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The maintenance of the human genome is
dependent upon several cellular processes
including DNA replication. Ordinarily, DNA
replication is an exceptionally faithful process,
with approximately one error occurring for
every 109–1010 nucleotides (1, 2). High-fidelity
replicative DNA polymerases with exonucleo-
lytic proofreading activity, along with DNA
mismatch repair machinery, are responsible
for accurate DNA synthesis. DNA polymerase
δ (pol δ) and polymerase e (pol e) are two
essential replicative lagging and leading strand
polymerases, respectively, that ensure efficient
and high-fidelity genome replication (3–5).
Replicative polymerase variants have recently
been identified in human tumors that harbor

enormous numbers of mutations. In recent
studies reported in PNAS, Mertz et al. and
Williams et al. provide evidence that this
hypermutator phenotype results from expan-
sion of deoxyribonucleoside triphosphate
(dNTP) pools (6, 7).
The concept of a mutator phenotype leading

to cancer was introduced by Lawrence Loeb in
1974 to account for the disparity between the
low mutation rates in normal cells and the
large numbers of mutations present in many
human tumors. This hypothesis has evolved
over time, with better understanding of the
molecular basis for tumorigenesis, and it is
now known that a mutator phenotype results
from mutations in genes that maintain

genome stability (8–13). The recently iden-
tified germ-line and somatic mutations of
POLE and POLD, which encode DNA poly-
merases e and δ, respectively, and which are
associated with hypermutated tumors, provide
additional strong evidence for the mutator
phenotype hypothesis.
Mutator variants of pol e and pol δ have

recently been characterized in Saccharomyces
cerevisiae by Williams et al. and Mertz et al.
(6, 7). Williams et al. characterized the pol2-4
proofreading defective and pol2-M644G base
selectivity-deficient alleles of pol2, which en-
code pol e (5, 14). Mertz and colleagues stud-
ied the pol3-R696W S. cerevisiae mimic of a
POLD variant that is deficient in base selec-
tivity that was identified in two colorectal
cancer cell lines, DLD1 and HCT15, which
were derived from the same tumor (15–17).
Interestingly, Williams et al. and Mertz

et al. find the mutator phenotypes of these
POLE and POLD variants depend upon the
Dun1 effector kinase, which plays a role in the
regulation of dNTP pools and the transcriptional
response to DNA damage (Fig. 1) (6, 7, 18). In
fact, cells with the pol2-M644G allele are de-
pendent upon Dun1 for survival. It has been
well established that dNTP pools are precisely
regulated during the cell cycle by ribonucleo-
tide reductase (RNR) (19, 20). In addition,
Chabes et al. demonstrated that dNTP levels
rise six- to eightfold as a result ofDNAdamage
(21). These increased pools were a conse-
quenceof activationof aDNAdamagecascade
involving Mec1, Rad53, and Dun1, which in
turn stimulates higher RNR activity. Impor-
tantly, this pool expansion following DNA
damage is accompanied by an increased error
rate, resulting in thedNTPmutator phenotype
(19). Imbalanced ratios of dNTPs are thought
to have themostmutagenic potential (22), but
proportional increases in dNTP levels can also
result in mutagenesis (23). In contrast, signif-
icant dNTP pool increases following DNA
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Fig. 1. Replicative polymerase mutations and dNTP pools can contribute to cancer. Somatic and germ-line mutations
in pol e or pol δ, commonly located in the exonuclease domain, can lead to a loss of proofreading ability. Mutations in
the catalytic domain result in deficient substrate discrimination. These mutations initiate signaling pathways that result
in increased dNTP pools, further increasing the rate of mutation. This mutator phenotype leads to cancer.
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damage have not been observed in mamma-
lian cells (20).
Critically absent from previous analyses of

pol e and pol δ mutants is an exploration of
their contribution to dNTP pool levels. For
the first time, Williams et al. and Mertz et al.
have identified a link between the mutations
in the yeast pol e and pol δ homologs (pol2
and pol3, respectively) and the alteration of
dNTP pools as an underlying mechanism of
the mutator phenotype (6, 7). Williams et al.
(7) show that Dun1 directly influences the
mutagenic potential of the error-prone pol2-
M644G mutation by altering dNTP pool lev-
els. The increase in mutation rate resulting
from the pol2-M644G allele activates Dun1,
which in turn induces RNR1 and RNR3 ex-
pression through the Mec1/Rad53 pathway,
resulting in increased dNTP pools. Similarly,
Mertz et al. (6) show that the mutator pheno-
type in a yeast strain expressing pol3-R696W
is mediated by Dun1-dependent alteration of
dNTP pools. Interestingly, the pol3-R696W
yeast strain exhibited a significant increase
in dNTP levels and changes in relative ratios,
whereas wild-type dNTP pool levels and mu-
tagenic rates were restored in a dun1Δ pol3-
R696W strain. One important caveat of these
studies is that yeast and mammalian cells
show differences in dNTP pool modulation
following DNA damage, and that although
several members of the yeast Mec1/Rad53/
Dun1 signaling cascade have human homo-
logs, Dun1 and Sml1 in particular are not
conserved. This finding suggests that ad-
ditional pathways may be at work in hu-
man pol e and pol δ mutations implicated
in cancer.
Classic studies on proofreading by DNA

polymerase I (pol I) of Escherichia coli by
Brutlag and Kornberg showed that fraying
of the DNA at a mismatched nascent base
pair was critical for excision of the misin-
serted base by pol I (24). In order for incor-
rect bases to be removed from the primer
strand, it must be transferred to the proof-
reading exonuclease active site of the poly-
merase, which is distant from the polymerase
catalytic site. Recent work shows that pol e
M644G is less efficient than wild-type pol e
in transferring the 3′-terminus containing
the incorrect base to the exonuclease active
site (25), despite intact proofreading. There-
fore, cells expressing a polymerase variant
with reduced dNTP discrimination are likely
to slow replication, leading to replication
stress and checkpoint activation; this could
lead to up-regulation of dNTP pools, facili-
tating the extension of nascent mispairs.
Although the error rate of the pol2–4

proofreading-deficient mutant is significantly
increased compared to the wild-type cells,

it is lower than what is observed in the
pol2-M644G mutant with reduced base
discrimination. In addition, there appears
to be no checkpoint activation in the pol2–
4 strain, even though its observed mutator
phenotype is dependent upon the Dun1
effector kinase. The increase in dNTP pools

Overall, the work by
Williams et al. and
Mertz et al. establishes
for the first time a
relationship between
altered dNTP pools
and specific pol e or
pol δ mutations.
in pol2–4 cells is only observed in the ab-
sence of Sml1 and Crt1, which are re-
pressors of RNR. Importantly, this increase
in dNTP pool levels is equivalent in the
presence or absence of the pol2–4 allele.
Thus, up-regulated dNTP pools may not be
directly responsible for the mutator pheno-
type of proofreading exonuclease-deficient
pol e, even though the mutator phenotype is
dependent on Dun1. Alternatively, up-reg-
ulation of dNTP pools may be necessary, but
because base selectivity is largely intact in
the pol2–4 strain, misincorporation may not

occur often enough within the population
of cells being analyzed, making detection of
checkpoint activation difficult. Single-cell
analysis using more sensitive methods to
detect activation of the checkpoint would be
informative. Alternatively, the conformational
dynamics of a proofreading-deficient poly-
merase may be inherently different from those
of a polymerase compromised in dNTP dis-
crimination base selectivity, leading to entirely
different downstream events.
Overall, the work by Williams et al. and

Mertz et al. (6, 7) establishes for the first time
a relationship between altered dNTP pools
and specific pol e or pol δ mutations. Un-
derstanding the downstream effects of exo-
nuclease mutations in these replicative
polymerases is critical, as many of these
mutations have been implicated in a host
of human cancers. It is likely that other
mechanisms resulting in a mutator phenotype
may also be at play because of differences
in dNTP pool modulation in yeast versus
mammalian cells. Identifying the mechanisms
of tumorigenesis resulting from pol e or pol δ
mutations will have significant impact on un-
derstanding and treating cancer.
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