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ABSTRACT

Amino acid substitutions in the exonuclease do-
main of DNA polymerase � (Pol�) cause ultramu-
tated tumors. Studies in model organisms sug-
gested pathogenic mechanisms distinct from a sim-
ple loss of exonuclease. These mechanisms remain
unclear for most recurrent Pol� mutations. Particu-
larly, the highly prevalent V411L variant remained
a long-standing puzzle with no detectable mutator
effect in yeast despite the unequivocal association
with ultramutation in cancers. Using purified four-
subunit yeast Pol�, we assessed the consequences
of substitutions mimicking human V411L, S459F,
F367S, L424V and D275V. While the effects on ex-
onuclease activity vary widely, all common cancer-
associated variants have increased DNA polymerase
activity. Notably, the analog of Pol�-V411L is among
the strongest polymerases, and structural analysis
suggests defective polymerase-to-exonuclease site
switching. We further show that the V411L analog
produces a robust mutator phenotype in strains that
lack mismatch repair, indicating a high rate of replica-
tion errors. Lastly, unlike wild-type and exonuclease-
dead Pol�, hyperactive variants efficiently synthesize
DNA at low dNTP concentrations. We propose that
this characteristic could promote cancer cell sur-
vival and preferential participation of mutator poly-
merases in replication during metabolic stress. Our
results support the notion that polymerase fitness,
rather than low fidelity alone, is an important deter-
minant of variant pathogenicity.

INTRODUCTION

Replicative DNA polymerases ε (Polε) and � (Pol�) synthe-
size the bulk of DNA on the leading and lagging strands, re-
spectively, with high fidelity (1–4). This is achieved through
correct nucleotide selection, exonucleolytic proofreading of
errors and post-replicative DNA mismatch repair (MMR).
Although the primary role of replicative polymerases is to
synthesize new DNA, the ability to proofread is crucial
to avoid disease-causing mutations. The polymerase must
maintain these two enzymatic activities at an optimal ra-
tio to ensure high replication efficiency and accuracy: exces-
sive proofreading will slow replication while reduced proof-
reading and/or increased polymerase activity will cause
error-prone synthesis (5). Proper levels of dNTPs during S-
phase are also essential for replication fidelity and genome
stability (6–9). Increased dNTP pools can hamper poly-
merase base selectivity, leading to a high rate of mutations
(10–12). Likewise, reduced levels of DNA precursors can
cause genome instability in part through a block in replica-
tion that triggers the recruitment of error-prone translesion
DNA polymerases (7,13,14).

Heterozygous missense mutations affecting the exonucle-
ase domain of Polε are associated with ultramutated can-
cers (15–18). These mutations occur at several hotspots,
with P286 and V411 residues most frequently altered (18).
While the mutations were initially presumed to simply abol-
ish Polε exonuclease activity, in vivo and in vitro studies
found that the consequences to polymerase function are
variable and affect more than proofreading alone (19–25).
For example, Polε variants modeled in yeast produced a
range of mutator phenotypes with most exceeding that of
the pol2-4 mutant which lacks proofreading due to ala-
nine substitutions at the catalytic residues D290 and E292
(19,20,24). Additionally, unlike mice heterozygous for the
Polee allele encoding exonuclease-deficient Polε (26), mice
heterozygous for PoleP286R and PoleS459F mutations model-
ing recurrent cancer-associated variants had robust tumor
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phenotypes (21,23,25). Furthermore, previous work with
a purified catalytic fragment of human Polε demonstrated
that many cancer-associated variants have exonuclease de-
fects (27); however, the extent of exonuclease deficiency does
not correlate with the variant incidence in tumors or with
the mutator phenotype in yeast. Detailed biochemical anal-
ysis of the four-subunit yeast Polε-P301R modeling human
Polε-P286R showed that, in addition to having a marked
exonuclease defect, Polε-P301R was a strikingly hyperac-
tive polymerase (22). This characteristic conferred an in-
creased ability to extend mismatched primer termini and
synthesize on difficult DNA substrates compared to both
wild-type (WT) and exonuclease-deficient (Exo−) Polε (22).
Structural analysis suggested that the bulky arginine side
chain protrudes into the DNA binding cleft of the exonucle-
ase domain, interfering with the proper positioning of the
3′ end of DNA (28). These findings led to a model wherein
the increased polymerase activity results from the inability
of Polε-P286R to accommodate the primer terminus in the
exonuclease active site, which tips the balance away from
proofreading and toward synthesis (22,28). How other re-
current cancer-associated Polε mutations affect the enzyme
function is not fully understood. Particularly, the second
most prevalent V411L variant remained a long-standing
puzzle. Despite the strong evidence of pathogenicity in hu-
mans, it inexplicably failed to produce a detectable mutator
phenotype in yeast (20,24), only minimal effects on exonu-
clease activity were seen in biochemical studies (27), and the
structural impact was elusive.

Here, we use the four-subunit yeast Polε holoenzyme as
a model to assess the biochemical consequences of cancer-
associated variants V411L (yV426L), S459F (yS474F),
F367S (yF382S), L424V (yL439V) and D275V (yD290V).
As observed previously with the truncated human cat-
alytic subunit (27), all variant holoenzymes have exonucle-
ase defects, albeit to varying degrees ranging from minor
to a complete loss of proofreading function. All common
cancer-associated variants have increased polymerase activ-
ity, most notably on challenging DNA substrates. Remark-
ably, the analog of the Polε-V411L was an especially strong
polymerase despite having nearly full exonuclease function,
revealing clues to the basis of its pathogenicity. Structural
analysis suggested that the V411L analog (yV426L) affects
a region important for primer transfer to the exonucle-
ase site. We further show that the altered proofreading-
polymerization balance in Polε-V411L analog strongly in-
creases the rate of replication errors in vivo. These errors are
efficiently corrected by MMR and, thus, were overlooked in
previous studies that used MMR-proficient strains. Lastly,
we show that, unlike WT Polε, hyperactive variants main-
tain strong activity at reduced dNTP concentrations, indi-
cating efficient use of nucleotides. The resistance to dNTP
depletion suggests that hyperactive Polε variants could ben-
efit cancer cells during metabolic stress in two ways: first, by
promoting survival, and second, by preferentially partici-
pating in DNA replication in heterozygous cells, thus en-
hancing the mutator and oncogenic phenotype. Together,
our findings across multiple common Polε variants argue
that, in addition to low fidelity, DNA polymerase fitness is
likely a key determinant of variant pathogenicity.

MATERIALS AND METHODS

Saccharomyces cerevisiae strains and plasmids

The protease-deficient haploid strain FM113 (MATa ura3-
52 trp1-289 leu2-3,112 prb1-1122 prc1-407 pep4-3) (29) was
used to overproduce and purify WT yeast Polε. Exo− Polε
and cancer-associated Polε variants were overproduced and
purified from FM113 derivatives carrying the correspond-
ing mutant allele (pol2-4 (Exo−), pol2-P301R, pol2-S474F,
pol2-F382S, pol2-L439V, pol2-D290V or pol2-V426L) at
the chromosomal POL2 locus. These derivatives were con-
structed by replacing the chromosomal POL2 with the mu-
tant allele by transformation with the URA3-based inte-
grative plasmids YIpJB1 (pol2-4) (30) or YIpDK1 contain-
ing the appropriate POL2 mutation (19,20), followed by se-
lection for the URA3 marker on synthetic complete media
lacking uracil and pop-out of the plasmid through coun-
terselection on media containing 5-fluoroorotic acid. To
overproduce four-subunit WT Polε for purification, FM113
was co-transformed with the galactose-inducible expression
vectors pJL1, carrying POL2, and pJL6, carrying DPB2,
DPB3 and DPB4 (31), followed by selection and main-
tenance on synthetic complete media lacking uracil and
tryptophan. To overproduce mutant Polε variants, the mu-
tations were introduced into the POL2 gene in pJL1 by
site-directed mutagenesis, and FM113 with the appropri-
ate chromosomal POL2 alleles were co-transformed with
pJL1-pol2-x and pJL6.

To examine the interaction of pol2-V426L and mlh1 dele-
tion, the chromosomal POL2 in E134 strain (MAT� ade5-
1 lys2-InsEA14 trp1-289 his7-2 leu2-3,112 ura3-52) was re-
placed with the pol2-V426L allele via transformation with
YIpDK1-pol2-V426L (20) linearized with AgeI, followed
by selection for clones that have lost the integrated plas-
mid on medium containing 5-fluoroorotic acid. MLH1 in
strain 1B-D770 (MATa ade5-1 lys2-Tn5-13 trp1-289 his7-2
leu2-3,112 ura3-4) was disrupted with the LEU2 gene us-
ing plasmid pmlh1�-LEU2 as described in (32). The sin-
gle pol2-V426L and mlh1� mutants were crossed to gener-
ate diploids. The diploids were then sporulated and pol2-
V426L mlh1� double mutant haploids were generated by
tetrad dissection.

Purification of four-subunit Pol� variants

Untagged Polε variants were purified from yeast overpro-
ducing all four subunits by conventional chromatography
as described previously (22,31) with some modifications.
Yeast was grown in three flasks containing 400 ml each of
SCGLA (6.7 g/l yeast nitrogen base without amino acids,
1 g/l glucose, 30 g/l glycerol, 20 g/l lactic acid, amino acids
as for synthetic complete, adjusted to pH 5.5 with sodium
hydroxide) media lacking uracil and tryprophan (SCGLA-
ura-trp) overnight with shaking at 30◦C. The overnight cul-
ture was distributed evenly into 20 flasks containing 400
ml of SCGLA-ura-trp and grown for 24 h with shaking at
30◦C. 400 ml of YPGLA (10 g/l yeast extract, 20 g/l pep-
tone, 1 g/l glucose, 30 g/l glycerol, 20 g/l lactic acid, 20
mg/l adenine, adjusted to pH 5.5 with sodium hydroxide)
was then added to each flask, the cultures were grown for
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4 h, and solid galactose was added to a final concentra-
tion of 2%. After 6 h, wet yeast cells (∼100 g) were har-
vested by centrifugation, resuspended in 36 ml of water, and
frozen dropwise in liquid nitrogen. Frozen yeast pellets were
disrupted using the SPEX SamplePrep 6870 Freezer/Mill
(SPEX SamplePrep, USA). All remaining steps were car-
ried out at 4◦C. The disrupted yeast was thawed, the volume
measured, and a 5× stock of buffer A (150 mM Tris-acetate,
pH 7.8, 50 mM sodium acetate (NaAc), 2 mM ethylene-
diaminetetraacetic acid (EDTA), 1 mM ethyleneglycolte-
traacetic acid (EGTA), 10 mM sodium bisulfite, 1 mM
dithiothreitol (DTT), 5 �M pepstatin A, 5 �M leupeptin,
0.3 mM phenylmethylsulfonyl fluoride, 5 mM benzamidine)
was added to a final concentration of 1× followed by 0.023
g of ammonium sulfate per ml of extract gradually while
stirring and 0.04 ml of 10% polyethylenimine dropwise per
ml of extract. The mixture was stirred for 15 min and then
centrifuged at 39 000 × g for 30 min. Ammonium sulfate
was then added to the supernatant at 0.106 g/ml, followed
by stirring for 45 min and centrifugation at 39 000 × g for 45
min. 0.055 g of ammonium sulfate was then added per ml of
supernatant, followed by stirring for 45 min and centrifuga-
tion at 39 000 × g for 45 min. The supernatant was discarded
and the precipitate containing Polε was resuspended in 50
ml of buffer B50 (25 mM HEPES–NaOH, pH 7.6, 10% glyc-
erol, 1 mM EDTA, 0.5 mM EGTA, 0.005% Nonidet P-40,
1 mM DTT, 5 �M pepstatin, 5 �M leupeptin, 5 mM ben-
zamidine, 5 mM sodium bisulfite and 50 mM NaAc; the
subscript for buffer B indicates the concentration in mM
of NaAc in the buffer), flash frozen in liquid nitrogen and
stored at –80◦C. The next day, the sample was thawed and
dialyzed in snakeskin dialysis tubing (ThermoFischer Sci-
entific) against 2 l of buffer B0 for 2 h, followed by centrifu-
gation at 39 000 × g for 30 min. The supernatant was di-
luted 2-fold with buffer B0, filtered, and loaded onto a 20-
ml SP column (GE, USA) equilibrated with buffer B200 us-
ing a peristaltic pump. The column was washed with buffer
B200 and protein was eluted in 2-ml fractions with a 60-
ml B200–B750 gradient using an AKTA FPLC (GE, USA).
Peak fractions were combined, filtered, and loaded by peri-
staltic pump onto a 5-ml HiTrapQ column (GE, USA) equi-
librated with buffer B540. The loaded column was connected
to the AKTA FPLC, washed with B200, and protein was
eluted in 1-ml fractions with a 40-ml gradient of B200 to
B1200. Peak fractions were pooled, diluted 2-fold with B0,
and injected into a 1-ml Mono S column (GE, USA) pre-
washed with buffer B100. Protein was eluted by a 30-ml gra-
dient of B100 to B1200 and 0.5-ml fractions were collected.
The top two peak fractions were pooled, concentrated us-
ing an Amicon Ultra-0.5-ml 3K centrifugal filter (Millipore,
USA), and injected into a Superdex 200 10/300 GL gel fil-
tration column (GE, USA) prewashed with buffer C (25
mM HEPES–NaOH pH 7.6, 10% glycerol, 1 mM EDTA,
0.005% Nonidet P-40, 400 mM NaAc, 5 mM DTT, 2 �M
pepstatin A, 2 �M leupeptin, 5 mM sodium bisulfite). 0.25-
ml fractions were collected. Peak fractions were aliquoted
into low-protein-binding tubes (Eppendorf), flash frozen in
liquid nitrogen, and stored at –80◦C. Protein concentrations
were measured by the Bradford assay using bovine serum al-
bumin as standard and proteins were appropriately diluted
at desired concentrations in buffer C immediately before use

in reactions. Two independent preparations were obtained
for each Polε variant.

Exonuclease and DNA polymerase assays

For use in exonuclease and polymerase reactions,
oligonucleotide DNA substrates were made by an-
nealing a 1:1 ratio of Cy5-labeled primer P50 (Cy5-
5′-TGGAACTTTGTACGTCCAAAATTGAATGA
CTTGGCCAACTACACTAAGTT-3′) or P51T (Cy5-
5′-TGGAACTTTGTACGTCCAAAATTGAATGA
CTTGGCCAACTACACTAAGTTT-3′) to 80-mer
template T80 (5′-GGTTTTCTTATCGTATCACTTTT
GCCCTGGAACTTAGTGTAGTTGGCCAAGTCA
TTCAATTTTGGACGTACAAAGTTCCA-3′), T80a4T
(5′- GGATTACGAAACGAAGCACATTAGCCCT
GGAACTTAGTGTAGTTGGCCAAGTCATTCAAT
TTTGGACGTACAAAGTTCCA-3′), or T80H (5′-
GGTTTTCTTGGGCAATCACTTTTGCCCTGGAACT
TAGTGTAGTTGGCCAAGTCATTCAATTTTGGA
CGTACAAAGTTCCA-3′) in 150 mM NaAc pH 7.8 by
heating for 2 min at 92◦C and slowly cooling to room
temperature for 2–3 h. The BsaJI restriction site in T80
and T80H (see section below) is underlined and the 6-nt
inverted repeat in T80H is bolded in the above sequences.
Exonuclease activity was also assessed using the P50
single-stranded primer alone. 10-�l exonuclease reactions
contained 0.05 mg/ml bovine serum albumin, 40 mM
Tris–HCl pH 7.8, 125 nM NaAc pH 7.8, 1 mM DTT, 8 mM
magnesium acetate (MgAc2), and oligonucleotide substrate
and Polε at the indicated concentrations. For DNA poly-
merase assays, reactions also included dNTPs at S-phase
concentrations (30 �M dCTP, 80 �M dTTP, 38 �M dATP,
26 �M dGTP) (33) unless indicated otherwise. Reactions
were incubated at 30◦C for the times indicated. To dis-
tinguish between proofreading and mismatch extension
in reactions where the primer had a non-complementary
3′ end, the reaction products were digested with 10 units
of BsaJI at 60◦C for 1 h. Reactions were quenched on ice
by the addition of an equal volume of 2× loading buffer
containing 95% deionized formamide, 25 mM EDTA, and
0.025% Orange G. After boiling for 10 min and cooling on
ice, 6 �l of the mixture was subjected to electrophoresis in a
10% denaturing polyacrylamide gel containing 8 M urea in
1× TBE. The gel was scanned on a Typhoon fluorescence
imager (GE Healthcare) and products were quantified
using ImageQuant.

Mutation rate and spectra

The rate of spontaneous mutation to canavanine resistance
(Canr) and reversion of his7-2 allele was measured by fluctu-
ation analysis as previously described (20). For mutational
spectra analysis, individual colonies of pol2-V426L mlh1�
isolates were patched on rich yeast extract peptone dextrose
medium supplemented with 60 mg/l adenine and 60 mg/l
uracil, grown for two days at 30◦, and replica-plated onto
synthetic complete medium containing L-canavanine (60
mg/l) and lacking arginine to select for Canr mutants. One
Canr colony was picked from each patch, and the CAN1
gene was amplified by PCR and Sanger-sequenced.
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Purification, crystallization, and data collection of V426L
and L439V mutants of Pol2CORE

The V426L and L439V mutations were introduced by site-
directed mutagenesis into the pET28a vector containing
the catalytic part of the Pol2 subunit of Polε (Pol2CORE,
residues 1–1187) (a kind gift from Aneel K. Aggarwal (34).
The mutant proteins were purified as previously described
in (28). The ternary complex (protein-DNA-dATP) of the
mutants was formed with 11ddC/16 primer–template DNA
in the presence of Ca2+ to inhibit DNA degradation by
the exonuclease domain. The crystals were obtained using
hanging-drop vapor diffusion technique under conditions
containing 50 mM MES, 150 mM NaAc and 8% PEG20K
in the reservoir. For data collection at –80◦C the crystals
were frozen in liquid nitrogen after it was equilibrated with
the well solution containing 15% glycerol. The complete
datasets for V426LPol2CORE and L439VPol2CORE were col-
lected using ID23-1 beamline at ESRF (Grenoble, France)
and BioMAX beamline at MaxIV (Lund, Sweden), re-
spectively. The V426LPol2CORE and L439VPol2CORE crystals
diffracted to 2.6 and 2.46 Å with different space groups P2
and C2 (Supplementary Table S1), respectively.

Structure determination and refinement

Phaser (35) was used to solve the structure of V426LPol2CORE
and L439VPol2CORE by molecular replacement technique us-
ing 4m8o (36) as the molecular replacement model. The
V426LPol2CORE dataset processed in P2 space group gave a
Mathews coefficient (VM) of 2.65 Å2/Da with 53.5% sol-
vent content, which suggested two ternary complexes in
the asymmetric unit. Coot (37) and the Phenix package
(38) were used for model building and refinement of the
structures, respectively. The final refined structures con-
tain >95% of residues in the most favored regions of the
Ramachandran plot (Supplementary Table S1), and the
model was validated by using Coot (37) and Mol Pro-
bity (39). PyMol was used to superimpose the structures.
The crystal structures of V426LPol2CORE (PDB ID: 7r3y)
and L439VPol2CORE (PDB ID: 7r3x) were superimposed with
Pol2CORE (PDB ID: 6fwk) (28) with a root mean square
deviation (r.m.s.d.) of 0.4 Å for 985 C� atoms. Struc-
tural superimposition over the exonuclease domain of 6fwk
(28) gave rmsd of 0.23 Å and 0.31 Å (214 C� atoms) for
L439VPol2CORE and V426LPol2CORE, respectively. The overall
structures of the exonuclease domains are thus not affected
by the V426L or L439V change.

RESULTS

Purification of Pol� variants

We purified four-subunit yeast Polε carrying S474F
(hS459F), F382S (hF367S), L439V (hL424V), D290V
(hD275V) and V426L (hV411L) amino acid substitutions,
as well as WT Polε, Exo− Polε and the previously studied
Polε-P301R (hP286R). The altered amino acid residues are
located in the exonuclease domain and are conserved be-
tween human and yeast Polε (Figure 1A).

We aimed to create a comprehensive picture of how vari-
ants with a range of mutator effects (20) impact Polε func-

tion. P301R, S474F, F382S, L439V, and D290V substitu-
tions increased the mutation rate 150×, 30×, 17×, 5.2× and
2.3× over WT, respectively, and the magnitude of increase
generally correlated with variant incidence in tumors (Fig-
ure 1B). The mutator effects of P301R, S474F, F382S and
L439V exceed that of proofreading deficiency. In contrast,
strains with the D290V substitution in the ExoI motif have
the same mutator phenotype as the exonuclease-dead pol2-
4 mutant, which is unsurprising since D290V eliminates the
same catalytic residue that is mutated in pol2-4. We hypoth-
esized that the D290V substitution would not have any ad-
ditional biochemical consequences beyond disrupting ex-
onuclease activity and could help highlight differences be-
tween variants that confer mutator effects beyond proof-
reading deficiency and variants that do not. Of note, unlike
other variants in this group, the human analog of L439V
(hL424V) is frequently seen as a germline mutation in pa-
tients with congenital cancer predisposition. It appears to
account for most cases of POLE-mutant familial cancer
(18,40,41). The moderate mutator effect of L439V substitu-
tion in yeast (Figure 1B) cannot explain the uniquely high
incidence of hL424V in the hereditary cancer syndrome;
therefore, it was interesting to determine whether this vari-
ant had unique biochemical properties. The last variant we
selected, V426L, was of high interest because of the scarcity
of evidence for the functional consequences of this sub-
stitution despite several indications that the highly recur-
rent human analog (hV411L) is likely pathogenic. All tu-
mors carrying the V411L mutation: (a) have extremely high
mutation burdens characteristic of POLE-mutated tumors
(27,42–44), (b) carry the mutational signature associated
with POLE mutations (27,43,45), (c) are associated with
high neoantigen load, high levels of tumor-infiltrating lym-
phocytes, and excellent prognosis, which is characteristic of
ultramutated tumors with other POLE mutations (46–50),
and (d) are exceptional responders to immunotherapy, sim-
ilar to other POLE-mutated tumors (51,52). One report of
colorectal cancer in a pediatric patient harboring a germline
POLE-V411L mutation further suggested that the mutation
could be highly pathogenic (53). The lack of evidence for a
mutator phenotype in model systems was, therefore, puz-
zling and warranted a more thorough functional analysis.

The eight Polε variants were purified as four-subunit
holoenzymes with the correct stoichiometry, indicating that
interaction with accessory subunits was not affected by the
mutations (Supplementary Figure S1). All Polε prepara-
tions contained similar fractions of active enzyme (see Sup-
plementary Methods and Supplementary Figure S2).

Cancer-associated Pol� variants have a range of exonuclease
defects

We first assessed 3′→5′ exonuclease activity of Polε variants
on single-stranded (P50, Figure 2A) and double-stranded
primer-template (P50/T80, Figure 2B) oligonucleotide sub-
strates. As expected from previous work (22,30,54), Exo−
Polε lacked exonuclease activity while Polε-P301R showed
a severe, although not complete, proofreading defect com-
pared to WT Polε. Predictably, the ExoI motif variant
Polε-D290V was exonuclease-dead due to the disruption
of a catalytic residue. Polε-S474F was also completely de-
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Figure 1. Characteristics of cancer-associated Polε variants used for biochemical studies. (A) Schematic of POLE showing the location of variants studied
in this work with the alignment of amino acid sequences of human POLE and yeast Pol2 surrounding the mutation sites shown below. All variants occur
at highly conserved residues in the exonuclease domain. (B) The mutator effect of each variant modeled in S. cerevisiae is shown above the x-axis and
incidence per 10 000 tumors is shown below. Mutation rate data are from (19) and (20). POLE variant frequency was calculated from published studies
(>20 000 tumors; Supplementary Table S2).

void of exonuclease activity. The remaining variants, Polε-
F382S, Polε-L439V and Polε-V426L, retained various de-
grees of exonuclease function, with higher activity ob-
served on single-stranded (Figure 2A) compared to double-
stranded (Figure 2B) DNA. For the variants that had resid-
ual exonuclease activity, the extent of exonuclease deficiency
correlated with the mutator effects produced in yeast (Fig-
ure 1B). Polε-V426L lacking a detectable mutator effect re-
tained the most exonuclease function, degrading nearly as
much DNA substrate as WT Polε (Figure 2). Thus, the
consequences of cancer-associated mutations for Polε ex-
onuclease activity are highly variable, in agreement with
results obtained with truncated human Polε variants (27).
Furthermore, we see that Polε variant incidence in cancer

and perceived pathogenicity does not directly correspond
to the severity of the exonuclease defect. This is perhaps
best exemplified by the completely exonuclease-dead Polε-
D290V mimicking the rare human Polε-D275V variant and
the nearly fully exonuclease-proficient Polε-V426L mimick-
ing the highly recurrent Polε-V411L (Figure 1B).

Cancer-associated Pol� variants have increased DNA poly-
merase activity

Previous work showed that the yeast Polε-P301R mimick-
ing the recurrent human Polε-P286R had substantially in-
creased DNA polymerase activity compared to WT Polε
and Exo− Polε (22). We sought to determine whether this
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Figure 2. Exonuclease defects of cancer-associated Polε variants. Exonuclease activity was assessed using 25 nM P50 single-stranded (A) and P50/T80
partially double-stranded (B) oligonucleotide substrates and 3.125 nM Polε. Oligonucleotide sequences are shown above each gel. The fraction of 50-mer
remaining is quantified below each lane. The gels shown are representative of three independent experiments. Cancer-associated Polε variants are in order
of decreasing mutator effect starting with Polε-P301R as observed in (20).

property is shared by the multiple other Polε variants
present in human tumors. We examined DNA synthesis by
the Polε variants described above using the P50/T80a4T
oligonucleotide substrate. Exo− Polε showed slightly higher
activity than WT Polε, suggesting that the absence of proof-
reading per se is somewhat beneficial for synthesis on this
DNA substrate (Figure 3A, B), likely because Exo− Polε
does not undergo gratuitous cycles of nucleotide incorpo-
ration and excision. Markedly, nearly all cancer-associated
Polε variants showed considerably higher polymerase activ-
ity compared to Exo− Polε, as seen by the greatly increased
accumulation of full-length products (Figure 3A, B). No-
tably, Polε-V426L was one of the strongest polymerases de-
spite having nearly full exonuclease activity, providing long-
sought-after evidence of a prominent functional conse-
quence of this variant. The fact that Polε-V426L shares the
property of increased polymerase activity with the known
recurrent pathogenic variants suggests that the increased
activity may be relevant to the pathogenicity of the hu-
man V411L mutation. The ExoI motif variant Polε-D290V

was the exception to other cancer-associated variants, hav-
ing comparable polymerase activity to Exo− Polε (Figure
3A, B). This was not unexpected as the same catalytic car-
boxylate is altered in Polε-D290V and Exo− Polε. The
greatly increased synthesis by variants that retain exonu-
clease activity (Polε-P301R, Polε-F382S, Polε-L439V, Polε-
V426L) compared to Exo− Polε implies that the increased
polymerase activity is a property separate from decreased
proofreading and is not simply due to reduced nucleotide
turnover. This is further illustrated by the poor correlation
between exonuclease and polymerase activities among the
Polε variants (Figure 3C).

Mismatch extension by cancer-associated Pol� variants

Mutation generation during replication requires the inser-
tion of an incorrect nucleotide to be followed by exten-
sion of the mismatched primer terminus. Replicative poly-
merase errors rarely lead to mutations in part because mis-
match extension is much slower than proofreading. We pre-
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Figure 3. Increased DNA polymerase activity of cancer-associated Polε variants. (A) DNA polymerase activity was analyzed using 25 nM P50/T80a4T
oligonucleotide substrate and 1 nM Polε. The oligonucleotide substrate sequence is shown above the gel. The gel is representative of three independent
experiments. (B) The fraction of products greater than 78 nt was quantified (averages of three experiments). Error bars denote standard error. Asterisks
indicate P < 0.05 as determined by one-way ANOVA with post-hoc Tukey test. (C) Lack of correlation between exonuclease and polymerase activities of
Polε variants. Percent primer degraded at 10 min incubation (from Figure 2B) is plotted on x-axis, and percent full-length product at 0.2 min incubation
(from panel A) is plotted on y-axis.

viously showed that the strong Polε-P301R mutator extends
mismatched primer termini more efficiently than WT Polε
and Exo− Polε (22). We sought to determine whether other
cancer-associated mutator Polε variants had increased mis-
match extension ability. The P51T/T80 primer-template
substrate containing a 3′ terminal G–T mismatch was used
in these experiments. Since most variants retain residual
proofreading, full-length products could be produced on
this substrate via extension of the mismatched primer or, al-
ternatively, excision of the terminal T followed by extension
of the resulting correctly matched primer. The P51T/T80
substrate contains a BsaJI restriction site at the primer-
template junction that allows us to distinguish between
these two outcomes (Figure 4; (22)). Products where the
mismatched T is proofread are sensitive to BsaJI digestion,
whereas extension of the mismatch destroys the restriction
site and renders the products resistant to cleavage. To de-
termine the propensity for each variant to extend vs. excise
the mismatch, we first incubated Polε with the P51T/T80
substrate at a 1:8 ratio in the presence of normal S-phase
dNTP concentrations for 30 min to allow for complete pro-
cessing of all available substrate. BsaJI digestion of prod-
ucts revealed that, among variants that retain exonuclease
activity, only Polε-P301R extended the mismatched primer
more frequently than WT Polε (Figure 4, left). 71% of prod-
ucts generated by Polε-P301R resulted from mismatch ex-
tension compared to just 10% in WT Polε reactions, as we

previously observed (22). All other Polε variants retaining
partial exonuclease function, Polε-F382S, Polε-L439V, and
Polε-V426L, proofread the mismatch nearly as frequently
as WT Polε, with 89%, 89% and 86% of products, respec-
tively, resulting from proofreading followed by extension.
Exonuclease-deficient variants Exo− Polε, Polε-S474F and
Polε-D290V extended the mismatch in 100% of cases, as
expected (Figure 4, left). The faint band at the 52-nt posi-
tion after BsaJI digestion likely results from primer slippage
leading to incorporation of an additional T across from the
upstream A’s, as discussed previously (22). A time course
of BsaJI-resistant product accumulation, which allowed di-
rect comparison of mismatch extension by Exo+ and Exo−
variants showed that all cancer-associated Polε variants ex-
tend mismatched primers more efficiently than WT Polε,
but only Polε-P301R was significantly more efficient than
Exo− Polε (Supplementary Figure S3). Together, these re-
sults indicate that with most Polε variants retaining residual
exonuclease activity, proofreading is favored over mismatch
extension at dNTP concentrations present in unperturbed
S-phase.

The comparable mismatch extension capacity of Exo−
Polε and the recurrent cancer variants was somewhat unex-
pected since mutator effects of these variants in vivo exceed
that of the exonuclease-deficient pol2-4 strain. We and oth-
ers have shown previously that replicative DNA polymerase
errors can activate cell cycle checkpoint leading to the ex-
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Figure 4. Mismatch processing by Polε variants. 3.125 nM Polε was incubated with 25 nM P51T/T80 containing a G-T mismatch at the 3′ primer terminus
for 30 min at 30◦C in the presence of dNTP concentrations corresponding to S-phase (left) and checkpoint-induced (right) levels. The checkpoint dNTPs
were as estimated in (33) (114 �M dCTP, 266 �M dTTP, 171 �M dATP, 91 �M dGTP). Products were digested with BsaJI to determine the fraction of
mismatch correction vs. extension. The presence of a 51-nt band after restriction digest indicates mismatch correction; products >62-nt remaining after
BsaJI digest indicate mismatch extension. The fraction of products > 62-nt in BsaJI-digested samples is shown below the gel. Area corresponding to 52- to
62-nt-long products was excluded from quantification, because these products represent termination of synthesis before the BsaJI restriction site sequence
and the adjacent nucleotides are copied. Representative images of three independent experiments are shown. The percentage of mismatch extension events
for cancer variants relative to the percentage of mismatch extension events in WT Polε reactions is plotted below each gel.

pansion of intracellular dNTP pools (33,55). We, therefore,
determined the relative efficiency of mismatch extension
vs. proofreading by Polε variants at dNTP concentrations
present in yeast cells with a constitutively activated check-
point (33). Mismatch extension by the cancer variants was
greatly improved under these conditions, particularly for
Polε-P301R and Polε-F382S, where 91% and 32% of prod-
ucts, respectively, represented mismatch extension, Figure
4, right. These results support the view that robust mutator
phenotypes of cancer-associated Polε variants are mediated
by the increased ability to extend mismatch primer termini
and suggest that checkpoint activation could augment mu-
tator activity.

Hyperactive Pol� variants efficiently bypass secondary struc-
tures

Certain repeat sequences, when present in single-stranded
DNA during replication, repair, and transcription, can
form non-B DNA structures such as hairpins, triplexes, and

G quadruplexes (56). These secondary structures can im-
pede replication and lead to genomic instability. DNA poly-
merases are expected to frequently encounter transient hair-
pin structures produced by short inverted repeats, which
are abundant in the human genome (57). We previously
showed that hairpin structures with stems as short as 4-
to 6-nt can impede replicative polymerases in vitro (22,58)
and that the hyperactive Polε-P301R is capable of bypass-
ing such structures (22). To test the ability of other cancer
variants to bypass secondary structures, we examined DNA
polymerase activity on the P50/T80H substrate with a tem-
plate containing 6-nt inverted repeats predicted to form a
hairpin 3 nt downstream of the primer terminus (Figure
5A). WT Polε was inhibited by the hairpin, primarily us-
ing its exonuclease activity to degrade the primer and gen-
erating only a small amount of full-length product. Exo−
Polε showed greater hairpin bypass activity compared to
WT Polε, as seen previously (22) and consistent with ear-
lier studies showing that exonuclease inactivation improves
strand displacement activity of Polε (59). The ExoI mo-
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Figure 5. Bypass of hairpin DNA structures by Polε variants. (A) DNA polymerase activity was assayed using 2 nM Polε and 25 nM P50/T80H oligonu-
cleotide substrate containing a 6-bp inverted repeat in the template, shown above the gel. A representative gel image from four independent experiments
is shown. Hairpin bypass was quantified as the fraction of products greater than 71 nt and averages from four independent experiments are shown. Error
bars denote standard error. Asterisks indicate P < 0.05 as determined by one-way ANOVA with post-hoc Tukey test. (B) DNA polymerase activity was
assayed with 3.125 nM Polε and 25 nM P51T/T80H oligonucleotide substrate containing a G-T mismatch at the primer terminus and a 6-bp inverted
repeat in the template, shown above the gel. A representative image from three independent experiments is shown. The fraction of products greater than 71
nt was quantified. Averages from three independent experiments are shown. Error bars denote standard error. Asterisks indicate P < 0.05 as determined
by one-way ANOVA with post-hoc Tukey test. (C) The correlation between the percent of primer degraded in the exonuclease assay on P50/T80 substrate
at 10 min incubation (x-axis, from Figure 1) and percent hairpin bypassed on P51T/T80H at 10 min incubation (y-axis, from panel B). (D) The relative
efficiency of mismatch extension versus proofreading on P51/T80H was determined by incubating the DNA substrate with the polymerases for 30 min
and digesting the reaction products with BsaJI as in Figure 4.
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tif variant Polε-D290V produced similar amounts of full-
length product to Exo− Polε (Figure 5A). With all other
cancer-associated Polε variants, the hairpin bypass was in-
creased in comparison to Exo− Polε, albeit to a variable de-
gree. Polε-S474F and Polε-V426L showed moderately in-
creased bypass, while Polε-F382S and Polε-L439V had sig-
nificantly higher activity comparable to that of Polε-P301R
(Figure 5A). Overall, the increased ability to copy alter-
natively structured DNA appears to be a common prop-
erty of recurrent cancer-associated variants. The net effi-
ciency of bypass is likely determined by the dynamic inter-
play of several factors. The first is the severity of the ex-
onuclease defect, with exonuclease activity contributing to
idling at the hairpin base and inhibiting bypass. The sec-
ond is the increase in DNA polymerase activity, which pro-
motes the bypass. For example, Polε-V426L has very strong
polymerase activity but also powerful exonuclease activity;
Polε-S474F is fully exonuclease-deficient but has somewhat
lower polymerase activity than most cancer-associated vari-
ants; both Polε-V426L and Polε-S474F show only moder-
ately increased hairpin bypass. In contrast, polymerase and
exonuclease activities appear to be most optimally balanced
for hairpin bypass in Polε-P301R, Polε-F382S, and Polε-
L439V. In addition to the ratio of polymerase and exonu-
clease activities, Polε variant-specific interactions with the
hairpin-containing DNA may also play a role in the effi-
ciency of bypass.

We previously showed that the hyperactivity of Polε-
P301R was best revealed on the challenging P51T/T80H
substrate containing a G–T mismatch at the primer termi-
nus and the putative hairpin in the template (22). Therefore,
we investigated how other Polε variants process this difficult
substrate. Synthesis by WT Polε was significantly blocked,
and hydrolysis products predominantly formed, indicating
enzyme idling at the hairpin base (Figure 5B). Synthesis
by proofreading-deficient Exo− Polε, Polε-S474F and Polε-
D290V was completely hindered, as observed previously
with Exo− Polε (22). Conversely, like Polε-P301R, variants
with residual exonuclease activity efficiently bypassed the
hairpin and showed considerably higher activity compared
to WT Polε (Figure 5B). Notably, the efficiency of hairpin
bypass by cancer-associated Polε variants correlated with
the amount of residual exonuclease (Figure 5C), with Polε-
V426L being among the variants with the greatest activity
(Figure 5B, C). Thus, residual proofreading in addition to
increased polymerase activity provides an advantage on this
DNA substrate. BsaJI digestion of the full-length reaction
products showed that the mismatch was corrected approx-
imately 95% of the time before synthesis proceeded (Fig-
ure 5D). These results underscore the powerful and versatile
polymerizing properties of cancer-associated Polε variants
that combine enhanced polymerase activity with the capac-
ity to proofread.

Pol�-V426L produces a strong mutator effect in MMR-
deficient yeast

We and others found previously that pol2-V426L mimicking
the highly recurrent and almost undoubtedly pathogenic
POLE-V411L variant confers no detectable mutator phe-
notype in yeast (20,24). The lack of a mutator effect is

even more perplexing in view of the biochemical data
presented in the previous sections. While Polε-V426L re-
tains nearly full exonuclease activity, the increase in DNA
polymerase activity shifts the proofreading-polymerization
balance severely toward polymerization. Polε-V426L per-
forms significantly less hydrolysis than WT Polε even when
synthesis is impeded by DNA secondary structures (Fig-
ure 5). DNA polymerases with a decreased proofreading-
polymerization ratio are predicted to be mutators (5). We
hypothesized that the mutator effect of pol2-V426L has
been obscure because the earlier studies were conducted in
MMR-proficient strains where the vast majority of Polε-
V426L errors could be corrected. To determine whether the
V426L substitution, in fact, increases the rate of replica-
tion errors in vivo, we studied the effects of pol2-V426L on
the rate of spontaneous mutation in strains lacking MLH1.
While pol2-V426L did not affect mutagenesis in the MMR-
proficient control strain, the combination of pol2-V426L
with the mlh1 deletion resulted in a dramatic increase in the
mutation rate over levels observed in the single mlh1 mutant
(Figure 6A, B; Supplementary Table S3). Thus, pol2-V426L
mutation strongly reduces Polε fidelity in vivo. This obser-
vation reconciles the biochemical properties of Polε-V426L
with its cellular effects and also resolves the discrepancy be-
tween the mutator studies in yeast and clinical data.

Other yeast pol2 mutators also interact synergistically
with MMR defects (20,60–65), consistent with the view
that MMR corrects a majority of Polε errors. However,
pol2-V426L represents an unusual case where MMR com-
pletely masks a fairly strong replication error phenotype. To
determine what types of errors Polε-V426L generates, we
characterized the spectrum of spontaneous can1 mutations
arising in pol2-V426L mlh1� strains (Figure 6C; Supple-
mentary Figure S4). More than half of the mutations were
single-base indels in poly(A)/poly(T) runs, which MMR
is known to repair efficiently (60). An earlier study also
noted an accumulation of indels in poly(A)/poly(T) runs in
MMR-deficient pol2-4 and pol2-L439V strains (24). A sig-
nificant fraction of Polε-V426L-generated mutations, how-
ever, were base substitutions, primarily GC >AT transitions
and GC >TA transversions at GG dinucleotides. This mu-
tational specificity has been observed previously in replica-
tive polymerase mutants and upon treatment of wild-type
cells with mutagenic base analogs (33,66–69). To our knowl-
edge, the efficiency of MMR at GG doublets has not been
specifically assessed. In at least two experimental models
where replication errors were amenable to MMR, base sub-
stitutions at GG sequences were still abundant in MMR-
proficient cells (66,69), indicating that the corresponding
mispairs are not completely removed. Thus, factors other
than mutation type and DNA sequence context may con-
tribute to the efficient correction of Polε-V426L errors.

V426L substitution affects a region important for primer
transfer to the exonuclease site

It has been previously noted that the side chain of V426 is
unlikely to contact the DNA bound in the exonuclease ac-
tive site (20,43,70). Our finding of the robust exonuclease ac-
tivity of Polε-V426L (Figure 2) is consistent with this view.
Curiously, V426 is positioned in a conserved �-helix that is
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Figure 6. Synergistic interaction of pol2-V426L and MMR deficiency. (A and B) Rates of Canr mutation and His+ reversion in haploid yeast strains
carrying chromosomal pol2-V426L and/or mlh1� alleles. Data are medians and 95% confidence intervals from Supplementary Table S3. Fold increases
over the wild-type strain are shown above the bars. (C) The spectrum of spontaneous can1 mutations in pol2-V426L mlh1� strain. Indels are shown in
yellow and base substitutions in grey. The location of mutations in the CAN1 sequence is shown in Supplementary Figure S4.

affected in an active-site-switching variant of T4 DNA poly-
merase isolated in a screen for polymerases with reduced
dNTP turnover (71) (Supplementary Figure S5). This T4
Pol variant contains an insertion of an extra amino acid
residue (Leu) between residues L271 and D272 and confers
a mutator phenotype (71). We solved a crystal structure of
the catalytic core of Polε-V426L (amino acids 1–1186) that
contains both DNA polymerase and exonuclease domains.
In the wild-type Polε, V426 is buried in a hydrophobic
pocket, composed of W425, L432, F377, F423 and V442,
which come from a helix-loop-helix motif (Figure 7A–C).
The nine-residue-long loop provides a surface to interact
with the DNA backbone, both in the polymerase and the
editing mode (Figure 7B). These residues are centrally lo-
cated between the polymerase and exonuclease active sites
directly on the path that DNA must follow as it partitions
between the two sites (Figure 7A, B). The V426L substitu-
tion does not introduce any significant structural changes in
the surrounding residues, but it may reduce the flexibility to
the helix-loop-helix motif, as the slightly more hydropho-
bic leucine packs tighter compared to valine (Figure 7C).
A reduced flexibility of this region may impair the primer
transfer to the exonuclease site.

Among other mutants we analyzed, Polε-L439V retained
substantial exonuclease activity, and L439 is located in the
second helix of the same helix-loop-helix motif that carries
V426 (Figure 7B). Thus, we also investigated the structural
impact of the L439V substitution. There are two possibil-
ities by which L439V may influence Polε function. Firstly,
the valine 439 does not reach as deep into a hydrophobic
pocket as the leucine does (Figure 7D). This may affect
the interaction between the helix and the core of the ex-
onuclease domain, and that may in turn affect interaction
between the loop region in the helix-loop-helix motif and
single-stranded DNA during the transfer of DNA between
the polymerase and exonuclease site. Secondly, compared
to leucine, the valine is located closer to the DNA when
bound in the exonuclease site and could possibly, through

the hydrophobic properties, lower the affinity of the DNA
for the exonuclease site (Figure 7E). This dual structural ef-
fect is consistent with the observation that the L439V sub-
stitution reduces the exonuclease activity of Polε more than
V426L.

In summary, unlike other cancer-associated variants,
V426L and L439V substitutions affect two helices of the
same helix-loop-helix motif that appears to be involved in
the efficient switch between the exonuclease and polymerase
sites.

Hyperactive Pol� variants tolerate low dNTP concentrations

The enhanced polymerase activity of cancer-associated Polε
variants with reduced proofreading suggests that they effi-
ciently use nucleotides rather than wasting them through
repetitive dNTP insertion and excision. This was partic-
ularly evident on difficult DNA substrates (Figure 5 and
(22)). We hypothesized that efficient nucleotide use by hy-
peractive Polε variants would facilitate DNA synthesis
when dNTP supply is low. To test this hypothesis, we stud-
ied DNA polymerase activity on the P50/T80a4T substrate
in the presence of decreasing concentrations of dNTPs
while maintaining the S-phase dNTP ratio. All polymerases
were mostly impervious to reduced nucleotides until lev-
els reached half of normal concentrations (Figure 8). Upon
further dNTP reduction, WT Polε became increasingly im-
paired, synthesizing half the amount of full-length prod-
ucts when dNTP concentrations dropped to 50% of S-phase
levels and becoming nearly incapable of producing full-
length products at 10% S-phase dNTPs (Figure 8). Exo−
Polε and the ExoI motif variant Polε-D290V were more
tolerant to reduced dNTP concentrations, remaining unaf-
fected at 50% and 35% dNTPs and synthesizing approxi-
mately 15-fold and 10-fold more full-length product than
WT Polε, respectively, at 20% dNTPs. Thus, the absence of
proofreading per se is beneficial when dNTP levels are low.
However, hyperactive cancer-associated variants were con-
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Figure 7. Insights from structures of Polε-V426L and Polε-L439V. (A) Surface representation of the finger and palm domain with the polymerase active
site (light brown) and the exonuclease domain (pink) (PDB ID: 6fwk). DNA is shown in orange cartoon as it would bind to each active site. In the absence
of a structure of Polε in the editing mode, the ssDNA was modelled into the exonuclease site of Pol2CORE by superimposing the exonuclease domain of
a euryarchael B family DNA polymerase with single-stranded DNA bound in the exonuclease site (PDB ID: 4flw (86)). Amino acids L439 and V426 are
shown in red sticks to illustrate that they are located in the trajectory for the switch of the primer terminus between the polymerase and exonuclease sites.
(B) The V426 and L439 are located in a helix-loop-helix motif (blue) that is positioned where the primer terminus is transferred between the polymerase
and exonuclease site. Metals bound to the active sites are shown in green. (C) The crystal structure of V426LPol2CORE (PDB ID: 7r3y) (pink) superimposed
on the WT exonuclease domain of Pol2CORE (PDB ID: 6fwk) (blue). Amino acids V426 and L426 (red sticks) are buried in a hydrophobic pocket between
the two helices of the helix-loop-helix motif that is located in the trajectory of the primer-end during the switch between the polymerase and exonuclease
sites. (D) The crystal structure of L439VPol2CORE (PDB ID: 7r3x) (light blue) superimposed on the WT exonuclease domain of Pol2CORE (PDB ID: 6fwk)
(blue) shows that L439 reaches further into a hydrophobic pocket when compared to V439. (E) Alignment of the WT exonuclease domain of Pol2CORE
(PDB ID: 6fwk) and the exonuclease domain of L439VPol2CORE (PDB ID: 7r3x) shows that valine is located at a less favorable distance from the DNA,
suggesting that DNA may have a lower affinity for the exonuclease site of Polε-L439V. The DNA (blue) is positioned based on an energy minimized MD
simulation (28).

siderably more tolerant to reductions in dNTP concentra-
tions compared to both WT Polε and Exo− Polε. The most
striking and significant differences were observed at 20%
dNTPs, where Polε-P301R, Polε-F382S, Pol-S474F, Polε-
L439V, and Polε-V426L synthesized approximately 46-fold,
44-fold, 30-fold, 29-fold and 26-fold more full-length prod-
ucts than WT Polε, respectively (Figure 8). Remarkably,
Polε-P301R and Polε-F382S continued to maintain robust
DNA synthesis when dNTP concentrations fell to 10% of
normal levels and generated comparable amounts of full-
length product to what WT Polε produced at physiological
S-phase dNTPs (Figure 8). These data reinforce our con-
clusion that recurrent cancer-associated Polε variants are
hyperactive at normal S-phase dNTP levels, and also reveal
that the differences in activity between WT Polε and cancer-
associated Polε variants are greatly amplified under condi-
tions of replication stress.

DISCUSSION

Over a dozen mutations in the exonuclease domain of
Polε are unequivocally associated with ultramutated tu-
mors. It is evident from genetic and biochemical studies
that the mutations alter more than just the proofread-
ing function of the polymerase (19–22,24). What these
additional consequences are remained unknown for most
recurrent cancer-associated Polε variants. The biochemi-
cal analyses presented here demonstrate that the effects
of mutations on Polε function are highly variable. Some
Polε variants are completely devoid of exonuclease activity
while many maintain residual proofreading function. Ad-
ditionally, most Polε variants exhibit significantly increased
DNA polymerase activity compared to WT Polε and Exo−
Polε, particularly on difficult DNA substrates contain-
ing replication-blocking hairpins. Strikingly, the cancer-
associated Polε variants were profoundly resilient under
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Figure 8. Efficient synthesis by cancer-associated Polε variants at reduced dNTP levels. (A) Reactions were performed with 25 nM P50/T80a4T oligonu-
cleotide substrate and 1 nM Polε for 1 min. Fold changes in dNTP concentrations are indicated above the gel (the S-phase ratio of individual dNTPs was
maintained in all reactions). A representative image from four independent experiments is shown. PR is Polε-P301R; SF is S474F; FS is F382S; LV is
L439V; DV is D290V; and VL is V426L. (B) The fraction of products greater than 78-nt was quantified, and averages of four independent experiments
were plotted. Error bars denote standard error. Asterisks indicate P < 0.05 compared to WT as determined by one-way ANOVA with post-hoc Tukey test.

conditions of reduced dNTP levels in stark contrast to WT
Polε.

Detailed biochemical and structural analysis of Polε-
P301R suggested a model wherein an increase in the
polymerization/proofreading ratio results from protrusion
of the bulky arginine side chain into the space typically oc-
cupied by the 3′-terminal nucleotide during proofreading.
This impedes access of the DNA to the exonuclease ac-
tive site and forces the polymerase to stay in the synthesis
mode, thereby enabling efficient mismatch extension and,
consequently, a strong mutator effect (22,28). In contrast,
the catalytic residue variants Exo− Polε and Polε-D290V

do not show a dramatic increase in polymerase activity or a
high mutator effect. We proposed that, in the catalytically-
dead enzymes, the primer terminus can still be partitioned
from the polymerase active site to the exonuclease active
site, which slows replication and prevents efficient mismatch
extension (22). The increased polymerase activity of other
cancer-associated Polε variants with residual proofreading
(Polε-L439V, Polε-F382S, and Polε-V426L) suggests that,
like Polε-P301R, they have a greater capacity to form poly-
merase complexes and a reduced ability to form exonucle-
ase complexes. The precise mechanisms and extent of this
shift, however, may differ among Polε variants depending
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on the nature of the amino acid substitution and its loca-
tion in the exonuclease domain. The structure of yeast Polε
suggests that many amino acid residues altered in cancer, in-
cluding L424 (yL439) and F367 (yF382), are positioned at
the surface of the DNA binding cleft and could contact the
DNA during proofreading (20). Changes to these residues
are expected to affect the ability of the exonuclease domain
to accommodate the primer terminus. The reduced capac-
ity to form exonuclease complexes could be due to factors
other than the mutated residue occupying too much space.
For example, disruptions of DNA-protein interactions that
aid in capturing or stabilizing the primer terminus in the ex-
onuclease site could increase the rate of DNA partitioning
back to the polymerase domain (5). In contrast, changes of
residues that are not predicted to contact the DNA in the
exonuclease site, such as V411L (yV426L) must alter the
balance of synthesis and proofreading via indirect mecha-
nisms. The location of V411 (yV426) in the �-helix known
to be important for active site switching in T4 DNA poly-
merase ((71); (Supplementary Figure S5) and our structural
data (Figure 7) suggest that the Leu substitution for V411
(yV426) in Polε could indirectly interfere with the transfer
of DNA from the polymerase to the exonuclease active site.
Our data on the greater propensity of Polε-V426L to poly-
merize despite robust hydrolysis capability further support
the conclusion that the increased DNA polymerase activity
is caused by a defect in polymerase-to-exonuclease active
site switching.

The striking increase in polymerase activity exhibited
by the Polε-V426L is an intriguing discovery, as previous
studies have been unsuccessful in demonstrating any ma-
jor functional consequences of this substitution. In yeast,
Polε-V426L failed to produce a significant mutator phe-
notype in the presence of functional MMR (20,24). While
the catalytic fragment of human Polε-V411L was previ-
ously shown to have a mild exonuclease defect (27), no ev-
idence existed that the leucine substitution alters the ac-
curacy of DNA synthesis. The lack of major functional
effects was extremely puzzling as there is strong evidence
to support pathogenicity of the V411L variant. It is one
of the two prominent variants that are highly recurrent in
tumors. V411L has also been reported as a germline mu-
tation in a pediatric CRC patient (53). Tumors with the
POLE-V411L allele possess characteristics similar to those
of other POLE-mutated tumors, including remarkably high
mutation burdens, similar mutational signatures, very high
patient survival rates, high immunogenicity, and excep-
tional response to immunotherapies (15,16,43,44,51,52,72–
75). We provide evidence that yeast Polε-V426L fully shares
the property of increased DNA polymerase activity with
other recurrent cancer-associated Polε variants. In fact,
Polε-V426L was one of the most hyperactive polymerases.
This was particularly apparent on the P51T/T80H sub-
strate containing a terminal mismatch and putative hairpin
in the template, where Polε-V426L had dramatically higher
hairpin bypass activity in comparison to WT Polε. The
properties of Polε-V426L constitute, perhaps, the strongest
argument for the idea that increased polymerase activity
and not the loss of proofreading per se is an important de-
terminant of Polε variant pathogenicity. Of note, although
the mutator effect of pol2-V426L in MMR-deficient back-

ground provides long-awaited evidence that this variant af-
fects replication fidelity in vivo, tumors carrying the POLE-
V411L allele are microsatellite stable and thus presumed to
have functional MMR (18,42,43). It is possible that tran-
sient or partial loss of MMR not discerned by current tu-
mor genome analysis occurs in cells carrying POLE-V411L
and drives ultramutation. MMR capacity could also be
different in yeast and humans, which should be consid-
ered when assessing the mutator effects of cancer-associated
DNA polymerase variants in the yeast model.

Because the mutator effects of most Polε variants in yeast
exceeded that of Exo− Polε (19,20), we expected conse-
quences distinct from a simple loss of proofreading. Indeed,
unlike Exo− Polε, most variants retained some exonucle-
ase activity and had increased DNA polymerase activity.
One exception was Polε-S474F mimicking the moderately
recurrent human S459F variant. Polε-S474F showed a com-
plete loss of proofreading and only a modest increase in
DNA polymerase activity. Polε-S474F was, however, dif-
ferent from the ExoI motif variants Exo− Polε and Polε-
D290V in that it had higher DNA polymerase activity on
most DNA substrates. Although the differences seen at nor-
mal S-phase dNTPs did not meet the cutoff for statistical
significance, they were greatly amplified at reduced dNTP
levels. Consistently, pol2-S474F allele was a much stronger
mutator in yeast, with the mutation rate exceeding that of
pol2-4 and pol2-D290V by 15-fold (20). These results sug-
gest that while Polε-S474F is incapable of hydrolysis, it may
also have reduced ability to form exonuclease complexes
compared to Exo− Polε and Polε-D290V, thus tipping the
balance toward increased synthesis. It is possible that the
modest increase in DNA polymerase activity and, presum-
ably, mismatch extension combined with a complete exonu-
clease defect is sufficient to increase the error rate in vivo.
Another possible explanation for the strong mutator effect
is that Polε-S474F is deficient in nucleotide selectivity in ad-
dition to a loss of proofreading function. Indeed, the N-
terminal fragment of human Polε-S459F was less accurate
than the analogous Polε fragment with the catalytic residue
substitution in the ExoI motif and produced a slightly dif-
ferent spectrum of errors during DNA synthesis in vitro
(27). We consider this possibility less likely due to the lo-
cation of the S459F (yS474F) substitution in the exonucle-
ase domain away from the polymerase regions important
for nucleotide selectivity.

Our findings highlight the role of the delicate balance be-
tween synthesis and proofreading in replication and how
alterations to this balance yield hyperactive mutator poly-
merases that are selected for in cancers. The relationship
between polymerase-exonuclease balance and the mutation
rate has been extensively studied, beginning with the bacte-
riophage T4 DNA polymerase (76). Antimutator T4 poly-
merases have a reduced ability to form polymerase com-
plexes, thus providing more opportunities for proofreading
(77,78). On the other hand, mutator T4 polymerases result
from reduced proofreading, either through the inability to
perform hydrolysis or a reduced capacity to form exonu-
clease complexes (79,80) or through increased stability of
polymerase complexes, increasing the ability to extend mis-
matches even in the presence of full exonuclease activity
(81). These properties of bacteriophage DNA polymerases
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Figure 9. Summary of characteristics relating to the pathogenicity of Polε variants. Cancer-associated Polε variants have reduced proofreading and in-
creased DNA polymerase activity, leading to decreased fidelity and a strong mutator effect. Hyperactive variants are also tolerant to reduced levels of
dNTPs. Future studies will determine whether this characteristic can promote survival (green question mark) and mutagenesis (red question mark) during
metabolic stress, with both pro-survival and pro-mutagenic roles contributing to tumorigenesis (orange question mark). Exo, exonuclease domain; Polε,
polymerase domain.

are shared among DNA polymerases from many organisms,
including eukaryotes (5). Our data shows that Polε vari-
ants selected for in cancers are hyperactive mutators result-
ing from a shift in the exonuclease/polymerase ratio via re-
duced exonuclease and increased polymerization. We found
that the presence of exonuclease activity can be beneficial
or detrimental for synthesis depending on the DNA sub-
strate. For example, proofreading was necessary to gener-
ate full-length products on the DNA substrate with a ter-
minal mismatch and a strong hairpin in the template (Fig-
ure 5B). On the other hand, too much proofreading can
prevent efficient synthesis, as we observed for WT Polε on
hairpin-containing DNA substrates (Figure 5). Altogether,
we demonstrate that the dynamic interaction between poly-
merization and proofreading dictates how well Polε vari-
ants synthesize DNA in different sequence contexts. We find
that enzymes with moderately reduced but not fully inacti-
vated proofreading and increased polymerase activity are
most optimally fit and versatile for efficient DNA replica-
tion, which may be important for cancer cell proliferation.

Perhaps the most striking observation from our studies
was the extraordinary ability of hyperactive Polε variants
to synthesize DNA at low dNTP concentrations, with Polε-
P301R producing as much full-length product at ten-fold re-
duced dNTPs as WT Polε at normal dNTP concentrations
(Figure 8). The increased synthesis at low dNTP levels must
reflect, at least in part, increased affinity for the incoming
dNTP and not just reduced consumption of nucleotides, be-
cause cancer-associated Polε variants with residual exonu-
clease activity decidedly outperformed exonuclease-dead
Exo− Polε and Polε-D290V. These observations substanti-
ate the notion that hyperactive Polε variants are fit enzymes
that efficiently use nucleotides and may provide unique in-

sights into the etiology of POLE-mutant cancers. The cur-
rent model proposes that mutator POLE alleles arise early
in cancer progression and lead to an elevated mutation rate,
which increases the chance of accumulating mutations in
oncogenes and tumor suppressor genes and, consequently,
oncogenic transformation (44,82). Our findings uncover an
additional potential role of POLE variants in promoting
DNA replication under conditions of low dNTP pools. Nu-
cleotide deficiency has been proposed to fuel replication
stress in the early stages of cancer development (83). In
another study, oncogene-induced senescence was shown to
be established and maintained through the suppression of
nucleotide metabolism, resulting in replication stress and
senescence-induced cell cycle exit (84). dNTP levels rang-
ing from less than 10% to about 25% of normal concen-
trations, depending on the nucleotide, were reported upon
oncogene activation (84). We speculate that DNA synthe-
sis by hyperactive Polε variants could be essential for cell
survival when nucleotides are depleted. Additionally, cells
heterozygous for POLE mutations could preferentially use
the hyperactive error-prone Polε variants for DNA synthe-
sis when dNTP pools are low, although high levels of muta-
genesis may not occur until dNTP supply is restored to per-
mit efficient mismatch extension. Indeed, we and others pre-
viously observed that downregulation of dNTP synthesis
suppresses the mutator effect of error-prone Pol� and Polε
variants (33,55,85, and our unpublished data). The onco-
genic advantage provided by hyperactive Polε variants un-
der metabolic stress could, therefore, stem from improved
replication rather than mutagenesis.

In summary, we describe the biochemical properties of
several Polε variants associated with ultramutated tumors
(Figure 9). We demonstrate that the major consequences of
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Polε mutations to enzyme function are reduced proofread-
ing and greatly increased DNA polymerase activity, which is
particularly evident on hairpin-containing DNA substrates.
These factors likely promote the enhanced mutator effects
previously observed in yeast cells carrying these variants.
Additionally, we show that hyperactive variants are impres-
sively tolerant to reduced levels of dNTPs, in stark con-
trast to WT Polε. Future studies are warranted to deter-
mine whether this characteristic can promote the survival
of cells heterozygous for Polε mutations during metabolic
stress. Additional studies could also determine whether mu-
tator Polε variants preferentially participate in replication,
thus increasing the mutator effect and driving tumorigen-
esis. These analyses could shed light on underappreciated
roles of Polε variants in cancer that are distinct from re-
duced DNA polymerase fidelity.
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