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Core tip: Treatment of locally advanced rectal cancer
stage Ⅱ and Ⅲ includes neoadjuvant chemo-radiation
followed by surgery if clinically feasible. A strategy
of observing patients without an operation has been
proposed by some surgeons, but this is still the center
of much debate. Moreover, the therapeutic effect of
ionizing radiation in treatment of rectal cancer varies
significantly from one person to another. This has led
investigators to identify the molecular targets and pathways in rectal tumors resistant to ionizing radiation in
a bid to improve the therapeutic effect of radiation by
advanced biomedical and genetic engineering.
Ramzan Z, Nassri AB, Huerta S. Genotypic characteristics of resistant tumors to pre-operative ionizing radiation in rectal cancer.
World J Gastrointest Oncol 2014; 6(7): 194-210 Available from:
URL: http://www.wjgnet.com/1948-5204/full/v6/i7/194.htm DOI:
http://dx.doi.org/10.4251/wjgo.v6.i7.194

Abstract
Due to a wide range of clinical response in patients undergoing neo-adjuvant chemoradiation for rectal cancer
it is essential to understand molecular factors that lead
to the broad response observed in patients receiving
the same form of treatment. Despite extensive research
in this field, the exact mechanisms still remain elusive.
Data raging from DNA-repair to specific molecules leading to cell survival as well as resistance to apoptosis
have been investigated. Individually, or in combination,
there is no single pathway that has become clinically
applicable to date. In the following review, we describe
the current status of various pathways that might lead
to resistance to the therapeutic applications of ionizing
radiation in rectal cancer.

INTRODUCTION
There are approximately 40340 patients diagnosed with
rectal cancer annually in United States[1]. Cancer of the
colon and rectum combined claimed 51690 deaths in
2012[1]. Rectal cancer, though staged similarly to colon
cancer, is managed differently due to the pelvic location
of the rectum. The rectum is in close proximity to the
urogenital organs and anal sphincters. Hence, surgery
for rectal cancer is associated with complications ranging from 15% to 70%[2]. Moreover, many patients will
have local as well as distant metastasis during post-op
surveillance[3,4]. Hence, careful and methodical planning

© 2014 Baishideng Publishing Group Inc. All rights reserved.

WJGO|www.wjgnet.com

194

July 15, 2014|Volume 6|Issue 7|

Ramzan Z et al . Radiation resistance in rectal cancer

vise methods by which we can personalize treatment for
rectal cancer, such that the most effective therapy with
the least side effect profile can be offered consistently to
patients affected by rectal cancer. In order to achieve this
objective, extensive research has been performed over
the last few decades to identify biological markers and genetic phenotypes that can predict successful response to
radiation and translate into improved survival. We present
a review of the current status of these markers.

IR

70

Ku70/80

DNA-PKcs

80

THE THERAPEUTIC EFFECTS OF IR

DNA-PKcs

P

P

DNA end
processing

The NHEJ pathway of DNA repair
The therapeutic effect of IR is largely the result of double stranded DNA breaks that result from IR-induced
DNA damage. DNA breaks are difficult to repair and
typically result in apoptosis. DNA double-strand break
(DSB) can be repaired by one of the following three
pathways: homologous recombination[18], non-homologous end-joining (NHEJ) pathway, or an alternate NHEJ
pathway (characterized by larger deletions and translocations)[19]. The details behind the selection and execution
of these pathways are not entirely clear, but it seems that
NHEJ is the major pathway as it is the only one that occurs in all stages of cell cycle.
The NHEJ pathway is essential for DSB repair and is
also important for V (D) J recombination during T and
B cell lymphocyte development. The catalytic subunit of
DNA-dependent protein kinase (DNA-PKcs) is an integral part of the NHEJ pathway. The actual mechanism
of this pathway is rather complex (Figure 1), but can be
broadly classified into three steps. In the first phase, Ku
70/80 heterodimer identifies DSB, facilitates the activation and recruitment of DNA-PKcs, and then ties the
DNA ends in a synaptic complex[20]. The next step involves enzymatic processing of the DNA ends followed
by ligation (by DNA ligase Ⅳ) in the last phase. The
order and timing of this sequence of events is not well
defined; however, it is widely regarded that Ku 70/80
protein is the most important and integral part of this
sequence as it recruits DNA-PKcs as well as interacts
with a host of other important proteins. Moreover, Ku
has lyase activity allowing it to process DNA ends during
NHEJ[21].
Following successful DNA repair, the cell might
undergo back to the normal cell cycle. If some error occurs during the repair, the cell might undergo genomic
instability and if the cell is unable to repair the radiationinduced damage, it undergoes apoptosis (Figure 2)[22].
Thus, a logical place to begin investigating marker of
radioresistance is by interrogating the NHEJ pathway of
DNA repair in cancer cells.

LIG4
XRCC4
XLF

DNA repair

Figure 1 Schematic representations of double-strand break repair by
non-homologous end-joining mechanism. The KU proteins are the initial
participants in this process as they rapidly bind to broken DNA segments. Another major function of the KU proteins is the active recruitment of DNA-PKcs.
DNA-PK activation assists with the recruitment of other proteins involved in the
limited DNAend-processing (Artemis, pol m, pol l, and TDK) required to generate ligatable DNA ends. Ligation is mediated by the LIG4/XRCC4 complex and
is assisted by the ligation mediator XLF. Once this process is completed, DNA
integrity is maintained.

is required to avoid unnecessary surgery with potential
short and long term complications. Recent studies have
underscored the importance of ionizing radiation (as
neoadjuvant therapy) in patients with stage Ⅱ and Ⅲ
rectal cancer. There are many benefits to the use of IR in
the neoadjuvant compared to the adjuvant setting[5]. Additionally, in some cases, this approach allows the tumors
to be down-staged resulting in complete pathological
response (pCR, i.e., complete obliteration of the tumor
following preoperative chemoradiation at laparotomy) or
complete clinical response (cCR, i.e., complete obliteration of the tumor following preoperative chemoradiation
during repeat colonoscopy or other diagnostic modalities
such as MRI).
However, the benefit from preoperative radiation
varies significantly in trials with a substantially wide pCR
(9%-37%)[6-10]. Patients who achieve a pCR have better
outcomes compared to patients who do not[11]. Some
surgeons have elected a watchful waiting approach for
patients who achieve cCR[12-17].
The logical clinical and pre-clinical question is to de-
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Role of DNA-PKcs
DNA-PKcs has multiple roles in DNA repair and carcinogenesis. DNA-PKcs facilitates DSB repair, thus
ensuring stability and integrity of genetic chromosomes.
Hence, low levels of DNA-PKcs might result in muta-
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esophageal and early breast cancer but not in nasopharyngeal cancer[36-38]. On the other hand, studies have revealed
increased levels of DNA-PKcs and Ku proteins in residual tumors after radiation treatment, suggesting a means
of survival and a marker of radioresistance in recurrent
tumors[39].
While the cellular status of the DNA-PKcs as a predictor of IR remains to be investigated, DNA-PKcs
inhibition might have a therapeutic role in rectal cancer.
Pre-clinical studies showed that pharmacological inhibition of DNA-PKcs led to substantial chemo- and radiosensitization[27,40-42]. The effect of DNA- PKcs inhibitors
has been examined in mouse xenograft tumor models
with favorable results. There has been significant tumor
growth delay and improved survival in mice treated with
combined DNA-PKcs inhibition and ionizing radiation.
The combination treatment reduces levels of cell proliferation marker Ki67 and increases activity of certain proteins known for its anti-tumor properties[43,44].
Inhibitors of DNA-PKcs have been shown to have
a synergistic effect along with cisplatinum/platinum
based drugs in treatment of ovarian, colon, and breast
cancer[45-47]. Multiple DNA-PKcs kinase activity inhibitors are not only in various stages of development but a
few are being tested in clinical trials (Table 2). Similarly,
new in vivo substrates of DNA-dependent protein kinase
(Akt1/PKBa, Hsp90a, NR4A[48-52]), which can be induced
by ionizing radiation have been identified.
Furthermore, additional DNA-PKcs inhibitors have
been developed such as anti-DNA-PKcs ScFv 18-2 (derived from an existing anti-DNA PKcs monoclonal antibody)[53], and anti-DPK3-scFv (selected from a humanized semi-synthetic scFV library)[44]. These anti-DNA
PKcs sensitize cells to radiation induced injury[44,54,55]
in a similar fashion to RNA inhibition of DNA-PKcs
transcripts[56-58].
The interaction between epidermal growth factor
receptor (EGFR) and the DNA-PKcs has also been explored. This interaction is required for radiation induced
nuclear AKT phosphorylation and cell survival[52,59,60].
Similarly, blockage of EGFR signaling pathway with a
monoclonal antibody can inhibit DNA-PKcs activation
and thereby decrease DNA repair capacity. This could
enhance sensitization and susceptibility of cells to ionizing radiation[61,62].
Clinically, deficiency in DNA-PK activity led to sensitivity to nitrogen mustards in patients with chronic
lymphocytic leukemia[25]. The drug 2-N-morpholino8-dibenzothiophenyl-chromen-4-one (NU7441) is a potent and specific DNA-PK inhibitor[63]. Treatment with
NU7441 and topoisomerase inhibitors combined with
IR caused potent chemo-radio sensitization in SW620
colorectal cancer cells as well as xenografts[27]. The various mechanisms by which DNA-PKcs inhibitors facilitate radiation induced death include apoptosis[64,65], acceleration of senescence, induction of mitotic catastrophe,
and autophagy[43,66,67].
Studies evaluating expression of DNA-PKcs in pe-

IR

DNA damage sensing and signaling

M

Check point
Cell cycle

G2

G1
DNA repair

S

Back to normal
or
Genome instability

Apoptosis

Figure 2 Schematic representation of the events that occur following IRinduced DNA damage. Sensing mechanisms and signaling first stop the cell
cycle that allows the cell to repair the DNA damage. If unsuccessful, apoptosis
ensues. If the repair is nearly complete, the cell might continue to replicate with
genome instability.

tions promulgating the cascade of carcinogenesis. A cell
with low levels of DNA-PKcs might be unable to repair
the DNA damage incurred by IR and destine the cell
for apoptosis. In this scenario, low levels of DNA-PKcs
should be a surrogate for radiosensitivity.
On the other hand, cancer cells might contain higher
DNA-PKcs levels induced by the rapid cell turnover. In
this scenario, increases in DNA-PKcs activity will enhance cancer cell resistance and decrease susceptibility to
chemotherapy and ionizing radiation[23-26].
Pre-clinical studies have demonstrated that DNAPKcs deficient Chinese hamster ovary cells showed profound cell death following treatment with IR compared
to the DNA-PKcs complimented V3-YAC cells[27]. Colon
cancer HCT-116 DNA-PKcs-/- cells and xenografts were
exquisitely sensitive to IR[28,29]. Unfortunately, the role of
DNA-PKcs activity in development of various cancers
has been investigated in multiple studies and has shown
conflicting results in carcinogenesis as well as being a
poor predictor of a response to IR, but more data is
needed in this area (Table 1).
Significant increases of DNA-PKcs activity have been
observed in certain gastrointestinal cancers such as colorectal cancer[30,31], esophageal cancer[32], nasopharyngeal cancer, and non-small cell lung cancer[33]. Conversely, loss of
DNA-PKcs expression has been linked to gastric tumors
correlating with signs of invasion and poor survival[34,35].
Levels of DNA-PKcs in cancer cells before treatment (radiation or chemotherapy) has been compared
to levels after treatment, and have shown mixed results.
The expression of DNA-PKcs was noted to be directly
proportional to a favorable response with radiation in
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Table 1 Association between DNA-PKcs activity and cancer development from clinical investigations
Tumor type

Assay

Specimen

Sample size

DNA-PKcs activity

Interpretation

Nasopharyngeal
cancer
Nasopharyngeal
cancer
Esophageal cancer

IHC

Tumor

66

IHC

Tumor

223

Tumor,
normal
Tumor

13 paired

No association with locoregional control and
survival
Overexpression associated with advanced stage and
poor survival
NA

Gastric cancer

IHC, IB, Kinase
activity
IHC

↑ in 70% of tumor
tissue
↑ in 37% of tumor
tissue
↑ in tumor tissue

279

↑ in 73% of tumor
tissue

Gastric cancer

IHC

Tumor,
normal

791

↑ in 80% of tumor
tissue

RT-PCR, IB,
kinase activity
IHC, IB

Tumor,
normal
Tumor,
normal

12 paired

↑ in tumor tissue

Loss of expression associated with lymphatic
invasion, lymph node metastasis, advanced
pathological stage, and poor survival
Loss of expression associated with intratumoral
neutrophils, microsatellite instability, mutations in
DNA-PKcs and poor survival
NA

359 (35 paired)

↑ in 64% of tumor
tissue

IHC

Tumor

113

IHC

Tumor

86

RT-PCR

Tumor,
normal
Tumor,
normal
Tumor
Tumor,
normal
Lymphoid
tissue

140 paired

↑ in 89% of tumor
tissue
↑ in 87% of tumor
tissue
↑ in tumor tissue

Colorectal cancer
Colorectal cancer

Non-small cell lung
cancer
Non-small cell lung
cancer
Non-small cell lung
cancer
Non-small cell lung
cancer
Glioma
Ovarian cancer
ALL, CLL, lymphoma,
multiple myeloma

B-cell CLL

IHC
Kinase activity
IHC
IHC, IB

116 (12 paired)
36
100
86

IB, kinase
activity
RT-PCR
Kinase activity

Lukemia cells

54

Lukemia cells
PBLs

50
167

IHC

Tumor

67

Oral squamous cell
carcinoma
Cervical cancer

IHC

Tumor

42

IHC

Tumor

22

Breast cancer

IHC

Tumor

224

Kinase activity

PBLs

Breast, cervix, head Kinase activity
and neck, esophagus
and lymphoma

PBLs

Cancer 41/healthy
41
Cancer 93/healthy
41

B-cell CLL
Cancer of breast,
cervix, head and
neck esophageal and
lymphoma
Radiation response
Esophageal cancer

Cancer risk
Lung cancer

Overexpression associated with clinical stage,
lymphatic invasion, distant metastasis and poor
survival
Overexpression associated with tumor grade
No association with clinical characteristics or
outcome
Overexpression associated with poor survival

↑ in 75% of tumor
No association with clinical characteristics or
tissue
outcome
↑ in tumor tissue
Hyperactivity correlates with rumor grading
↓ in 40% of tumor loss of expression associated with tumor progression,
tissue
advanced clincal stage, and lymph node metastasis
↑ During lymphoid Overexpression associated with higher lymphoma
development
grading and degree of maturation in lymphoid
and in lymphoid
malignancies other than multiple myeloma
malignancies
↑ in del(17p) and
Overexpression associated with shorter treatment
del(11q)
free interval
↑ in del(17p)
Overexpression associated with poor survival
↓ in advanced stage
Hypoactivity associated with advanced stage and
distant metastasis

↑ in 54% of tumor
tissue
↑ in residual tumor
after RT
↑ in residual tumor
after RT
↑ in 43% of tumor
tissue

Overexpression predicts better response to
chemoradiation
Not predictive of radiation response
No association with clinical characteristics
Overexpression predicts better locoregional control
of radiation alone versus chemotherapy alone in
early stage

↓ in cancer patients

Hypoactivity associated with cancer of the lung

↓ in cancer patients

Hypoactivity associated with chromosomal
instability and cancer of breast and cervix

Adapted with permission[148]. ALL: Acute lymphocytic leukemia; CLL: Chronic lymphocytic leukemia; IHC: Immunohistochemistry; PBLs: Peripheral blood
lymphocytes; RT-PCR: Reverse transcription polymerase chain reaction; ↑: Indicates increase activity; ↓: Indicates decrease activity.

in PBLs[23,68,69], suggesting impaired ability to recognize
cancer cells leading to a poor prognosis. Whether this
is mediated by activation of natural killer (NK) cells or
release of pro-inflammatory cytokines is not clearly understood[70]. Destruction of NK cells leading to increases

ripheral blood lymphocytes (PBLs) as a marker of host
immunity and cancer development have shown an additional role in cancer development as it relates to host
immunity. Data from multiple studies demonstrated that
cancer patients have a lower level of DNA-PKcs activity
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Table 2 Non-homologous end-joining inhibitors
Inhibitor

Mechanism/comments

A12B4C3
BTW3
KU0060648
NU7441/KU57788
ScFv 18-2
ZSTK474
CC-115
CC-122

PNKP inhibitor, sensitizes cells to camptothecin
A small peptide DNA-PK inhibitor, proposed to compete for DNA-PKcs autophosphorylation
DNA-PK and P13K inhibitor
DNA-PK inhibitor, competitive with ATP
An antibody-derived DNA-PK inhibitor that can bind to an epitope unique to DNA-PKcs
DNA-PK and P13K inhibitor, competitive with ATP; in phase 1 clinical trials (NCT01280487 and NCT01682473)
Dual inhibitor of DNA-PKcs and mTOR, in phase 1 clinical trials
DNA-PK inhibitor, in phase 1 clinical trials

Reprinted with permission from Elsevier[149]. P13K: Phosphatidyl inositol 3 kinase.

in spontaneous tumor development in mouse models[71]
leans in favor to the former hypothesis. Moreover, an
inverse association between DNA-PKcs activity in PBLs
and stage of cancer was also observed in patients who
were treated with radiotherapy for advanced cancer, displaying poorer prognosis and higher frequency of distant
metastasis[68].
In addition to its role in NHEJ pathway, DNA-PKcs
regulates the DNA damage repair mechanisms by a variety of mechanisms. These include DNA interstrand
crosslink (ICL) repair[72,73], AKT activation, EGFR nuclear translocation, or activation/mobilization of chromatin
remodeling factor structure-specific recognition protein
1 (SSRP1) from nucleolus[60,74,75]. Biomedical engineering aiming to mimic some of the activities of the DNAPKcs has been instrumental in developing novel agents
that might be useful for cancer therapeutics.
It is clear that the status of the DNA-PKcs plays
a fundamental role in ionizing radiation-induced cell
death. Many aspects of its role in cancer therapeutics are
currently under investigation. In rectal cancer, the role
of DNA-PKcs is still in its infancy. As markers of a response to ionizing radiation, the role of the DNA-PKcs
is complicated by the fact that there is paucity of high
quality data. In rectal cancer, our group demonstrated
counter-intuitive results with regards to the role of DNAPKcs in the response to IR (discussed below). In prostate
cancer, nuclear positivity for DNA-PKcs was associated
with chemical recurrence[76]. Further studies are required
to shed more light into these issues.

during NHEJ using the 5’-deoxyribose-5-phosphate
(5’-dRP)/AP lyase activity[21]. Ku also excises abasic sites
near DSBs suggesting a potential role in repairing damage by IR[21].
Intuitively, tumors that express high levels of Ku
proteins should be able to repair the damage induced by
IR more efficiently and thus become more resistant to
therapy. In vitro studies have failed to show an association
between the Ku proteins and radiosensitivity[84]. Ex vivo
studies have also interrogated the role of the Ku proteins
as surrogates of a response to IR.
Lack of Ku70 immunoreactivity correlated with radiosensitivity in patients with carcinoma of the cervix.
In these patients, survival was better in tumors that had
lower nuclear expression of Ku70[84]. In squamous cell
carcinoma of the head and neck, Ku80 over expression
was an independent predictor of regional recurrence
and mortality in patient treated with IR[85]. Similarly, in
rectal cancer low levels of Ku70 and Ku80 were associated with pCR. Ku70 was associated with down-staging.
Disease free survival was 42% in patients with high Ku70
expression compared to 78% in patients with low expression of the same protein. Similar results were observed
for Ku80[86]. Elevated levels of Ku proteins occur in
high grade lymphoid malignancies[87]. The Ku70/Ku80
heterodimer DNA end-binding activity was 2- to 3-fold
higher in the resistant B-CLL cell subset compared with
the sensitive B-CLL cell subset[88], highlighting a possible
mechanism behind increased DNA-PKcs activity in resistant CLL cells. The authors showed that novel DNAdependent protein kinase (DNA-PK) inhibitor, NU7026
(2-(morpholin-4-yl)-benzo[h]chomen-4-one), and the
phosphatidylinositol 3 (PI-3) kinase inhibitor, wortmannin, restored sensitivity to DNA damage-induced apoptosis of otherwise resistant cells.
Ku proteins can be upregulated after radiation treatment[39,89]. In one such study, expression of DNA-PK
complex proteins (including Ku 70 proteins) increased
after radiation treatment in residual tumors, and the
increased values correlated with the tumor radiation resistance[89]. Various mechanisms have been postulated behind the role of Ku proteins in radioresistance. A distinct
cell-interdependent signal is conveyed through gap junctions during chemotherapy with cisplatin, mediated by

The Ku proteins
Ku70 and Ku80 proteins are essential components of
the NHEJ pathway. These proteins serve as a medium
by which multiple other DNA-repair proteins can be attached to the pathway cascade[77]. Importantly, the Ku
proteins have a high affinity for broken DNA strands
and rapidly bind to them. This initial process also recruits
DNA-PKcs for DNA repair, though the exact mechanism is still unknown [78,79]. Additionally, Ku proteins
play a major role in recruitment of XRCC4[80,81], XLF[82],
APLF (APTX and PNK-like factor)[83] to DSBs helping
with the repair process and promoting NHEJ. Moreover,
Ku has the ability to enzymatically process DNA ends
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Surviving fraction

1.0

line was derived from a 53-year-old Caucasian male with
rectal cancer. HCT-116 cells were cultured from an adult
male with colon cancer. HT-29 cells were derived from a
44-year-old Caucasian woman with colorectal adenocarcinoma. All of these cells have mutations of the p53 gene,
except for HCT-116 cells (p53-Wt). HT-29 cell have
mutations of both alleles of the p53 gene (p53-null)[92].
HCT-116 cells display microsatellite instability.
These cells have been extensively studied and a number of properties are known. Analysis of these factors
and a response to IR has not yielded any uniform patter
of predictability that could be surrogate markers in ex
vivo studies. For instance, the inhibitor of apoptosis, survivin, has been shown to play a significant role in resistance to IR (discussed below)[93]. Analysis of this model
of rectal cancer in vitro (Figure 3) has not consistently
corroborated this finding. For instance, survivin was
expressed in higher levels in the radiosensitive SW620
compared to the relative more radioresistant SW480 cell
line. Interestingly, these two cells originated from the
same patient one at the time of stage Ⅱ colon cancer
(SW480) and the second one from a lymph node metastasis (SW620) such that these two cell lines contain similar genetic background.
Analysis of these cell lines is representative of the response that was observed in 117 patients who were treated
with preoperative ionizing radiation and underwent surgical resection (Figure 4). A pivotal question is to determine
what causes these differences in patients and cell lines
receiving the same treatment. A simple approach in the
laboratory is to take the more radioresistant and the more
radiosensitive cells and analyze specific differences. This
approach has been undertaken in vitro and in vivo. HCT-116
cell and xenografts are substantially more sensitive to IR
compared to HT-29 cells and xenografts (Figure 5).

HT29
DLD-1
SW480
SW837
SW620
HCT116

0.1

0.0
0.0

2.0

4.0

6.0

Ionizing radiation [Gy]

Figure 3 Response to ionizing radiation in several colorectal cancer cell
lines subjected to various doses of ionizing radiation. There is a variable
response to the same doses or ionizing radiation (Gy).

the kinase function of Ku70, Ku80 and DNA-dependent
protein kinase complex. This communication may explain the resistance to cisplatin-induced death of cancer
cells[90]. It is also possible that the role of Ku proteins
and DNA-PKcs in DNA damage repair depends upon
the extent and complexity of damage by IR. Studies have
revealed that simple DSBs induced by laser irradiation are
repaired rapidly involving Ku70/80 and XRCC4/Ligase
IV/XLF. In contrast, DSBs with greater chemical complexity are repaired slowly and requires additional use of
DNA-PKcs[91].
While these data seem compelling, more research is
required prior to establishing the role of the Ku proteins
in a response to radiation in rectal cancer. Current data
on this subject, while promising, is currently limited and
not clinically available. In rectal cancer, our group demonstrated counter-intuitive results with regards to the role
of DNA-PKcs in the response to IR (discussed below).

DNA repair in this model
Analysis of DNA induced damage (by γH2AX) indicated that the radioresistant HCT-116 cells suffer more
DNA damage when exposed to IR and that this damage
persists over time indicating a poor ability of the cells
to repair the DNA affected by IR (Figure 6)[94]. Predictably, HT-29 cells should be able to repair DNA more
effectively and should have increased levels of DNAPKcs and Ku proteins. In fact, the opposite results have
been observed in our studies. Our results showed that
compared to HCT-116 cells, HT-29 cells expressed lower
levels of DNA-PKcs and Ku proteins[95].

ANALYSIS OF GENOTYPIC ORIGINS OF
RADIORESISTANCE IN VITRO AND IN
VIVO MODELS OF RECTAL CANCER
Examination of factors leading to radioresistance can
practically be approached in vitro. Analysis of five colon
cancer cell lines (HT29, DLD-1, SW480, SW620, and
HCT116) as well as one rectal cancer cell line (SW837)
have demonstrated a similar pattern of response to a
group of patients treated for rectal cancer with pre-operative IR (Figure 3)[92]. The cell lines that have been treated
with IR and examined originate from patients with different characteristics.
SW480 cells were derived from a primary Duke’s
stage B colon adenocarcinoma from a 50-year-old Caucasian male, while the SW620 cell line was cultured from
a lymph node metastasis from the same patient at a later
time. The DLD-1 cell line was established from an adult
male with adenocarcinoma of the colon. The SW837 cell
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Cell cycle kinetics in this model
Examination of cell cycle kinetics demonstrates that the
radiosensitive HCT-116 cells substantially accumulate
in the G-2 phase of the cell cycle. HT-29 cells proceed
through the cell cycle in spite of receiving the same dose
of IR (Figure 7)[22,28,92,94,96,97]. According to these observations, there should be differences in cell cycle regulators
and apoptotic factors that could be used to predict a response to IR.
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Figure 4 There is a high variability of a response to ionizing radiation in rectal cancer patients treated with pre-operative ionizing radiation. Each bar on the
X-axis represents an individual patient. The Y-axis represents the clinical response to pre-operative ionizing radiation. Nearly one fourth of patients achieve a pCR, but
close to another fourth do not respond to the same form of treatment, while the rest of patients have achieve a partial response.
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Figure 5 Analysis of the most radiosensitive (HCT116) and the most radioresistant (HT29) cells (A), a similar response has been noted in cells implanted
in immune compromised mice bearing xenografts of these cells (B).
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Figure 6 Analysis of DNA-induced damaged by ionizing radiation as determined by gH2AX. HCT116 cells undergo more pronounced damage when
treated with the same dose of ionizing radiation compared to HT29 cells. The
damage induced in HCT116 cells persists over time. aP < 0.05 vs HCT116.

Figure 7 Cell cycle kinetics of HCT116 and HT29 cells treated with 2.0
Gy ionizing radiation. There is a pronounced accumulation of cells in G2 in
HCT116 cells. HT29 cells continue through the cell cycle in spite of receiving
the same dose of ionizing radiation.

Apoptosis in this model
Analysis of this model with regards to the central mediators of apoptosis (as depicted in Figure 8) has demonstrated the following in HCT116 (vs HT29 cells): marked
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over expression of p21, decreased expression of p53,
Bax, Bcl-2 and survivin[92]. Examination of these findings
is intuitive in some areas while counterintuitive in oth-
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Figure 8 Schematic representation of molecular events following the
cellular response to ionizing radiation-induced damage. Ionizing radiation
causes an up-regulation of p53. p53 then directly activates the cyclin dependent
kinase inhibitor p21. Cell cycle progression stops until the cell repairs the damaged induced by ionizing radiation. If the cell is unable to repair itself, it undergoes apoptosis. Bcl-2 inhibits p53 up-regulation, while p53 inhibits the inhibitor
of apoptosis: survivin.

Figure 9 Orthotopic model for the study of rectal cancer. This model has
the following characteristics: (1) cecal transplantation of tumors with a known
response to ionizing radiation; (2) attachment of the cecum to the lateral abdominal wall with a permanent suture for the administration of ionizing radiation;
and (3) transfection of cells with luciferase before tumor implantation for the
assessment of the chemoradiotherapeutic interventions over time by bioluminescence imaging before the end of the study. This technique allows targeted
delivery of ionizing radiation in an intraperitoneal tumor.

ers. For instance, p21 elevation in response to IR is an
expected response of these radiosensitive cells. This was
associated with an appropriate response of p53 leading
to activation of p21 culminating in apoptosis as demonstrated by an elevation of the cleaved PARP-1. In HT29
cells, on the other hand, p53 was markedly elevated. This
is the result of the mutated status of p53 in HT29 cells.
However, the results with regards to Bax and survivin are
not clear in these experiments as a decrease in survivin
and Bax was expected in these radioresistant cells.
In separate in vitro studies, analysis with colorectal
cancer cells with stable knock out (KO) of genes responsible for apoptosis from IR-induced injury was undertaken. This demonstrated that the p21 and the Bax KO
genotypes were associated with radiosensitivity rather
than radioresistance (Figure 6)[28]. The results with regards
to p21 have been previously reported and indicate that
it is mitotic catastrophe that leads these cells to undergo
cellular death rather than becoming more radioresistant.
The Bax KO genotype leading to a more radiosensitive
phenotype as opposed to radioresistance was partly mediated by apoptosis inducing factor (AIF) and not to caspase mediated apoptosis[28]. AIF is an important mediator
of cellular death that requires further studies as a predictor of a response to IR in rectal cancer[98].
These observations in vitro have been noted in vivo
models of rectal cancer as well. However, one of the
limitations of the studies in vivo is that these studies have
relied on xenograft models of rectal cancer. We have
previously described an orthotropic model in which
cells have been implanted in the cecum and then the
cecum was secured to the abdominal wall for targeted
IR. Because these cells can be labeled with luciferase, the
response to IR can be followed over time by biluminenscence imaging (Figure 9). However, this model requires
further validation[97].
In summary, observations from these studies demonstrate that there are good models for the study of
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rectal cancer in response to IR in vitro and in vivo. We have
identified some molecules that can be used to predict a
response to IR in HT-29 and HCT-116 cells. Application
of these factors to the rest of the cells as depicted in Figure 3 has yielded mixed results. There is no unifying pathway that has been identified to date. Moreover, identification of predictors for a response to IR remain at large.
For instance, many inhibitors of apoptosis examined
(IAPs; survivin, XIAP, cIAP 1/2) were all increased in the
more radiosensitive SW620 cells compared to the SW480
cells. Survivin, in response IR in colorectal cancer cells
(0, 2, 4, and 6 Gy) was expressed in the following order
in several cells: SW620 > HT-29 > HCT-116. Apoptosis
was interrogated by PARP-1 cleavage and demonstrated
that apoptosis in response to IR occurred in the following pattern: DLD-1 > HCT-116 > SW480 > HT-29 >
SW480. p27 demonstrated the following pattern: HT-29
> HCT-116 > SW480. There was no particular pattern
of expression of these factors nor was there a correlation
to a response to IR noted. Thus, there is further need for
identification of a unifying pathway that could be used to
determine a response to IR.
The additional advantage of the current in vitro and
in vivo models is that they can be utilized for the study of
radiosensitizing agents and some of these have demonstrated promising results[92,94]. The effects of the radiosensitizing agents on specific pathways can also be explored
in this fashion.
We then proceeded with a review of literature to determine how these observations compared to other studies. The result of this review have been previously documented to some extent and are presented and updated in
the following discussion[22,99].
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tissues[107]. Nuclear expression of p53 in rectal cancers
predicted treatment failure and signified resistance to
preoperative IR[96]. Other studies have demonstrated no
usefulness of p53 as a marker of a response to IR[108,109].
To date, ex vivo studies have failed to provide usefulness
as a marker of a response to IR. This might be the result
of the low number of subjects included in the studies,
the wide range of techniques utilized to detect p53, or
the ability of the antibody to recognize the mutated vs the
wild-type form of p53[22].
Cell cycle factors such as p53 and the cyclin dependent kinase inhibitors (CDKIs) (p21 and p27) have been
studied as possible candidates to predict a response to
ionizing radiation in rectal cancer. p21 is the classical
CDKI and is activated by p53[110,111]. Irradiated colon
cancer DLD-1 cells expressed low levels of p21[112]. The
expected response to IR in cells and tumors deficient of
p21 would be a radioresistant phenotype. Recent studies have shown that HCT-116 cell deficient of p21 are,
in fact, more sensitive to ionizing radiation compared to
wild-type HCT-116 cells[28,113]. Tumor xenografts deficient
of p21 demonstrated more tumor regression compared
to the wild-type genotype treated with the same dose of
ionizing radiation[28].

p53 KO
WT
BAX KO
p21 KO

0.10

0.01

0

2

4

6

Ionizing radiation (Gy)

Figure 10 Analysis of HCT116 cells with stable KO genotypes for p53,
p21, and Bax compared to wild-type. Cells deficient in p53 are more radioresistant, while p21 and Bax deficient cells are more radiosensitive compared to
wild-type.

FACTORS THAT LEAD TO A RESPONSE
TO IR: A REVIEW OF THE LITERATURE
Apoptosis
If cells are unable to repair the damage induced by IR,
the cell is destined to undergo programmed cell death.
In the classical pathway, the stressed cell leads to an upregulation of p53, which then stops the cell cycle via
induction of the cyclin depended kinase inhibitor p21.
Failure to repair the damage causes BAX to induce apoptosis[22,100] (Figure 8).
It is conceivable that defects in any of these molecules (apoptotic or cell cycle proteins) alone or in combination could serve as a surrogate to predict a response
to IR in rectal cancer. In vitro studies with colon cancer
cells exposed to radiation have been in agreement with
the classical response to apoptosis with p53, but not uniformly with p21 and BAX (as discussed in the previous
section)[28] (Figure 8).

p21: Ex vivo studies demonstrated the p21 positive
tumors had a good response to IR[114]. Another study
showed that p21 expression correlated with good pathological response and tumor radiosensitivity[115]. Similarly,
a reduction by 50% in post-irradiated rectal tissue compared to pre-irradiated one was associated with radioresistance[116]. Another study did not find p21 useful as a
predictor of a response to IR[117].
p27: This study found that p27 positive tumors had a
better response to IR with an OR of 3.3[117]. Similarly, the
absence of p53 and p27 prior to treatment was associated
with poor response to IR in rectal tumors[118].
Bax: Bax is a pro-apoptotic protein that leads to the
release of cytochrome c from the intermitochondrial
membrane[100]. It may be anticipated that Bax deficiency
would be associated with radioresistance. In vitro and in
vivo studies have demonstrated the opposite phenotype
to IR (Figure 10)[28]. While a few studies demonstrate
that Bax deficient cells are resistant to chemotherapeutic
agents[119-121], evidence indicating the response of Bax
deficient colorectal cancer cells to IR in pre-clinical studies is lacking. Limited ex vivo studies have shown that Bax
tumor expression had a positive response to chemoradiation in patients treated for rectal cancer[122,123].
Bcl-2 inhibits cellular apoptosis and is overexpressed
in many colorectal tumors[124]. BAX is the apoptogenic
counter part of Bcl-2. Current studies have failed to demonstrate the association of Bcl-2 as a marker of response
to IR[22,123,125].

Apoptotic proteins: p53, p21, BAX, Bcl-2, survivin, and
SMAC/Diablo
p53: In vitro, HCT-116 cells deficient of p53 are more
radioresistant compared to HCT-116 wild-type cells. Tumor xenografts derived from the same cells demonstrated
a similar effect[28]. These results have been mirrored in
models of colorectal cancer in vitro and in vivo[101,102], but
in disagreement with others[103-105]. Other studies have
suggested that p53 mutations may render cells more radiosensitive owing to a reduction in p53-dependent DNA
repair mechanisms[106]. Thus, in vitro and in vivo studies
with regards to p53 have shown mixed results. In vitro,
data indicates that lack of p53 leads to radioresistance.
However, the mutational status of p53 is important to
consider in all analyses examining p53[22].
Ex vivo studies have demonstrated a number of heterogeneous findings as well. Some studies have shown
that mutated p53 leads to radioresistance in rectal cancer
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Hypoxia and angiogenic factors
Hypoxia: Lack of oxygen supply to cancer cells has
been linked to poor response to radiation. This premise
was tested in patients undergoing neoadjuvant therapy
for rectal cancer with the assistance of positron emission tomography using the copper-60-diacetyl-bis (N4methylthiosemicarbazone (60Cu-ATSM), an agent that
accumulates in tissues lacking adequate oxygenation.
Tumors with higher baseline tumor-muscle activity ratios
(suggesting hypoxia) in the pre-treatment PET scan were
shown to have a poor response to radiation[133]. Other
agents tested in different studies have been less useful
probably as a result of technical limitations[134].
Further evidence of the role of hypoxia in response
to IR was demonstrated by the fact that higher levels
of HIF-1 (hypoxia inducible protein factor 1, a protein
that increases in oxygen deprived tissues) predicts poor
response to neoadjuvant chemotherapy in patients with
rectal cancer [135]. Additionally, HIF-1 correlates with
increased levels of pro-angiogenic vascular endothelial
growth factor (VEGF), a marker of angiogenesis for tumor growth[136].

sis (IAPs) that are generated via induction of NFκB[100].
Survivin binds and inactivates caspases 3, 7 and 9[100]. In
vitro and in vivo data showed that the NFκB-IAPs axis
is a predictor of a poor response to IR when over expressed[22]. Ex vivo data supports the role of survivin in
raidoresistance[93]. Furthermore, the five year survival of
patients with survivin positive stage Ⅱ colon cancer tumors was 41% lower than patients with survivin negative
tumors[126]. The role of other r IAPs (i.e., XIAP, cIAP, etc.)
and a response to IR remains at large.
The role of the IAPs in response to IR has been further interrogated by directly inhibiting the inhibition of
the IAPs via augmentation of an antagonistic factor to
the IAPs: SMAC/Diablo.
SMAC/Diablo: Pro-apoptotic molecules with the ability to reduce the functional activity of the inhibitors of
apoptosis might have potential therapeutic applications.
Compounds that mimic the action of SMAC/Diablo
(Smac-mimetics) are under study for their ability to
chemo- and radiosensitize tumor cells[127]. The Smac mimetic JP-1201 radiosensitized HT-29 colorectal cancer
cells and xenografts by a marked augmentation in apoptosis, which was associated with a reduction in the levels
of the IAP XIAP[94].
Proliferation markers and mitotic index as markers: A
few studies have reported high Ki-67 staining correlated
with a positive response to IR[128,129]. In contrast, most
studies have demonstrated that proliferating nuclear antigen labeling index does not correlate with response to
IR[115,125,130].
Apoptotic index: Evaluation of apoptosis in cancer
cells has shown that patients with higher pre-radiation
level of apoptosis (apoptotic index) had lower rate of recurrence and longer disease free period after radiation[131].
Logically, tumors that have an intact machinery to
undergo apoptosis should respond better to ionizing radiation rather that those with mutation of one or more
pro-apoptotic factors or activation of anti-apoptotic
factors. Caspase mediated apoptosis has been shown to
play a promising role in predicting a response to IR. A
high spontaneous apoptotic index in pretreated tumor
tissue was associated with a superior rate of response
to radiation[132]. Furthermore, in a large study including
465 pre-irradiated biopsies tumors underwent immunohistochemistry staining against the active form of
caspase 3. This study showed that tumors with a high
apoptotic index had less recurrence and a higher disease
free survival[131].
While these results seem promising, uniformity across
studies has not been established nor substantial reproducibility or adoption to clinical practice. The practical
usefulness of this approach is limited by the dynamic
process of apoptosis and by the wide variety of measurements and laboratory standardizations. The individual
evaluation of specific molecules in the process of apoptosis either as a single factor or in combination with others seems to suffer from the same issues.
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VEGF: Low levels of VEGF have been associated
with improved response to radiation[135,137,138], and vice
versa[135,137-139]. Therefore, VEGF inhibition with the antibody bevacizumab has shown beneficial effects in treating cancers with neoadjuvant chemoradiotherapy[137,140,141].
Various mechanisms by which VEGF inhibition causes
this effect may include reducing vascular density within
a tumor, decreasing interstitial tumor pressures, improving global oxygenation status, vascular normalization and
thus increasing responsiveness of endothelial cells to radiation[137,141,142]. It seems logical that if bevacizumab were
to be used as a neoadjuvant agent in combination with
IR for the treatment of patients with rectal cancer, these
should have a higher rate of pCR compared to standard
treatments. However, this observation has not been validated in clinical trials[143].
EGFR signaling: Initial reports revealed that combination of radiation and EGFR inhibition exerted a synergistic cytotoxic effect and hence raised interest in developing
EGFR inhibitors. Hence, multiple EGFR inhibitors (e.g.,
cetuximab and panitumumab) were developed and tested
and have demonstrated promise in patients with KRAS
wild-type tumors. However, with regards to the usefulness in EGFR signaling as a predictor of a response to
IR, the data is lacking. Similarly, data pertaining to the
usefulness of inhibiting the EGFR signaling pathway as
a radiosensitizing modality has also demonstrated disappointing results[144].
High-throughput analyses
Microarray analysis: Single molecules as independent
factors or in combination with other molecules of specific pathways (i.e., apoptosis or angiogenesis) have not
provided to be clinically useful to date. A major limita-
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Figure 11 Tissue Microarray Constructs were created with 48 patients with rectal cancer that received pre-operative radiation. A: Of these 48 patients (each
dot represents a patient), six had a pCR and seven did not respond to treatment; B: The differences in various tumor markers comparing these two groups. IHC: Immunohistochemistry; SEM: Scanning electron microscope.

tion of examining a specific pathway had to do with the
dynamics of the process and the particular point in time
at which it is being measured. Further, many tumors are
heterogeneous in terms of mutations and alterations.
Thus, interrogating several genes or proteins simultaneously is a logical approach in terms of elucidating origins
of radioresistance in rectal cancer. In the era of personalized care, these tumor “fingerprints” not only make
sense, but is the direction of the future.
Unfortunately, as appealing as it might seem, current
efforts have been unsuccessful. Two studies have independently performed RNA arrays to analyze radioresistant and radiosensitive tumors. These studies have had
limited genes and have had different results[145,146].

subjected rectal cancer tissue to tissue microarray and
tested eight different antibodies. MIB was the only independent predictor of a response to chemoradiation[8]. In
our analysis, we examined tissue microarray in 48 patients
who were treated with preoperative IR. We then divided
all of these patients in two groups: patients who achieved
a pCR (n = 6) compared to those who did not respond to
IR or patients who experienced tumor growth (n = 7) in
spite of pre-operative chemoradiation. We stained the tissue microarrays with seven antibodies and demonstrated
no particular protein that could be used to differentiate
these groups (Figure 11)[8].

Tissue microarray: Tissue microarray is another technique to assess multiple proteins with a single experiment
with tissues handled in a similar fashion. In one study,
tissue microarray was performed with the goal of predicting survival and recurrence in patients treated with
chemoradiation. In this study, Cox-2 emerged as a potential predictor of survival[147]. In a second study, our group

Rectal cancer is the ideal clinical problem where personalized treatment could be investigated. This theory stems
from the fact that a select patient population obtains
an excellent response from the same form of chemoradiation, while others do not. Despite putting forward
multiple mechanisms of tumor death from ionizing radiation and various possible causes of radioresistance, there
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has not been a unifying pathway that can reliably predict
a response to IR in vitro, in vivo or ex vivo. It is difficult to
explain the reasons behind a clear discrepancy in the current observations in the literature. However, differences
in tumor biology, genotypic profiling or phenotypic characteristics are some of these factors. There are currently
good in vitro, in vivo, and ex vivo models for the study of
rectal cancer and the trend seems optimistic in developing a predictive finger print for patients with rectal cancer
that might respond well to IR. Recent data has shown
that DNA-PKcs and Ku proteins (as vital players in
NHEJ pathway allowing DSB repair) may have a central
role in radiation induced cell death. Nevertheless many
facets of its function in conjunction with the complex
and intricate details of the pathway are still under investigation. More data is required before we can formulate
one unified explanation for the heterogeneity noted in
therapeutic effect of ionizing radiation. Until then, the
hope of developing novel therapies for rectal cancer and
improving the therapeutic yield of ionizing radiation with
radiosensitizers remains a challenging clinical problem.
The findings so far should not be viewed in a pessimistic
fashion. There are several pathways that have provided
potential targets for chemoradiotherapeutic interventions.
We need to continue to investigate potential molecules
predictive of a response to IR. As we dwell into the future, we need to remember that markers predictive of an
aggressive behavior are currently in clinical practice such
as testing for BRCA or RET proto-oncogene mutations.
A view into the future also includes investigating base
line characteristics of patient’s genotypic background in
normal tissue compared to tumor tissue after IR. It is
important to determine if a patient starts with high levels
at base line, but a particular gene is not activated then
the base line levels are not as predictive. In the opposite
scenario, we might have a patient with a molecule that at
base line is low, but it is activated substantially with IR. In
that scenario, we might consider those features as more
predictive. The future, therefore, should be viewed with
optimism.
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solid evidence to support each decision. In addition,
progress never stops and new agents are continuously
tested. For these reason this review will try to summarize all the clinical trials that constitute the theoretical
framework that support our daily practice but will also
procure the reader with rational answers to common
clinical dilemmas by critically appraising the current
literature. Lastly, we will provide with a compilation of
promising new agents that may soon become our next
line of defense against this deadly disease.
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Core tip: This manuscript is a comprehensive review,
with the most updated information up to 2014, regarding metastatic colon cancer. It summarizes all those relevant clinical trials that constitute the theoretical framework to support our daily practice and provides rational
answers to common clinical dilemmas. Additionally, it
gives the reader a compilation of potential new agents
that are currently being tested and may soon become
the next step in the battle against this disease.

Abstract
During the last decade we have witnessed an unprecedented outburst of new treatment approaches for the
management of metastatic colon cancer. Anti-angiogenic drugs, epidermal growth factor receptor blockers
and multi-kinase inhibitors have all resulted in small but
consistent improvement in clinical outcomes. However,
this progress has paradoxically leaded us into new challenges. In many cases the clinical development was
done in parallel and the lack of head-to-head comparison evolved into circumstances where several valid new
“standards of care” are available. Even though desirable in essence, the availability of many options as well
as different possible combinations frequently leaves
the busy clinician in the difficult situation of having to
choose between one or the other, sometimes without
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INTRODUCTION
Colon cancer is the second leading cause of cancerrelated mortality in the United States and 1.2 millions of
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new cases are yearly diagnosed worldwide[1]. From the
clinical perspective colon cancer could be categorized
into the early stages (Ⅰ - Ⅲ ) and the more advanced
and usually lethal metastatic disease. Notably, since the
publication of the MOSAIC trial almost ten years ago,
no other groundbreaking development in the treatment
of resectable colon cancer became available[2]. On the
contrary, during the last decade we have witnessed an unprecedented outburst of new treatment approaches for
the management of stage Ⅳ colon cancer that ultimately
evolved into the approval of five new drugs. For simplification purposes, we can subdivide these new drugs into
three categories: anti-angiogenic, epidermal growth factor
receptor (EGFR) blockers and multi-kinase inhibitors. All
of them represent important advances in the fight against
this deadly disease. Nonetheless, some issues deserve
further attention. First, these new agents were generally
combined with at least some of the previously effective
chemotherapy regimens (fluoropyrimidines and/or oxaliplatin and/or irinotecan). Also, the clinical development
was done in parallel instead of following a rational stepwise approach where each new drug was tested against
the new standard of care. This lack of head-to-head
comparison resulted in several valid new “standards of
care”. Lastly, new combinations are continuously tested
making extremely difficult for the busy clinician to keep
up with the most updated information.
For the reasons mentioned before, this manuscript
will pursue three clear objectives. First summarize all
those relevant clinical trials that constitute the theoretical
framework to support our daily practice. Second try to
provide rational answers to common clinical dilemmas by
critically appraising the current literature. Finally, provide
the reader with a compilation of potential new agents
that are currently being tested and may soon become the
next step in the battle against this disease.

VEGF-A to the VEGFR and, consequently, inhibits angiogenesis, tumor growth and metastatic development.
It was first approved on February 2004 by the FDA as
first-line treatment for patients with metastatic colon
cancer. Today, almost 10 years later, a substantial body of
evidence has accumulated to help clinicians in the judicious use of this molecule. Table 1 summarizes the most
relevant clinical trial of the anti-angiogenic drugs.
The first practice-changing, double blind, randomized phase Ⅲ trial that was published compared the use
of irinotecan, bolus 5-FU and leucovorin (IFL) with or
without bevacizumab in metastatic, previously untreated
patients[8]. The primary endpoint of the study was overall
survival (OS); disease-free survival (DFS) and overall response rate (ORR) were secondary endpoints. OS (20.3
mo vs 15.6 mo; P < 0.001) and PFS (10.6 mo vs 6.2 mo;
P < 0.001) and ORR (45% vs 35%) were all significantly
improved with bevacizumab. Importantly, patients in
the IFL group were not allowed to crossover. Similar
results were obtained in the ARTIST trial using a modified version of IFL (5-FU was infused over 6-8 h) plus
bevacizumab in metastatic colon cancer, chemotherapy
naïve, Chinese patients, confirming that results obtained
in Caucasians were also applicable in Asian population[9].
Subsequently, in 2007 results from the BICC-C trial were
released showing that bevacizumab combined with the
classical bolus and 46-h infusional 5-FU plus leucovorin
and irinotecan (FOLFIRI) was superior to a shorter version of IFL as upfront therapy[10]. In the original trial
design patients were randomly assigned to receive FOLFIRI, IFL or irinotecan plus capecitabine (CapeIRI) with
or without celecoxib. However, after the FDA-approval
of bevacizumab the protocol was amended and additional 117 patients were randomized to receive bevacizumab
with FOLFIRI (FOLFIRI-B) or IFL (IFL-B); due to excessive toxicity the CapeIRI arm was discontinued. With
an updated median follow-up of 34.4 mo, OS was longer
in the FOLFIRI-B arm (28.0 mo vs 19.2 mo; P = 0.037)[11].
Thus, infusional 5-FU regimens should be preferred over
bolus 5-FU when combined with bevacizumab.
After the initial success with irinotecan combinations,
bevacizumab was soon studied in oxaliplatin-based regimens. The first evidence of its synergistic effect came
from the ECOG-3200 study that investigated the role of
bevacizumab in the second line treatment[12]. In this study
patients who had progressed to irinotecan and fluoropyrimidine therapies but who had not received oxaliplatin
or bevacizumab were randomized to FOLFOX-4 (control
arm), FOLFOX-4 plus bevacizumab (FOLFOX-B) or
single agent bevacizumab. With a median follow-up of
28-mo, a modest but statistically significant improvement
in OS was shown for the FOLFOX-B arm (12.9 mo vs
10.8 mo, P = 0.0024). Single agent bevacizumab showed
virtually no effect. Immediately after the release of this
study, and in spite of the lack of evidence in the front
line therapy setting, FOLFOX-B was rapidly accepted in
the oncology community as a valid front line option for
stage Ⅳ colon cancer. Evidence to support this practice
finally materialized in 2008. The NO16966 study was a

ANTI-ANGIOGENESIS AS A TARGET
Angiogenesis consists in a complex multistep process of
new vessel formation. The vascular endothelial growth
factor (VEGF) and its receptor (VEGFR) play a crucial
role in the tumor transition from the “avascular” to the
“vascular” phase, acquiring metastatic potential[3,4]. It
also stimulates tumor growth, migration and metastasis
through mechanisms not entirely related to tumor angiogenesis[5]. Moreover, tissue interstitial pressure is a key
factor in chemotherapy delivery and in some tumors this
could be up to 15 times higher than the normal counterparts[6]. There is solid evidence that VEGFR inhibition
partially restores interstitial fluid pressure and reduces
abnormal vasculature with improvement of drug delivery
and enhancement of chemotherapy efficacy[7].
Bevacizumab
Bevacizumab (Avastin®, Genentech Inc.), a recombinant
humanized monoclonal IgG-1 antibody against soluble
VEGF-A, was the first anti-angiogenic drug approved
for metastatic colon cancer. It prevents the binding of
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MAX trial

AVEX trial
TRIBE trial
ML 18147

Ziv-Aflibercept
VELOUR trial

Tebbutt et al[17] 2010

Cunningham et al[18] 2013
Falcone et al[21] 2013
Bennouna et al[66] 2013

Van Cutsem et al[29] 2012

No. of patients

RCT, 2nd line post oxaliplatin
and/or bevacizumab 1st line

RCT, elder population, 1st line
RCT, 1st line
RCT, open label, 2nd line post
chemo + B
1226

280
508
409

RCT, 1st line
813 (ITT)
RCT, 1st line
117 (2nd period)
RCT, 2nd line post irinotecan
820 (ITT)
1st line
RCT, phase 3, 1st line, factorial
1401
2x2
RCT, open label, 1st line
471

Study description

FOLFIRI + aflibercept vs FOLFIRI
+ placebo

IFL + B vs IFL
FOLFIRI + B vs mIFL + B
FOLFOX-4 + B vs FOLFOX-4 vs B
alone
FOLFOX-4 or XELOX + B vs
FOLFOX-4 or XELOX
Cape alone vs Cape + B vs Cape +
B + mitomycin
Cape alone vs Cape + B
FOLFOXIRI-B vs FOLFIRI-B
2nd line chemotherapy + B vs 2nd
line chemotherapy

Comparison

13.5 vs 12.0

18.9 vs
16.4
20.7 vs 16.8
31.0 vs 25.8
11.2 vs 9.8

18.9

20.3 vs 15.6
28 vs 19
12.9 vs 10.8 vs
10.2
21.3 vs 19.9

ORR

6.9 vs 4.7

9.1 vs 5.1
12.1 vs 9.7
5.7 vs 4.1

5.7 vs 8.5 vs 8.4

9.4 vs 8.0

56% vs 50%

74% vs 44%
Not reported
Not reported
(approximately 50% vs 40%)

Not reported

Not reported

74% vs 63%
87% vs 61%
56% vs 43% vs 44%

1-yr survival

non-inferiority trial evaluating the use of XELOX and FOLFOX with or without bevacizumab in a factorial design[13]. The primary analysis demonstrated a statistically significant benefit in terms of progression-free survival (PFS) (9.4 mo vs 8.0 mo; P = 0.002) in patients receiving bevacizumab, irrespectively of the chemotherapy backbone used, but
there was no difference in terms of OS and ORR in the final analysis. Moreover, the TREE studies evaluated the use of three different oxaliplatin-based chemotherapies with
bevacizumab[14]. A total of 150 patients were randomly assigned to mFOLFOX-6, bFOL (bolus FU and low-dose LV with oxaliplatin) or CapeOx in the TREE-1 cohort and
223 patients were randomized to the same regimens with bevacizumab in the TREE-2 cohort. ORR was superior in each arm with the addition of bevacizumab and, although
not statistically significant, it was highest with mFOLFOX-6 and bevacizumab (52%). Additionally, the BEAT study was designed to evaluate the safety and efficacy of several
regimens containing bevacizumab used in the daily community practice but outside the formalities of a clinical trial and in a no-comparative fashion[15]. Consistent with previous studies, improved PFS and OS were seen in patients receiving doublet regimens compared to single agent chemotherapy.
A very relevant issue, however, for the daily practice is the fact that many patients with metastatic colon cancer are not suitable (e.g., elder population or poor performance
status) to receive multi-agents regimen such as FOLFOX or FOLFIRI. A common practice in these cases is to use single agent fluoropyrimidine (e.g., weekly bolus 5-FU).
Even in this situation, there is enough evidence to support the use of bevacizumab. At least one phase Ⅱ clinical trial proved that the addition of bevacizumab to single agent
5-FU resulted in better PFS (9.2 mo vs 5.5 mo, P < 0.001) when used as first line option[16]. Importantly, the mean age of the participants was more than 70 years old. Further
evidence supporting the efficacy of this combination, especially in fragile patients, came from the MAX study where capecitabine and bevacizumab resulted in longer PFS compared to single agent capecitabine (8.5 mo vs 5.7 mo; P < 0.001)[17]. This was confirmed by the AVEX Trial that enrolled elder patients (> 70 years) who were not candidates for
treatment with oxaliplatin or irinotecan and randomized them to capecitabine alone or in combination with bevacizumab[18]. With a mean follow up close to 2 years, the median
PFS was almost double with bevacizumab (9.1 mo vs 5.1 mo; P < 0.001). ORR was also superior but the study was underpowered to detect a benefit in OS. However, the reader
should be aware that the addition of bevacizumab in these three trials resulted in an absolute increment of grade 3-4 toxicity of about 15%-20% with none of them showing a
statistically benefit in OS.
A classical paradigm that has been recently called into challenge is the one that discourage the use of multi-agents regimens combining oxaliplatin and irinotecan at the same

20% vs 11%

19% vs 10%
65% vs 53%
5.5% vs 4%

30% vs 38% vs 46%

47% vs 49%

10.6 vs 6.2
45% vs 35%
11 vs 8
58% vs 53%
7.3 vs 4.7 vs 2.7 23% vs 8.6% vs 3.3%

Median OS (mo) Median TTP/PFS
(mo)

RCT: Randomized controlled trial; OS: Overall survival; TTP: Time to progression; PFS: Progression free survival; ITT: Intention to treat; ORR: Overall response rate.

NO16966 trial

Bevacizumab (B
AVF2107g trial
BICC-C trial
ECOG 3200 trial

Drug and study name

Saltz et al[13] 2008

Hurwitz et al[8] 2004
Fuchs et al[10] 2007
Giantonio et al[12] 2007

Ref.

Table 1 Selected phase 3 clinical trials involving anti-angiogenic drugs in combination with conventional chemotherapy
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time. This presumption was based on the results of the
N9741 study where the IROX (oxaliplatin + irinotecan)
arm showed worse TTP, ORR and OS compare to FOLFOX[19]. However, treatment with the combination of 48-h
infusional 5-FU, oxaliplatin and irinotecan (FOLFOXIRI)
proved to be superior to FOLFIRI, which is believed to
be similar to FOLFOX, in terms of OS, PFS and ORR
in patients with mCC[20]. Recently, the results of a phase 3
TRIBE trial that compared FOLFOXIRI and FOLFIRI
with the addition of bevacizumab were presented[21].
Both treatments were administered for a maximum of 12
cycles followed by 5-FU + bevacizumab until progression. With a mean follow-up of 26.6 mo, significantly
increased PFS was observed in the FOLFOXIRI-B arm
(9.7 mo vs 12.2 mo, P = 0.001). As expected, greater neutropenia, diarrhea, stomatitis and neurotoxicity were seen
in the FOLFOXIRI arm. Interesting, similar results were
obtained in a recent randomized phase Ⅱ study (OLIVIA)
where FOLFOXIRI-B showed better ORR and conversion to R0 resections compared to FOLFOX-B[22]. Data
is still immature, but this combination could be a feasible
option for fit patients.
To summarize we should emphasize some useful
concepts. First, single agent bevacizumab has almost no
activity. Second, the best evidence comes from its usage
as upfront first line therapy in combination with either
FOLFOX or FOLFIRI and perhaps FOLFOXIRI. In all
cases, bevacizumab has persistently showed to improve
PFS. For second line treatment the ideal scenario would
be in patient who did not receive bevacizumab as a first
line option. Lastly, continuation beyond progression is
also feasible (see below).

BLOCKING EGFR AND OTHER KINASES
Cetuximab and panitumumab
In addition of blocking the angiogenesis pathway, another line of investigation that lead to practice-changing
outcomes was the one advocated to jamming the EGFR.
Once activated, the EGFR triggers a series of downstream phenomenon that ultimately result in tumor
growth and survival[30]. It is then simple to understand
that blocking EGFR could potentially halt tumor progression. Nevertheless, this basic principle is not always
applicable. An overwhelming body of evidence confirmed the futility of blocking the EGFR when downstream molecules are anarchically activated. The strongest
evidence comes from the presence of KRAS codons 12
and 13 mutations in exon 2 which virtually turns antiEGFR strategies useless[31]. But, recent investigations
have broadened the number of negative predictive mutations found in the RAS genes family to exons 3 and 4 of
KRAS and exons 2, 3 and 4 of NRAS genes[32]. In that
sense, testing for KRAS/NRAS mutations could exclude
50% of the patients from an ineffective but potentially
harmful therapy. BRAF mutations carry a considerable
poor prognosis, but its predictive role is somehow controversial. However, and in spite of this obvious limitation, anti-EGFR therapies have found their place in the
treatment of stage Ⅳ colon cancer. Two compounds, cetuximab (Erbitux®, Bristol-Myers) a chimeric monoclonal
IgG-1 antibody against EGFR, and panitumumab (Vertibix®, Amgen) a fully humanized monoclonal IgG-2 antibody also directed against EGFR, have received FDAapproval for this indication. Table 2 summarizes the most
relevant clinical trials related to these agents.
As part of the pre-clinical investigation, cetuximab
was tested in tumor xenografts models and found to have
marked synergistic activity with irinotecan, even in previously considered irinotecan-resistant cell lines[33]. This
observation was the based for a couple of phase 2 clinical trials which confirmed the clinical utility of cetuximab
single agent (approximately 10% ORR) and in combination with irinotecan. However, the first convincing evidence of its clinical utility came from the BOND study
where 329 patients with irinotecan-resistant metastatic
colon cancer were randomly assigned to either single
agent cetuximab (ORR 11%, TTP 1.5 mo) or cetuximab
plus irinotecan (ORR 23%, TTP 4.1 mo)[34]. No difference in OS was seen but crossover was allowed. As in the
case of cetuximab, single agent panitumumab showed
10% ORR in heavily pretreated patients who formerly received 5-FU, irinotecan and/or oxaliplatin[35,36]. Given the
encouraging results as second and third line therapies, it
did not take much time until both molecules were tested
as first line options. In the CRYSTAL trial, 1217 patients
were randomly assigned to FOLFIRI alone or FOLFIRI
plus cetuximab as first line treatment[37]. The primary
endpoint was PFS and it was statistically prolonged in
the cetuximab group, albeit by a modest 1 mo (8.0 mo vs
8.9 mo in the whole population and 8.7 mo vs 9.9 mo in
the KRAS wild-type patients). Cetuximab also resulted in

Ziv-aflibercept
Ziv-aflibercept (Zaltrap®, Regeneron Pharmaceuticals) is
a recombinant fusion protein consisting of the extracellular domains of human VEGFR-1 and 2 fused to the
Fc portion of human IgG-1[23]. The decoy protein binds
tightly PIGF, VEGF-A and VEGF-B preventing the
activation of VEGFR-1 and 2 by these ligands. This is a
significant difference with bevacizumab which exclusively
blocks the VEGF-A[24]. Pre-clinical studies confirmed
that when combined with cytotoxic drugs, ziv-aflibercept
exerted considerable inhibition of angiogenesis[25-27]. In
2006, 38 patients were enrolled in a phase Ⅰ clinical trial
were 2, 4, 5 and 6 mg/kg escalating doses of ziv-aflibercept were explored in combination with irinotecan, 5-FU
and leucovorin[28]. In the phase 3 VELOUR trial, patients
with metastatic colon cancer but previously treated with
oxaliplatin-containing regimens were randomly assigned
to receive FOLFIRI with or without ziv-aflibercept every 2 wk[29]. Patients could not have received irinotecan
before but up to 30% of them received bevacizumab as
front line therapy. The ORR (11.1% vs 19.8%, P < 0.001),
PFS (6.9 mo vs 4.6 mo, P < 0.001) and OS (13.5 mo vs
12.1 mo, P = 0.003) were all improved in ziv-aflibercept
and were not influenced by the prior use of bevacizumab
(stratifying variable). However, the absolute benefit was a
modest 1.4 mo in OS.
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NORDIC Ⅶ trial

Tveit et al[60] 2011

1198

329

No. of patients

Irinotecan + C vs
irinotecan
FOLFIRI + C vs FOLFIRI

Comparison

Regorafenib (R)
CORRECT trial
RCT, phase 3, 3rd line
Cetuximab (C) vs Bevacizumab (B)
FIRE-3trial
RCT, phase 3, 1st line

RCT, phase 3, 1st line

592

760

1183

FOLFIRI + C vs
FOLFIRI + B

Regorafenib vs placebo

FOLFOX-4 + P vs
FOLFOX-4

729
Oxaliplatin-based chemo
(KRAS wild type)
+ C vs chemo alone
RCT, open label, 1st line
571
FLOX + C vs intermittent
FLOX + C vs FLOX

RCT, phase 3, 1st line

RCT, phase 2, 2nd line
irinotecan-refractory
RCT, 1st line

Study description

28.7 vs 25

6.4 vs 5.0

24 vs 20 (WT) 15 vs 19
(MT)

19.7 vs 20.3 vs 20.4

17 vs 17.9

20 vs 18.5 and (25 vs 21)

8.6 vs 6.9

Median OS (mo)

49% vs 47% vs 41%

47% vs 39%
(59 vs 43%)
64% vs 57%

23% vs 11%

ORR

10 vs 10.3

1.9 vs 1.7
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Not reported

24.3% vs 20.0%

Approximately 75% both
(WT) approximately 60% vs
75% (MT)

Not reported
(approximately 70%)

Not reported
(approximately 35% vs 25%)
Not reported

29% vs 32%

1-yr survival

Regorafenib
The last drug to receive FDA-approval was regorafenib (Stivarga®, Bayer). The compound is an orally available multi-kinase inhibitor with activity against multiple targets in-

an absolute 8% improvement in ORR (all partial responses) but no benefit in OS was observed. Similar results were reported in a randomized, phase 2 study using FOLFOX
instead of FOLFIRI[38]. In this case the ORR was improved by 25% in wild-type patients as it was PFS, but only by 15 d (7.2 mo vs 7.7 mo). Interesting, in KRAS mutated patients PFS was actually 3-mo worse in the cetuximab arm. Similarly, in the phase 3 PRIME study, investigators used FOLFOX-4 as the backbone to randomized patients in a
1:1 fashion to panitumumab or placebo[39]. As expected, in the wild-type population ORR (48% vs 55%) and PFS (8.0 mo vs 9.6 mo) was better with anti-EGFR therapy but in
KRAS mutated cases the effect was neutral or even worse.
An important point to mention at this moment is in reference to the solid evidence against the presumption that combining both anti-angiogenic and anti-EGFR molecules
at the same time would results in a synergistic effect. At least two large, randomized, phase 3 clinical trials consistently showed that combining bevacizumab with EGFR inhibitors is actually deleterious. The first of them (PACCE trial) randomly assigned 1053 patients to either oxaliplatin- or irinotecan-based chemotherapy plus bevacizumab but with
and without panitumumab as first line treatment for metastatic colon cancer[40]. The primary objective for the oxaliplatin-based arm was extension of PFS and in the irinotecan
group was safety analysis. Secondary end points for both groups were ORR, OS and safety. A planned interim analysis for safety and efficacy was conducted at 50% of the
events and panitumumab was removed due to significantly decreased PFS [hazzd ratio (HR), 1.44; P = 0.004] and increase toxicity independently of the KRAS status. Grade 3
or more adverse events were present in 90% of patients treated with panitumumab. The CAIRO-2 trial reported similar detrimental results of adding cetuximab to oxaliplatin,
capecitabine and bevacizumab[41]. The addition of cetuximab significantly decreased median PFS (10.7 vs 9.4, P = 0.01). A total of 88% of patients discontinued the study, 45%
due to tumor progression and 24.5% due to adverse events. A third study, the CALGB 80405, was initially designed to evaluate the use of FOLFOX or FOLFIRI with bevacizumab, cetuximab, or both agents together. In base of the results of the previous studies, the arm combining cetuximab and bevacizumab was closed (NCT00265850).

62 % vs 58%

1.0% vs 0.4%

9.6 vs 8 (WT) 55 vs 48% (WT) 40 vs
7.3 vs 8.8 (MT)
40% (MT)

8.3 vs 7.3 vs 7.9

9 vs 8 and
(10 vs 8.7)
8.6 vs 8.6

4.1 vs 1.5

Median TTP/
PFS (mo)

RCT: Randomized controlled trial; OS: Overall survival; TTP: Time to progression; PFS: Progression free survival; ITT: Intention to treat; ORR: Overall response rate.

Stintzing et al[63] 2013

Grothey et al[47] 2013

Panitumumab (P)
PRIME trial

COIN trial

Maughan et al[59] 2011

Douillard et al[39] 2010

CRYSTAL trial

Cetuximab (C)
BOND trial

Drug and study name

Van Cutsem et al[37] 2009

Cunningham et al[34] 2004

Ref.

Table 2 Selected clinical trials involving anti-epidermal growth factor receptor, regorafenib or anti-epidermal growth factor receptor vs anti-epidermal growth factor receptor receptor agents
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Figure 1 Schematic representation of the recent advances in the treatment of metastatic colon cancer.

cluding KIT, PDGFR and VEGFR among others. It
is structurally related to sorafenib and the most usual
adverse events are hand-foot skin reaction, mucositis, hypertension and diarrhea[42-45]. In an expanded phase I trial
with 27 evaluable patients, 74% achieved disease control
with 1 patient obtaining partial response and 19 stable
disease[46]. Globally, regorafenib was well tolerated and
adverse events were clinically manageable leading to a
multi-centric phase 3 trial. The CORRECT study enrolled
patients who had already received all the approved standard therapies and who had progressed during or within
3 mo after the last therapy[47]. Seven hundred and sixty
participants were randomized in a 2:1 ratio to regorafenib
or placebo. Median OS was 6.4 mo in the regorafenib
group vs 5.0 mo in the placebo group (P = 0.005). The
most frequent grade 3 or 4 adverse events were handfoot skin reaction (17%), fatigue (10%), diarrhea (7%),
hypertension (7%), and skin desquamation (6%).

appropriate discussion between the medical and surgical
oncologists[48]. For those who are considered resectable
common practice is to give them at least 6 mo of chemotherapy. The most solid evidence for this action comes
from the EORTC 40983 trial where 364 patients, with
one to four resectable liver metastases, were randomly
assigned to surgery alone or 6 doses of FOLFOX-4 preand post-surgery[49]. The study was positive for its primary
endpoint, PFS (20.9 vs 12.5; P = 0.035, per protocol population) and it gained rapid acceptance within the medical
community. Oncologist extrapolated these results to the
completely neo-adjuvant or adjuvant (stage Ⅳ in NED
status) setting, albeit with no evidence to support this approach. OS was not improved in the EORTC 40983 but
the enrollment of patients was less than originally expected and its statistical power was called into question. Two
other studies were reported in the adjuvant setting after
complete resection of liver metastases[50]. They were also
underpowered and employed outdated chemotherapy
(5-FU bolus). The poor accrual in these clinical trials is
most likely related to the oncologists’ reluctance to enroll
patients in studies that involved a surgery only arm. One
single institution, single arm study showed 73% ORR (9%
complete pathological response) in 56 patients treated
with XELOX + bevacizumab in a peri-operative setting
(6 doses pre- and 6 other post-surgery)[51]. The use of
biological agents in the post-surgical period, when the
patient is NED, is very controversial. Based on the results
from adjuvant studies this practice should be discouraged.
However, formal studies addressing this issue are missing. Other relevant issue with upfront resectable disease
is the fact that chemotherapy could result in liver damage
(e.g., steatohepatitis) which could jeopardize patient’s only
curative chance.
A different scenario presents when the patient has
liver-limited but unresectable metastases. Some of these
patients (e.g., low volume but abutting critical structures)
have borderline disease, potentially amenable to be converted. In these cases, clinician should choose the best
possible regimen to obtain maximal response rate. Before

COMMON CLINICAL DILEMMAS
We have witnessed an exponential growth in the number
of clinical trials dedicated to metastatic colon cancer which
eventually resulted in small but consistent improvement in
clinical outcomes (Figure 1). However, this progress has
paradoxically leaded us into new challenges. We have arbitrarily chosen 3 topics that in our own opinion are probably the more relevant clinical dilemmas. The reader should
be aware, though, that the opinions expressed below come
from our own assessment of the literature and they should
be considered only as the authors’ point of view.
Is there any role for peri-operative chemotherapy
in potentially resectable liver metastases? Can the
new biological agents improve the resectability rate
on patients with borderline or unresectable liver
metastases? Which regimen to chose?
The first point to consider is whether the patient has
upfront resectable disease or not. A set of criteria have
been proposed, however in any case this decision require
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the advent of the anti-EGFR and bevacizumab, conventional chemotherapy agents had already proven to enable
surgical resection in a proportion of patients. Regimens
such as FOLFOX or FOLFIRI have a conversion rate
close to 40% and this could be improved with FOLFOXIRI[20,52,53]. The obvious question then is how much bevacizumab or the anti-EGFR drugs add to this and which
one to use. A practical consideration is the fact that bevacizumab, which is the only option in KRAS mutant cases,
has to be stopped at least 6-wk before surgery. For wildtype tumors, evidence may be slightly stronger for antiEGFR drugs.
In the Germanic CELIM phase 2 study, 114 patients
were randomly assigned to FOLFOX-6 or FOLFIRI,
both regimens with cetuximab[54]. Patients required having technically unresectable liver metastases or more than
five lesions. From a 106 evaluable patients, 36 of them
(34%) had R0 resection but this proportion reached 60%
in the wild-type KRAS population (41/68). Similar results
were obtained in retrospective series. Even stronger evidence supporting the use of anti-EGFR in this particular
setting came from a recently published Chinese study[55].
This phase 2, randomized study compared the efficacy of
conventional chemotherapy (FOLFOX-6 or FOLFIRI)
with or without cetuximab. Conversion to resection was
the main outcome and after randomizing 138 patients
the arm with cetuximab duplicated the proportion of
patients deemed eligible for resection (13% vs 29%) and
triplicated the R0 rates (7.4% vs 25.7%). Based on these
reports chemotherapy plus cetuximab should be strongly
considered for patients with wild-type KRAS and liver
only metastases. Detractors of this posture may argue,
though, that in a fresh head-to-head comparison between
cetuximab and bevacizumab, ORR was not different
(FIRE-3; see below).
Data supporting the use of bevacizumab in this scenario is somehow controversial. The most vigorous argument against its use comes from the previously mentioned
NO16966 study[14]. There was no difference in ORR and
there was similar proportion of patients attempted to
have curative metastatectomies (8.4% vs 6.0%). However,
the study was not designed to test this hypothesis. On
the other hand, small phase 2 and retrospective studies
brought up to 40% conversion rates and pathological
responses when bevacizumab is added to XELOX, representing the fundaments for its use especially in KRAS mutant patients[56,57]. In that regards, the possibility of adding
a stronger chemotherapy, such as FOLFOXIRI, should be
seriously considered for fit patients.

FOLFOX, XELOX, and FOLFIRI appear to be similar
in efficacy but with different toxicity profile. XELIRI is
harder to endure. Most patients tolerate a chemotherapy
doublet, but probably not all of them need it as showed
by the frequently forgotten Dutch study (CAIRO-1)[58].
The addition of biologics has improved outcomes, but
not as much as we hoped. When KRAS is mutated, the
chemotherapy chosen must be accompanied with bevacizumab. The dilemma starts with the K-RAS wild type
patients. There are clinical trials showing benefit for both
approaches: anti-VEGFR and anti-EGFR. The question
is which patient would benefit from one or the other
schema.
As previously mentioned, in the NO16966 study bevacizumab extended PFS by 1.4 mo, with a more profound
effect seen in the XELOX arm[13]. But, why bevacizumab
had such a discrete effect on PFS? Was this due to no
synergistic or additive effect with FOLFOX/XELOX?
The answer is NO, since FOLXOX + bevacizumab is
active, even in second line with significant prolongation
of OS[12]. Some authors advocate the idea of failure due
to the “OPTIMOX” effect, meaning when neurotoxicity
occurred oxaliplatin was stopped and fluoropyrimidine
plus bevacizumab was continued until progression. This
could be the case, since when we observe the difference
in PFS of the patients on treatment, this is much more
important. It is also feasible that bevacizumab works better with “inferior chemotherapies” such as IFL and have
less to offer with “superior chemotherapies” such as XELOX or FOLFOX.
Regarding the anti-EGFR therapies, the earlier cited
CRYSTAL and PRIME studies are the foundations
for its use in the frontline treatment[40,41]. Nonetheless,
in 2011 the COIN study was published[59]. With 2445
KRAS wild-type patients randomized to XELOX or
FOLFOX +/- cetuximab, the COIN study represents
the biggest trial ever conducted in this population. The
results were disappointing. No difference in PFS was
seen. Shortly thereafter, the results of the NORDIC
[60]
Ⅶ were released . Patients were randomly assigned to
either standard Nordic FLOX or cetuximab + FLOX or
cetuximab + intermittent FLOX. The median PFS was
7.9, 8.3, and 7.3 mo respectively and was not significantly different. In patients with KRAS wild-type tumors,
cetuximab did not provide any additional benefit but
in patients with KRAS mutations a trend toward worsening PFS was observed. The authors concluded that
cetuximab did not add significant benefit to the Nordic
FLOX regimen as first-line treatment. Additionally, the
randomized, phase 2, PEAK study was presented in the
2013 ASCO GI Meeting[61]. This study enrolled 285 patients and evaluated the use of first-line mFOLFOX-6 +
panitumumab vs bevacizumab. Again, no difference was
observed. It is confusing how to interpret the actual role
of anti-EGFR and chemotherapy since COIN, the largest phase 3 randomized trial, was negative. The NORDIC was a negative trial as well, but in the scenario of
5-FU given by bolus, a seldom used strategy nowadays.

Which is the ideal chemotherapy mate of the current
monoclonal antibodies? And in patients with wild-type
KRAS which strategy we should choose? Anti-VEGFR
or Anti-EGFR?
Doublet chemotherapy is often used as upfront systemic
treatment for advanced CC. It is unclear to these days
which doublet is better for each patient and this has to
be individualized according to toxicity and comorbidities.
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It is possible that irinotecan-based chemotherapy would
be necessary when anti-EGFR is considered in the treatment of metastatic disease. It is also curious that the
hazard ratios for PFS with anti-EGFR antibodies tend
to become more significant as the number of previously
used lines of treatment upsurges. For instance, these
agents are useless in the adjuvant setting and grow more
active as disease progresses (e.g., 3rd line).
Lastly, the FIRE-3 trial was presented in June 2013[62].
This was a randomized multicenter trial comparing the
efficacy of FOLFIRI + cetuximab vs FOLFIRI + bevacizumab in patients with wild-type KRAS metastatic
colon cancer. The primary endpoint was ORR and 592
patients were included. The study was negative for its
primary end-point, with comparable ORR (62% vs 58%,
P = 0.183). Significantly better PFS and OS were seen
in the FOLFIRI + cetuximab arm (28.8 mo vs 25.0 mo;
P = 0.016) although this was a secondary endpoint. A
preplanned analysis of the FIRE-3 was presented at the
European Cancer Congress 2013, aimed to investigate
the effect of several other mutations beyond the exon 2
as well as BRAF (V600E)[63]. About 15% of patients were
found to have these extra mutations. This sub-analysis incorporated 342 KRAS wild-type patients and 178 KRAS
mutant patients (113 with exon 2 mutations plus the 65
newly identified patients). The subgroups were compared
for ORR, PFS, and OS. Wild-type patients had 33.1 mo
OS with FOLFIRI + cetuximab in comparison to 25.6
mo with FOLFIRI + bevacizumab (HR = 0.70; P =
0.011). In KRAS-mutant patients, this difference was not
observed. No difference in PFS was seen in the KRAS
wild-type group (P = 0.54), but interestingly for KRASmutated patients PFS was better in the bevacizumab arm
(12.2 mo vs 6.1 mo; P = 0.004). ORR was similar between
the arms, irrespective of KRAS status. It is difficult to
understand why a treatment that does not improve ORR
and PFS could show such an impact on OS.
In conclusion, in 2014 we have only one approach
for KRAS mutated tumors which is chemotherapy plus
bevacizumab. For KRAS wild type we can use either chemotherapy plus anti-EGFR antibodies OR chemotherapy
plus bevacizumab. Going deeply into this last category,
at least one clinical trial suggested cetuximab + FOLFIRI as the possible best option. However, head-to-head
comparison with FOLFOX+B is lacking and this still
represents a valid option. We disfavor oxaliplatin-based
chemotherapy with cetuximab based on the MRC COIN
study.

from the BRiTE study. In this large, observational cohort
study patients were classified according to the treatment
received once they progressed to first line bevacizumab
containing regimens. Three groups were identified; those
with no post-progression treatment, those who received
no-bevacizumab related treatment and those who continued bevacizumab beyond progression. When adjusted
for other variables, bevacizumab beyond progression was
associated with longer survival (P < 0.001). Based on the
hypothesis generated by the BRiTE investigators, a randomized phase Ⅲ study-ML18147 trial-was launched[66].
The investigators assessed continuation bevacizumab plus
second-line chemotherapy (no anti-EGFR) after standard
first-line bevacizumab-based treatment. Bevacizumab
lead to a 1.4 mo longer OS (11.2 mo vs 9.8 mo; P = 0.006).
At the present time is unclear how to proceed in patients who are treated with bevacizumab-containing chemotherapy who progress. In the KRAS/NRAS mutated
patients the concept is to maintain the anti-angiogenic
status in a similar strategy as the one employed in HER-2/
Neu positive breast cancers[67]. This could be achieved
either by keeping bevacizumab and changing the chemotherapy regimen or by switching to ziv-aflibercept and
irinotecan containing regimen. For wild type tumors, the
same options applied but anti-EGFR monoclonal antibodies should be strongly considered because it is important
to emphasize that independently of the biological agent
chosen first, once progressed patients with wild type tumor
should be able to receive all agents sequentially[68].

NEW TARGETS
In the previous sections we have focused on the evidence
behind what is currently considered the state of the art
treatment of metastatic colon cancer. However, since this
field is quite dynamic and the frontiers are in continuous
expansion, it will be appropriate to discuss some of the
new strategies that are currently being investigated. For
description purposes, we will subdivide them based on its
main mechanism of action.
Intracellular anti-EGFR therapies
Monoclonal antibodies block the extracellular domain of
EGFR. Tyrosine kinase inhibitors (e.g., erlotinib or gefitinib) target the intracellular domain of the receptor. Unlike lung cancer, EGFR mutations are rarely found in colon cancer and are usually not associated with response[69].
Moreover, positive EGFR protein expression does not
predict response to treatment[70]. Results have been generally disappointing with no objective responses seen with
erlotinib and no improvement in OS with the combination of gefitinib and FOLFIRI[71,72]. However, and after
many previous unsatisfactory attempts, a positive study
was finally published. Tournigand and colleagues recently
presented the results of the phase 3 DREAM trial (OPTIMOX Ⅲ) showing that the addition of erlotinib to bevacizumab maintenance therapy after induction with chemotherapy + bevacizumab resulted in a small, but statistically

Which is the best strategy after progression
with bevacizumab-containing regimen? Switch
chemotherapy and keep anti-VEGFR or switch to antiEGFR antibodies?
Preclinical data showed that continuous VEGF inhibition prevents tumor regression[64]. However, risk-benefit
ratio associated with continuing bevacizumab use after initial progressive disease was unknown. In 2008,
Grothey et al[65] reported a novel observation gathered
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significant improvement in PFS from 4.6 to 5.8 mo (P =
0.005)[73]. Remarkably, KRAS mutation status was not a
determinant of efficacy and patients with KRAS mutated
had even better results. Some clinical trials are currently
assessing the role of dual EGFR blocking (panitumumab
+ erlotinib) with or without chemotherapy in patients
with progressed KRAS wild type tumors (NCT00940316).
This approach is attractive especially in patients with poor
performance status. Nonetheless, it will be at least 1 or 2
years before results become available.

anti-angiogenic drugs have been evaluated with mixed results. Cediranib, a VEGFR inhibitor, showed comparable
efficacy to bevacizumab but was associated with increased
toxicity[83]. A dual EGFR and VEGFR inhibitor, vandetanib, was ineffective[84]. Ramucirumab, an anti-VEGFR-2
monoclonal antibody, is currently under evaluation in a
phase 3 (NCT01183780) following promising results in
a phase 2 study[85]. Since there is no real validated marker
to predict response to anti-angiogenic drugs, it may take
some time before any other anti-angiogenic compound
make it to the market.

BRAF inhibitors
Vemurafenib targets the BRAF V600E mutation and was
proved to be effective in advanced melanomas. Unfortunately, results have been elusive in stage Ⅳ colon cancer.
In a small phase Ⅰ study in patients with BRAF mutant
metastatic disease, only 1 of 19 patients had a partial
response with single agent vemurafenib[74]. Apparently,
blocking the BRAF pathway causes a reflective hyperactivation of the EGFR pathway. For that reason, there
seems to be some rationale in combining BRAF and
EGFR inhibitors and in preclinical studies a synergistic
effect was found[75]. An ongoing trial is evaluating the
combination of vemurafenib and cetuximab (EUDRACT
# 2011-004426-10).

Insulin growth factor axis
The insulin growth factor (IGF) cascade activates a number of intracellular signaling pathways, including the Ras/
Raf/MAPK pathway and the PI3K/Akt pathway[86]. Consequently, it is a potential target for a number of drugs.
The main drugs developed as IGF inhibitors have been
monoclonal antibodies. Dalotuzumab failed at an interim
analysis of a phase 2/3 trial but pre-specified biomarker
analysis suggested that patients with higher levels of
IGF-1 may be a small subgroup who would potentially
benefit from this treatment. Consequently, this hypothesis is being evaluated in a phase 2 study (NCT01609231).
Immunotherapy
In spite of the tremendous excitement raised by innovative immune-therapies in other solid tumors the scenario
in metastatic colon cancer has been quite frustrating. No
responses were seen in early phase trials with ipilimumab[87]. The same occurred with anti-PD-1 antibodies[88].
Currently, some investigators are testing the use of vaccines (NCT01322815). However, colon cancer seems to
remain indifferent against this immunological “rush” or
“fever” that we are living at this moment.

Pi3K pathway
PTEN loss has been associated with worse survival outcomes in colon cancer[76]. Some studies have also shown
that PIK3CA mutations and PTEN loss are associated
with an absence of response to anti-EGFR therapies[77].
Aspirin seems to be able to block the PI3K pathway. In
a recent retrospective study only patients with PIK3CA
mutant but not wild-type colorectal cancers who took
daily aspirin had better cancer-specific and OS than those
who did not take aspirin[78]. A phase 2 trial combined
capecitabine plus perifosine (an inhibitor of the PI3K/
Akt/mTOR pathway) with promising activity; however
the phase 3 was negative[79]. Additionally, the combination
of MEK and PI3K/mTOR inhibitors is currently being
evaluated in a phase 1 trial (NCT 01390818) and Hochster
et al[80] recently reported stimulating results with the combination of selumetinib (MEK inhibitor) and irinotecan.

CONCLUSION
In conclusion we can affirm that over the last couple of
years we have made some small but consistent progress
against colon cancer. Anti-angiogenic and anti-EGFR
strategies have given dividends by prolonging PFS and to
a lesser extend prolonging life in patients with metastatic
disease. We are still learning how to use them and it may
take time before we discover the best sequence and combination. We also expect that in the near future better
biomarkers lead us to the deeply desire but still evasive
personalized medicine. But beyond these small victories,
new horizons are envisioned. For example, half of the
patients have KRAS/NRAS mutant tumors, though
there are few drugs that target RAS directly. However,
bypassing agents such as MEK inhibitors either alone or
in combination with PI3K inhibitors may show promising results. It is impossible to predict the future, but it is
expectable and even desirable that soon this review will
become obsolete. That is human nature. That is progress.
And that is why we must force ourselves to keep us continuously updated.

HER-2 pathway
Few studies, with inconsistent results, investigated the
role of HER-2 gene amplification as a potential predictive factor for anti-HER2 therapy. Some reported that
HER-2 amplification was associated with resistance to
cetuximab and worse PFS or OS; others found neither
predictive nor prognostic value in HER-2[81-82]. A phase
2 study evaluating the combination of FOLFOX and
trastuzumab in patients who have progressed after 5-FU
and/or irinotecan-containing therapy was recently concluded; results are pending (NCT00006015).
Antiangiogenics
In addition to bevacizumab and ziv-aflibercept, other

WJGO|www.wjgnet.com

219

July 15, 2014|Volume 6|Issue 7|

Recondo G Jr et al . Advances in metastatic colon cancer

REFERENCES
1

2

3
4
5

6

7

8

9

10

11

12

13

14

Jemal A, Center MM, DeSantis C, Ward EM. Global patterns of cancer incidence and mortality rates and trends.
Cancer Epidemiol Biomarkers Prev 2010; 19: 1893-1907 [PMID:
20647400 DOI: 10.1158/1055-9965.EPI-10-0437]
André T, Boni C, Mounedji-Boudiaf L, Navarro M, Tabernero J, Hickish T, Topham C, Zaninelli M, Clingan P,
Bridgewater J, Tabah-Fisch I, de Gramont A. Oxaliplatin,
fluorouracil, and leucovorin as adjuvant treatment for colon
cancer. N Engl J Med 2004; 350: 2343-2351 [PMID: 15175436
DOI: 10.1056/NEJMoa032709]
Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and
its receptors. Nat Med 2003; 9: 669-676 [PMID: 12778165 DOI:
10.1038/nm0603-669]
Ellis LM, Hicklin DJ. VEGF-targeted therapy: mechanisms of
anti-tumour activity. Nat Rev Cancer 2008; 8: 579-591 [PMID:
18596824 DOI: 10.1038/nrc2403]
Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent
L, Costa C, MacDonald DD, Jin DK, Shido K, Kerns SA, Zhu
Z, Hicklin D, Wu Y, Port JL, Altorki N, Port ER, Ruggero D,
Shmelkov SV, Jensen KK, Rafii S, Lyden D. VEGFR1-positive
haematopoietic bone marrow progenitors initiate the premetastatic niche. Nature 2005; 438: 820-827 [PMID: 16341007
DOI: 10.1038/nature04186]
Yang AD, Bauer TW, Camp ER, Somcio R, Liu W, Fan F,
Ellis LM. Improving delivery of antineoplastic agents with
anti-vascular endothelial growth factor therapy. Cancer 2005;
103: 1561-1570 [PMID: 15754332 DOI: 10.1002/cncr.20942]
Wildiers H, Guetens G, De Boeck G, Verbeken E, Landuyt
B, Landuyt W, de Bruijn EA, van Oosterom AT. Effect of
antivascular endothelial growth factor treatment on the intratumoral uptake of CPT-11. Br J Cancer 2003; 88: 1979-1986
[PMID: 12799646 DOI: 10.1038/sj.bjc.6601005]
Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T,
Hainsworth J, Heim W, Berlin J, Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G, Rogers B, Ross R, Kabbinavar
F. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl J Med 2004; 350:
2335-2342 [PMID: 15175435 DOI: 10.1056/NEJMoa032691]
Guan ZZ, Xu JM, Luo RC, Feng FY, Wang LW, Shen L, Yu
SY, Ba Y, Liang J, Wang D, Qin SK, Wang JJ, He J, Qi C, Xu
RH. Efficacy and safety of bevacizumab plus chemotherapy
in Chinese patients with metastatic colorectal cancer: a
randomized phase III ARTIST trial. Chin J Cancer 2011; 30:
682-689 [PMID: 21959045 DOI: 10.5732/cjc.011.10188]
Fuchs CS, Marshall J, Mitchell E, Wierzbicki R, Ganju V,
Jeffery M, Schulz J, Richards D, Soufi-Mahjoubi R, Wang B,
Barrueco J. Randomized, controlled trial of irinotecan plus
infusional, bolus, or oral fluoropyrimidines in first-line treatment of metastatic colorectal cancer: results from the BICC-C
Study. J Clin Oncol 2007; 25: 4779-4786 [PMID: 17947725 DOI:
10.1200/JCO.2007.11.3357]
Fuchs CS, Marshall J, Barrueco J. Randomized, controlled
trial of irinotecan plus infusional, bolus, or oral fluoropyrimidines in first-line treatment of metastatic colorectal cancer:
updated results from the BICC-C study. J Clin Oncol 2008; 26:
689-690 [PMID: 18235136 DOI: 10.1200/JCO.2007.15.5390]
Giantonio BJ, Catalano PJ, Meropol NJ, O’Dwyer PJ, Mitchell EP, Alberts SR, Schwartz MA, Benson AB. Bevacizumab
in combination with oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) for previously treated metastatic colorectal
cancer: results from the Eastern Cooperative Oncology
Group Study E3200. J Clin Oncol 2007; 25: 1539-1544 [PMID:
17442997 DOI: 10.1200/JCO.2006.09.6305]
Saltz LB, Clarke S, Díaz-Rubio E, Scheithauer W, Figer A,
Wong R, Koski S, Lichinitser M, Yang TS, Rivera F, Couture
F, Sirzén F, Cassidy J. Bevacizumab in combination with
oxaliplatin-based chemotherapy as first-line therapy in metastatic colorectal cancer: a randomized phase III study. J Clin

WJGO|www.wjgnet.com

15

16

17

18

19

20

21

22

23

220

Oncol 2008; 26: 2013-2019 [PMID: 18421054 DOI: 10.1200/
JCO.2007.14.9930]
Hochster HS, Hart LL, Ramanathan RK, Childs BH, Hainsworth JD, Cohn AL, Wong L, Fehrenbacher L, Abubakr Y,
Saif MW, Schwartzberg L, Hedrick E. Safety and efficacy of
oxaliplatin and fluoropyrimidine regimens with or without
bevacizumab as first-line treatment of metastatic colorectal cancer: results of the TREE Study. J Clin Oncol 2008; 26:
3523-3529 [PMID: 18640933 DOI: 10.1200/JCO.2007.15.4138]
Van Cutsem E, Rivera F, Berry S, Kretzschmar A, Michael
M, DiBartolomeo M, Mazier MA, Canon JL, Georgoulias V,
Peeters M, Bridgewater J, Cunningham D. Safety and efficacy of first-line bevacizumab with FOLFOX, XELOX, FOLFIRI
and fluoropyrimidines in metastatic colorectal cancer: the
BEAT study. Ann Oncol 2009; 20: 1842-1847 [PMID: 19406901
DOI: 10.1093/annonc/mdp233]
Kabbinavar FF, Schulz J, McCleod M, Patel T, Hamm JT,
Hecht JR, Mass R, Perrou B, Nelson B, Novotny WF. Addition of bevacizumab to bolus fluorouracil and leucovorin in
first-line metastatic colorectal cancer: results of a randomized phase II trial. J Clin Oncol 2005; 23: 3697-3705 [PMID:
15738537 DOI: 10.1200/JCO.2005.05.112]
Tebbutt NC, Wilson K, Gebski VJ, Cummins MM, Zannino
D, van Hazel GA, Robinson B, Broad A, Ganju V, Ackland
SP, Forgeson G, Cunningham D, Saunders MP, Stockler MR,
Chua Y, Zalcberg JR, Simes RJ, Price TJ. Capecitabine, bevacizumab, and mitomycin in first-line treatment of metastatic
colorectal cancer: results of the Australasian Gastrointestinal Trials Group Randomized Phase III MAX Study. J Clin
Oncol 2010; 28: 3191-3198 [PMID: 20516443 DOI: 10.1200/
JCO.2009.27.7723]
Cunningham D, Lang I, Marcuello E, Lorusso V, Ocvirk
J, Shin DB, Jonker D, Osborne S, Andre N, Waterkamp
D, Saunders MP. Bevacizumab plus capecitabine versus
capecitabine alone in elderly patients with previously untreated metastatic colorectal cancer (AVEX): an open-label,
randomised phase 3 trial. Lancet Oncol 2013; 14: 1077-1085
[PMID: 24028813 DOI: 10.1016/S1470-2045(13)70154-2]
Goldberg RM, Sargent DJ, Morton RF, Fuchs CS, Ramanathan RK, Williamson SK, Findlay BP, Pitot HC, Alberts SR.
A randomized controlled trial of fluorouracil plus leucovorin, irinotecan, and oxaliplatin combinations in patients
with previously untreated metastatic colorectal cancer. J
Clin Oncol 2004; 22: 23-30 [PMID: 14665611 DOI: 10.1200/
JCO.2004.09.046]
Falcone A, Ricci S, Brunetti I, Pfanner E, Allegrini G, Barbara
C, Crinò L, Benedetti G, Evangelista W, Fanchini L, Cortesi E,
Picone V, Vitello S, Chiara S, Granetto C, Porcile G, Fioretto
L, Orlandini C, Andreuccetti M, Masi G. Phase III trial of infusional fluorouracil, leucovorin, oxaliplatin, and irinotecan
(FOLFOXIRI) compared with infusional fluorouracil, leucovorin, and irinotecan (FOLFIRI) as first-line treatment for
metastatic colorectal cancer: the Gruppo Oncologico Nord
Ovest. J Clin Oncol 2007; 25: 1670-1676 [PMID: 17470860 DOI:
10.1200/JCO.2006.09.0928]
Falcone A, Cremolini C, Masi G, Lonardi S, Zagonel V, Salvatore L, Trenta P, Tomasello G, Ronzoni M, Ciuffreda L,
Zaniboni A, Tonini G, Buonadonna A, Valsuani C, Chiara
S, Carlomagno C, Boni C, Marcucci L, Boni L, Loupakis F.
FOLFOXIRI/bevacizumab (bev) versus FOLFIRI/bev as
first-line treatment in unresectable metastatic colorectal cancer (mCRC) patients (pts): Results of the phase III TRIBE trial
by GONO group. ASCO Meeting Abstracts 2013; 31: 3505
Gruenberger T, Bridgewater JA, Chau I, Garcia Alfonso P,
Rivoire M, Lasserre S, Waterkamp D, Adam R . Randomized,
phase II study of bevacizumab with mFOLFOX6 or FOLFOXIRI in patients with initially unresectable liver metastases
from colorectal cancer: Resectability and safety in OLIVIA.
ASCO Meeting Abstracts 2013; 31: 3619
Gaya A, Tse V. A preclinical and clinical review of afliber-

July 15, 2014|Volume 6|Issue 7|

Recondo G Jr et al . Advances in metastatic colon cancer

24

25

26

27

28

29

30

31

32

33

34

cept for the management of cancer. Cancer Treat Rev 2012; 38:
484-493 [PMID: 22264850 DOI: 10.1016/j.ctrv.2011.12.008]
Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell
M, Boland P, Leidich R, Hylton D, Burova E, Ioffe E, Huang T,
Radziejewski C, Bailey K, Fandl JP, Daly T, Wiegand SJ, Yancopoulos GD, Rudge JS. VEGF-Trap: a VEGF blocker with
potent antitumor effects. Proc Natl Acad Sci USA 2002; 99:
11393-11398 [PMID: 12177445 DOI: 10.1073/pnas.172398299]
Le XF, Mao W, Lu C, Thornton A, Heymach JV, Sood AK,
Bast RC. Specific blockade of VEGF and HER2 pathways results in greater growth inhibition of breast cancer xenografts
that overexpress HER2. Cell Cycle 2008; 7: 3747-3758 [PMID:
19029832]
Hu L, Hofmann J, Holash J, Yancopoulos GD, Sood AK,
Jaffe RB. Vascular endothelial growth factor trap combined with paclitaxel strikingly inhibits tumor and ascites,
prolonging survival in a human ovarian cancer model.
Clin Cancer Res 2005; 11: 6966-6971 [PMID: 16203789 DOI:
10.1158/1078-0432.CCR-05-0910]
Wachsberger PR, Burd R, Cardi C, Thakur M, Daskalakis C,
Holash J, Yancopoulos GD, Dicker AP. VEGF trap in combination with radiotherapy improves tumor control in u87
glioblastoma. Int J Radiat Oncol Biol Phys 2007; 67: 1526-1537
[PMID: 17234361 DOI: 10.1016/j.ijrobp.2006.11.011]
Van Cutsem E, Khayat D, Verslype C, Billemont B, Tejpar S,
Meric JB, Soussan-Lazard K, Assadourian S, Cartot-Cotton S,
Rixe O. Phase I dose-escalation study of intravenous aflibercept administered in combination with irinotecan, 5-fluorouracil and leucovorin in patients with advanced solid
tumours. Eur J Cancer 2013; 49: 17-24 [PMID: 22921183 DOI:
10.1016/j.ejca.2012.07.007]
Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausová
J, Macarulla T, Ruff P, van Hazel GA, Moiseyenko V, Ferry
D, McKendrick J, Polikoff J, Tellier A, Castan R, Allegra C.
Addition of aflibercept to fluorouracil, leucovorin, and irinotecan improves survival in a phase III randomized trial in
patients with metastatic colorectal cancer previously treated
with an oxaliplatin-based regimen. J Clin Oncol 2012; 30:
3499-3506 [PMID: 22949147 DOI: 10.1200/JCO.2012.42.8201]
Sasaki T, Hiroki K, Yamashita Y. The role of epidermal
growth factor receptor in cancer metastasis and microenvironment. Biomed Res Int 2013; 2013: 546318 [PMID: 23986907
DOI: 10.1155/2013/546318]
Van Cutsem E, Köhne CH, Láng I, Folprecht G, Nowacki
MP, Cascinu S, Shchepotin I, Maurel J, Cunningham D,
Tejpar S, Schlichting M, Zubel A, Celik I, Rougier P, Ciardiello F. Cetuximab plus irinotecan, fluorouracil, and leucovorin as first-line treatment for metastatic colorectal cancer: updated analysis of overall survival according to tumor KRAS
and BRAF mutation status. J Clin Oncol 2011; 29: 2011-2019
[PMID: 21502544 DOI: 10.1200/JCO.2010.33.5091]
Douillard JY, Oliner KS, Siena S, Tabernero J, Burkes R, Barugel M, Humblet Y, Bodoky G, Cunningham D, Jassem J,
Rivera F, Kocákova I, Ruff P, Błasińska-Morawiec M, Šmakal
M, Canon JL, Rother M, Williams R, Rong A, Wiezorek
J, Sidhu R, Patterson SD. Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal cancer. N Engl J Med
2013; 369: 1023-1034 [PMID: 24024839 DOI: 10.1056/NEJMoa1305275]
Prewett MC, Hooper AT, Bassi R, Ellis LM, Waksal HW,
Hicklin DJ. Enhanced antitumor activity of anti-epidermal
growth factor receptor monoclonal antibody IMC-C225
in combination with irinotecan (CPT-11) against human
colorectal tumor xenografts. Clin Cancer Res 2002; 8: 994-1003
[PMID: 12006511]
Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H,
Santoro A, Bets D, Mueser M, Harstrick A, Verslype C, Chau
I, Van Cutsem E. Cetuximab monotherapy and cetuximab
plus irinotecan in irinotecan-refractory metastatic colorectal
cancer. N Engl J Med 2004; 351: 337-345 [PMID: 15269313

WJGO|www.wjgnet.com

35

36

37

38

39

40

41

42

43

44

221

DOI: 10.1056/NEJMoa033025]
Jonker DJ, O’Callaghan CJ, Karapetis CS, Zalcberg JR, Tu D,
Au HJ, Berry SR, Krahn M, Price T, Simes RJ, Tebbutt NC,
van Hazel G, Wierzbicki R, Langer C, Moore MJ. Cetuximab
for the treatment of colorectal cancer. N Engl J Med 2007; 357:
2040-2048 [PMID: 18003960 DOI: 10.1056/NEJMoa071834]
Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A,
Neyns B, Canon JL, Van Laethem JL, Maurel J, Richardson
G, Wolf M, Amado RG. Open-label phase III trial of panitumumab plus best supportive care compared with best supportive care alone in patients with chemotherapy-refractory
metastatic colorectal cancer. J Clin Oncol 2007; 25: 1658-1664
[PMID: 17470858 DOI: 10.1200/JCO.2006.08.1620]
Van Cutsem E, Köhne CH, Hitre E, Zaluski J, Chang Chien
CR, Makhson A, D’Haens G, Pintér T, Lim R, Bodoky G,
Roh JK, Folprecht G, Ruff P, Stroh C, Tejpar S, Schlichting M,
Nippgen J, Rougier P. Cetuximab and chemotherapy as initial treatment for metastatic colorectal cancer. N Engl J Med
2009; 360: 1408-1417 [PMID: 19339720 DOI: 10.1056/NEJMoa0805019]
Bokemeyer C, Bondarenko I, Makhson A, Hartmann JT,
Aparicio J, de Braud F, Donea S, Ludwig H, Schuch G,
Stroh C, Loos AH, Zubel A, Koralewski P. Fluorouracil,
leucovorin, and oxaliplatin with and without cetuximab
in the first-line treatment of metastatic colorectal cancer. J
Clin Oncol 2009; 27: 663-671 [PMID: 19114683 DOI: 10.1200/
JCO.2008.20.8397]
Douillard JY, Siena S, Cassidy J, Tabernero J, Burkes R, Barugel M, Humblet Y, Bodoky G, Cunningham D, Jassem J,
Rivera F, Kocákova I, Ruff P, Błasińska-Morawiec M, Šmakal
M, Canon JL, Rother M, Oliner KS, Wolf M, Gansert J. Randomized, phase III trial of panitumumab with infusional
fluorouracil, leucovorin, and oxaliplatin (FOLFOX4) versus
FOLFOX4 alone as first-line treatment in patients with previously untreated metastatic colorectal cancer: the PRIME
study. J Clin Oncol 2010; 28: 4697-4705 [PMID: 20921465 DOI:
10.1200/JCO.2009.27.4860]
Hecht JR, Mitchell E, Chidiac T, Scroggin C, Hagenstad C,
Spigel D, Marshall J, Cohn A, McCollum D, Stella P, Deeter
R, Shahin S, Amado RG. A randomized phase IIIB trial of
chemotherapy, bevacizumab, and panitumumab compared
with chemotherapy and bevacizumab alone for metastatic
colorectal cancer. J Clin Oncol 2009; 27: 672-680 [PMID:
19114685 DOI: 10.1200/JCO.2008.19.8135]
Tol J, Koopman M, Cats A, Rodenburg CJ, Creemers GJ,
Schrama JG, Erdkamp FL, Vos AH, van Groeningen CJ, Sinnige HA, Richel DJ, Voest EE, Dijkstra JR, Vink-Börger ME,
Antonini NF, Mol L, van Krieken JH, Dalesio O, Punt CJ.
Chemotherapy, bevacizumab, and cetuximab in metastatic
colorectal cancer. N Engl J Med 2009; 360: 563-572 [PMID:
19196673 DOI: 10.1056/NEJMoa0808268]
Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A,
Rong H, Chen C, Zhang X, Vincent P, McHugh M, Cao Y,
Shujath J, Gawlak S, Eveleigh D, Rowley B, Liu L, Adnane
L, Lynch M, Auclair D, Taylor I, Gedrich R, Voznesensky A,
Riedl B, Post LE, Bollag G, Trail PA. BAY 43-9006 exhibits
broad spectrum oral antitumor activity and targets the RAF/
MEK/ERK pathway and receptor tyrosine kinases involved
in tumor progression and angiogenesis. Cancer Res 2004;
64: 7099-7109 [PMID: 15466206 DOI: 10.1158/0008-5472.
CAN-04-1443]
Fabian MA, Biggs WH, Treiber DK, Atteridge CE, Azimioara MD, Benedetti MG, Carter TA, Ciceri P, Edeen PT, Floyd
M, Ford JM, Galvin M, Gerlach JL, Grotzfeld RM, Herrgard
S, Insko DE, Insko MA, Lai AG, Lélias JM, Mehta SA, Milanov ZV, Velasco AM, Wodicka LM, Patel HK, Zarrinkar
PP, Lockhart DJ. A small molecule-kinase interaction map
for clinical kinase inhibitors. Nat Biotechnol 2005; 23: 329-336
[PMID: 15711537 DOI: 10.1038/nbt1068]
Wilhelm SM, Dumas J, Adnane L, Lynch M, Carter CA,

July 15, 2014|Volume 6|Issue 7|

Recondo G Jr et al . Advances in metastatic colon cancer

45

46

47

48
49

50

51

52

53

54

Schütz G, Thierauch KH, Zopf D. Regorafenib (BAY
73-4506): a new oral multikinase inhibitor of angiogenic,
stromal and oncogenic receptor tyrosine kinases with potent
preclinical antitumor activity. Int J Cancer 2011; 129: 245-255
[PMID: 21170960 DOI: 10.1002/ijc.25864]
Mross K, Frost A, Steinbild S, Hedbom S, Büchert M, Fasol U,
Unger C, Krätzschmar J, Heinig R, Boix O, Christensen O. A
phase I dose-escalation study of regorafenib (BAY 73-4506),
an inhibitor of oncogenic, angiogenic, and stromal kinases,
in patients with advanced solid tumors. Clin Cancer Res 2012;
18: 2658-2667 [PMID: 22421192 DOI: 10.1158/1078-0432.
CCR-11-1900]
Strumberg D, Scheulen ME, Schultheis B, Richly H, Frost
A, Büchert M, Christensen O, Jeffers M, Heinig R, Boix O,
Mross K. Regorafenib (BAY 73-4506) in advanced colorectal cancer: a phase I study. Br J Cancer 2012; 106: 1722-1727
[PMID: 22568966 DOI: 10.1038/bjc.2012.153]
Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone
A, Ychou M, Humblet Y, Bouché O, Mineur L, Barone C,
Adenis A, Tabernero J, Yoshino T, Lenz HJ, Goldberg RM,
Sargent DJ, Cihon F, Cupit L, Wagner A, Laurent D. Regorafenib monotherapy for previously treated metastatic
colorectal cancer (CORRECT): an international, multicentre, randomised, placebo-controlled, phase 3 trial. Lancet
2013; 381: 303-312 [PMID: 23177514 DOI: 10.1016/S01406736(12)61900-X]
Pawlik TM, Schulick RD, Choti MA. Expanding criteria for
resectability of colorectal liver metastases. Oncologist 2008; 13:
51-64 [PMID: 18245012 DOI: 10.1634/theoncologist.2007-0142]
Nordlinger B, Sorbye H, Glimelius B, Poston GJ, Schlag PM,
Rougier P, Bechstein WO, Primrose JN, Walpole ET, FinchJones M, Jaeck D, Mirza D, Parks RW, Mauer M, Tanis E,
Van Cutsem E, Scheithauer W, Gruenberger T. Perioperative
FOLFOX4 chemotherapy and surgery versus surgery alone
for resectable liver metastases from colorectal cancer (EORTC
40983): long-term results of a randomised, controlled, phase
3 trial. Lancet Oncol 2013; 14: 1208-1215 [PMID: 24120480
DOI: 10.1016/S1470-2045(13)70447-9]
Mitry E, Fields AL, Bleiberg H, Labianca R, Portier G, Tu
D, Nitti D, Torri V, Elias D, O’Callaghan C, Langer B, Martignoni G, Bouché O, Lazorthes F, Van Cutsem E, Bedenne
L, Moore MJ, Rougier P. Adjuvant chemotherapy after
potentially curative resection of metastases from colorectal
cancer: a pooled analysis of two randomized trials. J Clin
Oncol 2008; 26: 4906-4911 [PMID: 18794541 DOI: 10.1200/
JCO.2008.17.3781]
Gruenberger B, Tamandl D, Schueller J, Scheithauer W, Zielinski C, Herbst F, Gruenberger T. Bevacizumab, capecitabine, and oxaliplatin as neoadjuvant therapy for patients
with potentially curable metastatic colorectal cancer. J Clin
Oncol 2008; 26: 1830-1835 [PMID: 18398148 DOI: 10.1200/
JCO.2007.13.7679]
Pozzo C, Basso M, Cassano A, Quirino M, Schinzari G,
Trigila N, Vellone M, Giuliante F, Nuzzo G, Barone C. Neoadjuvant treatment of unresectable liver disease with irinotecan and 5-fluorouracil plus folinic acid in colorectal cancer
patients. Ann Oncol 2004; 15: 933-939 [PMID: 15151951]
Alberts SR, Horvath WL, Sternfeld WC, Goldberg RM, Mahoney MR, Dakhil SR, Levitt R, Rowland K, Nair S, Sargent
DJ, Donohue JH. Oxaliplatin, fluorouracil, and leucovorin
for patients with unresectable liver-only metastases from
colorectal cancer: a North Central Cancer Treatment Group
phase II study. J Clin Oncol 2005; 23: 9243-9249 [PMID:
16230673 DOI: 10.1200/JCO.2005.07.740]
Folprecht G, Gruenberger T, Bechstein WO, Raab HR,
Lordick F, Hartmann JT, Lang H, Frilling A, Stoehlmacher
J, Weitz J, Konopke R, Stroszczynski C, Liersch T, Ockert D,
Herrmann T, Goekkurt E, Parisi F, Köhne CH. Tumour response and secondary resectability of colorectal liver metastases following neoadjuvant chemotherapy with cetuximab:

WJGO|www.wjgnet.com

55

56

57

58

59

60

61

62

63

222

the CELIM randomised phase 2 trial. Lancet Oncol 2010; 11:
38-47 [PMID: 19942479 DOI: 10.1016/S1470-2045(09)70330-4]
Ye LC, Liu TS, Ren L, Wei Y, Zhu DX, Zai SY, Ye QH, Yu
Y, Xu B, Qin XY, Xu J. Randomized controlled trial of cetuximab plus chemotherapy for patients with KRAS wildtype unresectable colorectal liver-limited metastases. J Clin
Oncol 2013; 31: 1931-1938 [PMID: 23569301 DOI: 10.1200/
JCO.2012.44.8308]
Wong R, Cunningham D, Barbachano Y, Saffery C, Valle
J, Hickish T, Mudan S, Brown G, Khan A, Wotherspoon A,
Strimpakos AS, Thomas J, Compton S, Chua YJ, Chau I. A
multicentre study of capecitabine, oxaliplatin plus bevacizumab as perioperative treatment of patients with poor-risk
colorectal liver-only metastases not selected for upfront resection. Ann Oncol 2011; 22: 2042-2048 [PMID: 21285134 DOI:
10.1093/annonc/mdq714]
Klinger M, Tamandl D, Eipeldauer S, Hacker S, Herberger
B, Kaczirek K, Dorfmeister M, Gruenberger B, Gruenberger
T. Bevacizumab improves pathological response of colorectal cancer liver metastases treated with XELOX/FOLFOX.
Ann Surg Oncol 2010; 17: 2059-2065 [PMID: 20177795 DOI:
10.1245/s10434-010-0972-9]
Koopman M, Antonini NF, Douma J, Wals J, Honkoop AH,
Erdkamp FL, de Jong RS, Rodenburg CJ, Vreugdenhil G,
Loosveld OJ, van Bochove A, Sinnige HA, Creemers GJ,
Tesselaar ME, Slee PH, Werter MJ, Mol L, Dalesio O, Punt
CJ. Sequential versus combination chemotherapy with
capecitabine, irinotecan, and oxaliplatin in advanced colorectal cancer (CAIRO): a phase III randomised controlled trial.
Lancet 2007; 370: 135-142 [PMID: 17630036 DOI: 10.1016/
S0140-6736(07)61086-1]
Maughan TS, Adams RA, Smith CG, Meade AM, Seymour
MT, Wilson RH, Idziaszczyk S, Harris R, Fisher D, Kenny SL,
Kay E, Mitchell JK, Madi A, Jasani B, James MD, Bridgewater
J, Kennedy MJ, Claes B, Lambrechts D, Kaplan R, Cheadle
JP. Addition of cetuximab to oxaliplatin-based first-line combination chemotherapy for treatment of advanced colorectal
cancer: results of the randomised phase 3 MRC COIN trial.
Lancet 2011; 377: 2103-2114 [PMID: 21641636 DOI: 10.1016/
S0140-6736(11)60613-2]
Tveit KM, Guren T, Glimelius B, Pfeiffer P, Sorbye H, Pyrhonen S, Sigurdsson F, Kure E, Ikdahl T, Skovlund E, Fokstuen
T, Hansen F, Hofsli E, Birkemeyer E, Johnsson A, Starkhammar H, Yilmaz MK, Keldsen N, Erdal AB, Dajani O, Dahl O,
Christoffersen T. Phase III trial of cetuximab with continuous or intermittent fluorouracil, leucovorin, and oxaliplatin
(Nordic FLOX) versus FLOX alone in first-line treatment of
metastatic colorectal cancer: the NORDIC-VII study. J Clin
Oncol 2012; 30: 1755-1762 [PMID: 22473155 DOI: 10.1200/
JCO.2011.38.0915]
Schwartzberg LS, Rivera F, Karthaus M, Fasola G, Canon J,
Yu H, Go WY . PEAK (study 20070509): A randomized phase
II study of mFOLFOX6 with either panitumumab (pmab) or
bevacizumab (bev) as first-line treatment (tx) in patients (pts)
with unresectable wild-type (WT) KRAS metastatic colorectal cancer (mCRC). ASCO Meeting Abstracts 2013; 31: 446
Heinemann V, Fischer von Weikersthal L, Decker T, Kiani
A, Vehling-Kaiser U, Al-Batran S, Heintges T, Lerchenmueller J, Kahl C, Seipelt G, Kullmann F, Stauch M, Scheithauer
W, Hielscher J, Scholz M, Mueller S, Schaefer B, Modest DP,
Jung A, Stintzing S . Randomized comparison of FOLFIRI
plus cetuximab versus FOLFIRI plus bevacizumab as firstline treatment of KRAS-wildtype metastatic colorectal cancer: German AIO study KRK-0306 (FIRE-3). ASCO Meeting
Abstracts 2013; 31: LBA3506
Stintzing S, Jung A, Rossius L. Analysis of KRAS/NRAS
and BRAF mutations in FIRE-3: A randomized phase III
study of FOLFIRI plus cetuximab or bevacizumab as firstline treatment for wild-type (WT) KRAS (exon 2) metastatic
colorectal cancer (mCRC) patients. See more at: Presented at:

July 15, 2014|Volume 6|Issue 7|

Recondo G Jr et al . Advances in metastatic colon cancer

64

65

66

67

68

69

70

71

72

73

74

75

Sep 27-Oct 1, 2013. Amsterdam, The Netherlands: European
Cancer Congress, 2013: Abstract LBA17
Klement G, Baruchel S, Rak J, Man S, Clark K, Hicklin DJ,
Bohlen P, Kerbel RS. Continuous low-dose therapy with
vinblastine and VEGF receptor-2 antibody induces sustained
tumor regression without overt toxicity. J Clin Invest 2000;
105: R15-R24 [PMID: 10772661 DOI: 10.1172/JCI8829]
Grothey A, Sugrue MM, Purdie DM, Dong W, Sargent D,
Hedrick E, Kozloff M. Bevacizumab beyond first progression
is associated with prolonged overall survival in metastatic
colorectal cancer: results from a large observational cohort
study (BRiTE). J Clin Oncol 2008; 26: 5326-5334 [PMID:
18854571 DOI: 10.1200/JCO.2008.16.3212]
Bennouna J, Sastre J, Arnold D, Österlund P, Greil R, Van
Cutsem E, von Moos R, Viéitez JM, Bouché O, Borg C, Steffens CC, Alonso-Orduña V, Schlichting C, Reyes-Rivera I,
Bendahmane B, André T, Kubicka S. Continuation of bevacizumab after first progression in metastatic colorectal cancer
(ML18147): a randomised phase 3 trial. Lancet Oncol 2013; 14:
29-37 [PMID: 23168366 DOI: 10.1016/S1470-2045(12)70477-1]
von Minckwitz G, Schwedler K, Schmidt M, Barinoff J,
Mundhenke C, Cufer T, Maartense E, de Jongh FE, Baumann
KH, Bischoff J, Harbeck N, Lück HJ, Maass N, Zielinski C,
Andersson M, Stein RC, Nekljudova V, Loibl S. Trastuzumab
beyond progression: overall survival analysis of the GBG
26/BIG 3-05 phase III study in HER2-positive breast cancer. Eur J Cancer 2011; 47: 2273-2281 [PMID: 21741829 DOI:
10.1016/j.ejca.2011.06.021]
Grothey A, Sargent D. Overall survival of patients with advanced colorectal cancer correlates with availability of fluorouracil, irinotecan, and oxaliplatin regardless of whether
doublet or single-agent therapy is used first line. J Clin
Oncol 2005; 23: 9441-9442 [PMID: 16361649 DOI: 10.1200/
JCO.2005.04.4792]
Barber TD, Vogelstein B, Kinzler KW, Velculescu VE. Somatic mutations of EGFR in colorectal cancers and glioblastomas. N Engl J Med 2004; 351: 2883 [PMID: 15625347 DOI:
10.1056/NEJM200412303512724]
Chung KY, Shia J, Kemeny NE, Shah M, Schwartz GK, Tse
A, Hamilton A, Pan D, Schrag D, Schwartz L, Klimstra DS,
Fridman D, Kelsen DP, Saltz LB. Cetuximab shows activity
in colorectal cancer patients with tumors that do not express
the epidermal growth factor receptor by immunohistochemistry. J Clin Oncol 2005; 23: 1803-1810 [PMID: 15677699 DOI:
10.1200/JCO.2005.08.037]
Townsley CA, Major P, Siu LL, Dancey J, Chen E, Pond GR,
Nicklee T, Ho J, Hedley D, Tsao M, Moore MJ, Oza AM.
Phase II study of erlotinib (OSI-774) in patients with metastatic colorectal cancer. Br J Cancer 2006; 94: 1136-1143 [PMID:
16570047 DOI: 10.1038/sj.bjc.6603055]
Santoro A, Comandone A, Rimassa L, Granetti C, Lorusso V,
Oliva C, Ronzoni M, Siena S, Zuradelli M, Mari E, Pressiani
T, Carnaghi C. A phase II randomized multicenter trial of
gefitinib plus FOLFIRI and FOLFIRI alone in patients with
metastatic colorectal cancer. Ann Oncol 2008; 19: 1888-1893
[PMID: 18667394 DOI: 10.1093/annonc/mdn401]
Tournigand C, Samson B, Scheithauer W, Lledo G, Viret F,
Andre T, Ramee JF, Tubiana-Mathieu N, Dauba J, Dupuis O,
Rinaldi Y, Mabro M, Aucoin N, Khalil A, Latreille J, Louvet
C, Brusquant D, Bonnetain F, Chibaudel B, De Gramont A,
GERCOR . Bevacizumab (Bev) with or without erlotinib as
maintenance therapy, following induction first-line chemotherapy plus Bev, in patients (pts) with metastatic colorectal
cancer (mCRC): Efficacy and safety results of the International GERCOR DREAM phase III trial. ASCO Meeting Abstracts
2012; 30: LBA3500
Kopetz S, Desai J, Chan E, Hecht JR, O’Dwyer PJ, Lee RJ,
Nolop KB, Saltz L . PLX4032 in metastatic colorectal cancer
patients with mutant BRAF tumors. ASCO Meeting Abstracts
2010; 28: 3534

WJGO|www.wjgnet.com

76

77

78

79

80

81

82

83

84

85

86

223

Higgins B, Kolinsky KD, Schostack K, Bollag G, Lee RJ,
Su F, Packman K . Efficacy of vemurafenib (V), a selective
V600EBRAF inhibitor, as monotherapy or in combination with erlotinib (Erl) or erbitux (Erb) and irinotecan (Iri)
doublets and triplets in a colorectal cancer (CRC) xenograft
model. ASCO Meeting Abstracts 2012; 30: 494
Jang KS, Song YS, Jang SH, Min KW, Na W, Jang SM, Jun
YJ, Lee KH, Choi D, Paik SS. Clinicopathological significance
of nuclear PTEN expression in colorectal adenocarcinoma.
Histopathology 2010; 56: 229-239 [PMID: 20102402 DOI:
10.1111/j.1365-2559.2009.03468.x]
Bardelli A, Siena S. Molecular mechanisms of resistance
to cetuximab and panitumumab in colorectal cancer. J Clin
Oncol 2010; 28: 1254-1261 [PMID: 20100961 DOI: 10.1200/
JCO.2009.24.6116]
Liao X, Lochhead P, Nishihara R, Morikawa T, Kuchiba A,
Yamauchi M, Imamura Y, Qian ZR, Baba Y, Shima K, Sun
R, Nosho K, Meyerhardt JA, Giovannucci E, Fuchs CS, Chan
AT, Ogino S. Aspirin use, tumor PIK3CA mutation, and
colorectal-cancer survival. N Engl J Med 2012; 367: 1596-1606
[PMID: 23094721 DOI: 10.1056/NEJMoa1207756]
Bendell JC, Ervin TJ, Senzer NN, Richards DA, Firdaus I,
Lockhart AC, Cohn AL, Saleh MN, Gardner LR, Sportelli P,
Eng C . Results of the X-PECT study: A phase III randomized double-blind, placebo-controlled study of perifosine
plus capecitabine (P-CAP) versus placebo plus capecitabine
(CAP) in patients (pts) with refractory metastatic colorectal
cancer (mCRC). ASCO Meeting Abstracts 2012; 30: LBA3501
Hochster HS, Messersmith WA, O’Neil BH, Groshen SG,
Cohen DJ, Denlinger CS, Gold PJ, Eckhardt SG, Locker GY,
Ames P, McKinley M, Leichman LP, Academic GI Cancer Consortium. Second-line therapy of KRAS-mutated
(KRASm) metastatic colorectal cancer (CRC) with the MEK
inihibitor selumetinib ([SEL], AZ6244, ARRY-142886) in
combination with irinotecan (IRI): An AGICC study. ASCO
Meeting Abstracts 2013; 31: 380
Barbara C, Martin V, Molinari F, Landi L, Riva A, Saletti P,
de Dosso S, Geva R, Tejpar S, Fountzilas G, Kalogeras KT,
Frattini M, Cappuzzo F. Use of HER2 gene amplification to
identify patients with metastatic colorectal cancer resistant to
anti-EGFR monoclonal antibodies. ASCO Meeting Abstracts
2012; 30: 474
Troiani T, Zappavigna S, Martinelli E, Addeo SR, Stiuso P,
Ciardiello F, Caraglia M. Optimizing treatment of metastatic
colorectal cancer patients with anti-EGFR antibodies: overcoming the mechanisms of cancer cell resistance. Expert Opin
Biol Ther 2013; 13: 241-255 [PMID: 23281932 DOI: 10.1517/14
712598.2012.756469]
Schmoll HJ, Cunningham D, Sobrero A, Karapetis CS,
Rougier P, Koski SL, Kocakova I, Bondarenko I, Bodoky G,
Mainwaring P, Salazar R, Barker P, Mookerjee B, Robertson
J, Van Cutsem E. Cediranib with mFOLFOX6 versus bevacizumab with mFOLFOX6 as first-line treatment for patients
with advanced colorectal cancer: a double-blind, randomized phase III study (HORIZON III). J Clin Oncol 2012; 30:
3588-3595 [PMID: 22965961 DOI: 10.1200/JCO.2012.42.5355]
Morabito A, Piccirillo MC, Costanzo R, Sandomenico C,
Carillio G, Daniele G, Giordano P, Bryce J, Carotenuto P, La
Rocca A, Di Maio M, Normanno N, Rocco G, Perrone F. Vandetanib: An overview of its clinical development in NSCLC
and other tumors. Drugs Today (Barc) 2010; 46: 683-698
[PMID: 20967300 DOI: 10.1358/dot.2010.46.9.1516989]
Garcia-Carbonero R, Rivera F, Maurel J, Ayoub JM, Moore
MJ, Cervantes-Ruiperez A, Asmis TR, Schwartz JD, Ballal S,
Tabernero J. A phase II, open-label study evaluating the safety and efficacy of ramucirumab combined with mFOLFOX-6
as first-line therapy in patients (pts) with metastatic colorectal cancer (mCRC): CP12-0709/NCT00862784. ASCO Meeting
Abstracts 2012; 30: 533
Scartozzi M, Mandolesi A, Giampieri R, Pierantoni C, Loup-

July 15, 2014|Volume 6|Issue 7|

Recondo G Jr et al . Advances in metastatic colon cancer

87

akis F, Zaniboni A, Galizia E, Giustini L, Silva RR, Bisonni R,
Berardi R, Biagetti S, Menzo S, Falcone A, Bearzi I, Cascinu S.
Insulin-like growth factor 1 expression correlates with clinical outcome in K-RAS wild type colorectal cancer patients
treated with cetuximab and irinotecan. Int J Cancer 2010; 127:
1941-1947 [PMID: 20099280 DOI: 10.1002/ijc.25193]
O’Mahony D, Morris JC, Quinn C, Gao W, Wilson WH,
Gause B, Pittaluga S, Neelapu S, Brown M, Fleisher TA, Gulley JL, Schlom J, Nussenblatt R, Albert P, Davis TA, Lowy I,
Petrus M, Waldmann TA, Janik JE. A pilot study of CTLA-4
blockade after cancer vaccine failure in patients with ad-

88

vanced malignancy. Clin Cancer Res 2007; 13: 958-964 [PMID:
17289891 DOI: 10.1158/1078-0432.CCR-06-1974]
Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith
DC, McDermott DF, Powderly JD, Carvajal RD, Sosman
JA, Atkins MB, Leming PD, Spigel DR, Antonia SJ, Horn L,
Drake CG, Pardoll DM, Chen L, Sharfman WH, Anders RA,
Taube JM, McMiller TL, Xu H, Korman AJ, Jure-Kunkel M,
Agrawal S, McDonald D, Kollia GD, Gupta A, Wigginton
JM, Sznol M. Safety, activity, and immune correlates of antiPD-1 antibody in cancer. N Engl J Med 2012; 366: 2443-2454
[PMID: 22658127 DOI: 10.1056/NEJMoa1200690]
P- Reviewers: de Talamoni NGT, Lee KY, Zhu YL
S- Editor: Ji FF L- Editor: A E- Editor: Wang CH

WJGO|www.wjgnet.com

224

July 15, 2014|Volume 6|Issue 7|

World J Gastrointest Oncol 2014 July 15; 6(7): 225-243
ISSN 1948-5204 (online)

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4251/wjgo.v6.i7.225

© 2014 Baishideng Publishing Group Inc. All rights reserved.

ORIGINAL ARTICLE

Novel diet-related mouse model of colon cancer parallels
human colon cancer
Anil R Prasad, Shilpa Prasad, Huy Nguyen, Alexander Facista, Cristy Lewis, Beryl Zaitlin, Harris Bernstein,
Carol Bernstein
lic acid [diet + deoxycholic acid (DOC)] for 10 mo. Tumors occurred in the colons of mice fed diet + DOC and
showed progression to colon cancer [adenocarcinoma
(AC)]. This progression is through the stages of tubular
adenoma (TA), TA with high grade dysplasia or adenoma with sessile serrated morphology, intramucosal
AC, AC stage T1, and AC stage T2. The mouse tumors
were compared to human tumors at the same stages
by histopathological analysis. Sections of the small and
large intestines of mice and humans were evaluated for
glandular architecture, cellular and nuclear morphology
including cellular orientation, cellular and nuclear atypia, pleomorphism, mitotic activity, frequency of goblet
cells, crypt architecture, ulceration, penetration of
crypts through the muscularis mucosa and presence of
malignant crypts in the muscularis propria. In addition,
preserved colonic tissues from genetically similar male
mice, obtained from a prior experiment, were analyzed
by immunohistochemistry. The male mice had been fed
the control diet or diet + DOC. Four molecular markers
were evaluated: 8-OH-dG, DNA repair protein ERCC1,
autophagy protein beclin-1 and the nuclear location
of beta-catenin in the stem cell region of crypts. Also,
male mice fed diet + DOC plus 0.007% chlorogenic
acid (diet + DOC + CGA) were evaluated for ERCC1,
beclin-1 and nuclear location of beta-catenin.
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RESULTS: Humans with high levels of diet-related
DOC in their colons are at a substantially increased risk
of developing colon cancer. The mice fed diet + DOC
had levels of DOC in their colons comparable to that of
humans on a high fat diet. The 22 mice without added
DOC in their diet had no colonic tumors while 20 of
the 22 mice (91%) fed diet + DOC developed colonic
tumors. Furthermore, the tumors in 10 of these mice
(45% of mice) included an adenocarcinoma. All mice
were free of cancers of the small intestine. Histopathologically, the colonic tumor types in the mice were
virtually identical to those in humans. In humans, characteristic aberrant changes in molecular markers can

Abstract
AIM: To investigate the close parallels between our
novel diet-related mouse model of colon cancer and
human colon cancer.
METHODS: Twenty-two wild-type female mice (ages
6-8 wk) were fed the standard control diet (AIN-93G)
and an additional 22 female mice (ages 6-8 wk) were
fed the control diet supplemented with 0.2% deoxycho-
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male African Americans of 72:100000[3]. In populations
migrating from low-incidence to high-incidence countries
rates change rapidly, and within one generation may reach
the rate in the high-incidence country. This has been
observed, for instance, in the colon cancer incidence of
migrants from Japan to Hawaii[4]. These changes in colon cancer rates are thought to be largely due to changes
in diet. Large increases in both meat and fat in the diet
correlate with large increases in rate of colon cancer,
graphed on an exponential scale[5].
In populations with a high incidence of colorectal
cancer, fecal concentrations of bile acids are increased[6,7],
suggesting that increased exposure of the colonic lumen to high levels of bile acids plays a role in the natural
course of development of colon cancer. For example,
the concentration of deoxycholic acid (DOC) in the feces of Native Africans in South Africa is 7.30 nmol/g
wet weight stool while that of African Americans is 37.51
nmol/g wet weight stool, so that there is 5.14 fold higher
concentration of DOC in stools of African Americans
than in Native Africans[8]. As indicated above, there is a
more than 72-fold greater rate of colon cancer in African
American males than in Native Africans of South Africa.
The hydrophobic bile acids, DOC and lithocholic acid,
appear to be the most significant bile acids with respect
to human colorectal cancer[6].
Since the bile acid DOC was implicated as important
in colon cancer etiology in humans, we previously investigated whether DOC, at a high human physiologic level,
could be a colon carcinogen in an experimental mouse
model[9], and found that a high human physiologic level
of DOC in the mouse colon does indeed cause colon
cancer. We investigate, in the current study, whether the
progression to colon cancer due to high physiologic
levels of DOC in the mouse, by the gold standard histomorphologic analysis[10], is closely parallel to progression
to colon cancer in humans. Other studies indicate that
preneoplastic areas (field defects) are altered in molecular
markers in human progression to colon cancer. We evaluate four of these markers: 8-OH-dG, ERCC1, beclin-1
and beta-catenin in the mouse colon progressing to colon
cancer.

be detected both in field defects surrounding cancers
(from which cancers arise) and within cancers. In the
colonic tissues of mice fed diet + DOC similar changes
in biomarkers appeared to occur. Thus, 8-OH-dG was
increased, DNA repair protein ERCC1 was decreased,
autophagy protein beclin-1 was increased and, in the
stem cell region at the base of crypts there was substantial nuclear localization of beta-catenin as well as
increased cytoplasmic beta-catenin. However, in mice
fed diet + DOC + CGA (with reduced frequency of
cancer) and evaluated for ERCC1, beclin-1, and betacatenin in the stem cell region of crypts, mouse tissue
showed amelioration of the aberrancies, suggesting
that chlorogenic acid is protective at the molecular level
against colon cancer. This is the first diet-related model
of colon cancer that closely parallels human progression
to colon cancer, both at the histomorphological level as
well as in its molecular profile.
CONCLUSION: The diet-related mouse model of colon
cancer parallels progression to colon cancer in humans,
and should be uniquely useful in model studies of prevention and therapeutics.
© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Diet; Deoxycholate; Mouse model; Colon
cancer; Histology; Chlorogenic acid; 8-OH-dG; Beclin 1;
Beta-catenin
Core tip: Mouse models of colon carcinogenesis are essential as platforms for trials of prevention and therapy.
However, most previous rodent models of colon carcinogenesis lack an invasive phenotype and/or do not
share several significant genetic events and histopathological features of human colon cancer. This new dietrelated mouse model of colon cancer is unique in being
closely parallel to human progression to sporadic colon
cancer by measures of its histomorphology and its molecular profile. It also has a natural basis, using dietary
deoxycholic acid, long thought to be a central causative
agent in colon carcinogenesis.
Prasad AR, Prasad S, Nguyen H, Facista A, Lewis C, Zaitlin B,
Bernstein H, Bernstein C. Novel diet-related mouse model of
colon cancer parallels human colon cancer. World J Gastrointest
Oncol 2014; 6(7): 225-243 Available from: URL: http://www.
wjgnet.com/1948-5204/full/v6/i7/225.htm DOI: http://dx.doi.
org/10.4251/wjgo.v6.i7.225

MATERIALS AND METHODS
Animals
Wild-type female B6.129PF2/J mice, ages 6-8 wk old,
were obtained from Jackson Laboratories (Bar Harbor,
ME). The mice were the second generation (F2) of a
cross between two well-established, inbred, wild-type
strains: C57BL/6J and 129S1/SvlmJ (one of which carried a recessive albino mutation). The phenotypes of
these F2 wild-type mice is expected to be varied, since
the contribution of the two parental wild-type strains
will be different in each F2 offspring, as illustrated by the
color variation in these mice (Figure 1). It was intended
that these mice be similar to a normal healthy human
population in their genetic variation. Mice were main-

INTRODUCTION
Epidemiological studies show that rates of colon cancer
incidence and mortality vary substantially across regions
of the world. The rate of colon cancer incidence differs
between countries by more than 10-fold[1]. More dramatically, Native Africans in South Africa have a colon cancer
rate of < 1:100000[2] compared to the incidence rate for
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Table 1 AIN-93G diet composition
Ingredients
Corn starch
Casein vitamin free
Maltodextrin
Sucrose
Soybean oil
Powdered cellulose
AIN 93G mineral mix
AIN 93 vitamin mix
L-cystine
Choline bitartrate
t-butylhydroquinone

Figure 1 Young mice from 2nd generation cross of 2 wild type inbred lines
show variation in colors.

39.75%
20%
13.20%
10%
7%
5%
3.50%
1%
0.30%
0.25%
0.0014%

for 24 to 36 h, transferred to graded alcohols, followed
by paraffin embedment.
Three 4-micron tissue sections were cut from all retained paraffin-embedded tissues. The tissues were then
placed on glass slides, stained with hematoxylin and eosin, and subjected to histopathologic analyses. Morphologic evaluation was performed using a brightfield digital
light microscope (Motic BA300).

tained at the University of Arizona’s Animal Care Facility.
All animals were raised, starting with 4 mice in each pan,
in cages under nonsterile microisolator conditions and
in compliance with the regulations and NIH guidelines
for Care and Use of Laboratory Animals. All mice were
weighed and their weights recorded weekly.
The mice were free of murine viruses, pathogenic
bacteria (including Helicobacter spp.), and endo- and ectoparasites by routine health evaluations. The mice were
maintained on a 12-h light-dark cycle with water ad libitum and fed the control AIN-93G diet (Table 1), either
unsupplemented or supplemented with 0.2% DOC.
Purified diets were prepared as needed by Harlan Teklad,
Madison, WI (including the DOC-containing diet). DOC
was supplied by Sigma-Aldrich Corp, St. Louis, MO. Mice
were first fed the control diet for 2 wk for acclimation.
Then half the mice were fed with diet + DOC and half
with control diet alone. Ten months after being switched
to their experimental diets the mice were sacrificed, using
CO2. At the time of being placed on the experimental
diets, 24 mice fed the control diet and 24 mice fed diet +
DOC each consisted of 6 mice 6 wk old, 15 mice 7 wk
old, and 1 mouse 8 wk old. During the succeeding 10 mo,
2 mice from each group died of unknown causes so that
22 mice in each group completed the experiment.

Histopathology, gross and microscopic images of
mouse tissue
The gastrointestinal (GI) tracts of mice, including rectum, colon, cecum, small intestine, stomach and lower
esophagus, were removed, opened longitudinally, rinsed
with phosphate-buffered saline (PBS) and divided into
sections that could fit into paraffin blocks. All parts of
the lower GI tract including rectum, colon and cecum
were retained for fixation and paraffin embedment and
any parts of the small intestine, stomach and esophagus
that had a visible protrusion were retained. In addition,
other organs including liver, pancreas, spleen, breasts and
lymph nodes near breasts were examined, and if there
were any potentially aberrant areas observed, sections
of these organs were also retained. All retained sections
were placed flat on Matricel membranes for good orientation. Segments of intestine with grossly visible mucosal
nodules were photographed with a Sony Cybershot 7.2
megapixel camera. Sections were subsequently fixed in
10% formalin overnight at 4 ℃, then transferred to 70%
alcohol, and embedded in paraffin.
Three to six 4-micron tissue sections were cut (multiple sections were cut to ensure any tumors or aberrant
areas were included in the sections) from all retained tissues. The tissues were then placed on slides, stained with
hematoxylin and eosin, and assessed for histopathologic
characteristics. Morphologic evaluation was made on all
the tissues on slides, using a brightfield digital microscope
(Motic BA300). There is currently no accurate substitute
for histopathologic determination of colonic neoplasia[10].

Histopathology, gross and microscopic images of
human tissue
Before any biopsy tissue samples were obtained during
colonoscopy, informed consent was given by the patient,
using a form approved by the University of Arizona
Institutional Review Board. Biopsy specimens were
completely fixed in 10% buffered formalin for 6 to 12 h,
followed by routine processing through graded alcohols
and subsequent embedding into paraffin blocks. Tissue
samples from colonic resections were obtained after informed consent before surgery. Colonic segments were
cut open and gross photographic images of colonic tumors and polyps were obtained. Adequate representative
tissue samples were obtained from areas of tumors and
adjacent colonic mucosa. Similar to the biopsy specimens,
these tissue samples were fixed in 10% buffered formalin
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Diagnosis of histopathology
Anil R Prasad, MD, a surgical and cytopathologist with
years of experience in GI pathology and immunohistochemistry diagnosed all of the tumors detected on the
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basis of histopathologic criteria. The mouse tumors were
compared to human tumors at the same stages by histopathological analysis. Sections of the small and large intestines of mice and humans were evaluated for glandular
architecture, cellular and nuclear morphology including
cellular orientation, cellular and nuclear atypia, nuclear
enlargement, hyperchromasia, chromatin clearing, pleomorphism, presence of nucleoli, atypical mitotic activity,
frequency of goblet cells, crypt architecture, ulceration,
invasion of malignant glands through the muscularis
mucosa and submucosa and presence of infiltrating malignant glandular crypts within the muscularis propria.
Digital photomicrographs of representative sections were
obtained using Motic Images Plus 2.0 software.

BSA in PBS to 2 μg/mL was added to each slide and the
slides were kept in the refrigerator at 4 ℃ overnight, followed by rinsing three times with PBS. Then 100 μL biotinylated secondary rabbit anti-mouse antibody (DAKO
0413) was added at a 1:400 dilution in 2% BSA in PBS,
followed by incubation for 30 min at room temperature.
At this point, Vectastain ABC reagent was prepared according to the manufacturer’s instructions, and allowed to
stand for 30 min before use. Then slides were rinsed with
PBS three times, three drops of Vectastain ABC reagent
were added and slides were incubated at room temperature for 30 min, followed by three rinses with PBS.
For ERCC1, 3 drops per slide of “Background Sniper” (from Biocare Mach 3 kit, Biocare Medical, Concord,
CA) were added and left for 10 min at room temperature
to reduce non-specific staining of background proteins.
The ERCC1 slides were rinsed with PBS. Then a primary mouse monoclonal antibody was used (8F1 from
Neomarkers, Freemont, CA). The mouse monoclonal
antibody was added at 2 μg/mL in 2% BSA/PBS and left
to incubate at room temperature for 45 min before three
PBS washes. For the secondary antibody, the polyclonal
rabbit anti-mouse Dako Biotinylated secondary antibody
(E0413, DAKO Corp., Carpinteria, CA) was added at
120 μL/slide at a 1:300 dilution (in 2% BSA/PBS) and
incubated for 30 min at room temperature before being
rinsed 3 times with PBS. Vectastain Elite avidin-biotin
complex method kit PK 6100 (Vector Laboratories, Inc.,
Burlingame, CA) was then used according to the manufacturer’s instructions at 3 drops per slide and incubated
at room temperature for 30 min before 2 rinses with PBS.
For beclin-1, to prevent nonspecific binding, the
slides were blocked with 1.5% goat serum (Vector
Laboratories, Burlingame) and then immunostained using a polyclonal anti beclin-1 antibody from ProSci Inc.
(Poway, Calif, United States) at a concentration of 1 μg/
mL. Sections were then incubated using a biotinylated
antirabbit secondary antibody (Vector Laboratories) and
Vectastain Elite ABC (Avidin Biotin Complex) reagent
(Vector Laboratories).
For beta-catenin, first blocking serum consisting of
1.5% normal rabbit serum was prepared by adding 30
μL of normal rabbit serum to 2 mL BSA/PBS (prepared
as 500 μL 22% BSA in 5 mL PBS) and then 120 μL was
added per slide for one hour. Diluted beta catenin antibody (beta-catenin 610153, BD Biosciences San Jose,
CA) was prepared by using beta catenin antibody at 250
μg/mL and diluting 6 μL into 1194 μL of 2% BSA in
PBS. Without rinsing the slides, this antibody was added
at 120 μL per slide for one hour. At this point, Vectastain
ABC reagent was prepared according to manufacturer’s
instructions, and allowed to stand for 30 min before use.
Then the secondary antibody was added. This was a 1:400
dilution of DAKO 0413 rabbit anti-mouse biotinylated
IgG (5 μL DAKO per 1995 μL 2% BSA in PBS) (DAKO
Corp., Carpinteria, CA), 120 μL per slide for 30 min,
followed by three rinses with PBS. Then three drops of
Vector ABC reagent was added per slide for 30 min, followed by two washes with PBS.

Immunohistochemistry
Protein expression was assessed using standard immunohistochemical methods[11,12], with variations as needed,
described here. Briefly, formalin-fixed and paraffin-embedded tissues were cut into 4 μm sections and floated
on water, the tissue sections were picked up onto slides,
deparaffinized, and then rehydrated.
Antigen retrieval for 8-OH-dG was performed by immersing slides in 4 mol/L HCl for 20 min at room temperature, rinsing in distilled water four times, transferring
slides to 0.1 mol/L Borax for 5 min at room temperature,
rinsing four times in distilled water and placing slides,
twice, in PBS, pH 7.4, for 5 min.
For ERCC1, antigen retrieval was performed in citrate
buffer (2.1 g citric acid + approximately 5 mL 5 mol/L
NaOH + 1 L water, pH 6.1) brought to a boil in a microwave and then kept at high temperature for 6 min in the
microwave followed by cooling on ice for 20 min. The
slides were then washed with PBS for three minutes followed by a distilled water wash for three minutes.
Antigen retrieval for beclin-1 was performed by heating in a microwave in 0.1 mol/L citrate buffer (pH 6.1)
and then cooling to room temperature.
For beta-catenin, antigen retrieval was performed in
citrate buffer at pH 6.0, the slides were brought to a boil
in a microwave and then kept at high temperature (not
boiling) in the microwave for 10 min, followed by cooling on ice for 20 min. The slides were then washed with
PBS for three minutes followed by a water wash for three
minutes.
The slides were then rinsed with distilled water. Endogenous peroxidase activity was blocked by incubation
in 3% hydrogen peroxide in methanol for 30 min, and
then the tissue sections were rinsed with distilled water
and PBS. Next, slides were placed in Sequenza staining racks (Shandon Sequenza Immunostaining System
from Thermo Scientific, Thermo Fisher Scientific Inc.,
Waltham, MA) and rinsed with PBS.
For 8-OH-dG, a non-specific protein binding blocking step was used. For this, 150 μL 5% normal horse
serum in PBS was added to each slide, which was allowed
to stand at room temperature for 60 min. Next, without
rinsing, 150 μL antibody against 8-OH-dG (QED 12501
from QED Bioscience Inc., San Diego, CA) diluted with 2%
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Figure 2 Opened proximal colons plus cecal areas of mice. A: 3 grossly visible mucosal nodules (arrows); B: No visible nodules. The letter P indicates a region of
the proximal colon and letter C indicates a cecum.
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RESULTS
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Gross physiology of mice fed diet + DOC
Mice fed the control diet and mice fed diet + DOC each
looked healthy and were active during the entire time
they were on their diets, even though the mice fed diet +
DOC were almost all carrying neoplastic lesions (tumors,
some of which were cancers) by 10 mo on the diet. This
is similar to humans who have colon cancers, who also
show no external signs until the cancers are very large or
have metastasized.

5 mm polyp

3 mm polyps

Appendix

Cecal area
of colon

Proximal
colon

Macroscopic phenotype of colorectum of mice fed diet +
DOC or diet alone
Twenty out of the 22 female mice fed diet + DOC (91%)
developed large macroscopically visible mucosal nodules
(likely colonic neoplastic lesions). Figure 2 shows opened
proximal regions of colons, including the cecums, of two
mice fed diet + DOC. Figure 2A shows about 3 cm of
proximal colon plus cecum in which three large mucosal
nodules can be seen by eye. Histopathological examination of tissue from this area revealed three tubular adenomas, two of them with ulceration and one with high
grade dysplasia. Figure 2B shows about 2 cm of another
proximal colon plus cecum, and no mucosal nodules are
seen. The colon of this mouse, also fed diet + DOC, had
no colonic neoplasia at all upon histological examination.
None of the mice fed the control diet alone developed any colorectal tumors, evaluated both macroscopically and by microscopic histopathological examination
of all rectum, colon and cecum segments.
Multiple tumors found in one location of the mouse
colon, as in Figure 2A, indicate the presence of a field
defect. By comparison, in humans, we also found multiple tumors in some of their much larger colon resections,
and one example, showing 13 cm of the longitudinallyopened colon, is shown in Figure 3.

Figure 3 Cut open gross specimen of proximal human colon showing
multiple tumors[13].

The slides were then removed from the Sequenzas, and color development was carried out by applying 0.025% diaminobenzidine tetrachloride (Sigma, St.
Louis, MO) in PBS supplemented with 0.04% hydrogen
peroxide. Sections were counterstained with 1:4 diluted
hematoxylin (Sigma), dehydrated in a graded series of
ethanols followed by xylene, and then mounted with
coverslips using Cytoseal XYL (Richard Allen Scientific,
Kalamazoo, MI). Brown staining indicates 8-OH-dG,
ERCC1, beclin-1, or beta-catenin expression, and blue
staining from hematoxylin identifies nucleoproteins in
the nucleus.
Statistical analysis
Because the data was non-normally distributed, the nonparametric Mann-Whitney U test was performed to test
for differences in occurrence of colonic and duodenal
tumors and adenocarcinomas between mice fed diet +
DOC and diet alone, and to determine if there were differences in the frequency of proximal and distal colonic
tumors in the mice fed diet + DOC. To determine if
there were correlations between mouse weight and number of tumors, a Pearson’s correlation coefficient was
calculated. The statistical analysis package Systat version
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Macroscopic phenotype of small intestine of mice fed
diet + DOC or diet alone
Most large mucosal nodules seen macroscopically in the
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8). Columns 9-11 indicate characteristics of tumors that
contain, or are entirely, clearly malignant and are at an
early or later stages. These include 7 intramucosal adenocarcinomas (ACs) (an early stage) (column 9), 9 ACs at
stage T1 (column 10) and 2 ACs at stage T2 (a late stage)
(column 11). In total, 18 tumors were all, or in part, ACs.
The polyps with low and high grade dysplasia (including
those with ACs) totaled 55, or an average of 2.5 colonic
neoplastic polyps or AC per mouse. The ACs often appreared to arise from a polyp with high grade dysplasia.
For example, the mouse weighing 53.7 g had 7 tumors
in the proximal colon, and one of these tumors was an
SSA from which an AC had arisen and the area of the
AC was ulcerated. Overall, 55 tumors were observed displaying morphological characteristics comprised of low
and high grade dysplasia, or invasive malignancy of various stages.
Ten of the 22 mice had ACs, with some mice having
more than one AC. There were 6 mice having just one
AC, 2 mice having two ACs, 1 mouse having 3 ACs and
1 mouse having 4 ACs. Thus 45% of these 22 mice had
at least one colonic AC after 10 mo of being fed diet +
DOC.

Figure 4 Opened segment of small intestine observed to have mucosal
nodules.

large intestines of mice proved to be tumors upon histopathological examination. However, many small mucosal
nodules were seen in the small intestine of each mouse, such
as shown in Figure 4. Following microscopic examination,
almost all were found to be benign Peyer’s patches similar to
those found in the human small intestine (Peyer’s patches
are gut-associated lymphoid tissue consisting of isolated or
aggregated lymphoid follicles, and are the immune sensors
of the intestine).
None of the small mucosal nodules in the small intestines of mice fed diet + DOC proved to be tumors.
However, of the 22 mice fed control diet, 3 of the mice
had small nodules that proved to be small adenomas.
These small adenomas occurred near the Ampulla of
Vater and Sphincter of Oddi (at the major duodenal papilla, in the second part of the duodenum), an area that
experiences concentrated bile acids as they exit the common bile duct into the small intestine. This is the usual
location of small intestinal tumors in humans, as well.
These tumors were not cancers.

Statistical analysis
As shown in Table 3, after 10 mo on the diet, 20 out of
22 (91%) of mice fed diet + DOC developed tumors
(cancers or adenomas) in their colons, and of these diet +
DOC fed mice, 10 (45%) had developed cancers. The 22
mice with no supplement to their diet had no cancers or
adenomas in their colons. There was a significant difference in the number of mice with colonic tumor development between those mice fed diet + DOC and those fed
diet alone (Mann-Whitney U, P < 0.000001 two-tailed).
There was also a significant difference in the number of
mice with cancer development between those mice fed
diet + DOC and those fed diet alone (Mann-Whitney U,
P = 0.00042 two-tailed).
Of the 57 total tumors found in the mice fed diet +
DOC (Table 2), 44 (83%) were found in the proximal
colon and 13 (23%) were found in the distal colon. There
was a significant difference between the numbers of tumors in the proximal region and the distal region (MannWhitney U, P = 0.0027 two-tailed).
Three of the mice fed the diet only, with no supplement, had small adenomas near the Sphincter of Oddi
(at the major duodenal papilla, in the second part of
the duodenum). No mice in the DOC + diet group had
adenomas in the duodenum. A Mann-Whitney U test to
determine if there was a significant difference in occurrence of adenomas in the duodenum in the diet + DOC
fed mice compared to the mice fed diet alone indicated
that there was no significant difference (P = 0.076).

Types and locations of tumors
For each mouse fed diet + DOC, Table 2 lists data in 11
columns (Note that mice were 6 to 8 wk old when received, acclimated to the control diet for 2 wk, and then
put on their diets for 10 mo, so that all mice, at termination, were 12 to 121/2 mo old). In column 1, all 22 mice
are listed by ascending weights. Columns 2 and 3 give the
total number and location (distal or proximal) of all neoplastic lesions in these mice. There were 13 distal and 44
proximal lesions, for a total of 57 lesions.
Columns 4-11 give characteristics associated with
the tumors enumerated in columns 2 and 3. Since any
particular tumor may have two or more distinguishing
characteristics, the total number of characteristics listed
is greater than the total number of tumors. Column 4
indicates that two of the tumors in mouse 12 were hyperplastic. Hyperplastic polyps do not exhibit dysplasia
and hence do not have malignant potential. Columns 5-8
give the characteristics of polyps exhibiting low and high
grade dysplasia. There were 37 with tubular adenoma
characteristics (TAs) (column 5), 15 with sessile serrated
adenoma characteristics (SSA) (column 6), 17 of these
adenomas (TA or SSA) had ulceration (column 7) and 3
adenomas displayed high grade dysplasia (HGD) (column

WJGO|www.wjgnet.com

Histology of human and mouse colonic tissues
compared
Pairs of adjacent images, Figures 5-8 below, illustrate the
histomorphology of human and mouse colonic epithe-
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Table 2 Mice fed diet + deoxycholic acid
Mouse
weights (g)

Locations of tumors
Distal
tumor

18.7
24
25
25.8
25.9
26.1
26.1
27.3
27.4
28.8
35.4
35.7
38.9
40
41.1
43
43.1
45.2
45.2
49.2
53.7
78.6
Totals

Hyper-plastic
polyp

Characteristics of polyps low and high grade dysplasia
including those from which cancers arose

Proximal
tumor

Tubular
adenoma

3

3
2
2

3
2
1

Sessile serrated
adenoma

1
3
1

3
1
3
2
5
2

3
2
5
2
None
3
2
3
4
2
1
1
2
None
7
3
44

None
2
2

None

13

2

3
2
2

1
2
1
2
1
3

Adenoma
with HGD

Intra-mucosal
AC

1

1

Stage T1
AC

Stage T2
AC

1
1
1
2
1
3

2
1
3
2

1
1
2

3
1
1
1

1

2

1
1

3
2

Ulcerated
adenoma

Stages of cancers found

4
3
15

37

1
17

4
3

7

9

2

AC: Adenocarcinoma; HGD: Highgrade dysplasia.

Table 3 Comparison of diet alone to diet + deoxycholic acid on colonic tumor and cancer development n (%)
Diet
Diet alone
Diet + DOC

Diet (mo)

Mice

10
10

22
22

Mice with tumors
(adenomas + cancers)
0
20 (91%)

Mice with cancer
0
10 (45%)

Tumors
1
(tumor burden )
0 (0)
57 (2.6)

Cancers
2
(cancer burden )
0 (0)
18 (0.82)

1

Tumor burden is the ratio of the number of tumors observed to the number of mice; 2Cancer burden is the ratio of the number of cancers observed to the
number of mice. DOC: Deoxycholic acid.

lial tissues. These Figures identify, in the legends and the
images, the specific histomorphological characteristics
that are crucial for characterizing either normal glandular
architecture or identifiable stages in progression towards
invasive adenocarcinoma. Stages shown include normal
non-neoplastic glands (crypts) (Figure 5), tubular adenomas (Figure 6), tubular adenomas with high grade dysplasia (Figure 7) and sessile serrated adenomas (Figure 8). In
each pair of tissues, the human and mouse crypts show
closely parallel specifically identifying histomorphological
characteristics. From the microscopic images alone, it is
difficult to distinguish whether the tissues are from a human or from a mouse, though when viewed side-by-side,
the mouse tissues are seen to have a smaller number of
cells per crypt.
Figures 9 and 10 identify, in the legends and the images, the specific histomorphological characteristics that
are crucial for characterizing invasive adenocarcinomas
of stages T1 and T2. Figure 9A also shows some of the
characteristics that may accompany colonic adenocar-
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cinomas. In this image the adenocarcinoma arose in association with, or arose from a sub clone of, a sessile serrated adenoma. In addition, this adenocarcinoma shows
ulceration of the colonic mucosa.
Only mouse tissues are shown in Figures 9 and
10, since human adenocarcinomas having penetration
through the muscularis mucosa and entry into the submucosa could not be shown at the same magnification
and still fit in the figure. These images were taken at
intermediate magnification (10× objective lens), a lower
magnification than the preceding images (taken with a 40
× objective lens).
Two examples of mouse colonic adenocarcinoma at
low magnification (taken with a 4× objective lens) are
shown in Figure 10. This magnification allows imaging of
the majority of the cancers in single fields of view. Figure
10A shows a section through an entire cancer at stage T1
with mucosal ulceration, and Figure 10B shows a section
through an almost entire cancer at stage T2.
Figure 11 shows portions of human and mouse stage
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A

B

50 μm

50 μm

Figure 5 Histologically normal human (A) and mouse (B) colonic crypts, cut along the long axis of crypts. The normal human and mouse glands (crypts) are
composed of columnar epithelial cells and goblet cells. Short arrows indicate typical goblet cells containing mucin (not stained, white in the image). About half of the
cells in the crypts are goblet cells. Nuclei are darkly stained. All crypts are normally aligned colonic mucosal glands with the bases of the crypts abutting the muscularis
mucosa. Long arrows indicate the muscularis mucosa. All crypt cells are parallel to each other and the nuclei are adjacent to each other, with no overlapping. Images
obtained with 40× objective lens.

A

B

50 μm

50 μm

Figure 6 Human (A) and mouse (B) crypts cut across the short axis, showing tubular adenomatous crypts as well as histologically normal crypts. Crypts
on the right in A and at the bottom of B have normal histology. Adenomatous crypts are seen to the left in A, and in the top half of B. Adenomatous glands show overlapping cells with hyperchromatic mitotically active nuclei (long arrows indicate examples of cells undergoing mitosis). Short arrows indicate typical goblet cells. The
goblet cells in adenomatous glands are decreased in frequency compared to goblet cells in the histologically normal glands. Images obtained with 40× objective lens.

A

B

50 μm
50 μm

Figure 7 Crypts of tubular adenomas with high grade dysplasia cut across the short axis, human (A) and mouse (B). Glands with high grade dysplasia show
overlapping cells with oval to round vesicular nuclei and prominent nucleoli (long arrows). Mitotic figures are abundant (short arrows). Complex architecture with infolding of crypts can also be seen. Images obtained with 40× objective lens.

IHC evaluation of molecular markers for progression to
colon cancer
Tissues had been preserved in paraffin from our previous
experiment where mice had been fed either the control diet,

T2 adenocarcinomas, showing adenomatous glands invading the muscularis propria. The presence of extravasated mucin, forming mucin pools adjacent to malignant
glands are seen in Figure 11B.
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232

July 15, 2014|Volume 6|Issue 7|

Prasad AR et al . Diet-related mouse cancer parallels human

A

B

50 μm

50 μm

Figure 8 Sessile serrated adenomas, human (A) and mouse (B), cut along the long axis. Serrated glands show star shaped crypt architecture (long arrows).
Adenomatous glands with hyperchromatic overlapping nuclei (short arrows) retaining goblet cells (arrow heads) are seen. Images obtained with 40× objective lens.
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200 μm

Figure 9 Two examples of mouse adenocarcinoma stage T1. A shows a sessile serrated adenoma in the right upper portion of the image and an ulcerated region
(long arrow) above an adenocarcinoma that had penetrated the muscularis mucosa. Both A and B show invasive glands (short arrows) infiltrating through the muscularis mucosa (MM) into the submucosa (SM). Images obtained with 10× objective lens.
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B

SM
MP
MP
500 μm

500 μm

Figure 10 Mouse adenocarcinomas at stages T1 (A) and T2 (B). A shows a section through an entire cancer at stage T1, and B shows a section through an almost entire cancer at stage T2. A shows infiltrating malignant glands (long arrow) in submucosa (SM) but not in muscularis propria (MP). B shows infiltrating malignant
glands (long arrows) within muscularis propria (MP). These adenocarcinomas are about 2 to 3 mm tall and about 6 mm wide and would correspond to the sizes of the
mucosal nodules seen in Figure 2A. Pale areas in B are pools of mucin. Images obtained with 4× objective lens.

diet + DOC or diet + DOC + CGA[9]. From the colons
of each of three mice on the different diets, a 4 micron tissue section was obtained and immunostained for location
and level of a marker of progression to colon cancer. The
segments of the colons evaluated were in regions of the
colon without a neoplastic lesion. Thus, we were evaluating colon segments for the presence of preneoplastic areas
from which a neoplastic lesion might be expected to arise.
The small number of mouse colons evaluated constituted
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a brief survey of molecular markers altered in progression
to colon cancer. The examples in Figures 12-16 were representative of the levels of biomarkers found, but with only
three tissue samples, variation of the expression of each
marker was not quantitated. As background information
for these tissues, we note that in the previous experiment
from which these tissues came, for the 12 mice fed the control diet none developed colonic neoplasia. For the 18 mice
fed diet + DOC, 94% had developed colonic neoplasia,
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A

B
MP

MP

0.2 mm

0.2 mm

Figure 11 Invasion of the muscularis propria by adenocarcinoma stage T2, human (A) and mouse (B). Malignant glands (long arrows) can be seen invading
the muscularis propria (MP). The pale areas within the stroma in B are mucin pools. Necrotic material is seen within the lumen of malignant glands in A and B. Images
obtained with 10× objective lens.
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Figure 12 Colonic epithelia from mice fed diet + deoxycholic acid (A, B) or mice fed control diet (C, D) immunostained (brown) for 8-OH-dG, counterstained with hematoxylin. Images obtained with 40× objective lens.

and for 56% of these mice the neoplasia had progressed
to adenocarcinoma. There had been 12 mice fed diet +
DOC + CGA, of which 64% developed colonic neoplasia,
and for 18% of these mice the neoplasia had progressed
to adenocarcinoma, so that CGA was somewhat protective
against colonic neoplasia and adenocarcinoma

on the standard diet and three had been fed diet + DOC.
Colonic tissue sections from each mouse were placed on
slides and immunostained for 8-OH-dG. Figure 12 shows
tissues from 2 mice fed diet + DOC (Figure 12A and B)
and 2 mice fed control diet (Figure 12C and D). Brown
stain indicates 8-OH-dG and blue is hematoxylin stain
for the chromatin in the nucleus. The level of 8-OH-dG
was graded in the nuclei of the colonic crypt cells by IHC
on a scale of 0-4. The nuclei of mice fed diet + DOC
were largely at levels 3 to 4 (Figure 12A and B) while for
mice fed diet alone were largely at levels 0 to 2 (Figure
12C and D). The images in Figure 12 were each uniform-

8-OH-dG in progression to colon cancer
As reviewed by Scott et al[14], the DNA damage 8-OH-dG
is carcinogenic. Six mice, on their diets for 8 mo, were
terminated and their colons removed for evaluation of
nuclear 8-OH-dG (Figure 12). Three of these mice were
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A

B

C

Figure 13 Human colonic mucosa immunostained (reddish brown) for excision repair cross-complementation group 1 with blue hematoxylin counter stain
for chromatin. A: From patient without colonic neoplasia; B: From tissue near a colon cancer; C: From cancer tissue. Images with 40× objective. Scale shows 50 μm.

ly enhanced in Paint Shop Pro 5 by increasing “shadow”
to 35 and “saturation” to 35 to allow enhancement of the
brown and blue colors for greater clarity in evaluating the
immunohistochemical staining.

A

ERCC1 deficiency in progression to colon cancer
We recently reported that expression of DNA repair
gene ERCC1 was generally deficient in the histologically
normal tissue surrounding human colon cancers (field
defects susceptible to carcinogenesis) and in colon cancers themselves[11,12]. Figure 13 shows examples of IHC
staining for ERCC1 of human colonic epithelia obtained
during these previous studies. As shown in these images,
the nuclei of cells in the colonic crypts of a patient without colonic neoplasm (Figure 13A) have high expression
of ERCC1. However, in the crypts near a colon cancer
(within 10 cm of a cancer in this example) (Figure 13B),
cells in the lower parts of crypts (in the stem cell and
proliferative regions) are usually deficient for ERCC1
while cells in the upper parts of the crypts and along the
colonic lumen have restored ERCC1 expression. Within
the area of a colon cancer (Figure 13C), ERCC1 is largely
absent from the nuclei. The images in Figure 13 were
each uniformly enhanced as described for Figure 12.
Nine mice, on their diets for 8 mo, were terminated
and their colons removed for evaluation of expression of
ERCC1. Three of these mice were on the standard diet,
three had been fed diet + DOC and three had been fed
diet + DOC + CGA. Colonic tissue sections from these
mice were immunostained for ERCC1. Figure 14 shows
typical colonic epithelial tissues from a mouse fed control
diet (Figure 14A), a mouse fed diet + DOC (Figure 14B),
and a mouse fed diet + DOC + CGA (Figure 14C). The
colonic crypt cells of mice fed the control diet for 8
mo have high expression of ERCC1 (Figure 14A). For
mice fed diet + DOC for 8 mo, cells in the lower parts
of crypts are deficient for ERCC1 while the upper parts
of the crypts usually have restored ERCC1 expression
(Figure 14B). The cells of mouse colonic crypts of mice
fed diet + DOC + CGA have high nuclear expression of
ERCC1 (Figure 14C). The images in Figure 14 were each

B

C

Figure 14 Mouse colonic epithelia with immunohistochemistry for excision repair cross-complementation group 1 (brown) and hematoxylin
(blue) for chromatin. Mice fed diets: A: Control; B: Diet + deoxycholic acid
(DOC); C: Diet + DOC + chlorogenic acid. Images obtained with 40× objective
lens. Scale shows 50 μm.

WJGO|www.wjgnet.com

235

July 15, 2014|Volume 6|Issue 7|

Prasad AR et al . Diet-related mouse cancer parallels human
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Figure 15 Immunohistochemistry of mouse colons for beclin-1. Mice fed diets: A: Control; B: Diet + deoxycholic acid (DOC); C: Diet + DOC + chlorogenic acid; D:
Negative control without primary antibody (blue hematoxylin stain for nuclei). Images taken with 40× objective lens.
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50 μm

Figure 16 Lower regions of mouse colonic crypts immunostained for beta-catenin. Mice fed diets: A: Control; B: Diet + deoxycholic acid (DOC); C: Diet + DOC
+ chlorogenic acid (CGA). In A (control diet), in the stem cell region (lowest cells in the crypts), cells have beta-catenin expression localized to their membrane regions
as shown by arrows. In B (diet + DOC), the stem cell region shows substantial nuclear localization of beta-catenin (arrows). In C (diet + DOC + CGA), stem cell region
nuclei are largely deficient in beta-catenin, and the cytoplasm has low levels of beta-catenin, similar to the levels in mice fed the control diet alone. Images taken with
40× objective lens.

Increased beclin-1 in progression to cancer
Beclin-1 is a central player in autophagy. The modulation of macroautophagy is now recognized as one of
the hallmarks of human cancer cells[15]. Figure 15 shows
colonic epithelium of mice immunostained for beclin-1,
where the mice in Figure 15A-C were fed different diets
for 8 mo. The level of beclin-1 was graded in the colonic
crypt cells by IHC on a scale of 0-4. In the colonic epithelium of mice fed the control diet for 8 mo (Figure
15A) beclin-1 staining was at level 1. For mice fed diet
+ DOC (Figure 15B), expression was at level 4, and for
mice fed diet + DOC + CGA expression was at level

uniformly enhanced as described for Figure 12.
The mice fed the control diet had expression of
ERCC1 (Figure 14A) that matched human ERCC1 expression for humans without colonic neoplasia (Figure
13A). The mice fed diet + DOC (and generally progressing to colonic neoplasia) had ERCC1 expression (Figure
14B) that matched human ERCC1 expression in a field
defect giving rise to a cancer (Figure 13B). The mice
fed diet + DOC + CGA, which had substantially fewer
cancers[9], also had a level of ERCC1 expression (Figure
14C) that was similar to that of mice fed the control diet
(Figure 14A).
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mice were the second generation (F2) of a cross between
two well established, inbred, wild-type strains: C57BL/6J
and 129S1/SvlmJ. The phenotypes of these F2 wild-type
mice is expected to be varied, since the contribution of
the two parental wild-type strains will be different in each
F2 offspring. The varied weights of these mice may mimic the weight variations in the general human population.
A SKEW calculation on all the data had a value of
0.0896 indicating it was approximately symmetrically distributed. A t test was then applied to determine if there
were significant differences between the weights of the
control-fed and the diet + DOC-fed mice, using the assumption of unequal variances (since the variances were
different). The two-tailed t test, which indicates if the
differences between the two populations are larger or
smaller than each other, gave a P-value of 0.159, indicating that there is no significant difference between the two
populations in distributions of weight. An ANOVA analysis using the same datasets also gave a P-value of 0.159.
Thus distributions of weights were similar and there was
no significant difference between the weight distributions
for the two types of diets. There was also no systematic
association of type of tumor development with weight
of the mice fed diet + DOC. A Pearson correlation
analysis determined the weight of the mice fed a DOCsupplemented diet was not correlated to the number of
colonic tumors found (P = 0.78).

Figure 17 Two mice, raised in the same pan, had different weights after
10 mo on their diet. The heavier mouse and the lighter mouse both appeared
to be healthy and active.

3. For mouse colonic epithelium stained without the
primary antibody (Figure 15D), staining was at level 0.
These images were not enhanced.
Increased nuclear beta-catenin in the stem cell region in
progression to cancer
The images in Figure 16 show the lower regions of
mouse colonic crypts (including the stem cell regions) of
mice that had been placed on three different diets for 8
mo - control diet, diet + DOC or diet + DOC + CGA.
The colonic stem cell region showed only membrane expression of beta-catenin in samples of colonic epithelial
tissue from all three of “control diet”-fed mice that were
assessed here (one example is shown in the figure). The
colonic stem cell region showed high nuclear expression
of beta-catenin in samples of colonic epithelial tissue
from all three of these diet + DOC fed mice that were
assessed here (one example is shown in the figure). The
colonic stem cell regions showed very low levels of betacatenin in samples of colonic epithelial tissue from all
three of the mice fed diet + DOC + CGA that were
assessed here (one example is shown in the figure). The
images in Figure 16 were each uniformly enhanced as described for Figure 12.

DISCUSSION
Similarity of DOC in diet + DOC mouse colons to that of
humans on a high fat diet
For humans on a non-controlled omnivorous diet in
London England, the level of DOC in the feces averaged 3.2 mg/g dry weight[16]. A high fat human diet in the
United States doubles the colonic DOC concentrations[17]
and would subject people to colonic exposure to DOC at
an average value in their feces of about 2 × 3.2 mg/g = 6.4
mg/g dry weight. Addition of 0.2% DOC for 6 mo to
the diet of 18 wild-type male mice produced mouse feces
with 4.6 mg DOC/g dry weight (comparable to the 6.4
mg/g dry weight for humans on a high fat diet). Mice on
a control diet for 6 mo, on the other hand, had feces with
less than a tenth the level of fecal DOC, having 0.3 mg
DOC/g dry weight. Among the 18 mice fed diet + DOC,
17 developed colonic tumors in our previous study[9], including 10 mice with colon cancers. In our present study,
using female mice instead of male mice, we confirmed
a high frequency of colon cancer (10 of 22 mice) with
mice fed diet + DOC.

Weight distributions
The final weights of mice fed the control diet for 10 mo
were quite varied, with the lowest weight being 25.2 g
and the highest being 63.1 g. The mouse with the median
weight was at 41.3 g. The distribution of weights for mice
fed diet + DOC varied from 18.7 to 78.6 g, with a median weight of 35.5 g. Each mouse was weighed weekly,
and no weight loss was detected for any of the mice
during their 10 mo on each diet. Mice with relatively low
weights at the end of 10 mo on their diets merely gained
weight more slowly than heavier mice.
Each mouse, without respect to weight, appeared to
be healthy and active (Figure 17). The variation in mouse
weights, like the variation in colors of these mice (Figure
1), was likely due to the variation in their genetic constitutions. As pointed out in the Materials and Methods, the
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Parallel histology of mouse model colon tumors and
human colonic tumors
Histopathologic evaluation constitutes the gold standard
for determining progression of colonic epithelium to colon cancer, to which other methods are compared[10]. Using histopathologic evaluation, we showed that mice fed
diet + DOC progress to colon cancer in a manner closely
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reviewed by Cortopassi et al[20], multiple studies show that
mice have about a 5.9-fold lower level of DNA repair
than humans. A model proposed by these authors suggests that the earlier occurrence of colon cancer in mice
fed diet + DOC, compared to humans, could be due to
the DNA damaging nature of DOC and the lower DNA
repair rate in mice.

similar to such progression in humans.
We found that tumors in these diet + DOC fed mice
mimic each of the histopathologic features of progression to colon cancer in humans that we tested. The features illustrated in Figures 6-11 include tubular adenomas,
tubular adenomas with high grade dysplasia, sessile serrated adenomas, adenocarcinomas of category T1 (cancers that have invaded through the muscularis mucosa
and extended into the submucosa), and adenocarcinomas
of category T2 (cancers that have invaded through the
submucosa and into the muscularis propria). As in the
great majority of humans progressing to colon cancer, no
tumors were found in the small intestines of these DOCfed mice.

Field defects in progression to cancer
Colon cancers are known to arise within a “field defect,”
an area of the colon predisposed to progression to cancer[21]. As pointed out by Rubin[22], field defects are of
crucial importance in progression to cancer. Multiple
tumors in a localized area during progression to colon
cancer indicate a field defect.
Macroscopically, we found multiple colonic tumors in
the same colonic area, indicating that colonic tumors in
both mice and humans often occur within a field defect.
We previously reported, by immunhistochemical evaluation, that the colonic mucosa surrounding human colon
cancers has biomarker alterations indicative of a field defect as well[11]. We can speculate that some of the mutant
or epigenetically altered cells are produced due to an early
deficiency in ERCC1 (and possibly to deficiencies in other
un-evaluated DNA repair proteins). Such cells would be
genetically unstable and could acquire a growth advantage
(e.g., apoptosis resistance) due to further mutations and/
or epimutations. We have shown that colonic epithelial
cells grown in culture and repeatedly exposed to increasing concentrations of DOC underwent natural selection
to develop resistance to apoptosis[23]. These apoptosisresistant cells were altered in expression in 839 out of
5000 genes assessed by cDNA assay[23] and in 91 of 454
proteins detected by a proteomic analysis[24]. Cells with a
growth advantage, upon proliferation, may form a defective field, which, with further mutation and epigenetic alteration due to bile acids, and further selection, could give
rise to tumors, and eventually, to a colon cancer.

Locations of tumors in our mouse model and in humans
All of the tumors found in our previous study with male
mice[9] were in the proximal colons of the mice. In our
current study with female mice, the majority of tumors
were in the proximal colon, with 44 of the 57 tumors
or 77% of tumors being in the proximal colon. This is
somewhat different from tumors in the human colon
where tumors are found to be more nearly equally distributed between the proximal and distal regions of the
colon. However, the level of DOC in the different regions of the human colon depends on two factors, while
it was primarily dependent on only one factor in the
mice fed diet + DOC. The first factor in humans is the
continuous deconjugation and dehydroxylation (by bacteria) of the cholic acid entering the colon from the small
intestine. This bacterial action generates newly formed
DOC throughout the length of the colon[18]. The second
factor in humans is the high level of absorption (about
50% overall) of DOC as it passes along all the regions
of the colon[19]. In humans, the level of DOC would
be about the same throughout the colon. In our mouse
model, on the other hand, the level of DOC in mice fed
diet + DOC starts off high in the proximal region of
the colon. In contrast to humans, conversion of cholic
acid to DOC is likely relatively insignificant for these
mice since about 90% of the DOC in the colons of the
mice fed diet + DOC comes from the added DOC in the
diet rather than from conversion of cholic acid to DOC
in the colon. Presumably, there is similar absorption of
DOC from all regions of the colon in mice, as occurs in
humans. Thus, there should be higher levels of DOC in
the proximal regions of the colons of the mice compared
to that in their distal regions. In our mice, much of the
DOC would be absorbed as it travels down the length of
the mouse colon. If tumors are caused by interaction of
relatively high levels of DOC with colonic epithelial cells,
then it is likely that, in our system, the majority of tumors
would occur in the proximal colons of the mice, while
in humans, with a more even distribution of DOC along
the colon, tumors would occur in both the proximal and
distal regions of the colon.
Tumors and colon cancers in mice occurred at an
earlier age than normally found in humans. However, as
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Oxidative DNA damage, the antioxidant CGA, and DNA
repair in colon cancer
As reviewed by Bernstein et al[25] exposure of colon cells
to high physiologic concentrations of DOC increases formation of reactive oxygen species (ROS), increases DNA
damage, and causes apoptosis. A particularly important
oxidative damage to DNA is 8-OH-dG, considered to
play a central role in carcinogenesis[14]. A central enzyme
in repair of oxidative damage to DNA is ERCC1[26]. In
our present study 8-OH-dG is substantially increased and
protein expression of ERCC1 is substantially decreased
in the colonic epithelium of mice fed diet + DOC and
progressing to colon cancer.
Chlorogenic acid (CGA) is an ester formed between
caffeic acid and quinic acid, and is widely available in
many food products, especially in coffee, blueberries and
eggplant[27,28] and can even be purchased as diet supplement capsules containing 50% CGA. CGA is an excellent
natural scavenger of free radicals because the one-elec-
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morigenesis. Depending on the type of cancer and the
context, macroautophagy can be a tumor suppressor or
it can help cancer cells to overcome metabolic stress and
advance[15]. In particular, beclin-1 appears to be a central
player in the mechanisms that control the level of p53. In
addition, beclin-1 activates the autophagic pathway and
this contributes to apoptosis resistance, which might have
a role in carcinogenesis[31]. In mouse colonic epithelial tissues beclin-1 was increased in mice fed diet + DOC (Figure 15B), but this increase was reduced in mice fed diet +
DOC + CGA (Figure 15C).

Gastrointestinal cells
Exposure to high DOC
ROS

↑8-OH-dG
CGA
Death
Apoptotic
cells

↓ERCC1
Survival

Survival with
successful
repair

Cells with extra
DNA damage
Replication
and repair
Increase in cells with
mutations and
epigenetic changes

Normal
cells

Beta-catenin in progression to cancer
Four major signaling pathways are frequently altered in
the later stages of progression to sporadic human colon
cancer, and three other pathways have also been identified. The most frequent pathways are Wnt/beta-catenin,
TGF-beta receptor, Notch, and Hedgehog, while the
other pathways are the EGFR, RAS/RAF/MAPK cascade and PI3K/Akt[32]. No one pathway is altered in all
sporadic colon cancers. However, beta-catenin nuclear
accumulation is found in 40% to 80% of primary human
colon cancers[33,34] and in 67% of sessile serrated adenomas progressing towards human colon cancer[35]. We assessed beta-catenin and found that it is translocated into
the nucleus of cells in the stem cell region of mouse colonic crypts in mice fed diet + DOC, but this translocation is reduced if CGA is also added to the diet (indicated
in Figure 16).

Repeated
exposure to
high DOC

Repeated exposure over
months to high DOC
Mutant and epigenetically altered
cells with a growth advantage
↑Beclin 1 (autophagy)
CGA

Mutant and epigenetically altered cells with
dysregulation of b-catenin
↑b-catenin in nucleus and cytoplasm
CGA

Cancer

Difficulties with previous rodent models of colon cancer
Rosenberg et al [36], in a 2009 review of then-current
mouse models of colonic carcinogenesis, noted that
they lack an invasive phenotype. Corpet et al[37] noted in
2005 that most then-current rodent models of colonic
carcinogenesis did not share several significant genetic
events and histopathological features of human colon
cancers.
In the New Western diet (NWD)[38] mouse model
of colon cancer (based on a diet deficient in calcium,
vitamin D3, fiber, methionine and choline, plus increased
corn oil) mice developed the same frequency (4 out of
15 mice) of small intestinal tumors as colon tumors after
2 years on the diet. This is unlike intestinal cancers in
humans where only 6% as many small intestinal cancers
develop compared to the frequency of colon cancers[39].
In addition, no mice solely on the NWD developed fully
invasive colonic adenocarcinomas[38].

Figure 18 Likely path of progression to colon cancer in mice and humans,
indicating key roles of the molecular markers evaluated here and the
points of effects of chlorogenic acid in mice. CGA: Chlorogenic acid; DOC:
Deoxycholic acid; ERCC1: Excision repair cross-complementation group 1.

tron oxidation product of CGA formed by the reaction
with free radicals is rapidly broken down to products that
cannot generate further free radicals[29].
We previously tested 19 antioxidants to evaluate their
effect on expression of DNA repair proteins[30]. Only
chlorogenic acid (CGA) and its metabolic derivatives increased expression of two DNA repair enzymes in that
study. In our previous report on our new diet-related
mouse model of colon cancer[9], CGA, fed to mice at a
level equivalent to three cups of coffee a day for humans,
substantially reduced the incidence of colon cancer for
mice fed diet + DOC. Here, CGA in the diet largely
prevented the reduction in protein expression of DNA
repair protein ERCC1, central to repair of oxidative damage to DNA, that otherwise occurs with feeding mice
diet + DOC.

Pathway of progression to colon cancer
A likely pathway for progression to colon cancer is
shown in Figure 18. This figure indicates presumed major
steps in progression to colon cancer. The key roles of the
molecular markers we evaluated in our diet-related mouse
model of colon cancer are shown in red. The effect of
CGA on these markers is also indicated by arrows.
Bile acids, especially DOC, cause increases in DNA
damaging ROS in colon cells[40-43]. DOC-induced ROS

Beclin-1 and autophagy
Beclin-1 is a central player in autophagy. The modulation
of autophagy is now recognized as one of the hallmarks
of human cancer cells. Accumulating evidence indicates
that autophagy plays a role in the various stages of tu-
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are shown in Figure 18 as an early step in our diet-related
pathway to colon cancer.
A major type of DNA damage caused by ROS is
8-OH-dG[44]. 8-OH-dG is mutagenic[45], and an initiator of carcinogenesis[14]. Thus, increased 8-OH-dG, as
found by us in the epithelium of mice fed diet + DOC, is
shown in Figure 18 as a key step in progression to colon
cancer.
DNA damage appears to be a primary underlying
cause of cancer[46]. Cells that retain unrepaired DNA
damage, upon replication, may give rise to daughter cells
with increased mutations by translesion synthesis[47,48].
Inaccurate or incomplete repair of DNA damages may
also give rise to mutations or epigenetic alterations[49,50].
Such increased mutations and epigenetic alterations likely
underlie progression to cancer, as indicated in Figure 18.

part of the genome is only about 1.5% of the entire genome[56]. There are also about 20000 to 80000 mutations
in the entire genome of various cancers[57,58]. This compares to the very low mutation frequency of about 70
new mutations in the entire genome between generations
(parent to child) in humans[59,60]. The very high mutation
frequency in cancer cells may be due to the frequent epigenetic deficiencies in DNA repair genes that likely occur
early in progression to cancer. This is illustrated near the
top of Figure 18. ERCC1 deficiency may have a major
role in genomic instability in colon cancers. In our present study, mice progressing to colon cancer are deficient
in protein expression of ERCC1 in the stem cell regions
of colonic crypts.
The diet-related mouse model of colon cancer described here appears to be the closest model to human
development of colon cancer that is currently available. It
is based on elevated colonic levels of the natural endogenous bile acid DOC, long thought (from epidemiological
evidence) to be important in initiation and progression to
colon cancer[6,7]. It closely parallels human progression to
colon cancer, both by the gold standard of histopathology and by the molecular markers tested. This mouse
model may be uniquely useful in experiments involving
the prevention or treatment of colon cancer.

Deficiencies in DNA repair genes and genomic instability
In sporadic cancers, a deficiency in DNA repair may
sometimes occur due to a mutation in a DNA repair
gene. However, much more frequently, reduced or absent
expression of DNA repair genes occurs due to epigenetic
alterations that reduce or silence gene expression. For example, for 113 colorectal cancers examined in sequence,
only four had a missense mutation in the DNA repair
gene MGMT, while the majority had reduced MGMT
protein expression due to methylation of the MGMT
promoter region (an epigenetic alteration)[51]. Similarly,
out of 119 cases of mismatch repair-deficient colorectal
cancers that lacked DNA repair gene PMS2 expression,
PMS2 protein was deficient in 6 due to mutations in the
PMS2 gene, while in 103 cases PMS2 protein expression
was deficient because its pairing partner the MLH1 protein was epigenetically repressed due to promoter methylation (PMS2 protein is unstable in the absence of MLH1
protein)[52]. In the other 10 cases, loss of PMS2 protein
expression was likely due to epigenetic over-expression
of the microRNA, miR-155, which down-regulates
MLH1 protein expression[53]. Epigenetic deficiencies in
expression of DNA repair proteins are virtually always
present in colon cancers[46]. Epigenetically caused DNA
repair protein deficiencies and the frequencies with which
they are reported in colon cancers are MSH2 (13%),
MLH1 (2%-65%), WRN (38%), MGMT (46%-90%),
XPF (55%), PMS2 (88%) and ERCC1 (100%)[46]. ERCC1
protein deficiency was observed in all of the 47 human
colon cancers evaluated[11] and thus ERCC1 deficiency
appears to be one of the most prevalent DNA repair
deficiencies in progression to colon cancer in humans.
ERCC1 protein was also found to be deficient in histologically normal colonic epithelial tissues in mice fed diet
+ DOC and progressing to colon cancer (Figure 14).
A major characteristic of cancer is the presence of
genomic instability (a mutator phenotype)[54]. This may be
due to deficiency of a human DNA repair enzyme, such
as ERCC1[11,46]. The average colon cancer has about 60 to
70 protein altering mutations of which about 3 or 4 may
be “driver” mutations[55]. However, the protein coding
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COMMENTS
COMMENTS
Background

Colon cancer is the second most frequent cause of cancer mortality among
men and women combined, in both more developed and less developed areas
of the world. Diet appears to be the major factor affecting frequency of colon
cancer. Up to now, however, there has not been an established diet-related
rodent model that closely parallels human progression to colon cancer. Such a
model is needed to have an effective basis for experiments exploring the prevention or treatment of colon cancer.

Research frontiers

Bile acids delivered to the colon in response to a high fat diet have long been
hypothesized to have a key role in development of colon cancer. In support
of this hypothesis, it was recently found that the concentration of the bile acid
deoxycholate in the feces of native Africans is only 1/5th as high as in African
Americans, and the frequency of colorectal cancer in native Africans is less
than 1/72nd the frequency of colorectal cancer in African Americans. An important area of research is to determine the molecular changes and neoplastic
consequences caused by increased deoxycholate in the colon.

Innovations and breakthroughs

The study of experimental colon carcinogenesis in rodents has a long history,
dating back about 70 years to an experiment of adding methylcholanthrene to
the food of mice. Most studies were done with potent chemical carcinogens,
which would not likely cause the same types of DNA damages that are caused
by natural dietary factors. More recently, studies were also done with transgenic, knockout and knockin genetic models. In addition, a mouse model of colon
cancer (based on a diet deficient in calcium, vitamin D3, fiber, methionine and
choline, plus increased corn oil) was devised. A notable disadvantage of these
models was that induced tumors generally lacked an invasive and metastatic
phenotype, and for many models, small intestinal neoplasias were often as
frequent (or more frequent) than colon cancers, unlike the situation in humans.
In addition, mutational alterations frequently present in human colon cancers
were often not present in artificial rodent models of colon cancer. Thus, the finding that the natural endogenous bile acid deoxycholate actually caused colon
cancer in a mouse model is an important contribution. Authors consider that this
model should produce the typical types of DNA damages produced in humans
by high physiologic levels of bile acids. Also, this model only produces cancers
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in the colon, the location of almost all human intestinal cancers. Authors now
show that the cancers produced are invasive and have morphological features
and molecular markers consistent with those found in human progression to
colon cancer.

Applications

13

Terminology

14

The results of the present study indicate that this diet-related mouse model of
colon cancer (with human physiologic levels of deoxycholate) will provide a
more effective basis for experiments exploring the prevention or treatment of
colon cancer than has previously been available.
Human physiologic levels of deoxycholate are levels of deoxycholate found in
humans eating a diet high in milk fat (sour cream, butter) and beef fat, or high in
corn oil. Cancer mortality is the frequency of deaths due to a particular form of
cancer.

15

Peer review

This study analyzes a novel diet-related model of colon cancer that parallels
human progression to colon cancer, using both histomorphological criteria and
molecular biomarkers. It also shows the ameliorating effects of dietary chlorogenic acid (a common component of blueberries, eggplant and apples) on molecular biomarkers of progression to colon cancer. This study is, undoubtedly,
highly relevant for future research in human colonic cancer.
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D-ribofuranoside, EGCG, KU-55933, quercetin, resveratrol and salicylates) or AMPK inhibition (compound
C) failed to reveal increased medium acidification and
increased glucose uptake in colon cancer cells as previously established with metformin and phenformin. The
only exception was 5-aminosalicylic acid with which
there were apparently lower glucose levels in the medium after incubation for 72 h. Further study in the
absence of cells revealed that the effect was an artifact
due to inhibition of the enzyme-linked glucose assay.
The compounds were studied at concentrations that
inhibited cell proliferation.
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CONCLUSION: It was concluded that treatment with
several agents that can affect AMPK activity resulted in
the inhibition of the proliferation of colon cancer cells
under conditions in which glucose metabolism is not
enhanced, in contrast to the effect of biguanides.
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Abstract
AIM: To determine if other molecules reported to
modulate AMP-dependent protein kinase (AMPK) activity would have effects resembling those of metformin
and phenformin on colon cancer cell proliferation and
metabolism.

Core tip: Treatment with several agents that can affect AMP-dependent protein kinase activity resulted in
the inhibition of the proliferation of colon cancer cells
under conditions in which glucose metabolism is not
enhanced, in contrast to the effect of biguanides.

METHODS: Studies were performed with four human colon cancer cell lines, Caco-2, HCT116, HT29 and
SW1116. The compounds that were studied included
A-769662, 5-aminoimidazole-4-carboxamide-1-ribofuranoside, butyrate, (-)-epigallocatechin gallate (EGCG),
KU-55933, quercetin, resveratrol and salicylates. The
parameters that were measured were cell proliferation
and viability, glucose uptake, lactate production and
acidification of the incubation medium.

Lea MA, Pourat J, Patel R, desBordes C. Growth inhibition of
colon cancer cells by compounds affecting AMPK activity. World
J Gastrointest Oncol 2014; 6(7): 244-252 Available from: URL:
http://www.wjgnet.com/1948-5204/full/v6/i7/244.htm DOI: http://
dx.doi.org/10.4251/wjgo.v6.i7.244

INTRODUCTION

RESULTS: Investigations with several molecules that
have been reported to be associated with AMPK activation (A-769662, 5-aminoimidazole-4-carboxamide-1-bWJGO|www.wjgnet.com

In previous publications we reported that the biguanides,
metformin and phenformin, inhibited proliferation of
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colon cancer cells under conditions in which glucose
uptake was increased and there was increased glycolysis
as judged by acidification of the incubation medium[1,2].
This is an unusual combination of effects and raises the
question of whether other molecules might have similar
action. Although the biguanides have a long history in
the treatment of Type Ⅱ diabetes there has been uncertainty regarding their mechanism of action[3,4]. Interest in
mechanisms has been further stimulated by observations
that metformin may exert a cancer chemopreventive effect and this has led to ongoing clinical trials against different types of cancer[5,6]. The most commonly suggested
mechanisms for the action of biguanides include a stimulation of AMP-dependent protein kinase (AMPK) and
inhibition of complex Ⅰ in the mitochondrial electron
transport chain. The hypothesis to be tested in the present work was that other molecules reported to modulate
AMPK activity would have effects on colon cancer cell
proliferation and metabolism resembling those of biguanides. We chose to examine the action of a variety of
compounds that have been reported to activate or inhibit
AMPK. Activators included A-769662[7], 5-aminoimidazole-4-carboxamide-1-b-D-ribofuranoside (AICAR)[8],
(-)-epigallocatechin gallate (EGCG) [9], KU-55933 [10],
quercetin[11], resveratrol[12] and salicylates[13]. The most
widely studied inhibitor of AMPK is compound C and
that compound has been shown to affect proliferation
of colon cancer cells[1]. Butyrate has been most commonly considered as an inhibitor of histone deacetylase
activity but activation of AMPK by butyrate has been
reported. In a previous study we observed that the induction of alkaline phosphatase by butyrate in colon cancer
cells was not significantly affected by coincubation with
A-769662[1]. However, in the present work some additive
effects on metabolism and cell proliferation have been
seen after coincubation of butyrate and A-76992 with
colon cancer cells.

Life Technologies Corporation, Carlsbad, CA, United
States.
Reagents
A-769662 was purchased from LC Laboratories, Woburn,
MA, United States. AICAR, butyrate, (-)-epigallocatechin
gallate, metformin, phenformin, quercetin, resveratrol,
salicylic acid, acetylsalicylic acid, 4-aminosalicylic acid and
5-aminosalicylic acid were obtained from Sigma-Aldrich,
St. Louis, MO, United States. KU-55933 was purchased
from Selleck Chemical, Houston, TX, United States.
pH determination
pH determination with an electrode was found previously
to correlate well with changes in the light absorbance at
560 nm reflecting changes in the pH indicator, phenol
red, where a higher absorbance reflects a higher pH[1].
The latter method was found particularly convenient for
work with 96 well plates and was used routinely in the
present work.
Glucose assay
Glucose was assayed in the cell culture medium using
GAGO-20 Kit from Sigma-Aldrich. This is a colorimetric
procedure in which the oxidation of glucose is coupled
with glucose oxidase and peroxidase to the oxidation of
dianisidine.
Lactate assay
Lactate in the medium was determined using the assay kit
obtained from Eton Bioscience, San Diego, CA, United
States.
Statistical analysis
Data are presented as means and standard deviations.
Statistical significance of the results was determined by a
two-tailed Student’s t test or by Dunnett’s test for multiple
comparisons using the Instat program from GraphPad
Software, Inc., La Jolla, CA, United States. A probability
of less than 5% was considered significant and differences compared to the control are shown.

MATERIALS AND METHODS
Cells and determination of cell proliferation
SW1116, HCT116, HT29, and Caco-2 human colon
cancer cells were obtained from the American Type Culture Collection, Rockville, MD, United States, and were
incubated at 37 ℃ in RPMI-1640 medium with 5% fetal
calf serum. Of these cell lines, the HCT116 cells exhibited the most rapid proliferation, and the slowest growth
was seen with the SW1116 cells. Cell proliferation was
generally monitored by the increase in protein. In studies
with 96-well plates, the procedure involved staining with
sulforhodamine B essentially as described by Vichai et
al[14]. Cells were routinely allowed to attach to tissue culture dishes or 96-well plates for 24 h before changing the
medium. The cells were then incubated for a further 72 h
before determining the impact of the compounds under
study on medium pH, glucose concentration, and cell
proliferation as judged by protein mass. Cell viability was
monitored using the Presto Blue Viability Reagent from

WJGO|www.wjgnet.com

RESULTS
The uptake of glucose by HCT116 colon cancer cells was
inhibited by incubation with butyrate or A-769662 for
72 h. This is shown in Figure 1A where the final glucose
concentrations in the medium are shown after an initial
glucose concentration of 2 mg/mL. Decreased glucose
uptake paralleled decreased acidification of the incubation medium (Figure 1B) and decreased lactate production (Figure 1C). The data in Figure 1D indicate inhibitory effects of butyrate and A-769662 on proliferation of
HCT116 cells as judged by staining with sulforhodamine
B. The data in Figure 2A-D show similar responses in
HT29 cells to those seen with HCT116 cells. Measurement of metabolic activity in HT29 cells as reflected in
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Figure 1 Effects of incubation of HCT116 WT cells for 72 h with butyrate. A-769662 (A) on glucose concentration of the incubation medium (A), medium pH (B),
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Figure 3 Effects of incubation of Caco-2 cells (A) and SW1116 cells (B) for 72 h with butyrate (but) and A-769662 (A) on cell proliferation. aP < 0.05, bP < 0.01
vs control group.
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vs control group.

the reduction of Presto Blue show a similar profile to
that seen with sulforhodamine B staining and suggest
some additive action when there is coincubation with butyrate and A-769662 (Figure 2E). Effects on metabolism
in the more slowly growing Caco-2 and SW1116 cells
were not as marked as in the more rapidly growing HT29
and HCT1116 cells but the results in Figure 3 show some

WJGO|www.wjgnet.com

degree of additive effect of butyrate and A76992 on the
inhibition of cell proliferation.
Significant effects on glucose uptake were not seen
when Caco-2 cells were incubated for 72 h with 0.5 and
1 mm AICAR but as shown in Figure 4A there were
increases in medium pH suggesting less glycolysis and
this was accompanied by decreased proliferation (Figure
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Figure 5 Effects of incubation of HCT116 wild type or p53 null cells. Effects of incubation of HCT116 wild type or p53 null cells for 72 h with butyrate
and AICAR on acidification of the incubation medium (A), medium glucose concentration (B) and cell proliferation (C). aP < 0.05, bP < 0.01 vs control group.

Figure 6 Effects of incubation of HT29 cells. Effects of incubation of HT29
cells for 72 h with butyrate and AICAR on acidification of the incubation medium
(A), medium glucose concentration (B) and cell proliferation (C). aP < 0.05, bP <
0.01 vs control group.

4B). With the more rapidly dividing HCT116 wild type or
p53 null cells there were significant decreases in medium
acidification when cells were incubated with 0.5 mmol/L
AICAR (Figure 5A) together with decreased glucose uptake (Figure 5B) and decreased cell proliferation (Figure
5C). Similarly with HT29 cells, AICAR at 0.1, 0.25 and 0.5
mmol/L caused the same trends (Figure 6).
In addition to effects of AMPK activators, inhibi-
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tory effects on medium acidification, glucose uptake,
lactate production, reduction of Presto Blue and cell
proliferation were also seen when the AMPK inhibitor,
compound C, was incubated for 72 h with HCT116 cells
(Figure 7).
Studies with several molecules that have been re-
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Figure 7 Effects of incubation of HCT116 WT cells. Effects of incubation of HCT116 WT cells for 72 h with compound C on acidification of the incubation medium
(A), glucose concentration of the incubation medium (B), medium lactate concentration (C), reduction of Presto blue (D) and cell proliferation (E). aP < 0.05, bP < 0.01
vs control group.

ported to be associated with AMPK activation (salicylates,
EGCG, KU-55933, quercetin and resveratrol) failed to
reveal increased medium acidification and increased glucose uptake in colon cancer cells as previously established
with metformin and phenformin[1]. The only exception
was 5-aminosalicylic acid with which there were apparently lower glucose levels in the medium after incubation
for 72 h (Figure 8A). This was surprising because the
effect was not associated with increased medium acidification as seen with the biguanides and was seen at a
concentration that did not result in significant inhibition
of cell proliferation (Figure 8B). Further examination in
the absence of cells revealed that the effect was an artifact due to inhibition of the enzyme-linked glucose assay.
There was specificity for the effect because it was seen
with 5-aminosalicylic acid but not with 4-aminosalicylic
acid (Figure 9). The effect was seen with two samples of

WJGO|www.wjgnet.com

5-aminosalicylic acid from Sigma-Aldrich, one containing
95% and the other containing 98% of the compound.

DISCUSSION
Our previous studies on the effects of metformin and
phenformin on colon cancer cells revealed an unusual
combination of effects[1]. These were an inhibition of
cell proliferation despite an increase in glucose uptake
and an increase in lactate production as monitored by
acidification of the medium. Information in the literature
suggests that biguanides may inhibit complex 1 of the
mitochondrial transport chain and may result in activation
of AMPK. The latter effect may not be direct and may be
a consequence of increased levels of AMP and ADP or
may be mediated through an upstream kinase, LKB1. We
chose to examine the significance of AMPK activation on
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molecules have been reported [20]. We have extended
our earlier studies with compound C and found that at
concentrations frequently used to inhibit AMPK (1-10
μmol/L) it can be a potent inhibitor of colon cancer cell
proliferation, most notably with HCT116 cells. Under
those circumstances there was decreased glucose uptake
and decreased acidification of the medium.
Potential chemopreventive action against colon cancer
has been noted for some salicylates including acetylsalicylate[21] and 5-aminosalicylate[22]. At a concentration of
1 mmol/L we found that acetylsalicylic acid was a more
potent inhibitor of colon cancer cell proliferation than
5-aminosalicylic acid. However, only with 5-aminosalicylic
acid was there an apparent increase in glucose uptake.
Further studies in the absence of cells indicated that this
effect was due to interference with the enzyme-linked
assay procedure for glucose. The assay uses a combination of glucose oxidase and peroxidase. It remains to be
established whether one of these enzymes was more sensitive to the action of 5-aminosalicylic acid.
The tendency of cancer cells to show increased rates
of glucose uptake and glycolysis even under aerobic conditions has become known as the Warburg effect. There
is a paradox in that biguanides are of interest for their
preventive or therapeutic action against cancer despite
the observation that they seem to enhance the Warburg
effect. The degree to which activation of AMPK relates
to anti-cancer actions of biguanides remains an area of
uncertainty[23-25]. It may be concluded from the present
study that treatment with several agents that can affect
AMPK activity results in the inhibition of the proliferation of colon cancer cells under conditions in which glucose metabolism is not enhanced.
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Figure 9 Effect of 5-aminosalicylic acid and 4-aminosalicylic acid. Effect
of 5-aminosalicylic acid (5ASA) and 4-aminosalicylic acid (4ASA) on the assay
of glucose in the RPMI 1640 medium that had not been incubated with colon
cancer cells.

the metabolism and proliferation of colon cancer cells by
studying the action of a variety of compounds reported
to affect AMPK activity. The best characterized of these
are A-769662[15] and AICAR[16]. These two compounds
were found to be potential inhibitors of colon cancer cell
proliferation but we observed neither an increase in glucose uptake nor increased medium acidification. To the
contrary, decreased glucose uptake and decreased medium
acidification was seen particularly with the more rapidly
proliferating HT29 and HCT116 colon cancer cells.
Some of the compounds that were studied have
been reported to be activators or inhibitors in different systems. Thus, quercetin has been reported to be an
activator of AMPK[11] but Kim et al[17] found inhibition
of AMPK by quercetin in HCT116 cells. Activation of
AMPK by resveratrol has been reported[12,18] but Skrobuk et al[19] reported a situation in skeletal muscle where
AMPK was inhibited by resveratrol. Compound C has
consistently been found to be an inhibitor of AMPK.
Although Compound C is a cell-permeable pyrrazolopyrimidine compound that can act as a reversible and ATPcompetitive inhibitor of AMPK, actions on other target
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affect AMP-dependent protein kinase (AMPK) activity.
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Ongoing studies are investigating whether actions of biguanides on cancer
cells relate to modulation of AMPK activity, effects mediated through inhibition
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The observations described here emphasize that while biguanides and other
compounds that modulate AMPK activity can affect the proliferation of cancer
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the extracellular environment.
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Applications
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AMPK activity.
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AMPK regulates metabolism so as to increase ATP production and limit ATP
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upregulation of AMPK.
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The authors have investigated the inhibition of growth of colon cancer cells by
compounds that affect AMPK activity but have divergent effect on metabolism.
They have managed to show that treatment with several agents that can affect
AMPK activity results in the inhibition of the proliferation of colon cancer cells
under conditions in which glucose metabolism is not enhanced.
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RESULTS: Out of the 964 patients included in the
study, 9 (0.93%) were found to have appendiceal carcinoids. The mean age reported was 28.7 years with a
male to female ratio of 2:1. Eight tumors were located
near the tip of the appendix with a mean diameter of 3.3
mm, while the remaining one was near the proximal
end of the appendix. All the cases were associated with
concomitant suppurative appendicitis. In seven reported cases, tumors were confined to the muscular layer
while in one case each there was an extension to the
serosa and mesoappendix, respectively. All tumors were
found to be positive for chromogranin A, synaptophysin
and neuron-specific enolase on immunohistochemistry
but negative for cytokeratin-7. None of the patients
developed recurrence or any reportable complications
in the short follow-up period (12-26 mo) that was arranged as a six-monthly re-evaluation by abdominal
ultrasonography.
CONCLUSION: Our study found a higher incidence of
appendiceal carcinoids in patients undergoing emergency appendectomy for acute appendicitis in Sharjah,
UAE compared to two previous studies from the Persian
Gulf region. Interestingly, tumors were found to be
more commonly in young males, which is in contrast to
previous studies. Moreover, all the tumors were positive
for common neuroendocrine markers.

Abstract
AIM: To determine the incidence and clinico-pathological profile of appendiceal carcinoids in a cohort of
patients undergoing emergency appendicectomies for
clinically suspected acute appendicitis in Sharjah, United Arab Emirates (UAE).
METHODS: The study included the retrospective data
of 964 patients operated for clinically suspected acute
appendicitis, and the resected specimens were received
at Al-Qasmi Hospital (Sharjah) from January 2010 to
December 2010. The data of the patients who were
histologically reported to have carcinoid tumors of the
appendix were extensively evaluated for the patient’
s demographics, indication for surgery, surgical procedure, tumor localization in the appendix, diameter
of the lesion, concomitant appendicitis, immunohisto-
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Key words: Appendix; Carcinoid; Prevalence; Sharjah
United Arab Emirates
Core tip: Incidence of appendiceal carcinoids is higher
in patients undergoing emergency appendectomy for
acute appendicitis in Emirate of Sharjah compared to
two previous studies from the same geographical region. Moreover, tumors were found more commonly in
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young males in contrary to previous studies.

Table 1 Clinicopathological characteristics of patients with
appendiceal carcinoids from Emirates of Sharjah

Anwar K, Desai M, Al-Bloushi N, Alam F, Cyprian FS. Prevalence and clinicopathological characteristics of appendiceal carcinoids in Sharjah (United Arab Emirates). World J Gastrointest
Oncol 2014; 6(7): 253-256 Available from: URL: http://www.
wjgnet.com/1948-5204/full/v6/i7/253.htm DOI: http://dx.doi.
org/10.4251/wjgo.v6.i7.253

Patient
1
number

INTRODUCTION
Carcinoid tumors are rare, slow-growing neuroendocrine
tumors arising from the enterochromaffin cells disseminated throughout the gastrointestinal and bronchopulmonary systems[1]. The biological behavior of these tumors
is poorly understood. Carcinoid tumors are considered
indolent tumors as compared to adenocarcinoma, yet
they have a potential to exhibit highly aggressive behavior. Although in 2004 they accounted for 1.25% of all
malignancies, their frequency is augmenting by 6% annually[2]. In an American study the most common primary
tumor site varied by race, with the lung being the most
common in white patients, and the rectum as the most
common site in Asian/Pacific Islander, American Indian/
Alaskan Native, and African American patients[3].
The incidence of gastrointestinal carcinoids in both
males and females has concurrently increased. A recent
study from England analyzing the anatomic distribution
of the tumors in 10324 cases revealed the commonest
site to be the appendix, small intestine, colon, stomach
and rectum in the decreasing order of frequency[4]. Additionally, the largest absolute increase in incidence of the
carcinoid was also reported at the site of the appendix[4].
Recent data report the overall incidence of carcinoid
tumors among patients undergoing emergency appendectomies between 0.27% and 1.6%[5,6].
Appendiceal carcinoid tumors are clinically silent and
are usually an incidental finding in patients undergoing
surgery for suspected acute appendicitis or during incidental appendectomy in the course of relevant abdominal
surgery procedures[7]. Most appendiceal carcinoids are located at the tip of the organ. They are usually diminutive,
measuring less than 1 cm, and rarely grow beyond than 2
cm in diameter[8]. Immunohistochemically carcinoid tumors of the gastrointestinal tract including the appendix
express general neuroendocrine markers, such as chromogranin A, synaptophysin, non-specific enolase (NSE),
CD56 and glucagon[9]. The gold standard treatment is
surgical treatment by resection of the whole appendix for
carcinoids located around the tip. In cases where the tumor is larger than 2 cm or located at the base of the appendix, a wider resection has to be performed with right
hemicolectomy[1,2,4] .
The aim of the current study was to determine the incidence and clinicopathological characteristics of appendiceal carcinoids along with their immunohistochemical
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2

Age
(yr)

Gender

Tumor
size (mm)

Extension

Tumor
localization

1

25

M

8

Serosal layer

2
3
4
5
6
7
8
9

29
33
19
28
54
25
18
27

M
M
M
M
M
F
F
F

4
4
2
1
1
4
3
3

Mesoappendix
Muscular layer
Muscular layer
Muscular layer
Muscular layer
Muscular layer
Muscular layer
Muscular layer

28 mm from
proximal end
Tip
Tip
2 mm from tip
Tip
6 mm from tip
13 mm from tip
Tip
10 mm from tip

1

All cases underwent open appendectomy for clinical diagnosis of
appendicitis which was further confirmed on microscopic examination;
2
No vascular invasion was identified in any case. M: Male; F: Female.

profile in a cohort of patients undergoing emergency appendectomies for clinically suspected acute appendicitis
in Sharjah, United Arab Emirates (UAE).

MATERIALS AND METHODS
This retrospective study was carried out at the Pathology Department of Al-Qasmi Hospital, Sharjah, UAE,
which is the only tertiary care government facility in the
region for the histopathological analysis of the surgical
specimens. This study includes all consecutive patients
who underwent appendectomies between January 2010
and December 2010 in Sharjah, UAE, and their specimens were received at the hospital for analysis. Only the
data of the patients who were histologically reported to
have carcinoid tumors of the appendix was reviewed for
the patient’s age, gender, indication for surgery and surgical procedure. The histological analysis included tumor
localization in the appendix, evaluation of the diameter
of the lesion after fixation with formaldehyde, concomitant appendicitis, and immunohistochemical analysis of
chromograninin A, synaptophysin, NSE, serotonin, carcinoembryonic antigen (CEA), CK-7 and cytokeratin-20
(CK-20). Patient follow-up was conducted for those diagnosed with carcinoids only every 6 mo and recurrence
evaluated by abdominal ultrasonography.

RESULTS
Nine hundred and sixty-four patients underwent appendectomies during the study period, of whom 9 (0.93%)
were found to have histological evidence of carcinoid
tumors of the appendix. The clinicopathological data in
relation to carcinoids are shown in Table 1. There were
6 male and 3 female patients with a mean age of 28.7
years (range, 18-54 years). All the cases were operated
for a clinical suspicion of appendicitis. Histologically 4
carcinoid lesions were demonstrated at the tip, another 4
ranged from 2-13 mm away from the tip and one lesion
was located 28 mm from the base of the appendix. The
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Table 2 Immunohistochemical characterization of appendiceal carcinoid tumors in patients from Emirates of Sharjah
Patient number

Age (yr)

Sex

CG

Synaptophysin

NSE

5-HT

CEA

CK20

CK7

25
29
33
19
28
54
25
18
27

M
M
M
M
M
M
F
F
F

+
+
+
+
N/D
+
+
+
+

+
+
+
+
N/D
+
+
+
+

+
+
+
+
N/D
+
+
+
+

+
N/D
+
+
+

N/D
+
-

+
N/D
-

N/D
-

1
2
3
4
5
6
7
8
9

CG: Chromogranin; NSE: Non-specific enolase; 5-HT: Serotonin; CEA: Carcinoembryonic antigen; CK-20: Cytokeratin 20; CK-7: Cytokeratin 7; N/D: Not
determined as the tissue sample was unavailable for the staining procedure; M: Male; F: Female.

mean diameter of the tumors was 3.3 mm (range, 1-8
mm). Concomitant suppurative appendicitis was present
in all cases. Seven tumors were confined to the muscular
layer, while one case exhibited an extension to the serosa
and another extended to the mesoappendix. The margins
of all the resected tissue samples received for histological
analysis, however, were free of tumor cells.
In one case the tissue sample from the tip was very
infinitesimal to be evaluated by immunohistochemistry
(IHC). The rest eight tumors were positive for chromogranin A, synaptophysin and NSE as shown in Table 2.
Four tumors were additionally found to be positive for
serotonin and one each for CEA and CK-20. None of
the tumors was positive for CK-7.
All patients remained disease-free after a median
follow-up duration of 22 mo (range, 12-26 mo).

tumors at 0.93% per annum in the pathological specimens obtained during emergency appendectomies. This
incidence is quite high compared to that reported by two
other studies conducted in the same geographical region.
The reported incidence in appendectomy specimens
from Iran was 0.2% and that from Saudi Arabia 0.6%[12,13].
However, in most studies from other geographical regions the incidental histological diagnosis of carcinoid
ranged from 0.3%-0.9% in patients undergoing appendectomy[8]. In a recent study conducted in a community
teaching hospital in South Australia, appendiceal carcinoids were even found to occur in 1.6% of emergency
appendectomies performed for acute appendicitis[6].
We did not observe a female preponderance in our
patients with carcinoids as suggested in many previous
studies[12-14]. We are unable to explain this gender disparity
in our study where males were affected by this neoplastic lesion twice as frequently as females. There may be,
however, a strong environmental bias in the UAE for this
discrepancy. The gut microbiome influences both the development of the mucosal immune system as well as the
regulation of epithelial regeneration[15]. Previous literature
has indicated carcinoid tumors to be distributed among
younger age groups (20-30 years of age) and their preferential location in the tip of the appendix, with the latter
being attributed to the increased density of subepithelial
neuroendocrine cells near the tip[16,17]. Our observations
in the present study confirm these findings (Table 1). The
average age for males was 31.3 years while for females it
was 23.3 years. The mean overall age of the patients was
28.7 years.
Approximately 80% of appendiceal carcinoids are less
than one centimeter in diameter[8]. Our present findings
are consistent with previous studies as the tumor size in
all cases in our study were less than one centimeter, with
eight cases measuring between 1 and 5 mm and one 8 mm
in diameter. Seven carcinoids were confined to the muscular layer, while one extended into the serosal layer and
another one was located in the mesoappendix (Table 1).
All carcinoid tumors evaluated in this series showed
positive IHC staining for common neuroendocrine
markers. Interestingly, all the samples identified were
positive for chromogranin A, synaptophysin and neu-

DISCUSSION
Carcinoid tumors were not considered to be common
tumors, but recent studies suggest an abrupt increase in
their incidence and prevalence over the last few decades.
Additionally, the appendix has been identified as one of
the most common sites for carcinoids in the gastrointestinal tract[3,10]. The reason for this rise remains, as yet,
obscure, although an increase in the number of elective
appendectomies was considered to be one of the contributing factors. Contrary to this belief, a recent study
demonstrated that the number of surgeries did not actually influence the incidence of appendiceal carcinoids[6].
However, more extensive pathological examination
including multiple sections from different parts of the
appendix may have played a part in detecting even the
tiny foci of the tumors. Our present findings validate this
hypothesis since most of the carcinoids identified were
relatively small in size (1-4 mm in diameter). Carcinoid
tumors are generally asymptomatic due to their small size
and specific location in the appendix and are commonly
diagnosed as an incidental finding in emergency or elective appendectomy specimens[11]. Although the majority
of the carcinoids exhibit benign behavior, they do have a
malignant potential with the ability to metastasize[7].
Our present study reports the incidence of carcinoid
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ron-specific enolase (Table 2). However, four carcinoids
were positive for serotonin and one each for CEA and
CK-20, respectively, all of them had a size between 1-4
mm. A previous study has demonstrated variable staining for these markers (62%-85%) in gastrointestinal carcinoinds[9]. The staining characteristics observed in our
study were not associated with any other clinicopathological characteristics.
Although some carcinoids have been reported to be
aggressive, none of the patients had recurrence or any
reportable complications in the short follow-up period
(12-26 mo). Histological analysis of the draining lymph
nodes or the liver was not performed due to gross normal appearance and unremarkable abdominal ultrasonographic findings in these patients. The metastatic potential of carcinoids cannot be accurately assessed based
on the follow-up duration, and this is a limitation of the
current study.
Our seminal study from this region shows the incidence of appendiceal carcinoids in patients undergoing
emergency appendectomies for clinically suspected acute
appendicitis from Sharjah, UAE to be higher than that reported by two previous studies from the same geographical region. Contrary to other studies, young males were
involved two times more commonly than the females. All
tumors were found positive for common neuroendocrine
markers.
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PROSPECTIVE STUDY

Patient prompting of their physician resulted in increased
colon cancer screening referrals
Vu Le, Saqib Syed, Kenneth J Vega, Tushar Sharma, Mohammad F Madhoun, Nandakumar Srinivasan,
Courtney W Houchen
internal medicine (IRMC, underinsured) and family medicine (FMRC, insured) resident clinics prior to
scheduled visits. In the intervention group, a pamphlet
about the benefit of CRC-S and a reminder card were
given to patients before the scheduled visit for prompting of CRC-S referral by their PCP. The main outcome
measured was frequency of CRC-S referral in each clinic
after intervention.
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RESULTS: In the IRMC, 148 patients participated, a
control group of 72 patients (40F and 32M) and 76
patients (48F and 28M) in the intervention group. Referrals for CRC-S occurred in 45/72 (63%) of control vs
70/76 (92%) in the intervention group (P ≤ 0.001). In
the FMRC, 126 patients participated, 66 (39F:27M) control and 60 (33F:27M) in the intervention group. CRC-S
referrals occurred in 47/66 (71%) of controls vs 56/60
(98%) in the intervention group (P ≤ 0.001).
CONCLUSION: Patient initiated physician prompting
produced a significant referral increase for CRC-S in underinsured and insured patient populations. Additional
investigation aimed at increasing CRC-S acceptance is
warranted.
© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Colon cancer; Screening; Primary care;
Physician patient relationship; Referral

Abstract

Core tip: Colon cancer screening only performed in
approximately 60% of Americans over 50 years old.
Inadequate communication between patient and physician is a significant obstacle to obtaining appropriate
screening, especially in the underinsured population.
Patient initiated prompting of their primary care physician for colorectal cancer screening with colonoscopy
increased referrals in both underinsured and insured
patient groups.

AIM: To determine whether a communication instrument provided to patients prior to their primary care
physician (PCP) visit initiates a conversation with their
PCP about colorectal cancer screening (CRC-S), impacting screening referral rates in fully insured and underinsured patients.
METHODS: A prospective randomized control study
was performed at a single academic center outpatient
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to figure out our study if he received a reminder note on
one patient and not the other. A two-page questionnaire
was designed to assess the referral patterns and preferred
screening method for CRC. Questions on the survey included demographic parameters (age, race, gender, and
education level), whether their PCP had referred them
for CRC-S, the screening method recommended, whether
the participants accepted the screening referral, presence
of insurance coverage for CRC-S, and knowledge that
CRC could be prevented using screening. Upon completion of the study, all patients in the control group were
given the CRC-S pamphlet for use.
The primary outcome was to determine if patient-initiated prompting for CRC-S of their primary care physicians increased CRC-S referrals. We wanted to determine
if a communication instrument provided to patients
initiated a conversation with their primary care physicians
about CRC screening, especially via colonoscopy. The
secondary outcome was to determine whether differences exist in regard to patient-physician communication
patterns about screening among residents and faculty in
the general internal medicine and family practice clinics.
We were also interested in the method of CRC-S given to
the patients and the overall acceptance rates for CRC-S
among patients.

Le V, Syed S, Vega KJ, Sharma T, Madhoun MF, Srinivasan N,
Houchen CW. Patient prompting of their physician resulted in
increased colon cancer screening referrals. World J Gastrointest
Oncol 2014; 6(7): 257-262 Available from: URL: http://www.
wjgnet.com/1948-5204/full/v6/i7/257.htm DOI: http://dx.doi.
org/10.4251/wjgo.v6.i7.257

INTRODUCTION
In spite of the available evidence suggesting effectiveness
of colorectal cancer screening (CRC-S), approximately
50% of the United States population over 50 years old
has not had CRC-S[1]. According to the National Cancer
Institute, in 2009 the estimated new cases of colon cancer
and rectal cancer in United States were 106100 and 40870
respectively. The estimated death of these combined cancers was 49920 (www.cancer.gov). Several studies have
been conducted to understand the barriers for colorectal
screening [2]. Inadequate communication between the
primary care physician (PCP) and patient, including lack
of a physician’s recommendation for testing and patients
unawareness were found to be important barriers[2-4].
Other investigators have shown colonoscopy as a safe
and feasible primary screening test[5]. In addition, studies
have also shown that in average risk patients, colonoscopy screening found 0.5%-1.0% have colon cancers and
5%-10% have advanced neoplasia that can be removed
during the screening[5-9]. Providing educational material
and a method for the patient to express interest in CRC-S
to their PCP could increase referral for this screening.
The aim of our study was to determine if patient initiated prompting of their PCP for CRC-S would increase
referrals in both underinsured and insured patients.

Statistical analysis
The minimum sample size required to detect a referral frequency difference of 25% after patient initiated
prompting was calculated using a confidence level of
95% and confidence interval of 5%. The sample size
needed for each group was 52 patients. Differences between groups were analyzed using the unpaired Student’s
t-test for normally distributed data or the Mann-Whitney
U test for skewed data. The χ 2 test was used for comparisons of categorical variables. Multivariate analysis using
stepwise logistic regression was performed to identify
independent factors associated with CRC-S referral. All
statistical analysis was done using SAS software (v 9.1.3,
SAS Institute, Cary, NC). All statistical tests were carried
out at an alpha of 0.05.

MATERIALS AND METHODS
From November 2008 to November 2010, all patients
seen in Family Medicine Resident Clinic (FMRC, insured)
and Internal Medicine Resident Clinic (IMRC, underinsured) waiting areas were screened for CRC-S eligibility.
Those patients meeting criteria for screening but never
having been screened previously were considered eligible
for the study. Eligible patients were assigned randomly
to either a control or intervention group. Intervention consisted of a pamphlet describing the benefit of
CRC-S, given to patients prior to their PCP visit and a
reminder note about CRC screening to be given to their
physician during the encounter. The pamphlet discussed
colon cancer incidence, frequency, deaths, prevention,
need for screening, risk factors, symptoms, available
screening methods with colonoscopy preferred based on
ACG guidelines. In order to not reveal the purpose of
our study to resident physicians, patients were randomly
assigned as control group or intervention group on different clinic days. Since, each resident physician only see
patients on one specific day of clinic, and by randomizing patients on the same day will allow the physicians
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RESULTS
A total of 274 patients were included from both clinic
sites in the present investigation. One hundred forty eight
(148) patients were seen in the IMRC and 126 were seen
in the FRMC (Figure 1). Among the IRMC patients, 72
(40F:32M) were in the control group and 76 (48F:28M)
in the intervention group. In the FRMC patients, 66
(39F:27M) were in the control group and 60 (33F:27M)
in the intervention group. No differences were observed
in baseline parameters of control or intervention groups
from either of the 2 clinics (Table 1). Patient initiated
prompting of PCP (intervention) resulted in a significant
referral increase for CRC-S in both underinsured and
insured patient populations. In the IMRC, 63% in the
control group (45/72) got referrals for CRC-S vs 92% in
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A

Enrollment

Assessed for eligibility (n = 320)
Excluded (n = 172)
Not meeting inclusion criteria (n = 150)
Declined to participate (n = 22)
Randomized (n = 148)

Allocation
Allocated to control (n = 72)
Received allocated control (n = 72)

Allocated to intervention (n = 76)
Received allocated intervention (n = 76)

Analysis
Analysed (n = 72)

Analysed (n =76)

B

Enrollment

Assessed for eligibility (n = 367)
Excluded (n = 241)
Not meeting inclusion criteria (n = 211)
Declined to participate (n = 30)
Randomized (n = 126)

Allocation
Allocated to control (n = 66)
Received allocated control (n = 66)

Allocated to intervention (n = 60)
Received allocated intervention (n = 60)

Analysis
Analysed (n = 66)

Analysed (n = 60)

Figure 1 Patient distribution in both clinics between intervention and control groups. A: Internal medicine resident clinic (underinsured); B: Family medicine
resident clinic (insured).

the intervention group (70/76, P ≤ 0.001, Figure 2A).
In the FMRC, 47/66 (71%) in the control group were
referred for CRC-S vs 56/60 (98%) in the intervention
group (P ≤ 0.001, Figure 2B).
No difference was seen in referral acceptance between
the 2 clinics. Among those who got referrals for CRC-S
in the IMRC, 31/45 (69%) in the control group vs 41/70
(59%) in the intervention group accepted the referrals,
(P = NS, Figure 2A). In patients from FMRC who were
referred for CRC-S, 36/47 (77%) in the control group
vs 41/56 (73%) in the intervention group accepted the
referral, (P = NS, Figure 2B). In univariate analysis, factors related CRC-S referrals were having insurance (60%
vs 46%, P = 0.045), male gender (38% vs 54%, P = 0.027),
knowledge of CRC recommendations (46% vs 26%, P =
0.0085) and patients initiated promoting of PCP (interWJGO|www.wjgnet.com

vention) (58% vs 18%, P < 0.0001). On multivariate logistic regression analysis, male gender (OR = 0.49, 95%CI:
0.26-0.93, P = 0.03) and patient initiated promoting the
PCP (OR = 6.3, 95%CI: 2.9-13.2, P < 0.0001) were identified as independent predictors (Table 2).
All patients referred for CRC-S were offered colonoscopy as the only screening method. Patients were
not advised of any other CRC-S method after declining
colonoscopy. Overall, 37% of participants in the IMRC
and 35% in the FRMC declined CRC-S recommended
by the physicians. The primary issue influencing patients’
decision to defer CRC-S referral was financial difficulty.
Bowel preparation fear, procedure related complications,
unsure of colonoscopy benefit, and concern of finding
cancer were other, less frequent reasons for not accepting
CRC-S referral (Figure 3).
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Table 1 Patients characteristics
Characteristics

P value

IMRC
Control group

Number of patients
Median age (range), yr
Sex
Male
Female
Ethnicity
Non-hispanic white
African American
Others
Health Insurance
Yes
No
Education
< High school graduate
High school graduate
College graduate
Past medical history
Hypertension
Diabetes mellitus
Heart disease
Liver disease
None
Alarm symptoms
Yes
No
Family history of CRC
Yes
No
Had a colonoscopy
Yes
No
Knowledge of CRC recommendations
Yes
No
Know colonoscopy prevents CRC
Yes
No

Intervention group

P value

FMRC
Control group

Intervention group

72
54 (51-64)

76
56 (49-70)

66
55 (48-68)

60
54 (47-66)

32
40

28
48

27
39

27
33

35
26
9

45
24
9

30
25
11

32
19
9

12
60

19
57

66
0

60
0

12
54
6

25
41
10

7
29
30

5
31
24

56
31
4
6
12

60
26
7
6
6

51
25
5
5
3

37
21
5
3
9

20
52

33
43

28
38

26
34

11
61

4
72

12
54

7
52

6
66

11
65

9
57

8
52

14
58

26
50

36
30

38
22

35
37

46
30

42
24

42
18

NS

NS

CRC: Colorectal cancer; IMRC: Internal medicine resident clinic; FMRC: Family medicine resident clinic.

A 100%

Intervention
Control

90%

B 120%

Intervention
Control

100%

80%
70%

80%

60%
50%

60%

40%
40%

30%
20%

20%

10%
0%

Referral rates

Acceptance rates
from referrals

Overall acceptance
rates

0%

Referral rates

Acceptance rates
from referrals

Overall acceptance
rates

Figure 2 Patterns of referral and acceptance. A: In internal medicine resident clinic (underinsured patients); B: Family medicine resident clinic (Insured patients).

in the United States[1]. Early stage detection of colorectal
cancer has a survival rate of around 80%[1]. Despite the
proven efficacy of colorectal cancer screening, only about
50% of eligible patients in the United States are currently

DISCUSSION
Colorectal cancer is the fourth most common cancer diagnosed and second leading cause of cancer related death
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Table 2 Univariate and multivariate analysis of factors impacting colon cancer screening referral n (%)
Offered CRC screening
(n = 210)

Not offered CRC screening
(n = 54)

P value

55 ± 4
116 (55)
83 (38)
57 (26)
131 (60)
23 (11)
91 (42)
23 (11)
99 (46)
126 (58)
102 (47)

55 ± 4
26 (48)
31 (54)
13 (23)
26 (46)
5 (8)
16 (28)
11 (19)
15 (26)
10 (18)
24 (42)

0.810
0.350
0.027
0.590
0.045
0.680
0.056
0.076
0.0085
< 0.0001
0.510

Age, mean ± SD
White race
Male sex
Higher education
Insured
Limiting medical problems
Symptomatic
Family history
Knowledge of CRC recommendations
Received pamphlet
Family medicine providers
CRC: Colorectal cancer.

Insured
Underins

80%
70%
60%
50%
40%
30%
20%
10%
0%

Money

Complications

Golytely

Unsure benefit

Fear of cancer
diagnosis

Others

Figure 3 Factors resulting in declining referral between insured and underinsured patients. Underins: Underinsured patients.

being screened[1]. Effective interventions as attempts to
increase the referral for CRC-S are lacking. Studies have
identified that a lack of communication between physicians and patients was the most common factor resulting in inadequate referrals for CRC-S[2-4]. However, few
studies focus on the patient as a factor that contributes
to this issue. The primary outcome of our study was to
determine if patient initiated prompting of their PCP for
CRC-S would increase referrals in both underinsured and
insured patients. Increasing patient awareness combined
with PCP prompting by patients about CRC-S resulted in
increased referral rates.
Among the intervention groups in both clinics, ethnicity did not appear to impact the frequency of patient
prompting of physician for CRC-S (data not shown). It
is well known that African Americans do not get CRC-S
as frequently as non-Hispanic whites[10]. This intervention
may help narrow the CRC-S disparity observed, improving long term outcome from this disease.
Multiple barriers to colorectal cancer screening referral by PCPs have been identified in the literature[11-15]. The
present study reveals another method where PCPs can
be reminded of patient interest in CRC-S and provide
appropriate referral for the procedure. This type of intervention using patient prompting of their PCP could
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decrease the burden on the PCP to remember appropriate CRC-S recommendations, resulting in an increased
screening rate overall.
Referral rates after intervention were found to be
increased in both clinic populations but acceptance
rates after referral were less in both intervention groups,
unexpectedly. This resulted in lower overall acceptance
rates for both clinics and was not significantly different
between intervention or control groups. Multiple factors
have been identified which contribute to a reduced acceptance rate for CRC-S[16]. In our study, multiple issues
were evident. First, college education was more prevalent
in patients with medical insurance coverage and more of
these individuals were aware of current CRC-S literature
than underinsured patients. However, this did not impact
whether CRC screening was offered. Secondly, we observed a higher acceptance rate, in insured patients, for
CRC-S offered by their primary physicians compared to
the underinsured which has been reported by previous
investigators[17-19]. Finally, acceptance rate for CRC-S was
increased in patients with alarm symptoms compared to
asymptomatic patients in both control and intervention
groups. The most common limiting factor influenced
patient’s decision to refuse CRC screening was financial
affordability in both underinsured (72%) and insured
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populations (36%) even though significantly lower in
the insured population. Procedure complications, bowel
preparation concerns, colonoscopy benefit uncertainty,
and fear of finding cancer were other less common reasons for not accepting referrals.
A limitation to the present study is not using other
screening methods available if colonoscopy is declined.
As colonoscopy was considered the test of choice and
other methods, if positive, result in colonoscopy referral,
use of alternative screening tools appeared redundant to
the investigators. However, some individuals may prefer
colonoscopy only following a positive result from another screening tool and should be considered in larger scale
investigations.
CRC-S referrals significantly increased with patient
initiated prompting of physicians for such screening.
Larger investigations, using this method, directed towards
increasing acceptance of CRC-S are warranted.
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Use SI units. For example: body mass, m (B) = 78 kg; blood pressure,
p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, blood
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