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Abstract: 

Receptor Tyrosine Kinase (RTK) inhibitors, such as erlotinib/tarceva, have been introduced 

in the past decade as a promising therapeutic option in Head and Neck Squamous Cell 

Carcinoma (HNSCC), however, they lack significant efficacy as single agents. As a result, 

RTK inhibitors require a combination based therapeutic approach with other treatment 

modalities. To uncover such a combination of agents, we performed a high throughput 

Prestwick library screen that included 1200 compounds approved by the FDA on HNSCC 

cell lines and found that monensin, a coccidial antibiotic, synergistically enhanced the 

cytotoxicity of erlotinib. RT-PCR revealed that monensin induced the expression of 

Activation of Transcription Factor (ATF) 3 and its downstream target C/EBP homologous 

protein (CHOP) which are key regulators of apoptosis. Furthermore, RNA-Seq analysis 

suggests that monensin augments erlotinib cytotoxicity by disturbing lipid and sterol 

biosynthesis. Therefore, identifying the mechanism of action exerted by monensin may open 

alternative avenues of cancer treatment. 
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Chapter 1: Introduction 

1.1 Head and Neck Squamous Cell Carcinoma: History and Biology 

Squamous cell carcinoma of the head and neck (HNSCC) is the sixth most common 

cancers in the world and it accounts for approximately 90 % of the cancers that occur in the 

mucosa of the head and neck (1). The risk of developing this type of cancer increases with 

the use of tobacco and alcohol (1). Furthermore, it has been found that Human Papilloma 

Virus (HPV) is a risk factor for HNSCC (2). Presently, localized HNSCC tumors are treated 

with radiation or surgery (3); however, in advanced cases either radiation or surgery is 

generally combined with chemotherapy (4). Unfortunately, long-term survival remains 

relatively unchanged despite advancements in the fields of surgery, therapeutic agents and 

radiation delivery (5) and thus new therapeutic options are required in order to increase over-

all survival of patients with HNSCC. In order to identify superior alternative treatments, we 

need to improve our understanding of the biology of this cancer.  

 Studies have shown that the Epidermal Growth Factor Receptor (EGFR) is directly 

associated with HNSCC and plays a major role in their pathogenesis, in fact EGFR is up-

regulated in 90% of these tumors (6, 7). A variety of studies have demonstrated that higher 

levels of expression of EGFR are linked to poor prognosis (8-10). This makes EGFR a 

suitable target for the development of more efficacious therapies. Preclinical studies that 

target the EGFR in HNSCC models have shown promising results (11, 12); however, even 

though the EGFR is targeted using different methods, downstream signalling pathways are 

often deregulated leading to resistance to these agents (13). For example, cross-talk between 

the EGFR and other growth factor receptors such as the Insulin Growth Factor Receptor 

(IGFR) and G-Protein Coupled Receptors (GPCR) can maintain proliferative and survival 
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signals in these cells (14). Thus, targeting the EGFR in combination with other strategies, 

like radiation or other drugs that show activity in HNSCC, may represent a superior 

approach. A more expansive knowledge of EGFR functions, its effectors and downstream 

pathway regulations will lead to strategies to improve the effectiveness of this class of agents 

in cancer therapy. 

1.2 The Epidermal Growth Factor Receptor Structure and Function: 

The epidermal growth factor receptor (also erbB1, HER1) is the most studied protein 

of the ErbB family of receptor tyrosine kinases (RTK). It was first purified by Cohen et al in 

1980 (15). EGFR is a 170 kDa glycoprotein encoded by a gene at the 7p12 locus (16). It 

consists of an extracellular ligand-binding domain, a lipophilic trans-membrane domain and 

an intracellular domain that contains the kinase activity and key tyrosine residues involved in 

trafficking and binding of adaptor proteins and downstream effectors that contain an SH2 

domain (Figure 1.1) such as phospholipase C, for example (17, 18). The ectodomain of the 

receptor is comprised of four domains; two of them are involved in binding the ligand and 

two cysteine rich domains involved in dimerization. These domains are arranged in an 

alternating fashion from the N- to the C-terminus as follows: L1-CR1-L2-CR2 where the 

ligand binding site including L1 and L2 are designated domains I and III and the cysteine 

rich segments are designated domains II and IV (19). Ligands that activate EGFR signalling 

include the Epidermal Growth Factor (EGF), Transforming Growth Factor alpha (TGF-α), 

amphiregulin and Heparin-Binding EGF-like Growth Factor (HB-EGF) (20). Each ligand 

allows for dimerization with a different partner and propagates a signal via a different 

pathway which allows for horizontal amplification and diversification of the signal (21). 
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 Figure 1.1. Domains of the Epidermal Growth Factor Receptor. The EGFR is 
composed of an extra-cellular ligand-binding domain (Divided into Domains I,II,III and IV), 
a trans-membrane domain (Domain V), and an intracellular domain with kinase activity 
(Domains VI,VII and VIII) and key tyrosine residues that play a major role in signal 
transduction.  
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 Moreover, the EGFR has been shown to be activated by a multitude of other signals 

from integrins (22), membrane depolarization (23), cellular stress (24) and G-protein-

coupled receptors (25, 26). In the absence of an activation signal, the EGFR exists in an 

equilibrium state between auto-inhibited tethered conformation (~95% of total EGFR) in 

which domain II is buried into domain IV by virtue of intramolecular interactions and an 

untethered conformation (~5%) (Figures 1.2 A and B).  Its ligands bind to domains I and III 

stabilizing the receptor in the extended or untethered form and exposing the cysteine-rich 

dimerization arm of domain II that is crucial for dimerization to occur (27, 28) leading to a 

rightward shift of equilibrium according to the classical Le Cahtelier’s principle of chemical 

equilibrium. Following this change in conformation, the EGFR can homo- or hetero-dimerize 

with any of the ErbB family members, preferentially ErbB2, and it is at this point that the 

receptor’s kinase domain becomes activated  (27) (Figure 1.2 C) leading to phosphorylation 

of key tyrosine residues in the C terminal intracellular domain of the receptor as well as 

phosphorylation of many cytoplasmic substrates (29, 30). After that, the ligand-receptor 

complex is internalized in endosomes where one of two events can occur, the EGFR will 

either be recycled to the cell surface or targeted to lysosomes for degradation. It is now well 

established that activated EGFR signals through major pathways: the Ras-Raf-MAPK, PI3K-

Akt, Jak-Stat, and PLC-gamma (7, 31, 32) that mediate signals implicated in a myriad of pro-

survival cellular functions ranging from proliferation, to differentiation, motility, protein 

synthesis and DNA repair (Figure 1.3) (31, 33, 34). In addition to its traditional role as a 

signal transducer across the cytoplasmic membrane, the EGF receptor has also been found to 

localize to the nucleus (35, 36). In the nucleus the receptor is thought to directly bind DNA 

promoter regions or as part of a transcription initiation factor complex, activating pro-

survival genes resulting in cancer resistance and poor patient prognosis (37-39).  
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 Figure 1.2. Ligand-Induced EGFR Dimerization.  (A) Unliganded EGFR exists in a 
tethered conformation, in which domains II and IV form an intramolecular interaction (95%) 
or (B) in an untethered form. (C) Ligand binds and interacts simultaneously with domains I 
and III, stabilizing the extended form which exposes domain II and the receptor can 
dimerize. Domain II from two ligand-stabilized receptors interact forming an activated 
dimer. Adapted from Li et al. 2005.  
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 Figure 1.3. Major EGFR Signalling Pathways. The EGFR sits on the apex of versatile 
signalling pathways that regulate vital cellular processes such as proliferation, 
differentiation, motility, protein synthesis and DNA repair.  
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Therefore, many extracellular signals converge on the EGFR which in turn regulates 

a multitude of vital cellular processes. Furthermore, the EGFR has been implicated in the 

regulation of growth, proliferation, aggressiveness and therapy resistance of many cancers 

including HNSCC (32). These facts further support the rationale for focusing on this 

important RTK as a target for cancer therapy. 

1.2.1 EGFR Targeted Therapies: 

 
Various strategies have been implemented to target the EGFR at different stages of its 

signalling cascades and its expression. The most clinically advanced strategies are 

monoclonal antibodies (MAbs), receptor tyrosine kinase inhibitors (RTKi), antisense 

olignucleotides and siRNA-mediated blocking of its transcription, and ligand-toxin 

conjugates.  

1.2.1a Monoclonal Antibodies: 

 
Monoclonal antibodies function by targeting the extracellular ligand domain of the 

EGFR and compete with the native ligands (40, 41). Many antibodies have been raised 

against different EGFR epitopes, but they all exert their effects by preventing ligand binding 

to the receptor, or prevent receptor dimerization due to steric hindrance resulting in 

abrogation of kinase activity and preventing signal transduction (42, 43). Furthermore, it has 

been shown that antibody binding results in increased internalization and lysosomal 

degradation of the receptor (44). On the other hand, MAbs can also enhance the function of 

the immune system via opsonisation of cancer cells. As studies have shown antibodies 

enhance targeting of the cancer cells by natural killer cells and dendritic cells in HNSCC in 

vitro (45, 46). Due to all these effects, antibody based therapies are being extensively used 
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clinically. For example, cetuximab (C255, erbitux), a chimeric mouse-human IgG antibody 

was approved by the Food and Drug Administration  (FDA) in 2006 to be used with 

radiation therapy for treatment of HNSCC as it was demonstrated that combining radiation 

with cetuximab increased the duration of overall survival to 49 months compared to 29.3 

months with radiation alone (47). 

1.2.1b Antisense Oligonucleotides and siRNA: 

 
Antisense oligonucleotides are short segments of single stranded DNA molecules that 

can range between 20 to 25 nucleotides in length that exert their effect by targeting the 

sequence of messenger RNA of a specific gene. This acts to prevent its translation by 

sterically hindering the binding of the ribosomal subunits thus ceasing translation of the 

transcript to protein (48). siRNA are double stranded RNA molecules that contain a sequence 

corresponding to the target gene to be silenced (49). Its mechanism of action is very different 

from antisense oligonucleotides but they both aim to target a gene at the level of mRNA 

translation. Once inside the cell, siRNA is cleaved by an enzyme named Dicer creating a 20 

bp double stranded RNA molecule (50). Those then bind to RNA-induced silencing complex 

(RISC), unwind, and are then carried to the target mRNA to be silenced by RISC (51). 

Finally, slicer, which is part of the RISC complex, enzymatically excises the transcript 

mRNA in question (52). Both of these strategies have shown promising pre-clinical results. 

For example, a study that employed antisense oligonucleotides to treat xenografted 

squamous cell carcinoma demonstrated a significant reduction in tumor burden, lower EGFR 

expression levels and increased tumor cell apoptosis when compared to vector treated 

controls (53). Another study using siRNA targeting EGFR transcripts to treat HNSCC 
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xenografts showed similar results, and when used in combination with cisplatin the treatment 

was improved (12). 

1.2.1c Antibody/Ligand-Toxin Conjugates: 

 
Another strategy to target the EGFR is with antibody- or ligand-toxin conjugates. The 

rationale behind this strategy is to deliver a toxin, extracted from bacteria such as diphtheria 

or pseudomonas, directly and specifically to tumor cells that overexpress EGFR. Delivery of 

these toxins to the cytoplasm of the cell by endocytosis leads to ADP ribosylation of the 

eEF2 leading to cessation of protein synthesis (54). Studies have used this strategy to treat 

HNSCC, and other types of cancers with upregulated EGFR expression, in vitro and in vivo 

and have shown promising results. One such study has demonstrated that treatment of a 

glioblastoma xenograft model with TGF-alpha conjugated to the PE38 toxin (a modified 

pseudomonas toxin) showed tumor growth delay and regression (55). Another study used the 

same ligand-toxin conjugate in a HNSCC cell line model and xenografts and showed that 

cleaved PARP, which is a marker of apoptosis, is significantly higher in the treated groups 

versus control (56).  

1.2.1d Receptor Tyrosine Kinase Inhibitors: 

 
This class of therapeutic agents consists of low molecular weight inhibitors that act 

on the intracellular kinase domain of the EGFR and compete with and reversibly bind to the 

ATP binding site at K745 (57) preventing the trans-autophosphorylation of the receptor and 

subsequently abrogating the downstream signal transduction. Two anilinoquinazolines, 

Gefitinib (ZD 1839, Iressa®) and Erlotinib (OSI 774, Tarceva®), are examples of RTKi’s 

that have been approved by the FDA for the treatment of Non Small Cell Lung Carcinoma 
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(NSCLC) in 2003 and 2004, respectively. They are active, orally available drugs which make 

them a more attractive alternative to the IV-introduced MAbs. Initial Phase I clinical trials 

with these agents showed promising clinical activity (58, 59) in a variety of cancers which 

led to further investigations. In Phase II trials on patients with NSCLC; a response rate 

ranging from 10% to 18% was reported for gefitnib (60, 61). However, a follow-up series of 

Phase II trials were conducted and these RTKi’s failed to increase survival when combined 

with classical chemotherapy (62, 63). In 2005, Shepherd and coworkers conducted a Phase II 

clinical trial on NSCLC patients that had already received first- or second-line chemotherapy 

and demonstrated that erlotinib as a single agent improved patient survival compared to 

placebo (64). Clearly there is a need to enable better identification of patients who would 

benefit from this type of treatment and uncover novel therapeutic combinations of these 

agents to enhance their efficacy. Interestingly, recent studies have revealed that a subset of 

NSCLC patients respond more robustly to treatment with these drugs due to the presence of 

mutations in exons 18 to 21 encoding the kinase domain of the EGFR (65, 66). These 

mutations are believed to stabilize ATP binding conferring enhanced activity to this mutated 

receptor, however, the TKi also show enhanced binding to the ATP binding pocket rendering 

tumor cells with these mutations more sensitive to these agents (66). 

1.3 Mechanisms of Resistance to Therapy: 

Over the past decade there has been significant development and diversity in the field 

of cancer therapy; however, the increase in survival of cancer patients with HNSCC, or any 

of the other cancers that overexpress the EGR, has been very modest. This is largely due to 

the development of resistance to the treatment modalities mentioned above, especially when 

prescribed as monotherapy. Indeed, the ability of cancer cells to adapt is the treatment 

obstacle that must be overcome to produce durable patient responses and cures.  
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The need to develop novel therapeutic options stems from the fact that classical 

therapies such as chemotherapy and radiation are less affective as the disease progresses. The 

ability for cancer to repopulate rapidly between sessions of fractionated radiotherapy is one 

of the main causes of resistance. In the case of EGFR targeted therapies, multiple resistance 

mechanisms can be activated against MAbs effects as targeting of EGFR by cetuximab 

induced up-regulation of Her2 and Her3 and their downstream signalling as a compensatory 

mechanism (67). Resistance to TKi’s occurs as a result of mutations in the internal ATP-

binding domain. A common mutation that confers resistance to gefitinib and erlotinib in 

NSCLC is a T790M substitution that changes the conformation of the ATP binding site 

lowering the binding affinity of these drugs (68). Moreover, increased expression of c-Src 

can also confer resistance to erlotinib by activating c-Met (69). Stabile et al. developed a 

HNSCC cell line that overexpresses activated c-Src and observed that c-Src expressing cells 

are about four times more resistance to erlotinib than the vector control (69). Furthermore, 

activated c-Src increases c-Met phosphorylation and activation, and that inhibition or knock-

down of c-Met sensitizes these resistant clones to erlotinib both in vitro and in vivo (69). 

Inhibition of the EGFR is a promising therapeutic approach that holds potential as a 

treatment option for patients with HNSCC; however, identifying patients that will likely 

benefit from this approach, overcoming drug resistance and identification of combination 

based therapies to enhance efficacy are major hurdles limiting the progress of this strategy.  

1.4 Statins in Cancer Therapy: 

Statins are a class of drugs that are widely prescribed to patients with high plasma 

cholesterol levels to reduce the risk of cardiovascular disease. Mevinolin, currently known as 

lovastatin (Figure 1.4), was the first statin discovered and was an extract from the fungus 

Aspergillus terreus (oyster mushrooms). This drug was found to potently inhibit the enzyme 
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3-hydroxy-3methylglutaryl-coenzyme A (HMG-CoA) reductase in rats and dogs resulting in 

a significant decrease of plasma cholesterol levels (70).  HMG-CoA reductase is the rate 

limiting enzyme in the mevalonate pathway, which is an important metabolic pathway that 

produces a variety of metabolites that are essential for a multitude of cellular processes and 

structures (71).  The end products of the mevalonate pathway include cholesterol, heme A, 

ubiquinones, dolichol, farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate 

(GGPP) (71). The cell uses cholesterol to control the fluidity of their membrane and in the 

synthesis of new cytoplasmic membrane during cell division as well as in the formation of 

steroid hormones (71).  Heme A is a component of hemoglobin and cytochromes. 

Ubiquinone, otherwise known as co-enzyme Q10, is an important component of the inner 

mitochondrial membrane that participates in the electron transport chain and the formation of 

ATP (71). Dolichol is an important carrier molecule for oligosaccharides that aids in the 

synthesis of glycoproteins (71). And finally, FPP and GGPP are isoprenoid molecules that 

are used in the post-translational modification of certain proteins especially the Ras 

superfamily of small GTP-binding proteins (72). The addition of these 15 to 20 carbon 

molecules to their c-terminus provides these proteins with a membrane anchor allowing for 

their proper cellular localization that is critical for their function (73, 74). The GTPases 

hydrolyse GTP to GDP and trigger signal transduction pathways and are central regulators of 

cellular proliferation, trafficking, motility and survival (Figure 1.5) (75).  
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Prodrug
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 Figure 1.4. Inhibition of Mevalonate Production by Lovastatin. Lovastatin is 
activated by carboxyesterases in the plasma and liver giving the molecule a carboxylic 
group. In that form lovastatin resembles an intermediate that has a 1000x more affinity to the 
HMG-CoA reductase than its natural substrate which, upon binding to the enzyme, inhibits 
the conversion of HMG-CoA to mevalonate.  
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 Figure 1.5. The Mechanism Linking the Mevalonate Pathway, Ras, and the EGFR. 
 This figure explains how the mevalonate pathway is connected to regulation of EGFR 
signalling through GTPases such as Ras. Production of farnesyl pyrophosphate (FPP) in the 
mevalonate pathway is required for prenylation of the Ras protein which targets it to the 
cytoplasmic membrane in close proximity to the EGFR. Ligand binding to the EGFR leads to 
activation of Ras that switches on downstream effectors.   
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The Ras superfamily of proteins, including Rho and Rab, have been implicated as 

playing roles in the pathogenesis of a multitude of cancers. Since prenylation is an essential 

post-translational modification for the functionality of these proteins, statins have been 

studied as a potential anti-cancer therapeutic approach. In the 1990’s clinical trials 

investigated the tolerability of lovastatin in cancer treatment, and concluded that this statin is 

well tolerated at high doses with the limiting dose being myopathy that was reversed by 

ubiquinone supplementation in about 60% of the patients (76, 77). Further studies using 

lovastatin on a wide variety of cancer cell lines revealed that lovastatin is a potent inducer of 

apoptosis in cancers from different origins such as juvenile monomyelocytic leukemia, 

rhabdomyosarcoma, medulloblastoma, and squamous cell carcinoma of the cervix and of the 

head and neck (78, 79). These studies clearly demonstrate the dependency of certain types of 

cancer on the end products of the mevalonate pathway, since their depletion through 

inhibition of HMG-CoA reductase caused a marked decrease in viability of multiple cancer 

cell lines in vitro. These findings led to a phase I clinical trial of lovastatin, as a single agent, 

in patients with recurrent or metastatic head and neck or cervical squamous cell carcinoma 

where 23% of patients showed stable disease for 3 months (80). 

  

1.5 Receptor Tyrosine Kinase Inhibitors and Lovastation: A Rational Combination 

It is now well documented that GTPases of the Ras super family of proteins regulate 

the transduction of signal via the EGR. For example, the Ras protein is part of the classical 

pathway comprising EGFRGRB2RASRafMEKERK (81, 82); and along with 

other members of the family such as the Rab, Rho and Rac regulate the RTK activity on a 

myriad of vital cellular functions like proliferation survival, motility and intracellular 

trafficking (72, 83). Therefore, any disturbance in the function of these GTPases will lead to 
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disruption in the signalling cascade by EGFR (Figure 1.5). Based on this theory, our 

laboratory combined lovastatin with gefitinib, a clinically advanced small molecule EGFR 

inhibitor (84). Lovastatin treatment through preventing prenylation of the GTPases may 

affect the EGFR pathway and activation, and enhance gefitnib efficacy. It is important to 

note that inhibition of the mevalonate pathway by lovastatin does not inhibit formation of the 

FPP and GGPP directly and thus depletion of these metabolites requires time thus the reason 

why we pretreat cells with lovastatin before combining with RTKi’s. Indeed, combining 

lovastatin with gifitinib resulted in a synergistic and potent apoptotic response in a panel of 

NSCLC and HNSCC derived cell lines (84); moreover, lovastatin inhibits ligand induced 

EGFR and AKT activation (84). Additional studies in our laboratory revealed that lovastatin 

was able to inhibit EGFR dimerization, an effect that was regulated by lovastatin’s ability to 

target the cytoskeleton through targeting the rho proteins (85), which confirms the link 

between the mevalonate pathway and EGFR signalling. These findings led to the initiation of 

a Phase I/II trial at the Ottawa Hospital to assess the potency of combining rosuvastatin and 

erlotinib in patients with NSCLC.  Completion of the Phase I component resulted in 

determination of the suitable dose and demonstrated the potential of clinical activity; 

however, as a consequence of high statin dose used in this study a high incidence of 

myopathy limited the use of this approach.  

As a result, the next logical step in the progression of the strategy was to either lower 

the dose of statins used or to replace statins with another agent that will similarly sensitize 

tumors to RTKi’s without the associated side effects. To achieve this end, we conducted a 

high throughput screen employing a Prestwick Library of 1200 compounds all of which have 

FDA approval for a wide variety of indications. A screen of this library at a concentration of 

1 µM for each compound in combination with either 10 µM lovastatin or erlotinib on two 
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HNSCC cell lines SCC25 and SSC9 and a lung cancer cell line A549 was performed. The 

goal of this screen was, ideally, to find an agent that would not be cytotoxic on its own but 

would augment the cytotoxicity of both lovastatin and erlotinib.  This screen produced seven 

hits that enhanced the efficacy of lovastatin, and nine hits that enhanced the efficacy of 

erlotinib (Table 1.1).  Some of the hits were expected and confirmed the previous work done 

in our laboratory such as the identification of RTKi’s as hits in the lovastatin combination 

screen and, vice-versa, the appearance of statins as hits in the erlotinib screen. In addition to 

the expected result, two drugs, colchicine and monensin, were able to enhance the potency of 

both lovastatin and erlotinib (Dimitroulakos J. et al., unpublished data). The studies outlined 

in this thesis focus on the drug monensin in an attempt to characterize its ability to improve 

the anti-cancer effects of lovastatin and erlotinib. 

Lovastatin-enhancing Hits 
EGFR 

Inhibitors 
Cardiac 

Glycoside Chemotherapies Microtubule 
Polymerization 

Block Protein 
Transport 

gefitinib lanatoside daunorubicin colchicine monensin 
erlotinib   doxorubicin     

Erlotinib-enhancing Hits 
Mevalonate 

Pathway 
Anti-

Metabolites Chemotherapies Microtubule 
Polymerization 

Block Protein 
Transport 

fluvastatin methotrexate gemcitabine colchicine monensin 
alendronate floxuridine doxorubicin     

    etoposide     
 

Table 1.1. High Throughput Prestwick Library Screen Hits. Drugs that enhance the 
cytotoxicity of lovastatin are shown in the upper part of the table whereas erlotinib-
enhancing drugs are displayed in the lower part. 

1.6 Monensin: From Farms and Ranches to Cancer therapy  

Coccidiosis, a parasitic infection, was a major problem facing the poultry industry in 

the 1940s until the introduction of sulfaquinoxaline to the feed (86); however, resistance 

rapidly became an issue. In 1967 Agtarap et al. described the structure of monensic acid, 

now known as monensin, and it was reported to be an effective anti-coccidial agent (87). 
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Furthermore, it was subsequently reported that monensin also promotes muscle weight gain 

and milk production in cattle (88). As a result, it is the most widely used product of its kind 

in farms in the United States.  Monensin is an antibiotic secreted by the bacteria 

Streptomyces cinnamonensis and classified as a polyether antibiotic or ionophonre which is a 

term chosen that means “ion bearer” (89). Monensin has the molecular formula C36H62O11 

(Figure 1.6A), it forms a cyclic conformation where the oxygen atoms form a circle around 

certain cations (Figure 1.6 B) while the alkyl groups protrude making the molecule highly 

lipid-soluble. This allows monensin to freely pass across the lipid bilayer of the cytoplasmic 

membrane or cellular organelles transporting ions along by passive diffusion (90). 

Biologically relevant ions that can be chelated by monensin are Na+>K+>Ca2+ with a 10 fold 

higher affinity towards sodium than potassium (91).  During ion transport, monensin crosses 

the lipid membrane, loses the proton on the carboxylic group and chelates a cation then it 

crosses back to the opposite side of the membrane losing the ion in exchange for a proton 

and the cycle repeats (89). The mechanism by which monensin inhibits coccidiosis has been 

the subject of debate and many groups have suggested different theories to explain that 

phenomenon. Estrada et al. found that this drug inhibits potassium ion transport into the 

mitochondria from rat liver leading to inhibition of energy production (92) and it was 

proposed as a mechanism that takes place in coccidial mitochondria although there has been 

no evidence to support this claim (93). Another group suggested that monensin causes excess 

sodium ion accumulation inside the sporozoite leading to continuous activation of the Na+/K+ 

pump, a process that consumes a lot of energy thus diverting the use of ATP from anabolic 

mechanisms and growth towards ion gradient regulation mechanisms (94). Furthermore, high 

sodium concentrations inside the parasite causes water retention by osmosis leading to 

swelling of the coccidian and eventually bursting (94). 
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Figure 1.6. The Chemical Structure of Monensin A. (A) The free form of monensin 
not bound to a cation. (B) The cyclic form of monensin chelating a sodium cation. Adapted 
from Chapman et al. 2010. 
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 Further study of the ionophore revealed that monensin disturbs the localization of a 

protein called flotillin-1 in lipid rafts found at the apex of the coccidia which is a region 

important for host cell invasion, this constitutes yet another mechanism of function of 

monensin (95).  

 During the past decade or so, monensin has been the focus of many cancer research 

laboratories and it has successfully shown effectiveness in targeting cell lines derived from 

many cancer types, including renal cell carcinoma (96), colon cancer (97), myeloma (98), 

lymphoma (99), prostate (100) and others. Furthermore, Ketola et al. compared the cytotoxic 

effect of monensin between malignant versus non-malignant cell lines and concluded that 

non-malignant cell lines are more than 20 fold more resistant than their malignant 

counterparts (100). Park et al. demonstrated that monensin displays its effect on cells by 

inhibiting different cyclins and cyclin dependent kinases, depending on the cell line, and 

induces apoptosis by disrupting the mitochondrial membrane potential and activating 

caspases among other apoptotic indicators (96-99, 101).  On the other hand, monensin seems 

to have different effects on prostate cancer derived cell lines as reported by Ketola and 

colleagues. According to them, monensin leads to down regulation of androgen receptor 

resulting in androgen withdrawal (100) which has been shown to induce apoptosis in prostate 

cancer (102). In addition, this antibiotic was able to inflict oxidative stress damage, which 

was reversed by the addition of vitamin C to the culture, and inhibit aldehyde dehydrogenase 

activity leading to aldehyde-induced oxidative stress and therefore apoptosis (100). 

Monensin has, according to the mentioned literature, proven to be a potent and cancer-

specific, in the case of prostate cancer, agent. Furthermore, it has been shown to have a 

positive safety profile in veterinary medicine since it has been used in cattle and poultry feed 

for the past four decades or so. This has made monensin an attractive agent that opens a new 
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avenue for investigation as a cancer treatment especially since esters of monensin can be 

synthesized by adding different reactive groups to the carboxylic acid moiety resulting in 

different biological activities and perhaps diminishing side effects (103). 

2. Rationale, Hypothesis and Objectives 

 Tumor ability to adapt and develop erlotinib resistance, and resistance to RTKi’s in 

general, has been a persistent problem and a major drawback in targeting the EGFR in cancer 

therapy. Therefore, the need to find a means to counter this problem is imperative. Our 

laboratory has previously identified lovastatin as an agent that augments the efficacy of 

gefitinib and has extensively investigated the effect of statins on cancer biology and 

metabolism in order to identify novel therapeutic strategies and targets (84, 85, 104). These 

studies eventually led to clinical trials that showed disease stabilization, although the high 

dose of statins used had undesirable effects on a significant number of patients, which called 

for an alternative approach to improve cancer targeting while at the same time minimizing 

the side effects of the treatment regimen. High throughput analysis of 1200 compounds in 

combination with lovastatin or erlotinib lead to the identification of  monensin as a potent 

enhancer of their cytotoxicity in two HNSCC (SCC9 and SCC25) derived cell lines and a 

lung adenocarcinoma derived cell line (A549) (Dimitroulakous et al. unpublished data). In 

the work proposed in this thesis, we aim to confirm the effect exhibited upon combining 

monensin with lovastatin or erlotinib in an attempt to identify new therapeutic approaches 

with minimal adverse side effects. 

Hypothesis 

 Monensin synergistically augments the cytotoxicity, when combined with lovastatin 

or erlotinib, through further targeting of the EGFR. 
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Objectives 

1- To validate monensin as a sensitizing agent to lovastatin- and erlotinib-induced 

cytotoxicity in HNSCC cell models. 

2- To evaluate the effect of monensin on EGFR activation, trafficking and 

downstream signalling and identify monensin targets. 

3- To assess the potency of monensin in ex-vivo tumor samples from patients with 

HNSCC. 

Chapter 2: Materials and Methods 

2.1 Cell Culture  

HNSCC cell lines SCC9 and SCC25 and normal lung fibroblasts WI38 cell lines 

were purchased from American Type Culture Collection ATCC (Rockville, MD). SCC9-R4 

clonal sub-line is a lovastatin resistance clone developed by prolonged exposure to a high 

concentration of lovastatin (10 µM for 28 days) and cloned through single cell dilution. Cells 

were grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Cellgro, 

Manassas, VA, USA) supplemented with 1% (v/v) penicillin/streptomycin (Sigma Aldrich, 

St Louis, MO, USA) and 10% (v/v) fetal calf serum (Hyclone). Incubation settings were 

maintained at 37ºC and 5% CO2. SCC9 and SCC25 are good HNSCC cell models because 

they overexpress wild type EGFR. 

 

2.2 Drugs 

Erlotinib (Tarceva) hydrochloride was purchased from BioVision (Mountain View, 

CA) and resuspended and diluted to 10 mM stock in dimethyl sulfoxide (DMSO). Lovastatin 

was obtained from Apotex (Toronto, ON) and suspended in ethanol to 10 mM. Sodium salt 
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of monensin was purchased from Sigma-Aldrich (St Louis, MO, USA) and suspended in 

ethanol to 10 mM solution. 

 

2.3 Western Blots and Densitometry 

SCC9 and SCC25 cells were pretreated with 0, 0.1 or 1 µM monensin (Sigma-

Aldrich, St-Louis, USA), for 22 hours followed by 2 hours treatment with  control, 10, 1, 0.1, 

0.01 and 0.001 µM erlotinib  in serum free media. Cells were then stimulated for 15 minutes 

with 50 ng/ml Epidermal Growth Factor (EGF) before lysis with RIPA buffer (50mM Tris-

Cl, 150mM NaCl, 1mM EDTA, 1% (v/v) Triton X-100, 0.25 % (w/v) sodium deoxycolate 

and 0.1% (w/v) SDS and pH 7.5) supplemented with protease inhibitor cocktail (Sigma 

Aldrich), 17.5 mM beta-glycerophosphate and 0.2 mM Na3VO4 (Sigma-Aldrich, St-Louis, 

MO, USA). The samples’ protein contents were quantified using the Pierce BCA protein 

assay protocol (Pierce, Rockford, IL, USA) and absorbance read on a BioTek Synergy MX 

plate reader and analyzed using Gen5 software (BioTek, Winooski, VT) at 562 nm. Samples 

were then resolved by SDS-PAGE, transferred onto polyvinylidene fluoride membranes 

(Immobilon-P, Millipore, Billerica, MA, USA). Blocking the membrane was performed with 

5% BSA (Bovine Serum Albumin) (Sigma-Aldrich) in Tris-Buffered Saline with 0.1% 

Tween-20 (TBS-T) and Western blotted with the following primary antibodies: EGFR, Akt, 

pAkt, ERK, pERK (Cell Signalling Technology, Davers, MA, USA) overnight at 4C and 

diluted 1/1000, pY20 (BD Biosciences) overnight at 4C and diluted 1/2000, and actin 

antibody (Sigma Aldrich) for 1 hour at room temperature and diluted 1/10000. Dilution of 

antibodies was made in 5% BSA 0.1% TBS-T. Blots were washed twice with 0.1% TBS-T 

and once with TBS for 5 minutes each wash, then incubated for 1 hour at room temperature 

with the appropriate HorseRadish Peroxidase (HRP)-tagged secondary antibody (anti-rabbit 
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1/2500 and anti-mouse 1/300 Jackson ImmunoResearch, West Grove, PA, USA). 

Supersignal west pico chemiluminescence substrate (Pierce) was applied to the blot and 

developed using Syngene bioimaging system (Syngene Bio-imaging, Frederick, MD). 

 Densitometric analysis was performed using the GeneTools software from Syngene 

(Syngene Bio-imaging). The density of the non-phosphorylated EGFR antibody was 

normalized with that of the actin antibody, then the density of the pY20 antibody of the 170 

kDa band was divided by the normalized density of the non-phosphorylated EGFR and taken 

as percentages. This was done in triplicates to obtain a SD error bar. 

 

2.4 (4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay 

SCC9, SCC25 and WI38 cell lines were seeded on 96-well flat-bottomed plates 

(Corning Costar #3595, Corning, NY, USA) in 75 ul/well. Cells were seeded at different 

densities (previously determined by optimization) due to variation in doubling rates and 

differences in metabolic activity. The cells were left to incubate overnight at 37 C and 5% 

CO2 to allow for attachment and recovery. On the next day, cells were pretreated with 

lovastatin (0, 1, 5, or 10 µM) to treat with monensin on the next day (0-25 µM) or monensin 

(0-25 µM) to treat with erlotinib after 24 hours (0, 1, 5 and 10 µM). Drugs were prepared at 

2X concentration in 75 µl and added to the plates already containing 75 µl of media for a 

final volume of 150 ul. Twenty four hours later, the media were removed and replaced by 

pretreatment drugs and an increasing concentration of monensin (0, 0.1, 0.5, 1, 2, 5, 10, 25 

µM) in the case of lovastatin pretreated cells and erlotinib (0, 1, 5 and 10µM) in case of 

monensin pretreated cells in a final volume of 150 µl of fresh media. 

After 48 hours, 5 mg/ml in 42 µl of MTT reagent (Sigma-Aldrich) dissolved in phosphate 

buffered saline (PBS) was added to the cells, which were then incubated at 37 C in the dark 
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for 2 hours. HCl (84 µl of 0.01N) in 10% sodium dodecyl sulphate (SDS) was added to cells 

and incubated at 37ºC for 24-72 hours to lyse the cells. MTT activity was measured by 

reading absorbance at 570 nm using a BioTek Synergy MX plate reader and analyzed using 

Gen5 software (BioTek, Winooski, VT). Cellular viability was assessed relative to a blank 

column of wells, which contained no cells and thus represents no viability, and an untreated 

column which represents healthy cells.  

Note: Not all data points are presented in the figures as higher concentrations of drugs had a 

high toxic effect, especially with the combinations, and thus data (on the x-axis) was limited 

to certain concentrations to make figures presentable.   

 

2.5 RNA isolation and RT-PCR from cell lines 

SCC25 and SCC9 cell lines were treated with either 1 µM monensin or control for 24 

hours and then the total RNA content was extracted using the RNease® kit (Qiagen, 

Germantown, MD, USA) following the manufacturer’s protocol. The concentration of RNA 

was quantified using Take3 Micro-Volume plate and BioTek Synergy MX plate reader and 

analyzed using Gen5 software (BioTek, Winooski, VT). 1 µg of total RNA was used for 

reverse transcription to cDNA using a High Capacity cDNA reverse transcription kit 

(Applied Biosystems) according to the manufacturer’s protocol in an ABI Thermal Cycler 

(Applied Biosystems, Foster City, USA). The synthesized cDNA was used to carry out real-

time polymerase chain reaction (RT-PCR). The total reaction volume of 20 µl contained 2 µl 

of cDNA, 1 µl TaqMan Gene Expression Assay Primer/Probe (20x) (Applied Biosystems, 

ATF3, HS00231069), 10 µl of TaqMan Universal PCR Master Mix (2x) (Applied 

Biosystems, 4304437) and 7 µl of RNase-free water.  The endogenous control for the assay 

was the housekeeping gene, human GAPDH (20x) (Applied Biosystems, HS4333764-F). 
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The reaction was performed in a 7500 Real-Time PCR system (Applied Biosystems). Other 

TaqMan Primers/Probes (ATF4: HS00909569_G1; DDIT4: HS01111686_G1; HMGCS1: 

HS00940429_M1; INSIG1: HS01650977_G1; HMGCR: HS00168352_M1; DDIT3: 

HS00358796_G1; RHOA: HS00357608_M1; BNIP3: HS00969291_M1)  

 

2.6 Propidium Iodide Flow Cytometry 

One million SCC25 and SCC9 cells were seeded in 10 cm plates and incubated 

overnight to allow for attachment and recovery. The next day the cells were pretreated with 

0, 1 or 5 µM monensin or 10 µM lovastatin and then incubated overnight. Twenty four hours 

later cells where treated with 1 or 10 µM erlotinib alone or in combination with monensin or 

lovastatin and incubated overnight. On the following day the media from the plates were 

collected in 50 ml Falcon tubes and washed with 10 ml PBS which was also added to the 

same 50 ml tubes containing the media. Two ml of trypsin was added to each plate. When 

cells were trypsinized, 10 ml of media was added to the plate, triturated and added to the 

corresponding 50 mL tube. Cells were then centrifuged at 1500 RPM for 5 minutes at 4 C, 

the supernatant was aspirated and the pellet was washed by resuspending in 10 ml of cold 

PBS and the cells were centrifuged again at 1500 RPM for 5 minutes at 4 C. Then the wash 

was aspirated and the cells were fixed in 3 ml of cold 80% ethanol overnight at -20 C. Cells 

were centrifuged again as before and the supernatant aspirated, pellet washed with 10 ml 

cold PBS, centrifuged, the wash aspirated and the pellet resuspended in 3 ml of staining 

buffer (0.2% Triton X-100 and 1 mM EDTA pH8 in PBS pH7.4) and incubated on ice for 5 

minutes. Cells were centrifuged as mentioned previously, the supernatant aspirated and the 

pellet was resuspended in staining buffer containing 25 ug/ml propidium iodide (Sigma-

Aldrich) and 40 ug/ml RNase A (BioShop, Burlington, Ontario, Canada) and incubated for a 
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minimum of 1 hour in the dark at room temperature. Data (10000 events) was acquired on an 

EPICS XL flow cytometer (Beckman Coulter, Brea, California, USA) and analyzed with 

Modfit software (Verity Software House, Topsham, ME, USA). 

 

2.7 Trypan Blue Exclusion assay 

SCC9, SCC25 and WI38 cell lines where seeded on 6-well plates at 3 x 105, 2.5 x 105 

and 3 x 105 cells/well, respectively, and were incubated at 37ºC overnight for attachment. On 

the following day, cells were pretreated with 1 or 5 µM monensin for 24 hours. On the next 

day the cells were treated with 1 or 10 µM erlotinib alone or in combination with 1 or 5 µM 

monensin for another 24 or 48 hours for a total treatment time of 48 or 72 hours. After the 

treatment time had elapsed, the media were aspirated and the cells were washed with 3 ml of 

PBS. The PBS was aspirated and 200 µl of trypsin (Cellgro, Manassas, VA, USA) was added 

to each well and the cells were incubated at 37ºC to allow cells to detach. Eight hundred µl 

of complete media were then added to each well and the cells were triturated by gentle 

pipetting. The cell suspension was then transferred into a sample cup and cell count was 

performed using a Vi-Cell XR cell viability analyzer (Beckman Coulter, Brea, CA, USA). 

 

2.8 Ex-Vivo Samples Processing, RNA Extraction and PCR 

 Samples were obtained from surgery and were kept in complete media until 

processing time. A biopsy punch was used to cut sample cores that are about 2 mm in 

diameter. Each 2 mm core was further cut to two or three smaller pieces using a razor blade 

to increase surface area exposure to drug; the pieces were then randomized and distributed 

onto a 24-well plate. Each treatment was done in triplicates of control, 1, 10, or 25 µM of 
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monensin. Each well contained four pieces and treatment was done for 48 hours. Cores were 

transferred into 1.5 ml screw-cap tubes without the media and snap frozen in liquid nitrogen. 

At the time of RNA isolation, the samples weights ranged from 29 to 36 mg. Trizol 

(Invitrogen, Carlsbad, CA, USA) RNA isolation protocol, as described by Chomczynski et 

al. (105), was followed to extract total RNA from the tissue. Briefly, 0.5 ml of trizol was 

added to each tube and homogized using PowerGen 125 tissue homogenizer (Fisher 

Scientific, Hampton, NH, USA) until there were no visible tissue pieces and incubated at 

room temperature for about 5 minutes to allow full dissociation of nucleoprotein complexes. 

100 µl of chloroform were added to each sample and then vortexed for 15 seconds and 

incubated further at room temperature for another 5 minutes. The samples were then 

centrifuged at 12000 g for 15 minutes at 4 C. The aqueous phase was then transferred to a 

new Eppendorf tube and the RNA was precipitated by adding 250 µl of isopropanol and 

incubated at room temperature for 10 minutes and then centrifuged at 12000 g for 10 minutes 

at 4 C. Following centrifugation the pelleted RNA was washed with 1 ml of 75 % ethanol 

and then centrifuged at 7500 g for 5 minutes. The ethanol wash was then aspirated and the 

pellet was washed a second time with 0.5 m of 75% ethanol. Samples were again centrifuged 

at 7500 g for 5 minutes, the ethanol was aspirated and the samples were left to dry for 5 

minutes before dissolving in 30 µl of water. RNA concentration was measured using a Take3 

Micro-Volume plate and BioTek Synergy MX plate reader and analyzed using Gen5 

software (BioTek, Winooski, VT). Reverse-transcription was performed as has been 

mentioned earlier for cell lines with the difference that 0.7 µg of RNA was used since we 

were limited by the RNA quantity extracted from tissue. RT-PCR was also performed as 

previously described for the cell lines. 
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2.9 Fluorescence Microscopy 

 SCC25 cells were seeded in 6-well plates containing a cover slip at a density of 2.5 x 

105 cells/well in complete media and incubated overnight at 37 C and 5% CO2 to attach. 

The next day, complete media were replaced by serum free media and cells were treated with 

control, 0.1, 1, 10 µM erlotinib, 10 µM lovastatin, and 1 µM monensin for 24 hours. A 

modification from a flow cytometry procedure by Wang et al. (106) was followed from here 

on. The following day the cells were treated with 100 ng/ml EGF that is conjugated to the 

Alexa-488 flourophore (Molecular probes, Eugene, Oregon, USA) for 30 minutes at 4 C to 

allow the ligand to bind to the receptor but not internalize. After that the cells were washed 

three times with 2 ml ice-cold PBS followed by 15 minutes incubation at 37 C to allow for 

internalization. Then, cells were incubated on ice to stop internalization, rinsed three times 

with ice-cold PBS and then acid washed for 5 minutes with 2 ml of acetic acid solution (0.2 

M acetic acid and 0.5 M NaCl, pH 2.8). This step ensures that any ligand bound to receptor 

that is still on the cell surface will be washed away and thus only ligands that have already 

internalized into the cells are shielded from the wash. Following that, the cells were washed 

three times with PBS and fixed with 2 ml solution of 4% paraformaldehyde (Sigma-Aldrich) 

(4% w/v paraformaldehyde, 2 mM MgCl2, 1.25 mM EDTA in PBS, pH 7.3) for 15 minutes 

at 37 C. Cells were then washed two times with PBS and mounted on a microscope slide 

with VectaShield mounting media with DAPI (Vector Laboratories, Burlingame, CA, USA). 

The slides were sealed with nail polish and incubated in the dark for 5 minutes to dry, and 

then examined under a Ziess inverted microscope (Ziess, Oberkochen, Germany) using oil 

immersion microscopy. 

 A similar procedure was followed for the LDL internalization. SCC25 were seeded 

on 6-well plates as mentioned previously and incubated overnight for attachment. The next 
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day the cells were treated with 0, 1 or 5 µM monensin for 48 hours. 1 ug/mL LDL-Alexa 488 

(Molecular Probes) was added to the media and cells were incubated for 15 minutes at 37ºC 

to allow the LDL to internalize. Following stimulation with LDL, the cells were washed 

three times with PBS and then fixed with 4% paraformaldehyde for 15 minutes at 37 C. The 

cells were then washed two times with PBS and mounted on microscope slides using 

VectaShield mounting media with DAPI (Vector Laboratories) and sealed with nail polish, 

dried, and examined using the Ziess inverted microscope (Ziess). 

3.0 Statistical Analysis 

MTT data are expressed as the mean of six replicates, all other experiments were done in 

triplicates. Error bars are the SD from the mean. Statistical differences were determined by 

analysis of variance (ANOVA) test and p<0.05 was considered to be statistically significant. 

Chapter 3: Results 

3.1 Monensin Synergistically Enhances the Cytotoxicity of Lovastatin and Erlotinib 

 After analyzing the high throughput screen results it was essential to validate the 

effect of monensin on the cytotoxic effect of lovastatin and erlotinib. A series of MTT cell 

viability assays were designed for that purpose. The assay contains three controls to which 

the cell viability was compared: the first is a negative control where there are no cells in the 

wells and this corresponds to 0% viability, the second control is the positive control which 

contains untreated cells and thus corresponds to 100% viability, and finally the solvent 

control contained cells treated with ethanol (the solvent for lovastatin and monensin) and 

DMSO (the solvent for erlotinib) the viability of which was always greater than 90% (not 

presented).  Synergism is defined and calculated as described by Chou and Talalay (107). 

Briefly, CI values of <1, >1 and equal to 1 represent synergism, antagonism and additive 
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effect, respectively. In HNSCC cell lines, SCC9 and SCC25, monensin combination with 

lovastatin resulted in a marked decrease in viability in a dose dependent manner (Figure 3.1) 

which was also found to be a synergistic effect when analyzed on a Fa-CI plot (Figure 3.3 

top panels). 

The difference, between the group of cells treated with monensin as a single agent and the 

group of cells treated with monensin and lovastatin, was statistically significant as calculated 

by the two-way ANOVA test (p<0.0001). Furthermore, monensin’s effect on the cytotoxcity 

of erlotinib was confirmed also in a dose dependent manner (Figure 3.2) and was also 

synergistic (Figure 3.3 bottom panels). In both cases of combination of monensin with either 

lovastatin or erlotinib, the SCC9 cell line appeared to be more sensitive to treatment. 

 As mentioned, previous work in our laboratory showed that lovastatin in combination 

with erlotinib leads to a more potent, synergistic cytotoxic effect using MTT assay; therefore, 

we attempted to study the effect of the addition of monensin in a triple combination 

treatment with lovastatin and erlotinib on the viability of the SCC cell lines. Figure 3.4 

shows that, in SCC9, the addition of 0.1µM monensin in combination with the other drugs 

leads to high cytotoxicity and eradicates the cells leaving about 10% or less viable cells. On 

the other hand, the addition of 0.1µM monensin to the combination of lovastatin (1 and 5 

µM) with erlotinib in SCC25 showed a dose dependent increase in cytotoxicity. 

 Next, we evaluated the effect of monensin on a SCC9 clone that is highly resistant to 

lovastatin and assess whether the addition of monensin would sensitize the cells to lovastatin. 

In figure 3.5 we compared the effect of the drugs in question on the viability of the SCC9 R4 

clone using MTT assay. 
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Figure 3.1. MTT Cell Viability Assay (lovastatin + monensin combination treatment). 
Lovastatin pretreated cells for 24 combined with increasing concentration of monensin for 
48hours for a total treatment of 72 hours. Line graphs showing the MTT activity presented as 
% of control as a function of concentration of monensin. Combining lovastatin with 
monensin leads to further decrease in cell viability. Data are presented as the average of six 
replicates and error bars are SD from the mean. 
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Figure 3.2. MTT Cell Viability Assay (monensin + erlotinib combination treatment).
 Monensin pretreated cells for 24 combined with increasing concentration of erlotinib 
for 48hours for a total treatment of 72 hours. Line graphs showing the MTT activity 
presented as % of control as a function of concentration of monensin. Combination of 
monensin with tarceva leads to a dramatic decrease in cell viability. Data are presented as the 
average of six replicates and error bars are SD from the mean. 
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Figure 3.3. Fa-CI Plots for Drugs Combination. These plots show the synergistic effect 
of monensin in combination with lovastatin (top row of panels) or erlotinib (bottom row of 
panels). Combination indices (CI) below one are considered synergistic, CI above one are 
considered antagonistic, and CI at or close to one are considered additive as described by 
Chou and Talalay.  
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Figure 3.4. MTT Cell Viability Assay (Triple Drug Combination Treatment).              
0.1 µM monensin + 1 or 5 µM lovastatin pretreated cells for 24 combined with increasing 
concentration of erlotinib for 48 hours for a total treatment of 72 hours. Line graphs showing 
the MTT activity presented as % of control as a function of concentration of erlotinib. Triple 
combination treatment leads to a more dramatic cytotoxic effect even at lower 
concentrations. Data points presented are the mean of six replicates and the error bar is the 
SD. 

  



36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. MTT Cell Viability Assay; lovastatin Resistant SCC9.  The effect of 
monensin on the lovastatin resistant subclone of the SCC9 cell line alone and in combination 
with lovastatin (upper left panel). Comparison of the sensitivity to monensin between the 
lovastatin resistant clone and the parental cell line shows that SCC9 R4 is more sensitive to 
monensin treatment (upper right panel). The Lower panel shows that the SCC9 R4 is more 
resistant to lovastatin than the parental cell line. 
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Treatment with lovastatin for 48 hours did not affect the viability of the clone significantly 

(viability around 95% at 5µM lovastatin for 48 hours; data not shown). However, the 

addition of only 1µM monensin for 48 hrs shows a dramatic decrease of cell viability (below 

20%). Furthermore, pre-treatment with 1, 5, or 10 µM lovastatin lead to further enhancement 

of cytotoxicity. Comparison of sensitivity to monensin between the resistant SCC9-R4 and 

the parental SCC9 cell lines showed a significant difference (Figure 3.5 right panel) with the 

resistant cell line being more sensitive to monensin. 

 We endeavoured to confirm the effect of monensin on the SCC cell lines using a 

different method. By performing Trypan blue exclusion assay we evaluated the effect of 48 

and 72 hours treatment of monensin and erlotinib and compared the cell counts of SCC9 and 

25 with those of the normal human fibroblast cell line WI-38. As seen in figure 3.6 the cell 

counts in the SCC9 cell line fall to about 20 % or less when monensin is combined with 

erlotinib, while the cell counts vary between 40 and 20% in the case of the SCC25 cell line 

(Data not shown). However, the cell counts in the WI-38 cell line remained above 75%. 

After 72 hours of treatment, on the other hand, the cell counts in the SCC cell lines fall 

below 10% in the combination treatment while in the WI-38 normal fibroblasts the cell 

counts were higher than 30% (data not shown). 

 

3.2 Monensin Induces a Potent Apoptotic Response in Combination with Erlotinib 

 To further confirm the ability of monensin to potentiate the cytotoxicity of erlotinib, 

we performed propidium iodide flow cytometric analysis to look at apoptotic response. 

SCC25 and SCC9 cells were pretreated with 1 or 5 µM monensin, or 10 µM lovastatin for 24 

hours, followed by 24 hours treatment with 10 µM erlotinib alone or in combination with the 

other drugs for a total treatment of 48 hours; each condition was done in triplicates. 
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Figure 3.6 Trypan Blue Exclusion Assay.  Comparison of the counts of viable cells of two 
cell lines (SCC9 and WI-38) after 48 hours of the indicated treatments. Pretreatment of 
SCC9 with monensin for 24 hours greatly reduced viable cells, on the other hand the normal 
fibroblast cell line, WI38 were not affected to the same degree. Black represents cells not 
treated with erlotinib only, blue represents cells pretreated with 1uM monensin for 24 hours 
followed by 24 hours combination with erlotinib, green represents cells pretreated with 5 uM 
monensin for 24 hours followed by 24 hours treatment with erlotinib. The error bars 
represent SD from the mean of three replicates (n=3). 
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 Figure 3.7 shows the histograms of the different treatment conditions and the number shown 

represents the percentage of apoptosis. Untreated cells showed around 2.5% apoptosis; on 

the other hand, 48 hours treatment with 1µM monensin resulted in a slight increase in 

apoptosis (4.5%). Treatment with 5 µM monensin for 48 hours had a greater effect on 

apoptosis (16.4%). 10 µM lovastatin for 48 hours had a higher apoptotic response than 1µM 

monensin, but lower than 5 µM monensin (4.5% 1µM monensin< 9.6% 10 µM 

lovastatin<16.4% 5 µM monensin). Erlotinib treatment for 24 hours at 10 µM resulted only 

in a slight increase of apoptosis when compared to control (3.4%). Pretreatment with 1µM 

monensin for 24 hours followed by 10 µM erlotinib treatment for another 24 hours resulted 

in a marked increase in apoptotic events (14.6%) when compared to 1µM monensin alone. 

Additionally, combination of 5µM monensin with 10 µM erlotinib showed the highest 

percentage of apoptosis (38.7%). Combination of lovastatin with erlotinib on the other hand 

resulted in a modest increase in apoptosis when compared to lovastatin alone (13.2% and 

9.6% respectively). The SCC9, on the other hand, apoptosis induction did not show a similar 

pattern to SCC25 under the same conditions of treatment (Figure 3.8). Under control 

conditions 3.5% of the population were in the sub G1 component; treatment with 1µM 

 monensin or 10 µM erlotinib only increased apoptosis to about 7% while treatment with 5 

µM monensin alone or in combination with 10 µM erlotinib, and 10 µM lovastatin alone or 

with 10 µM erlotinib induced apoptosis to about 23%. The results are quantified for a side by 

side comparison in figure 3.9. Collectively with the cell counts and MTT assays, these results 

show that monensin is a potent inducer of apoptosis and synergistically enhances the 

cytotoxic effects of both lovastatin and erlotinib in combination. The histograms also show 

notable variations in the G1 and S phases with the different treatments which might indicate 

that the drugs affect the cell cycle; however, this will require further investigation. 
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 Figure 3.7. SCC25 Propidium Iodide Flow Cytometry.  Histograms of flow cytometry 
data showing, in the top row of panels from left to right, control, 1 µM monensin, 5 µM 
monensin and 10 µM lovastatin. The bottom row of panels 10 µM erlotinib and its 
combination with the mentioned drugs. Combination of monensin with erlotinib dramatically 
increased apoptosis in SCC25 cells. 
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 Figure 3.8. SCC9 Propidium Iodide Flow Cytometry.  Histograms of flow cytometry 
data showing, in the top row of panels from left to right, control, 1 µM monensin, 5 µM 
monensin and 10 µM lovastatin. The bottom row of panels 10 µM erlotinib and its 
combination with the mentioned drugs. Monensin is capable of inducing an apoptotic 
response as potent as its combination with erlotinib in the SCC9 cell line.   
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Figure 3.9. Flow Cytometry Qantification. A bar diagram that summarizes the data from 
the flow cytometry experiments by plotting the % of Apoptosis as a function of treatment. 
The colours correspond to the histogram of the respective treatment. Combination of 
monensin and erlotinib can induce a potent apoptotic response. Error bars represent the SD 
from the mean; n=3.  
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3.3 Monensin Enhances the Phosphorylation Inhibition Capacity of Erlotinib 

 The effect of the combination of monensin with erlotinib was further assessed on 

EGFR cell signalling pathways using western blot and densitometric analysis. 

Phosphorylation status of EGFR, Akt and ERK proteins was assessed (Figure 3.10 upper 

panels). For pEGFR, monensin enhanced the ability of erlotinib to inhibit phosphorylation of 

the receptor. This is supported by densitometric quantification shown in Figure 3.10 (lower 

panels). Erlotinib partially inhibited the phosphorylation of Akt at 10 and 1 µM but had no 

effect at lower concentrations as compared to the control; addition of monensin had no effect 

on the phosphorylation of Akt. On the other hand, while erlotinib inhibited phosphorylation 

of ERK1/2 at 10 and 1 µM concentrations, monensin resulted in the reactivation of ERK1 

but not ERK2. 

 

3.4 Erlotinib, Lovastatin and Monensin Interfere with the EGFR Trafficking  

 Previous studies have demonstrated that monensin is a robust inhibitor of intracellular 

trafficking including the ability to inhibit trafficking of the EGFR (108, 109). In an attempt 

to assess the effect of the drugs that are evaluated in this study on the trafficking of the 

EGFR we utilized an Alexa-488 tagged EGF ligand and followed its localization with 

fluorescent microscopy. SCC25 cells were treated with control, 10, 1 and 0.1 µM erlotinib, 

10 µM lovastatin, or 10 µM monensin for 24 hours in serum free media and then stimulated 

with the tagged ligand. As shown in figure 3.11, after 15 minutes at 37 C, untreated cells 

display a uniform punctuate distribution pattern of green fluorescence, which corresponds to 

the ligand-receptor complex, throughout the cell. Addition of 10 µM erlotinib to the culture, 

however, resulted in absence of fluorescence.  
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 Figure 3.10. Wester Blot and Densitometric Analysis of Erlotinib and Monensin 
Treated Cells. Top panels show the Western blots of phospho-EGFR, -Akt, and -ERK in 
monensin and erlotinib treated cells followed by EGF stimulation. Bottom panels show the 
densitometric analysis of the pEGFR. Monensin pretreatment enhanced erlotinib’s ability to 
inhibit phosphorylation of the EGFR; however, Akt and ERK phosphorylation was not 
affected. The error bars represent SD from the mean of three replicates (n=3). 
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untreated 10mM erlotinib 1mM erlotinib 0.1mM erlotinib

 Figure 3.11. Effect of Treatment on EGF Internalization. The effect of 24 hours 
treatment of erlotinib (0.1, 1 and 10 uM), 10 µM lovastatin and 1 µM monensin on the 
ability of SCC25 cells to uptake the EGF ligand compared to untreated controls. Non-treated 
cells shows punctate bodies implying normal internalization of the ligand, treatment with 10 
uM erlotinib inhibited internalization of the ligand. On the other hand, treatment with 10 um 
lovastatin or 1 uM monensin lead to accumulation of the ligand close to the cytoplasmic 
membrane indicating impaired trafficking. As a control, SCC25 cells were treated with 
decreasing concentrations of erlotinib and we show as the concentration of erlotinib 
decreases cells restore their ability to take up the ligand. Green represents Alexa-488 tagged 
EGF and blue represents DAPI stain.  
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On the other hand, treatment with 10 µM lovastatin or 1 µM monensin lead to accumulation 

of the fluorophore near the cytoplasmic membrane indicating a failure to traffic the 

ligand/receptor complex within the cell. To confirm the effect of erlotinib on the uptake of 

the ligand, we treated cells with a logarithmically decreasing concentration of the drug and 

added the ligand. As can been seen in the figure, the drug inhibits the internalization of the 

ligand at 10 µM concentration but had little effect at 1 and 0.1 µM. These results show that 

all three drugs have the ability to interfere with the normal trafficking of the EGF receptor 

albeit through different mechanisms. 

3.5 Monensin Activates Pathways Implicated in Lipid Synthesis and Apoptosis 

 In order to gain an insight on the effect of monensin on the transcriptome of an in-

vitro cell model, we treated SCC25 cells with control or 1 µM monensin for 24 hours 

followed by total RNA extraction. The RNA was sent to StemCore (Ottawa, ON, CA) in the 

OHRI and RNA-Seq analysis was performed. To narrow the list of hits we selected some of 

the genes in which the difference in expression between the control and the treated sample 

was at least four times, which reduced the number of hits to just over 150 targets. Among 

these targets there were a few non-coding transcripts that were disregarded in this study. 

Interestingly, searching among the remainder of the targets we found a significant number of 

genes that are involved in lipid and cholesterol synthesis (Table 3.1 green highlight) and a 

few in other pathways like apoptosis and energy metabolism.  To validate some of those hits 

we performed RT-PCR on SCC25 and SCC9 using primers for ATF3, ATF4, CHOP 

(DDIT3), HMG-CoA Reductase, Rab5, BNIP3, INSIG1, DDIT4, and HMG-CoA synthase1. 

The response to treatment was different in both cell lines although they both are tongue-

derived squamous cell carcinoma cells (Figure 3.12). 
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Gene  
Log2 Fold 
Change  Description  

FADS2 3.52016  Desaturase enzymes cause desaturation of fatty acids 

LPIN1 2.86845  Catalyzes the penultimate step in triglyceride synthesis 

MSMO1 2.86593  Believed to function in cholesterol biosynthesis 

HMGCS1 2.86524  3-hydroxy-3-methylglutaryl-CoA synthase 1  

VLDLR 2.67433  Very-low-density-lipoprotein receptor  

SQLE 2.52564  Squalene epoxidase catalyzes the first oxygenation step in sterol biosynthesis 

ACSS2 2.51426  Catalyzes the activation of acetate for use in lipid synthesis and energy generation 

INSIG1 2.48191  Important role in the SREBP-mediated regulation of cholesterol biosynthesis  

PCSK9 2.34119  Plays a major regulatory role in cholesterol homeostasis, and induces LDLR degradation 

HSD17B7 2.27139  17-beta-hydroxysteroid dehydrogenase 7 

DHCR7 2.26534  7-dehydrocholesterol reductase  

CYP51A1 2.26177  
Synthesis of cholesterol by catalyzing there removal of the 14alpha-methyl group from 
lanosterol  

STARD4 2.08509  
StAR-related lipid transfer protein 4 (STARD4) is a soluble protein involved in cholesterol 
transport 

FDFT1 2.0812  Farnesyl-diphosphate farnesyltransferase 1 

SCDP1 2.0171  Stearoyl-CoA desaturase (delta-9-desaturase) pseudogene 1 

IDI1 2.01286  Isopentenyl-diphosphate delta isomerase 1 

HMGCR 2.01211  HMG-CoA reductase  

MVD 2.0086  Mevalonate (diphospho) decarboxylase  

FGF19 2.30896  Member of the fibroblast growth factor (FGF) family 

TP53INP1 2.09804  p53-inducible nuclear protein 1  

DDIT4 2.45967  Inhibits cell growth by regulating the TOR signalling pathway upstream of the TSC1-TSC2 

CASP14 2.45942  Processed and activated by caspase 8 and caspase 10 

NDUFA4L2 3.67361  NADH dehydrogenase (ubiquinone) 1 alpha subcomplex  

Table 3.1. A List of Targets from RNA-Seq Analysis Data. This table shows a list of 
23 genes that were deregulated by 1 µM monensin treatment. Eighteen genes (green) are 
implicated in lipid and cholesterol synthesis.  
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 Figure 3.12. RT-PCR Analysis of Treatment with Monensin in Vitro. Comparison of 
the effect of 1 µM monensin treatment for 24 hours on the expression of ATF3, CHOP, 
ATF4, HMG-CoA reductase, Rab5, BNIP3, INSIG1, DDIT4, and HMG-CoA synthase genes 
between SCC9 and SCC25 cell lines. The RT-PCR results show that the two cell lines 
respond differently to treatment by upregulating different genes. In SCC25, genes that are 
involved in lipid metabolism as well as apoptosis regulating genes were upregulated, in 
contrast, stress response genes were upregulated in SCC9 cells. 
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 In SCC9 ATF3, CHOP, and ATF4 were up-regulated dramatically (25, 10 and 5 times 

respectively) whereas Rab5 and DDIT4 were up-regulated around four and two times, 

respectively. In contrast, the majority of the genes that were up-regulated in SCC25 were not 

altered in the SCC9 cell line. In SCC25, INSIG1 was up-regulated about nine fold, HMG-

CoA synthase was upregulated around six fold whereas CHOP, BNIP3 and DDIT4 were 

upregulated around four fold and lastly HMG-CoA Reductase was upregulated three fold 

(Figure 3.12). 

 

3.6 Monensin Inhibits LDL Internalization 

 Two genes that were deregulated in the RNA-Seq data were the LDL-receptor (2.7 

folds) and the PCSK9 gene (five fold) which are proteins associated with cholesterol uptake. 

The LDL receptor binds to Low Density Lipoproteins (LDL) that contain cholesterol and 

PCSK9 is a convertase that actively degrades the LDL receptor. In order to assess the effect 

of monensin on LDL uptake, SCC25 cells were treated with 0, 1µM and 5 µM monensin for 

48 hours and then stimulated for 15 minutes with Alexa-488 tagged LDL at 37 C. In Figure 

3.13, we show that untreated cells readily took up the LDL, however, monensin inhibited the 

uptake of LDL partially, at 1µM concentration, and more completely at 5 µM concentration. 

This experiment shows that monensin inhibits the endocytosis of LDL in a dose dependent 

manner.  

3.7 Treatment of Ex-Vivo Samples with Monensin Induces Activation of Apoptotic 

Markers 

 After evaluating the effect of monensin in vitro, we then moved to assess its potential 

by using ex-vivo samples from a variety of patients.  
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 Figure 3.13. Effect of Monensin on the Internalizatoin of LDL. This figure shows the 
effect of 1 and 5 µM monensin treatment for 48 hours on the uptake of LDL in vitro using 
the SCC25 cell line. Untreated cells normally internalized LDL, whereas treatment with 
monensin inhibited its uptake. Green color represents Alexa-488 tagged LDL and blue is 
DAPI stain. 
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Six HNSCC, two ovarian cancer and two lung cancer patients’ samples were treated with 0, 

1 or 10 µM monensin for 48 hours followed by RT-PCR analysis of several target genes 

(Figures 3.14 and 3.15).  Five out of the total ten samples, HN01; HN03; HN05; LU02 and 

OV01, showed significant induction of the apoptosis-regulating genes ATF3 and CHOP. On 

the other hand the other five samples showed a weak, or no induction of the studied genes. 

HN01 responded very well to the treatment; ATF3 was up-regulated five fold and CHOP 

was up-regulated around eight fold with 1 µM monensin treatment. Treatment with 10 µM 

monensin increased the induction of ATF3 to 30 fold compared to control, however, CHOP 

was induced about seven times the control. HN02 showed a very weak response to both 1 

and 10 µM monensin treatment. Treating the samples from HN03 with 1 µM monensin did 

not induce ATF3 or CHOP significantly, however, 10 µM monensin resulted in about five 

and four times induction of ATF3 and CHOP, respectively. HN04 samples were not 

responsive to treatment although HMG-CoA reductase was upregulated about three times. 

Samples from HN05 responded slightly to 1µM monensin where all the genes involved were 

upregulated about two times the control, on the other hand, treatment with 10 µM monensin 

increased the induction to about five times for ATF3 and about three times for CHOP and 

HMG-CoA reducase. No significant difference was observed between treatment and control 

in HN06 samples. The lung sample taken from LU01 responded slightly to treatment with no 

apparent significant difference between 1 and 10 µM monensin treatment although CHOP 

was upregulated around two times. On the contrary, the samples taken from LU02 robustly 

responded to treatment; 1 µM monensin induced ATF3, CHOP, and HMG-CoA reductase 

two, four and three times, respectively, and 10 µM increased the induction to nine, eight and 

four times, respectively. Moreover, one of the two ovarian cancer samples, OV01, responded 

more readily to treatment.  
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 Figure 3.14. RT-PCR Analysis Performed on Head and Neck Ex-Vivo Samples. 
 Ex-vivo samples from patients with head and neck cancer showing the effect of 
treatment with 0, 1, and10 µM monensin for 48 hours on the expression levels of ATF3, 
CHOP, and HMG-CoA reductase. The error bars represent SD from the mean of three 
replicates (n=3). 
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 Figure 3.15 RT-PCR Analysis Performed on Ex-Vivo Samples.  Ex-vivo samples 
from patients with lung and ovarian cancer showing the effect of treatment with 0, 1, and10 
µM monensin for 48 hours on the expression levels of ATF3, CHOP, and HMG-CoA 
reductase. The error bars represent SD from the mean of three replicates (n=3). 
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With 1 µM monensin, ATF3 and CHOP were induced around five fold. Treatment with 10 

µM, however, increased ATF3 induction to about 10 times, CHOP and HMG-CoA reductase 

to around 6 times, while ATF4 stayed around three times. Finally, treatment of OV02 weakly 

responded to treatment even at 10 µM monensin where the ATF3 induction was around three 

times higher than control and the rest of the genes were not significantly different from 

control. 

Chapter 4: Discussion 

 The use of RTKi’s in treatment regimens of cancers with a high EGFR over-

expression profile, such as NSCLC and HNSCC, has demonstrated a promising although 

modest improvement in patient outcomes. However, the development and utilization of these 

agents has contributed to a better understanding of the biology and biochemistry of cancer on 

the molecular level further revealing particular therapeutic strategies that could be exploited 

as treatment options. For example, our previous work has identified the mevalonate pathway 

as an important regulator of EGFR activity and that inhibiting the rate limiting enzyme of 

this pathway with the statin family of drugs inhibits EGFR activation and can induce 

synergistic cytotoxicity with gefitinib and erlotinib in HNSCC and NSCLC cells (104). By 

targeting the prenylation and affecting the cellular localization and function of the Rho 

family of proteins, ligand-induced dimerization and activation of the EGFR was inhibited as 

well as inhibition of downstream Akt activation (85). Indeed, a favourable response was 

shown in patients with NSCLC that were on statins while treated by erlotinib, as shown by 

Zhao et al. (85); albeit the high statin doses used caused undesirable side effects. In this 

study, we identified monensin as an enhancer of the EGFR TKi erlotinib and have performed 

initial studies to discover its mechanism of action in this respect. In summary, monensin 
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interferes with EGFR cellular trafficking, activates the expression of apoptotic markers and 

shows synergistic cytotoxicity in combination with erlotinib and activates pathways 

implicated in lipid and cholesterol synthesis. 

4.1 Monensin Exhibits a Cancer-Specific Cytotoxicity 

Our results clearly show the cytotoxic effect of monensin in HNSCC derived cell 

lines, which has also been previously demonstrated in a variety of other cancer derived cell 

lines including prostate (100), colon (97) and leukemias (98, 99, 101).  Furthermore, we also 

demonstrated that both lovastatin- and erlotinib-induced cytotoxicity was enhanced by the 

addition of monensin to treatment. Moreover, monensin’s cytotoxicity appeared to be cancer-

specific as monensin treatment alone or in combination with erlotinib, in the normal 

fibroblast-derived cell line WI38 did not show a significant cytotoxic response as compared 

to SCC9 cells. These results are supported by a study by Ketola et al. where they compared 

malignant versus non-malignant prostate-derived cell lines and showed similar differential 

sensitivity (100). In addition, Park et al. demonstrated an effect of monensin on cell cycle 

distribution in a wide panel of cell lines and showed that it has a significant effect on the 

expression of cyclins and cyclin dependent kinases (CDK). Similarly, our flow cytometry 

results in SCC9 and SCC25 cells showed decreased G1 and S phases cell distribution with 

the addition of monensin. Hence, monensin induces apoptosis and reduces cell viability of 

HNSCC cells. 

4.2 Signal and Protein Trafficking is Impaired by Erlotinib, Lovastatin and Monensin 

 We have shown that monensin enhances the inhibitory effects of erlotinib on ligand-

induced phosphorylation of the EGFR. Furthermore, monensin has been used as a reagent to 

inhibit cellular trafficking and we also demonstrated that this agent can also affect the 
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localization and trafficking of the EGFR indirectly by following the trafficking of the EGF-

Alexa 488 ligand. As expected, erlotinib treatment inhibited the uptake of the ligand as 

inhibiting autophosphorylation of the receptor prevents docking of adaptor proteins that are 

responsible for internalizing the receptor from the cell surface. Lovastatin did not 

significantly inhibit the uptake of the ligand, however, there was an accumulation of the 

ligand close to the cell surface suggesting that the receptor-ligand complex was internalized 

but not transported far from the cell surface. Previous studies have shown that by inhibiting 

prenylation of the Rho proteins, which are involved in cytoskeletal organization, and Rab 

proteins, which are involved in trafficking (85), lovastatin has the potential to interfere with 

the trafficking of the EGFR. Furthermore, it is well known that monensin is an inhibitor of 

trafficking on many levels due to its influence on the ER and golgi bodies, pH of endosomes, 

and glycosylation (110, 111).  In this study we also show that monensin was able to perturb 

the transport of EGFR from the cell surface.  These results are supported by a recent study 

that showed that accumulation of the EGFR in endosomes induces apoptosis (109). This 

suggests the combination of these drugs as an effective strategy to target the signalling and 

trafficking of the EGFR and as a potentially novel therapeutic approach. 

4.3 Activation of Apoptotic Pathways and Pathways Implicated in Lipid and 

Cholesterol Synthesis by Monensin 

 As previously mentioned, monensin has been used predominantly in poultry and 

cattle feed as it can increase muscle mass in livestock and only recently it has gained interest 

as a potentially relevant agent aimed as a therapeutic agent for treatment of human disease. It 

has been reported by Ketola et al. that monensin has a multitude of effects on cellular 

functions in a prostate cancer model such as reduction in the expression of androgen 

receptor, induction of oxidative stress, and activation of cholesterol synthesis pathways and 
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stress pathways (100). Our data from the RNA-Seq analysis clearly displayed the impact of 

monensin on those pathways and was confirmed by RT-PCR.  Our previous studies have 

demonstrated the potency of lovastatin, and its combination with RTKi’s, to induce apoptosis 

in a range of cancer-derived cell lines due to its ability to deplete the mevalonate pathway 

metabolites (78, 84). Moreover, cancer-derived cell lines can also undergo apoptosis when 

Fatty Acid Synthase (FAS) is inhibited by small molecule inhibitors or siRNA; this was 

shown to occur due to an up-regulation of DDIT4 which regulates mTOR (112). Although 

monensin and lovastatin exert a multitude of different effects on cellular metabolism and 

functions, they both affect pathways important in cholesterol and lipid metabolism. The first 

evidence in this study that monensin and lovastatin are exerting their effect on a similar 

pathway is the fact that monensin emerged as an enhancer of both lovastatin and erlotinib in 

the high throughput Prestwick library screen; although it was not clear whether monensin 

was mimicking lovastatin or erlotinib. However, when we tested the effect of monensin on 

the lovastatin-resistant cell line SCC9-R4, which was more sensitive to monensin than the 

parental cell line, it became evident that monensin is affecting the same pathway albeit by a 

different mechanism. Based on the data presented, we have constructed a schematic model 

that shows how these drugs affect cellular functions (Figure 4.1).   

 Other than the pathways associated with lipid metabolism, monensin also exhibited a 

significant induction of apoptotic pathways. Treatment of our cell line models, however, 

showed a disparate response to monensin treatment. The expression profiles of the two cell 

lines were very different.  
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Figure 4.1 Schematic Model.  Summary of the effect of treatment based on presented 
result. Monensin affects the trafficking of EGFR and in combination with erlotinib enhances 
the inhibition of receptor phosphorylation. Furthermore, in SCC25 cells it inhibits 
extracellular sources of cholesterol forcing cells to synthesise it locally via the mevalonate 
pathway, however, both lovastatin and monensin can inhibit the mevalonate pathway leading 
to depletion of intracellular FPP and GGPP. On the other hand, monensin leads to induction 
of ATF3 which is an important apoptosis regulator gene. 
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Of the tested genes, those up-regulated in SCC25 cells were not in SCC9 and those up-

regulated in SCC9 cells were not in SCC25. A common gene that was markedly over 

expressed in both cell lines was the CHOP gene, although to different extents most likely 

because ATF4 and ATF3 induce CHOP expression (113).  It is worth noting that those three 

genes, the ATF4; ATF3 and CHOP, are a hallmark of the Integrated Stress Response (ISR) 

which also regulate lovastatin-induced cytotoxicity (114). Up-regulation of CHOP in both 

cell lines hints towards the idea that in both cell lines monensin is affecting two different 

pathways that converge on CHOP.  

 Interestingly, monensin regulates two different pathways that lead to apoptosis as 

shown by the RT-PCR results in the two SCC cell lines. In the SCC25 cell line, monensin-

induced apoptosis appears to be due to perturbation of lipid and cholesterol metabolism, 

however, in the SCC9 cell line the effect of monensin seems to be regulated by the ISR. As 

we have cited before, both these pathways have been shown to potentiate the effect of 

RTKi’s. Remarkably, the ex-vivo samples show a response similar to that observed in the 

cell line models. Some samples showed response by up-regulating genes involved in the 

stress pathways i.e. ATF3 and CHOP, other samples did not, and some showed induction of 

both HMG-CoA reductase and stress related genes. Unfortunately, we were limited by the 

amount of RNA extracted from these ex-vivo samples and could not test the effect of 

treatment on the other genes involved in lipid and cholesterol metabolism. That being said 

the results presented in this proposal emphasize the importance of the mentioned pathways in 

the study of cancer and warrants more research to find out how these pathways are connected 

and, further, to identify biological markers that will identify patients that would best benefit 

from such treatment which further advances the use of personalized medicine. 
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