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Abstract
In the past 10 to 15 years, a considerable progress has been made in the treatment of
gastrointestinal (GI) related malignancies, as a number of agents expanded from only one in 1995
to seven in 2006. Current review describes the recent role of targeted therapies, specifically EGFR
inhibitors in the treatment of GI cancers. Importance of dietary agents in the treatment and
prevention of GI cancers is also reviewed.
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INTRODUCTION
In the last decade great strides have been made in improving the survival outcome of
patients with gastrointestinal (GI) cancers. Among the GI cancers, colorectal cancer is the
most common malignancy worldwide [1]. Even with a significant improvement in
conventional chemotherapy, mortality from different GI cancers, including colorectal cancer
remains unacceptably high. Our understanding of why individuals respond differently to
therapeutics and why some patients relapse whereas, others do not, is still at the rudimentary
level. Thus, a better understanding of the reasons for treatment failure and developing an
ability to predict those who would benefit the most (and least) remain important aims in the
management of GI cancers.

One of the most promising new targets in the treatment of GI cancers is the epithelial growth
factor receptor (EGFR). Indeed, considerable progress has been made in the past 10 to 15
years, as number of agents for the treatment of GI related malignancies expanded from only
one in 1995 to seven in 2006; the most recent additions being the EGFR targeting agents [2].
Agents that inhibit EGFR (such as monoclonal anti-bodies and small molecule tyrosine
kinase inhibitors) have demonstrated clinical efficacy as single agents and in combination
with chemotherapy. Although initially, these newer drugs appeared to be very promising,
time has begun to show us that these advances are more modest than we had expected. The
expectation that the median progression-free survival duration would reach 1 year or more
with first-line combination treatments has not been realized. Recent findings that expression
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of EGFR did not correlate with clinical benefit indicate that we had virtually no
understanding of individual responses to therapy. The recent discovery of the K-Ras
mutation as a marker of probable failure of EGFR-targeted therapy is the first step in
tailoring of treatment of individuals [3, 4]. Furthermore, the issue of de-novo resistance in a
large number of patients and the development of acquired resistance among the responders
remains a subject of extensive investigation [5]. Therefore, a greater understanding of the
molecular underpinnings of a patient’s tumor and his/her genetic makeup may lead to a
more careful and scientifically elegant selection of therapies. Thus, new paradigms and the
identification of new vulnerable molecular targets are needed. In this review we summarize
the current state of clinical effectiveness of EGFR-targeted therapies for GI cancers with a
focus on colorectal cancer along with future strategies for the management of GI cancers.

BACKGROUND OF GI CANCERS
The fight against cancer today in general and gastrointestinal (GI) cancer in particular,
stands at a turning point in its history. The explosion of information and progress in the
understanding of the cellular and molecular biology of cancer in recent years presents
tremendous opportunities for the development of new therapeutic strategies for different
malignancies, including GI cancers. Over the last three decades, numerous studies have been
performed regarding the genetics, diagnosis, staging and therapeutic modalities of GI
cancers. Even though surgery remains the cornerstone of treatment of GI cancers, new
guidelines have been established for a multimodality treatment resulting in improved
survival rate and quality of life. The key challenge, however, remains the translation of the
basic knowledge generated in the laboratories into more efficacious, preventative, diagnostic
and therapeutic products.

Epidemiology
Despite the tremendous advances in medicine, cancer still poses a huge human and
economic burden across the world. According to WHO statistics, 7.4 million people
worldwide (13% of all deaths) died from cancer in 2004 [6]. According to WHO
projections, cancer will result in 12 million of all deaths across the globe. Different forms of
cancer incidences as well as mortality vary among different regions of the world, 9.4% for
North America to 49.9 % for Asia [6]. According to the data compiled by International
Agency for Research on Cancer for the year 2002, the most common forms of cancer
worldwide are lung (12.4%), breast (10.6%) and colorectal (9.2%), while the top three
causes of death from cancer are lung (17.6%), gastric (10.4%) and liver (8.9%) [7, 8],
Gastric Cancer, the second most frequent cause of cancer deaths shows a high geographical
variation [9–11]. The incidence of gastric cancer may range from 4–10 cases per 100,000
people (in North America, Africa and Oceania) to 69 cases per 100,000 people (in North
East Asia) [9]. The global incidence of gastric cancer has declined over the past few decades
[8]. Until 1980s gastric cancer was the leading cause of cancer related deaths when it was
taken over by lung cancer [8, 12]. Few risk factors for development of gastric neoplasia are
traditional salt-preserved foods, low consumption of fresh fruits and vegetables, H pylori
infections and smoking [13–16].

Likewise, colorectal cancer which is third most common cancer worldwide show significant
variations in the distribution globally [17, 18]. Incidences of CRC may vary markedly
worldwide, with 4.1 cases per 100,000 males in India to 59.1 cases in Czech Republic.
While among females, it ranges from 3.6 in India to 39.5 in New Zealand [17]. Some of the
risk factors for colorectal cancers include obesity, a diet low in fruits and vegetables,
physical inactivity and smoking [19]. There has been a decrease in the CRC mortality
worldwide whereas the incidences have been going up [17]. The decline in CRC deaths is
attributed to an advanced diagnostic and prognostic technology, while, the “Westernized”
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life style in developing countries as well as improved longevity in developed countries,
contributes to a greater incidence of CRC [17].

Dynamics of the GI Tract
Gastrointestinal cell proliferation plays an important role in the maintenance of the integrity
of the gastrointestinal system. The study of gastrointestinal proliferation kinetics allows a
better understanding of the complexity of the system, and also has important implications
for the study of gastrointestinal carcinogenesis. Cells of the GI mucosa are subject to a
constant process of renewal, which in healthy being reflects a balance between proliferation
of precursor cells and exfoliation of surface cells [20, 21]. The epithelium of the GI tract
proliferates, matures, and recycles constantly throughout the life of an individual and
actually has one of the most rapid cell turnover rates of any tissues in the body. The
continuous cell renewal is maintained by the sustained proliferative activity of a small
number of mucosal stem cells. The specialized epithelial cells of the gut arise from
populations of pluripotential stem cells residing in specific locations along the GI tract i.e.,
at the origin of the cell flux or the base of the intestinal crypt. In the stomach, the stem cells
are located in the isthmus/neck region of the gastric glands. In the small intestine and colon,
the stem cells are found in the base region of the crypts. Pluripotential stem cells supply
progeny to the proliferative compartment of dividing transit cells which divide
asymmetrically, and the daughter cells migrate up the crypt, undergoing a series of divisions
before leaving the cell cycle to begin differentiation towards the top of the crypt. The
migration kinetics in the gastric glands is assumed to be similar, except that this occurs in
two directions, upwards towards the foveola and downwards to the base of the gland [22].

The proliferative zone is comprised of actively dividing cells that are distinct from stem
cells, while in a larger nonproliferative zone, cells are undergoing progressive differentiation
before being extruded into the lumen [21, 23]. Four primary differentiated cell types found
in small intestine include absorptive enterocytes, which make up the predominant population
of differentiated cells; goblet cells, paneth cells which are located at the base of the crypts;
and enteroendocrine cells [24]. Most noted cell types present in colonic epithelium are
columnar absorptive cells and goblet cells. The entire process of proliferation, differentiation
and shedding occurs over a period of 3- to 6- day in the small intestine, depending on the
species; in the colon it takes 3 to 8 days [25]. Cell production not only compensates for
cellular shedding from the surface epithelium but also assures the renewal of certain
specialized cells in glandular tubes. Any dysfunction in this process may accelerate or
diminish the growth rate resulting in either hyperplasia/neoplasia or atrophy of the organ,
respectively.

Biology of GI Cancers
Life may be considered as an internal homeostatic milieu wherein the visceral components
of an organism have the functional capacity to adjust or compensate within clearly defined
limitations, for any metabolic or physiologic imbalance to which the organism is subjected
[26]. Carcinogenesis results from interplay between environmental factors and susceptibility
of genes that sets off a complex series of neoplastic events. Diverse molecular events are
integrated in the development and progression of GI cancers which are leading causes of
cancer related death worldwide [27]. A complex combination of genetic, epigenetic, and
postgenetic (e.g., posttranslational) alterations are involved in the multistage development of
GI cancers (involving the activation of oncogenes, inactivation of tumor suppressor genes)
and paralleling these genetic events, cancer cells also induce profound changes in the normal
neighboring tissue [28–30]. This altered tissue which is referred to as tumor stroma,
provides an environment for tumor growth, invasion and metastatic spreading.
Derangements of key molecular processes, including disruption of signal transduction, cell
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division, apoptosis, angiogenesis, and compartmental boundaries (e.g., tissue invasion and
metastasis), contribute to neoplastic progression [31].

Most GI cancers develop via characteristic series of pathological steps preceded by benign
dysplastic intermediates (Fig. (1)). In the colon, epithelial cells acquire abnormal growth and
morphological characteristics and form an adenoma (adenomatous polyps), a tumor mass
often protruding into the lumen of the GI tract. The earliest distinct lesions in this sequence
are aberrant crypt foci (ACF). ACF are microscopic lesions (stained deep blue with
methylene-blue) in which crypts appear larger and thicker, with an increased luminal
diameter having serrated (slitlike) opening [32]. In time, these lesions enlarge and a subset
of cells can acquire additional abnormal growth behaviors, which allow them to invade into
the GI wall and metastasize. At this point, the tumors are classified as adenocarcinomas and
can be lethal. In the course of this typical multistep process, somatic mutations develop in
key genes such as the adenomatous polyposis coli (APC), p53 tumor suppressor genes; K-
Ras oncogene; and various genes that mediate DNA mismatch repair [33]. Similar multistep
progression from normal tissue through dysplastic intermediates to cancer has been well
described for human esophageal, gastric, and pancreatic cancers [34–36]. During these step
wise process of neoplastic transformation, DNA mutations and clonal selection of the cells
that express certain cardinal features (such as higher proliferative signals, insensitive to
antiproliferative signals, evasive to normal apoptotic signals, limitless capacity for
replication, tissue invasion and metastasis) are necessary for the development and
progression of carcinogenesis [37]. The multistep nature of carcinogenesis provides
opportunities for the intervention with agents targeted at specific mechanisms involved in
the initiation, promotion, and progression stages of carcinogenesis.

CELLULAR HOMEOSTASIS
In multicellular organisms total number of cells is the balance between cells undergoing
mitosis and death. The process by which a cell undergoes natural death or induces to commit
suicide is a well regulated process called programmed cell death or apoptosis. Kerr, Wyllie
and Currie were the first to coin the term apoptosis and characterized this form of cell death
[38]. The first morphological description of apoptosis was provided by Walther Flemming
[39], whose elegant drawings show cells shrinkage, nuclear fragmentation and apoptotic
body formation, all of which are now accepted hallmarks of apoptosis. Apoptotic bodies are
then engulfed by neighboring phagocytotic cells. Internuc-leosomal DNA cleavage yields a
ladder pattern in electrophoretic gel, which is a biochemical hallmark of apoptosis. Another
hallmark of apoptosis is the movement of the membrane lipid phosphatidylserine from the
inner to the outer side of the plasma membrane, where it then functions as a recognition
signal for phagocytic cells to engulf apoptotic cells [40, 41], Apoptosis is an evolutionary
conserved process and is essential for organ development, tissue remodelling, immune
response, and tumor suppression. It is known that the adult human body generates
approximately 60 billion cells per day and as a consequence an equal number of cells must
die by apoptosis to maintain homeostasis. Therefore it is not surprising that deregulation of
apoptosis can lead to an accumulation of live cells and contribute to tumor development.
Thus, apoptosis is an important process required for homeostasis [42].

The high turnover of epithelial cells in the GI tract necessitates a method to eliminate cells
so that the delicate balance of proliferation can be maintained. Alterations in proliferation or
apoptosis resulting in an imbalance of the effector protein(s) can lead to carcinogenesis in
intestine [43] (Fig. (2)). Also, wealth of information available suggests apoptosis to be a
normal mechanism of controling proliferation of epithelial cells in the GI mucosa [44] and
therefore proves to be the dominant end effect in any anticancer strategy. The idea that the
role of apoptosis can be utilized for cancer cure goes back to the report by Kerr, Wyllie and
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Currie’s original 1972 paper [38] where they suggested that the regression of tumor growth
could be due to increased tumor cell apoptosis. Since then selectively inducing apoptosis in
cancer cells has been increasingly recognized as a promising therapeutic approach for many
cancers.

There are various stimuli which can trigger apoptosis in mammalian cells viz., growth factor
withdrawal, UV light, irradiation or chemicals and the latter two have been significantly
utilized in cancer therapy [45]. Apoptosis occurs through two major signaling pathways: the
intrinsic pathway (mitochondrial pathway) and extrinsic pathway (death receptor pathway)
[42](Fig. (3)). The intrinsic pathway is initiated by any stimuli that can cause oxidative
stress, mitochondrial and DNA damage, such as chemotherapy or radiation. In the intrinsic
or mitochondrial pathway caspases are key players. This involves the permeabilization of
the outer mitochondrial membrane which facilitates Cytochrome c release into the
cytoplasm. The released Cytochrome c then binds the caspase adaptor Apaf-1 (apoptotic
protease-activating factor-1), thereby triggering the apoptotic cascade by activating
procaspase 9 and forming a complex termed the “apoptosome”. This complex in turn
activates several downstream effector caspases that include caspases 3, 6 and 7, leading to
DNA fragmentation and cell death [46, 47]. Other group of key players involved in
mitochondrial pathway of apoptosis is the Bcl-2 (B-cell leukemia/lymphoma 2) family,
which consists of more than 20 members of pro-apoptotic proteins (including Bax, Bak,
Bok, Bad, Bid, Bik, Bim, Bcl-Xs, Krk, Mtd, Nip3, Nix, Noxa, and Bcl-B), and anti-
apoptotic proteins (including Bcl-2, Bcl-XL, Mcl-1, Bfl-1/A1, Bcl-W, and Bcl-G). Pro-
apoptotic members induce the release of cytochrome c from mitochondria, whereas anti-
apoptotic members can bind and inactivate Apaf-1. In addition, pro-apoptotic members can
dissociate the Bcl-XL-Apaf-1 complex, allowing Apaf-1 to activate caspases 9 which leads
to subsequent apoptotic process [48]. The cellular homeostasis as governed by the intricate
balance between the cellular levels of pro-apoptotic and anti-apoptotic proteins is exploited
by drugs for targeting cancer cells.

In contrast, the extrinsic death pathway is initiated through death receptor mediated signals
on the cell surface. The most important ligand-death receptor system include tumor necrosis
factor (TNF)-tumor necrosis factor receptor 1 (TNFR1), Fas ligand-Fas (CD95 or Apol),
TRAIL-TRAIL receptors (including TRAIL-R1, also termed DR4, and TRAIL-R2, also
termed DR5). Binding of receptors by their respective ligands leads to receptor
oligomerization and recruitment of death signaling adapter proteins. For example, binding of
Fas ligand (Fas-L) to Fas, or TRAIL to TRAIL-R1 [49] leads to recruitment of FADD (Fas-
associated death domain), and binding of TNF to TNFR1 leads to recruitment of TRADD
(TNFR-associated death domain) [46]. The oligomerized receptors and recruited FADD or
TRADD form a complex termed DISC (death-inducing signaling complex), which bind to
initiator caspases (caspases 8 and caspase 10), thereby triggering the caspases cascade such
as activation of caspases 3, 7, and 9, and leading to apoptotic events.

EGFR INHIBITION AND ACTIVATION OF APOPTOSIS
Since apoptosis has an essential role in the maintenance of dynamic balance of cell survival
and cell death signaling, its deregulation may lead to the development of cancer. Thus,
induction of apoptosis in tumor cell forms the basis of many cancer therapies. As the
concept of apoptosis in the management of cancer was getting evolved, so was the
identification of various cytotoxic agents to induce cell death in cancer tissues. In the past,
various cytotoxic agents were employed in the treatment of GI cancers. Most of these agents
were nonselective that killed cancer cells through DNA damage, interfering with DNA
repair mechanisms and/or disturbance of metabolic pathways [50]. Though many of these
agents caused tumor regression but cellular toxicity caused by them posed a serious
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problems. With increased understanding of the mechanisms of apoptosis in cancer and
signaling pathways, focus was directed towards the development of targeted therapies. In GI
cancer therapy apoptosis can be selectively induced by: 1) Inhibiting the cell survival
signaling via EGFR, MAPK and PI3K (intrinsic pathway of apoptosis); 2) activating the cell
surface death receptors Fas, TRAIL and TNF receptors (extrinsic pathway of apoptosis); 3)
altering the balance between pro-apoptotic and anti-apoptotic members of the Bcl-2 family;
and/or down regulating the antiapoptotic proteins such as Bcl-XL, XIAP, survivin and c-
IAP2. In the last decade a large body of preclinical and clinical findings has highlighted the
role of epidermal growth factor receptor (EGFR) family in tumor formation and
maintenance. Thus, targeting the EGFR could represent a significant contribution to cancer
therapy.

Epidermal Growth Factor Receptor Biology and Signaling
The epidermal growth factor (EGF) is a growth factor that plays an important role in the
regulation of cell growth, proliferation, and differentiation by binding to its EGF receptor
(EGFR). The EGF family of growth factors consist of at least ten different members that
bind and activate four receptors, namely ErbB1 (EGF receptor/HER1), ErbB2 (Her2/Neu),
ErbB3 and ErbB4. EGFR(s) are transmembrane glycoproteins that possess intrinsic tyrosine
kinase activity [51]. The EGFR family ligands, including EGF, TGF-α, betacelulin,
amphiregulin, neuregulins, and heparin binding EGF, represent a major growth factor family
that has a profound impact on intestinal epithelial cell restitution and proliferation [52]. The
well established textbook dogma for the mechanism by which EGFR(s) ligands is believed
to promote carcinogenesis could be summarized as follows (Fig. (4)). EGFR monomers on
the cell surface bind a single molecule of EGF. EGFR molecules then dimerize and undergo
autophosphorylation of multiple tyrosine residues in their cytoplasmic tails. These residues
become docking sites for cytosolic and membrane-associated effectors containing
phosphotyrosine-binding SH2 or PTB domains, such as phosphoinositide 3-kinase (PI3K),
phospholipase C (PLC) and the adapter molecule Grb2. The ensuing assembly of specific
target proteins on the inner leaflet of the plasma membrane culminates in the formation of
second messengers such as polyphosphoinositides and inositol polyphosphates, and the
activation of key mitogenic pathways, such as the Ras/MAPK cascade. The downstream
targets of these pathways include transcription factors, which translocate from the cytosol to
the nucleus when stimulated by their respective upstream kinases or phosphatases [53].
Other molecules are enzymes that are activated on EGFR-TK-dependent phosphorylation,
including son of sevenless (SOS), PI3K and Grb 2-associated binder-1 (Gab-1). Multiple
major signal transduction pathways are initiated by EGFR autophosphorylation, including
the Ras-MAPK signaling cascade, Src, and the signal transducers and activators of
transcription (STAT) pathways, which are widely used by growth signals to induce gene
transcription and promote diverse cell responses. The particular dimer combinations that
form at the cell surface after ligand binding determines which signaling molecules will be
recruited to the surface [54]. The activation of these pathways downstream of the EGFR
leads to cell proliferation, differentiation, and migration or motility and adhesion, protection
from apoptosis, enhanced survival, and gene transcription [55].

Although all four EGFR(s) have the same essential domains, the functional activity of each
domain varies. EGFR (ErbB-1) and ErbB-4 have active tyrosine kinase domains and known
ligands, ErbB-3 can bind to several ligands but lack intrinsic tyrosine kinase activity as it is
unable to bind ATP. By contrast, ErbB-2 possesses an active tyrosine kinase domain but no
direct ligand has been identified [55–56]. It exists in the active confirmation state, rendering
ErbB-2 constitutively available for dimerization [57]. ErbB-3 cannot form homodimers, and
only forms heterodimers. The dimers of EGFR family have different signaling potencies;
homodimers having weaker signals compared to heterodimers. EGFR, ErbB2- and ErbB-3
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are all implicated in the development and progression of cancer. Over-expression of the
EGFR tyrosine kinase has been documented across all stages of disease, including
precancerous lesions, early cancers, and advanced cancers. Enhanced activity of EGFR has
been found to be associated with tumor progression and poor survival in various
malignancies, including GI, head and neck, lung, breast and bladder cancers [58–62]. While
the role of ErbB-4 in carcinogenesis remains less well defined, the ErbB2-ErbB-3
heterodimer is considered as the most potent pair with respect to strength of interaction,
ligand-induced tyrosine phosphorylation and down-stream signaling and functions as an
oncogenic unit [63]. ErbB-2 overexpression in cancer cells facilitates the formation of
ErbB-2 heterodimers and the spontaneous formation of ErbB-2 homodimers. Consequently,
this leads to an excessive ErbB2-mediated signaling, which drives oncogenic cell survival
and proliferation [64]. Recent reports suggest that in gastric cancers ErbB-2 overexpression
is associated with a poor prognosis [65,66].

Though the impact of EGFR(s) expression on survival remains controversial, the same is
linked to an advanced stage colon cancer and can be developed as potential metastatic
marker [67]. Aberrant activation of EGFR(s) signaling may be a consequence of mutations,
constitutive activation, over-expression of receptors and/or its ligand(s) or cross-talk with
other amplified receptors and signaling pathways [63]. The resulting enhanced receptor
activity plays a pivotal role in malignant transformation and in maintaining the growth of
cancers in model systems [5]. Therefore strategies targeting EGFR(s) expression and/or
inhibiting downstream signaling cascade(s) hold great promise in the management of solid
cancers, including GI cancers pathways [68]. In addition to suppression of cell proliferation,
inhibition of EGFR signaling provides extra benefit of inducing apoptosis in cancer cells
[69]. The down-regulation of EGFR specific ligands heparin-binding EGF-like growth
factor and amphiregulin whose expression were elevated in gastric and colon cancers cell
has been reported to induce significant apoptosis in these cell [70].

Strategy for Targeting the EGFR Network: EGFR Inhibitors
A better understanding of structure and function of EGFR and its family members has led to
development of several strategies targeting intracellular or extracellular domain of the
receptor to inhibit the signal transduction. From GI cancer therapy point of view, currently,
two different EGFR targeted approaches are farthest in development. These utilize
monoclonal antibodies (targeting ligand-binding domain) and small molecule (targeting
tyrosine kinase enzymatic activity) of EGFR.

Anti-EGFR Monoclonal Antibodies (Extracellular Blockade)—This strategy
exploits antibodies to block the extracellular ligand-binding region of the receptor. The
monoclonal antibodies bind to the extracellular binding domain of the EGFR and competes
with the EGFR ligands (e.g., EGF and TGF-α) to inhibit both phosphorylation and
activation of EGFR-associated kinases, causing internalization of the receptor, inhibition of
cellular growth, induction (i.e. restoration) of apoptosis, and decreased production of growth
factors (e.g., proinflammatory cytokines, vascular endothelial growth factor [VEGF]) [71].
The immunogenicity of a monoclonal antibody is determined by the species of the antibody
source, and currently there are four types of monoclonal antibodies based on its source
(murine, chimeric, humanized, and fully human) [72]. The earliest type of monoclonal
antibodies developed were murine monoclonal antibodies which were derived entirely from
mice (i.e. they contain 100% mouse protein). These were associated with a high incidence of
human anti-mouse antibody (HAMA) reactions. Failed efforts with murine monoclonal
antibodies led to the development of monoclonal antibodies with human components.
Chimeric monoclonal antibodies (having human constant region and a murine variable
region) were next generation of monoclonal antibodies which showed much lower incidence
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of HAMA than those experienced with murine monoclonal antibodies. It resulted in wide
range of antigen specificities and enhanced efficacy. Continued efforts to improve
monoclonal antibodies led to the development of humanized antibodies, which were 90%
human with 10% mouse protein. They were found to be even less immunogenic than
chimeric monoclonal antibodies. Further progress led to the development of fully human
monoclonal antibodies, which were produced in a mouse whose murine genes were
inactivated and replaced by human sequences. These monoclonal antibodies showed less
plasma clearance and demonstrated beneficial pharmacokinetic and pharmacodynamics than
chimeric and humanized monoclonal antibodies due to lack of mouse components [73].

Most of the 20th century elapsed before a monoclonal anti-body with therapeutic
applications in the treatment of cancer became available in the United States. The first fully
human anti-EGFR monoclonal anti-body for the treatment of cancer was approved by the
Food and Drug Administration (FDA) in 2006, and numbers of other fully human
monoclonal antibodies for treatment of cancer are under investigation in clinical trials.
Cytotoxic monoclonal antibodies in use for the treatment of cancer can be classified into
three categories:

1. Unconjugated monoclonal antibodies

2. Conjugated monoclonal antibodies

3. Radioimmunoconjugates (RICs)

Of these only unconjugated monoclonal antibodies are in use for the treatment of GI
cancers, whereas, conjugated monoclonal antibodies or immunotoxins, which are
monoclonal antibodies conjugated with a potent toxin, as well as radioimmunoconjugates
(RICs), which are monoclonal antibodies conjugated with radioisotopes, have not yet been
approved for GI cancer therapy [73]. In GI cancer therapy, EGFR is one the important target
antigen for monoclonal antibodies (other important target antigen being VEGF). Currently
there are three monoclonal antibody products directed at these targets (two as anti-EGFR
and one as anti-VEGF) approved by FDA while many others are in development. The two
anti-EGFR monoclonal antibodies for the GI cancer therapy are Cetuximab and
Panitumumab.

Cetuximab: Cetuximab is the first human-mouse chimeric immunoglobulin (Ig) G1
monoclonal antibody targeting EGFR with 5–10 fold greater affinity than natural ligands
[74]. It has been approved by FDA for the treatment of EGFR-expressing metastatic
colorectal carcinoma in patients who are refractory to or intolerant of irinotecan-based
chemotherapy [75].

Preclinical studies show that cetuximab inhibits the proliferation of cell lines expressing
EGFR, and increases the cytotoxic activity of chemotherapy and radiation [76]. Cetuximab
treatment leads to cell-cycle arrest and accumulation of cells in the G1 phase by increasing
the expression of p27Kip1 and p15INK4B, which are cyclin-dependent kinase (CDK)
inhibitors. This prevents the cell entry into the S phase by downregulating the activities of
CDK2, CDK4 and CDK6. Cetuximab causes more accumulation of pro-apoptotic protein
Bax thereby inducing cancer cell apoptosis [77]. Cetuximab has demonstrated activity, both
as a single agent and in combination with irinotecan, in patients with metastatic colorectal
cancer whose disease has progressed after receiving irinotecan-, oxaliplatin-, and/or
fluorouracil-based chemotherapy [78–80].

Cetuximab monotherapy has been found to improve the overall survival time, response rate,
time to disease progression and progression-free survival time compared with single agent
irinotecan treatment in patients with metastatic colorectal cancer who have failed standard
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therapies. Cetuximab augments the susceptibility of cancer cells to the chemotherapy by
blocking EGFR nuclear import and the associated activation of DNA protein kinase
enzymes necessary for repairing chemotherapy-induced DNA damage [77]. Results of phase
III trial of both Bowel Oncology and Cetuximab Antibody (BOND)-1 study and Erbitux
Plus Irinotecan for Metastatic Colorectal Cancer (EPIC) study, which compared the
cetuximab monotherapy with cetuximab plus irinotecan-based therapies, revealed a
significantly improved overall response rate, progression-free survival time and preserved
quality of life with the combination therapy [81, 82]. Cetuximab has also produced
promising results in phase II trials evaluating its combination with standard therapies such as
irinotecan plus infusional fluorouracil-leucovorin (FOLFIRI) and capecitabine plus
oxaliplatin (CAPOX), in previously treated patients with metastatic colorectal cancer [83].

The evaluation of cetuximab as the first-line therapy for the treatment of metastatic
colorectal cancer has undergone intense investigation. The ACROBAT phase II trial
conducted in Europe evaluated the efficacy of cetuximab plus FOLFOX-4 in the first line
setting [84]. Cetuximab in combination showed promising clinical activity which was well
tolerated and did not exacerbate the toxicities typically associated with FOLFOX-4
chemotherapy. A randomized phase III trial (CRYSTAL) conducted by the van Custem et
al. [85] evaluated the benefits of cetuximab plus FOLFIRI in comparison to FOLFIRI alone
in the first-line therapy for metastatic colorectal cancer overexpressing EGFR. They found
that the cetuximab-FOLFIRI combination produced significantly longer progression-free
survival and increased response rates than that noted with FOLFIRI alone. However, the
treatment related toxicities such as neutropenia, diarrhea, and skin reactions were more
frequent with the combination [71]. CRYSTAL study showed that cetuximab could be
safely and effectively combined with FOLFIRI but combining cetuximab with irinotecan-
based chemotherapy did not alter its pharmacokinetic profile [86, 87]. Thus, for GI cancers,
cetuximab could be considered as an appropriate first-line and neoadjuvant therapy.

Panitumumab: Panitumumab, also known as ABX-EGF, is a fully human IgG2
monoclonal antibody targeting EGFR approved by FDA for the treatment of EGFR-
expressing metastatic colorectal carcinoma with disease progression or following
fluoropyrimidine-, oxaliplatin-, and irinotecan-containing chemotherapy regimens [88].
Although their target is same, the pharmacokinetics and pharmacodynamics of panitumumab
differ from cetuximab as these bind to different epitopes on EGFR [84]. Moreover, being
IgG2 isotype, panitumumab does not exert its cytotoxic effects through immunologic-
mediated mechanisms. Like cetuximab, panitumumab induces cell-cycle arrest and
panitumumab causes arrest in the G0–G1 interphase, whereas cetuximab causes arrest in the
G1 phase [89]. Panitumumab has a longer half-life (7.5 days) than cetuximab (4.7 days)
which has been attributed to differences in murine protein content of the antibody [75].
Panitumumab shows lesser immunogenicity and causes fewer infusion reactions than
cetuximab. It has also higher binding affinity for EGFR and is more potent as an inhibitor of
signaling through EGFR than cetuximab [90].

Panitumumab monotherapy treatment results of phase II trial in which patients with
refractory metastatic colorectal cancer received 2.5 mg/kg intravenously dose of
Panitumumab for 8 weeks showed a response rate similar to that noted with cetuximab
monotherapy. Based on the encouraging clinical outcomes, a randomized, controlled phase
III study compared panitumumab 6 mg/kg intravenously every 2 weeks plus best supportive
care with best supportive care alone [85]. Patients enrolled had metastatic colorectal cancer
and documented progressive disease during the treatment period or within 6 months of
completing the treatment with a fluoro-pyrimidine, irinotecan, and oxaliplatin. The overall
survival time was not significantly different between the two arms, but the similarity was
likely confounded by the high rate of crossover in the best supportive care arm and the
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comparable efficacy of panitumumab in the crossover population [91]. Overall, this
treatment was well-tolerated but showed skin toxicities, diarrhea, and hypomagnesaemia
which were the most common toxicities. In contrast to cetuximab, panitumumab had a low
frequency of infusion-related reactions and no antibody formation. Based on these results,
panitumumab monotherapy was approved by the FDA in September 2006 for the treatment
of metastatic colorectal cancer with disease progression while receiving or after receiving
fluoropyrimidine, oxaliplatin, and irinotecan chemotherapy regimens.

The use of panitumumab as first-line therapy was initially investigated in combination with
irinotecan-based chemotherapy in a 2-part phase II trial [84]. In the first part of the trial
panitumumab at a dose of 2.5 mg/kg weekly was combined with the bolus weekly schedule
of fluorouracil-leucovorin (IFL) whereas in the 2nd part panitumumab at the same dose and
schedule was combined with FOLFIRI. Due to unacceptable toxicity in part 1 (with 58%
incidence of diarrhea vs. 25% in part2) the study was modified to evaluate panitumumab in
combination with FOLFIRI (part2). Although the panitumumab/IFL combination was not
well tolerated, the panitumumab/FOLFIRI regimen showed promising clinical efficacy with
a manageable safety profile. An international, randomized phase III trial was carried out for
safety analysis of the panitumumab in combination with chemotherapy for metastatic
colorectal cancer and compared it with panitumumab plus FOLFOX4 chemotherapy versus
FOLFOX4 alone in treatment-naïve patients [71]. The toxicities associated with this
adjuvant therapy mainly comprised skin reaction and increased incidence of grade 3 diarrhea
and dehydration. However, in a pre-planned interim efficacy analysis of Panitumumab
Advanced Colorectal Cancer evaluation (PACCE) trial demonstrated a significant difference
in both progression free as well as overall survival in the favor of the control arm, which led
to the discontinuation of panitumumab treatment in this trial [92]. Though both cetuximab
and panitumumab are limited by their effectiveness with regards to K-ras status, clinical
impact of the relative utility of these drugs remains to be demonstrated because no head-to-
head comparisons have been performed so far. One such randomized phase 3 study called
ASPECCT is scheduled to begin in 2010 with an estimated completion in 2013. This study
is designed to compare the efficacy and safety of panitumumab to cetuximab in subjects
with K-ras wild-type metastatic colorectal cancer [6]. It is highly premature to speculate a
better clinical outcome for one of the therapy, nonetheless, the revelations of this study is
expected to facilitate the development of individually tailored treatments of colorectal
cancers.

Small Molecule EGFR Tyrosine Kinase Inhibitors (Intracellular Blockade)—
This anti-EGFR approach is based on the observation of mutations in the ATP-kinase of the
receptor leading to its dysregulation. Abnormal activation of tyrosine kinase produces a gain
of function that results in proliferation and survival and in some circumstances resistance to
anticancer chemotherapies [93] indicating that the receptor’s tyrosine kinase is critical for
EGFR-mediated tumor progression. Small molecule tyrosine kinase inhibitors (TKIs) were
designed to bind to the ATP binding cleft in the kinase domain producing their effect in a
competitive manner with ATP, thereby, preventing phosphorylation and subsequent
downstream signaling. Many of these small molecules are being investigated in clinical
trials. Tyrosine kinase inhibitors have the theoretical advantage of also blocking activating
cytoplasmic signals when compared to agents that block activation at an extracellular level
(i.e., receptor MAbs). The potentially favorable feature is that these agents are orally active
which makes them suitable for long-term therapy. The two EGFR targeting compounds
extensively investigated for GI cancers in preclinical and clinical settings are gefitinib and
erlotinib.

Gefitinib (ZD1839, Iressa) is an oral EGFR-specific anilinoquinazoline which reversibly
inhibits autophosphorylation, resulting in reduced c-FOS mRNA—a transcription factor
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forming part of the AP1 complex—and a shift of cells from S phase into G0/G1 [94].
Gefitinib is currently approved for the treatment of locally advanced or metastatic non-small
cell lung cancer (NSCLC) in patients who have previously received chemotherapy. While
gefitinib has yet to be proven to be effective in other cancers, there is potential for its use in
the treatment of other cancers including GI cancers where EGFR over expression is
involved. Erlotinib hydrochloride, [6,7-Bis(2-methoxy-ethoxy)-quinazolin-4-yl]-(3-ethynyl-
phenyl) amine hydrochloride, also known as CP-358,774, OSI-774 and Tarceva, is an orally
active potent selective inhibitor of the EGFR tyrosine kinase (TK). It competes for the ATP-
binding site in the intracellular TK domain of EGFR with an IC50 of 2 nM against the
kinase. Erlotinib induces apoptosis in selective, in vitro cancer cell lines and has
antiproliferative activity against numerous human cancer xenografts in vivo [95].

A phase I/II study of the evaluation of gefitinib in combination with 5-fluorouracil (5-FU)/
folinic acid and irinotecan (FOLFIRIAIO) in patients with 5-FU/oxaliplatin-refractory
colorectal cancer had to be stopped early because of gastrointestinal toxicity and fatigue.
This treatment regimen did not seem advantageous with respect to efficacy in comparison
with FOLFIRIAIO alone. Recently, a phase II randomized multicenter trial of gefitinib plus
FOLFIRI and FOLFIRI alone in patients with metastatic colorectal cancer [96] concluded
that adding gefitinib to FOLFIRI did not improve the efficacy of FOLFIRI regimen. These
disappointing results could be related to the high toxicity and led to significant dose
reductions and delays. In clinical trials, erlotinib has shown anticancer activity in several
malignancies, including lung, pancreas, ovarian, head and neck, endometrial and biliary tract
cancers [97–101]. It has been found to be safe and well tolerated with the most common side
effects being diarrhea, rash, nausea, headache, emesis and fatigue. A phase II study of
erlotinib in patients with metastatic colorectal cancer was conducted by Townsley et al.
[102] to evaluate its efficacy as a single agent in patients with recurrent or metastatic
colorectal cancer. Results showed that only a portion of the population responded to the
targeted therapy. Meyerhardt et al. [103] recently conducted a Phase II study evaluating the
efficacy of erlotinib in combination with FOLFOX and bevacizumab as first-line therapy for
patients with metastatic colorectal cancer. The combination of FOLFOX, bevacizumab and
erlotinib led to higher numbers of early withdrawal than expected due to toxicity, limiting
conclusions regarding the efficacy. These findings raise concern regarding the tolerability of
adding more agents to already complex combination regimens for metastatic colorectal
cancer.

Interestingly, limited preclinical data suggest that erlotinib, but not gefitinib, can inhibit
EGFR [104, 105]. However, these preliminary data require confirmation as the observed
differences in the efficacies of the two agents could be due to differences in structure or
potency or cell type–dependent factors. Extensive preclinical studies with erlotinib and
gefitinib showed that both agents effectively inhibit tumor growth when used alone or in
combination with various chemotherapeutic agents, and both regimens were well tolerated
[2, 67]. However, both these EGFR TKIs have so far demonstrated disappointing response
rate in metastatic colorectal cancer and, when combined with the conventional metastatic
colorectal cancer chemotherapy [106]. These new small molecules have had success in a
number of solid tumors including GIST, non small cell lung cancer, renal cancer,
hepatocellular carcinoma, pancreatic cancer and breast cancer and in some of these cases the
success has been paradigm changing (GIST, renal cell cancer and hepatocellular carcinoma).
But so far, no TKI have been approved for the treatment of colorectal cancer, despite the
fact that monoclonal antibodies and TKI have been made available for clinical testing at
approximately the same time. This may be due to the reasons that both erlotinib and
gefitinib (unlike cetuximab and panitumumab) failed to produce substantial efficacy as
monotherapy [106] and these agents have failed to provide a strong additional anticancer
activity when combined with chemotherapy without adding to increase in toxicity [107].
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Along the line of toxicities, the small molecules present an additional peculiarity: although
they generally do not cause the classical severe toxicities of chemotherapy, other toxicities
that are low on the objective scales, but hard on the patients, are quite common (asthenia,
myalgia, arthralgia, edema, altered taste etc.). The jury is still out about the role of small
molecules in the management of colorectal cancer. The growing number of these
compounds and the challenge that drug companies are taking by launching risky, but
justified randomized phase III trials on several of these drugs allow a cautious optimism to
further enrich our therapeutic armamentarium against this disease.

TARGETED THERAPIES: WHERE ARE WE NOW?
Targeting multiple pathways involved in cancer development and progression is an
attractive area of research. For patients with colorectal cancer, bevacizumab has potentiated
the efficacy of standard cytotoxic chemotherapies, though the exact mechanism is unknown
[108, 109]. EGFR appears to play an important role in the progression of colorectal cancer,
and inhibition of receptor activity has proven beneficial in some patients [110, 111].
Combining these multiple strategies (traditional cytotoxic chemotherapies and EGFR
inhibitors) is a logical step in clinical investigations.

To date, in the clinical setting, only the monoclonal antibodies have really shown activity,
and not the small molecules. One issue requiring particular attention involves the predictive
response markers that could help select those patients most likely to respond to EGFR-
targeting agents. Some investigators have suggested that cutaneous side-effects might be
predictors of efficacy. Extensive skin rashes or acne, for instance, seem to be associated with
improved survival following anti-EGFR therapy [112, 113]. Although EGFR is not
considered to be a prognostic factor in colorectal cancer patients, it plays a major role in
tumor cell proliferation. Convincing preclinical and clinical studies have already
demonstrated the efficacy of EGFR inhibitors in advanced colorectal carcinomas and their
potential synergistic combinations with chemo- and radiation therapy. It is becoming
increasingly clear that toxicity is the main drawback of these combination strategies.
Additional efforts and trials are needed to evaluate the role of EGFR inhibitors in the
adjuvant setting so as to establish better predictors of the efficacy of such agents. Since
EGFR expression in cancerous tissues does not seem to be a valuable predictor of response
to anti-EGR therapy, other biomarkers need to be evaluated besides EGFR mutated forms,
p-Akt expression or EGFR amplification. The gain in the knowledge gathered from clinical
studies has led to identification of new key areas regarding the role of EGFR family in
cancer formation, progression and maintenance.

Gene Mutations and Resistance to EGFR Inhibitors
Although anti-EGFR therapies, as discussed above, may lead to partial response or disease
stabilization in some patients, many patients do not benefit from anti-EGFR therapy, and
those who do eventually develop resistance to that therapy. There could be several reasons
for cancer cell resistance to EGFR antagonists. One of the possible mechanism by which
tumor cells become resistant to EGFR antagonists in GI cancer therapy is EGFR gene
mutations and the loss of the target gene. Among the first genetic alterations of the EGFR
studied is the EGFR variant (EGFR-vIII), which is the result of an inframe deletion from
exons 2 through 7 in the extracellular domain that inhibits EGFR-vIII from binding to its
ligands, leading to a constitutive signaling and to resistance to EGFR-targeted therapy [5].
This ligand-independent mutant EGFR-vIII is constitutively activated in many human
cancers. Cell lines expressing the mutant variant EGFR-vIII appear to be relatively resistant
to gefitinib since higher doses and longer exposure to gefitinib are necessary to significantly
decrease EGFR-vIII phosphorylation. Reports suggest that this may be due, in part, to the
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phosphorylation of Akt, which is inhibited in EGFR expressing cells after treatment with
gefitinib, but is unaffected in cells expressing EGFR-vIII [114].

Additionally, reports have shown the occurrence of specific mutations in the kinase domain
of ErbB-2 in many human cancers such as lung, gastric, breast, and colorectal cancers, and
suggested that alterations of ErbB-2-mediated signaling pathway by ErbB-2 mutations alone
or together with K-ras mutations may contribute to the development of resistance to anti-
EGFR(s) therapies [115]. Other studies have revealed the occurrence of oncogenic
mutations of K-Ras in approximately 35–40% of colorectal cancer cases, arising early
during colorectal carcinogenesis [116]. K-Ras protein is a downstream component to the
EGFR that links growth promoting signals from the cell surface to the nucleus. K-ras gene
mutations are single nucleotide point mutations which occur mostly in codons 12 and 13 of
exon 2, with mutations in codon 12 accounting for about 80% of the total K-ras gene
mutations observed and have been found to be responsible for EGFR-independent activation
of K-Ras signaling in tumor cells [5, 117]. For this reason, EGFR-antagonists may have
little effect on the activation of K-ras dependent downstream signaling in cancer cells
carrying the mutated form of proto-oncogene. Substantial evidences have been generated
from phase I to HI studies suggesting the correlation of activating K-ras gene mutations and
lack of efficacy of anti-EGFR drugs. The strongest clinical evidence in this direction was
derived from the results of CRYSTAL study (a phase III trial which evaluated the
combination of cetuximab with FOLFIRI chemotherapy in previously untreated metastatic
colorectal cancer) in which K-ras gene was observed to be mutated in 36% cases [85].
Cetuximab addition to FOLFIRI had no effect in patients with a mutated K-ras tumor when
compared to patients whose tumors were carrying a wild-type K-ras gene. On the basis of
these findings, in July 2008 the European Medicines Agency (EMEA) has extended
approval for cetuximab to any line of treatment and any fluoropyrimidine-based
chemotherapy combination in metastatic colorectal cancer, but only in patients with a wild-
type KRAS tumor [118]. Further, in January 2009, the American Society of Clinical
Oncology (ASCO) in its Provisional Clinical Opinion strongly recommended the use of anti-
EGFR drugs in metastatic colorectal cancer only in patients with a wild-type KRAS tumor
[119]. Recently Di Nicolantonio and colleagues [120] reported that wild-type BRAF is
required for response to panitumumab or cetuximab in metastatic colorectal cancer. BRAF
gene encodes for a protein that acts downstream of KRAS in the EGFR-activated
intracellular signaling machinery and could be responsible for the lack of efficacy of EGFR
inhibitors in wild-type KRAS metastatic colorectal cancer. Mutations in the two genes are
mutually exclusive and BRAF mutations may account for another 12% of resistant cases
[120]. Inspite of the predictive value of both K-Ras and BRAF mutations, these mutations
do not account for the entire spectrum of resistance to EGFR targeted therapies.

More recently, it has been reported that existence of certain EGFR mutations may render
tumors susceptible to tyrosine kinase inhibitors of this receptor [113, 121]. These EGFR
kinase mutations alter the three dimensional confirmation and activity of receptor such that
the tumor is rendered susceptible/sensitive to tyrosine kinase inhibitors like gefitinib and
erlotinib. Among these mutations, EGFR exon 19 deletions or L858R mutations are the best
in providing therapeutic advantage to patients with advanced lung cancer. Phase II studies
have shown that these two mutations are major markers of response to treatment in advance
lung cancer with >80% response with increased progression-free survival [122–126].
Though the efficacy of anti-EGFR antibodies in lung cancer cell lines seems to be
independent of the presence of EGFR mutations [127], predicting the efficacy of other
EGFR targeted therapies is a challenge for the next years. Achieving this goal relies on a
better characterization and understanding of secondary events, which may involve re-biopsy
of tumor tissue on acquisition of resistance. However, the prevalence of EGFR mutations is
very low or even absent in other cancers. With particular reference to colorectal cancers, an
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in vitro study testing 11 different colorectal cell lines reported complete absence of such
mutations [128]. A study examining 239 colorectal specimens reported the presence of only
one mutation which was found to be activating mutation as described in non small cell lung
cancer (NSCLC) [129]. Similarly, in several clinical trials, no EGFR mutations were found
in evaluable responder as well as non-responder patients [110, 130, 131]. Only 1 in 31
patients in two phase I/II trials of FOLFIRI chemotherapy in combination with gefitinib was
found to have an EGFR mutation, and this patient was a non-responder [107]. Taken
together, it appears that presence of EGFR mutations is not a significant determinant of
clinical benefit with EGFR targeted therapies in colorectal cancers.

In addition to the EGFR mutations, EGFR activation can be affected by the formation of
receptor homo- or heterodimers within each of the other the three members of the EGFR
family (such as ErbB-2 and ErbB-3) and increased expression of different ligands. Increased
co-expression of both ErbB-2/ErbB-3 dimer complex and EGFR has been indicated to be
responsible for the development of enhanced drug resistance in many cancers [132]. Other
mechanisms of resistance to EGFR inhibitors includes: increased levels of soluble proteins
acting as a ligands such as insulin-like growth factor-binding proteins (IGFBPs) and
amplification of Met gene both of which have been demonstrated to be correlated to the
resistant phenotype [133] and has been found to be associated with the acquired resistance to
anti-EGFR monoclonal antibodies as well as EGFR-TKIs [134]. Activation of other
alternative pathways such as IGF-IR, counteracts the ability of EGFR kinase inhibitors to
block EGFR activity and therefore, confers the resistance to anti-EGFR therapy.
Constitutive activation of EGFR-independent downstream pathways involving PI3k/Akt and
MAPK pathways, has been reported to be insensitive to the EGFR inhibition, and therefore
represents an important cause of resistance to EGFR-targeted therapy in solid tumors
including GI cancers [5].

FUTURE DIRECTIONS
Targeting Cancer Stem Cells

Recently, cancer stem cells (CSCs), which represent a subpopulation of cells within the
tumor possessing the ability to self-renew and give rise to all the cells within a tumor, have
been implicated in resistance to conventional chemotherapy and subsequent relapse of many
malignancies, including GI cancers [135, 136]. CSCs are the earliest undifferentiated
progenitors with an unlimited capacity to propagate. CSCs have three unique properties that
make them particularly important for tumor initiation, growth, and metastasis: self renewal;
multipotency, and a high proliferative capacity upon differentiation [137]. Characterization
of cancer stem cells has led to the identification of key cellular activities that may make
cancer stem cells vulnerable to therapeutic strategies that target drug-effluxing capabilities,
stem cell pathways, anti-apoptotic mechanisms, and induction of differentiation. If for a
given tumor, a CSC is responsible for disease manifestation, future therapies that are not
effective against CSCs may fall short of providing long term disease management. Recent
results from our laboratory and others support a role of CSCs in many cancers [138, 139].
CSCs have been mainly characterized by a distinctive profile of surface markers that can be
differentially and reproducibly isolated from the heterogeneous tumor cell population by
flow cytometry. For GI cancers, they include CD44, CD133, CD 166, EpCAM,. Their
function in promoting CSC maintenance and activity is largely unknown [140]. To date,
CSCs have been studied in a relatively small number of patient samples and cancer types. It
is not fully understood whether the CSC model is universal to all human cancers [141, 142].
Many research groups including us have reported the presence of CSCs in GI cancer [138,
139, 143–147].
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Of note, reports from many research groups indicate a close association between increased
expression of CSC markers and multi drug resistance (MDR) in various cancers [148–150].
To examine a potential association between the CSC and resistance to chemotherapeutic
drugs, we evaluated the presence of CSC population in FOLFOX resistant human colon
cancer cells. The CSC population was found to be increased manifold in the chemoresistant
cells along with the marked increase in the expression of CSC specific markers such as
CD133, CD166 and CD44, accompanied by increased EGFR expression [138, 151].
Recently, we demonstrated that CSC population in the colonic mucosa increases with aging
which is further increased in response to the colonic carcinogen dimethylhydrazine [151]. In
addition, we have demonstrated that in humans, the age-related rise in colonic polyps was
accompanied by a concomitant rise in CSCs in macroscopically normal colonic mucosa
[139]. Moreover, the age-related increase in CSC was found to be associated with a parallel
rise in EGFR expression, indicating a relationship between the two events. The latter raises
the possibility that EGFR and its family members may potentially be important for
regulating the CSC mediated drug-resistance in GI cancers. Future studies will certainly
address the role of EGFR(s) and the resistance mechanisms in CSCs as important steps in
the development of targeted therapeutics. However, the biologic relevance of CSCs in
human cancer will be established by concentrating on the following research endeavors:
improving the assay and purification of CSC and non-CSC subsets, carrying out detailed
genomic or proteomic analysis on these subsets to identify CSC-specific signatures, and
obtaining such signatures from a large number and wide range of tumors. Of course, the
most direct proof for the relevance of CSCs to cancer would be to use the CSC-specific
signatures to elucidate the key molecular pathways involved, develop the means to target
them effectively, and establish in clinical trials whether targeting them enhances patients’
disease free survival.

Chemoprevention by Natural Agents
The most practical approach to reduce the morbidity and mortality of GI cancer, is to delay
the process of carcinogenesis through the use of chemopreventive natural agents. The use of
nontoxic natural agents & phytochemicals in the dietary form for preventing cancer dates
back to antiquity. Positive associations between dietary habits and increased risk of GI
cancer have been alleged for many years. Various foods and dietary agents have been
suggested to have potent anticancer activities. This necessitates that safer compounds,
especially those derived from natural sources must be critically examined for
chemoprevention. Indeed, there are number of clinical trials that have evaluated natural
agents for their efficacy in treatment of GI cancers (Table 1).

Among the most extensively studied natural compounds include plant polyphenols and
phytochemical curcumin (the active compound in the spice turmeric). Polyphenol
compounds are active agents in green tea and include EGCG and epigallocatechin (EGC),
the most biologically active catechins. The ability of these compounds to inhibit tumor
formation both in vitro and in vivo is well documented [152–154]. EGCG alters the
expression of cell cycle regulatory proteins that are critical for cell survival and was
effective in increasing apoptosis, mitochondrial membrane depolarization, and cytosolic
cytochrome C expression. In animal studies EGCG has been reported to be effective in
decreasing the growth of intestinal tumors and inhibits angiogenesis in mice inoculated with
human colon cancer [155].

Curcumin affects multiple cell signaling pathways. It has been to inhibit cell cycle
progression, cell proliferation via blocking the EGFR, MAPK and PI3K/AKT pathways,
suppress angiogenesis by blocking VEGF, antagonizing inflammation via inhibiting NF-κB,
TNFα and COX-2 and induce apoptosis by activating caspases [42, 152, 156]. Curcumin has
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also been shown to improve the histology of intestinal metaplasia of the stomach in 17% of
patients [157]. Curcumin is considered non-toxic since a dose of 8 g daily for three months
and Phase 1 clinical trials showed no apparent signs toxicity; therefore, curcumin can be
considered a promising chemopreventive agent for GI cancers, specifically colon cancer
[158–161]. Recent studies have further demonstrated that the combinatorial treatment of
curcumin and resveratrol causes a greater inhibition of colon tumors in a SCID mice
xenograft model, which could be attributed to decreased inhibition of activation of EGFR
and its family members as well as IGF-1R [152]. In addition, curcumin has been shown to
synergize with FOLFOX, the mainstay of colon cancer chemotherapy, to inhibit the growth
of colon cancer cells in vitro (Patel et al. 2009 – Anticancer Research-In Press).
Furthermore, curcumin has also been shown synergize with dasatanib, a specific inhibitor of
c-Src tyrosine kinases, to inhibit the growth of colon cancer cells as well as intestinal
adenomas in APCmin−/+ mice [162]. Curcumin alone or in combination with FOLFOX has
been found to be effective in eliminating the colon cancer-stem like cells [138].

Of particular importance are the recent findings showing that natural agents (like curcumin
and EGCG) interact with ABC transport proteins and reverse multidrug resistance (MDR)
phenotype in vitro as well as in vivo [155, 163–166]. Various independent studies have
shown that combination treatment of curcumin or EGCG with a variety of chemotherapy
drugs (i.e., cisplatin, danorubicin, doxorubicin, and vinscristine) enhances the cellular
accumulation of these drugs thereby increasing the cells sensitivity to the chemotherapeutics
[167, 168]. These findings strongly indicate that natural products hold a great promise as
anti-MDR agents and given a strong link between the CSCs and MDR this could be utilized
to target CSCs [140]. Given the clinical implications and the widespread use,
phytochemicals represents a promising addition to standard therapy in the treatment of GI
cancers.

Combinatorial Therapies
It is now well established that EGFR signaling is important to both normal development and
neoplastic transformation and that EGFR inhibition represents a valid anticancer approach.
However, constitutive and acquired resistance to EGFR inhibitors represents a major and
unsolved clinical problem in treating GI cancer patients who show high EGFR expression in
tumors. The elucidation of the molecular mechanisms of resistance to anti-EGFR therapies
has stimulated novel combined molecularly targeted therapeutic approaches aimed at
blocking the EGFR(s) and their downstream events. Angiogenesis is an important
prerequisite for cancer development and progression and strategies aiming at inhibiting
angiogenesis are of potential value in cancer therapy. Therefore, strong rationale exists for
using EGFR(s) targeted therapies in combination with anti-angiogenic treatment modalities
or with other drugs that induces apoptosis. Hence, there are many novel targets that are
currently being evaluated in clinical trials [169]. As discussed above the evaluation of anti-
EGFR monoclonal antibodies and anti VEGF inhibitor (bevacizumab) in combination with
each other and with chemotherapeutics other than irinotecan is being evaluated to assess the
best regimens in colorectal cancer patients [170]. Regimens combining nontoxic natural
chemopreventive agents like curcumin and EGCG with the chemotherapy or biologic agents
are also being evaluated in the preclinical and clinical settings. However, important clinical
and pharmacological work need to be conducted in the areas of patient selection, selection of
appropriate dose and schedules with new agents, and implementation of strategies to study
the appropriate combinations. Future clinical trials with strong correlative markers will
allow us to delineate some of these issues.
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Fig. 1.
Schematic representation of adenoma-to-carcinoma sequence.
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Fig. 2.
The induction of carcinogenesis through imbalance in apoptosis and cell cycle regulation.
(A) Under disease free condition tissue homeostasis is achieved through a balance between
cell proliferation and apoptosis. (B) Dysregulation in cell cycle process leads to increased
activation or decreased inhibition resulting in uncontrolled proliferation. (C) The loss of
proapoptotic and gain of anti-apoptotic regulators result in increased cell survival and cell
number. These events are implicated during the complete imbalance in tissue homeostasis
leading to the formation of carcinoma.
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Fig. 3.
Schematic representation of apoptosis signaling depicting intrinsic and extrinsic pathways.
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Fig. 4.
Schematic representation of ligand induced activation of EGFR(s) signalling pathway.
Ligand binding to the receptor results in dimerization and auto-/trans-phosphorylation that
initiate the signaling cascade.
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Table 1

Evaluation of Phytochemicals Targeting GI Cancers in Clinical Trials

Phytochemical GI Cancer Target Phase Result * Reference

Carotenoids Colon - In progress NCT00475722

Epigallocatechin gallate (EGCG) or green tea extracts
Esophageal I In progress NCT00233935

Colon II In progress NCT00718094

Resveratrol

Colon I In progress NCT00433576

Colon I In progress NCT00578396

Colon I and II In progress NCT00256334

Curcumin

Colon I In progress NCT00973869

Colon I Completed NCT00027495

Colon II In progress NCT00118989

Colon - In progress NCT00927485

Colon - Completed NCT00176618

Colon II In progress NCT00745134

Colon III In progress NCT00706121

Colon II In progress NCT00365209

Pancreatic II Completed NCT00094445

*
Indicates reference found at www.clinicaltrials.gov with corresponding identifier code (NCT).
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