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1. Abstract 
Genomic alterations may initiate cancer development as the consequence of endogenous or 

exogenous DNA damaging factors. Defects in DNA repair mechanisms may also facilitate 

cancer progression as well as accumulation of mutations which favor cancer cell survival. 

However, DNA repair pathways in cancer cells can be considered as their Achilles heel which 

are possible targets in order to compromise their survival. For instance, it has been 

demonstrated recently that inhibition of a protein called MTH1 via RNA interference (RNAi) 

or chemical inhibitors can stop tumor growth and triggers cell death by increasing the load of 

oxidative DNA damage. MTH1 is a hydrolase which converts 8-oxo-dGTP into 8-oxo-dGMP 

in order to prevent incorporation of oxidatively damaged nucleotides into DNA. In addition, 

DNA glycosylases which recognize and remove mismatched or damaged nucleotide pairs in 

DNA can also participate in repair of 8-oxo-dG, such as MUTYH repairing A:8-oxo-dG pair. 

The goal of the current study was to investigate the importance of MUTYH activity upon 

MTH1 depletion. The current study tried to answer whether simultaneous knock-down of 

MTH1 and MUTYH sensitizes cancer cells to oxidative stress and increases cell death. Both 

enzymes were simultaneously depleted in T cell acute lymphoblastic leukemia cells using 

RNAi. Then, we analyzed the efficiency of gene and protein knock-down by quantitative real-

time-PCR and western blotting, respectively. Induction of cell death was also assessed by 

flow cytometric analysis of cell cycle. Afterwards, the effect of the treatments on DNA repair 

pathways was studied by analysis of gene expression of several DNA glycosylases and DNA 

polymerases using qRT-PCR. The results showed that concurrent depletion of both enzymes 

led to synergistic induction of cell death. Down-regulation of NEIL1 DNA glycosylase as well 

as POLQ and POLH DNA polymerases mRNAs adapted their DNA repair pathways to cope 

with induced damages under these conditions. Finally, the results of this study suggest that 

dual suppression of MTH1 and MUTYH may provide a new approach to reduce survival of T 

cell ALL. 

 

Key words: Oxidative stresses, DNA repair, 8-oxo-dG, T cell ALL, MTH1, MUTYH. 
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2. Introduction 

2.1. Genetic changes in cancer 
Most of cancers are result from DNA sequence changes (1). According to a suggested model, all 

cancers follow a Darwinian evolutionary-model, from very beginning to metastasis, which is 

composed of two phases: first, acquisition of genetic changes and then natural selection on their 

phenotypes (2, 3). It is well characterized for colorectal cancer (4). Selection removes cells with lethal 

mutations, allowing those with more compatible mutations to continue to grow and divide. Lots of 

mutations occur every day in human cells but most of them cannot form cancer due to repair. 

Accumulation of some specific mutations in a sequential order, in 20-40 years, can cause colorectal 

cancer. In normal epithelium, deletion of APC -a tumor suppressor gene- in early adenoma, activation 

of KRAS oncogene in late adenoma and deletion in TP53 -another tumor suppressor gene- form 

carcinoma. Finally further changes lead to metastasis (figure 1). 

 

 

Figure 1. Formation of Colorectal Cancer in 20-40 years by sequential genetic changes (4). 

2.2. DNA damage sources 
There are two types of DNA damages according to their source: Endogenous and Exogenous DNA 

damage. Endogenous damage can be spontaneous or catalyzed by means of an enzyme. 

Depurination/depyrimidination (form AP site) and deamination are examples of spontaneous 

damage. Common deaminations are 5-methylcytosine>>tymine, Adenine>>hypoxanthine (5, 6). 

Cytosine>>uracil deamination is catalyzed by Cytosine deaminases such as AICDA (Activation Induced 

Cytosine Deaminase) and APOBEC (Apolipoprotein B mRNA editing enzyme catalytic polypeptide) (7). 

Reactive radical species, like reactive oxygen species (ROS) and nitrogen oxide species are other 

endogenous source of damage to DNA that are produced as by-product of aerobic metabolism, 

apoptosis, or as inflammatory response in the cell (8). They can produce more than 25 different 

oxidized nucleotides including 8-oxo-2’-deoxyguanosine (8-oxo-dG) that has a high tendency to pair 

with Adenine in DNA and cause GC to TA mutation (9, 10). 8-oxo-dG is the most studied and the most 

common oxidized nucleotide especially in cancer cells. 

Exogenous damages can be physical or chemical. Non-Ionizing radiations like UV that can make 

pyrimidine dimers ((6-4) PPs (6-4 Pyrimidine photoproducts) and CPDs (Cyclobutane pyrimidine 

dimers)) by formation of covalent bond between two neighboring nucleotides are source of physical 

endogenous damage (11, 12). Chemical reagents can intercalate between two strands of DNA or link 

them by covalent bond. Another example is Temozolomide which is an alkylating agent (causes CG to 

TA mutation). Figure 2 summaries different DNA damages and its consequences. 
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Figure 2. DNA damage types and their consequence lesions (13). 

2.3. DNA repair pathways: 8-oxo-dG repair 
DNA lesions occur in a high rate every day in human cells. This is the repair system’s responsibility to 

take care of them and correct as much as possible. Base excision Repair (BER) use a variety of DNA 

glycosylase to detect damaged nucleotides such as 8-oxo-dG. There are 11 different DNA glycosylases 

known in human, each can distinguish some specific mismatched nucleotides (14, 15). After 

formation of AP site by DNA glycosylase (16), APEX1 DNA lyase cut 5’possition of the nick and DNA 

Polymerase β (Pol β) removes remaining deoxy-ribose phosphate and place a new nucleotide which 

will be sealed by ligase III-XRCC1 (17). Two DNA glycosylases, MUTYH and OGG1, are involved in 8-

oxo-G repair. MUTYH detects Adenine incorporated into the new strand against 8-oxo-dG (OG) in the 

template (18), and replace dA by dC then leaves it to OGG1 to replace OG by a normal Guanine (19, 

20). Hence, MUTYH and OGG1 complementing each other’s work and have cooperation. 8-oxo-dG 

opposite Cytosine is the substrate for OGG1 whether in the new or the old strand of DNA. In case of 

incorporation against Adenine, OG will be processed by mismatch repair (MMR). Mutsα complex, 

composed of MSH2 and MSH6, detects mismatch nucleotides and call for MLH1, PMS2, and EXO1 to 

fix it. DNA Pol δ fills the gap and ligase will reseal it (21). In dNTP pool, MTH1 (MutT homologue 1) 

hydrolyzes 8-oxo-dGTP to 8-oxo-dGMP that is unable to incorporate into DNA (figure 3). MTH1 is a 

nucleotide hydrolyze from NUDIX super-family and its substrate is Nucleoside diphosphate linked to 

X (NDP-X) (22, 23). Nuclear and mitochondrial DNA are wrapped in chromatin (24) so they are less 

sensitive to ROS attacks than nucleotides in dNTP pool. Furthermore, electron transfer chain is the 

main source of ROS in mitochondria and targets dNTPs there (25). Therefore, the rate of 8-oxo-dG in 

dNTP pool is much higher than that of in DNA (26, 27). Over expression of MTH1 can removes 

senescence from Ras activated cells by reduction in DNA damage. This highlights the importance of 

oxidized nucleotides in cancer (28). 

Bulky DNA lesions may stop DNA Polymerase and cause replication fork collapse and consequent 

double strand breaks (29), which can be repaired by Nucleotide Excision Repair (NER)(30) and 

Homologous recombination (HR) or Non-homologous End Joining (NHEJ), respectively. 
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Figure 3. 8-oxo-dG repair pathways: MTH1 sanitizes dNTP pool by 8-oxo-dGTP to 8-oxo-dGMP alteration. 

Those oxidized nucleotides that incorporated into DNA get repaired based on their location in the DNA 

strand and their opposite nucleotide. MUTYH replace A incorporated across OG in the template by C and 

then OGG1 complement its work by changing OG with a normal G (18). 

2.4. Repair systems as target for cancer treatment 
Defects in repair can be counted as a weakness for tumor cells (31, 32). Most common 

chemotherapies are those that overload DNA lesions (33). Alkylation by Temozolomide (34), covalent 

bond formation between double strands of DNA by Cisplatin (35), and cutting sugar-phosphate bond 

by Bleomycin (36) are few examples. New generation of cancer medicines target repair-pathways’ 

proteins. For instance Poly ADP-Ribose Polymerase 1 (PARP1) is active in HR and its inhibition has 

shown to kill tumors with BRCA2 mutation (37, 38). Treatment of cancer cells by MTH1 inhibitor 

raises 8-oxo-dG level, increasing cell death in cancer while normal cells could tolerate the condition 

as they are in oxidative balance (39, 40). The discovery of MTH1 inhibitors was published in Nature 

2014 by Helleday group and its results laid the basis for our experiments. 

In the current study, the question is that whether MUTYH knockdown can elevate induced cell death 

in MTH1 depleted cancer cells? The cell model for the experiment needed to have high expression of 

both MTH1 and MUTYH to show a significant change in phenotype in case of knockdown. Also 

interference of MMR in 8-oxo-G repair must be prevented by choosing a MMR defective cell line. All 

these properties were found in T-cell Acute Lymphoblastic Leukemia cells (T-ALL). 

 

3. Results 

3.1. MTH1 and MUTYH gene expression considerably decreased in established 

JurkatA3 cell-line 
To knock-down MTH1 and MUTYH genes, two different shRNA were used for each. shRNAs were 

cloned into two independent vectors containing two distinctive reporters (GFP, RFP670). After that 

HEK293T cells were transfected by shRNA expressing vectors in combination with viral packaging 

plasmids (gag, pol, env) that are required for virus production. Target cells, namely Jurkat A3, were 

transduced by virions harvested from HEK293T cells. Those that received the plasmid DNA integrated 

into their genome, were selected by growing in puromycin containing media. Finally, selected cells 

were sorted by Fluorescence Activated Cell Sorting (FACS) for top 15% expression of both reporters. 

These cells possess highest amount for genomic integration of shRNA vecors. Sorted JurkatA3 were 
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cultured under doxycycline treatment and were collected after 96 hours (4-day time point) to be 

analyzed with Western blotting, qRT-PCR and flow cytometry (figure 4). 

 

 

 

 

 

Figure 4. Cell-line establishment: ShRNA cloning into vectors containing GFP or RFP670 markers, transduction 

of target cells by Lentiviruses produced in HEK293T cells, Puromycin selection, and sorting for top 15% double 

positive reporters.To investigate the gene knockdown efficiency by shRNA, dox treated cells were 

analyzed using qRT-PCR. Both shRNA sequences declined their respective gene expression 

significantly. Cells containing MUTYH shRNA showed around 60% and 70% of knockdown by 

shRNAset1 and shRNAset2, respectively. Both sets of MTH1 shRNA decreased gene expression to 

approximately 80%. In case of simultaneous depletion, down regulation of MTH1 and MUTYH shown 

to be significant as well and it reached 80% for MUTYH and 90% for MTH1 gene (figure 5). It can be 

concluded that the method used to establish A3 cell lines and shRNAs, works well in individual and 

simultaneous Knockdown of MUTYH and MTH1. Accordingly, we decided to continue using these 

cells for further experiments. 
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Figure 5. Gene expression study by qRT-PCR for MTH1 and MUTYH after 96 hours exposure to dox: Data is 

normalized to Non-targeting control (NT-shRNA). The expression level for each cell shows Mean±Standard 

Error of Mean (SEM) that is result from 3 independent experiments in triplicates. Statistical analysis was done 

by one way ANOVA in GraphPad software. Not significant (ns) (P>0.05), *(P≤0.05), **(P≤0.01), ***(P≤0.001), 

****(P≤0.0001). 

Furthermore, MTH1 shRNA1 activity reduced MUTYH mRNA level while MTH1 shRNA2 raised MUTYH 

gene expression. 

3.2. MTH1 knockdown may increase MUTYH Protein level 
To determine the effect of shRNA on protein level, cell lysates were investigated by Western blotting. 

A considerable drop in MTH1 and MUTYH enzymes was seen in the corresponding individual shRNA 

expressing cells (figure 6). In cell lines with only MUTYH shRNA, the protein level declined by about 

50% and 60% when using shRNA1 and shRNA2, respectively. MTH1 protein, also remarkably 

decreased by 80% under effect of both MTH1 shRNAs. More interesting, in cells with MTH1 shRNA2 

the level of MUTYH enzyme had increased four-fold from the basal level after 96 hours exposure to 

dox, whereas this effect was not observed in shRNA set 1.Similar to qRT-PCR results, simultaneous 

depletion of the both proteins were achieved in Jurkat A3 cells treated for 96 hours with dox (figure 

6).  
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Figure 6. MTH1 and MUTYH protein level after 96 hours dox treatment: Data is normalized to Non-targeting 

control (NT-shRNA). The protein levels for each cell are shown as Mean±SEM that is from three independent 

experiments. Statistical analysis was done by one way ANOVA in GraphPad software. ns (P>0.05), *(P≤0.05), 

**(P≤0.01), ***(P≤0.001), ****(P≤0.0001). 

3.3. Concurrent knockdown of MTH1 and MUTYH had synergistic effect on cell death  
Next, we wanted to inspect effect of combined depletion of MUTYH and MTH1 on Jurkat A3 cells. We 

can hypothesize that MTH1 inhibition in cancer cells increase oxidized nucleotides in DNA and 

consequent MUTYH activity might cause formation of many nicks in DNA inducing cell death. 

Accordingly, MUTYH down regulation combined with MTH1 knockdown, can rescue cells and 

decrease the number of cell death compare to MTH1 single knockdown condition (41). However, 

another hypothesis could be that MUTYH is essential to reduce oxidized nucleotides incorporated 

into DNA in the absence of MTH1. Consequently, combined down regulation of MTH1 and MUTYH 

can further sensitize the cells to ROS compared with individual MTH1 inhibition. To test these 

hypotheses, we cultured the cells under dox treatment for 4 days and then analyzed for sub-G1 

population using flow cytometer. The results showed that sub-G1 phase population raised to 13% in 

MTH1 shRNA1 and 18% in MTH1 shRNA2 activated cells. In MUTYH depleted cells the same trend 

was observed so that cell death increased up to 10% and 20% in MUTYH depleted cells by shRNA set1 

and set2, respectively. Notably, regardless of which shRNA set (1 or 2) was used, in double 

knockdown conditions the population of cells in sub-G1 elevated significantly compared with 

separate knockdown of each gene (figure 7). Therefore, our data support the second hypothesis and 

also reveals the functional cooperation of MTH1 and MUTYH for survival in T cell ALLs. 
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Figure 7. Investigating cell death induction, through sub-G1 population analysis after 4 days of treatment by 

dox: Data is normalized to Non-targeting control (NT-shRNA). The percentage of sub-G1 cells shows Mean±SEM 

that is from three independent experiments in duplicates. Dark-blue histograms in left depict shRNA set1 and 

light-blue ones in right represent shRNA set2. Statistical analysis was done by one way ANOVA in GraphPad 

software. ns (P>0.05), *(P≤0.05), **(P≤0.01), ***(P≤0.001), ****(P≤0.0001). 

3.4. NEIL1 DNA glycosylase expression dropped due to MTH1-MUTYH double 

knockdown 
Upon raise in number of oxidized nucleotides in MTH1 inhibited cells, repair mechanisms especially 

BER are supposed to get modulated. Therefore, we decided to look at DNA glycosylase expression 

level after 96 hour dox treatment. Each individual 11 human DNA glycosylases was analyzed by qRT-

PCR in single and double suppression of MTH1 and MUTYH. The results revealed that the level of 

NEIL1 mRNA was significantly decreased to 30% of the level when MTH1 and MUTYH are co-

suppressed (figure 8B). However, other DNA glycosylases did not show any considerable change 

under these conditions (figure 8A).  
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Figure 8. DNA glycosylase mRNA level in MTH1 and/or MUTYH knockdown: A) Heat map presentation of DNA 

glycosylase gene expression levels in Jurkat A3 after 96 hours exposure to dox. B) The only DNA glycosylase 

that silenced in double knockdown condition is NEIL1. Data was analyzed by Multi experiment Viewer (MeV) 

with which the heat map produced. Data is normalized by NT-control and represents Mean±SEM that is 

acquired from three independent experiments in triplicate. Statistical analysis is done by one way ANOVA in 

GraphPad software. ns (P>0.05), *(P≤0.05), **(P≤0.01), ***(P≤0.001), ****(P≤0.0001). 

3.5. MTH1 depletion lead to POLN down regulation 
DNA polymerases (POLs) involve in different repair pathways and their expression can indicate a shift 

to specific pathways. Thus, we have examined mRNA changes in all 14 human DNA POLs in MTH1 

and/or MUTYH depleted conditions in a 4-day time point after dox treatment. Figure 9A illustrates 

the heat map from qRT-PCR data showing that only three DNA POLs, namely POLN, POLQ, POLH, are 

down regulated in combined MTH1 and MUTYH depletion (figure 9 B, C, D). POLN mRNA level also 

went down in individual MTH1 depleted cells (figure 9C). This experiment verifies that DNA 

polymerases substantially take part in response to stress caused by MTH1 and MUTYH suppression.  

 

8A) 8B) 
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Figure 9. DNA polymerase mRNA level in MTH1 and/or MUTYH knockdown:  A) Heat map presentation of 

DNA polymerase gene expression levels in Jurkat A3 after 96 hours exposure to dox. B, C, D) Three DNA Pols 

silenced in double knockdown condition. Data was analyzed by MeV through which the heat map produced. 

Data is normalized by NT-control and represents Mean±SEM that is acquired from three independent 

experiments in triplicate. Statistical analysis is done by one way ANOVA in GraphPad software. ns (P>0.05), 

*(P≤0.05), **(P≤0.01), ***(P≤0.001), ****(P≤0.0001). 

4. Discussion 
Discovery of cancer specific toxicity of MTH1 inhibitors (39) made us to investigate the role of 

MUTYH upon MTH1 depletion. Simultaneous knock-down of MTH1 and MUTYH through two 

separate vectors in combination with puromycin selection and sorting by FACS, resulted in 

reasonable gene suppression (figure 5). Both MTH1 hairpins silenced the gene to the same level 

whether in single or in combination with MUTYH shRNAs. qRT-PCR results showed MUTYH mRNA 

moderate reduction under MTH1 shRNA#1 activity and significant increase under MTH1 shRNA#2 

activity. This difference can be due to off-target effects of hairpins, as it is now accepted that shRNAs 

are not totally specific (42, 43). like microRNA mechanism, shRNA can partially bond to a mRNA other 

than its own target and cause unspecific inactivation (42).  

In protein level, both enzymes were depleted significantly after 96 h dox treatment (figure 6). 

Contradictory effect of MTH1 shRNA set1 and set2 on MUTYH protein level was observed. It can be 

assumed that elevated level of MUTYH in MTH1 depleted conditions would be a compensatory 

mechanism for cell survival. To find out the effect of MTH1 depletion on MUTYH level, it is 

recommended to expand the number and diversity of MTH1 shRNAs especially by targeting different 

exons of MTH1 mRNA. Phenotype resulted from the majority of hairpins is more likely to show the 

correct function (44, 45). Sequence of MTH1 shRNA#2 in this experiment is the same as siRNA#3 in 

9A) 9B) 

9D) 

9C) 
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Gad.et al., 2014 article (39) in which mentioned siRNA decreased MTH1 expression and increased cell 

death by making enormous DNA damage in cancer cells. MTH1 shRNA used in all studied articles, 

target exon 5 of the gene and the reason is their strong functionality in gene silencing. According to 

The RNAi Consortium (TRC) library, MTH1 shRNA#1 and #2 in this experiment show the highest 

knockdown efficiency. For further studies it is recommended to choose shRNA against exon 3 and 4 

of MTH1 mRNA as these exons are conserved in all of its isoforms (46) (figure 10). 

 

Figure 10. Comparison of different MTH1 mRNA: Source: Ensemble. From all five exons, number 3, 4, and 5 

are in common in all isoforms of MTH1 mRNA. 

Western blotting analysis verified a considerable raise in MUTYH due to MTH1 shRNA set2 activity 

which is probably a compensatory mechanism in Jurkat A3 cells. For the first time, in this study it is 

shown that concurrent knockdown of MTH1 and MUTYH sensitize the cells to DNA damage and 

induce cell death (figure 7). It was revealed that activity of MUTYH is required for survival in MTH1-

depleted ALL cells 

To understand the consequence of MTH1 and/or MUTYH suppression in T-ALL cells, mRNA levels of 

all DNA glycosylases were studied. In accordance with the qRT-PCR results, only NEIL1 mRNA level 

went down in absence of MTH1 and MUTYH (figure 8). NEIL1 is responsible for repair of hydantoin 

damages, namely spiroiminodihydantoin (SP) and guanidinohydantoin (Gh), that are formed by 

further oxidation of 8-oxo-G in DNA (47) (figure 11).  
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Figure 11. Formation of hydantoin nucleotides (47). 

Furthermore, NEIL1 distinguishes 8-oxo-dG on replicating strand and stops replication fork to call for 

repair factors (48). Long pause in replication can lead to replication fork collapse and Double Strand 

Break (DSB) that is more costly to get repaired (49). In absence of MTH1 and MUTYH the level of 

oxidized nucleotides, including SP and GH, in DNA are expected to increase dramatically and require 

more NEIL1 activity which might lead to increase in DSB and cell death. We can conclude from the 

experiment that the decreasing level of NEIL1 in double knockdown cells might be a strategy to 

prevent more DSB. Fiber assay technique can be operated to check the replication fork’s relative 

speed and direction. Study of specific markers for replication fork stall, such as phosphorylated 

replication protein A (RPA), might be beneficial as a complementary experiment to understand the 

NEIL1 mechanism. NEIL1 over expression by lentivirus vector in this type of cells can be conducted 

and it is predicted to further increase cell death. 

Each of the DNA polymerases are involved in repair pathways so that change in each DNA 

polymerase level might indicate the affinity of the cells to a repair pathway. Sfeir A. et al show that 

POLQ shifts the repair system from HR to Micro homology-Mediated End Joining (MMEJ) by 

inhibition of RAD51 (HR factor) (50). MMEJ is an alternative to NHEJ and is more error-prone (51, 52). 

On the other hand POLH and POLN are required for HR (53, 54). Simultaneous down regulation of 

POLQ, POLH, and POLN in absence of MTH1 and MUTYH may indicate a shift from HR to NHEJ. This is 

in line with earlier study that showed MTH1 inhibition increase 53BP1 foci (DSB marker) (25, 28). 

53BP1 and RAD51 specific antibody staining is suggested to be used for analysis of number of foci in 

this condition. By over expression of POLN or POLQ and shift from NHEJ pathway we can study its 

effect on cell death induction. 

Overall, the study showed that cooperation between MTH1 and MUTYH is required for T-cell ALL 

survival and dual suppression of these enzymes can be suggested as a potential treatment for this 

type of cancer. 

5. Material and methods 

5.1. Competent cells’ production 
Competent cells from Stbl3 E.coli species were produced according to Rubidium chloride protocol as 

described in Methods Enzymol. 2013 (55).  

5.2. shRNA cloning in vectors 
Vectors used in this experiment were kindly provided by Dr. Altun’s lab. This plasmid has a few 

modifications from pRSITEP-U6Tet-sh-EF1-TetRep-2A-Puro (Cellecta Inc., Mountain View, CA, USA). A 

1.2 kb stuffer (YFP) was inserted right after U6-tet inducible promoter to help for the selection of the 

digested plasmid on the agarose gel. GFP or RFP670 reporter was inserted after Puromycin-resistant 
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gene and linked by P2A fragment so that it can be expressed by EF promoter in upstream. Figure 12 

illustrates the modified plasmid structure. shRNAs from Sigma were prepared according to the 

protocol for annealing oligonucleotides presented by Sigma-Aldrich official web site (56). Table 1 

shows oligo sequences for all shRNAs used in this experiment. 

 

 

Figure 12. Plasmid which is used in the experiment: Modified version of pRSITEP-U6Tet-sh-EF1-TetRep-2A-

Puro, from Cellecta. Stuffer (YFP) and reporter (GFP/RFP670) were added to the original structure to help in 

selection and sorting steps. 

 

Table 1. Oligonucleotide sequences used in shRNAs from TRC library 

 

Oligo Sequence 

Forward

/ 

Reverse 

 

shRNA 

CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTG F NT 

AATTCAAAAACCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG R NT 

CCGGCCTGCTTCAGAAGAAGAAATTCTCGAGAATTTCTTCTTCTGAAGCAGGTTTTTG F MTH1#1 

AATTCAAAAACCTGCTTCAGAAGAAGAAATTCTCGAGAATTTCTTCTTCTGAAGCAGG R MTH1#1 

CCGGCCCGACGACAGCTACTGGTTTCTCGAGAAACCAGTAGCTGTCGTCGGGTTTTTG F MTH1#2 

AATTCAAAAACCCGACGACAGCTACTGGTTTCTCGAGAAACCAGTAGCTGTCGTCGGG R MTH1#2 

CCGGCCACTGTGATCAACTACTATACTCGAGTATAGTAGTTGATCACAGTGGTTTTTG F MUTYH-

#1 

AATTCAAAAACCACTGTGATCAACTACTATACTCGAGTATAGTAGTTGATCACAGTGG R MUTYH-

#1 

Stuffer (YFP) 

TetR 

Puro 

P2A 

AgeI EcoRI 

P2A 

XbaI 

SalI 
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CCGGCAAGCTGACATATCAAGTATACTCGAGTATACTTGATATGTCAGCTTGTTTTTG F MUTYH-

#2 

AATTCAAAAACAAGCTGACATATCAAGTATACTCGAGTATACTTGATATGTCAGCTTG R MUTYH-

#2 

 

Vectors were digested by FastDigest AgeI (ThermoFisher FD1464) and FastDigest EcoRI 

(ThermoFisher FD0274) enzymes and treated by FastAP Thermosensitive Alkaline Phosphatase 

(ThermoFisher EF0654). Digested vectors were purified from the gel by Wizard® SV Gel and PCR 

Clean-Up System (Promega A9280). shRNA oligomers were ligated in the digested plasmid using T4 

Polynucleotide Kinase (T4 PNK) (Thermo Scientific EK0031) and T4 DNA Ligase (ThermoFisher 

EL0014). Then competent cells can be transformed by the vectors containing shRNA, by adding 10 µl 

of DNA (plasmid) to each tube of bacteria. For this purpose we used S.O.C. Medium (ThermoFisher 

15544034) according to its protocol and then all tube content were transferred to Ampicilin plate for 

overnight growth at 37°C. Five positive colonies from each plate were chosen and underwent PCR by 

DreamTaq Green PCR Master Mix (2X) (ThermoFisher K1081) kit. Table 3 represents the primers for 

the colony PCR. 1.2 kbp band on gel express the vector containing stuffer and 200 bp band presents 

successfully ligated vector. Positive samples are sent to MWG Europhins (Eurofins Genomics, à la 

Carte Sequencing Service) for sequencing.  

Vectors were produced and purified from the bacteria by PureYield™ Plasmid Miniprep (Promega 

A1220) kit according to its suggested protocol. 

 

                              Table 3. Colony PCR primers. 

 

Oligo Sequence 

Forwar

d/ 

Reverse 

 

Name 

GGA CTA TCA TAT GCT TAC CGT 

AAC 

F U6-tet-F 

TGG ATG AAT ACT GCC ATT TGT 

CTC 

R U6-tet-R 

 

5.3. cell-line establishment by lentivirus transduction 
Jurkat A3 cells were purchased from American Type Culture Collection (ATCC). The technician 

produced stable cell line according to the instruction published by Genetic Perturbation Platform, 

Broad Institute (57). Shortly, target cells were transduced by virus harvested from transfected 

HEK293T cells. Then, cells were selected in 1 µg ml-1 puromycin media for 6 days. The cells were then 

sorted for top 15% of the double positive population, expressing GFP and RFP670 reporters. Sorting 

was performed by BD Influx™ Cell Sorter (BD Biosciences) in Science for Life Laboratory FACS facility. 

5.4. Cell Culture 
4×106 Jurkat A3 cells (from ATCC) containing shRNA were cultured in 20 ml RPMI 1640 Medium, 

GlutaMAX™ Supplement (Thermofisher 61870044) having 10% Fetal Bovine Serum (FBS) -qualified, 

heat inactivated- (ThermoFisher 16140071) in it. Cells were treated by 250 ng/ml Doxycycline hyclate 
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(Sigma D9891) for 4 days. Original batch of the cells (untreated) have been passaged once in every 3 

days not to exceed 1.5 ×106 cells per ml. 

5.5. q-RT-PCR analysis 
Total mRNA was extracted from 0.4 ×106 of the cell sample by Direct-zol™ RNA MiniPrep Kit (Zymo 

Research, R2053) from which cDNA was synthesized by iScript cDNA Synthesis Kit (Bio-Rad, 

1708891). The reaction protocol composed of 5 minutes incubation at 25°C, followed by 30 minutes 

in 42°C for synthesis and then inactivation of the enzyme by 5 minutes incubation in 85°C. 

Quantitative real-time PCR was performed to find the expression level of enzymes, by means of iTaq 

Universal SYBR Green Super mix (SGS) (Bio-Rad, 1725124) on a Bio-Rad CFX96 Touch™ Real-Time PCR 

machine using cDNA and primers against MTH1, MUTYH, DNA glycosylases, DNA polymerases, and 

TBP and UBC as reference genes (table 4). The data was transformed to the relative mRNA level by 

CFX Manager™ Software (Bio-Rad). 

 

Table 4. QRT-PCR primers. 

size 

(bp) 

 

Reverse 

 

Forward 

 

Accession 

 

Target 

   Reference Genes 

80 AATCAGTGCCGTGGTTCGT

G 

CCCGAAACGCCGAATATAATCC NM_003194 TBP 

123 ATCTGCATTGTCAAGTGAC

GA 

CGGTGAACGCCGATGATTAT NM_021009 UBC 

   DNA Glycosylases 

75 GGCTGGTCGAAGAACTCCA

A 

CCCATACCGCAGCATCTATTT NM_002434 MPG 

122 TTGAACACTAAAGCAGAGC

CC 

CCCCACACCAAGTCTTCACC NM_003362 UNG 

113 CGAGTCACGTAGTTGCGAT

G 

GAGGAGCTTCGGCTCAATG NM_00124379

1 

SMUG1 

160 GCAGAAGCGATGGGTTCTT

GTA 

CCGTCACCTCTAGTGAGCG NM_003925 MBD4 

145 TTCCACTGGTTGTTTTGGTT

CT 

TGAAGCTCCTAATATGGCAGTT

G 

NM_003211 TDG 

165 GGATGAGCCGAGGTCCAAA

AG 

ACTCCCACTTCCAAGAGGTG NM_016820 OGG1 

167 CTGCATCCATCCGGTATAG

TAGT 

GCCTGCTAAGCTGGTACGAC NM_00104817

4 

MUTY

H 

136 CTCATGGCACGGATGTTGA

C 

CGCGGAAAGCACAGAGACT NM_002528 NTHL1 
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218 GTCCACGAAACATAGGGCG

AG 

CCTACCGCATCTCAGCTTCAG NM_00125655

2 

NEIL1 

118 GCACTCAGGACTGAACCGA CTGTCTGCTATACACTGCTGGA NM_145043 NEIL2 

222 GACCACAATTAGGACGCTT

GTAA 

TGGATCAGAACGTATTGCCTGG NM_018248 NEIL3 

   DNA Polymerases 

91 TGCTCCACAACCTGATGTA

AC 

CCAGTGGTGACATGGATGTTC NM_002690 POLB 

204 TCCTCCCTGGGCATACGTT GAAGCTGGACCATATCAGTGAG

A 

NM_00117408

5 

POLL 

142 GCAGTCTTCACACCGACCC ACTTTGGAGAACACTCCTCTAG

G 

NM_013284 POLM 

205 GCATCCGTGAATATCTGGT

TACA 

ATGTCTCCTGGCTGATCGAAT NM_004088 DNTT 

171 GTCACTGCGAGCTTCTTTA

CAT 

ACGCCAGGATGATGACTGGA NM_016937 POLA1 

239 ACGGCATTGAGCGTGTAGG ATCCAGAACTTCGACCTTCCG NM_00125684

9 

POLD1 

76 AACCCTTTCTGGTCGCAAT

GT 

ATTCAAGATGACGGAAGCAGAT

T 

NM_006231 POLE 

218 AGGTAGGGAATATGCGCTT

CA 

AATGTGGCTTTAGGCAATCCA NM_002912 REV3L 

80 GCACGAGCTTCATAACTCA

CTG 

AGGAATAAACCTTGTGCAGTTG

T 

NM_006502 POLH 

122 GTTGAACCCCTAAAGGTTT

GTCT 

AGTGTTGCCCACACCAAATG NM_007195 POLI 

96 CATCAATCCTGGCCTTTTTG AACCCAGTTAATCAACCCAAAG NM_016218 POLK 

191 GGAGAGGAGTCGTCCAGCT

T 

CTTCCGCTGAGGAATTGAGAAA NM_00103787

2 

REV1 

248 CTGGAAGTTCTCACGAATG

TCC 

AGCGCAGTCTGTGGATAGC NM_002693 POLG 

178 GCAAAAGTTCCAGCAGATA

CCC 

ACCTCTCCATCAAGGCATTTCT NM_199420 POLQ 

110 TGCTCCAATTCCTTGAGAC

GA 

CCTCTGATACCAATTTTGGCAG

T 

NM_181808 POLN 

   Nudix Hydrolase 

140 GTGGAAACCAGTAGCTGTCGCTCATGGACGTGCATGTCTT NM_198953 MTH1 
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GT 

 

5.6. Protein level analysis  
1.5×106 cells had been collected (washed in cold PBS) and re-suspended in 50 µl lysis buffer (Tris 

Buffer Salin –Tris Cl (50 mM) in pH 7.5, NaCl (150 mM)- Protease Inhibitor Cocktail Roche complete™ 

Tablets (04693116001), and Halt™ Phosphatase Inhibitor Cocktail (ThermoFisher 78420)) followed by 

3 steps of freeze (-80°C)-thaw (37°C). Samples were centrifuged for 20 minutes, 17000 g in 4°C from 

which the supernatant is used for concentration determination using Pierce™ BCA Protein Assay Kit 

(Thermo Fisher 34095). Then 25 µg of sample denatured in 1:10 denaturation buffer (Beta 

Mercaptoethanol: Laemmli Sample Buffer (LSB)) boiled in 95°C for 10 minutes (4x Laemmli Sample 

Buffer (Bio-Rad 161-0747) and Beta Mercaptoethanol (Sigma ML-F25-63689)). 25 µl (minimum 12µg) 

of protein sample and 5 µl of Precision Plus Protein™ Dual Color Standards (Bio-Rad 1610374) were 

separated on Mini-PROTEAN TGX™ Precast Gels (Bio-Rad 4561083) using Mini-PROTEAN Tetra Cell 

and PowerPac Basic Power Supply (Bio-Rad 1658025). The electrophoresis buffer was 10x 

Tris/Glycine/SDS Electrophoresis Buffer (Bio-Rad 1610772). Separated proteins were transferred to 

membrane by Trans-Blot® Turbo™ RTA Mini Nitrocellulose Transfer Kit (Bio-Rad 1704270) through 

Trans-Blot® Turbo™ Transfer Starter System (Bio-Rad 1704155). The membrane was blocked by 5% 

milk or 1% BSA in TBS-T (TBS with 0.05%Tween20) for one hour shaking at room temperature (RT). 

The membrane was probed with primary (1 hour at RT or overnight at +4 °C) and secondary (45 

minutes at RT) antibodies diluted in blocking solution (table 5) that were conjugated to Hourse 

Radish Peroxidase (HRP) and developed by SuperSignal™ West Femto Maximum Sensitivity 

Substrate, (ThermoFisher 34095) in the LI-COR, Odyssey Fc imager. The image was quantified and the 

data was analyzed using Image Studio Lite software. 

 

Table 5. Western blot primary and secondary antibodies. 

Band Size 

(kDa) 

species Company (Cat. 

No.) 

Accession Primary 

Ab. 

35 Rabbit polyclonal 

IgG 

 Santa Cruz (sc-

25778 ) 

NP_00124372

8 

GAPDH 

20 Rabbit polyclonal 

IgG 

 Novus Biological 

 (NB109-100) 

NP_945191 MTH1 

         50 Mouse monoclonal 

IgG 

Abnova 

(H00004595-M01) 

NP_00104163

9 

MUTYH 

species Company (Cat. 

No.) 

Conjugate Secondar

y Ab. 

Donkey Anti-Rabbit IgG Jackson 

ImmunoResearch  

 (711-035-152) 

Horseradish 

Peroxidase 

(HRP) 

Anti-

Rabbit  IgG 

Donkey Anti-Mouse IgG Jackson 

ImmunoResearch  

Horseradish 

Peroxidase 

Anti-

MouseIgG 
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 (715-035-150) (HRP) 

Donkey Anti-Rabbit IgG LI-COR (925-

68073) 

IRDye® 

680RD 

Anti-

Rabbit  IgG 

Donkey Anti-Mouse IgG LI-COR (925-

32212) 

IRDye® 

800CW 

Anti-

MouseIgG 

 

5.7. Flow cytometry 
To find the cell death ratio 1.5-2 ×106 cells were collected. Cell sediments have been re-suspended in 

Dulbecco's Phosphate-Buffered Saline (PBS, ThermoFisher Scientific) plus ethanol 100% followed by 2 

hours incubation at -20°C for fixation. To preserve cells from damage during centrifugation (2000 g, 

10 minutes), FBS 1% was added in advance. Dissolved sediments in DPBS and BSA 1% (Bovine Serum 

Albumins, Sigma-Aldrich) proceed to one further centrifugation step (2000g, 10 minutes). Incubation 

of samples for 20 minutes was done at room temperature in dark by DNA staining solution, 

composed of 10 μg/ml DAPI 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (Sigma 

D9542), 0.1 mg/ml RNase A (Thermo Fisher EN0531). Then, samples were ready to analyze by Flow 

cytometer (Navios ، Beckman Coulter). In order to get the percentage of cell population in sub-G1 

phase in each condition, the data was analyzed using Kaluza Flow Cytometry Analysis Software 

(Beckman Coulter). 

5.8. Statistical analysis 
Mean± standard error of mean (SEM) is the way that data is shown and any value with P < 0.05 

assumed to be significant. Analytical group comparison was done by ANOVA in Prism 6, Graphpad 

Software. 

6. Contribution 
Experiments have been done under supervision of Saeed Eshtad (PhD candidate) in the lab. Cloning 

and Western blotting were done by the master student, Zahra Mavajian, while qRT-PCR, flow 

cytometry sample preparation, and cell culture were first trained by the co-supervisor, Saeed Eshtad, 

(for the first repeat) and then continued by the master student for next repeats. Cell sorting was 

done by the responsible person in the FACS facility at SciLife lab, Stockholm. Establishment of cell-

lines by lentivirus, and running the Flow cytometer machine were done by Saeed Eshtad in Helleday 

lab as special certificate is required for these.  
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