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ABSTRACT 

 

Mechanisms of Action of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) in Colon 

Cancer. (August 2012) 

Satya Sreehari Pathi, B.V.M., Acharya N. G. Ranga Agricultural University, India; 

M.S., Texas A&M University, Kingsville 

Chair of Advisory Committee: Dr. Stephen H. Safe 

 

 Non-steroidal anti-inflammatory drugs (NSAIDs) and their NO derivatives (NO-

NSAIDs), and synthetic analogs are highly effective as anticancer agents that exhibit 

relatively low toxicity compared to most clinically used drugs. However, the mechanisms 

of action for NSAIDs and NO-NSAIDs are not well defined and this has restricted their 

clinical applications and applications for combined therapies. Earlier studies from our 

laboratory reported that specificity protein (Sp) transcription factors (Sp1, Sp3 and Sp4) 

are overexpressed in several types of human cancers including colon cancer and many 

Sp-regulated genes are pro-oncogenic and individual targets for cancer chemotherapy. 

Based on published results showing that NSAIDs downregulate several putative Sp-

regulated genes, we hypothesized that the anticancer properties of NSAIDs may be 

due, in part, to downregulation of Sp transcription factors. 

 NSAIDs and nitro derivatives of NSAIDs have been investigated in colon cancer 

cells and in vivo xenograft models. Aspirin and TA induced apoptosis and decreased 

colon cancer cell growth and tumor growth in vivo and downregulated genes associated 

with cell growth, survival, and angiogenesis. Previous RNA interference studies in this 

laboratory have shown that many of these genes are regulated, in part, by Sp 
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transcription factors Sp1, Sp3 and Sp4 that are overexpressed in colon and other 

cancer cell lines. Not surprisingly, these NSAIDs also decreased Sp1, Sp3 and Sp4 

proteins and Sp-regulated gene products in colon cancer cells and this was due to 

caspase-dependent proteolysis of Sp1, Sp3 and Sp4. Aspirin-induced activation of 

caspases and degradation of Spproteins was due to sequestration of zinc and could be 

reversed by addition of zinc sulphate, whereas TA mediated induction of caspases was 

independent of zinc ions and is currently being investigated.  

 GT-094 is a novel NO chimera-containing NSAID, which also inhibited colon 

cancer cell proliferation and induced apoptosis; these effects were accompanied by 

decreased mitochondrial membrane potential (MMP) and induction of reactive oxygen 

species (ROS), and were reversed after cotreatment with the antioxidant glutathione.  

GT-094 also downregulated Sp and Sp-dependent gene products and was due to 

decreased expression of microRNA-27a (miR-27a) and induction of ZBTB10, an Sp 

transcriptional repressor that is regulated by miR-27a in colon cancer cells.  Moreover, 

the effects of GT-094 on Sp1, Sp3, Sp4, miR-27a and ZBTB10 were also inhibited by 

glutathione suggesting that the anticancer activity of GT-094 in colon cancer cells is 

due, in part, to ROS-dependent disruption of miR-27a:ZBTB10. The importance of ROS 

induction in targeting Sp transcription factors was also confirmed using pro-oxidants 

such as ascorbic acid, hydrogen peroxide and t-butyl hydroperoxide and similar results 

have been observed in collaborative studies with other ROS inducers in colon cancer 

cells. Many cancer cell lines and tumors exhibit addiction to non-oncogenes such as 

Sp1, Sp3 and Sp4 for maintaining the oncogenic phenotype and future research will 

focus on the mechanisms of ROS-mediated targeting of Sp transcription factors which 

represents a novel approach for cancer chemotherapy. 
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CHAPTER I 

INTRODUCTION 

 

CANCER 

 Cancer is a group of diseases in which cells begin to proliferate in the absence 

of control and cancer cells typically exhibit increased growth and survival compared to 

normal cells. Cancer cells in one tissue can metastasize to other tissues/organs and 

this eventually leads to cancer related mortality. Cancer is a leading cause of death 

worldwide and deaths from cancer are projected to continue to increase, with an 

estimated 13.1 million deaths in 2030. In 2008, worldwide cancer deaths were nearly 

7.6 million and this accounted for 13% of all deaths and more than 12 million people 

were diagnosed with cancer.  

 The most commonly diagnosed cancers worldwide are lung (1.61 million, 12.7% 

of the total), breast (1.38 million, 10.9%) and colorectal cancers (1.23 million, 9.7%). 

The highest incidence of cancer deaths are from lung cancer (1.38 million, 18.2% of the 

total), stomach cancer (738,000 deaths, 9.7%) and liver cancer (696,000 deaths, 9.2%) 

and approximately 70% of all cancer deaths occur in low- and middle-income countries 

[1]. Cancer is the second highest cause of deaths in the US after heart disease and it 

accounts for 1 of every 4 deaths. In 2012, approximately 1,638,910 new cancer cases 

are expected to be diagnosed and 577,190 Americans are expected to die of cancer, 

i.e., more than 1,500 people a day (Fig. 1.1) [2].   

  

This dissertation follows the style of Carcinogenesis. 

 



2 

 

 The National Cancer Institute estimates that nearly 12 million Americans with a 

history of cancer were alive in January 2008 and some of these individuals were 

cancer-free, while others still had evidence of cancer and may be undergoing treatment. 

Since the risk of being diagnosed with cancer increases with age, most cases occur in 

middle aged or older people. About 77% of all cancers are diagnosed in persons 55 

years of age and older. Cancer researchers use the word ―risk‖ in different ways, most 

commonly expressing risk as lifetime risk or relative risk. Lifetime risk refers to the 

probability that an individual will develop or die from cancer over the course of a 

lifetime. 

  In the US, men have slightly less than a 1 in 2 lifetime risk of developing cancer; 

for women, the risk is a little more than 1 in 3. Relative risk is a measure of the strength 

of the relationship between risk factors and a particular cancer. It compares the risk of 

developing cancer for persons with a certain exposure or trait to the risk in persons who 

do not have this characteristic. For example, male smokers are about 23 times more 

likely to develop lung cancer than nonsmokers, so their relative risk is 23. Most relative 

risks are not this large. For example, women who have a first-degree relative (mother, 

sister, or daughter) with a history of breast cancer have about twice the risk of 

developing breast cancer, compared to women who do not have this family history. 
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Fig.1.1. Leading new cancer cases and deaths according to 2012 estimates [2]. 

 

 All cancers involve the malfunction of genes that control cell growth and division. 

About 5% of all cancers are strongly hereditary, in that an inherited genetic alteration 

confers a very high risk of developing one or more specific types of cancer. However, 

most cancers do not result from inherited genes but from damage to genes occurring 

during one‘s lifetime. Genetic damage may result from internal factors, such as 

hormones or the metabolism of nutrients within cells, or external factors, such as 

tobacco, chemicals, and excessive exposure to sunlight. These causal factors may act 

together or in sequence to initiate or promote the development of cancer. Ten or more 

years often pass between exposure to external factors and detectable cancer. Most 

importantly, development of cancer is due to genetic abnormalities in two classes of 

genes namely oncogenes and tumor suppressor genes. The first identified oncogenes 

were of viral origin with variable cellular functions ranging from their role as 
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transmembrane protein receptors to nuclear transcription factors. Tumor oncogenes are 

constitutive and activated by mutations and enhance cell proliferation and 

transformation, while tumor suppressor genes regulate apoptosis and cell division and 

are repressed in cancer cells. 

Mechanisms of Carcinogenesis. Carcinogenesis is the general term used for the 

development of cancer; and several well known cancer models show that tumor 

formation is a multistep process that can be categorized into different stages namely, 

initiation, promotion, progression, invasion and metastasis (Fig 1.2). 

 

 

Fig. 1.2. Different stages of carcinogenesis [3]. 
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 Initiation is the first stage of carcinogenesis and results from several studies 

indicate that initiation is caused by irreversible genetic changes which predispose 

susceptible normal cells to become malignant and immortalized. However, the 

efficiency of cancer initiation depends on cellular replicative DNA synthesis and cell 

division. DNA synthesis is primarly required for the fixation and the irreversibility of the 

initiated state [4, 5]. Genetic changes or DNA damage can result from ionizing radiation 

such as X-rays, chemical carcinogens and viruses like papilloma virus and Epstein-Barr 

virus. Exposure to mutagens does not cause observable changes in the cellular 

phenotype but increases the susceptibility for cancer formation. Several different 

models of cancer initiation have been proposed.  

 For example, mouse skin carcinogenesis involves genetic damage due to 

formation of covalent adducts between mutagens and DNA and these mutations are 

also observed in critical stem cell genes. Mutations of Ha-ras and N-ras oncogenes are 

responsible for development of benign papillomas and few papillomas become 

malignant squamous cell carcinomas (SCC) [6]. There is ample evidence that p53 acts 

as a tumor suppressor gene and mutations of p53 due to ultraviolet B radiation results 

in initiation of skin tumors in mouse models and humans [7, 8]. Loeb et al., [9] have 

proposed mutator phenotype hypothesis for  initiation and  suggest that the normal rate 

of mutations does not correlate with the number of mutations observed in cancer cells. 

It is hypothesized that mutations of genes involved in DNA synthesis, DNA repair, cell 

cycle, progression and apoptosis will amplify the basal mutation rate and are 

responsible for tumor initiation and promotion in a multi-hit model of carcinogenesis. 

 Tumor promotion is the second stage of carcinogenesis in which an initiated cell 

with mutations expands clonally and several pathways are involved in the promotion of 
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carcinogenesis. Induction of continuous proliferation and hyperplasia by direct activation 

of mitotic signaling pathways or indirectly in response to chronic wounding and/or 

inflammation, or due to a block in terminal differentiation or resistance to apoptosis is 

necessary to allow clonal expansion of mutated initiated cells to form tumors. In mouse 

models of carcinogenesis, tumor promotion involves mitotic pathways such as activation 

of epidermal growth factor receptor (EGFR) and Ras/Raf/mitogen-activated protein 

kinase (MAPK) signaling. Chronic inflammation results in inflammatory cell secretion of 

growth factors and cytokines such as tumor necrosis factor-α (TNF-α) and interleukins, 

as well as production of reactive oxygen species (ROS), all of which can stimulate cell 

proliferation. Persistent activation of these pathways leads to tumor promotion [10], 

which is dependent on favorable factors for cell growth such as tumor cell-stromal 

interactions, growth factors, angiogenesis, oxygen and many other factors. Even though 

DNA damage check points and apoptosis pathways may be activated by genetic events 

during initiation; >50% of human cancers  are defective in these pathways due to 

mutations in tumor suppressor genes such as p53, retinoblastoma (Rb), which regulate 

proapoptosis [11].  

 There are number of tumor promoters including phorbol esters, phenobarbitol, 

peroxisome proliferators, and biphenyls, many of which reversibly inhibit gap junctions 

[12]. A tumor promoter must be administered for weeks, months and even years and its 

effectiveness depends on the concentration in the target tissue. Tumor promotion is 

also reversible and after stopping promotion, cell growth decreases and apoptosis is 

increased. All cells exposed to promoters do not take part in the promotion stage, while 

cells  that are stimulated to divide, undifferentiated and survive apoptosis can contribute 

to instability and result in malignant neoplasia [13]. 
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 Tumor progression is the third stage of carcinogenesis in which preneoplastic 

and/or benign neoplasic cells are transformed into malignant lesions. The stage of 

progression is characterized by its karyotypic instability and development of irreversible, 

aneuploid malignant neoplasms which distinguishes tumor progression from both 

initiation and promotion [14]. These genomic alterations in neoplastic cells during 

progression are directly related to increased cell growth, invasiveness, metastatic 

instability and changes in the biochemical, morphological and physiological 

characteristics of the cells [15]. Angiogenesis is essential for neoplastic progression and 

contributes to malignancy and inhibition of angiogenesis delays neoplastic development 

[16]. Karyotypic alterations continue during progression in a variety of different 

neoplasms, such as multistage epidermal carcinogenesis, leukemia, lymphoma, 

hepatocarcinogenesis and colorectal carcinogenesis [17, 18].  

 Vogelstein et al., proposed a classical model of tumor progression in colorectal 

cancer progression, which involves successive waves of clonal selection [19]. 

According to this model, genetic alterations cause permanent genetic instability with 

high rate of chromosomal or base modification resulting in morphological and karyotypic 

changes that transform pre-neoplastic cells into neoplastic cells [20]. In colorectal 

cancers, there is a good correlation between gene mutations such as loss of 

chromosomes 8p and 18q and the severity of the disease measured by disease free 

survival at five years after surgery [21]. 

 Invasion and metastasis is fourth stage of carcinogenesis. The major reason for 

most cancer deaths is not due to the primary neoplasms, but secondary tumors 

metastasized to other sites. Drastic phenotypic and biochemical changes occur during 
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the metamorphosis of a normal cell into an invasive cancer cell due to changes in 

growth factor signaling, cell-cell adhesion, gene expression, motility or cell shape [22]. 

 

 

Fig. 1.3. Contribution of EMT to cancer progression and metastasis [23]. 

 

 

 Invasive cancer cells can secrete proteases which lyse barriers such as 

basement membranes in host cells and thereby facilitate migration of tumor cells to 

distant sites and angiogenesis at these sites [24]. Cancer cells of epithelial origin can 

adopt a mesenchymal-like phenotype and this is often referred to as an epithelial-

mesenchymal transition (EMT) which contributes to their metastatic phenotype (Fig. 

1.3). Various oncogenes, tumor suppressor genes and metastasis suppressor genes 

can affect the invasiveness and the metastatic potential of tumor cells. Due to the 

loosening of tissue structure as well as changes in the cytoskeleton such as the loss of 

cell adhesion molecules (CAM) and changes in integrin expression, epithelial cells may 

adopt a mesenchymal character. Dysregulation of the cadherin family and particularly 

the loss of E-cadherin and upregulation of N-cadherin are commonly observed in 

invasive cancer cells [23, 25]. The E-cadherin gene CDH-1 is also referred to as a 

metastasis suppressor gene, and loss of CDH1 induces an invasive phenotype in 

immortalized cells [26]. Cells of the innate and adaptive immune system, adjacent 



9 

 

stromal cells as well as chemokines and their receptors also play an important role in 

cancer cell metastasis and the tumor micro-environment, vascularization and the supply 

of cytokines also affect EMT.  

  It has recently been suggested that tumors consist of two types of cells – transit 

amplifying cells and cancer stem cells. Only cancer stem cells can proliferate 

indefinitely and these cells may play a critical and possibly essential role in tumor 

metastases [27]. Hanahan and Weinberg have six hallmarks of cancer (Fig. 1.4) that 

include sustained proliferative signaling, evading growth inhibitors, resisting apoptosis, 

enabling replicative immortality, sustained angiogenesis and tissue invasion and 

metastasis [28]. Recently two additional hallmarks of cancer namely reprogramming of 

energy metabolism and evading immune destruction are now considered as important 

determinants for cancer progression  [28] and these are discussed below. 

 

 

Fig.1.4. Characteristic features of malignant cell [29]. 
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Sustained proliferative signaling. The most important trait of cancer cells is their 

ability for sustained proliferative signaling through a number of different pathways. 

Cancer cells can also stimulate growth of normal cells within the tumor 

microenvironment and these cells secrete various growth factors that enhance cancer 

cell growth [30]. Overexpression of membrane growth factor receptors can also lead to 

enhanced cell proliferation; for example EGFR tyrosine kinase is overexpressed, 

amplified and dysregulated in many cancers and this receptor can engage in autocrine 

signaling and crosstalk with other kinase signaling cascades [31]. Somatic mutations 

also contribute to activation of signaling pathways usually activated by growth factor 

receptors. For example mitogen activated protein kinase (MAPK) pathway and 

phosphoinositide 3-kinase (PI3K) are constitutively activated in many tumor types due 

to activating mutations in B-Raf and the catalytic subunit of PI3K respectively [32, 33]. 

Evading growth inhibitors. Cancer cells can also circumvent powerful programs that 

negatively regulate cell proliferation and many of these programs include tumor 

suppressor genes. Two prototypical tumor suppressor genes, Rb and TP53 control two 

key cellular regulatory networks and govern the decisions of cells to proliferate or 

activate senescence and apoptosis. The Rb protein integrates signals from various 

extracellular and intracellular sources, while TP53 receives input from stress and 

abnormality sensors that decide whether a cell should or should not undergo cell cycle 

progression [34]. Cancer cells with defects in Rb and TP53 lose the services of these 

critical gate keepers of cell cycle progression and this result in continuous cell 

proliferation. For example, chimeric mice lacking the Rb gene exhibit proliferative 

abnormalities and continuous cell cycle progression leading to neoplasias, particularly 
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in the pituitary gland. TP53 null mice also develop abnormalities later in life in the form 

of leukemias and sarcomas [35, 36]. 

Resisting apoptosis. The concept of programmed cell death by apoptosis serves as a 

natural barrier to development of cancer and resistance to apoptosis is considered as 

an important hallmark of cancer. Tumor cells develop many strategies to circumvent 

apoptosis and most common among them is loss of TP53 tumor suppressor function, 

which eliminates the DNA damage sensor from inducing apoptosis. TP53 inhibits cell 

division by terminating the cell cycle at G1 or interphase for repair and in case of 

extensive DNA damage p53 activates apoptosis [37]. Inactivation of TP53 or TP53-

dependent genes leads to inhibition of apoptosis and formation of tumors. In addition 

cancer cells also inhibit apoptosis by overexpression of antiapototic regulators (bcl-2, 

Bcl-XL), survival signals (survivin, Igf1/2), and downregulation of proapoptotic factors 

(Bax, Bim, Puma) [38]. The multiplicity of pathways for inhibition of apoptosis in cancer 

cells demonstrates the importance of apoptosis inhibition as a hallmark of the 

progression of cells to malignancy. 

Enabling replicative immortality. Cancer cells require unlimited replicative potential in 

order to generate macroscopic tumors in contrast to non-cancer cells which usually 

have a definitive replicative potential. After a certain number of divisions, cells stop 

dividing and enter into nonproliferative viable state of senescence and/or 

crisis/apoptosis. Occasionally, cells emerge from a population in crisis and exhibit 

unlimited replicative potential and this transition is termed as immortalization and is well 

established in cell lines which proliferate in culture without senescence or crisis. Several 

studies indicate that telomeres which are repeat sequences at the end of chromosomes 

play an important role in cell replication. It is clear that all types of malignant cells and 
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90% of human cancers exhibit increased telomerase activity and addition of 

hexanucleotide repeats to the ends of telomeric DNA [39]. Telomere knockout mice 

have shortened telomeres and also shunt premalignant cells into senescence resulting 

in decreased tumorigenesis in mice that are genetically destined to develop cancer [40]. 

In human breast cancers, transient telomere deficiency results in malignant 

progression, while premalignant tumors did not express significant levels of telomerase 

and were characterized by shortening of telomeres and nonclonal chromosomal 

aberrations [41]. 

Sustained angiogenesis. Angiogenesis is required for physiological processes such 

as wound healing and female reproductive cycle, but only transiently. In contrast, during 

tumor development, angiogenesis is activated and continues to produce new blood 

vessels that facilitate neoplastic growth [42]. Angiogenesis is regulated by signaling 

proteins that binds to stimulatory or inhibitory cell surface receptors in vascular 

endothelial cells. For example vascular endothelial growth factor (VEGF) and fibroblast 

growth factor (FGF) regulate angiogenesis by binding to cell surface including VEGF-

receptor1 (VEGFR1) [43]. Many human tumors including renal and pancreatic 

adenocarcinomas are highly angiogenic and densely vascularized; tumors also 

overexpress VEGF and FGF compared to normal tissue and endogenous inhibitors of 

angiogenesis like thrombospondin, tumstatin are downregulated [44]. In some tumors, 

dominant oncogenes such as Ras and Myc upregulate expression of angiogenic 

factors, while in other tumors immune inflammatory cells induce angiogenesis. The 

direct induction of angiogenesis by oncogenes that also drive proliferative signaling 

indicates that distinct hallmark capabilities can be coregulated by some transcription 

factors. The VEGF gene is also regulated by different transcription factors and the role 
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of specificity protein (Sp) transcription factors in the regulation of VEGF has been 

reported in several cancers [45, 46]. 

Activating invasion and metastasis. Tissue invasion and metastasis is a hallmark for 

advanced stages of cancer with poor patient prognosis. In many human cancers 90% of 

cancer deaths are associated with invasion and metastasis and this phase is 

charectarized by EMT, loss of cell adhesion, gain of motility and stromal proteolysis 

[47]. Loss of E-cadherin and upregulation of N-cadherin is a prominent feature of EMT 

and is observed in most of the metastatic tumors.  Epidermal growth factor (EGF)- 

mediated downregulation of focal adhesion kinase (FAK) is required for early 

dissemination and cell detachment from the primary tumor. At distant sites, interactions 

with extracellular matrix through integrins activate FAK and mediate cell attachment 

which is required for establishing metastatic tumors. Matrix metalloproteases (MMPs) 

are stromal proteses that facilitate tumor invasion both in vitro and in vivo. 

Overexpression of urokinase plasminogen activator (uPA) positively correlates with 

invasive potential for a variety of human cancers because uPA plays an important role 

in tumor invasion and metastasis by initiating proteolytic cascades [48]. 

 After cancer cells are established at a distant site, they will not receive the same 

signals from their new environment. Hence, mesenchymal-epithelial-transition (MET, 

reversal of EMT) is induced and the original phenotype is adopted. Several factors such 

as TGF-s, TNF-, EGF, HGF, IGF-1, E47/e2A, FOXC2, Goosecoid, Snail, Slug, and 

Twist are known to induce the EMT [49]. Genomic instability and tumor promoting 

inflammation are also the enabling characteristics that facilitate evolving populations of 

premalignant cells to become malignant and metastatic. 
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COLON CANCER 

 Every year more than one million people will develop colorectal cancer (CRC) 

worldwide and the specific mortality of this disease is approximately 35% in the 

developing world. CRC is the 3rd most common malignancy and 4th most common 

cause of cancer mortality worldwide [50]. It was predicted that there will be 

approximately 1,000,000 new cases diagnosed in 2008, resulting in nearly 500,000 

deaths. CRC is major public health problem in the United States and nearly 150,000 

people are diagnosed with CRC every year and approximately one third of them die 

from the disease [51]. In the United States, among all cancers CRC incidence and 

mortality are 3rd and 2nd respectively. The lifetime risk for colorectal cancer life time is 

6% in the US and the average age of diagnosis of this disease is 66 years [52]. The 

causes of CRC and its mechanism of pathogenesis are complex and heterogeneous.  

Diet and lifestyle factors, somatic and hereditary mutations contribute to the 

development of CRC and risk factors include diets rich in unsaturated fats, processed 

meat & red meat, total energy intake & reduced physical activity, tobacco and excessive 

alcohol consumption. Most cases of CRC occur sporadically and contributing factors 

include increasing age, male sex, previous chromosome polymorphisms and family 

history of CRC [53]. 

 Inflammatory diseases such as Inflammatory bowel disease and ulcerative 

colitis are important risk factors for development of CRC and the risk increase with the 

duration of illness, severity and extent of inflammation [54, 55]. Inflammation induced 

CRC and sporadic CRC exhibit comparable similarities such as chromosomal (85%) 

and microsatellite instabilities (15%). Despite these similarities there are important 

differences between inflammation and sporadic-induced CRC. For example activation of 
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protooncogenes such as Ras and the inactivation of tumor suppressor genes such as 

adenomatous polyposis coli (APC) and p53 are important in the development of the 

majority of CRC, however the frequency and timing of these genetic alterations differ 

remarkably in sporadic CRC and colitis associated CRC [56, 57]. 

 

Table. 1.1. Molecular genetics of inherited colorectal cancer syndromes [58]. 

Syndrome Common features Gene defects 

FAP 
 

Multiple adenomatous polyps (>100) and 
carcinomas of the colon and rectum; 
duodenal polyps and carcinomas; fundic gland 
polyps in the stomach; congenital 
hypertrophy of retinal pigment epithelium 

APC (>90%) 

Gardner 
syndrome 

Same as FAP; also, desmoid tumors and 
mandibular osteomas 

 

Turcot‘s 
syndrome 

Polyposis and colorectal cancer with brain tumors 
(medulloblastomas); colorectal cancer and brain 
tumors (glioblastoma) 

APC 
MLH1, PMS2 

Attenuated 
adenomatous 
polyposis coli 
 

Fewer than 100 polyps, although marked variation 
in polyp number (from ∼5 to>1,000 polyps) 
observed in mutation carriers within a single 
family 

APC 
(predominantly 
5‘ 
mutations) 

Hereditary 
nonpolyposis 
colorectal 
cancer 
 

Colorectal cancer without extensive polyposis; 
other cancers include endometrial,ovarian and 
stomach cancer, and occasionally urothelial, 
hepatobiliary, and braintumor 

MSH2 
MLH1 
PMS2 
GTBP, MSH6 
 

Peutz-
Jeghers 
syndrome 
 

Hamartomatous polyps throughout the GI tract; 
mucocutaneous pigmentation;increased risk of GI 
and non-GI cancers 

LKB1, STK11 
(30–70%) 
 

Cowden 
disease 

Multiple hamartomas involving breast, thyroid, 
skin, central nervous system, and GItract; 
increased risk of breast, uterus, and thyroid 
cancers; risk of GI cancer unclear 

PTEN (85%) 
 

Juvenile 
polyposis 
syndrome 
 

Multiple hamartomatous/juvenile polyps with 
predominance in colon and stomach;variable 
increase in colorectal and stomach cancer risk; 
facial changes 

DPC4 (15%) 
BMPR1a 
(25%) 
PTEN (5%) 
 



16 

 

 Among the hereditary colorectal cancers (Table. 1.1), the Lynch syndrome also 

known as Hereditary Non Polypsis Colorectal Cancer (HNPCC), occurs approximately 

in one in 300 people with colorectal cancer. Familial adenomatous polyposis (FAP) is a 

hereditary CRC due to defects in the APC gene; the frequency of FAP is approximately 

one in 7000 people, whereas other syndromes such as MYH-associated polyposis 

occur in about one in 18000 individuals with colorectal cancer. Hereditary cases of 

colorectal cancer (Table. 1.1) account for nearly 6% of all colon cancer cases and this 

includes 3% with HNPCC, 2% with FAP and 1% with all other hereditary colon cancers 

including Peutz-Jeghers syndrome, familial juvenile polyposis and hereditary mixed 

polyposis syndrome. These syndromes are linked to mutations in LKB 1, STK11, SMAD 

4, PTEN, E-cadherin, cyclin D1 and TGF-β receptors [59]. 

 Colitis associated cancer (CAC), a subtype of colorectal cancer is associated 

with inflammatory bowel disease (IBD) and has high morbidity and mortality. More than 

20% of inflammatory bowel disease patients develop colitis associated cancer within 30 

years of disease onset and more than 50% of these patients will die from colitis 

associated cancer [60, 61]. Even though immune mediated mechanisms are 

responsible for colitis associated cancer; there are similarities between colitis 

associated cancer and other types of colorectal cancers that develop without any 

inflammatory signs. The important stages of colon cancer development such as 

formation of aberrant crypt foci, polyps, adenomas and carcinomas are similar between 

colorectal cancer and colitis associated cancer, even though different pathogenic 

sequences have been proposed for colitis associated cancer, such as chronic 

inflammation and injury-dysplasia carcinoma. 
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The Adenoma- Carcinoma sequence. The development of CRC via adenoma-

carcinoma sequence (Fig. 1.5) is a multistep process which slowly occurs over a period 

of several years and often decades. Benign tumors of the gastrointestinal tract are 

lesions that form above the surrounding mucosa and are generally known as polyps. 

Colorectal polyps, particularly polyps less than 5 mm in size are hyperplastic and these 

polyps are not CRC precursors, where as adenomatous polyps or adenomas are 

considered as important precursor lesions that can progress to CRC [62]. Adenomas 

are characterized by dysplastic morphology and abnormal differentiation of epithelial 

cells that arise from glandular epithelium. The frequency of occurrence of adenomatous 

polyps in the US is approximately 25% in individuals 50 years of age and 50% at the 

age of 70 and there is a high risk for developing CRC in patients whose adenomatous 

polyps are not removed [63, 64]. Individuals with diseases such as FAP are strongly 

predisposed for development of adenomatous polyps, present with CRC at 30-50 years 

of age [65]. Only a small fraction of adenomas slowly (years to decades) progress to 

CRC, for example adenomatous polyps with 1 cm size have an approximately 10-15% 

chance of progression to carcinoma within 10 years period. 
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Fig. 1.5. Development of CRC and CAC; adenoma-carcinoma sequence [66]. 

  

 Some of the essential stages of colon cancer development such as formation of 

aberrant crypt foci, polyps, adenomas and carcinomas are similar between non-

inflammatory colorectal cancer and colitis associated cancer. Common genetic and 

signaling pathways altered in colorectal cancer and colitis associated cancer include 

Wnt, β-catenin, K-Ras, p53, transforming growth factor-β (TGF- β), and the DNA 

mismatch repair proteins (MMR). 

The APC gene in colorectal cancer. FAP is an autosomal dominant syndrome that 

affects nearly 1 in 12000 individuals and accounts for approximately 0.5% of all 

colorectal cancers. Adenomas arise in the colon of affected individuals by 40 years of 

age, but only a few adenomas progress to colorectal cancer in a given FAP patient [65, 

67]. The incidence of colorectal cancer in an untreated FAP patient is 100% by the age 
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of 36 years, while prophylactic treatment provides good clinical management for FAP. 

One fourth of FAP cases are due to germline mutations and do not show autosomal 

pattern and inheritance [68]. A fraction of germline mutations in FAP patients results in 

silencing of APC gene expression, whereas 95% of the mutations are due to frameshift 

or nonsense mutations that lead to premature truncation of protein synthesis (Fig. 1.6) 

[68, 69]. 

 

 

Fig. 1.6. Schematic representation of APC and mutations in APC [58]. 

 

 

 The APC gene plays an important role in FAP and other syndromes, and also in 

sporadic colorectal cancer. Nearly 70-80% of sporadic colorectal cancers have somatic 

mutations that inactivate APC. Most somatic mutations lead to premature truncation of 

the APC protein and this is an early and rate limiting event in the development of 

adenomas [70, 71]. Frequencies of APC mutations in very small adenomas as well as 

advanced adenomas and carcinomas are similar, in contrast to mutations of other 
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somatic genes in colorectal tumors. Somatic mutations of APC are found even in 

earliest lesions such as microscopic adenomas which are comprised of few dysplastic 

glands [19]. According to the Knudson model for tumor suppressor genes, defects of 

both alleles in tumor suppressor genes (TSG) are required to promote tumor 

development. Both alleles of the APC appear to be inactivated in adenomas and 

carcinomas observed in FAP patients as well as patients with colorectal adenomas and 

carcinomas. 

APC protein functions in canonical Wnt signalling pathway. The APC tumor 

suppressor gene encodes an approximately 300-kDa protein that regulates cell 

migration, cell-cell interaction, chromosomal segregation and apoptosis in the colonic 

crypts [72]. Restoration of APC protein function in colorectal tumors that lack 

endogenous APC protein expression induces apoptosis [72]. The APC protein has 

some recognizable sequence motifs in the primary aminoacid sequence and these 

serve as binding sites for various cellular proteins (Fig. 1.6). Even though the APC 

protein has several important cellular functions, the most well established role for APC 

in formation of tumors is its interaction with β-catenin and subsequent regulation of Wnt 

signaling pathways [70, 72]. 
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Fig. 1.7. Model of APC and β-catenin in Wnt canonical signaling. (a). absence of Wnt 

ligands, (b). presence of Wnt ligands [73]. 

 

 β-Catenin plays an important role in linking cytoplasmic domains of  E-cadherin 

to the actin cytoskeleton via binding to the adaptor protein α-catenin. The major 

components of Wnt/β-catenin pathway is the β-catenin destruction complex which is 

composed of APC, AXIN, casein kinase 1 (CK 1), and glycogen synthase kinase 3 β 

(GSK 3 β).The proposed model for the biologic significance and interaction of APC and 

β-catenin shows that, in the absence of Wnt ligands, β-catenin is recruited into a 

destruction complex, which facilitates phosphorylation of β-catenin on conserved N-

terminal serine/threonine residues by CK1 and GSK3 β (Fig. 1.7). This leads to the 

ubiquitylation and proteasome-dependent degradation of β-catenin. In the nucleus, 
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prospective target genes of the Wnt signaling pathway are kept in a repressed state by 

interacting with T-cell factor (TCF) and lymphoid enhancer-binding protein (LEF) 

transcription factors with associated co-repressors. In the ‗off state‘, cells maintain low 

cytoplasmic and nuclear levels of β-catenin; β-catenin is associated with cadherins at 

the plasma membrane, an association that spares it from the degradative pathway. In 

the presence of Wnt, ligands interact with members of the Frizzled (FZ) family of 

serpentine receptors, and transmembrane protein low density lipoprotein receptor 

related proteins 5 and 6 (LRP5 and LRP6). The binding of Wnt to Fz receptors lead to 

activation and membrane recruitment of the phosphoprotein Dishevelled (DSH or DVL) 

and AXIN and the destruction complex to the plasma membrane, where AXIN directly 

binds to the cytoplasmic tail of LRP5/6. AXIN is then degraded, and this decreases β-

catenin degradation. The activation of DSH also leads to the inhibition of GSK3, which 

further decreases the phosphorylation and degradation of β-catenin. So, the ‗on state‘ 

involves increasing post-translational stability of β-catenin, through Wnt-dependent 

degradation of AXIN and inhibition of GSK3. As β-catenin levels rise, it accumulates in 

the nucleus, and interacts with DNA bound TCF and LEF family members to activate 

transcription of target genes including c-Myc and Cyclin D1 (Fig. 1.7). 

 In most colorectal cancers, both APC alleles are mutated and as a result 

coordinated phosphorylation and degradation of β-catenin is inhibited and this process 

mimics constitutive activation of Wnt ligand-mediated signaling and results in 

expression of several protooncogenes including c-Myc, Cyclin D1. In addition, the β -

catenin/TCF/LEF complex activates transcription of genes encoding membrane proteins 

such as matrix metalloproteinase 7 (MMP7), membrane type 1 MMP (MT1MMP), 

laminin 5, CD44 growth factors such as fibroblast growth factor (FGF) 20, FGF 9; and 
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negative Wnt regulators including AXIN 2, naked-1/2, dickkopf-1, and Wnt inhibitory 

factor [74, 75]. Induction of the β-catenin-dependent transcription program resembles 

the transcriptional program in presumptive tissue stem cells at the base of colonic 

crypts and β-catenin not only participates in establishment of the crypt progenitor 

phenotype but also in the spatial organization and migratory patterns of the cells in the 

continuous renewal of colonic crypts [76, 77]. 

 Wnt/ β-catenin/ TCF regulated genes are negatively regulated by feedback 

inhibitors such a Wnt inhibitory factor 1, dickkopf-1 and downstream Wnt ligand receptor 

signaling is inhibited by the homolog of the drosophila gene Naked as well as AXIN 2 

gene product. Dysregulation of Wnt/β-catenin signaling has been reported in several 

tumor types including colon tumors and overexpression of Wnt ligands are observed in 

both sporadic and familial colorectal cancer. APC gene mutations that encode a 

truncated protein result in a defective β-catenin destruction box, which is unable to bind 

to β-catenin and this results in decreased degradation of β-catenin and accumulation of 

high levels in the nucleus which activate Wnt target genes. Mutations in the β-catenin 

gene at various phosphorylation sites also prevent destruction of β-catenin by the 

proteasome pathway resulting in increased activation of Wnt signaling. 

DNA mismatch repair gene defects in colorectal cancer. Hereditary Nonpolyposis 

Colorectal cancer (HNPCC)- HNPCC was one of the first inherited cancer syndromes to 

be reported in the medical literature [78]. Many years later Lynch & co-workers [79, 80] 

proposed autosomal dominant patterns of colorectal cancer that were not accompanied 

by extensive polyposis. HNPCC accounts for approximately 5% of hereditary colorectal 

cancer causes and this genetic syndrome is caused by mutations in the family of 

mismatch repair genes (MMR) which include MLH 1, MSH 2, MSH 6, and PMS 2 [81, 
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82]. Germline mutations in one of these four MMR genes have been observed in 80% of 

affected families, with 50% of the mutations in MLH1, 40% in MSH2 and 10% in MSH6. 

The major role of MMR genes is to maintain genomic integrity, and mutations of these 

genes can lead to development of colorectal cancer and other solid tumors. MMR 

genes also function to mediate DNA damage-induced cell death; and colorectal cancer 

tumors with mutated MMR genes are resistant to a wide variety of cytotoxic agents such 

as cisplatin, carboplatin and several alkylating agents [83, 84]. Consequently colorectal 

cancer tumors expressing mutant MMR genes have a selective growth advantage when 

compared to other solid tumors expressing wild-type with intact MMR genes. Though 

FAP patients develop thousands of adenomatous polyps, there are other types of 

intestinal polyposis syndromes in which patients‘ exhibit several non-adenomatous 

polyps that increase the risk for colorectal cancer and these include juvenile polyposis 

syndrome (JPS), Cowden syndrome, Peutz-Jeghers syndrome and hereditary mixed 

polyposis syndromes. 

Oncogenic/ Tumor suppressor gene mutations in colorectal cancer. In contrast to 

hereditary colorectal cancer, which constitutes approximately 2-15% of all cases of 

colorectal cancer, sporadic cancer accounts for approximately 80-85% of colorectal 

cancer. The genetic alterations leading to dysregulation of key signaling pathways in 

hereditary colorectal cancer have also been implicated in the pathogenesis of sporadic 

colorectal cancer. The key pathways that are affected include Wnt/β-catenin, TGF-β 

receptor, Notch, Hedgehog, EGFR, Ras/Raf/MAPK and phosphoinositide 3-kinase 

PI3/Akt pathway. 

TGF-β/ SMAD. The TGF-β plays an important role in several biological processes such 

as cell proliferation, differentiation, migration and apoptosis [85, 86]. TGF-β ligands bind 
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to type II TGF-β receptors (TGFBR2) resulting in recruitment and activation of 

downstream factors include TGFBR1, SMAD 2, SMAD3, SMAD4 and heterodimeric 

SMAD complexes that translocate into the nucleus. SMAD complexes bind and activate 

or deactivate several different transcription factors including c-Jun, P300/CBP, c-Myc 

and cyclin associated protein CD1, cyclin dependent kinase inhibitors cdk 4, p21, p27, 

p15 and Rb in a cell specific manner. TGF-β acts as a tumor suppressor and inhibits 

growth by activation of cyclin-dependent kinase inhibitors p21, p27, p15; however TGF-

β also activates oncogenes such as TGF-α, FGF, EGFR and SMAD-independent 

pathways such as Ras/Raf/MAPK, JNK and PI3/Akt. In addition, TGF-β also promotes 

angiogenesis, cell adhesion and motility enhancing tumor invasion and mutagenesis. 

 The gene encoding TGFBR2 has A nucleotide repeats in exon 3, and GT 

repeats in exons 5 and 7, and these repeats are prone to DNA replication errors and 

frameshift mutations. Approximately 80% of colorectal cancers and 30% of sporadic 

colorectal cancers have frameshift matations in TGFBR2 and to date this is the most 

common pathway leading to alterations in TGF-β signaling [87]. Mutations of SMAD 

genes can also impair TGF-β signaling. Interestingly, SMAD2 and SMAD4 are localized 

on chromosome 18q, a region that is usually deleted in colorectal cancer and mutations 

of SMAD2 and 4 are observed in 10-25% of colorectal cancers. There is growing 

evidence that alterations of TGF-β signaling lead to development of colorectal cancer 

and this is an attractive target for cancer drug development. 

Notch signaling pathway. Notch signaling is important for proliferation of intestinal 

epithelium and under normal physiological conditions, Notch ligands bind to 

transmembrane receptors resulting in cleavage and the release of the intracellular 

domain of the Notch receptor. The cleaved Notch receptor translocates to the nucleus 
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and activates Notch target genes such as hairy/enhancer of split (Hes 1) a basic helix-

loop-helix transcription factor. Notch signaling is important for several physiological 

functions such as maintenance of stem cells, determination of cell fate, differentiation 

and oncogenesis. Notch signaling is constitutively activated in several cancers and 

there is increased expression of Notch ligand in colorectal cancers [88] . Moreover, 

crosstalk between Notch and Ras, where active Ras mutants activate Notch signaling 

and Notch activation is required for Ras-mediated cell transformation. 

Hedgehog Signaling Pathway. The hedgehog signaling plays an important role in 

proliferation, establishment of cell fates and embryonic development in Drosophila [89, 

90]. This pathway has also been identified in humans and is essential for development 

and patterning of various organs including gut epithelium. Hedgehog ligands bind to 

receptors of Patched Protein (Ptch) which suppress activity of smoothened receptor 

(Smoh), a G Protein-coupled receptor- like receptor. Hedgehog ligands bind to Ptch1 

and and activate GL1 transcription factor and regulate expression of several Hedgehog 

target genes. Aberrant activation of Hedgehog signaling is associated with enhanced 

cell proliferation and development of cancer [89]. Moreover Hedgehog signaling is 

involved in development and repair of colonic epithelial cells and this pathway is 

activated in colorectal cancer [91]. 

 Several studies have reported high expression of Hedgehog ligands, Hedgehog 

receptor ptch, and Hedgehog associated transmembrane receptor Smoh in hyperplastic 

polyps, adenomas and adenocarcinomas of colon [92, 93]. The exogenous Hedgehog 

ligand Snh, can promote the growth of colonocytes and colorectal cancer cells express 

high levels of Snh mRNA compared to normal colon cells [94]. 
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Ras signaling pathway. Ras is a member of a small G protein family which are critical 

for transmitting extra-cellular signals such as epidermal growth factors (EGFs) into 

intracellular signal transduction cascades [95]. Ras proteins have intrinsic GTPase 

activity and GDP/GTP-binding sites that are responsible for active (GTP-bound) and 

inactive (GDP-bound) confirmation. Ras proteins activate Raf/MEK/ERK signaling that 

mediate cell growth and cell cycle progression through phosphorylation of important 

transcription factors such as c-fos, Myc, RSK and MNK, and activation of the PI3K/Akt 

pathway. The role of Ras has been extensively investigated in cancer and 

approximately 15-20% of all human cancers exhibit Ras gene mutations. To date the 3 

Ras genes encode for 4 Ras proteins; namely, H-Ras, N-Ras, K-Ras4A, and K-Ras4B. 

Each of these Ras proteins is activated in different types of human cancers; K-Ras 

mutations are typically observed in CRC, pancreatic cancer, lung cancer and 

seminoma. In CRC, 30-40% of all patients have K-Ras gene mutation and >95% these 

mutations are observed in codons 12, 13 and 61. These mutations result in 

constitutively bound GTP in the active form of Ras which is independent of extracellular 

signals such as EGF. As a result K-Ras mutated tumors are resistant to anti-EGFR 

therapy with cetuximab or panitumumab which are antibodies that bind the EGFR with 

high affinity [96]. 

EGFR signaling pathway. The EGFR belongs to human epidermal growth factor 

receptor (HER) family that includes HER1 (ErbB1, EGFR), HER2 (ErbB2), HER3 

(ErbB3) and HER4 (ErbB4) [97]. Upon ligand binding, EGFR undergoes homo or 

heterodimerization with other members of HER family and regulates cell proliferation, 

survival, migration, invasion and angiogenesis through activation of several signaling 

networks [98]. Activation of EGFR is primarily responsible for development of resistance 
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to chemo and radiation therapies. EGFR is progressively upreglated from normal to 

malignant tissues and nearly 90% of metastatic CRC overexpresses the EGFR [99]. 

The role of EGFR in growth, proliferation and metastasis is well documented in several 

cancers and this receptor is an important target for drug development [100, 101]. Anti-

EGFR monoclonal antibodies such as, Cetuximab and Panitumumab are currently used 

for treatment of metastatic CRC; these drugs bind the EGFR with higher affinity than the 

natural ligands and inhibit phosphorylation and downstream signaling pathways and 

receptor internalization resulting in decreased cell surface expression of EGFR [102]. 

These drugs inhibit tumor angiogenesis and cell proliferation, induce apoptosis and cell 

cycle arrest. 

PI3K/Akt signaling pathways. PI3K signaling cascades play an important role in 

regulation of several key cellular processes including protein synthesis, glucose 

metabolism, cell proliferation, migration and angiogenesis [103]. PI3K is composed of a 

110-kDa catalytic subunit (PKC3A) and an 85-kDa adapter subunit. PI3K signaling is 

regulated by crosstalk with other extracellular signaling pathways activated by 

hormones, vitamins, integrins, intracellular calcium and Ras dependent MAPK. PI3K is 

constitutively activated in several cancers, such as CRC, breast cancer, prostate cancer 

and lung cancer [104]. Constitutive activation of PI3K is due to a mutation in PIK3CA 

resulting in a gain of function mutation affecting positive regulators of PI3K (HER2, 

EGFR, RAS and c-Src). Activation of PI3K function can also be due to mutations of 

tumor suppressor genes encoding negative regulators of PI3K such as PTEN. 

Activation of PI3K/Akt has been observed in several cancers including CRC, gastric 

cancer, breast cancer and ovarian cancer [105]. Moreover activation of various 

components of PI3K/Akt signaling has prognostic significance for several cancers and 



29 

 

PI3K activation contributes to resistance to chemotherapy, hormone and radiation 

therapy and several individual components of this signaling pathway are therapeutic 

targets for drug development [106]. 

EPIGENETIC CHANGES IN COLON CANCER 

 Epigenetics broadly refers to the heritable changes in gene expression that are 

not mediated by the changes in the DNA sequence. Epigenetic regulation of gene 

expression is important for embryonic development and tissue differentiation [107]. 

Aberrant epigenetic alterations were first discovered in CRC in 1982, and subsequent 

studies have revealed a complex array of epigenetic regulatory mechanisms that control 

gene expression in both normal and cancerous tissue [108, 109]. Epigenetic regulation 

of gene expression is determined by several factors, such as open and closed state of 

chromatin that leads to either gene transcription and silencing of gene transcription 

respectively [107]. 

 

 

Fig. 1.8. Epigenetic mechanisms in colorectal cancer [110]. 
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 The epigenetic mechanisms responsible for colon cancer development include 

methylation of CpG islands, post translational histone modifications, micro RNAs and 

non-coding RNAs and nucleosome positioning (Fig. 1.8). 

Methylation of CpG islands. Promoters of approximately 50% of all genes contain 

CpG islands and hypermethylation of these CpG islands is responsible for 

transcriptional silencing of gene expression [111, 112].  Decreased DNA methylation 

has been observed in CRC cells (compared to normal cells). Even though 

hypomethylation is commonly observed in CRC [113, 114], hypermethylation of CpG 

islands at specific gene promoters has been observed [115, 116]. 

 DNA hypomethylation was one of the first recognized epigenetic alterations in 

CRC, and its occurence is age-dependent and is observed early in the process of 

carcinogenesis [117]. Hypomethylation in CRC was assumed to be associated with 

activation of oncogenes such as CDH3, which is responsible for increased genomic 

instability. Experimental relevance of hypomethylation to genomic instability is 

supported by mouse models where DNMT hypomorphic ApcMIN/+ mice develop 

microadenomas associated with loss of heterozygocity of APC and increased genomic 

instability. DNA hypermethylation has been extensively characterized in CRC and is 

observed in nearly 60%of genes [118]. Hypermethylation of promoter CpG islands has 

been observed in several tumor suppressor- and DNA repair genes and leads to their 

inactivation or lack of function [112]. Hypermethylated genes include HIC1 

(hypermethylated in cancer 1) and Wnt signaling antagonists such as SFRPs (secreted 

Frizzled-related proteins), RTK, TP53, PI3K, retinoic acid and IGF signaling pathways 

and other pathways regulating  the cell cycle, transcription, DNA repair, stability, 

apoptosis, angiogenesis, invasion, metastasis and chromatin organization (Table. 1.2) 
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[115, 119]. Hypermethylated DNA is silenced through recruitment of methyl CpG 

binding proteins and associated repressors such as HDACs, which form repressive 

chromatin structure.  

 

Table 1.2. Promoter CpG island hypermethylated genes in colorectal cancer [110]. 

Promoter CpG island hypermethylated genes in colorectal cancer 

Signaling pathways/cancer 
hallmarks 

Promoter CpG island hypermethylated genes 

Wnt APC, SFRP1, SFRP2, SFRP4, SFRP5, SOX17, 
WNT5a, DKK1, DKK3, WIF1, AXIN2 

RTK RASSF1A, RASSF2A,EPHB2, RAB32, NORE1 

NOTCH NEURL 

TP53 P14ARF, HIC1DFNA5 

PI3K PIK3CG 

Estrogen receptor ER 

Retinoid acid receptor RAR, CRABP1 

IGF IGFBP3 , IGFBP7 

Cell cycle regulation P16INK4A , KLF4 

Transcription regulation GATA4, GATA5, RUNX3, CDX1, HLTF, FOXL2, 
ALX4 

DNA repair/stability MLH1, MGMT, WRN, CHFR 

Apoptosis BNIP3, IRF8, DAPK1, HRK 

Adhesion CDH4, CDH13 

Angiogenesis THBS1 

Invasion and metastasis TIMP3, RECK, CXCL12, TFPI2 

Axon guidance SLIT2 

Transmembrane (glyco)proteins MUC1, NMDAR2A, HPP1, SPARC, DCC, CD133 

Peptide hormones SST, TAC1 

Chromatin organization PRDM2 

Unknown function/pathway VIM, NDRG4 

Classical CIMP panel MINT1, MINT2, MINT31, P16INK4A, MLH1 

Weisenberger CIMP panel CACNA1G, IGF2, NEUROG1, RUNX3, SOCS1 

NOTE: This table represents genes involved in major signaling pathways/cancer 
hallmarks that are epigenetically silenced by promoter CpG island hypermethylation. 
Abbreviations: WNT, wingless-type;  MMTV integration site family; RTK, receptor 
tyrosine kinase; NOTCH, neurogenic locus notch homolog protein; TP53, tumor protein 
53; IGF, insulin-like growth factor; CIMP, CpG island methylator phenotype. 
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 To date three types of  CpG binding proteins have been identified: methyl 

binding domain (MBD) family of proteins containing MBD1, MBD2 and MBD4, the zinc 

finger proteins Kaiso (ZBTB33), ZBTB4 and ZBTB38, and SET and RING finger 

associated proteins UHRF1 and UHRF2. Loss of MBD2 and Kaiso in APCmin/+ mice 

suppresses intestinal carcinogenesis and induces tumor suppressor gene expression 

resulting in cell cycle arrest and cell death [120, 121]. 

Post translational histone modifications. Post translational histone modifications 

regulate gene expression at the transcriptional level and these modifications dictate 

chromatin structure by disrupting contacts within or between nucleosomes. The most 

well-characterized histone modifications in CRC are histone deacetylation and histone 

demethylation. Active genes are enriched with di- and trimethylation of histone H3 

lysine 4 (H3K4me2/me3) and acetylation of key H3 and H4 aminoacids at the 

transcription startsite, while inactive genes lack these active modifications and are 

characterized by trimethylation of histone H3 lysines 9 and 27 (H3K9me3 and 

H3K27me3). Many genes hypermethylated in CRC include components of polycomb 

repressor complexes (PRC) such as EZH2 and CBX7 respectively and PRC-dependent 

DNA methyltransferases play a role in DNA methylation [122, 123]. 

Small, non-coding RNAs. Another important mechanism of epigenetic regulation 

involves the role of small non coding microRNAs (miRNAs) which are generated from 

precursor pre and pri-RNAs by successive cleavage by drosha and dicer nucleases. 

Depending on the degree of homology to their target sequence, miRNAs bind 3‘-UTRs 

of target mRNAs via base pairing and inhibit translation or induce mRNA degradation. 

Comprehensive analysis of miRNA expression in human cancers reveals differential 

miRNA expression in cancers [124]. Comparisons between CRCs, such as MSS CRC 
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and MSI-H CRC show differences in the abundance of specific miRNAs, for example 

miR-25 and miR-92 are highly expressed in MSS rather than MSI-H colon cancers (Fig. 

1.9) [125]. 

 

 

Fig. 1.9. Northern blot analysis of miRNAs miR-25 and miR-92. Northern blot analysis 
confirmed that these miRNAs were up-regulated in MSS samples. miRNA/U6 ratio of 

densitometric intensities is shown below each miRNA lane [125]. 
 
 

 Although many of the differences in miRNA expression in CRCs may be related 

to differential expression of the primary transcripts that contain the miRNAs, as 

indicated above, p53 mutations can affect processing of certain miRNAs. For example, 

tumor suppressor, p53, enhances the post-transcriptional maturation of several miRNAs 

with growth-suppressive function, including miR-16-1, miR-143 and miR-145, in 

response to DNA damage. In HCT116 colon cancer cells and human diploid fibroblasts, 

p53 interacts with the Drosha processing complex through the association with DEAD-

box RNA helicase p68 (also known as DDX5) and enhances processing of primary 
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miRNAs to precursor miRNAs. In contrast, transcriptionally inactive p53 mutants 

interfere with the functional assembly between the Drosha complex and p68, resulting 

in attenuation of miRNA processing [126]. In addition, oncogene and tumor suppressor 

gene signaling pathways that are normally dysregulated in CRC may also influence the 

expression of several miRNAs resulting in modulation of expression of different genes 

and proteins [127]. miRNAs are involved in different stages of colon carcinogenesis 

such as epithelial cell differentiation (miRNA-141, miRNA-200c), Wnt signaling (miRNA-

145, miRNA-135a and miRNA-135b), migration and invasion (miRNA-373, miRNA-

520c) [128-130]. miRNA-124a is involved in cell cycle regulation and is associated with 

CpG island hypermethylation, closed state of chromatin and occupancy of MeCp2 and 

MBD2. miRNA-34b and miRNA-34c that target TP53 pathways, undergo frequent 

promoter CpG island methylation in CRC. Certain metastatic CRCs are associated with 

promoter CpG methylation of miRNA-148a, miRNA-34b, miRNA-34c, and miRNA-9 

[131-133]. 

INFLAMMATION AND COLORECTAL CANCER 

 CAC is a type of CRC that is associated with IBD, which exhibits high mortality 

and more than 20% of IBD patients develop CAC within 30 years of disease onset and 

approximately 50% of these patients will die from CAC [61, 134]. Even though IBD and 

CAC are associated with immune mediated mechanisms, there are some similarities 

between CAC and other types of CRC that develop without any signs of inflammation. 

The important stages of colon cancer development such as formation of aberrant crypt 

cocci, polyps, adenoma and carcinomas are similar in between CRC and CAC, even 

though different pathogenic mechanisms including chronic inflammation and injury-

dysplasia carcinoma have been proposed for CAC. Moreover common genetic and 
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signaling pathways, such as Wnt, β-catenin, K-Ras, p53, TGF-β, and DNA mismatch 

repair genes are altered in both sporadic CRC and CAC, even though the timing of p53 

and APC inactivation and K-Ras activation differs in CRC and CAC [61, 135]. Finally, 

colorectal tumors that are not associated with IBD show infiltration of inflammatory 

cytokines and IBD patients with familial history for CRC, exhibit a higher risk for colon 

cancer development, suggesting overlapping mechanisms for development of CAC and 

CRC [136-140]. Moreover, a large number of CRC tumors exhibit constitutive activation 

of transcription factors that play an important role in inflammatory pathways and these 

include, NF-κB and STAT3 (signal transducer and activator of transcription 3) [141, 

142]. Therefore it is possible that inflammatory cytokines and immune mechanisms act 

through similar but also distinct pathways in the pathogenesis of CRC and CAC. 

Inflammation in initiation of CRC and CAC. For CRC, intratumoral immune cells are 

recruited after the tumor is formed therefore chronic inflammation does not precede 

tumor formation. Once the tumor is formed, localized inflammatory mediators promote 

additional mutations & epigenetic alterations and inflammatory cells produce reactive 

oxygen and nitrogen species that also induce mutations and DNA damage [143, 144]. 

Moreover immune mediated ROS production can diffuse into adjacent epithelial cells 

and cause mutations and epigenetic silencing of tumor suppressor genes. However, the 

contributions of immune-mediated mechanisms in cancer initiation is unclear [145]. In 

CAC, chronic inflammation precedes tumor development and the associated 

inflammation results in oxidative damage to DNA and p53 mutations with nondysplastic 

epithelium [146, 147]. In mouse models, inflammatory mediators such as dextran 

sodium sulfate (DSS) induce DNA damage and colonic adenomas; the number of 
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adenomas is increased and appeared much earlier if the procarcinigen azoxymethane 

(AOM) was administered to mice before DSS [148]. 

 

Table. 1.3. Incidence of large bowel neoplasms in mice treated with AOM and various 
doses of DSS [149]. 

  

  

 In mice receiving AOM plus 2% DSS, the incidence (multiplicity) of colonic 

tubular adenoma and adenocarcinoma was 75% (1.25 ± 1.26/mouse) and 100% (2.75 ± 

2.22/mouse), respectively. Mice administered AOM plus 1% DSS had an 80% incidence 

of adenoma (1.00 ± 0.71/mouse) and 60% incidence of adenocarcinoma (1.40 ± 

2.07/mouse) in the colon. In mice treated with AOM and 0.5% DSS, only one colonic 

adenoma (20% incidence with 0.20 ± 0.45 multiplicity) developed. A higher frequency of 

high-grade colonic dysplasia was noted in mice given AOM and 2% or 1% DSS when 

compared to mice treated with AOM and lower doses of DSS. Also, scoring for 

inflammation and nitrotyrosine immunoreactivity suggested that severe inflammation 

and nitrosation stress caused by high-doses (2% and 1%) of DSS enhanced AOM 

Group 
No 

TREATMENT 
(no. of mice) 

INCIDENCE (MULTIPLICITY) OF LARGE BOWEL NEOPLASMS 

Total Adenoma Adenocarcinoma 

1 
 

2 
 

3 
 

4 
 

5 
 

6 
 

7 
 

8 
 

AOM®2%DSS (4) 
 

AOM®1%DSS (5) 
 

AOM®0.5%DSS (5) 
 

AOM®0.25%DSS(5) 
 

AOM®0.1%DSS (4) 
 

AOM (5) 
 

2%DSS (5) 
 

None (5) 

100%* (4.00±3.37) 
 

100%*** (2.40±2.19) 
 

20% (0.20±0.45) 
 

0% 
 

0% 
 

0% 
 

0% 
 

0% 

75%**(1.25±1.26) 
 

80%** (1.00±0.71) 
 

20% (0.20±0.45) 
 

0% 
 

0% 
 

0% 
 

0% 
 

0% 

100%* (2.75±2.22) 
 

60% (1.40±2.07) 
 

0% 
 

0% 
 

0% 
 

0% 
 

0% 
 

0% 
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initiated tumor formation (Table. 1.3). These findings indicate that the tumor-promoting 

activity of DSS was dose-dependent (1% or more) and the effects occurred under 

conditions of inflammation and nitrosation stress. In addition, inflammation induced 

mutations also inactivate MMR genes and activity of these mismatch repair enzymes is 

inhibited by ROS through oxidation [145, 150]. Epigenetic silencing facilitates 

development of CAC and CRC through reduced expression of proteins that maintain 

DNA stability during replication or act as tumor suppressors [65, 150-155]. Expression 

of several genes responsible for colon cancer development such as TGFBRII, TCF4, 

MSH1 & 2, APC, K-Ras, SMAD4, and PTEN is regulated by miRNAs and DNA methyl 

transferases [151]. The activity and expression of DNA methyl transferases such as 

Dnmt1 and Dnmt3 are induced during inflammation and are responsible for gene 

silencing in mouse and human colon cancers [156].  Inactivation of DNA methyl 

transferases in mouse CRC results in decreased tumor progression as well as inhibition 

of tumor formation [157]. Moreover inflammatory mediators can induce epigenetic 

changes that are responsible for cell transformation. 

Inflammation in promotion of CRC and CAC. Even though both sporadic CRC and 

CAC arise from dysplastic precursor lesions, the nature and timing of the dysplasia are 

sufficiently different to classify CRC and CAC as unique entities (Fig.1.10). In IBD, the 

premalignant lesion is not referred to as an adenomatous polyp, as is characteristic in 

sporadic CRC, because the histology of the lesion in IBD is usually not polypoid. 

Usually, colorectal cancer developed in the setting of IBD does not progress along the 

same adenomatous polyp to an invasive cancer pathway, but rather arises from flat 

dysplastic tissue [158]. Nearly, 80 to 85% of sporadic CRC involves chromosomal 

instability and loss of heterozygosity, which contributes to the loss of function of several 
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tumor suppressor genes including APC and p53. Loss of APC function is an early 

initiating factor in development of the adenoma, whereas the loss of p53 gene function 

occurs later and is the defining event that converts the adenoma to carcinoma. The 

remaining 15% of colorectal cancers arise through a pathway that involves 

microsatellite instability and microsatellite instability-positive sporadic colorectal cancers 

tend to occur in the proximal colon and have a better survival rate than cancers without 

microsatellite instability [159]. 

 

 

Fig. 1.10. Comparison of the carcinogenesis pathway of sporadic colorectal cancer and 
colitis-associated colorectal cancer [160]. 

 
  

 The same two major pathways of chromosomal instability and microsatellite 

instability are involved in the pathogenesis of CAC and in both CAC and sporadic CRC, 

80% of the cases involve chromosomal instability and 20% involve microsatellite 
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instability [161, 162]. However, the timing of the molecular changes are distinct. Loss of 

APC function is much less frequent in ulcerative CAC and usually occurs later than 

observed for sporadic CRC [163]. Loss of p53 gene function occurs early in CAC as 

cells progress toward dysplasia and cancer whereas in sporadic CRC, p53 is mutated 

late [164, 165]. Mutation of the p53 gene in both types of cancers may precede the 

development of aneuploidy. Further research is required to understand differences in 

the timing of the molecular changes in CAC compared to sporadic cases of CRC, and 

whether it is the chronic inflammatory changes in IBD that influence this alteration. 

 There are other mechanisms of carcinogenesis that distinguish between 

sporadic CRC and CAC. A study by Ezaki et al., [166] indicated that loss of 

heterozygosity on chromosome 6 is specific for ulcerative CAC and is not found in 

either sporadic CRC or other inflammatory lesions in the colon of patients with 

ulcerative colitis. This indicates that there are novel tumor suppressor genes on 

chromosome 6 related to the development of colorectal cancers in ulcerative CAC but 

not in sporadic cases. There is a lower apoptotic count in tumors from patients with 

ulcerative CAC compared to sporadic CRC patients, implying differences in regulation 

of apoptosis [167]. Identifying biomarkers for earlier detection of cancer or dysplasia is 

extremely important, since this would enhance effectiveness of early treatment. 

Methylation of the HPP1 gene, a gene found in hyperplastic polyps of the colon, 

appears to be a relatively common early event in ulcerative colitis-associated 

carcinogenesis that is not found in non-neoplastic ulcerative colitis mucosa [168]. CDH1 

promoter methylation may also be involved in the neoplastic progression from chronic 

inflammation to colorectal cancer in patients with ulcerative colitis [169]. Abnormal p53 

immunohistochemistry in tumors from patients with ulcerative colitis is associated with 
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an increased risk of cancer-related deaths and the adjusted relative risk was 3.03 [170]. 

These genes may prove to be attractive new biomarkers for detecting and predicting 

colorectal cancer in patients with ulcerative colitis. 

NF-B and Colon cancers. Nuclear factor- κB (NF-κB) belongs to NF-κB/Rel family of 

transcription factors, which can dimerize through the Rel homology domain to form a 

variety of transcription factor complexes. The most abundant form of NF-κB is the Rel A 

and p50 heterodimer which exists in the cytoplasm as a complex with I-κB inhibitory 

proteins. The classical mechanism of NF-κB activation in CAC and CRC is due to tumor 

promoting cytokines such as TNF- and interleukins. These cytokines activate the I-B 

kinase (IKK), which phosphorylates and degrades I-B through the ubiquitination-

proteasome pathway and this results in translocation of NF-κB into nucleus to enhance 

transcription of target genes [171, 172]. An alternative of NF-κB activation involves the 

IKK and p52/RelB transcription factor complex and cytokines such as RANKL and 

lymphotoxin-β in colorectal cancers. Prolonged retention of NF-κB in the nucleus is 

mediated by STAT-3, which is expressed constitutively in >50% of colorectal cancers 

[173]. No activating mutations of NF-κB or STAT-3 have been found in colorectal 

tumors suggesting that these transcription factors are activated through paracrine or 

autocrine pathways or activation of upstream components of their signaling pathways. 

 NF-κB is a commonly expressed inducible transcription factor that regulates 

expression of several genes involved in inflammation, proliferation, differentiation and 

apoptosis [174]. These functions are responsible for normal tissue homeostasis and the 

activity of NF-κB is tightly controlled in the regulation of cellular growth and apoptotic 

cell death [175, 176]. 
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Fig. 1.11. Regulation of NF-κB activity by tumor suppressors [175]. 

 

 The cellular consequences of NF-κB activation are complex and can result in 

cell context-dependent pro-apoptotic and anti-apoptotic effects [177]. NF-B subunits 

are inherently oncogenic and tumor promoting because of their ability to induce the 

expression of genes that promote resistance to apoptosis (e.g. Bcl-xL) and induce 

proliferation (e.g. cyclin D1) (Fig. 1.11). However, tumor suppressor proteins, such as 

p53 and ARF, can induce the association of NF-κB subunits with histone deacetylase 1 

(HDAC1) co-repressor complexes resulting in NF-κB -dependent repression of gene 

expression; in this mode NF-κB subunits facilitate apoptosis and cell-cycle arrest, and 

function as tumor suppressors (Fig 1.11) [175]. 

 Moreover, TNF-induced activation of NF-κB results in nuclear translocation of 

NF-κB resulting in activation of survival and growth pathways [178].  Aberrant activation 

of NF-κB pathway results in tumor formation and induces drug resistance due to 

increased binding NF-κB with DNA promoters [179]. In contrast, stress inducing agents 

such as UV radiation and serum deprivation activate NF-κB and induce cell death [180, 
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181]. Most of the tumor promoting cytokines activates NF-κB signaling in premalignant 

and immune cells. 

 

 

 

Fig. 1.12. Role of NF-κB in gastric and colorectal cancers [176]. 

  

 Aberrant activation of NF-κB which has been observed in more than 50% of 

CRC and CAC and plays a prominent role in colorectal and colitis associated 

tumorgenesis [182, 183]. Exposure to environmental carcinogens in the diet causes 

DNA damage of gastric or intestinal epithelial cells and these cells are normally 

eliminated by p53-mediated apoptosis. However, oncogene activation or loss of tumour-

suppressor activity, coupled with inflammation, can result in constitutive activation of 

NF-κB, production of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 

(COX-2) enzymes, which enhance production of ROS and ROS-mediated DNA 

damage. Growth factor and cytokine-dependent activation of NF-κB supports colon 

tumorigenesis by increasing cell proliferation and angiogenesis, inhibiting cell death and 

promoting cell invasion and metastasis [175] [184]. NF-κB activates several survival 

genes such as bcl-2, Bcl-xL and these genes play a role in radiation and drug 
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resistance and inactivation of NF-κB enhances the sensitivity to these agents [185, 

186]. 

 In IBD, persistent activation of NF-κB in myeloid & epithelial cells of the colonic 

mucosa is observed and inhibition of Rel A expression with antisense oligonucleotides 

alleviates many IBD symptoms [187, 188]. However, in DSS-induced intestinal injury-

dependent acute colitis, NF-κB is activated in intestinal epithelial cells and has a 

protective role [189]. Most of the drugs that are commonly used to treat acute IBD 

including sulfasalazine, mesalamine, glucocorticoids, and methotraxate, inhibit NF-κB or 

IKK kinases [190]. Conditional ablation of IKK-β in enterocytes decreased tumor 

incidence by 80% without affecting tumor size, indicating that NF-κB activation is 

involved in early stages of tumor promotion, rather than progression or growth [182]. 

Early pathogenic events in the AOM + DSS mouse model of colitis includes increased 

apoptosis in IKK-β deficient enterocytes and premalignant cells, which probably resulted 

from inactivation of Bcl-xL [191]. Increased activation of NF-B in epithelial cells 

increased tumor incidence and deletion of IKK-β in inflammatory cells (eg, DC, 

macrophages, neutrophils) decreased tumor size and tumor incidence by 50% [191]. 

Activation of NF-κB in myeloid cells (especially lamina propria macrophages and DC) 

enhanced production of cytokines including TNF-α, IL-6, IL-1β, and IL-11 that acted as 

growth factors for premalignant enterocytes [182]. Expression of TNF-α and IL-6, in 

serum samples from patients was associated with increased risk for colorectal adenoma 

[192]. 

Role of cyclooxygenases (COX) in colorectal cancers. Two isoforms of COX are 

known, and to date most studies have implicated COX-2, rather than COX-1, as the 

isoform involved in colon carcinogenesis [193]. COX-2 is an inducible mediator of 
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prostaglandin synthesis and the first evidence linking COX-2 to carcinogenesis 

emerged from studies on CRC. A significant elevation of COX-2 expression was seen in 

85% and 50% of human colorectal carcinomas and adenomas respectively (Fig. 1.13) 

[194]. 

 

 

Fig. 1.13. Western blots showing COX-2 protein levels (72-kilodalton band) in paired 
tissues from sporadic CRCs (T) and normal mucosa (N) (left panel). Increased COX-2 

expression was seen in tumors compared with normal tissue in which a low level of 
COX-2 was detected [195]. 

 
 
 

 Immunostaining shows expression of both COX-1 and COX-2 in mucosal 

epithelial cells, mononuclear cells, vascular endothelial cells and smooth muscle, while 

in human and animal models of colorectal cancer there is dramatic increase in COX-2 

expression in malignancies compared with adjacent normal mucosa. COX-1 expression 

appears to be unchanged or even decreased in human colonic cancers [196-198]. 

AOM-induced colon cancer, APCMin/+ mice [199] as well as in APCΔ716 mice (another 

Apc mutant model) exhibit increased expression of COX-2 mRNA and protein (but not 

COX-1) in colorectal tumors compared with normal adjacent tissue where as COX-2 

knockout results in decreased tumor formation in all models [200]. Transgenic mice 

overexpressing COX-2 in the colon did not develop tumors spontaneously, but did have 
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a higher tumor load compared with wild-type mice following AOM treatment [201]. 

Similar observations were found in skin and gastric cancers [202] [203]. Prostaglandin 

E2 (PGE2) a major COX-2 dependent prostaglandin is responsible for the 

protumorigenic effects of COX 2 and is highly expressed in CRC [204]. An enzyme 15-

hydroxyprostaglandin dehydrogenase (15-PGDH) degrades PGE2 to inactive 15-keto 

PGE2 metabloite and loss of 15-PGDH expression correlates with tumor formation 

including colon and lung cancers [205-207]. Some studies indicate that 15-PGDH acts 

as tumor suppressor in colorectal cancers [208, 209]. PGE2 production is significantly 

higher in malignant tissues compared to normal tissues and several reports shows that 

chemopreventive actions of NSAIDs are mainly due to inhibition of PGE2 signaling 

[210, 211]. PGE2 contributes to the tumorigenesis by binding with PGE2 receptors 

(EP1-EP4), which belongs to G-protein coupled receptor superfamily. Sonoshita et al. 

[212] first reported the involvement of EP receptors in colorectal cancer progression by 

crossing APCMin/+ mice with various homozygous mutants of EP receptors. Crossing of 

EP-/- mice with APCMin results in decreased size and number of polyps and VEGF 

production is also significantly decreased in the polyps. Several other studies also 

investigated the role of EP receptors in cancer progression using various pharmacologic 

inhibitors of EP receptor signaling. In APCMin mice treated with an EP1-selective 

antagonist, a 40% reduction of polyp burden was observed, and EP1−/− mice treated 

with carcinogen resulted in 60% suppression of ACF formation [212]. APCMin mice 

treated with an EP4 selective antagonist exhibited decreased ACF formation by 67% 

and EP-/- mice treated with carcinogen led to 56% reduction of ACF [213]. Growth of 

sarcoma 180 and Lewis lung carcinoma xenografts in EP3 null mice was significantly 

reduced, indicating a role for EP3 [214]. Chang et al. reported high expression EP2 and 
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EP4 and low expression of EP3 in mammary tumors compared with normal mammary 

tissue [215]. To date, all four EP receptors have been implicated in promoting 

tumorigenesis in different contexts, and it is plausible that EP receptors may have 

divergent functions in different cell types. In addition to EP receptor signaling, PGE2 

also activates Wnt signaling, PPAR-, and EGFR pathways (Fig. 1.14). 

 

 

 

Fig.1.14. Crosstalk of PGE2 with other signaling networks during colorectal cancer 
progression [216]. 

 
 
 

 PGE2 increases the phosphorylation of GSK-3β to prevent β-catenin 

degradation resulting in nuclear accumulation of β-catenin and increased β-catenin/TCF 

mediated transcription of Wnt target genes such as cyclin D1, VEGF [217]. In addition 
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PGE2 stimulation of EP2 receptor results in association of G subunit with the regulator 

of G protein signaling (RGS) and AXIN. This binding causes inactivation of GSK-3β and 

results in accumulation of β-catenin in the nucleus and activation of Wnt target genes 

(Fig. 1.14) [218]. PGE2 indirectly transactivates PPAR- through PI3K/Akt.  PPAR-  is 

a direct transcriptional target of β-catenin/TCF and indicates an important role in 

bridging Wnt and PGE2 signaling downstream of β-catenin/TCF [219]. This suggests 

that PGE2 acts both upstream and downstream of β-catenin to regulate PPAR-  

function (Fig. 1.14). Other studies show that PGE2-induced migration and invasion of 

cancer cells through activation of EGFR. PGE2 stimulates EP4 receptors and form a 

complex with β-arrestin and c-Src and results in activation of EGFR and downstream 

Akt/protein kinase B (PKB) [220]. Overexpression of the EP4 receptor was observed in 

several cancers and adenomas and inhibition of EP4 with small molecule inhibitors 

decreased cell proliferation, invasion and motility in vitro [221, 222]. PGE2 interacts with 

EGFR pathways to promote tumor growth and induce apoptosis. PGE2 stimulates 

inhibition of apoptosis by activation of PI3K/Akt, while EGFR stimulates same pathway 

through Ras. PGE2 stimulates EGFR signaling through shedding of active EGFR 

ligands from the plasma membrane and PGE2 also activates EGFR directly via Src 

pathway stimulation (Fig. 1.14) [223-226]. In contrast, EGFR transactivation stimulates 

AP-1-mediated induction of COX-2 expression and thus PGE2 expression resulting in a 

loop of cross-stimulation [223]. In conclusion, all these mediators of inflammation are 

important components of colorectal tumorigenesis at least in sporadic CRC [227]. COX-

2 also promotes tumor angiogenesis by inducing production of angiogenic factors such 

as VEGF and basic fibroblast growth factor (bFGF),  increasing tumor dessimination by 

altering the cell adhesive properties and inducing matrix metalloproteinase activity [228, 
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229].  Finally in myeloid cells, PGE2 decreases expression of antitumorigenic IL-12 and 

increases expression of protumorigenic IL-23 [230]. 

Role of inflammation in metastasis of colorectal cancer. The role of inflammation in 

colon cancer metastasis is not well characterized due to the lack of suitable mouse 

models, however tumors from classical colon cancer models such as APCMin and 

AOM+DSS, rarely metastasize and, therefore models of colon cancer metastasis were 

developed. Implantation of colon cancer cells orthotopically under the skin and also as 

intrasplenic or intravenous administration of cells can result in metastatic colonization of 

target organs. The inflammatory environment plays an important role in metastasis 

[231] and the first step of metastasis is characterized by EMT, which allow cancer cells 

to invade epithelial linings/basal membranes and reach efferent blood vessels or 

lymphatics. This process of EMT is basically regulated by TGF-β and is characterized 

by loss of E-cadherin expression by malignant epithelial cells [23, 85]. 

 Overexpression of Fzd7, a Wnt receptor ligand increases motility & metastatic 

capabilities and activation of NF-κB and STAT-3 resulting in EMT in colon cancer cells 

(Fig. 1.15) [232, 233]. In addition to TGF-β, EMT is also regulated by several pro-

inflammatory cytokines, such as IL-1, IL-6, HIF-1, and TNF- [234-236] and ZEB1, 

ZEB2, Twist, Kiss and Snail transcription factors that play a role in EMT [237]. Activated 

snail inhibits E-cadherin in epithelial cells and TNF- stabilizes snail by preventing its 

degradation; this is one of the mechanism by which TNF- promotes colon cancer 

metastasis (Fig. 1.15) [234].  
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Fig.1.15. Signaling crosstalk between inflammatory cells and tumor cells. Tumor cells at 
the invasive front are surrounded by fibroblasts, macrophages, myeloid derived 

suppressors cells (MDSC) and neutrophils. Inflammatory cells produce TNF-α, TGF-β, 
IL-6, IL-1, and other pro-inflammatory factors and thus activate NFκB and STAT-3 

pathways and induce EMT and metastasis in tumor cells [231]. 
 
 
 

 Inflammatory signals also regulate the production and activity of proteases that 

facilitate invasion and metastasis by degradation of extracellular matrix. Human colon 

cancer cells express MMP 1, 2, 3, 7 & 9 and expression of various MMPs by stromal, 

immune and cancer cells provides the stimulus for cell migration and invasion [238]. 

DIAGNOSIS AND STAGING OF COLORECTAL CANCER 

 The diagnosis of colorectal cancer is based on symptoms, tissue biopsies, 

radiological techniques and biological markers. Except for obstructing or perforating 

cancers, the duration of these symptoms does not correlate with prognosis. The initial 
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stage of CRC does not produce any signs or symptoms and therefore intensive efforts 

for detection of CRC through screening tests are essential. Symptoms of colorectal 

cancer include but are not limited to bleeding, perforation, obstruction, intermittent 

abdominal pain, weakness, nausea and vomiting. CRC is also diagnosed by 

colonoscopy or sigmoidoscopy followed by tumor biopsies. Physical examination and 

complete colonoscopy is required to rule out metachronous tumor. Computed 

tomographic (CT) colonography of other organs such as chest, abdomen and pelvis is 

required to identify metastatic disease [239]. CT colonography is important for precise 

localization of the tumor and it also identifies other colon tumors or polyps that are 

undetected with colonoscopy due to obstructive lesions [240, 241]. For rectal cancers, it 

is essential to measure the tumor spread and high resolution MRI can be used to 

assess the spread of tumor in the surrounding mesorectum. In patients with suspected 

liver metastasis from colon cancers, spread of the tumors is determined by ultrasound, 

CT and MRI. Even though these imaging techniques are used to diagnose metastasis, 

new methods are required to characterize the liver metastasis. Biological markers are 

another tool for the diagnosis of colon cancer, but unfortunately reliable markers for 

colon cancer have not yet been identified [242]. CEA is the most widely studied marker 

that may be useful in preoperative staging and postoperative followup for large bowel 

cancers, however, CEA has low predictive value in diagnosis of asymptomatic patients 

[243]. Recently several carbohydrate antigens such as CA19-9 were examined and 

exhibit some promise regarding specificity for pre-neoplastic and early neoplastic 

lesions of colon [244]. Once diagnosis of CRC has been made, staging can be 

described based on tumor-node-metastasis (TNM) classification (Table. 1.4). 
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Table. 1.4. TNM classification of colorectal cancer based on clinical and pathological 
conditions [245]. 

 

  

 TNM is a dual system that includes both clinical and pathological classifications.                                                                                                                                  

This classification is based on two different methods of examination and serves different 

purposes. The clinical and pathological classifications are designated as cTNM and 

pTNM, While TNM without any prefix implies the clinical classification, usually cTNM is 

the basis for the choice of treatment and pTNM is the basis for prognostic assessment 
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[246]. CRC is classified into different stages based on the pTNM classification (Table. 

1.5). 

 

Table.1.5. Correlation between TNM stage and 5-year survival in colorectal carcinoma 
[245]. 

 
 

 

  

 Stage I CRC is equivalent to the Duke & Modified Astler-Coller (MAC) A or B1, 

in which the tumor is limited to bowel wall. Stage II is equivalent to the Duke & MAC B2 

or B3, in which tumor has spread to extramural tissue. Stage III is equivalent to Dukes & 

MAC C1-C3, in which the tumor has spread to regional lymph nodes [247]. Patients 

having potentially curable colorectal cancers are classified based on their history, 

physical examination, laboratory data, intestinal evaluation and instrumental work-up 

such as CT scan, NMR and PET [248, 249]. Surgical staging of colorectal cancer 

includes an assessment of liver metastases, nodal spread of disease, and extension of 

tumors through the bowel wall and onto adjacent structures [250]. 

TREATMENT OF COLORECTAL CANCER 

 Treatment of CRC is based upon the stage of CRC and surgery is the potential 

treatment option for patients with curable colorectal cancer. Adjuvant therapy, such as 
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chemotherapy is administered to reduce the risk of recurrence and death. The 

recurrence rate depends on pathological staging of CRC and adjuvant chemotherapy is 

the standard method of treatment for stage III patients, but it is not well established in 

stage II patients.  

Treatment of localized disease. Surgery is the common method of treatment for 

localized CRC. It includes wide resection of the involved bowel segment along with its 

lymphatic drainage. The extent of the resection is determined by the blood supply and 

distribution of regional lymph nodes [251]. Usually resection should include colon 

segments of at least 5 cm on either side of the tumor. Local excision or simple 

polypectomy is sufficient for treatment of stage 0 CRC, because the tumors limited to 

mucosa without invasion of the lamina propria. In stage I CRC, a wide surgical resection 

along with anastomosis is required because of its localized nature. In stage II CRC 

patients, wide surgical resection and anastomosis followed by adjuvant therapy is 

required in high risk patients, while in stage III CRC chemotherapy is the standard 

method of treatment because of the involvement of lymph nodes. Prognosis depends 

on the number of lymph nodes involved and patients have a decreased survival rate if 4 

or more lymph nodes are involved [252]. The standard treatment option for this stage is 

a combination of oxiplatinin and 5-FU/LV (FOLFOX4 or FLOX). In special 

circumstances, monotherapy with capecitabine, UFT/LV or 5-FU/LV is used as an 

alternative for adjuvant chemotherapy. In conclusion, standard treatment options for 

localized CRC include wide surgical resection and anastomosis followed by 

postoperative chemotherapy with FOLFOX. In addition to FOLFOX, other adjuvant 

chemotherapeutic options are also considered for high risk colon cancer patients who 

have advanced stage II or stage III colon cancers. These regimens include i. infusional 
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FU/LV and oxiplatinin (FOLFOX4), ii.  infusional 5-FU/LV alone for patients who cannot 

tolerate oxiplatinin, iii. Capecitabine alone may be considered for the patients who are 

not suited to FOLFOX and iv. Capecitabine/oxiplatinin (CAPOX) can be used instead of 

FOLFOX [245]. 

Treatment of metastatic CRC. Stage IV CRC is accompanied by distant metastatic 

disease and 25-30% of the patients will have metastasis at the time of colorectal cancer 

diagnosis. For stage IV, CRC therapy is primarily to prolong survival and maintain 

quality of life. A standard treatment option includes surgical resection of primary 

tumor/anastomosis, treatment of isolated metastasis, palliative chemotherapy, biological 

therapy and radiation therapy for the primary tumor and other sites of metastasis [253-

256]. Palliative chemotherapy for metastatic CRC can improve survival, lessen 

symptoms and decrease liver only or lung only metastasis in patients with potential 

resectable disease. Combinations of fluorouracil with irinotecan, oxiplatinin and targeted 

drugs increase survival of patients and this combination has reduced toxicity and hence 

is commonly used [257]. Fluorouracil can be safely substituted for capecitabine when 

combined with oxiplatinin with no loss of efficacy [258, 259]. The sequence of drugs 

used at first presentation of disease and as the disease progresses seems to be less 

important in increasing the survival rather than exposure to all active drugs during 

treatment [260]. Even though an initial drug combination is commonly used, 

fluropyrimidine monotherapy is suitable for some patients [261, 262]. Treatment is 

continued until the disease regression or for a fixed duration depending upon the toxic 

side-effects, tumor response and preference of the patient [263, 264]. Progress in the 

management of metastatic CRC in the past 5 years has been made by addition of 

targeted treatments. Novel targeted therapies with drugs/ agents such as Bevacizumab, 
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a vascular endothelial growth factor inhibitor; Cetuximab and Panitumumab, monoclonal 

antibodies against the EGFR have increased the efficacy of treatment for metastatic 

CRC. In chemorefractory patients, cetuximab alone was active and reversal of 

irinotecan resistance can be observed when used with irinotecan [253]. The activity of 

cetuximab alone or in combination with irinotecan also gave improved responses in 

other studies [265, 266]. First line of treatment with combinations of cetuximab, 

fluorouracil and irinotecan marginally improved progression free survival [267]. 

Panitumumab has been approved as a monotherapy for pretreated patients and 

significantly improved progression free and survival rates when given in combination 

with fluorouracil and oxyplatinin to patients with tumors expressing wild-type K-Ras 

[268, 269]. Combinations of panitumumab, irinotecan and fluorouracil also improve 

progression-free but not overall survival in pretreated patients with wild type K-Ras 

tumors [270]. K-Ras mutation status is consistently used to monitor the response of 

patients to EGFR directed monoclonal antibodies and now cetuximab & panitumumab 

are the only drugs offered to patients with wild type K-Ras colorectal cancers. Rashes, 

diarrhea and hypomagnesemia are characteristic toxicities observed with anti EGFR 

drugs. Bevacizumab is a VEGF inhibitor which also causes normalization of tumor 

vasculature and improves delivery of the drug. Its side-effects include hypertension, 

gastrointestinal proliferation, bleeding, delayed wound healing and thromboembolism. 

Combinations of Bevacizumab, irinotecan and fluorouracil improves the response rates 

by 10% in untreated metastatic colon cancer patients, and significantly prolonged the 

survival rates in pretreated patients [254]. Bevacizumab was approved as first line of 

treatment for metastatic colorectal cancers in combination with fluoropyrimidine-based 

chemotherapy and is widely considered as the standard first-line treatment. Cetuximab 



56 

 

received regulatory approval in 2004 as a monotherapy for chemotherapy-resistat 

patients and panitumumab was approved in 2006 for patients having wild type K-Ras 

pretreated tumors. Despite the use of active targeted drugs for treatment of metastatic 

CRC in the past decade, improvement in overall survival has increased by 2 years; 

however, overall cure rates have remained low. The parallel development of predictive 

molecular and clinical biomarkers will help to achieve the best outcomes for targeted 

therapies and K-Ras is currently the only validated molecular biomarker in CRC for 

predicting a positive response to EGFR-directed monoclonal antibodies. Clinical and 

translational research that is in progress will hopefully provide personalized medicine 

and other predictive biomarkers for management of CRC. 

MECHANISM BASED ANTICANCER DRUGS 

 Most current chemotherapeutic drugs are accompanied by severe side effects 

and toxicity, and thus have lead to development of new target therapies with decreased 

toxicity. These mechanism based anticancer drugs are highly promising for treatment of 

several cancers, since these agents are more tumor-specific and include drugs such as 

kinase inhibitors, antibodies that block various signaling modules, immunotherapies and 

genomic therapies that involve knock down of specific oncogenes and re-expression of 

tumor suppressor genes. Applications of mechanism based drugs are highly tumor-

specific such as treatment of non small cell lung cancer patients with specific EGF 

receptor mutations with EGF receptor inhibitors erlotinib and gefetinib [271, 272]. 

Targeted therapy of colon cancer. Currently there are 7 FDA approved drugs for 

treatment of metastatic CRC (Table. 1.6). These drugs are usually used in combination 

however; some drugs are administered as single agents. Recently the national 

comprehensive cancer network (NCCN) proposed 12 possible different drug 



57 

 

combinations for first line of treatment in metastatic CRC patients. Given the availability 

of these drugs and their complexity in the current treatment paradigms, it is important to 

understand the efficacy and toxicity profile of these agents in order to provide better 

therapies for individual patients. 

 

Table. 1.6. Drugs approved for treatment of metastatic colon cancer [273]. 

Drug Category Mechanism of action FDA indication 

5-FU/LV 

 

Antimetabolite 

(pyrimidine analog) 

Non-competitive 

inhibition of thymidylate 

synthase 

1991: palliative treatment 

of colon cancer 

Oxaliplatin Alkylating agent 

(platinum) 

Inhibits DNA synthesis 

by forming inter and 

intra strand crosslinks 

with DNA 

2002: 2nd line with 5-FU, 

after irinotecan failure 

2004: 1st line with 5-FU 

Irinotecan Camptothecin Inhibits topoisomerase I, 

producing DNA breaks 

1998: 2nd after failure of 

5-FU based therapy 

2000: 1st line with 5-

FU/LV 

Capecitabine Antimetabolite 

(pyrimidine analog) 

Prodrug of 5-FU 2001: 1st line when 

treatment with 

fluoropyrimidine therapy 

alone is preferred 

Bevacizumab Humanized 

monoclonal 

antibody 

Binds to VEGF, 

inhibiting interaction 

between VEGF and its 

receptor 

2004: 1st line with 5-FU 

based therapy 

2006: 2nd line with 5-FU 

based therapy 

Cetuximab Recombinant, 

chimeric, 

monoclonal 

antibody 

Binds to EGFR, 

inhibiting binding of 

EGF 

2004: single agent or with 

irinotecan, on irinotecan 

refractory or intolerant 

2009: amended only for 

patients with KRAS 

lacking mutations in codon 

12 and 13 

Panitumumab Recombinant, 

human, 

monoclonal 

antibody 

Binds to EGFR, 

inhibiting binding of 

EGF 

2006: single agent on 

chemorefractory 

2009: amended only for 

patients with KRAS 

lacking mutations in codon 

12 and 13 
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1. 5-Fluorouracil (5-FU). It is a pyrimidine analog which belongs to a group of 

antimetabolite drugs and works through non-competitive inhibition of the enzyme, 

thymidylate synthase. It requires ribosylation and phosphorylation to form specific 

metabolites associated with its cytotoxicity. Metabolites of 5-FU such as, 

triphosphatefluxoridine (FUTP) are incorporated into RNA and fluorodeoxyuridine 

monophosphate (FdUMP) inhibits thymidylate synthesis, which is necessary for 

DNA replication. 5-FU also inhibits activity of an exoribonuclease complex essential 

for cell survival. 5-FU is an S-phase specific drug and induces cell cycle arrest and 

apoptosis. 5-FU is administered as an infusion and/or intravenous bolus every 2 

weeks and the dose will depend on the combination of drugs used. Typically 5-FU is 

used in combination with folinic acid (leucovorin (LV)), which enhances its 

cytotoxicity by increasing formation of ternary complexes with thymidylate synthase. 

Metabolic degradation of 5-FU occurs in liver by dihydropyrimidine dehydrogenase 

(DPD). The most common adverse side-effects with this drug are fatigue, stomatitis, 

diarrhea, nausea, myelosupression, increased pigmentation and atrophy of the skin. 

Several studies have evaluated the role of 5-FU/LV in metastatic CRC treatment 

with different regimens and methods of administration and show that 5-FU/LV 

should be administered as continuous infusion in order to obtain maximum efficacy. 

This combination of 5-FU/LV is frequently in clinical trials as a reference comparison 

with newer drug combinations [274, 275]. 

2. Oxaplatinin. This platinum analog belongs to third generation diaminocyclohexane 

(DACH). Platinum analogs which are converted to their active metabolites such as 

monoaquo and diaquodiaminocyclohexane platinum which covalently bind to DNA. 

Oxiplatinin interchelates with DNA through interstrand and intrastand crosslinks and 
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inhibits DNA synthesis & function resulting in tumor cell death in all stages of cell 

cycle. Oxiplatinin also binds to both cytoplasmic and nuclear proteins and induces 

cytotoxicity and antitumor effects. Oxiplatinin is rapidly distributed to the tissues and 

undergoes biotransformation; the major route of elimination is via renal clearance. 

The most common observable side-effects with platinum analogs are nausea, 

vomiting, diarrhea, fatigue, myelosuppression and peripheral neuropathy. Oxiplatinin 

is considered as a second line therapy for treatment of colon cancers, since 

FOLFOX4 (5-FU/LV+oxiplatinin) is superior when compared to 5-FU/LV (reference). 

Oxiplatinin was considered to be inactive as a single agent and is administered in 

combination with 5-FU/LV. The adverse effects of FOLFOX4 include diarrhea, 

neuropathy and neutropenia which interfere with patient‘s quality of life [276-278]. 

3. Irinotecan. Irinotecan is derived from camptothecin, a natural phytochemical 

obtained from Campathotheca acuminate. Irinotecan is an S-phase specific drug 

which binds and inhibits the topoisomerase I-DNA complex and induces single and 

double stranded DNA breaks leading to cell death. Irinotecan is activated by 

hydrolysis to SN-38, which is 1000 times more potent than irinotecan as an inhibitor 

of topoisomerase I and conversion of irinotecan to SN-38 is mediated by a 

carboxylesterase enzyme in the liver; SN-38 is conjugated in the liver by the 

enzyme glucuronosyltransferase 1A1 (UGT1A1) to form an inactive metabolite SN-

38 glucuronide that is eliminated through urine and bile. SN-38 metabolism is 

affected in patients with hepatic dysfunction and/or inherited UGT1A1 mutations 

(Gilbert‘s syndrome). Therefore patients with these disorders are at increased risk 

for irinotecan induced toxicity.  SN-38 glucoronide is in turn converted into active 

SN-38 by beta-glucuronidases in the human intestine. The most observable side 
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effects include diarrhea, myelosupression, nausea, vomiting and fatigue. Initially this 

drug was adopted as second line therapy, but it is highly effective as first line 

therapy, in IFL, FOLFERI regimens, which is a combination of irinotecan with 5-

FU/LV [279, 280]. 

4. Capecitabine. Prodrug Capecitaninbe is an orally administered 

fluoropyrimidinecarbamate which is absorbed in gastrointestinal tract and rapidly 

metabolized to 5-FU. Thymidine phosphorylase which is highly expressed in several 

cancers is the enzyme involved in the final conversion to 5-FU. This approach has 

some advantages over infusional 5-FU, since the active drug attains maximal 

concentrations in tumors with high efficacy and less toxicity. The mechanism of 

action of this drug is the same as 5-FU and is administered along with oxiplatinin 

and irinotecan. The commonly observed side-effects are nausea, diarrhea, 

stomatitis and fatigue. Unfortunately capecitabine has higher incidence of hand foot 

syndrome when compared to intravenous 5-FU.There are significant interactions 

with other drugs such as warfarin and phenytoin and  capecitabine should be used 

with caution in patients with liver dysfunction. Several studies on capecitabine as a 

replacement for 5-FU in combination with oxiplatinin and also compared with 

FOLFOX gave similar results. 

5. Bevacizumab. Bevacizumab (Avastin) is a humanized monoclonal antibody that 

targets VEGF. Angiogenesis is the process of development of new blood vessels 

and is important in wound repair, tissue remodling and inflammation. It is a multistep 

process involving vasodilation, increased vascular permeability, stromal 

degradation, endothelial cell proliferation and migration which results in formation of 

new capillaries [281]. The process of angiogenesis is regulated by several factors 
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and their cognate receptors such as VEGF, PDGF, FGF and TGF- (Fig. 1.16). The 

most studied pathway in the process of angiogenesis involves VEGF and its 

receptors (VEGFR) [282]. 

 

 

Fig.1.16. VEGF signaling pathway [283]. 

 

 The VEGF family contains VEGF A-E with VEGF-A being the most important 

mediator of angiogenesis. VEGF-A expression is regulated by differentiation, 

transformation and hypoxia. It is also regulated by a number of cytokines, 

hormones, and growth factors such as EGFR, IL-1b, PGE2, IGF-1 [284, 285]. VEGF 

is a soluble growth factor secreted by tumor cells and stromal cells and acts by 
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binding to the extracellular domain of VEGFRs and the intracellular domain of these 

receptors contains the catalytic tyrosine kinase domains. VEGF-A primarily binds to 

VEGFR2 and activates endothelial cell survival, proliferation, migration, 

differentiation and increases vascular permeability. VEGF expression plays an 

important role in metastasis and overexpression of VEGF correlates with tumor 

progression and poor prognosis in CRC patients [286, 287]. In CRC, increased 

VEGF expression was observed in human liver metastases from primary CRC and 

expression of VEGFR was also increased in liver metastases compared with 

adjacent normal hepatic tissue [288]. 

 A number of anti-angiogenic agents are undergoing clinical trials. Bevacizumab 

is a monoclonal antibody against VEGF-A that inhibits VEGF interactions with its 

receptors on the surface of endothelial cells thus inhibiting growth of blood vessels 

and the supply of blood, oxygen and nutrients to tumors. Bevacizumab in 

combination with chemotherapy is highly effective due to additive suppression of 

tumor growth, induction of apoptosis and enhanced the delivery of anticancer 

agents to the tumor by normalization of blood vessel architecture [289]. 

Bevacizumab was first approved based on its ability to increase the survival in 

metastatic CRC patients and is administered as an intravenous infusion every 2 

weeks; bevacizumab is usually administered along with bolus IFL or with FOLFOX. 

Gastrointestinal perforation, impaired wound healing, bleeding, myocardial 

infarctions, strokes and nephritic syndrome are the side-effects of bevacizumab and 

the antibody [290]. Bevacizumab should not be administered   for at least 4 weeks 

prior and 4 weeks after surgical procedures due to impaired wound healing. Other 

minor adverse effects include diarrhea, hypertention, asthenia, headache, 
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stomatitis, and leucopenia. Bevacizumab was the first biological agent approved by 

the US-FDA as a component of anticancer therapy in 2004. This approval was 

based upon pivotal study conducted by Hurwitz et al [254] which showed increased 

response rates and progression free survival, when bevacizumab was given along 

with IFL regimen (Irinotecan, 5-FU bolus, Leucovorin) in previously untreated 

metastatic CRC patients. Addition of bevacizumab to chemotherapeutic drugs 

increased the response and survival rates in most regimens including second and 

third line therapies. However there are a few exceptions such as addition of 

bevacizumab to FOLFOX failed to increase the response rate in previously 

untreated metastatic CRC and resected non-metastatic CRC patients [291]. 

Other anti-angiogenesis drugs and their targets. Several other angiogenesis 

inhibitors are being investigated. Aflibercept is a potent VEGF inhibitor produced by 

recombinant fusion of human VEGFR extracelluar domain and Fc portion of human 

IgG1. It was active as a single agent for metastatic CRC and effective in 

combination with other standard chemotherapies [292]. Vatalinib is another 

antiangiogenesis agent which inhibits VEGFR-1, 2, &3 mediated angiogenesis and 

decreased tumor growth and metastasis in preclinical models of CRC [293, 294]. 

Sunitinib is multi tyrosine kinase inhibitor targeting VEGFR, PDGFR, c-KIT, RET, & 

LT3 and is approved for renal cancer patients [295]. Additional anti-angiogenic 

agents, such as cediranib (AZD2171), and AMG706 stabilize metastatic CRC 

patients in phase I trials and are now being investigated in phase II trials [296, 297]. 

6. Cetuximab and Panitumumab. Cetuximab and Panitumumab are inhibitors of 

EGFR which belongs to the HER family of receptor tyrosine kinases that includes 

EGFR (ErbB1/HER1), ErbB2 (HER2/neu), ErbB3 (HER3) and ErbB4 (HER4) [298]. 
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These receptor tyrosine kinases are activated by ligands such as EGF, TGF-. 

Receptor activation induces receptor homo/hetero dimerization and 

autophosphorylation of C-terminal tyrosine residues and results in activation of 

downstream signaling cascades such as the Ras/Raf/MAPK, the PI3K-Akt pathway, 

PKC, STAT, and src kinase pathways, which are responsible for cell proliferation, 

invasion, migration, and inhibition of apoptosis (Fig. 1.17). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.17. EGFR signaling pathway [283]. 

 

EGFR activation activates multiple signaling pathways [299] and anti-EGFR therapy 

includes EGFR mAb‘s and small molecule inhibitors of EGFR tyrosine kinase 

activity (TKIs) [299]. Cetuximab (Erbitux) is a recombinant human/mouse chimeric 

monoclonal antibody that binds specifically to the extracellular domain of EGFR. It is 

made up of Fv regions of a murine anti-EGFR antibody with human IgG1 heavy and 
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kappa light chain constant region. Panitumumab (Vectibix) is recombinant human 

IgG2 kappa monoclonal antibody which binds the extracellular domain of EGFR. 

EGFR is highly constitutively expressed in several human cancers including CRC 

and cetuximab mAb binds specifically to EGFR and inhibits the binding of EGF and 

other ligands, thereby inhibiting phosphorylation and activation of receptor 

associated kinases and this result in induction of apoptosis, growth inhibition and 

decreased VEGF & MMP production. It also prevents receptor dimerization through 

steric inhibition of the extracellular domain and promotes receptor internalization, 

resulting in receptor degradation and reduced cell surface expression of EGFR. 

Cetuximab also kills the tumor cells by cell-mediated cytotoxicity (ADCC) and 

complement fixation. The mechanism of action of panitumimab is similar to 

cetuximab. The most common side effects with these drugs include acneiform, rash, 

fatigue, dyspnea, nausea, hypomagnesemia and diarrhea. 

Cetuximab and panitumumab are approved for treatment of CRC. Cetuximab 

was approved by US-FDA in 2004 in combination with irinotecan for irinotecan-

resistant disease or as a single agent in irinotecan intolerant patients [253]. 

Panitumumab received FDA approval based on similar study with fluoropyrimidine-, 

oxaliplatinin-, irinotecan-containing chemotherapy regimens in EGFR expressing 

CRC patients [300]. Even though, anti-EGFR antibodies are clinically safe and 

active in CRC, tyrosine kinase inhibitors (TKIs) as single agents exhibit minimal 

activity in metastatic CRC. Combinations of TKIs with fluoropyrimidine-, 

oxaliplatinin-, irinotecan-containing chemotherapy regimens increased the clinical 

response rates in phase II trials, but the trials closed prematurely because of severe 

adverse effects. However, Anti-EGFR therapy in combination with cetuximab, 
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irinotecan and oxaliplatin increased the response rate by 77%. Combinations of 

panitumumab with standard chemotherapy resulted in worse outcomes in patients 

who received panitumumab. Thus anti-EGFR therapy as firstline therapy for 

metastatic CRC is unclear and several trials are ongoing to address the unanswered 

questions. Similarly the role of cetuximab in the adjuvant treatment of CRC is 

currently under study in phase III clinaical trials. 

7. Novel therapies 

mTOR inhibitors. Mammalian target of Rapamycin (mTOR) is a serine threonine 

kinase which belongs to PI3K family of kinases. mTOR is activated in response to 

growth factors and results in phosphorylation of translational regulators such as 

eukaryotic initiation factor 4E-binding protein and p70s6 kinase. Inhibitors of mTOR 

induce apoptosis and arrest cell cycle in late G1 by down regulation of cyclin/CDK 

complexes and activation of the cell cycle inhibitor p27. mTOR inhibitors also inhibit 

angiogenesis by preventing endothelial and vascular smooth muscle cell 

proliferation. mTOR inhibitors are analogs of rapamycin that bind to immunophilin 

FK506/rapamycin-binding protein to inhibit its function. The efficacy of mTOR 

inhibitors has been demonstrated in preclinical models and recently temsirolimus, 

an mTOR inhibitor was approved for treatment of metastatic renal cancer [301]. 

RAD-001, another mTOR inhibitor was in phase II clinical trials and showed 

promising effects in treatment of metastatic CRC [302]. The mTOR inhibitors are 

likely to be more effective when combined with traditional chemotherapy and several 

clinical trilas of mTOR inhibitors in combination with other agents is underway. 

Protein kinase C (PKC) inhibitors. PKC is a serine thronine kinase activated 

downstream from EGFR and VEGFR receptor tyrosine kinases. Activation of PKC 
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plays an important role in cell signaling pathways that lead to tumor growth and 

survival, and PKC activity and expression is highly elevated in several cancers and 

tumors including CRC. Enzastaurin is a potent inhibitor of serine/threonine kinases 

and targets PKC, PI3K/AKT and GSK3. It was considered to be safe as single agent 

or in combination with 5-FU or bevacizumab [303, 304]. Currently combinations of 

enzastaurin, bevacizumab and 5-FU are in phase II clinical trials and show great 

promise. 

Src inhibitors. The proto-oncogene Src is a non receptor tyrosine kinase which 

plays an important role in cancer cell proliferation, angiogenesis, invasion, 

metastatsis and regulation of apoptosis [305]. Src is activated downstream of 

several signaling cascades including growth factor receptor activation and enhanced 

Src activity has been observed in 80% of CRC patients. Src activity levels correlate 

with enhanced metastasis, and resistance to chemotherapy. AZD0530 is an orally 

administered Src inhibitor that prevents CRC metastasis in stabilized disease in 

phase II clinical trials [306]. Another src inhibitor, dasatinib in combination with 

FOLFOX and erbitux is currently in clinical trials. 

Kinesin spindle protein (KSPs). Mitotic kinesins, such as KSP are important for 

the mitotic spindle, providing the propulsive forces required to separate 

centrosomes during prophase [307]. These proteins are expressed in proliferating 

cells and provide an attractive target for anticancer therapy [308]. Ispinesib (SB-

715992) is a potent small molecule inhibitor of KSP and has been in phase II clinical 

trials as a single agent, but combination chemotherapy studies have  not been 

performed [309]. 
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 In conclusion, the treatment options and the expectations for CRC patients has 

changed dramatically over the last 10 years and an increasing number of new 

agents aimed at a variety of targets are being investigated. Some of these agents 

include tyrosine kinase and histone deacetylase inhibitors, and PPAR agonists. 

Promising pre-clinical effects and activity have been observed in phase I CRC 

studies. Furthermore, many phase II clinical trials on these novel agents in 

combination with standard chemotherapy are also highly effective. 

TRANSCRIPTION FACTORS AS DRUG TARGETS 

 Many current targeted therapies have focused at cell surface proteins, however, 

recent studies show that intracellular proteins, such as transcription factors can also be 

drug targets. A single transcription factor activates multiple signaling cascades and also 

regulates expression of genes involved in the oncogenic process, and therefore 

modulating the activity of a transcription factor can be a highly effective treatment 

modality. In order to consider a protein as therapeutic target, it has to satisfy important 

criteria such as, 

a. The target protein should be expressed/overexpressed in cancer cells 

but not in normal cells 

b. The target protein should be involved in one or more malignant pathways 

including cell proliferation, resistance to apoptosis, invasion, metastasis 

and angiogenesis 

c. Inhibition of target protein expression/function should inhibit the 

malignanct process 

d. Exogenous expression of the target protein should enhance the 

tumorigenesis. 
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e. The target protein should be ―druggable‖. 

f. The target should have limited homology with related genes/proteins to 

avoid cross reactivity and undesirable off-target effects. 

 In general, gene transcription is regulated by the transcriptional machinery (TF‘s, 

RNA polymerase II, activators and co-activators) and transcriptional regulatory 

elements such as promoters, enhancers, silencers, insulators and locus control regions 

[310, 311]. Dysregulation of transcription and subsequent post transcriptional processes 

can result in cancer initiation, persistence, repression and temporal/spatial 

dyscoordination as well as structural changes including mutations and translocations 

[311]. Several TF‘s are associated with cancer and the transcriptional machinery & 

transcriptional regulatory elements are novel therapeutic targets and understanding 

transcriptional regulatory networks has revealed their critical role in the development of 

cancer. Several TF‘s are associated with hallmarks of cancer and contribute to the 

development of tumor specific phenotypes (Table.  1.7). 
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Table.1.7. Hallmark characteristics of transcription factors [312]. 

Transcription factor Hallmark traits 
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AP-1 X 
 

X 
 

X X 

AR X 
     

ATF-1 
     

X 

BRN-3b 
 

X 
    

C/EBP  
 

X 
    

CREB 
  

X 
 

X 
 

E2F-1 
   

X 
  

ETS-1 
    

X X 

EWS/ETS 
   

X 
  

FOX03a 
  

X 
   

HIF-1 /HIF-1 (ARNT) 
    

X X 

Myc X 
   

X X 

NF- B X 
 

X 
 

X X 

PEA3 
     

X 

RAR  X 
     

RB1 
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Sp-1 
 

X X 
 

X X 

STAT3 
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STAT5 
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Fig.1.18. Transcription factors are attractive targets for cancer treatment. (a) 
Transcription factors play a critical role in carcinogenesis. (b) Transcription factors can 

be targeted at multiple levels. 
 

 

 Extracellular signals, cytotoxic exposures or cytokines that bind to their 

receptors, initiate signaling cascades that result in activation of nuclear transcription 

factors. In some cases, TF‘s including STAT proteins, NF-κB, hypoxia inducible factor-1 

(HIF-1) and β-catenin are latent in the cytoplasm until activated by an appropriate 

signal. Once activated, the TFs undergo homo/heterodimerization (e.g. STAT dimers, 

NF-κB dimers or β-catenin/T-cell factor complexes) and translocate into the nucleus. 

Inside the nucleus, the TF complex binds to specific DNA response elements and 

regulates expression of genes that promote pro-oncogenic pathways (Fig. 1.18). 

Transcription factors can be targeted at multiple levels; the mRNA encoding the 

targeted TF can be bound in the nucleus by antisense oligonucleotide (ON) or 
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alternatively, the TF mRNA can be targeted by morpholino antisense ONs, which 

sterically inhibit translation in the cytoplasm. RNA interference with short inhibitory RNA 

(siRNA) duplexes leads to degradation of the mRNA by RNA-induced silencing complex 

(RISC). Small molecules commonly exert their action by keeping the latent TF‘s 

sequestered in the cytoplasm or by preventing a critical activation event, such as 

recruitment of an activated receptor complex, phosphorylation or dimerization. Activated 

TFs in the nucleus can be prevented from binding DNA response elements by decoy 

ONs that mimic the DNA sequence of the response element. For example, G-quartet 

ONs inhibit the binding of STAT-3 to the DNA response element. In vitro experiments 

with primary cell lines, tumor cells and in vivo experiments with animal models are 

necessary for determining efficacy of specific transcription factors in clinical trials and 

Table. 1.8 summarizes details regarding TF‘s involved in preclinical studies. 

 

 

Table. 1.8. Summary of preclinical studies involving transcription factors as drug targets 
[312]. 

 
Transcription 

factor 
Justification summary Reference 

AP-1 (c-Jun) Inhibition-reduced breast cancer cell proliferation in mice Liu et al. [313] 
AR Downregulation resulted in prostate tumor size reduction in 

mouse xenografts 
Eder et al. 
[314] 

ATF-1/CREB Knockdown in mice resulted in subcutaneously transplanted 
tumor-size reduction through apoptosis 

Jean [315] 

BRN-3b (POU) Results suggest that Brn-3b elevation in breast cancer is a 
significant transcription factor in regulating mammary cell 
growth 

Dennis et al. 
[316] 

C/EBPa C/EBPa knockout mice showed abnormal lung cancer cell 
proliferation 

Halmos et al. 
[317] 

CREB Transfected mice with CREB300/310 dramatically enhances 
tumor growth, whereas CREB300/310/133 inhibits the 
growth of the implanted tumor cells 

Abramovitch et 
al. [318] 

E2F-1/RB1 Knockdown of E2F of mouse embryonic fibroblast leads to 
phosphorylation of RB1. The result is cell proliferation 

Wu et al. [319] 
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Transcription 
factor 

Justification summary Reference 

ETS-1 Overexpression in a rat hind limb ischemia model led to 
angiogenesis by increasing HGF and VEGF 

Hashiya et al. 
[320] 

EWS/ETS EWS/ETS fusion activated telomerase in Ewing's sarcoma 
cells and appears to activate the transcription of hTERT as a 
transactivator 

Takahashi et 
al. [321] 

FOX03a C. elegans Daf16, an ortholog to FKHRL1, FKHR and AFX, 
is the major output of insulin signaling 

Lee et al. [322] 

HIF-1a/HIF-1b 
(ARNT) 

Shown to enhance neovascularization in the rabbit ischemic 
hindlimb model 

Vincent et al. 
[323] 

Myc Overexpression in mice resulted in downregulation of IL-6- 
and VEGF-induced rabbit corneal angiogenesis 

Hatzi et al. 
[324] 

NF-kB Bortezomib has completed phase II trials where the NF-kB 
pathway was downregulated in refractory multiple myeloma 
and relapsed myeloma patients 

Richardson et 
al. [325] 

PEA3 Use of a dominant-negative PEA3 delayed onset, reduced 
number and size of mammary tumors in mice 

Bieche et al. 
[326] 

RARa Downregulation of RARa resulted in lymphoma in 44% of 
homozygous transgenic mice 

Manshouri et 
al. [327] 

SP-1 Nude mice trial using celecoxib-affected Sp1-binding sites 
on VEGF gene expression and limited metastasis 

Wei et al. [328] 

STAT3 Nude mice xenografts provide a method of knocking down 
STAT3 

Sun et al. [329] 

STAT5 Downregulation of STAT5b mediates proliferation of SCCHN 
cancer cells 

Leong et al. 
[330] 

p53 Adenovirus-mediated wild-type p53 gene transfer with 
chemotherapy and radiation therapy inhibits progression of 
lung cancer growth in animal models with minimal toxicity 

Nishizaki et al. 
[331] 

 

  

 Targeting TFs as a therapeutic option in cancer patients depends on selectivity 

and specificity. TFs from the same family also have similar or shared motifs, or 

structures, but different functions, (for example STAT-1 versus STAT-3, c-jun versus jun 

B) and this presents a challenge for the treatment to be effective. Increased knowledge 

of mechanisms of transcription and the transcription regulatory networks has led to a 

better understanding of their role in cancer and has facilitated rational drug design. 

Computer modeling can also help to improve the affinity and specificity in targeting TFs 

and Table. 1.9 summarizes the advantages and disadvantages of different approaches. 

 

Table. 1.8 continued 
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Table. 1.9. Comparision of different technologies in targeting TF‘s. 

Targeting 
method 

Stage of 
development 

Advantages Disadvantages Refs 

Small 
molecules 

Clinical 

• Can usually be 
administered 
without delivery 
vehicle 

• Affinity and/or 
specificity may be 
relatively low 

• screening process 
required 

[332] 

Antisense 
Clinical trials for c-
Myc and some non-
TF targets 

• High specificity 
and affinity for 
target mRNA 

• Degraded unless 
modified 

• Delivery vehicle is 
required to get into 
cells 

[333] 

RNAi 

Clinical for 
intravitreous 
injection; preclinical 
for systemic use 

• High specificity 
and affinity for 
target mRNA 

• Highly efficient 
degradation of 
target mRNA 

• Degraded unless 
modified 

• Delivery vehicle is 
required to get into 
cells 

[334] 

Decoy Preclinical 
• High specificity 

and affinity for 
TF

b
 

• Degraded unless 
modified 

• Delivery vehicle is 
required to get into 
cells 

[335, 
336] 

G-quartet Preclinical 

• Long half-life 
within cell due to 
nuclease-
resistant 
structure 

• Delivery vehicle is 
required to get into 
cells 

[337, 
338] 

 

  

 Recent advances in delivery vehicles and directed targeting (for example, 

liposomes, nanoparticles and aptomers) along with more accurate and potent effectors 

(for example, shRNA, siRNA, ribozymes, antisense ONs, and small molecule inhibitors) 

will be important for targeting TFs in a clinical setting. 

SPECIFICITY PROTEIN (Sp) TRANSCRIPTION FACTORS AS DRUG TARGETS 

Sp transcription factors. Sp transcription factors belong to Sp/KLF (kruppel-like factor) 

family of transcription factors which contains three conserved Cys2His2 zinc fingers in 

the DNA binding domain. 

http://www.sciencedirect.com/science/article/pii/S1740674906000588#tbl2fn2
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Fig. 1.19. The zinc fingers of Sp/KLF transcription factors. Individual fingers (F1, F2, 

and F3) are depicted as a β-sheet (arrows) and a -helix (cylinder) held together by a 
zinc ion (dark grey sphere). GC box is shown as a double array of beads on strings with 
the nucleotide pairs partially overlapping. The amino acids in the a-helices are 
indicated, and interactions between critical residues (black) in each finger and a specific 
triplet of nucleotides of the GC box are shown with dotted lines [339]. 
 
 
 
 Sp1 was the first transcription factor identified and binds to DNA with KHA, RER 

and RHK aminoacids in the three zinc fingers respectively. Both Sp and KLF family of 

transcription factors binds to GC-(GGGGCGGGG) and GT-(GGTGTGGGG) boxes, but 

with different affinities due to alterations in the amino acid sequences in the zinc fingers 

(Fig. 1.19). This accounts for the interaction of Sp1 with diverse GC rich promoters and 

regulation of several of Sp-dependent genes in normal and transformed cells [340-342]. 

All Sp proteins have similar zinc finger domains and N-terminal motifs. Sp1-Sp9 

transcription factors have been grouped under the Sp subfamily based upon homology 

and chromosomal localization which is adjacent to the HOX gene cluster. Genetic 

regulation of transcription by Sp proteins is tightly controlled. 

Structural and functional characteristics of Sp proteins. Sp proteins have similar 

modular structures and Sp1-Sp4 form a subgroup among Sp proteins based on their 

similarity. Of their respective glutamine rich transactivation domains A and B, serine 
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threonine rich sequences and C-terminal zinc finger DNA-binding region. All Sp proteins 

have a conserved button head (btd) and Sp boxes that are involved in transactivation 

and regulation of proteolysis respectively [343, 344]. Sp2 has only one glutamine rich 

domain and a different consensus binding site due to the substitution of histidine by 

leucine in zinc finger 1 [345]. Sp5-Sp8 proteins have several small domains in common 

with other Sp proteins and appear to be truncated forms of Sp1-Sp4 due to lack of their 

N-terminal regions. With the exception of the btd and Sp boxes, the N-terminal regions 

of Sp5-Sp8 are different from other Sp proteins and are closely related to each other 

(Fig. 1.20). 

 

 

Fig.1.20. Structural motifs in Sp family proteins [339]. 

 



77 

 

 Sp1 regulates transcription from proximal promoters as well as distal enhancers 

and activation of domain B is important for multimerization and along with Domain A 

mediates superactivation of Sp1-dependent transcription [344, 346, 347]. Sp2 has a 

different binding specificity than other Sp proteins and therefore it is unable to activate 

transcription through GC boxes and its functions are cell specific. Sp2 has different 

characteristics compared to other Sp proteins due to single a tranactivation domain, 

whereas two domains are necessary for superactivation and synergestic activation by 

Sp1 [347-349]. Although Sp3 and Sp4 are structurally similar to Sp1, some functional 

differences exist between these proteins.  Sp3 exhibits additive and synergistic effects 

with Sp1 and also represses some Sp1 regulated genes. Sp4 was super activated with 

fingerless Sp1 and repressed by Sp3 [350-352]. Sp1 proteins regulate expression of 

several genes in combination with other transcription factors such as Oct-1, NF-κB, 

E2F-1, GATA and SMAD3 [353-355]. Sp1 and E2F-1 synergistically interact on the 

dihydrofolatereductase (DHFR) and thymidine kinase promoters and other Sp proteins 

such as Sp2, Sp3 and Sp4 also interact with E2F-1 for regulation of specific genes such 

as murine thymidine kinase [349]. Sp1 also interacts with the basic transcription 

machinery including TATA binding protein (TBP), TBP assosciated factors (TAFs) and 

other basal TFs through glutamine rich activation domains A, B and C-terminal domains 

[356, 357]. Sp1 also requires CRSP (cofactor required for Sp1) for efficient activation of 

transcription and it mediates Sp1 activation of GC rich promoters by interacting with 

TATA box, initiator sequences and RNA polymerase pre initiation complex [358, 359]. 

 Sp proteins play an important role in the regulation of key biological process 

such as cell proliferation, differentiation, survival and angiogenesis [339, 360, 361]. 

Even though the specific physiological functions of Sp proteins are not clear, some 
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gene knockout studies show that knockdown of Sp1, Sp3 and Sp4 results in 

embryolethality and severe abnormalities in the offspring including retarded 

development, reproductive abnormalities and defective tooth formation [362-365]. Thus 

the Sp gene family plays an important role in the normal development of organs and 

tissues. However expression of Sp1 and other Sp proteins is decreased in mature 

animals and decreases with age [366, 367]. 

Role of Sp proteins in cancer. Even though, Sp proteins are required for embryonic 

and postnatal development, there is emerging evidence that Sp protein expression 

plays a critical role in tumor development, growth and metastasis. Sp proteins such as 

Sp1, Sp3 and Sp4 are overexpressed in tumors compared to other tissues [368-372]. 

Lou and co workers [373] reported that carcinogen-induced transformation of fibroblasts 

increased expression of Sp1 by 8-18 fold and these transformed fibroblasts formed 

tumors in xenograft mouse models, while untransformed cells with low levels of Sp1 did 

not form tumors. Along with Sp1, other oncogenic genes such as VEGF are also highly 

expressed in gastric tumors and gastric tumor cells have elevated levels of nuclear Sp1 

compared to adjacent non glandular/stromal cells. Sp1 is a poor prognostic factor for 

gastric cancer patients and high levels of Sp1 predicted decreased patient survival 

compared to patients with low-non detectable levels of Sp1. Moreover, there is positive 

correlation between Sp1 and VEGF suggesting that patients with high VEGF expression 

also have poor survival rates [374]. In addition, ribozyme dependent knockdown of Sp1 

in transformed cells also decreases VEGF and induces apoptosis. Shi and coworkers 

[371]  reported high expression of Sp1and VEGF in pancreatic cancer cells and these 

results are consistent with studies indicating that Sp1 plays a critical role in VEGF 

regulation and knockdown of Sp1 along with Sp3 and Sp4 in pancreatic cancer cells 
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confirmed that Sp proteins regulate VEGF and its receptors [45, 46, 375]. Sp1 protein is 

also highly expressed in breast cancers and thyroid tumors [372, 376] and knockdown 

of Sp1 by small inhibitory RNAs inhibits G0/G1- S-phase progression in MCF-7 breast 

cancer cells [377]. Furthermore DNA-dependent protein kinases, such as Ku70 and 

Ku80 are highly upregulated in colon cancer tumors along with Sp1 and constitutive 

expression of these genes is regulated by interaction of Sp1 with their corresponding 

GC rich promoters resulting in tumor growth and metastasis [370]. In addition, Sp3 also 

plays an important role in cell proliferation and angiogenesis along with Sp1 by 

repressing p27, a CDK inhibitor in pancreatic cancer cells. 

Mechanism of Sp protein action in cancer. Sp proteins regulate constitutive 

expression of several genes involved in multiple functions in both normal and cancer 

cells. Sp proteins bind to GC rich promoters and subsequent interactions with 

components of the basal transcription machinery activates gene transcription. Sp 

dependent activation of genes is a highly complex process which depends on several 

factors such as gene promoter, cell context and interaction with other nuclear factors. 

Sp1 and Sp3 are commonly used models to investigate the mechanism of Sp proteins 

in the activation of several genes. 

 Courey et al., [378] first reported the synergistic interactions of Sp1 which forms 

homooligmeric complexes on GC rich promoters; this can be further attenuated by 

interaction of Sp1 with other nuclear factors on the same GC rich elements.  Sp1 and 

Sp3 proteins bind to same GC promoters and work cooperatively or Sp3 inhibits Sp1 

dependent transactivation and this depends on Sp1/Sp3 ratios for expression of some 

genes [379]. 
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Fig.1.21. Sp depenedent transactivation in cancer cells [369]. 

 

 Sp1 and Sp3 cooperatively activate several genes by interacting with other TFs 

as previously indicated. In addition Sp1 also interacts with several nuclear receptors 

such as estrogen receptor (ER), progesterone receptor (PR), androgen receptor (AR), 

retinoic acid receptor (RAR), retinoic X receptor (RXR), peroxisome proliferator-

activated receptor- (PPAR-), vitamin D receptor (VDR) and others [380]. All these 

interactions occur at the C-terminal domain C/D domain of Sp1 which is the major site 

for interaction with other proteins. Thus Sp1 and other Sp proteins also function as 

modulators of gene expression through interactions with different nuclear proteins and 

other DNA bound transcription factors (Fig. 1.21). 

 Several studies also have shown that modification of Sp proteins such as 

phosphorylation, glycosylation, and acetylation also plays an important role in the Sp-
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dependent activation of some genes and this forms another layer of complexity in the 

function of Sp transcription factors (Fig. 1.21). In most prostate cancer cell lines, VEGF 

is regulated by PI3K and this is linked to increased phosphorylation of Sp1 and 

enhanced binding of the phosphoprotein to the GC rich promoter sequence [381], while 

MAPK dependent phosphorylation of Sp1 is critical for 6-integrin gene expression 

[382]. In addition, cyclin dependent kinases also increase phosphorylation of Sp1 and 

Sp1-dependent responses/gene expression and this is also associated with increased 

DNA binding of Sp1 [383-385]. Acetylation of Sp1 and Sp3 also increases 

transactivation; for example, Sp3 inhibits TGFBR in late passage MCF-7 cells, while, 

acetylation of Sp3 induces transactivation of TGFBR [386, 387]. Similarly, 

topoisomerase II inhibitors activate SV40 promoter through acetylation of Sp1 and 

acetylation of these proteins is regulated by p300, which exhibits histone 

acetyltransferase activity [388]. In contrast serine threonine O-linkage with N-

acetylglucosamine inhibits Sp1-dependent transactivation and is another factor that 

modifies Sp1 function [389]. 

Regulation of oncogenes by Sp proteins. Genes that regulate growth, proliferation, 

angiogenesis and cell cycle frequently contain GC rich elements in their proximal 

promoters, and their interaction with Sp and other TFs is important for their expression. 

Several reports have shown that Sp proteins regulate VEGF through proximal GC rich 

motifs and Sp1-mediated angiogenesis through induction of VEGF is cell context 

dependent [45, 371, 390]. Results of RNA interference studies showed that Sp proteins 

are involved in regulation of VEGF and this was due to binding of Sp1, Sp3 and Sp4 

with the VEGF promoter. RNA interference studies have also shown that Sp1, Sp3 and 

Sp4 regulate genes involved in cell growth and cell cycle progression such as cyclins 
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and cyclin dependent kinases. For example transfection of pancreatic cancer cells with 

iSp3 results in upregulation of cyclin dependent kinase inhibitor p27 indicating that Sp3 

enhances growth of pancreatic cancer cells by inhibiting p27 mRNA and protein 

expression through interaction with GC rich promoter elements. Sp proteins also 

regulate the expression of TGF-β/TGFBR signaling in cancer cells [391-393] and the 

TF‘s also regulate several genes associated with cell growth and cell cycle progression 

(CD1, E2F1, c-fos, TGF-), purine/pyramidine synthesis and metabolism [thymidylate 

synthase, adenosine deaminase, DNA polymerase , carbamylphosphate 

synthase/aspertatecarbamyltransferase/dihydroorotase (CAD)], angiogenesis (VEGF) 

and anti-apoptosis (bcl-2)) [341, 342, 390, 394-399]. Several other reports have also 

shown that Sp proteins regulate transcription of genes involved in the growth and 

metastasis of cancer cells and must be considered as prognostic factors for the disease 

and as potential targets of chemotherapy. 

Strategies of Sp protein targeting in cancer cells. In some human cancers, Sp 

protein overexpression is a negative prognostic factor for survival and contributes 

towards proliferative and metastatic tumor phenotype. There are several possible 

strategies for targeting Sp proteins in cancer cells and these include drugs that 

inactivate GC-rich DNA motifs, oligonucleotides and peptide nucleic acid-DNA chimeras 

(Sp1 decoys) and chemicals that modulate Sp1 protein expression (Fig. 1.22). 
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Fig. 1.22. Strategies for targeting Sp proteins in cancer cells. 

 

 Drugs such as mithramycin and hedamycin bind GC-rich motifs and decrease 

Sp1-DNA binding and Sp1-dependent gene expression [400, 401]. For example, TNF- 

induction of  thymidine kinase in colon cancer cells is due to enhanced Sp1-DNA 

binding and this was inhibited by mithramycin [401], while hedamycin inhibits survivin 

transcription by interacting with proximal GC-rich Sp1 binding site in the survivin gene 

promoter [402]. Double stranded GC rich oligonucleotides (Sp1 decoys) have been 

developed for inhibiting Sp1-dependent gene expression [403, 404] and TNF- induced 

VEGF and TGF-β1 gene/protein expression, cell proliferation and invasiveness is 

decreased by Sp1 decoys. Mutant Sp1 decoys are also being developed and there may 

be potential clinical applications for this technology for treatment of specific cancers 

[405, 406]. 
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 COX-2 inhibitors such as celecoxib are potent anticancer drugs because of their 

anti-angiogenic activity which has been linked to modulation of Sp1 transcription activity 

in pancreatic cancer cell lines [407-409] and this was due to decreased Sp1 protein 

phosphorylation and decreased P-Sp1/Sp1 ratios which binds the GC-rich VEGF 

promoter. This suggested that the anti-angiogenic activity of celecoxib in pancreatic 

cancer cells was due to targeted dephosphorylation of Sp1. Recent studies from our 

laboratory also investigated the anti cancer activity of non steroidal anti-inflammatory 

drugs (NSAIDs) and COX-2 inhibitors in pancreatic, colon and other cancer cell lines. 

The growth inhibitory effect of celecoxib, nimesulide and NS-398 in SW480 colon 

cancer cells was due to downregulation of Sp1 and Sp4 but not Sp3 proteins. It was 

further shown that down regulation of Sp1 and Sp4 was COX independent and due to 

activation of proteasomes which specifically targeted degradation of Sp1 and Sp4 in 

colon cancer cells [410]. These results indicated an opportunity for development of 

small molecule drugs that target Sp TF‘s and Sp-regulated genes that are important for 

cancer cell growth arrest, inhibition of angiogenesis and metastasis for several cancers. 

 In conclusion, Sp transcription factors play an important role in tumor 

development, growth and metastasis. The complexity of Sp-regulated gene expression 

depends on domain specific interaction of Sp1 with other transcription & nuclear factors, 

and also chemical and enzyme induced modifications. This complexity may be highly 

advantageous for treating some cancers since combined targeting of different pathways 

that modulate Sp protein expression and activity may enhance the selectivity and 

efficacy of this type of therapy. 
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NSAIDs AS ANTI-CANCER AGENTS 

 NSAIDs are a chemically diverse group of drugs that are available over the 

counter or by prescription world-wide. These drugs are commonly used to treat a variety 

of acute and chronic inflammatory conditions including pain, fever and arthritis. Fig. 1.23 

represents the chemical structure of aspirin, the most widely used NSAID which was 

discovered over 150 years ago. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23. Chemical structures of commonly used NSAIDs. 

 

 The pharmacological basis for the anti-inflammatory activity of NSAIDs is due to 

inhibition of COX enzymes which prevents the conversion of arachidonic acid to 
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prostaglandin H2, a precursor of prostaglandins, prostacyclins and thromboxanes (Fig 

1. 24) [411]. 

 

 

Fig.1.24. NSAIDs, COX inhibition and prostaglandins [412]. 

 

 COX is a key regulatory enzyme in prostaglandin biosynthesis and is 

responsible for induction of inflammation [413]. COX-1 is a constitutive enzyme required 

for the regulation of prostaglandin biosynthesis and prostaglandin-dependent effects on 

blood flow & tissue integrity. COX-2 is an inducible enzyme expressed in inflammatory 

cells & cancer cells and hence, considered to be an ideal target for inhibition of 
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inflammation and tumorigenesis. This property makes NSAIDs valuable for treatment of 

diseases associated with inflammation and cancer. Several studies have shown 

increased levels of COX enzymes & prostaglandins in various tumors suggesting that 

inflammation plays an important role in tumorigenesis and that the suppression of 

prostaglandin synthesis is essential for activity of NSAIDs in disease prevention [194, 

197, 414, 415]. However many responses induced by NSAIDs cannot be explained by 

COX inhibition indicating that COX-dependent and independent mechanisms play an 

important role in the biological and anticancer activity of NSAIDs. Several clinical, 

epidemiological & experimental studies have shown that aspirin and other NSAIDs are 

promising anti-cancer agents and prolonged continuous use of NSAIDs decreases the 

risk of cancer of the colon and other gastrointestinal organs as well as breast, prostate, 

lung and skin cancers [416-422].  Recent studies and reviews have assessed the 

association of NSAIDs with the reduced risk of gastric cancer and suggested that 

continuous long-term administration of aspirin results in a significant dose dependent 

reduction of gastric and colon cancers and it was protective in all age groups of men 

and women [423]. Continuous use of NSAIDs in cancers seem to have protective effect, 

while infrequent use is not associated with reduced risk for both colorectal cancers and 

adenomas [419, 424]. NSAIDs reduce precancerous adenomas in patients with familial 

or sporadic adenomatous polyposis and the non-selective COX inhibitor sulindac and 

the COX-2 selective inhibitor celecoxib prevent formation and regression of adenomas 

in patients with familial polyposis [425-428]. NSAIDs also exhibit anti-carcinogenic 

effects in experimental animal models such as chemically induced gastric tumors in 

mice which can be decreased by aspirin, sulindac, indomethacin and ibuprofen [429-

432]. NSAIDs also exhibit anti-tumorogenic activity in xenograft mouse models and 
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inhibit growth of transplanted tumors and carcinogen induced skin tumors in mice & rats 

[429-432]. Several NSAIDs also decrease polyp multiplicity, tumor incidence and colon 

cancer cell growth (Table. 1.10). 

 

Table. 1.10. Effects of COX-2 selective inhibitors in animal models of colorectal 
cancers 

(* Non-selective NSAID inhibitors, ** Selective COX-2 inhibitors) [433]. 
 

NSAID treatment Outcome 

Apcmin
 mouse  

Sulindac*  polyp multiplicity 

Piroxicam*  polyp multiplicity 

Celecoxib**  polyp multiplicity 

Apc 716 mouse  

Rofecoxib**  polyp multiplicity 

Azoxymethane-treated rat  

Celecoxib**  tumor incidence 

 multiplicity 

NS-398**  tumor incidence 

 multiplicity 

Nimesulide**  tumor incidence 

 multiplicity 

Aspirin*  tumor incidence 

 multiplicity 

Nude mouse xenograft  

SC-58125**  colon carcinoma cell growth 

Celecoxib**  colon carcinoma cell growth 

Meloxicam*  colon carcinoma cell growth 

 

 

 Both experimental and epidemiological studies show that the anti-tumorogenic 

effects of NSAIDs are reversible and tumor recurrence increases shortly after 

discontinuous use of NSAIDs [434]. Aspirin and several other NSAIDs also induce 

apoptosis & inhibit proliferation of various cancer cell lines [418, 435, 436] and it has 
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been reported that both COX-2 dependent and independent mechanisms are involved 

in NSAID induced apoptosis [418, 435]. 

 

 

Fig.1. 25. COX2-depenedent and –independent mechanisms of NSAID induced 
apoptosis [437]. 

 

 

Inhbition of cancer: COX-2-dependent mechanisms. Constitutive expression of 

COX-1 in mammalian tissues is responsible for homeostasis and maintenance of 

gastrointestinal mucosal integrity [438]. In contrary, COX-2 is largely induced during 

inflammation and several studies show overproduction of COX-2 and PGE2 in gastric & 

colon tumors, suggesting that overexpression of COX-2 plays a role in gastric cancers 

[439-442]; and it was hypothesized that anti-carcinogenic activity of NSAIDs was due to 

inhibition of COX-2 [216]. Overexpression of COX-2 contributes to carcinogenesis by 

increasing cell proliferation, inhibiting apoptosis, and enhancing angiogenesis and these 

effects are thought to be mediated through induction of PGE2 [418, 435, 440]. COX2 

overexpression also increases cellular levels of bcl-2 and this results in the resistance 

to apoptosis of premalignant cells [443], whereas induction of apoptosis by COX-2 
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inhibition is not well understood. Other studies show that decreased cellular PGE2 and 

increased arachidonic acid levels might be involved in induction of apoptosis and 

inhibition of cell proliferation (Fig. 1.25) [436]. Increased levels of arachidonic acid can 

alter mitochondrial membrane potential & permeability and releases of cytochrome C, 

leading to apoptosis [444, 445] and arachidonic acid also increases production of 

ceramide, a potent inducer of apoptosis (Fig. 1.25) [446]. COX-2 is also involved in the 

promotion of angiogenesis in several experimental systems and is critical for 

progression of many cancers [44, 447]. Importantly, NSAIDs inhibit both COX-1 and 

COX-2 to varying degrees; the therapeutic effects of traditional NSAIDs are due to 

inhibition of COX-2 and adverse effects such as gastrointestinal toxicity are due to 

inhibition of COX-1 activity. This has led to the development of selective COX-2 

inhibitors, which are relatively less toxic than conventional NSAIDs [438, 439]. 

 Apoptosis caused by NSAIDs is not fully explained by COX inhibition, because 

anti-proliferative and apoptotic effects were also observed in cell lines irrespective of 

their COX levels [448]. Moreover, NSAIDs also inhibit growth of colon cancer cell lines 

that are negative for COX enzymes and mouse embryo fibroblasts that are null for both 

COX enzymes [449, 450]. Interestingly, the dose of NSAIDs required to give anti-

carcinogenic effects is much higher than required for inhibition of inflammation (Table. 

1.11). The difference in the clinical activities of low and high dose of aspirin has led to 

the speculation that not only COX inhibition but also COX independent effects are 

responsible for the benefits of aspirin [451]. 
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Table. 1.11. Tumor cell growth and COX inhibitory activity of different NSAIDs. 

NSAID Growth 
IC50 (μM) 

COX-1 
IC50 (μM) 

COX-2 
IC50 (μM) 

Serum levels 
(μM) 

Celecoxib 50 >30 2.25 2 

Sulindac sulfide 60 1.02 10.4 15 

Diclofenac 160 0.14 0.05 6 

Indomethacin 180 0.16 0.46 1.4 

Piroxicam 900 0.76 8.9 17 

Ibuprofen 975 4.75 >30 40 

Flurbiprofen 1800 0.44 6.42 53 

Aspirin 5000 4.5 13.9 10 

 

 

COX-2-independent mechanisms of NSAIDs. At higher concentrations, NSAIDs 

activate a number of COX-1 and COX-2-independent pathways including 

downregulation of NF-κB activity [452-454], changes in expression of pro- and anti-

apoptotic proteins [455-457], activation of extrinsic and intrinsic apoptosis 

pathways[458-461], inhibition of proteasome function [462, 463], cell cycle arrest [462-

466], and activation of stress kinases and generation of the stress response (Fig. 1.26) 

[467-471]. For example, Sulindac and other NSAIDs induce apoptosis in colon cancer 

cells and this process is mediated by 15-lipoxygense 1 [472-474]. NSAIDs also activate 

peroxisome proliferator activated receptor (PPAR) subtypes-,  and  and PPAR   

interacts with APC/β-catenin signaling in colorectal cancer [219, 475, 476]. In addition 

NSAIDs also target multidrug resistance protein 4 (MRP4), which modulates release of 

prostaglandins from cells and this function is inhibited by NSAIDs (Fig. 1.26) [477]. 
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Fig. 1.26. NSAIDs and non-COX targets [412]. 

 

Some of these mechanisms are also regulated through COX-2 dependent pathways, 

since NSAIDs induced cell death, suppression of NF-κB activation and inhibition of 

expression of COX-2 is dependent on cell context and dose [478, 479]. Indomethacin, 

ibuprofen and sulindac are more potent inducers of apoptosis compared to aspirin in a 

variety of cancer cells such as pancreatic and lung cancer cells [478, 479]. 

Downregulation of NF-B pathway. Activation of NF-κB stimulates different pathways 

that promote cell death and cell survival [480-482]. NF-κB activity is elevated in several 

cancers, especially advanced cancers that have been treated previously; and high NF-

κB activity plays a critical role in chemo-resistance of many cancers [480, 483]. Several 

NSAIDs including aspirin induce apoptosis through inhibition of NF-κB activity and also 

inhibit TNF--induced activation of NF-κB and sensitizes gastric cell lines to TNF- 
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[452, 453, 484]. NSAIDs also inhibit I-B kinase β, an enzyme responsible for activation 

of NF-κB through phosphorylation and subsequent proteasomal degradation of I-B- 

[453]. Other reports have shown that aspirin-induced apoptosis is through enhanced 

degradation of IB- and increased NF-κB activity [485, 486]. Therefore the effect of 

NSAIDs on NF-κB activity is contradictory and also dependent on cell context and dose. 

NSAIDs also inhibit AP-1 activity and this is related to the induction of apoptotic signals 

[470]. 

Activation of apoptotic pathway. Aspirin and other NSAIDs induce apoptosis through 

both intrinsic and extrinsic pathways. In some cells NSAIDs alter mitochiondrial 

membrane permeability and release cytochrome c and activate caspase 8 & 9, thus 

leading to apoptosis [455, 458-461]. The release of cytochrome c from mitochondria is 

considered as a central event in apoptosis and it is an early event in NSAID-induced 

apoptosis [487] [459, 462, 487]. Cytochrome c binds with apoptotic protease activating 

factor-1 (apaf-1) and subsequent activation of caspase-9 & caspase-3. In human cancer 

(gastric, ovarian) cells, aspirin-induced apoptosis is partially blocked by caspase 

inhibitors and overexpression of anti-apoptotic bcl-2 [455, 459, 460]. Knockout of apaf-1 

in HeLa cells resulted in resistance to aspirin-induced apoptosis [459]. In addition to 

caspase 9 and caspase 3, caspase 8 also plays a role in aspirin induced apotosis by 

direct activation of downstream caspases or by cleaving the BH3 interacting domain 

death agonist (Bid); tBid then translocates to mitochondria and induces the release of 

cytochrome c. NSAIDs also mediate apoptosis through upregulation of pro-apoptotic 

and downregulation of anti-apoptotic proteins [455-457]. NSAIDs downregulate bcl-2 

expression and induce the expression of bcl-2 associated X protein (Bax), bcl-2 

antagonist of cell death (Bad) and p53 [455-457, 462]. For example, COX-2-selective 
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inhibitors SC-58125 and NS-398 sensitize colon and prostate cancer cells to apoptosis 

by downregulating bcl-2 [488], while aspirin and indomethacin induced apoptosis by 

upregulation of Bax & Bak and activation of caspase 3 [457]. Bax translocates from the 

cytosol to the outer mitochondrial membrane to facilitate release of cytochrome c 

through formation of pores [489]. Release of cytochrome c from mitochondria is also 

due to downregulation of bcl-2, arachidonic acid and ceramide, which are increased due 

to inhibition of COX-2. Thus, the mitochondria is a common target of both COX-2-

dependent and -independent apoptotic pathways induced by NSAIDs. NSAIDs also 

induce apoptosis by downregulation of protein kinase C-b1 (PKC-b1) [490], a survival 

mediator. 

Inhibition of proteasome function and cell cycle arrest. NSAIDs induce cell cycle 

arrest and cause apoptosis through inhibition of proteasome function [462-466]. The 

ubiquitin proteasome system (UPS) is a major extra lysosomal pathway responsible for 

intracellular protein degradation in eukaryotes and this pathway is involved in the 

degradation of several important regulatory proteins associated with regulation of the 

cell cycle and differentiation [491, 492]. The target proteins are conjugated with ubiquitin 

through covalent attachment and the tagged protein is recognized and degraded by the 

proteasomal machinery. The UPS is involved in degradation of many short-lived 

proteins that are required for cell survival and modulation of this pathway can promote 

cell context-dependent cell death [493-495]. Some reports show that proteasome 

inhibition also generates stress responses and induces various heat-shock proteins 

which increase tolerance to stressful conditions [496]. Proteasome inhibitors also inhibit 

NF-κB activity, induce oxidative and endoplasmic (ER) stress, and activate various 

stress kinases. Treatment of different cell lines (neuro-2a, COS-1, and HeLa) with 
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aspirin decreases proteasome function and increases accumulation of ubiquitinated 

proteins and is accompanied by apoptosis [462]. Aspirin and other NSAIDs increase 

intracellular accumulation of various proteasomal substrates, such as Bax, IkB-, p53, 

p21waf1/Cip1 and p27kip1, which are pro-apoptotic [455, 457, 462, 464, 465] and also 

increase accumulation of p27kip1 or p21waf1/Cip1 which cause cell cycle arrest at the G1/S 

phase and induce apoptosis. The mechanisms of proteasome inhibition by aspirin and 

other NSAIDs is not known, however NSAIDs-induced proteasomal dysfunction 

explains many of the growth inhibitory and proapoptotic effects of NSAIDs. 

Induction of stress response. NSAIDs also induce oxidative & ER stress, and these 

stress responses are involved in the initiation of apoptotic signals [467-469]. ER stress 

response is induced by accumulation of unfolded proteins in the ER in which activating 

transcription factor (ATF) 4- and 6-dependent activate C/EBP homologous transcription 

factor (CHOP). ER stress also activates apoptosis signal regulating kinase 1 (ASK1), 

and activated ASK1 induces apoptosis through cJun N-terminal kinase (JNK) [497]. ER 

stress also activates caspase-12 and activated caspase-12 further activates caspase-9 

and -3 [497]. Indomethacin induces both glucose-regulated protein-78 and CHOP [469] 

and also activates ATF6, ATF4, X box binding protein-1, ASK1 and JNK [469-471, 498]. 

NSAID-induced apoptosis is also initiated by generation of oxidative stress, through 

activation of the intrinsic apoptosis pathway involving mitochondria [467, 468]. NSAID 

induced ER or oxidative stress most likely depends on the concentrations and the types 

of drugs used [499]. Nitric oxide-donating NSAIDs, which are safer than their NSAIDs 

counterpart, are more potent inducers of oxidative stress and apoptosis than NSAIDs 

[499]. 
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 In conclusion, aspirin and other NSAIDs induce COX-2-dependent or –

independent pathways in cancer cells and further understanding of the mechanisms of 

NSAID-induced apoptosis will greatly facilitate the design of more potent and safer 

drugs for the treatment of gastric, colon and other cancers. One of the major problems 

with NSAIDs is that they require higher doses to produce their anti-carcinogenic effects 

and to induce apoptosis. Selective COX-2 inhibitors or nitric oxide-donating NSAIDs 

with minimum gastrointestinal side effects are also promising anti-cancer drugs that can 

also be combined with drugs targeting multiple oncogenic pathways to enhance their 

clinical efficacy. Examples of this combination therapy include combining selective 

COX-2 inhibitors with EGF receptor inhibitors and/or protein kinase A inhibitors [500], 

coupling inhibitors of COX-2 with compounds that block matrix metalloproteinases 

[501], combining specific COX-2 inhibitors with herceptin [502], or simply adding COX-2 

inhibitors to standard colon cancer chemotherapy regimens. 

Aspirin and human cancer - Epidemiological studies. The first epidemiological 

evidence that aspirin acts as a chemoprevention agent came from a case control study, 

in which aspirin use was associated with a significantly lower risk of colorectal cancer 

even after adjustment for other risk factors [503]. In 2005, Bosetti et al., [504] reviewed 

all case–control and cohort reports  (100 studies) regarding the chemopreventive 

activity of aspirin; the pooled relative risk (RR) for developing colorectal cancer was 

0.71 (95% CI: 0.67–0.75), even though there was significant heterogeneity between 

trials and study designs. There was limited evidence that aspirin prevented cancers of 

the esophagus (RR 0.72, 95% CI: 0.62–0.84), stomach (RR 0.84, 95% CI: 0.76–0.93), 

breast (RR 0.91, 95% CI: 0.88–0.95) and lung (RR 0.94, 95% CI: 0.89–1.00) [504]. 

Recently, two large cohort studies have highlighted that the magnitude of the response 
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depends on both the dose and duration of aspirin use, with the maximum decrease in 

colorectal cancer incidence seen when > 14 aspirin tablets (325 mg) were taken per 

week for 6–10 years [505, 506]. 

 Two recent non-randomised studies have examined the use of aspirin after a 

diagnosis of cancer as a chemotherapeutic drug. Regular use of aspirin after diagnosis 

of colorectal cancer decreased colorectal cancer-specific mortality (HR 0.71, 95% CI: 

0.53–0.95) and overall mortality (HR 0.79, 95% CI: 0.65–0.97) in aspirin users when 

compared to non-users [434, 505, 506]. Notably, patients with primary tumors 

overexpressing COX-2 had the most benefit with an HR of 0.39 (95% CI: 0.20–0.76) for 

colorectal cancer-specific mortality compared with an HR of 1.22 (95% CI: 0.36–4.18) 

for those whose primary tumors had weak or absent COX-2 expression. In addition, 

those who had taken aspirin before diagnosis did not seem to benefit (HR 0.89, 95% CI: 

0.59–1.35) compared with those with no previous use (HR 0.53, 95% CI: 0.51–0.92) 

[434]. Similar results have been reported for breast cancer, with aspirin use after breast 

cancer diagnosis associated with decreased distant recurrence and breast cancer 

mortality [507]. Three small randomised-controlled trials have assessed the effects of 

aspirin in combination with traditional chemotherapy. Three hundred small cell lung 

cancer patients were assigned to take 1g of aspirin per day for 18 months or no aspirin 

in addition to their chemotherapy [508] and it was reported that there was no significant 

difference in survival between the groups and aspirin was well tolerated. Another trial 

found no evidence of a survival benefit when 176 patients with advanced renal cell 

carcinoma received interferon- with or without aspirin 2400 mg daily [509]. Another 

small trial of 66 patients evaluated 1200 mg of aspirin daily compared with placebo as 
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adjuvant treatment for Duke‘s B2 and C colorectal cancer (HR for survival 0.65, 95% CI: 

0.02–18.06, P¼0.90) [510]. 

 In conclusion, aspirin continues to be evaluated in vitro and in pre-clinical 

models as to the mechanisms of action as anti-neoplastic agent. Recent evidence from 

randomized trials shows a decrease in cancer incidence with long-term follow-up and 

colorectal & breast cancer studies show that aspirin use post-diagnosis increases 

cancer survival and decreases the time to recurrence. The development of new 

combination therapies that include aspirin should provide effective, low cost cancer 

treatment options. 

Tolfenamic acid (TA) as anticancer agent. TA is a widely used NSAID for treatment 

of migraines, headaches and alcohol induced hangovers [511]. It is a potent, well 

tolerated NSAID with relatively few side effects and a high therapeutic index [512]. It 

has antipyretic and analgesic properties as evidenced in several animal models and 

also shows promising results for treatment of osteoarthritis and rheumatoid arthritis 

[513, 514]. Fig. 1.27 represents the structure of TA. 

 

 

Fig. 1.27. The structure of TA [515]. 

 

 The commercial names for TA are Clotam Rapid and Tufnil for use in humans 

(not in the United States) and Tolfedine for veterinary use. The systematic (IUPAC) 
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name for TA is ‗‗2-[(3-chloro-2-methylphenyl)amino]benzoic acid)‘‘ and it belongs to the 

‗‗fenamates‘‘ class of NSAIDs [516, 517]. NSAIDs are known to cause side-effects, 

which include gastrointestinal bleeding and ulceration and high oral doses of TA 

exhibits a decreased incidence of these. In rare cases, other reported side effects such 

as fatigue, headache, vertigo, tremors, euphoria, and anemia may occur.  In one study 

conducted on wistar rats, TA caused only low gastro-ulcerogenicity when compared 

with 10 other NSAIDs including ketoprofen, indomethacin, and naproxen [512]. 

Recently, several reports have shown the efficacy of this drug for cancer chemotherapy 

[375, 518]. Studies from our laboratory identified TA as a novel anti-cancer agent in 

pancreatic, breast, esophageal and lung cancer models [519, 520] [518, 521]. The anti-

cancer activity of TA is COX-independent and related to the degradation of Sp 

transcription factors. TA inhibits pancreatic cancer cell growth and tumor growth through 

induction of proteasome-dependent degradation of Sp transcription factors [45, 375, 

518]. Recent evidence shows that TA induces apoptosis in colon cancer cells and also 

inhibits metastasis & tumorigenesis in pancreatic cancer models [375, 522, 523]. TA 

decreases the expression of angiogenic genes such as VEGF and VEGF receptors, 

which are mediated through downregulation of Sp transcription factors. The anti-

angiogenic activity of TA is associated with the inhibition of liver metastasis in an 

orthotropic model of pancreatic cancer [518]. TA also inhibits lung, esophageal, breast 

and ovarian cancer cell growth and with the exception of breast cancer cells, TA also 

induced downregulation of Sp1, Sp3, Sp4 and Sp-regulated genes [516, 519-522, 524]. 

However, the molecular basis for the induction of apoptosis and scope of its action in 

colorectal cancer has not been reported and will be investigated as part of my thesis 

research.  
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NO-NSAIDs AND CANCER 

 Design of pharmacological agents includes modification of known compounds in 

order to optimize their pharmacological properties, such as safety and efficacy. Nitric 

oxide-donating nonsteroidal anti-inflammatory drugs (NO-NSAIDs) represent an 

emerging class of drugs and their design was based on the known properties of 

NSAIDs and the newly discovered NO, a molecule that plays an important role in the 

cardiovascular system and in human physiology. It was expected that, NO-NSAIDs 

would exhibit properties of both NSAIDs and NO groups. Since release of NO group 

would mimic the effects of antihypertensive agents and prostaglandin analogs. NO-

donating compounds are also promising for treatment of other diseases, including 

cardiovascular diseases, asthma, hypoxic–ischemic brain injury, glaucoma, and 

alzheimer's disease because of their antioxidant activity [525-529].  

 NO-NSAIDs consist of a conventional NSAID to which an NO-releasing moiety 

is attached covalently, often via a spacer molecule (Fig. 1.28).  

 

 

Fig. 1.28. The chemical structure of NO-aspirin. The aspirin derivative designated NCX 4016 [2-
(acetyloxy)benzoicacid 3-(nitrooxymethyl)phenyl ester] is shown with its three structural components 

highlighted. The spacer molecule links traditional aspirin to -NO2, which can release NO [530]. 
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 Del Soldato et al .,[531] first synthesized NO-NSAIDs and a large number of 

NO-NSAIDs can be generated by varying the spacer molecules (Fig. 1.29), which can 

include aliphatic and aromatic molecules and the latter were more effective as spacers. 

Positional isomerism also influences the pharmacological efficiency of NO-ASA in colon 

cancer cells [530]. 

 

 

Fig.1.29. The structure of representative NO-NSAIDs.NO-NSAIDs consist of a 
conventional NSAID, the spacer molecule and the NO-releasing moiety (–ONO2). The 

conventional NSAID is in the boxed area [532]. 
 
 
 

 The rationale for the initial synthesis of NO-NSAIDs was based on the fact that 

NSAIDs damage the gastrointestinal mucosa by inhibiting the synthesis of 

cytoprotective prostaglandins [7], whereas the action of NO on this mucosa is similar to 

that of prostaglandins. Several in vivo studies showed that both prostaglandins and NO 

modulate mucosal blood flow, mucus release, mucosal injury repair, inhibit neutrophil 

adherence and activation, and of suppress mast cell degranulation [533, 534]. Thus 

release of NO by NO-NSAID provides locally generated NO and thereby protects from 

http://www.ncbi.nlm.nih.gov/pubmed/10431210
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NSAID-induced mucosal damage and this has been demonstrated in several animal 

and some human studies (Fig. 1.30) [535, 536]. For example, NO-donating aspirin 

maintains cyclooxygenase-1 and platelet inhibitory activity with minimal gastrointestinal 

damage. NMI-1182 and AZD3582 are NO-derivatives of naproxen that exhibit inhibition 

of COX activity similar to that naproxen, but cause significantly fewer gastric lesions 

than naproxen. The safety of NO-ASA was established in randomized studies 

conducted on 40 healthy subjects who were treated with NO-ASA or ASA or placebo for 

a week. Toxicity was determined using endoscopic injury scores which were lower for 

NO-ASA compared to that of ASA [536]. NO-NSAIDs exhibit a significantly higher 

cytostatic and cytocidal activity than that of the parent NSAID in different experimental 

in vitro and in vivo cancer models [537-549]. 

 

 

Fig. 1.30. Mechanism of gastric cytoprotection by NO-NSAIDs. While the NSAID moiety inhibits gastric PG 
production, the NO released from the NO-NSAID compensates for the loss of the PG synthesis. This 

mechanism is thought to account for the protection of gastric mucosa by NO-NSAIDs [530]. 
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 The hypothesized release of the cytoprotective NO group from NO-NSAIDs 

within the stomach is not accurate, since NO-ASA traverses the stomach intact, thus 

ruling out this mechanism, at least in the case of NO-ASA [550, 551]. An alternative 

explanation is that NO is released beyond the upper GI tract and can reach the gastric 

mucosa via the circulation; however this route of NO delivary to mucosa is unknown; 

even though elevated NO levels in the circulation have been observed following 

administration of NO-NSAIDs [551].  

 The chemotherapeutic properties of NO-NSAIDs such as NO-ASA, NO-sulindac 

and NO-ibuprofen have been reported in colon cancer cells; these compounds 

decreased growth of cultured HT-29 human colon adenocarcinoma cells more 

effectively compared to that of their related NSAIDs [548] and this was subsequently 

shown in several cancer cell lines [543, 545, 547, 552]. NO-NSAIDs inhibited cell 

proliferation, induced apoptosis and DNA degradation and caused a G0/G1 to S phase 

block in cell cycle progression [530]. The anticancer activity NO-NSAIDs was also 

observed in Min mice and in azoxymethane induced colon cancer. For example, NO-

ASP decreased incidence, multiplicity and size of tumor in Min mice and in 

azoxymethane induced colon tumors [538, 540, 542, 553] and NCX-4016 (NO-ASA) 

decreased the number of aberrant cryptic foci in the colon by 85%, where as only a 

64% was observed for aspirin [552]. 

 The anticancer activity of NO-NSAIDs has been observed not only in the colon 

cancer models but also in animal models for pancreatic, ovarian and bladder cancer 

[541, 552, 554, 555]. Other reports show that positional isomers of NO-NSAIDs also 

influence their anticancer activity. For example, the IC50 for growth inhibition of HT-29 

colon cancer cells differed between p-NO-ASP (12 uM) and m-NO-ASP (230 uM); meta 
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NO-ASA (3000 ppm) decreased pancreatic tumor growth and incidence (89.5%) where 

as ASA (3000 ppm) was not active [556]. NO-ASA also inhibited growth of BxPC-3 

human pancreatic cancer cells by increasing intracellular ROS, activation of MAPKs 

and induction of p21cip-1 resulting in suppression of cyclin D1 and growth inhibition [554]. 

NCX-4016 inhibited EGFR and STAT3 signaling, modulated Bcl-2 expression, induced 

apoptosis and inhibited cell cycle progression in cisplatin-resistant human ovarian 

cancer cells & xenografts [555]. A short 6 hour exposure to NCX-4040, a NO-ASP 

induced apoptosis due to caspase activation and mitochondrial membrane protein 

depolarization in HT1376 and MCR bladder cancer cell lines [541]. 

 

Table. 1.12. Growth inhibitory IC50 values of NSAIDs and NO-NSAIDs in colon cancer 
cells [552]. 

 

Compound 
IC50 (µM) 

HT-29 HCT-15 

Aspirin 
NO-Aspirin 
Ratio 

3500 ± 300 
5 ± 2 
689 ± 115 

3000 ± 250 
3 ± 1 
1083 ± 114 

Sulindac 
NO-sulindac 
Ratio 

682 ± 35 
33 ± 5 
21 ± 1 

487 ± 50 
35 ± 4 
14 ± 0.7 

Indomethacin 
NO-indomethacin 
Ratio 

580 ± 50 
35 ± 4 
17 ± 0.7 

436 ± 40 
25 ± 3 
18 ± 0.8 

Salicylic acid 
NO-salicylic acid 
Ratio 

>1000 
143 ± 28 
>7 

>1000 
112 ± 18 
>9 

Ibuprofen 
NO-Ibuprofen 
Ratio 

>1000 
48 ± 15 
>21 

>1000 
57 ± 20 
>18 

Flurbiprofen 
NO-flurbiprofen 
Ratio 

782 ± 35 
98 ± 10 
9 ± 0.4 

450 ± 50 
285 ± 75 
1.7 ± 0.2 
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 Several NO-NSAIDs including NO-ASA, NO-salicylic acid, NO-indomethacin, 

NO-sulindac, NO-ibuprofen and NO-flurbiprofen were more potent than their parent 

NSAIDs (Table.1.12) as inhibitors of HT-29 and HCT-15 colon cancer cell growth and 

the IC50s for these NO-NSAIDs were between 7-and -689 fold and 1.7- to 1083 fold 

lower than their corresponding NSAIDs in these cells respectively [552]. The activity 

NO-NSAIDs was COX-independent since HT-29 cells express COX enzymes whereas 

HCT-15 cells do not. NO-NSAIDs also cause morphological changes which include 

nuclear condensation, extensive vacuolization of cytoplasm, loss of cell membrane 

integrity, loss of volume and texture of the nucleus indicative of apoptosis and necrosis 

[552]. 

 

 

Fig. 1.31. Working model of the effect of nitric oxide (NO)-donating aspirin on signalling 
pathways and other molecular targets [557]. 
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  NO-ASA induces oxidative stress resulting in activation of the intrinsic apoptosis 

pathway and inhibition of Wnt (β-catenin) signaling (Fig. 1.31) [468]. Inhibition of Wnt 

signaling is a dual mechanism; the dominant mechanism operates at lower 

concentrations, NO-ASA, which blocked formation of β-catenin/TCF complexes; at 

higher concentrations β-catenin is cleaved. NO-NSAIDs also inhibit both inducible nitric 

oxide synthase (iNOS) [558] and NF-κB activation (Fig.1.33) [559]. However their action 

on cyclooxygenases was ambiguous since different studies show conflicting results 

[560]. NO-NSAIDs also modulate drug metabolizing enzymes such as induction of 

expression and activity of NAD(P)H:quinone oxireductase (NQO) and glutathione S-

transferase (GST) and translocation of Nrf2 into nucleus by binding to Keap1 [561]. NO-

ASA also suppressed microsatellite instability in mismatch repair-deficient cell lines 

suggesting that it can be used effectively for chemoprevention of HNPCC [562].  

GT-094 as anticancer agent. GT-094 (ethyl 2-((2, 3-bis (nitroxy) propyl) 

disulfanyl)benzoate) (Fig. 1.32) is a novel NO chimera containing three key structural 

features which include, an NSAID (thiosalicylate) and NO moieties and a disulfide 

pharmacophore. It was anticipated that GT-094 would be a prototype for the design of 

novel anticancer agents for treatment of colon and other cancers [563]. The use of 

thiosalicylate derivatives in colon cancer therapy has previously been documented and 

the thiosalicylate component of GT-094 was expected to be a COX-2 inhibitor which 

would in turn contribute to the chemopreventive activity of this compound in CRC [564, 

565]. The disulfide pharmacophore is responsible for the anti-inflammatory and anti-

proliferative activity and induction of cytoprotective phase II enzymes by GT-094 [563]; 

and other disulfides are reported to inhibit HCT-115 and Caco-2 cell proliferation by 

inducing a G2-M cell cycle arrest [566-569].  
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Fig. 1.32. Structure of GT-094. GT-094 releases nitrate and a NSAID moieties by rapid 
thiol/disulfide exchange with protein sulfhydryl groups [570]. 

 

 

 The anticancer activity of GT-094 was observed in azoxymethane-induced colon 

tumors in rats [570]. GT-094 decreased azoxymethane induced colon crypt proliferation 

by 30 to 69%, decreased inducible NO synthase levels by 33 to 67% and also 

decreased aberrant crypt foci by 45% compared to untreated animals [570]. GT-094 

also decreased poly (ADP-ribose) polymerase (PARP) and increased cleaved PARP (2- 

to 4-fold) and p27 expression in the distal colon [570]. GT-094 also decreased 

biomarkers of inflammation and DNA damage, such as iNOS and PARP-1 and 

differences between GT-094 and other NO-ASP analogs suggested that the nitrate 

structure influenced activity and this may be due to the activity of NO to activate both 

pro- and anti-apoptotic activities which is dependent on NO flux, cell type, and other 

factors [571]. 

 The antiproliferative and anti-inflammatory activities of GT-094 were further 

confirmed in Caco-2, HT-29 human colon cancer cell lines and murine macrophage-like 

RAW264.7 cells [570]. GT-094 inhibits iNOS protein expression, and synthesis of PGD2 
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& PGE2. GT-094 also inhibits induction of several cytokines and iNOS and induces 

detoxifying phase 2 enzymes (NQO1) in Hepa 1c1c7 cells [563]. The mechanisms of 

action of GT-094 as an anticancer agent was further investigated as part of this thesis 

research [572]. 

ASCORBIC ACID AND CANCER 

 Ascorbic acid (Vitamin C) deficiency results in scurvy, a disease which occurs in 

humans whose diets lack fresh fruits and vegetables; in the mid-18th century James 

Lind demonstrated that the juice of fresh citrus fruits cures scurvy. The active agent was 

a new glucose derivative (enolic form of 3-oxo-L-gulofuranolactone) named ‗‗hexuronic 

acid‘‘ by the Hungarian physician Szent-Gyorgyi [573]. Szent-Gyorgyi described the 

antiscorbutic activity of this compound which was given the trivial name, ascorbic acid 

(AA) (Fig. 1.33) to designate its function in preventing scurvy [574, 575]. Ascorbic acid 

can be generated de novo by many species and is synthesized via gulonolactone 

oxidase in the hexuronic acid pathway in the liver or the kidney. Since humans (as well 

as other primates, guinea pigs and a few bat species) lack this enzyme, they cannot 

synthesize ascorbic acid which must be provided in the diet from fruits and vegetables 

[576]. 
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Fig. 1.33. Different states of ascorbic acid [577]. 

 

Ascorbic acid as an anticancer agent. Several studies have demonstrated that 

ascorbic acid, an essential micronutrient in living systems, possesses chemopreventive 

and chemotherapeutic properties against cancer [578-581]. However, the role of 

ascorbic acid in cancer treatment and its mechanism of action have remained 

controversial [582, 583]. The reasons for this controversy are the lack of reproducibility 

of the therapeutic effects of ascorbate in cancer patients [584], a problem compounded 

by uncertainties associated with deficiencies of independent pathologic confirmation 

and failure to include appropriate placebo groups in clinical studies [585-588]. However, 

recent studies clarified, in part, the anticancer activity of ascorbic acid. McCormick, 

Cameron and Rotman, postulated two hypotheses regarding the use of ascorbate for 

cancer treatment [589-591]; namely that, ascorbate exerts an antitumor effect by 
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increasing collagen synthesis [590, 591] and that ascorbate inhibits hyaluronidase, an 

enzyme which breaks down hyaluronic acid [589]. Pauling, Cameron and Leibovitz 

subsequently provided a scientific basis to support these hypotheses [581, 592]. 

 Based on an initial study with 50 advanced cancer patients, Cameron et al., 

concluded that high-dose ascorbate enhanced patient survival [581]. In 1978, Cameron 

and Pauling subsequently showed that the long-term survival of cancer patients who 

received high-dose ascorbate was 20 times greater than patients in the control group 

(Fig.1.34) [584, 593]. 

 

 

Fig. 1.34. Comparison of survival times in patients administered with or without 
ascorbate. Adapted from Cameron and Pauling [594]. 

 

 

 In 1991, another prospective study showed that the survival of ascorbate-treated 

patients was 343 days compared to 180 days for controls who did not receive ascorbate 

[595]. However, Moertel and Mayo concluded that there was no significant difference in 
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the survival between ascorbate-treated and -untreated groups [587, 588]. The 

discrepancy between these findings may reflect differences in the route of ascorbate 

administration; Cameron administered ascorbate both orally and intravenously, while 

Moertel administered ascorbate exclusively through the oral route and these findings 

are summarized in Fig. 1.35 [596-598]. 

 

 

Fig. 1.35. Anticancer effects of ascorbate in cancer patients, comparision of different 
studies [594]. 

 

 

 However, in the Moertel and Mayo study, most of the patients had received prior 

chemotherapy, whereas only few patients (4/100) in the Cameron study received prior 

treatment with radiation and chemotherapy [593]. It is reported that there were clinical 

benefits and improved survival rates using both oral and intravenously administered 

ascorbate in the treatment of terminal cancer [581, 584]. Later on, two double blind, 
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placebo-controlled trials at the Mayo clinic showed that a high oral dose of ascorbate 

had no effect on cancer survival [587, 588]. These trials were considered definitive, 

possibly because of the difference in the in vivo levels of ascorbic acid achieved 

between the oral and intravenous administration, which was not adequately 

appreciated. Plasma levels of ascorbic acid are tightly controlled and are around 50 µM 

[599]. Padayatty et al. have shown that intravenous administration of ascorbic acid 

bypasses such tight control and results in approximately a 70-fold higher concentration 

than those achieved by maximum oral dose [600]. Recently, Levine and coworkers 

have demonstrated that pharmacologic ascorbic acid concentrations achievable through 

intravenous administration were cytotoxic to many types of cancer cells in vitro and 

significantly inhibit tumor progression in vivo without being toxic to normal tissues [601]. 

A possible mechanism of action was proposed that involves ascorbic acid-induced 

formation of H2O2 in the extracellular fluid leading to the cytotoxic effects [602-604]. 

Mechanism of action of ascorbate. Several studies have shown that pharmacological 

(mM) concentrations of ascorbic acid kill cancer cells but not normal cells in a hydrogen 

peroxide (H2O2)-dependent manner [578, 601, 605] and these concentrations are 

attained in humans by i.v. infusion but not through oral administration of ascorbate 

[600]. Hence, ascorbic acid is hypothesized to exert local pro-oxidant effects in the 

interstitial fluid surrounding tumor cells, thereby inhibiting their growth or killing them, 

while leaving normal cells intact [578, 601, 605]. 

 In normal physiological conditions, ascorbic acid, acts as an effective biologic 

antioxidant, however, ascorbate readily donates an electron (e- ) to redox-active 

transition metal ions, such as cupric (Cu2+) or ferric (Fe3+) ions, reducing them to 

cuprous (Cu+) and ferrous (Fe2+) ions, respectively (Reaction 1) (Fig. 1.38). In fact, 

http://www.pnas.org/content/105/32/11037.full#disp-formula-1
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.- . . .- 

reduction of copper or iron in the catalytic site of certain enzymes contribute to the 

biologic functions of acsorbate as a co-substrate in procollagen, carnitine, and 

catecholamine biosynthesis [606]. Reduced transition metal ions, in contrast to ascorbic 

acid, readily react with O2, reducing it to superoxide radicals (Reaction 2), which in turn 

dismutate to form H2O2 and O2 (Reaction 3) (Fig. 1.36). 

AscH- + Me(n+1)+             Asc
.- + Men+ + H+    [Reaction 1] 

Men+ + O2             Me(n+1)+ + O2    [Reaction 2] 

HO2 + O2 + H+            H2O2+O2    [Reaction 3] 

2AscH- + O2             2Asc
.- + H2O2  [Sum of Reactions 1-3] 

 The production of H2O2 (Reactions 1–3) is important for the anticancer activity of 

ascorbate since H2O2 causes tumor cells to undergo apoptosis, necrosis and pyknosis 

[578]. In contrast, normal cells are less susceptible to H2O2 and the reason for the 

increased sensitivity of cancer cells to H2O2 is not clear but may be due to lower 

antioxidant defenses [607]. In fact, a lower capacity to destroy H2O2—e.g., by catalase, 

peroxiredoxins, and GSH peroxidases—may cause tumor cells to grow and proliferate 

more rapidly than normal cells in response to low concentrations of H2O2.  

 It is well known that H2O2 induces dose-dependent effects on several cell 

functions, including growth stimulation at very low concentrations to growth arrest, 

apoptosis, and eventually necrosis at higher concentrations [608]. This dose-

dependency may be shifted in tumor cells, making them more sensitive to both the 

growth stimulatory and cytotoxic effects of H2O2. The increased sensitivity of tumor cells 

to H2O2 –induced death may provide the specificity and the ―therapeutic window‖ for the 

anticancer activity of extracellular ascorbate [578, 601]. 

Me 

http://www.pnas.org/content/105/32/11037.full#disp-formula-2
http://www.pnas.org/content/105/32/11037.full#disp-formula-3
http://www.pnas.org/content/105/32/11037.full#disp-formula-4
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Fig. 1.36. Proposed mechanism for formation of Asc•− and H2O2 in extracellular fluid 
compared with blood [605]. After oral and parenteral administration, ascorbic acid 

achieves equivalent concentrations in blood (left side) and extracellular fluid (right side). 
In extracellular fluid, pharmacologic concentrations of ascorbic acid lose one electron 
and form Asc•−. The electron reduces a protein-centered metal (Fe3+ to Fe2+) and Fe2+ 
donates an electron to oxygen, forming active oxygen such as superoxide (O2

•−) with 
subsequent dismutation to H2O2 [609]. In blood (left side), it is proposed that these 

reactions are damped or inhibited (dashed lines). Asc•− appearance will be inhibited by 
red blood cell membrane-reducing proteins [610] and/or by large plasma proteins that 

do not distribute to the extracellular space. Any formed H2O2 will be immediately 
destroyed by plasma catalase and red blood cell GSH peroxidase, so that no H2O2 will 

be detectable [587, 588, 611]. The identities of the metal-centered proteins are 
unknown. 

 
 
 

 The conversion of ascorbate to H2O2, as explained above (Reactions 1–3), 

requires a redox-active transition metal and without which ascorbate cannot exhibit pro-

oxidant activity. Chen et al. [578] proposed that there is an extracellular ―metalloprotein 

catalyst‖ (10-30 kDa) that interacts with ascorbate; identification of this metalloprotein 

will be important because it is responsible for the action of millimolar concentrations of 

ascorbate as a pro-oxidant in interstitial fluid. In contrast, the metalloprotein must be 

http://www.pnas.org/content/105/32/11037.full#disp-formula-4
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absent or inactive in blood, otherwise ascorbate would become oxidized to the ascorbyl 

radical or become unstable and this is not observed [601]. If this putative metalloprotein 

can be identified and characterized, it may also serve as an additional target for 

anticancer therapy. For example, other naturally occurring reducing agents, such as 

certain flavonoids or thiol compounds, may be particularly effective in reducing the 

protein's metal center, or drugs may be developed to specifically target this center. 

However, there is no direct evidence for the existence of the metalloprotein or formation 

of reduced transition metal ions by extracellular ascorbate. Chen et al. [601] measured 

the other reaction product formed between ascorbate and the putative metal center, i.e., 

the ascorbyl radical (Reaction 1). They also showed formation of this radical is time-

dependent and dose-dependent in interstitial fluid of tissues, including tumor xenografts, 

but not in the blood (Fig. 1.38) [601, 605]. They also showed that the concentration of 

the ascorbyl radical correlates with the concentration of H2O2 in the interstitial fluid, 

whereas no H2O2 can be detected in the blood or plasma (Fig. 1.38) [605, 612]. These 

observations, combined with the inhibitory effects of ascorbate on xenograft growth, 

provide the proof of the concept that millimolar concentrations of extracellular 

ascorbate, achievable by i.p. injection or i.v. infusion in experimental animals and 

humans respectively, exhibits pro-oxidant and antitumorigenic activity in vivo. The 

mechanism of ascorbate-induced ROS (H2O2) and ROS-induced downstream effects in 

cancer cells will be investigated in this thesis research.  

http://www.pnas.org/content/105/32/11037.full#disp-formula-1
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CHAPTER II 

ASPIRIN INHIBITS COLON CANCER CELL AND TUMOR GROWTH AND 

DOWNREGULATES SPECIFICITY PROTEIN (Sp) TRANSCRIPTION FACTORS 

 

INTRODUCTION 

 Acetylsalicylic acid or aspirin is a non-steroidal anti-inflammatory drug (NSAID) 

widely used for treatment of pain, fever and other inflammatory conditions [613] and the 

role of aspirin and other NSAIDs in cancer has been extensively investigated [614, 615]. 

Aspirin use is associated with decreased risk for colorectal, breast, esophageal, lung, 

stomach and ovarian cancer, and aspirin is both a chemopreventive and 

chemotherapeutic agent for breast and colon cancer [616-620].  A recent report on the 

chemopreventive effects of aspirin showed that the incidence of colon cancer in 

Scotland was significantly decreased in the general population at the lowest daily dose 

of aspirin (75 mg) and the decreased incidence was observed even after only 5 yr of 

aspirin use [619].  In another study on the chemotherapeutic effects of aspirin in colon 

cancer patients, a hazard ratio of 0.53 (for mortality) was observed in patients who did 

not use the drug prior to diagnosis and this value decreased to 0.39 for a subset of 

patients overexpressing COX-2 [617]. 

 Several studies on colon cancer cells and colon tumor models have confirmed 

that aspirin inhibits growth and induces apoptosis in these systems; however, the 

specific effects of aspirin are somewhat variable in these reports.  For example, aspirin 

downregulates bcl-2 expression [621], inhibits vascular endothelial growth factor, 

exhibits antiangiogenic activity [622, 623], and inhibits the Wnt/-catenin pathway [624].  

Dunlop and coworkers have also demonstrated that aspirin-induced downregulation of 
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IB in colon cancer cells results in enhanced nuclear accumulation of the NF-κB 

complex (p65/p50) and this has been linked to a pro-apoptotic pathway in colon cancer 

cells [485, 625, 626]. 

 GT-094 is a synthetic nitro-non-steroidal anti-inflammatory drug (NO-NSAID) 

and like aspirin, GT-094 also inhibits colon cancer cell and tumor growth [570, 627].  

Mechanistic studies indicate that the anticancer activity of GT-094 is due, in part, to 

ROS-dependent downregulation of specificity protein (Sp) transcription factors Sp1, 

Sp3, Sp4 and Sp-regulated genes which include bcl-2, survivin, hepatocyte growth 

factor receptor (c-MET), VEGF and its receptor VEGFR1 [627].  Other drugs including 

NSAIDs such as tolfenamic acid and COX-2 inhibitors also inhibit cancer cell growth 

and downregulate Sp transcription factors [628-636] and, in this study, we have 

investigated the effects of aspirin on Sp proteins and other Sp-regulated genes 

including -catenin.  Our results show that aspirin and salicylate downregulate Sp1, 

Sp3, Sp4 and several Sp-regulated gene products in colon cancer cells and identifies 

an important pathway for the anticancer activity of aspirin that is consistent with RNA 

interference (RNAi) studies in which knockdown Sp1, Sp3 and Sp4 in cancer cells also 

inhibits growth and induces apoptosis [634-636].  Knockdown of Sp proteins also 

demonstrated that -catenin is an Sp-regulated gene in colon cancer cells.  Results of 

this study, coupled with previous reports on the mechanisms of aspirin-mediated 

inhibition of colon cancer cell growth, will also facilitate development of therapies with 

aspirin and NSAID analogs in combination with other agents used to treat colon cancer.  

The reported high serum salicylate/aspirin ratios observed in human studies using 

aspirin [637] suggest that salicylate may be an important contributor to the anticancer 

activity of aspirin in colon cancer patients. 
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MATERIALS AND METHODS 

Cell lines, reagents and antibodies. RKO, SW480, HT-29 and HCT-116 human colon 

carcinoma cell lines were obtained from American Type Culture Collection (Manassas, 

VA).  RKO and SW480 cells were maintained in Dulbecco‘s modified/Ham‘s F-12 

(Sigma-Aldrich, St. Louis, MO) with phenol red supplemented with 0.22% sodium 

bicarbonate, 5% fetal bovine serum, and 10ml/L 100X antibiotic/antimycotic solution 

(Sigma).  HT-29 and HCT-116 cells were maintained in McCoy‘s 5A medium (Sigma-

Aldrich, St. Louis, MO) with phenol red supplemented with 0.22% sodium bicarbonate, 

10% fetal bovine serum, and 10 ml/L 100X anti-biotic anti-mycotic solution (Sigma).  

The cells were grown in 150 cm2 culture plates in an air/CO2 (95:5) atmosphere at 37C 

and passaged approximately every 3-5 days.  All antibodies were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA), except cleaved poly (ADP) ribose 

polymerase (PARP) and c-Met (Cell Signaling Technology, Danvers, MA), Sp1, survivin 

and VEGF-R2 (Millipore, Temecula, CA), VEGFR1 and p65 (Abcam Inc. Cambridge, 

MA), and -actin antibodies (Sigma-Aldrich). -Catenin was purchased from Epitomics, 

Inc., Burlingame, CA. The NSAIDs acetylsalicylic acid and sodium salicylate were 

purchased from Sigma-Aldrich. N,N,N',N'-Tetrakis(2-pyridylmethyl)ethylenediamine 

(TPEN), glutathione (98%) (GSH), and lactacystin were purchased from Sigma-Aldrich 

(St Louis, MO). Dithiothretol (DTT) (98%) was obtained from Boehringer Mannheim 

Corp, (Indianapolis, IN).Caspase inhibitors 2, 8 and 9 and pancaspase inhibitor (Z-VAD-

fmk) are purchased from Calbiochem (SanDiego, CA). Leptomycin B was inhibitor of 

nuclear export purchased from Enzo Life Sciences International, Inc. (Plymouth 

Meeting, PA). Lipofectamine and Lipofectamine 2000 were purchased from Invitrogen. 

Luciferase reagent was from Promega (Madison, WI). β-Galactosidase reagent was 

http://www.jbc.org/cgi/redirect-inline?ad=Invitrogen
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obtained from Tropix (Bedford, MA). NFB promoter construct was purchased from 

Stratagene (Cedar Creek, TX). The VEGF and survivin promoter constructs were 

provided by Drs. Gerhard Siemeister and Gunter Finkenzeller (Institute of Molecular 

Medicine, Tumor Biology Center, Freiburg, Germany) and Dr. M. Zhou (Emory 

university, Atlanta, GA), respectively. Sp1 and Sp3 promoter constructs were kindly 

provided by Drs. Carlos Cuidad and Veronique Noe (University of Barcelona, 

Barcelona, Spain). 

Cell proliferation assays. RKO, SW480, HT-29 and HCT-116 colon cancer cell lines 

were plated (3 x 104 per well) using DMEM:Ham‘s F-12 medium containing 2.5% 

charcoal stripped fetal bovine serum (FBS) in 12-well plates and left to attach for 24 hr.  

Cells were then treated with either vehicle or the indicated concentrations of aspirin and 

sodium salicylate.  After 24, 48 and 72 hr of treatment, cells were counted using a 

Coulter Z1 particle counter.  Each experiment was carried out in triplicate and results 

are expressed as meansSE for each determination. 

Annexin V staining. Apoptosis, necrotic and healthy cell detection kit was purchased 

from Biotium, Inc (Hayward, CA). RKO, SW480, HT-29 and HCT-116 colon cancer cells 

(7.5 x 104) were seeded in Lab-Tek two chambered cover glass slides and allowed to 

attach overnight.  After treatment with aspirin (10 mM) for 24 hr, cells were washed with 

cold phosphate-buffered saline (PBS) twice and incubated with FITC Annexin V, 

ethidium homodimer III and Hoechst 33342 in Annexin V binding buffer for 20 min 

according to the manufacturer‘s instructions in the protocol. The cells were then washed 

twice with Annexin V binding buffer and flouroscence was analyzed with a digital 

fluorescence microscope. 
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siRNA interference assays. SiRNAs for Sp1, Sp3, Sp4, and Lamin werepurchased 

from Sigma-Aldrich.  The siRNA complexes used in this study are indicated as follows: 

Lamin: SASI_Hs02_00367643 

Sp1:  SASI_Hs02_00363664 

Sp3   5'-GCG GCA GGU GGA GCC UUC ACU TT 

Sp4   5'-GCA GUG ACACAU UAG UGA GCT T 

RKO and SW480 colon cancer cell lines were seeded (6 x 104 per ml) in 6-well plates in 

DMEM:Ham's F-12 medium supplemented with 2.5% charcoal-stripped FBS without 

antibiotic and left to attach for 1 d.  Knockdown of Sp1,Sp3, Sp4 individually or a 

combination of all 3 proteins was carried out using appropriate siRNA along with iLamin 

as control was performed using LipofectAMINE 2000 transfection reagent as per the 

manufacturer's instructions. 

Transfection and luciferase assay. RKO and SW480 colon cancer cells (1x105 per 

well) were plated in 12-well plates in DMEM/Ham‘s F-12 medium supplemented with 

2.5% charcoal-stripped FBS.  After 24 hr, various amounts of DNA [i.e., 0.4 g PGL3-

Luc, 0.04 g -galactosidase, and 0.4 g pNFκB-Luc (4)-Luc] were transfected using 

LipofectAMINE 2000 reagent according to the manufacturer‘s protocol.  After 5 hr of the 

transfection, the transfection mix was replaced with complete medium containing either 

vehicle (DMSO) or the indicated compound in DMSO. 

 For RNA interference studies, RKO and SW480 colon cancer cells were 

cotransfected with siRNA for Sp1, Sp3, Sp4 or Lamin along with various amounts of 

DNA for PGL3-Luc or 0.4 g pNFκB-Luc. After 22 hr, cells were then lysed with 100 L 

of 1X reporter lysis buffer, and cell extracts (30 µL) were used for luciferase and -

galactosidase assays.  A Lumicount luminometer was used to quantitate luciferase and 
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-galactosidase activities, and the luciferase activities were normalized to -

galactosidase activity. 

Western blots. RKO, SW480, HT-29 and HCT-116 colon cancer cells were seeded in 

DMEM:Ham‘s F-12 medium containing 2.5% charcoal-stripped FBS and, after 24 hr, 

cells were treated with either vehicle (DMSO) or the indicated compounds.  Cells were 

collected using high-salt buffer (50 mM HEPES, 0.5 mol/L NaCl, 1.5 mM MgCl2, 1 mM 

EGTA, 10% glycerol, and 1% Triton-X-100) and 10 ml/L Protease Inhibitor Cocktail 

(Sigma-Aldrich). After centrifugation of the lysates at 15,000 g for 15 min at 4oC, the 

supernatants were recovered, and protein was quantified by the Bradford protein assay. 

Protein lysates (15-60 µg) were incubated for 5 min at 100C along with 5X loading 

buffer and then separated by electrophoresis on 7.5-12% sodium dodecyl sulphate-

polyacrylamide gels at 120 V for 3 to 4 hr.  Proteins were transferred onto 

polyvinylidenedifluoride membranes by wet electroblotting in a buffer containing 25 

mMTris, 192 mM glycine, and 20% methanol for 1.5 hr at 180 mÅ.  Membranes were 

blocked for 45 min with 5% TBST-Blotto (10 mMTris-HCl, 150 mMNaCl, pH 8.0, 0.05% 

Triton X-100, and 5% nonfat dry milk) and incubated in fresh 5% TBST-Blotto with 

1:500 primary antibody overnight with gentle shaking at 4C.  After washing twice with 

TBST for 10 min, the membrane was incubated with secondary antibody (1:5000) in 5% 

TBST-Blotto for 3-4 hr by gentle shaking.  The membrane was washed twice with TBST 

for 10 min, incubated with 2 ml of chemiluminescence substrate (Millipore, Temecula, 

CA) for 1 min, and exposed to Kodak image station 4000 mm Pro (Carestream Health, 

Rochester, NY). 

Xenograft studies in athymic mice. Female athymic (nude) mice were purchased 

from Harlan Laboratories (Indianapolis, IN). The mice were housed and maintained 
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under specific pathogen-free conditions in facilities approved by the American 

Association for Accreditation of Laboratory Animal Care and in accordance with current 

regulations and standards of the United States Department of Agriculture, United States 

Department of Health and Human Services. The mice were used in accordance with 

institutional guidelines. To produce tumors, RKO cells were harvested from 

subconfluent cultures by a brief exposure to 0.25% trypsin and 0.02% 

ethylenediaminetetraacetic acid. Trypsinization was stopped with medium containing 

10% fetal bovine serum, and the cells were washed once in serum-free medium and 

resuspended in serum free medium. Only suspensions consisting of single cells with 

90% viability were used for the injections. A xenograft was established by subcutaneous 

injection of the cells (3×106) into the flanks of individual mice. Tumors were allowed to 

grow for 6 d until they were palpable. Mice were then randomized into two groups of 6 

mice per group and dosed by oral gavage in corn oil 200 mg/kg/day (neutralized with an 

equimolar concentration of NaOH) of aspirin on every day for 14 d. The mice were 

weighed, and tumor size was measured every second day with calipers to permit 

calculation of tumor volumes: V=LW2/2, where L and W were length and width, 

respectively. After 14 d, the animals were sacrificed; final body and tumor weights were 

determined and plotted. At the end of the experiment, major visceral organs and tumors 

were collected and analyzed for Sp protein expression and induction of apoptosis using 

western blots and TUNEL staining respectively. 

Statistical analysis. Statistical significance of differences was determined by analysis 

of variance and student t-test, and the levels of probability were noted. All statistical 

tests were two-sided.  IC50 values were calculated using non-linear regression analysis 

and expressed in M, at 95% confidence intervals. 
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RESULTS 

Aspirin inhibits growth and induces apoptosis in colon cancer cells. In this study, 

different concentrations (2.5-10 mM) of aspirin inhibited growth of SW480, RKO, HT-29 

and HCT-116 cells over a  period of 3 days (Figs. 2.1A and 2.1B), and IC50 values for 

aspirin-induced growth inhibition were in the range of 2.5-5 mM in all 4 cell lines.  The 

high dose (10 mM) of aspirin was used to determine the proapoptotic effects of this 

compound after treatment for only 24 hr and the results show that aspirin increased 

Annexin V staining in all 4 colon cancer cell lines (Fig. 2.1C).  The proapoptotic effects 

of aspirin (5 and 10 mM) were further investigated in colon cancer cells by determining 

changes in expression in the survival proteins bcl-2 and survivin and induction of 

caspase-dependent PARP cleavage. Aspirin induced a concentration- and time-

dependent downregulation of survivin and bcl-2 and induced of PARP cleavage, a 

marker of apoptosis (Figs. 2.1D and 2.1E). 

Aspirin and salicylate downregulates Sp1, Sp3, Sp4 and Sp-regulated genes. 

Previous studies by RNA interference (RNAi) show that both survivin and bcl-2 are 

regulated by Sp1, Sp3 and Sp4 in cancer cells [627, 632, 634-636].  Therefore, RKO, 

SW480, HT-29 and HCT-116 cells were treated with 5 and 10 mM aspirin for 24 or 48 

hr and western blot analysis showed that there was a concentration- and time-

dependent decrease in Sp1, Sp3 and Sp4 proteins in all 4 cell lines (Figs. 2.2A and 

2.2B). 



124 

 

 

Fig. 2.1. Aspirin inhibits colon cancer cell growth and induces apoptosis.  Inhibition of SW480 and RKO (A) 
and HT-29 and HCT-116 (B) cell proliferation.  Cells were treated with DMSO or 2.5-10 mM aspirin for 3 

days, and cell numbers were determined as described in the Experimental Procedures.  Induction of 
Annexin V staining (C) and apoptotic responses in RKO and SW480 (D) and HT-29 and HCT-116 (E) cells.  

Annexin V staining was determined as described in the Experimental Procedures.  The expression of 
apoptotic proteins PARP cleavage was determined by western blot analysis of whole cell lysates as 

described in the Experimental Procedures.  Results in (A) and (B) are means  SE for 3 replicate 
determination for each treatment group, and significant (p < 0.05) inhibition is indicated (*). 
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Moreover, treatment of RKO, SW480, HT-29 and HCT-116 colon cancer cells with 5 or 

10 mM aspirin for 24 or 48 hr also decreased expression of several gene products 

regulated by Sp1, Sp3 and Sp4 [634-639] and these include VEGF, VEGFR1, cyclin D1 

and c-MET proteins, and the effects of aspirin on their expression were both 

concentration- and time-dependent.  

 We also investigated the effects of 5 and 10 mM aspirin on luciferase activity in 

RKO and SW480 cells transfected with constructs containing GC-rich promoter inserts 

from the Sp1 (pSp1For4, -751 to -20), Sp3 (pSp3For5, -417 to -38), VEGF (pVEGF, 

-2018 to +50), and survivin (pSurvivin, -269 to +49) genes (Fig. 2.2E).  With the 

exception of the VEGF construct, 5 and 10 mM aspirin significantly decreased 

luciferase activity and these results correlated with the decreased expression of the 

corresponding Sp1, Sp3, VEGF and survivin proteins in RKO and SW480 cells.  The 

increase in luciferase activity in RKO cells treated with 5 mM aspirin and transfected 

with pVEGF may be due to the relatively slow downregulation of this protein which was 

only observed after 48 hr at the 10 mM concentration, suggesting that other aspirin-

induced pathways may also be activating VEGF. 
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Fig. 2.2. Aspirin decreases expressions of Sp1, Sp3, Sp4 and Sp-regulated gene products in colon cancer 
cells.  Downregulation of Sp proteins in RKO and SW480 (A) and HT-29 and HCT-116 (B) and Sp-

regulated gene products in RKO and SW480 (C) and HT-29 and HCT-116 (D) cells.  Cells were treated 
with 5 or 10 mM aspirin for 24 or 48 hr, and whole cell lysates were analyzed by western blot analysis as 

described in the Experimental Procedures.  Results are typical of duplicate experiments.  (E) Aspirin 
decreases reporter gene activity.  Cells were transfected with pSp1For4, pSp3For5, pVEGF and pSurvivin 

and treated with DMSO or aspirin (5 or 10 mM).  Luciferase activity was determined as described in the 
Experimental Procedures.  Results are expressed as means ± SE (3 replicates) and significant (p < 0.05) 

inhibition is indicated (*). 
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Fig. 2.3. Salicylate inhibits colon cancer cell growth and downregulates Sp1, Sp3, Sp4 and Sp-regulated 
genes.  Inhibition of RKO and SW480 (A) and HCT-116 and HT-29 (B) cell growth.  Cells were treated with 

2.5-10 mM sodium salicylate for up to 3 days, and cell numbers were determined as described in the 
Experimental Procedures.  Protein downregulation in RKO and SW480 (C) and HCT-116 and HT-29 (D) 

cells.  Cells were treated with 5 or 10 mM salicylate for 24 or 48 hr, and whole cell lysates were analyzed by 
western blot analysis as described in the Experimental Procedures. 
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Aspirin is rapidly metabolized to salicylate [637] and the effects of salicylate on colon 

cancer cell growth, Sp proteins and Sp-regulated genes was also investigated (Fig. 

2.3).  Salicylate (sodium salt) (2.5-10 mM) also inhibited growth of all 4 cell lines (Figs. 

2.3A and 3B), and the growth inhibitory effects were similar to that observed for aspirin 

(Figs. 2.2A and 2.2B).  Growth inhibition was accompanied by the time-dependent 

downregulation of Sp1, Sp3, Sp4 and Sp-regulated gene products (bcl-2, cyclin D1, 

survivin and VEGF) in RKO and SW480 (Fig. 2.3C) and HCT-116 and HT-29 (Fig. 

2.3D) cells.  This pattern of responses for sodium salicylate was comparable to that 

observed for aspirin (Figs. 2.1 and 2.2) and similar effects were also observed for 

methyl salicylate (data not shown) which is also rapidly metabolized to salicylate. 

Aspirin-induced suppression of NF-κB and -catenin is due, in part, to Sp-

downregulation. It has previously been reported that aspirin enhanced nuclear NF-κB 

accumulation [485, 625, 626] and this was further investigated in RKO and SW480 cells 

treated with 5 and 10mM aspirin for 48 hr.  Levels of cytosolic p65 and p50 levels were 

decreased, whereas nuclear p65 and p50 levels were relatively unchanged after 

treatment with aspirin (Figs. 2.4A and 2.4B) and these results differed with previous 

studies [485, 625, 626].  Moreover, overall levels of nuclear proteins were <10% of 

cytosolic proteins and this was confirmed by western blot analysis of whole cell lysates 

from cells treated with 5 or 10 mM aspirin which showed that both p65 and p50 proteins 

were decreased in both cell lines within 48 hr after treatment with aspirin (Figs. 2.4A 

and 2.4B).  Aspirin also decreased luciferase activity in SW480 and RKO cells 

transfected with a pNF-κB-luc construct (Fig. 2.4C) and these results were consistent 

with the observed downregulation of both p65 and p50 proteins (Figs. 2.4A and 2.4B). 
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Fig. 2.4. Aspirin decreases expression of NFB and -catenin in colon cancer cells.  
Decreased p65/p50 in RKO (A) and SW480 (B) cells.  Cells were treated for 48 hr with 
5 or 10 mM, and whole cell, nuclear and cytosolic extracts were analyzed by western 

blot analysis as described in the Experimental Procedures.  (C) Aspirin decreases NF-
κB-luc.  The construct was transfected into RKO and SW480 cells treated with DMSO 

or aspirin, and luciferase activity determined as described in the Experimental 

Procedures.  Results are means  SE (3 replicates) and significant (p < 0.05) inhibition 

is indicated (*).  (D) Downregulation of -catenin.  Cells were treated with 5 or 10 mM 
aspirin for 48 hr, and whole cell lysates were analyzed by western blot analysis as 

described in the Experimental Procedures. 
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Previous studies reported that aspirin decreased -catenin expression in colon cancer 

cells [624] and our results confirmed that 5-10 mM aspirin also decreases -catenin 

expression in RKO and SW480 colon cancer cells (Fig. 2.4D). 

 Since NF-κB (p65) and the -catenin promoters contain GC-rich Sp binding sites 

[638, 639], we used RNAi to determine the role of Sp1, Sp3 and Sp4 in regulation of 

p65, p50 and -catenin in colon cancer cells.  RKO and SW480 cells were transfected 

with small inhibitory RNAs targeting Sp1 (iSp1), Sp3 (iSp3), and Sp4 (iSp4) alone and 

in combination (iSp1/3/4).  Figure 2.5A shows that each individual oligonucleotide 

decreased expression of its individual target (Sp1, Sp3 and Sp4) and iSp1/3/4 knocked 

down all three proteins.  iSp1 also decreased expression of Sp4 (but not Sp3) and this 

is consistent with previous studies showing cross-regulatory interactions among the Sp 

transcription factors due to their GC-rich promoters [632, 635]. Fig. 2.5B illustrates cell 

context-dependent differences in the effects of iSp1, iSp3 and iSp4 on p65 expression 

in RKO and SW480 cells where Sp1, Sp3 and Sp4 knockdown resulted in small 

changes in p65 in RKO cells and Sp1 and to a lesser extent Sp4 knockdown decreased 

p65 in SW480 cells.  iSp1/3/4 (combined oligonucleotides) decreased p65 expression in 

both cell lines, whereas minimal effects were observed for p50.  Thus, aspirin-induced 

downregulation of p50 (Figs. 2.4A and 2.4B) was Sp-independent.  Fig 2.5C shows that 

iSp1/3/4 also decreased luciferase activity in RKO (90%) and SW480 (40%) cells 

transfected with the NF-κB-luc construct, and the different effects of Sp knockdown in 

these cells suggest a more dominant role for Sp-dependent regulation of NF-κB in RKO 

than SW480 cells.  Sp knockdown (combined) also decreased -catenin protein in RKO 

and SW480 cells and results of knockdown of individual Sp proteins suggest that Sp1 

and Sp4 are the dominant transcription factors required for constitutive expression of -
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catenin in RKO cells, whereas knockdown of Sp1, Sp3 and Sp4 decrease -catenin 

protein levels in SW480 cells (Fig. 2.5D). 

 

 

Fig. 2.5. Knockdown of Sp1, Sp3 and Sp4 (alone and combined) by RNA interference. 
Knockdown of Sp1, Sp3, Sp4 and Sp1/3/4 (A) and p65/p50 (B) in colon cancer cells.  

Cells were transfected with various oligonucleotides, and whole cell lysates were 
analyzed by western blot analysis as outlined in the Experimental Procedures.  (C) 

Knockdown of Sp1/3/4 (combined) inhibits NFB-luc.  Cells were transfected with 

iLamin (control) and iSp1/3/4 (combined oligonucleotides) and NFB-luc, and luciferase 
activity was determined as described in the Experimental Procedures.  Results are 

expressed as means  SE (3 replicates), and significantly (p < 0.05) decreased activity 

is indicated (*).  (D) Sp knockdown decreases -catenin.  Cells were transfected with 
various oligonucleotides, and whole cell lysates were analyzed by western blot analysis 

as described in the Experimental Procedures. 
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Mechanism of aspirin-induced downregulation of Sp1, Sp3 and Sp4. Several 

pathways have been described for enhanced Sp degradation in cancer cell lines and 

these include activation of proteasomes, caspases and ROS [627-630, 632-636] and 

also a pathway which involves nuclear export of Sp1 followed by proteolytic degradation 

in the cytosol [640]. Western blot analysis of nuclear and cytosol fractions from RKO 

and SW480 cells show that Sp1, Sp3 and Sp4 are localized in the nucleus and 

treatment with aspirin decreased Sp1, Sp3 and Sp4 protein levels in the nucleus without 

any apparent translocation to the cytosol (Fig. 2.6A).  Similar results were observed 

after cotreatment with aspirin and the nuclear export inhibitor leptomycin B (combined), 

indicating that nuclear export of Sp1, Sp3 or Sp4 was not required for aspirin-induced 

downregulation of Sp1, Sp3 and Sp4.  Other agents such as the nitro-NSAID GT-094 

and betulinic acid decreased Sp proteins in RKO and SW480 cells through ROS-

dependent induction of Sp transcriptional repressor ZBTB10 and this response was 

attenuated by antioxidants such as GSH or DTT [627, 641]; however, results in Fig. 

2.6B show that these antioxidants do not block aspirin-induced downregulation of Sp 

proteins.  Results of preliminary studies show that aspirin-induced downregulation of Sp 

proteins was also not blocked by proteasome inhibitors (data not shown) but was 

affected by cotreatment with the pancaspase inhibitor Z-VAD-fmk.  Figs. 2.6C and 2.6D 

show that aspirin-induced Sp downregulation in RKO and SW480 cells was inhibited 

after cotreatment with the pancaspase inhibitor (Z-VAD-fmk), caspase-2 (Z-VDVAD-

fmk), and caspase-8 (Z-IETD-fmk) inhibitors but only partially blocked with the caspase-

9 (Z-LEHD-fmk) inhibitor. 
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Fig. 2.6. Mechanisms of aspirin-induced Sp protein degradation. (A) Effects of 
leptomycin B.  Cells were treated with 10 mM aspirin in the presence or absence of 

leptomycin B for 48 hr, and whole cell lysates were analyzed by western blot analysis 
as described in the Experimental Procedures.  Effects of antioxidants (B) and caspase 
inhibitors (C, D) on aspirin-induced Sp protein downregulation.  Cells were treated with 
DMSO, aspirin alone or in combination with antioxidants or caspase inhibitors, and after 

48 hr, whole cell lysates were analyzed by western blots analysis as described in the 
Experimental Procedures. 
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Fig.2.7. Zinc depletion results in downregulation of Sp proteins.  TPEN decreases levels of Sp1, Sp3 and 

Sp4 proteins (A) and induces activation (cleavage) of caspases(B).  Cells were treated with 25 or 50 M 
TPEN for 18 hr, and whole cell lysates were analyzed by western blots as described in the Experimental 

Procedures.  (C) Zinc sulfate blocks the effects of TPEN on Spdownregulation.  Cells were treated with 50 

M ZnSO4 for 18 hr, and whole cell lysates were analyzed by western blots.  (D) Aspirin activates 
caspases.  Cells were treated with aspirin for 48 hr, and whole cell lysates were analyzed by western blots 
as outlined in the Experimental Procedures.  (E) Effects of ZnSO4 on aspirin-induced downregulation of Sp 

proteins.  RKO or SW480 cells were treated with 10 mM aspirin alone or in combination with 50 M ZnSO4 
for 48 hr, and whole cell lysates were analyzed by western blots as outlined in the Experimental 

Procedures. 
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Favier and coworkers [642, 643] previously reported in HeLa cells that zinc chelation by 

the permeable metal ion chelator TPEN activated multiple caspases (3-, 8- and 9-) and 

decreased expression of Sp1, Sp3 and Sp4 proteins that contain zinc ions in their 

catalytic sites.  Results in Fig. 2.7A show that after treatment of RKO and SW480 cells 

with 25 or 50 M TPEN for 18 hr, there was a dramatic decrease in Sp1, Sp3 and Sp4 

protein expression and this was accompanied by induction of PARP cleavage and 

activation (cleavage) of caspases 8, 9, 3, and 7 (Fig. 2.7B).  The critical role of zinc 

depletion in mediating this response was confirmed by treating the colon cancer cells 

with TPEN alone or in combination with 50 M ZnSO4 (Fig. 2.7C).  The addition of 

ZnSO4 completely reversed the TPEN-dependent downregulation of Sp1, Sp3 and Sp4 

proteins.  Like TPEN, aspirin also induced PARP cleavage and activation (cleavage) of 

caspases 8, 9, 3 and 7 (Fig. 2.7D).  Moreover, treatment of RKO and SW480 cells with 

aspirin alone or in combination with 50 M ZnSO4 and the results show that ZnSO4 also 

decreased aspirin-mediated downregulation of Sp1, Sp3 and Sp4 (Fig. 2.7E), thus 

confirming that aspirin, like TPEN, induces caspase-dependent cleavage of Sp proteins 

that is due to zinc ion depletion. 

In vivo studies. In athymic nude mice bearing RKO cells as xenografts, aspirin was 

administered when the tumors were initially palpable.  The sodium salt of aspirin (200 

mg/kg/d) was administered daily by oral gavage and this resulted in decreased tumor 

volumes and weights (Figs. 2.8A and 2.8B) and due to the lack of toxicity of the sodium 

salt, the treatment was continued for several days without any apparent signs of toxicity.  

Tumor lysates from control and treated animals were analyzed by western blot analysis 

for Sp1, Sp3 and Sp4, and levels were quantified relative to -actin and showed 

significant decreases in expression of Sp1, Sp3 and Sp4 in aspirin vs. control animals 
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(Fig. 2.8C).  Fig. 2.8D shows increased apoptosis (TUNEL staining) in tumors from 

aspirin-treated mice compared to controls and these results complement in vitro studies 

showing that aspirin induced apoptosis in colon cancer cells (Fig. 2.1). 

 

Fig. 2.8. Aspirin inhibits colon tumor growth in athymic nude mice (xenografts).  Inhibition of tumor weight 
(A) and volume (growth) (B) in athymic nude mice administered the sodium salt of aspirin.  Athymic nude 

mice bearing RKO cells as xenografts were treated with the sodium salt of aspirin, and tumor volumes and 
weights were determined after sacrifice as described in the Experimental Procedures.  (C) Expression of 
Sp1, Sp3 and Sp4 in colon tumors.  Tumor lysates from solvent (control) and aspirin-treated mice were 

analyzed by western blot analysis as described in the Experimental Procedures.  Expression of Sp1, Sp3 
and Sp4 in aspirin-treated tumors compared to solvent (control)-treated tumors (set at 100%) was 

determined by densitometry, and -actin was used to normalize protein expression.  Results are means  
SE (6 replicates) and significant (p < 0.05) inhibition of Sp1, Sp3 and Sp4 protein levels by aspirin is 

indicated (*).  (D) Induction of apoptosis.  Fixed tumor tissue from control and aspirin-treated mice were 
analyzed for TUNEL staining as outlined in the Experimental Procedures. 
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These data confirm that aspirin-mediated inhibition of colon cancer cell and tumor 

growth was accompanied by downregulation of Sp transcription factors and this 

response contributes to the anticancer activity of aspirin. 

DISCUSSION 

 Aspirin and other NSAIDs reduce the incidence and increase survival of colon 

cancer patients and similar results have been observed for aspirin as a 

chemotherapeutic agent for treatment of breast cancer patients [616-620].  These 

results indicate that aspirin has significant potential as a chemotherapeutic agent, 

although there is concern regarding the adverse gastrointestinal side-effects of aspirin 

[614, 615, 644] and in the future, these may be circumvented by using NO-NSAIDs.  

The effective doses of aspirin in most in vitro studies in colon cancer cells vary from 1-

10 mM [485, 621-626] and we observed significant inhibition of SW480, RKO, HT-29 

and HCT-116 cell growth at  2.5 mM aspirin (Fig. 2.1) and 10 mM aspirin completely 

inhibited cell growth without causing seeded cells to detach.  In children with 

autoimmune disease, treatment with aspirin (25 mg/kg) exhibited maximum serum 

concentrations of 5.2 mM aspirin with a range of 0.38-10.26 mM [637], suggesting that 

the dose range of aspirin used in this and many previous studies in colon cancer cells 

(1-10 mM) is within the range of serum levels achieved in studies using 

pharmacological doses of aspirin [637]. RNA interference studies in several cancer cell 

lines show that knockdown of Sp1, Sp3 and Sp4 (singly or in combination) results in 

decreased expression of growth promoting (EGFR, c-MET, cyclin D1), survival (bcl-2, 

survivin), angiogenic (VEGF and its receptors), and pro-inflammatory [p65 (NF-κB)] 

genes or gene products [628, 631-636].  Moreover, several anticancer agents including 

NSAIDs and GT-094 (a NO-NSAID), curcumin, betulinic acid and synthetic 
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triterpenoids, and arsenic trioxide decrease expressionof Sp1, Sp3, Sp4 and Sp-

regulated genes in cancer cells and these effects contribute to their anticancer activity 

[627, 628, 630, 645].The reported growth inhibitory and antiangiogenic activity of aspirin 

and the downregulation of bcl-2 expression [621-623] suggested that one of the 

mechanisms of action of aspirin may also be due to downregulation of Sp1, Sp3 and 

Sp4 transcription factors.  Results in Figs 2.1 and 2.2 show that aspirin induced a time- 

and concentration-dependent downregulation of Sp1, Sp3, Sp4 and Sp-regulated gene 

products in RKO, SW480, HT-29 and HCT-116 cells.  There was some variability 

among the different cell lines in terms of their sensitivity to aspirin; however, after 

treatment for 48 hr, downregulation of Sp1, Sp3 and Sp4 was observed at 

concentrations of aspirin that were  5 mM (HT-29 and HCT-116 cells) or 5-10 mM 

(RKO and SW480 cells).  These results, coupled with in vivo data showing that the 

sodium salt of aspirin decreased colon tumor growth in a xenograft model (RKO cells) in 

athymic nude mice and also decreased levels of Sp1, Sp3 and Sp4 proteins in tumors 

(Fig. 2.7), suggest that aspirin-induced downregulation of Sp proteins plays a role in the 

anticancer activity of this compound. 

 Aspirin-induced inhibition of -catenin and NFB have also been associated with 

the anticancer activity of aspirin [485, 624-626], and we have previously identified that 

p65-NF-κB expression was regulated by Sp transcription factors in colon and bladder 

cancer cells [632, 635].  One study reported that aspirin induced rapid phosphorylation 

and inactivation of -catenin within 60 min after treatment and this was accompanied by 

decreased expression of several putative -catenin-regulated gene products (e.g. cyclin 

D1 and c-MET) after treatment for 24-72 hr [624]. Our results confirm that aspirin also 

decreased expression of -catenin protein (Fig. 2.4D); however, results of knockdown 
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of Sp proteins by RNAi showed that -catenin itself is an Sp-regulated gene, 

demonstrating that the effects of aspirin on -catenin are also due to downregulationof 

Sp proteins. 

 It was also reported that aspirin increased nuclear p65 levels and induced 

apoptosis in colon cancer cells within 24 hr after treatment, and this former response 

has been linked to decreased expression of IB [485, 625, 626]. In contrast, our 

results show that aspirin treatment had minimal effects on nuclear p65 or p50 levels and 

the dominant effect was a dramatic decrease in p65 and p50 proteins in whole cell 

lysates (Figs. 2.4A and 2.4B).  RNAi shows that p65 is an Sp-regulated gene (Fig. 2.5B) 

as previously reported in other cancer cell lines [632, 635].  The maximal (>50%) 

decrease was only observed in cells transfected with iSp1/3/4 (combined); however, the 

overall decrease in p65 in this experiment (Fig. 2.5B) was less than observed in other 

cancer cell lines [632, 635] and aspirin-induced inhibition of NF-κB was only due, in 

part, to downregulation of Sp1, Sp3 and Sp4 transcription factors.  Thus, although 

aspirin induces a dramatic downregulation of p65 and p50 in colon cancer cells, Sp 

protein downregulation contributes to decreased p65 levels, whereas effects on p50 are 

Sp-dependent.  Results of transfection assays with an NF-κB-luc contruct (Fig. 2.5C) 

also suggest that Sp1, Sp3 and Sp4 differentially affect NF-κB-dependent 

transactivation in RKO and SW480 cells and this is currently being investigated. 

 The NO-NSAID GT-094 also decreased expression of Sp proteins and Sp-

regulated genes in RKO and SW480 cells and this was due to induction of ROS and 

ROS-dependent downregulation of miR-27a and induction of the Sp transcriptional 

repressor ZBTB10 [627].  These responses were inhibited by antioxidants, whereas 

aspirin induced Sp downregulation was not affected by antioxidants (Fig. 2.6B); 
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however, the pan-caspase inhibitor Z-VAD-fmk inhibited aspirin-induced effects on Sp1, 

Sp3 and Sp4 (Fig. 2.6D).  Arsenic trioxide also induced caspase-dependent cleavage of 

Sp3 and Sp4 in bladder cancer cells [636] and retinoid (CD437)-induced Sp1 

degradation was also caspase-dependent in EL-4 cells [646]. It has also been reported 

that zinc depletion induces apoptosis and decreases Sp1, Sp3 and Sp4 in cancer cell 

lines [642, 643], and we confirmed that aspirin-induced downregulation of Sp1, Sp3 and 

Sp4 was inhibited in RKO and SW480 cells cotreated with aspirin plus ZnSO4 (Fig. 

2.7D).The physical interactions of zinc ions with aspirin have previously been observed 

[647], and functional interactions between zinc ions and aspirin in terms of zinc-induced 

neurotoxicity and the fetal toxicity have also been reported [648, 649].  Results of this 

study show a novel pathway for aspirin-induced effects on Sp1, Sp3 and Sp4 in colon 

cancer cells, and current studies are focused on specific enzymes and pathways 

associated with the effects of aspirin on zinc homeostasis. 

 Previous studies on the pharmacokinetics of aspirin (25 mg/kg) administered to 

children with autoimmune disease showed that maximum serum concentrations of 

aspirin were 5.20 mM (range of 0.38 - 10.26 mM), whereas the maximum concentration 

of the major aspirin metabolite salicylate was 172 mM with a range of 59.8-312.2 

mM[637].  Thus, pharmacologic doses of aspirin that give low mM serum concentrations 

can be accompanied by > 30-fold higher concentrations of salicylate which are more 

than sufficient to inhibit colon cancer cell growth and decrease Sp1, Sp3, Sp4 and Sp-

regulated genes (Fig. 2.3).  Our studies with salicylate show that both aspirin and 

salicylate induced similar responses with comparable potencies in colon cancer cells 

(Figs. 2.1-2.3) and this is consistent with previous reports [615, 622, 623, 650]. The high 

salicylate/aspirin serum ratios observed in children administered pharmacological doses 
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of aspirin (25 mg/kg) [637] suggests that the salicylate metabolite may be a major 

contributor to the reported chemotherapeutic effects of aspirin in colon cancer patients.

 In summary, this study demonstrates that aspirin induces caspase-dependent 

proteolysis of Sp1, Sp3 and Sp4 proteins in colon cancer cells and tumors and, this was 

accompanied by downregulation of several Sp-regulated genes involved in cell 

proliferation, survival and angiogenesis.  Aspirin-induced Sp downregulation was due to 

activation of nuclear caspases and perturbation of zinc homeostasis, and the 

mechanisms that regulate this pathway are unknown and are currently being 

investigated.  Based on the similar effects of aspirin and salicylate as anticancer agents 

observed in Figs 2.1-2.3 and other studies [615, 622, 623, 650] and the high serum 

salicylate/aspirin ratios [637], the cancer chemotherapeutic effects of aspirin observed 

in human cancer studies  [615-617, 619, 620] may primarily be due to the salicylate 

metabolite.  
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CHAPTER III 

TOLFENAMIC ACID (TA) INHIBITS COLON CANCER CELL AND TUMOR GROWTH 

AND DOWNREGULATES SPECIFICITY PROTEIN (Sp) TRANSCRIPTION FACTORS 

 

INTRODUCTION 

 Non-steroidal anti-inflammatory drugs (NSAIDs) are used traditionally as 

inhibitors of pain, fever and inflammation, however, there is evidence that NSAIDs also 

act as cancer chemopreventive and chemotherapeutic agents [615, 651, 652]. The 

anticancer activity of acetylsalicylic acid (ASA or aspirin) has been extensively 

characterized both in epidemiological and laboratory-based studies [408, 419, 615, 652, 

653]. Several case-control studies have shown that aspirin use is associated with 

decreased incidence of several cancers including colon and breast cancer and it has 

also been reported that aspirin use after diagnosis of colon and breast cancer 

decreases subsequent recurrence of these cancers [434, 507, 619, 654-657]. NSAIDs 

such as sulindac induce colon polyp regresssion in high risk individuals with familial 

adenomatous polyposis who prematurely develop colon polyps and are a high risk 

group for colon cancer [427, 658]. Cyclooxygenase-2 (COX-2) inhibitors are also highly 

promising drugs for treatment of colon cancer, however, their effectiveness is tempered 

by an increase in adverse cardiovascular side-effects [410, 659]. 

 NSAIDs such as aspirin and COX-2 inhibitors block cyclooxygenase activity and 

the subsequent production of prostanoids including prostaglandins and thromboxanes 

which act as inflammatory mediators. However, the mechanisms of action of NSAIDs as 

anticancer agents are complicated and involve activation of multiple pathways resulting 

in inhibition of cell growth, survival and angiogenesis [408, 419, 615, 651-653]. Initial 
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studies in this laboratory showed that the COX-2 inhibitors celecoxib, nimesulide and 

NS-398 inhibited colon cancer cell growth and induced proteasome-dependent 

degradation of the specificity proteins (Sps), Sp1 and Sp4 that are overexpressed in 

these cancer cells [434]. These compounds also decreased expression of vascular 

endothelial growth factor (VEGF) an Sp-regulated gene and the effects of these COX-2 

inhibitors were COX-2-independent [410]. Subsequent screening of different structure 

classes of NSAIDs in pancreatic cancer cells identified tolfenamic acid as a relatively 

potent anticancer agent that also induced proteasome-dependent degradation of Sp1, 

Sp3 and Sp4 in cell lines [518]. TA decreased Sp transcription factors, VEGF and 

angiogenesis in pancreatic tumors and also inhibited tumor growth and metastasis to 

the liver in an orthotropic model of pancreatic cancer [518]. TA also inhibits lung, 

esophageal, breast and ovarian cancer cell growth and with the exception of breast 

cancer cells, TA also induced downregulation of Sp1, Sp3, Sp4 and Sp-regulated genes 

[516, 519-522, 524]. 

 Since NSAIDs have been strongly linked to colon cancer chemoprevention and 

chemotherapy, we have investigated the anticancer activity and mechanism of action of 

TA in colon cancer cell lines and in nude mice bearing colon cancer cells as xenografts. 

TA inhibits colon cancer cell and tumor growth and this was accompanied by decreased 

expression of Sp1, Sp3, Sp4 and Sp-regulated gene products that play a role in cancer 

cell growth, survival, angiogenesis and inflammation. However, in contrast to studies in 

pancreatic cancer [518], TA-induced downregulation of Sp transcription factors was 

proteasome-independent and involved induction of caspase-dependent pathways. 
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MATERIALS AND METHODS 

Cell lines, reagents and antibodies. RKO, SW480, HT-29 and HCT-116 human colon 

carcinoma cell lines were obtained from American Type Culture Collection (Manassas, 

VA).  RKO and SW480 cells were maintained in Dulbecco‘s modified/Ham‘s F-12 

(Sigma-Aldrich, St. Louis, MO) with phenol red supplemented with 0.22% sodium 

bicarbonate, 5% fetal bovine serum, and 10ml/L 100X anti-biotic anti-mycotic solution 

(Sigma).  HT-29 and HCT-116 cells were maintained in McCoy‘s 5A medium (Sigma-

Aldrich, St. Louis, MO) with phenol red supplemented with 0.22% sodium bicarbonate, 

10% fetal bovine serum, and 10 ml/L 100X anti-biotic anti-mycotic solution (Sigma). 

Cells were grown in 150 cm2 culture plates in an air/CO2 (95:5) atmosphere at 37C and 

passaged approximately every 3-5 days.  All antibodies were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA), except cleaved poly (ADP) ribose polymerase 

(PARP) and c-Met (Cell Signaling Technology, Danvers, MA), Sp1, survivin and VEGF-

R2 (Millipore, Temecula, CA),  VEGFR1 and P65 (Abcam Inc. Cambridge, MA), and -

actin antibodies (Sigma-Aldrich).  The NSAIDs tolfenamic acid, diclofenac and 

ampiroxicam were purchased from LKT laboratories, Inc. (St. Paul, MN). Glutathione, 

98% (-glu-cys-gly, GSH), zinc sulphate and lactacystin were purchased from Sigma-

Aldrich (St Louis, MO). Dithiothretol (DTT, 98%) was obtained from Boehringer 

Mannheim Corp, (Indianapolis, IN). Caspase inhibitors 2, 8, 9 and pancaspase inhibitor 

(Z-VAD-fmk) are purchased from Calbiochem (sandiago, CA). Caspase 12 inhibitor was 

purchased from BioVision Inc, (Milpitas, CA). Leptomycin B was inhibitor of nuclear 

export purchased from Enzo Life Sciences International, Inc. (Plymouth Meeting, PA). 

AM251 and AM630 were purchased from Cayman Chemical Company (Ann Arbor, 

Michigan) and Tocris Bioscience (Ellisville, MO) respectively. Gliotoxin was kindly 
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provided by Dr. Alan Taylor (National Research Council of Canada, Halifax, NS, 

Canada). 

Cell proliferation assays. RKO, SW480, HT-29 and HCT-116 colon cancer cell lines 

were plated (3 x 104 per well) using DMEM:Ham‘s F-12 medium containing 2.5% 

charcoal stripped fetal bovine serum (FBS) in 12-well plates and left to attach for 24 hr.  

Cells were then treated with either vehicle or the indicated concentrations of tolfenamic 

acid.  After 24, 48 and 72 hr of treatment, cells were counted using a Coulter Z1 particle 

counter.  Each experiment was carried out in triplicate and results are expressed as 

means  SE for each determination. 

Annexin V staining. Apoptosis, necrotic and healthy cell detection kit was purchased 

from Biotium, Inc, (Haywrd, CA). RKO, SW480, HT-29 and HCT-116 colon cancer cells 

(7.5 x 104) were seeded in Lab-Tek two chambered cover glass slides and allowed to 

attach overnight.  After treatment with tolfenamic acid (100 µM) for 24 hr, cells were 

washed with cold phosphate –buffered saline (PBS) twice and incubated with FITC 

Annexin V, ethidium homodimer III  and Hoechst 33342 in Annexin V binding buffer for 

20 min according to the manufacturer‘s  instructions. The cells were then washed twice 

with Annexin V binding buffer and flouroscence was analyzed with a digital fluorescence 

microscope. 

Western blots. RKO, SW480, HT-29 and HCT-116 colon cancer cells were seeded in 

DMEM:Ham‘s F-12 medium containing 2.5% charcoal-stripped FBS and, after 24 hr, 

cells were treated with either vehicle (DMSO) or the indicated compounds.  Cells were 

collected using high-salt buffer (50 mM HEPES, 0.5 mol/L NaCl, 1.5 mM MgCl2, 1 mM 

EGTA, 10% glycerol, and 1% Triton-X-100) and 10 ml/L Protease Inhibitor Cocktail 

(Sigma-Aldrich). After centrifugation of the lysates at 15,000 g for 15 min at 4oC, the 
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supernatants were recovered, and protein was quantified by the Bradford protein assay. 

Protein lysates (15-60 µg) were incubated for 5 min at 100C along with 5X loading 

buffer and then separated by electrophoresis on 7.5-12% sodium dodecyl sulphate -

polyacrylamide gels at 120 V for 3 to 4 h.  Proteins were transferred onto polyvinylidene 

difluoride membranes by wet electroblotting in a buffer containing 25 mM Tris, 192 mM 

glycine, and 20% methanol for 1.5 h at 180 mA. Membranes were blocked for 45 min 

with 5% TBST-Blotto (10 mM Tris-HCl, 150 mM NaCl, pH 8.0, 0.05% Triton X-100, and 

5% nonfat dry milk) and incubated in fresh 5% TBST-Blotto with 1:500 primary antibody 

overnight with gentle shaking at 4C.  After washing twice with TBST for 10 min, the 

membrane was incubated with secondary antibody (1:5000) in 5% TBST-Blotto for 3-4 

hr by gentle shaking.  The membrane was washed twice with TBST for 10 min, 

incubated with 2 ml of chemiluminescence substrate (Millipore, Temecula, CA) for 1 

min, and exposed to Kodak image station 4000 mm Pro (Carestream Health, 

Rochester, NY). 

Xenograft studies in athymic mice. Female athymic nude mice were purchased from 

Harlan Laboratories (Indianapolis, IN). The mice were housed and maintained under 

specific pathogen-free conditions in facilities approved by the American Association for 

Accreditation of Laboratory Animal Care and in accordance with current regulations and 

standards of the United States Department of Agriculture, United States Department of 

Health and Human Services. The mice were used in accordance with institutional 

guidelines. To produce tumors, RKO cells were harvested from subconfluent cultures by 

a brief exposure to 0.25% trypsin and 0.02% ethylenediaminetetraacetic acid. 

Trypsinization was stopped with medium containing 10% fetal bovine serum, and the 

cells were washed once in serum-free medium and resuspended in serum free medium. 
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Only suspensions consisting of single cells with 90% viability were used for the 

injections. A xenograft was established by subcutaneous injection of the cells (3×106) 

into the flanks of individual mice. Tumors were allowed to grow for 6 days or until they 

were palpable. Mice were then randomized into two groups of six mice per group and 

dosed by oral gavage in corn oil or 50 mg/kg/day tolfenamic acid (TA) on every 

alternate day for 14 days. The mice were weighed, and tumor size was measured every 

second day with calipers to permit calculation of tumor volumes: V=LW2/2, where L and 

W were length and width, respectively. After 14 days, the animals were sacrificed; final 

body and tumor weights were determined and plotted. At the end of the experiment, 

major visceral organs and tumors were collected and analyzed for Sp protein 

expression levels using western blots. 

Statistical analysis. Statistically significant differences were determined by analysis of 

variance and Student t-test, and the levels of probability were noted. All statistical tests 

were two-sided.  IC50 values were calculated using non-linear regression analysis and 

expressed in M, at 95% confidence intervals. 

RESULTS 

TA induces apoptosis, inhibits colon cancer cell proliferation and decreases 

expression of Sp1, Sp3 and Sp4 proteins. The effects of tolfenamic acid on growth of 

colon cancer cells was investigated in SW480, RKO, HCT-116 and HT-29 cell lines 

(Figs. 3.1A and 3.1B).  
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 After treatment for 72 hr, significant growth inhibition was observed in all cell 

lines treated with 50-100 µM TA; after 24 hr ≤ 100 µM TA also inhibited proliferation of 

SW480, RKO and HCT-116 but not HT-29 cells which were the most resistant among 

the four colon cancer cell lines. In addition, treatment of SW480, RKO, HCT-116 and 

HT-29 cells with 100 µM TA for 24 hr enhanced annexin V staining (Figs. 3.1C and 

3.1D) confirming that TA also induced apoptosis in colon cancer cells as previously 

observed in lung, esophageal and pancreatic cancer cells treated with TA [518, 520, 

521]. Treatment of the colon cancer cell lines with TA also induced PARP cleavage and 

this was accompanied by downregulation of the pro-survival genes bcl-2 and survivin 

(Figs. 3.2A and 3.2B). Previous studies indicated that bcl-2 and survivin are regulated 

by Sp1, Sp3 and Sp4 transcription factors that are overexpressed in colon and other 

cancer cell lines  [410, 516, 518-522, 524] and Fig 3.2C and 3.2D demonstrate that TA 

decreased expression of Sp1, Sp3 and Sp4 proteins in RKO, SW480, HT-29 and HCT-

116 cells. Downregulation of Sp1, Sp3 and Sp4 proteins is both time- and dose-

dependent and these results are consistent with the reported effects of TA on levels of 

Sp1, Sp3 and Sp4 proteins in other cancer cell lines [410, 516, 518-522, 524]. 
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Fig. 3.1. Tolfenamic acid inhibits colon cancer cell growth and induces apoptosis. 
Inhibition of SW480 and RKO (A) and HCT-116 and H-T29 (B) colon cancer cell 

proliferation.  Cells were treated with DMSO or 50-100 µM tolfenamic acid for 3 days, 
and cell numbers were determined as described in the Materials and Methods.  C. 

Induction of Annexin V staining and apoptotic responses in RKO, SW480, HT-29 and 
HCT-116 cells.  Annexin V staining was determined as described in the Materials and 

Methods. Results in (A) and (B) are means  SE for 3 replicate determination for each 
treatment group, and significant (p < 0.05) inhibition is indicated (*). 
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Fig. 3.2. Western blot analysis of Sp-regulated survival and Sp proteins in colon cancer 
cells. Tolfenamic acid decreases expression of survival proteins (survivin, bcl-2), and 

increases expression of apoptotic proteins (cleaved PARP) in RKO and SW480 (A), HT-
29 and HCT-116 (B) colon cancer cells. Tolfenamic acid decreases the expression of 
Sp proteins (Sp1, Sp3 and Sp4) in RKO and SW480 (C) and HT-29 and HCT-116 (D) 

colon cancer cells. Cells were treated with 50 or 100 µM tolfenamic acid for 24 or 48 hr, 
and whole cell lysates were analyzed by western blot analysis as described in the 

Materials and Methods.  Results are typical of duplicate experiments. 
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TA decreases expression of Sp-regulated genes including NF-κB. Treatment of 

RKO and SW480 cells with 75 or 100 µM TA for 24 or 48 hr resulted in a time- and 

concentration-dependent decrease in several Sp-regulated genes including VEGF, 

VEGFR1, cyclin D1 and c-MET (Fig. 3.3A). Similar results were observed in HT-29 and 

HCT-116 cells (Fig. 3.3B) however, it was apparent that HT-29 cell were the most 

resistant cell line to the effects of TA on downregulation of Sp and Sp-regulated gene 

products. Since tolfenamic acid is an anti-inflammatory drug and p65 is an Sp-regulated 

gene (26, 27) we also investigated the effects of TA on p65 and p50 in RKO (Fig. 3.3C) 

and SW480 (Fig. 3.3D) cells. After treatment of both cell lines with 75 and 100 µM TA 

for 24 or 48 hr there was a decrease in both p65 and p50 proteins and this 

corresponded to decreased NF-κB-dependent tranactivation (data not shown). 

TA inhibits colon tumor growth in a xenograft model. The effects of TA (50 

mg/kg/day) on colon tumor growth were investigated in athymic nude mice bearing RKO 

cells as xenografts. TA significantly inhibited tumor volumes over the 3 week period of 

administration (Fig. 3.4A) and after sacrifice, TA treated mice exhibited significantly 

lower tumor volumes and weights (Fig. 3.4B) compared to corn oil treated controls. We 

also examined expression of Sp1, Sp3, Sp4 and Sp-regulated gene products on 

individual mice by western blot analysis of tumor lysates (Fig. 3.4C). Although there was 

some interindividual differences in expression of these proteins in the control and 

treated group (Fig. 3.4C), quantitation of the results relative to β-actin (relative 

expression in controls was set at 1.0) showed that treatment with TA significantly 

decreased protein levels of Sp1, Sp3, Sp4 and Sp-regulated genes (Fig. 3.4D). 
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Fig. 3.3. Western blot analysis of Sp-regulated angiogenic and proliferative proteins in 
colon cancer cells. Tolfenamic acid decreases the expression of angiogenic proteins 

(VEGF, VEGFR1) and proliferative proteins (cyclin D1, C-Met) in RKO, SW480 (A) and 
HT-29 and HCT-116 (B) colon cancer cells. Tolfenamic acid decreases the expression 
of NF-κB (p65 and p50) in RKO and SW480 (C) colon cancer cells. Cells were treated 
with 50 or 100 µM tolfenamic acid for 24 or 48 hr, and whole cell, nuclear and cytosolic 

extracts were analyzed by western blot analysis as described in the Materials and 
Methods. Results are typical of duplicate experiments. 
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Fig. 3.4. Tolfenamic acid inhibits colon tumor growth in athymic nude mice (xenografts).  A, Inhibition of 
tumor growth in athymic nude mice administered with tolfenamic acid.  B, Athymic nude mice bearing RKO 

cells as xenografts were treated with tolfenamic acid, and tumor volumes and weights were determined 
after sacrifice as described in the Materials and Methods.  (C) Expression of Sp1, Sp3 and Sp4 in colon 

tumors.  Tumor lysates from solvent (control) and tolfenamic acid-treated mice were analyzed by western 
blot analysis as described in the Materials and Methods.  D, Expression of Sp1, Sp3 and Sp4 proteins in 

tolfenamic acid-treated tumors compared to solvent (control)-treated tumors (set at 100%) was determined 

by densitometry, and -actin was used to normalize protein expression.  Results are means  SE (6 
replicates) and significant (p < 0.05) inhibition of Sp1, Sp3 and Sp4 protein levels by tolfenamic acid is 

indicated (*). 
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Mechanism of TA-induced downregulation of Sp1, Sp3 and Sp4 proteins. TA 

induces proteasome-dependent downregulation of Sp1, Sp3 and Sp4 in pancreatic 

cancer cells [518] however, results in Fig. 3.5A show that the proteasome inhibitors 

lactacystin and gliotoxin did not affect TA-induced downregulation of Sp1, Sp3 or Sp4 

proteins in RKO and SW480 cells. Drug-induced ROS also decreased Sp protein 

expression in several cancer cell lines [572, 660-662], however Fig. 3.5B shows that the 

antioxidants DTT or GSH did not affect downregulation of Sp1, Sp3 and Sp4 in colon 

cancer cells treated with 100 µM TA. These results are in contrast to the effects of 

antioxidants on Sp downregulation by ROS inducers in colon and other cancer cell lines 

(pancreatic, bladder). Cannabinoid (CB) receptor agonists also downregulate Sp1, Sp3 

and Sp4 and these responses are inhibited by the CB1 and CB2 receptor antagonists 

AM251 and AM630 respectively [663] however these antagonists did not affect TA-

mediated effects on Sp proteins (Fig. 3.5C). Previous studies with arsenic trioxide [662] 

have also linked activation of caspases to degradation of Sp1, Sp3 and Sp4 and 

therefore we initially investigated the effects of inhibitors of caspases 2, 8 and 9 and the 

pan-caspase inhibitor Z-VAD-fmk on TA-mediated degradation of Sp proteins (Fig. 

3.6A). In RKO cells only the pan-caspase inhibitor Z-VAD-fmk blocked TA-induced 

degradation of Sp1, Sp3 and Sp4 and in a second experiment the caspase-12 inhibitor 

was also active as an inhibitor in RKO cells (figure/data not shown). In contrast, TA-

induced degradation of Sp1, Sp3 and Sp4 in SW480 cell was inhibited not only by Z-

VAD-fmk but also inhibitors of caspases 2, 8, 9 and 12 (Fig. 3.6B). 
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Fig. 3.5. Mechanisms of tolfenamic acid -induced Sp protein degradation. Effect of 
proteasome inhibitors (A), antioxidants (B) and cannabinoid receptor inhibitors (C) on 
tolfenamic acid-induced Sp protein downregulation.  Cells were treated with DMSO, 
tolfenamic acid alone or in combination with proteasome inhibitors or antioxidants or 
cannabinoid receptor inhibitors, and after 48 hr, whole cell lysates were analyzed by 

western blots analysis as described in the Materials and Methods. 
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Fig. 3.6. Mechanisms of tolfenamic acid-induced Sp protein degradation. Effects of 
caspase inhibitors (A, B) on tolfenamic acid-induced Sp protein downregulation.  Cells 

were treated with DMSO, tolfenamic acid alone or in combination with caspase 
inhibitors, and after 48 hr, whole cell lysates were analyzed by western blots analysis as 
described in the Materials and Methods. Effects of leptomycin B (B) on tolfenamic acid-
induced Sp protein downregulation. Cells were treated with 100 uM tolfenamic acid in 

the presence or absence of leptomycin B for 48 hr, and cytoplasmic and nuclear lysates 
were analyzed by western blot analysis as described in the Materials and Methods. 

Effects of ZnSO4 (D) on tolfenamic acid-induced Sp protein downregulation.  Cells were 
treated with DMSO, tolfenamic acid alone or in combination with ZnSO4, and after 48 hr, 
whole cell lysates were analyzed by western blots analysis as described in the Materials 

and Methods. 
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Fig. 3.6. Continued. 

 

 Previous studies show that retinoid-induced transglutaminase-2 (TG2) and 

caspase-3 resulted nuclear TG2-Sp1 crosslinking and subsequent degradation of Sp1 

[664] and in this study we also observed that TA-induced degradation of nuclear Sp1, 

Sp3 and Sp4 (Fig. 3.6C). Moreover, similar results were observed in the presence or 

absence of leptomycin β (LMB, nuclear protein export inhibitor), confirming that Sp 

protein degradation was nuclear. However, we did not observe formation of any high 

molecular weight Sp1/Sp3/Sp4-TG2 crosslinked bands and the detection of subsequent 

Sp degradation products was inconsistent (data not shown). It has also been reported 

that zinc chelation induces caspase-dependent cleavage of Sp1, Sp3 and Sp4 which is-
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reversed by excel zinc sulfate (ZnSO4) [665] and Fig. 3.6D shows that ZnSO4 only 

partially inhibits TA-mediated Sp degradation in SW480 and not in RKO cells. Current 

studies are focused on further investigation of the mechanism of caspase induction by 

TA and the subsequent mechanism identification of specific amino acid targets in Sp1, 

Sp3 and Sp4 that are required for degradation. 

DISCUSSION 

 Sp1, Sp3 and Sp4 transcription factors are highly expressed in cancer cells and 

tumors [516, 519-522, 524, 632, 660, 661]  and studies focused on Sp1 show that this 

protein is a negative prognostic factor for pancreatic and gastric cancer patient survival 

[666, 667]. Sp1 expression is also critical for malignant transformation of human 

fibroblast cells [373] and expression of Sp1 in rodents and humans decrease with age 

[367, 668]. The high tumor/non-tumor ratio of Sp1 and other Sp transcription factor 

suggests that these transcription factors are potentially important drug targets for 

cancer chemotherapy. Knockdown of Sp1, Sp3 and Sp4 alone or in combination by 

RNAi also decreased expression of several genes involved in cancer cell growth (cyclin 

D1, C-MET, EGFR), survival (bcl-2 and survivin), angiogenesis (VEGF and VEGF 

receptors), and inflammation (p65, NF-κB) [375, 520, 632, 641, 660-662, 669, 670], and 

many of these genes are themselves individual targets for anticancer drugs. Moreover, 

knockdown of Sp transcription factors by RNAi in cancer cells alone also induces 

apoptosis and growth inhibition [660-662]. Studies in this laboratory have identified 

several anticancer agents such as curcumin, arsenic trioxide, betulinic acid and 

synthetic triterpenoids and non-steroidal antiinflammatory drugs (NSAIDS) that act, in 

part, by downregulating Sp1, Sp3, Sp4 and Sp-regulated genes [375, 518, 572, 632, 

641, 660-663, 669, 670]. 
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 Several reports show that TA inhibits cancer cell and tumor growth of multiple 

tumor types and these responses are due, in part, to downregulation of Sp1, Sp3, Sp4 

and Sp-regulated genes [516, 518-522, 524]. In this study we have also demonstrated 

the effectiveness of TA as an inhibitor of colon cancer cell (Fig. 3.1) and tumor growth 

(Fig. 3.4) and as an inducer of apoptosis (Fig. 3.1C). Moreover these responses are 

consistent with TA-mediated effects on decreased expression of Sp1, Sp3 and Sp4 and 

also decrease levels of growth promoting (CD1, c-MET), angiogenic (VEGF and 

VEGFR) survival (survivin and bcl-2) and inflammatory (p65/p50) genes (Figs. 3.2 and 

3.3). Results of this study with TA in colon cancer cells are similar to comparable 

studies with TA in other cell lines however, the mechanism of TA-induced effects on Sp 

protein expression differed from previous reports. For example, the proteasome 

inhibitors gliotoxin and lactacystin did not inhibit TA-induced degradation of Sp1, Sp3 

and Sp4 as previously reported in pancreatic cancer cells [518]. Several proteasome-

independent pathways for drug-induced repression of Sp1, Sp3 and Sp4 have 

previously been reported and include ROS-, CB receptor- and caspase-dependent 

pathways which vary with respect to the drug and cell context [572, 632, 641, 660-663, 

669, 670]. For example, betulinic acid–mediated downregulation of Sp1, Sp3 and Sp4 

was proteasome-dependent in LNCaP prostate cancer cells [671], ROS-dependent in 

RKO and SW480 colon cancer cells [641] and we recently showed that in breast cancer 

cells betulinic acid-induced responses were CB receptor-dependent [663]. TA-induced 

downregulation of Sp1, Sp3 and Sp4 proteins was not affected by antioxidants (Fig. 

3.5B) or CB receptor antagonists (Fig. 3.5C) however, the pan-caspase inhibitor Z-

VAD-fmk inhibited TA-mediated degradation of Sp proteins in both RKO and SW480 

cells (Figs. 3.6A and 3.6B). We also observed that the caspase-12 inhibitor (Z-ATAD-
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FMK) reversed the effects of TA in both cell lines whereas the caspase-2, 8 and 9 

inhibitors were active only in SW480 but not RKO cells indicating some mechanistic 

differences between the two cell lines. 

 It has previously been reported that induction of TG2 and caspase-3 leads to 

crosslinking of TG2 with Sp1 and the subsequent proteolytic cleavage of Sp1 [664]. We 

observed that TA decreased expression of nuclear Sp1, Sp3 and Sp4 in the presence 

or absence of leptomycin B, the nuclear export inhibitor (Fig. 3.6C) indicating that 

caspase-dependent cleavage of Sp proteins was primarily nuclear. However, we did not 

observe induction of TG2 by TA in RKO or SW480 cells nor did we detect any higher 

molecular weight crosslinked bands (data not shown). Another possible caspase-

dependent degradation pathway for Sp1, Sp3 and Sp4 involves zinc chelation which 

can be rescued by adding excess ZnSO4 [665] and ongoing studies in this laboratory 

indicate that other NSAIDs induce Sp protein degradation through this pathway. Fig. 

3.6D shows that ZnSO4 only partially rescues SW480 cells from TA-mediated 

degradation of Sp1, Sp3 and Sp4 suggesting that other mechanisms of caspase 

activation are induced by TA in colon cancer cells and these are currently being 

investigated. 

 In summary, results of this study demonstrate the anticancer activity of TA in 

colon cancer cells and the potential clinical utility of using this drug for chemotherapy 

(alone or in combination) of colon cancer patients. TA has previously been used for pain 

relief and as an antiinflammatory agent in human studies [671, 672] and can be readily 

adapted for clinical applications. TA induces proteasome-dependent and independent 

degradation of Sp1, Sp3 and Sp4 and for the first time we have demonstrated that 

activation of caspases by TA is required for Sp protein degradation and current studies 
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are focused on identifying the mechanisms of TA-induced caspase activation that is 

required for degradation of Sp1, Sp3 and Sp4.  
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CHAPTER IV 

GT-094, A NO-NSAID, INHIBITS COLON CANCER CELL GROWTH BY ACTIVATION 

OF A REACTIVE OXYGEN SPECIES (ROS)-MICRORNA-27A:ZBTB10-SPECIFICITY 

PROTEIN (Sp) PATHWAY 

 

 

INTRODUCTION 

 Aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) are invaluable 

for treatment of fever, pain, arthritis, other inflammatory diseases, and cancer, and 

applications for these compounds continues to increase [419, 615, 655, 673].  Several 

epidemiology studies have reported decreased incidence of multiple cancers associated 

with NSAIDs (primarily aspirin) intake, and these drugs have been extensively 

investigated for their chemopreventive and chemotherapeutic activities [419, 507, 655].  

A recent study reported that aspirin use among women with breast cancer decreased 

the subsequent incidence of metastasis and cancer-related deaths [507].  Aspirin and 

other NSAIDs play a role in colon cancer prevention and therapy [417, 434, 656, 657, 

674-678], and specific NSAIDs and other cyclooxygenase (COX) inhibitors also 

decrease the risk of colon cancer among high risk individuals [676-678]. 

 Nitric oxide (NO) plays an important role in the suppression of GI-induced 

inflamation and toxicity, and this has led to development of nitro-NSAIDs (NO-NSAIDs) 

which combine the anti-inflammatory activities of NSAIDs with the NO-dependent 

protection from NSAID-induced GI toxicity.  NO-aspirin and other NO-NSAIDs exhibit 

anticancer activity in a wide range of cancer cell lines and in vivo models [468, 531, 

538, 544, 547, 553, 560, 563, 570, 679-682], and these compounds are invariably more 
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potent than their corresponding NSAID analogs.  For example, the NO-NSAID analog 2-

(acetyloxybenzoic acid 4-nitrooxymethyl)-phenyl ester (NO-ASA) is 700 times more 

potent than aspirin as an inhibitor of pancreatic cancer cell growth which is due to 

inhibition of cell proliferation and induction of apoptosis by both compounds [547].  The 

mechanism of action of NO-NSAIDs as cancer chemotherapeutic agents is unclear; 

however, these compounds clearly inhibit cancer and tumor cell growth, induce 

apoptosis, and exhibit antiangiogenic and antimetastatic activity. 

 Ethyl 2-((2,3-bis(nitrooxy)propyl)disulfanyl)benzoate (GT-094) [563, 570] is a 

novel NO chimera containing an NSAID and NO moieties and also a disulfide 

pharmacophore that in itself exhibits cancer chemopreventive activity [566].  GT-094 

significantly decreases aberrant crypt foci, proliferation and inducible NO synthase 

(iNOS) levels in azoxymethane-induced rat colon cancer [570] and decreases 

proliferation and arrests Caco-2 colon cancer cells in the G2/M phase of the cell cycle 

[563, 570]. 

 In this study, we investigated the mechanism of action of NO-NSAIDs using GT-

094 as a model in RKO and SW480 colon cancer cells. GT-094 inhibited colon cancer 

cell proliferation and induced apoptosis, and this was accompanied by downregulation 

of genes associated with cell growth [cyclin D1, hepatocyte growth factor receptor (c-

Met), epidermal growth factor receptor (EGFR)], survival (bcl-2, survivin), and 

angiogenesis [vascular endothelial growth factor (VEGF) and its receptors (VEGFR1 

and VEGFR2)].  Previous RNA interference studies in this laboratory has shown that all 

of these genes are regulated, in part, by specificity protein (Sp) transcription factors 

Sp1, Sp3 and Sp4 that are overexpressed in colon and other cancer cell lines [45, 46, 

410, 518, 632, 670, 671, 683, 684].  GT-094 also decreased Sp1, Sp3 and Sp4 in colon 
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cancer cells and this was dependent on a decrease in mitochondrial membrane 

potential (MMP) and induction of reactive oxygen species (ROS).  ROS-mediated 

repression of Sp and Sp-dependent genes involves downregulation of microRNA-27a 

(miR-27a) and induction of ZBTB10, an Sp repressor, and comparable results have also 

been observed for synthetic triterpenoid anticancer drugs in pancreatic and colon 

cancer cells [661, 683]. 

MATERIALS AND METHODS 

Cell lines, reagents and antibodies. RKO and SW480 human colon carcinoma cell 

lines were obtained from American Type Culture Collection (Manassas, VA).  RKO and 

SW480 cells were maintained in Dulbecco‘s modified/Ham‘s F-12 (Sigma-Aldrich, St. 

Louis, MO) with phenol red supplemented with 0.22% sodium bicarbonate, 5% fetal 

bovine serum, and 10 ml/L 100X antibiotic antimycotic solution (Sigma).  Cells were 

grown in 150 cm2 culture plates in an air/CO2 (95:5) atmosphere at 37C and passaged 

approximately every 3-5 days.  GT-094 was synthesized in the laboratory of Dr. 

Gregory R. Thatcher (University of Illinois, Chicago).  All antibodies were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA), except cleaved poly (ADP) ribose 

polymerase (PARP) and c-Met (Cell Signaling Technology, Danvers, MA), Sp1 and 

VEGFR2 (Millipore, Temecula, CA), survivin (R&D Systems, Minneapolis, MN), 

VEGFR1 (Abcam Inc. Cambridge, MA), and -actin antibodies (Sigma-Aldrich).  

Glutathione, 98% (-glu-cys-gly, GSH) and carbonyl cyanide 3-chlorophenylhydrazone 

(CCCP) were purchased from Sigma-Aldrich.  Dithiothretol (DTT, 98%) was obtained 

from Boehringer Mannheim Corp, (Indianapolis, IN).  CM-H2DCFDA was purchased 

from Invitrogen.  MG132 and lactacystin are the proteasomal inhibitors purchased from 

Calbiochem (Sandiago, CA) and Sigma Chemicals Co. (St Louis, MO), respectively. 
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Cell proliferation assays. RKO and SW480 cancer cell lines were plated (3 x 104 per 

well) using DMEM:Ham‘s F-12 medium containing 2.5% charcoal stripped fetal bovine 

serum (FBS) in 12-well plates and left to attach for 24 h.  Cells were then treated with 

either vehicle or the indicated concentrations of GT-094.  After 24, 48 and 72 h of 

treatment, cells were counted using a Coulter Z1 particle counter [377].  Each 

experiment was carried out in triplicate and results are expressed as means  SE for 

each determination. 

Western blots. RKO and SW480 cancer cells were seeded in DMEM:Ham‘s F-12 

medium containing 2.5% charcoal-stripped FBS and, after 24 h, cells were treated with 

either vehicle (DMSO) or the indicated compounds.  Cells were collected using high-salt 

buffer (50 mM HEPES, 0.5 mol/L NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, and 

1% Triton-X-100) and 10 ml/L Protease Inhibitor Cocktail (Sigma-Aldrich). Protein 

lysates were incubated for 3 min at 100C before electrophoresis and then separated 

on 10% SDS-polyacrylamide gel electrophoresis 120 V for 3 to 4 h.  Proteins were 

transferred onto polyvinylidene difluoride membranes by wet electroblotting in a buffer 

containing 25 mM Tris, 192 mM glycine, and 20% methanol for 1.5 h at 180 mA. 

Membranes were blocked for 30 min with 5% TBST-Blotto (10 mM Tris-HCl, 150 mM 

NaCl, pH 8.0, 0.05% Triton X-100, and 5% nonfat dry milk) and incubated in fresh 5% 

TBST-Blotto with 1:500 primary antibody overnight with gentle shaking at 4C.  After 

washing with TBST for 10 min, the polyvinylidene difluoride membrane was incubated 

with secondary antibody (1:5000) in 5% TBST-Blotto for 2 h by gentle shaking.  The 

membrane was washed with TBST for 10 min, incubated with 6 ml of 

chemiluminescence substrate for 1 min, and exposed to Kodak image station 4000 mm 

Pro (Carestream Health, Rochester, NY). 
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ROS estimation. Cellular ROS levels were evaluated with the cell permeant probe CM-

H2DCFDA (5-(and-6)-chloromethyl-2',7' dichlorodihydrofluorescein diacetate acetyl 

ester).  CM-H2DCFDA is nonfluorescent until removal of the acetate groups by 

intercellular esterases and oxidation occurs within the cell.  Following treatment of the 

cells for 12 h, 48-well cell culture plates were loaded with 10 M CM-H2DCFDA  for 30 

min, washed once with serum-free medium, and analyzed for ROS levels using Bio Tek 

Synergy 4 plate reader (Bio Tek Instruments, Inc., Winooski, VT) set at 480 nm and 525 

nm excitation and emission wavelength, respectively.  Cells were then washed twice 

with PBS and fixed with methanol for 3 min at room temperature.  Methanol was then 

completely removed and 1 mg/ml Janus green was added to the cultures for 3 min.  

Following removal of Janus green, cultures were washed twice with PBS and 100 l of 

50% methanol was added to each well.  Cell counts were then determined with the 

plate reader set to an absorbance of 654 nm, and ROS intensities were corrected 

accordingly.  Three experiments were performed and analyzed on different days using 8 

wells per treatment group, and results are expressed as means  SE for each 

determination.  

Terminal deoxyribonucleotide transferase-mediated nick-end labeling (TUNEL) 

assay. RKO and SW480 cells (10 × 104) were seeded in two-chambered glass slides 

and left overnight to attach.  After treatment with indicated compounds for 12 h, the in 

situ cell death detection POD kit was used for the terminal deoxyribonucleotide 

transferase-mediated nick-end labeling (TUNEL) assay according to the instructions in 

the protocol manual for fixed cells.  The percentage of apoptotic cells was calculated by 

counting the stained cells in eight fields, each containing 50 cells.  The total number of 

apoptotic cells was plotted as a percentage in both cell lines. 
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Measurement of MMP. MMP was measured with the Mitochondrial Membrane 

Potential Detection Kit (Stratagene, Cedar Creek, TX) according to manufacturer‘s 

protocol using JC-1 dye.  RKO and SW480 colon cancer cells were plated on two-well 

Lab-Tex Coverglass slides (NUNC A/S, Roskilde, Denmark) and, after 24 h, cells were 

treated with DMSO, CCCP (25 mol/L), GT-094 (50 mol/L) alone or with GSH (5 

mmol/L) for 12 h.  Cells were then incubated with 1× JC-1 dye at 37C for 15 min and 

washed twice with assay buffer according to manufacturer‘s protocol, and then cells 

were subjected to microscopic analysis using Zeiss Stallion Dual Detector Imaging 

System (Carl Zeiss Microimaging Inc., Thornwood, NY).  J-aggregates are detected as 

red fluorescence, and J-monomers are detected as green fluorescence.  The ratio of 

red fluorescence to green fluorescence was measured using ImageJ Software.  Cells 

were examined in more than 10 fields per slide on multiple slides.  Data represent the 

average of all the fields and results are expressed as means  SE for each 

determination. 

Quantitative real-time PCR analysis of mRNAs and miRNAs. miRNA was extracted 

using the mirvaRNA extraction kit (Applied Biosystems).  Quantification of miRNA 

(RNU6B, miRNA-27a) was performed using the Taqman miRNA kit (Applied 

Biosystems) according to the manufacturer‘s protocol with real-time PCR.  U6 small 

nuclear RNA was used as a control to determine relative miRNA expression.  Total 

RNA was isolated using the RNeasy Protect Mini kit (Qiagen) according to the 

manufacturer‘s protocol.  RNA was reverse transcribed using Superscript II reverse 

transcriptase (Invitrogen) according to the manufacturer‘s protocol.  PCR was carried 

out with the SYBR Green PCR Master Mix from PE Applied Biosystems on an ABI 

Prism 7700 Sequence Detection System (PE Applied Biosystems) using 0.5 mol/L of 
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each primer and 2 l cDNA template in each 25 l reaction.  TATA binding protein 

(TBP) was used as an exogenous control to compare the relative amount of target gene 

in different samples.  The PCR profile was as follows: one cycle of 95C for 10 min, 

then 40 cycles of 95C for 15 s, and 60C for 1 min.  The comparative CT method was 

used for relative quantitation of samples, and results are expressed as means  SE for 

at least 3 separate determinations.  Primers were purchased from Integrated DNA 

Technologies. The following primers were used. 

TBP (F): 5-TGCACAGGAGCCAAGAGTGAA-3 

TBP (R): 5-CACATCACAGCTCCCCACCA-3 

ZBTB10 (F): 5-GCTGGATAGTAGTTATGTTGC-3 

ZBTB10 (R): 5-CTGAGTGGTTTGATGGACAGA-3 

Statistical analysis. Statistical significance of differences was determined by analysis 

of variance and student t-test, and the levels of probability were noted. All statistical 

tests were two-sided.  IC50 values were calculated using non-linear regression analysis 

and expressed in M, at 95% confidence intervals. 
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RESULTS 

 GT-094 is a model nitro-NSAID analog (NO-chimera) that contains both the 

aliphatic nitro group and a disulfide linker, and this compound exhibits cancer 

chemoprevention activity in an in vivo model for colon cancer.  In this study, we initially 

investigated the concentration and time-dependent effects of GT-094 on proliferation of 

RKO and SW480 colon cancer cells (Fig. 4.1A).  Significant growth inhibition was 

observed in both cell lines and the 24-h IC50 values for growth inhibition were 36 and 44 

mol/L in RKO and SW480 cells, respectively.  In addition, the proapoptotic effects 

were examined in RKO and SW480 cells, and GT-094 induced caspase-dependent 

PARP cleavage in both cell lines (Fig. 4.1B).  GT-094 decreased expression of pro-

survival survivin and bcl-2 proteins, and this was consistent with the observed caspase-

dependent PARP cleavage.  GT-094 inhibited cell proliferation and induced apoptosis in 

RKO and SW480 cells and therefore, the effects of GT-094 on gene products 

associated with cell proliferation and apoptosis were also investigated.  Results in Fig. 

4.1C show that GT-094 decreased expression of several proteins involved in cell 

proliferation and these included cyclin D1, c-Met and EGFR in both RKO and SW480 

cells.  In addition, we observed that GT-094 decreased expression of the angiogenic 

growth factor VEGF and its receptor VEGFR1 in RKO and SW480 cells (Fig. 4.1D). 
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Fig. 4.1. GT-094 inhibits growth and induces apoptosis in colon cancer cells. (A) 
Inhibition of RKO and SW480 cell growth. Cells were treated with different 

concentrations of GT-094, and cell numbers were determined on days 1, 2 and 3 as 
described in the Materials and Methods. Western blot analysis of Sp-regulated survival 

(B), proliferative (C), and angiogenic (D) gene products in RKO and SW480 cells 
treated with GT-094. Cells were treated with GT-094 (20 and 50 μmol/L) for 24 h, and 
whole cell lysates were analyzed by western blots as described in the Materials and 

Methods. 
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Fig. 4.2. GT-094-mediated effects on Sp protein and Sp-regulated gene products. (A) GT-094 decreases 
Sp1, Sp3 and Sp4 protein expression in colon cancer cells. RKO and SW480 cells were treated with 20 or 

50 μmol/L GT-094 for 24 h, and whole cell lysates were analyzed by western blots as described in the 
Materials and Methods. (B) Effects of proteasome inhibitors on Sp downregulation. Cells were treated with 
50 μmol/L GT-094, MG132 or lactacystin alone or in combination, and whole cell lysates were analyzed by 

western blots as described in the Materials and Methods. Results in Figure 2 are typical of replicate (at 
least 2) experiments. Time-course effects of GT-094 (50 μM) in RKO (C) and SW480 (D) cells. Cells were 
treated with DMSO (0 time) or GT-094 for 6, 12, 18, 24 and 36 h, and whole cell lysates were analyzed by 

western blots as outlined in the Materials and Methods. 
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 Previous studies with agents such as curcumin, betulinic acid, synthetic 

triterpenoid anticancer drugs, and the NSAID tolfenamic acid show that these 

compounds decrease expression of bcl-2, survivin, c-Met, EGFR, cyclin D1, VEGF and 

VEGFR1 protein in several cancer cell lines, including colon cancer cells, and RNA 

interference studies confirmed that these genes are regulated by Sp1, Sp3 and Sp4 

transcription factors which are overexpressed in cancer cells [518, 632, 661, 670, 671, 

683].  Treatment of RKO and SW480 cancer cells with 20 and 50 mol/L GT-094 

decreased expression of Sp1, Sp3 and Sp4 proteins (Fig. 4.2A) and these results were 

consistent with decreased expression of Sp-regulated proteins illustrated in Fig. 4.1.  

However, in contrast to the effects of betulinic acid and tolfenamic acid in prostate or 

pancreatic cancer cells, the effects of GT-094 on downregulation of Sp1, Sp3 and Sp4 

proteins were not reversed by the proteasome inhibitors MG132 or lactacystin (Fig. 

4.2B).  MG132 alone decreased expression of Sp1, Sp3 and Sp4 in RKO and SW480 

cells, whereas lactacystin alone slightly decreased Sp protein levels only in SW480 

cells; however, a combination of lactacystin plus GT-094 did not reverse Sp 

downregulation but appeared to enhance this response.  The time-dependent effects of 

GT-094 on Sp1, Sp3, Sp3 and Sp4 protein expression and levels of Sp-regulated genes 

were also determined in RKO (Fig. 4.2C) and SW480 (Fig. 4.2D) cells.  In RKO cells, 

Sp1, Sp3 and Sp4 proteins decreased between 6-12 h after treatment and after 12 h, 

there was almost complete loss of these transcription factors.  The time-dependent 

decrease in expression of bcl-2, survivin, c-MET, and VEGFR-R1 and induction of 

cleaved PARP followed a pattern similar to that observed for Sp proteins.  However, 

cyclin D1 was significantly decreased within 6 h, whereas decreased VEGF expression 

was delayed (> 18 h), suggesting that other GT-094-mediated pathways may also be 
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involved.  In SW480 cells, the time-dependent pattern of GT-094-induced 

downregulation of Sp1, Sp3, Sp4 and Sp-regulated gene products was similar with 

decreased expression observed within 6-12 h and highly significant downregulation 

after 18 h.  The major exceptions were the rapidly decreased responses (within 6 h) for 

bcl-2, VEGF and the low molecular weight Sp3 protein. 

 

 

Fig. 4.3. GT-094 decreases MMP in colon cancer cells. Effects of GT-094 in RKO (A) 
and SW480 (B) cells. Cells were treated with 50 μmol/L GT-094, 25 μmol/L CCCP, and 

GT-094 plus GST for 12 h and analyzed for changes in MMP as outlined in the 
Materials and Methods. Quantitative changes in MMP in RKO (C) and SW480 (D) cells. 

Changes in MMP were determined as described in the Materials and Methods. 
Significant (p<0.05) decreases by GT-094 or CCCP (*) and reversal of these effects by 

GSH (**) are indicated. 



174 

 

 Ongoing studies with arsenic trioxide and other pro-oxidants that also decrease 

expression of Sp transcription factors suggest that mitochondria are the initial targets for 

these agents [660, 662].  Figure 4.3A illustrates the effects of 50 mol/L GT-094 and the 

mitochondriotoxic carbonyl cyanide 3-chlorphenyl hydrazone (CCCP) (24 mol/L) which 

depolarizes mitochondria and decreases MMP.  In RKO cells treated with the 

fluorescent dye JC-1 and DMSO or GSH, JC-1 formed a red fluorescent aggregate 

which is characteristic of high MMP.  However, after treatment with GT-094 or CCCP, 

there was a decrease in red and an increase in green fluorescence of JC-1 which is 

typical of low MMP, and this was accompanied by a decreased red/green fluorescence 

ratio.  However, cotreatment of RKO cells with GT-094 and the cellular antioxidant GSH 

(5 mmol/L) reversed the effects of GT-094 and restored MMP.  Similar responses were 

observed in SW480 cells (Fig. 4.3B) and the results were quantitated in both cell lines 

(Figs. 4.3C and 4.3D). 

 Drug-induced opening of the mitochondrial pore is associated with induction of 

ROS, and  Figure 4.4A shows that treatment of RKO cells with 50 M GT-094 

significantly induced ROS levels as determined by hydrolysis of the cell permeant probe 

to give a fluorescent product.  In addition, cotreatment of these cells with thiol 

antioxidants (DTT or GSH) significantly decreased induction of ROS by GT-094.  In 

parallel experiments in SW480 cells, we also observed that GT-094 induced ROS and 

this response was also attenuated after cotreatment with the thiol antioxidants (Fig. 

4.4B).  The role of ROS in mediating GT-094-dependent downregulation of Sp1, Sp3 

and Sp4 proteins was investigated in RKO and SW480 cells.  Treatment of RKO (Fig. 

4.4C) and SW480 (Fig. 4.4D) cells with GT-094 decreased expression of Sp1, Sp3 and 

Sp4 proteins in both cell lines and this response was attenuated in cells cotreated with-
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GT-094 plus the thiol antioxidants.  These results demonstrate that GT-094-mediated 

downregulation of Sp1, Sp3 and Sp4 proteins in  colon cancer cells is dependent on 

decreased MMP and induction of ROS, and we have observed similar effects for 

arsenic trioxide and curcumin in bladder and pancreatic cancer cells, respectively [661, 

662]. 

 

Fig. 4.4. Role of ROS in GT-094-mediated downregulation of Sp1, Sp3 and Sp4 proteins. Induction of ROS 
in RKO (A) and SW480 (B) cells. Cells were treated with 50 μmol/L GT-094, 1 mmol/L DTT, and 5 mmol/L 

GSH alone or in combination for 12 h, and ROS was determined as described in the Materials and 
Methods. Significant (p<0.05) induction by GT-094 (*) and inhibition of this response by GSH or DTT (**) 

are indicated. Effects of GSH or DTT on GT-094-mediaited Sp downregulation in RKO (C) and SW480 (D) 
cells. Cells were treated with different concentrations as indicated for 24 h, and whole cell lysates were 
analyzed by western blots as outlined in the Materials and Methods. Results are typical of replicate (2) 

experiments. 

http://www.ncbi.nlm.nih.gov/pubmed/19328542
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Fig. 4.5. GSH blocks GT-094-induced growth inhibition and apoptosis. Inhibition of RKO (A) and SW480 (B) 
cell growth by GT-094 blocked by GSH. Cells were treated with 50 μmol/L GT-094 or 5 mmol/L GSH alone 
or in combination for 24 h, and cell numbers were determined as described in the Materials and Methods. 

Significant (p<0.05) inhibition by GT-094 (*) or reversal of this effect by GSH (**) are indicated. Induction of 
apoptosis by GT-094 ± GSH in RKO (C) and SW480 (D) cells. Cells were treated with GT-094 ± GSH for 

24 h, and apoptosis was determined by TUNEL staining as described in the Materials and Methods. 
Significant (p<0.05) induction of apoptosis by GT-094 (*) and inhibition after cotreatment with GSH (**) are 

indicated. 
 

 
 Since GT-094-induced mitochondrial disruption and induction of ROS mediates 

downregulation of Sp1, Sp3 and Sp4, the role of this pathway on inhibition of colon 

cancer cell growth and induction of apoptosis was investigated.  Treatment of RKO and 
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SW480 cells with 50 M GT-094 for 24 h significantly inhibited proliferation of both cell 

lines; however, in cells cotreated with GT-094 and the antioxidant GSH, the growth 

inhibitory effects of the nitro-NSAID was attenuated (Figs. 4.5A and 4.5B).  The results 

also show that the role of ROS-induced growth inhibition was more dominant in RKO 

than in SW480 cells, suggesting that other ROS-independent pathways are involved in 

the inhibitory effects of GT-094 in SW480 cells.  Figures 4.5C and 4.5D show that GT-

094 enhanced TUNEL staining, indicative of apoptosis in RKO and SW480 cells, and 

this effect was inhibited in cells cotreated with GT-094 plus GSH.  These results confirm 

that GT-094-dependent activation of ROS plays an important role in the observed 

downregulation of Sp1, Sp3 and Sp4 transcription factors, decreased cell proliferation, 

and induction of apoptosis in colon cancer cells. 

 A recent report shows that downregulation of Sp transcription by methyl 2-

cyano-3,11-dioxo-18-oleana-1,12-dien-30-oate (CDODA-Me) is due to disruption of 

miR-27a:ZBTB10 interactions in colon cancer cells, resulting in decreased expression 

of miR-27a and induction of ZBTB10, an Sp repressor [683].  Treatment of RKO and 

SW480 cells with GT-094 decreased miR-27a expression in both cell lines (Fig. 4.6A) 

and cotreatment with GSH reversed this effect.  In parallel experiments, we observed 

that GT-094 induced ZBTB10 mRNA levels in RKO and SW480 cells (Fig. 4.6B) cells 

and this response was also attenuated after cotreatment with GSH.  Downregulation of 

miR-27a was only observed using 50 M GT-094, whereas 20 and 50 M GT-094 

induced ZBTB10 and this was particularly evident in RKO cells, suggesting that other 

microRNAs or other factors that play a role in regulating ZBTB10 expression may be 

affected by GT-094. 
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Fig. 4.6. GT-094 modulates miR-27a and ZBTB10 expression. (A) GT-094 decreases miR-27a expression 
in RKO and SW480 cells. Cells were treated with 20 or 50 μmol/L GT-094 and 5 mmol/L GSH alone or in 

combination for 24 h, and miR-27a was determined by real time PCR as outlined in the Materials and 
Methods. (B) GT-094 induces ZBTB10 in RKO and SW480 cells. Cells were treated with 20 or 50 μmol/L 
GT-094 and 5 mmol/L GSH alone or in combination for 24 h, and ZBTB10 mRNA levels were determined 
by real time PCR as outlined in the Materials and Methods. Significant (p<0.05) inhibition of miR-27a and 

induction of ZBTB10 (*) and inhibition of these responses by GSH (**) are indicated. (C) Proposed 
molecular mechanism for GT-094-induced ROS and ROS-dependent disruption of the miR-27a:ZBTB10-

Sp/Sp-regulated gene axis. 
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The time-dependent effects of GT-094 (50 M) on miR-27a and ZBTB4 were also 

investigated (Fig. 4.7).  GT-094 decreased miR-27a expression in both cell lines within 

6 h, whereas ZBTB10 was induced after 6-12 and 12-18 h in RKO and SW480 cells, 

respectively, indicating some cell context-dependent differences. 

 

 

Fig. 4.7. Time course effects of GT-094 on miR-27a (A) and ZBTB10 (B). 
RKO and SW480 cells were treated with DMSO or GT-094 for 6, 12, 18, 24 and 36 h, 
and expression of miR-27a and ZBTB10 was determined by real time PCR as outlined 
in the Materials and Methods. Results are mean ± SE for replicate (3) experiments, and 

significant (p < 0.05) inhibition/induction is indicated ( * ). 
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DISCUSSION 

 Nitro-NSAIDs are a new class of NSAIDs that have been developed to provide 

the prototypical anti-inflammatory and analgesic effects of NSAIDs but have minimal 

toxic gastrointestinal side-effects observed for aspirin and related drugs.  The NO 

moiety enhances gastric mucosal repair and ulcer healing and ameliorates NSAID-

induced toxicity.  NO-NSAIDs have also been investigated for their anticancer activities 

and the results of in vitro cell culture and in vivo animal studies have been promising 

[468, 531, 538, 544, 547, 553, 560, 563, 570, 679-682],.  These compounds typically 

inhibit cell growth and induce apoptosis in various cancer cell lines and this includes 

inhibition of -catenin/Tcf complexes and downregulation of cyclin D1 in colon cancer 

cells [560].  Nitro-aspirin derivatives inhibit growth of tumors in mouse xenograft 

experiments using HT-29 colon cancer cells and this is accompanied by decreased 

vascularity in the tumors and downregulation of VEGF [679].  GT-094 also inhibits 

cancer cell and tumor growth and, in both Caco-2 and HT-29 colon cancer cells, there 

was no evidence for induction of apoptosis [563, 570]. 

 Studies in this laboratory have shown that COX-2 inhibitors such as celecoxib 

decreased colon cancer cell growth and the NSAID tolfenamic acid decreased 

pancreatic cancer cell growth, and these effects were due, in part, to downregulation of 

Sp1, Sp3 and Sp4 transcription factors [410, 518].  GT-094 inhibited growth of RKO and 

SW480 colon cancer cells (Fig. 4.1A), induced PARP cleavage (Fig. 4.1B), and TUNEL 

staining (Fig. 4.5C) consistent with induction of apoptosis.  Moreover, GT-094 also 

decreased expression of the antiapoptotic survivin and bcl-2 proteins and this was 

consistent with induction of apoptosis.  GT-094 decreased expression of other proteins 

that play a role in cell growth (cyclin D1, c-Met and EGFR) and angiogenesis (VEGF 
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and VEGFR1) (Figs. 4.1C and 4.1D) and this was consistent with previous studies on 

NO-NSAIDs which report downregulation of cyclin D1 and VEGF [679, 680]. Previous 

studies in this laboratory have demonstrated by RNA interference that knockdown of 

Sp1, Sp3 and Sp4 individually or in combination decreases expression of the 

prosurvival, growth promoting, and angiogenic proteins [45, 46, 377, 632, 660-662, 

670].  Results shown in Fig. 4.1 suggest that an underlying mechanism for these 

responses in RKO and SW480 cells may be related to downregulation of Sp1, Sp3 and 

Sp4 proteins and this was observed in these cells treated with GT-094 (Fig. 4.2A).  The 

time-dependent decrease in expression of Sp1, Sp3, Sp4 and Sp-regulated genes was 

also determined in RKO and SW480 cells treated with GT-094 (Figs. 4.2C and 4.2D).  

Although the rate of decrease in expression of these proteins was similar in each of the 

cell lines, there were also notable exceptions, particularly for some putative Sp-

regulated genes which have previously been characterized by Sp1, Sp3 and Sp4 

knockdown in RNA interference studies [45, 46, 377, 632, 660-662, 670].  For example, 

expression of cyclin D1 (RKO cells) and bcl-2 (SW480 cells) was rapidly decreased (< 6 

h) prior to Sp transcription factors or most other Sp-regulated genes, suggesting that 

GT-094 also induced other pathways that repress genes independent of Sp 

downregulation. 

 At least two different pathways have been linked to drug-dependent 

downregulation of Sp transcription factors, namely via activation of proteasomes [518, 

632, 671] or through downregulation of miR-27a and the subsequent induction of the Sp 

repressor ZBTB10 [671, 683].  GT-094-dependent downregulation of Sp1, Sp3 and Sp4 

was not reversed by proteasome inhibitors (Fig. 4.2B), whereas the NSAID tolfenamic 

acid and the triterpenoid betulinic acid induce proteasome-dependent degradation of Sp 



182 

 

transcription factors in pancreatic and prostate cancer cells, respectively [518, 671].  In 

contrast, CDODA-Me-dependent downregulation of Sp1, Sp3 and Sp4 in colon cancer 

cells was proteasome-independent as observed in this study, and the effects of 

CDODA-Me were due to decreased miR-27a and the subsequent induction of ZBTB10, 

a miR-27a-regulated mRNA [683].  Moreover, in SW480 and RKO cells transfected with 

antisense-miR-27a or ZBTB10 expression plasmid, there is also a decrease in Sp1, 

Sp3, Sp4 and Sp-regulated genes [683].  This pathway was also relevant for GT-094 

which induced ZBTB10 and decreased miR-27a in colon cancer cells (Fig. 4.6 and Fig. 

4.7).  ZBTB10 is a member of the POK family of transcriptional repressors [685] and 

was first identified as an inhibitor of gastrin gene expression [686].  ZBTB10 binds to the 

GC-rich gastrin gene promoter and inhibits Sp1-dependent transactivation and 

presumably inhibits expression of Sp1, Sp3, Sp4 and Sp-regulated genes through 

similar interactions with their GC-rich promoters. 

 In ongoing studies with arsenic trioxide [662] and other pro-oxidants including 

curcumin and CDDO-Me in pancreatic cancer cells [660, 661], we have observed that 

these compounds decreased MMP and increased ROS and ROS-induced 

downregulation of Sp and Sp-regulated gene products.  Results illustrated in Fig 4.3 

and 4.4 indicate that GT-094 decreased MMP and induced ROS in RKO and SW480 

cells and this was reversed in cells cotreated with the thiol antioxidant GSH.  The 

effects of GT-094 on MMP and ROS were similar to the induction of ROS by NO-ASA in 

colon cancer cell lines [468].  However, induction of ROS by GT-094 in this study was 

also related to modulation of the miR-27a:ZBTB10-Sp1/Sp3/Sp4 axis since cotreatment 

with GSH attenuated GT-094-mediated downregulation of miR-27a and induction of 

ZBTB10 (Fig. 4.6) decreased expression of Sp1, Sp3 and Sp4 (Figs. 4.4C and 4.4D), 
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increased TUNEL staining (Figs. 4.5C and 4.5D), and decreased growth (Figs. 4.5A 

and 4.5B).  It was also apparent from the cotreatment studies (GT-094 + GSH) that 

there were cell context-dependent differences in the inhibitory effects of GSH.  For 

example, GSH almost totally reversed GT-094-mediated inhibition of RKO cell 

proliferation but only partially reversed these effects in SW480 cells (Figs. 4.5A and 

4.5B), suggesting that other GT-094-induced growth inhibitory responses were 

important in the latter cell line.  In RKO cells, 20 M GT-094 induced ZBTB10 mRNA 

but did not downregulate miR-27a (Figs. 4.6A and 4.6B), suggesting that other miRs or 

other factors contributed to expression of this gene and these are currently being 

investigated. 

 In summary, this study shows that like CDODA-Me, GT-094 decreases miR-27a 

and induces ZBTB10 expression in colon cancer cells and the subsequent 

downregulation of Sp1, Sp3, Sp4 and Sp-regulated proteins contributes to the 

anticancer activities of this compound.  Moreover, GT-094 disruption of mitochondria 

and induction of ROS are critical elements for the subsequent ROS-dependent 

downstream disruption of the miR-27a:ZBTB10-Sp transcription factor axis (Fig. 4.6C).  

In addition, this study and a previous report in pancreatic cancer cells demonstrate that 

ROS suppresses miR-27a, and we have also observed similar ROS-dependent effects 

on the miR-27a promoter.  We are currently investigating the specific cis-elements and 

trans-acting factors responsible for ROS-miR-27a interactions.  These results 

demonstrate a hitherto unknown mechanism of action for GT-094 and other NO-

NSAIDs in cancer cells (data not shown), and current studies are focused on the role of 

Sp transcription factors as targets for NO-NSAIDs and NSAIDs in cancer cells and 

tumors. 
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CHAPTER V 

PHARMACOLOGIC DOSES OF ASCORBIC ACID REPRESS SPECIFICITY 

PROTEIN (Sp) TRANSCRIPTION FACTORS AND Sp-REGULATED GENES IN 

COLON CANCER CELLS 

 

INTRODUCTION 

 Vitamin C (ascorbic acid) is an essential dietary nutrient and highly effective 

antioxidant that is a critical cofactor required for the activity of multiple enzymes.  As a 

pharmacological agent, vitamin C has a controversial history, particularly with respect to 

the effectiveness of high doses of this compound for treating the common cold and 

cancer [577, 687, 688].  Cameron, Pauling and coworkers summarized a series of 

studies on the anticancer effects of high doses of ascorbic acid and concluded that this 

regimen improved the quality of life and extended the lifespan of cancer patients [584, 

689]. In contrast, results of two trials carried out by Moertel and coworkers at the Mayo 

Clinic did not observe any benefit for patients taking vitamin C versus patients who did 

not receive the drug [587, 588].  Thus, the anticancer activity of vitamin C is 

controversial and it is possible that, in common with many other mechanism-based 

drugs, only select sub-sets of cancer patients may respond to ascorbic acid alone or in 

combination with other agents. 

 The use of vitamin C or any other drug for cancer chemotherapy is predicated, 

in part, by an understanding of the underlying mechanism of action in both in vitro and 

in vivo models.  Several studies show that vitamin C inhibits growth of a number of 

cancer cell lines [580, 587, 588, 601, 690-693], and it was recently reported that EC50 

values using the MTT reduction assays ranged from 3 to 7 mM in 5 different human 
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cancer cell lines and that both intravenous and intraperitoneal administration of 

ascorbate in mice could result in blood levels of ascorbate as high as 20 mM [694].  

Moreover, intravenous administration of ascorbate in humans can also give low mM 

concentrations of this compound in serum [596, 695].  It was also reported that ascorbic 

acid-dependent decreases in cancer cell viability was attenuated after cotreatment with 

catalase and the antioxidant N-acetylcysteine (NAC) and this observation was 

consistent with the induction of reactive oxygen species (ROS) [694].  The results also 

correlated with studies demonstrating the pro-oxidant activity of ascorbic acid and the 

identification of hydrogen peroxide in extracellular fluid of mice administered 

pharmacologic doses of ascorbic acid [578, 601, 605, 696]. 

 The pro-oxidant activity induced by ascorbic acid is comparable to that observed 

for many other anticancer drugs such as arsenic trioxide which is currently being used 

for treatment of acute promyelocetic leukemia (APL) and is also being evaluated for 

treating solid tumors [697-699].  Ongoing studies in this laboratory confirm that arsenic 

trioxide decreases mitochondrial membrane potential (MMP) and induces ROS in 

bladder and pancreatic cancer cell lines [662].  Moreover, arsenic trioxide-induced ROS 

decreased expression of specificity protein (Sp) transcription factors Sp1, Sp3 and Sp4 

and several Sp-regulated genes associated with cancer cell proliferation, survival and 

angiogenesis [662].  We therefore hypothesized that the anticancer activity of ascorbic 

acid may also be related to ROS-dependent downregulation of Sp transcription factors.  

Using colon cancer cells as a model, we have now confirmed that ascorbic acid 

decreases expression of Sp1, Sp3, Sp4 and Sp-dependent genes and these responses 

are ROS-dependent and blocked by antioxidants such as glutathione.  Similar effects 

were observed after treating colon cancer cells with other pro-oxidants such as 
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hydrogen peroxide (H2O2). This study identifies for the first time an important ascorbic 

acid-induced pathway that contributes to the pro-oxidant anticancer activity of this 

compound. 

MATERIALS AND METHODS 

Cell lines, reagents and antibodies. RKO and SW480 human colon carcinoma cell 

lines were obtained from American Type Culture Collection (Manassas, VA).  RKO and 

SW480 cells were maintained in Dulbecco‘s modified/Ham‘s F-12 (Sigma-Aldrich, St. 

Louis, MO) with phenol red supplemented with 0.22% sodium bicarbonate, 5% fetal 

bovine serum, and 10ml/L 100X antibiotic antimycotic solution (Sigma) containing 

10,000 units penicillin, 10,000 g streptomycin and 25 g amphotericin B/ml, in 0.85% 

saline.  The cells were grown in 150 cm2 culture plates in an air/CO2 (95:5) atmosphere 

at 37C and passaged approximately every 3-5 days.  All antibodies were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA), except cleaved poly (ADP) ribose 

polymerase (PARP) and c-Met (Cell Signaling Technology, Danvers, MA), Sp1 and 

VEGF-R2 (Millipore, Temecula, CA), survivin (R&D Systems, Minneapolis, MN), 

VEGFR1 (Abcam Inc. Cambridge, MA), and -actin antibodies (Sigma-Aldrich).  L-

Ascorbic acid (99%) and glutathione, 98% (-glu-cys-gly, GSH) were purchased from 

Sigma-Aldrich.  Dithiothretol (DTT, 98%) was obtained from Boehringer Mannheim 

Corp, (Indianapolis, IN). 

Cell proliferation assays. RKO and SW480 cancer cell lines were plated (3 x 104 per 

well) using DMEM:Ham‘s F-12 medium containing 2.5% charcoal stripped fetal bovine 

serum (FBS) in 12-well plates and left to attach for 24 hr.  Cells were then treated with 

either vehicle or the indicated concentrations of ascorbate (pH 7) for 3 hr and washed 

and further grown for additional 24 hr in growth medium in the absence of ascorbate.  
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Ascorbic acid was neutralized to pH 7.0 with sodium hydroxide and prepared 

immediately before use.  After 24 hr, cells were counted using a Coulter Z1 particle 

counter.  Each experiment was done in triplicate and results are expressed as means  

SE for each determination. 

WST-1 cell survival assay. RKO or SW480 cells were seeded in 96-well plates and 

then treated with H2O2 or t-butylhydroperoxide (T-BOOH) (Sigma) alone or co-treated 

with GSH for 24 hr.  The WST-1 assay kit was obtained from Roche (Indianapolis, IN) 

and the assay was carried out according to the manufacturer‘s instructions.  Cell 

viability was determined by the absorbance of the formazan product at 440 nm.  The 

rate of cell survival was calculated as the percentage of the absorbance of the treated 

samples divided by the controls.  All experiments were determined in triplicate and 

repeated at least two times and results are expressed as means  SD for each 

treatment group. 

Apoptotic and Necrotic assays. RKO and SW480 cells (10 x 104) were seeded in two 

chambered glass slides and left to attach overnight.  The apoptotic and necrotic assay 

kit was obtained from Biotium, Inc. (Hayward, CA) and contained FITC-Annexin V, 

ethidium homodimer III and Hoechst 3342.  Cells were treated with ascorbate for 3 hr 

and further grown for additional 12 hr, and the apoptotic, necrotic and healthy cell 

detection kit was used according to the instructions provided by the manufacturer for 

analysis of adherent cells. 

Western blot assays. RKO and SW480 cancer cells were seeded in DMEM:Ham‘s F-

12 medium containing 2.5% charcoal-stripped FBS.   After 24 hr, cells were treated with 

either vehicle or ascorbate for 3 hr, media was changed, and cells were incubated for 

24 hr.  Western blot analysis on whole cell lysates was determined using -actin as a 
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loading control.   Cells were cotreated with dithiothreitol (DTT) and glutathione (GSH) in 

the presence or absence of ascorbate, H2O2 or T-BOOH for the indicated times and 

harvested 24 hr after treatment, and whole cell lysates were obtained for analysis by 

western blots as previously described [632, 670, 683].  Briefly, cells were collected 

using high-salt buffer (50 mmol/L HEPES, 0.5 mol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L 

EGTA, 10% glycerol, and 1% Triton-X-100, pH 7.5) and 10 L/mL of Protease Inhibitor 

Cocktail (Sigma Aldrich).  Protein lysates were incubated for 3 min at 100C and then 

separated by electrophoresis on 10% SDS-PAGE 120 V for 3 to 4 hr.  Protein lysates 

were transferred onto polyvinylidene difluoride (PVDF) membranes by wet 

electroblotting in a buffer containing 25 mmol/L Tris, 192 mmol/L glycine, and 20% 

methanol for 1.5 hr at 180 mÅ.  Membranes were blocked for 30 min with 5% TBST-

Blotto [10 mmol/L Tris-HCl, 150 mmol/L NaCl (pH 8.0), 0.05% Triton X-100, and 5% 

nonfat dry milk] and incubated in fresh 5% TBST-Blotto with 1:500 primary antibody 

overnight with gentle shaking at 4C.  The PVDF membrane was washed with TBST for 

10 min and then incubated with secondary antibody (1:5000) in 5% TBST-Blotto for 2 hr 

by gentle shaking.  After washing with TBST for 10 min, the membrane was incubated 

with 6 mL of chemiluminescence substrate for 1 min and exposed to Kodak image 

station 4000 mm Pro (Carestreamhealth, Woodbridge, CT). 

ROS estimation. Cellular ROS levels were evaluated with the cell permeant probe CM-

H2DCFDA (5-(and-6)-chloromethyl-2',7' dichlorodihydrofluorescein diacetate acetyl 

ester).  CM-H2DCFDA is nonfluorescent until removal of the acetate groups by 

intercellular esterases and oxidation occurs within the cell.  Following treatment for 12 

hr, 48-well cell culture plates containing cells were loaded with 10 M CM-H2DCFDA  

for 30 min, washed once with serum free medium, and analyzed for ROS levels using 



189 

 

Bio Tek Synergy 4 plate reader (Bio Tek Instruments, Inc., Winooski, VT) set at 480 nm 

and 525 nm excitation and emission wavelength, respectively.  Cells were then washed 

twice with PBS and fixed with methanol for 3 min at room temperature.  Methanol was 

then completely removed and 1 mg/ml Janus green was added to the cultures for 3 min.  

Following removal of Janus green, cultures were washed twice with PBS and 100 l of 

50% methanol was added to each well.  Cell counts were then determined with the 

plate reader set to an absorbance of 654 nm, and ROS intensities were then corrected 

accordingly.  Three experiments were performed and analyzed on different days using 8 

wells per treatment group. 

Statistical analysis. All statistical tests were two-sided and statistical significance in 

the differences between treatment groups was determined by analysis of variance and 

Student's t-test.  Results are expressed as means  SD for replicate (at least three) 

experiments and levels of significance are noted. 

RESULTS 

 RKO and SW480 cells were treated with 1 - 3 mM ascorbic acid for 3 hr and 

after 24 hr, cells were counted to determine effects on cell survival.  The results 

(Fig.5.1A) show that 1, 2 and 3 mM ascorbic acid significantly inhibited cell proliferation 

and the growth inhibitory concentrations were similar to those previously reported in 

other cancer cell lines [601, 694].  Growth inhibitory IC50 values were 1.62 and 1.64 mM 

in RKO and SW480 cells, respectively  The effects of ascorbate on caspase-dependent 

PARP cleavage were cell context-dependent (Fig. 5.1B).  In RKO cells, 2 and 3 mM 

ascorbate increased PARP cleavage; however, at the higher concentrations, there was 

a decrease in PARP cleavage and similar results were observed in SW480 cells.  

These results are consistent with previous studies showing that ascorbate also induces 
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necrosis in cancer cells and this is due, in part, to the induction of H2O2 which inhibits 

apoptosis (27, 28).  The cell death pathways were further investigated using a kit 

containing FITC-Annexin V, ethidium homodimer III, and Hoechst 3342 that 

simultaneously stains apoptotic cells (green), necrotic cells (red), and healthy cells 

(blue).  Compared to control (solvent-treated) RKO cells, ascorbate induced both 

apoptosis (green) and necrosis (red) and cotreatment with GSH decreased both death 

pathways (Fig. 5.1C).  Ascorbate also induced apoptosis and necrosis in SW480 cells 

and these effects were also inhibited after cotreatment with GSH, demonstrating that 

ascorbate-induced cell death is associated with its pro-oxidant activity.  Green staining 

(apoptosis) was more evident in SW480 cells, whereas necrosis (red staining) was 

more enhanced in RKO cells. Since ascorbate inhibits cell proliferation and is cytotoxic 

to colon cancer cells, we also investigated expression of several genes that mediate 

these responses.  For example, treatment of RKO and SW480 cells with 2 or 3 mM 

ascorbate resulted in decreased expression of EGFR, c-Met and cyclin D1 proteins 

(Figs. 5.2A and 5. 2B).  We also observed that ascorbate decreased levels of the 

survival genes bcl-2 and survivin in RKO and SW480 cells (Figs. 5.2C and 5.2D, 

respectively), and loss of these gene products is likely associated with induction of 

apoptosis in cancer cells as observed in the PARP cleavage and fluorescent staining 

assays (Figs. 5.1B and 5.1C).   
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Fig. 5.1. Ascorbate is cytotoxic to colon cancer cells. A: Cell growth inhibition. RKO and 
SW480 cells were treated with 1–3 mM ascorbate for 3 h and, after 24 h, cell number 
was determined as described in the Materials and Methods. Results are expressed as 

means ± SE for 3 replicate determinations, and significant (P < 0.05) growth inhibition is 
indicated (*). Induction of poly (ADP) ribose polymerase (PARP) cleavage (B) and 
necrosis and apoptosis (C) in RKO and SW480 cells. RKO and SW480 cells were 
treated with 3 mM ascorbate for 3 h and, after 24 h, cell lysates were analyzed by 
Western blots for PARP cleavage (B) or were stained with the fluorescent dye kit 

containing FITC-annexin V, ethidium homodimer III, and Hoechst 3342 and analyzed for 
apoptosis and necrosis as described in the Materials and Methods. 

 

 



192 

 

 Previous RNA interference studies in this laboratory indicate that individual 

knockdown of Sp1, Sp3 or Sp4 and their combination decreased expression of cyclin 

D1, c-Met, EGFR, bcl-2 and survivin [45, 46, 377, 410, 632, 662, 670], indicating that 

these genes are regulated by Sp1, Sp3 and Sp4 transcription factors [45, 46, 377, 410, 

632, 662, 670]. These results suggest that ascorbate may also affect expression of 

these proteins by downregulation of Sp transcription factors.  Fig. 5.3A demonstrates 

that after treatment of RKO and SW480 cells with 2 and 3 mM ascorbate, levels of Sp1, 

Sp3 and Sp4 proteins were decreased in both cells lines.  The angiogenic proteins 

VEGF, VEGFR1 and VEGFR2 are Sp-regulated genes [45, 46] and ascorbate also 

decreased expression of these proteins in RKO and SW480 cells (Fig. 5.3B) further 

confirming that Sp1, Sp3, Sp4 and Sp-regulated genes are critical targets of ascorbate 

in colon cancer cells and similar results have been observed in other cancer cell lines 

including KU7 (bladder), L3.6pL (pancreatic), and LNCaP and PC3 (prostate) cancer 

cells (data not shown).  Since ascorbate treatment results in formation of hydrogen 

peroxide (H2O2) in both in vitro and in vivo models [578, 601, 605, 696], we also 

investigated the effects of H2O2 and the pro-oxidant t-butyl hydroperoxide (T-BOOH) on 

Sp protein expression in RKO and SW480 colon cancer cells. 
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Fig. 5.2. Ascorbate-induced effects on proteins involved in cell growth and cell death. 
The effects of ascorbate on expression of epidermal growth factor receptor (EGFR), c-

Met, and cyclin D1 proteins in RKO (A) and SW480 (B) cells and also on levels of 
survivin and bcl-2 and cleaved poly (ADP) ribose polymerase in RKO (C) and SW480 
(D) cells were determined on whole cell lysates by Western blots as described in the 

Materials and Methods. Results are typical of duplicate experiments. 

 

 Both H2O2 and T-BOOH decreased expression of Sp1, Sp3 and Sp4 proteins 

and induced PARP cleavage in RKO and SW480 cells (Figs. 5.3C and 5.3D) and these 

results are comparable to the effects of ascorbate on expression of these proteins (Fig. 

5.3A). 
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Fig. 5.3. Ascorbate, H2O2, and t-butylhydroperoxide (T-BOOH) downregulate specificity protein (Sp)1, Sp3, 
and Sp4. RKO and SW480 cells were treated with ascorbate (A, B), H2O2 (C), and T-BOOH (D), and whole 

cell lysates were analyzed for Sp1, Sp3, and Sp4 proteins or vascular endothelial growth factor (VEGF), 
VEGFR1, and VEGFR2 proteins by Western blots as described in the Materials and Methods. Gels are 
typical of results obtained in multiple (2–3) experiments. Cleaved poly (ADP) ribose polymerase (PARP) 

was also determined in cells treated with H2O2 or T-BOOH. 

http://www.tandfonline.com/action/showPopup?citid=citart1&id=CIT0002&doi=10.1080/01635581.2011.605984
http://www.tandfonline.com/action/showPopup?citid=citart1&id=CIT0003&doi=10.1080/01635581.2011.605984
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 We also investigated the induction of ROS 12 hr after incubation of RKO and 

SW480 cells with ascorbate for 3 hr.  The results indicate that ROS was induced by 

ascorbate in RKO and SW480 cells at this time point and in cells cotreated with 

ascorbate plus the thiol antioxidants GSH and DTT, the ascorbate-induced ROS 

response was attenuated (Figs. 5.4A and 5.4B).  Figures 4C and 4D show that GSH 

inhibited ascorbate-induced cell death and these results also correlated with the 

inhibitory effects of GSH on ascorbate-induced inhibition of RKO and SW480 cell 

proliferation (Figs. 5.4C and 5.4D). 

 Since the antioxidant GSH inhibited ascorbate-induced cytotoxicity, we also 

investigated the role of ROS in mediating downregulation of Sp1, Sp3 and Sp4 and Sp-

regulated genes in colon cancer cells treated with 3 mM ascorbate.  Figure 5.5A shows 

that ascorbate-induced downregulation of Sp1, Sp3 and Sp4 in RKO and SW480 cells 

was attenuated after cotreatment with GSH, whereas minimal effects were observed in 

cells cotreated with DTT.  The effects of antioxidants on ascorbate-induced 

downregulation of growth inhibitory (Fig. 5.5B) and angiogenic/survival (Fig. 5.5C) gene 

products was also determined.  GSH inhibited ascorbate-induced downregulation of 

EGFR, c-Met and cyclin D1 protein expression (Fig. 5.5C) and also VEGF, VEGFR1, 

VEGFR2 and survivin protein expression (Fig. 5.5B) in RKO and SW480 cells.  DTT 

was relatively ineffective as an inhibitor in these assays and this was consistent with 

results summarized in Fig. 5.5A. 
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Fig. 5.4. Antioxidants inhibit ascorbate-induced ROS and growth inhibition. Induction of 
ROS in RKO (A) and SW480 (B) cells. Cells were treated with buffer, 3 mM ascorbate 

alone or in combination with antioxidants and, after 12 h, ROS was determined as 
described in the Materials and Methods. Cell proliferation in RKO (C) and SW480 (D) 

cells. Cells were treated with DMSO, ascorbate alone, or in combination with 
antioxidants (3 h) and, after 24 h, cell numbers were counted as described in the 

Materials and Methods. Results (A, B) are means ± SE for at least 3 separate 
experiments per treatment group and significant (P < 0.05) responses induced by 
ascorbate (*) and inhibited after cotreatment with antioxidants (**) are indicated. 
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Fig. 5.5. Antioxidants inhibit ascorbate-induced repression of specificity protein (Sp)1, Sp3, Sp4, 
and Sp-regulated gene products. RKO and SW480 cells were treated with 3 mM ascorbate for 3 
h in the presence or absence of thiol antioxidants and, after 24 h, the expression of Sp1, Sp3, 
and Sp4 proteins (A), Sp-regulated growth promoting (B), and angiogenic (C) proteins were 
determined by Western blot analysis of whole cell lysates. The blots are representative of 

replicated (2–3) experiments. GSH indicates glutathione; DTT, dithiothretol. 

http://www.tandfonline.com/action/showPopup?citid=citart1&id=CIT0002&doi=10.1080/01635581.2011.605984
http://www.tandfonline.com/action/showPopup?citid=citart1&id=CIT0003&doi=10.1080/01635581.2011.605984
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 The role of antioxidants in attenuating the effects of H2O2 and T-BOOH were 

also investigated.  Figure 6A shows that H2O2 and T-BOOH inhibit growth of RKO cells 

and cotreatment with the antioxidants significantly blocks the growth inhibitory effects of 

the pro-oxidants.  Similar results were observed in SW480 cells (Fig. 5.6A).  Treatment 

of RKO and SW480 cells with 150 M H2O2
 (Fig. 5.6B) or 160 M T-BOOH (Fig. 5.6C) 

decreased expression of Sp1, Sp3, Sp4 and cyclin D1 (an Sp-regulated gene); 

however, cotreatment with thiol antioxidants (GSH or DTT) inhibited H2O2-mediated 

effects and GSH blocked T-BOOH-dependent downregulation of Sp1, Sp3, Sp4 and 

cyclin D1 (Fig. 5.6C).  Thus, ascorbate and prototypical pro-oxidants such as H2O2 and 

T-BOOH inhibit growth of colon cancer cells, and this is accompanied by decreased 

expression of Sp1, Sp3 and Sp4 transcription factors and Sp-regulated genes that are 

important for to cancer cell growth (c-Met, EGFR, cyclin D1) and angiogenesis (VEGF, 

VEGFR1 and VEGFR2).  This suggests that the anticancer activity of ascorbate is due, 

in part, to ROS-dependent downregulation of Sp transcription factors. 
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Fig. 5.6. Antioxidants block H2O2- and T-BOOH-induced responses in colon cancer cells. A: Cell 
proliferation. RKO and SW480 cells were treated with H2O2 (24 h) or T-BOOH (24 h) alone or in 

the presence of antioxidants. Cells were then counted as described in the Materials and 
Methods. Results are expressed as means ± SE for at least 3 replicate experiments for each 
treatment group and significant (P < 0.05) H2O2- and t-butylhydroperoxide (T-BOOH)-induced 

responses (*) and inhibition by antioxidant (**) are indicated. Effects of antioxidants on H2O2 (B) 
and T-BOOH (C)-dependent downregulation of Sp transcription factors. Cells were treated as 

described in (A) and whole cell lysates were analyzed by Western blots. Gels are typical of 
replicate (at least 2) experiments. GSH indicates glutathione; DTT, dithiothretol. 
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DISCUSSION 

 Sp/Krüppel-like factors (KLFs) are an important family of transcription factors 

that regulate mammalian and viral genes through high affinity interactions with GC-rich 

promoter elements [339, 360, 369].  Sp/KLF proteins contain three zinc fingers in their 

C-terminal DNA-binding domains and Sp1 was the first transcription factor identified 

[700].  Sp1 and other Sp transcription factors are critically important in embryonic 

development [339, 360, 369]; however, their expression decreases with age [366, 367, 

668].  Studies in this laboratory have demonstrated high expression of Sp1, Sp3 and 

Sp4 proteins in cancer cell lines and in tumors (xenografts) but minimal levels were 

detected in non-tumor tissues in rodent models [632, 671, 683, 684] and in cells [518], 

and the differential expression contributes to the selectivity of agents that target Sp 

transcription factors.  Lou and coworkers showed differences in expression of Sp1 in 

normal human fibroblasts (low), a non-transformed immortalized cell line (medium), and 

an H-Ras transformed cell line (high), and oncogene- or carcinogen-induced 

transformation of human fibroblasts resulted in an 8- to 18-fold increase in Sp1 protein 

[373].  Moreover, knockdown of Sp1 in these transformed fibroblasts markedly 

decreased their tumorigenicity in mouse xenografts [373].  RNA interference studies in 

which Sp1, Sp3 or Sp4 are knocked down individually or in combination also decreased 

expression of several Sp-regulated genes involved in cancer cell growth (c-Met, EGFR, 

cyclin D1), survival (survivin and bcl-2), and angiogenesis (VEGF, VEGFR1 and 

VEGFR2) [45, 46, 377, 410, 632, 662, 670].  These results clearly demonstrate the pro-

oncogenic activity of Sp transcription factors and their potential importance as a drug 

target for cancer chemotherapy. 
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 Ongoing studies with arsenic trioxide show that this anticancer drug induced 

ROS and ROS-dependent downregulation of Sp1, Sp3, Sp4 and Sp-regulated genes in 

several different cancer cell lines including RKO and SW480 colon cancer cells [662].  

Ascorbate has also previously been identified as a pro-oxidant drug that inhibits growth 

of multiple cancer cell lines; however, the underlying mechanisms of action of this 

compound are unclear.  Using RKO and SW480 colon cancer cells as models, it was 

apparent that ascorbate inhibited cell proliferation and induced cell death was due to 

both necrosis and apoptosis (Fig. 5.1), and these results are consistent with previous 

studies [580, 601, 690-694].  A survey of 43 cancer cell lines demonstrate variability in 

the IC50 values for growth inhibition by ascorbate (low mM to > 10 mM) [601] and our 

results suggest that RKO and SW480 cells are among the more sensitive cancer cell 

lines [601].  Induction of apoptosis was somewhat variable between the cell lines, even 

though ascorbate significantly decreased expression of the antiapoptotic genes bcl-2 

and survivin (Fig. 5.2) in both cell lines and this may be due, in part, to the reported 

inhibitory effects of H2O2 on apoptosis [601, 605, 696].  However, the effects of 

ascorbate on bcl-2, survivin, cyclin D1, c-Met, EGFR, VEGF, VEGFR1 and VEGFR2 

suggested that the underlying anticancer activity of this compounds may be due, in part, 

to targeting downregulation of Sp1, Sp3 and Sp4 transcription factors that are 

overexpressed in cancer cell lines and tumors [373, 518, 671, 683, 684].  Other 

compounds such as arsenic trioxide, curcumin and some triterpenoid anticancer agents 

[518, 632, 662, 671, 683] decrease expression of many of the same gene products 

downregulated by ascorbate (Fig. 5.2), and RNA interference studies show that 

expression of these genes is regulated by Sp1, Sp3 and Sp4 in cancer cells [45, 46, 

377, 410, 632, 670].  Not surprisingly, we also observed that ascorbate decreased 
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expression of Sp1, Sp3 and Sp4 proteins in RKO and SW480 cells (Fig. 5.3), and this 

response correlated with the downregulation of several Sp-regulated genes (Fig. 5.2).  

However, it should also be noted that 1 mM ascorbate decreased colon cancer cell 

growth, whereas  2 mM ascorbate was required for decreased expression of Sp1, Sp3 

and Sp4 proteins.  Thus, ascorbate-induced Sp downregulation is not the only pathway 

associated with the anticancer activity of this compound. 

 Ascorbate-induced cytotoxicity has been associated with generation of H2O2 

[601, 605, 662, 696-699, 701, 702], and our results with the pro-oxidants H2O2 and T-

BOOH show that like ascorbate, these compounds are also cytotoxic and decrease 

proliferation and downregulate Sp1, Sp3 and Sp4 expression in RKO and SW480 cells 

(Figs. 5.3 and 5.6).  The linkage between the pro-oxidant activities of ascorbate, H2O2 

and T-BOOH and their effects on cell proliferation and expression of Sp transcription 

factors was confirmed in studies showing that these effects were partially reversed in 

cells after cotreatment with the antioxidant GSH which also exhibits many other 

activities (Figs. 5.5 and 5.6).  Previous studies with hydrogen peroxide in normal cells 

and in cancer cell lines were mixed and have reported both increased and decreased 

effects on Sp1 and/or Sp-regulated genes [703-707].  However, these studies primarily 

attributed these effects to modulation of Sp1 phosphorylation or Sp1 DNA binding.  

Results in this paper clearly demonstrate that ascorbate and pro-oxidants induced 

downregulation of Sp1, Sp3 and Sp4 proteins and Sp-regulated gene products, and we 

have observed similar results for arsenic trioxide [662].  The effectiveness of DTT as an 

antioxidant was variable since GSH but not DTT inhibited ascorbate-induced 

downregulation of Sp1, Sp3 and Sp4 proteins (Fig. 5.5A), whereas both GSH and DTT 

blocked downregulation of Sp proteins by H2O2 (Fig. 5.6B).  The specificity of DTT and 
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other antioxidants for inhibiting drug-induced Sp downregulation has previously been 

observed [662]. 

 In previous studies, the triterpenoid methyl 2-cyano-3,11-dioxo-18-olean-1,12-

dien-30-oate (CDODA-Me) decreased expression of Sp1, Sp3, Sp4 and Sp-regulated 

genes through induction of an Sp-repressor protein ZBTB10 in RKO and SW480 cells 

[683].  The effects of CDODA-Me were dependent on downregulation of microRNA-27a 

(miR-27a) which suppresses ZBTB10 [683, 684].  Ascorbate did not affect expression of 

miR-27a or ZBTB10 in RKO and SW480 cells, and other possible downstream targets 

are currently being investigated.  In summary, results of this study show for the first time 

that the anticancer activity of ascorbate is due, in part, to downregulation of Sp1, Sp3 

and Sp4 transcription factors and Sp-regulated genes.  Many Sp-dependent genes such 

as EGFR, c-Met, bcl-2, VEGF and its receptors are themselves drug targets in specific 

cancers because of their critical role in tumor growth, survival and angiogenesis.  

Results of this study with ascorbate and previous reports with arsenic trioxide, 

curcumin, betulinic acid and CDODA-Me [518, 632, 662, 671, 683] demonstrate that 

many of these genes can be repressed at the same time by targeting Sp transcription 

factors, and we are currently developing this approach for single agent and combined 

therapies for cancer treatment. 
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CHAPTER VI 

SUMMARY 

 

 Previous studies from our laboratory investigated the mechanisms of action of 

several synthetic and natural compounds such as tolfenamic acid, betulinic acid and 

curcumin as anticancer drugs that inhibit proliferation of pancreatic, prostate and 

bladder cancer cells in culture and tumor growth in murine xenograft or orthotopic 

models, respectively [518, 632, 671]. These compounds also decrease expression of 

Sp1, Sp3 and Sp4 proteins and several Sp-dependent genes and proteins such as 

VEGF, VEGFR1, survivin, cyclin D1 and bcl-2, and these responses contribute to their 

anticancer activity. Here we demonstrate the anticancer activity of aspirin, tolfenamic 

acid, GT-094 and ascorbic acid in colon cancer cells and in vivo animal models. 

 Aspirin is a widely used NSAID for treatment of pain, fever and inflammation and 

it has been extensively investigated as a chemopreventive and chemotherapeutic agent 

in cancer. Aspirin use is associated with decreased incidence of several cancers such 

as colon, breast, esophagus, lung, stomach and ovarian cancers; however, the 

mechanism of action of aspirin as anticancer agent is still unknown. Using colon cancer 

cells as a model, we investigated the mechanism of action of aspirin as 

chemotherapeutic agent. Aspirin inhibited the growth of RKO, SW480, HT-29 and HCT-

116 colon cancer cells and also downregulated Sp1, Sp3 and Sp4 and Sp-dependent 

genes including the angiogenic, proliferative and survival genes, NF-κB-p65 and β-

catenin. Aspirin induces apoptosis in all cell lines and inhibited tumor growth in athymic 

nude mice bearing RKO cells as xenografts. This study demonstrates that aspirin 

activates caspases and caspase-dependent proteolysis of Sp1, Sp3 and Sp4 proteins in 
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colon cancer cells and tumors and, this was accompanied by downregulation of several 

Sp-regulated genes.  Aspirin-induced Sp downregulation was due to cellular depletion 

of zinc and activation of nuclear caspases. Based on the similar effects of aspirin and 

salicylate as anticancer agents [615, 622, 623, 650] and the high serum 

salicylate/aspirin ratios observed in patients after treatment with aspirin [637], the 

cancer chemotherapeutic effects of aspirin [615-617, 619, 620] may primarily be due to 

the salicylate metabolite. 

 Tolfenamic acid has been used for pain relief as an anti-inflammatory drug [671, 

672] and is currently being studied as an anticancer agent. TA induces proteosome-

dependent degradation of transcription factors Sp1, Sp3, Sp4 and Sp-regulated genes 

in pancreatic cancer cells [518] and in this study we have investigated the effects of TA 

on colon cancer using both in vitro and in vivo models. TA inhibited colon cancer cell 

proliferation and cell viability and induced apoptosis in four different colon cancer cells, 

RKO, SW480, HT-29 and HCT-116. TA also decreased expression of Sp1, Sp3 and 

Sp4 and also several growth promoting (CD1, c-MET), angiogenic (VEGF and VEGFR) 

survival (survivin and bcl-2) and inflammatory (p65/p50) genes. The effects of TA in 

colon cancer cells and tumors was comparable to those observed for TA in other cancer 

cells, however, the mechanism of TA-induced effects on Sp protein expression differed 

from previous studies.  TA-induced downregulation of nuclear Sp1, Sp3 and Sp4 and 

Sp dependent genes is mediated by activation of caspases and this contrasts to the 

proteasome dependent and independent effects of TA in other cancer cells [518-521]. 

Results of this study show that activation of caspases by TA is required for Sp protein 

degradation and current studies are focused on identifying the mechanisms of TA-
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induced caspase activation and the rationale for specifically targeting Sp1, Sp3 and Sp4 

proteins.  

 GT-094 is a prototypical NO-NSAID that acts as antiinflammatory, 

antiproliferative and cytoprotective agent in vitro and in vivo models [563]. In this study, 

we investigated the action of GT-094 in colon cancer cells and GT-094 inhibited RKO 

and SW480 colon cancer cell growth, induced PARP cleavage, and TUNEL staining 

consistent with induction of apoptosis. Moreover, GT-094 decreased expression of Sp1, 

Sp3 and Sp4 and Sp-dependent antiapoptotic survivin and bcl-2 proteins and this was 

consistent with decreased expression of other Sp-regulated gene products that play a 

role in cell growth (cyclin D1, c-Met, and EGFR) and angiogenesis (VEGF and 

VEGFR1). GT-094 also decreases mitochondrial membrane potential and induced ROS 

and this was accompanied by downregulation of miR-27a and upregulation of ZBTB-10, 

an Sp repressor. Thus like CDODA-Me [661] GT-094 inhibits miR-27a-dependent 

suppression of ZBTB10 in colon cancer cells and the transcriptional repressor 

subsequently downregulates expression of Sp1, Sp3, Sp4, and Sp-regulated proteins 

and this significantly contributes to the anticancer activities of this compound. Moreover, 

GT-094-mediated perturbation of mitochondria and induction of ROS are critical 

elements for the subsequent ROS-dependent disruption of the miR-27a:ZBTB10-Sp 

transcription factor axis. We are currently investigating the specific cis-elements and 

trans-acting factors responsible for ROS-dependent repression of miR-27a. 

  Ascorbate has previously been identified as a prooxidant drug that inhibits 

growth of multiple cancer cell lines; however, the underlying mechanisms of action of 

this compound are unclear. Using RKO and SW480 colon cancer cells as models, it 

was apparent that ascorbate inhibited cell proliferation and induced cell death was due 
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to both necrosis and apoptosis and these results are consistent with previous studies 

[580, 601, 690-694]. Induction of apoptosis was somewhat variable between the cell 

lines, even though ascorbate significantly decreased expression of the antiapoptotic 

genes bcl-2 and survivin in RKO and SW480 cells and this may be due, in part, to the 

reported inhibitory effects of H2O2 on apoptosis [601, 605, 696]. Not surprisingly, we 

also observed that ascorbate decreased expression of Sp1, Sp3, and Sp4 proteins in 

RKO and SW480 cells and this response was accompanied by downregulation of 

several Sp-regulated genes such as bcl-2, survivin, cyclin D1, c-Met, EGFR, VEGF, 

VEGFR1, and VEGFR2 suggesting that the underlying anticancer activity of this 

compounds may be due, in part, to targeting downregulation of Sp1, Sp3, and Sp4 

transcription factors that are overexpressed in cancer cell lines and tumors [373, 518, 

671, 683, 684]. Ascorbate-induced cytotoxicity has been associated with generation of 

H2O2 [601, 605, 662, 696-699, 701, 702], and our results with the prooxidants H2O2 and 

T-BOOH show that like ascorbate these compounds are also cytotoxic and decrease 

colon proliferation and downregulate Sp1, Sp3, and Sp4 expression in RKO and SW480 

cells. The linkage between the prooxidant activities of ascorbate, H2O2, and T-BOOH 

and their effects on cell proliferation and expression of Sp transcription factors was 

confirmed in studies showing that these effects were partially reversed in cells after 

cotreatment with the antioxidant GSH, which also exhibits many other activities. 

However, Unlike CDDO-Me and GT-094 [572, 661], ascorbate did not affect expression 

of miR-27a or ZBTB10 in RKO and SW480 cells, and other possible downstream 

targets are currently being investigated. 
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