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BSTRACT 

t has been over a decade since the initial identifica- 
ion of exonuclease domain mutations in the genes 

ncoding the catalytic subunits of replication DNA 

olymerases � and � ( POLE and POLD1 ) in tumors 

rom highly mutated endometrial and colorectal can- 
er s. Interest in stud ying POLE and POLD1 has in- 
reased significantly since then. Prior to those land- 
ark cancer genome sequencing studies, it was well 

ocumented that mutations in replication DNA poly- 
erases that reduced their DNA synthesis accuracy, 

heir exonuclease activity or their interactions with 

ther factors could lead to increased mutagenesis, 
NA damage and even tumorigenesis in mice. There 

re several recent, well-written reviews of replication 

NA polymerases. The aim of this review is to gather 
nd re vie w in some detail recent studies of DNA poly- 
erases � and � as they pertain to genome instabil- 

ty, cancer and potential therapeutic treatments. The 

ocus here is primarily on recent informative stud- 
es on the significance of mutations in genes encod- 
ng their catalytic subunits ( POLE and POLD1 ), mu- 
ational signatures, mutations in associated genes, 
odel organisms, and the utility of chemotherapy 

nd immune checkpoint inhibition in polymerase mu- 

ant tumors. P
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RAPHICAL ABSTRACT 

NTRODUCTION: O VER VIEW OF POLE EXONUCLE- 
SE DOMAIN MUT A TIONS IN HUMAN CANCERS 

utation in the POLE gene is now recognized as a dri v er 
utation in human cancers ( 1–14 ). Cancer genome se- 

uencing studies uncovered recurrent soma tic muta tions in 

OLE from somatic human tumors ( 15–18 ). Other stud- 
es have shown that germline alleles of POLE mutations 
ead to a cancer-prone phenotype ( 19–26 ). Ther e ar e sev- 
ral common threads from these tumor studies that make 
OLE mutant tumors unique. While they can occur in a 

road range of cancers, spontaneous POLE mutations are 
articularly enriched in endometrial (9–10%) and colorectal 
2–3%) cancers and their tumor mutation burdens (TMBs) 
re often in excess of 100 mutations per megabase, some 
f the largest found in all human cancers ( 15 , 27 ). These
utations are found to occur in a unique pattern that has 

ubsequently been found experimentally and computation- 
lly to be a composite of three distinct mutation signatures 
 28–31 ) (see the ‘Mutation Signatures’ section). The amino 

cid residues found mutated in POLE occur in the exonu- 
lease domain and initial characterization of the mutant en- 
ymes showed that, like catalytic acti v e site mutations, the 
ancer mutations impaired exonuclease proofreading activ- 
04 988 2739; Email: zpursell@tulane.edu 
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ity, though to varying degr ees ( 32 , 33 ). Mor e pr ecise pr e-
stead y-sta te kinetic measurements showed that the effects
on e xonuclease acti vity ranged ov er an astounding four or-
ders of magnitude, from ∼2-fold to > 44 000-fold ( 15 , 34 ).
A major outstanding question is how these mutants with
drama tically dif ferent ef fects on ca talytic function can all
lead to hypermutant tumors with similar mutation signa-
tur es. Two r esidues, P286 and V411, ar e r ecurr entl y m u-
tated, accounting for 50–75% of all POLE mutations ( 35 ).
Structural studies with yeast P301R mutant enzyme, which
is orthologous to human P286R, have shown that the argi-
nine creates a positi v ely charged bulge in the exonuclease
primer binding groove that prevents the correct orientation
for exonucleolytic catalysis ( 36 , 37 ) (Figure 1 ). The recurrent
S459F mutation also dri v es the unique muta tion signa ture
and strongly reduces e xonuclease acti vity ( 31 , 34 ); howe v er,
it is not located in a part of the exonuclease domain that
would have an obvious effect on activity. The V411L mu-
tation is also well away from the acti v e site and has an un-
known effect on structure. The ribbon diagrams (Figure 1 )
were made using the PDB file from ( 38 ) for the yeast en-
zyme and using AlphaFold ( 39 , 40 ) for the human enzyme.
Domains are labeled based on ( 41 ). 

Increased mutagenesis due to exonuclease domain muta-
tions is not the only way that dysregulated POLE can con-
tribute to increased genome instability. Decreasing the pro-
tein le v els of replication DN A pol ymerases has previousl y
been shown to increase mutagenesis in yeast primarily in
the form of increased DN A pol ymerase � (Pol �)-dependent
SNVs, increased loss of heterozygosity e v ents and increased
single-stranded DN A (ssDN A) ( 42–46 ). The increased ss-
DN A likel y results from failure to repair DNA double-
strand breaks, since APOBEC3-dependent mutagenesis
also increases with increasing ssDNA le v els. In cells with
mutant Pol �, this APOBEC3-dependent mutagenesis is el-
evated on the lagging strand, while it is increased on both
leading and lagging strands in Pol ε mutants ( 46 ). Another
inter esting differ ence between Pols � and ε is that low Pol �
le v els lead to increased breakpoints at GC-rich sequences,
while reduced Pol ε does not ( 45 ). The authors provide an
interesting possible explanation that Pol � can potentially
compensate by replicating these sequences on the leading
strand under reduced Pol ε le v els, but not vice versa. Hu-
man cells have also shed light on the effects of reduced
Pol ε . The Moiseeva laboratory used an auxin-inducible
degron mutant allele of POLE to show that the CDC45–
MCM2–7–GINS complex (CMG) can load in the absence
of the Pol ε catalytic sub unit, b ut replication forks then
quickl y colla pse ( 47 ). CMGs are the functional helicases
used to separate double-stranded DNA during replication.
The Moiseeva laboratory also found that expression of the
C-terminal half of Pol ε in trans is sufficient to stabilize
replication fork firing and suppress ATR activation, though
fork progr ession r emains very slow. Decr easing normal Pol
ε protein le v els can also dri v e replisome dysfunction and
human patholo gies, including imm une deficiency and pos-
sibly tumorigenesis. Depletion of POLE in humans via ho-
mozygous or compound heterozygous mutations that cause
splicing defects leads to FILS syndrome, which is char-
acterized by facial dysmorphia, immune deficiency, li v edo
and dwarfism ( 48 , 49 ). A separate set of patients with IM-
AGe syndrome also have mutations affecting POLE splic-
ing and subsequent protein le v els ( 50 ). This syndrome is
char acterized by intr auterine growth restriction, metaphy-
seal dysplasia, adrenal hypoplasia congenita and genitouri-
nary anomalies in males. These patients hav e variab le im-
mune deficiencies and se v eral e v en de v eloped lymphomas,
including a pediatric T-cell lymphoma. Coupled with ob-
serva tions tha t Pole4 

−/ − mice, which lack a small subunit
of Pol ε ( Pole4 ) that helps facilitate holoenzyme processiv-
ity, de v elop increased lymphomas ( 51 ), these observations
suggest a possible link between POLE depletion and tumor
de v elopment. 

POLD1 MUT A TIONS IN CANCER 

Altering amino acids in the exonuclease active site of Pol
� has long been known to induce a mutator phenotype
in yeast ( 7 , 52–55 ) and to increase cancer mortality in
mice ( 4 , 56 ). Mutations in the polymerase domain that de-
cr ease r eplica tion fidelity and ribonucleotide discrimina tion
( 8 , 57 , 58 ) have also been shown to increase cancer mortality
in mice ( 5 ). In humans, there are far fewer cancer driver mu-
tations in POLD1 than in POLE . The reasons for this rela-
ti v e lack remain unclear, but some clues have emerged. Un-
like in POLE , where the overwhelming majority of cancer
mutations are located in the exonuclease domain, POLD1
mutations occur in the exonuclease and polymerase do-
mains ( 15 , 16 ), which is the location of the most r ecurr ent
POLD1 mutation, R689W ( 15 , 59,60 ). R689W also occurs
in the DLD-1 cell line, which is a widely used epithelial-
like colorectal cancer (CRC) cell line. This mutation confers
a strong mutator phenotype when engineered into a yeast
cell line while retaining full exonuclease activity ( 60 ). It was
subsequently shown to trigger an expansion of dNTP pools
tha t exacerba tes the muta tor ef fect ( 61 ). Muta tions in the
POLD1 exonuclease domain do exist in human tumors and
also have a high TMB ( 15,16 , 20 ). The first reported POLD1
exonuclease domain mutation, S478N, was seen inherited in
a family with predisposition to CRC ( 20 ). The same study
identified the P327L m utation, w hich is functionall y analo-
gous to POLE P286L, in a different patient with CRC tu-
mors, highlighting the conserved nature of this critical pro-
line residue. 

One possible partial explanation for the relati v e lack of
POLD1 mutations in cancer may be the role for Pol � in
what has been called ‘proofreading in trans ’ ( 62 ) or ‘extrinsic
proofreading’ ( 63 ). Pol � can proofread DNA synthesis er-
rors made by any of the three replication DNA Pols ( �, � or
ε ), w hile Pol ε can onl y proofread its own replication errors.
In addition to this ability to proofread replication errors, Pol
� e xonuclease acti vity also plays critical roles in mismatch
repair (MMR) and Okazaki fragment ma tura tion ( 64 ). Mu-
ta tions tha t compromise Pol � e xonuclease acti vity might
thus pr ove catastr ophic during tumor de v elopment by al-
lowing the accumulation of mutations from DNA synthesis
errors made by all three replication DN A pol ymerases in-
stead of only failing to correct its own errors. It may then
be that POLE and POLD1 mutations arise stochastically
at similar rates, but the subsequent reduced fitness and de-
creased viability of POLD1 mutants gi v e the later appear-
ance of a smaller number of POLD1 tumors. Of course, this
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Figur e 1. Ma pping cancer-associated amino acid residues to POLE structures. The yeast catalytic subunit structure ( A ) is from ( 38 ) and the predicted 
human catalytic subunit structure ( B ) was generated using AlphaFold ( 39 , 40 ). For each enzyme, the exonuclease domain [residues 283–488 in yeast and 
residues 268–473 in human ( 41 )] is shown in green and the polymerase domain (residues 554–994 in yeast and residues 539–979 in human) is shown in 
cyan. Ma gnified ima ges sho w only the ex onuclease domain with cancer-associa ted POLE muta tions (sho wn as red, yello w, or orange) and catalytic residues 
(gray) depicted as spheres in the indicated colors. D275 in humans (D290 in yeast) is both catalytic and cancer-associated in humans (*). While not a cancer- 
associa ted muta tion, S415 in humans (S430 in yeast) is a critical determinant of exonuclease / polymerase activity ratio and is discussed in the main text 
(*). The yeast structure was solved using D290A / E292A. Figures were generated using PyMOL. 
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as not been formally tested and other explanations are pos- 
ible. 

UT A TION SIGNA TURES 

OLE mutant tumors with functional MMR have a unique 
uta tion signa ture tha t was initially ca tegorized as a single 
uta tion signa tur e defined by thr ee distinct trinucleotide 

onte xt mutations: TCT > TAT transv ersions, TCG > TTG 

ransitions and TTT > TGT transversions ( 65 ). These three 
utations have since been computationally resolved into 

hree distinct COSMIC mutation single base signatures 
SBSs): 10a, 10b and 28, respecti v ely ( 28 ) (Figure 2 ). POLE
utant tumors lacking MMR gi v e rise to a separate mu- 

a tion signa ture, SBS14, characterized by multiple C > A 

ransv ersions, primarily in NCT conte xts ( 28 , 30 ). A unique
nsertion / deletion (indel) signature was later discovered in 

OLE mutant tumors, consisting of an insertion of a sin- 
le +A in a run of 5–10 consecuti v e As ( 66 ). Around this
ame time, COSMIC defined two indel signatures, ID1 

nd ID2 ( 28 ). ID1 is defined by insertion of a single T in
omonucleotide runs of T ≥ 6 and ID2 and is essentially 

he same as what was observed in POLE mutant tumors 
 66 ). ID2 is defined by loss of a single T in homonucleotide
uns of T ≥ 6. Samples that contained large numbers of 
D1 or ID2 indels also had SBSs associated with loss of 
MR alone (e.g. SBS6, SBS15) or in addition to POLE 

r POLD1 mutations (e.g. SBS14, SBS20) ( 28 ). Critically, 
he mechanisms that dri v e these different mutation spectra 

re poorly understood. The relati v e abundance of SBS10b 

CG > TTG transitions has been shown to be highly vari- 
ble in cells and tumors ( 31 ) and some have speculated 

hat they are in fact due to replication past deaminated 5- 
ethylcytosines in CpG sequences ( 29 , 67 ). 
POLD1 muta tion signa tur es have been mor e difficult to 

dentify, in large part due to the much smaller number of 
OLD1 tumors and, ther efor e, fewer Pol �-dependent mu- 

ations. Sequencing normal cells from POLE and POLD1 

arriers showed that there is increased Pol-dependent mu- 
ation burden in intestinal crypt stem cells, sperm and em- 
ryonic tissue. While these carriers do have increased risk 

f de v eloping cancer, they do not demonstr ate ear ly aging 

henotypes ( 68 ). This same study identified two POLD1 - 
ssocia ted muta tion signa tures, SBS10c and SBS10d. 
BS10c is characterized by enriched C > A transversions 
t TCT and more moderate peaks for CCT / TCA, while 
BS10d is dominated by C > A at T CA / T CT. The simi-

arities of the TCT > TAT transversions between POLD1 

BS10c / d to those in POLE SBS10a may hint at a com- 
on mechanism shared by POLE and POLD1 tumors, but 
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Figure 2. Subsets of COSMIC SBS and indel muta tion signa tures char- 
acteristic of POLE, POLD1 and POL / MMR tumors. For each indicated 
COSMIC muta tion signa ture (e.g. SBS10a, SBS10c, ID1, etc.) ( 28 ), a 
schematic of its defining trinucleotide mutations is shown alongside the 
type of DN A pol ymerase m utation most commonly associated with it 
(POLE, POLD1 or POL / MMR). The specific trinucleotide or homopoly- 
meric run length is indicated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the differences in the moderate peaks in POLD1 SBS10c / d
and the T > G transversions in SBS28 point to likely separate
and distinct mechanisms. W ha t underlies both the similari-
ties and differences remains to be identified. 

ASSOCIA TED MUT A TIONS 

Mutations in PTEN and TP53 have been observed to be en-
riched in POLE mutated tumors. Since nearly e v ery open
reading frame in these tumors has at least one mutation, a
challenge has been to determine the functional significance,
if any, of these associated mutations. PTEN has a well-
defined function as a negati v e regulator of the PI3K-AKT
pathway via its lipid phosphatase catalytic activity ( 69–71 ).
Loss of PTEN function is canonically thought to dri v e tu-
mor progression by generating sustained pro-growth signals
through downstream targets. Howe v er, PTEN also has non-
canonical tumor suppression roles that operate through a
variety of pathways, including regulating and maintaining
genome stability, heter ochr oma tin sta tes, replisome firing
and coordination, and checkpoint control ( 72 , 73 ). PTEN ’s
role in genome stability is mediated through nuclear translo-
cation, direct interaction with replication and repair fac-
tors, and protein phosphatase activities ( 74 , 75 ). PTEN di-
rectly colocalizes with replication foci e v en when cells are
challenged with hydroxyurea (HU) ( 76 ). Disrupting PTEN
interactions with replisome and fork rescue components
(e.g. PCNA, MCM2, RPA1 and RAD51) triggers stalled
forks and increases replication stress, suggesting that PTEN
plays a critical role in fork stabilization and restart after
r eplication str ess ( 76 , 77 ). Dir ectly r elated to POLE , PTEN -
deficient cells show increased spontaneous fork stalling and
decr eased fork r estart w hen challenged with HU or a phidi-
colin ( 78 ). Critically, PTEN -deficient cells show reduced
fork-associated RAD51, PCNA and CHEK1 after HU
tr eatment. Addr essing how POLE mutant cells can deal
with loss of these genome stabilizing roles and what other
mutations are associated with POLE tumors will help better
understand the functions of the cancer mutations. 

MODEL SYSTEM DA T A 

Since Pols ε and � are conserved in all eukaryotes, the
single-cell yeasts Sacchar om y ces cer evisiae and Schizosac-
char om y ces pombe have long been excellent model systems
for studying their functions ( 6–9 , 11 , 53 , 60 , 64 , 79–88 ). More
recently cancer mutations have been modeled in yeast to
stud y their ef fects on mutagenesis ( 24–26 , 36 , 60,61 , 67 , 89 ).
One study that performed a comprehensi v e comparison of
m ultiple m utant alleles showed o ver tw o orders of magni-
tude difference in mutation rate depending on the particu-
lar mutation examined ( 25 ). The P286R and S459F alleles
(r esidues ar e noted by their orthologous human amino acid
except where specifically noted) caused 150- and 30-fold in-
cr eases in mutagenesis, r especti v ely, while the V411L allele
was no different than wild type in haploid yeast. This large
difference is intriguing because P286R and V411L are the
two most frequent POLE mutations in cancer and tumors
from both have high TMB. The same study also showed that
very modest mutator alleles can cause synergistic increases
when combined with defects in MMR. 

Soriano et al. recently reported using S. pombe to model
POLE mutations ( 67 ). As in S. cerevisiae , the P286R
mutation was a strong mutator. The SBS10a hallmark
T CT > TAT transversions pr edominated, with a minor frac-
tion of SBS28-like NTT > NGT transversions. An inter-
esting, though subtle difference was the lack of a strong
TTT > TGT seen in human and mouse tumors. The largest
difference, howe v er, was the complete absence of SBS10b
TCG > TTG transitions, which the authors ascribe to the
lack of cytosine methylation in S. pombe . They also found
that S. pombe cells with mutated P286R are sensiti v e to a va-
riety of DNA dama ging a gents, including ultraviolet (UV)
light, methyl methanesulfonate and b leomy cin, suggesting
a possible defect in replication fork progression rather than
the sensitivity being due to a particular DNA lesion or
adduct. The P286R cells are also modestly resistant to HU,
which decreases dNTP concentrations, but synthetic lethal
with muta tions tha t increase ov erall dNTP le v els. The pres-
ence of the P286R mutation did not raise dNTP le v els by
itself, both in S. pombe ( 67 ) and in S. cerevisiae ( 37 ). They
also found that knocking out Pol �, a specialized translesion
(TLS) DN A pol ymerase, reduced P286R-dependent muta-
genesis by 6–7-fold, implicating roles for TLS-dependent
synthesis and polymerase switching in POLE mutagenesis.
Loss of Pol � , howe v er, had no effect on mutagenesis in ei-
ther yeast ( 37 , 67 ). 

Recent studies using yeast have also provided insight
into the possible functional consequences of V411L ( 24 , 90 ),
the second most common POLE mutation in cancer. This
residue is in a hairpin that is structurally at a distance from
the exonuclease and polymerase active sites. Previous ob-
serva tions from dif ferent or ganisms have sho wn this mu-
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ation to have unique properties when compared to muta- 
ions residing within the defined exonuclease domain, like 
286R ( 36 ). The V411L m utant allele has previousl y been 

hown to be a very weak to nonmutator in haploid yeast 
 25 ). Human tumors with V411L have slightly lower, yet 
till high overall, TMB than do tumors with P286R, and 

ave weaker presence of POLE mutation signatures ( 31 ). 
he human enzyme with V411L was previously shown to 

ave only modest effects on e xonuclease acti vity ( 33 ). Pelli-
an ̀o et al. showed that phosphorylation of the DNA Pol 
 catalytic subunit in yeast is critical for maintaining the 
alance between DNA synthesis and strand resection in- 
uced by replication fork stalling ( 90 ). The phosphorylated 

esidue, S430 in S. cerevisiae , is adjacent to the �-hairpin 

oop that contains V411 (V426 in S. cerevisiae ) that me- 
iates polymerase / exon uclease s witching in B-famil y DN A 

olymerases ( 91 , 92 ). Upon fork stalling, the nascent strand 

artitions to the exonuclease active site, driving resection. 
f left unchecked, this resection could hasten e v entual for k 

ollapse. They showed that when the S430 residue is phos- 
horylated, partitioning to the exo site is blocked, thus re- 
ucing strand resection and helping maintain fork stability. 
he S430A m utant, w hich cannot be phosphorylated, also 

annot block this partitioning. As a result, Pol2-S430A cells 
ccumulate large amounts of stress-induced ssDNA and are 
ighly sensiti v e to HU, which can be rescued b y inactiv ating
 xonuclease acti vity. 

Barbari et al. showed that the V411L mutant is a strong 

 utator w hen MMR is inactivated ( 24 ). They also showed 

hat the Pol ε enzyme with V411L mutation is an e v en more 
yperacti v e polymerase on a hairpin-containing template in 

itro than the P286R mutant ( 24 ). This activity is further 
ncreased when the hairpin template has a primer terminal 

ispair. Different exonuclease domain mutations that dis- 
upt partitioning from the polymerase to the exonuclease 
ite also increase mispair extension in vitro and are strong 

utators in vivo ( 93 ). A new 68 amino acid motif adja- 
ent to the catalytic core was found in yeast with homol- 
gy to the same region in human POLE ( 94 ). When mu-
ations present in this motif in human cancers were engi- 
eered into yeast Pol ε , gr oss chr omosomal rearrangements 

ncreased while having no effect on single nucleotide vari- 
nt mutagenesis. These mutants also have reduced replica- 
ion fork progression that was later found to be suppressed 

y ab lating e xonuclease acti vity ( 95 ). Taken together, re-
ent work has pointed to both intrinsic and extrinsic fac- 
ors that contribute to dri v e the unique mutagenesis found 

n POLE cancer mutants. One recurring theme is the im- 
ortance of the balance between DNA synthesis and exonu- 
lease activity. Tipping this balance in either direction not 
nly has consequences for immedia te replica tion fidelity, 
ut also appears to dri v e d ysregula tion a t the replica tion
ork. To what extent this underlies the ability of POLE or 
OLD1 mutants to dri v e tumor de v elopment remains to be 
xplored. 

MMUNE THERAPY APPROACHES 

mmune checkpoint inhibitor (ICI) therapies have proven 

uccessful in treating solid tumors with high TMBs, es- 
eciall y w hen the high TMB is a result of MMR defi-
iencies or UV-induced DNA damage ( 96 , 97 ). Polymerase 
roofreading-deficient tumors have been a potential ICI 
arget based largely on their high TMB and high degree 
f immune infiltr ates, particular ly CD8 

+ cytotoxic T-cell 
ymphocytes, as compared to microsatellite stable (MSS) 
umors with wild-type POLE ( 98–100 ). One early report 
f ICI therapy efficacy in polymerase-mutated cancer was 
rom two siblings with multifocal glioblastoma multiforme 
 101 ). The siblings both had biallelic MMR disorder and 

o completely lacked MMR, with whole exome sequenc- 
ng showing that the glioblastoma tumors had acquired 

pontaneous pathogenic mutations in POLE . Both siblings 
ad durable and prolonged responses to single-treatment 
ivolumab ( �-PD-1). In another early case report, a 57- 
ear-old woman with r ecurr ent, m ulti-thera p y-r esistant, 
tage III endometrial cancer with a POLE P286R mutation 

howed sustained response to �-PD-1, including regression 

f abdominal, retroperitoneal and pelvic deposits 7 months 
fter follow-up ( 102 ). Prostate tumors with POLE muta- 
ions and MSS have also been reported as having a durable 
esponse to �-PD-1 treatment after failure of chemotherapy 

nd surgery ( 103 ). 
A mor e r ecent study used a prospecti v e cohort of POLE
utated solid tumors to test efficacy of single-treatment 
-PD-1 ( 104 ). They restricted enrollment to specific cri- 

eria that have been used to distinguish dri v er from pas- 
enger POLE mutations (nonsynonymous POLE exonu- 
lease mutation, high TMB, evidence of POLE mutation 

ignature) ( 31 ), with the addition of including high im- 
une infiltrate. They identified 12 tumors (5 CRC, 6 en- 

ometrial and 1 glioblastoma) with bona fide functional 
OLE mutations. Durable and significant responses were 

een in se v en pa tients, and the best responding pa tients 
ere those with high TMB, the highest fraction of POLE 

igna ture muta tions and higher immune infiltra tes as mea- 
ured by immune deconvolution of bulk RNA sequencing 

ata. Responses were also observ ed e xclusi v ely in MMR- 
roficient / MSS tumors. A separa te stud y of 500 colorec- 
al tumors included se v en POLE tumors that had gener- 
lly higher le v els of tumor infiltrating lymphocytes (TILs) 
 105 ), which is consistent with the high TMB in these tu- 
ors. Howe v er, the presence of a POLE mutation with high 

MB is not sufficient to attract TILs as POLE tumors had 

oth TIL-high and TIL-low subsets. As this study did not 
rovide the POLE variants, it would be interesting to de- 
ermine whether there are any particular variants, possi- 
ly V411L, that might be overr epr esented in the TIL-low 

et. 
The same study went further, using structural modeling 

o ask whether responders could be divided based on the 
patial position of mutated amino acid residues. They de- 
cribe three distinct spa tial loca tions, exo ca talytic site (e.g. 
286), DNA binding site (e.g. S459) and neutral site (e.g. 
446) (Figure 1 ), and show that m utations ma pping to the 

atalytic and DNA binding sites generally respond to �- 
D-1 better than neutral site mutations. They also show 

hat higher allelic frequencies of POLE mutations gener- 
lly respond better, arguing that subclonal, and likely later 
ccurring, mutations may have attenuated responses. One 

nteresting observation is from the V411L tumors. While 
nly thr ee wer e in this cohort, they defy easy categoriza- 



6 NAR Cancer, 2023, Vol. 5, No. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tion based on the authors’ criteria. While two V411L pa-
tients showed ongoing partial responses, the patient with
the largest increase from baseline in tumor size and with
progressi v e disease (RECIST v1.1) while on treatment had
a V411L mutation. Since the TMBs in all tumors were suf-
ficiently high to generate the significant number of neo-
antigens predicted to dri v e response, simple abundance of
neo-antigens is unlikely to be the cause of the variability
in clinical response. The proportion of POLE -related SBS
does differ, howe v er, between patient groups. The POLE -
related fraction of total SBS is lower for nonresponders
(1–60%) and higher for responders ( > 60%). Gi v en the re-
cent insights into how V411L mutants may have somewhat
different mechanisms than bona fide exonuclease domain
mutations, it is worth considering whether this may be at
least partly responsible for the varying response in these
tumors. 

A retrospecti v e analysis of over 14 000 pa tients a t MD
Anderson Cancer Center found a significant benefit for the
68 patients with pathogenic POLE variants when treated
with ICI ( 106 ). Median overall survival was 29.5 months
for POLE patients with pathogenic variants (defined in the
study as being annotated by InterVar or ClinVar and hav-
ing peer-re vie wed citations), v ersus 11.6 months for non-
pathogenic or uncertain variants. Agreeing with an earlier,
smaller cohort of endometrial cancer patients ( 1 ), they show
that tumors with pathogenic POLE variants confer a sur-
vi val benefit regar dless of treatment. Median survi val was
not reached for these patients, versus 6.4 years for those with
nonpathogenic variants. There is interesting future work to
be done on POLE variants of unknown significance, as 38%
had a positi v e r esponse to ICI therap y. Since the number of
POLD1 mutant tumors in humans remains small, there has
yet to be a larger scale measurement of ICI response in these
tumors. Howe v er, a study that used CRISPR to separately
engineer different POLE and POLD1 mutations into two
different mouse tumor cell lines found that ICI sensitivity
was significantly improved in those syngeneic POLE and
POLD1 tumors ( 107 ). This raises the possibility that the
benefits of ICI to POLD1 tumors may be similar to what
is seen for POLE tumors. 

In examining how POLE tumors respond to chemother-
ap y tr eatments, ther e ar e possible clues as to how POLE
mutations may affect cellular responses to DNA damage.
Ther e ar e now multiple case r eports of POLE patients dis-
playing resistance to different chemotherapeutic treatments,
including platinum drugs, topoisomerase-1 inhibitors and
5-fluorouracil (5-FU) ( 102,103 , 108 ). In one such case of a
chemotherap y-tr ea ted pa tient with progressi v e disease, the
POLE F367S exonuclease domain mutation was identified,
and the patient was then switched to pembrolizumab, an-
other �-PD-1 ICI. The patient subsequently had a com-
plete response that persisted past 2 years ( 108 ). Se v eral
groups have shown resistance to carbopla tin, cispla tin, 5-
FU, do x orubicin and etoposide for POLE mutant cells in
cultur e ( 109 , 110 ). Futur e w ork will lik ely unco ver what
may be driving this increased resistance to DNA damag-
ing agents: something intrinsic to POLE mutants, increased
incidence of inactivating mutations in repair and / or signal-
ing pathways in TMB-high POLE tumors or some other

feature. 
SUMMARY 

The identification and characterization of cancer mutations
in replication DN A pol ymerases have not only helped our
understanding of mutagenesis and tumor de v elopment but
also helped increase our understanding of basic replisome
functions. There is much still to be learned, howe v er. After a
decade of study using multiple systems, we still do not fully
understand the basic mechanism behind the distinct muta-
tion signatures in POLE and POLD1 tumors. And now the
observa tions tha t many, but not all, of the highl y m utated
POLE and POLD1 tumors respond to immune checkpoint
therapies are poised to help us predict when certain ther-
apies may be beneficial and when they may not. The next
decade is likely to bring fresh insights into how the repli-
some is intimately linked to genome instability, cancer de-
velopment and predicting therapeutic outcomes in patients.

SOME KEY OUTSTANDING QUESTIONS 

• How do different POL mutations that show dramatically
dif ferent ef fects on e xonuclease acti vity result in such sim-
ilar mutation signatures in tumors and cells? 

• W ha t causes the relati v e lack of POLD1 mutations in tu-
mors overall, but particularly in the exonuclease domain?

• W ha t underlies the similarities and differences in the var-
ious polymerase- and MMR-associated mutation signa-
tures? 

• How does the balance between polymerase and exonucle-
ase activities contribute to mutagenesis and cancer? 

• W ha t factors contribute to driving POL tumor develop-
ment and mutation signatures? 

• W ha t are the key determinants driving response (or lack
thereof) to immune checkpoint therapies in POL tumors?

DA T A A V AILABILITY 

No new data were generated or analyzed in support of this
r esear ch. 

ACKNOWLEDGMENTS 

The authors w ould lik e to thank members of the Pursell lab-
oratory for advice on the manuscript. 

FUNDING 

National Institutes of Health [ES028271]; Tulane Uni v er-
sity; Carol Lavin Bernick Faculty Research Award (to
Z.F.P.). 
Conflict of interest statement. None declared. 

REFERENCES 

1. Kandoth,C., Schultz,N., Cherniack,A.D., Akbani,R., Liu,Y., 
Shen,H., Robertson,A.G., Pashtan,I., Shen,R., Benz,C .C . et al. 
(2013) Integrated genomic characterization of endometrial 
carcinoma. Nature , 497 , 67–73. 

2. The Cancer Genome Atlas Network (2012) Comprehensive 
molecular characterization of human colon and rectal cancer. 
Nature , 487 , 330–337. 



NAR Cancer, 2023, Vol. 5, No. 3 7 
3. Albertson,T.M., Ogawa,M., Bugni,J.M., Hays,L.E., Chen,Y., 
Wang,Y., Treuting,P.M., Heddle,J.A., Goldsby,R.E. and 
Preston,B.D. (2009) DNA polymerase epsilon and delta 
proofr eading suppr ess discr ete mutator and cancer phenotypes in 
mice. Proc. Natl Acad. Sci. U.S.A. , 106 , 17101–17104. 

4. Goldsby,R.E., Hays,L.E., Chen,X., Olmsted,E.A., Slayton,W.B., 
Spangrude,G.J. and Preston,B.D. (2002) High incidence of epithelial 
cancers in mice deficient for DNA polymerase delta proofreading. 
Proc. Natl Acad. Sci. U.S.A. , 99 , 15560–15565. 

5. Venkatesan,R.N., Treuting,P.M., Fuller,E.D., Goldsby,R.E., 
Norwood,T .H., Gooley,T .A., Ladiges,W.C., Preston,B.D. and 
Loeb,L.A. (2007) Mutation at the polymerase acti v e site of mouse 
DN A pol ymer ase delta increases genomic instability and acceler ates 
tumorigenesis. Mol. Cell. Biol. , 27 , 7669–7682. 

6. Morrison,A., Johnson,A.L., Johnston,L.H. and Sugino,A. (1993) 
P athway corr ecting DNA r eplica tion errors in Sacchar om y ces 
cerevisiae . EMBO J. , 12 , 1467–1473. 

7. Morrison,A. and Sugino,A. (1994) The 3 ′ → 5 ′ exonucleases of both 
DN A pol ymerases delta and epsilon participate in correcting errors 
of DNA replication in Sacchar om y ces cer evisiae . Mol. Gen. Genet. , 
242 , 289–296. 

8. Nick McElhinny,S.A., Gordenin,D.A., Stith,C.M., Burgers,P.M. 
and Kunkel,T.A. (2008) Division of labor at the eukaryotic 
replication fork. Mol. Cell , 30 , 137–144. 

9. Nick McElhinny,S.A., Stith,C.M., Burgers,P.M. and Kunkel,T.A. 
(2007) Inefficient proofreading and biased error rates during 
inaccurate DNA synthesis by a mutant deri vati v e of Sacchar om y ces 
cerevisiae DNA polymerase delta. J. Biol. Chem. , 282 , 2324–2332. 

10. Pursell,Z.F., Isoz,I., Lundstrom,E.B., Johansson,E. and 
Kunkel,T.A. (2007) Regulation of B family DNA polymerase fidelity 
by a conserved active site residue: characterization of M644W, 
M644L and M644F mutants of yeast DNA polymerase epsilon. 
Nucleic Acids Res. , 35 , 3076–3086. 

11. Pursell,Z.F., Isoz,I., Lundstrom,E.B., Johansson,E. and 
Kunkel,T.A. (2007) Yeast DNA polymerase epsilon participates in 
leading-strand DNA replication. Science , 317 , 127–130. 

12. Xing,X., Jin,N. and Wang,J. (2022) Polymerase epsilon-associated 
ultramutagenesis in cancer. Cancers (Basel) , 14 , 1467. 

13. Ma,X., Dong,L., Liu,X., Ou,K. and Yang,L. (2022) POLE / POLD1 
mutation and tumor immunotherapy. J. Exp. Clin. Cancer Res. , 41 , 
216. 

14. Barbari,S.R. and Shcherbakova,P.V. (2017) Replicati v e DNA 

polymerase defects in human cancers: consequences, mechanisms, 
and implications for therapy. DNA Repair (Amst.) , 56 , 16–25. 

15. Campbell,B .B ., Light,N., Fabrizio,D., Zatzman,M., Fuligni,F., de 
Borja,R., Davidson,S., Edwards,M., Elvin,J.A., Hodel,K.P. et al. 
(2017) Comprehensi v e anal ysis of hyperm utation in human cancer. 
Cell , 171 , 1042–1056. 

16. Shlien,A., Campbell,B .B ., de Borja,R., Alexandrov,L.B ., Merico,D., 
Wedge,D., Van Loo,P., Tarpey,P.S., Coupland,P., Behjati,S. et al. 
(2015) Combined hereditary and somatic mutations of replication 
error repair genes result in rapid onset of ultra-hypermutated 
cancers. Nat. Genet. , 47 , 257–262. 

17. Kandoth,C., McLellan,M.D., Vandin,F., Ye,K., Niu,B., Lu,C., 
Xie,M., Zhang,Q., McMichael,J.F., Wyczalkowski,M.A. et al. 
(2013) Mutational landscape and significance across 12 major 
cancer types. Nature , 502 , 333–339. 

18. T emko,D., V an Gool,I.C., Rayner,E., Glaire,M., Makino,S., 
Brown,M., Chegwidden,L., Palles,C., Depreeuw,J., Beggs,A. et al. 
(2018) Somatic POLE exonuclease domain mutations are early 
e v ents in sporadic endometrial and colorectal carcinogenesis, 
determining dri v er m utational landsca pe, clonal neoantigen burden 
and immune response. J. Clin. Pathol. , 245 , 283–296. 

19. Castellsague,E., Li,R., Aligue,R., Gonzalez,S., Sanz,J., Martin,E., 
Velasco,A., Capella,G., Stewart,C.J.R., Vidal,A. et al. (2018) Novel 
POLE pathogenic germline variant in a family with multiple 
primary tumors results in distinct mutational signatures. Hum. 
Mutat. , 40 , 36–41. 

20. Palles,C., Cazier,J.B., Howarth,K.M., Domingo,E., Jones,A.M., 
Br oderick,P., K emp,Z., Spain,S.L., Almeida,E.G., Salguer o,I. et al. 
(2012) Germline mutations affecting the proofreading domains of 
POLE and POLD1 predispose to colorectal adenomas and 
carcinomas. Nat. Genet. , 45 , 136–144. 
21. Lindsay,H., Scollon,S., Reuther,J., Voicu,H., Rednam,S.P., Lin,F.Y., 
Fisher,K.E., Chintagumpala,M., Adesina,A.M., Parsons,D.W. et al. 
(2019) Germline POLE mutation in a child with hypermutated 
medulloblastoma and features of constitutional mismatch repair 
deficiency. Cold Spring Harb. Mol. Case Stud. , 5 , a004499. 

22. Briggs,S. and Tomlinson,I. (2013) Germline and somatic polymerase 
varepsilon and delta mutations define a new class of hypermutated 
colorectal and endometrial cancers. J. Clin. Pathol. , 230 , 148–153. 

23. Glaire,M.A., Brown,M., Church,D.N. and Tomlinson,I. (2017) 
Cancer predisposition syndromes: lessons for truly precision 
medicine. J. Clin. Pathol. , 241 , 226–235. 

24. Barbari,S.R., Beach,A.K., Markgren,J.G., Parkash,V., Moore,E.A., 
Johansson,E. and Shcherbakova,P.V. (2022) Enhanced polymerase 
activity permits efficient synthesis by cancer-associated DNA 

polymerase � variants at low dNTP le v els. Nucleic Acids Res. , 50 , 
8023–8040. 

25. Barbari,S.R., Kane,D.P., Moore,E.A. and Shcherbakova,P.V. (2018) 
Functional analysis of cancer-associated DNA polymerase epsilon 
variants in Sacchar om y ces cer evisiae . G3 (Bethesda) , 8 , 1019–1029. 

26. Kane,D.P. and Shcherbakova,P.V. (2014) A common 
cancer-associated DNA polymerase ε mutation causes an 
exceptionally strong mutator phenotype, indicating fidelity defects 
distinct from loss of proofreading. Cancer Res. , 74 , 1895–1901. 

27. Wheeler,D.A. and Wang,L. (2013) From human genome to cancer 
genome: the first decade. Genome Res. , 23 , 1054–1062. 

28. Alexandrov,L.B., Kim,J., Haradhvala,N.J., Huang,M.N., Tian 
Ng,A.W., Wu,Y., Boot,A., Covington,K.R., Gordenin,D.A., 
Bergstrom,E.N. et al. (2020) The r epertoir e of mutational signatures 
in human cancer. Nature , 578 , 94–101. 

29. Fang,H., Barbour,J.A., Poulos,R.C., Katainen,R., Aaltonen,L.A. 
and W ong,J .W.H. (2020) Mutational processes of distinct POLE 

exonuclease domain mutants drive an enrichment of a specific TP53 
mutation in colorectal cancer. PLoS Genet. , 16 , e1008572. 

30. Haradhvala,N.J., Polak,P., Stojanov,P., Covington,K.R., 
Shinbrot,E., Hess,J.M., Rheinbay,E., Kim,J., Maruvka,Y.E., 
Braunstein,L.Z. et al. (2016) Mutational strand asymmetries in 
cancer genomes re v eal mechanisms of DNA damage and repair. 
Cell , 164 , 538–549. 

31. Hodel,K.P., Sun,M.J.S., Ungerleider,N., Park,V.S., Williams,L.G., 
Bauer,D.L., Immethun,V.E., Wang,J., Suo,Z., Lu,H. et al. (2020) 
POLE mutation spectra are shaped by the mutant allele identity, its 
abundance, and mismatch repair status. Mol. Cell , 78 , 1166–1177. 

32. Korona,D.A., Lecompte,K.G. and Pursell,Z.F. (2011) The high 
fidelity and unique error signature of human DNA polymerase 
epsilon. Nucleic Acids Res. , 39 , 1763–1773. 

33. Shinbrot,E., Henninger,E.E., Weinhold,N., Covington,K.R., 
Goksenin,A.Y., Schultz,N., Chao,H., Doddapaneni,H., 
Muzny,D.M., Gibbs,R.A. et al. (2014) Exonuclease mutations in 
DN A pol ymerase epsilon re v eal replica tion strand specific muta tion 
patterns and human origins of replication. Genome Res. , 24 , 
1740–1750. 

34. Galati,M.A., Hodel,K.P., Gams,M.S., Sudhaman,S., Bridge,T., 
Zahur ancik,W.J., Unger leider,N.A., P ark,V.S., Er can,A.B., 
Joksimovic,L. et al. (2020) Cancers from novel pole-mutant mouse 
models provide insights into polymerase-mediated hypermutagenesis 
and immune checkpoint blockade. Cancer Res. , 80 , 5606–5618. 

35. Park,V.S. and Pursell,Z.F. (2019) POLE proofreading defects: 
contributions to mutagenesis and cancer. DNA Repair (Amst.) , 76 , 
50–59. 

36. Parkash,V., Kulkarni,Y., Ter Beek,J., Shcherbakova,P.V., 
Kamerlin,S.C.L. and Johansson,E. (2019) Structural consequence of 
the most frequently recurring cancer-associated substitution in 
DN A pol ymerase epsilon. Nat. Commun. , 10 , 373. 

37. Xing,X., Kane,D.P., Bulock,C.R., Moore,E.A., Sharma,S., 
Chabes,A. and Shcherbakova,P.V. (2019) A r ecurr ent 
cancer-associated substitution in DNA polymerase epsilon produces 
a hyperacti v e enzyme. Nat. Commun. , 10 , 374. 

38. Hogg,M., Osterman,P., Bylund,G.O., Ganai,R.A., Lundstrom,E.B., 
Sauer-Eriksson,A.E. and Johansson,E. (2014) Structural basis for 
processi v e DNA synthesis by yeast DNA polymerase varepsilon. 
Nat. Struct. Mol. Biol. , 21 , 49–55. 

39. Jumper,J., Evans,R., Pritzel,A., Green,T., Figurnov,M., 
Ronneberger,O., Tunyasuvunakool,K., Bates,R., Zidek,A., 



8 NAR Cancer, 2023, Vol. 5, No. 3 

 

 

 

 

 

 

 

 

 

Potapenko,A. et al. (2021) Highly accurate protein structure 
prediction with AlphaFold. Nature , 596 , 583–589. 

40. Varadi,M., Anyango,S., Deshpande,M., Nair,S., Na tassia,C ., 
Yordanova,G., Yuan,D., Stroe,O., Wood,G., Laydon,A. et al. (2022) 
AlphaFold Protein Structure Database: massi v ely e xpanding the 
structur al cover age of protein-sequence space with high-accur acy 
models. Nucleic Acids Res. , 50 , D439–D444. 

41. Preston,B.D., Albertson,T.M. and Herr,A.J. (2010) DNA replication
fidelity and cancer. Semin. Cancer Biol. , 20 , 281–293. 

42. Kokoska,R.J., Stefanovic,L., DeMai,J. and Petes,T.D. (2000) 
Increased rates of genomic deletions generated by mutations in the 
yeast gene encoding DNA polymerase delta or by decreases in the 
cellular le v els of DN A pol ymerase delta. Mol. Cell. Biol. , 20 , 
7490–7504. 

43. Lemoine,F.J., Degty arev a,N.P., Lobachev,K. and Petes,T.D. (2005) 
Chromosomal translocations in yeast induced by low le v els of DNA 

polymerase: a model for chromosome fragile sites. Cell , 120 , 
587–598. 

44. Lemoine,F.J., Degty arev a,N.P., Kokoska,R.J. and Petes,T.D. (2008) 
Reduced le v els of DN A pol ymerase delta induce chromosome 
fragile site instability in yeast. Mol. Cell. Biol. , 28 , 5359–5368. 

45. Zhang,K., Sui,Y., Li,W.L., Chen,G., Wu,X.C., Kokoska,R.J., 
Petes,T.D . and Zheng,D .Q. (2022) Global genomic instability caused
by reduced expression of DNA polymerase epsilon in yeast. Proc. 
Natl Acad. Sci. U.S.A. , 119 , e2119588119. 

46. Sui,Y., Qi,L., Zhang,K., Saini,N., Klimczak,L.J., Sakofsky,C.J., 
Gordenin,D .A., Petes,T.D . and Zheng,D .Q. (2020) Analysis of 
APOBEC-induced mutations in yeast strains with low le v els of 
replicati v e DNA polymerases. Proc. Natl Acad. Sci. U.S.A. , 117 , 
9440–9450. 

47. Vipat,S., Gupta,D., Jonchhe,S., Anderspuk,H., Rothenberg,E. and 
Moiseeva,T.N. (2022) The non-catalytic role of DNA polymerase 
epsilon in replication initiation in human cells. Nat. Commun. , 13 , 
7099. 

48. Eason,C., Aleisa,A., Jones,J.R., Prijoles,E.J. and Wine Lee,L. (2020)
Filling in the gaps on FILS syndrome: a case report and literature 
re vie w. Pediatr. Dermatol. , 37 , 915–917. 

49. Pachlopnik Schmid,J., Lemoine,R., Nehme,N., Cormier-Daire,V., 
Revy,P., Debeurme,F., Debre,M., Nitschke,P., Bole-Feysot,C., 
Legeai-Mallet,L. et al. (2012) Polymerase epsilon1 mutation in a 
human syndrome with facial dysmorphism, immunodeficiency, 
li v edo, and short stature (“FILS syndrome”). J. Exp. Med. , 209 , 
2323–2330. 

50. Logan,C.V., Murray,J.E., Parry,D.A., Robertson,A., Bellelli,R., 
Tarnauskaite,Z., Challis,R., Cleal,L., Borel,V., Fluteau,A. et al. 
(2018) DNA polymerase epsilon deficiency causes IMAGe 
syndrome with variable immunodeficiency. Am. J. Hum. Genet. , 103 ,
1038–1044. 

51. Bellelli,R., Borel,V., Logan,C., Svendsen,J., Cox,D.E., Nye,E., 
Metcalfe,K., O’Connell,S.M., Stamp,G., Flynn,H.R. et al. (2018) 
Pol ε instability dri v es r eplication str ess, abnormal de v elopment, and 
tumorigenesis. Mol. Cell , 70 , 707–721. 

52. Simon,M., Giot,L. and Faye,G. (1991) The 3 ′ to 5 ′ exonuclease 
activity located in the DNA polymerase delta subunit of 
Sacchar om y ces cer evisiae is r equir ed for accurate r eplication. EMBO
J. , 10 , 2165–2170. 

53. Shcherbakova,P.V. and Pavlov,Y.I. (1996) 3 ′ → 5 ′ exonucleases of 
DN A pol ymerases epsilon and delta correct base analo g induced 
DNA replication errors on opposite DNA strands in Sacchar om y ces 
cerevisiae . Genetics , 142 , 717–726. 

54. Karthikeyan,R., Vonarx,E.J., Straffon,A.F., Simon,M., Faye,G. and 
Kunz,B.A. (2000) Evidence from mutational specificity studies that 
yeast DNA polymerases delta and epsilon replicate different DNA 

strands at an intracellular replication fork. J. Mol. Biol. , 299 , 
405–419. 

55. Pavlov,Y.I., Maki,S., Maki,H. and Kunkel,T.A. (2004) Evidence for 
interplay among yeast replicati v e DNA polymerases alpha, delta 
and epsilon from studies of exonuclease and polymerase active site 
mutations. BMC Biol. , 2 , 11. 

56. Goldsby,R.E., Lawrence,N.A., Hays,L.E., Olmsted,E.A., Chen,X., 
Singh,M. and Preston,B.D. (2001) Defecti v e DNA polymerase-delta 
proofreading causes cancer susceptibility in mice. Nat. Med. , 7 , 
638–639. 

57. Kumar,D., Clark,A.B., Watt,D.L., Watts,B.E., Lundstrom,E.B., 
Johansson,E., Chabes,A. and Kunkel,T.A. (2010) Genome 
instability due to ribonucleotide incorporation into DNA. Nat. 
Chem. Biol. , 6 , 774–781. 

58. Nick McElhinny,S.A., Watts,B.E., Kumar,D., Watt,D.L., 
Lundstrom,E.B., Burgers,P.M., Johansson,E., Chabes,A. and 
Kunkel,T.A. (2010) Abundant ribonucleotide incorporation into 
DNA by yeast replicati v e polymerases. Proc. Natl Acad. Sci. U.S.A. , 
107 , 4949–4954. 

59. Mertz,T.M., Baranovskiy,A.G., Wang,J., Tahirov,T.H. and 
Shcherbakova,P.V. (2017) Nucleotide selectivity defect and mutator 
phenotype conferred by a colon cancer-associated DNA polymerase 
delta mutation in human cells. Oncogene , 36 , 4427–4433. 

60. Daee,D.L., Mertz,T.M. and Shcherbakova,P.V. (2010) A 

cancer-associated DNA polymerase delta variant modeled in yeast 
causes a catastrophic increase in genomic instability. Proc. Natl 
Acad. Sci. U.S.A. , 107 , 157–162. 

61. Mertz,T.M., Sharma,S., Chabes,A. and Shcherbakova,P.V. (2015) 
Colon cancer-associated mutator DNA polymerase delta variant 
causes expansion of dNTP pools increasing its own infidelity. Proc. 
Natl Acad. Sci. U.S.A. , 112 , E2467–E2476. 

62. Flood,C.L., Rodriguez,G.P., Bao,G., Shockley,A.H., Kow,Y.W. and 
Crouse,G.F. (2015) Replicati v e DNA polymerase delta but not 
epsilon proofreads errors in cis and in trans . PLoS Genet. , 11 , 
e1005049. 

63. Zhou,Z.X. and Kunkel,T.A. (2022) Extrinsic proofreading. DNA 

Repair (Amst.) , 117 , 103369. 
64. Jin,Y.H., Garg,P., Stith,C.M., Al-Refai,H., Sterling,J.F., 

Murray,L.J., Kunkel,T.A., Resnick,M.A., Burgers,P.M. and 
Gordenin,D.A. (2005) The multiple biological roles of the 3 ′ → 5 ′ 
exonuclease of Sacchar om y ces cer evisiae DN A pol ymerase delta 
r equir e switching between the polymerase and exonuclease domains. 
Mol. Cell. Biol. , 25 , 461–471. 

65. Alexandrov,L.B., Nik-Zainal,S., Wedge,D.C., Aparicio,S.A., 
Behjati,S., Biankin,A.V., Bignell,G.R., Bolli,N., Borg,A., 
Borresen-Dale,A.L. et al. (2013) Signatures of mutational processes 
in human cancer. Nature , 500 , 415–421. 

66. Chung,J., Maruvka,Y.E., Sudhaman,S., Kelly,J., Haradhvala,N.J., 
Bianchi,V., Edwards,M., Forster,V.J., Nunes,N.M., Galati,M.A. 
et al. (2021) DNA polymerase and mismatch repair exert distinct 
microsatellite instability signatures in normal and malignant human 
cells. Cancer Discov. , 11 , 1176–1191. 

67. Soriano,I., Vazquez,E., De Leon,N., Bertrand,S., Heitzer,E., 
Toumazou,S., Bo,Z., Palles,C., Pai,C .C ., Humphrey,T.C . et al. 
(2021) Expression of the cancer-associated DN A pol ymerase epsilon
P286R in fission yeast leads to translesion synthesis polymerase 
dependent hypermutation and defecti v e DNA replication. PLoS 

Genet. , 17 , e1009526. 
68. Robinson,P.S., Coorens,T.H.H., Palles,C., Mitchell,E., Abascal,F., 

Olafsson,S., Lee,B.C.H., Lawson,A.R.J., Lee-Six,H., Moore,L. et al.
(2021) Increased somatic mutation burdens in normal human cells 
due to defecti v e DNA polymerases. Nat. Genet. , 53 , 1434–1442. 

69. Lee,Y.R., Chen,M. and Pandolfi,P .P . (2018) The functions and 
regulation of the PTEN tumour suppressor: new modes and 
prospects. Nat. Rev. Mol. Cell Biol. , 19 , 547–562. 

70. Parsons,R. (2020) Discovery of the PTEN tumor suppressor and its 
connection to the PI3K and AKT oncogenes. Cold Spring Harb. 
Perspect. Med. , 10 , a036129. 

71. Thies,K.A., Lefler,J.E., Leone,G. and Ostrowski,M.C. (2019) PTEN 

in the stroma. Cold Spring Harb. Perspect. Med. , 9 , a036111. 
72. Caserta,E., Egriboz,O., Wang,H., Martin,C., Koivisto,C., Pecot,T., 

Kladney,R.D., Shen,C., Shim,K.S., Pham,T. et al. (2015) 
Noncatalytic PTEN missense mutation predisposes to 
organ-selecti v e cancer de v elopment in vivo . Genes Dev. , 29 , 
1707–1720. 

73. Ho,J., Cruise,E.S., Dowling,R.J.O. and Stambolic,V. (2020) PTEN 

nuclear functions. Cold Spring Harb. Perspect. Med. , 10 , a036079. 
74. Planchon,S.M., Waite,K.A. and Eng,C. (2008) The nuclear affairs of

PTEN. J. Cell Sci. , 121 , 249–253. 
75. Fan,X., Kraynak,J., Knisely,J.P.S., Formenti,S.C. and Shen,W.H. 

(2020) PTEN as a guardian of the genome: pathways and targets. 
Cold Spring Harb. Perspect. Med. , 10 , a036194. 

76. Wang,G., Li,Y., Wang,P., Liang,H., Cui,M., Zhu,M., Guo,L., Su,Q.,
Sun,Y., McNutt,M.A. et al. (2015) PTEN regulates RPA1 and 
protects DNA replication forks. Cell Res. , 25 , 1189–1204. 

77. Feng,J ., Liang,J ., Li,J ., Li,Y., Liang,H., Zhao,X., McNutt,M.A. and 
Yin,Y. (2015) PTEN controls the DNA replication process through 
MCM2 in response to replicati v e stress. Cell Rep. , 13 , 1295–1303. 



NAR Cancer, 2023, Vol. 5, No. 3 9 

1

1

1

1

1

1

1

1

1

1

1

T
T
p

78. He,J., Kang,X., Yin,Y., Chao,K.S. and Shen,W.H. (2015) PTEN 

regulates DNA replication progression and stalled fork recovery. 
Nat. Commun. , 6 , 7620. 

79. Budd,M.E. and Campbell,J.L. (1995) DNA polymerases r equir ed 
for repair of UV-induced damage in Sacchar om y ces cer evisiae . Mol. 
Cell. Biol. , 15 , 2173–2179. 

80. Kesti,T., Flick,K., Keranen,S., Syvaoja,J.E. and Wittenberg,C. 
(1999) DNA polymerase epsilon catalytic domains are dispensable 
for DNA replication, DNA repair, and cell viability. Mol. Cell , 3 , 
679–685. 

81. Shcherbako va,P.V., Pavlo v,Y.I., Chilko va,O., Rogozin,I.B., 
Johansson,E. and Kunkel,T.A. (2003) Unique error signature of the 
four-subunit yeast DNA polymerase epsilon. J. Biol. Chem. , 278 , 
43770–43780. 

82. Deem,A., Keszthelyi,A., Blackgrove,T., Vayl,A., Coffey,B., 
Mathur,R., Chabes,A. and Malkova,A. (2011) Break-induced 
replication is highly inaccurate. PLoS Biol. , 9 , e1000594. 

83. Herr,A.J., Ogawa,M., Lawrence,N.A., Williams,L.N., 
Eggington,J.M., Singh,M., Smith,R.A. and Preston,B.D. (2011) 
Mutator suppression and escape from replication error-induced 
extinction in yeast. PLoS Genet. , 7 , e1002282. 

84. Isoz,I., Persson,U., Volkov,K. and Johansson,E. (2012) The 
C-terminus of Dpb2 is r equir ed for interaction with Pol2 and for cell 
viability. Nucleic Acids Res. , 40 , 11545–11553. 

85. Kraszewska,J., Garbacz,M., Jonczyk,P., Fijalkowska,I.J. and 
Jaszczur,M. (2012) Defect of Dpb2p, a noncatalytic subunit of 
DN A pol ymerase varepsilon, pr omotes err or pr one replication of 
undamaged chromosomal DNA in Sacchar om y ces cer evisiae . Mutat. 
Res. , 737 , 34–42. 

86. Lujan,S .A., Williams,J.S ., Clausen,A.R., Clark,A.B. and 
Kunkel,T.A. (2013) Ribonucleotides are signals for mismatch repair 
of leading-strand replication errors. Mol. Cell , 50 , 437–443. 

87. Sengupta,S., van Deursen,F., de Piccoli,G. and Labib,K. (2013) 
Dpb2 integrates the leading-strand DNA polymerase into the 
eukaryotic replisome. Curr. Biol. , 23 , 543–552. 

88. Herr,A.J., Kennedy,S.R., Knowels,G.M., Schultz,E.M. and 
Preston,B.D. (2014) DNA replication error-induced extinction of 
diploid yeast. Genetics , 196 , 677–691. 

89. Esteban-Jur ado,C., Gimenez-Zar agoza,D., Munoz,J., 
Franch-Exposito,S., Alvarez-Barona,M., Ocana,T., Cuatrecasas,M., 
Carballal,S., Lopez-Ceron,M., Marti-Solano,M. et al. (2017) POLE 

and POLD1 screening in 155 patients with multiple polyps and 
early-onset colorectal cancer. Oncotar g et , 8 , 26732–26743. 

90. Pellicano,G., Al Mamun,M., Jurado-Santiago,D., 
Villa-Hernandez,S., Yin,X., Giannattasio,M., Lanz,M.C., 
Smolka,M.B., Yeeles,J., Shirahige,K. et al. (2021) 
Checkpoint-mediated DNA polymerase epsilon exonuclease activity 
curbing counteracts resection-dri v en for k collapse. Mol. Cell , 81 , 
2778–2792. 

91. Del Prado,A., Franco-Echevarria,E., Gonzalez,B., Blanco,L., 
Salas,M. and de Vega,M. (2018) Noncatalytic aspartate at the 
exonuclease domain of proofreading DNA polymerases regulates 
both degradati v e and synthetic acti vities. Proc. Natl Acad. Sci. 
U.S.A. , 115 , E2921–E2929. 

92. Hogg,M., Aller,P., Konigsberg,W., Wallace,S .S . and Doublie,S. 
(2007) Structural and biochemical investigation of the role in 
proofreading of a beta hairpin loop found in the exonuclease 
domain of a replicati v e DNA polymerase of the B family. J. Biol. 
Chem. , 282 , 1432–1444. 

93. Dahl,J.M., Thomas,N., Tracy,M.A., Hearn,B.L., Perera,L., 
Kennedy,S.R., Herr,A.J. and Kunkel,T.A. (2022) Probing the 
mechanisms of two exonuclease domain mutators of DNA 

polymerase �. Nucleic Acids Res. , 50 , 962–974. 
94. Meng,X., Wei,L., Devbhandari,S., Zhang,T., Xiang,J., Remus,D. 

and Zhao,X. (2020) DNA polymerase epsilon relies on a unique 
domain for efficient replisome assembly and strand synthesis. Nat. 
Commun. , 11 , 2437. 

95. Meng,X., Claussin,C., Regan-Mochrie,G., Whitehouse,I. and 
Zhao,X. (2023) Balancing act of a leading strand DNA 

polymerase-specific domain and its exonuclease domain promotes 
genome-wide sister replication fork symmetry. Genes Dev. , 37 , 
74–79. 
he Author(s) 2023. Published by Oxford University Press on behalf of NAR Cancer
his is an Open Access article distributed under the terms of the Creati v e Common
ermits unrestricted reuse, distribution, and reproduction in any medium, provided th
96. Le,D.T., Uram,J.N., Wang,H., Bartlett,B.R., Kemberling,H., 
Eyring,A.D ., Skora,A.D ., Luber,B.S ., Azad,N.S ., Laheru,D. et al. 
(2015) PD-1 blockade in tumors with mismatch-repair deficiency. N. 
Engl. J. Med. , 372 , 2509–2520. 

97. Eggermont,A.M., Chiarion-Sileni,V., Grob,J .J ., Dummer,R., 
W olchok,J .D., Schmidt,H., Hamid,O., Robert,C., Ascierto,P.A., 
Richards,J.M. et al. (2016) Prolonged survival in stage III melanoma 
with ipilimumab adjuvant therapy. N. Engl. J. Med. , 375 , 1845–1855. 

98. Billingsley,C .C ., Cohn,D.E., Mutch,D.G., Stephens,J.A., 
Suarez,A.A. and Goodfellow,P.J. (2015) Polymerase varepsilon 
(POLE) mutations in endometrial cancer: clinical outcomes and 
implications for Lynch syndrome testing. Cancer , 121 , 386–394. 

99. Mo,S., Ma,X., Li,Y., Zhang,L., Hou,T., Han-Zhang,H., Qian,J., 
Cai,S., Huang,D. and Peng,J. (2020) Somatic POLE exonuclease 
domain mutations elicit enhanced intr atumor al immune responses 
in stage II colorectal cancer. J. Immunother. Cancer , 8 , e000881. 

00. Y ao,J ., Gong,Y., Zhao,W., Han,Z., Guo,S., Liu,H., Peng,X., 
Xiao,W., Li,Y., Dang,S. et al. (2019) Comprehensi v e analysis of 
POLE and POLD1 gene variations identifies cancer patients 
potentially benefit from immunotherapy in Chinese population. Sci. 
Rep. , 9 , 15767. 

01. Bouffet,E., Larouche,V., Campbell,B .B ., Merico,D., de Borja,R., 
Aronson,M., Durno,C., Krueger,J., Cabric,V., Ramaswamy,V. et al. 
(2016) Immune checkpoint inhibition for hypermutant glioblastoma 
multiforme resulting from germline biallelic mismatch repair 
deficiency. J. Clin. Oncol. , 34 , 2206–2211. 

02. Santin,A.D., Bellone,S., Buza,N., Choi,J., Schwartz,P.E., 
Schlessinger,J. and Lifton,R.P. (2016) Regression of 
chemotherap y-r esistant polymerase epsilon (POLE) ultra-mutated 
and MSH6 hyper-mutated endometrial tumors with nivolumab. 
Clin. Cancer Res. , 22 , 5682–5687. 

03. Lee,L., Ali,S., Genega,E., Reed,D., Sokol,E. and Mathew,P. (2018) 
Aggressi v e-variant microsatellite-stab le POLE mutant prostate 
cancer with high mutation burden and durable response to immune 
checkpoint inhibitor therapy. JCO Pr ecis . Oncol. , 2 , 1–8. 

04. Rousseau,B., Bieche,I., Pasmant,E., Hamzaoui,N., Leulliot,N., 
Michon,L., de Reynies,A., Attignon,V., Foote,M.B., 
Masliah-Planchon,J. et al. (2022) PD-1 blockade in solid tumors 
with defects in polymerase epsilon. Cancer Discov. , 12 , 1435–1448. 

05. K eshinr o,A., Vanderbilt,C., Kim,J.K., Firat,C., Chen,C.T., 
Yaeger,R., Ganesh,K., Segal,N.H., Gonen,M., Shia,J. et al. (2021) 
Tumor-infiltrating lymphocytes, tumor mutational burden, and 
genetic alterations in microsatellite unstable, microsatellite stable, or 
mutant POLE / POLD1 colon cancer. JCO Pr ecis . Oncol. , 5 , 
PO.20.00456. 

06. Garmezy,B., Gheeya,J., Lin,H.Y., Huang,Y., Kim,T., Jiang,X., 
Thein,K.Z., Pilie,P.G., Zeineddine,F., Wang,W. et al. (2022) Clinical 
and molecular characterization of POLE mutations as predicti v e 
biomarkers of response to immune checkpoint inhibitors in 
advanced cancers. JCO Pr ecis . Oncol. , 6 , e2100267. 

07. Ma,X., Riaz,N., Samstein,R.M., Lee,M., Makarov,V., Valero,C., 
Chowell,D., Kuo,F., Hoen,D., Fitzgerald,C.W.R. et al. (2022) 
Functional landscapes of POLE and POLD1 mutations in 
checkpoint blockade-dependent antitumor immunity. Nat. Genet. , 
54 , 996–1012. 

08. Chen,J. and Lou,H. (2021) Complete response to pembrolizumab in 
advanced colon cancer harboring somatic POLE F367S mutation 
with microsatellite stability status: a case study. OncoTargets Ther. , 
14 , 1791–1796. 

09. Van Gool,I.C., Rayner,E., Osse,E.M., Nout,R.A., Creutzberg,C.L., 
Tomlinson,I.P.M., Church,D.N., Smit,V., de Wind,N., Bosse,T. et al. 
(2018) Adjuvant treatment for POLE proofreading domain-mutant 
cancers: sensitivity to r adiother apy, chemother apy, and nucleoside 
analogues. Clin. Cancer Res. , 24 , 3197–3203. 

10. Bellone,S., Bignotti,E., Lonardi,S., Ferrari,F., Centritto,F., 
Masserdotti,A., Pettinella,F., Black,J., Menderes,G., Altwerger,G. 
et al. (2017) Polymerase epsilon (POLE) ultra-mutation in uterine 
tumors correlates with T lymphocyte infiltration and increased 
resistance to platinum-based chemotherapy in vitro . Gynecol. Oncol. , 
144 , 146–152. 
. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 


	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION: OVERVIEW OF POLE EXONUCLEASE DOMAIN MUTATIONS IN HUMAN CANCERS
	POLD1 MUTATIONS IN CANCER
	MUTATION SIGNATURES
	ASSOCIATED MUTATIONS
	MODEL SYSTEM DATA
	IMMUNE THERAPY APPROACHES
	SUMMARY
	SOME KEY OUTSTANDING QUESTIONS
	DATA AVAILABILITY
	ACKNOWLEDGMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

