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Abstract

DNA polymerase θ (Pol θ) is a DNA repair enzyme widely conserved in animals and plants. Pol θ 
uses short DNA sequence homologies to initiate repair of double-strand breaks by theta-mediated 

end joining. The DNA polymerase domain of Pol θ is at the C terminus and is connected to an 

N-terminal DNA helicase–like domain by a central linker. Pol θ is crucial for maintenance of 

damaged genomes during development, protects DNA against extensive deletions, and limits loss 

of heterozygosity. The cost of using Pol θ for genome protection is that a few nucleotides are 

usually deleted or added at the repair site. Inactivation of Pol θ often enhances the sensitivity 

of cells to DNA strand–breaking chemicals and radiation. Since some homologous recombination–

defective cancers depend on Pol θ for growth, inhibitors of Pol θ may be useful in treating such 

tumors.
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1. INTRODUCTION

DNA polymerases exist in every organism, not only to accomplish replication of genomic, 

mitochondrial, and plastid genomes but also to preserve the integrity of these genomes by 

operating during DNA repair and recombination (14a, 30, 46, 51, 86). This review focuses 

on the biological functions of DNA polymerase theta (Pol θ). Distinctive properties of this 

multi-activity enzyme allow it to protect genomes by initiating a specific mechanism for 

end-joining repair of double-strand breaks (DSBs) in DNA. In some situations, Pol θ may 

participate in additional reactions of DNA repair and damage tolerance.

rwood@mdanderson.org . 

DISCLOSURE STATEMENT
R.D.W. is a member of the Environmental Mutagenesis and Genomics Society and owns shares in Repare Therapeutics. S.D. was a 
recent member of the Board of Scientific Counselors of the National Institute of Environmental Health Sciences. R.D.W. and S.D. are 
paid consultants for Schrödinger, Inc.

HHS Public Access
Author manuscript
Annu Rev Genet. Author manuscript; available in PMC 2023 November 30.

Published in final edited form as:
Annu Rev Genet. 2022 November 30; 56: 207–228. doi:10.1146/annurev-genet-072920-041046.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Double-strand break (DSB):

DNA damage arising when the phosphodiester backbone is broken in close proximity on 

both strands of the helix by reactive oxygen species, other chemical reactions, or enzymes

2. POL θ IS WIDELY CONSERVED IN EUKARYOTES

The first discovery of a gene for Pol θ emanated from studies of the Drosophila 
melanogaster mutant mus308, and investigations in that organism continue to make leading 

contributions in the field (10, 122). Based on hypersensitivity of the mutant to DNA-

damaging agents, mus308 was suggested to play a role in DNA repair (2, 14). Sequencing 

of the mus308 gene revealed a multidomain configuration, with the C-terminal part of the 

protein encoding a DNA polymerase, and the N-terminal part of the protein encoding a 

helicase-like domain (HLD) (39). In human cells, Pol θ is a 290-kDa protein, which includes 

an extensive central connecting region (Figure 1). Pol θ orthologs are, consequently, 

relatively large enzymes (95, 96, 122). The gene encoding Pol θ is generally named POLQ.

The HLD–polymerase domain arrangement of Pol θ is preserved from a common eukaryotic 

ancestor 1.5 billion years ago (104), strongly indicating that this domain connection has a 

conserved function. Such genes are found throughout most of the eukaryotic lineage in both 

animals and plants (104). Even the smallest free-living eukaryote, the unicellular green alga 

Ostreococcus tauri, contains POLQ. The gene appears to have been lost in the evolution of 

the fungal kingdom (10, 122). In the excavate protists and some other organisms, there are 

separate gene products homologous to the two enzymatic domains (HLD and polymerase) of 

POLQ (104). For example, there are genes in trypanosomes that encode proteins similar to 

the polymerase domain of POLQ, and some of these genes affect sensitivity to DNA damage 

(15, 60).

3. POL θ SUPPORTS GENOME INTEGRITY

The primary function of Pol θ is the repair of DNA DSBs, as first shown in Drosophila 
(20). The process is referred to as theta-mediated end joining (TMEJ) (90). Among the 

strategies that cells use to repair DSBs (Figure 2), the central feature of TMEJ is the use 

of short sequence homologies (see the sidebar titled Mechanisms of Double-Strand Break 

Repair). These short homologies are used by Pol θ to join two 3′ single-stranded ends 

exposed by enzymatic resection DNA near a break. TMEJ does not require an undamaged 

copy of the sequence for repair. Consequently, TMEJ is distinct from the microhomology-

mediated break-induced replication process analyzed in several organisms, which involves 

the polymerase-mediated restart of stalled replication forks (40, 92). Pol θ helps maintain 

the integrity of genomes in diverse organisms throughout nature (Table 1).

Theta-mediated end joining (TMEJ):

DSB repair process mediated by Pol θ that accounts for much of the repair that is also 

known as microhomology-mediated or alternative end joining in cells
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MECHANISMS OF DOUBLE-STRAND BREAK REPAIR

There are multiple mechanisms of double-strand break (DSB) repair. Three of the 

major ones are depicted in Figure 2: nonhomologous end joining (NHEJ), homologous 

recombination (HR), and theta-mediated end joining (TMEJ). The latter two processes occur 

if 3′-ended tails at the break are generated by nuclease-mediated end resection, a process 

that is finely regulated by many protein factors, including chromatin components (19a, 113). 

HR repair is the process by which two homologous segments of DNA can interact with 

one another to provide missing information by copying a damaged strand (72a). The main 

recombinase in eukaryotes is called RAD51 (13). In mammalian cells, HR involves many 

other factors, including the breast cancer-associated proteins BRCA1 and BRCA2 (83a). 

A few other strategies for DSB repair are not shown in the figure. If the break occurs 

near sequences containing a longer homology, ends can be joined by RAD52- and HELQ-

dependent single-strand annealing (SSA) with deletion of the intervening DNA between 

the repeats (5, 54). An additional process of Pol θ–independent but HELQ-dependent 

microhomology-mediated end-joining can also join some breaks (54). These processes take 

place only in animals, as HELQ is absent in plants (54, 104). The break-induced replication 

(BIR) mechanism is another way to reactivate broken DNA replication forks by copying 

from undamaged DNA (40, 92).

3.1. Pol θ in Animals

Pol θ–dependent repair is necessary to mend a significant fraction of DSBs arising during 

normal DNA replication, as well as breaks caused by exposure to DNA-damaging agents. 

A genetic screen of mutagenized mice revealed that disruption of mouse Polq elevates the 

frequency of micronuclei in circulating reticulocytes (100). An increase in frequency of 

micronuclei also occurs in Polq-deficient cultures of mouse bone marrow stromal cells (36) 

and human cells (85). Exposure of cells or animals to a sublethal dose of ionizing radiation 

increases the frequency of micronuclei by about eight- to tenfold at the next mitosis (36, 

100). Mutational disruption of Pol θ in mouse and human cells also increases the lethal 

toxicity of some chemical compounds that induce DSBs in DNA, such as topoisomerase II 

inhibitors (21, 110, 123).

In Drosophila, a defect in Pol θ (Mus308) causes extreme hypersensitivity to ionizing 

radiation when homologous recombination (HR) repair is impaired by mutation of Rad51/
spn-A (20) (see the sidebar titled Mechanisms of Double-Strand Break Repair). This was 

the initial demonstration that Pol θ is extraordinarily important in the absence of HR. Cell 

survival measurements show moderately enhanced sensitivity of Polq mutant mouse bone 

marrow stromal cells to X-rays, with about a twofold difference in dose yielding 10% 

survival (123). In cultured human cells, Pol θ disruption leads to unrepaired breaks and 

enhanced sensitivity to ionizing radiation but to a lesser degree (43).

A major function of Pol θ is in the protection of cells against potentially catastrophic large 

deletions, compellingly illustrated in studies of how Caenorhabditis elegans deals with DNA 

sequences that can form G-quadruplex (G4) structures in the genome. G4 structures cause 

stalling of DNA replication and frequently result in DSBs (37). In C. elegans cells where 

the FancJ-related gene dog-1 is inactive, disruption of Pol θ has a profound effect. In this 
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case, large deletions (5 to greater than 30 kb) are formed in the absence of Pol θ (54, 

90). An interpretation is that TMEJ repairs a fraction of breaks that form during stalled 

replication of G4 structures, and this repair avoids extensive loss of genomic DNA. As with 

Drosophila, mutations in the polq-1 gene increase the sensitivity of C. elegans to interstrand 

crosslink-inducing agents (74).

G-quadruplex (G4): a secondary structure formed by guanine-rich sequences of nucleic 

acids, in which base-paired guanine tetrads are stacked into helical structures formed from 

one, two, or four strands

TMEJ is important for the repair of DSBs occurring during early development. A striking 

example of this was found by introducing a targeted DSB into one-cell-stage zebrafish 

embryos (105). Wild-type embryos repaired the break and developed, but polq mutant 

embryos did not survive. Pol θ was also required for the survival of 128-cell embryos 

exposed to ionizing radiation (105). These experiments show that TMEJ is an essential and 

dominant DSB repair pathway during early fish development.

In Drosophila, a screen was done to discover genes needed for hindgut papillar 

organogenesis after cells were subjected to DSBs from I-CreI treatment or ionizing radiation 

(25). Pol θ was a strong hit in this screen, but components of nonhomologous end joining 

(NHEJ) were not. The results demonstrate that Pol θ is also crucial for repairing DSBs that 

occur during fly development. TMEJ may be better suited than other repair pathways to join 

breaks in the rapidly proliferating cells characteristic of embryonic development. Extension 

of these investigations to other organisms is warranted.

Pol θ is also fundamentally important during gene amplification in Drosophila. This became 

apparent after the discovery that fertilized eggs laid by mus308/Polq mutant females have 

only ~5% hatching frequency, compared to 85% for eggs from wild-type mothers (3). The 

surviving eggs frequently have patchy, thin eggshells. The reason for these defects is that 

follicle cells use rereplication to amplify genomic regions that include genes encoding 

abundant eggshell proteins. If this process is impaired, insufficient proteins are available 

to form a normal eggshell. However, the complex structures generated during rereplication 

are vulnerable to occasional DSBs. TMEJ is needed during rereplication in follicle cells, 

and other DNA repair pathways do not compensate for its absence. At two regions of 

rereplication, Polq mutants have normal origin firing but reduced rates of DNA replication 

fork progression (3).

3.2. Pol θ in Plants

Pol θ defends plant DNA against chemical agents that lead to DSBs. For instance, 

an insertional mutagenesis screen for sensitivity to DNA damage was done in the 

unicellular green alga Chlamydomonas reinhardtii (82). A mutant strain was isolated that 

was highly sensitive to Zeocin (phleomycin D1, a DSB-inducing antibiotic), with little 

enhanced sensitivity to ultraviolet (UV) radiation, hydroxyurea, methyl methanesulfonate, 

or mitomycin C. This strain was identified as having a deletion in Polq, rendering the 

alga unable to grow in 50 μg/L of Zeocin, a condition that allowed proliferation of normal 
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strains. In the bryophyte moss Physcomitrella patens, a knockout of the Polq gene exhibited 

hypersensitivity to bleomycin, a natural compound in the same family as Zeocin (53).

In flowering plants, Pol θ is also important for genome repair—particularly during 

developmental and regenerative processes. Rice carrying a disruption of Polq had severely 

impaired regeneration of plants from root segments (79). In Arabidopsis thaliana, the POLQ 
gene was dubbed TEBICHI (TEB). The first reported teb mutants showed morphological 

defects, including shorter roots, serrated leaves, and defective patterns of cell division in 

the meristem (49). One allele, teb-1, conferred enhanced sensitivity to mitomycin C and 

methyl methanesulfonate as measured by the relative elongation of roots and leafing of 

aerial shoots. Double mutants teb-1 rad51d and teb-2 xrcc2 showed more pronounced 

developmental impairment (48).

Arabidopsis plants with mutations in POLQ have visible phenotypes of variable severity 

(48, 49, 78, 79, 107). In one study, mutant plants showed growth and developmental defects 

in tissue culture and were intolerant to growth in bleomycin (79). Another investigation 

revealed a variable or partially penetrant phenotype for teb mutants (78). Here, the aerial 

parts of 10–15% of teb2 or teb5 plants had severe developmental defects. Evidence 

was provided that DNA damage encountered during DNA replication can exacerbate 

developmental defects in rapidly dividing tissues. It would be valuable to understand the 

sources of environmentally associated DNA damage that could account for the variable 

phenotypes of Pol θ–defective teb mutant plants. Bleomycin and other bioactive molecules 

are natural products of soil bacteria (85a). Local soil microbiomes producing distinct 

mutagenic compounds might help account for some of the differences between plants and 

laboratory locations.

3.3. Theta-Mediated End Joining and Chromosome Translocations

Translocations arise when DSBs in two different chromosomes are misjoined by DNA 

repair. These are infrequent events, but they can activate oncogenes in mammals. Both NHEJ 

and alternative end-joining mechanisms can mediate translocations (35, 112). CRISPR-

Cas9 breakage of two chromosomes in mouse cells can also induce a low frequency of 

translocations, which in one study was decreased in the absence of Pol θ (68) and in 

another case increased (117). Pol θ protects against a type of translocation that occurs during 

immunoglobulin class switching in the mouse. Class switching occurs by intrachromosomal 

joining of DSBs, and TMEJ is one of the pathways employed (123). The action of TMEJ 

in class switching is evident from the Pol θ–dependent sequence insertions found in 

approximately 10% of joins (123). Rarely, a gene in the heavy chain locus on chromosome 

12 is translocated adjacent to the myc gene on mouse chromosome 15, comparable to 

the human Burkitt lymphoma translocation. This translocation frequency was increased by 

fourfold in Polq knockout mice compared to wild-type mice (123). During class switching, 

the immunoglobulin heavy chain region is peppered with DSBs initiated by the AIDCA 

deaminase. Multiple local DSBs might be a particularly dangerous situation in which TMEJ 

acts to join correct chromosome fragments and limits misjoining elsewhere.
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3.4. Pol θ Suppresses Mutagenic Interhomolog Recombination and Crossing Over

Mitotic recombination between chromosome homologs can be a mutagenic form of DNA 

repair when it leads to loss of heterozygosity (LOH) because this can leave cells with only 

a deleterious disease-contributing allele. Pol θ helps protect cells against at least two routes 

that lead to LOH.

When a DSB, or a nick, is placed on each chromosome homolog by CRISPR-Cas9, a 

process of interhomolog recombination can occur (29). This process of recombination 

is proposed to proceed by reciprocal end joining rather than Holliday junction–mediated 

HR. If Pol θ is present, DSBs are joined in cis without LOH. Normally, interhomolog 

recombination is rare, but its frequency is elevated when POLQ is disrupted (29).

Pol θ also suppresses mitotic crossing over that is mediated by HR. Such crossing over 

can potentially generate LOH that can affect whole chromosome arms. When a DSB was 

introduced into the Drosophila ry gene, repair of this break was equally common by either 

end joining or HR (17). In wild-type flies, mitotic crossovers occurred at a frequency of only 

0.2%. In Pol θ–deficient flies, mitotic crossovers were elevated 18-fold (17).

In Drosophila, the preferred HR pathway is synthesis-dependent strand annealing (SDSA). 

When this process fails, repair then proceeds to either a pathway involving double Holliday 

junction resolution or TMEJ using Pol θ (Figure 2). If both pathways are inactivated by 

disabling Pol θ as well as Holliday junction resolvases, cells cannot survive (17). This 

appears to explain the inviability of a polq slx4 gen1 mutant in Drosophila. Similarly, POLQ 

shows synthetic lethality with SLX4 in mammalian cells in culture (17).

In summary, TMEJ has manifold protective functions for genomes. It maintains integrity 

by precluding more detrimental forms of repair, such as those resulting in larger deletions 

(16), interhomolog recombination after a break is made in both homologs (29), chromosome 

translocations in a region containing many DSBs (123), and LOH during Holliday junction 

resolution (17). The damaging potential of such events is evidently more harmful to cells 

than the short indels that are a frequent consequence of TMEJ, as discussed in Section 6.

4. MECHANISM OF THETA-MEDIATED END JOINING

As described below, major insights have emerged from the crystal structures obtained for 

the polymerase domain (124) and HLD of human Pol θ (77). A further productive advance 

for the study of TMEJ in mammalian cells has been the development of assays for joining 

synthesized DNA substrates that model DNA break ends (87). Following transfection into 

cells with different genetic backgrounds, the yield, sequence, and genetic dependence of 

break repair can be studied (16, 117, 123).

4.1. DNA Polymerase Domain

The function of Pol θ in TMEJ is to begin the extension of a primer from microhomologies 

of only 2–6 bp. Enzymatic resection at a DSB produces two single-stranded tails. From 

this perspective, a sequence in one single strand functions as a primer, and the template 

is contributed by the other single strand captured by Pol θ in the opposite polarity. Some 
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structural characteristics of the polymerase domain (116, 124) and its biochemical properties 

help explain how Pol θ can carry out this acrobatic reaction.

4.1.1. A tight grasp on the primer.—The polymerase domain of Pol θ belongs to 

DNA polymerase family A, showing sequence and structural similarity to Escherichia coli 
DNA pol I (39, 67), with the characteristic polymerase fold including the subdomains 

designated as thumb, palm, and fingers. Distinctive and unique features of Pol θ were 

unveiled, however, by a crystal structure of the Pol θ DNA polymerase domain in a ternary 

complex with DNA primer/template and incoming nucleotide. The structure revealed the 

locations of five insert regions, relative to bacterial family A polymerases, in the polymerase 

domain of human Pol θ (45, 96, 124). These inserts are present in vertebrate Pol θ but are 

much shorter or absent in the Pol θ genes of invertebrates. The structure further showed that 

five positively charged arginine (Arg) and lysine (Lys) residues make specific contacts with 

phosphates in the primer DNA backbone (Figure 3). Additional unique contacts are made to 

the incoming nucleotide. Gln2384 contacts the major groove side of the base, and Tyr2387 

stacks onto the incoming nucleotide and contacts its triphosphate tail.

This unusually tight grasp on the primer and coordination with the incoming base are likely 

to account for some biochemical behavior of Pol θ. For example, when Pol θ copies a 

template, a common error is a frameshift mutation in a run of identical template bases (6). 

This sort of error occurs when the primer realigns or slips relative to the template. Pol θ 
extends a 3′ terminal mismatch with an efficiency approaching that of a normal base pair 

(41, 97). In addition, Pol θ can incorporate a nucleotide opposite a noncoding template base, 

such as an abasic (AP) site, thymine glycol, or some UV radiation–induced photoproducts 

(45, 57, 96, 97). By realignment of the template, deletion of one or two bases can occur 

during bypass (57).

4.1.2. Templated extension of single-stranded DNA.—Pol θ possesses an activity 

on single-stranded DNA oligonucleotides that is not shared by other known A-family DNA 

polymerases: templated extension of single-stranded DNA, which arises from the ability of 

Pol θ to reconfigure single-stranded DNA within the pol domain (Figure 4).

Pol θ extends single-stranded DNA oligonucleotides by incorporating bases that are usually 

complementary to the template (12, 44, 123). For example, extension of homopolymeric 

oligonucleotides in the presence of Mg2+ occurs most efficiently by providing the 

complementary base (44). Like other A-family polymerases, Pol θ can use deoxyadenosine 

triphosphate (dATP) to add an additional A residue a blunt DNA end, but otherwise shows 

predictable template requirements in a first round of DNA synthesis (41). In the presence of 

Mn2+, Pol θ can carry out promiscuous synthesis arising from a high frequency of mismatch 

incorporation (88), which should not be mistaken for a bona fide terminal transferase 

activity.

4.2. Helicase-Like Domain

The HLD of Pol θ is a member of the Ski2-like subfamily in helicase superfamily 2 

(108). The HLD is composed of five domains, two of which are RecA-like catalytic 

cores (Figure 1). Related archaeal helicases can unwind duplex DNA by using a ratchet 
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mechanism of translocation (33, 38, 80). While the Pol θ HLD can hydrolyze ATP, it does 

not efficiently unwind double-stranded DNA or RNA under standard conditions (77, 93, 95). 

In the presence of an oligonucleotide trap, displacement of short oligonucleotides from a 

complementary strand was observed (81, 93).

Both the polymerase domain and the HLD are necessary to fully execute TMEJ in human 

cells, as measured by nonhomologous integration of plasmid DNA or by TMEJ-mediated 

chromosome translocations (69, 128). Both domains are also needed for Pol θ function in 

Drosophila (9). One ATP-driven function of the HLD may be to prepare ends for joining by 

displacing proteins bound to single- or double-stranded DNA. Another function may be to 

aid the search for a site of microhomology in the two 3′ tails (77).

4.2.1. Protein displacement.—Single-stranded DNA is bound tightly in the cell by 

Replication protein A (RPA). The HLD can remove RPA from single-stranded DNA, in an 

ATP-dependent manner (69, 93). The related human HELQ protein also has this property 

(5). The homologous Helq-1 protein in C. elegans can displace Rad51 from double-stranded 

DNA but not single-stranded DNA (111). The purified HLD of Pol θ can displace RAD51 

from single-stranded DNA, but less efficiently than it can displace RPA (93).

4.2.2. Annealing and search for microhomology.—In human cells, helicases 

containing RecA catalytic cores similar to the Pol θ HLD include the DNA repair–related 

enzymes RECQ1, RECQ4, RECQ5, BLM, WRN, and HELQ (11, 109). In addition to 

their abilities to unwind paired DNA structures (5, 52, 72, 83, 103), BLM and WRN can 

promote branch migration of Holliday junctions, which involves unwinding and reannealing 

reactions (27, 55). Perhaps relevant to the activities of pol θ HLD, RECQ subfamily 

members and HELQ can catalyze the annealing of complementary single-stranded DNA 

(23, 34, 65, 66, 98). This ability to perform the annealing reaction appears to be related to 

oligomerization. RECQ1 and BLM both have strand-annealing activities that are associated 

with the assembly of higher-order complexes, including tetramers (23, 56, 75). Pol θ HLD 

can form a tetramer, both when unliganded and when bound to ADP or an ATP analog (77).

The ability of the HLD to promote annealing of complementary single-stranded DNA is 

beginning to be investigated. In a process depending on ATP hydrolysis, the HLD can 

anneal DNA substrates that are prebound to RPA (69). The HLD is also able to stably 

bridge noncomplementary single DNA strands (93). One hypothesis is that the HLD acts in 

TMEJ to both physically displace RPA from single-stranded DNA and facilitate a search for 

microhomologies (69, 93).

4.2.3. ATPase-dependent and ATPase-independent functions.—The ATPase 

function of DNA helicases can be inactivated by mutation of the Lys in the highly conserved 

GKT sequence in motif A. In POLQ, a K121M mutation inactivates DNA-dependent 

ATPase activity (77, 81, 95). This affects some, but not all, biological and biochemical 

endpoints. Pol θ–dependent random integration of plasmid DNA into mouse embryonic 

stem cells is abolished by mutation of this Lys (128). Another assay examined ionizing 

radiation–induced nuclear foci of RAD51 in human U2OS cells. These RAD51 foci 

may mark aborted recombination intermediates that are channeled into repair by TMEJ 
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(19). Expression of wild-type POLQ complementary DNA in the U2OS cells reduced the 

frequency of RAD51 foci, while only partial rescue was conferred by a mutant POLQ with 

inactivated ATPase function (19).

A mutation inactivating the Polq ATPase increased the sensitivity of Drosophila larvae to 

nitrogen mustard, but not to ionizing radiation, in a spn-A (Rad51) background (9). This 

implies that the HLD ATPase is needed in some DNA repair settings but not others (9). In 

this same genetic background, repair was examined for a transposase-induced break with 

17-nucleotide (nt) single-stranded ends. An ATPase defect did not affect the frequency of 

end joining but changed the distribution of the types of end-joining events, with a higher 

proportion having short microhomologies. A 17-nt single-stranded end may not require an 

ATPase-driven RPA removal function of Pol θ because RPA requires about 30 nt for stable 

binding to single-stranded DNA. At this locus, Pol θ protects against deletions larger than 

1.5 kb. The ATPase-inactivated mutant and wild-type Pol θ were equally effective at this 

protection.

Both domains of Pol θ have some role in controlling rare translocations in human cells (69). 

In a biochemical study, the joining of two single-stranded DNA oligonucleotides with 6-nt 

terminal homologies was not impaired by using the purified human Pol θ K121M variant 

(12).

4.2.4. Central domain.—The central domain of Pol θ is predicted to be largely devoid 

of secondary structure. It is about 900 residues long in vertebrate cells but only about 200 

amino acids long in C. elegans (122). In human and other vertebrate genomes, most of the 

central domain is encoded by one exon, which does not have homology to the shorter central 

domains in invertebrates.

Based on peptide array binding experiments, the central domain of human Pol θ was 

suggested to contain Rad51-binding sites with biological relevance (19). For two of the 

proposed binding sites, there is little evidence for functionality and conservation across 

organisms. The most conserved proposed binding site (residues 847–894) is actually located 

in subdomain 5 of the HLD. RAD51 was proposed to interact with full-length pol θ 
to suppress HR (19). Subsequent studies found, however, that a Pol θ defect does not 

significantly change HR frequency in human U2OS cells (47) and Polq-deficient murine 

cells have normal levels of HR (69, 128). TMEJ is sometimes engaged when other major 

DSB repair pathways are impaired but may not directly inhibit these other pathways (117).

4.2.5. Coordination between domains.—The two ends of a DSB in cells will rarely 

provide a terminal microhomology by chance. Instead, Pol θ must identify embedded 

complementary sequences through a scanning step (16). It seems probable that the Pol θ 
polymerase domain and HLD cooperate to locate suitable microhomologies. A 2–6-bp patch 

of microhomology is likely to be found in a region within 15 bp of each 3′ terminus at a 

resected DSB (16). The Pol θ HLD may make initial contact with 3′ single-stranded DNA 

to capture the two tails. It could then displace bound RPA in an ATP-dependent reaction. 

Concomitant movement of DNA with respect to the HLD may assist the polymerase domain 

in locating a suitable microhomology.
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Terminal unpaired bases outside the microhomology would be expected to impair extension 

from a 3′ end. If a nuclease can gain access to DNA before or after Pol θ has engaged with 

a microhomology, then removal of unpaired bases would be possible (Figure 4). Although 

Pol θ contains structural vestiges of a proofreading domain, it lacks the conserved catalytic 

amino acids and other elements necessary for 3′→5′ exonuclease activity (18, 124). Pol θ 
does not remove terminal nucleotides by pyrophosphorolysis either (126).

Pol θ manipulates the 3′ end of the single-stranded DNA in the active site, forming a 

transitory structure that serves as the intermediate for extension of the 3′ end (125, 126). 

A new 3′ end could lead to successful extension and would influence the selection of 

microhomologies. Each 3′ end has the potential to be processed independently through 

multiple cycles.

One study proposed that catalysis of both extension and nuclease activity could take place 

from the same active site of Pol θ (126). However, subsequent research from the authors’ 

laboratories led to a new interpretation of the experiments. DNA synthesis by Pol θ on 

short GC-rich oligonucleotides can yield products which migrate faster on denaturing 

polyacrylamide gels. These arise by production of stable stem-loop structures rather 

than from nuclease activity (D. Carvajal-Maldonado, S. Doublié, RD Wood, unpublished 

observations).

If an extendable 3′ end is not found, cycles of exonuclease action and/or self-templated 

synthesis may iteratively change the 3′ primer end until an extendable end is produced 

(Figure 4) (18, 126). After one of the 3′ ends serves as a primer, Pol θ could extend far 

enough to establish a region of stable base pairing. DNA synthesis by Pol θ has moderate 

processivity (~ 100 nt), in line with other A-family DNA polymerases (6). Another DNA 

polymerase may then take over. The other end may still have unpaired bases at the 3′ end, 

and these could be trimmed by one of the 3′ nucleases or editing activities in cells (Figure 

4).

5. REGULATION AND USE OF THETA-MEDIATED END JOINING IN 

MAMMALIAN CELLS

5.1. Expression of Pol θ

Although TMEJ is clearly beneficial in many biological settings, it might be excessively 

mutagenic if used as a default repair pathway. In fact, it appears that Pol θ amounts 

are under tight control. POLQ messenger RNA (mRNA) is expressed at some level 

in most human and mouse tissues. Bone marrow and lymphoid tissues are among 

the highest expressing cell types (https://www.proteinatlas.org/ENSG00000051341-POLQ/

tissue). However, Pol θ protein is not relatively abundant. In many human or mouse cells, 

Pol θ is one or two orders of magnitude less abundant than the catalytic subunits of pol α, 

pol δ, or pol β (https://pax-db.org).

Determining the expression of Pol θ protein in mammalian cells has been challenging 

because commercial antibodies, while apt at identifying overexpressed Pol θ, do not 

authentically detect Pol θ in cell extracts. In fact, many published immunoblots should 
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be taken cum grano salis regarding the identification of Pol θ because the bands have the 

wrong molecular weight and do not disappear in genetic knockout controls.

5.2. Pol θ in Cancer Cells

When the level of expression of POLQ mRNA is used to divide breast cancer patients 

into two groups, the cohort with higher POLQ expression has a lower chance of long-term 

survival (42, 61). An explanation for this finding is now emerging: POLQ is more highly 

expressed in a substantial subset of triple-negative breast cancers (TNBCs), and individuals 

with TNBC have a lower chance of long-term survival.

Triple-negative breast cancer (TNBC): a type of breast cancer in which there is no 

expression of estrogen or progesterone receptors and where amplification of the HER2 gene 

is absent, making the cancer more challenging to treat

One characteristic of TNBC is a higher expression, at the mRNA level, of a group of genes 

including POLQ (116). Intriguingly, POLQ is the only DNA polymerase gene in the most 

highly correlated group (116). The likely explanation for this is that most TNBCs have HR 

defects (24, 102) and consequently depend on Pol θ for survival, as discussed below.

TNBCs can generally be divided into basal-like and claudin-low subtypes. An antibody 

that can authentically detect higher amounts of Pol θ was used to show that levels of Pol 

θ were generally higher in cell lines and tumors of the basal-like category and lower in 

the claudin-low category (85). Claudin-low tumors express the transcription factor ZEB1. 

Consequently, there is a strong negative correlation between ZEB1 and POLQ expression 

in breast cancers. ZEB1 appears to be a direct negative regulator of POLQ expression. 

There are several ZEB1 consensus binding sites in the human POLQ gene promoter, and the 

activity of the promoter in a reporter system can be suppressed by ZEB1 (85).

The transforming growth factor β (TGF-β) pathway is also involved in the regulation of 

TMEJ. Head and neck cancer cell lines with higher TGF-β expression show lower mRNA 

expression of POLQ, PARP1, and the ligase LIG1. Experiments using a chromosomal 

reporter show that Ku-independent alternative end joining is lower in TGF-β-expressing 

cancer cell lines (62).

5.3. Origins of Damage Repaired by Theta-Mediated End Joining

Normal DNA replication of a genome includes events that give rise to DNA DSBs. 

Replication forks can stall at difficult-to-replicate sequences, leading to breaks (37). RNA 

transcription complexes can result in fragile structures, easily broken after collision with 

DNA replication forks or proteins trapped on DNA (28).

There is good evidence that some of the DNA DSBs that originate during DNA replication 

are eventually repaired by TMEJ. As mentioned earlier, G4-forming DNA sequences can 

cause DNA replication to stall, and proper repair of the resulting breaks requires TMEJ (90). 

Gene amplification by rereplication gives rise to breaks that require TMEJ for repair (3). 

Some Pol θ is targeted to mitochondria in human cells, where it helps sustain replication in 

damaged mitochondrial genomes (115).
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Single-stranded nicks that occur near DNA replication forks can also be converted to 

DNA DSBs. One route is through an active process of fork collapse, with some of these 

events requiring Pol θ for repair. For example, inhibition of the ATR protein kinase 

causes replication fork collapse and ensuing DSBs (99). Pol θ–defective cells have elevated 

sensitivity to ATR inhibition (110).

Topoisomerases are constantly active during DNA replication. A Pol θ defect causes 

enhanced sensitivity of mouse (123) and human (110) cells to topoisomerase I inhibitors. 

Inhibition of topoisomerase I results in single-stranded nicks, some of which are converted 

to DSBs if replication of the nicked region occurs before repair. Pol θ–defective cells have 

some sensitivity to Cas9 single-strand nickase (110) but not to single-strand breaks created 

by the clinically active deoxycytidine analog CNDAC (63).

Pol θ is also important in plants subjected to increased replication stress. A Pol2a 
mutant in Arabidopsis, conferring impaired replication, had highly compromised root 

development and increased unrepaired DSBs when combined with the teb mutation (78). 

This indicates that TMEJ can repair DSBs that occur when DNA replication is disturbed in 

developing tissues. Mutation of atr5/6 in Arabidopsis causes defects in a specific histone H3 

methylation. This gives rise to Pol θ–dependent amplification of heterochromatin regions in 

leaf nuclei (28a). The amplification arises because the normal pathway for resolving broken 

DNA replication forks is defective in atr5/6 mutants, so that TMEJ is mobilized to repair 

breaks (28a).

Some repair by Pol θ can occur during mitosis. DSBs arising at a replication fork are one-

ended and repaired primarily by HR (1, 7). End-joining activity can be toxic for one-ended 

DSBs (1, 76). One study examined the action of TMEJ in HR-defective BRCA2 mutant 

cells (64). Under these conditions, TMEJ acted after the initiation of the mitosis following 

DNA replication. This was found for endogenous DSBs arising in unperturbed cells and for 

those induced by ionizing radiation and camptothecin. A second break end is generated from 

an approaching replication fork, creating the possibility for TMEJ to join ends correctly. 

Delaying TMEJ until the onset of mitosis avoids toxic end joining of one-ended DSBs. 

Chromatin condensation may also help juxtapose the correct ends (64). Following DNA 

replication in Xenopus egg extracts, stalled or incomplete replication forks are broken when 

extracts are driven into a mitotic state (29a). Pol θ participates in rejoining some of these 

broken forks in mitotic extracts, sometimes yielding aberrant products (29a).

5.4. Theta-Mediated End Joining and Homologous Recombination

Pol θ–mediated TMEJ is especially important in situations where other DSB repair 

pathways are compromised by mutation. Inactivation of Pol θ in HR-defective cells 

greatly enhances sensitivity to DSBs (20). Inactivation of HR, such as with inactivation 

of mammalian BRCA1 or BRCA2, can make some cells essentially reliant on Pol θ (19, 

68). A Pol θ defect can also impair cellular fitness when combined with disruption of 

other genes, including those encoding 53BP1 and some NHEJ components (31, 117). These 

observations have encouraged a search for small molecule inhibitors of Pol θ that may be 

used clinically to help kill BRCA-mutated or other HR-defective tumors (32, 127, 130). 

Such inhibition works by a different mechanism than the inhibition of poly (ADP-ribose) 
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polymerase (PARP) enzymes, so Pol θ inhibition may be useful in combination with PARP 

inhibitors or in cases of PARP inhibitor resistance (26, 127, 130). PARP is highly abundant 

in mammalian cellular nuclei, at a concentration of approximately 1 per 20 nucleosomes 

(73). It may not be specifically necessary as a functional component of any DNA repair 

pathway, but PARP modifies the activity of multiple DNA repair enzymes and helps to target 

repair factors to damaged sites. Inhibition of PARP activity can interfere with DNA repair.

Despite the many genome-protective functions of Pol θ, unchallenged adult cells and 

organisms survive without POLQ, at least for a few generations. Pol θ appears to be most 

important in protecting against environmental DNA damage during development and in 

replicating cells. Pol θ inhibitors used in a synthetic lethality approach would thus not be 

expected to have major toxic effects on normal cells. Caution might be warranted, however, 

to guard against developmental damage during pregnancy.

6. GENOMIC CHANGES INDUCED BY THETA-MEDIATED END JOINING IN 

NORMAL AND CANCER CELLS

The role of Pol θ in TMEJ in preserving genome integrity in many biological situations 

has ensured its widespread conservation through 1.5 billion years of eukaryotic evolution. 

However, the use of TMEJ to join breaks that are otherwise unrepairable has a price. 

A few nucleotides are often lost or added at the site of the DNA break. Much of the 

DNA in multicellular eukaryotes is noncoding, so many of these indel mutations may have 

no immediate functional consequence. Some of the mutations, however, will alter gene 

function.

Short deletions at the break repair site will arise because TMEJ utilizes microhomologies 

to initiate repair, and most microhomologies will not be located at the terminus of a DNA 

break (Figure 4). Short deletions are one expense of using TMEJ, and their extent will vary 

depending on the particular DNA break (90, 117). Insertions are generally templated, as 

Pol θ copies a short region of local template to create a new terminus before the repair 

is completed. DNA sequencing analysis of repaired breaks shows that several rounds of 

copying from different templates may occur. These templated insertions have been dubbed 

TINs, and their relevance to genome changes in cancers is covered in depth elsewhere (16, 

47, 94). Pol θ–mediated deletions and templated insertions are an important source of global 

genetic diversification in C. elegans (90).

The processing of DNA ends largely explains the mutational signature of TMEJ in 

cancer genomes (16, 47, 94). For example, in a genome-wide analysis of mutations in 

BRCA-defective cancers expressing higher levels of POLQ, the most enriched mutation 

signature was the Catalogue of Somatic Mutations in Cancer (COSMIC) small insertion and 

deletion signature 6 (ID6) (47). This ID6 signature is characterized as including 1 to ≥5-bp 

deletions, commonly overlapping with ≥2-bp microhomology at breakpoint junctions (4). 

This corresponds well with the outcomes of TMEJ.

Another way in which TMEJ influences genome evolution is by repairing breaks during 

integration or excision of foreign DNA. In Drosophila, P element transposase creates a 
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DSB. When HR is not active, these breaks are repaired by an end-joining process (71). 

This joining depends on Pol θ (70), and the sequences of repair junctions show the 

TMEJ signature of templated insertions and deletions. A separate model study found that 

integration of group II intron RNA sequences into the Drosophila genome depended on 

Pol θ and left a characteristic TMEJ signature (114). Such integration requires reverse 

transcription. Similar to some other DNA polymerases (18), Pol θ can copy from an RNA 

template as well as from DNA (22).

When exogenous plasmid DNA is introduced into cells by transfection, the majority of 

it is integrated randomly in the genome. This integration occurs by NHEJ or TMEJ. If 

both processes are eliminated by mutation (for example, in a lig4 polq double mutant), 

then the frequency of random integration is reduced to near zero in both murine (128) and 

human cells (91). The temporary inhibition of both NHEJ and TMEJ may be practically 

useful in suppressing nonhomologous integration. In the moss P. patens and the algae C. 
reinhardtii, TMEJ is important for mediating CRISPR-Cas9-mediated mutagenesis and for 

random DNA integration (66a, 101). The TMEJ pathway is also important in some instances 

of CRISPR-Cas9-mediated gene targeting by synthesis-directed oligonucleotide repair, as 

noted in experiments with C. reinhardtii (101) and human cells (56a).

In the cases described here, integration of foreign DNA is facilitated by end-joining 

pathways. Introduction of large genome segments yields raw material for some evolution, 

such as the introduction of new introns providing mutable linkers between protein domains.

No DSB repair pathway is wholly accurate. NHEJ and TMEJ are together responsible for 

most mutagenesis caused by CRISPR-Cas9 (66a, 91, 129). DNA breaks caused by ionizing 

radiation rarely have ligatable 3′-OH and 5′-phosphate ends, so removal of a few bases 

is often necessary, leading to deletions. Short deletions or insertions may be the price to 

pay for the execution of these repair pathways to allow rejoining of the proper regions of 

the chromosome and cellular survival. Mammalian genomes mostly comprise DNA that is 

noncoding, and there is likely little phenotypic consequence for the majority of indels. HR 

is also not necessarily error free; it can be initiated between sequences with incomplete 

homologies. Deletions can result, and LOH can occur after crossing over, as discussed 

above.

7. CAN ALL PHENOTYPES OF POLQ DISRUPTION BE EXPLAINED BY A 

THETA-MEDIATED END JOINING DEFECT?

In addition to the TMEJ activities described in this review, Pol θ can mediate additional 

reactions that are relevant to other modes of DNA damage tolerance.

5′-Deoxyribose phosphate (dRP) lyase activity is present in Pol θ (84). Removal of a 5′ 
sugar-phosphate by such activity is a step in base excision repair following cleavage of a 

DNA chain at an abasic site. Lys residue 2383 is critical for abasic site lyase activity in 

human Pol θ, and this residue is also critical for DNA polymerase activity (59). In many 

organisms, the major DNA polymerase utilized during base excision repair is Pol β. In vitro, 

Pol θ can substitute in BER reactions (58, 84). Some organisms, including C. elegans and 
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plants, do not contain Pol β. There is evidence that Pol θ can participate in BER in C. 
elegans (8).

One of the first biochemical activities recognized for human Pol θ was its ability to 

efficiently bypass some forms of template DNA damage in vitro by translesion DNA 

synthesis (TLS). Full-length Pol θ, as well as the isolated polymerase domain, can 

efficiently insert an A to bypass an abasic site in a template (57, 96). Thymine glycol 

(96, 121), UV radiation–induced photoproducts (97, 120), and 1,N6-ethenodeoxyadenosine 

(119) can also be bypassed. Whether such TLS activities of Pol θ are regularly used in 

vivo is not certain. Based on reporter gene experiments, one study proposed that Pol θ 
bypasses UV radiation–induced photoproducts in human cells (120). An unusual aspect 

of these observations is that only the Pol domain of Pol θ protein was needed for the 

TLS activity, in contrast to other activities where Pol θ coordinates its helicase-like and 

polymerase functions. The same study suggested that Pol θ–defective mouse cells are more 

sensitive than normal cells to UV radiation. In zebrafish, Pol θ–defective embryos are not 

hypersensitive to UV radiation (105). A Pol θ defect in C. elegans only confers increased 

sensitivity to UV radiation if cells are additionally defective in nucleotide excision repair 

and Pol η, the major TLS enzyme for UV radiation–induced photoproducts. In this situation, 

the UV radiation sensitivity of the triple mutant can arise from a defect in TMEJ rather than 

a bypass of DNA damage (106).

An interesting possibility, yet to be explored in depth, is that Pol θ might use its TLS 

activity as an auxiliary action while engaged in TMEJ. Ionizing radiation produces clusters 

of DNA-damaging hydroxyl radicals, so some of the bases surrounding a DSB will be 

damaged by oxidation. The TLS activity of Pol θ could be beneficial because lesions such as 

thymine glycol are likely to be found within the resected 3′ single-stranded tails that Pol θ 
uses as templates.

Some of the activities of Pol θ are unique, and more must be learned about their biological 

functions. These activities might serve as alternative targets for small molecule inhibitors for 

use in the therapy of HR-defective cancers. In any case, it is increasingly clear that TMEJ 

is the primary DSB pathway for some situations. In many organisms, Pol θ is essential 

when strand breaks arise during development and in cases where other repair pathways are 

compromised.
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SUMMARY POINTS

1. DNA polymerase theta (Pol θ) is the defining enzyme for a pathway of DNA 

double-strand break repair that uses short microhomologies to join ends.

2. Even though Pol θ often creates indels, its repair activity prevents 

catastrophic events and thus enhances genome stability.

3. Pol θ is crucial for the maintenance of damaged genomes during development 

and limits loss of heterozygosity.

4. Pol θ has an unusual three-domain architecture, in which the C-terminal 

polymerase domain is linked to an N-terminal helicase-like domain via a 

central linker.

5. Pol θ harbors multiple activities including DNA polymerase, DNA-dependent 

ATPase, templated single-strand extension, and 5′-deoxyribose phosphate 

(dRP) lyase.

6. Some cancer cells depend on theta-mediated end joining (TMEJ) to repair 

double-strand breaks, making Pol θ a compelling drug target.
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FUTURE ISSUES

1. How can researchers obtain a fuller understanding of the regulation of Pol θ 
in normal and cancer cells?

2. Are there protective roles for Pol θ during the development of mammals?

3. What are the mechanistic steps of the self-templated synthesis that gives rise 

to templated insertions?

4. How are the polymerase and helicase-like domains coordinated during 

TMEJ?

5. In what situations does the translesion DNA synthesis activity of Pol θ have 

biological relevance?

6. What factors influence the operation of TMEJ in different stages of the cell 

cycle?

7. How is TMEJ/Pol θ involved in DNA interstrand crosslink repair?

8. What more can we learn from the phylogenetic distribution and sequence 

features of Pol θ in eukaryotes?
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Figure 1. 
DNA polymerase θ three-domain architecture and depiction of the human protein, encoding 

a 2,590–amino acid polypeptide. The helicase-like domain includes five main structural 

elements (77): two RecA-like subdomains (RecA1 and RecA2), a winged helix subdomain 

(WH), a helical bundle, and a helix-hairpin-helix subdomain (HhH). The central region is 

predicted to be mostly disordered (12, 95) and has a variable length between organisms. 

The polymerase domain consists of an A-family DNA polymerase with a nonfunctional 

editing exonuclease domain (Exo) and the fingers (F), palm (P), and thumb (T) regions 

characteristic of DNA polymerases (124).
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Figure 2. 
Three major strategies for repair of a DNA double-strand break. In nonhomologous end 

joining (NHEJ, left), the ends of the break are bound and protected by Ku protein homologs, 

and then reactions proceed to join the ends, often involving limited nuclease trimming and 

DNA synthesis to repair broken DNA before ligation. Alternatively, 5′ ends at the break 

may be processed by nuclease-mediated resection. Resection generates 3′ single-stranded 

DNA tails. In the process of homologous recombination repair (HR, middle), a 3′ tail pairs 

with an intact sister strand in a recombination process dependent on Rad51. The primary 

HR repair pathway is synthesis-dependent strand annealing in which one strand is extended 

for some distance by DNA synthesis so that it can be paired with its original partner and 

repair completed. In some cases, 3′ ends are joined by theta-mediated end joining (TMEJ, 

right). Pol θ locates a microhomology, typically of 2–6 base pairs in the 3′ single strands. 

Processing of the 3′ ends of the DNA will usually have to occur to remove unpaired regions 

and allow completion of synthesis (see Figure 4). In general, TMEJ creates short deletions or 

templated insertions in the DNA (red box).
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Figure 3. 
Pol θ makes unique contacts that grasp the primer strand and the incoming nucleotide. A 

view of the ternary complex of the polymerase domain bound to furan-containing DNA and 

ddATP (PDB ID 4X0P) (126). The finger, palm, thumb, and insert 2 regions are depicted in 

blue, red, green, and yellow, respectively. The DNA backbones of the template and primer 

strands are shown in pale yellow and orange, respectively, with the 3′ terminus becoming 

red. The divalent cation (metal A) coordinated in the polymerase active site is depicted as a 

magenta sphere. Of the five positively charged residues contacting the primer backbone, 

two contacts are conserved in all A-family polymerases (shown with white carbons), 

and three of them are unique residues in Pol θ (cyan carbons), with Arg2254 emerging 

from the distinctive insert 2 (yellow). Abbreviations: ddATP, 2′,3′-dideoxyadenosine-5′-

triphosphate; PDB ID, Protein Data Bank identification; Pol θ, DNA polymerase θ.
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Figure 4. 
The task of TMEJ is to join a break by making use of microhomologies within single-

stranded, 3′-ended DNA tails. In the general case, preexisting microhomologies are internal. 

If one or both tails can be removed by a nuclease so that Pol θ can extend from a 

microhomology, as shown in the box at the right, then repair could be completed. Another 

route is shown in the box at the left. Pol θ can manipulate 3′ single-stranded DNA by 

engaging in one or more short tracts of inter- or intramolecular synthesis, usually using 

nearby DNA as a template. This produces the templated insertions that are characteristic 

of TMEJ. A terminus is generated with a sequence different from the original, allowing 

iterative microhomology searches. In principle, the immediate extension of only one 3′ 
end is sufficient to generate stable joining of the break. A single remaining 3′ tail could 

then be removed by a nuclease after the DNA polymerase has dissociated, at which point 

further extension and sealing of the break by a DNA ligase can occur. Abbreviation: TMEJ, 

theta-mediated end joining.
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Table 1

Examples of genome-protective functions of DNA polymerase θ

Function Examples of organisms studied

Reduces the frequency of unrepaired chromosome breaks, both spontaneous and radiation-induceda Human, mouse

Resistance to agents causing double-strand breaksb Animals, plants

Protection against large deletionsc Nematode, Drosophila

Rescuing lethality of double-strand breaks during developmentd Zebrafish, Drosophila, plants

Suppression of mutagenic interhomolog recombination and mitotic crossovere Mammalian cells, Drosophila

a
Micronuclei (36, 85, 100), γ-H2AX foci (43).

b
Topoisomerase inhibitors (21, 110, 123), ionizing radiation (36, 43, 123), bleomycin/Zeocin (53, 82, 123), interstrand crosslinking agents (2, 14, 

49).

c
Caenorhabditis elegans (90), Drosophila (9).

d
Zebrafish (105), Drosophila (3, 25), Arabidopsis and rice (49, 78, 79, 107).

e
Mammalian cells (29), Drosophila (17).
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