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ABSTRACT 
 
Cancer economic impact is enormous and depending on the stage in which a colon cancer 

is detected, five-year survival rates for colon cancer may be as high as 74%, or as low as 

6% (American Cancer Society, 2012). Thus early prevention of colon cancer is crucial to 

maximize the chances of survival and total remission, and also to save billions of dollars 

spent on treatment. This project will provide an experimentally tested basis for 

identification of individuals at increased risk, and allow for targeted treatments to reduce 

such risk such as increased screening and/or pharmacological interventions. 

Combinations of genetic and environmental factors determine an individual’s 

susceptibility to cancer.  Exposure to carcinogens, including the ubiquitous polycyclic 

aromatic hydrocarbons (PAHs), and mutations in DNA repair pathways, such as DNA 

mismatch repair (MMR), or nucleotide excision repair (NER) are associated with 

increased cancer risk. We hypothesized that partial deficiencies in multiple DNA repair 

pathways can interact synergistically to increase the carcinogenic effects of 

environmental exposure. We plan to create an experimental system to model the 

individuals who have multiple, partially deficient DNA repair pathways, specifically in 

the MMR and NER pathways. The goal was to use siRNA to create isogenic cell cultures 

with reduced gene expression for several different genes: MLH1 and MSH2 that are 

important for MMR, and XPA, which is an essential NER gene. We anticipated to use the 

created cell cultures to measure mutation induced by PAH exposure. Preliminary data 

suggested successful reduction in the accumulation of MLH1 and MSH2, in particular, at 

48 and 72-hour post-transfection with siRNA. Unfortunately, the project did not progress 

to targeting XPA siRNA’s gene or the creation of multi-deficient cell cultures.  

 
Key Words: DNA Mismatch Repair, Nucleotide Excision Repair, Polycyclic Aromatic Hydrocarbons, 

Cancer.  
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Introduction 

Cancer is a broad group of different diseases that all involve out-of-control 

growth of abnormal cells in the body, resulting in malignant tumors.  Malignant tumors 

can travel to distant sites though the bloodstream or the lymphatic system.  Each year, 7.6 

million lives are lost to cancer worldwide – more than AIDS, tuberculosis, and malaria 

combined – according to the Union for International Cancer Control (UICC).  By 2030, 

the annual number of cancer deaths may be as high as 13.2 million people.  In the U.S., 

about 77,190 deaths from cancer were estimated in 2012.  One in three people will 

develop cancer during their lifetimes (National Cancer Institute (NCI), 2012), and one in 

nine people will develop a second cancer if they survive the first one (Executive 

Healthcare Management, 2012).  Moreover, the economic impact of cancer is massive; 

nearly $124 billion in indirect mortality costs due to loss of productivity (American 

Cancer Society (ACS), 2012).   

There are more than 100 different types of cancer, generally named for the organ 

or type of tissue in which they initiated.  Among the different types of cancers, the third 

most leading cause of cancer-related deaths in the U.S. is colorectal cancer (CRC) (ACS, 

2012).  The NCI estimates  there where 143, 460 new colorectal cancer cases and about 

51, 690 deaths in the U.S. in 2012.  Approximately $12.2 billion is spent in the United 

States each year on colorectal cancer treatment (NCI, 2012).  
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According to the NCI, greater than 35 percent of cancer deaths could be prevented 

by controlling tobacco use, diet, alcohol use, infection and other factors known to have 

direct association with increased cancer risk.  Screening for colorectal cancer and 

improving access to effective treatments could also save lives.  Depending on the stage in 

which a colorectal cancer is detected, five-year survival rates may be as high as 74%, or 

as low as 6% (ACS, 2012).  Thus, early prevention of colon cancer is crucial to maximize 

the chances of survival and total remission, and also to save potentially billions of dollars 

spent on treatment.  However, effective prevention depends on a full understanding of 

individual risk factors.  

Cancer is a complex disease in which several factors contribute to elevate risk. 

Exposure to certain environmental agents is known to increase risk of developing cancer, 

including UV irradiation and certain chemical carcinogens known to damage DNA. UV 

irradiation tends to cause a specific type of lesion known as a cyclobutane pyrimidine 

dimer (CPD), while some chemical carcinogens, such as the polycyclic aromatic 

hydrocarbons (PAHs), produce metabolites capable of adducting DNA. These adducts 

change the chemical structure of DNA, forming bulky lesions on bases, thereby 

interfering with normal DNA replication and increasing the likelihood of mutation in the 

DNA (Zhang, 2007).   

Genetic factors also can increase cancer risk. Many genes have been identified as 

tumor suppressers and when these genes are mutated to express phenotypic changes, they 

can contribute to the development of cancer. According to the NCI, the risk of developing 

CRC is non-uniform throughout the general population; risk differs considerably, based 
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on exposure to known carcinogens, family history and genetic background. Although 

each of these factors can increase cancer risk, how combinations of different risk factors 

interact in an individual to determine risk is not well understood.  Better understanding of 

the mechanisms by which genetic deficiencies affect cellular response to carcinogenic 

agents is essential to better calculate individual risk. 

 

Human DNA Repair Systems   

DNA damage can occur as a result of exogenous factors such as exposure to UV 

irradiation, which can be associated with skin cancer, or tobacco smoke, which can lead 

to lung cancer.  In addition to environmental agents, DNA also is subject to endogenous 

damage such as oxidative damage from the byproducts of metabolism and free radicals.  

The DNA replication process also is prone to errors, resulting in approximately one 

mismatched base pair per 107 nucleotides, in addition to many insertion/deletion loops in 

repetitive sequences (Antony, 2003).  Considering the constant assaults by endogenous 

and environmental agents on the DNA, life has evolved a multitude of pathways to detect 

and repair DNA damage (Jackson, 2009).   

DNA repair is defined as the intracellular biochemical pathways with which DNA 

damage is identified and repaired or mitigated. Such responses are biologically 

significant because they help prevent diverse human diseases including cancer, premature 

aging and neurodevelopmental disorders. Each of the ~ 10 13 cells in the human body 

receives tens of thousands of DNA lesions per day (Jackson, 2009).  Many of these 
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lesions cause structural damage to the DNA and can alter or block cellular replication and 

transcription.  If these lesions are not repaired, or are repaired incorrectly, they can lead 

to mutations or cell death (Jackson, 2009).  

DNA Mismatch Repair  

DNA mismatch repair (MMR) corrects mismatched base pairs and small 

insertion/deletion loops (IDLs), mostly resulting from DNA replication errors that 

managed to escape the proofreading activities of replicating polymerases (Fukui, 2010).  

MMR improves the fidelity of DNA replication by several orders of magnitude and 

therefore contributes to genome stability.  It is highly conserved between species 

including humans (Table 1).  MMR is an excision/resynthesis process that can be divided 

into four phases; the recognition of mismatched bases by proteins of the MutS family, the 

recruitment of necessary factors for the repair process, the excision of the sequence with 

the mismatched base(s), followed by the re-synthesis using DNA polymerase and the 

primary strand as a template (Jascur, 2006) 

In eukaryotes, DNA mismatches are recognized by one of two heterodimeric 

proteins complexes: MutSα, which is comprised of two subunits; MSH2 and MSH6, and 

MutSβ made up of MSH2 and MSH3 subunits. These complexes have somewhat 

overlapping mismatch recognition capacities: MutSα recognizes single mismatched base 

pairs and small IDLs of one or two nucleotides.  The MutSβ complex has more affinity 

for larger IDLs of two to five unpaired nucleotides (Dekker, 2011). The MutS complexes 

associate with the DNA, recruiting another heterodimeric complex comprised of MutL 
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homologues. MutL has three forms designated as MutLα, MutLβ and MutLγ. The human 

MutLα heterodimer is comprised of two subunits, MLH1 and PMS2, MutLβ complex of 

MLH1 and PMS1 and MutLγ of MLH1/MLH2.  MutLα acts as the molecular 

matchmaker, coordinating events in mismatch repair (Jascur, 2006).  The MutLα 

(MLH1/PMS2) heterodimer harbors a latent endonuclease activity that nicks the 

discontinuous strand of the mismatched duplex either 3’ or 5’ from the site of the 

mismatch (Fukui, 2010). The interaction between the MutS and MutL heterodimeric 

complexes is essential for activation of successive MMR steps (Wang, 2006). MSH2 and 

MLH1 are the major human MMR proteins, since they contribute to all heterodimers and 

are essential for stabilization of their heterodimeric partners (Brieger, 2010).  

Following activation of MutLα endonuclease activity (Figure 1), exonuclease 1 

(EXO1) removes the DNA segment spanning the mismatch in the direction of 5’-3’. The 

replication protein A (RPA) stabilizes the single-stranded gap (Fukui, 2010), and 

polymerase δ loads at the 3’ terminus of the original discontinuity, which carries a bound 

proliferating cell nuclear antigen (PCNA) molecule. This sliding clamp is loaded onto the 

3’ terminus of an Oakazaki fragment or onto the 3’ end of the leading strand by 

replication factor C (RFC).  This complex fills the gap, and the DNA ligase I seals the 

remaining nick. (Jiricny, 2006) 
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MMR-Deficiency 

In the absence of MMR, mutation rates are dramatically increased, which elevate 

the likelihood of mutating one of the tumor suppressor genes in which a normal cell will 

become a cancerous. The importance of a mutator phenotype in the development of 

cancers has been demonstrated in many models. The study of mice with mutations 

inactivating MMR genes or the proofreading functions of the replicative DNA 

polymerases Polδ and Polε showed an increased incidence of spontaneous cancer (Loeb, 

2011).  Individuals with mutations in genes necessary for MMR also have an increased 

risk of certain extra- colonic cancers, including tumors of the endometrium, stomach, 

small bowel, ovary, hepatobilliary tract, renal pelvis, and ureter (Pino, 2009).  

Two different MMR deficiencies have been identified; total biallelic genetic 

deficiency in one of the main MMR pathway proteins such as MLH1, or MSH2, causes 

mismatch repair cancer syndrome (MMRCS).  Individuals with MMRCS have a 

dramatically elevated risk of developing colorectal cancer (Ripperger, 2009). The other 

MMR phenotype that has been studied is the partial, or monoallelic, genetic deficiency in 

one of the main MMR proteins causing Lynch syndrome, which is a genetically inherited 

autosomal dominant condition (Vasen, 2007).  

The affected individuals with Lynch syndrome, (also known as hereditary non-

polyposis colorectal cancer), inherits a germline mutation in one or more of the four 

essential MMR proteins: hMLH1/hPMS2 (MutLα) or hMSH2/hMSH6 (MutSα), 

elevating the individual’s risk of developing early-onset colon cancer (Pino, 2009). The 

importance of a mutator phenotype in the development of cancers has been demonstrated 
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in many models. The study of mice with mutations inactivating MMR genes or the proof-

reading functions of the replicative DNA polymerases Polδ and Polε showed an increased 

incidence of spontaneous cancer (Loeb, 2011).  Individuals with Lynch Syndrome also 

have an increased risk of certain extra- colonic cancers, including tumors of the 

endometrium, stomach, small bowel, ovary, hepatobilliary tract, renal pelvis, and ureter 

(Pino, 2009).  

Cancer cases that are associated with MMR deficiency exhibit a phenotype 

known as microsatellite instability (MSI). Microsatellites are repeated-sequence motifs, 

which are present throughout the human genome. During DNA synthesis, the primer and 

template strands in microsatellites can occasionally disassociate and re-anneal 

incorrectly, giving a rise to heteroduplex DNA molecules (so-called IDLs), in which the 

number of microsatellite-repeat units in the template and the daughter strand vary. In the 

absence of MMR, mismatched base pairs and IDLs remain uncorrected, which leads to 

generation of new mutations.  Preliminary data from Buermeyer lab demonstrated that 

PAH exposure induce mutation in MMR genes, suggesting that individuals with MMR-

deficiencies would be at elevated risk of cancer from exposure to PAHs.   

 

Nucleotide Excision Repair Machinery 

Nucleotide excision repair (NER) is highly versatile and sophisticated DNA damage 

removal pathway.  The NER pathway is a particularly intriguing repair pathway, because 

it has extraordinarily wide substrate specificity (Laat, 1999).  This specificity allows it to 
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recognize and repair a large number of structurally unrelated lesions. These include DNA 

damage formed by exposure to UV irradiation from sunlight or by exposure to one of the 

numerous mutagenic environmental chemicals that induce bulky DNA adducts, including 

PAHs (Gillet, 2006).  NER operates through a “cut and patch” process by excising and 

removing short fragments of DNA that are 24 to 32 nucleotides long containing the 

damaged base. Following the excision, NER restores the original strand of the DNA 

using the complementary strand as a template.   There are two distinct NER sub-

pathways that have been identified, global genome NER (GG-NER), which repairs 

lesions throughout the entire genome and the transcription-coupled NER (TC-NER), 

which specifically repairs transcription-blocking lesions present in actively transcribed 

genes (Gillet, 2006).   

The NER pathway involves a sequential cascade of events that starts with damage 

recognition, which defines the major difference between GG-NER and TC-NER (Figure 

2). The GG-NER sub-pathway depends on the activity of all of the NER proteins and 

factors (Table 2) including the GG-NER specific complex, XPC-hHR32B, which is a 

DNA damage sensor and repair-recruitment factor.  However, TC-NER detects damage 

when the elongating RNA polymerase II complex is blocked as it encounters a lesion 

during transcription.  (Laat, 1999) The subsequent steps in both pathways are carried out 

by a common set of NER factors that are shared by both sub-pathways (Table 3).  

Following damage recognition, the general transcription factor, TFIIH, which 

includes the XPB and XPD helicase proteins, mediates strand separation around the 

lesion.  XPA is a crucial protein for the assembly of the reminder of the repair machinery 
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that, together with a replication protein (RPA), appears to control the proper assembly of 

the NER proteins by recognizing appropriately distorted DNA and thereby indirectly 

confirming the existence of the lesion (Gillet, 2006). RPA stabilizes the open DNA 

complex and is involved in positioning the XPG and ERCCI-XPF endonucleases 

responsible for the DNA incisions on either side of the lesion. The gap generated by 

excision of the damage-containing oligonucleotide is filled and closed by a DNA 

polymerase and associated general replication factors (Laat, 1999). 

 

NER Deficiencies 

Inherited deficiencies in the NER pathway cause human autosomal recessive 

diseases such as Xeroderma pigmentosum (XP), which is characterized by an extreme 

sensitivity to sunlight and greatly increased UV-induced mutation rates.  Individuals with 

XP have a greater than 1000-fold increased risk of skin cancer and a 30-year reduction in 

life span (Quayle, 2011).  It is a rare disorder that affects 1 in 250,000 individuals in the 

western countries and up to 1 in 40,000 in North Africa and Japan. Most XP patients have 

defect in both GG-NER and TC-NER (Gillet, 2006). NER-deficient cells also are very 

sensitive to killing by exposure to PAHs, such as B[a]P, and transgenic mice lacking 

NER exhibit dramatically elevated B[a]P-induced mutation and cancer rates, suggesting 

that NER is an important pathway for protection against cancer associated with exposure  

to environmental PAHs (Lagerquist, 2008).  
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Although Lynch syndrome is associated with a dramatically increased risk of 

colorectal cancer and other inherited cancers, Lynch syndrome cases accounts only for 3-

5% of all cases of colorectal cancer in the western world (Brieger, 2010). MMRS and XP 

cases are even rarer.  The genetic factors underlying the susceptibility in the general 

population, which comprise the majority of cancer cases, are not known. Therefore, 

understanding the inherited risk in the general population is a very important unanswered 

question.  

 

Environmental carcinogens    

Environmental factors, such as exposure to chemical carcinogens can increase 

cancer risk. These chemical carcinogens are ubiquitous in nature and human exposure is 

almost unavoidable.  Polycyclic aromatic hydrocarbons (PAHs) are environmental 

carcinogens that result mostly from the incomplete combustion of organic compounds.  

Exposure to humans can come from, but is not limited to, fossil fuel processing, smoking 

and grilling food (Zhang, 2009).  Also, natural events such as forest fires and volcanic 

eruptions contribute to levels of PAHs in the air, soil and environment.   

There are over 1,000 different PAHs, 16 of them have been identified by the 

Environmental Protection Agency (EPA) as ‘priority pollutants’, 15 of which have been 

reported to be carcinogenic, cytotoxic and mutagenic (Figure 3). Benzo[a]pyrene (B[a]P) 

is one of them, and it is classified as a group 1 carcinogen, indicating it is carcinogenic to 

humans (The International Agency for Research on Cancer (IARC)).  
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In 1987 the Food and Agriculture Organization (FAO) and World Health 

Organization (WHO) determined that amounts of B[a]P should not exceed 10 ppb in 

foods; however, some barbecued meats have been found to contain up to 30 ppb of 

B[a]P. (Phillips, 1999).  PAHs are metabolically activated intracellularly to reactive diol 

epoxides (DE).  The DEs can subsequently bind to the DNA covalently and form stable 

adducts. These adducts initiate the process that ultimately result in mutation and can 

eventually lead to cancer. Therefore, PAH exposure is associated with increased risk of 

cancer (Lagerquist, 2008).  

Study Overview  

Exposure to certain environmental agents, such as PAHs, can increase risk of developing 

cancer.  DNA repair pathways are important for protection against the toxic effects of 

DNA damaging agents (Helleday, 2008), and deficiencies in important genes in DNA 

repair pathways are associated with increased risk of cancer (Briger, 2010). Although the 

individuals who are completely deficient in one of these pathways are very susceptible to 

developing cancer, such individuals account for only a small percentage of all cancer 

cases (Poulogiannis, 2010). The genetic factors underlying the susceptibility in the 

general population, which comprise the majority of cancer cases, are not known. 

Therefore, understanding the inherited risk in the general population is a very important 

unanswered question. We hypothesized that partial deficiencies in multiple pathways, for 

example in MMR and NER, would interact synergistically to increase the risk of 

genotoxic effects of carcinogenic exposure in the general population. We sought to create 

an experimental system to model those individuals who have multiple, partial 
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deficiencies in DNA repair pathways by creating isogenic cell cultures with reduced gene 

expression for several different genes essential for either MMR (MLH1 1 and MSH2) or 

NER (XPA). We focused on the MMR and NER pathways because both pathways are 

extremely important for suppressing human cancer risk and because both pathways 

appear important for suppressing mutations induced by PAH exposure. The effect of 

combined deficiencies on PAH-induced mutagenesis has not been studied previously. We 

predicted cells with combined deficiencies MMR and NER would exhibit a synergistic 

increase in PAH-induced genotoxicity.  Review of the literature identified several 

siRNAs reported to reduce MLH1 or MSH2 (Brieger, 2010, Takahashi, 2010).  Similarly, 

we also identified siRNAs reported to successfully reduce XPA protein levels in cells 

(Lin, 2006). Using transfection with multiple conditions, we were able to demonstrate a 

partial reduction in accumulation of MLH1 and MSH2 in cultured HeLa cells over 

multiple time points using the identified siRNA. The project did not progress to testing 

the XPA-targeting siRNA in our cells, or therefore to testing the effects of combined 

deficiencies. Our results did confirm the potential utility of specific siRNA targeting 

either MSH2 or MLH1, and helped establish transfection conditions for their use in 

cultured HeLa cells.  
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Materials and Methods 
	  
 

Cell Culture 

 

Cultured cells were maintained in sterile conditions in culture flasks (Greiner Bio-One, 

Longwood, Fl) in a humidified incubator with a 5% CO2 atmosphere at 37ºC.  Cellgro 

media and reagents (Mediatech Inc, Herndon, Va) were used exclusively unless 

otherwise specified. Cells were maintained with 10% complete medium (Dulbecco’s 

Modified Eagle’s Medium (DMEM)) with 4.5 g/L L-glutamine, 1X non-essential amino 

acids), 10% fetal bovine serum (FBS) (Tissue Culture Biologicals, Long Beach, 

California) and 100µg/mL penicillin-streptomycin (Cellgro) 

HeLa cells, adherent human cervical cancer cells, were a gift from Dr. S.K. 

Kolluri (Oregon State University, Corvallis, Oregon). Until needed, the cell lines were 

stored in liquid N2. Following an initial thaw, new cultures were maintained a minimum 

of one-week prior to use in specific experiments.  Cells were passaged using standard 

cultures techniques to maintain subconfluent cultures.  70-80% confluent cell cultures 

were harvested using trypsin and cells were counted manually using a hemocytometer 

loaded with 10µl of cell culture and Trypan Blue stain (Sigma) in a 1:1 ratio (v/v) to 

distinguish viable from nonviable cells.  
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siRNA Transfection 

 

1.5x105 cells per well were plated in 6-well dishes using 3 mL of complete 

medium, and allowed to recover in the incubator overnight. The following day, the cells 

were transfected with 10 or 20 nmol diluted siRNA (CAT#s SI02662072 and 

SI02663563, Qiagen, CA) and 12 or 24 µL HiPerFect Transfection Reagent (Qiagen, 

CA) according to the manufacturer’s instructions. Following transfection, the cells were 

returned to the incubator until harvest for preparation of whole cell protein lysates at 24, 

48, 72 and 96 hours post-transfection. Cells were harvested using trypsin and transferred 

to 15 mL conical tubes. 

 
 
 
Preparation of Whole Cell protein Lysates (WCL) 
 
 
 
Harvested cells collected in 15 mL conical tubes were pelleted by centrifugation at  

1500 xg for 4 minutes at room temperature.  The cells were resuspended by gentle 

pipetting in 5 mL cold 1X phosphate-buffered saline (PBS) and pelleted again. Pelleted 

cells were resuspended in approximately 1 mL of cold 1X PBS and transferred to a 1.7 

mL microcentrifuge tube. Following centrifugation, cells were resuspended first with 5 

packed cell volumes (PCV) of PBS (i.e, five times the volume of the cell pellet, estimated 

by visual comparison against known volumes of water in similar tubes), and then 

subsequently lysed using 5 PCV of a 2x lysis buffer containing 100 mM Tris-HCl, 4% 

sodium dodecyl sulfate (SDS) and 20% glycerol to which a protease inhibitor cocktail 

tablet (Complete Mini EDTA-Free, Roche Diagnostics, Indianapolis, Indiana) had been 
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added. The lysed cells were denatured by heating for 5 minutes at 95oC; WCLs were 

stored at -80oC. 

 

BCA (Bicinchoninic Acid) assay  

 

The protein concentration of individual WCLs was determined using a Bicinchoninic 

Acid assay (Thermo Fisher Scientific, Rockford, Illinois). The lysates samples were 

diluted 1:6 with water prior to analysis using the 96 well micro plate assay format. The 

absorbance data were collected on a SpectraMax 250 UV plate reader (Molecular 

Devices, Sunnyvale, California) at 538 nm. The obtained data were analyzed against a 

standard curve that was generated with bovine serum albumen (0 to 2000 µg/mL BSA 

analyzed in parallel on the same plate).  The protein concentrations of the lysates were 

determined by interpolation based on linear regression of absorbance values for the 

plotted standard curve using Prism 5.0d (Graph Pad Software, La Jolla, California).  

  

Protein Electrophoresis and Immunoblot  

 

To generate samples for immunoblots, 25-50 µg of WCL and 6X sodium dodecyl sulfate 

(SDS) loading buffer were mixed to make a final sample with 100 mM Tris-HCl, 4% 

sodium dodecyl sulfate (SDS) and 20% glycerol. The samples were denatured by heating 

at 95ºC for 5 minutes prior to electrophores using 18 or 24-well pre-cast Criterion 7.5% 

Tris-HCl gels (Bio-Rad, Hercules, CA), with 1X morpholino-propane-sulfonic acid 

(MOPS) running buffer (19.2 mM glycine and 2.5 mM Tris base (Bio-Rad), for 55 
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minutes at a constant 200 volts. All gels included a protein molecular weight standard, 

Precision Plus Protein (Bio-Red). Following the electrophoresis, the gels were soaked in 

transfer buffer (10% v/v methanol, 19.2 mM glycine and 2.5 mM Tris base in distilled 

water) for 15 minutes. An Immobilon-P polyvinyl difluoride (PVDF) membrane, which 

provides high binding capacity for proteins and nucleic acids, (Millipore, MA) was 

soaked in methanol for a few seconds, washed with distilled water and soaked for several 

minutes in transfer buffer. Using the submerged transfer protocol, proteins were 

transferred to the PVDF membrane in a Criterion Blotter (Bio-Rad), at a constant voltage 

of 100 V for 30 minutes. Following transfer, the membrane was washed for 1 hour in 

blocking solution (5% w/v powdered milk in TBST (90 mM NaCL, 1 mM KCl, 17 mM 

Tris, 0.1% Tween, pH 7.6)) and incubated either for an hour at room temperature or 

overnight at 4°C with 4 mL of blocking solution containing the primary monoclonal 

antibodies; anti-hMLH1 (51-1327GR, BD Biosciences, CA), anti-hMSH2 (NA 27, 

calbiochem, CA) and anti-hMSH6 (610918, BD Biosciences, CA).  The concentrations of 

the primary antibodies used were l.0 µg/mL (anti-MLH1), 0.2 µg/mL (anti-MSH2) and 

2.0 µg/mL (anti-MSH6). Excess primary antibody was removed by washing blots in 

TBST for approximately 1 hour with four changes of buffer (every 15 minutes).  

Incubation with secondary antibody was performed for 1 hour in 15 mL blocking solution 

containing goat-anti-mouse conjugated to horse radish peroxidase (HRP) (31430, Thermo 

Fisher) at a 1:5000 dilution with 3 µl Precision Streptactin-HRP Conjugate (5000x 

StrepTactin, Bio-Rad, CA). Following incubation with antibody, blots were washed twice 

with TBST for 15 minutes, and twice with TBS for 15 minutes. For the visualizing of 
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protein markers, 5 µl of Precision Streptactin-HRP conjugate (Biorad, CA) was used at a 

concentration of 50 µg/mL.  

Semi-Quantitative Immunoblot Data Acquisition and Analysis 

 

Immunoblots were developed following antibody incubations by soaking the blot in 15 

mL of SuperSignal West Pico chemiluminescent agent (Pierce Biotechnology, Rockford, 

IL) for 3 minutes.  The primary antibodies were visualized indirectly using the 

Supersignal West Pico Chemiluminescent Substrate Kit (Thermo Fisher Scientific) as per 

manufacturer’s instructions. A ChemiGenius Imager (Syngene, Frederick, Maryland) was 

used to capture the images, using the software program GeneSnap (Syngene). Image 

analysis was done using the GeneTools (Syngene) program. 

 

Results and Discussion 
 
  
 

In an initial experiment, we sought to test the extent of inhibition of MLH1 and 

MSH2 protein accumulation using siRNA in HeLa cells, a human cervical cancer cell 

line.  Although our study focuses on colon cancer, we used the HeLa cells because they 

are MMR-proficient, grow well in culture, are commonly used for scientific research, and 

published studies have shown successful inhibition of the accumulation of MLH1 and/or 

MSH2 in HeLa cells (Brieger, 2010, Takahashi, 2010).  Ultimately, we plan on using 

knowledge gained in these preliminary experiments to help design similar experiments 

using normal human colon cell lines (non-cancerous).  We transfected HeLa cells with 

siRNA targeting either MLH1 or MSH2 under standard conditions as per manufacturer’s 
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directions.  Cells were harvested from replicate cultures at 24 or 48-hours post-

transfection.  Following harvesting, the cells were lysed and WCL were used to perform 

an immunoblot to visualize protein accumulation (Figure 4).  As negative controls, we 

included lysates of cells untransfected with siRNA (U) and lysates prepared from cells 

transfected with a negative control siRNA with a jumbled sequence that targets no 

specific genes (N). We expected band intensities for MLH1, MSH2 and MSH6 to be 

similar in lysates of control cells. In contrast, cells transfected with siRNA targeting 

MLH1 should show reduced MLH1 signal, and cells transfected with siRNA targeting 

MSH2 should show reduced MSH2 signal. We also anticipated a possible reduction in 

MSH6 with the anti-MSH2 siRNA as MSH2 is reported to stabilized MSH6. Visual 

inspection of the immunblot image revealed some unexplained variability in band 

intensities in the 24-hour samples, especially the MSH6 signal in lane 1 versus 2, whereas 

control band intensities in the 48-hour samples were of consistent intensities (lanes 5-8). 

It is possible this variability in MSH6 is a localized problem with the immunoblot.  

However, bands representing MLH1 and MSH2 appeared consistent in the control lanes 

with both the 24 and 48-hour samples (Figure 4, lanes 1, 2, 5 and 6).  Based on visual 

inspection of band intensities, bands corresponding to MLH1 appeared reduced in lysates 

of cells transfected with MLH1-targeting siRNA compared to untransfected cells or cells 

transfected with control siRNA.  MLH1 accumulation was successfully reduced at 24 and 

48 time-points (Figure 4, compare lanes 3 and 7 versus 1, 2 and 5, 6, respectively).  

Although the MSH2 signal appeared reduced at 48-hours, the signals at 24-hours post-

transfection showed no apparent reduction in the accumulations of MSH2 relative to the 

controls (Figure 4: lanes 4 and 8). MSH6 also reduced, consistent with our expectation.  



 Fatimah Almousawi 
 

	   23	  

In conclusion, our initial results suggested that the siRNA successfully reduced the 

accumulation of MLH1 and MSH2 proteins, in particular at 48-hours post-transfection. 

These results raise additional questions; to what extent the proteins were reduced and 

what is the maximum degree of inhibition possible with these siRNAs? Also, what would 

happen at different time points and how would the degree of inhibition vary with 

different transfection conditions?  To answer these questions, I performed a series of 

transfection experiments starting with analyzing the time course for inhibition of MSH2.  

 
To analyze the time course for MSH2 inhibition, we preformed siRNA 

transfection using the same conditions as in our initial experiment, however, the time 

course over which the cells were harvested for analysis was extended to 96-hours.  

Following cell harvest, WCLs were analyzed using immunobloting to assess of the 

accumulation of MMR proteins.  As negative controls, we used lysates of cells 

untransfected with siRNA (U) and lysates prepared from cells transfected with the 

negative siRNA (N) (Figure 5, lanes 2, 3, 5, 6, 8, 9, 11 and 12).  As expected, bands 

representing MLH1 did not vary significantly, which confirm that our MSH2 siRNA is 

specific for MSH2. In contrast, bands corresponding to MSH2 appeared reduced in 

lysates of cells transfected with MSH2-targeting siRNA relative to untrasfected cells or 

cells transfected with control siRNA. Similar to our initial experiment (Figure 4), MSH2 

signal did not appear reduced relative to the controls at 24-hours post transfection (Figure 

5, lane 4). However, the bands’ intensities were reduced in the 48 and the 72-hours 

samples (Figure 5, lanes 4 and 7).  At 96-hour post-transfection, the reduction of MSH2 

is difficult to confirm because the bands appear distorted, possibly due to debris in the 

lane or another issue with the gel or immunoblot.  As expected, MSH6 signals were 
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reduced as a result of the inhibition of MSH2 protein (Figure 5, lanes 4 and 7).  We 

conclude that the inhibition was most effective at 48 and 72-hour post transfection, and 

that these two time points would be most useful for analysis of cells with engineered 

MMR-deficiencies in future experiments.  

 
 

After analyzing the time course for MSH2 inhibition, we analyzed the time course 

for MLH1 inhibition and determined whether different transfection conditions would 

affect the extent of inhibition of MLH1.  Transfection was performed as initially 

described with the following modifications: we varied the amounts of siRNA and the 

amount of transfection reagent, and extended the analysis to 96-hours post-transfection. 

To keep the experiment to a manageable size, we chose to vary only transfection 

conditions for cells to be harvested at 48 and 72-hours. We compared the outcome when 

transfecting cells with 10 and 20 nmol of MLH-targeting siRNA with either the same, or 

double the amount of transfection reagent. In addition, to insure transfected cells did not 

become excessively confluent, the cells were refed and transfered to 10 cm culture dishes 

48-hours after transfection. The results are presented in Figure 5a and b. The inhibition of 

MLH1 at 48-hours was more significant than the inhibition at 24-hours spost transfection. 

Doubling the amount of siRNA and/or the transfection reagent (Figure 6a: lanes 6, 9 and 

12) had no apparent affect on the reduction of MLH1 accumulation compared to the 

initial amounts of siRNA used (Figure 6a: lane 6).  Similar results were seen at 72-hours 

post transfection; the increased amount of siRNA with either the same or doubled the 

amount of transfection reagent did not show greater MLH1 inhibition (Figure 6b, lanes: 

3, 6 and 9). At 96-hours post transfection (Figure 6b, lane: 12), MLH1 band intensity was 
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reduced but not as significantly as the reduction observed at the 48 and 72-hours time 

points.  These results suggest that the increased siRNA was not more effective for 

inhibiting the accumulation of MLH1. The results also confirm the best time course for 

inhibition of MLH1 is between 48 and 72-hours after transfection. A repeated experiment 

would be needed to confirm whether or not doubling the amount of siRNA leads to a 

greater reduction of accumulations of MLH1.  

In summary, our experiments demonstrated successful reduction in the 

accumulation of MLH1 and MSH2, in particular, 48 and 72 hours after transfection with 

the siRNA. The siRNA we have used were efficient, and successfully inhibited the 

specific target genes of interest without apparently targeting other MMR genes that were 

examined. Future experiments should test the efficiency of the MMR pathway in the 

created deficient cells to determine whether or not the observed degree of MLH1 and 

MSH2 inhibition affected the pathway.  In addition, in the future, we would work with 

XPA gene of NER pathway to create cell lines with multiple deficiencies. Ultimately, all 

of the isogenic cells lines created would be exposed to PAH’s to measure the effect of 

combined deficiencies of PAH-induced mutagenesis 
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Table 1: Human MutS and MutL homologue complexes involved in DNA mismatch 
repair (Jiricny, 2006)	  

Table 2: Core NER factors and their associated biochemical functions (Laat, 1999) 
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Figure 1: Repair of a single nucleotide mismatch by the DNA mismatch repair pathway 
(MMR) (Hsieh, 2008) 

Binding of the MutSα heterodimer to mismatched DNA recruits a second heterodimer, 
MutLα, which leads to strand discrimination and error removal. The process of 
excision of the DNA strand containing the error and re-synthesis of correctly matched 
DNA is facilitated by other factors including the proliferating cell nuclear antigen 
(PCNA), exonuclease 1 (EXO1), replication factor C (RFC), and DNA polymerases δ, 
while the DNA ligase I complete the repair.  
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Figure 2: Nucleotide Excision Repair (NER) mechanism (Hoeijmakers, 2011) 

Depending on the location in the genome, DNA lesions will be processed by one of 
the two NER sub-pathways: the global genome repair (GG-NER) or the transcription-
coupled repair (TC-NER) that differ in the lesion recognition step. The XPC-hHR23B 
complex detects lesions occurring randomly in the genome and is specific for GG-
NER. However, lesions located at the transcribed strands that lead to RNA 
polymerase blocking are processed by the TC-NER pathway, which involves the CSA 
and CSB proteins. The subsequent steps are carried out by a common set of NER 
factors that are shared by both sub-pathways. The DNA double helix is opened by the 
TFIIH complex, and the single strand is stabilized by the replication protein (RPA). 
XPA then verifies the damage and DNA containing the damage site is cleaved by the 
XPF-ERCC1and XPG nucleases. The patch resulting is resynthesized by the 
replication machinery using the original strand as a template.  
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Figure 3. The chemical structure of the 16 EPA priority PAHs (Anyakora 2005) 
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Figure 4: Inhibition of MLH1 and MSH2 using siRNA 
 
 
The cellular abundance of MLH1, MSH2, and MSH6 was determined by semi-
quantitative immunoblotting of whole cell lysates prepared at the indicated times (24 or 
48-hour) following transfection from HeLa cells transfected with 10 nmol siRNA 
targeting MLH1 or MSH2, lanes: 3 and 7 or 4 and 8 respectively. 50 µg of protein was 
loaded into each lane. Analysis of representative lysates is shown, and position of each 
protein band analyzed was compared by the molecular weight standers.  Lysates of 
untransfected cells (U) and a negative control siRNA (N) were included as negative 
controls. Positive controls for the antibodies were HeLa cell lysates or lysates prepared 
from MLH1-deficient (HCT 116) or MLH1-proficient cells (HCT 116+3) (lanes 9, 10 
and 11). Lanes 1-6 and 7-11 are from single blot and single digitally-captures image; 
extraneous lanes deleted from the image.   
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Figure 5: Analyzing the time course for inhibition of MSH2 by siRNA. 

Cellular abundant of MSH2 was determined by semi-quantitative immunoblotting as 
described in Figure 3. Following siRNA transfection, the cells were harvested at 24, 48, 
72 and 96-hour post-transfection. Labels and conditions are as described in Figure 3 
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Figure 6a: Optimizing transfection conditions for inhibition of MLH1 

Figure 6b: Optimizing transfection conditions for inhibition of MLH1 

Cellular abundance of MLH1 and MSH2 was determined following siRNA 
transfection by immunoblot of whole cell lysates prepared from cells transfected 
with 10 or 20 nmol siRNA targeting MLH1, and either 12 or 24 µL transfection 
reagent. Cells were transfected for analysis at 24 and 48-hour (A) and 72 and 96-
hour (B) post-transfection. Labels and conditions are as described in Figure 3 
	  


