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Abstract Since acceleratedmetabolism producesmuch higher levels of reactive oxygen species (ROS) in

cancer cells compared to ROS levels found in normal cells, human MutT homolog 1 (MTH1), which san-

itizes oxidized nucleotide pools, was recently demonstrated to be crucial for the survival of cancer cells,

but not required for the proliferation of normal cells. Therefore, dozens ofMTH1 inhibitors have been devel-

oped with the aim of suppressing cancer growth by accumulating oxidative damage in cancer cells. While

several inhibitors were indeed confirmed to be effective, some inhibitors failed to kill cancer cells, compli-

cating MTH1 as a viable target for cancer eradication. In this review, we summarize the current status of

developing MTH1 inhibitors as drug candidates, classify the MTH1 inhibitors based on their structures,

and offer our perspectives toward the therapeutic potential against cancer through the targeting of MTH1.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Cellular DNA strands and nucleotide pool continuously suffer from
oxidative damage caused by reactive oxygen species (ROS) arising
from endogenous oxygen metabolism and detrimental environ-
mental exposure1,2. In particular, the nucleotide pool is much more
susceptible to ROS than DNA strands3, resulting in various types of
oxidized nucleotides, such as 8-oxo-dGTP, 8-oxo-dATP, 2-OH-
dATP and 2-OH-ATP, etc. These oxidized nucleotides tend to be
incorporated into DNA or RNA during replication and transcription
steps, and consequently lead to severe genome instability and mu-
tations, abundance of repair-associated single-strand breaks, and
subsequent cytotoxic double-strand breaks4e7. For instance, 8-oxo-
dGTP not only forms WatsoneCrick base pair with dCTP but also
forms a Hoogsteen base pair with dATP, thereby introducing GC to
TA transversion mutation during the replication process6,7.

To prevent the mis-incorporation of oxidized nucleotides and
maintain genome integrity, various repair enzymes, such as human
MutT homolog 1 (MTH1), have evolved to counteract the
potentially deleterious effects by hydrolyzing the oxidized nu-
cleotides to their corresponding monophosphates8,9. Surprisingly,
due to the accelerated metabolism that produces much higher level
of ROS in cancer cells compared to ROS levels found in normal
cells, MTH1 was recently demonstrated to be essential for the
survival of cancer cells, but not required for the proliferation of
normal cells (Fig. 1)10�12. As such, selective inhibition of MTH1
by small molecules could suppress cancer growth by accumulating
oxidative damage11,12. Although dozens of inhibitors have been
reported, MTH1 was regarded as a controversial therapeutic target
because several inhibitors were proved to be effective while some
other inhibitors were unable to kill cancer cells13,14. Since 2014,
great advances of MTH1 inhibitors have been witnessed for the
past five years, and therefore, we briefly introduce MTH1, sum-
marize the current status of development of the MTH1 inhibitors
as drug candidates, classify the MTH1 inhibitors based on their
Figure 1 MTH1 as a therapeuti
structures, and offer our perspectives toward the therapeutic po-
tential against cancer by targeting MTH1 from the viewpoint of
medicinal chemistry.

2. MTH1

MTH1 harnesses broad substrate specificity toward hydrolysis of
the oxidized nucleotides including 8-oxo-dGTP, 8-oxo-dATP, 2-
OH-dATP, 8-oxo-rGTP, 8-oxo-rATP, 2-OH-rATP, 8-Cl-dGTP and
8-Br-dGTP, etc15e19. Aiming to investigate the mechanisms of
recognition and hydrolysis by MTH1, researchers solved the X-
ray crystal structure for the complex of 8-oxo-dGMP and MTH1,
but unfortunately, there is no available analogous structure bearing
8-oxo-dGTP owing to the fast hydrolysis by MTH1 (Fig. 2)20,21.
In the active site of MTH1, 8-oxo-dGMP adopts an anti-
conformation and forms p-stacking interaction with Trp117 and
Phe72, and its WatsoneCrick face is recognized by Asp119 and
Asp120 through hydrogen bonds to 6-O, 1-NH and 2-NH2 groups
of 8-oxo-dGMP21. Asn33 is located at the bottom of the purine
base in 8-oxo-dGMP and forms two hydrogen bonds with 2-NH2

and 3-N (Fig. 2). It is worthy to note that Trp117Ala mutant
abolishes the ability of MTH1 to hydrolyze either 8-oxo-dGTP or
2-OH-dATP, suggesting an essential role for Trp11715. Asn33 also
appears to be critical, as an Asn33Glu mutation does not allow for
8-oxo-dGTP hydrolysis at all, while the Asn33Ala mutation only
retains 14% activity20. Taken together, Asp119, Asp120, Asn33,
and Trp117 play the crucial roles for the recognition and excision
of substrates by MTH1, and also represent the key residues for
inhibiting MTH1 by inhibitors.
3. Inhibitors against MTH1

Starting from 2014, a series of MTH1 inhibitors have been
developed from some known small-molecule drugs, natural
products, screening and rational drug design, etc. In this review,
c target for cancer eradication.



Figure 2 MTH1 in complex with 8-oxo-dGMP. Left: 3D structure of MTH1 in complex with 8-oxo-dGMP (PDB file: 3ZR0); Right: 2D

structure of MTH1 residues interacting with 8-oxo-dGMP.
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we summarize these inhibitors as described below, and the half-
maximal inhibitory concentrations (IC50s) of inhibitors against 8-
oxo-dGTP hydrolysis by MTH1 are consistently provided in order
to easily display and compare the inhibitory activities of each
inhibitor, except for some specially labeled cases using dGTP as a
substrate. Additionally, partial inhibitors were renamed to
discriminate each other as described in this review.
3.1. Known small-molecule drugs as MTH1 inhibitors

Huber et al.12 utilized a chemical proteomic approach and identified
MTH1 as a main cellular target of SCH5 1344 (Fig. 3,
IC50 Z 410 nmol/L), which was previously discovered to suppress
the growth of RAS-overexpressing fibroblasts. Moreover, crizoti-
nib, a clinically approved anticancer agent in 2011 for the treatment
of EML4-ALK-positive non-small cell lung cancer (NSCLC) by
serving as a dual c-MET/ALK inhibitor, was also found able to
inhibit MTH1 at nanomolar concentrations (Fig. 3)12. Surprisingly,
(S)-crizotinib rather than (R)-crizotinib significantly inhibitsMTH1
activity with the value of IC50 at 330 nmol/L. As a consequence, (S)-
crizotinib efficiently suppressed colony formation of SW480 cells
and KRAS-mutated PANC1 cells. Furthermore, (S)-crizotinib was
demonstrated to display high selectivitydonly a few kinases among
456 different recombinant kinases could bind to (S)-crizotinib.
Encouraged by the above results, MTH1 inhibition with (S)-crizo-
tinib proved to result in significantly more DNA single-strand
breaks and activated DNA repair in human colon carcinoma cells
followed by effectively inhibition of tumor progression in mouse
xenograft studies utilizing SW480 cells. Kettle and colleagues22

fortuitously found that several agonists of Toll-like receptor 7
(TLR7) could be utilized as MTH1 inhibitors. For instance, imi-
quimod, the only approved small-molecule agonist of TLR7,
showed reasonable submicromolar potency against MTH1
(IC50 Z 0.65 mmol/L), while another TLR7 agonist (resiquimod)
had 3-fold reduced potency (Fig. 3).
3.2. Natural products as MTH1 inhibitors

Natural products have been considered to be a rich source of
drugs, and MTH1 inhibitors have likewise been isolated from
natural products. Dong et al.23 discovered a natural product con-
taining phenol groups, echinacoside, to be an effective inhibitor of
MTH1 with an IC50 value of about 7 mmol/L from the medicinal
plants Cistanche and Echinacea (Fig. 4). Treatment with echina-
coside was further demonstrated to increase the cellular level of
oxidative damage in various human cancer cell lines. As such, an
immediate and dramatic increase in DNA damage markers and
upregulation of P21 was induced followed by the remarkable
apoptotic cell death and cell cycle arrest, but not in normal cells,
implying the selectivity of echinacoside against cancer cells.

Gao et al.24 isolated eight farnesyl phenolic (FP) compounds
with a coumaroyl moiety, FP-1 to 8, from the fruiting bodies of
Ganoderma sinense, and these compounds subsequently proved to
actively inhibit MTH1 with the IC50 values ranging from 8.6 to
28.5 mmol/L (Fig. 4). Subsequently, it was confirmed that these
farnesyl phenolic enantiomers could specifically bind to MTH1
within intact cells, and further demonstrated cell cytotoxicity and
selectivity against several carcinoma cell lines.

Aiming to discover novel MTH1 inhibitors, Yokoyama et al.25

performed an X-ray crystallographic screening by soaking
MTH1e(R)-crizotinib complex crystals into cocktails containing
62 natural products or 33 synthetic compounds, and first identified
phenol-bearing a-mangostin as a hit followed by further deter-
mination of its inhibitory potency (IC50 Z 0.47 mmol/L). Inter-
estingly, the inhibitory potency of g-mangostin was much lower
than that of a-mangostin, showing the IC50 value at 2.0 mmol/L.
Next, an inhibition assay against the additional nine natural
xanthone derivatives revealed that 3-isomangostin as the most
potent inhibitor with the IC50 value of 52 nmol/L (Fig. 4). It was
speculated that mangostins might exhibit their antitumor activities
against a broad spectrum of cancer cells by inhibiting the MTH1
activities25.



Figure 3 Several known small-molecule drugs as MTH1 inhibitors.
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3.3. Development of a novel series of MTH1 inhibitors

3.3.1. Pyrimidine analogues as MTH1 inhibitors
Helleday and co-workers11 identified TH287 as a potent MTH1
inhibitor with an IC50 value of approximately 0.9 nmol/L (Fig. 5).
Nevertheless, TH287 was rapidly degraded in human and mouse
liver microsomes via N-dealkylation of the aminomethyl substit-
uent, limiting its potential application. TH588, however, having a
cyclopropyl substituent instead of the methyl group resulted in
improved metabolic stability both in vitro and in vivo, with only
slightly reduced MTH1 inhibitory potency (IC50 Z 7.0 nmol/L,
Fig. 5). Both TH287 and TH588 were further demonstrated to
cause the accumulation of oxidized dNTPs and cytotoxicity in
cancer cells, and consequently exhibited notable selectivity and
high potency to eliminate U2OS and other cancer cell lines with
little toxicity to several primary or immortalized cells. Intrigu-
ingly, it was found in this study that the cytotoxic effect of MTH1
inhibitors was still not altered with differential expression levels
or overexpression of base excision repair enzymes (hOGG1 or
MUTYH) that are responsible for repairing 8-oxo-dG and 2-OH-
dA lesions in DNA. This might be explained by the fact that the
nucleotide pool is particularly susceptible to oxidation mediated
by ROS, thereby producing an excessive amount of oxidized bases
that may overwhelm the base excision repair system. Based on the
fact that TH287 and TH588 were selectively cytotoxic to SV40-
large-T-cells and Ras-expressing BJ cells, it was further sur-
mised that MTH1 might be critical early in the transformation
process having increased expression for MTH1. Furthermore, the
possibility of inhibition by TH287 and TH588 towards other nudix
proteins (MTH2, NUDT5, NUDT12, NUDT14 and NUDT16),
other proteins with known nucleoside triphosphate pyrophospha-
tase activity (dCTPase, dUTPase and ITPA), and a much larger
panel of 87 enzymes, GPCRs, kinases, ion channels and trans-
porters were also tested, and it turned out that both molecules
exhibited reasonable selectivity towards MTH1. Next, TH588 was
applied for in vivo treatment using mice bearing BRAFV600E-
mutated melanoma, SW480 colorectal, or MCF7 breast tumor
xenografts, and responded with an observable reduced tumor
growth rate, suggesting that MTH1 is indeed a promising target
and potential for a range of different tumors11. In the further
studies, TH588 was optimized to give TH1579 (karonudib), which
showed more favorable pharmacokinetic and orally available
properties and has been approved for phase I clinical testing in
cancer patients with advanced solid malignancies
(NCT03036228)26. Similarly, TH1579 was also proved to be
highly selective and able to cause accumulation of oxidative le-
sions into DNA in an MTH1-dependent manner. In addition, it
was demonstrated to be effective in both the in vitro studies and
in vivo models including human colon cancer and chemotherapy-
resistant patient-derived malignant melanoma mouse xenograft
models, validating TH1579 as a promising inhibitor for cancer
treatment26.

On the basis of the structures of TH287 and TH588, Petrocchi
et al.27 first designed an aminopyrimidine (AP) analogue, AP-1, as
an inhibitor for MTH1 (IC50 Z 4 mmol/L) with the aid of mo-
lecular modeling using Schrödinger GLIDE XP docking (Fig. 5).
To alleviate desolvation penalty of the ligand and engage with
the lipophilic cavity, a dimethyl group was added in the middle
of the chain in AP-1 to provide the compound AP-2 having
26-fold improved inhibitory potency against MTH1
(IC50 Z 0.14 mmol/L). The potency was further improved by
removing the terminal hydroxyl group in AP-2, resulting into AP-3
with an IC50 value of 53 nmol/L. It was amazing that the substi-
tution of the aminopyrimidine ring with a methyl group at the 5-
position caused a significant boost in potency, such as AP-4
(IACS-4619, IC50 Z 0.2 nmol/L) versus AP-3, and AP-5 (IACS-
4759, IC50 Z 0.6 nmol/L) versus AP-2. Additional exploration
with chloride or the methoxyl substituents at the 5-position of AP-
2 gave AP-6 (IC50 Z 22 nmol/L) or AP-7 (IC50 Z 10 nmol/L),
respectively, as relatively weaker inhibitors. Further replacement
of the alkoxy chain at the 4-position with an alkyl amine in
compounds AP-4 and AP-5 respectively afforded AP-8
(IC50 Z 0.5 nmol/L) and AP-9 (IC50 Z 3.1 nmol/L), which
exhibited lower, but comparable potencies. AP-10 and AP-11
having the tertiary amines showed almost identical potency with
IC50 values at 0.5 and 0.2 nmol/L, respectively. Similarly, a
carbon-linked chain at the 4-position gave AP-12 which also
showed comparable potency (IC50 Z 1.8 nmol/L). Given their
high enzymatic potency, AP-4 and AP-5 were further evaluated,
and AP-5 showed excellent cell permeability, solubility, and sta-
bility in rat and human plasma and liver microsomes, while
compound AP-4 showed good permeability but high turnover in
liver microsomes. Furthermore, AP-5 was profiled and confirmed
to be highly selective towards MTH1 by testing a panel of 97
kinases, with no off-target kinase activity. In comparison with
TH287 and TH588, the anti-proliferative effects of AP-4 and AP-5
were also tested by using a broad range of human cancer and
normal cell lines, but unfortunately displayed little or no expected
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anticancer responses even at compound concentrations up to
50 mmol/L27.

Zhou et al.28 recently screened approximately 1000 com-
pounds followed by further optimization of the identified lead
compound, and ultimately obtained two potent compounds con-
taining 5-cyano-6-phenylpyrimidine structure, MI-743
(IC50 Z 91.44 nmol/L) and MI-401 (IC50 Z 461.32 nmol/L), as
potential inhibitors against MTH1 (Fig. 5). Further evaluation by
the cellular thermal shift assay (CETSA) demonstrated that MI-
743 had specifically engagement to MTH1 at a cellular level.
Moreover, MI-743 was able to cause cytotoxicity and induce
accumulation of 8-oxo-dG lesions, DNA damage, and apoptosis in
gastric cancer cell lines MGC-803 and HGC-27 cells, therefore
leading to cytotoxicity and anti-proliferation effects on MGC-803
(IC50 Z 2.91 mmol/L) and HGC-27 cells (IC50 Z 1.14 mmol/L)
along with little or no effect on four normal cell lines. Apart from
Figure 4 Several natural products as MTH1 inhibitor
the significantly increased 8-oxo-dG level in MGC-803 and HGC-
27 cells, it was also confirmed that MI-743 could markedly induce
cellular DNA damage response (DDR) and apoptosis, which may
be related to its specific inhibition towards MTH1 activity.
Furthermore, MI-743 exhibited notable antitumor effect on the
MGC-803 cells-derived xenograft model in BALB/c nude mice
without obvious global toxicity, suggesting that MI-743 may serve
as a promising lead compound for gastric cancer treatment
through the targeting of MTH128.

3.3.2. Purine analogues as MTH1 inhibitors
In addition to the known TLR-7 agonists (imiquimod and resi-
quimod) as described above, Kettle and colleagues22 also realized
a series of purinone (P) analogues as MTH1 inhibitors (Fig. 6).
While a purinone analogue, P-1, was demonstrated to inhibit
MTH1 with IC50 value at 2.8 mmol/L, the N-methylation of P-1
s. adGTP was used for determining the IC50 values.
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gave P-2 having a modest increased affinity for MTH1. Amaz-
ingly, macrocyclization of P-2 via an n-pentyl bis-ether linker
provided a purinone macrocycle (PM) analogue, PM-1, whose
active binding conformation was locked, and thereby resulting in
1700-fold increase in potency against MTH1 (IC50 Z 0.3 nmol/L,
Fig. 6). However, this macrocyclization also increased lip-
ophilicity, which led to an increase in in vitro clearance, although
in vitro membrane permeability is also increased. By shortening
the n-pentyl bis-ether in PM-1 to a n-butyl bis-ether linker, PM-2
was obtained with reduced lipophilicity but slight loss in potency
(IC50 Z 0.8 nmol/L). Introducing a polar ether linker into the all
carbon side chain of PM-2 resulted in PM-3 having comparable
inhibitory activity against MTH1 (IC50 Z 0.5 nmol/L) along with
significantly lowered lipophilicity. Further increasing the polarity
by the introduction of an amide group afforded PM-4
(IC50 Z 1.4 nmol/L) having much lower logD (1.8), but subse-
quently proved to be unstable in human plasma. The tertiary
amide analogue PM-5 was markedly less active, and similarly
unstable in human plasma. Importantly, three compounds of P-2,
PM-1 and PM-3 were all tested to exhibit excellent correlation
between MTH1 inhibitory potencies and target engagement in
K562 cells by utilizing a whole CETSA. Furthermore, a repre-
sentative inhibitor, PM-3, was profiled against 267 kinases and
153 secondary pharmacology targets, and observed with no
notable off-target activities, suggesting their high selectivity tar-
geting MTH1. Subsequently, a wide range of tumor cell lines were
applied to assess the antiproliferative effects of the representative
inhibitors. PM-1 showed some activity at the high concentrations
Figure 5 Pyrimidine analogues as MTH1 inhibitors
only for a fraction of the cell lines, while macrocycle PM-3 had
almost no impact on cell viability22.

By an alternative approach, Rudling et al.29 pursued structure-
based virtual screening by means of molecular docking of 0.3
million fragments to the MTH1 binding site, and identified 22
commercially available fragment ligands. Further experimental
evaluation discovered five fragments (F) including purine ana-
logues, which could inhibit MTH1 activities with IC50 values
within the range of 6e79 mmol/L. These fragments were subse-
quently optimized based on the predicted binding modes and led
to several potential inhibitors. For instance, F-1 was first identified
with the IC50 value at 79 mmol/L and optimized to F-2 having the
IC50 value at 170 nmol/L, while F-3 (IC50 Z 24 mmol/L) was
optimized to F-4 (IC50 Z 3.5 mmol/L, Fig. 6). It is intriguing that
one of the identified fragments is a component for the compound
discovered by Kettle et al.22, indicating the reliability of this
strategy.

By means of chemical array platforms, Kumar et al.30 identi-
fied several purine (Pu) derivatives as MTH1 inhibitors from a
chemical library of the RIKEN Natural Products Depository
(NPDepo, Fig. 6). Pu-1 (NPD15095) exerted MTH1 inhibitory
activity with IC50 value at 3.3 mmol/L. Further exploration of 131
structurally related compounds with a purine moiety provided
seven compounds (Pu-2, Pu-3, Pu-4, Pu-5, Pu-6, Pu-7, and Pu-8)
which displayed higher activities than NPD15095. In particular,
Pu-3 (NPD7155), Pu-5 (NPD9948), Pu-6, and Pu-8 were found to
be the strongest inhibitors with IC50 values of 0.21, 0.29, 0.21, and
0.23 mmol/L, respectively (Fig. 6). Moreover, Pu-3 and Pu-5 were
. adGTP was used for determining the IC50 values.



Figure 6 Purine analogues as MTH1 inhibitors. adGTP was used for determining the IC50 values.
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further assessed and demonstrated to considerably stabilize
cellular MTH1 rather than many other proteins in HeLa cells by
the target engagement assay, suggesting their specificity towards
MTH1 in HeLa cells. In spite of acceptable potency against
MTH1, Pu-3 and Pu-5 displayed only weak cytotoxicity against
HeLa cells (IC50 Z 65 and 35 mmol/L, respectively) as well as the
other cancer cell lines. This might be reasonable because it was
further found that Pu-3 and Pu-5 induced DNA damage and
increased the sub-G1 cell population only at the higher
concentrations31.

3.3.3. Quinoline and quinazoline analogues as MTH1 inhibitors
Kettle et al.22 also performed high-throughput screening and ob-
tained a series of 3-amidoquinolines (AQ) as another chemical
entity against MTH1 with high potency, such as AQ-1
(IC50 Z 0.9 nmol/L) and AQ-2 (IC50 Z 12.5 nmol/L, Fig. 7).
But the dimethyl analogue AQ-3 showed over 130-fold lower
activity relative to AQ-1. While deletion of both halogens of AQ-1
afforded AQ-4 which was consequently both more potent
(IC50 Z 0.5 nmol/L) and less lipophilic, introduction of a basic
group to AQ-4 further improved the IC50 value to 80 pmol/L (AQ-
5) together with improvements in solubility. Of interest, while
removing both methoxy groups in AQ-1 provided AQ-6 showing
slightly reduced potency with IC50 value at 2 nmol/L, further
truncation of the quinoline produced the pyridyl AQ-7 with
somewhat retained potency (IC50 Z 9 nmol/L, Fig. 7)22.

Similarly, 2-aminoquinazoline (AZ) structure-based molecules
were also identified by high-throughput screening as one class of
inhibitors against MTH1. The hit compound, AZ-1, had some
potency with IC50 value at 3.32 mmol/L while dimethylation of the
amine to give AZ-2 reduced the potency by 4-fold. Intriguingly,
deletion of the methyl in AZ-1 to give AZ-3 resulted in signifi-
cantly improved activity against MTH1 (IC50 Z 21 nmol/L).
Moreover, the dimethylamide AZ-4 showed further enhanced
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MTH1 potency (IC50 Z 9 nmol/L) and acceptable physico-
chemical properties (Fig. 7)22.

Furthermore, three representative inhibitors (AQ-1, AQ-4, and
AZ-4) were assessed and exhibited superior MTH1 engagement in
K562 cells and high selectivity against MTH1. However, while
AQ-1 showed somewhat antiproliferative effect only at the high
concentrations for a fraction of tumor cell lines, AQ-4 was almost
completely inactive. In the further studies, it was demonstrated
that compound AQ-1 failed to induce the increasing of DDR
signaling markers, which might explain the weak effect of AQ-122.

3.3.4. Indole and indazole analogues as MTH1 inhibitors
By performing a fragment-based screening, Rahm et al.32 identi-
fied a 7-azaindole (AI) fragment hit followed by introduction of
cyclic amines in the 4-position via structure-based drug design and
rational medicinal chemistry approaches to provide compounds
AI-1 to 5, of which AI-2 having a 2-phenylpyrrolidine was
demonstrated to be highly potent (IC50 Z 5 nmol/L, Fig. 8).
Further adding a secondary amide substituent to AI-2 gave com-
pound AI-6 showing the notable potency with IC50 value below
0.1 nmol/L. Replacement of the phenyl group in AI-6 with a
pyridine afforded compound AI-7 with increased hydrophilicity
and microsomal stability. It was further surveyed by combining a
few pyrrolidine-based substituents in the 4-position and a small
number of secondary amide substituents to give compounds AI-8
to 11, especially for compounds AI-10 and AI-11, which were the
most promising representatives with high potency, moderate sta-
bility in microsomes and medium permeability. Moreover, AI-10
was demonstrated to be 1000 times more selective against other
tested targets including 97-membered kinase as well as 215-
membered ATPase. The three most potent compounds (AI-6,
AI-10, and AI-11) also exerted high cellular on-target engage-
ment. Aiming to improve the cell permeability and metabolic
stability, four new compounds, AI-12 to 15, were obtained
Figure 7 Quinoline and quinazolin
displaying picomolar potency, high solubility, high permeability,
and acceptable metabolic stability32. In particular, AI-13 (BAY-
707) was chosen for further in vivo studies (Fig. 8). However,
inhibition of MTH1 with AI-13 did not exhibit in vitro or in vivo
anticancer efficacy either in mono- or in combination therapies
unfortunately33. In addition to the above purine fragments,
Rudling et al.29 also identified another fragment (F-5) which could
inhibit MTH1 with IC50 value at 23 mmol/L via structure-based
virtual screening followed by optimization to give F-6 with IC50

value at 120 nmol/L (Fig. 8).
Some 7-azaindazole (AID) analogues have also been verified

as MTH1 inhibitors. Using two label-free target identification
methods, including thermal stability shift-based fluorescence dif-
ference in two-dimensional gel electrophoresis (TS-FITGE) and
thermal proteome profiling (TPP), Park et al.34 found that an
indazole analogue, SB2001, could bind and inhibit MTH1
(IC50 Z 3.57 mmol/L) and LTA4H (Fig. 8). Subsequently, SB2001
was confirmed to induce the accumulation of oxidative damages in
DNA mismatch repair (MMR) pathway defective HeLa cells,
thereby resulting in the cell cytotoxicity. Rahm et al.32 created
several 7-azaindazole analogues, of which AID-1 showed com-
parable inhibitory activity (IC50 Z 3.0 mmol/L) to SB2001, while
AID-2 to 5 exerted much stronger inhibitory activities than
SB2001 with the IC50 values ranging from 1 to 30 nmol/L (Fig. 8).

3.3.5. Nucleotide analogues as MTH1 inhibitors
Despite the fact that MTH1 can degrade 8-oxo-dGTP and 2-OH-
dATP to their corresponding monophosphates, 8-oxo-dGDP and
2-OH-dADP having the identical oxidized nucleosides but in
diphosphate manner were demonstrated not to be hydrolyzed by
MTH1, whereas these diphosphate derivatives could bind and
inhibit MTH1 activities at low-micromolar range (Fig. 9)35,36.
However, the other human Nudix proteins, such as MTH2 and
MTH3, can hydrolyze 8-oxo-dGDP and 2-OH-dADP to their
e analogues as MTH1 inhibitors.
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monophosphates, and therefore limiting their potential as anti-
tumorigenic agents37.

Taniguchi and co-workers38,39 have developed 8-halogenated
7-deazadGTP analogues as 8-oxo-dGTP mimics, and it was
further found that these 7-deazadGTP analogues were seldom
hydrolyzed but obviously inhibited MTH1 activity even though
the minor difference at 7- and 8-postion. While IC50 value of 7-
deazadGTP was 1.57 mmol/L, 7-I-7-deazadGTP exhibited inhibi-
tory effect against MTH1 showing IC50 value at 2.62 mmol/L.
Interestingly, introduction of halogen at 8-position could further
enhance the inhibitory activities with the IC50 values of 8-Cl-7-
deazadGTP, 8-Br-7-deazadGTP, and 8-I-7-deazadGTP at 0.857,
0.496, and 0.415 mmol/L, respectively (Fig. 9). This high inhibi-
tory activity of 7-deazadGTP analogues might attribute to the
increased p�p interaction with Trp117 and Phe72 in the active
site of MTH1 due to 7-CH replacement. Further anticancer effects
Figure 8 Indole and indazole analogues as MTH1 inhibi
would be expected after addressing the activation of 8-
halogenated 7-deazadG analogues by nucleoside kinases or effi-
cient delivery of 8-halogenated 7-deazadGTP analogues.

3.3.6. Metalated analogues as MTH1 inhibitors
Some transition metal ions, such as Cd(II) and Cu(II), were also
found as inhibitors against MTH1 (IC50 values for Cd(II) and
Cu(II) are 30 and 17 mmol/L, respectively)40. In another study,
Streib et al.41 developed several unconventional cyclometalated
ruthenium (CR) half-sandwich complexes, which were subse-
quently demonstrated as strong inhibitors against MTH1 with IC50

values at low-nanomolar levels (Fig. 10). The striking specificity
towards MTH1 was further confirmed by testing with a large panel
of protein kinases and other ATP binding proteins, indicating their
potentials as bio-probes and antitumor agents. In this study, the
complex CR-1 was first identified as a binder to MTH1 but with
tors. adGTP was used for determining the IC50 values.
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Figure 10 Metalated analogues as MTH1 inhibitors.
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the IC50 value at 151 mmol/L, and the inhibitory activity against
MTH1 was improved by more than 100-fold through replacing the
8-(pyridin-2-yl)adenine ligand of CR-1 with a cyclometalated 4-
amino-6-(pyridin-2-yl)quinazoline, resulting in the complex CR-
2 (IC50 Z 1.1 mmol/L). The following derivatization of cyclo-
pentadienyl moiety afforded the complex CR-3, which exhibited a
dramatically improved activity with IC50 value at 35 nmol/L. The
further introduction of a methyl group at 2-position of the qui-
nazoline moiety in complex CR-3 provided the complex CR-4 as a
single-digit nanomolar inhibitor for MTH1 (IC50 Z 6 nmol/L,
Fig. 10)41.

4. Conclusions and perspectives

In conclusion, a growing number of MTH1 inhibitors have been
developed since 2014 by means of various strategies involving
with drug repositioning, natural product component extraction,
high-throughput screening, structure-based virtual screening,
fragment-based screening, structure-based drug design and
rational medicinal chemistry approaches after screening,
substrate-based drug design, etc. A series of structures including
known small-molecule drugs, phenolic natural products, pyrimi-
dine analogues, purine analogues, quinoline and quinazoline an-
alogues, indole and indazole analogues, nucleotide analogues,
metalated analogues have been reported as MTH1 inhibitors.

While a wide range of inhibitors of MTH1 as described above
were indeed demonstrated to be effective for cancer eradication,
several studies also suggested that inhibition of MTH1 failed to
obtain the desired anticancer activity, leading to a controversial
question whether MTH1 is a valuable target13,14. Accordingly, the
viability of this anticancer strategy, as well as the detailed
mechanisms through the inhibition of MTH1, needs to be rigor-
ously addressed, and there might be multiple critical factors that
could affect the cellular response to MTH1 inhibition. Impor-
tantly, the indispensability of MTH1 for cancer cell growth or
survival under oxidative conditions should be inspected. Some
provoking factors to elevate ROS levels in certain cell lines, such
as oncogenic RAS, could emphasize the importance of MTH1 to
cellular viability, and thus, as a therapeutic target, to some
degree42e44. In contrast, some resistance mechanisms, such as the
highly efficient DNA maintenance and repair pathways involving
base excision repair glycosylases hOGG1 and MUTYH, as well as
the other enhanced antioxidant cellular pathways including the
peroxiredoxin 1 (PRDX1) that, cooperating with MTH1, might
arise to undermine the role of MTH145,46. Besides, the discrep-
ancy between in vitro and in vivo tumorigenic models was also
found to affect the cellular response to MTH1 inhibitors45.
Kawamura et al.26,31,47,48 have suggested that TH287 and TH588
might display their antitumor activities through off-target effect by
suppressing tubulin polymerization, whereas these inhibitors were
subsequently proved to activate in a different manner as compared
to anti-microtubule agent. Indeed, it was recently demonstrated
that MTH1 could bind tubulin and promote the progression of
mitosis in cancer cells. Some MTH1 inhibitors, such as TH588
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and TH1579, could block the interaction of MTH1etubulin,
therefore inducing the mitotic arrest of cancer cells49. Taken
together, the redox balance of the cellular processes involving
oxidative metabolism and elimination, the tumorigenic models,
off-target possibility and so on, might directly or indirectly
determine the outcome of MTH1 inhibitors, complicating it as a
viable therapeutic approach for cancer eradication by inhibiting
MTH1. As it was found that the loss of anticancer effect for some
reported MTH1 inhibitors was derived from the failure to intro-
duce oxidized damages into DNA strands as confirmed by
immunofluorescence, it might be worthy of visualizing the accu-
mulation of oxidized damages prior to the next assessment stage26.

Despite its complexity, MTH1 is still regarded as a promising
therapeutic target. The overexpression and crucial role of MTH1
have been verified for a broad spectrum of tumors, such as renal-
cell carcinoma, brain tumors, primary non-small cell lung tumors,
colorectal cancer, non-small cell lung cancer, gliomas, breast
cancer, myeloma, squamous cell carcinoma, etc.28,50. It was also
proposed that MTH1 might be a therapeutic target for metastasis
of cancer, as MTH1 was observed to stimulate migration and in-
vasion potential of thyroid cancer cells51. Wei and co-workers52

recently demonstrated that depletion of MTH1 could signifi-
cantly inhibit the ovarian tumor growth by delivering a CRISPR-
Cas9 system targeting MTH1 gene using a multifunctional
nucleus-targeting “core-shell” artificial virus (RRPHC), validating
MTH1 as a therapeutic target for ovarian cancer. Moreover,
MTH1 suppression leads to elevated 8-oxo-dG which can intro-
duce 8-oxo-dG associated structural alterations in promoter G-
quadruplexes residing in the KRAS promoter, thereby impairing
the proliferation of KRAS-mutant NSCLC cells and xenograft
tumor formation44. Inhibitions of PRDX1 and MTH1 could
introduce 8-oxo-dG at the 30-ends of telomeric substrates, which
could result in efficient inhibition of telomere extension by telo-
merase46. Additionally, photodynamic therapy (PDT) has been
applied to achieve effective cancer treatment through the highly
toxic ROS53,54, and accordingly MTH1 suppression was recently
demonstrated to play a synergistic role for PDT on the basis of the
improvement of cellular sensitivity to ROS in cancer cells55,56.
These studies open new avenues for targeting oncogenic RAS and
telomerase that are notoriously difficult anticancer targets by
inhibiting MTH1, and also suggest that MTH1 inhibition might be
suitable for polytherapy due to its synergistic effect. In the future,
it will be anticipated that the increasing quantity of MTH1 in-
hibitors with novel structures will be discovered for cancer erad-
ication and validation of MTH1 as a potential anticancer target on
one hand; on the other hand, further shedding light on the
mechanisms of MTH1 in cancer and normal cells in depth may
open some new avenues, such as polytherapy involving MTH1 as
a target, for cancer therapy. It is also worth noting in the future
that MTH1 deficiency elevates oxidative stress, which can result
in vulnerability to neurodegeneration13, and thus, the possible
detrimental effects on normal cells from MTH1 inhibitors should
also be tracked.
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