of each mutation with respect to the
nearest replication origin was calculated in two steps. First,
a replication model was built using the coordinates of repli-
cation origins obtained from OriDB (http://cerevisiae.oridb.
org; only using ‘confirmed’ origins); location of each ori-
gin was calculated as the midpoint of the ARS region; ter-
mination points were arbitrarily defined as the midpoint
of each inter-origin span; leading-strand regions were de-
fined as regions comprised between an origin and the termi-
nation point to its immediate right; lagging-strand regions
were defined as regions comprised between an origin and
the termination point to its immediate left. Second, each
mutation was localized to an inter-origin span (thus, mu-
tations located before the first origin or after the last ori-
gin of each chromosome were discarded); the distance be-
tween each mutation and the origin to its immediate left
was calculated, and normalized for the size of the inter-
origin span in which the mutation was located, so that a
distance of 50% coincides to the midpoint termination zone,
and a distance of 100% coincides to the subsequent origin.
To avoid over-weighting shared mutations originating from
small-population bottleneck experiments, only a distinct set

http://cerevisiae.oridb.org
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of mutations was considered. The density of each mutation
type was then plotted as a function of the relative distance
of mutations from the origin to the immediate left.

Analysis of mutation patterns and comparison with mutation
signatures

Mutational patterns were obtained by calculating the fre-
quency of the 96 trinucleotide contexts (channels) in which
mutations belonging to one of the six main classes (C>A,
C>G, C>T, T>A, T>C, T>G) occurred. The remaining
mutations (G>T, G>C, G>A, A>T, A>G, A>C) were re-
verse complemented along with their context and assigned
to the appropriate channel. The frequency of each channel
was then normalized by the relative abundance of each trin-
ucleotide in the yeast genome.

Comparison with mutational signatures identified
in cancers was calculated using cosine similarity (21)
and the cos sim matrix function of the MutationalPat-
terns R package (22). Cancer signatures were obtained
from https://cancer.sanger.ac.uk/cancergenome/assets/
signatures probabilities.txt.

Analysis of mutation sequence context

After extracting the context (five nucleotides) in which each
mutation occur, mutations were classified as right or left
mutations depending on where they occurred in relation to
origins of replication and presumed termination points (see
Analysis of replication strand bias). To exclude as much as
possible mutations introduced by Pol ε synthesizing DNA
beyond the midpoint of each replicon, only mutations oc-
curring in the first and last third of each replicon were con-
sidered. Sequence logo images from the context of each mu-
tation class were obtained with the ggseqlogo R package
(23).

RESULTS

A spectrum of DNA Pol � ultra-mutator alleles

As an approach to investigate how ultra-mutator Pol ε mu-
tants exert their genotoxic activities in vivo, we focused on
POLE alleles (Figure 1A) originally described as drivers
of colorectal and endometrial cancers (4–6). To avoid con-
founding factors that would arise from conducting such
studies directly in cancer cell lines, such as a higher back-
ground of genomic instability, we introduced, where pos-
sible, the corresponding mutations in heterozygous state
into the diploid yeast strain W303. Thus, we generated
eight yeast strains, each carrying one of eight pol2 alleles
encoding the different aminoacid changes in evolutionary
conserved residues (Figure 1A). Several colonies (18–54)
for each POL2/pol2- heterozygous diploid strain were then
independently cultured through single-cell bottlenecks (26
passages; ∼500 cell generations), allowing mutations to ac-
cumulate in the genome. Mutational events that occurred
during the experiment were identified by whole-genome se-
quencing of each mutation accumulation (MA) line at the
start and the end of the experiment. For comparison, we
also carried out such analyses of MA lines containing wild-
type POL2 or a proofreading defective pol2–4 allele (15,24).

Since at each passage colonies were randomly selected, we
expect mutation rates and spectra to be unbiased with re-
gard to their consequences on gene function, except for
overlooking lethal mutations.

In line with previous estimates (1.67–3.8 × 10–10

SNV/generation/bp) (25–27), wild-type MA lines acquired
a median of 0.1 SNV/haploid genome/passage (or ∼4.14
× 10–10 SNV/generation/bp), while strains carrying a
proofreading-defective allele (pol2–4/POL2) displayed a
modest increase over this rate (∼30% or 7.04 × 10−10

SNV/generation/bp; Figure 1B). Four pol2 alleles led to ei-
ther no detectable mutator phenotype (Q468R, D290V) or
a hypermutator phenotype similar in magnitude to that of
pol2–4/POL2 cells (V426L, A480V; Figure 1B). In contrast,
four other Pol ε alleles (P301R, M459K, S312F, L439V) ac-
cumulated considerably more mutations than would be ex-
pected by simple lack of exonuclease activity (3–21 times
or 2.1–14.7 × 10–9 SNV/generation/bp), thus reflecting an
ultra-mutator phenotype. Since the growth rates of these
strains did not substantially differ from those of the other
POL2 mutants or from the wild-type strain (Supplemen-
tary Figure S2A), MA could be taken as an accurate re-
flection of mutation rates. Accordingly, when we charac-
terised haploid strains carrying wild-type or various mu-
tant POL2 alleles for their rates of loss-of-function muta-
tions yielding thialysine resistance (mainly occurring via in-
activation of LYP1 (28)), there was good concordance (R =
0.81) between these data and results from MA experiments
(Figure 1C).

Notably, the presence of a wild-type polymerase reduced
the mutagenic effects of the hypermutator allele as MA
in heterozygotic diploid cells was substantially reduced
compared to haploid cells (62–92%; Supplementary Figure
S2B). This reduction exceeded the expected 50%, pointing
to other factors impacting on Pol ε-driven mutagenesis such
as the reduced ratio of mutagenic Pol ε to Pol �, which could
contribute to increase the frequency of in trans proofreading
by Pol � (29,30) in heterozygous diploid cells. Alternatively,
in diploid cells, the wild-type polymerase may be preferen-
tially expressed or used.

The haploid state also unmasked an ultra-mutator pheno-
type for pol2-A480V, which in heterozygosis did not accu-
mulate significantly more mutations than the correspond-
ing exonuclease deficient strain (compare blue and red P-
values, Supplementary Figure S2B). In contrast to SNVs,
the strongest pol2-ultra alleles only led to a small but statis-
tically significant increase in the accumulation of INDELs
in haploid cells (Supplementary Figure S2C). These find-
ings are in line with previous studies of pol2-P301R, pol2-
L439V, pol2-V426L and pol2-D290V cells using classical
mutation rate assays (31), and together with our results
show that ultra-mutagenesis––the accumulation of consid-
erably more mutations than would be expected by loss of
exonuclease activity––is a common outcome for mutations
in the proofreading domain of Pol ε that are found in can-
cers.

Diploidization and accumulation of secondary Pol � muta-
tions in a competitive growth assay

Assessing MA in cells propagated through population bot-
tlenecks of ∼3 × 104 cells broadly confirmed our initial ob-

https://cancer.sanger.ac.uk/cancergenome/assets/signatures_probabilities.txt
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Figure 1. Analysis of ultra-mutator alleles of DNA polymerase ε modelled in S. cerevisiae. (A) Outline of DNA polymerase ε ultra-mutator alleles identified
in cancers and corresponding mutations in S. cerevisiae POL2; the numbers indicate the residue position and domains are indicated with coloured boxes
(DUF: domain with unknown function; Palles: mutation first reported in Palles C., et. al, Nat. Gen. 2013; Church: mutation first reported in Church DN, et
al., Hum. Mol. Genet. 2013; TCGA: mutation present in The Cancer Genome Atlas). Mutations in grey occur in residues not evolutionary conserved in S.
cerevisiae. The most studied mutation (P286R/P301R) is indicated in bold. (B) Rates of mutation accumulation in diploid yeast strains carrying indicated
heterozygous POL2 alleles propagated through single-cell passage bottlenecks for ∼500 generations. Each independent evolution line is indicated by a dot,
while the median is indicated in red. The number of independent lines (n) is indicated below. Statistical test: Mann–Whitney–Wilcoxon (C) Comparison
of mutation accumulation rates (x-axis) and loss-of-function mutation rates at LYP1, yielding thialysine resistance (y-axis). Blue line indicates the linear
regression model; shaded area the 95% confidence interval; R is Pearson’s correlation coefficient. (D) Rates of mutation accumulation in strains carrying
the indicated heterozygous POL2 alleles propagated through small-population passage bottlenecks for 350–450 generations. Different colonies derived
from the final population are indicated by dots, while the median is indicated in red. The number of colonies studied (n) is indicated below. Statistical
test: Mann–Whitney–Wilcoxon. (E) Frequency of mutations generated in the presence of the indicated pol2 alleles, by type of mutation and trinucleotide
context in which the mutations occur; frequencies have been corrected for the trinucleotide frequency in the yeast genome; see Figure 2C for x-axis labels.
(F) Geographical distribution of the density of mutations by type in relation to replication origins. The origins to the left and to the right of each mutation
are indicated by L and R respectively, and the distance is expressed as a percentage of the inter-origin distance of each origin pair (L→50%: leading strand;
50%→R: lagging strand). Asterisks indicate mutation types significantly deviating from uniformity (P < 0.01 � 2 test).

servations, despite a larger number of mutations per pas-
sage, and much higher variability between different colonies
(Figure 1D). These effects likely arose from the experimen-
tal settings: population expansion through ∼104 rather than
single cell bottlenecks presumably allowed different clones
to grow at different rates, and random sampling at each pas-
sage would favour the propagation and analysis of fitter,
faster-growing clones, which would have completed more
DNA replications and therefore accumulated more neutral
or adaptive mutations than slower growing ones. The ap-
pearance and selection of anti-mutators suppressor muta-

tions (32,33) could also explain the increased variability in
mutation numbers. Indeed, when we analysed the preva-
lence of mutations in POL2 we found evidence of additional
mutations in this gene often co-occurring with the stronger
mutators (P301R, M459K, S312F, L439V) but only rarely
with the weaker mutators or in wild-type cells (Supplemen-
tary Figure S3A and B). In line with recent findings (33)
we also identified one spontaneous diploidization event in
four isolates of the pol2-M459K haploid strain, which co-
occurred with several additional pol2 mutations (Supple-
mentary Figure S3A, B; Figure S5C, blue circle).
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Exonuclease deficient and pol2-ultra alleles have similar mu-
tational spectra

Analysis of the mutational spectra generated in the ab-
sence of Pol ε exonuclease activity (pol2–4) revealed a rel-
ative increase in the frequency of T>A/A>T transver-
sions, which is further expanded in pol2-ultra cells,
while C>G transversions––the rarest class in wild-type
strains––becomes relatively rarer (Figure 1E). Analysis of
the trinucleotide context in which mutations occur also re-
vealed a very strong resemblance between the mutational
patterns generated by the different pol2-ultra mutants and
by pol2–4 cells (Figure 1E and Supplementary Figure S4A
and B; cosine similarity 0.93–0.98). POLE–mutated tu-
mours display very specific mutation signatures (SBS 10 and
28) in humans and mice (34,35), and these signatures have
been recapitulated in human cells engineered to express mu-
tant POLE (36). When we compared the mutational pat-
terns generated by pol2-ultra mutants with cancer signatures
we however found only moderate or weak similarities to
SBS 14 (Supplementary Figure S4C, cosine similarity 0.66–
0.75) or SBS 8 (0.64–0.68).

Most variants generated in the presence of Pol ε mu-
tants are likely introduced on the replication leading strand,
where the activity of this DNA polymerase is confined
(37,38). To measure the replication-strand bias of the ob-
served mutations, we calculated the relative distance of each
mutation from the replication origins located to its immedi-
ate left and right, and then calculated the mutational den-
sity of each complementary mutation pair (e.g. G>A and
C>T) as a function of the distance (Figure 1F). This anal-
ysis revealed a strong asymmetry (Cohen’s w = 0.43–0.51)
in the distribution of A>C, A>T and G>T in pol2-P301R
cells, and a weaker asymmetry (w = 0.17–0.29) for A>G
and C>T mutations. In particular A>C, A>G, A>T, G>A
and G>T were observed more frequently on the leading
strand than their complementary counterparts (Figure 1F
and Supplementary Figure S4D; the low mutation counts
for C>G/G>C transversions did not permit establishment
of whether a bias is present in this channel). Strikingly,
this pattern of mutagenesis was observed in cells carrying
both stronger and weaker ultra-mutator alleles, and in pol2–
4 cells as well, with the degree of asymmetry increasing
with the total number of mutations available for analysis
(Supplementary Figure S4E). Taken together, these results
strongly suggest a common mechanistic origin for muta-
tions observed in cells lacking Pol ε exonuclease activity and
in cells carrying ultra-mutator Pol ε variants. They also in-
dicate that SNV accumulation in pol2–4 cells does not orig-
inate from the mere lack of exonucleolytic activity.

Synergism of Pol � exonuclease domain mutants with MMR
deficiency

Mismatch-repair (MMR) recognises different DNA duplex
mis-pairs with different efficiencies (39), thereby distorting
the frequencies of different mutation classes from the fre-
quencies generated by DNA polymerases. As an approach
to determine the mutational patterns as they are generated
by Pol ε ultra-mutators (those Pol ε alleles driving mutage-
nesis at a higher rate than pol2–4), we attempted to delete
MSH2, which encodes a mismatch binding ATPase that

is required for all branches of MMR. As previously ob-
served for several other DNA polymerase mutator alleles
(16,24,32), sporulation of most pol2-ultra msh2Δ heterozy-
gous diploids did not yield viable double mutant strains for
the strongest ultra-mutators (pol2-P301R, pol2-M459K and
pol2-S312F). Microscopic observation of these spores re-
vealed that they germinated to vegetative cells but ceased to
divide after a few generations, a phenotype consistent with
extreme mutational burden leading to ‘error-induced ex-
tinction’ (32,33). By contrast, double mutants for the hyper-
mutator pol2–4 in combination with msh2Δ were obtained
from corresponding heterozygous diploids but displayed re-
duced colony size compared to MMR-proficient controls.
We also managed to obtain a viable MMR-deficient ver-
sion of pol2–L439V––a relatively weak ultra-mutator. MA
analyses of these strains confirmed that, similarly to het-
erozygous diploids, pol2–4 and pol2-L439V haploid cells
accumulated SNVs at a faster rate compared to wild-type
strains in the presence of functional MMR (∼4× and ∼12×
respectively; Figure 2A and Supplementary Figure S2B),
while disruption of MSH2 alone resulted in a ∼16-fold in-
crease (or ∼7.4 × 10–9 SNV/bp/generation, similar to a
previous estimate of 4.8 × 10–9 SNV/bp/generation (40)).
In contrast, a dramatic increase in SNV accumulation was
evident when mismatch repair inactivation was combined
with pol2–4 or pol2-L439V (∼421× and ∼874×, respec-
tively; Figure 2A). These numbers are well above the ex-
pected mutation rate increases in the double mutants un-
der an additive model (∼21X and ∼28X, respectively) or a
multiplicative model (41) (∼69X and ∼196X, respectively),
demonstrating a synergistic interaction. Additionally, pol2-
L439V accumulated more mutations than pol2–4 even in
the absence of MMR, indicating that the ultra-mutator
phenotype does not arise from a differential mismatch re-
pair efficiency. Analysis of allele frequencies and status of
the mating type (MAT/HM) loci also revealed that both
msh2Δpol2–4 and msh2Δpol2-L439V strains were actually
diploid. Both strains were homozygous for MSH2 deletion
and pol2 mutations, but the former was a MATa/MATa
diploid––possibly originating from a whole-genome dupli-
cation event caused by failed cytokinesis (33)––and the lat-
ter a MATa/MATalpha diploid––possibly originating from
homothallic mating after a rare mating-type switch event
(Supplementary Figure S5A and B). These results are in line
with recent findings in yeast pol2-P301R cells (33) and in
POLE P286R-driven mouse cancer models (42), and sug-
gest that a transition to the diploid or polyploid state facili-
tates survival in the face of extreme mutagenesis as expected
from the fact that deleterious mutations are frequently re-
cessive and often masked in a heterozygotic diploid state.
Similar to what was previously observed for cells carry-
ing the strongest Pol ε hypermutators, we also found that
both msh2Δ/msh2Δ pol2–4/pol2–4 and msh2Δ/msh2 pol2-
L439V/pol2-L439V accumulated additional mutations in
POL2 (Supplementary Figure S3C and D).

Pol �–L439V and Pol � exo– yield replication-strand biased
Signature 14

Analysis of the trinucleotide context in which mutations are
introduced by Pol ε–L439V and Pol ε exo–, before MMR
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Figure 2. Mutation signatures generated by Pol ε exonuclease domain alleles in the absence of mismatch repair. (A) Number of SNVs generated during
single-cell bottleneck propagation by Pol2 exo(pol2–4) or the pol2-ultra mutant pol2-L439V in the presence or in the absence of functional mismatch repair.
The median is indicated in red. (B) Similarity between the SNV patterns generated by pol2–4 and pol2-L439V in the absence of functional mismatch repair
and the 30 mutation signatures identified in cancers. Colours indicate cosine similarity (Alexandrov, 2013). (C) Frequency of mutations generated by Pol2
exo- (pol2–4), the pol2-ultra mutant pol2-L439V, or pol2-M644G in the absence of mismatch repair, by type of mutation and trinucleotide context in which
the mutations occur; frequencies have been corrected for the trinucleotide frequency in the yeast genome; the the most similar COSMIC signature (SBS14)
is also represented. (D) Geographical distribution of the density of mutations by type in relation to replication origins. The origins to the left and to the
right of each mutation are indicated by L and R, and the distance is expressed as a percentage of the inter-origin distance of each origin pair. The data
for pol2-L439V have been carried over from Figure 1 for comparison purposes. The intensity of each mutation channel is proportional to the intensity of
the colour. Asterisks indicate mutation types significantly deviating from uniformity (P < 0.01, � 2 test). (E) Geographical distribution of the density of
mutations by type in relation to replication origins generated by the pol2-M644G allele in the presence or in the absence of functional MMR.

correction, revealed that these are nearly identical (cosine
similarity = 0.992). Comparison of these profiles with the
profiles of 30 mutational signatures originally identified in
cancers (43), detected a very high similarity to COSMIC
Signature SBS 14 (Figure 2B and C, cosine similarity 0.93–
0.94) and a moderate similarity to SBS20 (0.73–0.76). In
agreement with this finding, SBS 14 was originally identi-
fied in uterine cancers and low grade gliomas (2), and is also
observed in cancers carrying both POLE mutations and mi-
crosatellite instability––the latter a feature of MMR inacti-
vation (44). These findings, together with similar results ob-
tained for pol2-P301R/POL2 msh2Δ/msh2Δ diploid cells
(33), further support the notion that SBS 14 is the prod-
uct of mutagenesis driven by Pol ε exonuclease domain mu-
tants, before MMR correction. Interestingly, SBS 20 has
been proposed to arise from mutations in DNA polymerase
� in conjunction with MMR inactivation (44).

Replication-strand bias analysis revealed a strong pref-
erence for A>C, A>G and G>T mutations on the lead-
ing strand, as it was observed in the presence of functional
MMR (Figure 2D and Supplementary Figure S4D and F).

Conversely, the strong preference for A>T and the weak
preference for G>A mutations on the leading strand was re-
duced or disappeared when MMR was inactivated (Figure
2D and Supplementary Figure S4D and F), suggesting that
while Pol2 mutants equally introduced A>T and T>A mu-
tations, MMR corrected one (T>A) more efficiently than
the other (A>T). This pattern of mutagenesis is reminis-
cent of a yeast Pol ε mutant, pol2-M644G (45), which car-
ries a mutation in the polymerase domain of Pol ε that cre-
ates a ‘looser’ active site that allows mis-incorporation of
dNTPs and rNTPs (37,46). To identify similarities and dif-
ferences between the mutational patterns generated by Pol ε
exonuclease and polymerase-domain mutator alleles, we re-
analysed previously published mutation accumulation ex-
periments for pol2-M644G in the presence or absence of
MSH2 (45), and compared these to our results.

In the absence of confounding MMR effects, we found
that the activity of each mutation channel was substantially
different between exonuclease and polymerase domain mu-
tants, with a lower frequency of C>A mutations and a
higher frequency of C>T mutations (Figure 2C and E).
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However, the overall replication-strand bias was strikingly
similar, with only one major difference in the A>T/T>A
channel: while polymerase domain alleles, before (or af-
ter) mismatch correction, were more likely to produce A>T
mutations by mispairing T:dT more frequently than A:dA
(37,45), exonuclease domain alleles produced both types of
mis-pair essentially equally (Figure 2E, Supplementary Fig-
ure S4G). The striking similarity between mutations intro-
duced in the genome by Pol ε exonuclease and polymerase
domain mutants suggest that, with some minor differences,
a similar mutagenic process is active in cells carrying either
mutant.

A unique signature generated by Pol � exonuclease domain
alleles

We next compared the context in which every class of mu-
tation was observed on the two replication strands. To do
this, we pooled all mutations from pol2–4 msh2Δ and pol2-
L439V msh2Δ strains, given their near identity (cosine simi-
larity = 0.99, Supplementary Figure S6A and B) and appar-
ent common aetiology, and compared them with mutations
generated by the polymerase domain allele pol2-M644G in
the absence of MSH2 (45). This indicated that alteration of
either the exonuclease or polymerase domain leads to the
mis-insertion of dCTP opposite to the second T of a –TT–
dimer template; less frequently the inverse is also observed
(dTTP mis-insertion opposite to the C of a –TC– dimer
template, Figure 3A, B red boxes, and Supplementary Fig-
ure S6C). Overall, these two classes of mutations were more
prevalent in exonuclease than in polymerase-domain mu-
tator strains (∼34% versus ∼10% of all mutations, respec-
tively; P < 0.01, � 2 z-test of given proportions) suggesting
that a similar mutagenic mechanism occurs with different
intensity in different mutants.

A second shared pattern of mutagenesis between poly-
merase and exonuclease domain mutants of Pol ε is the
mis-insertion of dTTP in front of G or T, often occurring
after a pyrimidine in the template (Figure 3C and D, blue
boxes). Notably, these classes of mutations were more fre-
quently observed in MA lines with a polymerase-domain
mutator allele (∼33% of all mutations) than in strains with
exonuclease-domain mutator alleles (∼19% of all muta-
tions; P < 0.01). Other classes of mutation showed very little
or no sequence-context specificity, despite their overall rela-
tively high prevalence (Figure 3C and E; unboxed patterns).
A notable exception to this was insertions of A in front of
the first A after a long T homopolymer that is followed by
an AA dimer (TTTTTAA for example; Figure 3D, green
boxes). Despite being a relatively uncommon event (∼2%
of all mutations), this signature was unique to exonuclease-
domain mutators, being completely absent from the muta-
tional spectra of pol2-M644G msh2Δ cells, and accounted
for the observed lack of bias in the A>T/T>A channel that
is characteristic of Pol ε exonuclease-domain mutators (Fig-
ure 2D).

Pol � proofreading domain mutations increase the frequency
of insertions

Analysis of the number of insertions/deletions accumulated
in the absence of MMR, which would otherwise efficiently

repair them, revealed that Pol ε exo– introduces insertions
∼4.5 times more frequently than wild-type Pol ε does, and
that this is further increased two-fold in the presence of Pol
ε–L439V (Figure 4A). Analysis of the type of base inserted
revealed that in both cases, mutant Pol ε is mainly respon-
sible for the introduction of +T and +A, which overall rep-
resent 70–80% of all insertions (Figure 4B, as opposed to
∼31% for msh2Δ strains). Since these insertions likely arise
from the role of Pol ε as the leading strand replicase (38),
replication-strand bias analysis suggests that Pol ε–L439V
is mostly responsible for +A insertions (Figure 4C). More-
over, these +A insertions on the leading strand tend to oc-
cur in the context of a 3–6 nucleotide T homopolymer in the
template strand (Figure 4D), suggesting that they originate
from polymerase slippage.

Pol � proofreading activity generates deletions

Differently from what we have observed for insertions, MA
analysis revealed that, before MMR correction, the produc-
tion of short, mostly single-base, deletions was ∼50% lower
in pol2–4 cells compared to wild-type POL2. This suggests
that Pol ε exonuclease activity is directly responsible for es-
sentially half of the deletions produced during normal DNA
replication in the absence of MMR which would otherwise
repair them. The Pol ε–L439V mutant showed an interme-
diate deletion rate phenotype, possibly because this mutant
could retain partial exonuclease activity, as it was shown
for Pol ε–P301R. Analysis of the spectrum of deletions im-
plied that a wild-type replisome largely introduces –T, –A,
–TT and –AA deletions, and that Pol ε exonuclease activity
contributes to roughly half of these (Figure 4E). Analysis
of replication-strand bias also revealed that the frequent –
A and –T deletions do not normally show any discernible
strand preference. Inactivation of Pol ε exonuclease activ-
ity, however, led to a strong bias for –A deletions on the
leading strand and corresponding –T deletions on the lag-
ging strand (Figure 4F). These results suggest that both Pol
ε exonuclease activity and an unidentified process on the
lagging strand (possibly Pol � exonuclease activity) produce
frequent –T deletions, giving rise to no overall replication-
strand bias. In pol2–4 cells, however, it appears that the lead-
ing strand branch of this mutagenic pathway is inactivated,
generating a –A deletion bias that is the reflection of the –T
deletions produced on the lagging strand (Figure 4G).

DISCUSSION

DNA-replication associated hypermutation is a key risk
factor for the accumulation of mutations in genes driving
colorectal and endometrial cancers, whether arising from
mismatch repair (MMR) inactivation or from DNA poly-
merase ε or � exonuclease domain mutator (EDM) alleles.
While it is clear how MMR inactivation increases muta-
genesis, establishing the source of mutations generated by
EDM alleles has proven more difficult. The yeast bench-
mark for EDM alleles, pol2-P301R, generates mutations at
a much higher rate than the corresponding exonuclease-
dead strain (an ultra-mutator phenotype) (14), while retain-
ing part of the wild-type exonuclease activity (16). Our re-
sults now show that the ultra-mutator phenotype is shared
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Figure 3. Sequence context of the de novo mutations generated in cells with Pol ε exonuclease or polymerase domain mutant alleles before MMR correction.
(A-F) Sequence context in which each de novo mutation class occurs in cells carrying exonuclease domain mutator alleles (pol2–4 or pol2-L439V) or
polymerase domain mutator alleles (pol2-M644G), in the absence of functional MMR (msh2Δ). Mutations, as indicated by the nucleotide change observed
on the Watson strand, were categorised by class (A–F) with the frequency of each class indicated in brackets. Within each class mutations were further
categorised as the two possible types generating that class and whether each mutation type occurred to the right or to the left of the closest replication
origin. The position of the mutation is indicated by a blue column. Transparent diagrams indicate less frequent types/positions in each class, which could
arise from artefacts created by leading strand replication not precisely terminating at the inter-origin midpoint or by some origins being passively replicated.
In the middle, a diagram describing the mis-pairs at the origin of the indicated mutations and contexts is shown.

by other yeast Pol ε EDM alleles orthologous to cancer-
associated Pol ε mutations, most notably pol2-M459K (hu-
man POLE M444K), and that increased mutation accumu-
lation in pol2-ultra cells compared to pol2–4 cells also oc-
curs in the absence of MMR activity, strongly suggesting
that differential repair of mismatches is not a major source
of hypermutation.

Studies of Pol ε protein structure have revealed that the
P301R mutation creates a positively charged surface that
likely hinders a 3′ mismatched primer end from properly
accessing the proofreading domain and could, thus, favour
its extension (16,17). Strikingly, pol2-M459K––the second
strongest mutator in our dataset––also introduces a positive
charge in the same area (Supplementary Figure S7), while
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Figure 4. Pol ε ultra-mutators introduce +A insertions opposite T homopolymers. (A) Rate of insertions and deletions introduced by Polε exo– (pol2–4)
and the ultra-mutator Polε L439V (pol2-L439V) in the presence or absence of functional mismatch repair (msh2Δ). (B) Rate of insertion of different mono-
or di-nucleotides. (C) Geographical distribution of the density of the two most common types of insertions in relation to replication origins. (D) Sequence
context in which +A/+T insertions occur in relation to wether they occurred to the right or to the left of the closest replication origin; the position of
the mutation is indicated by a blue column; the numbers in brackets indicate the prevalence of this class compared to all insertions; the conserved homo-
polymer context always appears 3′ of the mutation because INDELs were left-aligned during variant normalization. A box indicates the insertions most
frequently observed on the leading strand. (E) Rate of deletion of different mono- or di-nucleotides. (F) Geographical distribution of the density of the two
most common types of deletion in relation to replication origins. (G) Sequence context in which –A/–T deletions occur in relation to wether they occurred
to the right or to the left of the closest replication origin; the position of the mutation is indicated by a blue column; the numbers in brackets indicate the
prevalence of this class compared to all deletions. A box indicates deletions most frequently observed on the lagging strand.

the weaker ultra-mutator alleles could also hinder proper
DNA strand placement, perhaps by altering Pol ε structure
more subtly.

The puzzling ultra-mutator phenotype could be ex-
plained if most of the mis-pairs observed in cells lacking Pol
ε exonuclease activity are not just caused by the inability of
this mutant polymerase to remove misincorporated bases,
but rather arise from an active mutagenic process whose in-
tensity is heightened by Pol ε EDM alleles. A prediction of
this model is that Pol ε ultra and Pol ε exo– would produce
the same pattern of mutations; and, indeed, the mutational
profiles, strand bias, and sequence contexts in which mis-
pairs occur in pol2-ultra and pol2–4 cells are virtually indis-
tinguishable from each other, especially before MMR cor-
rection. In this scenario, Pol ε could contain a ‘mutagenic
activity’, normally suppressed by the exonuclease activity,

and activated by EDM alleles. The aminoacid changes en-
coded by these alleles could, for instance, unmask a transle-
sion synthesis activity of Pol ε, as it has been shown for the
increased ability of exonuclease-deficient Pol � to bypass AP
sites (47,48).

We suggest, however, that at least part of the muta-
tions introduced in pol2-ultra cells arise from the backtrack-
ing of the mutant Pol ε while attempting proofreading. In
a wild-type polymerase, this movement melts the primer-
template junction until the nascent 3′ end has been inserted
in the exonuclease domain for hydrolysis (Figure 5A). In
the absence of hydrolysis––or even more so when access to
the exonuclease active site has been blocked by pol2-ultra
mutations––the nascent strand would prevent this move-
ment. In these situations, backtracking could still occur if
the nascent strand were to shift backwards and extrude a
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Figure 5. Model for the origin of mutations specifically introduced by Pol ε exonuclease domain mutants. (A) In the presence of a terminal mismatch (yellow
segment), Pol ε backtracks (black arrow) and repositions the terminal-mismatched primer in the proofreading domain; after hydrolysis the primer is re-
annealed and extended. (B) In the presence of exonuclease-inactive mutants or ultra-mutator mutants backtracking is blocked unless the newly synthesised
strand melts, shifts back and extrudes one base (yellow arrow). (C) Melting and extrusion can only occur on homopolymer templates (TTTTT), where the
shift does not alter correct base-base pairing between template and nascent strand. If the mis-inserted base is an adenine (yellow A), this can pair with the
last T of the template and reconstitute a proper base pair that can be extended, generating insertions. (D) If a T homopolymer is followed by two A’s, then a
T would be inserted in front of the first A (red T), but would then move in front of the second, when the base extruded in the homopolymer is re-annealed.

base further upstream (Figure 5B), an activity that would
result in the generation of insertions, especially after A:T
homopolymers that are easier to melt than G:C ones be-
cause of their weaker bonding. At this point, further exten-
sion would require the mis-inserted base to form a proper
pair with the T template, and thus would occur only when
an adenine was mis-inserted in the first place (Figure 5C).
In agreement with this model, we found that, in the ab-
sence of MMR, pol2–4 cells and to a greater extent pol2-
L439V cells, frequently accumulated +A insertions when
replicating through T-homopolymers. Furthermore, when
two adenines follow the T-homopolymer template, the first
one becomes a hotspot for A:A mis-pairs. This would arise
from the newly synthesised strand sliding forward after the
first base post-mismatch has been introduced, in a model
analogous to dislocation mutagenesis (49). This would re-
store full base pairing, converting the +A insertion into a
A:A mispair and generating the observed T>A transver-
sions (Figure 5D). Given the sequence and mis-insertion
requirements needed, the above-described events should be
comparatively rare; and indeed, insertions represented only
∼9.3% of all the mutations we observed in MMR-deficient
cells carrying EDM alleles, while T>A transversions ac-
counted for less than 2%.

With the exception of insertions and T>A transversions
the sequence context and strand bias of the remaining mu-
tations, which account for the vast majority (∼89%), closely
resembled the context of mutations deposited by a low-
fidelity Pol ε mutant carrying a mutation in the polymerase
domain (pol2-M644G). This strong similarity suggests that

the mutations generated by these two Pol ε variants arise
from the same set of mutagenic mechanisms. At the same
time, differences in the activity of the single mutation chan-
nels between exonuclease and polymerase domain mutants,
could point to a different balance of mutagenic processes. In
this regard, it has been shown that Pol � can proofread the
errors introduced by Pol ε (29), and does proofread the er-
rors introduced by pol2-P301R (50) and pol2-M644G (30):
a different in trans proofreading efficiency in different Pol
ε mutants could possibly contribute to the observed differ-
ences. Variation in the intensity of different mutation chan-
nels could equally arise from the increased dNTP levels,
which have been shown to contribute to the mutator pheno-
type of pol2-M644G cells (51), but not that of pol2-P301R
cells (16). While these data suggest that the majority of mu-
tations introduced in ultra-mutator cells are directly intro-
duced by Pol ε, we cannot however exclude that another
polymerase is responsible for introducing mis-pairs on the
leading strand after Pol ε stalling, for example through the
activity of translesion polymerases or Pol � on the leading
strand (52).

In conclusion, our findings have provided further in-
sights into how cells normally guard against mutagenesis
during DNA replication, and how specific point mutations
in replicative polymerases affect their function to heighten
mutation rates and lead to distinctive mutational signatures.
Given that DNA replication and replicative polymerases
are highly conserved throughout evolution, the effects and
mechanisms that we have described likely also operate in
cancers with orthologous polymerase alleles.
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Primary sequencing data has been deposited at the
European Nucleotide archive (https://www.ebi.ac.uk/ena/
browser/home) with the accession IDs indicated in Supple-
mentary Table S2 under the study ERP127302. The soft-
ware used for primary data analysis (from fastq to vcf
files) is available through GitHub at https://github.com/
fabiopuddu/augur-fermentorum (v0.98). The R scripts for
subsequent data analysis are available upon request.
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