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Abstract

The fidelity of DNA replication relies on three error avoidance mechanisms acting in series: 

nucleotide selectivity of replicative DNA polymerases, exonucleolytic proofreading, and post-

replicative DNA mismatch repair (MMR). MMR defects are well known to be associated with 

increased cancer incidence. Due to advances in DNA sequencing technologies, the past several 

years have witnessed a long-predicted discovery of replicative DNA polymerase defects in 

sporadic and hereditary human cancers. The polymerase mutations preferentially affect conserved 

amino acid residues in the exonuclease domain and occur in tumors with an extremely high 

mutation load. Thus, a concept has formed that defective proofreading of replication errors triggers 

the development of these tumors. Recent studies of the most common DNA polymerase variants, 

however, suggested that their pathogenicity may be determined by functional alterations other than 

loss of proofreading. In this review, we summarize our current understanding of the consequences 

of DNA polymerase mutations in cancers and the mechanisms of their mutator effects. We also 

discuss likely explanations for a high recurrence of some but not other polymerase variants and 

new ideas for therapeutic interventions emerging from the mechanistic studies.
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1. Prehistory

The idea that cancer may be caused by error-prone variants of replicative DNA polymerases 

dates back to the early 1970s. A hypothesis proposed by Larry Loeb and colleagues posited 

that the infidelity of DNA replication could be responsible for the multiple cellular changes 

associated with tumor initiation and progression [1]. Alterations in replicative DNA 

polymerases that increase the rate of base pairing errors were regarded as the most obvious 
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source of such infidelity. In the 40+ years that followed, it has been established that DNA 

replication in eukaryotic cells is accomplished by a concerted action of three DNA 

polymerases, Polα, Polδ and Polε [2,3], and the high fidelity of synthesis relies on accurate 

nucleotide selection by these enzymes, exonucleolytic proofreading by Polδ and Polε, and 

post-replicative DNA mismatch repair (MMR) [4–6]. MMR defects had been recognized as 

the cause of hereditary colorectal cancer (CRC) predisposition in Lynch syndrome almost 25 

years ago [7] and were soon shown to be widespread in sporadic cancers. In contrast, 

although defects in DNA polymerase selectivity or proofreading produce a mutator 

phenotype in model eukaryotic organisms [8–12] and accelerate tumorigenesis in mice [13–

16], the association of replicative DNA polymerase mutations with cancer in humans has 

escaped the spotlight until very recently.

Prior to the release of The Cancer Genome Atlas (TCGA) sequencing data on CRC in 2012, 

reports of Polδ or Polε mutations in cancer cells had appeared in three publications. In the 

1990s, two groups addressed the prevalence of mutations in the POLD1 gene encoding the 

catalytic subunit of Polδ in human CRC cell lines and sporadic colon tumors [17,18], with 

one study focusing only on the exonuclease domain area [17] and the other analyzing the 

entire coding region [18]. Among 12 cell lines and seven tumor samples analyzed, 10 

changes were found in the amino acid sequence of Polδ. With the exception of one, these 

changes did not represent polymorphisms commonly observed in healthy people. However, 

the cells lines with POLD1 mutations were also defective in MMR, leaving uncertainty as to 

whether the polymerase mutations played a role in the tumor formation and a general 

consensus that the MMR defect was the likely culprit. This view was not challenged until 

2010, when functional studies in yeast of a Polδ variant (Polδ-R689W) found in the MSH6-

defective CRC cell line DLD-1 revealed its exceptionally strong mutator properties, and 

biochemical analysis showed that Polδ-R689W is a highly error-prone DNA polymerase 

[19]. This study provided the first indication of the functional importance of a replicative 

DNA polymerase mutation present in human cancer cells. In 2011, analysis of selected 

exons of POLD1 and POLE encoding the catalytic subunit of Polε in a larger collection of 

tumor samples identified a Polε exonuclease domain variant, F367S, in a rectal tumor [20]. 

It was the first Polε mutation to be reported in human disease. The revelation was soon to 

come that replicative DNA polymerase mutations are common in certain tumor types and are 

often responsible for the genomic instability that leads to the development of these tumors.

2. The era of genome sequencing: discovery of Poε and Polδ mutations in 

hypermutated cancers

With advancing DNA sequencing technologies has come the ability to perform large-scale 

studies of human tumor DNA in order to better understand cancers at the genomic level. In 

2012, TCGA published the results of a comprehensive genomic study of colorectal 

carcinoma, including exome sequencing of 224 tumor samples [21]. This analysis revealed a 

distinct subset of so-called hypermutated tumors (>10 mutations per 106 bases) comprising 

~16% of all sporadic cases. A majority of these showed microsatellite instability (MSI) 

indicative of MMR deficiency, but the most hypermutated tumors (>100 mutations per 106 

bases) were, strikingly, all microsatellite stable (MSS) and contained mutations in POLE. 
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Mutations in POLD1 were also observed. However, in contrast to the POLE-mutant tumors, 

all tumors with POLD1 mutations were MSI, in line with the view that the POLD1 variants 

could be neutral passenger changes resulting from the high mutation rate in MMR-deficient 

cells. The following year, TCGA reported the results of analysis of over 370 endometrial 

cancers (EC), which similarly showed that a fraction of tumors was hypermutated, and 

tumors with the highest mutation frequency were MSS and contained mutations in POLE 
[22]. A separate study specifically addressing the prevalence of POLD1 and POLE 
exonuclease domain mutations in sporadic EC also reported a high frequency of POLE 
changes in hypermutated MMR-proficient tumors [23].

Shortly after the discovery of POLE mutations in sporadic hypermutated CRC, germline 

mutations in POLE and POLD1 were found to be responsible for a high-penetrance 

colorectal cancer predisposition syndrome [24]. The POLD1 mutation carriers were also 

predisposed to EC and, likely, brain tumors. The causative role of two germline variants, 

POLE-L424V and POLD1-S478N, has been convincingly demonstrated by co-segregation 

of the alleles with the cancer phenotype, and additional POLD1 variants potentially altering 

the polymerase properties were found in patients whose clinical characteristics suggested 

genetic predisposition [24]. Similar to the sporadic POLE-mutant CRC and EC, tumors from 

carriers of germline POLE and POLD1 mutations were MSS and showed a high number of 

base substitution mutations.

Following these breakthroughs, multiple studies utilizing either whole-exome analysis or 

targeted sequencing of the DNA polymerase genes reported somatic POLE and, less 

frequently, POLD1 mutations in sporadic CRC and EC [25–53]. Several thousands of 

colorectal and endometrial tumor samples have been analyzed to date, producing an 

impressive list of more than 200 distinct POLE mutations and more than 80 POLD1 
mutations. The POLE mutations are observed at a highly variable frequency, with some 

constituting frequently recurring hotspots. Several POLD1 mutations were also observed 

more than once. The available data suggests that at least 6% of colorectal tumors and 7% of 

endometrial tumors carry POLE mutations, and at least 4% of both colorectal and 

endometrial tumors carry POLD1 mutations. The exact frequency of these mutations in 

cancers is uncertain, because many studies limited the search for mutations to the 

exonuclease domains or even selected exons, and studies employing whole-exome 

approaches can potentially underestimate the actual number of mutations. Somatic POLE 
and POLD1 mutations have also been reported, albeit less frequently, in other tumor types, 

including breast, ovarian, brain, pancreas, lung, and prostate [54,55]. Notably, somatic 

mutations in POLE have been found to occur as early events in the development of brain 

tumors in children with constitutional mismatch repair deficiency [56,57]. The list of 

germline replicative DNA polymerase mutations detected in families with hereditary cancer 

predisposition has also grown and now comprises at least eight distinct POLE variants and at 

least seven POLD1 variants [24,58–66], although good evidence for co-segregation with the 

disease only exists for POLE-L424V [24], POLE-N363K [63], POLE-Y458F [64], POLD1-
S478N [24] and POLD1-L474P [59]. The originally discovered POLE-L424V mutation 

appeared to be highly recurrent, with incidence reported in over 20 families with hereditary 

cancers [24,58–62], and POLD1-S478N and POLD1-L474P have also been seen repeatedly 

[24,59–61].
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The location of CRC- and EC-associated variants in the POLE and POLD1 proteins is 

shown schematically in Figure 1. There are several notable characteristics of these variants. 

First, the vast majority occur in tumors in a heterozygous state in which both the mutant and 

wild-type alleles are present. Second, POLE is altered much more frequently than POLD1 in 

hypermutated MSS tumors, where the polymerase variants are strongly suspected to play a 

causative role. Most somatic POLD1 mutations are found in MSI tumors. Third, POLE but 

not POLD1 mutations tend to preferentially affect the exonuclease domain of the 

polymerase. Fourth, in both sporadic and hereditary cancers, some mutations are observed at 

a vastly greater frequency than others. It is likely that many of these observations are related 

to the effects imposed by the mutations on Polε and Polδ, and, subsequently, on the various 

cellular transactions involving these enzymes. With the exception of the germline mutations, 

for which the causative role in cancer could be unequivocally established by genetic analysis 

of large multigenerational families [24], the identification of functionally significant somatic 

variants is not straightforward and has been a subject of much speculation. At the frequency 

of mutation observed in hypermutated tumors, almost every gene is expected to be impacted, 

and some tumors have been reported to contain up to 10 non-silent replicative DNA 

polymerase mutations. In the following sections, we discuss currently available data on the 

functional consequences of cancer-associated Polε and Polδ variants, the mechanisms 

underlying their mutator effects, and the likely reasons for the preferential occurrence of 

some but not other polymerase variants in sporadic and hereditary cancers.

3. The proofreading deficiency paradigm

The genome of hypermutated tumors is flooded by mutations, most of which probably play 

no role in the tumor development. However, analysis of the CRC exome sequencing data 

published by TCGA [21] immediately revealed that the POLE mutations in MSS 

hypermutated tumors non-randomly hit highly conserved amino acid residues in the 

exonuclease domain. Along with the discovery of POLE and POLD1 exonuclease domain 

mutations in hereditary CRC [24], this finding strongly suggested that loss of proofreading 

activity of replicative DNA polymerases is responsible for the high level of genome 

instability in these cancers. This concept was met with substantial excitement and spread 

quickly among basic and clinical scientists [67–69] despite the paucity of data 

demonstrating that a proofreading defect is the main consequence of the mutations. The 

newly characterized hereditary CRC predisposition syndrome was termed Polymerase 

Proofreading-Associated Polyposis (PPAP) [67]. A variety of theoretical approaches have 

been used to support the idea of defective proofreading in the variant polymerases 

[23,24,62–64, 67,70,71]. These included analysis of amino acid residue conservation, 

location within or close to conserved exonuclease motifs and in respect to available crystal 

structures of orthologous enzymes, and in silico prediction tools. Published data on mutator 

phenotypes or biochemical defects resulting from similar mutations in model organisms 

were also considered. It is of note that in the majority of cases, the experiments in model 

organisms cited as evidence of functional significance used a different DNA polymerase 

(e.g., Polδ rather than Polε), often a different amino acid substitution, and sometimes not the 

same amino acid residue [23,24,63,64,67,70–72]. In most cases, the results of these analyses 

led the authors to conclude that the mutations were likely to affect proofreading. However, 
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two observations were difficult to reconcile with the view that the pathogenicity of the 

POLE and POLD1 mutations results from their adverse effects on proofreading. First, it 

remained puzzling and unexplained by the in silico analysis why some mutations are seen 

more frequently than others. Second, alterations of catalytic residues known to inactivate 

proofreading in model organisms are rarely, if ever, seen in human cancers. Clues to these 

puzzles, along with the need to revisit the proofreading deficiency paradigm, were suggested 

by recent functional studies that we review below.

4. Lessons from functional analysis of cancer-associated Poε and Polδ 

variants

4.1. Biochemical studies

Reduction in exonuclease activity has been demonstrated for seven Polε variants mapping to 

the exonuclease domain [29]. These include the P286R and V411L variants most frequently 

observed in sporadic cancers, the recurrent germline variant L424V, a less frequent somatic 

variant S459F, as well as P286H, F367S and L424I that have so far been observed in only 

one or two tumors each. These experiments were performed with a purified fragment of the 

catalytic subunit of Polε containing both DNA polymerase and exonuclease active sites. The 

exonuclease activity was impaired to varying degrees by the mutations and ranged from 5% 

to 42% of the corresponding wild-type protein activity. For five of these variants, a reduction 

in the fidelity of in vitro DNA synthesis was also demonstrated and was proportional to the 

extent of exonuclease deficiency [29]. Remarkably, however, no correlation was observed 

between the severity of the proofreading defect and the frequency at which the Polε variants 

are seen in cancers. This observation raises a possibility, which is discussed further below, 

that the exonuclease domain variants increase cancer risk via mechanisms more complicated 

than loss of proofreading.

Although Polε exonuclease domain variants attracted much attention, at present, the most 

comprehensively characterized cancer-associated variant is Polδ-R689W, which maps to the 

DNA polymerase domain and was one of the first polymerase mutations discovered in 

cancer cells [18]. In addition to being present in the hypermutated MSH6-deficient CRC cell 

lines DLD-1 [18] and HCT15 [26] derived from the same tumor, it was reported in two other 

sporadic tumors [54] that are not hypermutated. All this together would place Polδ-R689W 

in a category of variants that are considered insignificant by much of the current literature. 

However, biochemical studies performed initially with the yeast analog of Polδ-R689W 

[19,73], and, most recently, with the four-subunit human Polδ-R689W [74] showed a 

profound defect in nucleotide selectivity. DNA synthesis catalyzed by both human Polδ-

R689W and its yeast mimic was extremely error-prone despite wild-type levels of 

exonuclease activity. These results indicated that POLD1 mutations seen in sporadic tumors 

can be highly significant. They also showed that DNA polymerase mutations occurring in 

MMR-deficient tumors can be significant and act synergistically with the MMR defects to 

promote hypermutation. It is important to note, however, that the CRC cell lines carrying 

Polδ-R689W are deficient only in MSH6-dependent MMR. Severe DNA polymerase fidelity 

defects may be incompatible with full inactivation of MMR resulting from a loss of MLH1 

or MSH2, as discussed elsewhere [71]. Finally, the studies of Polδ-R689W demonstrated 
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that functionally important mutations can occur outside the exonuclease domain and affect 

nucleotide selectivity rather than proofreading.

4.2. In vivo effects in model systems

Yeast Saccharomyces cerevisiae or Schizosaccharomyces pombe has been commonly used 

to assess the effects of cancer-associated DNA polymerase mutations in vivo. Yeast genes 

encoding the catalytic subunits of Polε and Polδ show a high degree of similarity to the 

human POLE and POLD1 genes, respectively. Therefore, a common approach involves 

creating a mimic of a tumor-associated mutation in the chromosomal DNA polymerase gene 

and determining the effect on replication fidelity inside the cell by measuring the 

spontaneous mutation rate. Although the significance of many human mutations was 

claimed to be confirmed by mutagenesis assays in yeast [23,24,59,60,67,71,72], to our 

knowledge, in only ten cases listed in Table 1 were the variants actually modeled by creating 

an analogous amino acid substitution in the corresponding polymerase. Most of these are 

POLD1 mutations. Out of several hundred somatic POLE mutations found in tumors, 

evidence for functional significance in vivo has been reported only for the most common 

variant, P286R [33]. Despite this limited analysis, the experiments in yeast provided several 

important insights.

First, they revealed that exceptionally powerful mutators are seen recurrently in tumors. For 

example, the mutator effect of the yeast POLE-P286R analog exceeds that of any previously 

studied Polε mutation by an order of magnitude [33]. Likewise, the mutator effect of the 

POLD1-R689W mimic greatly exceeds that of any known eukaryotic mutator allele [19]. 

We have proposed previously that the frequent occurrence of POLE-P286R in tumors 

(Figure 1) is due to its unusually strong mutator effect, which leads to a greater cancer risk 

[33]. In support of this hypothesis, our recent studies of several other cancer-associated Polε 
variants showed that their mutator effects are highly variable, and a strong correlation exists 

between the mutator effect in yeast and the variant frequency in tumors (S. R. Barbari, D. P. 

Kane, E. A. Moore and P. V. Shcherbakova, manuscript in preparation). A model emerging 

from these studies suggests that there is a large number of relatively infrequent polymerase 

variants with weak-to-moderate mutator effects that are collectively responsible for the 

majority of hypermutated tumors (~70% in the case of CRC and EC). The remaining 30% 

are driven by a small number of strong mutators that are highly recurrent (Figure 2).

Interestingly, we found that the striking predominance of the POLE-L424V variant in the 

spectrum of germline cancer-causing mutations (Figure 1) is related not to its mutator effect, 

which is modest (S. R. Barbari, D. P. Kane, E. A. Moore and P. V. Shcherbakova, manuscript 

in preparation), but apparently to the genomic DNA sequence context that makes this site a 

mutational hotspot. The base substitution (C→G) occurs in close proximity of a GC-rich 

palindromic sequence with a strong potential for hairpin structure formation (Figure 3). We 

have shown previously that such DNA sequences present an obstacle for Polδ and Polε 
([75]; X. Xing and P. V, Shcherbakova, unpublished) and promote mutations in the nearby 

region, particularly C→G transversions dependent on translesion synthesis DNA 

polymerase ζ [75]. We hypothesize that the location of the codon for Leu424 at this at-risk 

sequence explains the fact that not only it is the most frequently seen germline DNA 
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polymerase mutation, but it has also been repeatedly reported as a de novo germline variant 

[58,59] and several times as a somatic mutation in sporadic tumors [22,29,30,43].

The second revelation from the in vivo functional studies is that mutator effects of cancer-

associated Polε variants greatly exceed the effects expected from loss of proofreading, 

which in the case of the P286R variant is by two orders of magnitude [33]. Thus, the 

mutations must impact the polymerase in some additional ways, which at present remain 

uncharacterized. It is likely that these additional defects, and not the loss of proofreading per 
se, determine the pathogenicity of POLE mutations. Indeed, the variant frequency in tumors 

correlates with the severity of the mutator effect in vivo (Figure 2) and not with the degree to 

which proofreading is impaired [29]. Therefore, the mutagenic potential is separable from 

the effects on proofreading, and the magnitude of the mutator effect in cell-based assays 

seems to be a better predictor of cancer risk.

Third, the in vivo assays demonstrated the functional significance of many POLD1 
mutations (Table 1), including the ones found in MMR-deficient tumors. Mutations affecting 

both the exonuclease and the polymerase domain were found to be significant. Perhaps an 

interesting clue to the differential tissue-specific roles of Polε and Polδ in tumorigenesis is 

provided by the following observation. Over 20 different mutator versions of Polδ have been 

artificially created in S. cerevisiae by either site-directed or random mutagenesis, including a 

dozen with amino acid substitutions in the exonuclease domain and some with documented 

exonuclease defects [9,12,76–79]. None of these mutations have been seen among thousands 

of sporadic and hereditary cancer cases analyzed. However, an experiment where strong 

mutator variants of Polδ were selected for by the ability to mutate a single given 

chromosomal site within 12–13 cell generations [80] produced a collection of eight variants 

in the proofreading domain, four of which have now been seen in human cancers (Table 1). 

Interestingly, sporadic cancers with these mutations included gastric, brain and prostate 

tumors, as well as multiple myeloma, but not CRC or EC. Thus, Polδ exonuclease domain 

mutations may preferentially contribute to pathogenesis of a different subset of cancer types, 

similar to earlier findings in mice [14,15].

Although the yeast-based assays help pinpoint potentially significant DNA polymerase 

variants, ultimately, establishing the pathogenic nature of a mutant allele requires the 

demonstration of the mutator effect in human cells. To date, this has only been done for the 

very first cancer-associated mutation discovered, POLD1-R689W [74]. In this assay, the 

mutant allele was stably overexpressed in a human cell line carrying wild-type endogenous 

DNA polymerase genes, and the mutation rate was measured at a chromosomal reporter 

gene. Both the mutator effect and the specificity of nucleotide misincorporation previously 

observed with the yeast POLD1-R689W analog have been recapitulated in the human cell 

system. These experiments validated the use of the yeast model and also established a 

precedent and a simple strategy for functional analysis of cancer-associated DNA 

polymerase mutations in human cells. In addition to confirming the pathogenicity of variants 

identified as mutators in yeast, the use of human cell-based assays may be necessary for 

assessing the impact of mutations that affect poorly conserved amino acid residues.
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4.3. Expression of a mutator phenotype does not require loss of heterozygosity

Replicative DNA polymerase variants are typically present in tumors in the heterozygous 

state. In patients with germline POLD1 or POLE mutations, loss of heterozygosity is not 

required for the tumor development [24]. DNA sequence analysis of sporadic tumors with 

POLD1 or POLE mutations almost always shows the presence of both wild-type and mutant 

alleles. While the subclonal nature of the mutation could be responsible for the wild-type 

signal in some cases, all cell lines established from hypermutated tumors are heterozygous 

for the DNA polymerase mutations [18,20,26,32]. The heterozygous state was mimicked in 

the yeast system for several Polε and Polδ variants ([19,33,73], S. R. Barbari, D. P. Kane, E. 

A. Moore and P. V. Shcherbakova, manuscript in preparation). All of them caused a 

significant mutator effect in the presence of the wild-type allele, although reduced compared 

to that seen in homozygous diploids, consistent with participation of both the mutant and 

wild-type polymerases in DNA synthesis. This is in contrast to most DNA repair genes 

implicated in cancer, e.g. MMR genes, where loss of both alleles is required to produce a 

mutator phenotype. Thus, functional analysis of DNA polymerase variants should perhaps 

primarily address their ability to increase the mutation rate in the heterozygous state. While 

this is easily achieved in yeast, human cell-based assays where the wild-type and mutant 

alleles are expressed at comparable levels have yet to be developed.

Curiously, loss or inactivation of the second allele has been reported in a few tumors with 

functionally significant POLE mutations, and at least one example illustrates that this could 

have consequences for the manifestation of the disease. Two tumors in the TCGA CRC 

study [21] carried a recurrent S459F variant, for which exonuclease deficiency has been 

demonstrated in vitro [29]. One of these tumors also contained a nonsense mutation at codon 

150 of the POLE gene, which presumably inactivated the second allele. Although both 

tumors were hypermutated, the heterozygous tumor developed in a 57-year-old patient and 

showed a total of ~1,800 genomic mutations, while the patient with the additional nonsense 

mutation was diagnosed at 35, and the tumor had almost 10,000 mutations. Studies of 

additional similar cases are required to determine whether loss of heterozygosity or the 

presence of second hits in POLE could be an important prognostic marker.

The predominantly heterozygous state of Polε and Polδ mutations has implications for the 

regulation of mutator activity in tumor cells. A constantly high mutation rate might be 

disadvantageous to the tumor cells because of the accumulation of deleterious mutations. 

While many tumors carry exceptionally strong mutators (exemplified by Polε-P286R and 

Polδ-R689W), their effects are buffered by the presence of wild-type enzymes in the 

heterozygous cells. At the same time, the mutator effects depend greatly on the ratio of the 

wild-type and mutator enzymes [19]. We hypothesized previously that variations in 

expression level of the wild-type and mutant alleles may allow for both transient spikes of 

hypermutation that promote tumor growth and subsequent suppression of the mutator 

phenotype that helps maintain fitness [19].

4.4. Mutational signature of cancer-associated polymerase variants

While the frequency of all types of base substitutions is elevated in tumors with Polε and 

Polδ exonuclease domain variants, a disproportionally large increase in GC→TA 

Barbari and Shcherbakova Page 8

DNA Repair (Amst). Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transversions with a particular preference for AGA/TCT sequence context has been noted 

[23,24,29,81]. The high fraction of GC→TA transversions has even been proposed as a 

criterion for the identification of functionally significant DNA polymerase mutations [29]. 

However, the mechanism through which the various Polε and Polδ variants would uniformly 

produce the same mutational signature, as well as the reasons for the preferential mutability 

of AGA/TCT sequences, remain unclear. Importantly, the mutational spectra of tumor 

genomes represent the outcome of multiple DNA maintenance processes and may not 

necessarily reflect the specificity of the polymerase variants. An alternative approach is to 

analyze individual signatures of the mutator polymerases by expressing them in cultured 

human cells and determining the spectrum of mutation they induce, which was recently done 

for Polδ-R689W [74]. Despite the location of Arg689 in the DNA polymerase rather than 

exonuclease domain, synthesis by Polδ-R689W showed the notorious high frequency of 

GC→TA transversions with a striking sequence context specificity. All GC→TA 

transversions occurred in polypurine/polypurimidine tracts (up to eight consecutive purines 

in one strand). Remarkably, the same context specificity of GC→TA transversions was 

observed for genomic mutations present in the CRC cell line carrying this Polδ polymerase 

domain variant and in another hypermutated CRC cell line carrying the Polε exonuclease 

domain variant P286R ([74]; Figure 4). Thus, the previously described AGA/TCT motif in 

fact represents a variation of this more general sequence context of DNA replication errors, 

which is not specific for exonuclease domain variants. The information obtained from such 

experimental assessment of DNA polymerase signatures in the cellular environment will be 

useful for tracking the activity of cancer-associated polymerase variants in human tumors.

5. Mechanisms of the ultramutator phenotype

As discussed in the previous sections, many cancer-associated Polε and Polδ mutations 

modeled in yeast confer very strong mutator phenotypes much exceeding those of previously 

characterized DNA polymerase mutants. The mechanism of this unusual mutator effect is 

best understood for the yeast Polδ-R696W, which mimics the human polymerase domain 

variant R689W. The yeast Polδ-R696W has dramatically reduced nucleotide selectivity but 

poor mismatch extension capacity [19]. This results in frequent misincorporations that 

impede DNA synthesis and result in checkpoint activation, which, in turn, leads to expansion 

of dNTP pools [73]. The increase in intracellular dNTP levels promotes extension of the 

mismatched primer termini and also further increases the likelihood of incorrect base 

insertion by an already error-prone polymerase, ultimately resulting in a catastrophic 

accumulation of mutations ([73]; Figure 5). Studies in yeast suggested that Polε polymerase 

domain variants could act through the same mechanism [82], although this has not been 

demonstrated for any cancer-associated Polε mutations. The human Polδ-R689W, however, 

has impaired nucleotide selectivity and poor mismatch extension ability, being nearly 

identical to its yeast mimic in this respect [74]. Whether its infidelity is similarly augmented 

by upregulation of dNTP synthesis is yet to be determined.

An apparently different case is presented by the Polε exonuclease domain variants. Although 

they show a various degree of exonuclease deficiency [29], the magnitude of their mutator 

effect in yeast suggests a mechanism distinct from the loss of proofreading [33]. Our recent 

studies suggested that the hypermutability is not caused by the expansion of dNTP pools 
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either (S. Sharma, A. Chabes and P. V. Shcherbakova, unpublished). Unraveling the mystery 

of this ultramutator effect, which drives the genomic instability in many human cancers, is a 

high priority for the nearest future. Possible clues are provided by the following 

observations. Polε exonuclease deficiency results in a very small increase in the mutation 

rate in both yeast and human cells [8,83,84], even though the fidelity of purified Polε in 
vitro is strongly affected by the inactivation of proofreading [85,86]. It has been suggested 

that the majority of Polε errors are corrected in cells by extrinsic mechanisms, for example, 

by the exonuclease activity of Polδ [2,87]. On the other hand, many Polε exonuclease 

domain mutations found in cancers, and particularly P286R, were predicted to affect DNA 

binding [23,24,63]. The altered interaction of Polε variants with DNA could potentially 

reduce the efficiency of extrinsic proofreading, in addition to the intrinsic exonuclease 

defect, which would provide one possible explanation of the ultramutator phenotype.

6. Therapeutic implications of DNA polymerase deficiency

Patients with hypermutated POLE-mutant endometrial cancers have an excellent prognosis 

with nearly 100% progression-free survival after surgery [22,28,31,34,38,41,88–91]. A 

significantly better survival has also been noted for POLE-mutant CRC [44]. Recent studies 

suggest this could be due to the high immunogenicity of the tumors [31,34,38,41,89,90], 

which likely results from the hypermutation increasing the number of neoepitopes that can 

be recognized by the immune system [37,40–42,44,92,93]. The improved survival suggests 

that, while the hypermutated POLE tumors are often of higher grade, they should be 

classified separately and could be treated less aggressively [36,94]. Other hypermutated 

tumors such as melanomas and lung cancers are also highly immunogenic [95,96]. 

Consequently, hypermutated tumors, including rare relapses of POLE-mutant EC, have 

responded well to immunotherapy [42,93,95– 97]. While further studies are needed, this 

may indicate that immunotherapy alone, if necessary, could replace radiation and 

chemotherapy after surgery in these cases. We refer the reader to other, more comprehensive, 

reviews of this topic [91,98–100] and would like to finish by discussing additional possible 

therapeutic approaches suggested by mechanistic studies in model systems. In yeast, the 

mutator effects of both exonuclease and polymerase domain variants of Polε and Polδ are 

highly sensitive to even small fluctuations of dNTP levels ([73,82]; section 5). Mutagenesis 

can be reduced to wild-type levels when dNTP pools are low and increases catastrophically 

when dNTP pools are high. At the same time, the mutation rate in the wild-type strains is 

barely affected by the size of dNTP pools. While the details of dNTP metabolism may differ 

in yeast and human cells, the sensitivity of mutator polymerases to dNTP levels is likely to 

be conserved. Figure 6 illustrates how this property can be exploited for cancer therapy. 

Because the number of mutations in hypermutated tumors is likely just below the fitness 

threshold [56], therapies which increase dNTP pools could push the tumors past this 

threshold. Normal cells would not be affected because of high nucleotide selectivity of the 

wild-type polymerases. Conversely, inhibition of dNTP synthesis would reduce mutagenesis 

and, subsequently, the ability of the tumor to adapt and develop resistance to therapy. Such 

approaches could be particularly valuable for tumors that carry mild mutator alleles and 

might not be hypermutated enough for immunotherapy to be efficient. These insights 

underscore the importance of mechanistic studies in locating the Achilles’ heel of the DNA 
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polymerase-mutant tumors, especially given the fact that the mechanisms through which the 

exonuclease domain variants cause hypermutability are not yet fully understood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. POLE and POLD1 mutations reported in CRC and EC
A schematic of the POLE and POLD1 proteins is shown with the location of cancer-

associated variants indicated by lollipops. Only variants identified in studies where the entire 

coding sequence of POLE or POLD1 was analyzed [21,22,24,25,27,29,35,41–43,45–51,61–

64] are included to show an unbiased distribution. The height of each lollipop corresponds to 

the number of times the mutation has been reported. A description of individual mutations is 

provided in Supplemental Table 1. Note a concentration of POLE variants in the exonuclease 

domain and a more even distribution of POLD1 variants throughout the protein. The MMR 

status of the tumor in which the polymerase mutation was found is indicated by color. MSS, 

microsatellite stable; MSI, microsatellite instable; ND, not determined. Exo, exonuclease 

domain; Pol, polymerase domain. Hatched boxes indicate conserved motifs.

Barbari and Shcherbakova Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. The frequency at which a Polε mutation is seen in tumors correlates with its mutator 
effect
The figure illustrates the relationship between the incidence of individual POLE variants in 

sporadic tumors and their mutator effects deduced from in vivo functional assays.
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Figure 3. A possible hairpin DNA structure adjacent to the site of POLE-L424V mutation
The genomic DNA sequence context is shown for the recurrent C→G mutation in the POLE 
gene that leads to an L424V amino acid substitution. The sequence presented is for the non-

transcribed DNA strand. The codon for Leu424 is indicated, with the mutation highlighted 

in red.
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Figure 4. Mutator DNA polymerases present in cancer cells induce GC→TA transversions in 
polypurine/polypyrimidine tracts
Left, DNA sequence context of G→T transversions induced by introduction of the POLD1-
R689W allele into HCT116 cells lacking DNA polymerase mutations. Middle and right, 
DNA sequence context of G→T transversions present in the genomes of CRC cell lines 

HCT15 (POLD1-R689W) and HCC2998 (POLE-P286R). The mutated base is underlined. 

Randomly picked transversions are shown to demonstrate that all of them occur in 

polypurine/polypyrimidine sequences. Data are from [74].
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Figure 5. Vicious circle model for mutagenesis caused by the yeast analog of Polδ-R689W
(modified from [73]). A mutation in the DNA polymerase domain that impairs nucleotide 

selectivity results in mismatched primer termini that are not efficiently extended, leading to 

the accumulation of single-stranded DNA gaps. These gaps trigger a checkpoint response 

that results in the upregulation of ribonucleotide reductase and, consequently, an expansion 

of intracellular dNTP pools. Elevated dNTP pools allow for more efficient mismatch 

extension, leaving a mispaired base in the newly synthesized DNA, and also promote further 

misinsertions that continue to fuel this mutagenic pathway.
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Figure 6. Modulation of dNTP pools in hypermutated tumor cells as a potential therapeutic 
avenue
Tumor cells with replicative DNA polymerase defects have a high rate of mutation 

(designated by multicolor stars). Reducing intracellular dNTP pools would improve the 

polymerase fidelity, thereby reducing mutagenesis and decreasing the possibility that the 

tumor cells will produce drug-resistant clones. Increasing dNTP pools would further 

increase the already high mutation rate, bringing it to a level incompatible with cell viability.
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