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Objectives: The oxidized purine nucleoside triphosphatase, mutT homolog 1 (MTH1), physiologically sanitizes 8-
0xo-dGTP in the nucleotide pool. Previous studies indicated that MTH1 is associated with tumor proliferation
and invasion in non-small cell lung cancer (NSCLC) cell lines; however, the role of MTH1 in patients with NSCLC
remains unclear.

Materials and Methods: Two patient cohorts that underwent surgery for NSCLC in our institution were
investigated retrospectively. In one cohort consisting of 197 patients, the associations between MTH1 expression
and clinicopathological factors or prognosis were analyzed. In another cohort consisting of 41 patients, the
relationship between MTHI expression in the tumors and serum oxidative stress levels (evaluated by the
diacron-reactive oxygen metabolites [d-ROMs] test) or antioxidant capacity in the patients (evaluated by the
biological antioxidant potential (BAP) test) was analyzed. A total of 238 patients were assessed for MTH1 protein
levels using immunohistochemistry.

Results: Among the 197 patients in the former cohort, 111 (56.3%) exhibited high MTH1 expression, while 86
(43.7%) exhibited low MTH1 expression. Male sex, smoking habit of =20 pack-years, squamous cell carcinoma,
pathological stage = II, tumor diameter =30 mm, lymph node metastases, pleural invasion, lymphatic
permeation and vascular infiltration were significantly associated with high MTH1 expression (p < 0.05).
The high MTH1 expression group had a significantly worse prognosis than that of the low MTH1 expression
group (5-year overall survival: 81.6% vs. 92.3%, p = 0.0011; 5-year disease-free survival: 55.0% vs. 83.7%,
p = 0.0002). d-ROMs and BAP test values were significantly higher in the high than in the low MTH1 expression
group (p < 0.05).

Conclusion: This study showed that MTH1 protein expression was closely related to factors associated with a
high malignant potential and poor patient survival. MTH1 may be a novel therapeutic target for NSCLC.

1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide
[1]. Importantly, it has been found that some subsets of lung cancer,
especially adenocarcinoma, are driven by oncogenes, such as epidermal
growth factor receptor (EGFR), Kirsten rat sarcoma viral oncogene
homolog (KRAS) and anaplastic lymphoma kinase (ALK) [2—4]. Based
on these discoveries, molecular targeted drugs for lung cancer, includ-
ing EGFR-tyrosine kinase inhibitors (TKIs) and ALK-TKIs, have been
developed and applied clinically [4-6]. Despite these successful ad-

vances in the field of molecular oncology, the concise mechanisms by
which mutations develop in carcinogenesis have yet to be elucidated.
Recently, several cellular environmental or intrinsic stresses, including
oxidative stress, hypoxia, and epigenetic disorders, have received much
attention as potential contributors to lung carcinogenesis [7,8].
Reactive oxygen species (ROS), produced during oxygen respiration
and other normal metabolic processes or inflammatory responses,
oxidize nucleotides and proteins, thus inducing genetic mutations and
cellular senescence [9,10]. With respect to endogenous oxidation of
DNA and DNA precursor nucleotides, ROS produce 8-oxo-guanine (8-
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0xoG) by oxidizing dGTP in the nucleotide pool or directly oxidizing
guanine bases in DNA. DNA polymerases often insert 8-oxo-dGTP
opposite adenine as well as cytosine in template DNA during DNA
replication, thus leading to A to C or G to T transversion mutations [11].
Accumulation of these DNA mutations can induce carcinogenesis or
cellular dysfunction. To avoid such deleterious outcomes, human cells
are equipped with several molecules that sanitize the oxidized nucleo-
tides. MutT homolog 1 (MTH1), an oxidized purine nucleoside tripho-
sphatase, hydrolyzes 8-oxo-dGTP to its monophosphate form, which is
no longer utilized by DNA polymerases, thus preventing its genomic
incorporation [11-13]. MTH1-deficient mice exhibited increased sus-
ceptibility to spontaneous tumorigenesis in the lung, liver and stomach
compared with wild-type mice [14]. This finding suggests a potential
role of MTH1 as a tumor suppressor.

Some specific cellular environments, such as exposure to tobacco
smoke or ionizing radiation, increase ROS levels in normal cells [8,9].
In addition, ROS are also generated as by-products of metabolic
processes of the cellular respiratory chain or as molecular executors
of host defenses. Since cancer cells proliferate rapidly, they tend to
reorganize cellular metabolic pathways as they grow. As a consequence,
cancer cells are always exposed to high ROS levels [15], which can lead
to 8-0xo-GTP accumulation in the nucleotide pool. Since excessive
accumulation of 8-0x0oG in DNA can induce cell death [11,16], cancer
cells may acquire mechanisms to prevent the accumulation of 8-0xoG in
DNA and thereby oxidative stress. In fact, MTH1 is abundant in various
types of cancers, such as renal cell, lung, brain, breast and gastric
cancers [17-21]. Moreover, according to a preclinical study, MTH1 was
required for the proliferation of cancer cells [22]. Another study
recently demonstrated that MTH1 plays a pro-malignancy role in
KRAS-driven non-small-cell lung cancer (NSCLC) cells [23]. In xeno-
graft models, targeting MTH1 inhibited the proliferation of tumors that
developed from tumor cell lines [22,24].

These findings suggest that MTH1 plays an important role in cancer
development; however, very few data have demonstrated the clinical
significance of MTH1 expression in primary lung cancer so far. In this
study, we examined MTH1 protein expression in 197 resected NSCLC
cases by immunohistochemistry and the potential association between
MTH]1 expression and clinicopathological factors, survival, and oxida-
tive stress in patients.

2. Materials and methods
2.1. Patients

Two cohorts of NSCLC patients were enrolled in this retrospective
study. One cohort (Cohort A) included 197 patients who underwent
surgical resection but did not receive any preoperative induction
treatment between March 2003 and December 2006 in the
Department of Surgery and Science, Kyushu University Hospital.
Another cohort (Cohort B) consisted of 41 patients who underwent
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surgical resection for NSCLC and underwent tests for diacron-reactive
oxygen metabolites (d-ROMs) and biological antioxidant potential
(BAP) between May 2008 and April 2010 [25]. The seventh edition
of the TNM Classification was used for pathological staging. Various
clinicopathological factors were extracted from medical records, such
as age, sex, smoking history, body mass index, adjuvant therapy,
pathological diagnosis, interstitial pneumonia, and EGFR mutation
status. After surgery, routine check-ups, including a physical examina-
tion, blood tests (including serum tumor markers), and chest x-ray,
were performed at 3-month intervals for the first 3 years and at 6-
month intervals thereafter. Computed tomography was performed
twice a year for the first 3 years and at least annually thereafter.
Clinical information and follow-up data were obtained from medical
records. Forty- five (22.8%) patients in Cohort A underwent fludeox-
yglucose positron emission tomography (FDG-PET/CT) before surgery.

The institutional review board of our institution approved this study
(Kyushu-university IRB #28-253).

2.2. Immunohistochemistry

A specific rabbit antibody raised against recombinant human MTH1
(anti-MTH1) [19,26,27] was used for immunohistochemical analysis.
After deparaffinization, specimens were treated with peroxidase block-
ing reagent and protein blocking reagent (080-01186 Wako, Osaka,
Japan and 19-2410-3 Sigma-Aldrich, Tokyo, Japan, respectively).
Thereafter, tissue sections were incubated with the anti-MTH1 antibody
at a dilution of 1:100, followed by DAKO ENVISION + polymer/HRP
(anti-rabbit; K4003 Dako, Tokyo, Japan). Liquid DAB + chromogen
(049-22831, Wako, Osaka, Japan) was used for visualization of the
antigen. Finally, tissue specimens were stained with hematoxylin
(30002, Muto Pure Chemicals, Tokyo, Japan) to distinguish the nucleus
from the cytoplasm.

The proportion of cells exhibiting MTH1 staining among the overall
cancer cells was determined and scored as follows: 1, 0-19%; 2,
20-39%; 3, 40-59%; 4, 60-79%; 5, 80-100%. Receiver operating
characteristic (ROC) curve analysis was performed to predict overall
survival (OS) and disease-free survival (DFS) according to the MTH1
staining score. Score 3 exhibited the closest association with both the
maximum sensitivity and specificity and thus was selected as the cut-off
score for MTH1 expression (Supplementary Figure 1). According to the
ROC curves, cases were judged to be positive or negative for MTH1
expression when = or < 60% of the tumor cells were stained,
respectively. Fig. 1 shows representative cases of high MTH1 expression
(MTH1 high, Fig. 1A) and low MTH1 expression (MTH1 low, Fig. 1B).

2.3. Serum oxidative stress and anti-oxidant capacity (D-ROMs and BAP
tests)

To measure serum oxidative stress (S-OS) and serum anti-oxidant
capacity (S-AOQC), the total levels of hydroperoxides (R-OOH) and ferric
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Fig. 1. Immunohistochemical images of typical cases with high (A) and low MTH1 expression (B) (magnification x 100).
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reducing ability were examined by d-ROM and BAP tests, respectively,
which were conducted as reported previously [25].

The d-ROMs test is used to measure the levels of R-OOH, the
metabolic products of free radicals and reactive oxygen. In brief, 20 pl
serum were added to an acetate-buffered solution (pH 4.8). The R-OOH
groups react with the ferric ions Fe?™ and Fe®™ liberated from proteins
in the acidic medium and are converted to alkoxy (R-O™) and peroxy
radicals (R-OO 7). These newly formed radicals are trapped chemically
by a chromogen (N,N-diethyl-para-phenylendiamine), leading to for-
mation of the corresponding radical cations. The concentration of
chromogen can be determined by spectrophotometry (detecting absorp-
tion at 505 nm). The d-ROMs test was performed using the FRAS 4
analyzer (Health & Diagnostics Limited Co., Parma, Italy). The reagents
for the d-ROMs test were purchased from Wismerll Co., Ltd (Tokyo,
Japan).

For the BAP test, in brief, ferric chloride was mixed with a
chromogen substrate and a thiocyanate derivative. Serum (10 pl) was
added to this reaction mixture and incubated at 37 °C for 5 min. The
reduction of ferric ion was quantitated by measuring the change in
absorbance at 505 nm, indicating the antioxidant activity of the serum
sample. The BAP tests were also performed using the FRAS 4 analyzer.
The reagents for the BAP test were purchased from Wismerll Co., Ltd
(Tokyo, Japan). The normal value ranges for these tests, as reported by
the manufacturer based on non-smokers, are as follows: d-ROMs test,
200-300 U; BAP test: =2200 umol/L.

2.4. Statistical analysis

The associations between MTH1 expression in NSCLC and the
patient characteristics were analyzed using Fisher's exact test.
Quantitative variables were compared using Student's t-tests. OS was
defined as the time from the initial surgery to death from any cause,
while DFS was defined as the time from the initial surgery to
recurrence. The Kaplan-Meier method was used to estimate the survival
rates. The resulting Kaplan-Meier curves for each cohort were com-
pared statistically using the log-rank test. Differences with p-values <
0.05 were considered significant. Univariate and multivariate analyses
of OS and PFS were performed using Cox proportional hazards models
and a stepwise method, respectively.

3. Results

3.1. Associations between tumor MTH]1 expression and clinicopathological
characteristics in NSCLC patients

The clinicopathological characteristics of the 197 patients in Cohort
A are presented in Table 1. There were 120 (60.9%) male and 77
(39.1%) female patients with a median age of 54 (range 38-83) years.
One hundred four patients (52.8%) had a smoking history of > 20 pack-
years. The majority of the patients had adenocarcinomas (71.1%),
while 21.3% and 7.6% had squamous cell carcinoma (Sq) and other
types of NSCLC, respectively. The EGFR mutation status was assessed in
74 tumors; 24 patients (32.4%) harbored EGFR sensitizing mutations.

In total, 111 patients (56.3%) showed elevated MTH1 expression in
Cohort A. Fisher's exact tests revealed that male patients, a smoking
habit of > 20 pack-years, Sq, advanced pathological stage, tumor
diameter > 3 cm, lymph node metastasis, positive pleural invasion,
positive lymphatic permeation and positive vascular invasion were
significantly associated with high MTHI1 expression. Additionally,
among the 74 tumors assessed for EGFR mutation status, those with
wild-type EGFR tended to be associated with high MTH1 expression
(p = 0.0660).

Forty-five patients in Cohort A underwent FDG-PET/CT before
surgery (Supplementary Table 1). An analysis assessing the associa-
tion between the maximum standardized uptake value (SUVmax) on
FDG-PET/CT and MTH1 protein expression showed an elevated
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Table 1
Relationship between clinicopathological characteristics and tumor MTH1 expression in
patients with non-small cell lung cancer.

Factor Total MTH1 MTHI high P value
(197) low (86) (111)

Sex Male 120 45 75 0.0297
Female 77 41 36

Age (years) <75 148 66 82 0.6433
=75 49 20 29

Smoking status <20 93 55 38 < 0.0001

(pack-years) =20 104 31 73

Histology Ad 140 73 67 < 0.0064 (Ad
Sq 42 12 30 vs. Sq)
Others 15 1 14

pStage I 118 68 50 < 0.0001
=11 79 18 61

Tumor diameter < 30 105 57 48 0.0012
=30 92 29 63

N factor - 139 72 67 0.0003
+ 58 14 44

pl - 121 62 59 0.0063
+ 76 24 52

ly - 165 78 87 0.0171
+ 32 8 24

\4 - 120 65 55 0.0002
+ 77 21 56

EGFR mutation - 50 14 36 (0.0660)
+ 24 12 12

MTH]1, MutT homolog 1; Ad, adenocarcinoma; Sq, squamous cell carcinoma; pl, pleural
invasion; ly, lymphatic permeation; v, vascular invasion; EGFR, epidermal growth factor
receptor.
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Fig. 2. Relationship between MTH1 expression and SUVmax on FDG-PET.

SUVmax in tumors with high MTH1 expression compared with low-
expressing MTH1 tumors (median SUVmax: 8.9 (2.2-15.8) and 4.2
(0-20.8), respectively; p = 0.0133, Fig. 2).

3.2. Significant difference in OS and DFS according to MTH1 expression in
patients with NSCLC

Survival analysis using Kaplan-Meier curves revealed that patients
with high MTH1-expressing NSCLC had a significantly worse prognosis
than did those with low MTH1-expressing NSCLC. The 5-year OS rates
were 81.6% and 92.3%, respectively (log-rank test: p = 0.0011,
Fig. 3A) and the 5-year DFS rates 55.0% and 83.7%, respectively
(log-rank test: p = 0.0002, Fig. 3B).

Specifically, the 5-year OS and DFS rates of patients with high
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Fig. 3. Kaplan-Meier curves for overall survival (A) and disease-free survival (B) according to the MTH1 expression status in NSCLC.

versus low MTH1-expressing lung adenocarcinoma were 76.5% versus
95.4% and 55.3% versus 85.3%, respectively (p = 0.0031 and 0.0007,
respectively; Supplementary Figure 2), whereas MTH1 expression did
not significantly affect OS or DFS in patients with a Sq histology
(Supplementary Figure 3).

3.3. Relationships between MTH1 expression in primary tumors and S-OS
and S-AOC in NSCLC patients

In Cohort B, 41 patients underwent the d-ROMs and BAP tests
before surgery; 16 and 25 patients had high and low MTH1-expressing
tumors, respectively (Supplementary Table 2). The mean values
derived from the d-ROMs and BAP tests were 317 (range, 204-514)
Carratelli units (U. Carr) and 2308 (1776-3039) pumol/L, respectively.
MTH1 high and low patients had median values of 390 (235-514) U.
Carr and 303 (219-497) U. Carr in the d-ROMs test, respectively.
Median values from the BAP test were 2457 (1964-3039) umol/L and
2139 (1659-2768) pmol/L, respectively. Significant differences be-
tween MTH1 expression and both oxidative stress and anti-oxidant
capacity were observed (p = 0.0052 and 0.0015, respectively; Fig. 4).

3.4. Univariate and multivariate analysis of predictors of OS and PFS

On univariate survival analysis, high MTH1-expressing group was
associated with an inferior OS and DFS compared with the low MTH1
expressing group (hazard ratio [HR] 3.247, 95% confidence interval
[95%CI] 1.604-7.721, p = 0.0008; HR 3.004, 95%CI 1.683-5.703,
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p = 0.0001, respectively; Supplementary Tables 3 and 4). On multi-
variate analysis, although patients with high MTH1-expressing tumors
tended to have a poor OS and PFS, these associations were not
statistically significant (HR 1.713, 95%CI 0.765-4.118, p = 0.1947;
HR 1.605, 95%CI 0.827-3.248, p = 0.1639, respectively).

4. Discussion

MTH1 contributes to the maintenance of genetic integrity in somatic
cells by sanitizing oxidized nucleotides in the nucleotide pool, prevent-
ing cells from incorporating 8-0xoG into DNA during the replication
process [16,28]. Recent studies have demonstrated that cancer cells are
exposed to greater oxidative stress levels than are the surrounding
normal cells, and that MTH1 is overexpressed in cancer cells, suggesting
that MTH1 contributes to cancer cell proliferation [17-20]. Recently,
MTH1 inhibition in cancer cell lines demonstrated that MTH1 activity is
required for cancer cell integrity, by preventing incorporation of
oxidized dNTPs into DNA [22]. In lung cancer, Kennedy et al. reported
that human MTH1 mRNA is overexpressed and inversely correlated
with cellular 8-0xo-dG levels [18]. Another study showed that func-
tional MTH1 activity was higher in NSCLC than normal lung tissue
[29]. However, the clinical significance of elevated MTH1 protein in
NSCLC is not well known. In the present study, we showed that
overexpression of the MTH1 protein is associated with the tumor
malignant potential, including nodal metastases and advanced stage,
in NSCLC patients. These findings are in line with a previous clinical
report that evaluated MTH1 mRNA expression in renal cell carcinoma
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Fig. 4. Relationship between MTH1 expression and oxidative stress (score on the d-ROMs test) (A) and anti-oxidant capacity (score on the BAP test) (B).
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[17]. We also showed that patients with high MTH1 expression had
significantly poorer survival than that of patients with low MTH1
expression in terms of both DFS and OS. To our best knowledge, this is
the first study to demonstrate the association between MTH1 over-
expression and malignant NSCLC traits in a relatively large number of
patients. It is not clear why the multivariate analysis failed to show a
significant relationship between MTH1 expression and DFS or OS. Since
lymph node metastasis (N factor) remained an independent predictor
for prognosis in the multivariate analysis, we performed a multivariate
survival analysis in NO patients only; however, no statistical signifi-
cance was detected for the relationship between N factor and MTH1
expression status, possibly because of the lack of statistical power.

A few studies have demonstrated how MTHI serves as a pro-growth
factor in lung cancer [23,30]. Patel et al. reported that RAS-driven
NSCLC cells require MTH1 to mitigate the cellular damage caused by
ROS. In that study, two findings suggesting the contribution of MTH1 to
malignant traits were as follows: 1) in NSCLC harboring functional p53,
MTH1 suppression induced oncogenic KRAS-induced genomic DNA
strand breaks and inhibited cell proliferation; 2) in NSCLC harboring
non-functional p53, MTH1 suppression led to down-regulated KRAS
and ROS levels, which reduced Akt signaling for proliferation [23].
Although the KRAS status of the NSCLC patients was not assessed in the
present study since the KRAS mutation rate is lower in Asian patients
(< 10%) compared with Caucasian patients (> 25%) [31], MTH1
expression was significantly increased in the tumors of smokers and
was not associated with EGFR mutations. Considering that KRAS
mutations are associated with lung cancers in smokers, our data may
support a crucial role of MTH1 in KRAS-driven lung cancer.

Elevated expression of MTH1 in tumors with an aggressive pheno-
type suggests that aggressive cancer cells undergo more oxidative stress
than do indolent cancer cells. Studies on cancer metabolism have
shown that progressive cancer cells depend largely on aerobic glyco-
lysis (Warburg effect) to achieve rapid replication of DNA and the
cellular apparatus, dividing into daughter cells and disseminating to
other sites in the body [32]. This metabolic shift is considered to
produce more oxidative stress in cancer cells [15]. High FDG intake on
FDG-PET generally represents a high metabolic status of the tumor
[33]. We showed that high MTH1-expressing NSCLC had a significantly
higher SUVmax than that of low MTH1-expressing NSCLC (Fig. 2).
Although the number of patients who had evaluable FDF-PET results
was small, this is the first study to directly show a positive association
between tumor glucose intake and MTH1 expression. Recent FDG-PET
studies in lung cancer showed that the SUVmax accurately reflects
tumor malignancy [34]. Considering that more aggressive cancers
utilize greater amounts of glucose, our findings support that high
MTH1 function is required to avoid the oxidative stress produced in
hypermetabolic tumors undergoing rapid cell proliferation. Therefore,
it is reasonable to consider MTH1 expression as a prognostic marker in
not only NSCLC but also other types of cancer.

Our data showed that MTHI is significantly related to heavy
smoking (i.e., > 20 pack-years), a crucial trigger of oxidative stress.
We further observed that the amount of oxidative stress and anti-
oxidant capacity of patients, assessed by serum d-ROMs and BAP tests,
respectively, were positively associated with high MTH1 expression in
the corresponding lung tumors. Although a previous study from our
institution did not find any correlation between smoking status and
serum d-ROM test values [25], Asami et al. demonstrated that 8-
hydroxydeoxyguanosine levels in lung tissues increase according to the
amount of smoking [35]. Together with these findings, our present data
suggest that lung cancers in smokers have a greater ability to cope with
the excessive oxidative stress produced by tobacco smoke. Cancer
arising from high oxidative stress environments may have increased
MTH1 expression and consequently a great ability to proliferate.
Therefore, MTH1 may be a marker of oxidative stress as well as of
poor survival in patients with lung cancer [18,36].

In the management of lung cancer, surgery, radiotherapy, and
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chemotherapy are considered the standard-of-care. Recently, immune
checkpoint inhibitors, such as PD-1/PD-L1 antibodies, have become
novel and promising therapies for patients with NSCLC [37,38];
however, new therapeutic strategies are needed to prolong the prog-
nosis of NSCLC patients. Patel and colleagues reported that blockade of
MTH1 contributed to the suppression of cell proliferation and epithe-
lial-mesenchymal transition (EMT), supporting MTH1 as a therapeutic
target in patients with NSCLC [23]. Given that 41% of patients were
positive for MTH1 expression in this study, some populations with
NSCLC might be effective responders to MTH1 inhibition. Huber et al.
reported that (s)-crizotinib inhibited MTH1 and suppressed tumor
growth in vivo [24,39]. The potential of MTH1 as a therapeutic target
should be elucidated in further studies.

Our study has several limitations: first, this was a retrospective
study conducted in a single institution; second, even though methodo-
logical issues with immunohistochemistry and the evaluation criteria
for MTH1 were examined, they should be further validated in further
studies. Establishment of reliable criteria for MTH1 expression status
will help to distinguish clinically significant subgroups.

5. Conclusions

In conclusion, we showed more malignant traits and a worse
prognosis in high than in low MTH1-expressing NSCLC. MTH1 positiv-
ity was associated with tumors in smokers and oxidative stress levels in
patients. The MTH1 expression status may help identify patients with
poorer prognoses and those who will benefit from MTH1 targeted
therapy.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.lungcan.2017.04.012.
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