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The gene, cox-1, is over-expressed in cultured GLC4 small cell lung cancer cells 

concurrent with the development of multi-drug resistance (MDR) as a result of the use of 

the chemotherapeutic agent used to combat the cancer, doxorubicin.  Prevention of MDR 

has been a tremendous challenge in cancer research and this research is concerned with 

abolishment of MDR as a cancer survival strategy.  RNA-mediated interference 

technology (RNAi) was employed using siRNA to decrease cox-1 expression and 

temporarily restore the susceptibility of the cells to doxorubicin.  GLC4 cells are of three 

types: S (sensitive cells never exposed to doxorubicin); ADR (MDR cells cultured in 

doxorubicin), and; REV (revertant cells previously cultured in presence of doxorubicin 

but no longer).  REV and ADR cells were transfected with cox-1 siRNA.  After 24 h, 

1x10
6

cells were used for RNA isolation and 1 µg of RNA was used for RT-PCR to assess 
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down-regulation of cox-1 RNA.  RT-PCR results indicated that cox-1 RNA was down-

regulated to basal levels seen before exposure to doxorubicin.  Ct values for GLC4/ADR 

and cox-1 down-regulated GLC4/ADR cells were 23 and 34, respectively.  The result 

indicated abundant levels and moderate levels of cox-1 mRNA in the ADR cells and the 

transfected ADR cells respectively.  The relative expression level of cox-1 mRNA was 

33% higher in the non-transfected GLCR/ADR cells as compared to the transfected 

GLCR/ADR cells as shown by the curve.  Two hundred thousand cells were used for 

hemacytometer cell counts in the presence of trypan blue to assess cell viability.  cox-1 

down-regulation in ADR cells resulted in a significantly higher percentage of non-viable 

cells (25.4%) as compared to its non-transfected control (20.5%) using a Student’s t-test 

(*P <0.05).  Similarly, fluorescence microscopy confirmed that apoptosis was 

significantly increased in the ADR cells treated with doxorubicin and cox-1 siRNA 

simultaneously (69.4%) as compared to its non-transfected control (56.7%) (*= P <0.01).  

A Western blot analysis performed by Fernando Cuadrado indicated that siRNA 

transfection decreased the expression of COX-1 by 66% in GLC4/ ADR cells as 

compared to the non-transfected control using densitometry.  However, no conclusive 

results were obtained using flow cytometry as the flow cytometer was incapable of 

analyzing the mixed cell population (adherent and suspension) which is a characteristic of 

this cell line, GLC4.  Thus, we have clearly demonstrated that MDR cancer cells can be 

altered temporarily to become susceptible to doxorubicin, a potentially important finding 

for the treatment of cancer patients.
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INTRODUCTION 

 

 

Lung cancer is the most prevalent type of cancer among both sexes in United 

States (an estimated 213,380 new cases of lung cancer were diagnosed in 2007, 

representing about 15% of all cancer diagnoses) (American Cancer Society, 2007).
  
The 

two different types of lung cancer which are characterized according to the cell size of 

the tumor are small cell lung cancer (SCLC) and non small cell lung cancer (NSCLC).  

SCLC cells are small with a prominent nucleus, unlike NSCLC cells.  Both these types of 

cancer are mainly caused by smoking and exposure to asbestos (U.S. Department of 

Health and Human Services, 2008).  Lung cancer has a very low five-year survival rate 

(15.6%) as compared to other cancers (American Lung Association, 2009; U.S. National 

Institutes of Health, 2009).  It is a very aggressive tumor type with a great tendency to 

metastasize (Jemal et al., 2008; Schreiber et al., 2008; Emedicine, 2009).  In 2006 $9.6 

billion of the $206 billion  provided to combat cancer treatment in the United States was 

spent on lung cancer treatment, indicating that lung cancer is one of the most expensive 

cancers to treat (Centers for Disease Control and Prevention, 2007; U.S. National 

Institutes of Health, 2009). 

 Because the majority of the SCLC diagnosed patients have metastasis, localized 

forms of treatment such as surgery and radiation therapy are generally ineffective. 



2 

Chemotherapy, the most effective mode of treatment, becomes ineffective after 

development of multi-drug resistance (MDR).  With the development of MDR, 

chemotherapeutic drugs such as doxorubicin become ineffective as expression of ATP-

binding cassette transporters efflux the drugs to the outside of the cell thus decreasing 

cellular drug accumulation (Ambudkar et al., 1999; Gottesman et. al., 2002).  Then the 

cancer cells no longer die by apoptosis. 

 We postulated that restoration of apoptosis in cultured SCLC MDR cancer cells 

might permit the chemotherapeutic drug doxorubicin to kill the previously resistant 

cancer cells.
 
 Previously, we found increased levels of both cox-1 mRNA and COX-1 

protein and decreased apoptosis in MDR cells (Aryal, 2007).  Thus, we used RNA 

interference technology (RNAi) to down-regulate cox-1 expression temporarily by the 

introduction of a specific cox-1 siRNA (silencing RNA) into cultured cells in the 

presence and absence of doxorubicin.  The experiment was performed in triplicate and 

results were assessed using flow cytometry, fluorescence microscopy, RT-PCR and 

Western analysis to determine whether MDR was reversed.  

 The results of this research are expected to provide a better understanding of the 

MDR mechanism in GLC4 cells.  It is known that extended cellular inflammation can 

lead to cancer (Wu et al., 1995).  We also know that with MDR development we observe 

a loss of apoptosis and, in the GLC4 cells, an increase in expression of COX-1 protein 

(Aryal, 2007).  Since COX-1 is a pro-inflammatory protein, this suggests that 

inflammation also plays a role in the development of MDR.  Thus, we want to determine 

if down- regulation of cox-1 in GLC4/ADR cells will restore apoptosis and help to 

prevent MDR.  If RNAi inhibition of the expression of cox-1 in transfected cells inhibits 
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the normal growth of the MDR cancer cells and makes them more temporarily sensitive 

to chemotherapy, this finding would have important medical implications for cancer 

patients.  Even a temporary reduction in expression of cox-1 by siRNA introduction 

might provide enough time for chemotherapeutic drugs to be administered and the 

protocol could be repeated if needed.  Thus, the results of this research could have 

significant implications for the treatment of MDR cancer by down-regulating the 

inflammatory gene, cox-1.    



 

   REVIEW OF THE LITERATURE 

 

 

Lung Cancer and Small Cell Lung Cancer (SCLC):   

Transformation of a normal lung cell can lead to two different types of cancer 

characterized according to the cell size of the tumor as either small cell lung cancer 

(SCLC) or non small cell lung cancer (NSCLC).  SCLC cells are small with a prominent 

nucleus.  Contrary to this, NSCLC cells are not small and are further divided as 

adenocarcinoma, squamous cell carcinoma, and large cell carcinoma.  Both these types of 

cancer are mainly caused from smoking or exposure to asbestos (U.S. Department of 

Health and Human Services, 2008). 

            The lung cancer five-year survival rate is very low (3.5%) once the cancer has 

spread to other organs, so that most lung cancer patients die within one year of being 

diagnosed (Emedicine, 2009).  The median survival rate without treatment of SCLC is 

only 2 to 4 months. Collins et al. (2007) classified SCLC as limited stage if it was present 

within the scope of a single radiotherapy field and was limited to one half of the chest.  If 

the cancer exceeded these limits, it was referred to as extensive stage.  Even with 

treatments available today, SCLC in its extensive form has shown only a limited increase 

in the 2-year survival rate from 1.5% in 1973
 
to only 4.6% in 2000 (Govindan et al., 

2006; American Cancer Society, 2007).  

http://en.wikipedia.org/wiki/Radiotherapy
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            A frequent metastasis site following primary lung cancer is the brain.  Fig. 1 

shows a secondary cancer site resulting from metastasis using a contrast-enhanced MRI 

of the brain from a SCLC patient (Emedicine, 2008).  In the figure, the two rings mark 

the metastatic lesions in the periventricular region in the axial section at the level of 

lateral ventricles.   

Multi-Drug Resistance (MDR):    

Chemotherapy is the most effective means to treat SCLC but a common failure in 

chemotherapeutic treatment is the development of multi-drug resistance (MDR).  With 

the development of MDR, chemotherapeutic drugs become ineffective as expression of 

ATP-binding cassette transporters efflux the drugs to the outside of the cell thus 

decreasing cellular drug accumulation (Ambudkar et al., 1999; Gottesman et. al., 2002). 

This results no apoptosis in the cancer cells which would normally be detected as 

abnormal by the immune system and induced to die.  The most frequently used cytotoxic 

drugs used in chemotherapy are hydrophobic, amphipathic natural products, such as 

taxanes, vinca alkaloids, anthracyclines (doxorubicin, daunorubicin, epirubicin), 

epipodophyllotoxins, topotecan, dactinomycin, and mitomycin C (Ambudkar et al., 1999; 

Krishna et al., 2000).   

  Since doxorubicin was used as a chemotherapeutic drug in earlier studies in this 

particular cell line, this experiment also uses it to achieve MDR condition in GLC4/ADR 

cells.  Doxorubicin is believed to interact with DNA by intercalation to inhibit 

macromolecular biosynthesis (Momparler et al., 1976; Fornari et al., 1994).  Specifically, 

doxorubicin inhibits progression of the enzyme topoisomerase II which unwinds DNA 

for transcription.  Doxorubicin binding stabilizes the topoisomerase II complex after it  

http://en.wikipedia.org/wiki/Intercalation_(chemistry)
http://en.wikipedia.org/wiki/Topoisomerase_II
http://en.wikipedia.org/wiki/Transcription_(genetics)
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 Fig. 1:  Contrast-enhanced MRI of the brain of a SCLC patient. Two ring-enhancing 

metastatic lesions in the periventricular region are shown in the axial section at the level 

of lateral ventricles (Emedicine, 2008).   
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has broken the DNA chain for replication. This prevents the DNA double helix from 

being resealed and stops the process of replication.   

 After exposure of cancer cells to a chemotherapeutic agent such as doxorubicin 

for a length of time, MDR often develops.  Then, the cell is genetically altered (including 

an up-regulation in membrane pumps to efflux the drug) and the cell is not only resistant 

to the administered drug, but also to a wide variety of other drugs.  Mechanisms 

contributing to MDR development have been classified as non-cellular and cellular types.  

When extracellular factors such as limited vascular accessibility or cell growth 

environment are shown to have a key role then it is considered to be of non-cellular type.  

Similarly, the mechanism type is classified as cellular when referring to enzymes and 

transport systems (Fan et al., 1994).  The non-cellular mechanisms are normally observed 

in those cancer types which show natural resistance to chemotherapy at the time of the 

addition of the drug.  For example, poor vasculature is associated with certain solid 

tumors such that the drugs cannot reach the cancer cells and this limits the cytotoxicity of 

the drug (Jain, 1987).  Poor vasculature around the tumor cells results in a lack of 

nutrition, hypoxia, and the accumulation of lactic acid.  Thus, drug resistance or MDR 

development may depend on the presence of actively dividing, well-nourished cancer 

cells (Demant et al., 1990).  

Cellular MDR mechanisms may be classified as non-classical/non-transport based 

or classical/transport based mechanisms. Enzyme systems that limit the desired activity 

of the drug without altering its effective concentration inside the cell are included under 

the non-transport based cellular MDR mechanisms. Among such enzymes, glutathione-S-

transferase (GST) is an important one in xenobiotic metabolism which catalyzes the 

http://en.wikipedia.org/wiki/DNA_replication
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biotransformation of organic molecules by conjugating them with polar molecules to 

facilitate their excretion.  According to previous studies, GST mediates biotransformation 

of various anticancer drugs and its increased level was observed in resistant breast cancer 

cell lines such as MCF-7 (Batist et al., 1986; Hao et al., 1994).  The chemotherapeutic 

drugs are modified into an end product with reduced activity and an enhanced rate of 

excretion with over-expression of GST.   

 In contrast, under the transport based classical cellular mechanism, the drugs are 

effluxed from the cell by various energy-dependent membrane transport proteins which 

prevent them from reaching therapeutic concentrations inside the cell (Gottesman, 2002). 

The family of proteins responsible for the efflux includes the ATP-binding cassette 

(ABC) transporters which are ATP-dependent.  The ABC super family consists of 

transport proteins such as P-glycoprotein (P-pg), also known as multi-drug resistance-

associated protein-1 (MRP1), its homolog MRP2-6, and the breast cancer resistance 

protein (BCRP) (Riordan et al., 1985; Doyle et al., 1998; Borst et al., 2000).  All of these 

have been found to be over-expressed in malignant cells, where they serve to pump 

anticancer drugs out of the cell resulting in a reduction of intracellular drug levels 

necessary for effective therapy (Leonard et al., 2003; Choi, 2005).   

  P-glycoprotein or MDR1 was the first multi-drug transporter to be discovered and 

it is also the most studied and well-characterized transporter (Chen et al., 1986; 

Ambudkar et al., 1992; Gottesman and Pastan, 1993).  The transmembrane regions of P-

gp form the drug translocation pathway (Loo and Clarke, 2001), while the ATP-binding 

sites with ATPase activity provide the metabolic energy enabling the drug efflux 

(Higgins, 1992).  Nakamura et al. (2000) showed that P-gp is normally expressed in the 
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transport epithelium of the kidney, liver and gastrointestinal tract, tissues which usually 

have the highest expression of P-gp when tumors develop and which are most likely to 

develop MDR.  A partial recovery of intracellular drug accumulation was followed by the 

down-regulation of P-gp (Xu et al., 2006). 

  A few compounds have been studied which have the ability to reverse MDR and 

they are called MDR inhibitors, chemosensitizers, or MDR modulators (Kellen, 2003).  A 

promising study done on natural MDR modulators by Limtrakul et al. (2007) reported 

MDR reversal against vinblastine, paclitaxel and colchicines in KB-V1 cells (MDR 

human cervical carcinoma with high P-gp expression) after a dose dependent use of  root 

extract from Stemona curtisii. Previous studies carried out by Schoenlein (1994) showed 

that drug-resistant KB-V1 cells expressed P-gp at high levels on their plasma membranes 

and that S. curtisii root extract modulated P-gp activity and reversal of the MDR 

phenotype.  Also, Fong et al. (2007) showed that rhizome extracts of Alisma orientalis 

have a synergistic growth inhibitory effect when used with cancer drugs targeting over-

expressed P-gp including doxorubicin, actinomycin D, vinblastine, puromycin in MDR 

HepG2-DR and K562-DR cells.  In addition, they showed the combination was more 

effective than verapamil (a standard P-gp inhibitor) alone in enhancing cellular 

doxorubicin accumulation. Similarly, flavonoids, a major class of natural compounds 

widely present in foods and herbal products, have been found to inhibit the breast cancer 

resistance protein (BCRP) which has a significant role in drug cellular disposition 

(Shuzhong et al., 2005).  Honokiol is another natural compound present in a Chinese 

medicinal herb (Magnolia grandiflora) which can fight cancer by inhibiting 

angiogenesis, inducing apoptosis and, down-regulating the expression of P-glycoprotein 
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in MCF-7/ADR (human breast MDR cancer) at both the mRNA and protein levels.  

However, only doxorubicin has been considered in this study since most of the previous 

studies on this SCLC cell line has been conducted using doxorubicin.  

 Thus, when MDR develops, anticancer drugs are no longer effective in inhibiting  

cancer cell proliferation for a number of reasons including variations in the absorption, 

metabolism and delivery of drug to target tissues and if the tumor is located in parts of 

the body where the drugs cannot easily penetrate.  Understanding the molecular 

mechanism of MDR has become a major challenge for cancer researchers.  If we can 

fully understand factors influencing its development then we may be able to reverse 

MDR in cancer cells, thus making MDR cells sensitive again to anti-cancer drugs. 

Apoptosis and Necrosis:  

Apoptosis is gene-regulated programmed cell death (PCD) where cells undergo 

death to control excessive proliferation or in response to some genetic or cellular damage. 

The term was first coined by Kerr, Wyllie and Currie in 1972.  PCD involves a series of 

biochemical events leading to morphological changes such as blebbing of cells, loss of 

membrane asymmetry, cell shrinkage, and nuclear, chromatin and chromosomal DNA 

fragmentation (Kerr et al., 1972; Lowe et al., 2000).  Resistance to normal apoptosis is a 

key factor for survival and growth of cancer cells. In addition, defects in apoptosis 

signaling can contribute to MDR.  Thus, a primary goal for cancer treatment is to restore 

normal apoptosis in cancer cells.  

Various cell signals originating either extracellularly or intracellularly control the 

process of apoptosis.  Some of the extracellular signals frequently discussed include 

toxins, hormones, growth factors, nitric oxide or cytokines (Popov et al., 2002; Brune et 

http://en.wikipedia.org/wiki/Cell_signalling
http://en.wikipedia.org/wiki/Toxin
http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Growth_factor
http://en.wikipedia.org/wiki/Nitric_oxide
http://en.wikipedia.org/wiki/Cytokine
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al., 2003).  A response occurs once they cross the plasma membrane.  These signals may 

positively or negatively affect apoptosis.  

Intracellular apoptotic signaling in a cell is initiated in response to a stress which 

may result in cell suicide.  Release of intracellular apoptotic signals by a damaged cell is 

triggered by various factors such as heat, radiation, viral infection, nutrient deprivation, 

binding of nuclear receptors by glucocorticoids, hypoxia, and elevated intracellular 

calcium concentration (Elmore et al., 2007; Henshall et al., 2007).  Apoptosis is also 

thought to be regulated by cellular components such as Poly ADP ribose polymerase 

which is a protein involved in a number of cellular processes involving mainly 

programmed cell death and DNA repair. 

The apoptosis pathway is initiated by regulatory proteins after it is instructed by 

the apoptotic signals to do so.  Apoptotic signals either cause cell death or the process can 

be stopped such that the cells no longer need to die.  Targeting mitochondria 

functionality, or directly transducing the signal via adaptor proteins to the apoptotic 

mechanisms are two main methods of regulation that have been identified.  Mitochondria 

could possibly be contributing to apoptosis signaling via the production of reactive 

oxygen species (Wang et al., 2001).  Similarly, the adaptor proteins such as MyD88 tend 

to lack any intrinsic enzymatic activity themselves but instead mediate specific protein-

protein interactions which drive the formation of protein complexes (Aliprantis et al., 

1999).  Increase in calcium concentration within a cell due to drug activity is another 

extrinsic pathway for initiation which is identified in several toxin studies.  In this case, 

apoptosis results via a calcium binding protease called calpain (Henshall et al., 2007). 

Nitric oxide can induce apoptosis by helping to dissipate the membrane 

http://en.wikipedia.org/wiki/Glucocorticoid
http://en.wikipedia.org/wiki/Hypoxia_(medical)
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Poly_ADP_ribose_polymerase
http://en.wikipedia.org/wiki/Mitochondria
http://en.wikipedia.org/wiki/Adaptor_proteins
http://en.wikipedia.org/wiki/Nitric_oxide
http://en.wikipedia.org/wiki/Membrane_potential
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potential of mitochondria and making it more permeable (Fink et al., 2005).  With an 

increase in permeability, mitochondrial proteins such as SMACs (second mitochondria-

derived activator of caspases) are released into the cytosol. SMAC then binds to inhibitor 

of apoptosis proteins (IAPs) to deactivate them. This prevents the IAPs from arresting the 

apoptotic process, permitting apoptosis to proceed.  Normally IAPs also suppress activity 

of a group of cysteine proteases called caspases, which are responsible for the cell 

degradation.  Thus, in this process, mitochondrial permeability is indirectly regulating the 

actual degradation of enzymes. 

In mammals, direct initiation of apoptotic mechanisms are most likely observed 

via the TNF-induced (tumor necrosis factor) model and the Fas-Fas ligand-

mediated model.  These models involve receptors of the TNF receptor (TNFR) family 

coupled to extrinsic signals (Wajant et al., 2002).  Activated macrophages are responsible 

for the production of cytokine TNF which is part of the extrinsic pathway for 

triggering apoptosis.  Previous studies have found that close association of TNF-R with 

that of procaspases has been found through adapter proteins (FADD, TRADD) such that 

other inactive procaspases are cleaved (Chen et al., 2002).  This triggers the caspase 

cascade, irreversibly resulting in apoptosis of the cell. 

The Fas receptor binds the Fas ligand (FasL) which is a transmembrane 

protein part of the TNF family.  Death-inducing signaling complex (DISC), which 

contains FADD, activates caspase-8 and caspase-10 due to the interaction between Fas 

and FasL (Murphy et al., 2000; Reich et al., 2008).  TNF- R1 and Fas activation in 

mammalian cells is followed by a balance between pro-apoptotic and anti-apoptotic 

members of the Bcl-2 family where the pro-apoptotic homodimers are responsible for the 

http://en.wikipedia.org/wiki/Cytosol
http://en.wikipedia.org/wiki/Inhibitor_of_apoptosis
http://en.wikipedia.org/wiki/Inhibitor_of_apoptosis
http://en.wikipedia.org/wiki/Cysteine_protease
http://en.wikipedia.org/wiki/Caspase
http://en.wikipedia.org/wiki/Tumour_necrosis_factor
http://en.wikipedia.org/wiki/Ligand
http://en.wikipedia.org/wiki/Macrophage
http://en.wikipedia.org/wiki/Cytokine
http://en.wikipedia.org/wiki/Apoptosis
http://en.wikipedia.org/wiki/Apoptosis
http://en.wikipedia.org/wiki/Fas_receptor
http://en.wikipedia.org/wiki/FAS_ligand
http://en.wikipedia.org/wiki/Transmembrane_protein
http://en.wikipedia.org/wiki/Transmembrane_protein
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release of caspase activators such as cytochrome c and SMAC by making the 

mitochondrial membrane permeable.  Thus, most of the apoptotic pathway exists in a 

caspase-dependent mechanism.  However, AIF (apoptosis-inducing factor) mediates a 

caspase-independent apoptotic pathway by causing DNA fragmentation and chromatin 

condensation (Susin et al., 1999). 

Unlike apoptosis, necrosis is not a natural type of death as cells do not undergo 

the same chemical reactions as compared to apoptotic tissue.  Necrosis is a non-

physiological premature cell death due to external sources such as injury, 

infection, infarction, cancer, and inflammation (Fink et al., 2005).  Necrosis usually starts 

with swelling of cells, digestion of chromatin and disruption of 

the organelle membranes and plasma membrane.  Characterization of late necrosis is 

confirmed by extensive DNA hydrolysis, vacuolation of the endoplasmic reticulum, 

breakdown of organelle, and cell lysis.  The main cause of inflammation in necrosis is 

due to the release of intracellular content after the rupture of the plasma membrane 

(Vakkila et al., 2004).   Cells undergoing necrosis release harmful chemicals which are 

enzymes that are stored by lysosomes into the surrounding tissue.  Enzymes contained in 

such lysosomes are released after they get damaged resulting the destruction of other 

parts of the cell.  A chain reaction of further cell death is triggered if these enzymes are 

released from the non-dead cell.  

 RNA interference (RNAi) technology will be used in this project to down-

regulate cox-1 such that an increased percentage of apoptosis will be observed.  

Hemacytometer cell count using trypan blue dye will only assess the percentage of 

viability where trypan blue is picked up by non-viable cells with defective membranes. 

http://en.wikipedia.org/wiki/Apoptosis-inducing_factor
http://en.wikipedia.org/wiki/Infection
http://en.wikipedia.org/wiki/Infarction
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Inflammation
http://en.wikipedia.org/wiki/Chromatin
http://en.wikipedia.org/wiki/Organelle
http://en.wikipedia.org/wiki/Plasma_membrane
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Hydrolysis
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Lysis
http://en.wikipedia.org/wiki/Inflammation
http://en.wikipedia.org/wiki/Lysosome
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So, apoptosis assay will be performed using flow cytometry and fluorescence 

microscopy. Apoptosis/necrosis detection kit (Enzo Life Sciences, Plymouth Meeting, 

PA) used during fluorescence microscopy actually differentiates apoptosis from necrosis. 

An Annexin V-EnzoGold (enhanced Cyanine-3) conjugate enables detection of apoptosis 

while the Necrosis Detection Reagent similar to the red-emitting dye 7-AAD, facilitates 

late apoptosis and necrosis detection. 

RNA Interference Technology:   

Nobel laureates, Andrew Fire and Craig Mello, in 1998 discovered that injection 

of small segments of double-stranded (ds) RNA in C. elegans would lead to effective 

degradation of specific, homologous cytoplasmic mRNAs.  It is thought that this process 

is based on an evolutionarily conserved mechanism designed to protect against the 

expression of foreign RNA that might enter a cell.  The down-regulation of expression 

occurs through a multi-step process in which longer viral RNA is reduced to small 

interfering RNA by the action of an RNase III endonuclease, Dicer. Then, numerous 

secondary molecules of interfering RNA (RNAi) are produced to bind any homologous 

RNA, causing its degradation.  Down-regulation can also be triggered by the direct 

introduction of short double-stranded RNA (dsRNA) of approximately 21-27 nucleotides 

as Fire and Mello observed.  The dsRNA may be introduced in a ―naked‖ form called 

siRNA (small interfering RNA) for short-term effects or expression may be extended by 

cloning the dsRNA into a vector before introduction, called shRNA (small hairpin RNA). 

siRNA facilitates the cleavage and degradation of its recognized mRNA once it gets 

incorporated into the RNA-induced silencing complex (RISC) (Zhang et al., 2007).  The 

http://en.wikipedia.org/wiki/RNA-induced_silencing_complex
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advantage of this would be specific down-regulation of our target mRNA which is often 

employed in experimental biology to study the function of genes in cell culture and in 

vivo in model organisms. 

However, in some cases, long-term changes in gene expression by the 

introduction of shRNA can be detrimental (Grimm et al., 2007).  Permanent knock down 

of a gene may not be beneficial as some of these genes may still be important for other 

regular functions.  For instance, cox-1 is a pro-inflammatory gene and if it is permanently 

knocked down then wound and infection would never be healed.  shRNA contains a 

sense strand, antisense strand, and a short loop sequence between these two fragments.  

Such RNA molecules tend to form hairpin-shaped dsRNA as the sense and antisense 

fragments are complementary in their sequence.  shRNA is cloned into a vector and a 

polymerase III type promoter is used for its expression.  The expressed shRNA is finally 

exported into the cytoplasm where Dicer processes it into siRNA.  This is followed by the 

incorporation of siRNA into the RISC.  

According to George et al. (2001), COX-1 protein was one of several up-

regulated proteins in SCLC cells exhibiting MDR.  Because we believe this up-regulation 

may be central to the development of MDR, we used siRNA technology in this research 

to down-regulate the expression of cox-1 mRNA to reduce the production of COX-1 

protein.  Use of siRNA would be a novel approach as previous studies have tried using 

COX-1 inhibitor such as SC-560 for the down-regulation (Lampiasi et al., 2006).  Also, 

using siRNA has no detrimental effect unlike shRNA.  
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Inflammation and COX Enzymes    

Inflammation is a response to acute tissue damage which results from some type of 

physical injury, infection or exposure to toxins (Balkwill et al., 2001; Coussens et al., 

2002; Kuper et al., 2002).  It is known that it aids in suppression of tumors by stimulation 

of an antitumor immune response.  However, it also appears to stimulate tumor 

development.  Chronic inflammation often has been associated with an increased risk of 

certain cancers according to epidemiologic and clinical research.  Inflammatory bowel 

diseases such as ulcerative colitis and Crohn’s disease, ultimately leading to cancers of 

the intestinal tract, are clear examples of this.   

Infection is a common cause of inflammation (Munger et al., 2002). Previous evidence 

indicates that the presence of microbes can be a cofactor in the tumor promoting effects of 

inflammation.  However, a clear pathway or mechanism is still unknown.  Clinical trials of 

anti-inflammatory drugs (e.g., COX-2 inhibitors designed to inhibit this enzyme associated 

with inflammatory response) for cancer prophylaxis and treatment show inflammation as a 

potential area of cancer prevention (National Cancer Institute, 2009). 

Cyclooxygenase (COX) is a term widely known for enzymes responsible for the 

formation of prostanoids.  Prostaglandins, prostacyclin, and thromboxane are the three 

main groups of prostanoids which function in the inflammatory response.  The init ial step 

in the metabolism of arachidonic acid to intermediate prostaglandins is catalyzed by COX 

enzymes with both oxygenase and peroxidase activities (Smith et al., 1996).  It is 

followed by conversions to other prostaglandins and thromboxanes by cell specific 

enzymes (Dupouy et al., 2006).  COX-1, COX-2, and COX-3 are three isoenzymes but 

COX-3 is considered to be a variant of COX-1.  Although COX-1 and COX-2 have the 
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same catalytic domains, only 65% amino acid similarity is shared by them.  COX-1 is a 

constitutively expressed enzyme localized primarily in the endoplasmic reticulum 

(Morita et al., 1995) which functions to maintain the normal lining of the stomach in the 

gastrointestinal tract (Hawkey et al., 2001).  In some carcinomas, its expression is found 

to be up-regulated.  COX-2 is an inducible enzyme primarily present at sites of 

inflammation which is less frequently associated with development of cancer.  

COX-1 which plays a key role in the metabolism of arachidonic acid and cancer 

cell growth is stimulated by increased levels of arachidonic acid.  According to Gavett et 

al. (1999), COX-1 was an important component in the biosynthesis of prostaglandin in 

the mouse lung.  An increased level of prostaglandin in the lung is one symptom of lung 

cancer (Vane et al., 1998).  The level of expression of COX-1 has found to be elevated in 

other cancers such as colorectal, ovarian, and breast cancers (Hwang et al., 1998).  

Endothelial cell-derived COX-1 may also play a significant role in the angiogenic 

response of colorectal cancer (Tsujii et al., 1998). Nonsteroidal Anti-inflammatory Drugs 

(NSAIDs) can provide relief from inflammation and pain by pharmacological inhibition 

of excessive COX production (Smith et al., 1971; Vane J.R, 1971).     

Angiogenesis was found to be regulated by high levels of COX-1 expression in 

endothelial cells (Tsujii et al., 1998) where induced over-expression led to malignant 

transformation (Narko et al., 1997).  Studies of colon polyp formation in Min mice 

(Chulada et al., 2000) found the disruption of either the cox-1 or cox-2 genes reduced the 

incidence of polyp formation, suggesting that key roles in cancer development may be 

played by both cox gene products.  

 

http://en.wikipedia.org/wiki/Inflammation
http://en.wikipedia.org/wiki/Pain
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SC-560 (a COX-1 inhibitor) is a member of the diaryl heterocycle class of 

cyclooxygenase inhibitors. The inhibitory effects of SC-560 result from inhibited cell 

proliferation as well as accelerated apoptosis as was observed in an ovarian cancer model 

(Li et al., 2008).  It was determined that SC-560, in combination with ibuprofen, a non- 

selective NSAID, proved to be most effective at promoting tumor responsiveness to all 

agents involved. Furthermore, SC-560 was shown to indirectly limit tumor angiogenesis 

in ovarian cancer cells. Similarly, for the prevention of lung cancer in multiple phases IIb 

tests, inhibitors of the enzymes, zileuton (5-LOX), celecoxib (COX-2), and sulindac 

(COX-1 and COX-2) have been studied (Pepin et al., 1992).  

cox-1 was one mRNA found to be up-regulated in breast cancer cells as a result of 

doxorubicin selection by George et al. (2001).  The increased production of cox-1 and its 

central role in prostaglandin production is shown in Fig. 2 derived from that paper.  

Doxorubicin stimulates ceramide formation which is followed by caspase activation, and 

ultimately apoptosis in many cell types.  In this figure, genes included in boxes had 

increased expression while those present in ovals had reduced expression after 

doxorubicin selection.  In MDR cells, alterations in gene expression could be taking place 

in order to decrease in the apoptotic process and increase the resistance to doxorubicin 

toxicity.  In another article, cox-1 inhibition resulted in growth inhibition of epithelial 

ovarian tumors in mice, also indicating that this mRNA/protein is a major target in cancer 

treatment (Daikoku et al., 2006). In light of the findings of these previous studies on cox-

1, we have concentrated on attempting to inhibit MDR by down-regulating cox-1 using 

RNAi technology. 
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Fig. 2: Alterations in gene expression observed as a result of doxorubicin selection. 

Doxorubicin stimulates ceramide formation, caspase activation, and ultimately apoptosis 

in many cell types.  Increased expression was observed in the genes shown in boxes 

while the expression was reduced for the genes shown in ovals after doxorubicin 

selection (George et al., 2001). 



 

 

 

    METHODOLOGY  

 

Cell Lines 

 The human SCLC cell line with MDR features (GLC4/ADR) was obtained from 

Dr. Hetty Timmer-Bosscha (University Medical Center Groningen Netherlands) with the 

help of Ms. Brandy Snider (Indiana University/Purdue University Indianapolis, IN).  

These cells are resistant to adriamycin (a generic form of doxorubicin) (Schroeijers et al., 

2000; Siva et al., 2001).  GLC4 was derived from a pleural effusion of a patient with 

small cell lung cancer and was kept in culture in RPMI 1640 medium plus 10% heat 

inactivated fetal calf serum (FCS). GLC4/ADR obtained resistance to doxorubicin by 

stepwise increasing concentrations of doxorubicin (De Jong et al., 1990; Müller et al., 

1994).  GLC4/ADR is 190.6 16.2 times more resistant to doxorubicin than its parental 

cell line.  The MDR state of the GLC4/ADR cells was attained by treating the GLC4 cells 

initially with 18 nM ADR. ADR concentration was then doubled  after 3 passages with 

this drug concentration.  This procedure was repeated every third passage until an ADR 

concentration of 1152 nM was reached. After 20 passages at 1152 nM there was no 

apparent cell death, and the cell line was passed twice a week in growth medium with 

1152 nM ADR.  The resistance of the GLC4/ADR cell line is dependent on the 

intracellular level of glutathione (GSH) because pretreatment of the cells with GSH 

inhibitor substantially reduced resistance (Zijlstra et al., 1986).  GLC4 cells grow partly 

http://www.nature.com/bjc/journal/v97/n8/full/6604010a.html#bib7
http://www.nature.com/bjc/journal/v97/n8/full/6604010a.html#bib16
http://www.nature.com/bjc/journal/v97/n8/full/6604010a.html#bib16
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as loose floating aggregates and partly attached, with a doubling time of 26 h.  The cell 

line has the characteristics of a variant type hSCLC (Zijlstra et al., 1986; Meijer et al., 

1990).  Three distinct states of these cells can be maintained as GLC4/S (sensitive to 

doxorubicin), GLC4/ADR (resistant to doxorubicin, MDR), and GLC4/REV (not grown 

on doxorubicin, exhibiting intermediate characteristics such as fewer membrane pumps 

and vaults needed to efflux chemotherapeutic drugs.  They are capable of rapidly 

becoming MDR with added doxorubicin).   

RPMI medium supplemented with L-glutamine (2 mM), 10% bovine growth 

serum, and 1% antibiotic/antimycotic (Invitrogen, Carlsbad, CA) was used for culturing 

the GLC4 cell lines.  Cells were maintained in 25 ml tissue culture flasks (Sarstedt Inc., 

Newton, NC) and were cultured at 37°C and 5% CO2.  Doxorubicin was added to growth 

medium for the GLC4/ADR cells to achieve a final concentration of 350 nM doxorubicin 

(the highest concentration of doxorubicin that does not kill our cells as determined by 

Aryal, 2007).  Time to change the medium was determined by a pH indicator that 

induced a color change from pink to orange when waste products began to approach toxic 

levels, normally every 3-5 days.  Change of medium was done by pelleting the cells at 

1000 rpm in a bench top centrifuge for 5 min and using a sterile pasteur pipette to 

aspirate off the used medium.  Ten ml of fresh medium was used to resuspend the cell 

pellet. 

 For long term storage in liquid nitrogen, 10 ml of a cell suspension was 

centrifuged at 1000 rpm for 5 min and the pellets were resuspended in 1 ml of a freezing 

solution [7 parts RPMI, 2 parts bovine growth serum (BGS), and 1 part dimethyl  

sulfoxide (DMSO)] such that the final concentration was  approximately 2-3 x 10
6 
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cells/ml.  One ml of cell suspension was placed in a cryovial which was transfered to a 

cooling chamber containing isopropyl alcohol to regulate the rate of cooling to a drop of 

1°C/min until the cells were frozen.  The cooling chamber was placed in a -80°C freezer 

overnight and the frozen cryovials were transferred to liquid nitrogen the next day. 

To wake up cryogenically stored cells, the frozen cell suspension was thawed 

using a 37°C water bath.  Nine ml of growth medium was added to make a total of ten 

ml.  The mixture was pelleted at 1000 rpm for 5 min and a sterile pasteur pipette was 

used to aspirate off the sleep mixture.  The pellet was resuspended in 10 ml of fresh 

medium and the solution was placed in a T-25 flask.    

cox-1 Down-Regulation Using siRNA Technology 

A previous study using GLC4/ADR cells obtained from UCLA showed 

significant up-regulation in cox-1 expression (Aryal, 2007).  However, we obtained a 

different GLC4/ADR cell line from a European lab and it was necessary to perform a 

preliminary RT-PCR experiment with cox-1 specific primers to confirm that cox-1 was 

also up-regulated in these cells.  

Once we confirmed the over-expression of cox-1 in our new GLC4/ADR cells, we 

purchased cox-1 siRNA for the RNAi experiment (Santa Cruz Biotechnology, Santa 

Cruz, CA).  This was a target-specific 20-25 nt siRNA constructed against mRNA 

accession #NM_000962.  The sequences for the siRNA were: Sense Strand 1- 

GUGCCAUCCAAACUCUAUCTT and Anti Sense Strand 1-GAUAGAGUUUGGAU 

GGCACTT, with a G/C percentage of 42.9 %.  

Cells were transfected in triplicate in 6-well culture plates containing either 

GLC4/REV or ADR cells.  Cells were plated at 1 x10
6 
cells/ml and incubated for 24 h 
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such that on the day of the transfection 2x10
6 
cells/ml was achieved.  To achieve the 

ADR state, doxorubicin of 350 nM was added to the REV cells at the time of plating.  

One hundred µl of DNA Diluent B from the GenePORTER 2 QuikEase™
 
transfection kit 

(Genlantis, San Diego, CA) was mixed with 55 µl of siRNA [10 µM (4µg)] and 

incubated for 5 min at room temperature (~25°C).  This dilution was  added to 95 µl of 

OPTI MEM serum free medium (Invitrogen, Carlsbad, CA) and placed in a QuikEase™ 

tube  to incubate the resulting 250 µl solution for 20 min at room temperature.  To the 

cell culture in each well, 250 µl of stable nucleic acid-lipid particle solution was added. 

Controls included non-transfected ADR cells and ADR cells transfected with scrambled 

siRNA (a negative control targeting no known RNA transcript in the human genome) 

(IDT, Coralville, IA).  After 4 h of transfection, an additional 46 µl of OPTI MEM was 

added to each of the wells. Cells were harvested and analyzed after 24 h, the optimal time 

to observe the effects of transfection which were expected to last up to 72 h. Transfection 

efficiencies were compared using different transfection kits (Adam, 2004) and Pratik 

Aryal determined nearly all cells were transfected using this system with GLC4 cells and 

BlockiT fluorescent oligo (Aryal, 2007). 

RNA Isolation 

 Total cellular RNA was isolated from 500 µl of the transfected cells (1x10
6

 cells, 

1/3 of the total) to confirm cox-1 knockdown.  RiboZol™ RNA Extraction Reagent 

(Amresco, Solon, OH) was used to extract and purify the RNA following the 

manufacturer’s instructions.  Cells were pelleted by centrifugation in an RNase-free tube.  

The supernatant was discarded following centrifugation and the pellet was resuspended in 

1 ml of Ribozol™ RNA Extraction Reagent per 5x10
6

 cells.  Washing of the cells was 
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avoided before the addition of Ribozol™ RNA Extraction Reagent as it would tend to 

result in the degradation of mRNA.  Cells were lysed by passing them several times 

through the tip of a pipette.  

       The homogenized sample was incubated for 5-10 min at room temperature to 

insure the complete dissociation of nucleoprotein complexes.  Two hundred µl of 

chloroform was added per 1 ml of Ribozol™ RNA Extraction Reagent and the tube was 

tightly secured.  The tube was shaken vigorously for 15 s to mix the sample which was 

then incubated for 2-3 min at room temperature.  The sample was centrifuged at 9750 

rpm for 15 min at 4
o

C using a micro-centrifuge which yielded three phases: a) a lower 

red, phenol-chloroform phase, b) a white interphase, and c) a colorless, upper, aqueous 

phase containing the RNA.  Only about 80% of the clear upper aqueous phase was 

carefully removed in order to avoid contamination with protein, DNA, lipids and 

carbohydrates that appeared as debris or flocculent material at the interface.  The 

remaining 10-20% of the original aqueous phase was back-extracted by adding an equal 

volume of Ribozol™ RNA Extraction Reagent to the remaining phenol solution. The 

solution was vortexed and centrifuged to separate the layers.  The top aqueous layer was 

removed as described above and the two aqueous layers were combined.  

       The pooled aqueous phase was transferred to a new RNase-free tube and the 

RNA was precipitated by adding 0.5 ml of isopropanol per 1 ml of Ribozol™ RNA 

Extraction Reagent in the initial homogenization.  Samples were incubated for 10 min at 

room temperature and centrifuged at 9750 rpm for 10 min at 4
o

C.  A white or gel-like 

pellet of precipitated RNA was formed along the side and bottom of the tube.  The size of  
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the pellet depended on the amount of cell/tissue starting material but the pellet of purified 

RNA was nearly transparent and difficult to see.  

      The supernatant was carefully removed without disrupting the RNA pellet.  The 

pellet was washed with 75% ethanol prepared with RNase-free water.  For each wash, 1 

ml of ethanol was added per 1 ml of Ribozol™ RNA Extraction Reagent used in the 

initial homogenization.  It was vortexed  and centrifuged at 6094 rpm for 5 min at 4
o

C.  

       Following the final ethanol wash, the ethanol was carefully removed without 

disrupting the pellet.  The pellet was briefly air-dried for 5-10 min.  However, the pellet 

was not dried completely as it would decrease the solubility of the RNA.  The RNA pellet 

was dissolved in 50 µl RNase-free water for every 5x10
6 

cells or 10 cm
2 

dish.  The pellet 

was passed several times through a pipette tip and incubated for 10 min at 55-60
o

C to 

permit it to completely dissolve. Finally, the RNA concentration was determined by 

measuring absorbance at A
260

 and using the following formula: RNA concentration in 

µg/ml = A
260

 x 40 x the dilution factor. 

RT-PCR Measurement of cox-1 Expression in GLC4 Cells 

 RT-PCR was used initially to confirm the up-regulation of cox-1 in the new 

GLC4/ADR cells and also to compare cox-1 levels in transfected cells.  RNA extracted 

from the cultured cells was quantified as described previously. Superscipt III Platinum 

SYBR Green One Time qRT-PCR Kit (Invitrogen) was used with extracted RNA as a 

template.  Primers used in these reactions were specific for cox-1 and were purchased 

from Santa Cruz Biotechnology.  The components for the RT-PCR reactions were as 

follows: 1 µl of Superscript III RT Mix, 25 µl of 1 X SYBR Green, 1 µl of forward and 

reverse primers (10 µM each), 1 µg of RNA template (maximum volume 10 µl), 1 mM 
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 magnesium sulfate, 20 ng/µl ultrapure, non-acetylated bovine serum albumin, and 

molecular grade water to 50 µl.   

 The Cepheid Smart Cycler (Cepheid, Sunnyvale, CA) was used for the RT-PCR 

amplification.  The standard cycling program was used: cDNA synthesis @ 50
o 

C for 3 

min; denaturation @ 95
o 
C for 5 min, followed by 40 cycles of annealing and extension 

(95
o 
C for 15 s and 60

o 
C for 30 s), and finally 40

o 
C for a minute.  Comparisons of the 

change in fluorescence over time were used to analyze the results. 

Cell Viability Assay using Hemacytometer Cell Counts 

In order to perform a cell count using a hemacytometer, approximately 0.2 million 

cells (1/10 of the total) were stained with trypan blue dye.  Under a microscope, live cells 

appeared clear and transparent whereas, the dead cells appeared blue.  The trypan blue 

stain solution was added to the hemacytometer grid carefully using a coverslip to spread 

the solution by surface tension.  The live cells (clear cells) at four square mm corners of 

the hemacytometer were counted under the microscope.  The average counts of the four 

square mm corners were used for cell count per square millimeter to determine the cell 

concentration using the following formula:  The number of cells per milliliter = number 

of cells counted per square millimeter (average of four corners) x dilution x 10
4
; Total 

cells = cells/ml x total culture volume (ml). 

The percentages of viable cells were measured by dividing the number of viable 

cells by the total cells present in the sample.  Both cox-1 and scrambled siRNAs were 

used for transfection and percentage of viable cells were compared with the non-

transfected and their control group.  All the samples were in triplicate and the final 
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percentage of viable cells was the average of this triplicate. Statistical differences were 

determined using a paired Student’s t- test and significance was established when *P 

<0.05, **P <0.01.  

Apoptosis Assay Using Fluorescence Microscopy 

A multiplex fluorescence apoptosis/necrosis detection kit (Enzo Life Sciences, 

Plymouth Meeting, PA) was used to determine if apoptosis was restored with 

transfection.  Early apoptosis was detected by the display of phosphatidylserine (PS) on 

the extracellular face of the plasma membrane.  In the presence of Ca
2+

, phospholipid-

binding proteins such as annexin-V/FITC bind with a high affinity to PS.  Since annexin-

V/FITC is not cell permeable, the binding of externalized PS is a strong confirmation of 

early apoptotic cells.  

Detection of early apoptosis was enabled by an annexin-V-EnzoGold (enhanced 

cyanine-3) conjugate.  Similarly, late apoptosis and necrosis detection was facilitated by a 

Necrosis Detection Reagent (Red) similar to the red-emitting dye 7-AAD.  However, we 

were only able to assess the early apoptosis level using the fluorescence 

apoptosis/necrosis detection kit since our fluorescence microscope did not have the 

proper filter set for the necrosis detection.  

An apoptosis assay was also performed using propidium iodide (PI) versus 

annexin-V/ FITC (BD Pharmingen, San Diego, CA) staining to compare the early and 

late stages of apoptosis.  PI is an intercalating agent, with no discernable sequence 

specificity, which binds DNA at a ratio of 4 bps per molecule PI bound (Riccardi et al., 

2006).  When PI is excited by laser light at 488 nm its fluorescence is detected between 

500-670 nm.  The fluorescence is amplified 20-30 fold when PI is bound to DNA, but PI 
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is impermeable to the cell membranes of viable cells.  Once a cell has undergone 

apoptosis, PI is able to diffuse through the cells and, thus, labeling occurs.  Annexin-

V/FITC binds to cells early in apoptosis, and continues to be bound through cell death.  

PI is used in two-color annexin-V/FITC flow cytometric assays to distinguish cells that 

are in the earlier stages of apoptosis (annexin-V/FITC positive, PI negative) from those 

that are in the later stages of apoptosis or already dead (annexin-V/FITC positive, PI 

positive) (Martin et al., 1995).  

Cells treated with annexin-V/EnzoGold from the apotosis detection kit and with 

the two dyes, annexin-V/FITC and PI, were analyzed using Zeiss LSM 5 Pascal 

fluorescence microscope.  These cells included ones transfected with cox-1 specific 

siRNA, scrambled siRNA as a control, and untransfected ones.  The fluorescence images 

for the annexin-V/EnzoGold were taken using a filter set at λex = 550 nm, and λem = 570 

nm (400X magnification).  Similarly, the images for PI and annexin-V/FITC were taken 

using a filter set at λex = 540 nm and λem = 630 nm for PI and at λex = 488 nm and λem = 

520 nm for annexin-V/FITC (400X magnification). 

The cell suspension (approximately 0.6 x 10
6
 cells, 1/6 of the total obtained after 

24 hr of transfection ) was centrifuged and washed with Phosphate Buffer Saline (PBS) 

(BioSource, Carlsbad, CA).  The cells were resuspended in 10 µl of PBS buffer and 

transfered into another tube which contained CyGEL (Biostatus, Leicestershire, England) 

for attaching the non-adherent cells to a slide.  The CyGEL and cell suspension mixture 

was applied on a microscope slide and covered by a coverslip.  Since CyGEL liquefies on 

ice, this microscope slide was transferred to an ice pack and then placed back at room 

temperature to re-set.  
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Cells were stained with annexin-V/EnzoGold (enhanced cyanine-3) conjugate 

(Enzo Life Sciences, PA) and with fluorescein isothiocyanate (FITC), annexin V, and 

propidium iodide, as per the manufacturer's directions
 
(BD Pharmingen, CA).  Dead cells 

appeared red in color unlike the white live cells after staining was done with annexin-

V/EnzoGold.  Contrary to this, early apoptotic cells appeared green and late apoptotic 

cells appeared red in the cells stained with annexin-V/FITC and PI, respectively. The 

number of dead cells was divided by the total cells to measure the percentage of 

apoptosis.  

Apoptosis Analysis Using Flow Cytometry 

Transfected cells (500 µl) were harvested from each well of the 6 well plate 

which approximately contained 0.4 million cells (1/7 of the total).  The cell suspension 

was pelleted at 1000 rpm for 5 min.  The supernatant was discarded and the pellets were 

resuspended in cold PBS.  It was repeated one more time with cold PBS.  For the dead 

control, 0.5 million cells were treated with 95 % ethanol while for other samples PBS 

was added instead of ethanol.  It was incubated for 2 min and was followed by 

centrifugation and pouring off the supernatant.  The pellets were resuspended with 250 µl 

1x Binding Buffer and 100 µl of the solution was transferred to a FACS tube which was 

kept on ice.  Ten µl of 0.5 mg/ml PI and 10 µl annexin-V/FITC were added to the 

specified tube which was gently vortexed and then incubated for 15 min on ice in the 

dark.  Finally, 400 µl of 1X Binding Buffer was added to each tube and flow cytometry 

was performed as soon as possible.  Flow cytometry was performed on a COULTER® 

EPICS® XL-MCL Flow Cytometer (Beckman, Fullerton, CA) to determine the 

percentage of dead cells in a group of cultured cells (Lecoeur et al., 2002).  
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Western Analysis 

 In order to determine if there was a simultaneous reduction in the amount of 

COX-1 protein expressed in transfected cells relative to control cells, a Western analysis 

was performed by an undergraduate student, Fernando Cuadrado.  Total protein from six 

samples was isolated and analyzed by Western blotting.  Two sets of duplicate samples 

included doxorubicin treated and non-treated cells.  Within each set were ADR cells 

transfected with cox-1 specific siRNA, cells transfected with scrambled siRNA, and non-

transfected cells.  The protein isolation was performed using a radioimmunoprecipitation 

assay or RIPA buffer (Thermo Fisher Scientific, Waltham, MA).  During this process, 

cells were chemically lysed and centrifuged to extract all proteins present at the time of 

processing.  Bradford assay was used to quantify the total amount of protein.  

 The total amount of protein obtained was highly dependent on the number of cells 

utilized.  For this experiment each replicate sample contained approximately 750,000 

cells which were harvested (1/4 of the total of each experimental group).  Each group 

contained a total initial volume of 375 µl with a cell concentration of 2 x 10
5
 cells/ml.  

The cells were centrifuged at 2,000 rpm and the supernatant obtained was discarded.  The 

cell pellets were washed twice with 500 µl of cold PBS, by repeating the first step.  These 

were resuspended in 150 µl of RIPA buffer (1 ml per 5 x 10
6 
cells) and mixed into 

solution by pipetting up and down several times.  The cells were placed on ice followed 

by incubation on a rocking platform for 15 min.  Each sample was centrifuged at 12,000 

rpm for 15 min to pellet cell debris.  Finally, the supernatant was extracted and protein 

quantification was performed transferring supernatants to new tubes.   

 A Bradford assay was performed for quantification.  A standard curve was 

constructed by reading the absorbance values of five standard concentrations containing 
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1, 2, 3, 4 and 5 µl of bovine serum albumin (BSA) (BioRad, Hercules, CA) at 

concentration of 1.47 µg/µl to 200 µl of 5X Bradford solution and molecular grade water 

up to a total volume of 1 ml.  A graph for all the standards was done by plotting 

absorbance as a function of concentration.  Table 1 shows the exact components, 

absorbance values and concentration in the standard curve.  

 

Bradford solution Water BSA µg/µl Absorbance 

200 800 0 0.1905 

200 799 1.47 0.1905 

200 798 2.94 0.378 

200 797 4.41 0.601 

200 796 5.88 0.7395 

200 795 7.35 0.8 

 

Table 1: Bradford assay standards. The absorbance of six standards, with increasing 

BSA concentrations, was measured at 595 nm. A 5X Bradford solution utilized for this 

assay. 

 A 1:250 dilution of each protein was made in 996 µl of 5X Bradford solution 

(BioRad, Hercules, CA) before calculating the total amount of protein in solution.  All 

samples of the same type (the experiment was run in triplicate) were pooled together 

resulting in a total of six samples to increase the total amount of protein per sample 

group.  Table 2 shows the absorbance values and concentrations after using the equation 

obtained with the Bradford assay and multiplying by the dilution factor (250).   
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Sample Absorbance (595 nm) Concentration (µg/µl) 

1 0.424 0.8495 

2 0.408 0.8125 

3 0.323 0.6325 

4 0.266 0.5125 

5 0.337 0.665 

6 0.269 0.5175 

 

Table 2: Absorbance values (595nm) and concentration for each sample. 

 

 The total amount of protein loaded per lane was normalized to 8 µg for Western 

analysis.  The samples were run in an SDS-PAGE denaturing gel (NuPAGE, Invitrogen, 

Carlsbad, CA) for 1 hr and 45 min at 150 V.  The total volume of each sample was set to 

35 µl with addition of varying amount of molecular grade water and 17.5 µl of 2X 

sample buffer was added to each sample. Table 3 shows the calculated protein sample 

volumes loaded onto the gel. 

 Before loading, the samples were boiled for 5 min.  A brief centrifugation step 

was added to reincorporate condensed liquid in the lid.  The pre-cast gel was set into a 

BioRad apparatus and 200 ml of 1X running buffer was added to the inner chamber.  

After verifying that no bubbles were present in any well, an additional 600 ml was added 

to the outer chamber.   
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Sample  Concentration 

(µg/µl) 

Volume (µl; 8 µg) 

1 0.8495 9.42 

2 0.8125 9.85 

3 0.6325 12.65 

4 0.5125 15.60 

5 0.665 12.0 

6 0.5175 15.46 

 

Table 3: Protein sample volumes for equal amount of protein per well. The sample 

loaded per lane was normalized to 8 µg (Cuadrado, 2010). 

 A protein molecular weight marker was added to the first and eighth well of the 

10-well polyacrylamide gel (10 % gel).  Fig. 12 shows the loading order of the samples 

which duplicated many of the samples on the two sides.  The gel was run for at 150 V for 

1 hr and 45 min.  Following electrophoresis, the gel was cut into two separate portions 

after the run.  Lanes 1-7 were exposed to electrophoretic transfer followed by 

immunoprecipitation versus COX-1 and actin antibodies and lanes 8-10 were stained 

with Coomassie blue.  The bands in molecular weight markers which were used to 

determine hybridizing protein were visible in Coomassie blue stained portion.  

 A semi-dry transfer method from OWL separation systems (ThermoFisher, 

Waltham, MA) was used in this experiment.  Six sheets of blotting filter paper (size of 

6.5 cm x 7 cm) were placed in the apparatus and air bubbles were avoided.  A 

―sandwich‖ was made by first placing the first three sheets soaked in cathode buffer 
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which were followed by the unstained portion of the polyacrylamide gel into the 

apparatus.  A pre-hydrated (MilliQ
®
 water) nitrocellulose membrane was placed on top of 

the gel followed by two sheets of blotting paper soaked in anode buffer 2 and the last 

sheet soaked in anode buffer 1.  Table 4 shows the dilutions of all three buffers [anode (1 

& 2) and cathode buffers].  Finally, the transfer was run at a constant current of 41 mA 

(0.9 mA/cm
2
) for 1 hr and 45 min.  

 

Table 4: Buffer components for a total of 1000 ml 1X working anode, anode1 and/or 

cathode buffer solution. Buffers were obtained from OWL separation systems 

(ThermoFisher, Waltham, MA).  

 After the transfer, the nitrocellulose membrane was washed in 5 ml of PBS twice 

before placing it in 3 ml of Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) 

at 4
o 
C on rocking platform overnight.  The following day, the blot was washed with PBS 

twice before probing it with the primary antibody.  The anti-COX-1 rabbit IgG was 

diluted in 399 µl of water for a 1:400 working dilution (Santa Cruz Biotechnology, Santa 

Cruz, CA).  The primary antibody solution consisted of 400 µl of anti-COX-1 antibody 

(raised in rabbit), 3 ml of blocking buffer and 3 µl of Tween-20 (PBS/0.1% Tween-20). 

To act as internal loading control, the rabbit actin antibody was also included in the 

antibody solution.  Actin is a globular protein of approximately 42-kDa which is highly 

conserved and found in most eukaryotic cells.  The membrane was placed on a rocking 

platform at 4°C overnight.  
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 The membrane was washed 4X for 5 min with PBS/0.1% Tween-20 on a rocking 

platform at room temperature during the final steps.  A 1:30,000 secondary antibody 

dilution (goat anti-rabbit IgG labelled with fluorescent Alexa Fluor 680 dye) was made 

by adding 1 µl of Alexa Fluor 680 (Invitrogen, Carlsbad, CA) to a covered Falcon
® 

tube 

containing 3 ml of blocking buffer and 3 µl of Tween-20 (Blocking buffer/0.1% Tween-

20).  The blocking buffer/Tween-20/antibody solution was added to the washed 

membrane and incubated for 1 hr.  The membrane was washed 4X for 5 min in PBS/0.1% 

Tween-20.  PBS alone was used for the last two washes.   

 The Western blot image was obtained using a LI-COR imaging system.  The 

inverted blot was placed on the lower left corner of the scanning surface and was covered 

with the rubber sheet to avoid any air bubbles. The blot was scanned using the 700 nm 

channel at an intensity level of 5.  After the image was obtained and it was determined 

that the actin antibody did not cross-react, densitometry was performed on the 

Coomassie-stained portion of the gel to provide evidence of equal protein loading in the 

lanes.  Band intensities of two lanes (proteins isolated from transfected and non-

transfected ADR cells) were compared by drawing boxes of equal area around two 

regions of the gel.  An upper region was scanned where differences in expressed proteins 

were not expected and a lower region corresponding to the size COX-l should run as 

determined by comparison to the stained molecular weight marker.  The intensity and 

shape area values are given in Tables 5 and 6.   
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Sample  Intensity Shape area 

1 (Loading control) 7.7 24.65 

3 (Loading control) 8.5 24.65 

1 (COX-1) 11.6 24.65 

3 (COX-1) 14.1 24.65 

 

Table 5: Band intensity values of Coomassie Stain image. Shape areas were held 

constant at 24.65 (858 pixels) for comparison. 

 

  

Table 6: Band intensity values of all six Western analysis samples. Shape areas were 

held constant at 26.89 (936 pixels) for comparison. 

 



 

 

 

 

   RESULTS AND DISCUSSION 

 

 

Verification of Up-Regulation of cox-1 in GLC4/ADR Cells 

 Before beginning the research project to use RNAi technology to decrease the 

expression of cox-1, it was necessary to ascertain that cox-1 was over-expressed with the 

development of MDR in the cells we had recently obtained from Europe.  The up-

regulation of cox-1 in GLC4/ ADR cells as compared to GLC4/REV cells was confirmed 

by RT-PCR.  After 24 h of transfection, RNA was isolated from all populations of cells 

and 1 µg from each sample was used as a template for RT-PCR with primers specific to 

the cox-1 gene.  Results clearly indicated an up-regulation of cox-1 cDNA in GLC4/ADR 

cells as compared to the GLC4/REV cells.  These results can be seen in Fig. 3 which 

clearly shows the higher level of GLC4/ADR mRNA template as indicated by the earlier 

fluorescence peak at approximately 20 cycles compared to 38. NTC was a blank in this 

panel.  Average cycle threshold (Ct) values for GLC4/ADR and REV cells were 16 and 

31, respectively.  Ct levels, which correspond to the number of cycles required to exceed 

background, are inversely related to the number of target molecules available for 

amplification (cox-1 mRNA in this case).  Ct values less than 29 are strong positive 

reactions, indicating the presence of abundant template while a Ct value of 30-37 

indicates moderate amounts of target, and higher Ct levels indicate minimal amounts of 
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Fig. 3: Real Time RT-PCR amplification of cox-1 cDNA indicating up-regulation of 

cox-1 in GLC4/ADR as compared to REV cells.  Fluorescence curves show the 

amplification of the  cox-1 cDNA in ADR and REV cells as SYBR green I, an 

intercalating dye, binds to amplified fragments and releases fluorescence (Y-axis) with 

increasing cycles of PCR.  NTC was a blank in this panel.  
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target (WVDL, 2010).  The results shown here are the best representations from three 

independent replicates, but indicated that abundant levels of cox-1 mRNA were present in 

the ADR cells as compared to moderate to minimal levels in the REV cells.  The relative 

expression level of GLC4/ADR curve was 48 % more than GLC4/REV curve and was 

based on three sample replicates.  We did not perform relative quantification comparing 

amplification of our target gene transcript to a reference gene transcript and melting 

curve analysis data could not be retrieved.  In addition, we did not include untransfected 

GLC4/S cells which would have made an interesting comparison.  However, in previous 

research (Aryal, 2007) no significant expression of cox-1 was observed in GLC4/S cells. 

Down-Regulation of cox-1 Using RNAi Technology 

 Down-regulation of cox-1 was performed in triplicate using a siRNA specific to 

cox-1 and the GenePORTER 2 transfection kit with GLC4/ADR and REV cells grown in 

12 well plates.  RNA was isolated from each sample after 24 h following addition of 

siRNA.  The total RNA concentration varied from 88 to 176 µg/ml and the range of total 

RNA isolated was 4.4 to 8.8 µg.  In general, GLCR/ADR cells had higher concentrations 

of RNA compared to GLCR/REV cells which could have been due to a general 

transcription up-regulation or a specific increase in transcription of a number of MDR 

related genes, including cox-1.  

 Equal amounts of RNA (1 µg) were used with RT-PCR to compare the levels of 

cox-1 expression.  The data shown in Fig. 4 confirm the successful down-regulation of 

cox-1 in ADR cells transfected with cox-1 siRNA as compared to non-transfected ADR 

cells and NTC (a no-RNA control).  Results clearly indicated an up-regulation of cox-1 

cDNA in GLC4/ADR cells as compared to cox-1 down-regulated GLC4/ADR cells. 
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Fig. 4: Real Time RT-PCR amplification of cox-1 cDNA indicating successful down-

regulation of cox-1.  Panel A shows the amplification of the cox-1 cDNA in ADR cells 

as measured by increased fluorescence (Y-axis) with increasing cycles of PCR. The level 

of cox-1 expression is clearly reduced in ADR cells transfected with cox-1 siRNA 

compared to non-transfected cells.  NTC is a no-RNA control.  Panel B shows the 

fluorescence in log scale (Y-axis) versus the number of PCR cycles on the X-axis.  
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 These results in Fig. 4 clearly show the higher level of GLC4/ADR mRNA 

template as indicated by the earlier fluorescence peak at approximately 25 cycles 

compared to 32 cycles.  Average cycle threshold (Ct) values for GLC4/ADR and 

transfected GLC4/ADR cells were 23 and 34, respectively.  The results shown here are 

the best representations from three independent replicates and indicate the presence of 

abundant levels of cox-1 mRNA in the ADR cells to moderate levels of cox-1 mRNA in 

the transfected ADR cells.  The relative expression level of GLC4/ADR curve was 33 % 

more than transfected GLC4/ADR curve and was based on three sample replicates. We 

did not perform relative quantification comparing amplification of our target gene 

transcript to a reference gene transcript and melting curve analysis data could not be 

retrieved. 

Cell Viability Assay Using a Hemacytometer  

 

Cell viability was assayed by counting cells in the presence of trypan blue with a 

hemacytometer.  Dead cells appeared blue in color unlike live cells which were colorless.  

The percentage of viable cells for different populations of cells is shown in Table 7 

below.  Both cox-1 and a scrambled (SD) siRNA were used for transfection and the 

percentage of cell viability was compared with non-transfected cells. 

 The same results are shown in Fig. 5 in the form of a histogram of mean values 

with the standard deviations (±s.d.) from three independent experiments.  The 

corresponding P values (*= P <0.05 for ADR cells and **= P <0.01 for REV cells, 

respectively) showed that there was a significant decrease in cell viability percentage 

after cox-1 down- regulation in both the ADR and REV cells.  This significant decrease 

in cell viability percentage in transfected ADR cells is believed to result from the cells’ 
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susceptibility to doxorubicin after down-regulation of cox-1, which according to our 

hypothesis is the target gene responsible for MDR development. 

 

REV+No siRNA REV+siRNA ADR+No siRNA ADR+SD ADR+ siRNA 

91.4 83.7 78.5 80.0 75.6 

92.1 84.2 79.8 77.9 73.3 

91.1 83.3 80.2 78.0 74.8 

Mean=91.5 Mean=83.7** Mean=79.5 Mean=78.6 Mean=74.6* 

 

Table 7:  Cell viability assay using a hemacytometer cell count and trypan blue dye 

to compare the percentage of viability for different populations of cells from three 

replicate samples.  Both cox-1 and a scrambled (SD) siRNA were used for transfection.   

cox-1 down-regulation induced a significant decrease in percentage of cell viability for 

both GLC4/ADR and REV cells compared to non-transfected cells or cells transfected 

with scrambled siRNA (**= P <0.01 for REV cells and * = P <0.05 for ADR cells). 

   The decrease in cell viability percentage in transfected REV cells not grown in the 

presence of doxorubicin is more difficult to explain.  REV cells are ADR cells grown 

without doxorubicin which are quickly able to develop MDR in the presence of the drug.  

REV cells are genetically different from S cells which have not been exposed to 

doxorubicin.  We do not know what specific genetic changes differentiate ADR cells 

from S cells.  However, one previous study suggested that resistance of the GLC4/ADR  

cell line is dependent on the intracellular level of glutathione (GSH) because pretreatment 

of cells with GSH inhibitor substantially reduced resistance (Zijlstra et al., 1986).   

 Cell Viability (%)  
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Fig. 5: cox-1 down-regulation decreased viability in GLC4 ADR and REV cells.  

Percentage of cell viability was measured using a hemacytometer to count cells in the 

presence of trypan blue dye where dead cells were blue in color compared to the colorless 

live cells.  Both cox-1 and scrambled siRNAs (control siRNA) were used for transfection. 

The different populations of cells are shown on the X-axis while the percentage of cell 

viability is on the Y-axis.  A significant decrease in percentage of cell viability was 

observed after cox-1 down-regulation in GLC4/ADR and REV cells.  Data shown 

represent the mean ±s.d. of three independent experiments (*= P <0.05, ** = P <0.01).  
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REV cells are known to have an intermediate number of vaults present compared to S 

and ADR cells and it is likely that they also contain more cox-1 mRNA.  Previous 

research in our lab (Aryal, 2007) reported intermediate levels of cox-1 mRNA and COX-

1 protein activity in REV cells as compared to ADR cells.  Therefore, it is assumed that 

decreasing cox-1 expression in REV cells in this research also negatively impacted these 

cells.  

We also found that there was slightly lower percentage of viability (not 

significant) in the cells treated with scrambled siRNA as compared to the non-transfected 

cells suggesting all siRNAs are slightly toxic to the cells as previously observed by 

Fedorov et al. (2006).   

Assessment of Apoptosis Using Fluorescence Microscopy 

 Since our cells were a mixed population of cells that were not all adherent, 

GLC4/REV and ADR cells transfected with cox-1 siRNA, a scrambled siRNA, and the 

untransfected cells were fixed on glass slides with Cygel (Biostatus Limited, 

Leicestershire, United Kingdom).  A Zeiss LSM 5 Pascal fluorescence microscope and a 

fluorescent apoptosis/necrosis detection kit (Enzo Life Sciences, PA) were used for 

taking fluorescence images which showed increase in percentage of apoptosis after 

successful down-regulation of cox-1 from GLC4 cells.   

 Fig. 6 shows REV cells in panels A and B where only cells in panel B are 

transfected with cox-1 siRNA.  Panels A and B clearly differentiate the early apoptotic 

cells (red) from the live cells which are clear and transparent.  Red background 

fluorescence was also detected which is believed to be due to Cygel (Aryal, 2007).  The 

percentage of apoptosis was calculated by dividing the dead cells by the total cells  
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Fig 6: Annexin-V/EnzoGold conjugate and fluorescence microscopy enabling 

detection of early apoptosis in REV (Panels A and B) cells and in ADR (Panels C 

and D) cells.  Early apoptosis is shown by red cells while the live cells are clear and 

transparent using a fluorescent apoptosis/necrosis detection kit (Enzo Life Sciences, PA).  

Images were taken with a Zeiss LSM 5 Pascal fluorescence microscope using a filter set 

at λex = 550 nm, and λem = 570 nm (400X magnification).  Panels A and B contain REV 

cells but only panel B is transfected with cox-1 siRNA.  A lower percentage of apoptosis 

(21.1%) was seen in panel A as compared to panel B (48.6%).  Panels C and D contain 

ADR cells.  cox-1 is down-regulated in cells shown in panel C which exhibited a lower 

percentage of apoptosis (56.7%) compared to panel D (69.4%).                



 

 46 

counted and multiplying by 100 to yield a percentage value.  A significantly lower 

percentage of apoptosis (21.1%) was observed in Panel A as compared to panel B 

(48.6%) which suggests that siRNA treatment to decrease cox-1 expression doubled the 

number of cells experiencing apoptosis.  Overall, these apoptosis values were higher than 

the hemacytometer cell counts where the differences between untransfected and 

transfected non-viable REV cells again doubled but were only 8.5 % and 16.3 %.  This 

increase in the cell death with the fluorescence assay could be attributed to detrimental 

effects of the staining procedure or to longer duration of time while preparing the slides.  

Pre-fixation of the slides may have prevented additional apoptosis.  In both assays 

statistical significance was measured using Student’s paired t- test (*= P <0.01) to show 

significant differences between non-transfected and transfected cells and confirm siRNA 

treatment significantly increased percentage of apoptosis even in REV cells. 

 Panels C and D show ADR cells.  Although cox-1 down-regulation in REV cells 

doubled the level of apoptosis and significantly increased the level of apoptosis in ADR 

cells, a much greater level of apoptosis was seen in both non-transfected and transfected 

ADR cells.  Again, none of the slides were fixed and slides for ADR cells were prepared 

after finishing the slide preparation for REV cells.  These values for apoptosis were also 

higher as compared to the hemacytometer cell count where untransfected and transfected 

ADR cells had totals of 20.5 % and 25.4 % non-viable cells.  Again, this could be due to 

longer time and more manipulation required to prepare the slides as compared to 

performing the hemacytometer cell counts.  Thus, these results suggest that the slides 

should immediately be fixed on the day of preparation.   

 Fig. 7 shows annexin-V/FITC and propidium iodide staining in ADR cells  
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Fig 7: Apoptosis assay using annexin-V/FITC and propidium iodide (PI) to compare 

early apoptosis and late apoptosis, respectively, in cox-1 transfected ADR cells by 

fluorescence microscopy. The images were taken using the filter set at λex = 540 nm, and 

λem = 630 nm for PI and the filter set at λex = 488 nm, and λem = 520 nm for annexin-

V/FITC (400X magnification).  Early apoptosis is shown by green cells while cells in a 

late stage of apoptosis are red.  The slide was chosen because it clearly showed early and 

late apoptotic cells, but was not representative of the proportion of each counted. 
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transfected with cox-1 siRNA to evaluate the proportion of early apoptotic cells (green) 

versus late apoptotic cells (red).  More cells were observed in the late apoptotic stage (30) 

as compared to those in early apoptosis (14) and the total percentage of apoptosis 

(78.6%) was higher than the control.  Due to the low number of cells counted, no  

statistics were performed.  The control in this case was non-transfected ADR cells (Panel 

C).  Percentages of apoptosis were determined from the average of the two slides.  

However, cells were counted in just one field of view which had a total of 44 cells.  In 

order to get statistically significant results more than one field of view would have to be 

counted to increase the total number of cells (>100) and immediate fixation of cells is 

also advised. 

 Fig. 8 summarizes the fluorescence results in the form of a histogram and 

includes the means ±s.d. of three independent replicates, where appropriate.  Both cox-1 

and a scrambled siRNA were used for transfection and the percentage of apoptosis was 

compared with non-transfected cells.  Although significant increase in apoptosis were 

observed in both REV and ADR transfected cells compared to the non-transfected REV 

and ADR cells, we observed a slightly higher percentage of apoptosis in the transfected 

ADR cells treated with annexin-V/FITC and PI dyes (Panel E) as compared to the same 

batch of transfected ADR cells treated with the apoptosis detection reagent.  Panel D and 

E contain the same batch of transfected GLC4 ADR cells but differ in the type of dyes 

used.  Panel E contains annexin-V/FITC and PI dyes for the detection of both early and 

late stage apoptosis while panel D contains annexin-V/Enzogold for the detection of 

apoptosis only.  A slightly higher percentage of apoptosis in Panel E could be due to a 

longer time required for the preparation of the fluorescence slides involving two dyes  
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Fig. 8: A histogram comparison of the percentage of apoptosis for transfected and 

non-transfected REV and ADR cells based on fluorescence data shown in Fig. 8, 

panels A-E, respectively.  A significant increase in apoptosis was observed after cox-1 

down-regulation in GLC4/REV and ADR cells.  The different populations of cells are 

shown on the X-axis while the percentage of apoptosis is on the Y-axis.  Both cox-1 and 

scrambled siRNAs (control siRNA) were used for transfection.  Panels D and E contains 

the same batch of transfected GLC4 ADR cells.  However, panel D contains annexin-

V/Enzogold dye for the detection of apoptosis only contrary to Panel E which contained 

annexin-V/FITC and PI dyes for the detection of both early and late stage apoptosis.  

Data shown represent the mean ±s.d. of three independent replicates (*P <0.05).  
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namely annexin-V/FITC and PI dyes as compared to Panel D which involved only adding 

the apoptosis detection reagent.  None of the slides were fixed that day.  The slide in Fig. 

7 (Panel E) was the last slide to be made that day which also could have resulted in 

slightly more dead cells as compared to the cells in (Panel D).  This could be solved by 

fixing the slide using fixative agents such as paraformaldehyde.  

Apoptosis Assay Using Flow Cytometry 

Cells were analyzed 24 h after transfection and apoptosis was assayed with a 

COULTER® EPICS® XL-MCL Flow Cytometer (Beckman, Fullerton, CA).  First, 

controls were run to test the ability of the flow cytometer to assess apoptosis in our cells.  

Non-transfected REV cells treated with 95% ethanol to kill them were assayed in the 

presence of both dyes, annexin-V/FITC and PI, to detect the early and late apoptosis, 

respectively.  FITC conjugated annexin-V binds to phospholipid phosphatidylserine (PS) 

which is translocated from the inner to the outer leaflet of the plasma membrane in early 

apoptotic cells, whereas cells should be permeable to PI in late apoptosis due to loss of 

plasma membrane integrity.  Despite repetition of the flow analysis a few times with 50 

µg/ml PI (20 times the normal concentration of 2.5 µg/ml) in 100 µl (0.4 million cells),  

no significant amount of PI was taken up by the cells.  The cells picked up the annexin-

V/FITC as seen in the lower left quadrant of Fig. 9, but flow cytometry was not showing 

a majority of dead cells.  The results shown in panels A-C in Fig. 9 are difficult to 

analyze.  A large number of dead cells in late apoptosis were expected after treatment 

with ethanol which would be visible as dots in the upper right quadrant, but this was not 

observed.  We consulted with Dr. Heather Bruns and she suggested that our cells may 

have been dead before ethanol treatment but we knew this was not the case based on our  
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Fig. 9:  Flow cytometric analysis of non-transfected GLC4 REV cells.  Panels A-C are 

REV cells treated with 95% ethanol in the presence of both dyes, annexin-V/FITC and 

PI.  Cells were expected to take up the dyes in these controls which would be indicated 

by fine dots in the lower and upper right quadrants representing a greater percentage of 

apoptotic cells. 
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other results.  Another possibility was that the flow cytometer was not able to distinguish 

between the two types of cells in our population (adherent and suspension).  Dr. Bruns  

suggested to have the dead control analyzed in a new flow cytometer (from Accuri, Ann 

Arbor, MI) which was demonstrated in our department.   

The new flow cytometer from Accuri was present only one day for a short 

demonstration and we were allowed to analyze only the dead control experiment (non-

transfected REV cells treated with 95 % ethanol).  The results of this analysis clearly 

showed two separate peaks for PI and annexin-V/FITC reflecting the mixture of adherent 

and suspension cells, which is a characteristic of GLC4 cells in culture (Fig. 10).  The 

resulting data are expressed as 14.5 % annexin-V/FITC positive and PI-negative cells 

(early stage of apoptosis) in the lower right quadrant and as 83.2 % annexin-V/FITC 

positive and PI-positive cells (late stage of apoptosis) in the upper right quadrant.  Seeing 

most of the cells in late apoptosis was an expected finding.  Unfortunately, we could not 

compare flow cytometric data with fluorescence microscopy data since treated samples 

were not run. Thus, we concluded that flow cytometric analyses using our older machine 

were not possible since this instrument was incapable of distinguishing the two different 

populations of cells present.  If flow cytometry is to be used as a measure of apoptosis in 

future experiments, a new flow cytometer would be required.   

Down-Regulation of COX-1 Protein Using Western Analysis 

In his thesis research Aryal (2007) showed that the level of COX-1 protein 

activity (using an enzyme assay) was specifically and significantly decreased from 45.5 

to 25.1% after the down-regulation of cox-1 RNA in GLC4/ADR cells as compared to a 

non-transfected control.  For this experiment we used a Western analysis to confirm  
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 Fig 10: Flow cytometric analysis using PI and annexin-V/FITC staining of non-

transfected REV cells on Accuri Flow Cytometer.  Panel A contains REV cells treated 

with 95% ethanol in the presence of both dyes, annexin-V/FITC and PI.  Two separate 

peaks for PI and annexin-V/FITC are clearly visible, reflecting the mixture of adherent 

and suspension cells characteristic of GLC4 cells in culture.  Early apoptotic cells 

(annexin-V/FITC positive, PI negative) observed in the lower right quadrant made up 

14.5 % of the total and late apoptotic cells shown in the upper right quadrant made up the 

remaining 83.2% (annexin-V/FITC positive, PI positive).  
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down-regulation of COX-1 protein after the siRNA transfection.  Following 

electrophoresis, the acrylamide gel was cut into two separate pieces, one for 

electrophoretic transfer followed by immunoprecipitation (Fig. 12) and the other one for 

Coomassie staining (Fig. 11).  

Western blot analysis in Fig. 12 shows only the COX-1 protein bands because 

actin antibody did not cross react.  We know this based on the molecular weight marker 

which is not shown here.  If actin antibody had worked, we would have observed one 

extra band corresponding to actin (42 kDa) below COX-1 (70 kDa) in Fig. 12.  Since it 

lacked an internal control, densitometry was performed on the stained portion in two 

regions of the gel to confirm equal loading of our samples (Fig. 11).  The stained portion 

was scanned using a LI-COR scanner and a picture is shown in Fig. 11.  Two lanes are 

shown, lane 1 (transfected ADR) and lane 2 (untransfected ADR).  The stained molecular 

weight markers are not shown.  To insure equal loading, we performed densitometry 

using a rectangular box of the same area, 24.65 (858 pixels) in both lanes in two different 

regions of the gel (Fig 11).  First two boxes were placed over the upper regions of the gel 

where the proteins were not expected to differ.  The intensity values for samples 1 and 3 

were 7.7 and 8.5, respectively, (a difference of 9.4%) suggesting that total protein loading 

was nearly equal.  Boxes were also placed in the lower region of the gel overlaying bands 

which corresponded in size to the COX-1 protein.  Intensity values in sample 1 and 3 

were 11.6 and 14.1, respectively, (an 18% decrease in this region of the gel expected to 

include COX-1 compared to the non-transfected control).  Table 5 shows the band 

intensity values with a constant shape area for the Coomassie stain image.  
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Fig. 11: Coomassie stained polyacrylamide gel.  Lane 1 contains protein extracts from 

siRNA- treated GLC4/ADR cells.  Lane 3 contains extracts from non siRNA treated 

GLC4/ADR cells. The boxed areas were held constant at 24.65 (858 pixels) and 

densitometry was performed for comparison. The intensity values for the upper two 

boxes in lanes 1 and 3 were 7.7 and 8.5, respectively.  The lower two boxes correspond 

to specific bands in the region of the gel where COX-1 is found.  Intensity values for 

lanes 1 and 3 were 11.6 and 14.1, respectively.  Protein standards were run in a separate 

lane which is not shown here (Cuadrado, 2010). 
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Fig. 12: Western Blot.  Lane 1, cox-1 siRNA treated GLC4/ADR cells. Lane 2, 

scrambled siRNA treated GLC4/ADR cells.  Lane 3, non- siRNA treated GLC4/ADR 

cells.  Lane 4-6, same siRNA treatments as in lanes 1-3 with no doxorubicin (Cuadrado, 

2010). 
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 Similar down-regulation of expression of COX-1 was observed in the portion of 

the gel subjected to immunoprecipitation (Fig 12).  Samples 1-3 contain protein extracts 

of ADR cells.  Lane one contains cox-1 siRNA transfected cells, lane 2 contains proteins 

from the scrambled siRNA transfected cells, and proteins from non-siRNA treated cells 

are shown in lane 3.  Lanes 4-6 contain protein extracts from similarly treated REV cells.  

The level of COX-1 expression appeared to be lower from GLC4/REV cells as compared 

to GLC4/ADR cells.  siRNA transfection in REVcells did not result a significant 

reduction in COX-1 expression as its level was already very low but differences in 

intensity were observed in ADR protein extracts.  The band in lane 3 (non-transfected) is 

much more intense than band 1 (transfected). Table 6 shows the band intensity values 

with a constant shape area for all the six samples.  

 The findings on Fig. 12 were confirmed by band analysis.  For ADR protein 

extracts, the relative density (COX-1 expression) seen in lane 1 was almost one-third of 

the COX-1 expression in lane 3. Therefore, results indicated that upon siRNA and 

doxorubicin treatment, there was an approximately sixty six percent (66%) reduction in 

COX-1 expression as compared to protein extracts from non-siRNA/doxorubicin treated 

cells.  This reduction (66%) in COX-1 protein expression was greater than that observed 

by Aryal (DATE) who reported a 44.7 % reduction as determined from a COX-1 protein 

activity assay.  Although only an 18 % difference in the amount of COX-1 protein was 

apparent from densitometry performed on the Coomassie stained gel as compared to a  

66 % down-regulation obtained from immunoprecipitation method, the immuno-

precipitation data is stronger.  Antibody binding is strong and specific, but Coomassie 

stain binding with proteins varies widely due to its affinity for proteins rich in basic 
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amino acids such as arginine, histidine, and lysine.
  
 In addition, the densitometry was 

performed over a region of the gel containing numerous proteins but the 

immunoprecipitation illuminated only COX-1.  A slight decrease in COX-1 expression 

was also observed upon scrambled siRNA treatment which confirmed that siRNAs 

generally are slightly toxic to cells, as observed by Fedorov et al. (2006).  The band 

analysis also revealed important information about cells untreated with doxorubicin.  

Band intensity levels of all samples were compared among each other. GLC4/REV cells 

without any siRNA treatment (lane 6) showed a slightly higher band intensity value as 

compared to the values in lanes 4 and 5.  Table 6 shows the band intensity values of all 

the samples.   

 Hence, Western analysis confirmed that siRNA transfection resulted in decreased 

expression of COX-1 protein in transfected ADR cells as compared to the non-transfected 

control, thus supporting other results obtained from cell counts and fluorescence 

microscopy.  However, the lack of a true internal control such as actin detection by 

immunoprecipitation suggested that the Western analysis should be repeated in the future. 



 

CONCLUSIONS 

 

 

 

Previous studies have shown that cox-1 is up-regulated in a number of MDR 

cancer cells such as ovarian and lung cancers.  The importance of cox-1 has also been 

suggested by the use of SC-560, an experimental drug which selectively blocks cox-1, 

and resulted a reduced cell proliferation and accelerated apoptosis in ovarian tumors of 

mice (Daikoku et al., 2005).  Although several studies have examined the role of cox-2 in 

MDR (Sorokin et al., 2004), no previous studies have assessed the role of cox-1.  

However, because of a similar role in the induction of inflammation of the COX enzymes 

and since cox-1 is up-regulated in GLC4 cells, we decided to examine the effect of down-

regulating cox-1 expression on MDR. 

Strong evidence suggesting a close association between COX inhibitors (NSAIDs 

such as aspirin) and a reduction in colorectal cancer proliferation was shown by Ulrich in 

2004.  The use of NSAIDs was also linked to protective effects against lung cancers 

(Olsen et al., 2008).  These previous reports clearly suggest that cox-1 expression is an 

important target in cancer research because it is now well known that chronic 

inflammation leads to cancer and inhibiting COX-1, an enzyme with a key role in 

inflammatory response, should inhibit the cancer growth and proliferation.  Although the 

role of cox-1 in MDR is not as well documented, our finding that cox-1 expression 

increased with the development of MDR in SCLC made it a target of this research.  
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Our results have shown that concomitant with cox-1 down-regulation using 

siRNA, MDR is abolished.  RT-PCR amplification of cox-1 cDNA indicated a successful 

down-regulation of cox-1 mRNA following siRNA transfection.  cox-1 siRNA-

transfected GLC4/ADR cells had the lowest level of cox-1 expression when compared to 

non-transfected GLC4/ADR and REV cells indicating successful cox-1 down-regulation.  

After this down-regulation of cox-1, a significant increase in apoptosis was suspected as 

MDR cells became more susceptible to doxorubicin.  In addition, a cell viability assay 

was done using hemacytometer cell counts to show enhanced sensitivity of transfected 

cells to doxorubicin.  Similarly, an apoptosis assay was done using fluorescence 

microscopy which showed a significant increase in percentage of apoptosis after cox-1 

down-regulation.  The greatest increase in apoptosis was observed in transfected ADR 

cells which originally over-expressed cox-1.  This significant increase in apoptosis is 

believed to be due to down-regulation of the inflammatory gene, cox-1, as a result of 

enhanced susceptibility of GLC4/ADR cells to doxorubicin.  However, the apoptosis 

assay using PI and annexin-V/FITC staining during flow cytometry was inconclusive 

since our flow cytometer was not capable of analysing the GLC4 mixed cell population 

(adherent and suspension cells).  

To confirm these findings at the protein level, an undergraduate student (Fernando 

Cuadradro) performed a Western blot analysis on a portion of these cells.  Fernando 

found that siRNA transfection decreased the expression of COX-1 by 66% in 

GLC4/ADR cells as compared to the non-transfected control using densitometry.  

However, it is recommended that Western blot analysis be performed again.  Although 

densitometry was used on the Coomassie-stained portion of the gel to indicate 
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approximate equal loading of protein extracts a true internal control such as simultaneous 

actin immunoprecipitation is needed.  

These transfections were performed using siRNA, rather than shRNA, so that the 

effects were temporary.  This provides an advantage in that the genome is not 

permanently altered.  Permanent knock down of cox-1 is not desired because cox-1 is a 

pro-inflammatory gene and if cox-1 is permanently knocked down, then wounds and 

infection would never be healed.  Although too much inflammation may be detrimental 

by stimulating cellular transformation and leading to MDR as suggested by this research, 

inflammation is a needed protective attempt by the organism to remove the harmful 

stimuli and to initiate the healing process.  The use of transient transfection using siRNA 

allows a rapid analysis of the gene function, since cloning is not required.  It allows 

screening for the cellular response in a quick and inexpensive fashion.   

 If this experiment is repeated in the future, a better measure of apoptosis is 

needed.  If our department does not purchase a newer flow cytometer, a tunel assay may 

be performed.  Also, other protein such as BCLxL which has been found to be up-

regulated in MDR cancer cells could be studied to get a broader insight into factors 

influencing apoptosis in this cell line.  The amount of RNA down-regulation could be 

quantified using qRT-PCR with a reference gene analysis. 

However, all the results confirm that cox-1 mRNA and protein were down-

regulated in transfected GLC4/ADR cells and that apoptosis increased as compared to the 

controls; a potentially exciting finding for treatment of multi-drug resistant cancer.  In the 

future, a similar experiment could be performed in vivo using a mouse model exhibiting 

MDR lung cancer.  If cox-1 were similarly up-regulated, siRNA transfection via an 
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inhaler might be employed to see if similar beneficial results were obtained.  

This approach of down-regulating cox-1 (transiently) could be a good idea to 

examine first in animal testing and then in clinical trials, as this may result in an increase 

in apoptosis of cancer cells.  However, there are some limitations that cannot be 

neglected.  DNA needs to be introduced specifically to target cells as it would also alter 

expression in normal cells.  In addition, one treatment might not be sufficient so that 

patients might have to undergo multiple, frequent treatments due to the transient 

expression.  Ultimately, down-regulation of inflammation associated genes using RNAi 

technology might prove to be life-extending therapy.  
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