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Abstract. Human MutT homolog 1 (MTH1) detoxifies the 
oxidized DNA precursor 8‑oxo‑2'‑deoxyguanosine‑5'‑triphos-
phate and serves a tumor suppressive role in distinct types 
of cancer. In the present study, the expression of MTH1 was 
examined in various subtypes of breast cancer, and the effect 
of its suppression on breast cancer growth was characterized 
in vitro and in vivo. MTH1 mRNA and protein levels were 
assessed using the reverse transcription‑quantitative poly-
merase chain reaction and immunohistochemistry. The effect 
of MTH1 expression on the proliferation of breast cancer cells 
was investigated in vitro using Cell Counting Kit‑8 and colony 
formation assays, and in vivo using breast cancer cell line 
xenografts in mice. The toxicity of the MTH1 inhibitor TH588 
was investigated in nude mice. A marked increase in MTH1 
protein and mRNA levels was demonstrated in breast cancer 
tissues compared with the non‑cancerous control. However, 
no apparent differences in MTH1 expression were observed 
between distinct molecular subtypes of breast cancer. MTH1 
overexpression was demonstrated to be independent of patient 
age, tumor size and lymph node metastasis. Inhibition of 
MTH1 decreased cancer cell viability and the clonogenic 
potential of cancer cells in a dose‑dependent manner. These 
results were confirmed by decreased in vivo proliferation of 
MCF7, MDA‑MB‑231 and MDA‑MB‑453 cancer cell lines, 
representing distinct subtypes of breast cancer. Although 
inhibition of MTH1 activity decreased xenograft growth in 

mice, no major adverse effects of TH588 were detected on 
the basis of blood biochemistry, and liver and kidney func-
tion. The results of the present study suggested that MTH1 is 
overexpressed in the majority of breast cancers, independent 
of the molecular identity and clinicopathological features 
of the tumor, including patient age, tumor size and lymph 
node metastasis. Inhibition of MTH1 activity suppressed the 
growth of three subtypes of breast cancer, including luminal, 
basal‑like and human epidermal growth factor receptor 2‑posi-
tive, in vitro and in vivo. Treatment with the MTH1 inhibitor 
appears to be safe; however, further studies are required prior 
to the clinical use of MTH1 inhibitors.

Introduction

Breast cancer is the most commonly diagnosed malignancy 
and the primary cause of cancer‑associated mortality in 
women worldwide, with an annual estimate of 1.4 million 
new cases and ~0.5 million mortalities (1). Breast cancer is 
a heterogeneous disease with a range of clinical, pathological 
and molecular features (2-6). Molecular characterization of 
breast cancer has provided the basis for the classification and 
development of therapeutic strategies in patients with breast 
cancer (7). Based on the expression of estrogen receptor 
(ER), progesterone receptor (PR), human epidermal growth 
factor receptor 2 (Her‑2) and proliferation marker protein 
Ki‑67, breast cancer may be classified into distinct molecular 
subtypes to assist in therapy recommendations. The luminal 
subtype (ER+/PR+) of breast cancer is regulated by estrogen 
and progesterone, and treatment typically requires endocrine 
therapy (8). The Her-2+ breast cancer subtype (ER-PR-Her-2+) 
expresses Her‑2, therefore these patients are treated using 
chemotherapy and Her‑2‑targeting inhibitors, including trastu-
zumab (8). Basal‑like breast cancer cells do not express ER, PR 
and Her‑2, therefore chemotherapy remains the only available 
therapeutic strategy, and these patients have a poor prog-
nosis (9-12). Targeting oncogenic changes that drive cancer 
progression has been successful with the development of a 
number of drugs, including imatinib, dasatinib, vemurafenib 
and trastuzumab (13-16). However, this targeted approach 
is limited by the heterogeneity of tumors and the extensive 
cross‑talk between the signaling pathways involved in cancer 
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progression (16-18). Certain non‑oncogenic proteins are not 
essential for the survival of wild‑type cells; however, they are 
required to maintain the cancer phenotype (16). Targeting these 
proteins leads to the suppression of cancer and exhibits fewer 
side effects in wild‑type tissues. As these functional proteins 
are independent of genetic changes, tumor heterogeneity and 
cross‑talk with the tumor microenvironment, targeting these 
proteins may be applicable to a variety of tumor types (16). The 
human MutT homolog 1 (MTH1) enzyme has been identified 
to be a target for this type of therapeutic strategy (16). MTH1 
is non‑essential under normal conditions; however, it serves a 
role in oxidative stress, which is common in cancer (19). When 
oxidative damage occurs, reactive oxygen species (ROS) are 
produced, which lead to DNA oxidation (20-22). The oxidative 
product of guanine, 8‑oxoguanine, causes G to T transversion 
mutations and may lead to cell death if allowed to accumulate 
in DNA (23-26). MTH1 hydrolyses and dephosphorylates 
8‑oxoguanine and removes it from the nucleotide pool, thus 
excluding it from DNA synthesis (26,27). The activity of 
MTH1 is required for the survival of cancer cells in environ-
ments of increased oxidative stress to avoid the incorporation 
of oxidized dNTPs; however, MTH1 activity is absent from 
wild‑type tissues, suggesting that inhibition of MTH1 activity 
is unlikely to cause side effects (19,28).

In the present study, the expression of MTH1 was 
examined in distinct subtypes of breast cancer and its role 
in the proliferation of breast cancer cells was characterized. 
The potential of targeting MTH1 as a therapeutic strategy 
for distinct subtypes of breast cancer was investigated. The 
potential toxicity of an MTH1 inhibitor, TH588, was also 
assessed in mice.

Materials and methods

Patient samples and cell lines. Tissue samples used for 
immunohistochemistry were collected from 30 female 
patients (≤50 years old, 17; >50 years old, 13) with breast 
cancer treated at Peking Union Medical College Hospital 
(PUMCH; Chinese Academy of Medical Sciences, Peking 
Union Medical College, Beijing, China) between August 2014 
and December 2014. Tissues were fixed in 4% formaldehyde 
for 24 h at room temperature and paraffin‑embedded. A total 
of 10 samples from each subtype (luminal, basal‑like and 
Her-2+) were randomly selected with a matched non‑cancerous 
tissue dissected >1 cm away from the tumor. Fresh samples 
used for reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) were obtained from a separate cohort of 
30 female patients (≤50 years old, 17; >50 years old, 13) with 
breast cancer treated at PUMCH between December 2014 and 
February 2015, and flash‑frozen in liquid nitrogen prior to 
use. Following pathological and histological confirmation, 10 
samples of each subtype were selected randomly for RT‑qPCR 
analysis. Written informed consent was obtained from all 
patients, and the study was approved by the Human Ethics 
Committee of PUMCH.

The MCF7, MDA‑MB‑231 and MDA‑MB‑453 cell lines, 
representing luminal, basal‑like and Her‑2+ subtypes of breast 
cancer, respectively, were purchased from the Cell Resource 
Center, Chinese Academy of Medical Sciences (CRC‑CAMS; 
Peking Union Medical College, Beijing, China). The identity 

of the cell lines was confirmed by robust cell line authentica-
tion at CRC-CAMS.

A total of 40 female BALB/c‑nu nude mice (5‑6 weeks old) 
with body weights of ~17 g were purchased from the Institute 
of Experimental Animals, Chinese Academy of Medical 
Sciences (Peking Union Medical College, Beijing, China) for 
use in the current study. All experimental procedures were 
approved by the Animal Ethics Committee of PUMCH. The 
mice had free access to water and food, a 12‑h light cycle, 
and the temperature and the humidity were set at 26‑28˚C and 
60%, respectively.

Immunohistochemistry. Immunohistochemistry for MTH1 
was performed according to previous protocol (29) and the 
manufacturer's protocol. Tissue sections (thickness, 3 µm) were 
deparaffinized in xylene and rehydrated using graded alcohol. 
Antigen retrieval was performed in buffer containing sodium 
citrate at 120˚C for 1.5 min. Sections were incubated for 1 h at 
37˚C with an anti‑MTH1 antibody (dilution, 1:800; cat. no. ab98; 
Abcam, Cambridge, UK;) and developed with horseradish 
peroxidase (HRP)‑conjugated anti‑rabbit secondary antibody 
(dilution, 1:100; cat. no. ZF0511; ZSGB‑Bio, Beijing, China) for 
0.5 h at 37˚C. Images of stained sections were captured using 
a light microscope (Eclipse 80i; Nikon Corporation, Tokyo, 
Japan) and scored independently by two pathologists for the 
intensity of MTH1 staining, and for the percentage of tumor 
cells demonstrating MTH1 expression, providing an overall 
classification as negative (≤10% of cells exhibiting MTH1 
staining) or positive (>10% of cells exhibiting MTH1 staining). 
According to the percentage of the stained cells, the positive 
staining groups were subdivided into weak (11‑20%), moderate 
(21‑50%) and strong (>50%) expression groups.

RT‑qPCR. MTH1 mRNA was quantified in 30 breast cancer 
and matching non‑cancerous control tissues using RT‑qPCR. 
Total RNA was isolated using a Total RNA Isolation kit 
(SBS Genetech, Beijing, China) and first‑strand cDNA was 
synthesized using a Transcriptor First Strand cDNA Synthesis 
kit (Roche Diagnostics, Basel, Switzerland). qPCR was 
subsequently performed using a TransStart® Tip Green qPCR 
SuperMix (TransGen Biotech, Beijing, China) with β‑actin as 
an internal control. All kits were used according to the manu-
facturer's protocol. The primers used were as follows: MTH1 
forward, 5'‑GTG CAG AAC CCA GGG ACC AT‑3' and reverse, 
5'‑GCC CAC GAA CTC AAA CAC GA‑3'; and β‑actin forward, 
5'‑CCT GGC ACC CAG CAC AAT‑3' and reverse, 5'‑GGG CCG 
GAC TCG TCA TAC T‑3'. The qPCR thermocycling conditions, 
according to the kit manufacturer's protocol, were as follows: 
Initial denaturation at 94˚C for 10 min, 39 cycles consisting of 
an extension at 94˚C for 10 sec and at 60˚C for 40 sec, followed 
by a final extension at 65˚C for 5 min. The 2‑ΔΔCq method was 
used for the normalization of the data (30).

Cell culture. MCF7 cells were maintained in Dulbecco's 
modified Eagle's medium (GE Healthcare Life Sciences, 
Logan, UT, USA) containing 10% fetal bovine serum 
(Biological Industries, Kibbutz Beit‑Haemek, Israel) at 37˚C in 
a humidified atmosphere containing 5% CO2. MDA-MB-231 
and MDA‑MB‑453 cells were propagated in L15 medium 
(Corning Incorporated, Corning, NY, USA) supplemented 
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with 10% fetal bovine serum at 37˚C in a humidified atmo-
sphere with no CO2.

Western blotting. Whole‑cell lysates were prepared in radio-
immunoprecipitation assay lysis buffer (Sigma‑Aldrich; 
Merck Millipore, Darmstadt, Germany) containing a protease 
inhibitor cocktail (Sigma‑Aldrich; Merck Millipore), followed 
by centrifugation at 16,000 x g for 20 min at 4˚C. The protein 
concentration in supernatants was determined using the 
Bradford protein assay (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). Proteins (50 µg/well) were separated using 12% 
SDS‑PAGE under reducing conditions with 2‑mercaptoethanol, 
transferred onto nitrocellulose membranes and blocked with 
5% non‑fat milk powder in TBS with 0.1% Tween‑20 (TBST) 
for 2 h at room temperature. Membranes were incubated with 
rabbit anti‑MTH1 (dilution, 1:500) and rabbit anti‑α‑tubulin 
(dilution, 1:500; cat. no. sbr001; Saier Biotech, Tianjin, China) 
antibodies diluted in blocking buffer overnight at 4˚C, washed 
with TBST, and incubated with an HRP‑conjugated secondary 
antibody at room temperature for 1.5 h. Signals were visual-
ized using Western Lightning™ Chemiluminescence reagent 
according to the manufacturer's protocol (PerkinElmer, 
Inc., Waltham, MA, USA) and images were captured using 
LabWorks software (PerkinElmer, Inc., version 4.6).

Cell viability assay. Cell viability was assessed using a Cell 
Counting Kit‑8 assay (Engreen Biosystem Ltd., Beijing, 
China) according to the manufacturer's instructions. Briefly, 
cells (5,000 cells/well) were plated in 96‑well plates and were 
allowed to attach for 8 h at 37˚C prior to treatment with 2, 4, 6, 
8, 10, 16 and 20 µM TH588 (Selleck Chemicals, Houston, TX, 
USA). The viability was determined following 72 h of treat-
ment at 37˚C by measuring the absorbance at 450 nm using 
a Multiskan Spectrum spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA).

Colony formation assay. Fully dissociated cel ls 
(1,000 cells/well) were plated in 6‑well plates and allowed to 
attach for 5 h at 37˚C prior to treatment with TH588. Cells 
were cultured for 1‑2 weeks at 37˚C, depending on the cell 
line (MCF7 for 1 week, MDA‑MB‑231 for 1.5 weeks and 
MDA‑MB‑453 for 2 weeks). Colonies were fixed with 4% 
paraformaldehyde in PBS for 0.5 h at 4˚C, stained with crystal 
violet, and colonies with >50 cells were counted with a light 
microscope manually. Relative colony formation rates at 
various drug concentrations were obtained by comparing with 
non‑drug‑treated control cells.

Mouse xenograft assay. Cancer cells (3x107 cells/mouse) were 
inoculated subcutaneously into the left axilla of 5‑week‑old 
female nude mice (n=30). Mice were maintained under general 
animal husbandry conditions, except for those carrying MCF‑7 
xenografts, which were administered daily with estradiol 
benzoate (3 µg/mouse) for the course of the assay. Following 
the growth of tumors to a visible size (~2 mm in mean diam-
eter; typically between 10 and 14 days following inoculation), 
mice were randomly grouped (5 mice/treatment) for daily 
subcutaneous TH588 (30 mg/kg) or vehicle (2% dimethyl-
sulfoxide, 10% ethanol, 10% cremophor (Sigma‑Aldrich; 
Merck‑Millipore) and 10% Tween‑80 in PBS) treatment. 

Tumor size was determined using a calliper three times/week 
and mouse body weight was recorded. The treatment period 
was between 2 and 3 weeks depending on the tumor growth. 
The mice were sacrificed by cervical dislocation.

In vivo toxicity assay. Nude mice (6‑week‑old) with no 
tumor burden were administered with TH588 or vehicle as 
described above. Mice were weighed daily and 300 µl of 
blood was collected by retro‑orbital bleeding at the end of 
the experiment. Toxicity was assessed by determining the 
number of red and white blood cells, and platelets using an 
LH 750 Hematology Analyzer (Beckman Coulter, Inc., Brea, 
CA, USA). The levels of alanine aminotransferase, aspartate 
aminotransferase and creatinine in serum were determined 
using a UniCel DxC 600 Synchron Biochemical Analyzer 
(Beckman Coulter, Inc.).

Statistical analysis. Results were analyzed using SPSS 
version 17.0 (SPSS, Inc., Chicago, IL, USA). Data were 
presented as the mean ± standard deviation. Statistical signifi-
cance was calculated using a χ2 test, independent t‑test (of 
normally distributed variables) or Mann‑Whitney U test (of 
non‑normally distributed variables). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression of MTH1 is increased in the primary subtypes of 
breast cancer. MTH1 protein expression was evaluated using 
immunohistochemistry on paraffin‑embedded samples from 
patients with breast cancer using non‑cancerous breast tissues 
as a control. Among the 30 cancer samples evaluated, 10 were 
luminal, 10 were basal‑like and 10 were of Her‑2+ subtype. The 
clinicopathological characteristics of the patients are presented 
in Table I. There was no significant difference between the 
age of patients, tumor sizes and lymph node metastasis. Strong 
expression of MTH1 protein was demonstrated in 27/30 patient 
samples, moderate expression was demonstrated in 1 patient 
sample (basal‑like subtype) and weak expression was demon-
strated in 2 patient samples (both Her‑2+ subtype; Fig. 1). By 
contrast, MTH1 expression in non‑cancerous tissues was weak 
in 6 patient samples, moderate in 1 patient sample, and nega-
tive in 3 patient samples (Fig. 1). Expression of MTH1 was 
significantly upregulated in breast cancer tissue compared 
with non‑cancerous tissue (P<0.001; Table II). However, 
no significant difference in MTH1 expression between the 
distinct subtypes of breast cancer was identified, and MTH1 
expression was not significantly associated with patient age, 
tumor size or the grade of lymph node metastasis (Table III).

To confirm the increase in MTH1 expression in breast 
cancer, MTH1 mRNA levels were determined using RT‑qPCR 
using total RNA isolated from fresh cancer tissues collected 
from a separate cohort of 30 patients with breast cancer. A 
total of 30 matched non‑cancerous tissues were used as a 
control. The clinicopathological characteristics are presented 
in Table IV. Using β‑actin as a loading control, the relative 
abundance of MTH1 transcripts was examined (Table V). The 
results indicated a 3.15‑fold increase in MTH1 mRNA levels 
in 30 breast cancer tissues compared with the non‑cancerous 
tissues (P=0.003). However, no significant difference in 
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MTH1 mRNA levels was identified between distinct subtypes 
of breast cancer, and the MTH1 mRNA levels were not signifi-
cantly associated with patient age, tumor size, or progression 
to lymph node metastasis.

Inhibiting MTH1 decreases cell viability in vitro. To characterize 
the effects of MTH1 on breast cancer progression, three breast 
cancer cell lines, MCF7, MDA‑MB‑231 and MDA‑MB‑453, 
representing luminal, basal‑like and Her‑2+ subtypes of breast 
cancer (31-33), respectively, were analysed for MTH1 expres-
sion using western blotting. Consistent with results using patient 
samples, cell lines representing these three types of breast 
cancer had similar levels of MTH1 expression (Fig. 2A).

TH588, a cell‑permeant small‑molecule inhibitor of 
MTH1, was used to investigate how inhibition of MTH1 
affects the viability of breast cancer cells. It was demonstrated 
that TH588 decreased the survival of MCF7, MDA‑MB‑231 
and MDA‑MB‑453 cells, although the viability of Her‑2+ 
MDA‑MB‑453 cells was decreased less compared with the 
other two cell lines (Fig. 2B).

The effect of MTH1 inhibition on breast cancer cell prolif-
eration was assessed using a colony formation assay. MCF7, 
MDA‑MB‑231 and MDA‑MB‑453 cells were treated with 
various concentrations of TH588 for between 1 and 2 weeks. 
It was demonstrated that TH588 decreased the number of 
colonies in a concentration‑dependent manner in all three 
breast cancer lines (Fig. 2C‑E). The half‑maximal inhibitory 
concentration values for TH588 were 9.78, 6.96 and 8.97 µM 
in MCF7, MDA‑MB‑231 and MDA‑MB‑453 cells, respec-
tively (Fig. 2F).

MTH1 inhibition suppresses tumor growth in vivo. To 
further confirm the role of MTH1 in breast cancer, the 
effect of MTH1 inhibition on tumor growth was examined 
using a mouse xenograft model. MCF7, MDA‑MB‑231 and 
MDA‑MB‑453 cells were inoculated subcutaneously into the 
left axilla of mice. Following establishment of tumors, daily 
TH588 treatments were administered while control mice 
were treated with the vehicle control only. As presented in 
Fig. 3A, TH588 treatment gradually suppressed the growth 
of MCF7 and MDA‑MB‑231 tumors, and 1 week following 
the first treatment the tumors began to shrink. The growth 
of MCF7 xenografts was inhibited by 92.7% (P=0.001; data 
not shown) and TH588 treatment caused a 90.4% regression 
of MDA‑MB‑231 xenografts (P=0.001; data not shown). 
The effect of MTH1 inhibition was most marked in the 
MDA‑MB‑453 xenograft model, where TH588 completely 

Table II. Expression of MutT homolog 1 protein in tumor and 
wild‑type breast tissue.

 Strong/ Weak/  
Tissue moderate negative χ2 P‑value

Tumor 28 2 22.11 <0.001
Wild‑type breast 1 9  

Table III. MutT homolog 1 protein expression in breast cancer 
tissues with various clinicopathological backgrounds.

 Strong/ Weak/ 
Characteristic moderate negative P‑valuea

Her‑2   >0.05
  Negative 20 0 
  Positive   8 2 
Age, years   >0.05
  ≤50 16 1 
  >50 12 1 
Tumor size, cm   >0.05
  ≤2 14 2 
  >2 14 0 
Lymph node metastasis   >0.05
  Positive 11 1 
  Negative 17 1 

aComparisons between the strong/moderate group and weak/negative 
group. Her‑2, human epidermal growth factor receptor 2.

Table I. Clinicopathological characteristics of the patients assessed using immunohistochemical analysis.

Characteristic Luminal Basal‑like Her‑2+ Total P‑valuea

Age, years     >0.05
  ≤50 5 6 6 17 
  >50 5 4 4 13 
Tumor size, cm     >0.05
  ≤2 5 4 7 16 
  >2 5 6 3 14 
Lymph node metastasis     >0.05
  Positive 5 3 4 12 
  Negative 5 7 6 18 

aMultiple comparisons among the luminal group, basal‑like group and Her‑2 group. Her‑2, human epidermal growth factor receptor 2.
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eradicated tumors by the end of the experiment (data not 
shown). These results suggested that targeting MTH1 induced 
marked tumor regression in mice.

Inhibiting MTH1 affects mouse growth. During mouse 
xenograft experiments, the growth of mice was monitored to 
assess the potential effect of MTH1 inhibition on mice. It was 
observed that, whereas mice in the control group continued 
to grow, mice treated with TH588 ceased growth at between  
5 and 8 days following initial treatment (Fig. 3C). Although 
no mice succumbed to TH588 treatment, a plot of body weight 
against time indicated an inhibitory effect of TH588 on the 
growth of mice (Fig. 3C).

Results of independent toxicity studies using mice with no 
tumor burden identified an inhibitory effect of TH588 on the 
growth of mice (Fig. 3D). However, no clear effect of TH588 
on blood chemistry or liver function was observed (Table VI), 
suggesting that TH588 treatment was tolerable during the 
experimental period.

Discussion

Improvements in clinical outcomes of patients with breast 
cancer have been limited, particularly for basal‑like breast 
cancer, endocrine‑therapy‑resistant luminal tumors and 
trastuzumab non‑responsive Her‑2+ type cancer. The depen-
dence of cancer cells, either oncogenic or non‑oncogenic, on 
certain signaling pathways and on metabolic changes, that 
confer sustained proliferation and survival potential on cancer 

Table IV. Clinicopathological characteristics of patients recruited for reverse transcription‑quantitative polymerase chain reac-
tion analysis.

Characteristic Luminal Basal‑like Her‑2+ Total P‑valuea

Age, years     >0.05
  ≤50 6 5 6 17 
  >50 4 5 4 13 
Tumor size, cm     >0.05
  ≤2 5 3 4 12 
  >2 5 7 6 18 
Lymph node metastasis     >0.05
  Positive 6 4 7 17 
  Negative 4 6 3 13 

aMultiple comparisons among the luminal group, basal‑like group and Her‑2 group. Her‑2, human epidermal growth factor receptor 2.

Figure 1. MutT homolog 1 expression is increased in luminal (A), human 
epidermal growth factor receptor 2‑positive (B) and basal‑like (C) breast 
cancer compared with (D) wild‑type breast tissue. Magnification, x40; insets, 
x100.

Table V. Expression of MutT homolog 1 mRNA in breast 
cancer.

 No. MTH1 
Category of cases mRNA P‑value

Non‑cancerous tissue 30 3.15±1.67 0.003
Cancer 30 1.00±0.00 
Subtype   >0.05
  Luminal 10 3.28±1.76 
  Basal‑like 10 3.22±1.83 
  Her-2+ 10 2.93±1.55 
Age, years   >0.05
  ≤50 17 3.21±1.75 
  >50 13 3.11±1.56 
Tumor size, cm   >0.05
  ≤2 12 3.04±1.83 
  >2 18 3.18±1.63 
Lymph node metastasis   >0.05
  Positive 17 3.29±1.90 
  Negative 13 3.07±1.52 

Her‑2, human epidermal growth factor receptor 2.
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cells, provides a basis for therapeutic strategies (16). Pheno-
typic lethality strategies target non‑oncogenic biochemical or 
metabolic features which are critical in the maintenance of the 
cancer phenotype; however, they are dispensable in wild‑type 
tissue. MTH1 is such a target with evidence obtained in 
colorectal cancer and in osteosarcomas (19).

In the present study, the effects of targeting MTH1, an 
enzyme that detoxifies oxidized deoxynucleoside triphosphate 
(dNTP) pools to prevent the incorporation of damaged bases 
during DNA replication, were investigated in breast cancer. It 
was demonstrated that MTH1 is upregulated in breast cancer 

compared with wild‑type tissue, independent of patient age, 
tumor size or lymph node metastasis. These results are consis-
tent with previous findings that MTH1 is increased in gastric 
and colorectal cancer (34,35). Increased levels of MTH1 are 
consistent with increased production of ROS resulting from 
the active metabolism in cancer cells and oxidative stress as 
MTH1 is essential for the removal of oxidized dNTPs from 
cells.

It was demonstrated that inhibition of MTH1 by TH588 
decreased cell viability and clonogenic potential in all three 
breast cancer cell lines examined. These results suggest an 

Figure 2. MTH1 is essential for the survival and proliferation of breast cancer cells in vitro. (A) The expression of MTH1 in MCF7, MDA‑MB‑231 and 
MDA‑MB‑453 cell lines was detected using western blotting. (B) Inhibition of MTH1 reduced cell viability in MCF7, MDA‑MB‑231 and MDA‑MB‑453 cells. 
Colony formation assays of (C) MCF7, (D) MDA‑MB‑231 and (E) MDA‑MB‑453 cells with TH588 at various concentrations. (F) Quantification of colony 
formation assays. MTH1, MutT homolog 1.
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essential role for MTH1 in cancer cell survival, consistent 
with previous findings in colorectal cancer (19). Although cell 
viability data suggested that MDA‑MB‑453 cells are less sensi-
tive to MTH1 inhibition, all three cell lines exhibited a similar 
sensitivity to MTH1 inhibition in a colony formation assay.

Inhibition of MTH1 using TH588 significantly inhib-
ited the growth of breast cancer xenografts. For MCF7 and 
MDA‑MB‑231 cells, representing luminal and basal‑like 
subtypes of breast cancer, respectively, a >90% regression 
of tumor growth was observed within 17 days. The Her‑2+ 

MDA‑MB‑453 tumors were completely eradicated, suggesting 

a promising inhibitory effect of TH588 on the growth of tumors 
in vivo. These results are consistent with previous findings in 
melanoma and colorectal cancer cells using various inhibitors 
of MTH1 (19,28), suggesting that targeting MTH1 warrants 
further investigation as a treatment strategy for various 
malignancies. However, it is noteworthy that the present study 
was performed using established cancer cell lines and further 
studies using patient‑derived xenografts are required.

It was demonstrated that MTH1 inhibition appears to 
decrease the growth of mice. Although a statistically significant 
loss of body weight in TH588‑treated mice was not observed, 

Table VI. Effect of TH588 on the blood chemistry and liver function of mice.

Component TH588‑treated Vehicle‑treated P‑value

White blood cells (109 cells/l) 4.23±1.81 4.17±1.53 >0.05
Red blood cells (1012 cells/l) 9.51±3.14 9.78±3.01 >0.05
Platelet (109 cells/l) 711.15±237.17 687.34±200.11 >0.05
Alanine aminotransferase (units/l) 43.07±17.18 39.11±13.45 >0.05
Aspartate aminotransferase (units/l) 78.09±25.56 83.11±24.92 >0.05
Creatinine (mmol/l) 75.26±19.72 78.17±18.27 >0.05

Figure 3. Inhibition of MutT homolog 1 by TH588 causes tumor regression in mice. (A) MCF7, MDA‑MB‑231 and MDA‑MB‑453 cells were inoculated 
subcutaneously into the left axilla of the mice. Daily TH588 administration began when tumors reached a certain size (2 mm). (B) Representative xenografts 
of MCF7 and MDA‑MB‑231 cells generated in mice treated with vehicle or TH588; MDA‑MB‑453 xenografts are not presented as they were completely 
inhibited following TH588 treatment. Scale bar, 1 cm. (C) Effect of TH588 on body weight of mice carrying MCF7, MDA‑MB‑231 and MDA‑MB‑453 tumors. 
(D) Effect of TH588 on body weight in mice without tumor burden.
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and blood chemistry and liver function remained normal, 
further studies are required to optimize the administration 
regime and to determine the therapeutic window for MTH1 
inhibition in vivo.

In conclusion, the results of the present study demonstrate 
that MTH1 is upregulated in all three major subtypes of 
breast cancer, and that MTH1 is essential for the prolifera-
tion of breast cancer cells in vitro and in vivo. The results of 
the present study suggest that targeting MTH1 affects cell 
viability and colony formation, and induces tumor regression 
in mice within a short time period. In addition, MTH1 inhibi-
tion by TH588 was not observed to exhibit an effect on blood 
and liver function, suggesting that targeting MTH1 may be 
tolerable.
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