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Abstract DNA polymerase theta (Pol 0) is an error-prone
A-family polymerase that is highly conserved among
multicellular eukaryotes and plays multiple roles in DNA
repair and the regulation of genome integrity. Studies
conducted in several model organisms have shown that Pol
0 can be utilized during DNA interstrand crosslink repair
and during alternative end-joining repair of double-strand
breaks. Recent genetic and biochemical studies have begun
to elucidate the unique structural features of Pol 0 that
promote alternative end-joining repair. Importantly, Pol 0-
dependent end joining appears to be important for overall
genome stability, as it affects chromosome translocation
formation in murine and human cell lines. Pol 6 has also
been suggested to act as a modifier of replication timing in
human cells, though the mechanism of action remains
unknown. Pol 6 is highly upregulated in a number of
human cancer types, which could indicate that mutagenic
Pol 0-dependent end joining is used during cancer cell
proliferation. Here, we review the various roles of Pol 6
across species and discuss how these roles may be relevant
to cancer therapy.
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BER Base excision repair

Tg Thymine glycol

ICL Interstrand crosslink

FA Fanconi anemia

MEFs Mouse embryonic fibroblasts
MMC Mitomycin C

MMS Methyl methanesulfonate

uv Ultraviolet

SHM Somatic hypermutation

dRP Deoxyribose phosphate

c-NHEJ Classical non-homologous end joining

MMEJ Microhomology-mediated end joining

SD-MMEJ  Synthesis-dependent microhomology-
mediated end joining

RPA Replication protein A

G4 G quadruplex

PARP1 Poly (ADP-ribose) polymerase 1
SNP Single nucleotide polymorphism
ESCC Esophageal squamous cell carcinoma
NSCLC Non-small cell lung cancer
Introduction

DNA polymerases play a central role in many cellular
processes, including nuclear and mitochondrial DNA
replication, translesion synthesis, and repair of damaged
bases, single-strand gaps, and double-strand breaks (DSBs)
[1-5]. Although DNA polymerases have developed highly
specialized functions in both replication and repair, many
are also involved in multiple DNA metabolic pathways.
Human DNA polymerases are divided into four families:
A, B, X, and Y, based on their structural similarities.
Replicative polymerases, which belong to the B-family and
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include polymerases o, o, and €, are conserved in all
eukaryotes and are responsible for replication initiation and
extension on the leading and lagging DNA strands [2].
Replicative polymerases are known for their high proces-
sivity and fidelity, and serve as critical factors in
maintaining genomic integrity and avoiding replication-
based mutagenesis. The nature of their fidelity is facilitated
through a constrained active site that tightly binds DNA,
exonuclease activity, and 3'—5’ proofreading function.

In contrast, Y-family DNA polymerases, which include
Pol n, %, and 1, are highly error-prone and non-processive
[6, 7]. These polymerases participate in translesion syn-
thesis (TLS), a method of DNA damage tolerance that
allows cells to continue replication past DNA lesions
without resulting in stalled replication forks. TLS poly-
merases have larger active sites that can accommodate
bulky lesions and are permissive for the incorporation of
bases opposite these lesions. Though TLS polymerases are
by necessity, error-prone, they are also crucial for proper
cellular function. For example, cells from xeroderma pig-
mentosum variant group patients, which lack functional Pol
T, are hypersensitive to UV light and increased skin cancer
incidence is observed in these patients [8].

Like Pol m, the A-family DNA polymerase Pol 6 pos-
sesses translesion polymerase activity. However, since its
discovery as the product of the POLQ gene in 1999 [9],
exactly how the enzymology of Pol 6 is connected to its
cellular functions has been unclear. This conundrum was at
least partially resolved with the recent discovery of a
highly conserved role for Pol 0 in error-prone end-joining
repair of DSBs. A complementary body of literature has
revealed that overexpression of Pol 0 is frequently asso-
ciated with a variety of types of cancers. The convergence
of these two fields has generated a surge of interest into the
biological roles of this highly unusual protein. In this
review, we compare and contrast the distinct roles of Pol 6
in different organisms, highlight several new studies that
give insight into how and when Pol 6-mediated end joining
occurs, and discuss the clinical relevance of Pol 0 as a
possible chemotherapeutic target.

Pol 0 has unique structural determinants

A-family DNA polymerases, which include Pol vy, Pol v,
and Pol 6 [9-11], are identified by their sequence similarity
to Pol I, an E. coli polymerase with 5'—3’ DNA-dependent
DNA synthesis activity and 3’—5" proofreading exonu-
clease function, and a 5’ =3’ exonuclease function in a
separate domain. Pol I is involved in the removal of bulky
adducts through base excision repair (BER) and the pro-
cessing of Okazaki fragments during DNA replication [12].
As the polymerase responsible for mitochondrial DNA
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replication and repair in eukaryotes, Pol y is required to
have high fidelity and processivity. This is reflected in its
fairly low misincorporation rate of 2 x 107> for single
base pair substitutions [13]. While all A-family poly-
merases have DNA synthesis activity, only Pol y has
conserved the proofreading ability of Pol I. Pol 0 retains a
vestigial ~ exonuclease-like  region, but it lacks
detectable exonuclease activity. Both Pol 6 and Pol v have
extremely high error rates in vitro, 2.4 x 107> and
3.5 x 1072, respectively, for single base pair substitutions,
which is similar to that of error-prone Y-family pols [14—
16].

Pol 6 is the only eukaryotic DNA polymerase that also
contains a helicase domain. The polymerase and helicase
domains are connected by a long, unstructured central
region (Fig. 1). Both the polymerase and helicase domains
are conserved among higher metazoans, although the
central domain is more divergent [17, 18]. The helicase
domain of human Pol 0 shares 55 % sequence similarity
with human HELQ (also known as HEL308), which is
conserved in animals, plants and archaea [19]. HELQ has
the ability to unwind both short (20-40 nucleotide) and
long (60-70 nucleotide) DNA duplexes in vitro [19]. The
helicase domain of Pol 8 contains Walker A and Walker B
motifs, which are used in the binding and hydrolysis of
ATP. Although the helicase domain of Pol 0 has single-
stranded DNA-dependent ATPase activity, strand dis-
placement activity has not yet been shown in vitro or
in vivo [20]. The polymerase domain of human Pol 6
shares 29 % sequence similarity with human Pol v [10].
Pol v is conserved among deuterostomes, including verte-
brates, but not lower organisms. It has been suggested that
Pol v and HELQ might work coordinately in higher
organisms to assume some of Pol 6’s roles [21], though Pol
v and HELQ do not appear to interact in vitro [22, 23].

DNA polymerases contain thumb, palm, and finger
regions, the structures of which determine their properties
and substrate specificities. The thumb region is responsible
for association of the polymerase with its substrate and
affects processivity, while the palm region contains the
polymerase active site and the exonuclease domain (if
present) and therefore affects fidelity. Three unique inser-
tions are located within the polymerase domain of Pol 6 in
the thumb (insert 1) and palm (insert 2 and insert 3) regions
(Fig. 1) [24, 25]. These insertions are proposed to con-
tribute to novel functions of Pol 6. For example, Pol 6, like
many translesion polymerases, has the ability to incorpo-
rate an adenine opposite an abasic (AP) site, which can be
formed by spontaneous depurination of a DNA base or as a
byproduct of DNA damage repair, in what as known as the
“A” rule [24, 25]. However, full length recombinant Pol 6
is unique in that it can efficiently perform DNA extension
from the inserted base [24]. Pol 6 can also extend from
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Fig. 1 Schematic of the domain A
structure of human Pol 6.

a Domain structure of Pol 0.

Domains include an N terminal

helicase-like domain, a long B
unstructured central domain,

and a C terminal polymerase

domain. Within the polymerase

domain is a non-functional

exonuclease domain. b The

polymerase domain of Pol 0

contains finger, thumb, and

palm subdomains. Insert 1 lies

in the thumb domain while

inserts 2 and 3 lie in the palm

domain. The exonuclease

subdomain contains 2 additional

insertions, loop exol and loop

exo 2

mispaired bases opposite bulky lesions like thymine glycol
(Tg) and 6-4 photoproducts [24, 26]. In vitro experiments
with an active fragment of Pol 6 have shown that loss of
inserts 2 or 3 impairs its ability to bypass AP sites and Tg
lesions on DNA, while insert 1 is dispensable for this
activity [25]. Deletion of insert 1, however, does reduce
processivity. Though the inserts’ lengths vary across spe-
cies, tending to increase with organismal complexity,
certain amino acid residues are evolutionarily conserved
from humans to Drosophila, including a basic residue in
loop 2 that stabilizes the interaction between Pol 6 and the
nascent DNA strand and is essential for synthesis past AP
and Tg lesions [27].

The crystal structure of the polymerase domain of Pol
0 was recently solved and predicts that insert 2 makes
contact with both O-helices within the finger domain,
which changes position during the shift from the open to
closed states and helps to align incoming nucleotides with
the template DNA [27]. Insert 2 is also predicted to
contact the 3’ (n-1) terminal phosphate of the primer
DNA during DNA binding. A basic amino acid in human
Pol 6, R2254, is located within insert 2 and appears to
mediate this interaction. The putative salt bridge that is
formed between insert 2 and the primer terminus is dis-
rupted in R2254V mutants. These mutants are unable to
bypass AP sites and Tg lesions in primer extension
assays, but perform extension normally on an unaltered
template [27]. Thus, it seems that insert 2 and its contacts
with the O-helix and the 3’ (n—1) phosphate are respon-
sible for positioning a poorly matched primer terminus for
nucleotide addition to compensate for missing interactions

Helicase domain

Helicase

Central domain Exo ke’ Polymerase domain

Central
domain
Insert 1

Loop
Loop %o, EXO 2

Exo 1

Exo-like

Insert 3 Insert 2

Polymerase

between the primer and template strands due to lesions
and DNA distortion.

Importantly, most biochemical studies (but see [20])
have been performed with truncated Pol O protein con-
taining only the polymerase domain, so the role of the
helicase domain remains largely unknown. The related
helicase HEL308 from archaea is able to displace proteins
bound to DNA [28]. A similar role could exist for the
helicase domain of Pol 6 in displacing replication protein A
(RPA) or other DNA binding proteins during translesion
synthesis. The crystal structure of the polymerase domain
of Pol 0 also reveals the presence of two additional
sequence inserts within the non-functional exonuclease-
like subdomain, loop exol and loop exo2 [27]. Loop exo2
extends a known contact surface found in E. coli Pol L
Given that loop exol and loop exo2 are located at the
extreme N terminus of the polymerase domain, they could
potentially provide contacts to help position the helicase or
central domains, though the helicase and central domains
were not present in the crystal structure [27].

Pol 0 is involved in distinct DNA damage repair
pathways in different organisms

The first cellular role for Pol 6 was identified through a
mutagen sensitivity screen in Drosophila melanogaster
[29]. Mutations in Drosophila mutagen sensitive 308
(mus308), the gene encoding Pol 6, cause hypersensitivity
to a variety of interstrand crosslinking agents, including
nitrogen mustard, diepoxybutane, and cisplatin [29].
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Intriguingly, mus308 mutants are not sensitive to methyl
methanesulfonate (MMS) and ultraviolet (UV) light, sug-
gesting a highly specific role in interstrand crosslink (ICL)
repair in Drosophila.

Since its initial discovery, Pol 6 has been implicated in
DNA repair pathways for many different organisms
(Table 1). Its role in interstrand crosslink repair is con-
served in C. elegans [30]. However, the exact nature of this
role in either Drosophila or C. elegans is unclear. While the
TLS function of Pol 0 is likely to be relevant, Pol 6 could
also be involved in the regulation of homologous recom-
bination (HR), which is used in ICL repair during S/G2
phases of the cell cycle [31]. The Fanconi anemia (FA)
pathway also plays a large role in ICL recognition and
subsequent repair. ICLs are directly recognized by
FANCM and the FA core protein complex. The FA core
complex then monoubiquitinates the FANCD2-FANCI
heterodimer which recruits other DNA repair proteins,
including BRCA1 and BRCA2, that interact with RADS1
to promote HR [31]. Complementation studies in C. ele-
gans show that Pol 6-mediated ICL repair is independent of
FA- and HR-associated proteins FANCD2 and HEL-308,
but depends on BRCAI1 [30]. Although BRCA1 is pre-
dominately associated with HR, it has also been shown to
promote alternative end joining at dysfunctional telomeres
in mouse embryonic fibroblasts (MEFs), along with DNA
resection proteins CtIP and the MREI1/RAD50/NBS1
(MRN) complex [32]. Together, these observations indi-
cate that end resection is required for Pol 0-mediated ICL
repair and that the process is largely independent of the
Fanconi anemia protein complex. Therefore, Pol 6 might
mediate a non-HR type of DSB repair during processing of
ICLs in C. elegans and Drosophila.

Interestingly, the role of Pol 6 in ICL repair does not
appear to be conserved in mammals [33]. Instead, Pol v, a
polymerase whose presence is limited to deuterostomes,
may substitute. Pol v has high similarity to the polymerase
domain of Pol 0 and appears to be critical for ICL repair in

Table 1 Effect of Pol 0 loss in various organisms

human cancer cell lines, possibly functioning in synthesis
across the lesion or in homologous recombination to repair
an ICL-induced DSB [10, 21, 34]. While it has been sug-
gested that Pol v has subsumed the role of Pol 0 in
vertebrate ICL repair, it remains to be seen whether this
holds true at the organismal level.

In Arabidopsis thaliana, Pol 0 is coded for by the gene
TEBICHI (TEB) [35]. Mutations in TEBICHI lead to sen-
sitivity to DNA damaging agents mitomycin C (MMC) and
MMS, which induce interstrand crosslinks and single- and
double-strand breaks, respectively. Expression of the
RADS1 protein is upregulated in feb mutants, suggesting
an increased requirement for HR [35]. Interestingly, mutant
plants with feb-1, an allele that removes the helicase
domain but leaves the polymerase domain intact, are more
sensitive to MMC and MMS than plants with the teb-3
mutation, which disrupts the polymerase domain alone
[35]. TEBICHI mutations lead to growth retardation that is
enhanced in the absence of the ATR checkpoint protein
[36]. Treating teb mutants with DNA damaging agents
exacerbates the growth retardation further, suggesting that
this phenotype is related to defective DNA repair.

Initial studies in mice suggested that Pol 6 may play a
role in somatic hypermutation (SHM) of immunoglobulin
genes, a process that diversifies B cell antigen receptor
genes. During SHM, uracils present within the Ig locus,
formed by AID-mediated deamination of cytosine, are
excised by BER proteins and gap-filling is performed by
error-prone polymerases. In an early study, mice deficient
in Pol 0 had an altered spectrum of IgG heavy chain
mutations, with a significant increase in dG—dA transition
mutations compared to control animals [37]. However,
other studies have since indicated that the role of Pol 0 in
SHM is minor [38—40]. Most recently, Gearhart and col-
leagues showed that the number of transition and
transversion mutations was not significantly different
between wildtype and Pol 0-deficient mice, nor was the
number of mutations at A:T or G:C sites different,

Organism DNA damaging agent ICL inducing agent  Proposed function Reference
IR MMS Zeocin or bleomycin Cis-pt MMC HN2

Drosophila melanogaster (+)* - ND + + + ICL repair, alt-EJ [29, 59]

Caenorhabditis elegans + + ND + ND + ICL and DSB repair, G4 DNA tolerance [30]

Arabidopsis thaliana ND + ND ND + ND ICL and DSB repair [35]

Chlamydomonas reinhardtiic ND — + ND — ND DSB repair [51]

Mus musculus =+ ND + — — ND DSB repair [49, 60]

Sensitivity to various DNA damaging agents is shown for organisms with mutations in POLQ. Sensitivity is described as sensitive (+), not
sensitive (—), or not determined (ND). The proposed functions of Pol 0 in each organism are listed

? Sensitive in an HR-deficient background
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indicating that Pol 6 does not have a role in SHM [41]. In
contrast, mice deficient in Pol n had a significant decrease
in transition mutations at A:T sites, suggesting that the
SMH mutations in this study occurred in a primarily Pol n-
dependent manner [41].

Pol 6 is one of five human DNA polymerases, including
Polymerases B, 1, v, and A, that have the ability to cleave 5’
deoxyribose phosphate (dRP) groups in vitro [42-46].
Because 5’ dRP lyase activity is classically associated with
Pol B-mediated base excision repair, it has been suggested
that Pol O may also be involved in BER. During short patch
BER, a damaged base is excised by AP endonuclease and a
polymerase incorporates a new base into the abasic site and
removes the 5’ dRP group. DNA ligase 3/XRCCI1 then
seals the nick. A recent study showed that in vitro dRP
lyase activity of Pol 8 is much weaker than that of Pol (3,
suggesting Pol 6 may not function significantly in BER
[47]. In chicken DT40 cells, polg mutants are not signifi-
cantly sensitive to the base-damaging agents MMS or
5-hydroxymethyl-2-deoxyuridine, which is incorporated
into DNA and induces a BER response [48]. Double
mutants lacking both Pol 6 and Pol B are significantly more
sensitive to hydrogen peroxide than either single mutant,
suggesting that Pol 6 might serve a minor role in base
excision repair, possibly as a backup for Pol B [48].
However, cells derived from Polg —/— knockout mice are
not hypersensitive to peroxide or paraquat [49]. Therefore,
whether or not Pol 6 plays a significant role in BER
remains unclear.

Though dRP lyase activity is traditionally associated
with BER, it is also used in other DNA repair processes,
such as end joining. During classical non-homologous end-
joining (c-NHEJ) DNA ends are bound by the Ku70/Ku80
heterodimer, which processes DNA ends but prevents
extensive end resection. Ku70/80 also uses its 5’ dRP lyase
activity during the end processing steps prior to DNA
ligation [50]. This raises the possibility that another role for
Pol 0’s lyase activity might be in processing ends of a DSB
when excision of an abasic site is required for end joining.

Several studies using other model organisms further
support the idea that Pol 6 might be involved in DSB repair
via end joining. In the green algae Chlamydomonas rein-
hardtii, Pol 6 mutants are highly sensitive to the DSB-
inducing agent Zeocin [51]. Unusually for a single-celled
organism, C. reinhardtii has extremely low efficiency of
HR, which may indicate an increased reliance on end-
joining repair pathways [52]. When C. reinhardtii strains
were transformed using non-homology-directed DNA
integration, Pol 0 mutants had a tenfold lower transfor-
mation efficiency compared to their wildtype counterparts.
Pol 6 mutants did not show such a defect during homology-
directed transformation, consistent with a potential defect
in end joining [51].

In mice, a point mutation within the exonuclease sub-
domain of Pol 0 that destabilizes the protein and leads to
decreased protein levels was identified in 2004. This allele,
termed chaosl, leads to the formation of micronuclei
within reticulocytes in bone marrow [53]. Micronucleus
formation occurs when chromosomal fragments are left
behind following nuclear expulsion during reticulocyte
maturation. These micronuclei are thought to arise from a
defect in mitotic chromosome segregation or from an
increased frequency of chromosomal breakage, which
could be due to defects in HR or end joining [49]. chaosl
mice have an increased frequency of both spontaneous and
radiation-induced micronuclei; however, the chaosl
mutation does not confer hypersensitivity to radiation or
MMC in cultured cells or mice [33, 49]. Importantly,
chromosome instability is not sufficient to drive tumori-
genesis in Pol 0-defective mice and unchallenged animals
show no other phenotypic abnormalities [53].

To test the hypothesis that Pol 6 is involved in double-
strand break repair, a mutation in the ATM kinase was
introduced into Pol 0-deficient mice [33]. ATM is recruited
to DSBs by the MRN complex and begins a signaling
cascade to facilitate HR [54]. ATM has also been impli-
cated as a signaling factor in classical non-homologous end
joining (c-NHEJ). It has been proposed that the formation
of ATM-dependent y-H2AX foci at DSBs is important for
tethering DNA ends to facilitate c-NHEJ and prevent the
usage of improper ends [55, 56]. Loss of both Pol 6 and
ATM is in mice was semi-lethal, with a 10 % survival rate
during the neonatal period [33]. The surviving mice had
severe growth retardation [33]. Additionally, atm—/—,
chaosl mutant MEFs had an increased number of chro-
mosomal abnormalities per cell than either single mutant,
suggesting that Pol 0 is indeed involved in an HR- and
c-NHEJ-independent mechanism of maintaining genome
stability [33].

Pol 0 promotes alternative end joining

Classical NHEJ (c-NHEJ) is genetically defined as DSB
repair that involves the Ku70/Ku80 heterodimer, which
binds to DNA ends and prevents resection, and DNA ligase
4/XRCC4, which seals breaks (Fig. 2) [57]. C-NHEJ is
thought to be the dominant form of end joining in most
organisms, while alternative forms of end joining serve as
back-up pathways. It is becoming clear, however, that in
certain contexts alternative end-joining mechanisms are
prevalent and perhaps even preferred [58].

The first direct evidence for the involvement of Pol 6 in
alternative end joining was observed in Drosophila [59].
Using an I-Scel system which creates chromosomal DSBs
with four-nucleotide complementary ends, researchers
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Fig. 2 DNA double-strand break repair pathways. a Classical non-
homologous end joining. A DNA break occurs during G1 phase.
Ku70/Ku80 binds DNA ends and keeps them in close proximity (7).
DNA-PKcs binds to Ku (i7) and recruits NHEJ core proteins including
XRCC4 and DNA ligase 4. DNA ligase 4 ligates broken ends together
(iii). b Homologous recombination. A DNA break occurs during
S/G2. DNA is extensively resected in a 5'—3’ direction (i). The
exposed 3’ single-stranded DNA is coated with RPA to stabilize it (if).

observed many repair events possessing >4 base pair (bp)
inserts that appeared to be templated from flanking
sequences. The percentage of these types of insertions
decreased in flies lacking Pol 8 [59]. This suggested that
Pol 6 might be utilizing its unique structure to generate and
align short nucleotide homologies, a process the authors
termed synthesis-dependent microhomology-mediated end
joining (SD-MMEJ). In agreement with this, a recent study
showed that Pol 0 is required to generate >1 bp insertions
during class switch recombination in mouse B cells [60].
Pol 0 is also critical for an alternative end-joining like
process that occurs during the genomic integration of linear
group 2 introns in Drosophila [61].

The importance of Pol 8-mediated end joining in Dro-
sophila was further highlighted in a study examining end-
joining repair of transposon-induced gaps, in which the
number of end-joining events recovered from the male
germline of mus308 mutants decreased by two- to threefold
relative to wildtype [59]. In the absence of both Pol 6 and
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RPA is displaced by Rad51, with the help of Rad51 loading proteins
(iii). Rad51 facilitates strand invasion and homology searching (iv).
After DNA is copied from a homologous template, the D-loop is
resolved (v). ¢ Microhomology-mediated end joining. A DNA break
occurs during S/G2. Limited resection occurs in a 5’ —3’ direction (7).
Microhomologies present at the DNA ends are aligned and stabilized
by Pol 0, which then synthesizes DNA to fill in gaps (ii). DNA ligase
3/XRCCI1 binds DNA to seal nicks (iif)

DNA ligase 4, end joining was almost completely abol-
ished, indicating that Pol 6-mediated end joining is distinct
from c-NHEJ [59]. Interestingly, the structure of the repair
junctions in various mus308 mutant backgrounds suggested
that both the helicase and polymerase domains were
important for end-joining repair. For example, while
junctions from wildtype flies provided evidence for
annealing at 5-10 bp pre-existing microhomologies, these
were not observed in flies with mutations within conserved
helicase domain residues [59]. In addition, templated
insertions were largely abolished in mus308 null mutants
but were still present in flies with normal helicase domains.
It is worth noting that no evidence has yet been obtained
supporting a role for the helicase domain in DSB repair in
other eukaryotes. The polymerase function alone of Pol 0 is
enough to restore bleomycin resistance and rescue spon-
taneous chromosomal instability in MEFs [60]. Thus, in
organisms other than flies, another related helicase might
substitute during Pol 6-mediated end joining in vivo.
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In chicken DT40 cell lines, Pol 6 localizes to laser-
induced DSBs [48]. Similar observations have been made
in HeLa cells, where Pol 0 localization to DSBs depends on
poly (ADP-ribose) polymerase 1 (PARP1) [62]. PARP1
has been previously implicated in alt-EJ [63] [64], sug-
gesting that the role of Pol 0 in alternative end joining is
conserved. Indeed, as described below, Pol 6 has emerged
as a key player in a specific type of alternative end joining.

Pol 0 mediates MMEJ

Microhomology-mediated end joining (MMEJ) is a type
of alternative end-joining that shares many features with
Pol O-mediated end joining. MMEJ does not depend on
c-NHEJ proteins; however, HR and MMEIJ utilize the
same initial DNA resection machinery, including the
MRN complex and the endonuclease CtIP, to expose
single-stranded DNA overhangs at sites of DSBs (Fig. 2)
[65]. HR requires extensive resection, while MMEJ can
occur in the context of a shorter ssDNA overhang. Single-
stranded DNA is stabilized by RPA, which is replaced by
RADS51 during HR and is inhibitory to MMEJ in Sac-
charomyces cerevisiae [66]. During MME]J,
microhomologies are exposed and aligned, an endonu-
clease trims DNA flaps, gaps are filled in by a
polymerase, and DNA ligase 1 or DNA ligase 3/XRCC1
seals nicks [67]. While HR is considered to be an error-
free repair mechanism, MMEJ always results in deletions
and occasional insertions.

Recently, it has become clear that Pol 0 is a key par-
ticipant in MMEJ. One experimental system showed this
using MEFs transfected with partially single-stranded DNA
molecules possessing 45-nucleotide long tails with short,
terminal microhomologies. While wildtype MEFs were
able to carry out joining of these molecules, MEFs lacking
Pol 6 were defective in joining of these substrates but were
still able to join molecules with 4 bp overhangs via
c-NHEJ [60]. Perhaps this is because unlike most poly-
merases, Pol 0 can extend from single-stranded DNA and
DNA with a 3’ overhang [68], making it ideal for the
annealing and joining of substrates with long tails.

Confirmation of this model came with the publication of
an elegant in vitro MMEJ system [69]. In this study, the
authors tested the ability of a purified Pol 6 polymerase
domain to align two MMEIJ-like substrates, extend from an
annealed microhomology, and displace DNA during primer
extension. They found that the Pol 0 polymerase domain
can align two DNA molecules with 6-15 nucleotide
overhangs possessing 4 base pairs of microhomology and
aligns CG-rich microhomologies more efficiently, possibly
because of increased hydrogen bonding between the
microhomologies. Single-stranded overhangs of 18

nucleotides and greater appear to pose a problem and the
enzyme bridges them with very low efficiency [69].

Remarkably, this study also showed that Pol 6 mediates
annealing of both internal and terminal microhomologies
in vitro, can extend from mispaired bases, and displaces
annealed ssDNA during template extension [69] (Fig. 3).
Thus, the polymerase domain of Pol 6 can independently
carry out all of the major stages of MMEJ prior to flap
trimming and ligation, at least in vitro. Although long (>18
nucleotide) single-stranded overhangs appear to be pro-
hibitive to Pol 0 activity in vitro [69], the full length Pol 6
is able to join much longer ssDNA overhangs in vivo [60].
Because the in vitro studies were conducted using only the
polymerase domain of Pol 6, it is possible that the helicase
domain may also aid in primer unwinding or strand
annealing during DNA extension. It is also possible that
other proteins are required to stabilize long ssSDNA over-
hangs during microhomology alignment.

Pol 0 shows a strong preference for binding DNA with a
5" terminal phosphate, similar to X-family polymerases
used in c-NHEJ, and the presence of a 5’ terminal phos-
phate increases the rate of MMEJ mediated by Pol 6 [69].
Insert 2 mutants are unable to bind primed DNA with a 3’
overhang but can bind primed DNA with a 5" overhang.
Because of this, insert 2 is postulated to interact with the 5
phosphate to stabilize the DNA-protein complex and
facilitate DNA displacement [69], though the crystal
structure does not provide evidence for this interaction [27]
(Fig. 4).

Interestingly, two groups have suggested that Pol 0
might operate during MMEJ as a dimer or multimer [27,
69]. While this possibility is certainly appealing in the
context of a bridging model for Pol 6, whether or not this
occurs in vivo remains to be tested.

Pol 0-mediated end joining impacts genome
stability

Due to its ability to promote alternative end joining, Pol 6
can have major effects on genome stability in different
biological contexts associated with double-strand breaks.
For example, spontaneous translocations between the Myc
and IgH loci in mouse B cells are suppressed by the
presence of Pol 0. In this context, Pol 0 is thought to repair
DSBs through a synthesis-dependent end-joining mecha-
nism, thereby inhibiting other translocation-prone end-
joining pathways [60].

In contrast, Pol 0 promotes translocation formation in
other genomic contexts. One example occurs in the case of
deprotected telomeres in mice, where Pol 6 utilizes pre-
existing telomeric microhomologies to facilitate end-to-end
chromosome joining events [62]. In addition, the loss of
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A 4

Small deletions

Fig. 3 Models of Pol 6-mediated MMEJ A double-strand break
occurs (i) and DNA ends are resected (ii). Pol 6 (green) aligns
microhomologies (blue) located at the end of each ssDNA (iii). Pol 6
synthesizes DNA to fill in the gap and strand displaces dsDNA,
possibly aided by the helicase domain (purple) (iv). This repair
process generates small deletions. Pol 0 also aligns microhomologies
that are located internally on ssDNA, leaving unpaired flaps (v). Flaps
are cleaved by an endonuclease and Pol 6 continues to synthesize

A
[T ™ T T

\

y

Larger deletions

Deletions & templated
insertions

DNA and displace dsDNA (vi). This process generates larger
deletions. In the event that no microhomologies exist on ssDNA,
Pol 0 can utilize DNA overhangs as a template to generate
microhomologies in “snap-back” synthesis, while displacing dsDNA
(vii). Once microhomologies exist, they are aligned by Pol 6 (viii) and
Pol 0 then fills in the gap (ix). This repair process generates templated
insertions and deletions

Tp

Fig. 4 Mechanisms by which Pol 6 might promote the initiation of
MME]J. a Once microhomologies are aligned, insert 2 may interact
with the 5’ phosphate during DNA synthesis. This interaction could
enhance binding ability of Pol 6 and could also facilitate strand

Pol 0 results in a fourfold decrease in interchromosomal
translocations involving CRISPR-Cas9 induced DSBs [62].
The reason for the disparate effect of Pol 0 on translocation
formation in different systems is presently unclear, but
possible explanations might include the nature of the
breaks or differential recruitment of other alt-EJ proteins in
the two systems.

In addition to its role in repairing programmed or
induced DSBs, recent work has also illustrated the impor-
tance of Pol 0 in the repair of breaks formed at endogenous
G-quadruplex (G4) DNA lesions during replication in C.
elegans [70]. Long stretches of guanine residues are known

@ Springer

I ™ 00, T

& ¢
&

displacement during nascent DNA synthesis. b Insert 2 may also
interact with the 3’ (n—1) phosphate on the nascent DNA strand. This
interaction could facilitate nucleotide incorporation and stabilize
mispaired nucleotides

to form very stable four-stranded structures in vitro that
consist of stacked planar guanine tetrads. These G4 struc-
tures have been suggested to play roles in many cellular
processes, including replication initiation, gene expression,
and telomere maintenance (reviewed in [71]). Based on the
sequence analysis, as many as 300,000 G-rich motifs, at a
frequency of approximately 1 in every 10 kilobases, are
estimated could form G4 structures in the human genome
[72]. G4 structures are also highly stable in vivo and
require special helicases to unwind them. In C. elegans, the
absence of one of these helicases, FanclJ, leads to replica-
tion fork stalling and DSB formation at G4 motifs,
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ultimately resulting in the creation of small (~50-200 bp)
deletions [70]. Most of these deletion events have one
nucleotide of microhomology at the junction site, while
some contain templated insertions. Depletion of DNA
ligase 4 or Brcal has no effect on the frequency of dele-
tions, indicating that they are not dependent on DSB repair
through c-NHEJ or HR. However, depletion of Pol 6
completely abolishes the small deletion class and the
remaining deletions are much larger, averaging 20 kb in
size. Thus, a Pol O-dependent process suppresses these
catastrophic large deletions at replication blocking lesions
and thereby stabilizes the genome [70].

There is evidence that Pol 8-mediated end joining may
also play a role in genome evolution in roundworms in
response to various non-G4 DNA lesions such as base
adducts and AP sites. Normally, cells use TLS polymerases
to tolerate these lesions during replication and thereby
prevent DSBs. When C. elegans depleted for TLS poly-
merases Pol m and Pol x are cultured for multiple
generations, small spontaneous deletions increase more
than 20-fold compared to wildtype animals [73]. The size
distribution of deletions in these strains ranges from 1 to
>200 bp, and most repair junctions possess single
nucleotide microhomologies or templated nucleotides.
Additional removal of Pol 6 in TLS polymerase-deficient
mutants results in a 100-fold increase in deletion size,
paralleling the results seen with G4 motifs [73]. Strikingly,
different wild-caught strains of C. elegans have similar
mutation profiles throughout their genomes, arguing for a
general role of Pol 0 in genome diversification in C. ele-
gans. It will be interesting to determine whether there is
evidence of Pol 6-mediated end joining in genome evolu-
tion in other eukaryotes.

Recently, Pol 0-mediated repair was also implicated
as the major repair mechanism for CRISPR/Cas9-in-
duced breaks in C. elegans [74]. CRISPR/Cas9 is an
emerging genome editing system that has been used to
disrupt or replace genes in many organisms (reviewed in
[75]). One method of generating mutations through this
system involves the creation of a single targeted DSB in
a gene of interest, which can then be repaired muta-
genically (with small insertions and/or deletions). Repair
of Cas9-induced DSBs was initially thought to be a
result of c-NHEJ; however, depletion of c-NHEJ factors
Lig4 and Ku80 has no effect on the frequency or type of
genomic alteration in C. elegans [74]. Depletion of Pol 6
decreases repair frequency sixfold and alters the profile
of repair products. In Pol 6 proficient worms, the median
deletion size is 13 bp and repair is often accompanied by
short insertions. However, when Pol 0 is depleted dele-
tion size increases by 1000-fold, with a median deletion
size of 10-15 kb and no insertions [74]. Whether the Pol
0 dependence for repair of Cas9-induced breaks is

specific to C. elegans or is more broadly conserved
remains to be determined.

Evidence for Pol 0 involvement in cancer
progression

Error-prone Pol 6, like other TLS polymerases, needs to be
tightly regulated, as dysregulation of its expression might
promote mutagenesis and genome instability. An expres-
sion study of human replicative and TLS polymerases has
shown that Pol 6 and Pol v are the only polymerases that
are significantly upregulated in breast cancer patient
tumors, compared to non-tumor tissue [76]. Breast cancer
tumors are often deficient in HR proteins and therefore rely
heavily on other DSB repair pathways. High expression of
Pol 0 is associated with poor patient prognosis, especially
in those that have other genetic mutations or markers of
advanced disease. For example, breast cancer patients with
both high Pol 0 expression and lymph node metastasis have
significantly poorer survival than patients with either
variable alone, with a survival rate of 50 % at about
40 months in one cohort [76]. High Pol 8 expression is also
significantly associated with a number of prognostic breast
cancer indicators, including tumor size. Triple negative
breast cancer, which lacks expression of estrogen receptor,
progesterone receptor, and HER?2, is the most aggressive
and chemoresistant form of breast cancer. Triple negative
breast cancer tumors are most frequently associated with
high Pol 0 levels, which may aid in TLS and DSB repair
and promote survival when other DNA repair pathways are
compromised [76].

Overexpression of Pol 0 is not limited to breast cancer.
One of the earliest Pol 8 expression studies showed that Pol
0 is preferentially expressed in lymphoid tissue, where it
participates in class switch recombination, and is upregu-
lated in lung, stomach, and colon cancer [77]. More
recently, studies have demonstrated that Pol 0 is upregu-
lated in oral squamous cell carcinoma, non-small cell lung
cancer, and colorectal cancer [78—80]. In non-small cell
lung cancer (NSCLC), which is the leading cause of cancer
deaths worldwide, Pol 6 is the only DNA polymerase that
is upregulated twofold or greater in tumors compared to
normal tissue [79]. Indeed, all other non-replicative poly-
merases are slightly downregulated in NSCLC tumors. Pol
0 was overexpressed in more than 80 % of NSCLC sam-
ples and overexpression strongly correlated with poor
patient survival, indicating that Pol 6 may have a particu-
larly important role during development of this type of
cancer [79].

Intriguingly, overexpression of Pol 6 in non-tumor cell
lines with functional HR leads to an increase in DNA
damage foci, suggesting that overexpression of Pol 6 by
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itself can contribute to genome instability [76]. Impor-
tantly, these DNA damage foci include phosphorylated
Chk2, which indicates that overexpression of Pol 0 could
lead to an extended checkpoint response. In this case, Pol 6
might be out-competing HR but repairing DNA at a slower
rate, leading to checkpoint activation.

The human POLQ gene contains 23 known single
nucleotide polymorphisms (SNPs), at least nine of which
are predicted to alter protein function. When these SNPs
were first identified, they were not found to be signifi-
cantly associated with sporadic or hereditary BRCA1/2
normal breast cancer [81, 82]. Recently, a study found
that a mutation within the promoter region of POLQ, (c.-
1060A > G), is significantly associated with hereditary
breast cancer as well as hereditary breast and ovarian
cancer syndrome in women with unknown BRCA1/2
profiles. However, the mutation is not associated with
spontaneous breast cancer occurring in postmenopausal
women over 50 [83]. The POLQ (c.-1060A > G) SNP is
located at a putative binding site for the transcription
factor Ying Yang 1 (YY1) [83]. Pol O expression levels
were not measured in this study, but the authors specu-
late that disrupting YY1 binding decreases transcription
levels and that DSBs and DNA lesions may accumulate
in the absence of Pol 0-mediated repair. It is also pos-
sible that the (c-1060A > G) mutation positively affects
Pol O transcription and drives mutation in HR-deficient
tumors.

In 2013, a study of two Chinese populations identified
SNPs in a number of DNA repair genes that were sig-
nificantly associated with esophageal squamous cell
carcinoma (ESCC). The DNA repair genes were clustered
by pathway and it was found that those associated with
homologous recombination, non-homologous end joining,
and base excision repair were often significantly associ-
ated with ESCC, while nucleotide excision repair and
mismatch repair genes were not [84]. Notably, the study
identified ESSC-associated SNPs in the POLQ, HEL308,
and POLN genes, thereby linking Pol 6 to another type of
cancer [84].

Pol 0 was identified as a possible tumor-specific target
using a siRNA screen to identify genes whose knockdown
causes increased tumor radiosensitivity [49, 85]. Knock-
down of genes involved in HR and c-NHEJ led to increased
v-H2AX foci, a marker for DSBs, in both irradiated and
non-irradiated tumor cell lines. Only depletion of Pol 6
resulted in a specific increase in y-H2AX foci in irradiated
tumor cells and not normal or non-irradiated cells [85]. The
sensitization effect of Pol 6 knockdown was observed in
several different tumor cell lines. Since then, Pol 6 has
garnered much attention as a possible target for cancer
therapeutics.
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Pol 0 as a chemotherapeutic target

Given the extreme phenotypic differences observed
between high and low Pol 6 expression, it is possible that
Pol 6 could be a major genetic driver contributing to poor
clinical outcomes in cancer patients. This would makes Pol
0 a good candidate as a prognostic marker and an appealing
target for clinical therapeutics. However, until recently it
was unclear exactly how Pol 0 might function in a tumor-
specific role, hampering drug development efforts.
Emerging evidence now points to novel roles for Pol 6 in
modulating replication origin firing and DNA damage
response pathway choice, both of which could be critical in
tumor proliferation.

Two hallmarks of cancer progression are sustained cell
proliferation and genome instability. Slower replication
fork speed and shorter inter-origin distances are charac-
teristics of cells with activated oncogenes, indicating that
replication may be inhibited and dormant origins are being
activated (reviewed in [86]). Strikingly, overexpression of
Pol 0 in colorectal cancer is more strongly associated with
poor patient survival when replication and origin firing
factors are also significantly upregulated [80]. This could
indicate that Pol 0-mediated repair is utilized during DNA
replication when DNA damage levels are high, which
could in turn contribute to higher levels of genome insta-
bility in these cells. While a role for Pol 8-mediated MMEJ
has been established during G2, human Pol 6 also associ-
ates with chromatin in G1, well before the bulk of MMEJ
repair is thought to take place [87]. During G1, Pol 9 also
interacts with origin licensing proteins Orc2 and Orc4.
Though depletion of Pol 8 does not affect replication origin
number or density, it does appear to cause a subtle shift in
the timing of origin firing during S phase, with some ori-
gins transitioning from early to late firing and others from
late to early [87]. Overexpression of Pol 0 leads to sup-
pression of origin firing in a subset of origins and delayed
replication. One interpretation of these data could be that
under normal conditions, Pol 0 binds to late firing origins to
prevent them from firing early. When Pol 0 is upregulated,
the excess proteins may bind aberrantly to early- and mid-
firing origins, delaying their firing as well [87]. It is pos-
sible that this temporal shift in origin firing could lead to
the replicative stress and global genome instability char-
acteristic of cancer cells.

In addition to its role in promoting MMEJ repair of
DSBs, it now appears that human Pol 6 may actively pre-
vent HR repair. Human Pol 6 binds to Rad51 and this
interaction is dependent on three distinct regions located in
the central domain [88]. Pol 6 binding of RADS51 might
sequester it away from DNA, thereby preventing the ini-
tiation of HR. Consistent with this model, the number of
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IR-induced RADS51 foci in the U20S osteosarcoma cell
line increases in the absence of Pol 6 and in the presence of
Pol 0 mutants that cannot bind RADS51 [88]. Thus, Pol 6-
mediated end joining appears to directly compete with HR
in human cells. Interestingly, the putative RADS51-inter-
action sites appear to be conserved in vertebrates but not in
invertebrates, which may explain why mutation of POLQ
has not been reported to impact HR efficiency in other
organisms.

The use of PARP inhibitors to treat breast and ovarian
cancers has become common, with several drugs currently
in use or in clinical trials. One way that PARP inhibitors
might function is through their ability to prevent repair of
single-strand breaks and double-strand breaks that would
be lethal in certain genetic backgrounds [89]. Recent
results suggest that targeting PARP1 in combination with
Pol 0 inhibition could be an attractive therapeutic option
for HR-deficient tumors. Untreated MEFs lacking both
Brcal and Pol 6 show increased chromosome aberrations
and radial chromosome formation [62] and FANCD2-de-
ficient mice that also lack Pol 6 have severely reduced
viability [88]. Pol 0 is upregulated in HR-deficient cell
lines derived from epithelial ovarian cancers [88].
BRCA1™~ tumor cell lines, which are deficient in HR,
become hypersensitive to PARP inhibitors when Pol 6 is
co-depleted [88]. In total, these findings demonstrate that
HR-deficient tumors are dependent on Pol 6 for repair of
DSBs and can be effectively targeted by simultaneous
knockdown of Pol 0 and chemotherapeutic treatment.

As previously mentioned, Pol 0 is recruited to sites of
DSBs in a PARP1-dependent manner [62]. PARP1 binds to
DNA in the presence of single-strand and double strand
DNA breaks and has been suggested to act as a scaffold
that recruits proteins involved in alternative end joining
[64]. Thus, one possible explanation for the synergistic
effect of PARP inhibition and Pol 6 knockdown in HR-
deficient cancer cells could be a total inability to repair
DSBs. However, an alternative explanation could be that
Pol 0 has an additional role besides PARP1-facilitated end
joining, the exact nature of which awaits further
characterization.

Concluding thoughts

Recent structural, biochemical, and genetic data illustrate
that Pol O is a highly specialized translesion synthesis
polymerase with multiple roles in DNA metabolism. Though
it may function in unique repair pathways in some model
systems, its role in Pol 6-mediated end joining appears to be
ubiquitous in metazoans. Now that a conserved role in
MMEJ has been established, several intriguing questions
clamor for attention. What role, if any, does the conserved

helicase domain have in ICL and/or DSB repair? What
proteins interact with Pol 6 to assist it in MMEJ repair? Are
there specific DNA sequences or chromatin contexts that
promote Pol 6-mediated end joining? Following this line of
inquiry, it will be interesting to survey the genomes of
multiple organisms to look for DNA sequences that are
hotspots for Pol 6-mediated end joining. Finally, given the
many studies that have linked Pol 6 overexpression of cancer
severity and progression, further investigation into the
mechanism(s) by which Pol 6 overexpression promotes
cancer will be a ripe target for future study. While expression
levels of Pol 0 are proving to be a useful diagnostic tool,
understanding the link between Pol 6 function, DSB repair,
DNA replication, and cancer progression will be critical to
creating effective cancer therapeutics, while minimizing
potential undesirable side effects.

Acknowledgments The authors thank Matt Yousefzedah, Sarah
Dykstra, and members of the McVey lab for helpful discussion and
comments on the manuscript. Research in the McVey lab is supported
by grants RO1IGM092866 and PO1GM105473 from the National
Institutes of Health.

References

1. Goodman MF, Woodgate R (2013) Translesion DNA poly-
merases. Cold Spring Harb Perspect Biol 5(10):a010363
2. Johansson E, Dixon N (2013) Replicative DNA polymerases.
Cold Spring Harb Perspect Biol 5(6):a012799
3. Stumpf JD, Copeland WC (2011) Mitochondrial DNA replication
and disease: insights from DNA polymerase y mutations. Cell
Mol Life Sci 68(2):219-233
4. Beard WA, Wilson SH (2014) Structure and mechanism of DNA
polymerase . Biochemistry 53(17):2768-2780
5. Vilenchik MM, Knudson AG (2003) Endogenous DNA double-
strand breaks: production, fidelity of repair, and induction of
cancer. Proc Natl Acad Sci USA 100(22):12871-12876
6. Yang W (2014) An overview of Y-family DNA polymerases and
a case study of human DNA polymerase m. Biochemistry
53(17):2793-2803
7. Sale JE, Lehmann AR, Woodgate R (2012) Y-family DNA
polymerases and their role in tolerance of cellular DNA damage.
Nat Rev Mol Cell Biol 13(3):141-152
8. Masutani C et al (1999) The XPV (xeroderma pigmentosum
variant) gene encodes human DNA polymerase eta. Nature
399(6737):700-704
9. Sharief FS et al (1999) Cloning and chromosomal mapping of the
human DNA polymerase theta (POLQ), the eighth human DNA
polymerase. Genomics 59(1):90-96
10. Marini F et al (2003) POLN, a nuclear PolA family DNA poly-
merase homologous to the DNA cross-link sensitivity protein
Mus308. J Biol Chem 278(34):32014-32019
11. Tto J, Braithwaite DK (1990) Yeast mitochondrial DNA poly-
merase is related to the family A DNA polymerases. Nucleic
Acids Res 18(22):6716
12. Kornberg A, Baker TA (1992) DNA replication, 2nd edn. Free-
man, San Francisco
13. Longley MJ et al (2001) The fidelity of human DNA polymerase
gamma with and without exonucleolytic proofreading and the p55
accessory subunit. J Biol Chem 276(42):38555-38562

@ Springer



614

K. Beagan, M. McVey

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

McCulloch SD, Kunkel TA (2008) The fidelity of DNA synthesis
by eukaryotic replicative and translesion synthesis polymerases.
Cell Res 18(1):148-161

Arana ME et al (2007) A unique error signature for human DNA
polymerase nu. DNA Repair Amst 6(2):213-223

Arana ME et al (2008) Low-fidelity DNA synthesis by human
DNA polymerase theta. Nucleic Acids Res 36(11):3847-3856
Harris PV et al (1996) Molecular cloning of Drosophila mus308, a
gene involved in DNA cross-link repair with homology to prokaryotic
DNA polymerase I genes. Mol Cell Biol 16(10):5764-5771
Yousefzadeh MJ, Wood RD (2013) DNA polymerase POLQ and
cellular defense against DNA damage. DNA Repair 12(1):1-9
Marini F, Wood RD (2002) A human DNA helicase homologous
to the DNA cross-link sensitivity protein Mus308. J Biol Chem
277(10):8716-8723

Seki M, Marini F, Wood RD (2003) POLQ (Pol theta), a DNA
polymerase and DNA-dependent ATPase in human cells. Nucleic
Acids Res 31(21):6117-6126

Moldovan GL et al (2010) DNA polymerase POLN participates
in cross-link repair and homologous recombination. Mol Cell
Biol 30(4):1088-1096

Takata K et al (2013) Human DNA helicase HELQ participates in
DNA interstrand crosslink tolerance with ATR and RADS]1 par-
alogs. Nat Commun 4:2338

Takata KI et al (2015) Conserved overlapping gene arrangement,
restricted expression and biochemical activities of DNA poly-
merase v; (POLN). J Biol Chem 290(40):24278-24293

Seki M et al (2004) High-efficiency bypass of DNA damage by
human DNA polymerase Q. EMBO J 23(22):4484-4494

Hogg M et al (2011) Lesion bypass activity of DNA polymerase
theta (POLQ) is an intrinsic property of the pol domain and
depends on unique sequence inserts. J Mol Biol 405(3):642-652
Seki M, Wood RD (2008) DNA polymerase theta (POLQ) can
extend from mismatches and from bases opposite a (6-4) photo-
product. DNA Repair Amst 7(1):119-127

Zahn KE et al. (2015) Human DNA polymerase 0 grasps the
primer terminus to mediate DNA repair. Nat Struct Mol Biol
22(4):304-311

Richards JD et al (2008) Structure of the DNA repair helicase
hel308 reveals DNA binding and autoinhibitory domains. J Biol
Chem 283(8):5118-5126

Boyd JB, Sakaguchi K, Harris PV (1990) mus308 mutants of
Drosophila exhibit hypersensitivity to DNA cross-linking agents
and are defective in a deoxyribonuclease. Genetics
125(4):813-819

Muzzini DM et al (2008) Caenorhabditis elegans POLQ-1 and
HEL-308 function in two distinct DNA interstrand cross-link
repair pathways. DNA Repair 7(6):941-950

Kee Y, D’Andrea AD (2010) Expanded roles of the Fanconi
anemia pathway in preserving genomic stability. Genes Dev
24(16):1680-1694

Badie S et al (2015) BRCA1 and CtIP promote alternative non-
homologous end-joining at uncapped telomeres. EMBO J
34(6):828

Shima N, Munroe RJ, Schimenti JC (2004) The mouse genomic
instability mutation chaosl is an allele of Polq that exhibits
genetic interaction with Atm. Mol Cell Biol 24(23):10381-10389
Zietlow L et al (2009) Evidence for the involvement of human
DNA polymerase N in the repair of DNA interstrand cross-links.
Biochemistry 48(49):11817-11824

Inagaki S et al (2006) Arabidopsis TEBICHI, with helicase and
DNA polymerase domains, is required for regulated cell division
and differentiation in meristems. Plant Cell 18(4):879-892
Inagaki S, Nakamura K, Morikami A (2009) A link among DNA
replication, recombination, and gene expression revealed by

@ Springer

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

genetic and genomic analysis of TEBICHI gene of Arabidopsis
thaliana. PLoS Genet 5(8):e1000613

Zan H et al (2005) The translesion DNA polymerase theta plays a
dominant role in immunoglobulin gene somatic hypermutation.
EMBO J 24(21):3757-3769

Masuda K et al (2006) Absence of DNA polymerase theta results in
decreased somatic hypermutation frequency and altered mutation
patterns in Ig genes. DNA Repair Amst 5(11):1384-1391

Masuda K et al (2005) DNA polymerase theta contributes to the
generation of C/G mutations during somatic hypermutation of Ig
genes. Proc Natl Acad Sci USA 102(39):13986-13991

Masuda K et al (2007) DNA polymerases eta and theta function
in the same genetic pathway to generate mutations at A/T during
somatic hypermutation of Ig genes. J Biol Chem
282(24):17387-17394

Martomo SA et al (2008) Reevaluation of the role of DNA
polymerase theta in somatic hypermutation of immunoglobulin
genes. DNA Repair Amst 7(9):1603-1608

Prasad R et al (2009) Human DNA polymerase theta possesses 5'-
dRP lyase activity and functions in single-nucleotide base exci-
sion repair in vitro. Nucleic Acids Res 37(6):1868-1877
Garcia-Diaz M et al (2001) Identification of an intrinsic 5'-
deoxyribose-5-phosphate lyase activity in human DNA poly-
merase lambda: a possible role in base excision repair. J Biol
Chem 276(37):34659-34663

Longley MJ et al (1998) Identification of 5'-deoxyribose phos-
phate lyase activity in human DNA polymerase gamma and its
role in mitochondrial base excision repair in vitro. Proc Natl Acad
Sci USA 95(21):12244-12248

Matsumoto Y, Kim K (1995) Excision of deoxyribose phosphate
residues by DNA polymerase beta during DNA repair. Science
269(5224):699-702

Bebenek K et al (2001) 5’-deoxyribose phosphate lyase activity
of human DNA polymerase iota in vitro. Science
291(5511):2156-2159

Caglayan M et al (2015) Complementation of aprataxin defi-
ciency by base excision repair enzymes. Nucleic Acids Res
43(4):2271-2281

Yoshimura M et al (2006) Vertebrate POLQ and POLbeta
cooperate in base excision repair of oxidative DNA damage. Mol
Cell 24(1):115-125

Goff JP et al (2009) Lack of DNA polymerase theta (POLQ)
radiosensitizes bone marrow stromal cells in vitro and increases
reticulocyte micronuclei after total-body irradiation. Radiat Res
172(2):165-174

Roberts SA et al (2010) Ku is a 5'-dRP/AP lyase that excises
nucleotide damage near broken ends. Nature 464(7292):1214-1217
Plecenikova A, Slaninova M, Riha K (2014) Characterization of
DNA repair deficient strains of Chlamydomonas reinhardtii
generated by insertional mutagenesis. PLoS One 9(8):e105482
Sodeinde OA, Kindle KL (1993) Homologous recombination in
the nuclear genome of Chlamydomonas reinhardtii. Proc Natl
Acad Sci USA 90(19):9199-9203

Shima N et al (2003) Phenotype-based identification of mouse
chromosome instability mutants. Genetics 163(3):1031-1040
Cremona CA, Behrens A (2014) ATM signalling and cancer.
Oncogene 33(26):3351-3360

Bassing CH, Alt FW (2004) H2AX may function as an anchor to
hold broken chromosomal DNA ends in close proximity. Cell
Cycle 3(2):149-153

Kumar V, Alt FW, Oksenych V (2014) Functional overlaps
between XLF and the ATM-dependent DNA double strand break
response. DNA Repair Amst 16:11-22

Symington LS, Gautier J (2011) Double-strand break end resec-
tion and repair pathway choice. Annu Rev Genet 45:247-271



Linking DNA polymerase theta structure and function...

615

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Deriano L, Roth DB (2013) Modernizing the nonhomologous
end-joining repertoire: alternative and classical NHEJ share the
stage. Annu Rev Genet 47:433-455

Chan SH, Yu AM, McVey M (2010) Dual roles for DNA poly-
merase theta in alternative end-joining repair of double-strand
breaks in Drosophila. PLoS Genet 6(7):e1001005

Yousefzadeh MJ et al (2014) Mechanism of suppression of
chromosomal instability by DNA polymerase POLQ. PLoS Genet
10(10):e1004654

White TB, Lambowitz AM (2012) The retrohoming of linear
group II intron RNAs in Drosophila melanogaster occurs by both
DNA ligase 4-dependent and -independent mechanisms. PLoS
Genet 8(2):¢1002534

Mateos-Gomez PA et al (2015) Mammalian polymerase 6 pro-
motes alternative NHEJ and suppresses recombination. Nature
518(7538):254-257

Wang M et al (2006) PARP-1 and Ku compete for repair of DNA
double strand breaks by distinct NHEJ pathways. Nucleic Acids
Res 34(21):6170-6182

Mansour WY, Rhein T, Dahm-Daphi J (2010) The alternative
end-joining pathway for repair of DNA double-strand breaks
requires PARPI but is not dependent upon microhomologies.
Nucleic Acids Res 38(18):6065-6077

Truong LN et al (2013) Microhomology-mediated End Joining
and Homologous Recombination share the initial end resection
step to repair DNA double-strand breaks in mammalian cells.
Proc Natl Acad Sci USA 110(19):7720-7725

Deng SK et al (2014) RPA antagonizes microhomology-mediated
repair of DNA double-strand breaks. Nat Struct Mol Biol
21(4):405-412

Sharma S et al (2015) Homology and enzymatic requirements of
microhomology-dependent alternative end joining. Cell Death
Dis 6:1697

Hogg M, Sauer-Eriksson AE, Johansson E (2012) Promiscuous
DNA synthesis by human DNA polymerase 6. Nucleic Acids Res
40(6):2611-2622

Kent T et al (2015) Mechanism of microhomology-mediated end-
joining promoted by human DNA polymerase 6. Nat Struct Mol
Biol 22(3):230-237

Koole W et al (2014) A polymerase theta-dependent repair
pathway suppresses extensive genomic instability at endogenous
G4 DNA sites. Nat Commun 5:3216

Tarsounas M, Tijsterman M (2013) Genomes and G-quadru-
plexes: for better or for worse. J] Mol Biol 425(23):4782-4789
Huppert JL, Balasubramanian S (2005) Prevalence of quadru-
plexes in the human genome. Nucleic Acids Res
33(9):2908-2916

Roerink SF, van Schendel R, Tijsterman M (2014) Polymerase
theta-mediated end joining of replication-associated DNA breaks
in C. elegans. Genome Res 24(6):954-962

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

van Schendel R et al (2015) Polymerase 0 is a key driver of
genome evolution and of CRISPR/Cas9-mediated mutagenesis.
Nat Commun 6:7394

Ma Y, Zhang L, Huang X (2014) Genome modification by
CRISPR/Cas9. FEBS J 281(23):5186-5193

Lemee F et al (2010) DNA polymerase theta up-regulation is
associated with poor survival in breast cancer, perturbs DNA
replication, and promotes genetic instability. Proc Natl Acad Sci
USA 107(30):13390-13395

Kawamura K et al (2004) DNA polymerase theta is preferentially
expressed in lymphoid tissues and upregulated in human cancers.
Int J Cancer 109(1):9-16

Lessa RC et al (2013) Identification of upregulated genes in oral
squamous cell carcinomas. Head Neck 35(10):1475-1481
Allera-Moreau C et al (2012) DNA replication stress response
involving PLK1, CDC6, POLQ, RAD51 and CLASPIN upregu-
lation prognoses the outcome of early/mid-stage non-small cell
lung cancer patients. Oncogenesis 1:¢30

Pillaire MJ et al (2010) A ‘DNA replication’ signature of pro-
gression and negative outcome in colorectal cancer. Oncogene
29(6):876-887

Varadi V et al (2011) Genetic variation in genes encoding for poly-
merase ( subunits associates with breast cancer risk, tumour
characteristics and survival. Breast Cancer Res Treat 129(1):235-245
Wang X et al (2008) Mutational analysis of thirty-two double-
strand DNA break repair genes in breast and pancreatic cancers.
Cancer Res 68(4):971-975

Brandalize AP et al (2014) A DNA repair variant in POLQ (c.-
1060A > G) is associated to hereditary breast cancer patients: a
case-control study. BMC Cancer 14:850

Li WQ et al (2013) Genetic variants in DNA repair pathway
genes and risk of esophageal squamous cell carcinoma and gastric
adenocarcinoma in a Chinese population. Carcinogenesis
34(7):1536-1542

Higgins GS et al (2010) A small interfering RNA screen of genes
involved in DNA repair identifies tumor-specific radiosensitiza-
tion by POLQ knockdown. Cancer Res 70(7):2984-2993
Macheret M, Halazonetis TD (2015) DNA replication stress as a
hallmark of cancer. Annu Rev Pathol 10:425-448
Fernandez-Vidal A et al (2014) A role for DNA polymerase theta
in the timing of DNA replication. Nat Commun 5:4285
Ceccaldi R et al (2015) Homologous-recombination-deficient
tumours are dependent on Pol 6-mediated repair. Nature
518(7538):258-262

Plummer R (2014) Poly(ADP-ribose)polymerase (PARP) inhi-
bitors: from bench to bedside. Clin Oncol R Coll Radiol
26(5):250-256

@ Springer



	Linking DNA polymerase theta structure and function in health and disease
	Abstract
	Introduction
	Pol theta has unique structural determinants
	Pol theta is involved in distinct DNA damage repair pathways in different organisms
	Pol theta promotes alternative end joining
	Pol theta mediates MMEJ
	Pol theta -mediated end joining impacts genome stability
	Evidence for Pol theta involvement in cancer progression
	Pol theta as a chemotherapeutic target
	Concluding thoughts
	Acknowledgments
	References




