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Abstract. Chemotherapy and radiotherapy are the most 
common approaches in cancer therapy. They may kill cancer 
cells through the generation of high levels of reactive oxygen 
species (ROS), which leads to oxidative DNA damage. 
However, tumor resistance to ROS is a problem in cancer 
therapy. MTH1 sanitizes oxidized dNTP pools to prevent 
the incorporation of damaged bases during DNA replication. 
Although MTH1 is non‑essential in normal cells, cancer cells 
require MTH1 activity to avoid the incorporation of oxidized 
dNTPs, which would result in DNA damage and cell death. 
By targeting a redox‑adaptation mechanism, MTH1 inhibition 
represents a novel therapeutic strategy against cancer. However, 
recent reports have indicated that growth inhibition by MTH1 
inhibitors may be due to off‑target cytotoxic effects. TH588, 
one of the first‑in‑class MTH1 inhibitors, kills cancer cells by 
an off‑target effect. However, a low concentration of TH588 
may effectively inhibit MTH1 activity without inhibiting 
cell proliferation. Phenethyl isothiocyanate  (PEITC) is a 
dietary anticarcinogenic compound and an inducer of ROS. 
In the present study, it has been demonstrated that combined 
treatment with PEITC and TH588 effectively inhibited the 
growth of pancreatic cancer MIAPaCa‑2 and Panc‑1 cells. 
The antioxidant N‑acetylcysteine negated this synergistic 
growth inhibition. PEITC and TH588 cooperatively induced 
the formation of 8‑oxo‑deoxyguanine in nuclei and pH2AX 
foci, a marker of DNA damage. However, the combined effects 
are not associated with MTH1 mRNA expression in several 
cancer cell lines, suggesting that the possibility of an off‑target 
effect of TH588 cannot be eliminated. These results suggest 
that the combination of PEITC and TH588 has potential as a 
novel therapeutic strategy against pancreatic cancer.

Introduction

Pancreatic cancer remains a highly lethal neoplasm. Even with 
multimodality therapy for localized disease, patient survival 
is measured in months. Although the FOLFIRINOX regimen 
has produced substantial benefits in the treatment of meta-
static pancreatic cancer, it is associated with severe adverse 
effects (1). The further development of better therapeutic regi-
mens for pancreatic cancer requires new and potent anticancer 
agents.

Ras transformation renders cells sensitive to reactive 
oxygen species (ROS)‑induced cell death (2,3), and pancreatic 
cancers exhibit an extremely high mutation rate of K‑ras 
(>90%) (4). Therefore, we investigated the anti‑proliferative 
effects of ROS generators on pancreatic cancer cells. Phenethyl 
isothiocyanate (PEITC) is a potent ROS generator  (5‑8). 
PEITC belongs to the family of natural isothiocyanates, which 
are found in a variety of cruciferous vegetables and released 
when the vegetables are cut or masticated (5). PEITC has an 
inhibitory effect on the growth of several types of cancer 
cells, and is now being studied in phase 2 clinical trials for the 
prevention of lung and oral cancer (3,5‑8). ROS results in the 
oxidation of cell constituents such as DNA, lipids and proteins, 
and this oxidation may damage cancer cells and ultimately 
lead to cell death.

ROS attack nucleotides present in the deoxynucleoside 
triphosphate (dNTP) pool as well as within DNA, and convert 
them into their oxidized forms. The dNTP used in DNA 
synthesis are up to 13,000‑fold more susceptible to oxida-
tive damage than bases in duplex DNA (9). MuT homolog‑1 
(MTH1) is a pyrophosphatase that acts on oxidized nucleotides 
and hydrolyzes 8‑oxo‑2'‑deoxyguanosine triphosphate in the 
dNTP pool to prevent its incorporation into nuclear and mito-
chondrial DNA, which reduces cytotoxicity in cells (10,11).

MTH1 is overexpressed in cancer cells and prevents oxidized 
nucleotides from being misincorporated into DNA. Although 
MTH1 is non‑essential in normal cells, cancer cells require 
MTH1 activity to avoid the incorporation of oxidized dNTPs, 
which would result in DNA damage and cell death (12‑14). By 
aiming at a redox‑adaptation mechanism, MTH1 inhibition 
represents a new approach for a therapeutic strategy against 
cancer (15,16). However, recent reports have indicated that 
growth inhibition by MTH1 inhibitors may be due to off‑target 
cytotoxic effects (17,18). TH588 is a potent inhibitor of human 
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MTH1 with an IC50 value of 5 nM and inhibits the growth 
of cancer cell lines (IC50s=2.48‑6.37 µM) without significant 
cytotoxicity toward immortalized cells (IC50s≥20 µM) (17). 
It exhibits >1000‑fold selectivity for MTH1 over the related 
Nudix hydrolase protein family members MTH2, NUDT5, 
NUDT12, NUDT14, and NUDT16, as well as other proteins 
with known nucleoside triphosphate pyrophosphatase activity 
(dCTPase, dUTPase, and ITPA) (17). These results suggest 
that low concentrations of MTH1 inhibitors may suppress the 
enzyme activity without anti‑proliferative activity. TH588 has 
good metabolic stability and is available in vivo (17). In the 
present study, we examined the combined effects of TH588 
and PEITC on the growth of human pancreatic cancer cells.

Materials and methods

Materials. TH588 was obtained from Selleckchem (Houston, 
TX, USA). PEITC and 3‑(4,5‑dimethyl‑2‑thiazolyl)‑ 
2,5‑diphenyltetrazolium bromide (MTT) were purchased from 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany. General 
caspase inhibitor benzyloxycarbonyl‑Val‑Ala‑Asp‑fluorometh-
ylketone (Z‑VAD‑FMK) was purchased from R&D Systems, 
Inc., Minneapolis, MN, USA.

Cells and cell culture. Human pancreatic carcinoma (MIAPaCa‑2 
and Panc‑1), lymphoma (BALM3), and leukemia (NB4) cells 
were cultured in RPMI 1640 medium supplemented with 
10% fetal bovine serum and 80 µg/ml gentamicin at 37˚C in a 
humidified atmosphere of 5% CO2 in air.

Assay of cell growth and viability. Cell numbers were counted 
in a Model Z1 Coulter Counter (Beckman Coulter, Tokyo, 
Japan). The cells were seeded at 1x105 cells/ml in a 24‑well 
multidish. After culture with or without the test compounds for 
the indicated times, viable cells were examined by a modified 
MTT assay (19) or a trypan blue dye exclusion test using an 
automated cell counter (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from cells using 
TRI reagent (Sigma‑Aldrich; Merck KGaA). Total RNA was 
converted to first‑strand cDNA primed with random hexamer 
in a reaction volume of 20 µl using an RNA PCR kit (qPCR RT 
Master Mix; Toyobo Life Science, Osaka, Japan), and 2 µl of this 
reaction was used as a template in real time PCR. The primers 
were used as described previously (20). The RT‑qPCR reaction 
was performed using an Takara TP860 Real‑Time PCR system 
(Takara Bio Inc., Tokyo, Japan) according to the manufacture's 
instruction. The threshold cycle values were normalized to 
the threshold value of glyceraldehydes‑3‑phosphate dehydro-
genase. Real‑time PCR results were calculated according to 
the following protocol: Relative expression level=2‑∆Ct, where 
∆Cq=Cq (gene of interest)‑Cq (housekeeping gene) (20).

Immunofluorescence microscopy. Cells were fixed with 4% 
paraformaldehyde in PBS for 10 min at room temperature, 
and then permeabilized with 0.3% Tween‑20 for 15 min. After 
fixation, cells were washed three times with PBS and then 
blocked with blocking buffer (1% bovine serum albumin in 

PBS for 60 min. Cells were incubated with anti‑pH2AX (Cell 
Signaling Technology Inc., Tokyo, Japan) for 60 min, washed 
with the blocking buffer and then incubated for 60 min with 
Alexa Fluor 594‑conjugated anti‑rabbit secondary antibodies 
(Cell Signaling Technology Inc.) and FITC‑labeled avidin 
(Vector Laboratories, Inc., Burlingame, CA, USA). Avidin 
binds with high specificity to 8‑oxo‑dG (21,22). Confocal 
images were obtained using an inverted microscope (Olympus 
Corporation, Tokyo, Japan). All immunofluorescence experi-
ments were repeated three times.

Statistical analysis. The results are expressed as 
means ± standard deviation (SD). Pairs of data were compared 
using Student's t‑test. Significant differences were considered 
to exist for probabilities below 5% (P<0.05) and are indicated 
by asterisks (*). For comparisons among multiple groups, 
an F‑test using one‑way analysis of variance and a post hoc 
Tukey‑Kramer test were performed to demonstrate statistical 
significance. Again, significant differences were considered to 
exist for probabilities below 5%.

Results

Combined effects of TH588 and ROS‑inducers on the growth 
of MIAPaCa‑2 cells. The potent MTH1 inhibitor TH588 
concentration‑dependently inhibited the growth of pancreatic 
cancer Panc‑1 cells, but the antioxidant N‑acetyl cysteine 
(NAC) did not affect the growth inhibition (Fig. 1A), suggesting 
that the growth inhibition induced by TH588 is independent of 
oxidized stress. These results are consistent with reports that 
growth inhibition by TH588 may be due to off‑target cytotoxic 
effects (17,18). However, it is possible that TH588 may act as an 
MTH1 inhibitor under oxidized stress conditions for cytotoxic 
effects. Thus, we examined the effect of TH588 on the growth 
of Panc‑1 cells in the presence of hydrogen peroxide (H2O2). 
A low concentration of TH588 alone did not affect cell 
growth, but significantly enhanced H2O2‑induced growth 
inhibition (Fig. 1B). Next, we examined the combined effects 
of TH588 and ROS inducers. A low concentration of TH588 
effectively enhanced the growth inhibition of MIAPaCa‑2 
cells induced by several ROS inducers, such as doxoru-
bicin (23), MK615 (Japanese apricot extract) (24), isopentenyl 
adenosine (25) and isothiocyanates (3,5‑8). Combined treat-
ment with doxorubicin and TH588 effectively inhibited the 
growth of MIAPaCa‑2 cells  (Fig.  1C). Among them, the 
combination of PEITC and TH588 was the best for inhibiting 
the growth of MIAPaCa‑2 cells (Fig. 1D). Similar results were 
obtained when other pancreatic cancer cells were examined. 
TH588 at 1 µM alone hardly affected the growth of MIAPaCa‑2 
cells, but significantly enhanced the growth inhibition induced 
by PEITC (Fig. 1D). NAC effectively counteracted the growth 
inhibition induced by PEITC alone (Fig. 2A), as well as that by 
PEITC plus TH588 (Fig. 2B). These results suggest that ROS 
production is associated with the growth‑inhibitory effects of 
TH588 plus ROS inducers. When the cells were treated with 
4 µM PEITC and 2 µM TH588, the viability was markedly 
decreased and it was significantly counteracted with the 
general caspase inhibitor Z‑VAD‑FMK (Fig. 2C), suggesting 
that the combined treatment induced caspase‑dependent cell 
death. As shown in Fig. 2D, MTH1 mRNA is expressed in 
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several malignant cell lines. The combined treatment was also 
effective in leukemia and lymphoma cells (Fig. 2E and F). 
Although expression of MTH1 mRNA in NB4 leukemia cells 
was less than 35% in MIAPaCa‑2 cells, the combined treat-
ment similarly effective to NB4 cells.

Enhancement of the formation of 8‑oxo‑dG and DNA damage 
by combined treatment with TH588 and PEITC. MIAPaCa‑2 
cells treated with 2 µM TH588 exhibited increases in both a 
marker of DNA damage, the phosphorylation of histone 2A.X 
(pH2AX), and the formation of 8‑oxo‑dG (Fig. 3A). Both 

Figure 1. (A) Effect of NAC on the growth‑inhibitory effect of TH588. Panc‑1 cells were cultured with TH588 in the presence of 0 (♦), 5 (■), 7.5 (▲), or 10 (●) 
mM NAC for 5 days. The values are the means of 3 determinations. (B) Combined effects of H2O2 and TH588 on growth of Panc‑1 cells. Cells were treated with 
H2O2 in the presence of 0 (♦), 1 (■), 2 (▲), or 3 (●) µM TH588 for 7 days. H2O2 was added on days 0, 3 and 5. The values are the means ± SD of 3 determinations. 
(C and D) Combined effects of TH588 and doxorubicin or PEITC on growth of MIAPaCa‑2 cells. Cells were treated with doxorubicin (C) or PEITC (D) in the 
presence of 0 (♦), 1 (■), 2 (▲), or 3 (●) µM TH588 for 5 days. The values are the means ± SD of 3 determinations. *P<0.05, **P<0.01.

Figure 2. (A) Effect of NAC on the growth‑inhibitory effect of PEITC. MIAPaCa‑2 cells cultured with PEITC in the presence of 0 (♦), 5 (■), or 7.5 (▲) mM 
NAC for 6 days. The values are the means ± SD of 3 determinations. (B) Effect of NAC on the growth‑inhibitory effect of PEITC plus TH588. MIAPaCa‑2 cells 
cultured with PEITC (♦, ◊) or PEITC plus 2 µM TH588 (■, □) in the presence (◊, □) or absence (♦, ■) of 7.5 mM NAC for 6 days. The values are the means ± SD of 
3 determinations. (C) Suppression by caspase inhibitor of the cell death induced by PEITC and TH588. Cells were treated with 4 µM PEITC plus 2 µM TH588 in 
the presence of 4 µM Z‑VAD‑FMK for 2 days. The values are means of three separate experiments ± SD. (D) MTH1 mRNA expression in several cancer cell lines. 
Gene expression was determined by RT‑PCR and normalized to MIAPaCa‑2 cells. The values are means of three separate experiments ± SD. (E, F) Combined 
effects of PEITC and TH588 on the growth of leukemia or lymphoma cells. Cells were treated with PEITC in the presence of 0 (♦), 0.2 (■), 0.4 (▲), or 0.6 (●) µM 
TH588 for 5 days. The values are the means of 3 determinations. *P<0.05, **P<0.01.
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of these effects were mainly localized in nuclei. Although 
TH588 at 1 µM hardly affected the growth of MIAPaCa‑2 
cells (Fig. 1A), formation of 8‑oxo‑dG and pH2AX was evident 
in treatment for 56 h (Fig. 3B), suggesting that TH588 enhances 
8‑oxo‑dG production. PEITC also concentration‑dependently 
induced the formation of 8‑oxo‑dG, and this effect was evident 
in the treatment with 4 µM (Fig. 3C). These results indicate 
that 8‑oxo‑dG formation and DNA damage were induced 
by low concentrations of TH588 or PEITC, which hardly 
affected the growth of MIAPaCa‑2 cells. Fig. 4 shows that low 
concentrations of TH588 and PEITC co‑operatively induce 
the formation of 8‑oxo‑dG and DNA damage in MIAPaCa‑2 
cells. Similar results were observed in Panc‑1 cells treated 
with TH588 and PEITC.

Discussion

While the mechanism of the anticancer activity of isothio-
cyanates has not yet been fully elucidated, numerous pathways 

have been implicated. They include oxidative stress, cell cycle 
arrest, inhibition of histone deacetylation, inhibition of angio-
genesis, and regulation of translation initiation (5). PEITC 
disables the glutathione antioxidant system and causes ROS 
accumulation preferentially in cancer cells (5). In the present 
investigation, the effect of PEITC was completely counter-
acted by treatment with NAC (Fig. 2A), suggesting that the 
effects were mainly due to oxidative stress by ROS genera-
tion. One of the mechanisms that protects cancer cells from 
the cytotoxic effect of high levels of ROS is the expression of 
MTH1, which sanitizes oxidized dNTP pools by converting 
them to the corresponding monophosphates (10,11). TH588 
is a potent and selective inhibitor of human MTH1, although 
the growth‑inhibiting effect of TH588 is not associated with 
the inhibition of MTH1 (17,18). While MTH1 function may be 
critical to survival in cells with elevated levels of ROS, MTH1 
is dispensable in cancer cells under normal culture conditions. 
Wang et al (26) reported that the sensitivity of melanoma cells 
to TH588 is correlated with the level of endogenous ROS, 
although the cytotoxicity of TH588 is not associated with 
its inhibitory effect on MTH1. In the present study, TH588 
enhanced the formation of 8‑oxo‑dG induced by PEITC 
(Fig. 4). These results suggest that TH588 enhances the forma-
tion of 8‑oxo‑dG in DNA and contributes to growth inhibition 
in cancer cells with highly elevated levels of ROS. However, 
MTH1 mRNA expression is not associated with the combined 
effects of TH588 plus PEITC (Fig. 2). We cannot eliminate 
the possibility that TH588 act the other site(s). These results 
suggest that the combined treatment indicates the off‑target 
effects, although low concentrations of TH588 enhance the 
formation of 8‑oxo‑dG in DNA.

MTH1 is overexpressed in glioblastoma, and MTH1 
silencing inhibits colony formation and xenograft tumor 
growth (27). A high expression of MTH1 was significantly 
associated with deeper tumor invasion, advanced cancer 

Figure 3. (A) Nuclear accumulation of 8‑oxo‑dG and pH2AX in the cells treated with TH588. MIAPaCa‑2 cells were treated with 2 µM TH588 for 56 hrs. 
(B and C) Induction of 8‑oxo‑dG and pH2AX in MIAPaCa‑2 cells by TH588 (B) or PEITC (C) for 56 h. Representative microscopic images (A; x800, B and 
C; magnification, x400) of 3 independent experiments. OdG, 8‑oxo‑dG.

Figure 4. Combined effects of PEITC and TH588 on the formation of 
8‑oxo‑dG and pH2AX foci in MIAPaCa‑2 cells. Cells were treated with or 
without 0.4 µM TH588 in the presence or absence of 2 µM PEITC for 56 h. 
Representative microscopic images (magnification, x400) of 3 independent 
experiments.
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stage, and poor overall survival and disease‑specific survival 
compared with low MTH1 expression on esophageal squamous 
cell carcinoma (28). These results suggest that MTH1 may 
be a potential target for cancer therapy, although MTH1 is 
dispensable for some malignancies. Further investigation will 
be necessary to understand the role of MTH1 in cancer therapy.

Since several reports have shown that PEITC has little toxic 
effects on normal cells (5), oxidative stress caused by PEITC 
can be used to treat drug‑resistant cancer cells. However, there 
is no evident dose‑relationship between the cellular ROS level 
and its cytotoxicity in cancer cells treated with several ROS 
inducers  (29), suggesting that many factors may influence 
ROS‑mediated cytotoxicity in cancer cells. Lactic acidosis 
induced a much higher ROS level in cancer cells than PEITC, 
but permitted the progressive growth of cancer cells  (29). 
PEITC covalently modifies the cysteine side chains of gluta-
thione S‑transferase, which irreversibly inhibits its enzymatic 
activity (30). This irreversible inhibition may contribute to 
effective cell‑killing. The combination of PEITC and TH588 
may become a novel therapeutic strategy against cancers.
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