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Since recent publications suggested that the survival of cancer cells depends on MTH1 to avoid
incorporation of oxidized nucleotides into the cellular DNA, MTH1 has attracted attention as a potential
cancer therapeutic target. In this study, we identified new purine-based MTH1 inhibitors by chemical

. array screening. However, although the MTH1 inhibitors identified in this study targeted cellular MTH1,

. they exhibited only weak cytotoxicity against cancer cells compared to recently reported first-in-class

. inhibitors. We performed proteomic profiling to investigate the modes of action by which chemically

. distinct MTH1 inhibitors induce cancer cell death, and found mechanistic differences among the

. first-in-class MTH1 inhibitors. In particular, we identified tubulin as the primary target of TH287 and

. TH588 responsible for the antitumor effects despite the nanomolar MTH1-inhibitory activity in vitro.

. Furthermore, overexpression of MTH1 did not rescue cells from MTH1 inhibitor-induced cell death, and

. siRNA-mediated knockdown of MTH1 did not suppress cancer cell growth. Taken together, we conclude

. that the cytotoxicity of MTH1 inhibitors is attributable to off-target effects and that MTH1 is not
essential for cancer cell survival.

Elevated levels of reactive oxygen species (ROS) are a common characteristic of many types of cancers!. While
altered redox regulation may promote cancerous phenotypes such as excessive proliferation and angiogenesis*,
: ROS can adversely affect cancer cells by indiscriminately damaging biomolecules, including both DNA and free
© bases in the nuclear and mitochondrial pool of deoxynucleoside triphosphate (ANTP)*. The free INTP precursor
. pool is considerably more sensitive to damage compared to that of double-stranded DNAS3, but incorporating
. oxidized nucleotides into DNA can cause DNA mutations and cell death. Therefore, preventing accumulation and
incorporation of oxidized nucleotides in DNA is crucial for cancer cell survival.
: The protein MTHI1 (also known as NUDTI) is a Nudix family hydrolase that converts oxidized
. purine nucleoside triphosphates, including 8-o0x0-2’-deoxyguanosine-5’-triphosphate (8-oxo-dGTP) and
: 2-hydroxydeoxyadenosine 5"-triphosphate (2-OH-dATP), into the corresponding nucleoside monophosphates,
. thereby preventing utilization of these oxidized nucleotides by DNA polymerases and incorporation into DNAS.
. Rai et al. reported that overexpression of MTH1 protected primary fibroblasts from RAS-induced senescence
: by suppressing DNA damage caused by ROS’. In addition, it was reported that cancer cells frequently overex-
: press MTHI, and that inhibition of MTH1 by genetic and pharmacologic methods suppressed xenograft tumors
: derived from a number of different tumor cell lines®='°. Four types of first-in-class small-molecule inhibitors
of MTH1 were recently reported—TH287/TH588, (S)-crizotinib, SCH51344, and organometallic complexes—
among which TH287/TH588, (S)-crizotinib, and SCH51344 preferentially kill cancer cells or RAS-transformed
fibroblast cells®*!!. Based on these reports, MTHI1 has attracted attention as a potential molecular target for the
treatment of cancers with elevated ROS levels.
We started the screening of MTH1 inhibitors using chemical array platforms, ultrahigh throughput screening
for small-molecule binders of proteins of interest'*!*. Our chemical arrays were used to obtain small-molecule
inhibitors of various proteins derived from mammals!*-!, fungi??, prokaryotes?, and viruses?*.
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Figure 1. Identification of purine-based MTH1 inhibitors by chemical array screening. (a) Representative
fluorescent image of the chemical arrays (left) and magnified image of the area in a white square (right).

Spot of NPD15095 is indicated by a white arrow. (b) Chemical structures of purine-based MTHI inhibitors.
(c) Effects of NPD15095 (15095), NPD7155 (7155), NPD9948 (9948), and NPD8880 (8880) on the catalytic
activity of MTHI. 8-oxo-dGTP and 2-OH-dATP were used as substrates. Data are shown as mean =+ s.d. from
three independent experiments.

We previously established and utilized ChemProteoBase profiling method to predict the modes of action of
bioactive compounds®*-L. This method allows us to unravel the hidden target of the inhibitors reported as MTH1
inhibitors.

Results

Identification of new MTH1 inhibitors. To identify new MTH1 inhibitors, we used chemical arrays to
screen 29,809 compounds from a chemical library of the RIKEN Natural Products Depository (NPDepo)32%,
Twenty MTH1 binders were detected (Fig. 1a). Next, we ran an in vitro enzyme assay to determine the inhibitory
effects of these screening hits against MTH1, with 8-0x0-dGTP and 2-OH-dATP as substrates. Subsequently,
we found that NPD15095, a purine derivative, inhibited MTHI catalytic activity in a dose-dependent manner
(Fig. 1b,c). The ICs, values of NPD15095 for MTHI1 inhibition were 3.3 pM and 6.7 pM, for 8-0xo-dGTP and
2-OH-dATP, respectively.

To find more potent MTH1 inhibitors, we explored 131 structurally related compounds with a purine moiety.
Two potent MTHI1 inhibitors (NPD7155 and NPD9948) and a less active analog (NPD8880) were discovered
(Fig. 1b,c). The potencies of NPD7155 and NPD9948 were comparable to those of (S)-crizotinib and SCH51344
(Supplementary Table S1). Therefore, we focused on NPD7155 and NPD9948 for further validation studies.

Kinetic analysis showed that both NPD7155 and NPD9948 inhibited the enzymatic activity of MTH1 in a
competitive manner with respect to 8-oxo-dGTP and 2-OH-dATP (Fig. 2a and Supplementary Fig. S1a). The K;
values of NPD7155 and NPD9948 were 0.10 + 0.04 uM and 0.13 £ 0.05 pM for 8-0x0-dGTP, and 0.18 £ 0.03 pM
and 0.22 £ 0.04 pM for 2-OH-dATP, respectively (Fig. 2b and Supplementary Fig. S1b).

As NPD7155 and NPD9948 are mimics of the purine moiety of MTH1 substrates such as 8-oxo-dGTP and
2-OH-dATP, we examined their effects on other nucleoside triphosphate pyrophosphatases, such as inosine
triphosphate pyrophosphatase (ITPA) and deoxycytidine triphosphate pyrophosphatase 1 (DCTPP1), whose sub-
strates are purine nucleotides and pyrimidine nucleotides, respectively. In our results, NPD7155 and NPD9948
did not affect the enzymatic activities of ITPA and DCTPPI, even at 100 uM. In contrast, (S)-crizotinib and
SCH51344 slightly inhibited DCTPP1 activity at the same concentration, suggesting NPD7155 and NPD9948
have some more target selectivity than the inhibitors (Fig. 2c).

Purine-based MTH1 inhibitors exhibit less potent cytotoxicity. We next examined the effects
of NPD7155 and NPD9948 on MTHI in cancer cells. To determine whether NPD7155 and NPD9948 target
MTHLI in intact cells, we performed a target engagement assay based on ligand-increased thermal stabilization®.
Treatment of human cervical cancer HeLa cells with NPD7155 and NPD9948 considerably stabilized cellular
MTHLI, but not many other proteins (Fig. 3a), indicating that NPD7155 and NPD9948 specifically bind to MTH]1
in HeLa cells.

Since recent publications suggest that MTH1 is essential for cancer cell survival®®, we analyzed the cyto-
toxic effects of our MTHI inhibitors against cancer cells. Contrary to our expectations, NPD7155 and
NPD9948 exhibited only weak cytotoxicity against HeLa cells (IC5, = 65pM and 35 uM, respectively; Fig. 3b)
despite potent MTH1-inhibitory activity with sub-micromolar ranges of IC, values in vitro (Supplementary
Table S1). In addition, our purine-based MTH1 inhibitors exhibited only weak cytotoxicity in other cancer
cell lines (Supplementary Fig. S2). In contrast, (S)-crizotinib and SCH51344 had more potent cytotoxic effects
(ICsp=13pM and 5.5 M, respectively; Fig. 3b), even though these compounds displayed the same degree of
MTHI-inhibitory activities as NPD7155 and NPD9948 in vitro (Supplementary Table S1).
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Figure 2. Kinetics and selectivity of NPD7155 and NPD9948. (a,b) Kinetic analysis of NPD7155 (7155) and
NPD9948 (9948) against MTH1. Lineweaver-Burk plot of reciprocal of initial velocity vs. reciprocal of varying
8-0x0-dGTP concentrations (a) and Dixon plot of reciprocal of initial velocity vs. varying concentrations of
NPD7155 or NPD9948 (b). Data are shown as mean =+ s.e.m. from three independent experiments. (c) Effects of
NPD7155, NPD9948, TH287, (S)-crizotinib [(S)-CZT], and SCH51344 (SCH) on the catalytic activities of ITPA
and DCTPP1 in vitro. Data are shown as mean = s.d. from three independent experiments.
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Figure 3. NPD7155 and NPD9948 exhibit less potent cytotoxicity. (a) Target engagement of NPD7155 and
NPD9948 to MTHI1 protein in intact HeLa cells. HeLa cells were treated with NPD7155 (300 .M), NPD9948
(300 uM), or (S)-crizotinib (30 pM) for 1h, collected, heated at the indicated temperatures, and lysed. Soluble
proteins collected in the supernatant were subjected to western blot analysis to detect MTH1, followed by
staining with Coomassie brilliant blue (CBB). (b) Viability of HeLa cells treated with MTHI inhibitors for 72 h.
Data are shown as mean + s.d.

It has been reported that MTH1 plays a crucial role in preventing incorporation of oxidized nucleotides into
nuclear and mitochondrial DNA, allaying subsequent DNA damage®. Therefore, we examined the effects of our
MTHI1 inhibitors on 8-ox0-2’-deoxyguanosine (8-oxo-dG) levels in DNA. However, NPD7155 and NPD9948
did not induce the significant accumulation of 8-0xo-dG in HeLa cells, even at cytotoxic concentrations, when
compared to that of TH287 (Fig. 3b and Supplementary Fig. S3a). Next, we investigated whether our MTH1
inhibitors can induce DNA damage, and found that NPD7155 and NPD9948 increased nuclear 53BP1 foci for-
mation, a specific marker for DNA damage, only at the higher concentrations (Supplementary Fig. S3b). Cell
cycle analysis showed that NPD7155 and NPD9948 increased the sub-Gl1 cell population, an indication of dead
cells, at the same higher concentrations (Supplementary Fig. S3¢c). However, NPD8880 also induced DNA damage
(Supplementary Fig. S3b) and cell growth inhibition (ICs, = 650 uM; Fig. 3b) at similar concentrations in spite of
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Figure 4. Proteomic profiling shows mechanistic differences among MTH1 inhibitors. HeLa cells were
treated with NPD7155 (300 uM), NPD9948 (300 pM), SCH51344 (60 pM), (S)-crizotinib (20 uM), or TH287
(3uM) for 18 h. Proteomic analysis of cell lysates was performed by the 2-D DIGE system. Quantitative data of
the common 296 spots (x-axis) derived from MTHI1 inhibitors and those of 41 well-characterized compounds
were analyzed by hierarchical clustering. As shown in the scale bar for the heat map, intensities of red and
green coloration indicate an increased or decreased log-fold (natural base) normalized volume, respectively,
of spots for each compound. The vertical axis represents compounds. The horizontal axes of the heat map and
dendrogram represent spot number and cosine similarity between clusters, respectively.

the little MTH1-inhibitory activity (Fig. 1c). These data raised the question whether MTHI1 inhibition is respon-
sible for the cytotoxic effects of small-molecule MTH1 inhibitors.

Mechanistic differences among MTH1 inhibitors. In order to validate whether chemically dis-
tinct MTHI inhibitors have the same modes of action for cytotoxicity, we performed a profiling analysis
using ChemProteoBase, a comprehensive database of cellular proteomic variations induced by treatment with
well-characterized bioactive compounds®'. The hierarchical cluster analysis of five MTHI1 inhibitors and 41
standard compounds revealed that the proteomic variation induced by NPD7155 is similar to that induced by
NPD9948 (Fig. 4). Furthermore, these two purine-based MTHI1 inhibitors shared similarity with camptothe-
cin (a topoisomerase I inhibitor) and SCH51344. Both camptothecin and SCH51344, as well as NPD7155 and
NPD9948, are known to induce DNA damage®*. On the other hand, the MTH1 inhibitor (S)-crizotinib did not
belong to any clusters of the standard compounds in our proteomic profiling system (Fig. 4). More surprisingly,
proteomic profiling revealed that TH287, the most potent MTH1 inhibitor we tested (Supplementary Table S1),
shared similarity with tubulin-targeting agents such as nocodazole, vinblastine, and paclitaxel, rather than other
MTHLI inhibitors (Fig. 4).

TH287 and TH588 are tubulin polymerization inhibitors. Indeed, TH287 and its metabolically
more stable analog TH588® inhibited tubulin polymerization in vitro in a dose-dependent manner, whereas
NPD7155 and NPD9948 did not affect tubulin polymerization, even at 300 pM (Fig. 5a,b and Supplementary
Fig. S4). Furthermore, TH287 and TH588 disrupted intracellular microtubule networks in HeLa cells at cytotoxic
concentrations, while also inducing cell shrinkage (Fig. 3b and Supplementary Fig. S5). Since tubulin-targeting
agents are known to induce phosphorylation of Bcl-2%7*%, we examined the effects of MTHI1 inhibitors on Bcl-2.
Our results indicated that TH287 and TH588, but not the other MTH1 inhibitors, induced Bcl-2 phosphoryl-
ation at the effective concentrations, as detected by the mobility shift on the upper side of unphosphorylated
Bcl-2 (Fig. 5¢). Likewise, cell cycle analysis revealed that TH287 and TH588, but not the other MTHI inhibitors,
increased the population of HeLa cells in G2/M phase in the same manner as vinblastine (Fig. 5d, Supplementary
Figs S3c and S6). These data strongly suggest that tubulin is the primary target of TH287 and TH588, and that it
is responsible for their cytotoxic effects.

MTHZ1 inhibition does not affect cancer cell growth. As our proteomic profiling showed mechanistic
differences among the MTH1 inhibitors, we investigated whether overexpression of human MTHI1 rescues cells
from MTH] inhibitor-induced cell death. Contrary to our expectations, MTH]1 overexpression did not alter
the sensitivity of cells towards any of the MTHI inhibitors we tested (Fig. 6a,b). Furthermore, siRNA-induced
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Figure 5. TH287 and TH588 inhibit tubulin polymerization. (a,b) Inhibitory effects of TH287 (a) and
TH588 (b) on tubulin polymerization in vitro. Vinblastine (VBL) was used as a positive control. (¢) Detection of
phosphorylated Bcl-2 in HeLa cells treated with compounds for 24 h. (d) Cell cycle analysis of HeLa cells treated

with compounds for 24 h.
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Figure 6. MTHI inhibition does not affect cancer cell growth. (a,b) Overexpression of MTH1 did not rescue
cells from MTH] inhibitors-induced cell death. HeLa cells transiently overexpressing human MTH]1 and the
control counterparts were treated with MTHI1 inhibitors for 84 h. The expression levels of MTH1 proteins in
both cells were analyzed by western blot (a). The cell viability was examined by WST-8 assay. Data are shown

as mean =+ s.d. There was no statistically significant difference between the viability of MTH]1-overexpressing
HeLa cells and that of the control counterparts following treatment with MTH1 inhibitors at all concentrations
tested (ANOVA followed by Games-Howell test) (b). (c—f) Knockdown of MTHI1 did not affect cell survival.
HeLa cells were transfected with 20 nM siRNA for 72 h, and the knockdown of MTH1 was analyzed by western
blot (c). Cell growth of HeLa cells transfected with 20 nM siRNA for the indicated times (d,e). Data are shown as
mean = s.d. Statistical analysis was performed using Student’s ¢-test. Cell cycle analysis of HeLa cells transfected
with 20 nM siRNA for 96 h (f).
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knockdown of MTH1 did not suppress cell growth and cell cycle progression in HeLa cells (Fig. 6¢—f). These data
suggest that small-molecule MTHI inhibitors exert cytotoxic effects primarily by targeting off-target molecules
such as tubulin, rather than MTH]1 inhibition.

Discussion

In the present study, we found new purine-based MTHI inhibitors, NPD7155 and NPD9948, that exhibited
potent MTH 1-inhibitory activity in vitro comparable to that of (S)-crizotinib and SCH51344 (Supplementary
Table S1). However, NPD7155 and NPD9948, showed only weak cytotoxicity compared to that of (S)-crizotinib
and SCH51344 (Fig. 3b and Supplementary Fig. S2), despite their ability to inhibit the MTH1 activity in intact
cells (Fig. 3a). This fact raised the questions whether MTHI1 inhibition is responsible for the cytotoxic effects of
known small-molecule MTHI inhibitors and whether MTHL] is suitable as a target molecule for cancer ther-
apy. Indeed, proteomic profiling revealed that TH287, (S)-crizotinib, and SCH51344 are mechanistically dif-
ferent (Fig. 4), although these known MTHI1 inhibitors showed potent MTH1-inhibitory activity in vitro
(Supplementary Table S1). In addition, considering that overexpression of human MTH1 did not rescue cells
from the cell death induced by small-molecule MTHI1 inhibitors (Fig. 6a,b) and knockdown of MTH1 did not
suppress cancer cell growth (Fig. 6¢c-f), the cytotoxic effects of MTHI1 inhibitors are probably attributable to their
effects on off-target molecules rather than MTH1 inhibition.

Consistent with our observations, two recent reports by Kettle et al. and Petrocchi et al. independently showed
that different classes of MTHI1 inhibitors with sub-nanomolar potency inhibited neither proliferation nor survival
of human cancer cell line panels®**. Kettle et al. compared two different siRNA molecules targeting MTH1, one
of which, termed “oligo #3,” had been used to demonstrate that genetic ablation of MTH1 leads to reduced tumor
growth in a previous study?, and found that only oligo #3 suppressed cancer cell survival, although both siRNAs
caused significant MTH1 knockdown?®. Kettle et al. also demonstrated that complete knockout of all MTH1
alleles by CRISPR technology did not result in reduced survival of SW480 cells*. Together, our data and these
reports suggest that tumor growth suppression by genetic or pharmacological inhibition of MTH1 in previous
studies was likely due to off-target effects.

The original work showed that TH287 and TH588 did not inhibit other members of the Nudix protein family
nor any of the nucleoside triphosphate pyrophosphatases tested®. With few exceptions, TH588 had little effect
against 87 enzymes, G-protein-coupled receptors (GPCRs), kinases, ion channels, and transporters, even at 10 uM?.
However, the effects of TH287 and TH588 on tubulin have not been investigated. We know that in general, the
concentrations of compounds required for inhibition of tubulin polymerization in vitro are higher than those
required for disruption of microtubule networks in cells?®*°. In our study, TH287 and TH588 disrupted intra-
cellular microtubule networks and induced Bcl-2 phosphorylation and cell cycle arrest in the M phase at cyto-
toxic concentrations (Figs 3b and 5¢,d and Supplementary Fig. S5), suggesting that tubulin is the primary target
responsible for the cytotoxicity of TH287 and TH588 in HeLa cells. In a previous study, TH588 suppressed tumor
growth of patient-derived malignant melanoma cells in a mouse xenograft model®, but ectopic expression of
MutT (a bacterial homolog of MTH1) only partially rescued the cells from TH588-induced cell death®. Combined
with this report, our findings strongly suggest that TH588 and TH287 exert antitumor effects primarily by inhib-
iting tubulin.

TH287 increased 8-oxo-dG levels, whereas our MTH1 inhibitors had little effect (Supplementary Fig. S3a).
Accumulation of 8-0xo-dG is an indication of oxidative stress, and tubulin-targeting agents such as vinca alka-
loids and taxanes are known to induce ROS during the process of cell death*!. On the other hand, there are
complementary enzymes such as 8-oxoguanine DNA glycosylase (OGG1) that minimize the accumulation of
8-0x0-dG in DNA*2. Although the cause for the different effects of TH287 and our MTH1 inhibitors is unclear, we
speculate that these 8-oxo-dG-increasing and —decreasing factors are the determinants of accumulated 8-oxo-dG
level.

The mode of action responsible for the cytotoxic effects of (S)-crizotinib, SCH51344, and our purine com-
pounds could not be explained through proteomic profiling (Fig. 4). (R)-crizotinib is clinically used as a c-MET/
anaplastic lymphoma kinase dual inhibitor®’, and its (§)-enantiomer has also been reported to inhibit c-MET*.

Previous publications suggest a key role for MTH1 in KRAS-mutated cancer cells®!°. However, KRAS-mutated
pancreatic cancer cell lines (PANC-1 and MIA PaCa-2) and KRAS-transformed fibroblast cells with elevated ROS
levels (NIH3T3/KRAS)* were less sensitive to our MTH1 inhibitors (Supplementary Fig. S2).

In conclusion, tubulin was identified as another target of TH287 and TH588 to cause the cytotoxicity, and
MTHLI inhibition alone may not be sufficient for antitumor therapy.

Methods

Materials. All compounds used for screening were supplied from a chemical library of the RIKEN
NPDepo*?*. (S)-Crizotinib, SCH51344, TH287 hydrochloride, and TH588 hydrochloride were purchased from
ApexBio Technology, Santa Cruz Biotechnology, Axon Medchem, and Sigma-Aldrich, respectively. The purity of
the compounds was checked using LC-MS.

Chemical array screening. To prepare the chemical arrays, solutions of the 29,809 compounds (2.5 mg/mL
in dimethyl sulfoxide; DMSO) from the RIKEN Natural Products Depository (NPDepo) were arrayed onto 11
separate photoaffinity linker-coated glass slides (using a chemical array-manufacturing apparatus developed
by RIKEN) and immobilized via a photo-cross-linking method'. The chemical array screening was performed
according to our previous reports'” !, Briefly, we prepared a lysate of HEK293T cells that were transiently over-
expressing DsRed-fused MTH1 or DsRed protein in phosphate-buffered saline (PBS), and incubated the chem-
ical arrays with the cell lysate for 1 h at 4°C. After washing with PBS, the chemical arrays were scanned using a
GenePix microarray scanner (Molecular Devices) with an excitation wavelength of 532 nm. The fluorescence
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signals were quantified using the GenePix Pro 5.0 software (Molecular Devices) with local background subtrac-
tion. We used data from slides treated with a lysate of DsRed-expressing cells as a reference. The images from
two slides treated with a cell lysate of MTH1-DsRed-overexpressing cells and that of DsRed-overexpressing cells
were colored red and green, respectively, using Photoshop 5.5 software (Adobe Photoshop), and merged into a
composite image.

Enzyme assay for MTH1, ITPA, and DCTPP1. An MTHI1 enzyme assay was performed as described
previously with minor modifications®. Briefly, test compounds were dissolved in an assay buffer [100 mM
Tris-acetate, 40 mM NaCl, 10 mM Mg(OAc),, 0.005% Tween-20, and 2 mM dithiothreitol (DTT), pH 7.5] con-
taining His-tagged human recombinant MTH1 protein (2 nM; ProSpec). After addition of the mixed reagent
from the PPiLight Inorganic Pyrophosphate Assay kit (Lonza Rockland), either 8-oxo-dGTP (13.2pM; TriLink
BioTechnologies) or 2-OH-dATP (8.3 pM; Jena Bioscience) was added as a substrate to initiate the enzymatic
reaction. Relative MTHI1 activity was measured by monitoring the pyrophosphate (PPi) generated through
MTHI1-catalyzed nucleotide triphosphate hydrolysis. The luciferase-mediated luminescence signal was recorded
for 30 min using a luminometer (Molecular Devices). Then, SigmaPlot (Hulinks) was used for kinetic analysis to
determine the inhibition patterns of NPD7155 and NPD9948 and calculate their K; values.

Likewise, the enzymatic activities of ITPA and DCTPP1 were measured using a PPiLight Inorganic
Pyrophosphate Assay kit. For the ITPA enzyme assay, we used ITPA assay buffer (100 mM Tris-acetate, 50 mM
Mg(OAc),, 0.005% Tween-20, and 2mM DTT, pH 7.5), His-tagged human recombinant ITPA protein (5nM;
ProSpec), and ITP (25 uM). For the DCTPP1 enzyme assay, we used DCTPP1 assay buffer (100 mM Tris-acetate,
100 mM NaCl, 10 mM Mg(OAc),, 0.005% Tween-20, and 2mM DTT, pH 7.5), His-tagged human recombinant
DCTPP1 protein (50 nM; ATGen), and deoxycytidine triphosphate (dCTP; 50 uM).

To exclude false positive compounds that inhibit PPi detection, the effects of test compounds on 10 M
Na,P,0;-induced luciferase activity were examined.

Target engagement assay. To analyze the interaction between small-molecule ligands and their target
proteins in intact cells, a cellular thermal shift assay (CETSA) was performed as described previously with minor
modifications®**. Briefly, HeLa cells cultured in a 100-mm dish to 80% confluency, were treated with NPD7155
(300 M), NPD9948 (300 uM), or (S)-crizotinib (30 uM) for 1h. After treatment, cells were collected with trypsin
and resuspended in Tris-buffered saline (TBS). The cell suspension was aliquoted into four polymerase chain
reaction (PCR) tubes and heated at 45, 50, 55, or 60 °C for 5 min. Subsequently, cells were lysed by three repeated
freeze-thaw cycles using liquid nitrogen. Precipitated proteins were separated from the soluble fraction by centrif-
ugation at 17,000 x g for 20 min. Soluble proteins collected in the supernatant were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDEF)
membrane (Millipore) for western blot analysis. The membrane was incubated with a primary antibody against
MTHI1 (1:500, sc-67291; Santa Cruz Biotechnology) and a horseradish peroxidase-labeled secondary antibody
(Vector Laboratories) in sequence. They were then visualized with Fusion Solo S (Vilber Lourmat) using a Super
Signal West Pico Chemiluminescence Substrate (Pierce). After detection of MTH1 by western blot, proteins on
the membrane were visualized by staining with Coomassie brilliant blue (CBB).

Profiling by ChemProteoBase. ChemProteoBase profiling analysis was performed as described previ-
ously?!. Briefly, HeLa cells were treated with compounds for 18 h. Proteome analysis of the cell lysate was per-
formed using a 2D difference gel electrophoresis (2-D DIGE) system (GE Healthcare). Images of the gels were
analyzed with Progenesis SameSpots (Nonlinear Dynamics). Of the more than 1000 spots detected in each 2D
gel, 296 variational spots found to be common between the gels of the reference and compound-treated cells
were selected as described®'. Next, the volume of each spot was normalized using the average of the correspond-
ing control values from DMSO-treated HeLa cells, and the log-fold ratio of the normalized volumes and the
average value in triplicate was calculated. The ChemProteoBase dataset was constructed from the data acquired
from HeLa cells treated with RIKEN NPDepo library standard compounds. Data for the 296 spots, which were
acquired from the test compounds, and the ChemProteoBase dataset were combined, and hierarchical clustering
analysis was performed with Cluster 3.0 (clustering method; centroid linkage with the means of uncentered cor-
relation). The predictive dendrogram was visualized with Java Tree View 1.1.3.

Tubulin polymerization assay. In vitro tubulin polymerization assay was performed using a tubulin
polymerization assay kit (Cytoskeleton) according to the manufacturer’s instructions. Briefly, lyophilized porcine
tubulin was solubilized to a final concentration of 2mg/mL in reaction buffer containing 80 mM piperazine-N,N’-
bis(2-ethanesulfonic acid) (PIPES; pH 6.9), 2mM MgCl,, 0.5 mM ethylene glycol tetraacetic acid (EGTA), 1 mM
guanosine-5’-triphosphate (GTP), 10 uM fluorescent reporter, and 20% glycerol, and kept at 4 °C. Compounds
(100 x DMSO stock solutions) were added to prewarmed half-area 96-well black plates. Cold tubulin solution was
added to the wells. The plate contents were mixed by shaking, and fluorescence (Ex 350 nm, Em 435 nm) was read
every minute for 1h using a fluorescence microplate reader (Molecular Devices).

Detection of phosphorylated Bcl-2.  Western blot analysis for detection of phosphorylated Bcl-2 was
performed as described previously with several modifications®”*. Briefly, HeLa cells were treated with test com-
pounds for 24 h, then harvested and lysed by sonication in a radioimmunoprecipitation assay buffer (RIPA) buffer
containing 25 mM 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid (HEPES; pH 7.8), 0.5 M NaCl, 5mM eth-
ylenediaminetetraacetic acid (EDTA), 1.5% Triton-X-100, 1.0% sodium deoxycholate, and 0.1% sodium dodecyl
sulfate (SDS), supplemented with a protease inhibitor cocktail (Roche). Samples were subjected to SDS-PAGE
and transferred to a PVDF membrane. The membrane was incubated with a primary antibody against Bcl-2
(1:500, #M0887; DAKO) and a horseradish peroxidase-labeled secondary antibody (1:2000, 170-6516; Bio-Rad)
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in sequence. Then, they were visualized with Fusion Solo S using the SuperSignal West Pico Chemiluminescence
Substrate. Phosphorylated Bcl-2 was detected on the upper side of unphosphorylated Bcl-2 by the mobility shift.
As aloading control, a-tubulin was detected in the same samples by using a primary antibody against a-tubulin
(1:2000, T9026; Sigma-Aldrich).

Overexpression of MTH1. For construction of the pcDNA3.1/MTH1 plasmid, the MTH1 cDNA was cloned
from HeLa cells by PCR using the forward primer 5-AGTGTGGTGGAATTCATGAGTGGAATTAGCCCTCA-3’
and the reverse primer 5'-ATATCTGCAGAATTCGGACCGTGTCCACCTCGCGG-3, and inserted into
pcDNA3.1/myc-His vector (Invitrogen) with the EcoRI restriction site. The destination plasmid was verified
by sequencing analysis. For preparation of MTH1-overexpressing cells, HeLa cells were seeded in 6-well plate,
cultured overnight, and transfected with the pcDNA3.1/MTHI1 plasmid or the control vector using Effectene
Transfection Reagent (Qiagen) according to the manufacturer’ instruction. After 24 h of the transfection, the cells
were reseeded in 96-well plate, incubated for 12 h, and then treated with MTHI inhibitors for 84 h. The cell viabil-
ity was examined by WST-8 assay (see Supplementary Methods “Cell death assay”). After 24 h of the transfection,
the expression level of MTH1 protein was analyzed by western blot (see “Target engagement assay”).

Knockdown of MTH1. Control siRNA (sc-37007, Santa Cruz Biotechnology) and human MTH1 siRNA
(sc-62647, Santa Cruz Biotechnology) were obtained. HeLa cells were transfected with 20 nM siRNA using
Lipofectamine RNAiMAX according to the manufacturer’s instructions (Invitrogen). MTH1 knockdown after
72-h siRNA treatment was analyzed by western blot. After transfection, cells were counted using Automated Cell
Counter (Bio-Rad).

References

1. Trachootham, D., Alexandre, J. & Huang, P. Targeting cancer cells by ROS-mediated mechanisms: a radical therapeutic approach?
Nat. Rev. Drug Discov. 8, 579-591 (2009).

2. Hu, Y. et al. Mitochondrial manganese-superoxide dismutase expression in ovarian cancer: role in cell proliferation and response to
oxidative stress. J. Biol. Chem. 280, 39485-39492 (2005).

3. Xia, C. et al. Reactive oxygen species regulate angiogenesis and tumor growth through vascular endothelial growth factor. Cancer
Res. 67, 10823-10830 (2007).

4. Luo, M., He, H., Kelley, M. R. & Georgiadis, M. M. Redox regulation of DNA repair: implications for human health and cancer
therapeutic development. Antioxid. Redox Signal 12, 1247-1269 (2010).

5. Topal, M. D. & Baker, M. S. DNA precursor pool: a significant target for N-methyl-N-nitrosourea in C3H/10T1/2 clone 8 cells. Proc.
Natl Acad. Sci. USA 79, 2211-2215 (1982).

6. Sakumi, K. et al. Cloning and expression of cDNA for a human enzyme that hydrolyzes 8-oxo-dGTP, a mutagenic substrate for DNA
synthesis. J. Biol. Chem. 268, 23524-23530 (1993).

7. Rai, P. et al. Enhanced elimination of oxidized guanine nucleotides inhibits oncogenic RAS-induced DNA damage and premature
senescence. Oncogene 30, 1489-1496 (2011).

8. Gad, H. et al. MTHI inhibition eradicates cancer by preventing sanitation of the dNTP pool. Nature 508, 215-221 (2014).

9. Huber, K. V. et al. Stereospecific targeting of MTHI1 by (S)-crizotinib as an anticancer strategy. Nature 508, 222-227 (2014).

10. Patel, A. et al. MutT Homolog 1 (MTH1) maintains multiple KRAS-driven pro-malignant pathways. Oncogene 34, 2586-2596
(2015).

11. Streib, M. et al. An organometallic inhibitor for the human repair enzyme 7, 8-dihydro-8-oxoguanosine triphosphatase. Angew.
Chem. Int. Ed. 53, 305-309 (2014).

12. Hong, J. A., Neel, D. V., Wassaf, D., Caballero, F. & Koehler, A. N. Recent discoveries and applications involving small-molecule
microarrays. Curr. Opin. Chem. Biol. 18, 21-28 (2014).

13. Kanoh, N. et al. Photo-cross-linked small-molecule microarrays as chemical genomic tools for dissecting protein-ligand
interactions. Chem. Asian J. 1, 789-797 (2006).

14. Kanoh, N. et al. Immobilization of natural products on glass slides by using a photoaffinity reaction and the detection of protein-
small-molecule interactions. Angew. Chem. Int. Ed. 42, 5584-5587 (2003).

15. Burger, M. et al. Crystal structure of the predicted phospholipase LYPLALI reveals unexpected functional plasticity despite close
relationship to acyl protein thioesterases. J. Lipid Res. 53, 43-50 (2012).

16. Kawatani, M. et al. Identification of matrix metalloproteinase inhibitors by chemical arrays. Biosci. Biotechnol. Biochem. 79,
1597-1602 (2015).

17. Miyazaki, L., Simizu, S., Ichimiya, H., Kawatani, M. & Osada, H. Robust and systematic drug screening method using chemical
arrays and the protein library: identification of novel inhibitors of carbonic anhydrase II. Biosci. Biotechnol. Biochem. 72, 2739-2749
(2008).

18. Miyazaki, I., Simizu, S., Okumura, H., Takagi, S. & Osada, H. A small-molecule inhibitor shows that pirin regulates migration of
melanoma cells. Nat. Chem. Biol. 6, 667-673 (2010).

19. Noguchi, T. et al. Affinity-based screening of MDM2/MDMX-p53 interaction inhibitors by chemical array: identification of novel
peptidic inhibitors. Bioorg. Med. Chem. Lett. 23, 3802-3805 (2013).

20. Yao, R. et al. A small compound targeting TACC3 revealed its different spatiotemporal contributions for spindle assembly in cancer
cells. Oncogene 33, 4242-4252 (2014).

21. Zimmermann, T. . et al. Boron-based inhibitors of acyl protein thioesterases 1 and 2. Chembiochem 14, 115-122 (2013).

22. Nakajima, Y. et al. Identification and characterization of an inhibitor of trichothecene 3-O-acetyltransferase, TRI101, by the
chemical array approach. Biosci. Biotechnol. Biochem. 77, 1958-1960 (2013).

23. Minagawa, S., Kondoh, Y., Sueoka, K., Osada, H. & Nakamoto, H. Cyclic lipopeptide antibiotics bind to the N-terminal domain of
the prokaryotic Hsp90 to inhibit the chaperone activity. Biochem. J. 435, 237-246 (2011).

24. Hagiwara, K. et al. Discovery of novel antiviral agents directed against the influenza A virus nucleoprotein using photo-cross-linked
chemical arrays. Biochem. Biophys. Res. Commun. 394, 721-727 (2010).

25. Hagiwara, K. et al. Identification of a novel Vpr-binding compound that inhibits HIV-1 multiplication in macrophages by chemical
array. Biochem. Biophys. Res. Commun. 403, 40-45 (2010).

26. Futamura, Y. et al. Morphobase, an encyclopedic cell morphology database, and its use for drug target identification. Chem. Biol. 19,
1620-1630 (2012).

27. Futamura, Y. et al. Identification of a molecular target of a novel fungal metabolite, pyrrolizilactone, by phenotypic profiling systems.
Chembiochem 14, 2456-2463 (2013).

28. Kawamura, T., Kondoh, Y., Muroi, M., Kawatani, M. & Osada, H. A small molecule that induces reactive oxygen species via cellular
glutathione depletion. Biochem. J. 463, 53-63 (2014).

SCIENTIFICREPORTS | 6:26521 | DOI: 10.1038/srep26521 8



www.nature.com/scientificreports/

29. Kawatani, M. et al. Identification of a small-molecule inhibitor of DNA topoisomerase II by proteomic profiling. Chem. Biol. 18,
743-751 (2011).

30. Minegishi, H. et al. Methyl 3-((6-methoxy-1, 4-dihydroindeno[1, 2-c]pyrazol-3-yl)amino)benzoate (GN39482) as a tubulin
polymerization inhibitor identified by MorphoBase and ChemProteoBase profiling methods. J. Med. Chem. 58, 4230-4241 (2015).

31. Muroi, M. et al. Application of proteomic profiling based on 2D-DIGE for classification of compounds according to the mechanism
of action. Chem. Biol. 17, 460-470 (2010).

32. Kato, N., Takahashi, S., Nogawa, T., Saito, T. & Osada, H. Construction of a microbial natural product library for chemical biology
studies. Curr. Opin. Chem. Biol. 16, 101-108 (2012).

33. Osada, H. Introduction of new tools for chemical biology research on microbial metabolites. Biosci. Biotechnol. Biochem. 74,
1135-1140 (2010).

34. Martinez Molina, D. et al. Monitoring drug target engagement in cells and tissues using the cellular thermal shift assay. Science 341,
84-87 (2013).

35. Yoshimura, D. et al. An oxidized purine nucleoside triphosphatase, MTH1, suppresses cell death caused by oxidative stress. J. Biol.
Chem. 278, 37965-37973 (2003).

36. Pommier, Y. Topoisomerase I inhibitors: camptothecins and beyond. Nat. Rev. Cancer 6, 789-802 (2006).

37. Simizu, S., Tamura, Y. & Osada, H. Dephosphorylation of Bcl-2 by protein phosphatase 2A results in apoptosis resistance. Cancer
Sci. 95, 266-270 (2004).

38. Tamura, Y. et al. Polo-like kinase 1 phosphorylates and regulates Bcl-x(L) during pironetin-induced apoptosis. Oncogene 28,
107-116 (2009).

39. Kettle, J. G. et al. Potent and selective inhibitors of MTH1 probe its role in cancer cell survival. J. Med. Chem. 59, 2346-2361 (2016).

40. Petrocchi, A. et al. Identification of potent and selective MTHI1 inhibitors. Bioorg. Med. Chem. Lett. 26, 1503-1507 (2016).

41. Gorrini, C., Harris, I. S. & Mak, T. W. Modulation of oxidative stress as an anticancer strategy. Nat. Rev. Drug Discov. 12, 931-947
(2013).

42. Nakabeppu, Y. Cellular levels of 8-oxoguanine in either DNA or the nucleotide pool play pivotal roles in carcinogenesis and survival
of cancer cells. Int ] Mol Sci 15, 12543-12557 (2014).

43. Zou, H. Y. et al. An orally available small-molecule inhibitor of c-Met, PF-2341066, exhibits cytoreductive antitumor efficacy
through antiproliferative and antiangiogenic mechanisms. Cancer Res. 67, 4408-4417 (2007).

44. Cui, J. J. et al. Structure based drug design of crizotinib (PF-02341066), a potent and selective dual inhibitor of mesenchymal-
epithelial transition factor (c-MET) kinase and anaplastic lymphoma kinase (ALK). J. Med. Chem. 54, 6342-6363 (2011).

Acknowledgements

We thank Takeshi Shimizu for suggestions and chemical synthesis; Tomomi Sekine, Akiko Okano, and Motoko
Uchida for technical support; Tamio Saito and Hiroyuki Hirano for providing compounds; Siro Simizu for
construction of the GLORIA library; Toshihiko Nogawa, Shunji Takahashi, and Nobumoto Watanabe for
suggestions. This work was supported by the RIKEN SPDR Program (to T.K.), JSPS KAKENH]I, and the Science
and Technology Research Promotion Program for Agriculture, Forestry, Fisheries and Food Industry.

Author Contributions

H.O.,, TK., M.K,, M.M. and Y.K. designed the study. T.K., Y.K. and K.H. screened for MTH1 inhibitors. T.K,,
M.K.,, Y.F. and H.A. performed biochemical and cell biological experiments. M.M. and M.T. performed proteomic
profiling. TK., M.K,, M.M.,, YK,, Y.E and H.O. wrote the paper. All authors discussed the results.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kawamura, T. et al. Proteomic profiling of small-molecule inhibitors reveals
dispensability of MTH1 for cancer cell survival. Sci. Rep. 6, 26521; doi: 10.1038/srep26521 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:26521 | DOI: 10.1038/srep26521 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Proteomic profiling of small-molecule inhibitors reveals dispensability of MTH1 for cancer cell survival

	Results

	Identification of new MTH1 inhibitors. 
	Purine-based MTH1 inhibitors exhibit less potent cytotoxicity. 
	Mechanistic differences among MTH1 inhibitors. 
	TH287 and TH588 are tubulin polymerization inhibitors. 
	MTH1 inhibition does not affect cancer cell growth. 

	Discussion

	Methods

	Materials. 
	Chemical array screening. 
	Enzyme assay for MTH1, ITPA, and DCTPP1. 
	Target engagement assay. 
	Profiling by ChemProteoBase. 
	Tubulin polymerization assay. 
	Detection of phosphorylated Bcl-2. 
	Overexpression of MTH1. 
	Knockdown of MTH1. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Identification of purine-based MTH1 inhibitors by chemical array screening.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Kinetics and selectivity of NPD7155 and NPD9948.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ NPD7155 and NPD9948 exhibit less potent cytotoxicity.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Proteomic profiling shows mechanistic differences among MTH1 inhibitors.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ TH287 and TH588 inhibit tubulin polymerization.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ MTH1 inhibition does not affect cancer cell growth.



 
    
       
          application/pdf
          
             
                Proteomic profiling of small-molecule inhibitors reveals dispensability of MTH1 for cancer cell survival
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26521
            
         
          
             
                Tatsuro Kawamura
                Makoto Kawatani
                Makoto Muroi
                Yasumitsu Kondoh
                Yushi Futamura
                Harumi Aono
                Miho Tanaka
                Kaori Honda
                Hiroyuki Osada
            
         
          doi:10.1038/srep26521
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26521
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26521
            
         
      
       
          
          
          
             
                doi:10.1038/srep26521
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26521
            
         
          
          
      
       
       
          True
      
   




