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DNA glycosylases are a set of enzymes responsible for initiating the base excision repair pathway thereby contributing to
the maintenance of the genome. They are responsible for the eradication of the vast number of small, non-helical-
distorting base lesions from the genome, resulting from oxidative, alkylating, and deamination events, induced by
environmental factors such as ionizing radiation, endogenous factors such as reactive oxygen species (ROS), or
anticancer agents such chemotherapeutic drugs or radiotherapy. Because of their key role in DNA repair, they are now
considered as potential anti-cancer drug targets and efforts are being made worldwide to identify potent inhibitors of these
enzymes that could be used to potentiate classical chemo- or radio-therapy.
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| 1. DNA glycosylases and Base excision repair

Cells have evolved five major elaborate DNA damage repair pathways to detect and repair the wide diversity of DNA
lesions, namely base excision repair (BER), nucleotide excision repair (NER), homologous recombination (HR), non-
homologous end-joining (NHEJ), and mismatch repair. Each pathway is responsible for the repair of a different type of
DNA damage and together they maintain genomic integrity and stability LB, BER is an essential DNA repair pathway
that contributes to the stability of the genome by eradicating the vast number of small, non-helical-distorting base lesions
from the genome, resulting from oxidative, alkylating, and deamination events, induced by environmental factors,
endogenous factors such as reactive oxygen species (ROS), or anticancer agents such chemotherapeutic drugs or
radiotherapy 45, Among the damaged bases repaired by the BER pathway (recently reviewed in &), one can cite the
highly produced and mutagenic oxidized base 8-oxo-guanine (8-0xo-G), the lethal thymine glycols (Tg) caused by
oxidation of thymine bases, which induce replication and transcription blockade, uracil misincorporation in DNA, abasic
sites, and single-strand breaks (SSB) &,

The BER pathway processes damaged bases in a series of successive reactions to eliminate all the intermediate products
that otherwise block replication (Figure 1). The BER pathway is initiated by a set of enzymes, known as DNA
glycosylases, responsible for identifying and eliminating the damaged bases, thereby generating an apurinic/apyrimidinic
(AP) site [RIILOILL DNA glycosylases bind to damaged bases and induce the aberrant base to flip out of the double helix
and enter the binding site of the enzyme RAR2IL3] They then catalyze the cleavage of the N-glycosidic bond between the
substrate base and the 2-deoxyribose to efficiently remove the damaged base RLI4 DNA glycosylases can be
subdivided into either monofunctional or bifunctional enzymes depending on their catalytic activities (Figure 1).
Monofunctional DNA glycosylases like uracil-N glycosylase (UNG) exhibit only DNA glycosylase activity and produce an
AP-site, which is further processed by an AP endonuclease, APEL, in humans. In contrast, bifunctional glycosylases, like
endonuclease lll-like 1 (NTH1) and endonuclease Vlli-like 1-3 (NEIL1-3) glycosylases, exhibit both DNA glycosylase and
AP-lyase activities. After release of the damaged base, bifunctional DNA glycosylases with a B-lyase activity form a
transient Schiff base intermediate between the DNA and an active site lysine residue, after which the sugar-phosphate
backbone is nicked via a B-elimination reaction to create a 3' a,B-unsaturated aldehyde and a 5' phosphate group [12116]
that are further processed by APE1 and a polynucleotide kinase/phosphatase (PNKP), respectively. An amino-terminal
proline residue provides NEIL1 and NEIL2 with an additional B-d-elimination activity and makes APE1, but not PNKP,
dispensable in these cases L7181,

The subsequent BER enzymes then repair the AP-containing DNA damage ¥l. An AP endonuclease (APE1) or an AP
lyase cleaves the DNA backbone and produces either a single-stranded DNA (ssDNA) nick 5’ to the AP site in the case of
AP endonucleases, or 3' to the AP site for AP lyases (Figure 1). The DNA ends are then processed by one of two sub-
pathways, short- or long-patch repair, during which the DNA polymerase fills the gap with the correct nucleotides and the
repair mechanism is completed after sealing of the nick by a DNA ligase 24l These end processing steps take place by
different mechanisms depending on the type of DNA glycosylase, the physiological state of the cell, and the availability of
BER factors . In short-patch BER, which is used in proliferating and non-proliferating cells, an AP endonuclease



removes the 3'-deoxyribose phosphate (dRP) after strand cleavage and PNKP removes the 3'-phosphate, and the single
nucleotide gap is then filled and ligated by DNA polymerase B and DNA ligase | or IIl &, |n addition, PARP1 and XRCC1
cofactors participate in some types of short-patch repair. Long-patch BER, which takes place mainly in proliferating cells,
makes use of several additional replication proteins, to fill 2-10 nucleotide gaps. These include DNA polymerase d/¢,
PCNA, the flap endonuclease FEN1, and DNA ligase | 4=,

Figure 1. Schematic diagram illustrating the steps and enzymes involved in the base excision repair (BER) pathway.
Representative structures of the different superfamilies (SF) of DNA glycosylases (SF1, a/p fold family, red; SF2, helix-
hairpin-helix (HhH) family, purple; SF3, 3-methyl-purine glycosylase (MPG) family, green; SF4, helix-two-turn-helix (H2TH)
family, blue) responsible for recognition and removal of damaged bases are shown. After cleavage of the damaged strand
by an apurinic/apyrimidinic (AP) endonuclease, APE1, or by the AP lyase activity of bifunctional DNA glycosylases,
downstream BER enzymes together with several cofactors (listed in brown) prepare the damaged site for de novo
synthesis using one of two sub-pathways: short-patch or long-patch repair. DNA glycosylases are tightly regulated at the
gene, mMRNA, and protein levels by a set of regulatory systems (listed in orange). UNG1/2: uracil-N glycosylase 1 or 2;
SMUG1: single-strand-specific monofunctional uracil DNA glycosylase 1; TDG: thymine DNA glycosylase; MBD4: methyl-
CpG-binding protein 4; MUTYH: MutY homolog DNA glycosylase; OGG1: 8-oxo-G DNA glycosylase 1; NTHL1:
endonuclease llI-like 1; NEIL1-3: endonuclease VllI-like 1-3.

DNA glycosylases have been classified into four superfamilies (SF) that reflect their functional activities and their
structural features (Figure 1) BIA920 SF1 comprises uracil DNA glycosylases (UDG), such as UNG, single-strand-
specific monofunctional uracil DNA glycosylase 1 (SMUG), and thymine DNA glycosylase (TDG). These glycosylases
possess a characteristic a/f3 fold and target the removal of uracil (U) formed by the deamination of cytosine caused by
oxidative stress. UNG and SMUG1 have similar substrate specificity as they both remove mis-incorporated U in DNA.
UNG1 and UNG?2 are two splice variants of UNG, which localize respectively to mitochondria and the nucleus 2. Beyond
their role in the error-free repair of U in DNA, UNG2, and also as shown more recently, UNGL1, play a key, mutagenic role
in somatic hypermutation and class switch recombination during B cell receptor/antibody maturation, two processes that
involve deamination of cytidines to uridines in ssDNA (2223241 TDG s capable of removing oxidized or deaminated
pyrimidine bases. It has also been reported to participate in the epigenetic demethylation signaling pathway as part of the
multistep pathway that removes the methyl group of cytosine within CpG sites [2528]. The second superfamily (SF2)



comprises DNA glycosylases with a characteristic helix-hairpin-helix (HhH) motif, which include glycosylases such as
NTH1, 8-0x0-G DNA glycosylase 1 (OGG1), MutY homolog DNA glycosylase (MUTYH), and methyl-CpG-binding protein
4 (MBD4). This family of glycosylases targets various lesions caused by oxidative stress including 8-oxo-G, Tg, 4,6-
diamino-5-formamidopyrimidine (FapyA), and 2,6-diamino-4-hydroxy-5-formamido-pyrimidine (FapyG). SF3 comprises
only one member, which is the 3-methyladenine-DNA glycosylase also called 3-methyl-purine glycosylase (MPG). Unlike
the other superfamilies, MPG is not characterized by a specific fold and targets the damage caused by alkylation instead
of oxidative stress. In addition to excising 3-methyladenine (3MeA), MPG also excises DNA bases with methyl or certain
other alkyl groups at the N7 and N3 positions of both adenine and guanine £, Finally, the fourth superfamily (SF4)
comprises NEIL glycosylases, including NEIL1, NEIL2, and NEIL3. The characteristic fold of this superfamily is a helix-
two-turn-helix (H2TH) motif. This superfamily is similar to HhH SF2 in function as it targets the oxidative base damages
such as FapyG and FapyA 28, within each of these four superfamilies, each enzyme displays a distinct, but partially
overlapping substrate specificity. This partially explains why most DNA glycosylase knockout mice are viable and do not
present clear phenotypes, except for TDG null mice that show an embryonic lethal phenotype, most likely as a result of its
impaired epigenetic function 2923 Some DNA glycosylases like UNG, SMUG1, MPG, and NEIL1 can recognize
damaged bases both in double-stranded (dsDNA) and in ssDNA, whereas DNA glycosylases like TDG, MBD4, OGG1,
and MUTYH only recognize base lesions in dsDNA.

| 2. DNA Glycosylases as anti-cancer drug targets

With the exception of surgery, all major anticancer therapeutic strategies, including radio-, chemo-, and immuno-therapies,
used alone or in combination, aim to specifically kill cancer cells within affected tissues BYBLE2] Cytotoxic chemotherapy,
developed 60 years ago, still represents a widely used treatment and in many cases involves the administration of
powerful genotoxic agents acting either directly (e.g., platinum-based drugs) or indirectly (e.g., topoisomerase inhibitors)
on DNA in cells that rapidly proliferate 2312435 There are several ways in which base lesions are generated in cancer
cells. Base lesions can be intrinsically acquired due to altered metabolic pathways that produce an excess of ROS,
leading to oxidation of DNA bases. Base lesions can also be caused directly by chemotherapeutic agents reacting with
DNA as in the case of alkylating agents, and can be generated indirectly by oxidative stress provoked by
chemotherapeutic drugs such as cisplatin. By repairing all of these DNA lesions, the BER pathway reduces the cytotoxic
effects of anticancer drugs, thereby contributing to the survival of cancer cells 4l As a result, BER enzymes are
increasingly considered as valid targets for cancer treatment BAUIBSEISY However, because of the partial redundancy of
DNA glycosylases and the cross-talk between different repair pathways, the efficiency of DNA glycosylase inhibitors as
monotherapy is expected to be limited, but should be greatly enhanced when used either in combination therapy together
with a conventional DNA-damaging chemotherapeutic agent, or in a more personalized medicine approach, for example
in tumors displaying defects in alternative repair pathways (synthetic lethality concept). Currently, most efforts have aimed
to identify small molecule inhibitors of the catalytic activities of DNA glycosylases. Different approaches have been used
with success: (i) Targeted low-throughput approaches, (ii) computational- and structure-based rational drug design, and
(iii) high-throughput screening (HTS) of chemical or fragment-based libraries, all of which have recently been shown to be
valid and complementary strategies to find potent inhibitors of DNA glycosylases 281,

Several metabolic cofactors have been shown to efficiently inhibit DNA glycosylases. This is the case of pyridoxal 5'-
phosphate (PLP), a cofactor of enzymes involved in amino acid metabolism. The aldehyde moiety of PLP has been shown
to inhibit or inactivate diverse DNA-dependent enzymes and was therefore tested on several DNA glycosylases. Of these,
only NEIL2 was significantly inhibited by PLP due to the formation of a Schiff base between PLP and a DNA-binding loop
in the enzyme B2, Similarly, the intermediate of tyrosine catabolism, fumarylacetoacetate (FAA), was also found to
specifically inhibit a subset of DNA glycosylases. In particular, the NEIL1 and NEIL2 enzymes were strongly inhibited,
whereas only a small effect was observed in vitro on NTH1 and OGG1 and no effect on UNG2 49 FAA inhibition of DNA
glycosylases may explain the increased mutagenesis rates associated with hepatocarcinoma development in HT1
patients, which have a deficiency in FAA hydrolase and thus accumulate high intracellular levels of this intermediate
catabolite (49,

Given the availability of high-resolution crystallographic structures of several human DNA glycosylases (UNG, TDG,
OGG1, NEIL1, NEIL3, MUTYH, MPG, and MBD4), computational modeling and structure-based drug design have also
been used to identify and optimize DNA glycosylase inhibitors. A recent computational druggability assessment study
revealed that DNA glycosylases are druggable targets, with OGG1, MUTYH, NEIL1, UNG, and TDG being the most
favorable drug-binding proteins 28l Structural studies of bacterial formamidopyrimidine-DNA glycosylase (Fpg) and
human NEIL enzymes are currently been exploited, for example, to develop NEIL1 inhibitors derived from the 2-
thioxanthine (2TX) compound that was originally found to specifically inhibit bacterial Fpg and not its human homolog ¥



(421 structure-based protein engineering has been used to improve the selectivity of SAUGI, an inhibitory protein from
Staphylococcus aureus, for human UDG versus Herpes simplex virus (HSV) UDG by comparing the crystal structures of
SAUGI-human UDG with that of SAUGI-HSV-UDG [43]. Structural studies have also guided the optimization of fragment-
based inhibitors of human UDG [44],

To identify UNG inhibitors, Jiang and colleagues developed a uracil-directed ligand tethering strategy, in which a uracil-
aldehyde ligand was tethered via alkyloxyamine linker chemistry to a diverse array of aldehyde binding elements. The
goal was to exploit the uracil ligand to target the UNG active site and the alkyloxyamine linker tethering to randomly
explore peripheral binding pockets. This original approach rapidly identified the first small molecule inhibitors of human
UNG with micromolar to submicromolar binding affinities 22 and the best inhibitor was co-crystallized with the UNG2
enzyme. The structure of inhibitor-bound UNG2 revealed that the inhibitor engages in crucial electrostatic interactions and
hydrogen bonding with the enzyme, similar to those seen when complexed to uracil-containing DNA (48],

Over the past decade, novel fluorescence-based HTS approaches have been developed to identify DNA glycosylase
inhibitors. These assays respond to three essential criteria: Fast, robust, and adaptable (Figure 2). The use of such
approaches has led to the selection and validation of several efficient drugs against DNA glycosylases. In a recent and
precursor study, Jacobs et al. developed a fluorescence-based assay adapted for HTS to find inhibitors of NEIL1 44,
which has been identified as a possible candidate for a synthetic lethality approach in Fanconi anemia disease 48, This
first study was inspired by an HTS for inhibitors of APE1 49l |t is designed to select inhibitors of bifunctional DNA
glycosylases, as it is based on strand incision activity that occurs after hydrolysis of the glycosylic bond. In this assay, a
short synthetic oligodeoxyribonucleotide containing secondary oxidation products of 8-oxo-G (spirodihydantoin, Sp, and
guanidinohydantoin, Gh) and labeled at its 5' end with the TAMRA red fluorophore was hybridized to a complementary
DNA containing a quencher molecule at its 3' end (Eigure 2A). Upon repair of the site-specific lesion by NEIL1, the DNA
fragment containing the TAMRA is incised and released from the DNA duplex, leading to increased fluorescence. The
relative fluorescence can then be measured both in the presence and absence of the inhibitor. HTS led to the selection of
purine analogs with ICsq values ranging from 4 to 25 pM. Interestingly, four of them significantly inhibited the in vitro repair
activity of NEIL1 on y-irradiated calf thymus DNA. Although the selected inhibitors were also shown to significantly block
the activity of closely-related DNA glycosylases such as NTH1, this study established the first customized fluorescence-
based assay for HTS to find inhibitors of DNA glycosylases.
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Figure 2. Schematic diagrams illustrating the different fluorescence-based assays developed over the past decade for
high-throughput screening (HTS) of chemical libraries for the selection of inhibitors of either the AP-lyase activity 29 (A),
the DNA glycosylase activity 21 (B) of DNA glycosylases, or of the interaction interface (C) between a DNA glycosylase
(here, NTH1) and its cellular partner (YB1) B2, FRET: Forster resonance energy transfer. In (A), X denotes a damaged
base processed by DNA glycosylases and Q denotes the quencher of the fluorophore (black F). Cleavage by the AP lyase



activity results in the release of the fluorophore-labeled lesion-containing strand and fluorescence emission (red F). In (B),
release of a modified 8-0x0-G base (0G) linked to a quencher that specifically quenches the highly fluorescent DNA base
analogue, tCo, covalently bound to the neighboring base, leads to fluorescence emission (red C). In (C), NTH1-YB1
complex formation is associated with high FRET levels, which are significantly reduced by inhibitors (red wedge) of the
PPl interface.

As OGG1 is an essential bifunctional DNA glycosylase responsible for removing the most abundant oxidized base
produced in cells, it is now considered as a candidate of choice for the development of anticancer drugs. To do this, the
fluorescence-based assay developed by Jacobs and colleagues was adapted to OGG1 3. The authors identified
hydrazide or acyl hydrazine-based inhibitors that display submicromolar ICsq values against OGG1 incision strand activity.
These very encouraging results were further confirmed by conventional gel shift assays, confirming the potential of such
HTS using miniaturized assays to find small molecule inhibitors of DNA glycosylases. Moreover, the selected inhibitors
were found to be specific to OGG1; little to no inhibition of NEIL1, NTH1, and bacterial Fpg assessed on their respective
substrates (FapyG for NEIL1 and NTH1 and 8-oxo-G for Fpg) was detected.

The assays described above, however, are not suitable for measuring the monofunctional glycosylase activity of DNA
glycosylases since they rely on the release of the fluorophore-labeled strand after strand incision by the AP lyase activity.
In vivo, OGG1, like NTH1, has been shown to act predominantly as a monofunctional DNA glycosylase 24; thus, the
assay presented in Figure 2A may not be the most adapted to find potent OGG1 inhibitors. Different technical solutions

have been found to select inhibitors of the DNA glycosylase activity. Mancuso and colleagues added APEL to their
molecular beacon-based assay to detect the monofunctional glycosylase activity of TDG 52, They screened 2000 drugs
and identified 20 candidate inhibitors. Some of these compounds, like juglone and closantel, were confirmed as TDG
inhibitors in a standard DNA glycosylase assay. These compounds also led to a dose-dependent reduction in cell viability
of melanoma cells with IC5q values close to 10 uM, which suggests that interfering with the DNA repair and epigenetic
activity of TDG may represent a new and valid approach for the treatment of melanoma. A similar strategy was also used
recently in a search for new therapeutic strategies to fight inflammation. Visnes and colleagues selected a site-specific
inhibitor of OGG1, named TH5487, which blocks OGG1's ability to recognize and repair 8-0xo-G containing DNA B8, A
recent crystal structure of human OGG1 bound to this inhibitor (unpublished; PDB 6RLW) reveals the intricate interactions
formed between the inhibitor and the substrate binding pocket of OGG1 (Figure 3A,B).
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Figure 3. Identification of specific inhibitors of human OGGL1. (A) Crystal structure of human OGG1 crosslinked to 8-oxo-
G containing dsDNA (PDB: 6WO0M; 7). (B) Crystal structure of human OGG1 bound to an active site-specific inhibitor,
TH5487 (PDB 6RLW), represented in ball and sticks and as a transparent mesh. (C) Chemical structure of the highly
specific OGG1 inhibitor selected by Tahara and colleagues 21, SU0268. (D) Chemical structure of the dual inhibitor,
SU0383, which efficiently blocks both MTH1 and OGGL1 activities 1581,

Tahara and colleagues used a different strategy to target the glycosylase activity of OGG1. They adapted a previously
reported fluorogenic assay B to study the release of 8-oxo-G from DNA B, This assay makes use of a fluorescent
hairpin oligomer probe, called OGR1 89 containing a modified 8-oxo-G base linked to a quencher that specifically
guenches a highly fluorescent DNA base analogue, tCo, covalently bound to the base of the neighboring nucleotide



(Eigure 2B). After cleavage and release of the 8-oxo-G moiety and its associated quencher, the tCo molecule on the
oligonucleotide becomes fluorescent and the fluorescent signal can be followed in real time. In this assay, only the DNA
glycosylase activity is measured, allowing us to specifically screen and select drugs that interfere with the break-down of
the N-glycosidic link between the 8-0x0-G base and the deoxyribose. After HTS, one compound named SU0268, which

has an acyl tetrahydroquinoline sulfonamide skeleton with an ICsq of 59 nM was selected (Figure 3C). This competitive
inhibitor is highly specific to OGG1, shows no cytotoxicity in cells, and inhibits OGG1 activity both in vitro and in cells,
where the abundance of 8-0x0-G bases in cells incubated with 0.5 pM SU0268 increased to levels comparable to those
detected in cells treated with 0.5 H,0, and 0.3 mM of Cr3* [B1],

Upon oxidative stress, dGTP is in part transformed into 8-oxo-dGTP that can be incorporated into DNA. To prevent this, a
nudix hydrolase, the MutT homolog-1 (MTH1) enzyme converts 8-oxo-dGTP into 8-oxo-dGMP, which can no longer be
incorporated into DNA 1. Recently, MTH1 was also identified as an interesting target for inhibitor screening in the context
of cancer, and several small molecule drugs were identified (621 Based on these studies, Tahara and colleagues set out to
design a dual inhibitor corresponding to the association of two molecules, one specific for MTH1 and the other being
SU0268 (the inhibitor of OGG1), giving rise to compound SU0383 (Eigure 3D). This small molecule inhibits OGG1 with an
ICs5q of 49 nM, measured using the OGR1 probe. It also inhibits MTH1 with an ICsp of 34 nM, using a luminescence-based
assay for the activity of MTH1 in the conversion of 8-oxo-dGTP to 8-oxo-dGMP [83. |nterestingly, exposure of MCF7
breast cancer cells to 16 pM of H,O, in the presence of SU0383 leads to a drop in cell viability of 20%, demonstrating the
ability of the molecule to increase the sensitivity of the cells towards oxidative stress 28,

In a recent study conducted by Senarisoy et al., an alternative approach was proposed to restore sensitivity of drug-
resistant tumor cells, by targeting the interaction of NTH1 with one of its cellular partners, YB1, instead of targeting the
catalytic activities of NTH1 2l YB1 is a transcription factor that has been shown to bind to NTH1 and stimulate its AP-
lyase activity. In drug-resistant tumor cells, nuclear localization of YBL1 is elevated and this favors the interaction of NTH1
with YB1, leading to an increased abundance of the NTH1-YB1 complex. In this study, inhibitors of the NTH1-YB1
interaction were identified and validated using a FRET-based biosensor that was designed for HTS (Figure 2C). In this

biosensor construct, the fluorescent protein, sYFP2, was placed at the amino terminus followed by YB1 and NTH1, and a
second FRET-compatible fluorescent protein, mTQ2, at the C-terminus. Using this construct, HTS of 1200 molecules was
performed and 8 potent inhibitor molecules were selected. The inhibitory effects of these molecules were further
confirmed by AlphaLISA and their molecular targets were identified using thermal shift assay. Of the 8 inhibitors, two
molecules, meclocycline and oxytetracycline, were found to have low ICgq values, i.e., 1.5 and 10.3 pM. To further
investigate their inhibitory properties in drug-resistant tumor cells, cisplatin-resistant MCF7 cells were used and the effects
of the inhibitor molecules on the sensitivity of MCF7 cells to cisplatin was studied. The results of this study show that both
meclocycline and oxytetracycline induced a small, but significant, concentration-dependent decrease in the viability of
MCF7 cells treated with cisplatin, indicating that these molecules partially restore the sensitivity of resistant MCF7 cells to
cisplatin B2, This study thus demonstrates that the PPIs involving DNA glycosylases also constitute druggable targets for
the development of new therapeutic strategies to eliminate cancer cells.

| 3. Conclusion

It is now clear that DNA glycosylases are key enzymes that play a central role in numerous cancers. In the recent years,
both highly specific and broad-spectrum inhibitors of their catalytic activities have been successfully identified that are
capable of increasing the sensitivity of tumor cells to cytotoxic agents. Because inhibiting DNA glycosylase activity in
healthy cells could have dramatic consequences, alternative drug targets have also been identified that can modulate the
activity of DNA glycosylases more specifically in tumor cells. Targeting the interactions between DNA glycosylases and
their cellular partners that are enhanced in tumors, for example, constitutes a new and original approach, which has the
advantage of not blocking DNA repair in normal, healthy cells, but instead to specifically inhibit the upregulation of DNA
repair activity in drug-resistant tumor cells. DNA glycosylases are tightly regulated at the gene, mRNA, and protein levels,
and in the future each one of these regulatory systems may represent a potent drug target to fine tune the activity of
specific DNA glycosylases in a more personalized medicine approach.
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