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Abstract
Mutagenesis is an essential process responsible for tumorigenesis as well as resistance to anticancer therapies. A significant
number of mutations harbored by cancers arise because of faulty replication and/or repair mainly due to error-prone DNA
polymerase activity. Targeting this polymerase group could, therefore, be of help in finding novel compounds to treat cancer
either in monotherapy or, more likely, in combination with other chemotherapeutic drugs. The race towards error-prone
polymerase therapy is currently ongoing, as several compounds with ability to inhibit error-prone polymerases have been
identified and are currently being tested at different development preclinical and clinical stages. In this work, we review the
state of the art in error-prone DNA polymerase therapy as this unique therapeutic approach could increase chemotherapy
cytotoxicity while decreasing unwanted off-target effects and reducing resistance rates.
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Introduction
Mutagenesis is one of the main characteristics of cancer. Agents such as tobacco, ionizing radiation or
malfunctioning mitochondrial electron transport chain exert their cancer-inducing ability by causing DNA damage and
subsequent mutagenesis. Fortunately, mutagenesis is counteracted by specialized DNA damage repair mechanisms that
preserve genomic integrity and physiological cell function. Improper function of such DNA repair machinery or the
impossibility to fix all damage causes a mutation-prone DNA replication state called genomic instability, a scenario
which has been strongly linked to cancer over the last decades [1]. The accumulation of mutations is, indeed, involved
in all neoplastic processes -from tumor establishment to histologic evolution, therapy resistance, metastatic tumor
spread and appearance of therapy-induced secondary neoplasias. Thereby, defective DNA repair and DNA damage
tolerance during replication have a central role in all cancer stages, and their study provides useful insights in disease
pathogenesis as well as drug development and prevention of resistance to therapies [2].

Roles of Error-Prone DNA polymerases
Regarding DNA damage tolerance and repair pathways, DNA polymerases -especially the “error- prone”
polymerase group- are the ultimately responsible factor accounting for mutagenesis. Here we consider “error-prone
DNA polymerases” as those which exhibit reduced fidelity when copying undamaged DNA in B-form, following the
criteria stated by Vaziri et al. [2]. This group includes the translesion synthesis (TLS) polymerases Polη, Polι, Polκ,
Rev1, and Polζ, that allow replication through DNA lesions (thus preventing the stalling of the replicative polymerases),
DNA repair polymerases Polβ, Polλ, Polµ, Polθ, and Polν, and a specific DNA primase/polymerase, PrimPol, which
facilitates replication across damaged DNA (Table 1).
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Table 1. Error-prone DNA polymerases and features
Error-prone
polymerase
Polη
Polι
Polκ
Rev1
Pol ζ
Pol β
Pol λ
Pol µ
Pol θ
Pol ν

Family
Y
Y
Y
Y
B
X
X
X
A

Canonical pathway
assignment
TLS
TLS
TLS
TLS
TLS extension
BER
NHEJ
NHEJ
TMEJ

A

End processing?
TLS, re-priming stalled
PrimPol
PrimPol
forks
TLS: Translesion Synthesis; BER: Base Excision Repair;
NHEJ: Non-Homologous End-Joining; TMEJ: ThetaMediated End-Joining. Adapted from Vaziri et al., 2021 [2].

Polη, Polι, Polκ and Rev1 belong to the Y-family. Polη active site can accommodate and subsequently bypass both
UV-induced cis-syn T-T dimers and crosslinked G-G adducts commonly formed during cisplatin chemotherapy. Pol
iota, which is considered as "the most mutagenic DNA polymerase", promotes Hoogteen base-pairing. Its replication
fidelity highly depends on the template nucleotide and its error-proneness is significantly higher opposite to purine
templates than to pyrimidines templates. On the other hand, Polκ is specialized in the extension step that follows the
lesion bypass process and can also conduct TLS opposite guanine DNA adducts caused by carcinogens like benzopyrene.
Finally, Rev1 is a highly specialized DNA polymerase displaying a marked preference for inserting only dCMP opposite
a template G and several DNA lesions [3]. Besides, Rev1 has also an important non-catalytic role serving as a scaffolding
protein in the assembly of TLS complexes [4].
Polζ (belonging to the B-family) is a multi-subunit DNA polymerase displaying an intermediate error rate between
a replicative polymerase and a Y-family TLS polymerase. Polζ is involved in direct TLS of chemical adducts in the DNA
(as cisplatin and aflatoxin) or photoproduct sites that are covalent DNA lesions induced by UV-radiation and it is
recruited to sites of DNA-protein crosslinks and interstrand crosslinks. Polζ usually works in coordination with a second
TLS polymerase (as Polη) that firstly incorporates a nucleotide opposite the lesion, whereas Polζ is the main responsible
for the extension of the next nucleotide [5].
Polβ, Polλ and Polµ belong to the X-family, which is primarily involved in DNA repair but can also participate in
the TLS process. While Polβ essentially takes part in the Base Excision Repair (BER) of oxidative damage, Polλ can also
contribute to this process [6]. Polλ and Polµ are key players in the Non- Homologous End Joining (NHEJ) repair
mechanism of double-strand breaks (DSBs). NHEJ is the predominant pathway in human cells and repairs up to ∼80%
of all DSBs [7]. As the two DNA ends of the DSB are brought together, and frequently processed to gain microhomology
for ligation, NHEJ is considered to be intrinsically mutagenic, in comparison with the more accurate DSB repair by
homologous recombination. Polλ and Polµ are involved in processing the synapsed ends to facilitate end-joining, having
a complementary, non-redundant role in this process [8-9].
Polθ and Polν -from the A-family- are low fidelity nuclear polymerases that take part both in DNA repair and TLS.
Polθ has a crucial role in the alternative end-joining (altEJ) branch of the DSB repair pathway, which directly ligates
partially resected DNA ends together, having a relevant role in cancer [10]. Polν has a unique error signature, which
reflects stable misincorporation of dTMP opposite template G, at average rates that are much higher than for
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homologous A family members [11]. Although its biological functions are unknown, Polν has been implicated in DNA
repair and in TLS [4].
PrimPol is the second primase in human cells and belongs to the Archaeo-Eukaryotic superfamily of primases [12].
PrimPol has both DNA primase and TLS polymerase activities [13], efficiently bypassing 8oxoG lesions by incorporation
of the error prone dATP or the error free dCTP [13-14]. In addition, PrimPol bypasses non-readable lesions as thymine
dimer or abasic sites by a microhomology-directed primer realignment mechanism by which the lesion is skipped
[15,16]. Therefore, it can contribute to mutagenesis as an error-prone DNA polymerase during DNA replication. In vivo,
PrimPol has been shown to support normal fork progression rate in the nucleus and the mitochondria [15-17] and
releasing replication stress induced by DNA of lesions as UV light, obstacles as G-quadruplexes or DNA interstrand
crooslinks [15-18,19]. PrimPol-deficient mice and siRNA-depleted human cells were viable but showing large symptoms
of genomic instability, very likely related to the augmented DNA replication stress in these cells [15]. Thus, it is likely
that PrimPol will prevent replication stress induced by chemotherapy avoiding the desired genomic instability
catastrophe that would kill cancer cells.

Error-prone DNA polymerases dysregulation in cancer
Carcinogenesis has long been linked to dysregulation of many of the previously mentioned polymerases. In fact,
cancer-inducing mutations are often a consequence of an imbalanced activity of error-free and error-prone DNA
polymerase repertoires. This situation of disparity can arise due to at least three different mechanisms. Mutations or
polymorphisms can turn error-free replicative DNA polymerases into error-prone, as observed by the finding of an
increased susceptibility to different cancer types as consequence of germline mutations in the replicative Polδ and Polε.
Alternatively, aberrant overexpression of error-prone DNA polymerases may be pro-mutagenic especially if said
situation accounts for a competitive advantage, which is frequent with polymerases that share the same replisomeassociation mechanism. Indeed, overexpression of Polβ, Polλ and Polι has been observed in many different tumor types
[20]. Finally, overexpression of DNA polymerase pathway components -including activators and degradation
components- can also affect genomic stability and induce carcinogenesis [2].
Importantly, error-prone DNA polymerase expression is not only linked to mutagenesis but also to therapy
resistance. Among them, the TLS polymerase group deserves a special mention. Overexpression of Polη causes
resistance to cisplatin while tumoral cells with lower levels of Polη induce an increased sensitivity to cisplatin therapy
[21]. Accordantly, mRNA expression of Polη associates with reduced survival rates in cancer patients receiving platinum
chemotherapy [22]. Regarding Polι, it is overexpressed in breast cancer tumors and in 30% of gliomas, which are more
lethal than Polι-negative gliomas [23].

Unspecific inhibition of DNA polymerases as a therapeutic strategy in cancer
According to the aforementioned information regarding the role of error-prone polymerases in carcinogenesis,
cancer prognosis and therapy resistance, it is not a big surprise that they emerged as potential therapeutic targets indeed, two of the most widely used therapeutic approaches in cancer are based on DNA polymerase inhibition in order
to stall and prevent DNA replication [1].
Nucleoside analogs or “antimetabolites”
The addition of a “suicide” nucleoside analog is an efficient way to terminate DNA synthesis. These nucleotides
contain simple alterations to the deoxyribose moiety and lack a usable 3’-OH group for elongation; thus, when
incorporated into the nascent strand during DNA replication, cause the stalling of the replication forks which ultimately
induces cell apoptosis. This therapeutic group is termed “antimetabolites” and represents the largest class of anticancer
drugs used in the clinic, comprising about 20% of all chemotherapy drugs.
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The two more representative -and widely used- compounds from this group are fludarabine and gemcitabine.
Fludarabine is currently one of the most effective purine analogs used mainly in indolent B-cell malignancies and
chronic lymphocytic leukemia. Once incorporated opposite thymine, fludarabine causes most DNA polymerases including Polα, Polβ, Polγ and Polε- to poorly elongate beyond the nucleotide, inducing chain termination. On the other
hand, gemcitabine is a pyrimidine analog that acts as a substrate of many polymerases involved in DNA replication,
repair and TLS. When in its triphosphate form, gemcitabine competes with dCTP for binding opposite guanine. As
opposed to other antimetabolites, the addition of gemcitabine allows the replicating strand to be elongated one
additional nucleotide before stalling, which prevents the action of exonucleases that could potentially revert its
antitumoral action. Gemcitabine is used in monotherapy to treat hematologic malignancies and pancreatic cancer, but
its most common use is to treat solid tumors, in which case it is administered in combination with platinum drugs since
it acts as a sensitizer decreasing the required doses of platinum drugs [1].
DNA damaging agents
Another very widely used strategy to inhibit DNA polymerases is the use of DNA damaging agents. The formed
lesions then act as a physical barrier and attract the DNA repair machinery which either fixes the lesion or induces cell
apoptosis.
A large amount of anti-cancer drugs shares this mechanism of action. Among them is temozolomide, which induces
non-enzymatic DNA methylation and subsequently activates mismatch repair (MMR) to induce cell apoptosis. Other
agents belonging to this family are ionizing radiation, which generates free radicals that exert direct damage on DNA;
doxorubicin, an antibiotic that intercalates in DNA inhibiting topoisomerase progression and inducing free radical
production; etoposide, topotecan and irinotecan. All these agents ultimately induce DSBs that inhibit DNA synthesis
and can be repaired either by NHEJ or homologous recombination (HR). Finally, chlorambucil, cisplatin and
cyclophosphamide are bifunctional alkylating agents that can create both crosslinks and bulky adducts which stall DNA
synthesis and eventually induce multiple single-strand breaks (SSB) and DSBs, resulting in cell apoptosis [1].
Combination therapies and new approaches
Both nucleoside analogs and DNA damaging agents compose very effective therapeutic regimes. Furthermore,
there is notable clinical evidence for the use of combination therapies consisting of agents from both therapeutic groups
-platinum drugs are usually combined with gemcitabine when treating certain solid tumors. However, even in
combinatorial therapeutic regimes, resistance rates remain an important drawback and show there is still significant
room for improvement. These resistance rates arise mainly due to the cellular DNA repair pathways, which manage to
bypass the various insults induced by said therapies. Additionally, as mentioned earlier, polymerase dysregulation is
implicated in overall prognosis. It is not surprising, therefore, that efforts towards the development of more effective
therapeutic alternatives are set towards the DNA replication machinery and, more specifically, towards the emerging
area of specialized DNA polymerase selective inhibition.

Selective inhibition of error-prone DNA polymerases as a novel approach for cancer therapy
As mentioned above, the importance of balanced DNA polymerase roles for genomic integrity and the involvement
of error-prone DNA polymerase dysregulation in carcinogenesis, thus, raised the question of whether the inhibition of
error-prone DNA polymerases could be used in anti-cancer therapy (Figure 1).
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Figure 1. Main error-prone DNA polymerase inhibitors identified to date with in vivo and/or
in vitro antitumoral activity and their target polymerases. Diameter of the sphere is proportional
to the molecular size and the colour indicates the polymerase family they belong to.

TLS DNA polymerases Polη, Polι, Polκ, Rev1 and Polζ
The TLS polymerase group is the most intuitive alternative regarding selective polymerase inhibition, since the
same mechanism that favours DNA lesion bypass to maintain genetic instability and homeostasis, is also responsible
for allowing the bypass of DNA lesions induced by chemotherapy and therefore is a main contributor to therapy
resistance -especially to DNA damaging agents like cisplatin [1].
There has been a significant growth in research towards the implication of the different TLS polymerases on various
tumor subtypes. Inhibition of TLS polymerases Rev1, Polζ or Polη had already been proven to sensitize HeLa cells to
cisplatin, showing the potential of this therapeutic approach towards both intrinsic and acquired chemoresistance [24].
In a later work using mouse B-cell lymphoma cells, Rev1-proficient and Rev1-deficient tumours were subjected to
consecutive cyclophosphamide treatments performing re-engraftment between cycles. It was observed that relapsed
Rev1-deficient tumors continued to respond to cyclophosphamide as opposed to Rev1-proficient tumors -which became
resistant after the first cycle [25]. This provided the first published in vivo demonstration that TLS polymerases -and,
more specifically, Rev1- are instrumental in acquired chemoresistance to DNA damaging agents. Following this
principle, an extensive search has been performed to identify compounds that would selectively inhibit catalytic
functions or impede protein-protein interactions of different TLS polymerases by means of high-throughput assays.
Some of these compounds include ellagic acid, pamoic acid and aurintricarboxylic acid, which were proven to inhibit
Polη and Polι; candesartan cilexetil, which was shown to inhibit Polκ and enhance UV-derived cytotoxicity in the
xeroderma pigmentosum-variant (XP-V) cell line; and 3-O-methylfunicone, which selectively inhibited mammalian
TLS activity by acting upon Polκ, Polη and Polι [26]. More recently, a small molecule termed JH-RE-06 has been
reported to inhibit TLS by targeting Rev1 and preventing its binding to the Rev7 subunit of Polζ. After binding of JHPage 5 of 9
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RE-06 to Rev1 occurs, Rev1 dimerizes, which thus prevents its interaction with Polζ and ultimately inhibits TLS. On a
tumoral context, this inhibition has been proven to increase cisplatin-induced cytotoxicity in vitro in both mice and
human cell lines and, more importantly, to suppress tumoral growth in patient-derived xenograft mouse models of
melanoma, therefore presenting the first TLS-targeting molecule with proven in vivo efficacy to enhance chemotherapy
[27].
X-family Polβ, Polλ and Polµ
As mentioned above, X-family DNA polymerases play key roles in the BER and NHEJ pathways, which are essential
to preserve genome integrity and homeostasis. Thus, the idea of modulating X-family DNA polymerases with inhibitors
to enhance the cytotoxic effect of chemotherapy arose by itself.
Polβ and Polλ are attractive candidates due to their crucial role in BER and NHEJ, respectively. Accordantly, the
search for inhibitors acting on one of the repair pathways -or, preferably, both- has been extensive and thorough. To
date, several compounds have been identified and rise as promising therapeutic approaches. A molecule named pro-13
has been identified from a 130-candidates library as it could inhibit both Polλ and Polβ, the latter with a 50-fold greater
effectiveness. Regarding its antitumoral potential, it has been shown to exert slight cytotoxicity towards HeLa cancer
cells. However, when administered together with methyl methanesulfonate (MMS), pro-13 significantly potentiated the
cytotoxicity of the latter, as HeLa cells previously treated with MMS and following incubation with pro-13 for 8 h showed
100-fold increased cytotoxicity. Additionally, DNA from HeLa cells treated with MMS and pro-13 was found to harbor
a 3-fold greater amount of abasic sites than DNA from cells treated with MMS alone [28]. Another study has identified
honokiol, a biologically active plant-derived biphenolic compound with significant antiangiogenic and antineoplastic
properties against skin, colon, breast and lung cancer, as a potent Polβ and Polλ inhibitor. Honokiol is also significantly
more toxic and has preferential activity towards tumor cells compared to normal cells, and it exerts a synergistic effect
when administered together with temozolomide or bleomycin in various human cancer cell lines -including A549 (lung
cancer), MCF7 (breast cancer), PANC-1 (pancreatic cancer), UACC903 (melanoma)- as well as in GM12878 (normal
lymphocytes). The decrease in EC50 values were more prominent regarding bleomycin -a 10-fold increase- compared to
temozolomide -a 3-fold increase-. This could be due to the fact that bleomycin causes both SSB repaired by BER and
DSB repaired by NHEJ -both of which are inhibited by honokiol- while temozolomide induces methylation damage
which is repaired both by BER and O6-alkylguanine-DNA alkyltransferase. These findings set the basis for the
development of a potential honokiol-bleomycin combination therapy to treat cancer [29].
However, no studies have successfully demonstrated the antitumoral role of Polβ or Polλ inhibitors in vivo, so
further research on this therapeutic group is necessary in order to study the translatability of these findings to the
clinical field.
A-family Polθ and Polν
The role of Polθ and Polν in the cell is less known than other polymerases mentioned previously. Thereby, the
search for inhibitors suitable for cancer therapy is not as buoyant. However, their role in the bypass of lesions induced
by chemotherapy agents is a proven concept. Polν has been demonstrated to exert an active role in lesion bypass induced
by chemotherapeutic agents like cytarabine, an agent commonly used to treat acute myeloid leukemia (AML) [30]. This
process may account for the high relapse rates after treatment of AML with cytarabine and sets the basis for the future
search of compounds with ability to suppress Polν and subsequently enhance the cytotoxic effect of chemotherapy.
Regarding Polθ, its activity has been proven essential in HR-deficient cells as it is synthetic lethal with HR deficiency
[31]. Therefore, its inhibition represents a suitable and promising cancer therapy approach [32]. This has been
confirmed after the discovery that novobiocin, an aminocumarin antibiotic, functions as an inhibitor of the helicase
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activity of Polθ and selectively kills ovarian and breast cancer cells deficient in HR both in vitro and in vivo [33]. As a
consequence of these findings, three biotech companies have invested in the development of inhibitors of Polθ,
targeting either the helicase or polymerase domains of the protein, or both [34]. Since novobiocin has proven activity
against HR deficient tumors, it is highly likely that the first clinical trials with Polθ inhibitors would be aimed at patients
with tumors harbouring this feature.

Conclusion and future prospects
Error-prone DNA polymerases have been proven as potential therapeutic alternatives, although research is
currently at different stages regarding translatability into clinical practice. The inhibition of some polymerases, such as
TLS polymerase Rev1 or Polθ, have proven antitumoral effect in vivo exerting synergistic effect with other
chemotherapeutic agents and are consequently in the clinical trials step. Others, such as Polκ, Polη and Polι, have
proven antitumoral effect in vitro, but their known inhibitors are yet to show in vivo efficacy. Polymerases such as Polν
have just demonstrated their role in DNA replication past chemotherapy-induced lesions and exhibit therefore a longer
path until development of clinically compatible inhibitor compounds. Regarding the last DNA polymerase discovered,
PrimPol, there is still an unexplored field to find or generate inhibitors of its primase or polymerase activity that would
increase replication stress in cancer cells, when treated in combination with other therapies augmenting genome
stability. Finally, characterization of human PrimPol cancer variants with altered specific activity or deficiency, could
have a prognostic value in cancer.
However, cancer will only rise in prevalence in future years; therefore, many efforts are set into the expansion of
the therapeutic arsenal, and inhibition of error-prone polymerases will surely become a valuable therapeutic resource
in following years.
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