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ABSTRACT: We describe the discovery of three structurally
differentiated potent and selective MTH1 inhibitors and their
subsequent use to investigate MTH1 as an oncology target,
culminating in target (in)validation. Tetrahydronaphthyridine 5
was rapidly identified as a highly potent MTH1 inhibitor (IC50 =
0.043 nM). Cocrystallization of 5 with MTH1 revealed the
ligand in a Φ-cis-N-(pyridin-2-yl)acetamide conformation
enabling a key intramolecular hydrogen bond and polar
interactions with residues Gly34 and Asp120. Modification of
literature compound TH287 with O- and N-linked aryl and alkyl
aryl substituents led to the discovery of potent pyrimidine-2,4,6-
triamine 25 (IC50 = 0.49 nM). Triazolopyridine 32 emerged as a
highly selective lead compound with a suitable in vitro profile and
desirable pharmacokinetic properties in rat. Elucidation of the
DNA damage response, cell viability, and intracellular concentrations of oxo-NTPs (oxidized nucleoside triphosphates) as a
function of MTH1 knockdown and/or small molecule inhibition was studied. Based on our findings, we were unable to provide
evidence to further pursue MTH1 as an oncology target.
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In 2018, 59 new molecular entities were approved by the
FDA’s Center for Drug Evaluation and Research (CDER),

27% of which were developed as oncology therapies (12 new
chemical entities and 4 biologics).1,2 Between 2014 and 2018,
cancer drugs consistently achieved the highest number of FDA
approvals by therapeutic area, accounting for nearly 25% of all
approvals. Addressing the need for safe and effective cancer
therapies has been challenging, and prosecuting drug discovery
programs for oncology targets requires rigorous preclinical
target validation. In 2014, two back-to-back Nature publica-
tions described MTH1 as cancer phenotypic lethal with great
promise as a small molecule targeted therapy for oncology.3,4

MutT homologue 1 (MTH1 or NUDT1) is a member of the
Nudix phosphohydrolase superfamily of enzymes and is a
pyrophosphatase that selectively recognizes oxidized purine
nucleoside triphosphates, thus converting 8-oxo-dGTP or 2-
OH-dATP to 8-oxo-dGMP or 2-OH-dAMP. In normal cells,
MTH1 has been described as a sanitizing enzyme capable of
preventing the incorporation of oxo-dNTPs into DNA. Cancer
cells, however, have an altered redox state with higher levels of
reactive oxygen species (ROS) leading to elevated levels of

oxidative stress. Disruption of nucleotide pool homeostasis and
dysregulation of DNA repair by MTH1 inhibition in tumor
cells could increase the incorporation of mismatched oxidized
bases into DNA, thus leading to transversion mutations, DNA
damage, and cancer cell death.5 Gad et al.3 demonstrated that
MTH1 inhibition with small molecules TH287 and TH588, or
via genetic knockdown, resulted in DNA damage and reduced
clonogenic survival and cell viability. Based on these
compelling results, we initiated a preclinical research program
to evaluate MTH1 as a potential target for oncology. At the
onset of our research, only the small molecules shown in
Figure 1 were known in the literature to demonstrate
biochemical inhibition of MTH1.3,4,6 When TH287, TH588,
SCH51344, and (S)-crizotinib were profiled in our three-day
cell viability assay, we observed discrepancies between their
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biochemical potencies (nM) and their phenotypic cellular
effects (μM) in U2OS and SW480 cell lines. Additionally,
Huber et al.4 had reported that MTH1 overexpression rescued
SW480 cells from the cell killing effects of SCH51344 but not
(S)-crizotinib. Thus, our initial efforts aimed to address these
discrepancies by concurrently (1) expressing the full length
human MTH1 protein for structural studies, (2) identifying
structurally differentiated, selective, and potent small molecule
tool compounds, and (3) performing validation studies in
shRNA-mediated MTH1 knockdown cell lines.
Several other research groups also initiated MTH1 programs

based upon the same literature reports, systematically executed
elegant target validation studies, and have since shared their
findings.7−10 Common means to elucidate the cellular effect of
MTH1 inhibition included, but are not limited to, thermal
stabilization assays to assess target engagement, kinase profiling
to evaluate off-target liabilities, cell viability and growth
inhibition assays, immunofluorescence/immunoblots of DNA
damage response signaling markers, proteomics, cell cycle
analysis, and genetic knockdown of MTH1. Importantly, the
identification of structurally differentiated MTH1 tool

compounds proved to be essential for all studies performed
(Figure 2). Herein, we share a similar approach and present
the discovery of three potent and selective MTH1 chemotypes,
one of which achieved unprecedented levels of biochemical
potency (tetrahydronaphthyridine 5, IC50 = 0.043 nM).
Furthermore, we share methodology that was developed to
measure intracellular concentrations of oxo-NTPs as an in vitro
biomarker of MTH1 target engagement.
Examination of the published MTH1 cocrystal structures

with 8-oxo-dGMP and inhibitors TH287 and TH588 revealed
common key hydrogen bonding interactions with active site
residues Asp119, Asp120, and Asn33.11,3 After establishing that
the 2,3-dichlorophenyl substituent in TH287 (MTH1 IC50 =
4.1 nM) could be replaced with 2,3-dimethylphenyl without
significant loss in potency (MTH1 IC50 of 1 = 7.2 nM), we set
out to further understand the relationship between the
nitrogen-mediated hydrogen bonds in the TH-series and
MTH1 biochemical potency by conducting a series of nitrogen
deletions, acetylations, and ring annulations (Figure 3). The
>1000-fold loss in potency upon removal of N3 (2 vs 1) was
suggestive of disruption of a key hydrogen bond. However, one

Figure 1. Structures of literature MTH1 inhibitors. Internal biochemical potencies (8-oxo-dGTP as substrate) and three-day cell viability
(CellTiter-Glo) in U2OS and SW480 cells are reported (*literature values).

Figure 2. Representative structures of a selection of reported tool compounds used for target validation studies and their MTH1 biochemical
potencies (8-oxo-dGTP as substrate). Cocrystal structures of AZ compound 15,7 AZ compound 19,7 and BAY-70710 bound to MTH1 (PDB code
5ANU, 5ANV, 5NHY, respectively) revealed hydrogen bond donors and acceptors (blue) engaging Asp119, Asp120, Gly34, and/or Asn33 in the
MTH1 active site.

Figure 3. Our initial chemistry efforts yielded highly potent MTH1 inhibitors. For number of replicates and standard error of the mean, see the
Supporting Information.
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order of magnitude in potency was restored upon incorpo-
ration of a bicycle in the form of 3, synthesized as illustrated in
Scheme 1. These results prompted us to prepare naphthyridine

and tetrahydronaphthyridine acetamides 4 and 5 to interrogate
the electronic preferences of the ligand’s nitrogen atoms with
Asp residues 119 and 120. Naphthyridine 4 was moderately
potent (MTH1 IC50 = 81 nM), while, remarkably, tetrahy-
dronaphthyridine 5 demonstrated a 1800-fold improvement in
potency (IC50 = 43 pM, LLE = 7.9) relative to 4.
Cocrystallization of 4 with MTH1 revealed key hydrogen
bonding interactions with both aspartates, as observed with
TH287, a π−π stacking interaction with Trp 117; in making a
hydrogen bond to a water molecule, the acetamide of 4 is 23°
out of the plane of the aryl system (Figure 4A). Interestingly,

tetrahydronaphthyridine 5 when cocrystallized with MTH1
displayed the same key interactions as 4, with the added
benefit of adopting a nearly coplanar acetamide conformation
(6° dihedral angle) and permitting a unique interaction with
the backbone NH of Gly34 in the absence of a water molecule
(Figure 4B).

N6 of naphthyridine 4 and N6 of tetrahydronaphthyridine 5
had significantly different pKa values, 3.5 and 7.5, respectively,
yet both compounds showed similar permeability rates at
physiological pH with no efflux (AB/BA = 37/45 × 10−6 and
35/32 × 10−6 cm/s, respectively). The excellent permeability
of 5, together with an identical logD7.4 (2.5) to its nonbasic
congener 4 suggested the presence of an intramolecular
hydrogen bond between protonated N6 and the acetamide
carbonyl in solution (although this was not evident in a crystal
structure of the hydrochloride salt (see Supporting Informa-
tion)). As in the transposition of 3 to 2, removal of the bicycle
in 5 to give the aminopyridine 6 resulted in an order of
magnitude loss in potency (IC50 = 0.33 nM). This residual
potency was abolished when the pyridine core was replaced
with phenyl (data not shown), demonstrating the critical role
of the DMAP-like basic nitrogen in 5 and 6 and its ability to
facilitate the adoption of nearly coplanar acetamide con-
formations via intramolecular hydrogen bonds.
In light of the unprecedented potency of tetrahydronaph-

thyridine 5, we confirmed that it is a tight reversible binder
(Ki(app) = 5.2 ± 0.9 pM, Ki = 1.7 pM), and no acetylation of
MTH1 was observed. The compound is chemically stable at
pH 6, 7.5, and 9 at 40 °C, is unreactive with glutathione, and
displays desirable kinetic solubility at pH 2 and 7 (97 and 70
μM, respectively). A preliminary screen revealed no significant
affinity for kinases (S(35) = 0 at 10 μM; 97 kinase panel).12

However, 5 was not fully stable in human and rat plasma (t1/2
= 252 and 446 min, respectively) and predicted hepatic
clearance from microsomal stability assays approached liver
blood flow in human (0.89 L/h/kg) and rat (3.5 L/h/kg).
Metabolite identification studies in human liver microsomes
indicated deacetylation as the major metabolic pathway (72%),
followed by oxidative metabolism of the resulting 7-amino-
tetrahydronapthyridine.
Thus, we attempted to replace the acetamide moiety to

improve metabolic stability while maintaining the Gly34
interaction (Table 1). Ureas 13 and 14 were among the
most potent analogues, yet solely lowering the logD was
insufficient to achieve full stability. Compounds 16, 17, and 3
in which the amide was replaced or absent demonstrated that
reasonable stability could be achieved, albeit at the expense of
potency. We also investigated O- and N-linked aryls and
variously substituted alkyls in the pyrimidine-2,4-diamine
series (Table 2). Compounds 19 and 21 validated that
heteroatoms were tolerated in the linker, albeit with a slight
loss in potency. Further optimization toward (S)-ethoxyphenyl
analogue 23, (S)-N-methyl-1-phenylethan-1-amine 25 (IC50 =
0.49 nM, LLE = 7.3), and piperidine derivatives 26, 29, and 30
successfully restored MTH1 IC50 to ≤1 nM. Although
excellent biochemical potency, kinetic solubility, and perme-
ability were achievable, this lipophilic series suffered from poor
metabolic stability and was intolerant to polar and logD
lowering substituents. The 2-amino and 4-methylamino groups
of 1 showed little tolerance to change, emphasizing the
importance of preserving optimal interactions with Asp120 and
Asp119.
Our third series of small molecule MTH1 inhibitors was

designed to explore interactions with Asn33 in the active site.
This residue has been reported to be critical for 8-oxo-dGMP
binding and specificity, interacting with both the 2-amino
group and N3 of the ligand. Since the 2,4-diaminopyrimidine
of TH287 shared similar interactions, we proposed 2-
aminotriazolopyridine and 2-aminobenzimidazole cores to

Scheme 1. General Synthesis of Tetrahydronaphthyridinesa

aReagents and conditions: (a) ArB(OH)2, Pd(PPh3)4, 1,4-dioxane/
water (2:1), 80 °C, 1 h, 96%; (b) RC(O)NH2, Pd2(dba)3, t-BuXPhos,
Cs2CO3, 1,4-dioxane, 100 °C, 18 h, 20−82%; (c) PtO2, H2 (40 psi), 4
M HCl in 1,4-dioxane, 15 min, 20−76%; (d) when R = OtBu, TFA/
DCM (3:1), rt, 5 h, 12%.

Figure 4. Cocrystal structures of MTH1 with inhibitors. MTH1
(gray) is drawn from the complex with compound 5. (A) Overlay of 4
(yellow, 1.5 Å, PDB code 6US3) and 5 (cyan) illustrating Φ-cis
dihedral angles of 23° and 6°, respectively, and the resulting shifts of
the 2,3-dimethyphenyl moieties. Unlike tetrahydronaphthyridine 5,
naphthyridine 4 engages Asn33 via a water (yellow sphere)-mediated
interaction. (B) Cocrystal structure of 5 (cyan) bound to MTH1 (1.8
Å, PDB code 6US2) showing the shifted register of hydrogen bond
interactions relative to TH287 (orange, PDB code 4N1T). No
significant changes to the protein were observed between MTH1
complexed to 4 and 5.
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interrogate their potential to interact with Asn33 and yield
potent inhibitors (Table 3). We discovered that 2-amino-
triazolopyridine 32 maintained good potency (MTH1 IC50 =
13 nM, LLE = 6.0), while the R5 phenyl derivative 31 lost 9-
fold in potency. Cocrystallization of 32 with MTH1 confirmed
key hydrogen bonding interactions with Asn33, Asp119,
Asp120, and an additional π−π stacking interaction with
Trp117 (Figure 5). Although the triazolopyridine 34 was
designed to engage Asp119, the additional amino group at R3

failed to yield a more potent compound. Acetylation of 32
resulted in a 35-fold loss in potency (data not shown), and the
triazolopyridine regioisomer 40 was similarly less potent.
Methylation at the R4 position yielded the most potent
compound in this series (MTH1 IC50 of 36 = 4.1 nM).
Triazolopyridine 32 was found to be stable in human liver

microsomes (pred. hep. Cl = 0.11 L/h/kg) and moderately
stable in rat liver microsomes (pred. hep. Cl = 0.86 L/h/kg).
When administered to Sprague−Dawley rats at 5 mg/kg PO
and 1 mg/kg IV, compound 32 showed excellent oral
bioavailability (F = 86%), good in vitro/in vivo correlation
(Cl = 0.73 L/h/kg), moderate volume (2.7 L/kg), and a half-
life of 3.2 h. It lacks inhibition of hERG and five CYP isoforms
(IC50 > 25 μM), while demonstrating high permeability (Caco-
2 AB/BA = 41/34 × 10−6 cm/s) and high solubility at pH 2
and 7 (93/74 μM). In addition, it had low affinity for kinases
(S(35) = 0.01 at 10 μM; 97 kinase panel) and did not activate
human PXR at 15 μM. The 2-aminobenzimidazole 37 also
emerged as a useful lead, with an in vitroMTH1 IC50 of 15 nM
and good metabolic stability (pred. hep. Cl = 0.11 and 0.22 L/
h/kg in human and rat, respectively). With three highly potent
scaffolds capable of inhibiting MTH1, we then selected tool
molecules 5, 25, 26, 32, and 37 to further evaluate their
antiproliferative effects and ability to induce DNA damage in
cancer cell lines.
To characterize the effect of these novel MTH1 inhibitors

on the growth of cancer cells, we employed a 3-day cell

viability (CTG) assay in U2OS cells. We were surprised by the
observation that our potent inhibitors, particularly tetrahy-
dronaphthyridine 5 (IC50 = 43 pM, CTG EC50 = 8.0 μM,
Figure 6A and Table 4), did not elicit a similar or greater
antiproliferative effect than TH287 (CTG EC50 = 0.7 μM).
Several subsequent 3-day CTG experiments containing
additional positive controls (TH287, TH588, and/or (S)-
crizotinib) showed our compounds were consistently less
effective than the tool compounds listed above. An in vitro
assessment of cytotoxicity was conducted in various cell lines,
and we found that TH287 exhibited cytotoxic effects in MT4
cells (CC50 = 726 nM), whereas 5 and 32 showed greatly
reduced cytotoxicity (CC50 = 19 and >50 μM, respectively).13

Since all compounds tested had relatively similar binding in
cell culture media, we hypothesized that the differential
cytotoxicity could indicate that MTH1 inhibition alone was
insufficient for antiproliferative activity, and we proceeded to
further characterize the effect of this structurally diverse set of
MTH1 inhibitors on the purported downstream markers of
MTH1 inhibition.

Table 1. Acetamide Moiety Replacements in the
Tetrahydronaphthyridine Series in an Attempt To Improve
Metabolic Stability while Maintaining MTH1 Biochemical
Potencya

Compound R1
MTH1 IC50

(nM)
Human MS Cl

(L/h/kg)

5 -NHC(O)Me 0.043 0.89
8 -NHC(O)Et 0.17 0.88
9 -NHC(O)cPr 0.06 0.38
10 -NHC(O)iPr 0.61 0.73
11 -NHC(O)cBu <0.05 0.45
12 -NHC(O)CF2H 0.11 0.81
13 -NHC(O)NH2 <0.05 0.33
14 -NHC(O)NHMe <0.05 0.28
15 -NHC(O)OMe 0.15 0.39
16 -NHC(=NH)Me 62 0.18
17 -NHSO2Me 773 0.11
3 -NH2 952 0.23

aFor number of replicates and standard error of the mean, see the
Supporting Information.

Table 2. MTH1 Biochemical Potencies with O- and N-
Linked R2 Groupsa

aFor number of replicates and standard error of the mean, see the
Supporting Information.
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Induction of DNA damage and activation of the DNA
damage response pathway have been reported to be associated
with inhibition of MTH1, and we interrogated both end points
in cellular assays.3 Activation of p53 in response to DNA
damage has been well characterized and recently reviewed.14

Using Simple Western, we evaluated the effect of TH287 and
several structurally diverse MTH1 inhibitors on p53
phosphorylation in U2OS cells treated for 4 and 24 h. We
found that treatment with TH287, TH588, and the positive
control (mitoxantrone) resulted in activation of p53, while the
newly synthesized MTH1 inhibitors 5 (Figure 6B) and 32
(Supporting Information) failed to do so. As a final step to
profile the cellular phenotypes of MTH1 inhibition, we used
confocal microscopy to determine the extent of γH2AX foci
formation in U2OS cells treated with MTH1 inhibitors. A
normal cellular response to initiate DNA double-stranded
break repair involves the recruitment and phosphorylation of
multiple H2AX histones in close proximity to the site of
repair.15 As expected, treatment with both TH287 and
hydrogen peroxide resulted in a larger number of γH2AX
foci observed in each cell nucleus (Figure 6C). However, when
5, 32, and 26 were tested at a concentration of 20 μM,
induction of foci was not observed. Notably, these compounds

Table 3. Structural Modifications to Improve Potency in the
Triazolopyridine and Benzimidazole Seriesa

Compound Core R3 R4 R5 MTH1 IC50 (nM)

31 X H H Ph 936
32 X H H 2,3-diClPh 13
33 X H H 2,3-diMePh 40
34 X NH2 H 2,3-diClPh 207
35 X H Me piperidinyl 946
36 X H Me 2,3-diClPh 4.1
37 Y H H 2,3-diClPh 15
38 Y H Me 2,3-diClPh 20
39 Y H OMe 2,3-diClPh 13
40 Z H H 2,3-diClPh 467

aFor number of replicates and standard error of the mean, see the
Supporting Information.

Figure 5. (A) Cocrystal structure of compound 32 (yellow) with
MTH1 (1.95 Å, PDB code 6US4) and TH287 (orange) overlaid,
revealing common interactions with Asn33, Asp119, and Asp120.
Compound 32 also forms a π−π stacking interaction with Trp117
(not shown in this figure). (B) Overlay of 5 (cyan) and 32 (yellow)
showing Gly34 has moved away to allow Asn33 to interact with 32.

Figure 6. (A) Three-day cell viability assay in U2OS cells using
CellTiter-Glo readout. (B) Expression of p-p53 and β-actin in U2OS
cells treated with TH287, TH588, and compound 5 at 5 μM and
mitoxantrone at 2.25 μM, measured using Peggy Sue Western blot.
(C) Induction of DNA damage foci in U2OS cells with MTH1
inhibitors. Cells were incubated for 72 h with DMSO, MTH1
inhibitors (20 μM), and H2O2 (150 μM). Ninety to 120 nuclei were
counted per experiment (*p < 0.001).

Table 4. MTH1 Biochemical Potencies (8-oxo-dGTP as
Substrate) and Cellular Potencies (Three-day Cell Viability
Assay in U2OS Cells) of Representative Tool Compounds
from Our Various Chemotypesa

Chemotype Compound
MTH1 IC50

(nM)
Cell viability
EC50 (nM)

2,4-Diaminopyrimidine TH287 4.1 699
Tetrahydronaphthyridine 5 0.043 8048
2,4,6-Triaminopyrimidine 25 0.49 24916
2-Aminotriazolopyridine 32 13 20323
2-Aminobenzimidazole 37 15 14416
aFor number of replicates and standard error of the mean, see the
Supporting Information.
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all demonstrated good cellular permeability and were tested in
the foci formation assay at concentrations >1000-fold above
their respective IC50 values.
Although the collective results from the cellular assays

described thus far clearly show the compounds described
herein failed to recapitulate the cell killing effect of previously
described MTH1 inhibitors, the end points assessed are all
several steps downstream, and the lack of a direct cellular
readout for MTH1 inhibition hampered our ability to make
definitive conclusions about the cellular activity of our series.
To address this unanswered question, we developed method-
ology to measure the intracellular concentration of oxidized
nucleoside triphosphates (oxo-NTPs), as inhibition of MTH1
was hypothesized to increase oxo-NTP levels in cells (Table 5,

see the Supporting Information for methods). A large number
of cells were required for this analysis as 8-oxo-dGTP and 8-
oxo-rGTP levels were consistently low and near the limit of
quantification. However, intracellular dGTP and rGTP
concentrations remained within ranges reported in the
literature.16 U2OS cells treated with either MTH1 shRNA or
representative small molecule inhibitor 37 showed no evidence
of increased 8-oxo-dGTP or 8-oxo-rGTP levels in vitro,
suggesting that MTH1 inhibition may not disrupt homeostasis
of the oxo-NTP pool.
In this study, the validity of MTH1 as an oncology target

was assessed by the discovery and characterization of
structurally diverse chemotypes in conjunction with specific
assessment of cellular effects. Despite nano- and subnanomolar
potencies, the tool compounds did not elicit the desired
antiproliferative effects, failed to induce p53 activation, and did
not increase foci formation or 8-oxo-dGTP levels in U2OS
cells, leading us to conclude that MTH1 alone is insufficient
for cancer cell death.17,18 During the months following the
conclusion of our MTH1 efforts, several articles, perspectives,
and comments were published corroborating our findings. The
use of dissimilar chemotypes for phenotypic confirmation was
evident in many of these programs and can be a valuable tactic
at an early stage of a project. Publication of efforts such as
these furthers our collective understanding of methods for in
vitro target validation.
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