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Abstract
Cells of the gastrointestinal (GI) mucosa are subject to a constant process of renewal which, in
normal adults, reflects a balance between the rates of cell production and cell loss. Detailed
knowledge of these events is, therefore, essential for a better understanding of the normal aging
processes as well as many GI diseases, particularly malignancy, that represent disorders of tissue
growth. In general, many GI dysfunctions, including malignancy, increase with advancing age,
and aging itself is associated with alterations in structural and functional integrity of the GI tract.
Although the regulatory mechanisms for age-related increase in the incidence of GI-cancers are
yet to be fully delineated, recent evidence suggests a role for epidermal growth factor receptors
and its family members {referred to as EGFR(s)} in the development and progression of
carcinogenesis during aging. The present communication discusses the involvement of EGFR(s) in
regulating events of GI cancers during advancing age and summarizes the current available
therapeutics targeting these receptors. The current review also describes the effectiveness of ErbB
inhibitors as well as combination therapies. Additionally, the involvement of GI stem cells in the
development of the age-related rise in GI cancers is emphasized.
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INTRODUCTION
This century has witnessed a phenomenal rate of growth of the elderly population (persons
65 years old and over) Both the developed as well as developing regions of the world are
experiencing the highest increase in the population aged 60 and over [1]. In developed
countries, this aging population is expected to rise from 264 million in 2009 to 416 million
in 2050 [1, 2]. However, compared with the more developed world, the population of the
less developed regions is aging faster. Over the next two decades, the population aged 60
and over in the developing world is projected to rise from 475 million in 2009 to 1.6 billion
in 2050 [1]. Under the Census Bureau’s middle series projections, about 1 in 8 Americans
were elderly in 1994, is expected to increase to 1 in 5 by the year 2030 [1]. According to the
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Census Bureau, the number of elderly will continue to increase and by 2050 nearly a quarter
of Americans will be at least 65 years of age [1].

This increase in the aging population has led to a growing interest in achieving a better
understanding of the aging processes and of diseases that are predominantly expressed
during advancing age. Aging is defined as the progressive accumulation of changes over
time that causes increased susceptibility to diseases and eventually to death, the final
outcome. Aging is associated with marked changes in the structural and functional
properties of many organ systems including the gastrointestinal (GI) tract.

AGING AND GASTROINTESTINAL CANCERS
According to the National Center for Health Statistics (NCHS), cancer remains the second
leading cause of death, after heart diseases. Approximately 1.5 million new cases of cancer
are expected to be diagnosed in 2009, that may result in close to 60,000 deaths [3]. Cancers
of the digestive system are projected to comprise 19% of the total incidence and 24% of
cancer related deaths [3]. These include the cancers of esophagus, stomach, small intestine,
colon, rectum, anus, liver, gall bladder and pancreas. Colorectal cancer that comprises 53%
of all GI cancers, remains a high mortality malignancy [3].

Aging is associated with increased incidence of several cancers including GI malignancies.
In the US, cancer related deaths in 2006 were reported to be 23% of the total deaths among
the elderly (ages 60 yrs and above), 10% of which were due to colo-rectal cancer. Despite
early diagnosis, colorectal cancer remains a major concern due to metastatic recurrence of
the malignancy. Colorectal cancer affects both males and females similarly, comprising 10%
of total cancer cases and 9% of cancer related deaths [3].

Aging has frequently been associated with increased incidence of GI cancers of which
stomach and colon show the highest proportion. Studies by Yamaji et al have reported the
effect of age on the malignant potential of colorectal polyps [4,5]. They reported advancing
age to be a significant factor in the incidence of non-malignant and malignant colorectal
neoplasms. The polyps of older persons demonstrated higher malignant potential than
younger subjects irrespective of the lesions’ size. According to Centers for Disease Control
and Preventions (CDC-USA), risk of getting colorectal cancers increases with age and is
greater in males compared to females [6]. In gastric cancer, intestinal metaplasia represents
age-related lesions and is considered to be precancerous [7, 8]. Recently, Majumdar and
Basson (2006) have extensively reviewed this topic and the readers are referred to this
review [9].

Dynamics of Gastrointestinal Tract
The intestinal epithelium is one of the most investigated organ system in terms of self-
renewal and lineage specification. The small intestine is composed of proliferative crypts
and differentiated villi, Fig. (1). The epithelial cells in the intestine migrate upwards within
the crypts and villi and finally shed into the lumen. There are four principal lineages of
epithelial cells in the intestine of the GI tract: 1) columnar cell termed enterocytes in small
intestine and colocytes in large intestine 2) mucin secreting cells known as goblet cells in
small as well large intestine, and gastric foveolar cells in gastric glands, 3) endocrine,
enteroendocrine or neuroendocrine cell, 4) paneth cells in small intestine, Fig. (1).
Colorectal epithelium lacks villi and paneth cells [10, 11]. Proliferative cells occupy the
bottom two-thirds of the intestinal crypts, while differentiated cells constitute the upper third
and the surface epithelium. The GI tract has one of the highest turn-over rates. The self-
renewal of the epithelial cells of the GI tract takes 2-7 days under normal conditions, which
may be altered in response to physiological stimuli.
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The continued renewal of the GI mucosa is sustained by proliferation of stem cells in the GI
tract [12, 13]. Due to lack of specific markers, the identity, location, reservoir of stem cells
within each gastric gland and intestinal crypts is inconclusive. In the stomach, the
differentiating cells migrate bi-directionally from the neck/isthmus region of the gland,
which is considered to be the site of stem cell niche [14]. In the small intestine, they are
believed to be located at the base of the crypt, just superior to the paneth cells, Fig. (1). In
the large intestine, stem cells are proposed to be located in the mid-crypt of ascending colon
and crypt base of the descending colon [15]. Owing to its continual self-renewal and mitosis,
GI tract is one of the most frequent sites for carcinogenesis. Stem cells and the paneth cells,
located at the base of crypts, evade this renewal cycle [16]. Since the lifespan of
gastrointestinal epithelial cells is shorter than the time required for the induction of several
“Hits”/ mutations to induce neoplastic events, intestinal stem cells are considered to be the
putative targets of the oncogenic mutations. Different signaling pathways that regulate
intestinal stem cells renewal include AKT/PKB, Wnt, Bone Morphogenic protein (BMP),
sonic HedgeHog (HH) and Notch [17]. Dysregulation of one or more of these pathways
could lead to neoplastic transformation of GI epithelium. For example, APC, a negative
regulator of Wnt signaling [18-22] is frequently mutated in familial adenomatosis polyposis
coli (FAP) [23-25]. The significance of aberrant Wnt signaling is gauged by the fact that
almost all human adenomas and carcinomas display mutations in one of the Wnt signaling
components. These are mainly APC-deletion and β-catenin activating mutations [26].

Dysregulation of Growth as a Potential Premalignant Event
Dysregulated cell proliferation and apoptosis are considered the prime factors among the
different probable explanations for the initiation and progression of cancers. The mucosa of
the GI tract has one of the highest turnover rates of any tissues in the body, which is
maintained by a finely tuned balance between proliferation of precursor cells and ex-
foliation of surface cells [13, 27]. Any dysfunction in this fine tuning may accelerate or
diminish the growth rate resulting in either hyperplasia/hypertrophy or atrophy of the organ.
A better understanding of normal cell proliferation kinetics and regulation of gastrointestinal
mucosal growth during aging is, therefore, essential for delineating the mechanisms of
pathogenesis of many GI tract diseases and disorders linked to aging, including cancer.

Recent morphological and biochemical studies from several laboratories, including our own
have demonstrated that in barrier-reared Fischer-344 rats, aging is associated with increased
mucosal proliferative activity in the stomach as well as in the small and large intestines
[28-37]. The age-related rise in mucosal proliferative activity, at least in the colon, is also
found to be accompanied by an increase in the proliferative zone, a phenomenon that has
been observed in patients with precancerous conditions and in subjects with cancer of the
colon and/or rectum [36]. Morphologic studies of the colonic mucosa of human volunteers
have further revealed that whereas cell proliferation in young subjects is confined to the
lower two-thirds of the crypt, with aging there is a major shift from the base to the middle
and upper-third of the gland [38, 39]. The observations of the age-related rise in mucosal
proliferative activity together with expansion of the proliferative zone in the colon, both of
which are common occurrence in precancerous conditions and in cancer, have prompted us
and others to postulate that aging may predispose the gastrointestinal tract to neoplasia [29,
32, 35, 40, 41].

In addition to increase in proliferation of the GI mucosa, alterations in apoptosis
(programmed cell death) may also contribute to age-related rise in predisposition of the
tissues to carcinogenesis [42, 43]. Decreased apoptosis in response to physiological stimuli
has been documented in several cells derived from a variety of cancers [42-45]. Colorectal
neoplasia, in particular demonstrated a progressive inhibition of apoptosis from normal
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epithelium to carcinoma [44]. Only scant information is available to associate age-related
changes in apoptosis in tissues of the gastrointestinal tract with carcinogenesis. In order to
understand whether changes in apoptosis could contribute to the age-related rise in the
incidence of gastric and/or colorectal carcinomas, we examined the number of apoptotic
cells in the gastric and colonic mucosa by TUNEL assay [37]. We have demonstrated that
the number of apoptotic cells in the mucosa of the stomach and colon of 22-24 months old
(aged) Fischer-344 rats are lower than in the corresponding tissues from 4 months (young)
old counterparts. Additionally, we observed reduced cleavage of 115 kDa full-length
poly(ADP-ribose) polymerase, a substrate for caspase-3 and probably of other caspases, in
colonic mucosal lysates from 13- and 22-months old Fischer-344 rats, compared to their 4-
months old counterparts [37]. These changes were accompanied by a concomitant reduction
in the levels of active caspase-3, -8 and -9 [37]. Although reduction of apoptosis was more
modest in the gastric mucosa, the fact that the marked increase in proliferative activity in the
gastric mucosa in aged rats was not accompanied by a parallel increase in apoptosis suggests
that aging may also promote accumulation of cells with secondary genetic changes in the
gastric mucosa.

Increased Susceptibility to Carcinogens and Mutational Events
The GI tract is frequently exposed to chemical carcinogens mainly due to ingestion of
variety of substances that may include food contaminants like aflatoxin, tobacco, food
preservatives such as nitrates that are known to be directly or indirectly associated with
increased incidence of several GI cancers [46-54]. Among the various factors that pre-
dispose the aging gut to events of carcinogenesis, increased susceptibility to carcinogens
could be considered as one of the significant factors. The altered carcinogen metabolism and
cumulative effects of long-term mutations has been extensively studied. Several studies,
including our own, show that the incidence of aberrant crypt foci (ACF), a pre-malignant
lesion increases with aging. ACF are microscopic lesions which were first observed in
methylene-stained colons of azoxymethane treated mice as crypts that appeared larger and
thicker [55, 56]. ACF which are considered neoplastic and precursors of adenomas and
carcinomas [57, 58], show gene mutations commonly observed in adenomatous polyps
[58-70]. The number of ACF formed in response to colonic carcinogen azoxymethane
increases significantly in aging Sprague Dawley [71] and Fisher-344 rats [72]. We also
reported that the ACF formed in aged rats showed a higher proliferative activity than their
younger counterparts suggesting a higher basal proliferative activity in the colonic mucosa
of aged rats [72]. Additionally, azoxymethane produced a change in distribution of
proliferating cells in the colonic mucosa. Most of the proliferating cells were located at the
bottom half of the crypt in young rats, whereas, in aged rats they were distributed throughout
the crypt with the exception of 10-20% of the upper region. This is a significant finding,
considering the fact that we have made similar observations in the colonic mucosa of
patients with adenomatous polyps and ulcerative colitis [36], which are considered
precancerous [27].

Carcinogenesis is a multi-step process, resulting from accumulation of mutations during
progression from normal epithelium to carcinonoma [73]. For example, in colon cancer, it
has been suggested that the loss or inactivation of the tumor suppressor gene in adenomatous
polyposis coli (APC) initiates genomic instability that may produce the phenotypic
appearance of an adenoma. Inactivation of several tumor suppressor genes, including APC,
p53 and deleted in colorectal cancer (DCC), has been observed in colon as well as gastric
cancer [73, 74]. However, little information is available as to whether aging is associated
with increased inactivation of tumor suppressor genes. We have investigated the age-
associated changes in mutations of APC, DCC, p53 and K-ras genes in the gastric mucosa of
healthy subjects of varying ages (25-91 years) [75]. Specifically, we demonstrated the loss
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of heterozygosity (LOH) of these genes in the gastric mucosa [75]. Additional age-related
events that may contribute to carcinogenesis are inactivation of estrogen receptor, a putative
tumor suppressor by methylation [76] and functional inactivation of p16INK4A by
hypermethylation [77].

EGFRs IN GASTEROINTESTINAL CARCINOGENESIS
The well defined stages of tumor progression [73, 78-84] has allowed gastrointestinal
carcinoma to be studied extensively as an example of multi-step carcinogenesis. Though a
number of mutations are associated with oncogenes and tumor susceptibility genes, there are
limited studies implicating the tyrosine kinases in the processes of carcinogenesis. Despite
being a minor class of cellular proteins, tyrosine kinases represent a major class of
oncogenes. They play an indispensable role in regulating cell growth and apoptosis as well
as other processes required for the maintenance of cellular homeostasis. Abnormally
elevated tyrosine kinase activity is associated with most common human solid tumors
including non-small cell lung cancer, colorectal adenocarcinoma, glioblastoma, gastric,
pancreatic, breast, ovarian, cervical, and prostate cancer [85-88]. Among the tyrosine
kinases studied and implicated in GI cancers are pp60 c-Src, a non-receptor protein,
EGFR(s), hepatocyte growth factor receptor (c-met), vascular endothelial growth factor
receptor (VEGFR) as well as focal adhesion kinases (FAK) [78, 89-94]. Since EGFR(s) are
a major family of tyrosine kinases, we will be focusing on the role of EGFR(s) during aging
and carcinogenesis of the gut. Furthermore, EGFR-targeted therapies will be reviewed with
particular relevance to GI cancers.

EGFR and its Family Members in Gastrointestinal Cancers
Growth factor receptors play a vital role in the normal cellular dynamics by regulating
several processes that include growth, proliferation, differentiation, migration, angiogenesis,
and cell death. EGFR is one of the most extensively studied growth factor receptors. EGFR
family comprises of four members namely EGFR/ErbB-1/HER-1, ErbB-2/HER-2, ErbB-3/
HER-3, and ErbB-4/HER-4, Fig. (2). Other than ErbB-2, each receptor has its own specific
ligands which results in a highly orchestrated sequence of intracellular signal transduction,
Fig. (2). The monomer receptors bind to its specific 13 polypeptide extracellular ligand and
form homo-/ hetero- dimers with other members of the family. This leads to auto-/ trans
activation of the intracellular tyrosine kinase domain. Owing to mutations, the intracelluar
kinase domain is non-functional in ErbB-3. This necessitates the formation of hetero-dimers
for ErbB-3 signaling. The EGFR signaling is pleiotropic with regards to crosstalk with other
pathways as well as different signaling event that are regulated by activation of EGFR(s),
Fig. (3). EGFR(s) regulate not only the processes of cellular homeostasis but also events of
carcinogenesis. These include cellular proliferation, inhibition of apoptosis, migration,
differentiation, invasion, angiogenesis and metastasis [95-98]. The auto/trans
phosphorylation of the tyrosine residues leads to activation of EGFR signaling cascade.
EGFR signaling is coupled directly or via adaptor proteins to MAPK signaling, PI3/AKT
pathway, Janus kinase/signal transducer and activator of transcription (JAK/STAT)
pathways [99]. EGFR (JAK/STAT) pathways [99]. EGFR signaling also modulate
expression of VEGF and interleukin-8 [100].

Overactivation of tyrosine kinase activity leading to oncogenesis may result from one of the
following: 1) over expression of receptor and/ or their ligands 2) mutations leading to
constitutive activation 3) inefficient mechanisms of inactivation and 4) heterodimerization
leading to transactivation [97, 101, 102]. EGFR and its family members are frequently
overexpressed in several solid cancers including those of the GI tract. EGFR, the first
receptor tyrosine kinase to be sequenced [103], is overexpressed in gastric as well as
colorectal cancers [104-111]. Similarly ErbB-2 is reported to be overexpressed in colon,
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esophageal, and pancreatic cancers [104, 108, 112]. Although normal colonic mucosa is
negative for ErbB-2, its expression increases with progression of the cancer and is
associated with poor prognosis [113]. Furthermore, even higher ErbB-2 expression is
observed in colon cancer metastasis to liver or lymph nodes [114]. Although both ErbB-2
and ErbB-3 are overexpressed in gastric and colorectal cancers, ErbB-3 has been linked
more strongly with gastrointestinal cancers than ErbB-2 [104, 108, 112, 115, 116]. ErbB-3 is
also overexpressed in pancreatic cancer. The expression patterns of ErbB-4 with regards to
different malignancies remain controversial. ErbB-4 is reported to be overexpressed in
pediatric neuroblastoma [117] and GI cancers [118] whereas its loss has been implicated in
the progression of breast, prostate and Head & Neck cancers [119, 120].

EGFRs as Pro-Survival and Anti-Apoptotic Factors
Age related increase in proliferation and inhibition of apoptosis is considered one of the
predisposing factors for development and progression of GI cancers [28, 32, 33, 41].
Although the precise mechanisms for this regulation are not known, EGFR family of
receptors plays a significant role in modulating these processes in normal, aging and
malignant cells, Fig. (3). Dysregulation of EGFR signaling leads to increased activation of
downstream signaling events such as Ras/Raf/MAPK kinase and PI3K/Akt signaling
pathways that regulate cell proliferation and survival [9, 102, 121, 122]. Indeed, we have
demonstrated increased expression and activation of EGFR and its family members ErbB-2/
ErbB-3 in the GI mucosa of aging rats [72, 123, 124]. Furthermore, TGF-α, which is one of
the prominent ligands of EGFR, plays a critical role in the development of colorectal
neoplasia through autocrine/paracrine mechanisms. Cell lines derived from adeno-
carcinomas of various tissues, including the colon, show increased expression of TGF-α and
EGFR [114, 125-128].

The regulatory mechanisms for the age-related rise in mucosal proliferative activity and
reduction in apoptosis are still unknown. We have demonstrated that these changes are
associated with increased activation of EGFR(s) and its signaling events [124]. In
Fisher-344 rats, aging has been shown to be associated with increased expression and
activation of EGFR [123, 124]. A similar observation has also been made by others in
preneoplastic and neoplastic lesions [36, 128-130]. This aberrant activation of EGFR
signaling is in part due to increased amount of membrane associated precursor forms of
TGF-α, one of the primary ligands of EGFR, bound to the receptor [124]. Thus, we suggest
that in addition to increased susceptibility to carcinogens and cumulative mutations, aging
may be associated with elevated levels of certain growth factors, particularly EGF-family of
peptides. These factors could play a role in malignant transformation of the gastrointestinal
tissues during aging.

In pursuit of a better understanding of the intracellular events regulating the EGFR
signaling, we have investigated the expression of EGFR Related Protein, (ERRP), which
acts as a negative regulator of EGFR(s). ERRP was isolated from rat colonic mucosa and
exhibits ~ 90% homology to EGFR and ~80% to other family members [131-133]. Although
the genetic identity of ERRP remains to be determined, we have observed that ERRP levels
are higher in benign human colonic and gastric mucosa and in the pancreas than in the
respective adenocarcinomas [40, 134]. Furthermore, we demonstrated that the age-related
rise in activation of EGFR is associated with the decreased levels of ERRP [135]. ERRP
expression was also decreased in dimethylhydrazine (DMH)-induced ACF in the colonic
mucosa of aging rats [72]. Taken together, the results suggest that loss of ERRP resulting in
increased expression and activation of EGFR in the GI mucosa during aging could in part
contribute to the age-related rise in gastrointestinal cancers.
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More recently, we have observed that the carcinogen-induced neoplasia in aging rats is
associated with a concomitant increase in the expression of EGFR [136]. We have observed
that administration of the colonic carcinogen DMH that causes a 2-fold induction in ACF
formation in the colon, produces a marked 12-fold increase in EGFR expression in the
colonic mucosa, when compared with the corresponding controls [136]. In humans, aging is
found to be associated with increased expression of EGFR in macroscopically normal
mucosa in patients with adenomatous polyps [137]. Taken together, the results suggest a
potential role of EGFR in the development of colonic neoplasia during aging.

EGFRs as Modulators of Resistance to Chemotherapy and Tumor Refraction
Over-expression of EGFRs is frequently associated with a poor prognosis and the
development of de novo resistance to many known therapies including chemotherapy,
hormone therapy, radiotherapy in a variety of cancers, including breast, ovarian, colorectal,
Head and Neck and non-small cell lung cancers (NSCLC) [138-148]. Most frequently,
cancer cells are able to escape the effects of a known therapy and relapse with more
aggressive phenotype. Most of the solid tumors including the colon tumor express more than
one member of the EGFR family of receptors. There is evidence to suggest that EGFR/
HER-2 hetero-dimers are extremely potent transforming signaling complexes [149, 150] and
that co-expression of EGFR with EGFR/HER-3 receptors results in the development of
enhanced drug resistance [151]. In support of this, we have recently demonstrated that
EGFR expression is elevated in drug-resistant colon cancer cells [152]. 5-fluorouracil (5-
FU) or 5-FU plus oxaliplatin (FOLF-OX), which remains the backbone of colorectal cancer
chemotherapeutics, produces only a partial response and is limited by the recurrence of the
tumor. We have demonstrated that colon cancer cells that develop de novo resistance to
FOLFOX by chronic exposure to this regimen show higher expression of EGFR than the
parental cells that are sensitive to FOLFOX [152]. The detailed mechanisms for this
overexpression of EGFR in chemo-resistant cells remain to be investigated. The
hypomethylation of EGFR promoter, in part, may be responsible for the higher expression of
EGFR of the FOLFOX-resistant colon cancer cells [152].

EGFR(S) AS A PROMISING TARGET FOR GASTROINTESTINAL CANCERS
Different treatment modalities are available for GI cancers which may be employed either
alone or in combination with other therapies. Due to high incidence of metastasis, surgical
resection of the primary tumor is often followed by adjuvant therapy. Among the available
adjuvant treatment options for GI cancers could be chemotherapy with 5-fluorouracil (5-FU)
alone or in combination with other agents such as oxaliplatin, irinotecan, adriamycin,
methotrexate, leucovorin. Several studies have indicated the failure of postoperative
chemotherapy in providing survival benefit [153-156]. Despite the fact that chemotherapy is
useful in advanced gastric cancers, the overall survival does not exceed 1 year in phase III
studies. Other treatment strategy is radiotherapy, which may be utilized as pre-operative,
post-operative and palliative therapy. Radiation therapy alone does not improve the survival,
but is efficient in controlling the loco-regional spread of the malignancy. Since post-
operative loco-regional spread is a serious concern in gastric cancers, radiation therapy
appears to be an attractive therapeutic option [157, 158]. Radiotherapy is more successfully
utilized in rectal cancers. Due to the anatomical location of rectum, higher doses of radiation
may be delivered while sparing other sensitive organs. Several randomized and retrospective
studies indicate a potential advantage of combining radiotherapy with fluorouracil-based
chemotherapy with regards to loco-regional as well as survival benefit [159-161]. According
to Surveillance, Epidemiology and End Results (SEER) database, the post-operative
chemoradiotherapy might prove to be a superior therapeutic regimen in terms of survival
[162, 163].
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Targeted Therapy as a Better Strategy to Inhibit Cancer
The disappointing outcome with conventional chemotherapeutics has initiated the
development of other therapeutic strategies. The current cyto-toxic agents lack target
specificity and does not distinguish between malignant and non-malignant cells, thereby
showing undesirable toxicity profile. Though the chemoradiotherapy is shown to be
beneficial, it is associated with undesirable clinically significant acute hematological as well
as gastrointestinal toxicities [164]. However with the development of agents that target
specific signal transduction pathway, a higher therapeutic index can be achieved. Several
targeted agents are being developed for GI cancers that include perturbation of tyrosine
kinases, ras/MAPK, vascular endothelial receptor (VEGF), matrix metalloproteinases,
Cox-2 and c-kit signaling events [165]. Since EGFR signaling plays a significant role in the
processes of GI-carcinogenesis during aging, this review will focus on EGFR(s) targeted
therapies in GI cancers. EGFR-targeted interruption of signaling leads to inhibition of
malignant proliferation as well as survival [166-168]. EGFR targeting strategies involve the
inhibition of growth factor receptor signaling by targeting either the 1) ligand binding ecto-
domain, 2) intracellular tyrosine kinase domain 3) or by manipulating the transcription of
several target genes. Fig. (4) demonstrates some of the strategies being employed to achieve
EGFR inhibition. Most of the agents developed based upon these strategies have shown
success in vitro and with xenograft models [169-186]. However, after completion of several
clinical and pre-clinical studies, only two classes of anti-EGFR agents have demonstrated
clinical activity and achieved regulatory approval for treatment of cancers. These are 1)
monoclonal antibodies that target and inhibit the extracellular ligand binding domain of
EGFRs and 2) small molecule inhibitors of intracellular tyrosine kinase activity of the
receptor. Some of these agents in different stages of their development are listed in Table 1.

Since cancer cells develop resistance to therapies by overexpressing one or more members
of the EGFR family, a better therapeutic effect is expected by targeting more than one
EGFR(s) simultaneously. To meet this end, either a combination of therapies targeting
EGFR(s) or a therapy targeting more than one EGFR can be employed. Combination of
EGFR and ErbB-2 targeting therapies has demonstrated some success in solid tumors like
ovarian and breast [187-189]. Currently different clinical trials are ongoing to investigate the
efficacy of combination of EGFR targeted therapies in GI cancers [190]. While pan-ErbB
inhibitors have not met with success in clinical trials [191], they remain in various stages of
development [192]. One such agent, ERRP, was developed and characterized in our
laboratory. ERRP shows anti-tumor properties in variety of cancer cells lines as well as
tumor xenografts [131, 132]. ERRP inhibits growth and/or stimulates apoptosis of different
colon, gastric, breast, pancreatic and prostate cancer cells [193-196]. ERRP attenuates
constitutive and ligand-induced activation of EGFR in a wide variety of epithelial cancer
cell lines, including colon cancer cells [193-196]. Down-stream signaling events of EGFR,
specifically activation of Akt and NF-κB in several epithelial cancer cell lines are also
attenuated by ERRP [193, 197]. Comparison of ERRP with cetuximab (MoAb to EGFR) or
trastuzumab (MoAb to HER-2) revealed that ERRP inhibits growth and stimulates apoptosis
and suppresses ligand-induced activation of EGFR and HER-2 in different colon and breast
cancer cells that express varying levels EGFR(s) [197]. In contrast, cetuximab is found to be
effective only in cells that express high levels of EGFR, whereas trastuzumab exerts its
growth inhibitory effect only on HER-2 overexpressing cells [197]. Since rat origin of
ERRP may be a concern for its therapeutic application, we have further generated human
chimera of ERRP. Our recent unpublished data show similar in vitro as well as in vivo
efficacy of the humanized version of ERRP, referred as ErbB inhibitory protein (EBIP) in
different solid tumors.
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KEY AREAS FOR FUTURE RESEARCH
The dawn of era of targeted therapies has met with some exciting success in the clinic.
However, many intriguing questions regarding the sustained remission of the cancer remain
to be answered. For example developing predictors of response and therapeutics that not
only target primary tumor but also inhibits the refractory tumor are highly desirable. The
current scenario warrants the investigation of following research areas in more details
enabling development of better therapeutic strategies.

Gastrointestinal Cancer Stem Cells
More than a decade ago, existence of cancer stem cells was first detected in hematopoietic
malignancies by John Dick’s group [198]. Since then, numerous studies have indicated the
presence of cancer stem cells (CSCs) which are known to be the driving force for initiation,
progression and refraction of solid tumors as well as leukemia [199-208]. The establishment
of technique of sorting cells on the basis of cell surface marker expression and dilutional
tumor initiating assays have allowed identification of the cancer stem cells. This technique
was utilized for the first time in solid tumors by Al-Hajj [199]. There is a fairly good amount
of evidence for the presence of CSCs in GI cancers as well [201, 205, 207]. It is widely
accepted that CSCs constitute a very small proportion of the tumor that are presumed to be
the driving force for the tumor growth due to their ability to self-renew and give rise to
heterogeneous lineages of cells that form the bulk of the tumor. Colon CSCs are capable of
forming tumors in immune-suppressed mice in numbers as low as few hundred [201].

Recently we have demonstrated that aging as well as carcinogen exposure lead to increase in
CSC population in the rat colonic crypts [136]. We have also observed that the
macroscopically normal mucosa of patients with adenomatous polyps show an increase in
CSCs and this increases with aging [137]. To examine a potential association between CSCs
and growth factor receptors, specifically EGFR and its family members in the development
of resistance and refraction of tumors, we investigated the levels of EGFR in normal tissue
as well as adenomatous polyps from patients and carcinogen induced rat colonic crypts.
Expression of EGFR rises with aging in macroscopically normal mucosa of patients with
polyps [137] as well in carcinogen-induced rat colonic crypts [137]. We have also reported
that the FOLFOX surviving colon cancer cells that show increased expression of several
CSC markers, including CD133, CD44, CD166 and ALDH-1 is associated with a parallel
rise in EGFR [152]. FOLFOX-surviving colon cancer cells were also found to form
anchorage dependent colonies as well as colonospheres [152]. However, the role of EGFR
and its family members in regulating CSCs in drug-resistant colon cancer cells as well in the
aging GI tract remains to be determined. A better understanding of the role of different
signaling pathways with particular reference to aging will enable us to develop novel
therapeutics that target CSCs unlike the current anti-tumor therapies that are primarily
directed towards the bulk of the tumor.

Combinatorial Approach for Development of Therapeutics
It is becoming increasingly clear that employing one therapeutic agent may not be as
efficient as combination of several compounds directed at different processes of tumor
initiation and progression. There is evidence that tumor cells are able to evade the effects of
a therapy by over-expressing more than one regulatory pathways. For example, EGFR is co-
overexpressed with c-Src in several tumors including the colon suggesting a synergy
between the two tyrosine kinases [209-214]. Similarly, VEGF expression has been shown to
be augmented in response to activation of EGFR in variety of tumor cell lines [215-217].
Therefore EGFR(s) targeted therapies may prove to be a better strategy when combined with
inducers of differentiation, apoptosis or inhibitors of other kinases. Several studies were
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conducted where inhibition of one type of growth factor receptor was combined with
another agent(s) that inhibit other receptor and/ or effector molecules [187, 218, 219]. We
have also reported that a combined therapy of ERRP and curcumin, a dietary agent, was
more effective in inhibiting the growth and inducing apoptosis in colon cancer HCT-116 and
HT-29 cells [220]. Curcumin [diferuloylmethane; I,7-bis-(4-hydroxy-3-methoxyphenyl)-1 ,
6-heptadiene-3,5-dione], the major pigment in turmeric powder, possesses anti-
inflammatory and anti-oxidant properties [221]. The combined therapy was more effective
in inhibiting the activation of EGFR(s) as well as IGF-1R than monotherapy [220].
Furthermore, unpublished data from our lab revealed that EBIP, the humanized version of
ERRP, synergizes with dasatinib, a specific inhibitor of Src Family kinase (SFK), in
inhibiting the growth of different breast cancer cells expressing varying levels of EGFR(s).
This synergy was also observed in inhibiting the growth of breast cancer derived xenografts.
Similar investigations need to be conducted for colon cancer. Utilizing dasatinib, we
demonstrated that the combination of dasatinib and curcumin is more effective in inhibiting
growth and aggressive behavior of variety of colon cancer cells than either agent alone.
Although the two agents inhibit colony and tubule formation and cell invasion differentially,
the combined therapy produced a significantly marked inhibition of the processes of
transformation. Further, we observed that the combination therapy was highly effective in
regressing the adenomas formed in APCMin+/− mice (unpublished data), which carry a
mutation in the APC gene predisposing them to the development of spontaneous intestinal
adenomas. This superior effect of combined therapy is in part due to increased apoptosis and
decreased proliferation in the tumor remnants.

Cure vs. Prevention
Since aging predisposes the GI tract to processes of carcinogenesis, one can speculate that
consumption of chemo-preventive agent(s) could be beneficial in reducing the incidence of
age-related GI-carcinogenesis. With regard to this several compounds are being investigated
for their chemo-preventive efficacy. One such class of compounds is phytochemicals that
are derived from fruits, vegetables, and grains. Many phytochemicals are shown to possess
anti-cancer properties and therefore, represent a promising therapeutic approach for
prevention and treatment of many cancers [222, 223]. The ability of phytochemicals to
inhibit tumor formation in experimental animals is well documented [224, 225]. Many of
these compounds possess anti-oxidant, antiproliferative and pro-apoptotic effects on a
variety of cancers, including colon tumors that contain CSCs [199, 205, 224, 226, 227]. The
benefit of many of these phytochemicals is that they are well tolerated and are found in food
products that can be added to the diet [228]. Furthermore, phytochemicals could be taken on
a long-term basis to either prevent primary tumor formation or tumor recurrence.
Phytochemicals target several molecules that are involved in processes of carcinogenesis
[229, 230]. For instance, curcumin, obtained from Curcuma longa, used in many South
Asian cuisines, has been shown to inhibit chemically induced carcinogenesis in the skin,
forestomach and colon when administered during initiation and/or post-initiation phases
[225, 231-234]. Development of azoxymethane-induced preneoplastic and neoplastic lesions
of the colon is also inhibited in experimental animals fed a diet containing curcumin [235,
236]. In addition, curcumin has been reported to prevent adenoma development in the
intestinal tract of APCMin+/− mice, a model of human familial adenomatous polyposis [237].
In a Phase I clinical trial, curcumin was shown to be effective in inhibiting tumor growth
[238]. Taken together, the data generated from many of the chemo-preventive studies
suggest that some of these natural products can not only be chemo-preventive but could also
exert therapeutic benefit alone or in combination with conventional therapeutics. We can
certainly say that increase in age-related rise in GI cancers warrants life style changes which
may include consumption of natural chemopreventive agents.
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Fig. (1).
Schematic representation of architecture and signaling in the small intestinal mucosa. A) In
the epithelial lining of the normal intestinal mucosa, stem cells are located at the bottom of
crypts and divide asymmetrically to give rise to different lineage of cells. The daughter cells
undergoing differentiation migrate upwards to give rise to transit amplifying and terminally
differentiated cells. The latter are programmed for cell death and are shed into the lumen. B)
Intestinal stem cells give rise to a lineage of differentiated epithelial cells. The proliferation
and differentiation of stem cells is tightly regulated by distinct signaling pathways.
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Fig. (2).
Schematic representation of ErbB family members showing extracellular ligand binding,
transmembrane and cytoplasmic domains. The numbers depict percentage homology of each
domain relative to EGFR/ErbB-1. ErbB family has 10 ligands with specific affinity for each
receptor. EGFR: Epidermal growth factor receptor; HER: Human Epidermal growth factor
Receptor; EGF: Epidermal growth factor; TGF-α: Transformation growth factor α; HB-
EGF: heparin binding-EGF; AR: amphiregulin; BTC: betacellulin; EPR: epiregulin; NRG:
neuregulin; ErbB-2 has no known ligands and ErbB-3 lacks tyrosine kinase activity due to
point mutation.
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Fig. (3).
Schematic representation of ErbBs/EGFR(s) signaling pathways. Ligand binding to
ectodomain of EGFR(s) leads to dimerization of the receptor and subsequent activation of
tyrosine kinase domain. Complexity of ErbB signaling is regulated by ligand specific
binding, leading to different combinations of homo/ -hetero dimerization of the receptors.
Depending on the type of homo/-hetero dimer formed, a distinct intracellular pathway is
activated. These pathways are involved in several processes of cellular homeostasis. PI3K:
Phospholinositide-3-Kinase; Akt: phospho kinase B (PKB); JAK: Janus Kinase; STAT:
Signal Transducer and Activator of Transcription; ERK: Extracellular Signal Regulated
Protein Kinase; MAPK: Mitogen Activated Protein Kinase.
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Fig. (4).
Schematic representation of different strategies to inhibit EGFR(s). Inhibition of EGFRs can
be achieved by targeting extracellular ligand binding domain and/or intracellular tyrosine
kinase domain of the receptor. Among the available strategies, mAbs that target the ligand
binding domain and TKIs that target intracellular tyrosine kinase activity have been shown
to be more successful. mAbs: monoclonal antibodies; siRNA: small interfering ribonucleic
acid.
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Table 1

ErbB Targeted Therapies in Gl-Cancers

Agent Type and Target Developer Development Phase

Monoclonal Antibodies
Cetuximab (Erbitux / C225)

Panitumamab (vectibix / ABX-EGF)
Nimotuzumab (Thera CIM / hR3)

Zalutumumab (MDX-447 /
HuMax™-EGFR)

Trastuzumab (Heceptin)
Pertuzumab (Omnitarg / 2C4)

Matuzumab (EMD-72000)
mAb-806

Human-mouse chimeric / EGFR
Fully Human / EGFR
Humanized / EGFR

Fully Human / EGFR
Humanized / ErbB-2
Humanized / ErbB-2
Humanized / EGFR

Human-mouse chimeric / EGFRvIII

ImClone/Merck KGaA
Amgen

YM BioSciences
Medarex

Genentech / Roche
Genentech

Merck KGaA
Ludwig Institute

Approved in 2004
Approved in 2006

Phase II / III
Phase I / II

Phase II
Phase II
Phase II

Preclinical

Tyrosine Kinase Inhibitors
Gefitinib (ZD-1839 / Iressa)

Erlotinib (OSI-774 / Tarceva)
BMS-599626

Lapatinib (GW-572016)
PK1166

PD153035
EKB-569

Canertinib (Cl-1033)
Cervene (TP-38)

Reversible TKI / EGFR
Reversible TKI / EGFR

Reversible TKI / Multiple ErbB
Reversible TKI / Dual EGFR / ErbB-2
Reversible TKI / Dual EGFR / ErbB-2
Reversible TKI / Dual EGFR / ErbB-2

Irreversible TKI / Multiple ErbB
Irreversible TKI / Multiple ErbB

Chimeric toxin made of human TGFα /
Pseudomonas

endotoxin

AstraZeneca
Genentech / OSI / Roche

Bristol-Myers Squibb
GlaxoSmithKline

Novartis
Tocris Cookson
Wyeth-Ayerst

Pfizer
IVAX

Phase II / III
Phase I-III

Phase I
Phase II / III

Phase I
Preclinical

Phase II
Phase I-III

Phase I

EGFR = Epidermal Growth Factor Receptor; mAb = Monoclonal Antibody; TKI = Tyrosine Kinase Inhibitor
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