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Abstract: DNA polymerase theta (Polθ)-mediated end joining (TMEJ) is, along with homologous
recombination (HR) and non-homologous end-joining (NHEJ), one of the most important mechanisms
repairing potentially lethal DNA double-strand breaks (DSBs). Polθ is becoming a new target in
cancer research because it demonstrates numerous synthetically lethal interactions with other DNA
repair mechanisms, e.g., those involving PARP1, BRCA1/2, DNA-PK, ATR. Inhibition of Polθ could
be achieved with different methods, such as RNA interference (RNAi), CRISPR/Cas9 technology, or
using small molecule inhibitors. In the context of this topic, RNAi and CRISPR/Cas9 are still more
often applied in the research itself rather than clinical usage, different than small molecule inhibitors.
Several Polθ inhibitors have been already generated, and two of them, novobiocin (NVB) and ART812
derivative, are being tested in clinical trials against HR-deficient tumors. In this review, we describe
the significance of Polθ and the Polθ-mediated TMEJ pathway. In addition, we summarize the
current state of knowledge about Polθ inhibitors and emphasize the promising role of Polθ as a
therapeutic target.

Keywords: Polθ inhibitors; anticancer treatment; DNA double-strand break repair; DNA repair enzyme

1. Introduction

One of the hallmarks of cancer cells is their genetic instability, which could lead to an
increase of mutations in their genomes [1]. As a consequence, the loss of function mutations
may take place in the genes that are crucial for cell survival mechanisms, for example, DNA
repair systems. Under such conditions, the survival of cancer cells depends on finding a
substitute for the lost pathway [2]. If inactivation of a specific set of genes leads to cell death,
whereas inactivation of each of these genes individually does not affect cell functioning
and survival, then these genes are considered to exhibit “synthetic lethal” interactions [3].
Targeting alternative pathways using inhibitors against DNA double-strand breaks (DSBs)
repair proteins is becoming a feasible strategy that has been gaining increasing interest in
recent years. An approach based on synthetic lethality might not only prove to be a selective
and effective solution in personalized anticancer therapy, but it is already contributing to
expanding the knowledge about genetic interactions occurring in cells [4,5].

DNA polymerase theta (Polθ) is encoded by POLQ—a unique multifunctional replica-
tion and repair gene that encodes a protein with N-terminal superfamily 2 helicase domain
exhibiting ATPase activity and C-terminal A-family polymerase domain [6,7]. The posses-
sion of helicase domain is a unique Polθ feature among other eukaryotic DNA polymerases.
More detailed information about structure and function of Polθ can be found in another pa-
per of Drzewiecka et al. (2022) [4]. Polθ overexpression has been identified in a number of
human cancers and has been linked with a poor clinical outcome for liver cancer and breast
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cancer patients with homologous recombination (HR) deficiency [8–10]. To target DNA
repair vulnerabilities in cancer, Zatrenau et al. (2021) [11] discovered nanomolar potent,
selective, low molecular weight, allosteric inhibitors of Polθ ART558 and ART812, which
interact with the polymerase domain. ART558 inhibits the major Polθ-mediated DNA
repair process, i.e., Polθ-mediated end joining (TMEJ) without targeting non-homologous
end joining (NHEJ) [11]. Recently, another biochemical compound, RP-6685, with poten-
tial to inhibit Polθ polymerase domain was discovered [12]. Additionally, an antibiotic,
novobiocin (NVB), was identified as the inhibitor of Polθ helicase activity [13].

The application of Polθ Inhibitors (Polθi) in the concept of dual synthetic lethality
emerged after initial success of PARP inhibitors (PARPi) when it was found that tumor cells
do not respond to one drug treatment and develop resistance [14]. Polθ has a particular
importance for the repair of DSBs in cancer cells deficient in the HR function. Polθ inhibition
boosts the effect of PARPi by exerting a synthetically lethal action on BRCA1- and BRCA2-
mutant cancer cells [3,14]. Deficiencies in genes of other DNA damage response (DDR)
pathways, e.g., encoding DNA-PKcs which is a crucial component of the classical NHEJ
pathway, can also make Polθ a key factor for cellular survival [15]. Furthermore, knocking
out POLQ in mouse models and non-cancerous cells had minimal effect [16,17]. Therefore,
Polθ shows promising results as an antitumor drug target candidate, principally against
HR-deficient tumors. Moreover, Polθ inhibitors not only have clinical potential in targeting
BRCA-gene defective cancers but could also be used to target PARPi resistance [11,13,14].

A review of literature focused on the role of polymerase theta in the context of synthetic
lethality and potential anticancer therapy was conducted, using PubMed and Google
Scholar to search. The authors considered studies performed on animals as well as human
subjects (in vivo and in vitro) along with clinical trials. Keywords applied were as follows:
DNA polymerase theta, polymerase theta inhibitors, ART558, novobiocin, microhomology-
mediated end joining, MMEJ, DNA repair, cancer, polymerase theta-mediated end joining,
TMEJ, double strand break repair, homologous recombination repair, HR, non-homologous
end joining, NHEJ, siRNA, shRNA, RNA interference, CRISPR/Cas9, anticancer therapy,
and synthetic lethality.

2. The Role of Polθ—Mediated TMEJ

Polθ is a main protein of TMEJ which is one of the main pathways of DSB repair [7,18].
TMEJ could be considered a substitute pathway to NHEJ and placed side by side with
microhomology-mediated end joining (MMEJ) or alternative end-joining (a-EJ) as they
share a requirement for microhomology fragments [14,19,20]. However, some publications
differentiate TMEJ as a separate pathway, alongside NHEJ, HR, and SSA, considering the
existence of a-EJ pathway without Polθ activity. Therefore, in this review the the term
“TMEJ” for Polθ-mediated repair process is used, even though it is often called “a-EJ”,
“alt-NHEJ”, etc. in the literature [4,21–24].

TMEJ is determined by several factors, namely: independence on Ku, XRCC4 and
LIG4 proteins, resected DNA ends with 3′ single-stranded overhangs, several nucleotide-
long microhomology regions and presence of Polθ [21]. Moreover, this repair is highly
error-prone due to the lack of Polθ proofreading ability and deleterious characteristics of
microhomology end-joining itself. This results in the accumulation of mutations [6]. On
the other hand, in HR-deficient tumor cells, where Polθ is usually overexpressed, TMEJ
enables their survival (Figure 1) [8–10,22,25–27]. In some studies, it was observed that
TMEJ is most crucial when HR and NHEJ are not working properly [24,25]. However, there
is evidence that it is active also in NHEJ-proficient cells [28].
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Further, going into details of repair mechanism in the first step of the process, the
CtIP with MRN complex is needed to initiate end resection and create 3′ overhangs. It
is assumed that PARP1 is involved in the recognition of DNA breaks and helps in end
resection [19,25,29]. Subsequently, non-homologous 3′ ends are removed by ERCC1/XPF
nucleases. Then, Polθ attaches to single-stranded DNA (ssDNA) overhangs and anneals the
sequences based on at least 2 bp microhomology [18,29,30]. In this step the helicase domain
of Polθ removes RPA from ssDNA tails, while the polymerase domain is responsible for
annealing [7,14]. Therefore, both helicase and polymerase domains of Polθ are necessary
in cis configuration for TMEJ to function [21]. Eventually, LIG3-XRCC1 complex or LIG1
ligate stabilized DNA ends [18,25,30].

Furthermore, it is believed that Polθ can participate in other repair mechanisms and
cell events, such as base excision repair, mismatch repair, replication-associated DNA
breaks, or reverse transcription and translation synthesis [6,20,31,32]. However, this
is not the subject of this review and further information can be found in the work of
Drzewiecka et al. (2022) [4].

3. Different Strategies for Polθ Suppression

The consequences of Polθ inhibition and knockdown in cells have been vastly de-
scribed in the literature [7,9,28,31,33–36], allowing to evaluate the significance of the protein
and its interactions [8]. In the literature, the most used methods include siRNA or shRNA
silencing and CRISPR-Cas9 technique, shown by research examples described below. Two
other gene editing tools are also described, namely ZFNs (zinc finger nucleases) and TAL-
ENs (Transcription activator-like effector nucleases). However, they are considered less
efficient and are less frequently used than RNA interference (RNAi) and CRISPR/Cas9,
at least in the context of Polθ research [37–39]. In this chapter, the authors will review
recent research papers that describe the above-mentioned methods of Polθ inhibition and
their consequences.
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3.1. RNA Interference Technique—siRNA and shRNA
3.1.1. Description of the Technique

The main objective of RNA interference is to selectively silence a gene via non-coding
RNA which targets and triggers degradation of mRNA. Almost 20 years have passed
since the first such molecule was discovered, i.e., microRNA (miRNA), further resulting
with the Nobel prize for Fire and Mello in 2006 for defining RNA interference and its
mechanism [40–42]. Based on this achievement, scientists designed other RNA molecules,
and two the most common are siRNA and shRNA [41,43].

Gene silencing can be achieved in two ways: by degradation of the target mRNA
induced by small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) and dif-
ferently via suppression of specific mRNAs translation induced by miRNA. This paper
will focus on the first approach, achieved with siRNA or shRNA. The molecules lead to a
similar genetic outcome, however they are different in terms of structure and molecular
mechanism, and may have distinct applications [44].

siRNAs are double-stranded RNA molecules which total length is 21–25 nucleotides.
Along with piwi-interacting RNAs (piRNAs) and miRNAs, siRNAs are defined as non-
coding, small RNAs [45]. Considering the structure, siRNAs have one guiding strand
(antisense) and a passenger strand (sense), as well as two 2-nucleotide-long overhangs
at 3′ ends. [41,46]. siRNA is formed from long double-stranded RNA, cleaved by Dicer,
an enzyme from RNase III family. For the purpose of therapy, siRNAs are synthesized
chemically and delivered in various ways to the cytoplasm, i.a.: nanocarriers, aptamers,
and antibodies [41,44,47]. In the cytoplasm, siRNA creates the RNA-induced silencing
complex (RISC) with proteins Dicer, Argonaute-2 (Ago2), and Trans-activating Response
RNA Binding-Protein (TRBP), which later allows siRNA to target mRNA. In this interaction,
Ago2 splits the sense strand of the molecule, unwinds the duplex with the use of the Dicer
N-helicase domain and leads to the degradation of this strand. Then, the anti-sense strand
guides the activated RISC complex to target mRNA with its complementary sequence
(Figure 2) [41,46].

Int. J. Mol. Sci. 2023, 23, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 2. The RNA interference mechanism and CRISPR-Cas9 mechanism in human cell. 

Opposite to the siRNA, shRNA needs to be introduced to the cell’s nucleus. This 
could be achieved through a bacterial or viral vector. However, a viral vector is most 
commonly used, as it is considered more stable and efficient [48]. Usage of a viral vector 
allows shRNA to be integrated to the genome of host cells and later expressed in the 
nucleus. Afterwards, the host’s protein exportin 5 is responsible for transferring the 
shRNA outside the nucleus. In the cytoplasm, it forms a complex with Dicer, an RNase III 
enzyme, which chops up the shRNA into small siRNA duplexes with 20–25 nt of length 
and 2 nt overhangs at the 3′ end. Then, the siRNAs follow the regular path to degrade 
desired mRNA (Figure 2) [42,48].  

RNAi is a promising technology for the treatment of various diseases such as cancer, 
viral infections, eye and liver diseases, and some genetic disorders. In many applications, 
siRNA-based therapies are at the stage of clinical trials [41]. In addition, various studies 
show that both siRNA and shRNA are effective in vivo with different targets and exhibit 
potential in personalized therapies [40,44,46]. Moreover, according to Alshaer et al. (2021) 
[41], siRNA could be a better therapeutic tool than small molecules, since it is highly 
selective, can reach the target in any location and has only antagonistic effects.  

Although it theoretically seems to be a perfect method to perform gene knockdown, 
there are several drawbacks in practice which should be addressed, such as the way in 
which RNAi is delivered, off-targets and stabilization of molecules inside cells. 
Considering these factors, shRNA is regarded to be more efficient than siRNA. When 
comparing these two molecules, shRNA tends to be more effective inside cells, because it 
can be synthesized constantly [44]. However, the use of shRNA with a vector could be 
more complicated and time-consuming [48]. Researchers are still working on improving 
this method, for example, by means of designing bi-functional shRNA that combines two 
types of shRNAs are cleaved by RISC-dependent and -independent pathways, thereby 
leading to gene silencing by mRNA degradation and translation inhibition at the same 
time [44]. 

Figure 2. The RNA interference mechanism and CRISPR-Cas9 mechanism in human cell.



Int. J. Mol. Sci. 2023, 24, 319 5 of 16

Opposite to the siRNA, shRNA needs to be introduced to the cell’s nucleus. This could
be achieved through a bacterial or viral vector. However, a viral vector is most commonly
used, as it is considered more stable and efficient [48]. Usage of a viral vector allows shRNA
to be integrated to the genome of host cells and later expressed in the nucleus. Afterwards,
the host’s protein exportin 5 is responsible for transferring the shRNA outside the nucleus.
In the cytoplasm, it forms a complex with Dicer, an RNase III enzyme, which chops up the
shRNA into small siRNA duplexes with 20–25 nt of length and 2 nt overhangs at the 3′ end.
Then, the siRNAs follow the regular path to degrade desired mRNA (Figure 2) [42,48].

RNAi is a promising technology for the treatment of various diseases such as cancer,
viral infections, eye and liver diseases, and some genetic disorders. In many applications,
siRNA-based therapies are at the stage of clinical trials [41]. In addition, various studies
show that both siRNA and shRNA are effective in vivo with different targets and exhibit po-
tential in personalized therapies [40,44,46]. Moreover, according to Alshaer et al. (2021) [41],
siRNA could be a better therapeutic tool than small molecules, since it is highly selective,
can reach the target in any location and has only antagonistic effects.

Although it theoretically seems to be a perfect method to perform gene knockdown,
there are several drawbacks in practice which should be addressed, such as the way in
which RNAi is delivered, off-targets and stabilization of molecules inside cells. Considering
these factors, shRNA is regarded to be more efficient than siRNA. When comparing these
two molecules, shRNA tends to be more effective inside cells, because it can be synthesized
constantly [44]. However, the use of shRNA with a vector could be more complicated
and time-consuming [48]. Researchers are still working on improving this method, for
example, by means of designing bi-functional shRNA that combines two types of shRNAs
are cleaved by RISC-dependent and -independent pathways, thereby leading to gene
silencing by mRNA degradation and translation inhibition at the same time [44].

3.1.2. Application in Studies

Several studies using siRNA and shRNA to silence POLQ show successful Polθ mRNA
depletion [8,9,35,36]. The studies of Dai et al. (2016) [35] and Kelso et al. (2019) [36] on
cancer cell lines confirm increased sensitivity of cells to cisplatin after POLQ silencing
with siRNA.

Moreover, in a research study that involved inhibiting Polθ via siRNA, Ceccaldi et al.
(2015) [8] presented its correlation with HR repair mechanism. The authors concluded
that Polθ inhibits the HR pathway by direct binding to RAD51, therefore affecting its
assembly with ssDNA, which is observed in reduced RAD51 foci formation [8]. Also,
they demonstrated a synthetic lethal interaction of Polθ and the HR repair pathway in
HR-deficient ovarian tumor cells, which revealed that depletion of both Polθ and HR leads
to cellular death.

In addition, in the research of Goullet de Rugy et al. (2016) [49], siRNA was used to
perform knockout of Polθ and genes encoding enzymes involved in DNA metabolism,
i.e., FANCA, RECQL5, MUTYH, NEIL1, and USP22, to check synthetic lethal interaction
between them, in model of colorectal cancer cells. Mentioned genes were selected in the
screen, also performed with use of siRNA in the cells with Polθ overexpression. The
study did not show significant changes in cells viability after double knockout, versus
cells without Polθ depletion. Therefore, it is possible to assume that Polθ does not have
synthetic lethal correlation with any of these genes. Although, the scientists treated the Polθ
knockout cells with hydroxyurea and cytarabine, drugs suppressing DNA replication fork
progression and they exhibited increased sensitivity to the drugs, observed in decreased
cell viability in comparison to the control. These results suggest that Polθ is involved in
replication fork interruption [49].

Finally, in the studies conducted by Pan et al. (2021) [9], the shRNA mediated Polθ
knockout was performed using a lentiviral vector with the purpose of analyzing Polθ
significance in liver cancer cells (HCC). Successfully obtained knockdown led to decreased
proliferation, migration, and metastasis, as well as increased apoptosis of cancer cells. Such
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effects may suggest that Polθ is involved in these processes and its inhibition may disturb
the development of cancer cells. These results were also confirmed in vivo [9].

Presented studies show that Polθ depletion by itself also influences tumors survival,
however compilation with different cytotoxic drugs or another DNA repair pathway
deficiency increases the sensitivity of cancer cells to these agents. Therefore, in authors’
opinion, it is a good indication for potential use of Polθ inhibitors in clinics to use it not as
a single therapy, especially given that there is a risk that tumors will develop resistance to
Polθ inhibitors, similarly to what was observed when administrating PARPi.

3.2. CRISPR/Cas9 Technology
3.2.1. Description of the Technique

The most recent technique to achieve gene modulation is CRISPR/Cas9—Clustered
regularly interspaced palindromic repeats/CRISPR associated protein 9. This technique
was designed based on a naturally occurring CRISPR/Cas system in prokaryotes, serving
as an immune system, and defending them from foreign DNA particles of a viral or
plasmid origin [38,39,50,51]. Three components are crucial in the case of CRISPR/Cas9
procedures, i.e., guide RNA, Cas9 nuclease, and target DNA with protospacer adjacent
motif (PAM) [38,39]. Guide RNA, also referred to as single guide RNA (sgRNA), is a
molecule that combines functions of two RNAs working in natural processes of bacteria,
CRISPR-derived RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA). Cas9 protein,
derived from Streptococcus pyogenes, is guided by RNA and can target complementary
fragments of DNA only when there is PAM motif, a short sequence (2–5 nt) on one strand
of DNA [38,50,52]. The cooperation of sgRNA and Cas9 enzyme leads to a double strand
break in the target sequence, which could be repaired by non-homologous end joining
(NHEJ) or homology-directed repair (HDR) mechanisms (Figure 2). NHEJ repair occurs
when there is no homology between created ends, and it usually generates knockout of the
gene. However, HDR works while homology between ends occurs, which gives a chance
to introduce an extra sequence to an existing one and create a knock-in [32,38,50]. It is
additionally worth noting that the CRISPR/Cas system described above is of type II (out of
three discovered types) and it needs only one Cas9 nuclease [38,39].

CRISPR can have various modifications and be used not only with Cas9 endonuclease
(SpCas9), but also with other enzymes, e.g., Cas13, SpCas9, Cpf1, Cas12. Depending on
the structure, the characteristics and application of the system may vary, for example
Cas13 targets RNA instead of DNA [38,39]. CRISPR/Cas technology has a broad range of
applications within gene editing, e.g., DNA and RNA editing, genome screening, live-cell
imaging, virus and bacteria pathogen detection, inhibition, and killing, and gene therapy.
It is also well developed in cancer research, e.g., in discovering the role of mutations in
carcinogenesis by removing them from the genome, or creating cancer models by targeting
specific cancer suppressor genes which lead to tumor formation, or by removing the genes
that in consequence cause cancer cell death [39]. The application in cancer therapy was
proven by Lu et al. (2020) [53] in phase I clinical studies where T-cells with PD-1 gene
silencing done by CRISPR/Cas9 were administrated to the patients bearing non-small-cell
lung cancer. The treatment did not cause adverse effect, howeverit did not stop cancer
progression [53]. There is evidence that CRISPR/Cas9 could be used to overcome drug
resistance in cancer cells [51].

3.2.2. Application in Studies

This technique has a huge therapeutic potential. However, it also raises some ethical
controversies due to its ability to change human genome. Apart from its strongest advan-
tages, such as versatility, easiness to reach the target DNA, relatively high efficiency and
possibility to target multiple sites at once, CRISPR has its drawbacks [39,54]. The main one
is the off-target effect and induction of uncontrolled changes in the genome. Moreover,
there are problems with delivery in vivo and editing efficacy [51,54].



Int. J. Mol. Sci. 2023, 24, 319 7 of 16

In the studies conducted by Schimmel et al. (2017) [28], with the application of
CRISPR/Cas9 scientists were able to analyze, among others, TMEJ activity in mouse
embryonic stem cells. The CRISPR technology was used to obtain knockouts of POLQ,
Ku80, LIG4 genes and double knockouts, respectively. Moreover, the site-specific blunt
DSBs were introduced in marker gene HPRT. This allowed to measure how the mentioned
knockouts affect the frequency of mutations in this gene, which are the result of mutation-
prone repair, such as TMEJ. The results presented a decreased frequency of mutations
in POLQ knockout cells compared to wild type cells, while Ku80 and LIG4 knockouts
did not give any significant change in the mutation frequency compared to control cells.
Moreover, in double knockout of Ku80 and POLQ, the mutation frequency was even lower
than in POLQ depleted cells alone. Furthermore, the authors measured sensitivity of
the knockout cells to ionizing radiation. Both TMEJ- and NHEJ-depleted cells exhibited
increased sensitivity, compared to wild-type, even though the changes in the mutation
frequency were not observed in NHEJ knockouts. This analysis performed in the research
made it possible to conclude that TMEJ, next to NHEJ, contributes to error-prone repair of
DSBs in mouse embryonic stem cells. Secondly, in the case of an absence of the NHEJ repair
mechanism, TMEJ can replace it completely, however not in reverse. Finally, TMEJ repairs
DSBs with blunt ends and almost always requires microhomology near DNA break ends,
which was measured in the presence of simple deletions induced by Cas9-WT in exon 2
and 3 of HPRT gene [28].

In their studies, Ferreira da Silva et al. (2019) [33] examined the role of NHEJ and Polθ-
mediated a-EJ by inducing DNA breaks and knockouts with CRISPR-Cas9. The research
showed that NHEJ is the main repair pathway to repair Cas9-induced DSBs. This study
also confirmed that Polθ-mediated repair can substitute NHEJ when it is not present in
cells [33].

Further studies carried out by Mateos-Gomez et al. (2017) [7] showed the application
of CRISPR/Cas9 as well as shRNA in gene editing in mouse embryonic stem cells. Due to
the CRISPR/Cas9 knockout of the helicase and the polymerase domains of Polθ separately,
the scientists could prove their role in DSB repair, highlighting that the helicase domain
favors Polθ-mediated repair by removing RPA. One of the measured parameters was
frequency of chromosomal translocation, which is assumed to be caused by Polθ activity.
Lower frequency of translocation was reported when the helicase or polymerase domain
was depleted, which could lead to a conclusion that both are important for DNA ends
joining. Next, the authors observed increased accumulation of IR-induced RAD51 foci
regardless of which domain was depleted in cells. Moreover, with use of the CRISPR/Cas9
they performed HR-mediated gene targeting assay, revealing that both domains interact in
HR suppression. In addition, the usage of shRNA allowed to achieve additional BRCA1
gene knockout in the studied cells. In comparison to wild type cells, both types of double-
knockout cell lines, i.e., without either helicase or polymerase domain and BRCA1, exhibit
decreased growth. This experiment shows that helicase and polymerase activity of Polθ
is necessary for HR-deficient cells. In these assays, cells lacking a central domain which
interacts with RAD51 did not differ from wild type cells phenotype [7].

Moreover, Zhou et al. (2021) [13] used the CRISPR-Cas9 technology to knockout Polθ
to compare it with novobiocin effects on human cells. The results of this study are further
described below in Section 4.1.

Nevertheless, gene silencing is the most common application of CRISPR. The presented
studies demonstrates that CRISPR-Cas9 is a powerful and versatile tool, which often brings
better results than other methods of gene editing [38,55].

4. PolQ Inhibitors

The topic of Polθ inhibitors is still relatively new and not profoundly described in the
literature. Within the last two years, few studies have indicated three potential candidates
for Polθ inhibitors: novobiocin (NVB), ART588 with its isomers and RP-6685 [11–13].
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4.1. Novobiocin

A coumarin antibiotic referred to as novobiocin, derived from Streptomyces, has been
used to cure bacterial infections by attaching to the Bergerat fold present in the DNA Gyrase
B’s ATP-binding site [56,57]. Novobiocin was introduced to cancer studies because of the
similarity between DNA Gyrase and Heat shock protein 90 (Hsp90) structure [56]. Hsp90
is an evolutionarily conserved molecular chaperon responsible for maintaining over 300
client proteins, involved in crucial cell processes. Those proteins are also linked with ten
hallmarks of cancer. Therefore, Hsp90 was placed as a target of anticancer therapy using
NVB as its agent [57–59].

On the contrary to what was initially hypothesized, NVB was found to bind Hsp90 at
C-terminal region and inhibit it allosterically, instead of Bergerat fold located at N-terminal
ATP-binding site like in case of DNA Gyrase Moreover, it became the first C-terminal
Hsp90 inhibitor that did not cause the heat shock response [56,60]. However, research
disqualified NVB from antitumor activity due to its high half maximal inhibitory concen-
tration (IC50) value of approximately 700 µM. Nevertheless, based on those results, several
derivative compounds that could block the Hsp90 protein were discovered and synthe-
sized [57,58,60,61]. Furthermore, the researchers tried to involve NVB and its derivatives
in many other applications, e.g., neurological studies, as a treatment for neurodegenera-
tive disease. Together, these discoveries could give some perspective for the studies on
novobiocin as Polθ inhibitor, especially that Polθ share a similar structure to Hsp90 protein
considering the helicase domain with ATPase activity.

The studies on NVB targeting Polθ are performed independent on previous once and
so far, three original papers about NVB as Polθ inhibitor have been published. The following
section will summarize the most important findings of those studies [13,31,62]. To our
knowledge Zhou et al. (2021) [13] were the first to introduce NVB to Polθ inhibition. They
performed a broad-spectrum analysis (small-molecule screening, secondary screening in the
presence of ssDNA, P-based radiometric ATPase assay, dose–response and binding capacity
experiment, thermal shift assays, molecular docking), which revealed that novobiocin as a
specific inhibitor that binds directly to the helicase domain with ATPase activity, in vitro.
Moreover, referring to the previous application of NVB, the scientists excluded its off-target
activity on HSP90 and TOP2, a eukaryotic homolog of DNA Gyrase, suspected of being
responsible for the cytotoxic effect of NVB in HR-deficient cells. Research proves that NVB
particularly targets Polθ in human cells, which was examined by creating Polθ-knockout
cells with the CRISPR-Cas9 technology. These cells were more resistant to NVB treatment
than wild type cells [13].

NVB binds to the helicase domain of purified Polθ protein. This domain is crucial when
deciding whether DSBs will be repaired by HR or TMEJ. By its ability to dissociate RPA from
resected DNA ends, it promotes the annealing of microhomologies, and in consequence
the TMEJ pathway. Therefore, it is possible to assume that inhibition of polymerase
domain with NVB allows RPA action and leads to increase end resection mediated by
BLM/EXO1, which stimulate HR repair and block NHEJ at the same time [7,13]. In
cells with nonfunctional HR, excessive end resection may occur, accompanied by RPA
accumulation, which can lead to cell death. Additionally, the RAD51 accumulation is
predicted to be correlated with redundant DSB end resection, however not in PARPi
sensitive cells.

The described mechanism is well visible in studies on tumor xenografts of Zhou et al.
(2021) [13]. However, intensified end resection is also visible in PARPi resistant cells with
HR-restoration or HR-proficient U2OS, after treatment with NVB. The possible explanation
of this mechanism is that with continuous inhibition by NVB, HR may not be efficient
enough, so over-resected DNA ends and nonfunctional RAD51 accumulate and become
toxic for cells. Therefore, it is assumed that NVB could kill cells stimulating DSB end
resection or ssDNA and RAD51 accumulation [13].

Zhou et al. (2021) [13] investigated if NVB has a similar effect on cells as Polθ silencing
with other methods, such as siRNA knockdown. However, they demonstrated weaker
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RAD51 and H2AX foci formation after ionizing radiation (IR) in NVB treated cells than it
was confirmed in the studies of Ceccaldi et al. (2015) [8], where Polθ was knocked down by
siRNA. These results indicate that NVB inhibits Polθ, leading to DNA repair impairment.
Nevertheless, the effect might be weaker than inhibition achieved by siRNA.

In an animal model of mice with transplanted genetically engineered BRCA1-deficient
(BRCA1−/−) breast cancer, the animals treated with NVB had significantly smaller tumors
and lived almost three times longer than those treated with vehicle. In the next models of
mouse xenografts with FANCF-deficient and proficient ovarian cancer cell lines, the group
observed NVB effectiveness especially on FANCF-deficient tumors when the vehicle had
an impact on any of the cases. RAD51 foci were also generated in NVB-treated tumors [13].

Further, in vitro tests show that NVB significantly decreased the survival of BRCA1−/−

and BRCA2-deficient (BRCA2−/−) RPE1 cells and generates the apoptosis in comparison
to WT cells. Moreover, it induces DNA damage (chromosomal aberrations and radial
chromosomes) at a similar level as cytotoxic drug mitomycin C.

What should not be neglected in the context of Polθ inhibitors are PARP inhibitors
and PARPi resistance, one of the reasons for the studies on Polθi. Therefore, Zhou et al.
(2021) [13] examined the synergic activity of NVB, olaparib and rucaparib in HR-deficient
cells. A stronger effect of PARPi together with NVB than alone in HR-deficient cells was
demonstrated, and additionally NVB decreases the IC50 value of both PARP inhibitors in
BRCA1−/− and FANCF-deficient cells [13].

There are different hypotheses on the mechanism in which cells acquire PARPi resis-
tance. Moreover, it is possible that Polθ is involved in this mechanism and its inhibition
could resolve this problem [11,19,63]. Research shows that NVB can deal with not only
one PARPi resistance mechanism. Zhou et al. (2021) [13] created clones of BRCA1−/−

RPE1 (Human Retinal Pigment Epithelial-1) cells resistant to PARPi in at least two different
mechanisms, i.e., replication fork stabilization and HR restoration visible via RAD51 foci
accumulation. Interestingly, the BRCA1 re-expression was not observed, which was unex-
pected since the protein interacts with PALB2 and BRCA2 at DNA damage site, indirectly
facilitating RAD51 filament formation [64]. It was revealed that one of the clones exhibit
lower expression of Shieldin complex component and the other clone decreased expression
of 53BP1. Thus, a possible mechanism of HR repair resumption could emanate from the
downregulation of the Shieldin complex and further NHEJ repair downregulation [65,66].
Importantly, all the clones kept comparable responsiveness to NVB as parental BRCA1−/−

RPE1, not resistant to PARPi. To prove that the NVB effect on cells comes from Polθ
inhibition, the researchers genetically depleted Polθ in those clones and parental cells, as
well as BRCA1 wild type cells. This influenced HR-deficient cells, which was visualized
in a decreased survival rate but not wild type RPE1 cells, leading to conclusion that Polθ
inhibition is the most effective in HR-deficient cells. Similarly, two cancer cell lines derived
from patients with PARPi-resistance obtained via two different mechanisms, described
above, were sensitive to NVB treatment, while the resistance to olaparib lasted. Moreover,
after insertion of wild type BRCA1 cDNA to cells, POLQ expression and NVB sensitivity
were lower. The results described above may lead to a conclusion that HR-deficient cells do
not develop cross-resistance to NVB and PARP inhibitors. Moreover, said PARPi resistance
mechanisms are independent on BRCA1 and most probably depend on Shieldin complex
functioning [13].

However, Zhou et al. (2021) [13] discovered that NVB cannot omit each mechanism
of PARPi resistance, namely, BRCA2 gene somatic reversion. The BRCA2-deficient cells,
with acquired PARPi resistance via this mechanism, did not react either to PARPi or NVB.
The mentioned results were reflected also in vivo in patient-derived xenografts. Therefore,
there is no clear evidence that Polθ plays a role in PARPi resistance, at least a mechanism is
not yet known.

As mentioned above, authors of various studies claim that POLQ mRNA expression
is upregulated in HR-deficient cancer cells [8–10,26,27]. Research proved that elevated
expression of POLQ mRNA and protein is specific for HR-deficient cells such as BRCA1−/−
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cells, and it is correlated with cell sensitivity to NVB, since BRCA1−/− PARPi resistance cell
lines also exhibit higher POLQ mRNA expression. These observations were also confirmed
in vivo in HR-deficient patient-derived xenograft models. Moreover, the cells, which
develop PARPi resistance by BRCA2 somatic reversion, expressed low levels of Polθ, which
could indicate that this protein is not necessary for them. In conclusion, Polθ expression
could serve as a biomarker of responsiveness to NVB and could be applied in the treatment
for patients in the future [13].

To conclude, the publication of Zhou et al. (2021) [13] is the first to present studies
on NVB in the role of Polθi, in vitro and in vivo, establishing NVB IC50 value at the level
of 100 µM. It highlights the promising role of NVB in killing HR-deficient cells compared
to wild type cells. Moreover, NVB enhances the cytotoxic effect of PARP inhibitors in the
said cells. Most importantly, this study assumes that NVB can be used either alone or in
combination with PARPi to deal with HR-deficient tumors, even in the case of developed
PARPi resistance. The research shows that NVB preferentially kills HR-deficient cells both
in vitro and in vivo [13].

Similar results were observed in studies of Patterson-Fortin et al. (2022) [62] who
used DNA-PK inhibitor, namely peposertib. Performed CRISPR screening revealed that
depletion of POLQ sensitizes cells to this inhibitor. Moreover, cancer cells with DNA-PK
depletion achived in two ways by knockout or treatment with peposertib show upregulated
level of Polθ and consequently revealed hypersensitivity to NVB, showing synthetically
lethal interaction between these two repair mechanisms. The inhibition of Polθ by NVB
and DNA-PK with peposertib induces a toxic level of DSB end-resection. This effect
was shown and confirmed in increased RPA, BrdU, γH2AX foci, and ssDNA fragments.
Further analysis, which supports the results provided above, showed enhanced RAD51
foci accumulation, increased DNA damage visualized in comet assay and induction of
apoptosis. Therefore, this research presents evidence that the inhibition of both TMEJ and
NHEJ repair pathways leads to excessive end resection, and in consequence cell death [62].

Another experiment also proved the convergent effect of NVB, peposertib and TP53
knockout. The cells with TP53 knockout revealed increased sensitivity to NVB and, in
combination with peposertib, it significantly lowers its possible used dose. This mechanism
was correlated with increased Polθ expression. Presented results were confirmed also
in patient-derived ovarian cancer organoids with TP53 mutations, showing a drop in
viability due to the toxic level of DSB end-resection. What is more, the combination of
the treatment with NVB and peposertib leads in vivo to a decrease of tumor growth in
mice. Although NVB influence tumor growth alone, together, the inhibitors demonstrate a
stronger effect [62].

In conclusion, all findings demonstrate synthetical lethality between Polθ and DNA-
PK, the crucial protein of the NHEJ pathway, as well as potency of their dual inhibition
in cells lacking TP53. Moreover, cells lacking BRCA1 and BRCA2 also exhibited hyper-
sensitivity to the combination of NVB and peposertib, which may suggest that not only
Polθ is important for HR-deficient cells survival, but also DNA-PK. This indicates a next
step in the development of cancer treatment based on Polθ inhibition, particularly with
novobiocin [62].

In other studies, researchers apply NVB to inhibit Polθ in cancer cells HCT116, as well
as create Polθ knockout by CRISPR, method that was mentioned above in chapter 3 [31].
They used NVB to investigate additional Polθ activity in intra-chromosomal fusion gen-
erated by TALEN. The research proved discriminatory Polθ inhibition and reduction of
EJ repair by half with an NVB dose of 100 µM. The same dose of NVB did not impact the
viability of Polθ depleted cells. However, it significantly decreased the viability of WT cells.
On the other hand, NVB did not reduce the frequency of intra-chromosomal fusion in WT
cells, but it did only in the cells with changed POLQ expression, both surplus and deficient.
Therefore, the authors assume that this process might be regulated by mechanisms depen-
dent and independent on Polθ, leading to the conclusions that NVB may have an influence
on cells by targeting not only Polθ [31].
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The recruitment of the compounds targeting Polθ helicase domain, similarly to NVB,
in oncologic patients with HR-deficiency is reported by Ideaya Bioscience (San Francisco,
CA, USA), (https://www.ideayabio.com/pipeline/; accessed on 20 October 2022) [13,67].
The past experience of introducing NVB to clinical trial with rather poor results was not
very encouraging. However, then, NVB application was not combined with any DNA
repair deficiency. Nevertheless, it paves the way for future research [68].

4.2. ART558

Similarly to NVB, only three original papers using ART558 as Polθ inhibitor have been
published so far and only several reviews mention it [4,11,18,21,24,32,62,67]. The first one
to report were Zatreanu et al. (2021) [11] carried out screening of around 165,000 inhibitors
against Polθ polymerase activity. Based on that assay, ART558, a small molecule inhibitor,
was selected with most suitable results of the IC50 value (7.9 nM), solubility, and LogD [11].

It is worth pointing out that ART558 has a different mechanism of action compared to
NVB since it targets the polymerase domain of Polθ. It binds to the allosteric binding site of
the Polθ polymerase catalytic domain and enhances Polθ thermal stability in the presence
of DNA. An isomer of ART558, namely ART615, was also discovered. However, this
compound shows poor Polθ inhibition at higher concentration than in case of ART558 (at
12 µM). Therefore, it was used as a control compound to ART558 in the study of Zatreanu
et al. (2021) [11]. It was also demonstrated that ART558 is specific to polymerase theta
because it does not inhibit other polymerases, such as Polα, Polγ, Polη, and Polν, and any
other kinases, including PARP1 and PARP2, even at 10 µM concentration [11].

Polθ inhibition by ART558 exhibits a synthetically lethal effect with HR repair genes,
such as BRCA2, similar to the inhibition via siRNA. A model of BRCA2−/−, cells resistant
to the PARP inhibitor, was used to visualize the mechanism. The cells reveal sensitivity to
ART558, but not to ART615. Furthermore, similarly to genetic silencing of Polθ, ART558
treatment with olaparib disturbs BRCA2−/− cells survival, confluency and induces apop-
tosis much stronger than in wild type BRCA2-proficient cells. In addition, the scientists
observed that ART558 induces several events related to DNA damage and its level is higher
in the knockout cells versus wild type, including accumulated lasting γH2AX foci elevated
micronuclei formation and chromosomal abnormalities [11].

Responsiveness of BRCA2−/− cells was also proven in a model of CAPAN1 (pancreatic
ductal adenocarcinoma tumor) cells derived from the tumor with naturally occurring
BRCA2 mutation. Based on the application of these cells and their modification with a
restored open-reading frame of BRCA2, the research shows significantly lower sensitivity
of the cells with restored BRCA2 to ART558 compared to the BRCA2−/− cells. What is
more, it was confirmed using genomic databases that CAPAN1 appeared to be one of the
most sensitive cell lines to Polθ inhibition among other 249 BRCA-deficient tumors [11].

Along with BRCA2, a dual synthetically lethal effect was demonstrated between Polθ
inhibition by ART558 and PARP by olaparib in BRCA1−/− RPE1 cells. Meanwhile, ART558
in the same concentration, which influenced knockout cells, had a minimal effect on normal
human mammary epithelial cell lines or BRCA-gene wild type triple-negative breast tumor
cells. ART558 sensitivity was also confirmed ex vivo in tumor organoid derived from
BRCA1-mutant breast cancer, which was also sensitive to olaparib. The sensitivity was
observed as decreased surviving fraction compared to BRCA1 wild type organoids. The
presented results highlight the synthetically lethal interaction between Polθ and BRCA1 or
BRCA2 [11].

In order to recognize other factors that could sensitize cells to mentioned inhibitors,
the researchers conducted chemosensitization screens to ART558 and olaparib with the use
of siRNAs in BRCA1−/− and wild type RPE1 cells. In case of ART558 in wild type cells,
siRNAs targeting the following genes caused sensitivity: BRCA1, PALB2, POT1 and POLH.
BRCA1 and PALB2 also appeared in olaparib sensitivity screening, which could be expected
due to their role in HR. However, the role of POT1 and POLH genes is not clear in this
mechanism. POLH encodes polymerase η which is involved in translesion synthesis, and
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its overexpression is correlated with shorter survival of patients with lung cancer, similarly
to Polθ [69]. On the other hand, POT1 encodes one of Shelterin proteins, responsible for
telomeres protection and telomerase regulation, the crucial processes for cell survival [70].
Thus, increased sensitivity to ART558 in absence of POT1 may arise from the mechanism
independent on DNA repair. In BRCA1−/− cells, the most important observation was that
siRNAs targeting genes encoding proteins from the Shieldin complex induced sensitivity
to ART558, which was not reported in cells with BRCA1. Also, genetic screens in mice with
POLQ knockout revealed such a correlation between components of the Shieldin complex
and Polθ depletion. The cited results may suggest that ART558 could be used to overcome
PARPi resistance acquired by depletion of Shieldin complex elements in BRCA1−/− cells
by a mechanism of dual synthetic lethality, which also agrees with the results obtained by
Zhou et al. (2021) [11].

Establishing various cell models of gene knockouts and their compilation, i.a., BRCA1,
53BP1, and Shieldin components: SHLD1/2/3, with POLQ, it was found that it gives a
synthetic lethal effect. Moreover, the cell models possessing above mutations separately,
reveal sensitivity to ART558, whereas staying resistant to olaparib [11].

The promising results of in vitro studies were shadowed by the fact that ART558
exhibits low in vivo metabolic stability in rats microsomes. Thus, if ART558 is to be intro-
duced in clinical trials, this issue must be resolved. Nevertheless, the authors used another
inhibitor, ART812, in the part of in vivo studies. It is important point for improvement for
this inhibitor. Further, it was observed that tumors established in the rats with introduced
double knockout BRCA1 and SHLD2 breast cancer cells were significantly smaller after
treatment with ART812 [11].

Patterson-Fortin et al. (2022) [62], mentioned above in the context of novobiocin, also
applied ART558. The results were consistent with the one obtained for NVB and confirmed
the synthetically lethal relationship of Polθ and DNA-PK, while demonstrating increased
cytotoxicity during the treatment with both inhibitors, ART558 and peposertib [62].

Other research group used ART558 in the treatment of transformed mouse embryonic
fibroblast cells in extrachromosomal assay [24]. The intention of the experiment was to
evaluate role of PARP1 and its inhibition in TMEJ. The study confirmed that a fully depleted
function of PARP1 has a merely moderate effect in TMEJ disruption, which may help to
understand why double inhibition of Polθ and PARP has a greater impact in the treatment
of HR-deficient cancer cells [24].

The cited studies summarize the application of ART558 as a Polθ inhibitor. ART558 has
a potential to be applied in cells resistant to PARP inhibitors and could be used in therapy
alone or in combination with PARPi. Moreover, research proved the synthetically lethal
interaction between Polθ and HR repair mechanism [11,24]. In addition, the derivative of
ART812, ART4215, was introduced to clinical trials by the pharmaceutical company Artios
Pharma Ltd. (Cambridge, UK). However, there is still much work that needs to be done to
develop a sufficient therapeutic method based on the use of this inhibitor [11,18,32,71].

4.3. RP-6685

Recently, research on a new Polθi, RP-6685, was published by Bubenik et al. (2022) [12].
The authors discovered, synthesized, and characterized, via multiple biopsychical methods,
a potent, selective, and orally bioavailable inhibitor of Polθ polymerase domain, similarly
to ART558. The compound in in vitro and in vivo tests on cancer cells and mouse xenograft
models, also HR-deficient, gives promising results. HEK293 LIG4-deficient cells exhibit
decreased activity of Polθ-mediated repair pathway, after the treatment with RP-6685.
Moreover, BRCA2−/− HCT116 cells revealed a lower proliferation rate caused by RP-6685
treatment. In addition, the mice model with the BRCA2−/− xenograft showed decrease of
the tumor growth after first eight days of inhibitor administration, compared to vehicle.
However, this effect did not last till the end of the 21st day of treatment. Nevertheless,
the publication is rather focused on physicochemical characterization. Therefore, in our
opinion, broader research is necessary for this inhibitor [12].
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5. Conclusions and Prospects

Polθ may play a significant role in the human organism and be even more important
in tumors. The level of its expression is elevated in cancer cells, while the depletion
of Polθ achieved in various ways, genetically or chemically, leads to cancer cell death,
especially in HR-deficient cells [8–11,13,62]. It is therefore difficult to distinguish the most
efficient strategy to inhibit or knockout Polθ protein. However, with increasing knowledge
and development, the CRISPR/Cas9 technology seems to be the most promising genetic
method. Nevertheless, due to ethical issues, it is still not available for patient therapies, on
the contrary to small-molecule inhibitors [38,39,55].

The discovery of Polθ and its inhibitors is undoubtedly a next chapter in cancer
treatment. Nevertheless, Polθi research is in early stages and clinical studies are needed to
prove their potency. There are high expectations that Polθi will be introduced into cancer
therapies, however it is possible that cancer cells will also develop resistance to Polθi,
similarly to the case with PARPi [11,13,24,31,51,62,72,73].

If Polθi eventually become registered anticancer drugs, combining them with inhibitors
of other DNA-repair proteins such as PARP1, as well as using them in monotherapy could
be tested in patients [11,13].

Attention should also be paid to the identification of biomarkers that could indicate
tumors which are sensitive to Polθ inhibition. The level of Polθ expression itself could
serve as a biomarker [13,62,73].

To summarize, Polθ inhibitors, such as novobiocin, ART558, and ART812, respec-
tively, lead to the death of cancer cells both in vitro and in vivo, mostly in the case of
HR-deficient cells. They induce biomarkers of DNA damage, such as RAD51 and RPA
foci, γH2AX foci, or micronuclei formation, which may give satisfying results at the stage
of pre-clinical research. Both small molecules, or compounds synthesized based on them,
are being introduced in clinical trials. Therefore, many scientists are waiting impatiently
for the results of the next steps of studies on NVB and ART558 as well as new candi-
dates for Polθi [11,13,18,32,62,67]. Moreover, a newly discovered inhibitor, RP-6685, shows
promising results in vitro and in vivo in reducing cancer development [12].

Polθ inhibitors and new Polθ synthetically lethal interactions are fast developing
research topics. Results of research showing a new synthetically lethal interaction between
novobiocin and DNA-PK inhibitor peposertib were published in August 2022 [62]. This
illustrates the potential of the research in this topic and how much is still to be discovered.
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50. Savić, N.; Schwank, G. Advances in therapeutic CRISPR/Cas9 genome editing. Transl. Res. 2016, 168, 15–21. [CrossRef]
51. Vaghari-Tabari, M.; Hassanpour, P.; Sadeghsoltani, F.; Malakoti, F.; Alemi, F.; Qujeq, D.; Asemi, Z.; Yousefi, B. CRISPR/Cas9 gene

editing: A new approach for overcoming drug resistance in cancer. Cell. Mol. Biol. Lett. 2022, 27, 49. [CrossRef]
52. Ma, Y.; Zhang, L.; Huang, X. Genome modification by CRISPR/Cas9. FEBS J. 2014, 281, 5186–5193. [CrossRef]
53. Lu, Y.; Xue, J.; Deng, T.; Zhou, X.; Yu, K.; Deng, L.; Huang, M.; Yi, X.; Liang, M.; Wang, Y.; et al. Safety and feasibility of

CRISPR-edited T cells in patients with refractory non-small-cell lung cancer. Nat. Med. 2020, 26, 732–740. [CrossRef] [PubMed]
54. Redman, M.; King, A.; Watson, C.; King, D. What is CRISPR/Cas9? Arch. Dis. Child. Educ. Pract. Ed. 2016, 101, 213–215.

[CrossRef] [PubMed]
55. Boettcher, M.; Mcmanus, M.T. Choosing the Right Tool for the Job: RNAi, TALEN or CRISPR. Mol. Cell 2015, 58, 575–585.

[CrossRef] [PubMed]
56. Pugh, K.W.; Zhang, Z.; Wang, J.; Xu, X.; Munthali, V.; Zuo, A.; Blagg, B.S.J. From Bacteria to Cancer: A Benzothiazole-Based DNA

Gyrase B Inhibitor Redesigned for Hsp90 C-Terminal Inhibition. ACS Med. Chem. Lett. 2020, 11, 1535–1538. [CrossRef]
57. Hyun, S.Y.; Le, H.T.; Nguyen, C.T.; Yong, Y.S.; Boo, H.J.; Lee, H.J.; Lee, J.S.; Min, H.Y.; Ann, J.; Chen, J.; et al. Development of

a novel Hsp90 inhibitor NCT-50 as a potential anticancer agent for the treatment of non-small cell lung cancer. Sci. Rep. 2018,
8, 13924. [CrossRef]

http://doi.org/10.3390/cancers13061392
http://doi.org/10.1073/pnas.1921791117
http://doi.org/10.1093/narcan/zcac020
http://www.ncbi.nlm.nih.gov/pubmed/35774233
http://doi.org/10.1002/1878-0261.13272
http://www.ncbi.nlm.nih.gov/pubmed/35708734
http://doi.org/10.1038/s41598-019-52078-9
http://doi.org/10.1111/nph.15680
http://www.ncbi.nlm.nih.gov/pubmed/30636294
http://doi.org/10.18632/oncotarget.11214
http://www.ncbi.nlm.nih.gov/pubmed/27533083
http://doi.org/10.1371/journal.pgen.1008319
http://www.ncbi.nlm.nih.gov/pubmed/31381562
http://doi.org/10.18632/oncotarget.9646
http://doi.org/10.1007/s11033-022-07442-w
http://doi.org/10.1007/s11033-022-07519-6
http://doi.org/10.1177/154405910808701109
http://doi.org/10.1016/j.ejphar.2021.174178
http://www.ncbi.nlm.nih.gov/pubmed/34044011
http://doi.org/10.1186/1743-422X-7-248
http://www.ncbi.nlm.nih.gov/pubmed/20858246
http://doi.org/10.1002/jps.20968
http://www.ncbi.nlm.nih.gov/pubmed/17518360
http://doi.org/10.1016/j.addr.2009.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19389436
http://doi.org/10.1089/nat.2017.0715
http://doi.org/10.4161/org.4.3.6642
http://doi.org/10.1242/bio.018028
http://doi.org/10.1016/j.trsl.2015.09.008
http://doi.org/10.1186/s11658-022-00348-2
http://doi.org/10.1111/febs.13110
http://doi.org/10.1038/s41591-020-0840-5
http://www.ncbi.nlm.nih.gov/pubmed/32341578
http://doi.org/10.1136/archdischild-2016-310459
http://www.ncbi.nlm.nih.gov/pubmed/27059283
http://doi.org/10.1016/j.molcel.2015.04.028
http://www.ncbi.nlm.nih.gov/pubmed/26000843
http://doi.org/10.1021/acsmedchemlett.0c00100
http://doi.org/10.1038/s41598-018-32196-6


Int. J. Mol. Sci. 2023, 24, 319 16 of 16

58. Forsberg, L.K.; Davis, R.E.; Wimalasena, V.; Blagg BS, J. Exploiting Polarity and Chirality to Probe the Hsp90 C-terminus. Bioorg.
Med. Chem. 2019, 26, 3096–3110. [CrossRef]

59. Zhou, X.; Wen, Y.; Tian, Y.; He, M.; Ke, X.; Huang, Z.; He, Y.; Liu, L.; Scharf, A.; Lu, M.; et al. Heat Shock Protein 90α-Dependent
B-Cell-2-Associated Transcription Factor 1 Promotes Hepatocellular Carcinoma Proliferation by Regulating MYC Proto-Oncogene
c-MYC mRNA Stability. Hepatology 2019, 69, 1564–1581. [CrossRef]

60. Garg, G.; Forsberg, L.K.; Zhao, H.; Blagg BS, J. Development of Phenyl Cyclohexylcarboxamides as a Novel Class of Hsp90
C-terminal Inhibitors. Chemistry 2017, 23, 16574–16585. [CrossRef]

61. Forsberg, L.K.; Liu, W.; Holzbeierlein, J.; Blagg, B.S.J. Modified Biphenyl Hsp90 C-terminal Inhibitors for the Treatment of Cancer.
Bioorg. Med. Chem. Lett. 2017, 27, 4514–4519. [CrossRef] [PubMed]

62. Patterson-Fortin, J.; Bose, A.; Tsai, W.C.; Grochala, C.; Nguyen, H.; Zhou, J.; Parmar, K.; Lazaro, J.B.; Liu, J.; McQueen, K.; et al.
Targeting DNA Repair with Combined Inhibition of NHEJ and MMEJ Induces Synthetic Lethality in TP53-Mutant Cancers.
Cancer Res. 2022, 88, 3815–3829. [CrossRef] [PubMed]

63. Higgins, G.S.; Boulton, S.J. Beyond PARP-POLθ as an anticancer target. Science 2018, 359, 1217–1219. [CrossRef] [PubMed]
64. Wu, J.; Lu, L.Y.; Yu, X. The role of BRCA1 in DNA damage response. Protein Cell 2010, 1, 117–123. [CrossRef] [PubMed]
65. Noordermeer, S.M.; Adam, S.; Setiaputra, D.; Barazas, M.; Pettitt, S.J.; Ling, A.K.; Olivieri, M.; Álvarez-Quilón, A.; Moatti, N.;

Zimmermann, M.; et al. The shieldin complex mediates 53BP1-dependent DNA repair. Nature 2018, 560, 117–121. [CrossRef]
[PubMed]

66. Dev, H.; Chiang, T.W.; Lescale, C.; de Krijger, I.; Martin, A.G.; Pilger, D.; Coates, J.; Sczaniecka-Clift, M.; Wei, W.; Ostermaier, M.;
et al. Shieldin complex promotes DNA end-joining and counters homologous recombination in BRCA1-null cells. Nat Cell Biol.
2018, 20, 954–965. [CrossRef] [PubMed]

67. Zahn, K.E.; Jensen, R.B. Polymerase θ Coordinates Multiple Intrinsic Enzymatic Activities during DNA Repair. Genes 2021,
12, 1310. [CrossRef]

68. Eder, J.P.; Wheeler, C.A.; Teicher, B.A.; Schnipper, L.E. A phase I clinical trial of novobiocin, a modulator of alkylating agent
cytotoxicity. Cancer Res. 1991, 51, 510–513.

69. Makridakis, N.M.; Reichardt, J.K.V. Translesion DNA polymerases and cancer. Front. Genet. 2012, 3, 174. [CrossRef]
70. de Lange, T. Shelterin: The protein complex that shapes and safeguards human telomeres. Genes Dev. 2005, 19, 2100–2110.

[CrossRef]
71. Available online: https://clinicaltrials.gov/ct2/show/NCT04991480 (accessed on 15 November 2022).
72. Baxter, J.S.; Zatreanu, D.; Pettitt, S.J.; Lord, C.J. Resistance to DNA repair inhibitors in cancer. Mol. Oncol. 2022, 16, 3811–3827.

[CrossRef] [PubMed]
73. Carvajal-Maldonado, D.; Wood, R.D. Regulating Polθ in Breast Cancer. Cancer Res. 2021, 81, 1441–1442. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.bmc.2018.04.028
http://doi.org/10.1002/hep.30172
http://doi.org/10.1002/chem.201703206
http://doi.org/10.1016/j.bmcl.2017.07.030
http://www.ncbi.nlm.nih.gov/pubmed/28844386
http://doi.org/10.1158/0008-5472.CAN-22-1124
http://www.ncbi.nlm.nih.gov/pubmed/35972384
http://doi.org/10.1126/science.aar5149
http://www.ncbi.nlm.nih.gov/pubmed/29590065
http://doi.org/10.1007/s13238-010-0010-5
http://www.ncbi.nlm.nih.gov/pubmed/21203981
http://doi.org/10.1038/s41586-018-0340-7
http://www.ncbi.nlm.nih.gov/pubmed/30022168
http://doi.org/10.1038/s41556-018-0140-1
http://www.ncbi.nlm.nih.gov/pubmed/30022119
http://doi.org/10.3390/genes12091310
http://doi.org/10.3389/fgene.2012.00174
http://doi.org/10.1101/gad.1346005
https://clinicaltrials.gov/ct2/show/NCT04991480
http://doi.org/10.1002/1878-0261.13224
http://www.ncbi.nlm.nih.gov/pubmed/35567571
http://doi.org/10.1158/0008-5472.CAN-20-4253
http://www.ncbi.nlm.nih.gov/pubmed/33723002

	Introduction 
	The Role of Pol—Mediated TMEJ 
	Different Strategies for Pol Suppression 
	RNA Interference Technique—siRNA and shRNA 
	Description of the Technique 
	Application in Studies 

	CRISPR/Cas9 Technology 
	Description of the Technique 
	Application in Studies 


	PolQ Inhibitors 
	Novobiocin 
	ART558 
	RP-6685 

	Conclusions and Prospects 
	References

