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SUMMARY

Alterations in the exonuclease domain of DNA polymerase ε cause ultramutated cancers. 

These cancers accumulate AGA>ATA transversions; however, their genomic features beyond the 

trinucleotide motifs are obscure. We analyze the extended DNA context of ultramutation using 

whole-exome sequencing data from 524 endometrial and 395 colorectal tumors. We find that 

G>T transversions in POLE-mutant tumors predominantly affect sequences containing at least 

six consecutive purines, with a striking preference for certain positions within polypurine tracts. 

Using this signature, we develop a machine-learning classifier to identify tumors with hitherto 

unknown POLE drivers and validate two drivers, POLE-E978G and POLE-S461L, by functional 

assays in yeast. Unlike other pathogenic variants, the E978G substitution affects the polymerase 

domain of Pol ε. We further show that tumors with POLD1 drivers share the extended signature of 
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POLE ultra-mutation. These findings expand the understanding of ultramutation mechanisms and 

highlight peculiar mutagenic properties of polypurine tracts in the human genome.

Graphical Abstract

In brief

Using a computational approach, Ostroverkhova et al. show that POLE- and POLD1-mutant 

tumors accumulate G>T mutations at defined positions of polypurine tracts, creating a 

characteristic quantifiable pattern. A classifier based on this signature facilitates the discovery 

of POLE driver alleles, including a driver affecting the DNA polymerase domain of the protein.

INTRODUCTION

Cancer results from the accumulation of mutations in critical genomic regions.1,2 The 

sources of mutations include the infidelity of DNA replication machinery, exposure to 

endogenous or exogenous DNA-damaging agents, defective DNA repair, and enzymatic 

modification of DNA.1 Each mutational process may generate different types of mutations 

in specific DNA sequence contexts.3 Imbalance between the burden of DNA damage or 

replication errors and the restorative capacity of DNA repair pathways determines the 

ultimate mutational load of cancer genomes.4 In the past decade, it became apparent that 

tumors with the highest mutational load carry defects in the replication error avoidance 

pathways. DNA replication fidelity in all organisms relies on accurate nucleotide selection 
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by replicative DNA polymerases, exonucleolytic proofreading activity of the polymerases, 

and post-replicative DNA mismatch repair (MMR).5 In humans, inherited MMR defects 

cause cancer predisposition in Lynch syndrome, and MMR-deficient sporadic tumors show 

hypermutation and microsatellite instability (MSI).6,7 However, the highest mutational 

burdens (>100 mutations per Mb) occur in tumors with heterozygous mutations in the POLE 
and POLD1 genes encoding the catalytic subunits of the replicative DNA polymerases Pol ε 
and Pol δ.8–11

Pol ε and Pol δ are responsible for the bulk of chromosomal DNA replication and 

proofreading of errors on leading and lagging strands.12 They are B-family DNA 

polymerases, with the polymerase domains catalyzing processive synthesis and the 

exonuclease domains required to proofread errors. Both germline and somatic alterations 

of these enzymes have been linked to tumorigenesis. Germline POLE and POLD1 
mutations cause predisposition to colorectal cancer and may also increase the risk of other 

malignancies.13–16 Somatic POLE mutations occur in most cancer types but are particularly 

common in ultramutated colorectal and endometrial tumors.17–20 The connection between 

somatic POLD1 variants and ultramutation is less understood. POLD1 variants are less 

frequent in sporadic tumors and always coincide with MMR deficiency, which alone is 

sufficient to elevate the mutation rate. Many POLE and POLD1 variants inevitably arise as 

passenger mutations in tumors with high mutation load. However, experimental evidence 

has identified 14 POLE and at least six somatic POLD1 variants as bona fide drivers of 

hypermutability.21–34 These pathogenic variants impact the exonuclease domain of Pol ε 
and both exonuclease and DNA polymerase domains of Pol δ. Patients with POLE-driven 

ultramutation have excellent prognosis and respond well to immunotherapy.35,36 Thus, it is 

important to understand the molecular features of these tumors.

Previous analyses showed that POLE-mutant tumors preferentially accumulate G>T 

transversions in AGA trinucleotide context and G>A transitions in CGA context.1,13,33,37 

Multiple studies have since used this signature to quantify Pol ε errors, detect known 

and new pathogenic POLE variants, explore the evolution of mutagenic processes in 

tumors, infer the origin of mutations in tumor-suppressor genes, and assess DNA 

replication mechanisms.17,33,34,38–49 Others have used the trinucleotide POLE signature for 

clinical classification of tumors.50 In contrast, the features of mutational sites beyond the 

trinucleotide context escaped proper attention. Replicative DNA polymerases contact at least 

ten nucleotides of duplex DNA upstream of the 3′ terminus.51,52 Accordingly, the extended 

DNA neighborhood around the mutated site is an important determinant of the individual 

site’s mutability.3,4,53,54 Previous pilot analysis of a 26-gene panel in one POLE-mutant 

and one POLD1-mutant cell line detected a strong preference for G>T transversions in 

polypurine tracts of varying length and composition.31 We could also recapitulate the high 

frequency of G>T transversions in polypurine tracts by ectopically expressing a mutator 

POLD1 allele in cells lacking DNA polymerase mutations.31

Inspired by these initial findings, here we used the whole-exome sequencing data for 

524 endometrial and 395 colorectal tumors reported by The Cancer Genome Atlas 

(TCGA) network to comprehensively test a hypothesis that POLE-driven G>T transversions 

preferentially occur in extended polypurine tracts and to determine specific features of the 
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most mutable tracts. We deduced a genomic signature of POLE driver variants that considers 

the extended DNA sequence context of mutations. Using this signature, we developed a 

machine-learning classifier to identify tumors with hitherto unknown POLE drivers and 

validated two drivers, POLE-E978G and POLE-S461L, by functional assays in yeast. Unlike 

previously known driver alleles, POLE-E978G impacts the DNA polymerase rather than 

the exonuclease domain of Pol ε. Analysis of the structural effects of E978G substitution 

suggested the existence of a distinct class of ultramutation drivers mapped to the polymerase 

domain. We also found that the extended genomic signature of POLE ultramutation is shared 

by tumors with POLD1 driver alleles. Finally, our study provided an unexpected insight into 

the peculiar mutagenic properties of polypurine tracts in the human genome.

RESULTS

POLE driver status is associated with increased frequency of G>T transversions in 
polypurine tracts

The endometrial adenocarcinoma (EAC) dataset from the Uterine Corpus Endometrial 

Carcinoma (UCEC) cohort used in the initial analysis consisted of 391 tumors (Tables S1 

and S2; Figure S1A). These included 44 tumors with POLE driver mutations, five tumors 

with POLD1 driver mutations, one tumor with both POLE and POLD1 drivers, 49 tumors 

with POLE and/or POLD1 variants of unknown significance (VUSs), and 292 tumors with 

no POLE or POLD1 mutations. The majority (82%) of samples with POLE driver mutations 

were microsatellite stable (MSS), while all six samples with POLD1 drivers had MSI. 

Because of the small number of tumors with POLD1 driver alleles, we first focused on 

understanding the mutational footprint of POLE-driven ultramutation.

G>T transversions in AGA context and, to a lesser degree, G>A mutations in CGA context 

dominate the mutational spectra of tumors with POLE drivers.1,13,33,37 We used mutational 

motif frequency (MMF) analysis to test the hypothesis that G>T transversions in these 

tumors primarily occur in longer-than-trinucleotide polypurine tracts. A mutational motif is 

defined here as a specific mutation type at a specific position within a specific nucleotide 

sequence. We examined 104 motifs comprising polypurine tracts of different lengths (2–14 

nt) with all possible positions of the G>T mutation site within the tract (Y(R)n[G>T](R)mY; 

see STAR Methods and Table S3). Hereafter, we refer to these motifs as “polypurine 

motifs.” We found that a high MMF for all 104 motifs combined was significantly 

associated with the presence of POLE driver mutations (Figure 1B). Comparative analysis 

with respect to motif lengths and positions of the mutated guanine showed a peculiar pattern 

for samples with POLE drivers and, to some extent, for samples with POLE VUSs (Figure 

1A). Overall, MMF values were modest for shorter tracts (<6 purines) and particularly low 

for 2- and 3-nt-long tracts. However, MMF increased notably once the tract length reached 

six purines.

Furthermore, mutations in tumors with POLE drivers showed a striking preference for 

certain positions within the polypurine tracts (Figure 1A). Distance to the beginning and 

the end of the tract appeared to define MMF of individual sites. High MMF values were 

associated with the locations of mutated guanine 2–3 purines and, to a progressively lesser 

degree, 7–8 purines, and 10 purines away from the end of the tract (Figure 1C). At the same 
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time, the locations 3–4 purines and, to a lesser degree, 9–10 purines from the beginning 

of the tract resulted in high MMF values (Figure 1C). Accordingly, sites within 6- and 

7-nt-long tracts located simultaneously 2–3 purines from the end and 3–4 purines from 

the start were the most mutated among the 104 tested sites (Figure 1A). Tracts of R10 

purines showed two separate MMF spikes: a larger spike 2–3 purines from the end and 

a smaller spike 3–4 purines from the beginning. The existence of two separate context 

factors with apparently additive effects might reflect differences in Pol ε synthesis when 

the tracts are presented as polypurine vs. polypyrimidine sequences in the leading strand 

template. The 14-nt-long tracts where the left and right MMF spikes were the most distant 

showed a potential third spike in the middle. However, the scarcity of these long tracts 

in the genome resulted in a large standard error and precluded definitive conclusions. 

As expected, MMF values were the lowest for motifs with no purines before or after 

the G>T mutation. These patterns persisted if we normalized MMF by the mutational 

burden (Figure S2) and were similar in nucleosomal and nucleosome-free DNA (Figure 

S3). For comparison, we performed the same analysis using a set of 104 motifs with 

G>T mutations in polypyrimidine context (R(Y)n[G>T](Y)mR; Table S3). We observed no 

statistically significant association of MMF with driver mutations except for cases with G>T 

at the end of the polypyrimidine run, i.e., next to a purine (Figure S4), further supporting the 

importance of a purine environment.

The Y(R)n[G>T](R)mY motifs comprise a complex mixture, with all possible combinations 

of adenines and guanines in the (R)n and (R)m parts. The analysis of individual sequences 

is computationally challenging due to the large number of purine combinations in our motif 

set (n = 196,610) and would also require much larger tumor mutation datasets to evaluate 

statistical significance. However, the quantification of Y(A)n[G>T](A)mY and Y(G)n[G>T]

(G)mY motifs showed that tracts with the polyA context may be primarily responsible for 

the observed mutagenesis pattern. MMF reaches maximum values at the same positions 

of mutated G for Y(A)n[G>T](A)mY and Y(R)n[G>T](R)mY motifs, and the increase in 

mutability at R6-nt tract lengths is also similar (Figures S5A and 1A). Moreover, maximum 

MMF values for Y(A)n[G>T](A)mY motifs were almost an order of magnitude higher than 

for Y(R)n[G>T](R)mY, indicating that the latter group included a substantial number of less 

mutable sites. In contrast, Y(G)n[G>T](G)mY motifs showed low MMF values regardless 

of the mutated G position (Figure S5B). Thus, polyguanine tracts contribute minimally, 

if at all, to the observed mutagenesis pattern. We also quantified G>T transversions in 

dinucleotide (AG)n repeats of different lengths (Table S3). The mutability of (AG)n repeats 

was similar to that of Y(R)n[G>T](R)mY motifs: increased MMF in R6-nt tracts and spikes 

at positions with two purines after the mutation and three purines before the mutation. The 

mean MMF values were also similar for (AG)n-repeat motifs and Y(R)n[G>T](R)mY motifs 

(Figure S6 and 1A). We conclude that (AG)n repeats contribute to the pattern of polypurine 

tract mutability in POLE tumors along with other polypurine sequences. However, they are 

not major contributors like (A)n[G>T](A)m tracts, which show significantly higher MMF. 

Since previous studies linked adenine context to A>C transversions in POLE-mutant tumors, 

we also assessed the impact of polyA tract length and position within the tract on the 

frequency of A>C mutations. Tumors with POLE drivers showed a moderate increase in 

MMF for some Y(A)n[A>C](A)mY motifs as compared to tumors with POLE VUSs or no 
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POLE or POLD1 mutations. However, maximum MMF values for A>C mutations were 

approximately 20-fold lower than for G>T in polyA context and showed no dependence on 

the length of polyA tract (Figures S7 and S5A). The positions with the highest MMF in the 

tracts were different for A>C and G>T. Thus, the propensity of tumors with POLE drivers 

to accumulate A>C mutations in polyA context is modest as compared to G>T and likely 

involves a different mechanism.

We next investigated whether tumors with different POLE driver alleles share the pattern 

of polypurine tract mutability. One tumor in the UCEC EAC dataset was excluded from 

this analysis because it harbored two POLE driver mutations, P286R and L424I. Among the 

remaining POLE tumors, 18 and 11 carried the most common driver mutations, P286R and 

V411L, respectively. Fourteen tumors carried less prevalent variants (S459F, P436R, A456P, 

L424I, L424V, S297F, M295R, M444K, or D368Y; Table S2). When grouped together, 

tumors with less common alleles showed a mutation pattern similar to those of P286R 

and V411L tumors (Figure S8A), although absolute MMF values were different (P286R 

> V411L > other variants; Figures S8A and S8C). The similarity in the mutation patterns 

became even more apparent after normalizing MMF by the number of G>T transversions 

in the tumors (Figure S8B), but quantitative differences persisted (Figure S8D). Separating 

individual rare alleles revealed significant variation in their propensity to generate mutations 

at hotspots 2–3 nt from the end of the polypurine tracts (Figure 1D; Table S4). Curiously, 

alleles that are considered more pathogenic showed the highest preference for these hotspot 

contexts. While there is insufficient information to definitively establish the degree of 

pathogenicity, indirect evidence suggests that the five alleles with the highest MMF are 

all strongly pathogenic. P286R and V411L variants are both highly recurrent in sporadic 

tumors, followed by S459F.22 Germline V411L, A456P, and M444K variants are associated 

with pediatric rather than adult-onset cancers typical of L424V carriers.44,55,56 Lastly, in 

contrast to the alleles in the low-MMF group, P286R, V411L, S459F, M444K, and A456P 

extremely rarely or never occur in combination with MMR defects, suggesting a stronger 

mutator effect incompatible with MMR inactivation due to a cata-strophic increase in the 

mutation rate. Taken together, these observations suggest that the preference for errors at 

positions 2–3 nt away from the end of polypurine tracts may be intimately linked to the 

pathogenicity of Pol ε variants. Tumors with presumed less-pathogenic variants (S297F, 

L424I, P436R, D368Y) showed a lower contribution of polypurine tract hotspots to the 

total mutation burden than tumors carrying presumed strong drivers, particularly P286R, 

S459F, and M444K (Figure S9A). Of note, about half of the tumors with the highly recurrent 

V411L variant showed a similar low contribution of polypurine hotspots to the overall 

mutation load (Figure S9A). For tumors with the same POLE driver (P286R or V411L), the 

preference for the hotspot contexts, quantified as MMF for the hotspot motifs normalized by 

the total number of G>T transversions, decreased with increasing mutation burden (Figure 

S9B), indicating that mutagenic processes involving other DNA sequence contexts are more 

prominent at high ultramutation levels.

Ostroverkhova et al. Page 6

Cell Rep. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MMR deficiency does not affect the association of POLE driver status with G>T 
transversions in polypurine tracts

Many tumors in the UCEC EAC dataset are MMR deficient (Table S2), which could 

impact mutagenesis in polypurine tracts regardless of the POLE status. To assess the 

individual contributions of MMR deficiency and POLE mutations, we used MMF for 

motifs with 2–3 purines after the G>T transversion as a dependent variable and four 

categorical independent variables defined according to POLE and MSI status of tumors: 

“POLE drivers, MSS,” “POLE drivers, MSI,” “no POLE/POLD1 mutations, MSS,” and “no 

POLE/POLD1mutations, MSI.” The Kruskal-Wallis test showed a statistically significant 

difference in MMF between the four categories (p << 0.01). POLE wild-type MSI tumors 

showed only a minor, although statistically significant, increase in MMF as compared to 

POLE wild-type MSS tumors (effect size = 0.141; p << 0.01; Figure 1E; Table S5). In 

contrast, MMF was greatly elevated in POLE-mutant MSS tumors compared to POLE 
wild-type tumors. Notably, tumors carrying simultaneous polymerase and MMR defects 

showed no further increase in MMF. Instead, there was a modest decrease compared to 

POLE-mutant MSS tumors (p < 0.05; Figure 1E; Table S5). Although this decrease may 

appear surprising, we believe it is due to the different nature of POLE mutations in MSS and 

MSI tumors. Most MSS tumors carry highly pathogenic P286R and V411L variants likely 

incompatible with MMR deficiency. With one exception, MSI tumors carry less common 

POLE alleles (Table S2) that are weaker drivers of polypurine tract mutability (Figure 

1D). Accordingly, G>T transversions in polypurine tracts contribute less to the overall 

mutation burden of tumors with MSI compared to MSS tumors (Figures S9C and S9D). 

Taken together, these results suggest that POLE mutations promote mutagenesis at defined 

positions within the polypurine tracts, while MMR defects contribute minimally, if at all, to 

this mutational specificity.

Classification of tumors by POLE status using polypurine mutational motifs

The relationship between the presence of driver alleles and polypurine motif frequency 

suggests the utility of MMF as a feature for tumor classification. Therefore, we 

developed the MMF-based polypurine motif classifier to distinguish samples/patients with 

POLE driver mutations from those without POLE drivers (Figure 2A). We trained the 

classifier using EAC samples with POLE driver mutations and samples with no POLE 
or POLD1mutations.The feature selection method identified Y(R)4[G>T](R)2Y, Y(R)3[G>T]

(R)3Y, and Y(R)5[G>T](R)2Y motifs as the most discriminating between the two groups 

(Figures 2B and S10). Using these selected motifs, the trained Bagging classifier achieved 

almost perfect classification accuracy with the 5-fold cross-validation (Figure 2C; area under 

the curve [AUC] = 0.99 and Matthews correlation coefficient [MCC] = 0.99).

To test the classifier on an independent data, we applied it to 133 UCEC serous 

cystadenocarcinoma (SCAC) samples (Table S6; Figure S1B) and 395 colorectal 

adenocarcinoma (COAD) samples (Table S7; Figure S1C). The MMF classifier accurately 

predicted the POLE driver mutation status for all samples in both UCEC SCAC and 

COAD datasets (Figure 2C; Table S8). Moreover, the model considerably outperformed 

classification using other features such as mutational burden, trinucleotide mutational 

signatures, or frequency of G>T mutation with no specified nucleotide context (Figure 
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2C; Table S8). For the classification with the mutational burden, which is widely 

used in tumor triage, the training accuracy was comparatively high (MCC = 0.94) but 

dropped considerably in validation on independent UCEC SCAC and COAD datasets 

(MCCs = 0.81 and 0.58, respectively). The frequency of G>T mutation feature (without 

accounting for context) showed low prediction accuracy for training (MCC = 0.69) 

and for both validation datasets (MCCs = 0.39 and 0.37, respectively). Classification 

using trinucleotide signature sets associated with POLE and POLD1 mutations (COSMIC 

signatures SBS10a/b/c/d) showed accuracy similar to that of the MMF classifier for the 

COAD dataset but considerably lower accuracy for UCEC SCAC (MCC = 0.70 compared 

to MCC = 1.0 for polypurine motifs; Figure 2C; Table S8). Using all trinucleotide COSMIC 

signatures yielded better performance than COSMIC POLE-related signatures, indicating 

that additional mutational processes operate in these tumors. However, a classifier with 

only one polypurine motif produced comparable results to the all-COSMIC-signature 

classifier, which is remarkable given that the number of features (67 signatures vs. one 

motif) was considerably higher in the mutational signature classifier. These observations 

suggest that polypurine motifs represent POLE-related processes far more accurately than 

the trinucleotide signatures.

Disambiguation of POLE VUSs using the polypurine motif classifier

The UCEC EAC dataset contained 34 samples with POLE VUSs but no known driver 

mutations (Table S2; Figure S11A). Polypurine motif frequency in this group was higher 

than in samples with no POLE or POLD1 mutations (Figures 1A and 1B), suggesting that 

unidentified drivers may be present among POLE VUSs. To find samples with possible 

POLE driver mutations, we applied our trained classifier to all tumors with POLE VUSs 

in all datasets (UCEC EAC [n = 34], UCEC SCAC [n = 3]; Table S6; Figure S11B) 

and COAD (n = 24; Table S7; Figure S11C). We predicted that six UCEC EAC samples 

contained driver mutations (Table 1). These six samples clustered with the known POLE 
driver samples on the t-distributed stochastic neighbor embedding (t-SNE) plot (Figure 

2B). None of the SCAC samples with POLE VUSs were predicted to have POLE driver 

mutations, but the classifier tagged one COAD tumor with a very high mutation burden 

(TCGA-CA-6717-01A-11D-1835-10; Table S7; Figure S11C) as carrying an unknown 

driver. The two POLE VUSs present in this tumor (L1235I and R1371Ter) are outside 

of the catalytic domains of Pol ε and are unlikely to produce a mutator polymerase. A 

thorough analysis of published studies determined that this tumor carried two additional 

POLE variants, P286R (a known driver) and P286C, which were missed by mutation-calling 

algorithms (Figure S12). This case further illustrates the consistent predicting power of our 

classifier.

Interestingly, among six EAC samples predicted to carry driver mutations, three contained 

known POLD1 drivers even though samples with POLD1 drivers were deliberately excluded 

from the training dataset. Thus, tumors with POLD1 driver alleles share the propensity to 

accumulate G>T transversions in polypurine tracts. The remaining three samples contained 

a total of 11 POLE and five POLD1 VUSs (Table 1). After eliminating silent and nonsense 

mutations, the list of candidate driver mutations comprised five POLE and four POLD1 
missense variants (Table 1). For tumors with multiple missense mutations in POLE/POLD1, 
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we identified the bona fide drivers of ultramutability by functional analysis of individual 

variants in yeast. We introduced mutations mimicking human POLE-R742H, POLE-P916L, 

POLE-E978G, POLE-S461L, POLD1-G724R, POLD1-R549C, and POLD1-T954M into 

the POL2 and POL3 yeast genes, respectively (Figures 3A and 3B). The POLD1-A769D 
mutation affected a non-conserved amino acid residue and could not be modeled. We then 

determined the effects of these alleles on the rate of spontaneous mutation conferring 

canavanine resistance (Canr) and reversion of the his7-2 reporter. The pol2-E991G and 

pol2-S476L mutations analogous to human POLE-E978G and POLE-S461L increased the 

mutation rate, while other variants present in the same tumors were not mutators (Figure 

3C; Tables S9 and S10). This analysis validated E978G and S461L substitutions as drivers 

of ultramutation. Notably, unlike previously known drivers, the E978G variant affects the 

DNA polymerase rather than the exonuclease domain of Pol ε (Figure 4A). The sole 

variant, POLE-R705W, present in tumor TCGA-AX-A2HD-01A-21D-A17D-09 affects a 

non-conserved amino acid residue. While the polypurine motif signature and the lack of 

other polymerase variants suggests that POLE-R705W is the driver mutation, its validation 

awaits future studies with human cells and proteins.

To further test the robustness of the polypurine motif classifier, we assessed the functional 

significance of four POLE variants and one POLD1 variant from tumors that had a high 

mutation burden but were not flagged by the classifier as carrying driver mutations. Four of 

these, POLE-P102L, POLE-T278M, POLE-C402R, and POLD1-V477M, yielded wild-type 

levels of mutagenesis when modeled in yeast (Figure 3D; Tables S9 and S10). These 

results reinforce our conclusion that classification based on mutation burden alone does not 

accurately identify tumors with functionally significant POLE variants. The yeast mimic 

of the fifth variant, POLE-A465V, was a mild mutator. However, the increase in the 

mutation rate was smaller than typically observed for pathogenic variants at the protein-

DNA interface in the exonuclease domain, where Ala465 is located.22 The significance of 

this mild mutator activity for mutation accumulation in the context of tumorigenesis may 

be limited. Tumors are heterozygous for POLE mutations, and, at least in yeast models, 

the mutator effects are reduced by half in heterozygous cells.22 Thus, increases smaller 

than 3-fold become negligible in the presence of the wild-type allele. Overall, the classifier 

efficiently discriminates between driver and passenger mutations, but we cannot exclude that 

very weak drivers could escape detection.

Structural consequences of E978G and S461L variants

Proofreading by replicative polymerases entails a transfer of the primer terminus from the 

polymerase to the exonuclease active site and a subsequent rapid and processive return of the 

trimmed primer to the polymerase active site. In the wild-type enzymes, the two activities 

are optimally balanced for efficient and accurate replication.58 All previously known POLE 
driver mutations affect amino acid residues in the exonuclease domain of Pol ε. Studies 

in yeast suggested that these mutations produce hyperactive polymerases, in which the 

balance of DNA synthesis and proofreading is shifted toward synthesis.21,59 The increased 

polymerase activity, which we previously proposed to be key to the pathogenicity of Pol 

ε variants, results from the inability to move the 3′ DNA end to the exonuclease active 

site.21,60 Similar to the previously known drivers, the S461L variant affects the exonuclease 
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domain of Pol ε (Figures 3A and 4A). The side chain of the analogous S476 in yeast Pol 

ε does not directly contact DNA, and the leucine substitution may indirectly impair DNA 

binding at the exonuclease site by altering the position of other amino acid residues critical 

for proofreading.

The E978G variant, however, is intriguing, as it maps to the DNA polymerase domain 

(Figures 3A and 4A). In the crystal structure of yeast Pol ε, the side chain of E991 

(analogous to E978 in human Pol ε) faces the DNA minor groove near the −4 and −7 

positions of the primer and template strands, respectively.52 Minor groove interactions in 

eukaryotic and bacteriophage B-family polymerases generally involve contacts between the 

DNA backbone and multiple positively charged amino acid residues in the protein.51,52,61 

E991 in yeast Pol ε, together with E985 and E1048, form a cluster of acidic residues facing 

the DNA upstream of the primer terminus (Figure 4B), which reduces the overall positive 

charge of the DNA-binding interface. Our calculations of electrostatic potential show that 

the E991G substitution in yeast Pol ε (and presumably human E978G) increases the overall 

positive charge of the protein at the DNA interface (Figure 4C), which could enhance DNA 

binding by the polymerase domain. The net outcome of this substitution would be the same 

shift in the proofreading-polymerization balance that exonuclease domain mutations achieve 

by disrupting DNA binding in the exonuclease site.

Besides affecting surface charge, the E978G substitution may stabilize the primer terminus 

in the polymerase domain by altering the position of critical DNA-binding residues. In the 

yeast Pol ε structure, the Oε2 atom of E991 forms a hydrogen bond with Nε of a conserved 

R988 (Figure 4D). E991 also interacts with R989 and R1149. These three arginine residues 

make multiple contacts with the DNA backbone and bases in the minor groove (Figure 4D). 

The contact between E991 and R988 seems particularly important. R988 and equivalent 

residues in other B-family polymerases interact with the DNA bases at positions −4 and 

−5 (Figures 4D and 4E), which was proposed to be a mechanism for sensing mismatches 

at these positions.51,52,61,62 According to this model, nucleotide misincorporations disrupt 

the interaction with R988 and destabilize the primer terminus in the polymerase active site, 

resulting in switching to the exonuclease site.62 The hydrogen bond between E991 and R988 

could be essential to properly position R988 (Figure 4E). The mutator effect of E991G 

substitution could then result from a failure to discriminate against mismatches at the −4/−5 

position.

DISCUSSION

Polypurine tracts as mutation hotspots in tumors

The analysis presented here identified peculiar mutagenic properties of polypurine 

sequences in the human genome. We found that G>T transversions, a hallmark of POLE-

mutant tumors, accumulate preferentially at specific positions of polypurine tracts. The 

mutation frequency is modest for sequences containing only three consecutive purines but 

increases as the tract length reaches six or more purines. Thus, the AGA trinucleotides, 

commonly known as hotspots of POLE-driven mutagenesis, are not highly mutable unless 

present as part of longer polypurine tracts. Perhaps the most intriguing observation is the 

pattern of mutability with spikes every 3 to 4 nt within the tracts.
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It is not immediately obvious what properties of polypurine tracts define this unique 

mutagenesis pattern. We determined that tracts with the polyA context may be the primary 

contributor. polyA/polyT tracts (A-tracts) have distinctive structural features that may affect 

their mutagenic properties. Compared to B-form DNA (B-DNA), they have a narrower 

minor groove,63 and minor groove interactions are critical for DNA polymerase fidelity.64 

A-tracts can also cause bending of the DNA helical axis at the junction with B-DNA 

segments.65 The degree of bending increases with the divalent cation concentration and 

depends on the lengths of tracts. A-tracts shorter than 10 bp promote bending and those 

longer than ~10 bp stiffen the DNA and prevent bending. It is possible that the interruption 

of an A-tract by a G in Y(A)nG(A)mY sequences creates a distortion that promotes DNA 

polymerase errors. Indeed, a recent study suggested that the sites of POLE-driven mutations 

in tumors have overtwisting of DNA at the −1 position and undertwisting at the +1 position 

in regard to the mutation site.66 Guanines at certain positions within the Y(A)nG(A)nY 

sequences could also be more prone to damage, as shown for guanines in G-tracts.67 

Polypurine tracts were also linked to recombination hotspots,68,69 further illustrating their 

special features.

Notably, we observed a strong propensity for errors in polypurine tracts in tumors with 

POLE/POLD1 mutations (this work) and in cultured cells expressing mutator polymerase 

variants31 but not during synthesis by the corresponding purified polymerases in vitro.59,70 

Thus, DNA structure alone does not define the mutational pattern of POLE/POLD1 tumors. 

Various cellular factors, including binding of transcription factors at polyA sequences,71 

may affect the probability of a mutation. Many polyA tracts are located in regulatory 

nucleosome-depleted regions near the transcriptional start sites or at replication origins.72 

However, the pattern of POLE-driven G>T transversions was similar in nucleosomal and 

nucleosome-free DNA (Figure S3), arguing against a major role of nucleosome exclusion. 

Furthermore, guanines in polyT context (polyA on the opposite strand) rarely mutate 

(Figure S4), although polyT sequences can similarly repel nucleosomes, and (T)nG(T)m 

motifs could readily produce G>T transversions via slippage-mediated polymerase errors.73 

Overall, the highly reproducible pattern of polypurine tract mutability in POLE/POLD1-

mutant cells and tumors suggests that cell-specific factors define the susceptibility of certain 

positions to mutation. The exact nature of these factors is yet to be discovered.

Applications of polypurine motif classifier

Extreme hypermutation in POLE-mutant tumors is associated with high neoantigen 

production, an enhanced anti-tumor immune response, improved patient outcomes, and 

responsiveness to immune checkpoint blockade.35,36 Thus, the identification of tumors with 

POLE driver mutations is of high clinical importance. We show that the polypurine motif 

classifier performs better than the current approaches based on the presence of POLE 
exonuclease domain mutations, high tumor mutational burden, and contribution of POLE-

related trinucleotide mutational signatures. We also show that the classifier can identify 

tumors with POLD1 driver mutations, for which no reliable classification methods exist. 

Due to a low number of POLD1-mutant cases, the progression-free survival has not been 

systematically evaluated for these patients. However, it is worth noting that the statuses of 

all patients with the POLD1 mutations are shown as alive in TCGA database. It is likely 
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that the POLD1 mutations will define prognosis and therapy outcomes similarly to POLE 
mutations. The comparable level of hypermutation (Figure S11) and the shared polypurine 

motif signature further supports this view. We also note that the polypurine motif classifier 

is highly efficient at distinguishing tumors with driver and non-driver polymerase mutations 

regardless of the MSI status of the tumor.

POLE driver mutations identified in this work

Using the polypurine motif classifier and functional studies in yeast, we identified the 

POLE-E978G and POLE-S461L alleles as driver mutations. This expands the list of 14 

previously validated somatic POLE drivers.21,22,24–29,33,34 The E978G variant was reported 

in three pediatric brain tumors17,34,74 and a uterine carcinosarcoma,17 in addition to the 

UCEC EAC case analyzed here. Others previously predicted it to be a driver allele based 

on the consistent association with a high mutation burden.17 However, another amino acid 

substitution (E978K) and a nonsense mutation at codon 978 also occurred in tumors,17 

suggesting that this site could be a mutagenesis hotspot. The changes at codon 978 could 

then be a consequence, rather than the cause, of hypermutation. The S461L variant was 

reported previously in a sporadic colorectal tumor75 and another tumor of unspecified 

origin,17 in addition to the UCEC EAC case. A proline substitution for S461 has previously 

been shown to reduce the fidelity of Pol ε in vitro.34 To our knowledge, no studies 

have addressed the functional significance of S461L or E978G variants. Our analysis of 

polypurine motif signature and the mutator effects in vivo unequivocally verifies their driver 

status.

The location of E978G in the DNA polymerase domain is note-worthy. All previously 

known pathogenic Pol ε mutations affect amino acid residues in the exonuclease domain. 

Studies of yeast analogs suggested that these mutations increase the DNA synthesis capacity 

by preventing the primer transfer to the exonuclease active site.21,59,60 However, changes not 

only in exonuclease but also in polymerase domains of B-family DNA polymerases can shift 

the proofreading-synthesis balance and generate mutator enzymes. Early studies of T4 DNA 

polymerase identified multiple mutator variants with altered proofreading-polymerization 

balance.76–78 These variants occurred in both exonuclease and polymerase domains, as 

well as in the N-terminal domain also present in Pol ε. Biochemical characterization of 

the mutator polymerase domain variants suggested an increased stability of the replicating 

complex, which reduces the opportunity for proofreading despite the intact exonuclease 

domain.79 Similarly, the L612M substitution in the polymerase domain of yeast Pol d 

(analogous to the L606M mutation in the UCEC EAC dataset) impairs the polymerase-to-

exonuclease switching.80 In light of these studies, it is surprising that driver mutations 

affecting the DNA polymerase domain of Pol ε have not been previously found. We 

hypothesize that the E978G substitution in human Pol ε improves DNA binding by the 

polymerase domain by increasing the positive charge at the DNA interface or by altering 

the orientation of the key DNA-binding arginine residues (Figures 4B–4E). Of note, many 

mutator T4 DNA polymerase variants deficient in polymerase-to-exonuclease switching 

increase the overall positive charge of the polymerase domain.76,78 Indeed, Reha-Krantz and 

co-authors proposed that changes to basic amino acid residues produce mutator enzymes by 
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stabilizing the primer terminus in the polymerase active site.78 Future biochemical studies 

will help clarify the mechanism of Pol ε-E978G infidelity.

In summary, the discovery and experimental validation of the E978G variant as pathogenic 

point to the existence of a distinct class of driver mutations that impact the DNA polymerase 

rather than the exonuclease domain of Pol ε. Our structural analysis and comparison to 

prior findings with homologous polymerases suggest that E978G may act by increasing 

DNA binding in the DNA polymerase domain and shifting the proofreading-polymerization 

balance toward synthesis. Additional driver mutations of this class will likely be discovered. 

Besides the classic minor groove interface, driver mutations could affect the P-domain, 

a DNA-binding moiety unique to Pol ε.52 Because amino acid substitutions in different 

sites could produce the same effect on the polymerase/exonuclease balance, the recurrence 

of mutations in tumors is not an essential criterion of pathogenicity. Each individual 

substitution could be a rare driver. Our findings highlight the limitations of the current 

focus on exonuclease domain mutations when stratifying cancer patients.

Limitations of the study

This study established the association of POLE-mutant tumor status with G>T transversions 

at defined positions of polypurine tracts. We could not unequivocally identify the exact 

polypurine sequences responsible for this mutagenesis pattern due to the large number of 

possible purine combinations and the limited size of TCGA dataset. Larger datasets would 

also provide statistical power to assess the mutational properties of longer polypurine tracts 

(>14 nt) that do exist in the human genome but remain unexplored. The understanding of 

mutator effects of rare POLE alleles also remains limited because very few sequenced 

tumors with these alleles are available. Accurate evaluation of the impact of MMR 

deficiency in POLE-mutant tumors has been challenging in the present and other studies, as 

current datasets lack a sufficient number of tumors with the same POLE allele and different 

MMR statuses. Finally, the mechanism of polypurine tract hypermutability awaits further 

exploration.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Polina Shcherbakova 

(pshcherb@unmc.edu).

Materials availability—Yeast strains and plasmids generated in this work are available 

upon request.

Data and code availability

• This paper analyzes existing, publicly available data. The combined MAF files 

for the UCEC and COAD cohorts are available in the Zenodo repository at 

https://zenodo.org/records/10022634. The original TCGA somatic mutation calls 
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are available to download from the Genomic Data Commons repository of the 

National Institutes of Health.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Dataset description—TCGA somatic mutation data for UCEC and COAD cohorts 

were downloaded from the GDC Data Portal repository (accessed on Aug 4, 2021). 

The data analysis and classification models were constructed using 391 UCEC EAC 

samples with diagnoses of adenocarcinoma, endometrioid adenocarcinoma, clear cell 

adenocarcinoma, or endometrioid adenocarcinoma, secretory variant. Samples with prior 

treatment, undifferentiated carcinoma and serous surface papillary carcinoma were excluded 

from the analysis. The two independent test sets contained 133 UCEC SCAC and 395 

COAD samples. The SCAC set consisted of four tumors with known POLE drivers, five 

tumors with POLE and/or POLD1 VUSs, and 124 tumors with no POLE or POLD1 
mutations (Table S6). The COAD samples included seven tumors with known POLE driver 

mutations, 42 samples with POLE and/or POLD1 VUSs, and 346 tumors with no POLE or 

POLD1 mutations (Table S7). No known POLD1 driver mutations were present in the SCAC 

or COAD datasets.

Yeast strains—Haploid Saccharomyces cerevisiae strains with pol2 and pol3 mutations 

mimicking those present in human tumors were constructed as described previously.22 

Briefly, the mutations were created by site-directed mutagenesis in URA3-based integrative 

plasmids containing N- or C-terminal fragments of POL2 or POL3 genes (Tables S11 and 

S12). The diploid strain PSD93 (MATa/MATα ade5-1/ade5-1 lys2::InsEA14/lys2::InsEA14 

trp1-289/trp1-289 his7-2/his7-2 leu2-3,112/leu2-3,112 ura3-52/ura3-52) was transformed 

with YIpDK1-pol2-x, p173-pol2-x, p170-pol3-x, or pAB0068-pol3-x digested with an 

appropriate restriction enzyme (Table S11) to achieve integration of the plasmid into one 

chromosomal copy of POL2 or POL3. The resulting modified loci contained a full-length 

mutant pol allele and a truncated wild-type allele separated by the URA3 marker. The 

presence of heterozygous mutations was confirmed by PCR and Sanger sequencing. The 

diploids were then sporulated and pol2 and pol3 mutant haploids were obtained by tetrad 

dissection. Derivatives of these haploids that underwent spontaneous recombination to lose 

the URA3 vector sequences and retain a single, full-length mutant or wild-type POL2 or 

POL3 allele were selected for on media containing 5-fluoroorotic acid. Clones containing 

the mutant pol2 or pol3 alleles were identified by Sanger sequencing. If the tetrad dissection 

revealed that the polymerase mutation was lethal in the absence of the wild-type allele 

(pol3-G731R and pol2-C417R mutations), the lethality was further confirmed as follows. 

The haploid strain E134 (MATα ade5-1 lys2-InsEA14 trp1-289 his7-2 leu2-3,112 ura3-52) 

was transformed with p170-pol3-G731R or YIpDK1-pol2-C417R (Table S11) digested 

with BseRI and BglII, respectively, which places the URA3 marker between a full-length 

wild-type POL allele and a truncated mutant allele at the chromosomal POL3 or POL2 
locus. These strains were subsequently transformed with pPOL323 (2mm ori TRP1 POL3) 
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or YEpPOL2-TRP22 (2mm ori TRP1 POL2) to introduce extrachromosomal full-length 

wild-type polymerase genes. Maintaining selection for the TRP1 plasmid, we then applied 

5-fluoroorotic acid selection to obtain clones that underwent spontaneous recombination 

within the integrated construct, have lost the URA3 vector sequences, and retained a 

single, full-length mutant or wild-type chromosomal POL allele. Clones containing the 

chromosomal pol3-G731R or pol2-C417R alleles were identified by Sanger sequencing, 

and lethality was confirmed by the inability of these clones to lose the plasmid with the 

wild-type POL gene in the absence of selection for the TRP1 marker.

METHOD DETAILS

Mutation calling and tumor classification—To minimize errors from different 

mutation calling algorithms,88 results from mutect2, muse, somaticsniper and varscan were 

combined using the consensus approach.89 Namely, a mutation was included in the analysis 

if it was called by two or more mutation calling algorithms. All samples were labeled 

based on the presence or absence of known POLE and POLD1 driver mutations and 

MSI status. Driver mutations in POLE and POLD1 were annotated based on the existing 

functional analysis data (mutator or tumor phenotype in model systems and/or demonstrated 

exonuclease defect), as well as co-segregation with the cancer phenotype for variants that 

have also been reported as germline mutations (Table S13). The mutator effect of the 

POLD1-E318K allele altering the catalytic glutamate in the exonuclease active site of Pol δ 
and, therefore, suspected to be a driver mutation, was validated by modeling in yeast prior 

to the analysis (Table S14). Mutations not annotated as drivers were categorized as VUSs. 

The MSI status for all samples was extracted from the consensus-combined MAF files 

using the TCGA biolinks R/Bioconductor package v. 2.18.0 and categorized into MSI-high 

(MSI), MSI-low (MSI-L) and microsatellite-stable (MSS) status as previously described.84 

For samples where the MSI status was unknown, it was predicted using the MSIpred python 

package.83 Microsatellite-stable (MSS) tumors and tumors with low MSI (MSI-L) were 

grouped together and referred to as “MSS”.

Mutation rate measurements—The rate of spontaneous Canr mutation, His+ reversion, 

and Lys+ reversion in haploid (if viable) or heterozygous diploid yeast pol mutants was 

measured by fluctuation analysis as described previously.22

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of mutational motifs—We have generated 104 

(R)n[G > T](R)m, n, m ∈ ℕ ∣ 0 ≤ n, m ≤ 13  mutational motifs (Table S3). These motifs 

are equivalent to C>A mutations in a polypyrimidine context on the opposite 

strand, (Y)n[C>A](Y)m. To distinguish between polypurine tracts of different 

lengths, pyrimidine (Y) “terminators” were added at the beginning and the 

end of each motif, y(R)n[G>T](R)my. We also generated 104 analogous 

y(A)n[G>T](A)my, n, m ∈ ℕ ∣ 0 ≤ n, m ≤ 13 , Y(G)n[G > T](G)mY, n, m ∈ ℕ ∣ 0 ≤ n, m ≤ 13 ,
and y(A)n[A>C](A)my, n, m ∈ ℕ ∣ 0 ≤ n, m ≤ 13  motifs for the analysis of mutations 

in polyA and polyG context, 28 y(AG)nA[G>T](AG)my, n, m ∈ ℕ ∣ 0 ≤ n, m ≤ 6
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motifs for the analysis of mutations in (AG)n repeats, and additional 104 

R(Y)n[G > T](Y)mR, n, m ∈ ℕ ∣ 0 ≤ n, m ≤ 13  mutational motifs as a control.

For each query motif, the whole exome of a tumor was scanned and a total number of 

occurrences of the motif in a sample was calculated using the MutaGene82,90 python 

package, “motif” module (parameters: -g hg38 -w 100, -t 1.0), which can be found 

at https://github.com/Panchenko-Lab/mutagene). Both DNA strands were treated equally. 

Whole exome sequences were extracted using BioMart (v. 2.46.3).86 For each sample and 

each motif, MMF was calculated by dividing the number of mutational motifs by the 

total number of occurrences of that nucleotide context in the exome (Table S15), MMF = 

Mmut_motif/Ncontext. For example, for YR[G>T]RY motif, MMF = MYR[G>T]RY/NYRGRY.

For the trinucleotide mutational signature analysis, we applied the “identify” module 

of the MutaGene package with the default parameters.90 The MutaGene package uses 

maximum likelihood estimation procedure for decomposition of the mutational profile into 

a predefined set of mutational signatures and computes their exposures. We utilized a set 

of 67 signatures from the Catalog of Somatic Mutations in Cancer (COSMICv3). The set 

contained 49 mutational signatures associated with certain mutational processes whereas 

other 18 signatures were indicated as signatures associated with sequencing artifacts. 

Furthermore, the number of mutations explained by a given mutational signature was 

used as a feature to develop a machine learning model to discriminate between samples 

with POLE drivers and samples with no POLE/POLD1 mutations for comparison with the 

classification based on the polypurine motifs. In addition to the primary analysis, we utilized 

the MutSigProfiler python package to perform a trinucleotide mutational signature analysis 

using a set of 67 mutational signatures from COSMICv3.

Data analysis and machine learning modeling—Data processing, statistical tests, 

and visualization were performed in MATLAB (Mathworks, Inc., MA, USA, v. R2020a), 

Python (v. 3.8.5), and R (v. 4.0.3) platforms. The statistical significance is displayed as 

following: *, p value <0.05; ***, p value <0.001; ns, no significance, as indicated in figure 

legends.

Since our variables are not normally distributed, we applied non-parametric ANOVA test 

(Kruskal-Wallis) to analyze the association between MSI status, POLE driver mutation 

status and MMF. Dunn’s multiple comparison test was used to perform post-hoc analyses. 

The FDR correction was applied to correct for multiple comparison. The tSNE was 

applied for high-dimensional data visualization. Horizontal lines and stars indicate statistical 

associations between groups. To select mutational motifs most predictive of the POLE 
driver status, feature selection was performed using MFeaST.85 Classification model 

development was carried out with the scikit-learn python package (v. 1.1.1) and the 

MATLAB Classification Learner App with 5-fold cross-validation and default tuning 

hyper-parameters. To identify the most accurate classification model,91 several machine 

learning classifiers were applied, namely linear discriminant, support vector machine, 

gradient boosting, AdaBoostClassifier, Bagging classifier, KNeighborsClassifier, Decision 

Tree, Random Forest, Gaussian Naive Bayes. We used the following metrics for model 

evaluation: Receiver Operating Characteristics (ROC), precision, recall, and F1 score. As 
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our training and test datasets are imbalanced, Matthew’s correlation coefficient (MCC) was 

also calculated.

Detecting mutational motifs in nucleosomal and non-nucleosomal DNA—
To determine whether there is a statistically significant difference between MMF in 

nucleosomal and non-nucleosomal DNA, we constructed the contingency table based on 

the following three steps. In the first step, 147-bp paired-end MNase-seq DNA fragments 

associated with seven human lymphoblastoid cell lines were downloaded from NCBI 

(GSE36979). This data had higher genomic coverage than other available MNase-seq data, 

and its 147-bp DNA fragments can specify nucleosome positioning with up to a single 

nucleotide resolution.81 The MNase-seq fragments were mapped to the reference human 

genome (GRCh38), and the nucleosome positioning scoring profile was obtained. Since 

the generated profile included several local peaks, a kernel smoother function was used to 

determine the exact location of nucleosomes.92 In the second step, the exome sequences 

were extracted using the BioMart software library. Both the plus and minus strands of the 

exome sequences were mapped to whole genome (GRChr38), and their genomic coordinates 

were specified. Then, the locations of the acquired G>T mutations were mapped to the 

coordinates of exome sequences and nucleosomal and non-nucleosomal regions. In the third 

step, every sequence motif was searched in all exome sequences, and the total number of 

G>T mutations and non-mutated G nucleotides were counted for both the nucleosomal and 

non-nucleosomal DNA. Finally, we performed the Fisher’s exact test to determine if there is 

an association between mutation in the motif and the presence/absence of the motif in the 

nucleosomal region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• POLE variants promote genome-wide mutations at defined positions of 

polypurine tracts

• Polypurine-motif-based classifier identifies tumors with POLE and POLD1 

drivers

• Two POLE drivers, S461L and E978G, are validated experimentally

• E978G driver mutation affects the DNA polymerase domain of Pol ε
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Figure 1. Tumors with POLE driver mutations accumulate G>T transversions in polypurine 
tracts
(A) The mean value of MMF for each of 104 polypurine motifs in tumors with POLE driver 

mutations (n = 44), POLE VUSs (n = 30), or no POLE or POLD1 mutations (n = 292). Error 

bars indicate 95% confidence interval (CI). The red 4 symbols indicate mutation positions 

within the motifs. The lines were drawn to emphasize the differences between motifs with 

varying positions of the mutated G and to not assume a continuum of MMF values.

(B) Comparison of MMF (all 104 motifs combined) between samples with POLE driver 

mutations (n = 44 samples × 104 motifs = 4,576), POLE VUSs (n = 3,120), and no POLE or 

POLD1 mutations (n = 30,368) (Kruskal-Wallis, p < 0.001). Each dot displays MMF value 

for an individual mutational motif. Mean MMF was 51.9 × 10−6 for samples with POLE 
drivers, 5.14 × 10−6 for samples with POLE VUSs, and 0.30 × 10−6 for samples with no 

POLE or POLD1 mutations.
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(C) Contour plot of the mean MMF among samples with POLE drivers showing MMF 

dependence on the position of mutated site within a motif.

(D) The mean MMF for motifs with two or three purines after the mutation in tumors 

with different POLE driver alleles. MMF values were normalized by the number of G>T 

transversions in each tumor. Error bars indicate 95% CI.

(E) Comparison of MMF for motifs with two or three purines after the mutation in different 

categories of tumors in regard to POLE and MSI statuses: “POLE drivers, MSS” (n = 

851), “POLE drivers, MSI” (n = 161), “no POLE/POLD1 mutations, MSS” (n = 4,508), 

and “no POLE/POLD1 mutations, MSI” (n = 2,208). Each dot displays the MMF value 

for an individual mutational motif. Horizontal lines and stars indicate statistical associations 

between groups. *p < 0.05; ***p < 0.001; ns, no significance.
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Figure 2. Classification workflow
(A) Workflow for the development of tumor classification model.

(B) t-SNE plot visualizing different clusters of tumors with POLE drivers and tumors with 

no POLE/POLD1 mutations from the UCEC EAC cohort using three top-ranked motifs.

(C) Classification accuracy based on different features for the training dataset (UCEC EAC) 

and for two independent datasets (UCEC SCAC and COAD). Error bars show 95% CIs.
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Figure 3. Validation of novel POLE drivers by functional analysis in yeast
(A) Schematic representation of human POLE and POLD1 showing the location of VUSs 

tested in this work. Exo, exonuclease domain; Pol, DNA polymerase domain. Striped boxes 

indicate conserved exonuclease and DNA polymerase motifs.

(B) Alignment of amino acid sequences of human and yeast proteins around the mutation 

sites. Human VUSs and analogous yeast variants are shown above and below the alignments, 

respectively.

(C) Identification of mutator variants in tumors with multiple VUSs predicted to carry driver 

mutations. Mutation rate relative to wild type is shown for yeast strains with pol2 or pol3 
mutations mimicking the indicated human variants.

(D) VUSs from tumors not predicted to contain driver mutation confer mild or no mutator 

effects in yeast.

In (C) and (D), the pol3-G731R and pol2-C417R haploid strains were inviable, and the 

mutator effect is shown for heterozygous diploids. All other data are for haploid strains 

carrying the indicated alleles as the sole source of Pol ε or Pol δ. Data are from Tables 

S9 and S10. Dashed lines show wild-type mutagenesis levels. Asterisks indicate p < 0.05 

by Wilcoxon-Mann-Whitney compared to the wild-type strain (null hypothesis: MRmutant > 

MRwild-type).
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Figure 4. Structural implications of novel POLE driver mutations
(A) Locations of the previously known (orange balls) and new (red balls) driver mutations 

on the structure of the catalytic core of yeast Pol ε (PDB: 4M8O52). Note the location of 

the E991G substitution (human E978G) in the thumb subdomain of the DNA polymerase 

domain. DNA with the primer terminus in the polymerase active site is in yellow.

(B) E991, E985, and E1048 form a cluster of negatively charged residues at the DNA-

binding interface of yeast Pol ε. Surface representation of the catalytic core is shown with 

the DNA cartoon in orange. Exonuclease domain (cyan) is in the back, partially visible 

through the cleft in the polymerase domain. DNA-binding arginine and lysine residues are in 

blue, and the three glutamate residues are in red. A close-up view of the glutamate cluster is 

shown on the right.

(C) The E991G substitution is predicted to increase the positive charge of the DNA-

binding interface in the polymerase domain. Red and blue colors display negative and 
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positive electrostatic potentials, respectively. Electrostatic potentials were calculated with 

the Adaptive Poisson-Boltzmann Solver method57 and mapped onto the molecular surfaces 

of wild-type Pol ε (top) and Pol ε E991G (bottom). The mutagenesis wizard of PyMOL 

was applied to generate the E991G variant. The color intensity was scaled with electrostatic 

potential values of the surface.

(D) Schematic representation of contacts between E991 and three DNA-binding arginine 

residues in yeast Pol ε. A −1 nucleotide position corresponds to the last base pair in the 

polymerase active site. See the main text for details.

(E) A close-up view of the interaction between E991, R988, and DNA bases at −4 and −5 

positions of the primer. Yellow rods show the position of the DNA backbone.

Ostroverkhova et al. Page 29

Cell Rep. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ostroverkhova et al. Page 30

Ta
b

le
 1

.

E
nd

om
et

ri
al

 a
de

no
ca

rc
in

om
a 

sa
m

pl
es

 p
re

di
ct

ed
 b

y 
po

ly
pu

ri
ne

 m
ot

if
 c

la
ss

if
ie

r 
to

 c
on

ta
in

 n
ov

el
 P

O
L

E
 d

ri
ve

r 
m

ut
at

io
ns

P
at

ie
nt

Sa
m

pl
e 

na
m

e
P

O
L

E
 m

ut
at

io
ns

P
O

L
D

1 
m

ut
at

io
ns

A
T

C
G

A
-A

P-
A

1D
K

-0
1A

-1
1D

-A
13

5-
09

T
12

28
N

L
60

6M
 -

 d
ri

ve
r 

m
ut

at
io

n

Q
13

35
Te

r

B
T

C
G

A
-A

X
-A

1C
E

-0
1A

-1
1D

-A
13

5-
09

P3
38

P
G

72
4R

G
38

8G
S7

58
S

R
74

2H

P9
16

L

E
97

8G

D
20

13
D

C
T

C
G

A
-A

X
-A

2H
D

-0
1A

-2
1D

-A
17

D
-0

9
S4

61
L

R
54

9C

T
99

8T
A

76
9D

N
19

71
N

T
95

4M

A
20

06
A

D
T

C
G

A
-B

5-
A

1M
R

-0
1A

-3
1D

-A
14

G
-0

9
R

70
5W

E
T

C
G

A
-B

5-
A

1M
X

-0
1A

-1
1D

-A
14

2-
09

V
12

27
D

Q
51

H

S4
78

N
 -

 d
ri

ve
r 

m
ut

at
io

n

F
T

C
G

A
-D

F-
A

2K
N

-0
1A

-1
1D

-A
17

W
-0

9
K

10
70

N
D

31
6G

 -
 d

ri
ve

r 
m

ut
at

io
n

Cell Rep. Author manuscript; available in PMC 2024 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ostroverkhova et al. Page 31

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

TCGA somatic mutation calls NIH Genomic Data Commons https://portal.gdc.cancer.gov
[portal.gdc.cancer.gov]

TCGA clinical and survival data NIH Genomic Data Commons https://portal.gdc.cancer.gov
[portal.gdc.cancer.gov]

Genome-wide maps of nucleosome occupancy in 
human lymphoblastoid cell lines (GSE36979)

Gaffney et al., 201281

Gene Expression Omnibus NCBI 
database

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE36979
[ncbi.nlm.nih.gov])

Experimental models: Organisms/strains

Saccharomyces cerevisiae strain PSD93 Daee et al., 201023 PSD93

Oligonucleotides

Oligonucleotides for site-directed mutagenesis IDT See Table S12

Software and algorithms

MutaGene python package Brown et al., 201982 https://github.com/Panchenko-Lab/mutagene

MSIpred python package Wang and Liang, 201883 https://github.com/wangc29/MSIpred

TCGA biolinks R package Colaprico et al., 201684 https://bioconductor.org/packages/release/bioc/
html/TCGAbiolinks.html

MFeaST MATLAB package Gerolami et al., 202285 https://www.renwicklab.com/molecular-feast/

BioMart R package Durinck et al., 200986 https://bioconductor.org/packages/release/bioc/
html/biomaRt.html

SigProfilerAssignment python package Diaz-Gay et al., 202387 https://github.com/AlexandrovLab/
SigProfilerAssignment
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