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The accumulation of reactive oxygen species (ROS) plays a pivotal role in the
development of various diseases, including cancer. Elevated ROS levels cause
oxidative stress, resulting in detrimental effects on organisms and enabling
tumors to develop adaptive responses. Targeting these enhanced oxidative
stress protection mechanisms could offer therapeutic benefits with high
specificity, as normal cells exhibit lower dependency on these pathways.
MTH1 (mutT homolog 1), a homolog of Escherichia coli’s MutT, is crucial in
this context. It sanitizes the nucleotide pool, preventing incorporation of oxidized
nucleotides, thus safeguarding DNA integrity. This study explores MTH1’s
potential as a therapeutic target, particularly in cancer treatment, providing
insights into its structure, function, and role in disease progression.
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1 Introduction

Redox homeostasis is vital for human health, and its imbalance is a key contributor to
several major diseases, including type 2 diabetes, atherosclerosis, chronic obstructive
pulmonary disease, Alzheimer’s disease, and cancer (Sies, 2015; Zuo et al., 2020).
Oxidative stress (OS), defined as a redox imbalance that favors oxidative load, is
commonly observed in cancer cells and is increasingly recognized as a hallmark of
various cancers (Harris and DeNicola, 2020; Lennicke and Cocheme, 2021). It fosters
numerous malignant behaviors in cancer cells (Forman and Zhang, 2021).

Reactive oxygen species (ROS) are key mediators in redox reactions, often regarded as
by-products of cellular respiration (Sies et al., 2017). They primarily arise from various
enzymatic and chemical reactions, including those involving cyclooxygenase, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX), xanthine oxidase, lipogenesis,
and the iron-catalyzed Fenton reaction (Tejero et al., 2019), These processes generate
hydroxyl radicals (-OH), superoxide radicals (O2--), and hydrogen peroxide (H2O2).
Typically, ROS in low to moderate concentrations are advantageous, aiding in
maintaining intracellular physiological activities and signaling pathways. However,
elevated ROS levels can lead to malignant transformation, cellular damage, and even
cell death (Sies and Jones, 2020; Hancock and Veal, 2021). Excessive ROS accumulation
creates a highly reactive cellular environment, leading to DNA damage through alkylation,
deamination, oxo-group modification, methylation, or halogenation of bases. This DNA
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damage alters base morphology, causing DNA polymerase to
misrecognize these bases, leading to their incorrect incorporation
into DNA and subsequent disease development.

Over 30 oxidized base products have been identified, with 8-
hydroxyguanine (8-oxoG) being the most prevalent. This oxidized
form of guanine pairs with cytosine and adenine equally, leading to
genetic information and regulatory function alterations (Wood
et al., 1990; Moriya et al., 1991; Shibutani et al., 1991).
Nucleotides containing 8-hydroxyguanine can corrupt both DNA
and RNA, causing replication and transcription errors (Maki and
Sekiguchi, 1992). Additionally, 8-hydroxyguanine can be
incorporated into RNA as 8-hydroxyguanine nucleoside
triphosphate or result from direct oxidation of guanine in RNA
(Yanagawa et al., 1992). Mammalian cells have enzymes like Nudix
hydrolase 1 (NUDT1, MTH1) that remove these nucleotides from
the pool, hydrolyzing 8-oxoGDP to 8-oxoGMP, with MTH1 also
acting on 8-oxoGTP. This process helps to prevent intracellular
DNA damage, thus reducing cell damage and apoptosis (Ishibashi
et al., 2005; Das et al., 2020).

Recent years have seen a surge in research on MTH1, leading to
the development of over ten types of MTH1 inhibitors. Despite this
progress, the exact roles of MTH1 in diseases and tumors, as well as
the therapeutic efficacy of these inhibitors, remain incompletely
understood. This paper reviews MTH1’s molecular structure,
biological functions, its roles in diseases and tumors, and
advances in inhibitor research and novel therapeutic approaches.
Additionally, it discusses new therapeutic strategies targeting
MTH1 and outlines future research directions in this field.

2 Molecular structure and biological
function of MTH1

The gene encoding the human-derivedMTH1 protein is located on
chromosome 7p22 and spans approximately 9 kb, comprising five
exons. MTH1 functions by hydrolyzing oxidized
deoxyribonucleoside triphosphates, thereby preventing the
incorporation of oxidized dNTPs into DNA during replication and
maintaining normal cell functionality. Additionally, MTH1 is known
for removing methylated purine triphosphates, such as O6-methyl-
dGTP, from the nucleotide pool. This unique ability to hydrolyze O6-
methyl-dGTP, highly conserved across evolution, is distinctive to
MTH1 among human NUDIX enzymes (Jemth et al., 2018).

To elucidate MTH1’s recognition and hydrolysis mechanisms,
researchers have resolved its crystal structure using X-ray
crystallography (Mishima et al., 2004; Svensson et al., 2011).
Within MTH1’s active site, 8-oxo-dGMP adopts an antipodal
conformation, engaging in π-stacking interactions with
Trp117 and Phe72. Its Watson-Crick face is recognized by
Asp119 and Asp120 through hydrogen bonds with the 6-O, 1-
NH, and 2-NH2 groups of 8-oxo-dGMP. Asn33, positioned at the
purine base’s bottom in 8-oxo-dGMP, forms hydrogen bonds with
2-NH2 and 3-N. Notably, the Trp117Ala mutation impairs MTH1’s
ability to hydrolyze 8-oxo-dGTP or 2-OH-dATP. The Asn33Glu
mutation entirely inhibits hydrolysis of 8-oxo-dGTP, while the
Asn33Ala mutation retains only 14% activity (Mishima et al., 2004).

DNAmolecules are highly susceptible to reactive oxygen species
(ROS). Under oxidative stress, ROS can easily damage DNA bases,

compromising genome stability. Guanine (G) is particularly
vulnerable due to its low redox potential, often being oxidized to
8-oxoG by ROS. This results in 8-oxoG pairing with cytosine (C) in
trans and adenine (A) in cis during DNA replication, potentially
leading to base pair mutations and impairing DNA’s normal
function, as depicted in Figure 1. 8-oxoG is a recognized marker
of oxidative DNA damage, indicative of the extent of such damage
(Chiorcea-Paquim, 2022).

In both prokaryotic and eukaryotic cells, the removal of 8-oxoG
predominantly occurs through the base excision repair pathway,
mediated by DNA glycosylase OGG1. In Escherichia coli, this process
involves a cooperative system known as the ‘GO repair system,’
consisting of DNA glycosylases Mut-M and Mut-Y, along with 8-
oxoGTPase Mut-T, to avert mutations induced by 8-oxoG. In human
and mouse cells, DNA repair against 8-oxoG-induced mutations is
initiated by enzymes including OGG1 and MTH1 (Hirano et al., 2004;
Rodrigues et al., 2010; Mahmoud et al., 2022). Consequently, this has
spurred extensive research into the functional role of MTH1 in diseases,
aiming to develop therapeutic strategies targeting MTH1.

3 The role of MTH1 in disease

A variety of external factors, to varying degrees, impact human
health and directly influence cellular activities. MTH1 plays a crucial
role in maintaining cellular function and is key in the treatment of
various diseases, as illustrated in Figure 2.

3.1 MTH1 role in cardiovascular lung disease

MTH1 has been observed to repair DNA damage in lung tissues
caused by smoking in young smokers (Smits and Gillespie, 2014).

FIGURE 1
Biological functions of MTH1 (dGTP, Deoxyguanosine
triphosphate; dATP, Deoxyadenosine triphosphate; ROS, Reactive
Oxygen Species; 8-Oxo-dGTP, 8-oxo-2′-deoxyguanosine-5′-
triphosphate; 2-OH-dATP, 2′-Deoxyadenosine-5′-
Triphosphate, 2′-OH-Modified; MTH1, MutT Homolog 1; 8-Oxo-
dGMP, 8-Oxo-2′-deoxyguanosine-5′-monophosphate; 2-OH-
dAMP, 2′-Hydroxy-2′-deoxyadenosine-5′-monophosphate; DNA,
Deoxyribonucleic Acid).
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Beyond the impact of smoking, research has also linked fine
particulate matter 2.5 (PM2.5), a significant public health hazard
known to cause lung diseases, to MTH1. Studies indicate that
PM2.5 alters the methylation status of OGG1 DNA and increases
the expression of MTH1-associated miRNAs. This change mediates
an increase in OGG1 expression and a decrease in
MTH1 expression, contributing to lung tissue pathology (Zhao
et al., 2022).

Beyond its role in lung tissues, MTH1 plays a crucial part in
vascular health, particularly in pulmonary arterial hypertension
(PAH), a severe condition marked by abnormally high
pulmonary artery pressure and right ventricular failure. A key
factor in PAH is the hyperproliferation and anti-apoptosis of
pulmonary artery smooth muscle cells (PASMCs), contributing to
vascular remodeling. MTH1 has been identified as a pivotal driver of
this vascular remodeling in PAH patients and in animal model cells
and tissues. Inhibiting MTH1 leads to the accumulation of oxidized
nucleotides, resulting in insoluble DNA damage, disrupted cellular
bioenergetics, and cell death in PASMCs. Interestingly, the use of the
MTH1 inhibitor (S)-Crizotinib has been shown to promote
apoptosis in PASMCs, thereby reducing pulmonary vascular
remodeling and improving hemodynamics and cardiac function
(Vitry et al., 2021).

MTH1 primarily functions to mitigate DNA damage in cells.
However, its overexpression in various diseases suggests that
inhibiting MTH1 could have therapeutic benefits. RNA oxidation,
linked to the onset and progression of many chronic diseases in the
elderly, shows a notable connection in heart failure (HF) cases.
Elevated levels of 8-oxoGsn in urine and cardiac tissues have been
observed in HF, correlating positively with heart failure indicators.
This elevation coincides with the activation of the ERK-MAPK
pathway and an increase in MTH1 expression. This implies that
MTH1 may contribute to the heightened 8-oxoGsn levels in
cardiomyocytes, thereby exacerbating damage to these cells (Liu
et al., 2019).

3.2 MTH1 role in neurological diseases

Oxidative stress is a significant risk factor for Alzheimer’s
disease (AD), with notable accumulation of 8-oxo-7,8-
dihydroguanine (8-oxoG), an oxidized form of guanine, observed
in AD brains. Studies involving AD mouse models have shown that
MTH1 and OGG1 reduce oxidized DNA damage in their brains,
suggesting a role for MTH1 in preventing the progression of
Alzheimer’s disease (Mizuno et al., 2022). Key characteristics of

FIGURE 2
Role of MTH1 in multiple diseases (OGG1, 8-Oxoguanine DNA Glycosylase 1; PASMCs, Pulmonary Artery Smooth Muscle Cells; α-LA, Alpha-Lipoic
Acid; NP, Nucleus Pulposus).
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AD include extracellular amyloid plaques, intracellular
neurofibrillary tangles (NFTs), and decreased glucose metabolism
(Butterfield and Halliwell, 2019). α-Lipoic acid (LA), a natural
mitochondrial cofactor, has been shown to mitigate neuronal
damage. LA also indirectly enhances glycolysis in brain cells
through the activation of proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1alpha) and DNA repair enzymes
(OGG1/2 and MTH1). This increase in glucose availability is
potentially beneficial in treating the AD brain (Zhang et al., 2020a).

3.3 Role of MTH1 in skin and immune
system diseases

A study on psoriasis revealed elevated MTH1 expression in
affected skin. Utilizing a mouse model of psoriasis, it was discovered
that inhibiting MTH1 reduced the histopathological features of the
disease and normalized neutrophil and T cell levels in the skin and
associated lymph nodes (Bivik Eding et al., 2021). Interestingly, in
immune system studies, MTH1 is upregulated in rapidly dividing
T cells. For instance, in vitro stimulated CD3/CD28T cells exhibit
higher ROS levels and MTH1 expression compared to resting T cells
(Karsten, 2022). Furthermore, research on autoimmune hepatitis
showed an overrepresentation of MTH1-positive immune cells in
liver samples from patients, correlating with disease severity. This
was despite minimal MTH1 expression in hepatocytes, suggesting a
significant role of MTH1 in immune cell activity (Chen et al., 2022).

3.4 The role of MTH1 in other diseases

Research has also shown that in lumbar disc pathology, miR-
4478 may accelerate disc degeneration by increasing oxidative stress
in the nucleus pulposus (NP), through the regulation of the target
gene MTH1 (Zhang et al., 2023). In studies of autoimmune
thyroiditis (AIT), it was observed that hyper iodine (HI) induced
inflammation, apoptosis, and DNA damage in mouse thyroid
follicular epithelial cells. The overexpression of MTH1 was found
to effectively counteract HI-induced cellular inflammation,
apoptosis, and DNA damage (Li et al., 2019).

Although MTH1 exhibits similar activities across various
diseases, the distinct mechanisms involved in disease
pathogenesis result in differing therapeutic effects when targeting
MTH1. Therefore, exploring appropriate therapeutic regimens that
synergistically treat diseases is necessary. Consequently,
MTH1 remains a promising target in the treatment of
inflammation-related conditions.

4 Biological role of MTH1 in tumors

Tumor cells, characterized by chronic overactivity in mitotic and
pro-survival signaling, undergo metabolic changes that generate
high levels of oxidants. This results in tumor cells expressing
higher levels of MTH1 compared to normal cells. The increased
oxidative stress in tumor cells necessitates a reliance on elevated
MTH1 expression for maintaining cellular functionality. In
numerous tumor types, MTH1 has been observed to directly

contribute to tumor growth. Conversely, inhibiting
MTH1 synthesis and function can suppress cancer progression,
as illustrated in Figure 3.

4.1 MTH1 regulates the mitotic process of
tumor cells

Researchers developed a chimeric ATP-releasing guanine
oxidation probe (ARGO) that merges 8-oxodGTP and ATP to
assess MTH1 enzyme activity in various cancers, including
colorectal cancer (CRC), non-small cell lung cancer (NSCLC),
and pancreatic ductal adenocarcinoma (PDAC), as well as in
corresponding normal tissues. They discovered significantly
higher levels of MTH1 and 8-oxodGTPase activity in tumor
tissues across these cancer types, indicating that MTH1 could
serve as a cancer biomarker (McPherson et al., 2019). In
exploring how MTH1 activity functions, Patterson et al.
employed a method combining experimental synergism
quantification with computational pathway-based gene expression
analysis, known as the VISAGE strategy. Their findings revealed that
inhibiting MTH1 activity, especially when combined with an
antimitotic drug like a PLK1 inhibitor, led to the specific
eradication of cancer cells. This effect was noted when the
MTH1 inhibitor interacted with β-microtubule proteins, affecting
microtubule assembly and disrupting mitotic chromosome
localization to the spindle’s intermediate band in the presence of
the PLK1 inhibitor (Patterson et al., 2019).

4.2 Regulation of signaling pathways
by MTH1

In a separate study focusing on non-small cell lung cancer
(NSCLC), it was discovered that MTH1 not only promotes the
progression of NSCLC but also enhances activities in the MAPK
pathway and PI3K/AKT in cancer cells. This enhancement led to the
induction of epithelial-mesenchymal transition, thus facilitating the
proliferative and invasive capabilities of lung cancer cells (Li et al.,
2021a). Similarly, in gastric cancer research, the MTH1 inhibitor
TH287 was found to exert a range of anticancer effects on gastric
cancer cells, impacting mitochondrial function and the PI3K/AKT
signaling pathway (Zhan et al., 2020). In the context of rectal cancer,
a study investigating MTH1 enzymatic activity, specifically 8-oxo-
dGTPase, in human colorectal cancer (CRC) and adjacent cancer-
free tissues (CFCF), revealed that the majority of CRC tumors
exhibited higher MTH1 activity compared to CFCF.
Furthermore, higher 8-oxo-dGTPase activity was associated with
a significantly lower likelihood of recurrence-free survival
(Bialkowski and Szpila, 2021; Guo et al., 2021).

Other oncogenes, such as NF-κB, MYC, and PI3K, are known to
produce ROS, leading to heightened levels of oxidative DNA damage
in cells expressing these genes. In tumor cells, MTH1 acts as a
protective factor against DNA damage, potentially to avert apoptosis
induced by such damage, and may be upregulated in response. This
active role of MTH1 has been observed in various cancer types. For
instance, in oral cancer treatment research, Shi et al. discovered that
counteracting MTH1 activity, in combination with MDR1 siRNA,
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synergistically inhibited oral cancer cells (Shi et al., 2019). The
deletion of MTH1 results in the downregulation of glutathione-
dependent oxidative stress (OS) defense system factors. Similarly,
studies in thyroid cancer have shown that downregulating
MTH1 expression, particularly when combined with drugs
regulating the glutathione pool, increases ROS levels in cancer
cells. This escalation in ROS impedes the proliferation of thyroid
cancer cells and enhances the anticancer efficacy of
MTH1 inhibitors (Arczewska et al., 2020; Liao et al., 2020).

4.3 MTH1 is regulated by oxidative stress

The development of cancer is influenced by various external
factors, including oncogenic stimuli like certain nanoparticles (NPs).
These NPs can induce intracellular oxidative stress and cytotoxic
effects, leading to DNA damage and the acquisition of an oncogenic
phenotype. MTH1 plays a crucial role in mitigating ROS toxicity,
which in turn contributes to the proliferation, migration, and
invasion of tumor cells, possibly serving as a survival mechanism
for them (Barguilla et al., 2020).

GivenMTH1’s significant role, non-invasive in vitro detection of
its expression becomes vital. MTH1, also known as oxidized purine
nucleoside triphosphatase, shows promise as a biomarker for
monitoring cancer progression and quantifying its involvement
in targeted therapies. Notably, its inhibitor TH287, which can be

radiolabeled, is detectable in vitro assays, especially in brain tumors
and other CNS disorders, providing a practical approach for
researching MTH1 expression in tumors (Chen et al., 2020).
Additionally, research in gliomas has linked MTH1 expression to
the hypoxia-inducible factor HIF1α (Zhao et al., 2020).

4.4 MTH1 is associated with tumor drug
resistance

In human breast cancer cells, particularly MCF7-R, the
knockdown of MTH1 activated the expression of the cell cycle
protein-dependent kinase inhibitory protein p21. This led to
increased sensitivity of MCF7-R cells to gemcitabine, suggesting
that silencing the MTH1 gene can enhance the sensitivity of breast
cancer cells, potentially serving as a novel adjuvant therapy for
targeting drug-resistant tumors (Wen et al., 2021). Similarly, in the
study of triple negative breast cancer (TNBC) development, the actin
fiber-associated protein 1-antisense RNA1 (AFAP1-AS1) was
identified as targeting miR-145 to regulate MTH1 expression,
thereby promoting proliferation and invasion. This finding
indicates that MTH1 is regulated by upstream genes and
elucidates amechanism in TNBC development (Zhang et al., 2020b).

In the context of acute myeloid leukemia (AML), most patients
succumb to primary resistance or relapse due to conventional
chemotherapy regimens that induce reactive oxygen species

FIGURE 3
Advances in the study of MTH1 in a variety of tumors (NSCLC, Non-Small Cell Lung Cancer. ROS, Reactive Oxygen Species; 8-oxo-dGTPase, 8-oxo-
2′-deoxyguanosine triphosphatase; PMS2, Postmeiotic segregation increased 2).
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(ROS) and DNA damage. However, combining the MTH1 inhibitor
TH1579 with standard chemotherapy has been shown to induce
growth arrest in AML cells and increase intracellular oxidized

nucleotides, resulting in significant DNA damage. This
combination therapy may extend the survival of AML patients
(Karsten, 2022).

TABLE 1 MTH1 inhibitors related to MTH1 and their functions.

Series Inhibitors IC50 Function References

Small-molecule
drugs

SCH5 1344 410 nmol/L suppress the growth of RAS-
overexpressing fibroblasts

Chalmers et al. (2017)

crizotinib 1.4–4.3 μmol/L Inhibit HGF/MET signaling and RhoA
activation

Huber et al. (2014), Takiguchi et al. (2017)

(S)-crizotinib 330 nmol/L increase intracellular ROS levels van der Waals et al. (2019), Li et al. (2021b)

Natural products echinacoside 7 μmol/L increase the cellular level of oxidative
damage

Dong et al. (2015)

farnesyl phenolic, FP1-8 8.6–28.5 μmol/L bind to MTH1 within intact cells Gao et al. (2017)

α-mangostin 0.47 μmol/L binds to the active site of MTH1 Yokoyama et al. (2019)

γ-mangostin 2.0 μmol/L N Yokoyama et al. (2019)

3-isomangostin 52 nmol/L N Yokoyama et al. (2019)

Pyrimidine
analogues

TH287 0.9 nmol/L cause the accumulation of oxidized dNTPs
and cytotoxicity in cancer cells

Gad et al. (2014), Lee et al. (2019), Shi et al.
(2019), Huang et al. (2020), Zhan et al. (2020)

TH588 7.0 nmol/L activates the mitotic surveillance pathway
and thus prevents cancer cells from re-
entering the cell cycle

Baloghová and Beninghaus (1985), Ikejiri et al.
(2018), van der Waals et al. (2019)

TH1579 (karonudib) N cause accumulation of oxidative lesions
into DNA in an MTH1-dependent
manner

Warpman Berglund et al. (2016), Hua et al.
(2019), Moukengue et al. (2020), Hu et al.
(2021), Sanjiv et al. (2021), Centio et al. (2022)

aminopyrimidine (AP)
analogue, AP1-12

0.2nmol/L-4μmol/L bind to MTH1 Petrocchi et al. (2016)

MI-743 91.44 nmol/L induce accumulation of 8-oxo-dG lesions,
DNA damage, and apoptosis

Zhou et al. (2019)

MI-401 461.32 nmol/L Zhou et al. (2019)

Purine analogues P-1 2.8 μmol/L inhibit MTH1 Kettle et al. (2016)

purinone macrocycle
(PM) analogue, PM-1

0.3 nmol/L increase in potency against MTH1 Kettle et al. (2016)

MTH1 binding site ligand
fragment (F),1-5

6–79 μmol/L bind to the MTH1 site and inhibits
MTH1 activity

Rudling et al. (2017)

purine (Pu) derivatives,
PU1-8

3.3 mmol/L inhibit MTH1 Kumar et al. (2017)

Quinoline and
quinazoline
analogues

3-amidoquinolines (AQ) AQ-1 (0.9 nmol/L) and
AQ-2 (12.5 nmol/L)

against MTH1 with high potency Zhou et al. (2019)

2-aminoquinazoline (AZ) AZ-1 (3.32 mmol/L) inhibit MTH1 Zhou et al. (2019)

Indole and
indazole analogues

7-azaindole (AI), AI1-15 AI-2 (IC50 = 5 nmol/L) inhibit MTH1 Rahm et al. (2018)

7-azaindazole (AID)
analogues, SB2001

3.57 mmol/L bind and inhibit MTH1 and LTA4H,
induce the accumulation of oxidative
damages in DNA mismatch repair

Park and Park (2019)

Nucleotide
analogues

8-halogenated 7-
deazadGTP analogues

7deazadGTP (1.57 μmol/
L); 7-I-7-deazadGTP
(2.62 μmol/L)

seldom be hydrolyzed but obviously
inhibited MTH1 activity

Yin et al. (2016a), Yin et al. (2016b)

Metalated
analogues

Cd (II) and Cu (II) Cd (II) (30 μmol/L) and Cu
(II) (30 μmol/L)

N Kasprzak and Bialkowski (2000)

cyclometalated
ruthenium (CR)

low-nanomolar levels confirmed by testing with a large panel of
protein kinases and other ATP binding
proteins

Streib et al. (2014)

*N, no relevant studies available.

Frontiers in Cell and Developmental Biology frontiersin.org06

Ding and Liu 10.3389/fcell.2024.1334417

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1334417


The recent advancements in cancer research have brought to
light the significant roles of the MTH1 and PMS2 genes. PMS2, a
dimerization partner of MLH1 and an essential component of the
mismatch repair system, has been found to contain promoter
mutations in approximately 10% of melanoma cases. These
mutations correlate with a tumor mutation load more than five
times higher than in tumors with wild-type PMS2 (Chalmers et al.,
2017), The PMS2 and MTH1/NUDT1 genes are closely located on
chromosome 7 (at 7p22.1 and 7p22.3, respectively). Experimental
evidence from clinical histology suggests that simultaneous silencing
of both MTH1 and PMS2 significantly induces cell death,
highlighting a potential therapeutic approach (Tan et al., 2021;
Das et al., 2022).

Furthermore, MTH1 has been identified as a tumor-promoting
factor in various cancers. Its inhibition leads to an accumulation of
reactive oxygen species (ROS) and subsequent DNA damage in
tumor cells, resulting in varying degrees of antitumor effects.
MTH1 inhibition has also been found to synergize with some
anticancer drugs in many studies, enhancing their effectiveness in
inhibiting tumor growth, migration, and invasion. This synergy has
spurred increased research interest in MTH1, leading to the
development and exploration of various MTH1 inhibitors and
related therapeutic approaches.

5 Therapeutic programs related
to MTH1

The development of antitumor drugs has increasingly focused
on targeting key molecules in DNA damage repair pathways. A
significant milestone in this field was the approval of the
polyadenosine diphosphate ribose polymerase (PARP) inhibitor
olaparib by the U.S. FDA in 2014. Olaparib, an antitumor drug
that targets DNA damage repair, exemplifies the progressive focus
on such therapies (Dominissini and He, 2014).

MTH1, due to its role in maintaining the stability of damaged
genes by counteracting the stress damage produced by reactive
oxygen species (ROS), has become a subject of interest in cancer
research. This has led to the development of various
MTH1 inhibitors and new inhibitor-based therapeutic modalities
(Table 1). The mechanism involves redox regulation causing cells to
produce ROS, leading to DNA damage and free deoxyribonucleotide
triphosphates (dNTPs). MTH1 plays a critical role by eliminating
excess dNTPs, preventing the incorporation of damaged bases
during DNA replication. Notably, MTH1 is expressed more
strongly in tumor cells compared to normal cells, making it a
key target in cancer therapy.

5.1 TH287 and TH588

The research by Gad et al. (2017) highlights the potential of
targeting MTH1 in cancer treatment. In their study, they used small
interfering RNA (siRNA) technology to knock down MTH1 in
human osteosarcoma U2OS cells and normal VH60 cells. They
observed that MTH1 played a more crucial role in the development
of U2OS cells compared to VH60 cells. This finding led them to
screen for inhibitory compounds using purified MTH1 protein,

resulting in the identification of TH287 as an effective inhibitor with
an IC50 value of 0.8 nmol/L. However, TH287 had poor stability,
leading to the development of a modified compound, TH588, which
not only retained inhibitory activity but also demonstrated
improved stability and selectivity.

Interestingly, both TH287 and TH588 were found to selectively
kill a variety of tumor cells without adversely affecting normal cells.
In vivo experiments showed that TH588 inhibited the growth of
subcutaneously transplanted melanoma by overcoming tumor
resistance to carboplatin, azelnimidamide, and verofenib.
Mechanistically, TH287 and TH588 function by occupying the
binding pocket of 8-oxo-dGTP in MTH1, interacting with key
amino acid residues in the target protein.

In the realm of gastric cancer research, TH287 has shown
promising results. It impacts mitochondrial function and inhibits
the PI3K/AKT signaling pathway, playing a significant role against
gastric cancer. This highlights TH287’s potential as a valuable tool in
the treatment of gastric cancer by targeting specific molecular
pathways (Zhan et al., 2020). Additionally, TH588, which is not
only an MTH1 inhibitor but also a microtubule-targeting agent,
demonstrates its anticancer efficacy by inhibiting microtubule
polymerization and reducing microtubule movement during cell
division. This action effectively delays the process of cell division,
contributing to its anticancer properties (Rajendraprasad et al.,
2021). Both TH287 and TH588 have progressed to clinical
studies, marking a significant step forward in the development of
these compounds as potential cancer therapies. This advancement
into clinical trials underscores the potential of these drugs in
providing new treatment options for cancer patients, especially in
targeting specific molecular mechanisms involved in cancer
progression (Gad et al., 2014).

5.2 TH1579 (Karonudib)

The development of TH1579 (Karonudib), an optimized analog
of TH588, marks a significant advancement in cancer therapeutics.
Currently in phase I clinical trials, TH1579 is being tested for its
efficacy in treating both solid and hematologic cancers. These trials
represent a crucial step in evaluating the drug’s safety and
effectiveness in a clinical setting (Moukengue et al., 2020).

TH1579 operates by a mechanism similar to TH588, showcasing
high selectivity in targeting cancer cells. It blocks cellular mitosis and
activates the spindle assembly checkpoint (SAC), leading to an
increase in reactive oxygen species (ROS). The elevated ROS
levels oxidize the dGTP pool, resulting in an excess of 8-oxo-
dGTP. This oxidized nucleotide is then incorporated into DNA
during mitotic replication, effectively targeting and killing cancer
cells. Additionally, TH1579 has shown promising results when used
in combination with BRAF inhibitors, particularly in cells with
BRAF mutations. This combination therapy has exhibited enhanced
cell-killing effects both in vivo and ex vivo, suggesting a potential
synergistic approach in cancer treatment (Das et al., 2020).

In terms of immunotherapy, TH1579 does not appear to
compromise the antitumor responses induced by anti-CTLA-
4 antibody treatment in melanoma. Furthermore, it has been
observed that Karonudib does not alter the tumor suppressor
activity produced by the injection of autologous tumor-
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infiltrating lymphocytes (TILs) in a patient-derived xenograft (PDX)
model of melanoma. This implies that TH1579 (Karonudib) does
not interfere with T-cell-mediated cytotoxicity in vivo, an important
consideration for combination therapies involving
immunotherapeutic agents (Einarsdottir et al., 2018).

Overall, the development and clinical trials of TH1579
(Karonudib) represent an exciting advancement in the field of
oncology, potentially offering new therapeutic options for
patients with various forms of cancer.

5.3 Crizotinib

Mutations in RAS isoforms are a common occurrence in human
cancers (Moore et al., 2020). The study by Huber et al. sheds light on
the role of MTH1, a human mut-T homologue, in the context of
these mutations, particularly in KRAS tumor cells. Their research
revealed that loss of MTH1 function impairs the growth of KRAS
tumor cells, while overexpression of MTH1 reduces sensitivity to the
compound SCH51344 (Huber et al., 2014).

SCH51344, though not used clinically, led to the identification of
crizotinib, a widely used dual Met/ALK inhibitor, as a potent
inhibitor of MTH1 activity. Interestingly, while (R)-crizotinib, the
clinically used form, is inactive against MTH1, the (S)-enantiomer of
crizotinib selectively inhibits MTH1 catalytic activity. This selective
inhibition was demonstrated to have a significant effect on human
tumor cells by inducing DNA damage in vitro and in vivo
experiments, without significantly impacting normal cells. The
mechanism behind the selective action of (S)-crizotinib involves
the formation of hydrogen bonds with fewer amino acid residues in
the MTH1 active pocket. This reduced activity contributes to its
specificity and effectiveness in targeting tumor cells harboring RAS
mutations, offering a potential therapeutic strategy for cancers
driven by these mutations (Huber et al., 2014).

These findings highlight the potential of targeting specific
molecular pathways in cancer therapy, particularly those
involving key enzymes like MTH1, and open up avenues for the
development of more effective and selective cancer treatments.

5.4 Combination of MTH1 inhibitors with
new therapeutic regimens

The development of MTH1 inhibitors in recent years has largely
focused on their potential to kill tumor cells, supporting the idea of
MTH1 inhibition as an effective strategy for tumor suppression.
However, some studies have drawn opposite conclusions, particularly
regarding second-generation inhibitors (Huber et al., 2014). For instance,
research by Govindi et al. highlighted a complex scenario where certain
cancer cell lines, possessing 8-oxo GTPase activity, appeared almost
completely independent of MTH1. These cell lines were not affected by
MTH1 depletion or MTH1 inhibitors. Interestingly, the induction of
cytotoxicity by TH588 and TH287 was still significant in these cell lines.
This suggests that MTH1 inhibition might still play a role in impacting
biological functions, albeit in a more nuanced manner than previously
thought (Samaranayake et al., 2020).

Given these findings, researchers are now exploring the
combination of first-generation MTH1 inhibitors with other

therapeutic approaches. They are also developing new treatment
protocols that integrate MTH1 inhibitors with different therapeutic
methods. This approach aims to maximize the potential benefits of
MTH1 inhibition while mitigating any limitations observed in
certain cancer types or with specific inhibitors.

This evolving research landscape underscores the importance of
continued investigation into the role of MTH1 in cancer and the
potential for varied responses to its inhibition across different cancer
cell types. It highlights the need for a more tailored approach to
cancer therapy, taking into account the specific characteristics and
vulnerabilities of different tumor cells.

The combination of the MTH1 inhibitor TH1579 (Karonudib)
with radiation therapy (RT) represents a significant advancement in
cancer treatment strategies. This combination has been shown to
increase the sensitivity of cancer cells to radiotherapy. It also
counteracts the resistance to radiotherapy often induced by
hypoxic stress in tumors. This finding is a crucial development,
as overcoming hypoxia-induced resistance can significantly improve
the efficacy of radiation therapy in cancer treatment. Additionally,
the use of piperlongumine (PLN) has been found to disrupt redox
homeostasis, thereby increasing the sensitivity of cancer cells to
MTH1 inhibitors. This approach demonstrates the potential of
targeting redox balance in cancer cells as a way to enhance the
effectiveness of MTH1 inhibition (Hansel et al., 2021).

Photodynamic therapy (PDT) is another promising strategy for
tumor treatment. It works by generating highly toxic reactive oxygen
species (ROS) that damage DNA and other essential biomolecules.
However, the effectiveness of PDT can be limited due to local hypoxia
within tumors and the presence of ROS defense mechanisms like
MTH1, which can counteract the damage caused by ROS-oxidation.
Innovatively, Son et al. (2022) developed a nanoplatform that
leverages these mechanisms to enhance PDT’s effectiveness. They
enabled the in-situ growth of platinum nanoparticles (Pt NPs) with
peroxidase activity in the nano-channels of mesoporous silica
nanoparticles (MSNs). By encapsulating chlorinated photosensitizer
e6 (Ce6) and theMTH1 inhibitor TH588, and furthermodifying them
with arginine-glycine-aspartic acid (RGD)-functionalized liposomal
shells, they created the MPCT@Li-R NPs. These nanoparticles can
continuously catalyze the decomposition of hydrogen peroxide
(H2O2) to oxygen (O2) in tumors, thereby promoting the
generation of singlet oxygen during PDT and improving the
oxidative damage to DNA bases. The acid-responsive release of
TH588 inhibits MTH1-mediated scavenging of oxidized bases,
further aggravating oxidative DNA damage. This innovative
approach enhances the performance of PDT in hypoxic tumors,
suggesting the potential for effective cancer cell killing without
generating excess cytotoxic ROS (Zhao et al., 2020).

In the field of enhancing photodynamic therapy (PDT),
researchers like Chen et al. and Shao et al. have made significant
strides with their innovative approaches. Chen et al. (2023)
developed a novel nanoamplifier, termed IrP-T, which leverages
the properties of an amphiphilic iridium complex and an
MTH1 inhibitor (TH287). This nanoamplifier is designed to
inflict ROS-induced damage when activated by light. It works by
increasing the accumulation of 8-oxo-dGTP via the
MTH1 inhibitor, thereby enhancing oxidative stress and inducing
cell death. This approach effectively capitalizes on the oxidative
damage mechanism to boost the therapeutic efficacy of PDT.
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Similarly, Shao et al. (2023) devised a hypoxia-activated
nanosystem named FTPA. This innovative system can degrade
under hypoxic conditions to release its encapsulated components:
a PDT photosensitizer named 4-DCF-MPYM, and the
MTH1 inhibitor, TH588. Upon activation, this nanosystem exerts
a potent antitumor effect. This strategy is particularly ingenious as it
targets the hypoxic environment of tumors, which is a common
challenge in effective cancer treatment.

These studies represent a significant advancement in cancer
therapy, particularly in the utilization of nanotechnology to enhance
the efficacy of PDT. They showcase the potential of combining
innovative drug delivery systems with targeted therapy to overcome
some of the traditional limitations in treating cancer.

6 Conclusion and perspective

The role of redox homeostasis disturbances in disease
development, particularly in the context of cancer, is increasingly
recognized. High levels of reactive oxygen species (ROS) in cells can
directly affect DNA biological processes, leading to DNA damage.
MTH1 plays a critical role in counteracting such DNA damage and
maintaining the integrity of DNA, which is crucial for normal cell
metabolism. In contrast, tumor cells rely heavily on MTH1 to
support their distinctive biological properties.

Normal cells, which do not typically experience redox imbalance
during metabolism, do not depend on MTH1 function for
maintaining growth. However, tumor cells often face various
external stimuli that cause DNA damage. MTH1 repairs this
damage, contributing to the survival and proliferation of tumor
cells. Therefore, MTH1 emerges as a potential target for cancer
treatment and intervention. Several approaches to target MTH1 for
tumor intervention and treatment have been considered:

1. Targeting MTH1 Protein Function: Directly applying
MTH1 inhibitors to induce DNA damage, increase
cytotoxicity, and promote apoptosis in tumor cells, thereby
inhibiting tumor growth.

2. Targeting MTH1 Transcription-Translation Process:
Developing inhibitors, such as non-coding RNAs, to inhibit
MTH1 expression and its tumor-promoting effects.

3. Targeting MTH1 Repair Process: Inhibiting the repair process
of DNA synthesis, promoting DNA damage, and inhibiting
tumor growth.

4. Utilizing ROS Release Factors: Using factors that promote
elevated ROS levels in conjunction with MTH1 inhibitors to
enhance DNA damage in tumor cells.

5. Promoting 8-oxo-dGTP Accumulation: Researching and
developing regulatory mechanisms that accelerate or amplify

the effects of MTH1 inhibitors in promoting DNA damage
in tumors.

The research surroundingMTH1 and its inhibitors is indeed still in
its nascent stages, with most development concentrated in preclinical
trials. This stage of research is crucial for understanding the efficacy and
safety of these inhibitors before they can be considered for clinical use.
The question of whetherMTH1 can become a viable and effective target
for the clinical treatment of tumors remains open and requires further
empirical validation.

Ongoing research in biochemistry, genetics, oncogenes, and
signal transduction is critical to uncovering the full potential of
MTH1 as a therapeutic target. As our understanding of these areas
deepens, the opportunity to explore MTH1’s activity in interfering
with and treating tumor development becomesmore promising. The
complexity of tumor biology necessitates a comprehensive approach
to treatment, and targeting specific proteins like MTH1 could offer a
new pathway for effective cancer therapies.

Author contributions

YD: Writing–original draft. QL: Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by grants from the National Natural Science
Foundation of China (No. 82060505) and the Natural Science
Foundation of Jiangxi Province (No. 20232BAB206106).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Arczewska, K. D., Krasuska, W., Stachurska, A., Karpinska, K., Sikorska, J.,
Kiedrowski, M., et al. (2020). hMTH1 and GPX1 expression in human thyroid
tissue is interrelated to prevent oxidative DNA damage. DNA Repair (Amst) 95,
102954. doi:10.1016/j.dnarep.2020.102954

Baloghová, D., and Beninghaus, T. (1985). The significance of sheep in the
epidemiology of Q fever in Slovakia. Ceskoslovenska Epidemiol. Mikrobiol. Imunol.
34 (3), 184–188.

Barguilla, I., Barszczewska, G., Annangi, B., Domenech, J., Velazquez, A., Marcos, R.,
et al. (2020). MTH1 is involved in the toxic and carcinogenic long-term effects induced
by zinc oxide and cobalt nanoparticles. Arch. Toxicol. 94 (6), 1973–1984. doi:10.1007/
s00204-020-02737-y

Bialkowski, K., and Szpila, A. (2021). Specific 8-oxo-dGTPase activity of MTH1
(NUDT1) protein as a quantitative marker and prognostic factor in human colorectal
cancer. Free Radic. Biol. Med. 176, 257–264. doi:10.1016/j.freeradbiomed.2021.10.004

Frontiers in Cell and Developmental Biology frontiersin.org09

Ding and Liu 10.3389/fcell.2024.1334417

https://doi.org/10.1016/j.dnarep.2020.102954
https://doi.org/10.1007/s00204-020-02737-y
https://doi.org/10.1007/s00204-020-02737-y
https://doi.org/10.1016/j.freeradbiomed.2021.10.004
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1334417


Bivik Eding, C., Kohler, I., Verma, D., Sjogren, F., Bamberg, C., Karsten, S., et al.
(2021). MTH1 inhibitors for the treatment of psoriasis. J. Invest. Dermatol 141 (8),
2037–2048. doi:10.1016/j.jid.2021.01.026

Butterfield, D. A., and Halliwell, B. (2019). Oxidative stress, dysfunctional glucose
metabolism and Alzheimer disease. Nat. Rev. Neurosci. 20 (3), 148–160. doi:10.1038/
s41583-019-0132-6

Centio, A., Estruch, M., Reckzeh, K., Sanjiv, K., Vittori, C., Engelhard, S., et al. (2022).
Inhibition of oxidized nucleotide sanitation by TH1579 and conventional
chemotherapy cooperatively enhance oxidative DNA damage and survival in AML.
Mol. Cancer Ther. 21 (5), 703–714. doi:10.1158/1535-7163.Mct-21-0185

Chalmers, Z. R., Connelly, C. F., Fabrizio, D., Gay, L., Ali, S. M., Ennis, R., et al. (2017).
Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational
burden. Genome Med. 9 (1), 34. doi:10.1186/s13073-017-0424-2

Chen, G., Wang, X., He, Z., Li, X., Yang, Z., Zhang, Y., et al. (2023). Light-elicited and
oxygen-saved iridium nanocapsule for oxidative damage intensified oncotherapy.
Molecules 28 (11), 4397. doi:10.3390/molecules28114397

Chen, H., Afrin, S., Guo, Y., Chu, W., Benzinger, T. L. S., Rogers, B. E., et al. (2020).
Radiolabeled 6-(2, 3-dichlorophenyl)-N4-methylpyrimidine-2, 4-diamine (TH287): a
potential radiotracer for measuring and imaging MTH1. Int. J. Mol. Sci. 21 (22), 8860.
doi:10.3390/ijms21228860

Chen, Y., Hua, X., Huang, B., Karsten, S., You, Z., Li, B., et al. (2022). MutT homolog
1 inhibitor karonudib attenuates autoimmune hepatitis by inhibiting DNA repair in
activated T cells. Hepatol. Commun. 6 (5), 1016–1031. doi:10.1002/hep4.1862

Chiorcea-Paquim, A. M. (2022). 8-oxoguanine and 8-oxodeoxyguanosine biomarkers
of oxidative DNA damage: a review on HPLC-ECD determination. Mol. (Basel, Switz.
27 (5), 1620. doi:10.3390/molecules27051620

Das, I., Gad, H., Brautigam, L., Pudelko, L., Tuominen, R., Hoiom, V., et al. (2020).
AXL and CAV-1 play a role for MTH1 inhibitor TH1579 sensitivity in cutaneous
malignant melanoma. Cell Death Differ. 27 (7), 2081–2098. doi:10.1038/s41418-019-
0488-1

Das, I., Tuominen, R., Helleday, T., Hansson, J., Warpman Berglund, U., and Egyhazi
Brage, S. (2022). Coexpression of MTH1 and PMS2 is associated with advanced disease
and disease progression after therapy in melanoma. J. Invest. Dermatol 142 (3),
736–740.e6. doi:10.1016/j.jid.2021.07.166

Dominissini, D., and He, C. (2014). Cancer: damage prevention targeted. Nature 508
(7495), 191–192. doi:10.1038/nature13221

Dong, L., Wang, H., Niu, J., Zou, M., Wu, N., Yu, D., et al. (2015). Echinacoside
induces apoptotic cancer cell death by inhibiting the nucleotide pool sanitizing enzyme
MTH1. OncoTargets Ther. 8, 3649–3664. doi:10.2147/ott.S94513

Einarsdottir, B. O., Karlsson, J., Soderberg, E. M. V., Lindberg, M. F., Funck-Brentano,
E., Jespersen, H., et al. (2018). A patient-derived xenograft pre-clinical trial reveals
treatment responses and a resistance mechanism to karonudib in metastatic melanoma.
Cell death Dis. 9 (8), 810. doi:10.1038/s41419-018-0865-6

Forman, H. J., and Zhang, H. (2021). Targeting oxidative stress in disease: promise
and limitations of antioxidant therapy. Nat. Rev. Drug Discov. 20 (9), 689–709. doi:10.
1038/s41573-021-00233-1

Gad, H., Koolmeister, T., Jemth, A. S., Eshtad, S., Jacques, S. A., Ström, C. E., et al.
(2014). MTH1 inhibition eradicates cancer by preventing sanitation of the dNTP pool.
Nature 508 (7495), 215–221. doi:10.1038/nature13181

Gad, H., Koolmeister, T., Jemth, A. S., Eshtad, S., Jacques, S. A., Strom, C. E., et al.
(2017). Corrigendum: MTH1 inhibition eradicates cancer by preventing sanitation of
the dNTP pool. Nature 544 (7651), 508. doi:10.1038/nature22083

Gao, Y., Zhu, L., Guo, J., Yuan, T., Wang, L., Li, H., et al. (2017). Farnesyl phenolic
enantiomers as natural MTH1 inhibitors from Ganoderma sinense. Oncotarget 8 (56),
95865–95879. doi:10.18632/oncotarget.21430

Guo, Z., Zhang, X., Zhu, H., Zhong, N., Luo, X., Zhang, Y., et al. (2021).
TELO2 induced progression of colorectal cancer by binding with RICTOR through
mTORC2. Oncol. Rep. 45 (2), 523–534. doi:10.3892/or.2020.7890

Hancock, J. T., and Veal, D. (2021). Nitric oxide, other reactive signalling compounds,
redox, and reductive stress. J. Exp. Bot. 72 (3), 819–829. doi:10.1093/jxb/eraa331

Hansel, C., Hlouschek, J., Xiang, K., Melnikova, M., Thomale, J., Helleday, T., et al.
(2021). Adaptation to chronic-cycling hypoxia renders cancer cells resistant to MTH1-
inhibitor treatment which can Be counteracted by glutathione depletion. Cells 10 (11),
3040. doi:10.3390/cells10113040

Harris, I. S., and DeNicola, G. M. (2020). The complex interplay between antioxidants
and ROS in cancer. Trends Cell Biol. 30 (6), 440–451. doi:10.1016/j.tcb.2020.03.002

Hirano, T., Kawai, K., Ootsuyama, Y., Orimo, H., and Kasai, H. (2004). Detection of a
mouse OGG1 fragment during caspase-dependent apoptosis: oxidative DNA damage
and apoptosis. Cancer Sci. 95 (8), 634–638. doi:10.1111/j.1349-7006.2004.tb03321.x

Hu, M., Ning, J., Mao, L., Yu, Y., andWu, Y. (2021). Antitumour activity of TH1579, a
novel MTH1 inhibitor, against castration-resistant prostate cancer. Oncol. Lett. 21 (1),
62. doi:10.3892/ol.2020.12324

Hua, X., Sanjiv, K., Gad, H., Pham, T., Gokturk, C., Rasti, A., et al. (2019). Karonudib
is a promising anticancer therapy in hepatocellular carcinoma. Ther. Adv. Med. Oncol.
11, 1758835919866960. doi:10.1177/1758835919866960

Huang, X., Chen, J., Wu, W., Yang, W., Zhong, B., Qing, X., et al. (2020). Delivery of
MutT homolog 1 inhibitor by functionalized graphene oxide nanoparticles for
enhanced chemo-photodynamic therapy triggers cell death in osteosarcoma. Acta
biomater. 109, 229–243. doi:10.1016/j.actbio.2020.04.009

Huber, K. V., Salah, E., Radic, B., Gridling, M., Elkins, J. M., Stukalov, A., et al. (2014).
Stereospecific targeting of MTH1 by (S)-crizotinib as an anticancer strategy. Nature 508
(7495), 222–227. doi:10.1038/nature13194

Ikejiri, F., Honma, Y., Kasukabe, T., Urano, T., and Suzumiya, J. (2018). TH588, an
MTH1 inhibitor, enhances phenethyl isothiocyanate-induced growth inhibition in
pancreatic cancer cells. Oncol. Lett. 15 (3), 3240–3244. doi:10.3892/ol.2017.7713

Ishibashi, T., Hayakawa, H., Ito, R., Miyazawa, M., Yamagata, Y., and Sekiguchi, M.
(2005). Mammalian enzymes for preventing transcriptional errors caused by oxidative
damage. Nucleic Acids Res. 33 (12), 3779–3784. doi:10.1093/nar/gki682

Jemth, A. S., Gustafsson, R., Bräutigam, L., Henriksson, L., Vallin, K. S. A., Sarno, A.,
et al. (2018). MutT homologue 1 (MTH1) catalyzes the hydrolysis of mutagenic O6-
methyl-dGTP. Nucleic acids Res. 46 (20), 10888–10904. doi:10.1093/nar/gky896

Karsten, S. (2022). Targeting the DNA repair enzymes MTH1 and OGG1 as a novel
approach to treat inflammatory diseases. Basic Clin. Pharmacol. Toxicol. 131 (2),
95–103. doi:10.1111/bcpt.13765

Kasprzak, K. S., and Bialkowski, K. (2000). Inhibition of antimutagenic enzymes, 8-
oxo-dGTPases, by carcinogenic metals. Recent developments. J. Inorg. Biochem. 79 (1-
4), 231–236. doi:10.1016/s0162-0134(99)00240-8

Kettle, J. G., Alwan, H., Bista, M., Breed, J., Davies, N. L., Eckersley, K., et al. (2016).
Potent and selective inhibitors of MTH1 probe its role in cancer cell survival. J. Med.
Chem. 59 (6), 2346–2361. doi:10.1021/acs.jmedchem.5b01760

Kumar, A., Kawamura, T., Kawatani, M., Osada, H., and Zhang, K. Y. J. (2017).
Identification and structure-activity relationship of purine derivatives as novel
MTH1 inhibitors. Chem. Biol. drug Des. 89 (6), 862–869. doi:10.1111/cbdd.12909

Lee, J. W., Lee, S., Ho, J. N., Youn, J. I., Byun, S. S., and Lee, E. (2019). Antitumor
effects of MutT homolog 1 inhibitors in human bladder cancer cells. Biosci. Biotechnol.
Biochem. 83 (12), 2265–2271. doi:10.1080/09168451.2019.1648207

Lennicke, C., and Cocheme, H. M. (2021). Redox metabolism: ROS as specific
molecular regulators of cell signaling and function. Mol. Cell 81 (18), 3691–3707.
doi:10.1016/j.molcel.2021.08.018

Li, D. N., Yang, C. C., Li, J., Ou Yang, Q. G., Zeng, L. T., Fan, G. Q., et al. (2021a). The
high expression of MTH1 and NUDT5 promotes tumor metastasis and indicates a poor
prognosis in patients with non-small-cell lung cancer. Biochim. Biophys. Acta Mol. Cell
Res. 1868 (1), 118895. doi:10.1016/j.bbamcr.2020.118895

Li, F., Wu, Y., Chen, L., Hu, L., Zhu, F., and He, Q. (2019). High iodine induces DNA
damage in autoimmune thyroiditis partially by inhibiting the DNA repair protein
MTH1. Cell Immunol. 344, 103948. doi:10.1016/j.cellimm.2019.103948

Li, Y., Li, Y., Xia, Z., Zhang, D., Chen, X., Wang, X., et al. (2021b). Identification of a
novel immune signature for optimizing prognosis and treatment prediction in
colorectal cancer. Aging 13 (23), 25518–25549. doi:10.18632/aging.203771

Liao, B., Liu, S., Liu, J., Reddy, P. A. K., Ying, Y., Xie, Y., et al. (2020). Long noncoding
RNA CTC inhibits proliferation and invasion by targeting miR-146 to regulate KIT in
papillary thyroid carcinoma. Sci. Rep. 10 (1), 4616. doi:10.1038/s41598-020-61577-z

Liu, T., Cai, J. P., Zhang, L. Q., Sun, N., Cui, J., Wang, H., et al. (2019). The mechanism
of RNA oxidation involved in the development of heart failure. Free Radic. Res. 53 (8),
910–921. doi:10.1080/10715762.2019.1646424

Mahmoud, A. B., Ajina, R., Aref, S., Darwish, M., Alsayb, M., Taher, M., et al. (2022).
Advances in immunotherapy for glioblastoma multiforme. Front. Immunol. 13, 944452.
doi:10.3389/fimmu.2022.944452

Maki, H., and Sekiguchi, M. (1992). MutT protein specifically hydrolyses a potent
mutagenic substrate for DNA synthesis. Nature 355 (6357), 273–275. doi:10.1038/
355273a0

McPherson, L. A., Troccoli, C. I., Ji, D., Bowles, A. E., Gardiner, M. L., Mohsen, M. G., et al.
(2019). IncreasedMTH1-specific 8-oxodGTPase activity is a hallmark of cancer in colon, lung
and pancreatic tissue. DNA Repair (Amst) 83, 102644. doi:10.1016/j.dnarep.2019.102644

Mishima, M., Sakai, Y., Itoh, N., Kamiya, H., Furuichi, M., Takahashi, M., et al. (2004).
Structure of human MTH1, a Nudix family hydrolase that selectively degrades oxidized
purine nucleoside triphosphates. J. Biol. Chem. 279 (32), 33806–33815. doi:10.1074/jbc.
M402393200

Mizuno, Y., Abolhassani, N., Mazzei, G., Saito, T., Saido, T. C., Yamasaki, R., et al.
(2022). Deficiency of MTH1 and/or OGG1 increases the accumulation of 8-oxoguanine
in the brain of the App(NL-G-F/NL-G-F) knock-in mouse model of Alzheimer’s
disease, accompanied by accelerated microgliosis and reduced anxiety-like behavior.
Neurosci. Res. 177, 118–134. doi:10.1016/j.neures.2021.11.009

Moore, A. R., Rosenberg, S. C., McCormick, F., and Malek, S. (2020). RAS-targeted
therapies: is the undruggable drugged? Nat. Rev. Drug Discov. 19 (8), 533–552. doi:10.
1038/s41573-020-0068-6

Moriya, M., Ou, C., Bodepudi, V., Johnson, F., Takeshita, M., and Grollman, A. P.
(1991). Site-specific mutagenesis using a gapped duplex vector: a study of translesion
synthesis past 8-oxodeoxyguanosine in E. coli. Mutat. Res. 254 (3), 281–288. doi:10.
1016/0921-8777(91)90067-y

Frontiers in Cell and Developmental Biology frontiersin.org10

Ding and Liu 10.3389/fcell.2024.1334417

https://doi.org/10.1016/j.jid.2021.01.026
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1158/1535-7163.Mct-21-0185
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.3390/molecules28114397
https://doi.org/10.3390/ijms21228860
https://doi.org/10.1002/hep4.1862
https://doi.org/10.3390/molecules27051620
https://doi.org/10.1038/s41418-019-0488-1
https://doi.org/10.1038/s41418-019-0488-1
https://doi.org/10.1016/j.jid.2021.07.166
https://doi.org/10.1038/nature13221
https://doi.org/10.2147/ott.S94513
https://doi.org/10.1038/s41419-018-0865-6
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1038/nature13181
https://doi.org/10.1038/nature22083
https://doi.org/10.18632/oncotarget.21430
https://doi.org/10.3892/or.2020.7890
https://doi.org/10.1093/jxb/eraa331
https://doi.org/10.3390/cells10113040
https://doi.org/10.1016/j.tcb.2020.03.002
https://doi.org/10.1111/j.1349-7006.2004.tb03321.x
https://doi.org/10.3892/ol.2020.12324
https://doi.org/10.1177/1758835919866960
https://doi.org/10.1016/j.actbio.2020.04.009
https://doi.org/10.1038/nature13194
https://doi.org/10.3892/ol.2017.7713
https://doi.org/10.1093/nar/gki682
https://doi.org/10.1093/nar/gky896
https://doi.org/10.1111/bcpt.13765
https://doi.org/10.1016/s0162-0134(99)00240-8
https://doi.org/10.1021/acs.jmedchem.5b01760
https://doi.org/10.1111/cbdd.12909
https://doi.org/10.1080/09168451.2019.1648207
https://doi.org/10.1016/j.molcel.2021.08.018
https://doi.org/10.1016/j.bbamcr.2020.118895
https://doi.org/10.1016/j.cellimm.2019.103948
https://doi.org/10.18632/aging.203771
https://doi.org/10.1038/s41598-020-61577-z
https://doi.org/10.1080/10715762.2019.1646424
https://doi.org/10.3389/fimmu.2022.944452
https://doi.org/10.1038/355273a0
https://doi.org/10.1038/355273a0
https://doi.org/10.1016/j.dnarep.2019.102644
https://doi.org/10.1074/jbc.M402393200
https://doi.org/10.1074/jbc.M402393200
https://doi.org/10.1016/j.neures.2021.11.009
https://doi.org/10.1038/s41573-020-0068-6
https://doi.org/10.1038/s41573-020-0068-6
https://doi.org/10.1016/0921-8777(91)90067-y
https://doi.org/10.1016/0921-8777(91)90067-y
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1334417


Moukengue, B., Brown, H. K., Charrier, C., Battaglia, S., Baud’huin, M., Quillard, T.,
et al. (2020). TH1579, MTH1 inhibitor, delays tumour growth and inhibits metastases
development in osteosarcoma model. EBioMedicine 53, 102704. doi:10.1016/j.ebiom.
2020.102704

Park, H., and Park, S. B. (2019). Label-free target identification reveals oxidative DNA
damage as the mechanism of a selective cytotoxic agent. Chem. Sci. 10 (12), 3449–3458.
doi:10.1039/c8sc05465g

Patterson, J. C., Joughin, B. A., Prota, A. E., Muhlethaler, T., Jonas, O. H., Whitman,
M. A., et al. (2019). VISAGE reveals a targetable mitotic spindle vulnerability in cancer
cells. Cell Syst. 9 (1), 74–92. doi:10.1016/j.cels.2019.05.009

Petrocchi, A., Leo, E., Reyna, N. J., Hamilton, M. M., Shi, X., Parker, C. A., et al.
(2016). Identification of potent and selective MTH1 inhibitors. Bioorg. Med. Chem. Lett.
26 (6), 1503–1507. doi:10.1016/j.bmcl.2016.02.026

Rahm, F., Viklund, J., Trésaugues, L., Ellermann, M., Giese, A., Ericsson, U., et al.
(2018). Creation of a novel class of potent and selective MutT homologue 1 (MTH1)
inhibitors using fragment-based screening and structure-based drug design. J. Med.
Chem. 61 (6), 2533–2551. doi:10.1021/acs.jmedchem.7b01884

Rajendraprasad, G., Eibes, S., Boldu, C. G., and Barisic, M. (2021). TH588 and low-
dose nocodazole impair chromosome congression by suppressing microtubule turnover
within the mitotic spindle. Cancers 13 (23), 5995. doi:10.3390/cancers13235995

Rodrigues, R., Cuddington, B., and Mossman, K. (2010). Bovine herpesvirus type 1 as
a novel oncolytic virus. Cancer Gene Ther. 17 (5), 344–355. doi:10.1038/cgt.2009.77

Rudling, A., Gustafsson, R., Almlöf, I., Homan, E., Scobie, M., Warpman Berglund,
U., et al. (2017). Fragment-based discovery and optimization of enzyme inhibitors by
docking of commercial chemical space. J. Med. Chem. 60 (19), 8160–8169. doi:10.1021/
acs.jmedchem.7b01006

Samaranayake, G. J., Troccoli, C. I., Zhang, L., Huynh, M., Jayaraj, C. J., Ji, D., et al.
(2020). The existence of MTH1-independent 8-oxodGTPase activity in cancer cells as a
compensatory mechanism against on-target effects of MTH1 inhibitors. Mol. Cancer
Ther. 19 (2), 432–446. doi:10.1158/1535-7163.MCT-19-0437

Sanjiv, K., Calderón-Montaño, J. M., Pham, T. M., Erkers, T., Tsuber, V., Almlöf, I.,
et al. (2021). MTH1 inhibitor TH1579 induces oxidative DNA damage and mitotic
arrest in acute myeloid leukemia. Cancer Res. 81 (22), 5733–5744. doi:10.1158/0008-
5472.Can-21-0061

Shao, Y., Chen, M., Chen, W., Wang, Z., Sui, M., Tian, M., et al. (2023). Integration of
activation by hypoxia and inhibition resistance of tumor cells to apoptosis for precise
and augmented photodynamic therapy. Adv. Healthc. Mater 12, e2300503. doi:10.1002/
adhm.202300503

Shi, X. L., Li, Y., Zhao, L. M., Su, L. W., and Ding, G. (2019). Delivery of
MTH1 inhibitor (TH287) and MDR1 siRNA via hyaluronic acid-based mesoporous
silica nanoparticles for oral cancers treatment. Colloids Surf. B Biointerfaces 173,
599–606. doi:10.1016/j.colsurfb.2018.09.076

Shibutani, S., Takeshita, M., and Grollman, A. P. (1991). Insertion of specific bases
during DNA synthesis past the oxidation-damaged base 8-oxodG. Nature 349 (6308),
431–434. doi:10.1038/349431a0

Sies, H. (2015). Oxidative stress: a concept in redox biology and medicine. Redox Biol.
4, 180–183. doi:10.1016/j.redox.2015.01.002

Sies, H., Berndt, C., and Jones, D. P. (2017). Oxidative stress. Annu. Rev. Biochem. 86,
715–748. doi:10.1146/annurev-biochem-061516-045037

Sies, H., and Jones, D. P. (2020). Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21 (7), 363–383. doi:10.1038/
s41580-020-0230-3

Smits, V. A., and Gillespie, D. A. (2014). Cancer therapy. Targeting the poison within.
Cell Cycle 13 (15), 2330–2333. doi:10.4161/cc.29756

Song, Q., Yang, W., Deng, X., Zhang, Y., Li, J., Xing, X., et al. (2022). Platinum-based
nanocomposites loaded with MTH1 inhibitor amplify oxidative damage for cancer
therapy. Colloids Surf. B Biointerfaces 218, 112715. doi:10.1016/j.colsurfb.2022.112715

Streib, M., Kräling, K., Richter, K., Xie, X., Steuber, H., and Meggers, E. (2014). An
organometallic inhibitor for the human repair enzyme 7,8-dihydro-8-oxoguanosine
triphosphatase. Angewandte Chemie Int. ed Engl. 53 (1), 305–309. doi:10.1002/anie.
201307849

Svensson, L. M., Jemth, A. S., Desroses, M., Loseva, O., Helleday, T., Högbom, M.,
et al. (2011). Crystal structure of humanMTH1 and the 8-oxo-dGMP product complex.
FEBS Lett. 585 (16), 2617–2621. doi:10.1016/j.febslet.2011.07.017

Takiguchi, S., Inoue, K., Matsusue, K., Furukawa, M., Teramoto, N., and Iguchi, H.
(2017). Crizotinib, a MET inhibitor, prevents peritoneal dissemination in pancreatic
cancer. Int. J. Oncol. 51 (1), 184–192. doi:10.3892/ijo.2017.3992

Tan, G., Xie, B., Yu, N., Huang, J., Zhang, B., Lin, F., et al. (2021).
TRIM37 overexpression is associated with chemoresistance in hepatocellular
carcinoma via activating the AKT signaling pathway. Int. J. Clin. Oncol. 26 (3),
532–542. doi:10.1007/s10147-020-01832-5

Tejero, J., Shiva, S., and Gladwin, M. T. (2019). Sources of vascular nitric oxide and
reactive oxygen species and their regulation. Physiol. Rev. 99 (1), 311–379. doi:10.1152/
physrev.00036.2017

van der Waals, L. M., Laoukili, J., Jongen, J. M. J., Raats, D. A., Borel Rinkes, I. H. M.,
and Kranenburg, O. (2019). Differential anti-tumour effects of MTH1 inhibitors in
patient-derived 3D colorectal cancer cultures. Sci. Rep. 9 (1), 819. doi:10.1038/s41598-
018-37316-w

Vitry, G., Paulin, R., Grobs, Y., Lampron, M. C., Shimauchi, T., Lemay, S. E., et al.
(2021). Oxidized DNA precursors cleanup by NUDT1 contributes to vascular
remodeling in pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 203
(5), 614–627. doi:10.1164/rccm.202003-0627OC

Warpman Berglund, U., Sanjiv, K., Gad, H., Kalderén, C., Koolmeister, T., Pham, T.,
et al. (2016). Validation and development of MTH1 inhibitors for treatment of cancer.
Ann. Oncol. 27 (12), 2275–2283. doi:10.1093/annonc/mdw429

Wen, X., Chen, Y., and Fang, X. (2021). Overexpression of HOXD8 inhibits the
proliferation, migration and invasion of breast cancer cells by downregulating
ILP2 expression. Exp. Ther. Med. 22 (3), 1006. doi:10.3892/etm.2021.10439

Wood, M. L., Dizdaroglu, M., Gajewski, E., and Essigmann, J. M. (1990). Mechanistic
studies of ionizing radiation and oxidative mutagenesis: genetic effects of a single 8-
hydroxyguanine (7-hydro-8-oxoguanine) residue inserted at a unique site in a viral
genome. Biochemistry 29 (30), 7024–7032. doi:10.1021/bi00482a011

Yanagawa, H., Ogawa, Y., and Ueno, M. (1992). Redox ribonucleosides. Isolation and
characterization of 5-hydroxyuridine, 8-hydroxyguanosine, and 8-hydroxyadenosine
from Torula yeast RNA. J. Biol. Chem. 267 (19), 13320–13326. doi:10.1016/s0021-
9258(18)42213-2

Yin, Y., Sasaki, S., and Taniguchi, Y. (2016a). Inhibitory effect of 8-halogenated 7-
Deaza-2’-deoxyguanosine triphosphates on human 8-Oxo-2’-deoxyguanosine
triphosphatase, hMTH1, activities. Chembiochem a Eur. J. Chem. Biol. 17 (7),
566–569. doi:10.1002/cbic.201500589

Yin, Y., Sasaki, S., and Taniguchi, Y. (2016b). Effects of 8-halo-7-deaza-2’-
deoxyguanosine triphosphate on DNA synthesis by DNA polymerases and cell
proliferation. Bioorg. Med. Chem. 24 (16), 3856–3861. doi:10.1016/j.bmc.2016.
06.030

Yokoyama, T., Kitakami, R., and Mizuguchi, M. (2019). Discovery of a new class of
MTH1 inhibitor by X-ray crystallographic screening. Eur. J. Med. Chem. 167, 153–160.
doi:10.1016/j.ejmech.2019.02.011

Zhan, D., Zhang, X., Li, J., Ding, X., Cui, Y., and Jia, J. (2020). MTH1 inhibitor
TH287 suppresses gastric cancer development through the regulation of PI3K/
AKT signaling. Cancer Biother Radiopharm. 35 (3), 223–232. doi:10.1089/cbr.
2019.3031

Zhang, J., Liu, R., Mo, L., Liu, C., and Jiang, J. (2023). miR-4478 accelerates nucleus
pulposus cells apoptosis induced by oxidative stress by targeting MTH1. Spine (Phila Pa
1976) 48 (5), E54–E69. doi:10.1097/BRS.0000000000004486

Zhang, X., Zhou, Y., Mao, F., Lin, Y., Shen, S., and Sun, Q. (2020b). lncRNA AFAP1-
AS1 promotes triple negative breast cancer cell proliferation and invasion via targeting
miR-145 to regulate MTH1 expression. Sci. Rep. 10 (1), 7662. doi:10.1038/s41598-020-
64713-x

Zhang, Y. H., Yan, X. Z., Xu, S. F., Pang, Z. Q., Li, L. B., Yang, Y., et al. (2020a). α-
Lipoic acid maintains brain glucose metabolism via BDNF/TrkB/HIF-1α signaling
pathway in P301S mice. Front. Aging Neurosci. 12, 262. doi:10.3389/fnagi.2020.
00262

Zhao, L., Li, J., Su, Y., Yang, L., Chen, L., Qiang, L., et al. (2020). MTH1 inhibitor
amplifies the lethality of reactive oxygen species to tumor in photodynamic therapy. Sci.
Adv. 6 (10), eaaz0575. doi:10.1126/sciadv.aaz0575

Zhao, L., Zhang, M., Bai, L., Zhao, Y., Cai, Z., Yung, K. K. L., et al. (2022). Real-world
PM(2.5) exposure induces pathological injury and DNA damage associated with
miRNAs and DNA methylation alteration in rat lungs. Environ. Sci. Pollut. Res. Int.
29 (19), 28788–28803. doi:10.1007/s11356-021-17779-7

Zhou, W., Ma, L., Yang, J., Qiao, H., Li, L., Guo, Q., et al. (2019). Potent and specific
MTH1 inhibitors targeting gastric cancer. Cell death Dis. 10 (6), 434. doi:10.1038/
s41419-019-1665-3

Zuo, J., Zhang, Z., Luo, M., Zhou, L., Nice, E. C., Zhang, W., et al. (2020). Redox
signaling at the crossroads of human health and disease.MedComm 3 (2), e127. doi:10.
1002/mco2.127

Frontiers in Cell and Developmental Biology frontiersin.org11

Ding and Liu 10.3389/fcell.2024.1334417

https://doi.org/10.1016/j.ebiom.2020.102704
https://doi.org/10.1016/j.ebiom.2020.102704
https://doi.org/10.1039/c8sc05465g
https://doi.org/10.1016/j.cels.2019.05.009
https://doi.org/10.1016/j.bmcl.2016.02.026
https://doi.org/10.1021/acs.jmedchem.7b01884
https://doi.org/10.3390/cancers13235995
https://doi.org/10.1038/cgt.2009.77
https://doi.org/10.1021/acs.jmedchem.7b01006
https://doi.org/10.1021/acs.jmedchem.7b01006
https://doi.org/10.1158/1535-7163.MCT-19-0437
https://doi.org/10.1158/0008-5472.Can-21-0061
https://doi.org/10.1158/0008-5472.Can-21-0061
https://doi.org/10.1002/adhm.202300503
https://doi.org/10.1002/adhm.202300503
https://doi.org/10.1016/j.colsurfb.2018.09.076
https://doi.org/10.1038/349431a0
https://doi.org/10.1016/j.redox.2015.01.002
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.1038/s41580-020-0230-3
https://doi.org/10.4161/cc.29756
https://doi.org/10.1016/j.colsurfb.2022.112715
https://doi.org/10.1002/anie.201307849
https://doi.org/10.1002/anie.201307849
https://doi.org/10.1016/j.febslet.2011.07.017
https://doi.org/10.3892/ijo.2017.3992
https://doi.org/10.1007/s10147-020-01832-5
https://doi.org/10.1152/physrev.00036.2017
https://doi.org/10.1152/physrev.00036.2017
https://doi.org/10.1038/s41598-018-37316-w
https://doi.org/10.1038/s41598-018-37316-w
https://doi.org/10.1164/rccm.202003-0627OC
https://doi.org/10.1093/annonc/mdw429
https://doi.org/10.3892/etm.2021.10439
https://doi.org/10.1021/bi00482a011
https://doi.org/10.1016/s0021-9258(18)42213-2
https://doi.org/10.1016/s0021-9258(18)42213-2
https://doi.org/10.1002/cbic.201500589
https://doi.org/10.1016/j.bmc.2016.06.030
https://doi.org/10.1016/j.bmc.2016.06.030
https://doi.org/10.1016/j.ejmech.2019.02.011
https://doi.org/10.1089/cbr.2019.3031
https://doi.org/10.1089/cbr.2019.3031
https://doi.org/10.1097/BRS.0000000000004486
https://doi.org/10.1038/s41598-020-64713-x
https://doi.org/10.1038/s41598-020-64713-x
https://doi.org/10.3389/fnagi.2020.00262
https://doi.org/10.3389/fnagi.2020.00262
https://doi.org/10.1126/sciadv.aaz0575
https://doi.org/10.1007/s11356-021-17779-7
https://doi.org/10.1038/s41419-019-1665-3
https://doi.org/10.1038/s41419-019-1665-3
https://doi.org/10.1002/mco2.127
https://doi.org/10.1002/mco2.127
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1334417

	Targeting the nucleic acid oxidative damage repair enzyme MTH1: a promising therapeutic option
	1 Introduction
	2 Molecular structure and biological function of MTH1
	3 The role of MTH1 in disease
	3.1 MTH1 role in cardiovascular lung disease
	3.2 MTH1 role in neurological diseases
	3.3 Role of MTH1 in skin and immune system diseases
	3.4 The role of MTH1 in other diseases

	4 Biological role of MTH1 in tumors
	4.1 MTH1 regulates the mitotic process of tumor cells
	4.2 Regulation of signaling pathways by MTH1
	4.3 MTH1 is regulated by oxidative stress
	4.4 MTH1 is associated with tumor drug resistance

	5 Therapeutic programs related to MTH1
	5.1 TH287 and TH588
	5.2 TH1579 (Karonudib)
	5.3 Crizotinib
	5.4 Combination of MTH1 inhibitors with new therapeutic regimens

	6 Conclusion and perspective
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


