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Abstract

DNA polymerase theta (pol 8) is encoded in the genomes of many eukaryotes, though not in fungi.
Pol 6 is encoded by the POLQ gene in mammalian cells. The C-terminal third of the protein is a
family A DNA polymerase with additional insertion elements relative to prokaryotic homologs.
The N-terminal third is a helicase-like domain with DNA-dependent ATPase activity. Pol 6 is
important in the repair of genomic double-strand breaks (DSBs) from many sources. These include
breaks formed by ionizing radiation and topoisomerase inhibitors, breaks arising at stalled DNA
replication forks, breaks introduced during diversification steps of the mammalian immune
system, and DSB induced by CRISPR-Cas9. Pol 6 participates in a route of DSB repair termed
“alternative end-joining” (altEJ). AltEJ is independent of the DNA binding Ku protein complex
and requires DNA end resection. Pol © is able to mediate joining of two resected 3’ ends harboring
DNA sequence microhomology. “Signatures” of Pol 6 action during altEJ are the frequent
utilization of longer microhomologies, and the insertion of additional sequences at joining sites.
The mechanism of end-joining employs the ability of Pol 8 to tightly grasp a 3’ terminus through
unique contacts in the active site, allowing extension from minimally paired primers. Pol 6 is
involved in controlling the frequency of chromosome translocations and preserves genome
integrity by limiting large deletions. It may also play a backup role in DNA base excision repair.
POLQis a member of a cluster of similarly upregulated genes that are strongly correlated with
poor clinical outcome for breast cancer, ovarian cancer and other cancer types. Inhibition of pol 6
is a compelling approach for combination therapy of radiosensitization.
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INTRODUCTION

DNA polymerases act not only in genomic DNA replication but in various pathways of DNA
repair and genome maintenance. In mammalian cells, there are ~16 known DNA
polymerases that function in semiconservative DNA replication, (pols a, 8, €), base excision
repair (pol B), mitochondrial DNA replication and repair (pol y and Primpol), non-
homologous end-joining and immunological diversity (pols A, {4, pol 6 and terminal-
deoxynucleotidyl transferase), and DNA damage tolerance by translesion synthesis (n, 1, x,
C, and Rev1). Some of these DNA polymerases have roles in more than one pathway of
DNA processing [1, 2].

In mammalian cells pol 6 is encoded by the POLQ gene (Polg in the mouse). The initial
discovery and molecular cloning of POLQ orthologs (starting with the Drosophila Mus308
gene) and the development of mouse models for Po/q disruption was covered in earlier
reviews [3, 4]. Pol 0 orthologs are large enzymes (290 kDa in mammalian cells) present only
in multicellular organisms. They have a distinctive domain configuration, with an N-terminal
helicase-like region linked to a C-terminal DNA polymerase via a central region of mostly
unknown function [3, 5, 6] (Figure 1). Mammalian POLQ is broadly expressed in normal
tissues.

Genes with similarity to POLQ and Mus308 are present in multicellular eukaryotes, plants,
and protists, but interestingly not in fungi [3, 4]. In each case, the gene products function in
a DNA end-joining repair pathway. The primary strategies for DSB repair are “end-joining”,
via mechanisms that process and rejoin the ends of a DSB, and homologous recombination
(HR) pathways which employ an undamaged copy of the DNA [7-9] (Figure 1). “Classical”
non-homologous end-joining (NHEJ) relies on DNA-end binding mediated by the Ku70-
Ku80 complex (the XRCC6and XRCC5 gene products), in concert with the DNA-
dependent protein kinase (DNA-PK, PRKDC). The Ku complex and other factors inhibit
processing of DNA termini, and so a majority of double-strand breaks in mammalian cells
will be repaired through cNHEJ [10, 11]. If breaks are not repaired by NHEJ, the 5’ terminal
strands of the broken DNA ends are resected by nucleases to generate single-stranded DNA
(ssDNA) tails with 3" ends [12, 13] (Fig 1). Resection is an essential intermediate in HR and
some DSBs are channeled to repair by this pathway, particularly in S-phase cells [11, 14,
15]. A subset of DSB will be handled by alternative end-joining pathways in situations
where the DNA end is not compatible with processing by cNHEJ, or if core components of
the cNHEJ machinery are absent or unavailable. Alternative-end joining of DSBs can occur
throughout the cell cycle in mammalian cells [9].

In general, altEJ is defined as a means for repair of DSB that is exclusive of Ku-dependent,
classically defined NHEJ [16], and dependent on factors (CtIP, MRN, EXO1, etc.) that
resect double-strand breaks to generate extended 3* ssDNA tails [12, 13] (Figure 1). The
biological consequences of this end-joining is manifested in different ways in different
organisms [4, 17].

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wood and Doublié Page 3

FUNCTIONS OF POL 6

Pol 6 and double-strand break repair

A major function for pol 6 is in the defense against double-strand breaks. A defect in pol 6
can lead to double-strand break-mediated genomic instability. Such instability manifests
itself in different ways depending on the biological setting. The chaosI (chromosome
aberration occurring spontaneously 1) mouse was derived from a screen for animals
exhibiting increased spontaneous frequencies of micronuclei (MN) in peripheral blood
reticulocytes [18]. MN arise from chromosome fragments (due to chromosome breakage) or
rogue chromosomes not packaged into the nucleus at the time of cell division [19, 20]. The
chaos1 mutation changes Ser to Pro at amino acid 1932 in mouse pol 8, near the beginning
of the polymerase domain (Figure 2) [21]. The severe effect of this amino acid change may
arise from instability in the protein that prevents efficient expression [22]. Increased MN are
also displayed in other cell types from Polg™~ mice [22, 23]. The frequency of MN in
Polg™" reticulocytes is further elevated by exposure of the mice to ionizing radiation (IR) or
MMC [18, 21, 23].

Polg™~ bone marrow stromal cells are selectively hypersensitive to agents that introduce
DSB, including IR, the drug bleomycin, and topoisomerase inhibitors [22, 23]. A Polg-null
mutant of mouse CH12F3 B cells is also more sensitive than normal cells to IR and
etoposide [24]. In an siRNA-based screen for human genes affecting IR sensitivity, depletion
of pol 6 caused an increase in IR-induced yH2AX foci and sensitized SQ20B and HelLa
cells to IR [25]. The pol 8 homolog in the green algae Chlamydomonas reinhardtii was
found in a screen for mutants specifically sensitivity to Zeocin (a DSB inducing agent
related to bleomycin) [26].

POLQ-related synthetic lethality and epistasis

The initial demonstration of Po/g-related synthetic impairment was the discovery of a
marked developmental disadvantage in Atm™~ Polg™~ double mutant mice. The few
surviving mice displayed DNA damage-related stress, including increased chromosomal
instability and decreased body weight [21]. As a master regulator of stress responses, loss of
ATM disrupts pathways that have such sequelae, including reduction of HR activity in some
instances. Direct inhibition of ATM activation with the drug KU55933 increased
radiosensitivity in wild type but not in Po/g™~ cells, indicating that the synthetic lethality of
Atmand Polg may involve more than ATM kinase activity alone [23].

A major sensitization to IR by simultaneous inactivation of Po/g and homologous
recombination activity was first found in Drosophila [27]. Mutant larvae with a spn-A
(Rad51) mutation are radiosensitive, and addition of a mus308-mutation results in
synergistic IR hypersensitivity [27]. Inactivation of FANCD2, involved in HR repair for
some lesions, is incompatible with simultaneous inactivation of pol 6 in mice [28].
Knockdown of POLQ is also reported to inhibit the viability of BRCAZ mutant cells [29]. A
Polg mutant in chicken DT40 cells, was reported to have greatly reduced levels of
homologous recombination repair of /-Sce-1-mediated DSBs [30]. However, such a role is
not compatible with the other results that we summarize here.
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There is evidence that poly-(ADP-ribose)polymerase, especially PARPL, participates in an
alteJ pathway [31-34]. It is therefore of interest to determine whether pol 6 and PARP1
work together in altEJ, but this is not yet resolved. PARP1 inhibitors have enhanced toxicity
in BRCAI or BRCAZ2-defective cells. This is sometimes attributed to inhibition of a backup
break restitution process that uses components of BER, but an alternative is that PARP1
inhibition impairs an end-joining pathway that is important to maintain normal genomic
replication [35]. A linkage between PARP and pol © action was suggested in studies of Polg-
defective cells, which are sensitive to the topoisomerase | inhibitor camptothecin. The PARP
inhibitor olaparib confers minimal additional sensitization of Po/g™" cells to camptothecin
[22]. On the other hand, POLQ depletion from FANCD2-defective human cells or mouse
tumor cells enhanced their PARP inhibitor sensitivity, implying that pol © and PARP are not
entirely in the same pathway [28]. Pol 6 localizes to tracks of DNA breaks formed by laser
radiation [36], as does PARP1, and it was suggested that PARP1 recruits POLQ to promote
alteJ [29]. However, more clarification is needed because localization of tagged pol 6 to
microirradiated tracks in HelL a cells was reduced both by PARP inhibitor (where PARP is
retained on DNA) and by siPARP1 (which decreases total PARP) [29].

Pol 6 and “alternative end-joining” of DNA double-strand breaks

Pol 6 is a component of an end-joining pathway for DSB, which appears to be the main
route by which pol 6 defends against the genomic toxicity of IR and other DNA damaging
agents. The relevant end joining pathway is variously referred to as alternative end joining
(alteJ), microhomology-mediated end-joining (MMEJ), synthesis-dependent end-joining
(SD-MMEJ), or theta-mediated end-joining (TMEJ). It is referred to here as altEJ to
emphasize its distinction from the “canonical” non-homologous end-joining (cCNHEJ)
pathway that involves the Ku70-Ku80 proteins. The role of pol 6 in altEJ was discovered
initially in studies of Drosophila. /n vivobreak joining assays of DSBs induced by /-Sce/
nuclease showed a role of Mus308in a synthesis-dependent end joining process [37],
independent of Ku70 and Lig4.

The preferred substrates and outcomes of altEJ are being clarified by assays with
extrachromosomal substrates transfected into mammalian cells. Pol 6-dependent altEJ is the
main process responsible for the joining of substrates with “pre-resected” tails (e.g.,
substrates with long 3’-ssDNA tails) [22]. Pol 8-dependent altEJ is dominant in Ku-deficient
cells, or in situations where end-resection is unregulated or excessive [38]. Inactivation of
both Ku-dependent NHEJ and pol ©-dependent altEJ is not well-tolerated by mouse cells
[38].

The occurrence of “microhomologies” (> 1-2 bp or greater) at sites of break rejoining is
considered a defining signature of altEJ. In the mouse, pol 6-dependent altEJ accounts for
most repair associated with microhomologies, and is made efficient by coupling removal of
nonhomologous tails with a microhomology search and microhomology-primed synthesis
across broken ends [38]. In Drosophila, joining events in mus308 mutants show decreased
utilization of longer micro homologies at repair junctions [27].

A second signatureof pol 6-dependent altEJ is the production of templated DNA insertions
at some sites of DSB joining. Such insertions occur during Mus308-dependent repair of

DNA Repair (Amst). Author manuscript; available in PMC 2016 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wood and Doublié

Page 5

directed double-strand breaks in Drosophila [27] and in C. elegans [39]. DNA joining during
retrohoming of linear group Il intron RNASs in Drosophila also results in the formation of
insertions dependent on pol 6 [40]. In the mouse, such insertions have been observed during
class switch recombination (CSR) of immunoglobulin genes. AItEJ is used as a backup
pathway for joining of double-strand break intermediates in CSR [24]. The insertions are
dependent on POLQ [22]. Pol 8-dependent insertions in mammalian cells are typically 2 to
30 bp long, are largely templated [22] and can arise from sequences directly adjacent to the
resected ends, or from sequences many kb distant [22], or even sequences arising from
another chromosome [38].

A significant fraction of insertions observed upon joining of CRISPR-Cas9 induced breaks
are also POLQ-dependent [29, 41]. These insertions can be explained by initiation of
synthesis at microhomologies by POLQ (using nearby or distant sites as a template) [39, 40]
sometimes with cycles of slippage and reinitiation [22].

Unprotected telomeres are normally joined by NHEJ, but can be joined by altEJ as a backup
in a POLQ-dependent manner [29]. Other evidence pointing to a role for POLQ in guarding
against major changes in genomic DNA replication was found by examining the
consequences of replication through endogenous G-quadruplex (G4) forming sequences.
The FANCJ homolog dogl in C. elegans normally provides a major defense against G4-
induced instability. In the absence of dogl, C. elegans Pol 6 is important in preventing large
catastrophic deletions. When Pol 6 is operational, only small deletions are formed, and at
their joining sites they show the microhomology and occasional insertion signature of pol 6
action [39]. Pol 6 is also important for preventing large deletions when other TLS
polymerases are absent from the genome [38, 42].

Possible modulation of HR by Polq status

Drosophila pol 6 does not participate in homology-directed repair and its action is
independent of Rad51 [27]. Polg-mediated end-joining typically does not compete with
either cNHEJ or HR repair. However, it is engaged more frequently in NHEJ deficient cells
[38]. Cellular Rad51 “foci”, which may represent RAD51 loading on resected ends, were
found to increase about 1.5-fold by siRNA suppression of POLQ in U20S cells [28] or
mouse MEFs [29] after exposure to 4 Gy of IR. As measured by an I-Scel based assay in
U20S cells, HR was reported to increase about 2-fold after sSiRNA suppression of Polg. It
was suggested that this might be related to a function of the helicase-like domain in
modulating Rad51 loading [28], but further investigation is required to test this idea.

Mutants of POLQ homologs in Arabidopsis (TEBICHI), C. elegans (polg-1), and Drosophila
(Mus308) are hypersensitive to ICL-inducing agents [3], whereas Polg-defective mammalian
cells are not appreciably hypersensitive to such agents. These different consequences of
defects in POLQ-dependent altEJ may arise because organisms differ in the priority of
engaging DNA repair pathways. In proliferating mammalian cells, ICLs are usually dealt
with by a Fanconi anemia-related pathway that gives rise to enzymatically-induced double-
strand breaks that are channeled into HR [43]. In Drosophila and some other organisms, an
altEJ-dependent pathway may be more important for resolving ICL-associated double-strand
breaks.
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Chromosome translocations

Chromosome translocations can arise in cells when either altEJ or cNHEJ are inactivated,
indicating that either process is capable of joining broken chromosome ends [44]. The Myc-
IgH translocation in mice (a model for the oncogenic Burkitt lymphoma translocation) is
initiated by action of the A/DCA-encoded enzyme, and is increased by ~4-fold in Polg-
defective mice [22]. CRISPR-Cas9 initiated translocations have been examined in mouse
pluripotent stem cells derived by oncogene transfection of MEFs. After CRISPR-Cas9
cleavage of the Rosa26locus on mouse chr 6 and the H3f3b locus on Chr 11, the
translocation frequency was decreased by about 4 fold in Po/g-defective cells [29]. As
expected, insertion sequences at translocation breakpoints were absent in Po/g-defective
cells. In contrast, examining the same translocation in MEF cells showed no significant
change in Polg~~ single mutants, a 2 fold enhancement in Ku707'~ mutants, and about 3
fold enhancement in a Polg™~ Ku 707!~ double mutant [38].

Functions at DNA replication forks

There are indications that pol 6 action can be closely coordinated with DNA replication. As
described below, POLQ gene expression correlates with expression of genes involved in cell
cycle control and DNA replication. The enhanced micronuclei phenotype of POLQ
disruption is phenocopied by the chaos3 mutation, isolated in the same screen as chaosl.
Chaos3is a hypomorphic allele of Mcm4, a component of the helicase operating during
semiconservative DNA replication [45]. The pol 6 homolog TEBICHI is important for
normal Arabidopsis plant development and contributes to alleviating DNA replication stress
[46, 47]. In C. elegans, pol © limits extensive deletions at DNA replication fork barriers, but
generates small indels, templated by DNA adjacent to the excision site [48, 49].
Furthermore, pol © suppression in the human RKO cell line modestly shifts DNA replication
timing throughout the genome [50]. It is possible that the influence of pol 6 on replication
timing is a result of a continuous function for pol 8 in repairing endogenous damage arising
when DNA replication forks stall in particular sequences (for example G4 DNA). A parallel
similar situation that shifts replication timing is seen with pol ¢, which has a role in
preventing DSB during genomic replication [51]. There is a direct association of pol 6 with
the origin replication complex protein ORCL1 [50], and this may be important in recruiting
pol © to rescue broken replication forks. Consistent with this, stalled DNA replication forks
recover less well in pol ©-defective cells [28].

Base excision repair

Pol 6 may serve as a backup polymerase for base excision repair (BER). In mammalian
cells, most single-nucleotide BER is catalyzed by pol § [36, 52]. The C-terminal region of
human pol 6 displays a weak 5’-deoxyribose-phosphate lyase (dRp-lyase) activity that could
facilitate BER [53]. In chicken DT40 cells, Polgand Polg Polb mutants are more sensitive to
MMS than either of the single mutants. Extracts from the Po/g mutant DT40 cell line
appeared to have a reduced capacity for both short and long patch BER [36]. Pol 6 may be a
backup enzyme for BER in the C. elegans, which lacks pol B, although at least one
additional DNA polymerase also appears to function in BER in the nematode [54].
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BIOCHEMICAL PROPERTIES AND STRUCTURE

Polymerase activity

Fidelity

Human pol 6 has been studied as a recombinant full-length protein produced from a
baculovirus vector in insect cells [5, 6], and as active constructs of the C-terminal
polymerase domain [55, 56]. The full-length protein is active on substrates including
oligonucleotide primer-templates, hairpin primer-templates, activated calf thymus DNA and
poly (dA)-oligo (dT) [5, 6]. Recombinant pol © is relatively resistant to aphidicolin, an
inhibitor of eukaryotic replicative DNA polymerases (pols a,5,¢) [5, 57-59]. Pol 6 is
sensitive to dideoxynucleoside triphosphate (ddNTP), consistent with the presence of a
tyrosine residue in motif 4, which facilitates ddNTP incorporation [5, 60].

The A family of polymerases typically comprises high-fidelity polymerases, yet pol © is
remarkably error prone. In a primer extension assay to measure DNA polymerase fidelity,
pol © frequently misincorporated a G or T across from a T in the template [5, 6]. Human pol
0 generated single base errors in a gap-filling reaction at a 10 to 100-fold higher rate than
the other A family DNA polymerases pol -y and pol v [61]. The enzyme generates single-
base substitutions at an average rate of 2.4 x 1073, comparable in rate to the inaccurate
family Y human pol x (5.8x1073) [62]. Pol 6 adds single nucleotides in homopolymeric
runs at unusually high rates during gap filling, exceeding 1% in certain sequence contexts.
Such +1 frameshifts indicate a propensity for slippage of the template relative to the primer.
Even though it harbors an exonuclease-like domain, purified pol 6 lacksa 3> — 5’
exonuclease activity. It may associate in mammalian cells with a separate 3° — 5’
proofreading activity [63].

Extension of single-stranded DNA by error-prone templated synthesis

Pol 6 has a unique ability to add nucleotides to the 3’ ends of single-stranded DNA [64],
primed by minimal pairing with other available DNA molecules. Under physiological
conditions, pol 6 does not have terminal transferase-like activity [64]. Synthesis by pol 6 in
this context is consistent with the unusually efficient ability of the polymerase to extend
from mismatched DNA termini [6, 65], and its tendency towards primer-template slippage
[61]. These properties of pol 6 provide a mechanistic explanation for its contribution to
alteJ. /n vivo studies are giving insight as to the preferred structures for POLQ-catalyzed
extension [22].

In vitro, joining experiments have been done only with a C-terminal fragment of pol 6 [55,
66]. It was shown that the C-terminal fragment of pol 6 performs end joining of partially
resected DNAs with a 3’ overhang, provided that microhnomology extends to more than 2 bp
[66]. Further experiments showed that human pol 6, and no other DNA polymerase,
promotes MMEJ /n vitro and in vivo. It will be of interest to examine the action of pol 6 and
DNA ligases at double-strand breaks with 3’-single-stranded overhangs that closely mimic
the resected ends of a DNA double-strand break.
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Bypass of DNA damage

Pol 6 can efficiently incorporate an A residue opposite an abasic (AP) sites and possesses
the rare ability to extend past an AP site, a lesion that usually constitutes a formidable block
to DNA polymerases [67, 68]. It remains to be determined whether this AP site bypass
activity is a function of pol 8 Jin vivo. Thymine glycol (Tg) is a common product of reactive
oxygen species-mediated damage to DNA. Pol 6 and Pol v can efficiently bypass both
enantiomers (5/R,55) of Tg, whereas pol n extends efficiently only from the 5/7-Tqg [6, 69,
70]. Pol © cannot insert a base opposite the common UV-radiation induced cyclobutane
pyrimidine dimers or (6-4) photoproducts. However, if pol 1 [71] is used to incorporate
bases opposite a 6-4PP, pol © can extend the poorly matched primer-terminus [6, 65]. Pol 6
is also able to efficiently extend mismatched A:G, A:T, and A:C termini [65]. The ability of
pol © to bypass Tg, AP sites, or other lesions might be useful during joining of 3’ tails
arising following IR-induced DNA damage, where multiply damaged sites of DNA will
occur surrounding a DNA break.

Because POLQ has a relatively high error rate and can bypass AP sites, several
investigations explored the possibility of a function for POLQ in somatic hypermutation of
immunoglobulin genes but on balance, it appears that POLQ does not participate in the
major events leading to somatic hypermutation [72].

Structural basis of extension of poorly matched termini by the Pol domain

The ability of pol 6 to extend from mismatched, poorly matched, or unmatched termini is
beginning to be understood by biochemical and structural examination of the DNA
polymerase domain. A fragment of pol 6 (residues 1792-2590) encompassing the pol
domain and a portion of the central domain (Figure 2) is active as a DNA polymerase when
produced as a recombinant protein in £. coli. Shorter fragments are much less active, or
inactive [52, 55] indicating that this region of the central domain is required for efficient
polymerase activity or proper folding. The active fragment is able to bypass AP sites and Tg
adducts, showing that these activities are independent of the N-terminal helicase-like
domain. Several conserved insertion loops, absent from bacterial homologs, intervene within
the family A polymerase fold of pol 6. Two insertion loops in the vestigial exonuclease
domain (exol and ex02) and three in the polymerase catalytic domain (inserts 1, 2, and 3)
are unique to pol 8 (Figure 3A), and specific deletions of these inserts have been analyzed
with respect to activity. Insert 1, which is located at the tip of the thumb, comprises ~22
amino acids between the first and second conserved motifs in that subdomain and its
sequence is highly conserved throughout vertebrates [6]. In other A-family DNA
polymerases, the thumb region influences DNA binding and frameshift fidelity. Deletions in
the thumb region of £. coliPol | can cause errors in processivity and an increased use in
misaligned primer/template complex [60, 73, 74]. Elimination of Insert 1 of the active C-
terminal pol © fragment reduced processivity of the enzyme but had little, if any, bearing on
the translesion synthesis properties of the enzyme [55]. Insert 2 is 52 amino acids long, falls
between the second and third motifs and has the least sequence conservation among the
inserts whereas insert 3 (33 amino acids) is located between the fifth and sixth motifs (Fig.
2A and B). Removal of either inserts 2 or 3 reduced activity on undamaged DNA and
eliminated the ability of POLQ to bypass AP sites or Tg lesions [55]. Deletion of residues
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2264-2315, which includes much of insert 2, was shown to abrogate POLQ’s ability to
extend single-stranded oligonucleotides [64].

Crystal structures of the polymerase domain (aa 1792-2590) of human pol 6 have been
obtained [56]. One structure depicts insertion of ddATP opposite an abasic site analog
during translesion DNA synthesis. The second structure describes a cognate complex with
ddGTP. In addition to upstream contacts to the primer DNA strand mediated by the
specialized thumb, pol 6 establishes unique contacts to the primer terminal phosphate via
insert 2 (Figure 3B). In this way, pol 6 uniquely grasps the primer to bypass DNA lesions,
and to extend poorly base-paired DNA termini to mediate alternative end-joining of DNA
double-strand breaks. Mutation of the arginine contacting the 3’ end of the primer into a
valine (corresponding residue in bacterial family A polymerases) yields an enzyme variant
R2254V that is impeded in its ability to bypass AP sites [56]. In the vestigial exonuclease-
like domain (aa 1819-2090) the catalytic carboxylates are mutated, explaining the lack of
3’-5” exonuclease activity [56].

Pol v is a 900 amino acid protein in human cells, harboring a polymerase fold related to that
of Mus308 and pol © [70, 75, 76]. Pol v and pol 6 are the only A-family polymerases in the
nucleus and both differ markedly from the prototypical members of this family in that they
are remarkably error-prone. Crystal structures of human pol v bound to primer/template
DNA revealed a polymerase catalytic core that resembles that of its bacterial orthologs, such
as E. colior BacillusPol | [77]. The N-terminal exonuclease-like domain is more divergent:
the catalytic carboxylate residues are absent and a loop blocks access to the potential active
site preventing any 3’-5’ exonuclease activity. Pol v has been shown to incorporate dTTP
preferentially regardless of the nature of the template base [76, 77]. This unique ability
appears to be due to a lysine residue in the O helix, K679 [76, 77], which resides near the
nascent base pair. This residue is conserved among pol v protein sequences, but not in pol 6,
in which the corresponding residue is a glutamine. Similarly to pol 6, pol v harbors 3
insertion elements in its polymerase domain, albeit shorter. Insert 2 appears to play a role in
pol v ’s ability to loop out the primer strand [77].

Helicase-like domain

Pol 6 is the only polymerase known to include a helicase domain. The helicase-like domain
of pol 8 (POLQ-HLD) has 7 conserved motifs of the superfamily Il (SF2) DNA and RNA
helicase family [5]. POLQ-HLD exhibits some single-stranded DNA-dependent ATPase
activity, though lower in comparison to that of HELQ. No overt helicase activity of POLQ-
HLD has been reported [5, 78], and it is possible that the enzyme only displays helicase
activity with an as yet untested substrate or requires accessory factors.

The DNA polymerase activity of pol 6 is necessary to prevent cell death and chromosome
breaks (micronuclei) caused by a double-strand break-inducing agent. Disruption of the
ATPase activity in POLQ-HLD did not, however, alter the correcting function of pol 6
addition to knockout cells [22]. No activity has yet been shown for POLQ-HLD, other than
DNA-dependent ATPase function [5]. The crystal structures of the helicase-like domain of
pol 6 was recently reported, unliganded (aa 1-894) or in complex with ADP or a non-
hydrolyzable ATP analog (aa 67-894) [78]. As with the C-terminal polymerase domain of
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pol 6, the helicase-like domain relies on unique inserts to accomplish new functions:
additional helices in domain 4 contribute to the formation of a tetrameric interface.
Comparison with an archaeal Hel308 [79] helicase revealed key differences between the two
proteins: The beta hairpin that functions in strand separation in Hel308 is much shorter in
POLQ-HLD. The latter also lacks residues critical for ratcheting in Hel308 [79].

POLQ-HLD is a tetramer (a dimer of dimers) in solution and in crystallo, suggesting that at
minimum the enzyme acts as a dimer [78]. A hypothesis put forward for how two pol 6
molecules could work together is that each molecule operates on either side of a DNA break.
POLQ-HLD may participate in the microhomology annealing step thus preparing the
annealed substrate for further processing by the polymerase domain [78] (Figure 3B).

Central region

The POLQ-HLD and the C-terminal polymerase domain are separated by a long region of
mostly unknown function. Based on disorder prediction algorithms this domain is presumed
to be largely flexible and disordered. The central region is longer in vertebrates than in
plants or invertebrates [22]. A recent paper identified three possible RAD51 binding sites in
pol © [28], one towards the end of POLQ-HLD (aa 861-865) and two in the central region
(aa 1,297-1,303, and 1,315-1,319) though the latter two sites are not conserved in
evolutionarily-based alignments.

POLQ AND CANCER

POLQ expression and cancer outcome

POLQis one of a group of genes where higher levels of expression confer a survival
advantage for tumors. An early analysis of patients from Japan compared expression of
POLQ mRNA in tumor tissue and matched control tissue from the same individuals. Higher
relative POL Q expression was found in stomach, lung, and colon cancers [80]. Division of
colon cancers into two groups based on POL Q expression showed that the group expressing
higher levels of POLQ had poorer survival than the lower expressing group by an average of
about 24 months. A study of colorectal cancer patients from France found that higher
expression of a group of 47 DNA replication-related genes (including POLQ) in tumors was
significantly correlated with poorer patient survival [81]. Patients having higher expression
of a small set of genes (POLQ and several DNA replication initiation genes) had shorter
survival times [81]. An analysis focusing on human breast cancers found that of 14 nuclear
DNA polymerase genes, only POLQ expression was significantly higher in the cancer
tissues in comparison to normal tissues. When the data were divided into high and low

POL Q-expressing groups, higher POL @ expression in breast cancers was correlated with
poorer survival outcomes [82]. Another report of POLQ expression in early breast cancer
found the highest POL Q expression in ER negative and high-grade tumors; higher
expression was correlated with shorter relapse-free survival times [83]. POLQ is one of the
genes frequently upregulated in a group of oral squamous cell carcinomas from Brazil [84].
In a study of early to mid-stage non small-cell lung cancers, higher expression of a five-gene
prognostic signature including POL @ was associated with poor outcome [85]. Similarly,
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analysis of TCGA data on POLQ gene expression in ovarian carcinoma shows that its
expression correlates with tumor grade [28].

These correlations are of interest, but it is important to note that POLQ is representative of a
cluster of genes, with similar expression patterns, that correlate with cancer subtype and
outcome. Relevant to breast cancer, POLQ is present in a 76 gene signature for prediction of
distant metastasis in lymph node-negative primary tumors [86], in a 97 gene set predicting
higher risk of recurrence in histologic grade 2 tumors [87], and in a more broad “374 gene
signature set” where high expression correlates with poor recurrence-free survival in diverse
histopathological types [88] Analysis of chronic myeloid leukemia samples identified the 20
most correlated gene expression probes where overexpression was associated with non-
responsiveness to imatinib (Gleevec) treatment; POLQ was in this gene set [89].

As an example of POLQ expression in relation to similarly expressed genes, we consider an
example in breast invasive carcinoma. In Figure 4, gene expression heatmaps were generated
from TCGA data (cancergenome.nih.gov). The top panel was produced using an established
set of 50 genes, the PAMSO0 set, effective in subtyping breast cancers on the basis of gene
expression [90]. As shown in the top panel of Figure 4, triple negative breast cancers have a
distinct pattern of gene expression. Note the pattern in the group of genes at the left box
marked “a” in the PAMS50 set. In the bottom panel, the expression of POLQ and its 43 most
similar gene expression neighbors were analyzed with the same set of breast cancer data.
The gene expression pattern for POLQ and its expression neighbors closely matches the
pattern for the set of PAM50 “a” set. Indeed, five of the PAM50 “a” genes are also POLQ
nearest expression neighbors (Figure 4). Many of the genes in the POLQ expression
neighbors set, including POLQ itself and AURKA [91] would serve as surrogates for
similarly expressed genes in the PAMS50 dataset, and mark the same set of triple-negative
breast cancers; inclusion of POLQ in such analyses is not essential to predict outcome. It
does appear that high expression of the group of genes that includes POL @ may promote
cancer progression by increasing resistance to endogenous replication stress in a concerted
manner [85]. Many of the POLQ expression neighbors are involved in DNA replication, cell
cycle control, and DNA repair. It is notable that POLQ is the only DNA polymerase that
emerges from this type of analysis, suggesting that it indeed confers a selective advantage to
tumors. It remains to be determined whether all members of this group of genes contribute to
such an advantage. Another open question is how the expression of these genes is co-
regulated at the transcriptional level.

Polymorphic variants and cancer

Many studies have searched for single nucleotide polymorphism (SNP) associations with
cancer risk or outcomes, but these must be interpreted cautiously until functional data are
obtained [92]. One comparison found that a variant of SNP rs587553 in the promoter region
of POLQwas more common in hereditary cases of breast cancer than in sporadic cases [93].
It was suggested that the SNP variation might affect binding of the YY1 transcription factor
[93]. This is unlikely, as YY1 binding consensus sequences (http://jaspar.genereg.net) do not
overlap with rs587553. A SNP variant rs7632907 associated with increased risk of
esophageal squamous cell carcinoma was proposed to be relevant to POLQ [94], but we note
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that this SNP is in the 3’ untranslated region of an adjacent gene, STXBP5L, and is not part
of the POL Q transcript.

Pol 6 as a target for cancer therapy

Because suppression of POLQ results in sensitivity of cells to ionizing radiation and some
DSB-inducing drugs, suppression of POLQ might be a useful adjuvant to these DNA
damaging therapies [3, 25, 82]. Cells of at least some cancers may be susceptible because
they appear to thrive on higher levels of POLQ expression. Because HR-defective cells are
more sensitive to POLQ ablation, HR defective tumors might be especially vulnerable.
POLQ includes at least two enzymatic activities that could be targeted by small molecule
inhibitors. Further consideration of dual inhibition of POLQ and PARP1 is also warranted.

It would be clinically beneficial if tumor cells, but not normal cells, could be sensitized by
POLQ suppression, but it remains to be seen whether this is generally the case. Suppression
of POLQ by siRNA is variable and no general rules have emerged to control radiation
sensitivity [25]. It is encouraging that despite the radiation sensitivity of mouse cell lines, the
hematopoietic system of Po/g™~ mice seems resilient to IR [23]. Approaches using POLQ
suppression on tumors should also be alert to the fact that loss of POLQ may also lead to
damaging genetic alterations in tumor cells, such as potentially oncogenic chromosome
translocations or regional genomic deletions.
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Figurel.
A double-strand break can be repaired by cNHEJ with minimal end processing. If the break

ends are resected to produce 3’ single-stranded tails, an altEJ pathway can be invoked
(involving pol 8). Alternatively, homologous recombination (HR) can take place, depending
on availability of a copy of the damaged gene.
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Figure 2.

Tripartite domain structure of human pol 6. The most conserved region of the helicase-like
domain is highlighted in yellow. The DNA polymerase domain (blue) includes a
nonfunctional exonuclease domain (“exo”), and three insertion loops designated insl, ins2,
and ins3. A central region (grey) connecting the two domains is predicted to be largely

disordered.
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Figure 3.
A. Crystal structure of the polymerase domain of human pol 6.

The polymerase domain harbors the canonical fingers (colored in blue), palm (red), and
thumb (green) subdomains as well as an exonuclease-like domain devoid of proofreading
activity (shown in grey). The crystal structure revealed that the polymerase domain
comprises five unique insertions: three in the polymerase domain (insertions 1-3) and two in
the exonuclease-like domain (exol and ex02). Disordered segments not visible in the crystal
structure are indicated with dotted lines.
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B. Featuresof pol © that grasp the primer-terminus. In this view of the ternary complex
of the pol 6 DNA polymerase domain, five Lys and Arg residues make specific contacts with
phosphate residues (shown as nubs) in the primer DNA strand (orange). Two of these
contacts are conserved in all A-family polymerases (shown with white carbons), and three of
them are unique residues in pol © (cyan carbons), with Arg2254 emerging from the
distinctive Insert 2 (yellow). Additional unique contacts are made by GIn2384 and Tyr2387,
which contact the major groove side of the base and the phosphate of the incoming
nucleotide, respectively [from data in [56]]. For the sake of clarity, only the backbone of the
primer strand is shown. Color coding of the protein subdomains is as in Figure 3A.

C. Possible mechanism for alignment of terminal microhomologies, based on the
dimerization of the pol 6 helicase-like domain (POLQ-HLD) as observed in crystal
structures [78]. Connectivity between the polymerase and POLQ-HLD, not shown here,
could be in cis or trans.
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Figure4. POLQ isexpressed in acluster of genes predictive of breast cancer subtypes
The heatmaps show gene expression (high, dark red; low, dark blue) derived from the UCSC

cancer genomics website (https://genome-cancer.ucsc.edu/proj/site/hgHeatmap/). Here, data
were analyzed using the dataset “TCGA breast invasive carcinoma gene expression by
RNAseq (IlluminaHiSeq), pancan normalized « N=1215". The data are organized according
to estrogen receptor (ER), progesterone receptor (PR), and HER2 amplification status
(HER?2) in the columns at the right. The orange color shows positive status, blue is negative,
and grey shows undetermined status. Each row is a different breast cancer case. The area of
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the heatmaps containing triple-negative breast cancers is boxed with a solid line. The gene
subset “a” in the top heatmap has a distinctive pattern of exceptionally high expression in
triple-negative cancers (red boxed area) and exceptionally low expression in another set of
cancers (blue starred region). The heatmap was produced with the subtype predictor PAM50
set of genes [90], with each column representing a gene in the order shown in the list. The
bottom heatmap used POLQ and its 43 nearest expression neighbors where expression
information is available in the target TCGA dataset. The expression neighbors were
determined with the multi-experiment matrix tool (MEM, http://biit.cs.ut.ee/mem/index.cgi,
output filtered with the text search “breast”) by querying AFFY44 human microarrays. Each
column represents a gene in the order shown in the list. The heatmap pattern for the POLQ
expression neighbors genes closely resembles the pattern for the subset of PAMS50 genes
shown at the left in the top panel, and five of the genes overlap between these sets as
indicated in bold.
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