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Nudix hydrolase 1 (NUDT1) or human MutT homolog 1 (MTH1) catalyzes the conversion of oxidized 
purine nucleotides to their monophosphate forms, thus preventing their incorporation into DNA and 
subsequently to oxidative damage. The present study explores the relationship between MTH1 gene 
silencing and its outcome on the growth of gemcitabine resistant breast cancer cells named MCF7-R. For 
this purpose, we transfected MCF7-R cells with MTH1 specific validated siRNA. Successful transfection 
of siRNA and consequent cytotoxicity in MCF7-R cells was confirmed by qRT-PCR, western blotting and 
cell viability assay. As a result of siRNA transfection, MTH1 protein was knockdown to approximately 
77% in the transfected sample and resulted in a 1.75-fold increase in sensitivity of MCF7-R cells to 
gemcitabine. Moreover, higher expression of p21 protein was also observed in transfected MCF7-R cells 
that may indicate induced cell death. This study highlights the effect of MTH1 gene silencing in drug-
resistant cancer cells as a mean to improve combined therapies for targeting drug-resistant cancers.

INTRODUCTION

Reactive oxygen species (ROS) are highly charged 
molecules that are produced within cells under 

normal physiological conditions or by exposure to certain 
chemicals and ionizing radiations (Ames et al., 1993). Once 
produced, ROS can interact with cellular components, 
including nucleic acids, lipids and proteins, thus causing 
oxidative damage and undermining genomic integrity 
(Ames et al., 1993; Cooke et al., 2003; Reuter et al., 2010; 
Winyard et al., 2011). ROS may oxidize nucleotides and 
the incorporation of oxidized nucleotides into DNA can 
directly damage DNA, thus enhancing mutagenesis and 
onset of different diseases like cardiovascular diseases, 
neurodegeneration and cancer (Ames et al., 1993; Cooke 
et al., 2003). Among all damaging molecules, oxidized 
guanine (8-Oxo-G) and deoxyguanosine (8-Oxo-dG) 
serve as notable source for spontaneous mutations by 
incorporating into nucleic acids. 8-Oxo-dGTP is produced 
by oxidation of deoxyguanosine triphosphate (dGTP) 
which readily pairs with adenine or cytosine, causing 
transversion mutations (Maki and Sekiguchi, 1992; 
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Sheng et al., 2012; Tajiri et al., 1995). Accumulation of 
spontaneous mutations in the genome can disrupt its 
stability, hence linked with the onset of cancer by provoking 
rapid proliferation and inflammation (Nakabeppu et al., 
2006). To combat the effect of ROS induced oxidative 
stress, there are various DNA mechanisms that operate in 
organisms, including certain enzymes such as MutT of E. 
coli and its human homolog MTH1 (Maki and Sekiguchi, 
1992; Sakumi et al., 1993). MTH1 is also known as Nudix 
hydrolase 1 or NUDT1. It is an 18 KDa phosphohydrolase 
which hydrolyses the conversion of oxidized purines such 
as 8-Oxo-dGTP and 2-OH-dATP to their monophosphate 
form, thus impeding their incorporation into DNA and 
subsequent mutagenesis (Mo et al., 1992; Sakumi et 
al., 1993; Yoshimura et al., 2003). Disruption of MTH1 
gene in a mouse model resulted in the accumulation 
of spontaneous mutations and tumorigenesis, which 
highlighted it as an indispensable enzyme for sanitization 
of oxidative nucleotides (Tsuzuki et al., 2001). MTH1 
protein, which is not crucial for the survival of normal 
cells, has been proved inevitable for survival of cancer 
cells (Gad et al., 2014; Huber et al., 2014; Patel et al., 
2015; Tu et al., 2016). Tumour cells undergo more rapid 
proliferation accompanied by a higher rate of metabolic 
processes, therefore, their DNA is more prone to oxidative 
damage (Freudenthal et al., 2015). To circumvent oxidative 
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damage to DNA, cancer cells more strongly rely on MTH1 
protein for sanitizing its nucleotide pool, as it has been 
shown by overexpression of MTH1 in several tumours and 
cancer cell lines compared to their normal counterparts 
(Speina et al., 2005). Furthermore, development of 
pharmacological tools and gene silencing techniques such 
as siRNA, shRNA and CRISPR based targeted approaches 
against MTH1 has been implemented to knock down its 
expression and proved effective for reducing cell viability 
in cancer cell lines (Gad et al., 2014; Huber et al., 2014; 
Kawamura et al., 2016; Kettle et al., 2016; Warpman 
Berglund et al., 2016). To the best of our knowledge, no 
study has been published so far which describes the effect 
of MTH1 gene silencing on the drug-resistant phenotype 
of cancer cells. The present study was aimed at exploring 
the effect of MTH1 gene silencing in gemcitabine resistant 
invasive breast carcinoma cell line (named MCF7-R) 
and to study its potential use in combined therapies for 
targeting cancer. This study highlights the cytotoxic effect 
of MTH1 gene silencing in gemcitabine resistant breast 
cancer cells in vitro.

MATERIALS AND METHODS

Chemicals
Gemcitabine, MTT (methylthiazolyldiphenyl-tetrazolium 

bromide), Isopropanol and Hydrochloric acid (HCL) were 
purchased from Sigma-Aldrich USA. MCF7 cells were 
grown in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with Glutamax and Sodium Pyruvate 
(Catalog No. 1880272) and Opti-MEM™ (Catalog No. 
1758537) were purchased from Gibco, USA. GeneJet 
RNA purification kit (K0731), Revertaid cDNA synthesis 
kit (K1622), FBS, penicillin/streptomycin, trypsin and 
PBS were purchased from Thermo Fisher Scientific 
USA, and validated MTH1 specific siRNA (s9030) was 
purchased from Ambion, USA. Goat anti-mouse IgG, 
horseradish peroxidase conjugate (Catalog No. G21040) 
and goat anti-rabbit IgG, horseradish peroxidase conjugate 
(Catalog No. G21234) were from Invitrogen, USA. 
Antibodies for β-actin (Catalog No sc-130656), p21 
(Catalog No. sc-756) and MTH1 protein were purchased 
from Santa Cruz Biotechnology, USA. Lipofectamine® 
3000 Transfection Reagent (Catalog number (L3000008) 
was from Invitrogen, USA.

Cell culture
2µM gemcitabine resistant breast cancer cell line 

MCF7-R was used in this study. The drug-resistant cancer 
cell line (MCF7-R) was generated earlier in our laboratory 
by gradually exposing the wild type MCF7 to increasing 
concentration of gemcitabine for seven months. MCF7-R 

cells were cultured in DMEM (supplemented with 
Glutamax and sodium pyruvate), to which FBS (10% v/v) 
and 100U/ml penicillin/streptomycin were also added. 
Gemcitabine was added to a final concentration of 2µM 
during culturing and subculturing of MCF7-R cells. Cells 
were grown in T-25 cell culture flasks with vented caps 
and kept in a humidified incubator with 5% CO2 and at 
37˚C.

MTH1 gene silencing in MCF7-R cells
To identify the effect of MTH1 gene suppression in 

MCF7-R cells, we used validated MTH1 specific siRNA. The 
sequence of sense and antisense strands of MTH1 specific 
siRNA used in the current study were as follows, Sense 
sequence; 5’ CAUCUGGAAUUACUGGAUTT 3’, Anti-
sense sequence; 5’ AUCCAGUUAAUUCCAGAUGAA 3’.

For transfection, MCF7-R cells were grown up to 70-
80% confluency in two vented T-25 flasks, one for positive 
transfection with MTH1 specific siRNA and the other 
as an experimental control where nuclease-free water 
was used. Transfection of MTH1 specific siRNA was 
performed using Lipofectamine 3000 reagent (Invitrogen) 
following the manufacturer’s instructions. Briefly, MTH1 
specific siRNA (150 pmol) and lipofectamine® 3000 
(15µl per flask) were separately diluted in Opti-MEM™ 
media and mixed. After incubation of 10 minutes at 
room temperature, the mixture was directly added to the 
flask containing MCF7-R cells (named +ve transfection 
group). For the control experiment, nuclease-free water 
was used instead of siRNA, mixed with lipofectamine and 
added to the flask containing MCF7-R cells as described 
earlier (the control group named –ve transfection group). 
After the transfection, both groups of MCF7-R cells were 
incubated overnight at 37˚C in a humidified incubator with 
5% CO2. After 24-h post-transfection incubation, part of 
cells from both groups were seeded into 96 well plates for 
cell viability assay. The remaining cells were incubated for 
further 72-h in complete growth medium for total RNA 
and protein isolation for subsequent quantitative real-time 
PCR and Western blot analyses, respectively.

Cell viability assay
MCF7-R cells from +ve and –ve transfection groups 

were seeded in triplicate in 96 well plate with a seeding 
density of 5000 cells per well in 100µl of complete 
medium. After 24-h of incubation, cells were supplemented 
with 100µl of fresh medium with different concentrations 
of gemcitabine except for the control group. Gemcitabine 
treated cells were further incubated at 37˚C in an incubator 
for 72 h. After completion of the incubation period, 
10µl of MTT reagent (5mg/ml) was added per well and 
the plates were incubated at 37˚C for the formation of 
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formazan crystals (purple coloured product formed due to 
dehydrogenase activity of viable cells). Formazan crystals 
were dissolved in 100µl of acidified-isopropanol solution 
(0.04N HCl in isopropanol) and absorbance was recorded 
at 492nm using LT-4500 microplate reader (LabTech). 
IC50 was calculated and survival curves were generated 
and analysed for positive and negative transfection 
groups using a computer program called GraphPad Prism 
(GraphPad Prism version 7.00 for Windows, GraphPad 
Software, La Jolla California USA, www.graphpad.com). 
IC50 value is the concentration of a drug or compound 
at which cells growth is inhibited to 50 percent. IC50 of 
MTH1 specific siRNA transfected and control groups was 
calculated according to equation 1 and folds of sensitivity 
were calculated by comparing the IC50 of both groups.

Where; X, log of dose or concentration; Y, response, 
decreases as X increases; Top and Bottom, Plateaus for the 
curve; HillSlope, slope factor.

Quantitative Real-time PCR for MTH1 expression 
After transfection with MTH1 specific siRNA, total 

RNA was isolated from both +ve and –ve transfection 
groups separately, using a standard protocol of GeneJet 
RNA purification kit. RNA was quantified using 
NanoDrop™ 2000/2000c spectrophotometer (Thermo 
Fisher Scientific) and an equivalent amount of 1µg 
mRNA was used for DNase I treatment and subsequent 
cDNA synthesis according to the described protocol of 
RevertAid first-strand cDNA synthesis kit. The resultant 
cDNA was used to quantify the expression of MTH1 gene 
through quantitative real-time PCR (qRT-PCR) analysis 
using thermal cycler (BioRad CFX96). The gene-specific 
forward and reverse primers (200nM each) and SYBR 
Green qPCR master mix (Thermo Scientific) in a total 
reaction volume of 25µl were used in PCR reaction. The 
thermal profile of the reaction was as follows: initial 
denaturation at 95ºC for 15 min followed by 35 cycles at 
95°C for 15 seconds, 58ºC for 20 seconds and 72ºC for 20 
seconds. B2M gene expression was used as a normalisation 
control. Following were the sequences for gene-specific 
primers used in this study; 
MTH1 forward primer; 5’CGACAGCTACTGGTTTCCAC3’,
MTH1 reverse primer; 5’GAGTGTGTAGTCCAGGATGG3’
B2M forward primer 5’TGCTGTCTCCATGTTTGATGTATCT3’ 
B2M reverse primer 5’ TCTCTGCTCCCCACCTCTAAGT 3’.

Western blot analysis
Total protein was isolated from both +ve and –ve 

transfected groups of MCF7-R cells using Laemmli’s 
method (Laemmli, 1970). The total protein content 

(number of cells equivalent used per lane) for each group 
was subjected to 4-12% SDS-PAGE for separation and 
transferred to PVDF membranes using wet transfer 
apparatus (Cleaver England) for overnight at 16V. PVDF 
membranes were then stained with Ponceau-S stain for 
confirmation of successful transfer and washed with distilled 
water. Membranes were blocked with skimmed milk (5% 
skimmed milk in TBST buffer) for 1-hour followed by 
incubation with primary antibodies against MTH1 (1:250, 
Santa Cruz), p21 (1:500, Santa Cruz), and β-actin (1:500, 
Santa Cruz). The membranes were washed with TBST 
for three times, 5 minutes each and incubated for an hour 
with secondary antibodies (HRP-conjugated). After rinsing 
the membranes with TBST, the proteins were incubated 
with HRP substrate and protein of interest were identified 
by chemiluminescence. Visualization of proteins was 
performed by developing an impression on Kodak films.

Statistical analysis
Data from each experiment were analyzed for statistical 

interpretation using computer programs; GraphPad Prism 
7 and SPSS version 23. Data were considered statistically 
significant with a p-value less than 0.05.

RESULTS

MTH1 expression after MTH1-specific siRNA 
transfection

The quantitative real-time PCR assay was performed 
using SYBR Green-based chemistry for quantification of 
MTH1 gene expression from both +ve and –ve transfected 
groups of MCF7-R cells. Significant difference (p-value 
<0.0001) in the level of MTH1 gene expression was 
observed in +ve and –ve transfection groups (Fig. 1a). The 
expression of MTH1 protein was confirmed by western blot 
analysis. As a result of MTH1 specific siRNA transfection, 
the expression of MTH1 protein was found to be reduced 
to approximately 77% in +ve transfection group when 
compared to –ve transfection group (Fig. 1b). The results 
show successful transfection and silencing of MTH1 both 
at gene and protein level in +ve transfected cells.

Effect of MTH1 gene silencing on the viability of MCF7-R 
cell line

To study the effect of MTH1 knockdown on the 
viability of MCF7-R cells, MTT assay was performed 
using MCF7-R cells from +ve and –ve transfection groups. 
Cell viability was calculated for each group and survival 
curves were generated using GraphPad Prism 7 (Fig. 2). 
Nonlinear regression analysis was used to study the survival 
curves and computing IC50 for each group; IC50 was found 
to be 0.783±0.646µM for siRNA +ve transfected group 
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and 1.370±0.0009µM for –ve transfected group. The ratio 
of IC50 of siRNA +ve and -ve transfection groups were 
compared and an increase of 1.75-fold in the sensitivity 
of resistant cells towards gemcitabine was observed in +ve 
transfection group after MTH1 gene silencing. A paired 
t-test was performed for statistical comparison of data 
obtained from +ve and –ve transfected groups and found 
highly significant with p-value of less than 0.05.

Fig. 1. a) MTH1 gene expression was analysed by qRT-
PCR after MTH1 specific siRNA transfection. Student’s 
t-test analysis provided highly significant results for the 
comparison of +ve and –ve transfected samples (p-value 
<0.0001). b) Western blot analysis for MTH1 protein 
expression after MTH1 specific siRNA transfection. 
Percentage of MTH1 protein expression was quantified 
by ImageJ software and data was normalised with respect 
to MTH1 protein expression in –ve transfection group. 
β-actin expression was used as an experimental control. 
siRNA +ve and siRNA –ve indicate the expression of 
MTH1 in +ve and –ve transfected groups of MCF7-R cells 
respectively.

Fig. 2. Cell viability of MCF7-R cell line after transfection 
of MTH1 specific siRNA and subsequent treatment with 
gemcitabine. Y-axis represents the percentage (%) of viable 
cells and X-axis represent drug concentration in nM at 
a log 10 scale. Error bars represent standard error of the 
mean, while Paired t-test provided extremely significant 
p-value when siRNA +ve and –ve transfected groups were 
compared.

Detection of p21 protein in siRNA transfected cells
Inhibition of essential genes in cancer cell lines 

enhances the expression of certain proteins which serve as 
markers for the cell death process. p21 is a marker for cell 
death induction which acts either alone or with p53 protein 
in cell death activation pathways (Chen et al., 1996; Cho 
et al., 2011; Sheikh et al., 1996). To confirm the effect 
of MTH1 gene silencing on MCF7-R cells, western blot 
analysis for p21 protein was performed using p21 specific 
primary and secondary antibodies. The results showed 
significantly higher expression of p21 protein in siRNA 
transfected MCF7-R cells compared to the control group, 
which may indicate the induction of apoptosis or cell 
death as a result of silencing of MTH1 gene (Fig. 3). The 
expression of β-actin protein is used as an experimental 
control.

Fig. 3. MTH1 gene silencing in MCF7-R cells and 
subsequent treatment with 3µM gemcitabine concentration 
for 72-h led to apoptosis and remarkably high expression of 
the p21 protein in the transfected sample. The expression 
of β-actin was used as an experimental control.

DISCUSSION

Over the past decade, MTH1 mechanism and 
function have been studied with respect to its molecular 
biology and effect on the growth of both normal and 
cancer cells (Coskun et al., 2015; Kennedy et al., 2003). 
It has been presented as a critical factor in cancer survival 
against ROS induced damage (Haghdoost et al., 2006; 
Speina et al., 2005). Several researchers emphasized the 
therapeutic efficacy of MTH1 inhibition in cancer cells 
by either designing active pharmacological inhibitors 
or interference based targeted approaches (Cho et al., 
2011; Gad et al., 2014; Huber et al., 2014; Patel et al., 
2015). However, the significance of targeting the MTH1 
gene in drug-resistant cells has not been studied so far. 
Therefore, we used a validated siRNA against MTH1 gene 
in gemcitabine resistant MCF7 cells (MCF7-R).

Following knockdown of MTH1 gene using validated 
siRNA, the expression of MTH1 protein was reduced to 
approximately 77% in +ve transfected samples as shown in 
Figure 1. Our results are in accordance with earlier studies, 
where siRNA was used to abolish the expression of MTH1 
and showed growth arrest in transfected samples (Lawless 
et al., 2010; Patel et al., 2015). To confirm the effect of 
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MTH1 protein deficiency on gemcitabine resistant cancer 
cells, we performed cell proliferation assay for both +ve 
and -ve transfected samples. It is evident by our data that 
MTH1 downregulation affected the cell proliferation 
ability of MCF7-R cells together with 1.75-fold increase 
in sensitivity to gemcitabine (Fig. 2).

We further examined the expression of p21 protein 
as an apoptosis marker in both +ve and -ve transfected 
samples of MCF7-R cells and observed notably high p21 
protein expression in +ve transfected group. These results 
are consistent with already reported studies, where MTH1 
deficiency was correlated with the induction of ROS 
induced damage and cell death (Gad et al., 2014; Huber et 
al., 2014; Kettle et al., 2016; Rai et al., 2009). However, our 
results are contradictory to a recent study in which MTH1 
deficiency in NSCLC cell lines was associated to induce 
genetic instability, but seemed unsuccessful to induce 
apoptosis (Abbas et al., 2018). A possible explanation 
for this contradiction is perhaps different genetic makeup 
and associated underlying pathways in different types of 
cancers.

CONCLUSION

In agreement to other studies, we believe that the use 
of MTH1 inhibitors alone in patients may not prove an 
effective therapeutic strategy due to upsurge in mutational 
pool associated with MTH1 inhibition which may further 
progress the disease. Therefore, we propose further studies 
aiming at understanding the underlying mechanism and 
interplay between drug resistance pathways and role 
of MTH1 protein to find more suitable inhibitor(s) as 
a potential therapeutic tool for the treatment of drug-
resistant cancer cells.
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