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Abstract: Irregularities in the DNA repair pathways are frequently observed in cancer. Dysregulated DNA repair

pathways support growth advantages to tumor cells. DNA polymerase-theta (POLQ) is an error-prone DNA

polymerase involved in double-strand break repair through microhomology-mediated end joining (MMEJ). POLQ

also mediates translesion DNA synthesis and it is largely not expressed in normal cells. POLQ is overexpressed in a

range of cancer cells, including homologous recombination (HR) deficient cancer cells. In HR deficient cells, MMEJ is

crucial as a backup DNA repair pathway, indicating the indispensable role of POLQ-mediated MMEJ in HR deficient

cancer cells. In addition, POLQ is synthetic lethal with a number of oncogenes. This viewpoint highlights the

potential role of POLQ as a new target in the treatment of HR-deficient tumors and aims to develop enthusiasm to

introduce fundamental aspects of Molecular Biology and Biochemistry to basic research related to Molecular Life

Sciences, Cell Biology and Genetics in Sri Lanka as Molecular Biology and Biochemistry fundamentals can still do

wonders in modern research.

Introduction

DNA stores genetic information in cells. The nucleotide
sequences of DNA guide the synthesis of cellular RNAs and
proteins, making DNA a marvelous control device necessary to
maintain a number of vital functions of living cells.
Collectively, the DNA metabolism of living cells comprises
DNA replication, repair, and recombination. The genetic
information stored in DNA is transmitted from one generation
to the next. Errors in DNA can cause undesirable effects as
they can affect the function of a gene. The errors in DNA are
inheritable. The cellular enzymes involved in DNA replication
generate thousands of copies of DNA with greater fidelity. The
integrity of the genetic information stored in DNA depends on
the DNA repair mechanism. Unlike RNA and protein,
damaged DNA molecules are irreplaceable. Agents such as
chemicals, radiations (ultraviolet, X-ray, gamma-rays), toxins,
reactive oxygen species, and some viruses can damage DNA.
Unrepaired DNA damage, if replicated and transmitted to
other generations, can cause permanent changes in the
genomic sequence, thereby causing gene mutations (Dunlop
et al., 1997). DNA polymerases aid DNA replication and

repair. Mammalian cells contain 15 different DNA
polymerases. Given the role of DNA polymerases in DNA
replication and repair, it is not surprising that any disruption
or irregularity in the function of DNA polymerases can disrupt
the genomic stability of an individual, thereby increasing the
rate of gene mutations and an individual’s vulnerability to
cancer (Lange et al., 2011). Of the different DNA polymerases,
DNA polymerase θ (POLQ) has become an attractive target in
anti-cancer drug discovery strategies (Chen and Pomerantz,
2021). This multi-functional DNA polymerase plays a key role
in tumors with deficient homologous recombination (HR).
This viewpoint aims to rationalize POLQ as a druggable target
for HR-deficient tumors by providing recent research
advancements related to POLQ.

DNA repair mechanisms
In healthy cells, robust and diverse DNA repair mechanisms
faithfully protect from DNA damages to maintain overall
survival. The availability of diverse DNA repair systems
reflects the complex nature of DNA repair mechanisms in
healthy cells. Five major DNA repair pathways are seen in
healthy cells: mismatch repair, base excision repair (BER),
HR, non-homologous end joining (NHEJ), and nucleotide
excision repair (NER) (Sancar et al., 2004).

Breast cancer type 1 (BRCA 1) and BRCA2 play a
prominent role in HR to maintain genetic stability.
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Mutations in BRCA1 or BRCA2 are strongly associated with
developing breast and ovarian cancers. Cancer cells with
mutated BRCA1 and BRCA2 possess impaired HR activity
and show sensitivity to poly-ADP ribose polymerase
(PARP) inhibitors, and PARP inhibitors in BRCA1 and
BRCA2 mutated tumors work through synthetic lethality
(Murai et al., 2012). By trapping PARP on DNA, PARP
inhibition by PARPi leads to the collision of unrepaired
single-stranded breaks within the replication forks, thereby
generating one-ended double-highly cytotoxic strand breaks
(DSBs), which can be corrected by the HR machinery. In
BRCA-mutated cells, the HR machinery is dysregulated
(Murai et al., 2012). In these cells, PARPi traps PARP-DNA
complexes, leading to the accumulation of DSBs, which
eventually causes genomic instability and cell death. Normal
cells with undamaged BRCA1 and BRCA2 show less
sensitivity to PARP inhibitors, indicating a remarkable
sensitivity of BRCA1 and BRCA2 mutated cancer cells to
PARP inhibitors. Despite the interesting clinical evidence,
acquired resistance to PARP inhibitors has been identified
as a major clinical barrier, highlighting the importance of
identification of alternative drug targets implicated in DNA
repair for BRCA-deficient cancer cells (Chiappa et al., 2021).

Apart from the HR machinery, canonical NHEJ (C-
NHEJ, microhomology-mediated end joining (MMEJ), and
alternative end joining (alt-EJ) DNA repair pathways are
involved in the DSB repairs (Yu and McVey, 2010). In the
G1 phase of the cell cycle, DSBs are repaired by C-NHEJ,
while HR is favored in G2 and S phases. In addition to
BRCA1/2, replication protein A (RPA), c-terminal binding
protein interacting protein, RAD51, partner and localizer of
BRCA2, and DNA replication helicase/nuclease 2 proteins
promote HR pathways (Zhao et al., 2019). Resected DNA
with 3′ ssDNA bound with RPA) serves as the substrate for
both MMEJ and HR, suggesting the existence of possible
competition between MMEJ and HR for 3′ ssDNA (Chen
and Pomerantz, 2021).

DNA polymerase θ and its role in cancer
POLQ contributes to DSB repair via MMEJ (Wood and
Doublié, 2016) (Fig. 1). MMEJ is also known as polymerase
theta-mediated end joining (TMEJ) as it requires POLQ.
POLQ is encoded by the POLQ gene. In addition to MMEJ,
POLQ performs translesion DNA synthesis (TLS) as well.
Compared to HR, DSBs repair by POLQ in MMEJ is highly
error-prone as there is no involvement of homologous
sequences. POLQ can also reverse transcribes RNA (Chen
and Pomerantz, 2021).

POLQ is a large multi-functional DNA polymerase that
comprises three main domains, namely super family 2 (SF2)
helicase-like ATPase domain, central domain and DNA
polymerase domain. The SF2 helicase domain of POLQ,
which possesses helicase and ATPase activities, is involved
in TMEJ on long ssDNA. The SF2 helicase domain
comprises RAD51-binding sites, a protein that contributes
to DSB repairs (Wood and Doublié, 2016).

In HR deficient cells, MMEJ functions as a backup DNA
repair pathway, highlighting the essential role of POLQ
mediated MMEJ in HR deficient cells (Higgins and Boulton,
2018) Fig. 1. HR deficient tumors with BRCA1 and BRCA2

mutations are exclusively dependent on POLQ-mediated
DNA repair, indicating that POLQ is essential for DNA
repair pathways in BRCA-deficient cancer, especially for
BER and TLS (Higgins and Boulton, 2018). POLQ has been
found to up-regulate in a range of human cancers including
ovary, breast, lung, gastric, head and neck and colon. The
up-regulation is associated with poor prognosis and clinical
outcomes. The exact reason behind POLQ up-regulation in
human cancer is not well understood (Chen and Pomerantz,
2021; Higgins and Boulton, 2018).

In a review, Schrempf et al. (2021) have discussed two
potential mechanisms associated with POLQ up-regulation.
As per the first proposed mechanism, POLQ over-
expression is associated with increased replication stress
which might help to improve tumor fitness. The second
mechanism states that the over-expression of POLQ is
associated with specific cellular signaling cascades related to
DNA repair pathways (Schrempf et al., 2021). POLQ-
assisted DNA repair pathways are frequently dysregulated in
breast and ovarian cancer. Furthermore, it has been
reported that template insertions in TMEJ are frequently
found in BRCA1/2 mutated breast cancer, further indicating
the dependency of POLQ-mediated repair pathways in HR
deficient cancer cells. Several studies illustrate that POLQ is
synthetic lethal with many HR factors and frequently
mutated cancer signaling pathway genes (Schrempf et al.,
2021). According to a recent investigation, POLQ not only
aids MMEJ but also supports DSB repair produced by Cas9
nickase (Wang et al., 2019). Single-ended DSBs can be
converted to double-ended DSBs when replication forks that
arrive from the other end, meet each other. ATRs play a key
role in protecting replication forks. Lack of ATR activity has
been reported to cause replication fork collapse and replication
stress following the accumulation of DSBs. POLQ was found
responsible for repairing DSBs which are accumulated due to
ATR inactivation. In addition, a synthetic lethality interaction
was identified between ATR and POLQ as POLQ inactivation
promoted cell death in ATR-deficient cells (Wang et al., 2019).
Moreover, studies demonstrate synthetic lethal interaction
between POLQ and ATM serine/threonine kinase (ATM).
ATM participates as one of the key regulators in HR-mediated
DSB repair (Morrison et al., 2000). Fanconi anemia group D2
protein (FANCD2) coordinates several DNA repair proteins
(Nepal et al., 2017). POLQ shows a synthetic lethal
relationship between FANCD2 (Schrempf et al., 2021). In
addition, interesting pre-clinical investigations demonstrate
synthetic lethal relationships between POLQ and BRCA1/2
(Schrempf et al., 2021).

In a study by Lemée et al. (2010), the expression of
replicative (POLA, POLD, and POLE) and specialized DNA
polymerases (POLH, POLL, POLM, POLN, POLK, POLB,
POLI, POLQ, POLZ/REV3L, and REV1) were analyzed in
breast cancer tumors. Of these, the expression of POLQ was
found to be higher in tumor samples. The log-rank test
predicted that up-regulation of POLQ is associated with
poor survival in breast cancer patients. Ectopic expression of
POLQ in MRC5-SV fibroblasts affected the MRC5-SV cell
cycle and induced DNA damage. Transfection of POLQ
siRNA in MRC5-SV cells and MCF-7 breast cancer cells
resulted in a reduction of γ-H2AX-positive cells, which
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confirmed the involvement of POLQ in the induction of DNA
damage response. In addition, POLQ overexpression was
found to associate with the progression of defective DNA
replication forks and disturb DNA replication, indicating
POLQ overexpression as a promising prognostic indicator
for breast cancer.

Higgins et al. (2010) demonstrated that POLQ over-
expression is correlated with oestrogen receptor-negative
breast cancer tumors. A seed-clustering analysis identified
97 different genes associated with POLQ overexpression
related to Wnt signaling, cell cycle progression and p53
signaling. A recent study illustrated that POLQ is
overexpressed in hepatocellular carcinoma and associated
with its development (Pan et al., 2021). Furthermore,
evidence demonstrates that POLQ confers radio-resistance in
cancer cells, highlighting POLQ as an ideal target for radio-
sensitization in cancer (Yousefzadeh and Wood, 2013).
Tumors that receive radiotherapy show increased expression
of POLQ. In a recent investigation, DNA-dependent protein
kinase (DNA-PK) and POLQ dual inhibition were identified
as promising strategy to overcome radiation resistance in
cancer cells (Kumar et al., 2020). POLQ depletion has been
reported to sensitize esophageal squamous cell carcinoma
cells to genotoxic agents (Li et al., 2021).

DNA polymerase θ inhibitors
Studies report that both the helicase domain and DNA
polymerase domains of POLQ can be targeted in anti-cancer
strategies. However, it is not yet clear which domain is
acting as a preferred inhibitory site, revealing that more
studies are necessary to elucidate the actual therapeutic
functions of POLQ domains. A recent study identified the
antibiotic novobiocin as a specific POLQ inhibitor.
Novobiocin inhibits POLQ ATPase activity, selectively kills

HR-deficient cancer cells and enhances the cytotoxic effects
of PARPi (Zhou et al., 2021). Another investigation
identified ART558 as a POLQ inhibitor. ART558 blocks the
activity of POLQ by residing within the polymerase catalytic
domain (Zatreanu et al., 2021).

Futuristic approaches
To date, several biotech companies have started developing
potent domain-specific POLQ inhibitors to introduce for
clinical investigations for the treatment of BRCA mutated
tumors. Moreover, attempts to screen POLQ inhibitors from
natural sources will aid to identify novel natural-based
POLQ inhibitors. Importantly, for the clinical landscape, the
identification of POLQ inhibitors with less off-target
toxicities and side effects is essential. Considering the recent
reports, the continued development of structurally and
functionally diverse POLQ inhibitors with a deep
understanding of the synthetic lethal environment will
create a lot of excitement in anti-cancer drug discovery
platforms. According to the published reports, it is not very
clear how POLQ inhibition affects the genome stability in
patients undergoing POLQ inhibitor therapy. Therefore,
detailed studies are necessary to elucidate whether POLQ
possesses genome destabilizing effects. In addition, a better
understanding of the POLQ-mediated TLS will also help to
develop novel POLQ inhibitors. In summary, it is strongly
suggest that POLQ inhibitors will make a breakthrough in
anti-cancer drug discovery strategies. ART4215, a POLQ
inhibitor is being tested in clinical trials against solid tumors
(NCT04991480). However, Yoon et al. (2019) have
demonstrated the occurrence of skin cancer in the absence
of POLQ, indicating that targeting POLQ alone is dangerous
to humans. However, more studies are needed to
understand the actual function of POLQ in anti-cancer

FIGURE 1. POLQ contributes to double strand break DNA repair through microhomology-mediated end joining (MMEJ). MMEJ is also
known as polymerase theta-mediated end joining (TMEJ) due to the requirement of POLQ. In the first step of TMEJ, 5′–3′ end resection
results in exposure of microhomologous regions (5-25 bp). Resected DNA with 3′ ssDNA bound to replication protein A (RPA) is a
substrate for MMEJ. POLQ displaces RAD51 from ssDNA. Microhomologous regions anneal each other with the aid of POLQ, and flaps
generated are removed by the endonuclease. Finally, DNA ligases complete DNA ligation. MMEJ acts as a backup DNA repair pathway in
HR-deficient cancer cells. POLQ inhibition in HR-deficient cells results in cell death (Schrempf et al., 2021). Cell survival results when POLQ
is not inhibited in HR-deficient cells.
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strategies. POLQ-based or DNA polymerase-based anti-
cancer drug discovery strategies are new to Sri Lanka.
Through this, I am trying to introduce POLQ-based anti-
cancer drug discovery strategies to the Sri Lankan research
landscape and encourage Sri Lankan scientists to present
wonderful ideas to make POLQ-based anti-cancer strategies
interesting.
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