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Abstract

Preventive approaches against cancer have not been
fully developed and applied. For example, the incidence
of some types of cancer, including colon cancer, is
highly dependent upon lifestyle, and therefore, ame-
nable to prevention. Among the lifestyle factors, diet
strongly affects the incidence of colon cancer; how-
ever, there are no definitive dietary recommendations
that protect against this malignancy. The association
between diet-derived bioactives and development of
colonic neoplasms will remain ill defined if we do not
take into account: (1) the identity of the metabolites
present in the colonic lumen; (2) their concentrations
in the colon; and (3) the effect of the colonic contents
on the function of individual bioactives. We review two
approaches that address these questions: the use of
fecal water and /n vitro models of the human colon.

(4 9
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Compared to treatment with individual diet-derived
compounds, the exposure of colon cancer cells to sam-
ples from fecal water or human colon simulators mim-
ics closer the /n vitro conditions and allows for more
reliable studies on the effects of diet on colon cancer
development. The rationale and the advantages of
these strategies are discussed from the perspective of
a specific question on how to analyze the combined ef-
fect of two types of bioactives, butyrate and polyphenol
metabolites, on colon cancer cells.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Human colon model; Fecal water; Diet;
Colon cancer; Prevention; Butyrate; Polyphenols; WNT
signaling

Core tip: Studies on diet and colorectal cancer are in
their infancy, and the relevance of many publications
on the topic is questionable due to three problems: (1)
there is uncertainty about which diet-derived com-
pounds are present in the colon; (2) most studies
have focused on individual bioactives; whereas, food
intake results in complex metabolite mixtures; and (3)
the physiological concentrations of many colonic bioac-
tives are unknown. Here we discuss how the use of fe-
cal water samples and /7 vitro models of human colon
address these problems.

Bordonaro M, Venema K, Putri AK, Lazarova DL. Approaches
that ascertain the role of dietary compounds in colonic cancer
cells. World J Gastrointest Oncol 2014; 6(1): 1-10 Available from:
URL: http://www.wjgnet.com/1948-5204/full/v6/il/1.htm DOI:
http://dx.doi.org/10.4251/wjgo.v6.i1.1

INTRODUCTION
Within the past 100 years, the leading causes of death
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have changed dramaticallym‘ Approximately a century
ago, the three leading causes of death were influenza
and/or pneumonia, tuberculosis, and gastrointestinal
(G]) infections. However, in 1997 less than 5% of the
deaths were attributed to pneumonia, influenza, and hu-
man immunodeficiency virus infection; whereas, heart
disease and cancers accounted for more than 50% of
all deaths™, In 2008, the American Cancer Society pro-
jected that soon cancer will become the leading cause of
death worldwide, and the 2010 data for United States
indicate almost equal number of deaths caused by heart
disease and cancer (597689 »s 574743, respectivelym).
Recent projections of mortality and causes of death by
the World Health Organization also support cancer as
emerging leading cause of death in both, economically
developed and developing countries”, How are these
changes explained? The deaths from infectious diseases
declined due to the implementation of childhood vacci-
nations, improvements in sanitation and hygiene, and the
discovery of antibiotics. Except for the use of antibiotics,
these approaches are classified as preventive measures.
The more recent reduction of total cardiovascular death
is also attributed to prevention; thus, massive educational
efforts have raised the awareness of what constitutes a
healthy lifestyle, and novel medications that control high
blood pressure and cholesterol levels have been intro-
duced into clinic. Therefore, the decreased deaths from
infectious and heart diseases ate mainly attributed to the
development of preventive measures.

Unfortunately, the full power of prevention has not
been applied in the battle against cancer. Presently, the
focus is on cancer treatment, and as a result, billions of
dollars are invested in drug development. The new arse-
nal of molecularly targeted anti-cancer drugs has raised
hopes; however, it is increasingly clear that although
“targeted” therapies prolong patients’ lives, their benefit
is limited in time by the inevitable acquisition of drug
resistance. Combination therapies that incorporate con-
ventional chemoradiation and molecularly targeted drugs
might be the next step; however, the lesson from the past
is that to obtain a significant victory against any disease,
we need to emphasize on primary prevention.

Similar to the trend of personalized cancer treat-
ment, future cancer prevention measures should be
stratified by phenotype, genotype, and family history.
Cancer prevention strategies could include, but not be
limited to, the following: (1) monitoring of the patient’s
exposome (a set of biomarkers indicative of individual’s
exposure to cancer prornotersm); (2) non-invasive imag-
ing techniques that detect the carliest stages of abnormal
growth; (3) reliable dietary, physical activity, and other
lifestyle recommendations; and (4) vaccines that reduce
the risk for specific cancers. In addition to developing fu-
ture personalized prevention approaches, it is important
to expand the existing prevention strategies that address
some types of cancer as a public health issue affecting
large populations (e.g., educational approaches, influenc-
ing legislation, mobilizing communities). The present re-
view focuses on the dietary approach to colorectal cancer

(49
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(CRC) prevention, and addresses several problems that
hinder the progress of this approach in terms of obtain-
ing valid and unambiguous dietary recommendations.

There are over 140000 new cases of CRC and ap-
proximately 50000 CRC-related deaths a year in the Unit-
ed States”. A distinct characteristic of CRCs is that they
develop slowly from benign adenomas: polyps larger than
one centimeter in size have a 24% chance of progressing
into carcinoma over a 20-year period[sl. The transition of
benign adenomas into malignancies and the incidence of
colonic neoplasms are modulated by diet-derived com-
poundsm. However, studies on diet and CRC ate in their
infancy, and the relevance of many publications on the
topic is questionable due to three problems: (1) there is
uncertainty about which diet-derived compounds are
present in the colon, and what their half-life; (2) most
studies have focused on individual bioactives; whereas,
food intake results in a complex mixture of metabo-
lites that could modify each other’s effect on neoplastic
cells; and (3) the concentrations of many bioactives in
the colon are unknown; whereas compounds, for which
such information is available, have been frequently ana-
lyzed at levels exceeding physiological concentrations.

Here we review two approaches that address these
problems, and discuss how these strategies solve a spe-
cific question on the interaction between two dietary
bioactives: butyrate and polyphenol derivatives. Both
bioactives affect the risk for CRC, and although there
are other dietary compounds and mechanisms proposed
to be protective against the malignancy, this review is
limited to one example. Our objective is to highlight the
methodologies that unravel the effects of multiple dietary
bioactives on colonic cells, and not to comprehensively
discuss all classes of dietary bioactives and their plausible
physiological effects.

WNT/catenin signaling by butyrate

In 2011, the Wortld Cancer Research Fund and the Ameti-
can Institute for Cancer Research upgraded the protective
effect of fiber against colon cancer from “probable” to
“convincing”ﬂo] and this effect is attributed in part to the
fermentation product of fiber in the colon, butyrate. Bu-
tyrate is a short-chain fatty acid (SCFA), the production
of which enables the salvage of energy from dietary fiber
that would be otherwise lost. It is estimated that SCFAs
contribute to about 5%-15% of the total caloric require-
ments in humans'". Various tissues in the body can uti-
lize SCFA for energy generation; however, butyrate is the
preferred fuel for the colonic epithelial cells that derive
about 70% of their energy from butyrate oxidation!*"!,
Butyrate is regarded as a healthy metabolite due to its
positive influence on cell growth and differentiation, as
well as its anti-inflammatory properties ', Butyrate also
acts as an inhibitor of histone deacetylases (HDACI). Its
colonic concentration is between 2 and 10 mmol"” and
at these levels, butyrate induces apoptosis in most CRC
cells 7z vitro. We have provided evidence that this effect is
in part due to the ability of butyrate to hyperactivate the
WNT/catenin signaling pathway, and several synthetic
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HDACIis mimic the effect of butyrate on the WNT path-
way and apoptosism’m. The hyperactivation of WNT/
catenin signaling by HDACis takes place only in colonic
neoplastic cells with mutations in the pathway, and such
mutations are detected in 80% of the sporadic colon
cancers"™ ™. This finding is in agreement with observa-
tions that moderate levels of oncogene activities support
cancer development; however, hyperactivation of onco-
genic functions may result in cell death and senescence’!
Therefore, WNT/catenin signaling is not “oncogenic”
under all conditions, and sometimes its activation corre-
lates with less aggressive cancer phenotypes[zzl.

Polyphenols as biological food constituents

The intake of fiber (the most important source of bu-
tyrate in the colon) is usually associated with that of
other bioactive ingredients; for example, many fiber-
rich foods are a source of polyphenols (e.g, cereals, fruit,
and vegetables). The drinks that accompany our meals
further increase the complexity of bioactives: wine, fruit
juices, cocoa, tea, and coffee are all rich in polyphenols.
The two main classes of dietary polyphenols are the fla-
vonoids and the phenolic acids. In i vitro experiments,
the flavonoids are powerful antioxidants; however, this
activity is exhibited at concentrations exceeding the levels
achievable 7z vivo. Thus, after consumption of 10-100
mg of a single compound, the maximum plasma levels
of individual flavonoids are approximately 1-3 mol®**.
In addition, due to host metabolism the 7z vivo half-
life of the precursor polyphenols is short due to their
rapid conversion into metabolites, all of which exhibit
diminished antioxidant activitylzusj. More recent studies
indicate that at physiological concentrations, polyphenols
and their metabolites modulate cell signaling pathwaysm,
and exhibit anti-inflammatory activity through inhibi-
tion of COX-2 protein levels, prostanoid biogenesis, or
pro-inflammatory cytokine production?", Polyphenol
metabolites also exhibit anti-proliferative effect on neo-
plastic cells”™! thus, similar to butyrate, some poly-
phenols and their microbial metabolites exhibit a CRC
protective role. For example, quercetin, a flavonol found
in citrus fruit, buckwheat, and onions, suppresses the
formation of aberrant crypt foci and induces apoptosis
in preneoplastic human colonocytesm’m. Caffeic acid
esters present in propolis are potent inhibitors of human
colon adenocarcinoma cell growth, carcinogen-induced
biochemical changes, and prencoplastic lesions in the rat
colon™. A CRC-preventive role has also been reported
for isoflavons, curcumin, and tea polyphenol in green tea,

(-)-epigallocatechin-3-gallate (EGCG)™,

Synergistic or antagonistic effects of butyrate and
polyphenols?

Since the intake of dietary fiber is frequently accompa-
nied by that of polyphenols, it is logical to investigate
whether the effect of butyrate on WNT/ catenin signaling
and apoptosis in CRC cells are modified by polyphenols
and their metabolites. Presently, the combined effects of
butyrate and polyphenol metabolites on WNT/catenin
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signaling are unknown; however, there have been re-
ports on the modulation of WNT/catenin signaling by
polyphenols. For example, polymeric black tea polyphe-
nols inhibit 1,2-dimethylhydrazine-induced colorectal
tumorigenesis in rats, and the researchers proposed that
this effect is mediated by suppression of WNT/catenin
signaling”™. EGCG suppresses WN'T/catenin transcrip-
tional activity in HCT-116 CRC cells at concentrations of
100-200 mol, which are unachievable i vivo™". However,
at physiologically relevant concentration of 0.5 mol®*,
EGCG inhibits the enzyme glycogen synthase kinase-3
beta (GSK-3beta)*!, This inactivation of GSK-3beta
should result in accumulation of transcriptionally active
Set-37/Thr-41-dephosphorylated beta-catenin, and in-
creased WNT transcriptional activity™>*, Polyphenol-rich
apple juice extract, as well as the free aglycon phloretin
and the flavonol quercetin, also inhibit GSK-3beta in in
vitro assays'". In agreement with this inhibitory effect on
the enzyme, quercetin at 10 mol increases WN'T/catenin
transcriptional activityw. The interpretation of these
findings is difficult due to the fact that the bioavailability
of the compounds has not been taken into account, or
is unknown. In addition, polyphenols are biochemically
transformed or completely fermented by the gut micro-
biota to metabolites with a modified biological activity, as
discussed below. The inhibition of GSK-3beta by some
polyphenols indicates that these compounds may syn-
ergize with butyrate in its effect on WN'T/beta-catenin
signaling. Furthermore, similar to butyrate, some poly-
phenols and their metabolites inhibit histone deacetylases
(HDACs). Thus, fermentation of polyphenol-rich apple
juice extracts with human fecal slurry revealed that poly-
phenol metabolites have a HDAC inhibitory function™.
Metabolites of polyphenols in the colon, such as P Cou-
maric acid, 3-(4-OH-phenyl)-propionate, and caffeic acid
also exhibit HDAC inhibitory function in 7 vifro assays
with nuclear extracts from HT-29 human CC cells™.
Therefore, similar to butyrate' ™" polyphenol metabo-
lites with HDAC inhibitory function may protect against
CC via stabilization of beta-catenin and hyperinduction
of WNT/beta-catenin signaling. Despite these data,
the question of how polyphenols and their metabolites
modulate the effects of butyrate on colonic neoplastic
cells has remained unanswered. Several problems hin-
der the progress of the studies: there is little knowledge
about the polyphenol derivatives present in the colon,
their physiological concentrations, and how the colonic
content modulates the functions of the bioactives. The
main colonic species might be the polyphenol aglycones
and their derivatives: phenolic and non-phenolic aromatic
acids. The deglycosylation of polyphenols is catalyzed
by microbial beta-glucosidases in the small intestine and
primarily the colon, and this process results in aglycone
forms that are more absorbable!*”. After absorption in
the intestinal cells, the aglycones are metabolized to con-
jugates of glucuronate and sulfate, which are the major
forms in plasma and urine”. However, these conjugates
have not been detected in the colon, most likely due to the

hydrolase activity of the GI microbiota™ ™,
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Figure 1 TIM-2 is a validated, computer-controlled system that simulates
the human colon. The model consists of glass units with a flexible wall inside
(A); Peristaltic movements, achieved by pumping warm water into the space
between the glass unit and the flexible walls at regular intervals, simulate peri-
staltic movements and allow the lumen to be mixed and transported through
the loop-shaped system. The system is kept at body temperature (37 'C).
To simulate the pH in the proximal colon, the pH is set at 5.8 and controlled
(B) and adjusted by secretion of 2 mol/L NaOH into the system (C). A dialysis
membrane consisting of semi-permeable hollow fibres is placed in the lumen
(D). Water and fermentation products are removed from the lumen through the
dialysis system, thereby maintaining physiological concentrations of microbial
metabolites and preventing accumulation of metabolites to toxic levels. Further-
more the model contains an inlet system for the delivery of food (I) and a level
sensor to control (E) a constant volume of the luminal content. The system was
kept anaerobic by flushing with nitrogen gas (F), which allowed for the growth of
a dense, complex microbiota, comparable to that found in the proximal colon of
humans. A: Peristaltic compartments containing fecal matter; B: pH electrode; C:
Alkali pump; D: Dialysis liquid circuit with hollow fibre membrane; E: Level sen-
sor; F: N2 gas inlet; G: Sampling port; H: Gas outlet; I: “lleal efflux” container; J:
Temperature sensor.

Use of fecal water

The problems listed above are not specific to our ex-
ample on the combined effect of dietary butyrate and
polyphenols on colon cancer cells, as they represent a
stumbling block for all studies aimed at charactetization
of the effects of dietary bioactives. To date, there are two
approaches that address these problems: (1) performing
analyses with the aqueous phase of feces (fecal water);
and (2) utilizing in vitro GI models. The first approach is
justified by the fact that the colonic epithelium is exposed
#5154 and that fecal water af-
fects the growth of colonocytes more effectively than
components of the solid phase of feces®*. Gas chro-
matography and mass spectrometry analyses of the fecal
water of healthy volunteers have identified and quantified
the flavonoids and their derivatives in the colon™. In
these samples, the most prevalent flavonoids were nat-
ingenin, quercetin, formononetin, catechin, epicatechin,
isorhamnetin, apigenin, and kaempferol, and they were
detected at mean concentrations of 1.2, 0.63, 0.17, 0.14,
0.11, 0.10, 0.07 and 0.05 mol, respectively. All polyphe-
nols and derivatives exhibited daily fluctuations in the
same individual, and the most prevalent flavonoids narin-
genin, quercetin, and formononetin reached a maximum
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concentration of 4.04, 1.30, and 0.84 mol, respectively.
Colonic derivatives of the flavonoids in the colon wete
detected at concentrations up to two orders of magni-
tude higher than these of their precursors; thus, the total
monophenolic acids reached up to 740.7 mol and the
total nonphenolic aromatic acids, 1.5 mmol™. Recent
analyses of fecal water have confirmed the prevalence of
the phenolic and non-phenolic aromatic acids in fecal wa-
tet™. Therefore, our question of how polyphenols and
their metabolites modulate the activity of butyrate may
need to be re-stated to how the activity of butyrate is af-
fected by high levels of monophenolic and nonphenolic
acids.

In vitro models that mimic the human colon

The combined effect of butyrate and polyphenol metab-
olites on neoplastic cells, however, is even more complex.
The combined effect could be modified by the presence
of additional metabolites, as the intake of any diet results
in a complex mixture of compounds in the colon. The
physiological properties of diet-derived mixtures could
be analyzed with 7 vitro models of the human GI tract,
and one such model has been developed by TNO in the
Netherlands™. This system closely mimics the physiolog-
ical conditions in the GI tract, as established in numerous
validation studies”>™*". The GI system is composed of
two separate models: TIM-1 that simulates the stomach
and the small intestine (not further discussed here), and
TIM-2 that simulates the colon™ and contains compart-
ments with a high density, metabolically active microbiota
of human origin. The physiological conditions of the
large intestine that are simulated include pH, anaerobio-
sis and gradual intake of pre-digested meal compounds
coming from the small intestine (Figure 1). Physiologi-
cal amounts of microorganisms in the TIM-2 model are
maintained via dialysis mechanism. This mechanism takes
up electrolytes and microbial metabolites, and ensures
that the concentrations of these remain at physiologi-
cal levels, preventing inhibition of the microbiota by
metabolites. The 7z vitro GI system permits the use of
an intestinal microbiota from different enterotypes and
the comparison between various donors, e.g., healthy s
diseased, lean 25 obese™. The technology also allows for
controlled analyses on the colonic outputs from various
diets. Thus, entire meals representative of different types
of diet can be “fed” to the GI model™ and the resulting
real-time fermented samples from the TIM-2 compart-
ments can be tested on neoplastic and normal colonic
cells in vitro™. Although fecal water from human subjects
could be used for similar studies, there are several prob-
lems associated with this approach: inter-individual dif-
ferences in metabolic rates and colonic microbiota, non-
compliance with diet, preferential absorption of some
compounds by the colonocytes, and the impossibility of
acquiting samples from different locations of the human
GI tract (eg., pre-colon, proximal colon). The last point is
important, since metabolite concentrations change along
the colon'". Using the 7n vitro GI system has several
advantages: it is computer-controlled, allowing standard-
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ization of the experiments, it is cheaper than clinical or
animal trials, and it does not have the ethical constraints
associated with animal and human subject studies. Fut-
thermore, sampling from various locations along the GI
tract and at different time points enables kinetic studies
of the microbial metabolism of dietary components. The
application of the 7z vitro gut approach can facilitate the
design of functional foods and dietary supplements that
decrease CRC incidence. For example, utilizing the 7 vitro
GI system, Gao ez al” discovered that tea, citrus fruit,
and soy flavonoids are metabolized in the colon to a few
phenolic and aromatic acids, therefore ascertaining the
exact compounds that should be screened for effects on
CRC cells.

In addition to the studies performed with the com-
puterized human gut TIM-2, there are numerous reports
on simpler colon simulators, and the function of some
of these has been validated by chemical and microbiolog-
ical measurements of the intestinal contents of human
sudden death victims™". These models are fermentation
systems that closely reproduce the proximal and distal
human colon in terms of physicochemical parameters by
utilizing a number of different vessels and continuous or
semi-continuous culturing modes'". For example, a two-
stage compound continuous culture models consisting of
a proximal vessel (with lower pH) and a distal vessel (with
higher pH) inoculated with human feces have been used
to evaluate how various nutrients and supplements affect
genotoxicity of the colonic environment and the popu-

72,73 .
271" Continuous culture

lations of human gut bacteria
models have been applied to analyses of how certain pre-
biotics affect the fecal metabolite profile, the survival of
probiotics, and the interactions between various colonic
microbial populations ", The effect of retention time
(colonic transit time) on the catabolism of organic sourc-
es of carbon and nitrogen have been analyzed by a three-
stage continuous culture model, which revealed that the
majority of carbohydrate breakdown and SCFA produc-
tion takes place in the proximal part of the colon (in the
first vessel); whereas, formation of branched-chain fatty
acids and phenolic compounds, occurs primarily in the
distal part (mimicked by vessels 2 and 3)™. Other three-
stage continuous culture colonic models inoculated with
human fecal material were utilized to quantitate bacteria
and evaluate the fermentability of oligosaccharide sourc-
es”™"). Four-stage semicontinuous model systems of the
human colon, in which the four compartments mimic
the conditions of the ascending, transverse, descending
and sigmoid colon, have been employed to investigate
the effects of probiotics, prebiotics, and various synbiotic
combinations’™ .

Applied to our question of whether the apoptotic
and WNT signaling-modulating functions of butyrate
are affected by diet-derived polyphenol compounds and
their metabolites, the strategy utilizing 7z vitro gut models
would be a reliable approach.

Thus, digesta samples from 7 vitro fermentation sys-
tems or the computerized TIM-2 model, instead of indi-
vidual compounds, should be used to analyze the effects
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of various diets on colonic cancer cells.

Screening for dietary components that increase butyrate
production by the colonic microbiota

TIM-2 allows determining the potential of dietary fibers
to produce butyrate by the microbiota under physiologi-
cal conditions. In an extensive study comparing 17 fibers
Maathuis ¢ 2/ showed varying levels of butyrate pro-
duction for each fiber, with the highest production result-
ing from pullulan. Interestingly, this fiber also produced
high levels of lactate, an intermediate intestinal metabo-
lite that accumulates when there is a fast fermentation
of a substrate. Lactate is usually converted into propio-
nate™ and butyrate™ and through cross-feeding between
different members of the microbiota. Butyrate is also
produced through cross-feeding from acetate; thus, using
PC-starch Maathuis ¢# 2/™ have shown that cross-feeding
between Ruminococens bromii and Eubacterinm rectale results
in production of butyrate from acetate™, Similarly, using
PC-labeled galacto-oligosaccharides it was shown that
lactate, produced by Bifidobacteria and Lactobacilli, was con-
verted into butyrate. These two cross-feeding reactions
in the colon could be quantified™*” and an i silico model
can be used to predict production of the various SCFA
by the colonic microbiota.

Analyses of human fecal samples also allow for
focused analyses of how dietary changes affect butyr-
ate levels in different individuals. Thus, considerable
variations in fecal butyrate concentrations have been
detected among individuals consuming resistant starch
or nonstarch polysaccharides in a randomized cross-over
study””. McOrist and colleagues reported that intake of
resistant starch overall increases butyrate concentrations
in most, but not all, individuals™”.

Analyses with a semi-continuous colonic simulator
revealed that Lactobacillus acidophilns NCFM™ in combi-
nation with lactitol increases the numbers of Bifidobacteria,
and stimulates synergistically the production of butyr-
ate™. Similar colonic simulation system consisting of
three vessels and inoculated with fecal slurry from healthy
nonmethane producing donors established the param-
eters of SCFA production, including this of buryratem.

Use of in vitro models to study the microbial metabolism
of polyphenols in the colon

Approximately 90%-95% of dietary polyphenols are not
absorbed in the small intestine and reach the colon in-
tact™. In the case of monomeric units, studies performed
with ileostomy patients have shown that almost 70% of
the ingested monomeric flavanols are accumulated in the
colon, with 33% corresponding to the intact parent com-
poundslggj. As mentioned above, the major colonic me-
tabolites of the polyphenols are phenolic acids. Thus, (ep)
catechin and the monomeric units of procyanidins are
degraded into several phenolic acids, namely various sub-
stituted phenylvaleric, phenylpropionic, phenylacetic, ben-
zoic, and hippuric acid”™. Additional metabolites from
catechin and epicatechin such as 5-(3,4-dihydroxyphenyl)-
y-valerolactone and 5-(3-hydroxyphenyl)-y-valerolactone
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Figure 2 Cumulative production of ‘simple’ phenolic metabolites after 48
h fermentation of different polyphenols in TIM-2. At time zero a single shot
of individuals polyphenols (1 microgram in dimethyl sulfoxide) was introduced
into TIM-2 throigh the sampling port (Figure 1G). At regular intervals for the next
48 h samples were taken from the lumen and dialysate and analyzed using LC-
MS for the microbial metabolites generated by the gut microbiota. The ratio (bar
graph, in percentage) and absolute cumulative production (B; in ng) at t =48 h
of microbial metabolites after fermentation in TIM-2 were subsequently calcu-
lated and compared amongst the different polyphenols.

have been identified in man'™’""”.

Under physiological conditions, the monometic poly-
phenols are fermented rapidly; therefore, it is unknown
whether these compounds have sufficient half-life to
affect colonic (neoplastic) tissue from the luminal side,
or whether the resulting microbial metabolites exert a
stronger biological effect. Studies with human gut models
can facilitate the answer to this question. In unpublished
studies with TIM-2, we have observed that the same
microbiota metabolizes different polyphenols to differ-
ent low-molecular weight aromatic acids with variable
hydroxylation profile and length of the aliphatic side
chain (Figure 2). The number of produced microbial
metabolites ranged from two (for epicatechin) to 12 (for
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quercetin). Even glycosylation of the polyphenols (e.g.,
quercetin versus rutin) affected the production of micro-
bial metabolites, likely because different groups of co-
lonic microorganisms ferment quercetin and rutin. Thus,
compared to other polyphenols, fermentation of rutin
resulted in decreased proportion of benzoic acid and
other metabolites (Figure 2), as well as an about 20-fold
lower absolute amount of metabolites.

Analyses with colonic simulators allow for the detec-
tion of new colonic metabolites. In urine, the most fre-
quent metabolite found after polyphenol ingestion is hip-
purate. This metabolite, a conjugate of benzoic acid and
glycine, is considered to be produced by co-metabolism
of the host and the microbiota. Benzoic acid is produced
from the phenolic acids produced by the microbiota,
and the glycine is thought to be coupled to benzoic acid
in the liver. However, in the iz vitro human gut TIM-2,
which lacks the host metabolism component, we have
shown that hippurate is also produced, indicating that
the colonic microbiota by itself produces the metabolite
(Figure 2).

Studies with colonic models could also address the
question on the half-life of monomeric flavanols. For
example, in studies on the dimeric forms of chocolate
procyanidins Appeldoorn e# al™ have shown that the hu-
man microbiota produce several metabolites: 2-(3,4-dihyd
roxyphenyl)acetic acid, 2-(3-hydroxyphenyl)acetic acid, 2-
(4-hydroxyphenyl)acetic acid and 3-(3-hydroxyphenyl)pro
pionic acid, as well as various hydroxylated phenylvaleric
acids, phenylvalerolactones,and 1-(3’,4’-dihydroxyphenyl)-
3-(2°,4°,6’-trihydroxyphenyl)propan-2-ol. The researchers
also indicated that the formation of smaller metabolites
was due to the direct degradation of dimers instead
of cleavage of the monomeric form as previously as-
sumed””. Tt is still possible that some procyanidin dimers
are converted into monomeric flavanols before being fer-
mented into phenolic acids; however, monomeric flava-
nols are rapidly metabolized, and therefore their presence
is difficult to analyze™

Finally, phenolic acids produced from flavanols by
the colonic microbiota significantly inhibit pathogenic
human intestinal bactetia, such as Clostridium perfringens,
Staphylococeus aurens, E. coli, and Salmonella, while exhibit-
ing a much lower inhibition of commensal bacteria and
probiotics, Clostridium, Bifidobacterinm and Lactobacillus”".
One mechanism mediating this activity is the destabili-
zation of the outer membrane of Salmonella species””.
Since changes in microbiota composition influence the
production of butyrate from dietary fiber, the combined
effects of polyphenols and fibers need to be thoroughly
investigated in colonic simulator systems that include the
naturally occurring colonic microorganisms.

CONCLUSION

Analyses on individual bioactives pinpoint their molecu-
lar targets in cells; however, such studies (1) should utilize
physiological concentrations of the compounds; and (2)
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should be accompanied by analyses with colonic digesta
from different diets, since the activity of individual me-
tabolites is likely modified by the complex colonic milieu.
Such studies can be facilitated by the use of artificial GI
systems and fecal water samples. This type of analyses

will assist the design of functional foods and/or dietary

supplements with CRC-preventive role.
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Abstract

Colon cancer is one of the most common tumors world-
wide, with increasing incidence in developing countries.
Patients treated with fluoxetine (FLX) have a reduced
incidence of colon cancer, although there still remains
great controversy about the nature of its effects. Here
we explore the latest achievements related to FLX
treatment and colon cancer. Moreover, we discuss new
ideas about the mechanisms of the effects of FLX treat-
ment in colon cancer. This leads to the hypothesis of
FLX arresting colon tumor cells at the at G: cell-cycle
phase through a control of the tumor-related energy
generation machinery. We believe that the potential of
FLX to act against tumor metabolism warrants further
investigation.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: It is currently thought that aerobic glycolysis is
key for understanding cell survival in the hostile tumor
microenvironment. Then, the antidepressant fluoxetine
(FLX) has been shown to reduce colon tumor growth in
animals and colon cancer incidence in humans. Here,
we explore new perspectives of FLX reducing the devel-
opment of colon tumors through a blockage in tumor
metabolism. This perspective review is based on our
current unpublished experimental dataset which shows
FLX as a potential co-chemotherapeutic agent for colon
cancer therapy.

Stopper H, Garcia SB, Waaga-Gasser AM, Kannen V. Antide-
pressant fluoxetine and its potential against colon tumors. World J
Gastrointest Oncol 2014; 6(1): 11-21 Available from: URL: http://
www.wjgnet.com/1948-5204/full/v6/i1/11.htm DOI: http://dx.doi.
org/10.4251/wjgo.v6.il.11

INTRODUCTION

Colon cancer is one of the most common human ma-
lignancies worldwide and much effort has been applied
to understand its development. The discovery of new
therapeutical strategies or potential co-therapeutical
agents against it might reduce the suffering of millions
of people. A growing body of evidence suggests that the
use of fluoxetine (FLX), an antidepressant belonging to
the selective serotonin reuptake inhibitors (SSRIs), may
be related to a reduced colon cancer incidence. However,
its activity is not completely understood and potential
new mechanisms are unknown to date.

Here, we discuss our recent published and unpub-
lished data regarding the activity of FLX against colon
cancer. This review takes a fresh view of the material,
mainly of how FLX acts to block malignant metabolism,
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reducing colon tumors.

COLON CANCER

The American Cancer Society estimates the number of
new cases and expected deaths for cancer in the United
States every year' . About 1.5 million cases and 569490
deaths of cancer were expected in 2010. This ranked co-
lon cancer as the third most common cancer in the Unit-
ed States, with almost 50000 deaths per year“’zl. In this
year, it is expected that more than 143460 patients will be
newly diagnosed with colon cancer in the United States'”.
Although survival has increased during the 5 years after
diagnosis™, a 60% increase for newly diagnosed cancer
cases is projected for developing countries until 2030,
This highlights colon cancer as one of the major human
malignancies worldwide and a great challenge for cancer

therapy” .

Adenoma-adenocarcinoma sequence model

The adenoma-adenocarcinoma sequence model is the
most well-known and accepted hypothesis for the devel-
opment of colon cancer™, Tt is thought that a sequence
of mutations of the epithelial stem cell niche induces the
development of colon tumors through different stages,
such as initiation, promotion and progression”. Initia-
tion is known as an irreversible step, where mutations
in one or two gatekeeper genes occur in a single cryptal
stem cell. This will then disrupt cell proliferation, leading
to the expansion of malignant clones, a process termed
promotion™"’, Mutations are thought to derive from cell
exposure to carcinogenic compounds which directly at-
tack the DNA or lead to increased oxidative stress (OS)
with the generation of reactive oxygen species (ROS),
which would then attack the DNA basis inducing muta-
tions""'?. Clever’s research group has elegantly generated
Lgr5: POTPIRESrebRIZ AP/ “ mice, which have a stem cell-
specific knockin reporter for tamoxifen-inducible loss
of the adenomatous polyposis coli (APC) sequence, and
found that this genetic deletion in epithelial stem cells
leads to their transformation within days, which was due
to B-catenin accumulation'”. This further supports the
idea that a monoclonal propagation of acquired stem cell
mutations occurs during the initial steps of colon carcino-
genesis”. The manifestation of mutations in colon epithe-
lia seems to be closely related to hyperproliferarjonm'lsj.
In fact, mutations in the .4PC gene sequence at cryptal
stem cell niches activate hyperproliferation due to an in-
crease in B—[lcr)zﬁg]enin transcriptional activity which blocks

p53 activity .

Subepithelial cells and their role in carcinogenesis

The cancer-enhancing activity of the microenvironment
has been a matter of discussion since recent reports
showed that disrupting key genetic sequences in stromal
cells abrogates epithelial homeostasis, which then induces
tumors' . An elegant report has specifically shown that
epithelial tumors have arisen in forestomach after disrupt-
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ing the transforming growth factor-f (T'GF-f) signaling
within the subepithelial compartment”. Previous studies
had already shown that the subepithelial TGF-f signaling
has tumor promoting potential on epithelial cells, due to
221 Nevertheless, under in-
flammatory conditions, subepithelial cells seem to be able
to transform epithelial progenitor cells towards malig-
nancym]. These ideas have actually been applied to colon

its control over proliferation

carcinogenesis, confirming the malignant participation of

subepithelial cells in the development and manifestation

20,24,25
of colon tumors' ]

TUMOR METABOLISM

Hyperproliferation enables the clonal expansion of mu-
tated cells, which further drives tumor growth! >,
For this, tumor cells require: high and fast adenosine-
5-ATP generation; a tightened maintenance of the cell
redox status to overcome the stressful tumor microen-
vironment; and enhanced biosynthesis of macromol-
ecules. Basically, tumor cells shift their energy generation
machinery from oxidative phosphorylation to an aerobic-
glycolytic metabolism””". This allows tumor cells to
keep a high ATP generation and at the same time to
avoid the negative feedback regulation from overusing

glycolysis, which would otherwise activate metabolic and
cell-cycle inhibitors, such as p53l3”]. This was extensively
discussed by Cairns e a/". Specifically, glycolysis-related
mechanisms enhance the synthesis of nucleotides and
DNA repairpo’m. However, high proliferation enlarges the
distance between cells and microvessels, which reduces
the oxygen and nutrient supplies to the cells and creates a
hypoxic microenvironment. While hypoxia generally pro-
motes the expression of growth factors, inducing neovas-
cularization, hypoxic areas in tumors may persist due to
the chaotic and malformed structures of tumoral vessels
and microvessels' .

Moteover, hypoxic tumor cells are known to use
glycolysis in order to increase energy generation (Figure
1). This requires an ovet-activation of glucose transport-
ers (ie, GLUT1), lactate transporters (Z.e., MCT4) and
lactate dehydrogenase A (LDH-A) through the hypoxia-
inducible factor 1 (HIF-1) transcriptional activity. By in-
hibiting the degradation of HIF-1, a transcription factor
which upregulates the glycolysis-related molecular activi-
ties, tumor cells increase the conversion of pyruvate to

lactate!

23 Because tumor cells would then suffer from
the hypoxia-induced and glycolysis-related acidosis, they
alkalinize their intracellular pH (ipH) on their way to sur-
vival and proliferation. This is achieved #ia hyperactiva-
tion of HIF-1 activity, which enhances the hydration of
carbon dioxide to bicarbonate by the catalytic activity of
catbonic anhydrase IX and Xl enzymes and promotes the
activity of MCT-4 to extrude lactate and H" ions, both
supporting an ipH alkalinization'™
undergo deep metabolic changes on their way to survival

. . . 31
in the stressful tumoral microenvironment”".

2 Overall, tumor cells
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Figure 1 Main metabolic interactions lead to formation of the aerobic glycolytic metabolism in colon tumor cells. The increased biosynthetic activity of can-
cer cells, as related to the activation of the aerobic glycolytic metabolism or “Warburg effect’, is based on the activation of glucose and lactate transporters supplying
tumor cells not only with vast amounts of energy (glucose), but further reducing blockage-associated mechanisms due to glycolysis over usage. It seems that the lac-
tate overproduction is compensated by the hyperactivation of lactate transporters allowing a rapid transport of this molecule across the plasma membrane together
with H* atoms, which results in an intracellular alkalinization. This event hyperpolarizes the mitochondrial membrane potential (Am) and induces a higher uptake
of NADH by the first and succinate by the second mitochondrial complexes enhancing the oxidative mitochondrial phosphorylation (Krebs cycle). All together, this
means that tumor cells are prone to produce higher energy amounts (ATP) than found in a normal tissue. ROS: Reactive oxygen species; COz: Carbon dioxide; ipH:

intracellular pH. NADH: Nicotinamide adenine dinucleotide phosphate-oxidase.

ANTIDEPRESSANT FLX MODULATES

OXIDATIVE STRESS

FLX was first reported by a research group from the Eli
Lilly Company in 1974 as a SSRI™". Tn 1978, the United
States Food and Drug Administration approved FLX for
the treatment of patients with depression, anxiety and
insomnia; this medication became known worldwide as
Prozac™. This antidepressant exhibits higher safety
and fewer side effects than other groups of antidepres-
sants™ ! FLX was characterized as a lipophilic weak
base, which when administered orally experiences a direct
contact with epithelial cells in the intestines. In these
epithelial cells, it induces an increase in serotonin (5-HT)
levels by blocking I.-monoamine oxidase and serotonin
reuptake transporters'* ™,

On the other hand, FLLX has been shown to intet-
fere with the OS machinery in experimental models
and humans**, Treatment with FL.X was found to
reduce malondialdehyde (MDA) and carbonyl levels in
stressed rats, whilst it enhanced superoxide dismutase
(SOD), catalase, glutathione S-transferase, glutathione
reductase and glutathione contents ™", Similar findings
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were reported by another research group!™. Then, this
compound showed neuroprotective effects, decreasing
the translocation of p67 protein and ROS generation (by
suppressing the activation of nicotinamide adenine di-
nucleotide phosphate-oxidase oxidase and inducible nitric
oxide synthase) in rats exposed to lipopolysaccharide”.
In depressive patients, FLX was found to decrease serum
MDA, SOD and ascotbic acid levels™.

FLX AND TUMORS

Tutton and Barkla first revealed the anticancer poten-
tial of FLX against colon tumors”™. However, in 1992,
Brandes and colleagues reported a 40% increase of the
numbers of mammary fibrosarcomas among mice treat-
ed with FLX for 5 d, which was followed by findings of
a 95% enhancement in breast cancer incidence after 15
wk®". Opposite to that, Volpe ez a/* showed that treat-
ing human and murine breast tumor cell lines with FLX
in vitro did not stimulate tumor cell proliferation, DNA
synthesis or colony formation. Jia et al™ reported that
FLX did not enhance the growth of pancreatic tumors.
Moreover, this treatment was further found to reduce
lymphoma growth, modulating the T-cell-mediated im-
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munity reaction through a 5-HT-dependent activity™™’.

In patients, FLX treatment was reported to reduce
the risk of colon cancer to almost 50%"". Chubak ez a/*"
also observed that FLLX reduced the risk of colon can-
cer in humans, while one meta-analysis study suggested
that FLX does not act on colon cancer™. Studies with
animal models support the idea of FLX reducing colon
cancer incidence in different animal models, such as cat-
cinogen induced preneoplastic lesions and tumors in rats
and mice, and xenograft tumors in immunosuppressed
rats” ) These studies have mainly been focused on
the antiproliferative effects of FLX treatment in colon
tumorigenesismg’“’()ﬂ. In cell culture models, FI.X was
reported to not only inhibit multidrug resistance and in-
crease the intracellular doxorubicin concentration®”, but
also to induce a further nuclear distribution of this che-
motherapeutic drug'®”.

FLX reduces preneoplastic lesions acting on colonic
microenvironment

We have reported that FLX treatment counteracted the
carcinogen-induced dysplasia in two different experimen-
tal colon cancer models'™*®. Our first report revealed
FLX as a chemopreventive compound against colonic
dysplasia since treatment with FLX was started before
the treatment with the carcinogenm. We then reported
that FLX could also reduce pre-existent colon prenco-
plastic lesions'™. Our findings suggested that FLX takes
the carcinogen-induced preneoplastic changes under con-
trol by reducing epithelial proliferation”***"*+,

Besides the fact that FLX treatment reduced dysplasia
and preneoplastic angiogenesis, decreasing the epithe-
lial and subepithelial proliferationm’“], our unpublished
dataset further suggests that by suppressing the NF-kB
nuclear activity, through increased expression of cytoplas-
mic NF-kB-inhibitor IxB-o and IxkB-f proteins, FLX
reduced ¢-Mye expression and then stromal proliferation
(Figures 2 and 3). As we will discuss next, FLX treatment
seems to take preneoplastic angiogenesis under control
by reducing the proliferation of subepithelial cells (Figure
4). Indeed, NF-kB-transcriptional activity was reported
to induce the transformation of subepithelial cells from
normal to reactive phenotypes, enhancing the expression
of pro-inflammatory molecules and periendothelial cell
numbers ™. Koh ez a/™ reported that FLX inhibited
NF-kB signaling in colonic epithelial tumor cells. Inhibi-
tion of the NF-kB-transcriptional activity actually yields
reduced expression of its downstream genes c-Mys and
vascular endothelial growth fator, which blocks the pro-
liferation of colon cancer cells”""".

The activity of FLX on the colonic preneoplastic
microenvironment further includes the question whether
this treatment could directly act upon angiogenesis-
related cell phenotypeslé4’(’sj. We have demonstrated that
the anti-angiogenic potential of FLX could be related
to its control over the differentiation and further transi-
tion of endothelial cells through different angiogenesis-
related stem cell markers in colon preneoplastic lesions
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(Figure 4)*". This idea was abetted by the discovery of a
small subset of stromal spindle cells expressing CD133
and CD34 in angiofibromas, which suggests tumors
promoting subepithelial resident cells to transit towards
endothelial cell phenotypesm. Endothelial progenitor
cells were then shown to lose, in a process related to high
proliferation, the expression of CD133 during their
differentiation into vascular cells, while the expression of
CD34 was increased” . Considering that CD31-positive
cells have been designated as mature endothelial lineage
promoting microvessels' ", vascular smooth muscle cells
were found to increase the expression of CD31 dur-
ing their differentiation process, whilst a simultaneous
decrease of CD133 and CD34 progenitor markers was

previously observed”™",

FLX TAKES ENERGY GENERATION UN-
DER CONTROL TO REDUCE MALIGNANT
EXPANSION

Here, we should pull a few points together about malig-

nancy, ROS production and energy generations, as: (1)
unbalancing the machinery for energy generation induces
ROS production; (2) ROS production is one of the main
known events inducing DNA damage and mutation; (3)
ROS generation promotes genetic mutations leading to
the manifestation of preneoplastic lesions; (4) tumor cells
undergo deep metabolic changes to survive and promote
malignant expansion; (5) tumors enhance ROS produc-
tion to promote growth through malignant molecular
signaling; and (6) malignant metabolism seems to be the
Achilles’” heel in tumors. These few remarks give us the
notion that metabolism, or energy generation, is a key
for malignant transformation, tumor manifestation and

r%;xg(t)glz,] as well as a valuable tool for anticancer thera-

As a lipophilic weak base!™, FLX quickly diffuses
through multiple body—sites[&ﬂ. We have already demon-
strated that FLX treatment arrested colon tumor cells
within the Go/Gu cell-cycle phase without inducing DNA
damagem. Then, FLX was shown to reduce ROS genera-
tion, reversing the melanoma-induced tissue oxidation
in mice™. In brain tissue of tumor-bearing mice, FLX
treatment further reduced OS, enhancing the SOD activ-
itym]. Actually, FLX was twice reported to stimulate Ca™
flux reducing the B-cell lymphoma 2 (bcl-2) expression
and mitochondrial membrane potential (A¥m), which
induced DNA fragmentation and apoptosis in Burkitt’s
lymphoma cells®™. Another lipophilic weak base ([Z]-
5-methyl-2-[2-(1-naphthyl) ethenyl]-4-piperidinopyridine
[AU-1421]) was also reported to uncouple mitochondrial
oxidative phosphorylation, dissipating the proton mo-
tive force during its energized state, which inhibited ATP
synthesis[841. It is known that lipophilic weak bases, such
as FLX, reduce AWm (or extra- and intra-mitochondrial
motions of H' atoms generating positive charges in the
mitochondrial membrane) in their energized or proton-
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Figure 2 Fluoxetine modulates nuclear factor kappa-B nuclear activity among subepithelial colonic cells. For this figure, groups of female C57BL/6 mice (25
g) consisted of control (CTRL) animals or received methyinitronitrosoguanidine (MNNG) treatment [four successive doses of MNNG (5 mg/mL; intrarectal deposits of
100 pL) twice a week for 2 wk], FLX treatment (30 mg/kg per day; intraperitoneal, jp) or MNNG + FLX treatment. FLX treatment was started after 2 wk from the end
of MNNG treatment, and continued for the next 4 wk. All mice were euthanized by CO:2 exposure at week 8. Individual autopsies were performed and colon tissue
samples were fixed in paraformaldehyde buffer (4%; 24 h). All experimental protocols were approved by the Internal Animal Care, Ethical and Use Committee (n°
068/2012). Immunohistochemistry was performed with anti-nuclear factor kappa-light-chain-enhancer of activated B cells [nuclear factor kappa-B (NF-xB), p50; clone
C-19], nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor (l«B), alpha (lkB-c; clone N-20), beta (1xB-B; clone H-4). Antibodies were acquired
from Santa Cruz Biotechnology (Heidelberg, Germany). A: Representative histological image of a colonic-longitudinal section labeled with anti-NF-«B antibody, picture
taken at x 400 magnification and scale bar of 45 um inserted. A cytoplasmic anti-NF-«B antibody positively cell detected within cryptal area (inset below; x 1000 mag-
nification of the boxed region, middle-left). Nuclear-NF-«B protein detected in stromal cells (inset right-side; x 1000 magnification of the boxed region, middle-right).
Graph shows the relative number of nuclear-NF-«B positive cells within colonic subepithelial areas (PCCS; °P < 0.01 vs MNNG without FLX, n = 4; FLX + MNNG, n = 4);
B: Relative number of liB-a. positive cells (*P < 0.05 vs MNNG without FLX, n = 4; FLX+MNNG, n = 4); and C: IxB-B positive cells within colon stromal areas (*P < 0.05
vs MNNG without FLX, n = 5; FLX + MNNG, n = 4). FLX: Fluoxetine. PCCS: Pericryptal colonic stroma.

ated state, which reduces mitochondrial respiratory rate ing the malignant energy generation. The anti-tumor
and energy generation™™, FLX was also found to in- proliferative effects of FLX"*2" have been related to
duce ROS generation in human ovarian cancer cell lines, different causes, such as delays in cell-cycle progression
which induced apoptosis through mitochondrial bcl- by inhibiting DNA synthesis and also to a possible bind-
2-associated X protein, cytochrome c release, caspase-3 ing directly to DNA zia groove mode and high attraction
activation and p53 expression levels, whilst this treatment force™ ™ On a molecular level, FLX was shown to

turther reduced AWm, BH3 interacting-domain death arrest breast tumor cells at Go/G1 phase by disrupting
P4, Similar findings were reported skp2-CKS1 assembly, which is required to enable cell
in human neuroblastomas®”, cycle progression”"’. Recent reports have been support-

Comparing those reports that describe how FLX ing the idea of FLX acting against tumor proliferating
modulates tumor metabolism*"*** with others describ- cells by reducing ¢-Mye and cyclins (D1, D3, E, B and A),
ing its activity against tumor growth***™” it becomes whereas cell-cycle checkpoints (p15, p16, p21, p27 and
clear that FI.X blocks tumor cell proliferation by impait- p53) were enhanced™ """,

agonist and bcl-2 levels
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Figure 3 Schematic illustration shows fluoxetine antiproliferative activi-
ties in colon tissue. Boxed figure shows the clear division between epithelial
and subepithelial colonic areas. Considering that crypts compose the colonic
epithelia, it is known that microvessels surround these gland structures. Fluox-
etine (chemical structure represented at the center) blocks cell-cycle (blue
line and letters) in colonic tissue. We have observed that fluoxetine treatment
reduced two proliferative markers, named proliferating cell nuclear antigen
(PCNA, red line) and KI67 (green line). These effects of fluoxetine treatment
might be related to its enhancement on IkB-a. and IkB-f proteins. This could
arrest nuclear factor kappa-B (NF-kB) protein in the cytoplasm, reducing its
transcriptional activity which, due to its activation over c-Myc transcription fac-
tor, would decrease this protein activation and proliferation. We believe that a
similar mechanism could take a place in epithelial and subepithelial cells.

Perspectives in FLX treatment acting against colon
cancer

The application of FLX for tumor patients has so far
been limited to its use as an antidepressant, but it might
provide much more benefit, potentially making it an
interesting co-chemotherapeutic agent. FLX treatment
seems to block tumor growth by breaking the malignant
metabolism down'”**!. While the pieces for this puzzle
are slowly being pulled together, there are already several
reports which have given the ground ideas for following
investigations[38—4(),49,5(],52—56,58,6(),()1,()4—()7,87—‘)2,95]. BeSideS the Spe—
cific idea of FLX acting against the tumor metabolism,
there is an open question regarding the effects of FLX
treatment against the “reverse Warburg effect”. Pavlides
et al’” have suggested the idea of a reverse Warburg ef-
fect taking place in tumors; this idea argues that epithelial
cancer cells induce the subepithelial cells to undergo
aerobic-glycolysis and secrete lactate and pyruvate, which
malignant cells would take up to enhance their tricarbox-
ylic acid cycle, not only to generate more energy through
mitochondrial phosphorylation, but further increase
redox mechanisms which in turn corroborates with tu-
mor cell survival and proliferationm’“’w. Schulze and
colleagues have extensively reviewed this topic”**. Such a
mechanism would efficiently ensure enough energy pro-
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Figure 4 Schematic illustration shows fluoxetine anti-angiogenic poten-
tial in colon preneoplastic tissue. This means that by reducing proliferation of
subepithelial cells, blocking their cell-cycle, fluoxetine would reduce microves-
sel density. This anti-angiogenic potential was observed in a direct relationship
with reduced differentiation-related angiogenesis of subepithelial stem cells.
This suggests that fluoxetine would reduce the differentiation of CD133 positive
cells into a CD34 phenotype, which would also not differentiate in endothelial
cells, as CD31. This sequence of events would mainly be associated with the
control of fluoxetine treatment on nuclear factor kappa-B signaling, as reducing
proliferation and preneoplastic angiogenesis. PCNA: Proliferating cell nuclear
antigen.

.'/
\

duction for malignant cells within the hostile tumor en-
vironment, allowing not only high proliferative rates, but
the enhancement of malignant angiogenesismm”. These
authors have further shown that enhancing the subepi-
thelial NF-xB signaling is closely associated with “reverse
Warburg effect” in tumors"

Our findings, that FLX treatment reduced the nuclear
detection of NF-kB protein among preneoplastic sub-
epithelial cells (as related to reduced angiogenesis due
to fewer subepithelial cellular proliferation[64’65]), lead
towards the idea of FLX treatment having similar ef-
fects on subepithelial cells which surround epithelial
cells in colon tumors. Figure 5 illustrates that malignant
microvessels show high-cytochrome C oxidase activity in
colon xenograft tumors. Moreover, our new experiments
(unpublished dataset) atgue that FLX treatment, in differ-
ent colon tumor models, takes the malignant metabolism-
related energy generation in epithelial cells under control
to shrink tumors. We strongly believe that FLX coun-
teracts aerobic glycolysis reducing the activity of lactate
transporters that inhibits oxidative phosphorylation due
to increased intracellular levels of lactate. This might
bring down the ipH values blocking the tumor energy
generation machinery. After having this hypothesis chal-
lenged in experimental models and by different research
groups, we could think of clinical trials for FL.X as a co-
chemotherapeutic agent in colon cancer patients. Because
of the low costs of FLX, this would also be transferable
to developing countries with their tightly limited budget
for cancer therapy.
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Figure 5 Tumor metabolism and malignant angiogenesis. Histopathological
images show double staining between cytochrome C oxidase (COX) and anti-
CD31 antibody (clone 1A10 at 1:100; Novocastra, United States). Microvessel
walls are traced with sectioned white lines (horizontal view of sectioned tumor
microvessels). Black arrow indicates a microvessel lumen with double-stained
cells (boxed region; transversal view of a tumor microvessel). Picture was taken
at x 100 magnification and 45 pm scale bars are inserted in all images. Inset
(C) shows the same boxed region at x 200 magnification. Double-stained cells
are pointed out by a black arrow at the microvessel wall (inset; B). Sectioned
green line circulates a niche of double-stained endothelial cells at the edge of
a microvessel bifurcation. To build these images, 5 wk (20 + 2 g) nonobese
diabetic, severe combined immunodeficient mice (NOD/SCID) were subcutane-
ously transplanted with HT29 cells (1.5 % 106 cells per mice) in agreement with
the protocol approved by the Internal Animal Care, Ethical and Use Committee
(n° 121/2012). All mice were acclimated for 1 wk before starting the experi-
ment and maintained under specific pathogen-free conditions. Tumor volume
was monitored throughout the whole experimental period by measures with a
caliper. Mice were sacrificed under general anesthesia (1.5% Forane in 98.5%
oxygen; 2| min). Tissue samples were frozen within TissueTek (Sakura, Ger-
many) and kept at -80 ‘C for immunohistochemical analyses. Double-staining
was performed according to our standard methods.

CONCLUSION

To summarize, research data concerning the activity of
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FLX treatment against tumor metabolism are still very
limited but exciting enough to warrant new investigations.
The fact that FLX was designed as an antidepressant but
was further found to act against tumors already highlights
that new drugs can be developed from it. Additionally,
cancer therapy lacks alternative strategies to overcome
chemoresistance. In many cases, chemoresistance is close-
ly associated with tumor metabolism. It seems reasonable
to suggest that treatments disrupting metabolic events,
as might be possible with FLX, could effectively not only
reduce chemoresistance, but also malignant angiogenesis.
Whether these new perspectives for FLX treatment will
be applicable for colon cancer patients are a matter of
time, discussion and deeper research efforts. We strongly
suggest that FLX is a promising target for further studies
in cancer research.

REFERENCES

1 Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010.
CA Cancer | Clin 2010; 60: 277-300 [PMID: 20610543 DOI:
10.3322/ caac.20073]

2 Lea A, Allingham-Hawkins D, Levine S. BRAF p.Val600Glu
(V600E) Testing for Assessment of Treatment Options in
Metastatic Colorectal Cancer. PLoS Curr 2010; 2: RRN1187
[PMID: 20972475 DOI: 10.1371/ currents. RRN1187]

3 Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith
T, Cooper D, Gansler T, Lerro C, Fedewa S, Lin C, Leach C,
Cannady RS, Cho H, Scoppa S, Hachey M, Kirch R, Jemal A,
Ward E. Cancer treatment and survivorship statistics, 2012.
CA Cancer ] Clin 2012; 62: 220-241 [PMID: 22700443 DOI:
10.3322/caac.21149]

4  Jemal A, Center MM, DeSantis C, Ward EM. Global pat-
terns 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]

5 Dehal AN, Newton CC, Jacobs EJ, Patel AV, Gapstur SM,
Campbell PT. Impact of diabetes mellitus and insulin use on
survival after colorectal cancer diagnosis: the Cancer Preven-
tion Study-II Nutrition Cohort. ] Clin Oncol 2012; 30: 53-59
[PMID: 22124092]

6 Chibaudel B, Tournigand C, André T, de Gramont A. Thera-
peutic strategy in unresectable metastatic colorectal cancer.
Ther Adv Med Oncol 2012; 4: 75-89 [PMID: 22423266 DOI:
10.1177/1758834011431592]

7 Cunningham D, Atkin W, Lenz HJ, Lynch HT, Minsky B,
Nordlinger B, Starling N. Colorectal cancer. Lancet 2010; 375:
1030-1047 [PMID: 20304247]

8  Fearon ER, Vogelstein B. A genetic model for colorectal tu-
morigenesis. Cell 1990; 61: 759-767 [PMID: 2188735]

9 Zeki SS, Graham TA, Wright NA. Stem cells and their

implications for colorectal cancer. Nat Rev Gastroenterol

Hepatol 2011; 8: 90-100 [PMID: 21293509 DOI: 10.1038/nrgas-

tr0.2010.211]

Luebeck EG, Hazelton WD. Multistage carcinogenesis and

radiation. ] Radiol Prot 2002; 22: A43-A49 [PMID: 12400946]

Makovski A, Yaffe E, Shpungin S, Nir U. Down-regulation of

Fer induces ROS levels accompanied by ATM and p53 activa-

tion in colon carcinoma cells. Cell Signal 2012; 24: 1369-1374

[PMID: 22434045 DOI: 10.1016/j.cellsig.2012.03.004]

Woo DK, Green PD, Santos JH, D’Souza AD, Walther Z,

Martin WD, Christian BE, Chandel NS, Shadel GS. Mito-

chondrial genome instability and ROS enhance intestinal

tumorigenesis in APC(Min/+) mice. Am | Pathol 2012; 180:

24-31 [PMID: 22056359 DOI: 10.1016/j.ajpath.2011.10.003]

Barker N, Ridgway RA, van Es JH, van de Wetering M,

10

11

12

13

January 15, 2014 | Volume 6 | Issuel |



14

15

16

17

18

19

20

21

22

23

24

25

26

27

Stopper H et a/. Fluoxetine and colon cancer

Begthel H, van den Born M, Danenberg E, Clarke AR, San-
som O], Clevers H. Crypt stem cells as the cells-of-origin of
intestinal cancer. Nature 2009; 457: 608-611 [PMID: 19092804
DOI: 10.1038 /nature07602]

Waldner MJ, Wirtz S, Jefremow A, Warntjen M, Neufert
C, Atreya R, Becker C, Weigmann B, Vieth M, Rose-John S,
Neurath MF. VEGF receptor signaling links inflammation
and tumorigenesis in colitis-associated cancer. | Exp Med
2010; 207: 2855-2868 [PMID: 21098094]

Wong WM, Mandir N, Goodlad RA, Wong BC, Garcia SB,
Lam SK, Wright NA. Histogenesis of human colorectal ad-
enomas and hyperplastic polyps: the role of cell proliferation
and crypt fission. Gut 2002; 50: 212-217 [PMID: 11788562
DOI: 10.1136/ gut.50.2.212]

Hinoi T, Akyol A, Theisen BK, Ferguson DO, Greenson JK,
Williams BO, Cho KR, Fearon ER. Mouse model of colonic
adenoma-carcinoma progression based on somatic Apc in-
activation. Cancer Res 2007; 67: 9721-9730 [PMID: 17942902
DOI: 10.1158/0008-5472.CAN-07-2735]

Wong WM, Garcia SB, Wright NA. Origins and morpho-
genesis of colorectal neoplasms. APMIS 1999; 107: 535-544
[PMID: 10379680]

Seton-Rogers S. Microenvironment: Making connections.
Nat Rev Cancer 2013; 13: 222-223 [PMID: 23486240 DOI:
10.1038/nrc3492]

Glaire MA, El-Omar EM, Wang TC, Worthley DL. The mes-
enchyme in malignancy: a partner in the initiation, progres-
sion and dissemination of cancer. Pharmacol Ther 2012; 136:
131-141 [PMID: 22921882 DOI: 10.1016/j.pharmthera.2012.08
.007]

Quante M, Varga J, Wang TC, Greten FR. The gastrointes-
tinal tumor microenvironment. Gastroenterology 2013; 145:
63-78 [PMID: 23583733 DOI: 10.1053/j.gastro.2013.03.052]
Achyut BR, Bader DA, Robles Al, Wangsa D, Harris CC,
Ried T, Yang L. Inflammation-mediated genetic and epigen-
etic alterations drive cancer development in the neighboring
epithelium upon stromal abrogation of TGF-p signaling.
PLoS Genet 2013; 9: €1003251 [PMID: 23408900 DOI: 10.1371/
journal.pgen.1003251]

Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N,
Shappell S, Washington MK, Neilson EG, Moses HL. TGF-
beta signaling in fibroblasts modulates the oncogenic poten-
tial of adjacent epithelia. Science 2004; 303: 848-851 [PMID:
14764882 DOI: 10.1126/ science.1090922]

Franco OE, Jiang M, Strand DW, Peacock ], Fernandez S,
Jackson RS, Revelo MP, Bhowmick NA, Hayward SW. Al-
tered TGF-f signaling in a subpopulation of human stromal
cells promotes prostatic carcinogenesis. Cancer Res 2011;
71: 1272-1281 [PMID: 21303979 DOI: 10.1158/0008-5472.
CAN-10-3142]

Schwitalla S, Ziegler PK, Horst D, Becker V, Kerle I, Begus-
Nahrmann Y, Lechel A, Rudolph KL, Langer R, Slotta-
Huspenina ], Bader FG, Prazeres da Costa O, Neurath MF,
Meining A, Kirchner T, Greten FR. Loss of p53 in enterocytes
generates an inflammatory microenvironment enabling in-
vasion and lymph node metastasis of carcinogen-induced
colorectal tumors. Cancer Cell 2013; 23: 93-106 [PMID:
23273920 DOI: 10.1016/j.ccr.2012.11.014]

Kitamura T, Kometani K, Hashida H, Matsunaga A, Miyoshi
H, Hosogi H, Aoki M, Oshima M, Hattori M, Takabayashi A,
Minato N, Taketo MM. SMAD4-deficient intestinal tumors
recruit CCR1+ myeloid cells that promote invasion. Nat Gen-
et 2007; 39: 467-475 [PMID: 17369830 DOI: 10.1038/ng1997]
Garcia SB, Park HS, Novelli M, Wright NA. Field canceriza-
tion, clonality, and epithelial stem cells: the spread of mutat-
ed clones in epithelial sheets. | Pathol 1999; 187: 61-81 [PMID:
10341707 DOI: 10.1002/ (SICI)1096-9896(199901)187: 1<61: :
AID-PATH247>3.0.CO; 2-1]

Cohen G, Mustafi R, Chumsangsri A, Little N, Nathanson

(49

TR
JBaishideng®

WJGO | www.wjgnet.com

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

J, Cerda S, Jagadeeswaran S, Dougherty U, Joseph L, Hart J,
Yerian L, Tretiakova M, Yuan W, Obara P, Khare S, Sinicrope
FA, Fichera A, Boss GR, Carroll R, Bissonnette M. Epidermal
growth factor receptor signaling is up-regulated in human
colonic aberrant crypt foci. Cancer Res 2006; 66: 5656-5664
[PMID: 16740703 DOI: 10.1158/0008-5472.CAN-05-0308]
Tetsu O, McCormick F. Beta-catenin regulates expression of
cyclin D1 in colon carcinoma cells. Nature 1999; 398: 422-426
[PMID: 10201372 DOI: 10.1038/18884]

Firestein R, Bass AJ, Kim SY, Dunn IF, Silver SJ, Guney I,
Freed E, Ligon AH, Vena N, Ogino S, Chheda MG, Tamayo
P, Finn S, Shrestha Y, Boehm JS, Jain S, Bojarski E, Mermel C,
Barretina J, Chan JA, Baselga J, Tabernero ], Root DE, Fuchs
CS, Loda M, Shivdasani RA, Meyerson M, Hahn WC. CDK8
is a colorectal cancer oncogene that regulates beta-catenin
activity. Nature 2008; 455: 547-551 [PMID: 18794900 DOI:
10.1038/nature07179]

Jones NP, Schulze A. Targeting cancer metabolism--aiming
at a tumour’s sweet-spot. Drug Discov Today 2012; 17: 232-241
[PMID: 22207221 DOI: 10.1016/j.drudis.2011.12.017]

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell
metabolism. Nat Rev Cancer 2011; 11: 85-95 [PMID: 21258394
DOI: 10.1038 /nrc2981]

Pouysségur J, Dayan F, Mazure NM. Hypoxia signalling
in cancer and approaches to enforce tumour regression.
Nuature 2006; 441: 437-443 [PMID: 16724055 DOI: 10.1038/na-
ture04871]

Barrow H, Rhodes JM, Yu LG. The role of galectins in
colorectal cancer progression. Int | Cancer 2011; 129: 1-8
[PMID: 21520033 DOI: 10.1002/ijc.25945]

Waldner MJ, Neurath MF. The molecular therapy of
colorectal cancer. Mol Aspects Med 2010; 31: 171-178 [PMID:
20171980 DOI: 10.1016/j.mam.2010.02.005]

Brahimi-Horn C, Pouysségur ]. The role of the hypoxia-
inducible factor in tumor metabolism growth and invasion.
Bull Cancer 2006; 93: E73-E80 [PMID: 16935775]

Cardone RA, Casavola V, Reshkin SJ. The role of disturbed
pH dynamics and the Na+/H+ exchanger in metastasis. Nat
Rev Cancer 2005; 5: 786-795 [PMID: 16175178 DOI: 10.1038/
nrcl1713]

Fuller RW, Perry KW, Molloy BB. Effect of an uptake inhibi-
tor on serotonin metabolism in rat brain: studies with 3-(p-
trifluoromethylphenoxy)-N-methyl-3-phenylpropylamine
(Lilly 110140). Life Sci 1974; 15: 1161-1171 [PMID: 4550008]
Koh SJ, Kim JM, Kim IK, Kim N, Jung HC, Song IS, Kim JS.
Fluoxetine inhibits NF-xB signaling in intestinal epithelial
cells and ameliorates experimental colitis and colitis-asso-
ciated colon cancer in mice. Am | Physiol Gastrointest Liver
Physiol 2011; 301: G9-G19 [PMID: 21436313]

Coogan PF, Palmer JR, Strom BL, Rosenberg L. Use of selec-
tive serotonin reuptake inhibitors and the risk of breast can-
cer. Am | Epidemiol 2005; 162: 835-838 [PMID: 16177141 DOI:
10.1093/ aje/ kwi301]

Frick LR, Palumbo ML, Zappia MP, Brocco MA, Cremas-
chi GA, Genaro AM. Inhibitory effect of fluoxetine on
lymphoma growth through the modulation of antitumor
T-cell response by serotonin-dependent and independent
mechanisms. Biochem Pharmacol 2008; 75: 1817-1826 [PMID:
18342838]

Arimochi H, Morita K. Characterization of cytotoxic actions
of tricyclic antidepressants on human HT?29 colon carcinoma
cells. Eur | Pharmacol 2006; 541: 17-23 [PMID: 16753142]
Kornhuber J, Reichel M, Tripal P, Groemer TW, Henkel
AW, Miihle C, Gulbins E. The role of ceramide in major de-
pressive disorder. Eur Arch Psychiatry Clin Neurosci 2009; 259
Suppl 2: 5199-5204 [PMID: 19876679 DOI: 10.1007/s00406-
009-0061-x]

Bertrand PP, Hu X, Mach ], Bertrand RL. Serotonin (5-HT)
release and uptake measured by real-time electrochemical

January 15, 2014 | Volume 6 | Issuel |



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

techniques in the rat ileum. Am | Physiol Gastrointest Liver
Physiol 2008; 295: G1228-G1236 [PMID: 18927211]

Khanzode SD, Dakhale GN, Khanzode SS, Saoji A, Palasod-
kar R. Oxidative damage and major depression: the potential
antioxidant action of selective serotonin re-uptake inhibitors.
Redox Rep 2003; 8: 365-370 [PMID: 14980069 DOI: 10.1179/13
5100003225003393]

Zafir A, Ara A, Banu N. Invivo antioxidant status: a putative
target of antidepressant action. Prog Neuropsychopharma-
col Biol Psychiatry 2009; 33: 220-228 [PMID: 19059298 DOI:
10.1016/j.pnpbp.2008.11.010]

Zafir A, Banu N. Antioxidant potential of fluoxetine in
comparison to Curcuma longa in restraint-stressed rats. Eur
] Pharmacol 2007; 572: 23-31 [PMID: 17610875 DOI: 10.1016/
j-ejphar.2007.05.062]

Chung ES, Chung YC, Bok E, Baik HH, Park ES, Park JY,
Yoon SH, Jin BK. Fluoxetine prevents LPS-induced degener-
ation of nigral dopaminergic neurons by inhibiting microg-
lia-mediated oxidative stress. Brain Res 2010; 1363: 143-150
[PMID: 20858471 DOI: 10.1016/j.brainres.2010.09.049]

Novio S, Nufiez MJ, Amigo G, Freire-Garabal M. Effects
of fluoxetine on the oxidative status of peripheral blood
leucocytes of restraint-stressed mice. Basic Clin Pharmacol
Toxicol 2011; 109: 365-371 [PMID: 21624059 DOI: 10.1111/
j-1742-7843.2011.00736.x]

Qi H, Ma ], Liu YM, Yang L, Peng L, Wang H, Chen HZ. Al-
lostatic tumor-burden induces depression-associated chang-
es in hepatoma-bearing mice. | Neurooncol 2009; 94: 367-372
[PMID: 19381448 DOI: 10.1007/s11060-009-9887-3]

Kirkova M, Tzvetanova E, Vircheva S, Zamfirova R, Grygier
B, Kubera M. Antioxidant activity of fluoxetine: studies in
mice melanoma model. Cell Biochem Funct 2010; 28: 497-502
[PMID: 20803706 DOI: 10.1002/ cbf.1682]

Kim HJ, Choi JS, Lee YM, Shim EY, Hong SH, Kim MJ, Min
DS, Rhie DJ, Kim MS, Jo YH, Hahn SJ, Yoon SH. Fluoxetine
inhibits ATP-induced [Ca(2+)](i) increase in PC12 cells by
inhibiting both extracellular Ca(2+) influx and Ca(2+) re-
lease from intracellular stores. Neuropharmacology 2005; 49:
265-274 [PMID: 15993448 DQI: 10.1016/j.neuropharm.2005.0
3.007]

Serafeim A, Grafton G, Chamba A, Gregory CD, Blakely RD,
Bowery NG, Barnes NM, Gordon ]. 5-Hydroxytryptamine
drives apoptosis in biopsylike Burkitt lymphoma cells: re-
versal by selective serotonin reuptake inhibitors. Blood 2002;
99: 2545-2553 [PMID: 11895792]

Serafeim A, Holder MJ, Grafton G, Chamba A, Drayson MT,
Luong QT, Bunce CM, Gregory CD, Barnes NM, Gordon
J. Selective serotonin reuptake inhibitors directly signal for
apoptosis in biopsy-like Burkitt lymphoma cells. Blood 2003;
101: 3212-3219 [PMID: 12515726]

Lee CS, Kim Y], Jang ER, Kim W, Myung SC. Fluoxetine
induces apoptosis in ovarian carcinoma cell line OV-
CAR-3 through reactive oxygen species-dependent ac-
tivation of nuclear factor-kappaB. Basic Clin Pharmacol
Toxicol 2010; 106: 446-453 [PMID: 20050848 DOI: 10.1111/
j-1742-7843.2009.00509.x]

Levkovitz Y, Gil-Ad I, Zeldich E, Dayag M, Weizman A. Dif-
ferential induction of apoptosis by antidepressants in glioma
and neuroblastoma cell lines: evidence for p-c-Jun, cyto-
chrome ¢, and caspase-3 involvement. | Mol Neurosci 2005;
27: 29-42 [PMID: 16055945 DOI: 10.1385/JMN: 27: 1: 029]
Tutton PJ, Barkla DH. Influence of inhibitors of serotonin
uptake on intestinal epithelium and colorectal carcinomas.
Br J Cancer 1982; 46: 260-265 [PMID: 6983886]

Brandes L], Arron R], Bogdanovic RP, Tong J, Zaborniak
CL, Hogg GR, Warrington RC, Fang W, LaBella FS. Stimula-
tion of malignant growth in rodents by antidepressant drugs
at clinically relevant doses. Cancer Res 1992; 52: 3796-3800
[PMID: 1617649]

Volpe DA, Ellison CD, Parchment RE, Grieshaber CK, Faus-

(49

TR
JBaishideng®

WJGO | www.wjgnet.com

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Stopper H et a/. Fluoxetine and colon cancer

tino PJ. Effects of amitriptyline and fluoxetine upon the in
vitro proliferation of tumor cell lines. ] Exp Ther Oncol 2003; 3:
169-184 [PMID: 14567288]

Jia L, Shang YY, Li YY. Effect of antidepressants on body
weight, ethology and tumor growth of human pancreatic
carcinoma xenografts in nude mice. World | Gastroenterol
2008; 14: 4377-4382 [PMID: 18666329]

Coogan PF, Strom BL, Rosenberg L. Antidepressant use and
colorectal cancer risk. Pharmacoepidemiol Drug Saf 2009; 18:
1111-1114 [PMID: 19623565 DOI: 10.1002/ pds.1808]

Chubak J, Boudreau DM, Rulyak SJ, Mandelson MT. Colorec-
tal cancer risk in relation to antidepressant medication
use. Int | Cancer 2011; 128: 227-232 [PMID: 20232382 DOI:
10.1002/1jc.25322]

Lee HK, Eom CS, Kwon YM, Ahn JS, Kim S, Park SM. Meta-
analysis: selective serotonin reuptake inhibitors and colon
cancer. Eur | Gastroenterol Hepatol 2012; 24: 1153-1157 [PMID:
22735609 DOI: 10.1097/ MEG.0b013e328355e289]

Tutton PJ, Barkla DH. Serotonin receptors influencing cell
proliferation in the jejunal crypt epithelium and in colonic
adenocarcinomas. Anticancer Res 1986; 6: 1123-1126 [PMID:
3800319]

Kannen V, Hintzsche H, Zanette DL, Silva WA, Garcia SB,
Waaga-Gasser AM, Stopper H. Antiproliferative effects of
fluoxetine on colon cancer cells and in a colonic carcinogen
mouse model. PLoS One 2012; 7: 50043 [PMID: 23209640
DOI: 10.1371/journal.pone.0050043]

Kannen V, Marini T, Turatti A, Carvalho MC, Branddao ML,
Jabor VA, Bonato PS, Ferreira FR, Zanette DL, Silva WA,
Garcia SB. Fluoxetine induces preventive and complex ef-
fects against colon cancer development in epithelial and
stromal areas in rats. Toxicol Lett 2011; 204: 134-140 [PMID:
21554931 DOI: 10.1016/j.toxlet.2011.04.024]

Peer D, Dekel Y, Melikhov D, Margalit R. Fluoxetine in-
hibits multidrug resistance extrusion pumps and enhances
responses to chemotherapy in syngeneic and in human xe-
nograft mouse tumor models. Cancer Res 2004; 64: 7562-7569
[PMID: 15492283]

Argov M, Kashi R, Peer D, Margalit R. Treatment of resistant
human colon cancer xenografts by a fluoxetine-doxorubicin
combination enhances therapeutic responses comparable to
an aggressive bevacizumab regimen. Cancer Lett 2009; 274:
118-125 [PMID: 18851896 DOI: 10.1016/j.canlet.2008.09.005]
Vandoros GP, Konstantinopoulos PA, Sotiropoulou-Bonikou
G, Kominea A, Papachristou GI, Karamouzis MV, Gker-
mpesi M, Varakis I, Papavassiliou AG. PPAR-gamma is
expressed and NF-kB pathway is activated and correlates
positively with COX-2 expression in stromal myofibroblasts
surrounding colon adenocarcinomas. | Cancer Res Clin Oncol
2006; 132: 76-84 [PMID: 16215757 DOI: 10.1007 /s00432-005-
0042-z]

Hardwick JC, van den Brink GR, Offerhaus GJ, van De-
venter SJ, Peppelenbosch MP. NF-kappaB, p38 MAPK and
JNK are highly expressed and active in the stroma of human
colonic adenomatous polyps. Oncogene 2001; 20: 819-827
[PMID: 11314016 DOI: 10.1038/sj.0nc.1204162]

Yang Z, Li C, Wang X, Zhai C, Yi Z, Wang L, Liu B, Du B,
Wu H, Guo X, Liu M, Li D, Luo J. Dauricine induces apop-
tosis, inhibits proliferation and invasion through inhibiting
NF-kappaB signaling pathway in colon cancer cells. | Cell
Physiol 2010; 225: 266-275 [PMID: 20509140 DOI: 10.1002/
jcp.22261]

Paul S, DeCastro AJ, Lee HJ, Smolarek AK, So JY, Simi B,
Wang CX, Zhou R, Rimando AM, Suh N. Dietary intake of
pterostilbene, a constituent of blueberries, inhibits the beta-
catenin/p65 downstream signaling pathway and colon car-
cinogenesis in rats. Carcinogenesis 2010; 31: 1272-1278 [PMID:
20061362 DOI: 10.1093 / carcin/bgq004]

Ngan BY, Forte V, Campisi P. Molecular angiogenic signal-
ing in angiofibromas after embolization: implications for

January 15, 2014 | Volume 6 | Issuel |



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

Stopper H et a/. Fluoxetine and colon cancer

therapy. Arch Otolaryngol Head Neck Surg 2008; 134: 1170-1176
[PMID: 19015446 DOI: 10.1001/archotol.134.11.1170]
Tammali R, Reddy AB, Srivastava SK, Ramana KV. Inhibi-
tion of aldose reductase prevents angiogenesis in vitro and
in vivo. Angiogenesis 2011; 14: 209-221 [PMID: 21409599 DOI:
10.1007/510456-011-9206-4]

Hristov M, Erl W, Weber PC. Endothelial progenitor cells: mo-
bilization, differentiation, and homing. Arterioscler Thromb Vasc
Biol 2003; 23: 1185-1189 [PMID: 12714439 DOI: 10.1161/01.
ATV.0000073832.49290.B501.ATV.0000073832.49290.B5]
Sovalat H, Scrofani M, Eidenschenk A, Pasquet S, Rimelen
V, Hénon P. Identification and isolation from either adult
human bone marrow or G-CSF-mobilized peripheral blood
of CD34(+)/CD133(+)/CXCR4(+)/ Lin(-)CD45(-) cells,
featuring morphological, molecular, and phenotypic charac-
teristics of very small embryonic-like (VSEL) stem cells. Exp
Hematol 2011; 39: 495-505 [PMID: 21238532 DOI: 10.1016/
j-exphem.2011.01.003]

Meregalli M, Farini A, Belicchi M, Torrente Y. CD133(+)
cells isolated from various sources and their role in future
clinical perspectives. Expert Opin Biol Ther 2010; 10: 1521-1528
[PMID: 20932225 DOI: 10.1517/14712598.2010.528386]

Li H, Zimmerlin L, Marra KG, Donnenberg VS, Donnenberg
AD, Rubin JP. Adipogenic potential of adipose stem cell
subpopulations. Plast Reconstr Surg 2011; 128: 663-672 [PMID:
21572381 DOI: 10.1097/PRS.0b013e318221db33]

Ye C, Bai L, Yan ZQ, Wang YH, Jiang ZL. Shear stress and
vascular smooth muscle cells promote endothelial differ-
entiation of endothelial progenitor cells via activation of
Akt. Clin Biomech (Bristol, Avon) 2008; 23 Suppl 1: S118-5124
[PMID: 17928113 DOI: 10.1016/j.clinbiomech.2007.08.018]
Krause DS, Fackler MJ, Civin CI, May WS. CD34: structure,
biology, and clinical utility. Blood 1996; 87: 1-13 [PMID:
8547630]

Beasley NJ, Wykoff CC, Watson PH, Leek R, Turley H, Gat-
ter K, Pastorek J, Cox GJ, Ratcliffe P, Harris AL. Carbonic
anhydrase IX, an endogenous hypoxia marker, expression in
head and neck squamous cell carcinoma and its relationship
to hypoxia, necrosis, and microvessel density. Cancer Res
2001; 61: 5262-5267 [PMID: 11431368]

Verrax J, Beck R, Dejeans N, Glorieux C, Sid B, Pedrosa RC,
Benites ], Vasquez D, Valderrama JA, Calderon PB. Redox-
active quinones and ascorbate: an innovative cancer therapy
that exploits the vulnerability of cancer cells to oxidative
stress. Anticancer Agents Med Chem 2011; 11: 213-221 [PMID:
21395522]

Schulze A, Harris AL. How cancer metabolism is tuned for
proliferation and vulnerable to disruption. Nature 2012; 491:
364-373 [PMID: 23151579 DOI: 10.1038 /nature11706]
Lefebvre M, Marchand M, Horowitz JM, Torres G. Detec-
tion of fluoxetine in brain, blood, liver and hair of rats using
gas chromatography-mass spectrometry. Life Sci 1999; 64:
805-811 [PMID: 10075113]

Nagamune H, Fukushima Y, Takada J, Yoshida K, Unami A,
Shimooka T, Terada H. The lipophilic weak base (Z)-5-meth-
yl-2-[2-(1-naphthyl)ethenyl]-4-piperidinopyridine (AU-1421)
is a potent protonophore type cationic uncoupler of oxida-
tive phosphorylation in mitochondria. Biochim Biophys Acta
1993; 1141: 231-237 [PMID: 8382953]

Song JH, Marszalec W, Kai L, Yeh JZ, Narahashi T. Antide-
pressants inhibit proton currents and tumor necrosis factor-a
production in BV2 microglial cells. Brain Res 2012; 1435:
15-23 [PMID: 22177663 DOI: 10.1016/j.brainres.2011.11.041]
Hroudova J, Fisar Z. In vitro inhibition of mitochondrial
respiratory rate by antidepressants. Toxicol Lett 2012; 213:
345-352 [PMID: 22842584 DOI: 10.1016/j.toxlet.2012.07.017]
Hoose SA, Duran C, Malik I, Eslamfam S, Shasserre SC,
Downing SS, Hoover EM, Dowd KE, Smith R, Polymenis
M. Systematic analysis of cell cycle effects of common drugs
leads to the discovery of a suppressive interaction between

(49

TR
JBaishideng®

WJGO | www.wjgnet.com

88

89

90

91

92

93

94

95

96

97

98

99

100

gemfibrozil and fluoxetine. PLoS One 2012; 7: €36503 [PMID:
22567160 DOI: 10.1371/journal.pone.0036503]

Eddahibi S, Fabre V, Boni C, Martres MP, Raffestin B, Ham-
on M, Adnot S. Induction of serotonin transporter by hy-
poxia in pulmonary vascular smooth muscle cells. Relation-
ship with the mitogenic action of serotonin. Circ Res 1999; 84:
329-336 [PMID: 10024307]

Pitt BR, Weng W, Steve AR, Blakely RD, Reynolds I, Davies
P. Serotonin increases DNA synthesis in rat proximal and
distal pulmonary vascular smooth muscle cells in culture.
Am ] Physiol 1994; 266: 1.178-L186 [PMID: 8141313]

Lee SL, Wang WW, Lanzillo JJ, Fanburg BL. Regulation of
serotonin-induced DNA synthesis of bovine pulmonary
artery smooth muscle cells. Am | Physiol 1994; 266: L53-L60
[PMID: 8304470]

Krishnan A, Hariharan R, Nair SA, Pillai MR. Fluoxetine
mediates GO/G1 arrest by inducing functional inhibition
of cyclin dependent kinase subunit (CKS)1. Biochem Phar-
macol 2008; 75: 1924-1934 [PMID: 18371935 DOI: 10.1016/
j-bcp.2008.02.013]

Stepulak A, Rzeski W, Sifringer M, Brocke K, Gratopp A,
Kupisz K, Turski L, Ikonomidou C. Fluoxetine inhibits the
extracellular signal regulated kinase pathway and suppress-
es growth of cancer cells. Cancer Biol Ther 2008; 7: 1685-1693
[PMID: 18836303]

Yue CT, Liu YL. Fluoxetine increases extracellular levels of
3-methoxy-4-hydroxyphenylglycol in cultured COLO320
DM cells. Cell Biochem Funct 2005; 23: 109-114 [PMID:
15565631]

Kashanian S, Javanmardi S, Chitsazan A, Omidfar K, Pak-
nejad M. DNA-binding studies of fluoxetine antidepressant.
DNA Cell Biol 2012; 31: 1349-1355 [PMID: 22510099 DOI:
10.1089/ dna.2012.1657]

Peer D, Margalit R. Fluoxetine and reversal of multidrug re-
sistance. Cancer Lett 2006; 237: 180-187 [PMID: 16014320]
Pavlides S, Tsirigos A, Vera I, Flomenberg N, Frank PG, Ca-
simiro MC, Wang C, Fortina P, Addya S, Pestell RG, Marti-
nez-Outschoorn UE, Sotgia F, Lisanti MP. Loss of stromal ca-
veolin-1 leads to oxidative stress, mimics hypoxia and drives
inflammation in the tumor microenvironment, conferring
the “reverse Warburg effect”: a transcriptional informatics
analysis with validation. Cell Cycle 2010; 9: 2201-2219 [PMID:
20519932]

Martinez-Outschoorn UE, Pestell RG, Howell A, Tykocin-
ski ML, Nagajyothi F, Machado FS, Tanowitz HB, Sotgia F,
Lisanti MP. Energy transfer in “parasitic” cancer metabo-
lism: mitochondria are the powerhouse and Achilles” heel of
tumor cells. Cell Cycle 2011; 10: 4208-4216 [PMID: 22033146
DOI: 10.4161/cc.10.24.18487]

Whitaker-Menezes D, Martinez-Outschoorn UE, Lin Z, Er-
tel A, Flomenberg N, Witkiewicz AK, Birbe RC, Howell A,
Pavlides S, Gandara R, Pestell RG, Sotgia F, Philp NJ, Lisanti
MP. Evidence for a stromal-epithelial “lactate shuttle” in hu-
man tumors: MCT4 is a marker of oxidative stress in cancer-
associated fibroblasts. Cell Cycle 2011; 10: 1772-1783 [PMID:
21558814]

Sotgia F, Whitaker-Menezes D, Martinez-Outschoorn UE,
Flomenberg N, Birbe RC, Witkiewicz AK, Howell A, Philp
NJ, Pestell RG, Lisanti MP. Mitochondrial metabolism in
cancer metastasis: visualizing tumor cell mitochondria and
the “reverse Warburg effect” in positive lymph node tissue.
Cell Cycle 2012; 11: 1445-1454 [PMID: 22395432 DOI: 10.4161/
cc.19841]

Balliet RM, Capparelli C, Guido C, Pestell TG, Martinez-
Outschoorn UE, Lin Z, Whitaker-Menezes D, Chiavarina B,
Pestell RG, Howell A, Sotgia F, Lisanti MP. Mitochondrial
oxidative stress in cancer-associated fibroblasts drives lactate
production, promoting breast cancer tumor growth: under-
standing the aging and cancer connection. Cell Cycle 2011; 10:
4065-4073 [PMID: 22129993 DOI: 10.4161/cc.10.23.18254]

January 15, 2014 | Volume 6 | Issuel |



Stopper H et a/. Fluoxetine and colon cancer

101 Pavlides S, Whitaker-Menezes D, Castello-Cros R, Flomen- Sotgia F, Lisanti MP. The reverse Warburg effect: aerobic
berg N, Witkiewicz AK, Frank PG, Casimiro MC, Wang C, glycolysis in cancer associated fibroblasts and the tumor
Fortina P, Addya S, Pestell RG, Martinez-Outschoorn UE, stroma. Cell Cycle 2009; 8: 3984-4001 [PMID: 19923890]

P- Reviewers: Koukourakis GV, Wang ZH  S- Editor: Zhai HH
L- Editor: Roemmele A E- Editor: Liu SQ

(49

Boishidongs  WJGO | www.wijgnet.com 21 January 15,2014 | Volume 6 | Issue 1 |



J¢0

World Journal of
Gastrointestinal Oncology

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.4251/wjgo.v6.i1.22

World | Gastrointest Oncol 2014 January 15; 6(1): 22-33
ISSN 1948-5204 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

ORIGINAL ARTICLE

Novel blood-based microRNA biomarker panel for early
diagnosis of pancreatic cancer

Ganepola AP Ganepola, John R Rutledge, Paritosh Suman, Anusak Yiengpruksawan, David H Chang

Ganepola AP Ganepola, John R Rutledge, Paritosh Suman,
David H Chang, Center for Cancer Research and Genomic Med-
icine, The Valley Hospital, Paramus, NJ 07652, United States
Ganepola AP Ganepola, Anusak Yiengpruksawan, Depart-
ment of Surgery, The Valley Hospital, Ridgewood, NJ 07450,
United States

Author contributions: Ganepola GAP, Suman P, Yiengpruk-
swan A and Chang DH designed the research; Ganepola GAP and
Chang DH performed the experiments; Ganepola GAP, Chang
DH and Rutledge JR analyzed the data and wrote the manuscript.
Supported by The Valley Hospital Foundation Research Fund
and private donations

Correspondence to: David H Chang, PhD, Research Sci-
entist, Center for Cancer Research and Genomic Medicine, The
Daniel and Gloria Blumenthal Cancer Center, The Valley Hospi-
tal, 1 Valley Health Plaza, Paramus, NJ 07652,

United States. davidhc9@gmail.com

Telephone: +1-201-6345542 Fax: +1-201-6345383

Received: August 22,2013  Revised: December 5, 2013
Accepted: December 12, 2013

Published online: January 15, 2014

Abstract

AIM: To develop a panel of blood-based diagnostic
biomarkers consisting of circulating microRNAs for the
detection of pancreatic cancer at an early stage.

METHODS: Blood-based circulating microRNAs were
profiled by high throughput screening using microarray
analysis, comparing differential expression between ear-
ly stage pancreatic cancer patients (7 = 8) and healthy
controls (7 = 11). A panel of candidate microRNAs was
generated based on the microarray signature profiling,
including unsupervised clustering and statistical analysis
of differential expression levels, and findings from the
published literature. The selected candidate microRNAs
were then confirmed using TagMan real-time quantita-
tive reverse transcription polymerase chain reaction
(RT-gPCR) to further narrow down to a three-microRNA
diagnostic panel. The three-microRNA diagnostic panel
was validated with independent experimental proce-
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dures and instrumentation of RT-qPCR at an indepen-
dent venue with a new cohort of cancer patients (n
= 11), healthy controls (7 = 11), and a group of high
risk controls (7 = 11). Receiver operating characteristic
curve analysis was performed to assess the diagnostic
capability of the three-microRNA panel.

RESULTS: In the initial high throughput screening,
1220 known human microRNAs were screened for dif-
ferential expression in pancreatic cancer patients versus
controls. A subset of 42 microRNAs was then generated
based on this data analysis and current published litera-
ture. Eight microRNAs were selected from the list of 42
targets for confirmation study, and three-microRNAs,
miR-642b, miR-885-5p, and miR-22, were confirmed
to show consistent expression between microarray and
RT-gPCR. These three microRNAs were then validated
and evaluated as a diagnostic panel with a new cohort
of patients and controls and found to yield high sensi-
tivity (91%) and specificity (91%) with an area under
the curve of 0.97 (P < 0.001). Compared to the CA19-9
marker at 73%, the three-microRNA panel has higher
sensitivity although CA19-9 has higher specificity of
100%.

CONCLUSION: The identified panel of three microRNA
biomarkers can potentially be used as a diagnostic tool
for early stage pancreatic cancer.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: MicroRNA; Diagnosis; Biomarkers; Pancre-
atic cancer; Blood plasma; Circulating

Core tip: This study employed high throughput screen-
ing as a screening tool to identify blood-based circu-
lating microRNA markers for detection of early stage
pancreatic cancer. Two levels of confirmation were
performed to ensure the validity of the identified mi-
croRNA targets. First, a panel of potential microRNA
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markers was generated and confirmed using a more
specific and sensitive secondary assay, real-time quan-
titative reverse transcription polymerase chain reaction.
Second, the confirmed panel of microRNA markers was
independently validated with different experimental
procedures and instruments, by independent person-
nel, and at a different institution, to diagnose a new
cohort of patients and controls.

Ganepola GAP, Rutledge JR, Suman P, Yiengpruksawan A,
Chang DH. Novel blood-based microRNA biomarker panel for
early diagnosis of pancreatic cancer. World J Gastrointest Oncol
2014; 6(1): 22-33 Available from: URL: http://www.wjgnet.
com/1948-5204/full/v6/i1/22.htm DOI: http://dx.doi.org/10.4251/
wjgo.v6.i1.22

INTRODUCTION

Pancreatic cancer is one of the most lethal human can-
cers and continues to be a major unsolved health prob-
lem"! Tt has a five-year survival rate of only 6% and
is estimated to have 43920 new cases and cause 37390
deaths in 2012 in the United States, 2 number that has
been steadily increasing for more than a decade™. Con-
ventional treatment approaches such as surgery, radiation,
chemotherapy, or a combination thereof have had little
impact on the course of this aggressive cancer. Collective
studies from Japan indicate that those patients who were
incidentally found through other imaging modalities to
have carly stage carcinoma have an improved five-year
survival rate of 30% for those with a 2 cm carcinoma,
57% for those with a 1 cm or less “minute” carcinoma,
and 100% for patients with a ductal epithelium tumor
measuring less than 1 cm. Therefore, these studies em-
phasize that the hope for better control of this disease is
through diagnosis at its eatlier stages when surgical resec-
tion may be curative.

The current most widely used biomarkers for pancre-
atic cancer are CA19-9, and, to a lesser degree, carcino-
embryonic antigen (CEA)” and genetic markers such as
K-RAS and p53". Whereas clinicians may rely on CA19-9
levels as a prognostic tool when managing patients with
late stage disease, or in determining operability or moni-
toring patients for recurrence, these markers have genet-
ally inadequate specificity and unreliable sensitivity to
pancreatic cancer and are not recommended for screen-
ing and diagnosis of early disease™"”. Consequently, there
is an urgent, unmet need for development of valid, reli-
able biomarkers for early detection and monitoring of
pancreatic cancer.

MicroRNA (miRNA) are small non-coding RNA
about 18-24 nucleotides in size''. A large body of evi-
dence indicates that miRNAs regulate gene expression
at the post-translational level in almost every biological
event and play important roles in tumotigenesis, cancer
development, migration and metastasis' . The differ-
ential expression of miRNAs has been related to vari-
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ous cancers, and efforts have been made to profile the
global miRNA expression patterns associated with these
cancers'”. Numerous investigations have evaluated the
miRNA signature of pancreatic cancet, utilizing pancre-
atic tumor tissue and cell lines, searching for biomark-
ers and their association with tumorigenesis and patient
2 However, tissue-based miRNA signature
profiling is limited to the availability of tissue specimens.
Therefore, it would be technologically challenging to

survival'

detect cancer at its carlier stages when the tumor size is
still small and proper tissue procurement may be difficult.
Thus, a simple, noninvasive procedutre, such as blood-
based signature profiling, would be ideal for detecting
pancreatic cancer at eatlier stages.

Recent studies have shown that miRNAs are relatively
stable and can be readily extracted and detected in bodily
fluids such as blood plasmam. Therefore, the presence of
circulating extracellular miRNAs can potentially be used
as markers for cancer detection in a noninvasive way””.
Studies investigating the potential role of circulating
miRNAs as pancreatic cancer markers have shown some
promise although the findings have been limited to a small
number of predefined target miRNAs” . High through-
put screening studies of known circulating miRINAs as
biomarkers of pancreatic cancer have only recently begun
to emerge, and by combining the efforts from all re-
searchers in this atea, a final panel of ideal markers can be
developed to combat this dreadful disease™ ",

This is a pilot study to employ high throughput
screening microarray technology to screen for 1220
known human miRNAs (based on the miRBase version
16.0 database released in 2010)* comparing the dif-
ferential expression signature among eight early stage
pancteatic cancer patients and eleven healthy controls.
The identified panel of miRNAs were subsequently con-
firmed, and also validated for their diagnostic potential in
an independent cohort of eleven early stage pancreatic
cancer patients.

MATERIALS AND METHODS

Participant population

This study was reviewed and approved by the Valley
Hospital Institutional Review Board. Written informed
consent was obtained from all study participants. The
pancreatic cancer patient group included stage TA/ I
B patients whose stage was confirmed post-operatively
by pathologists from the Valley Hospital. Eight patients
diagnosed with ductal adenocarcinoma were used in the

microarray screening and real-time quantitative reverse
transcription polymerase chain reaction (RT-qPCR) con-
firmation study. A second group of eleven ductal adeno-
carcinoma patients was used in the validation study. The
control group for all studies was comprised of eleven
healthy participants with no family history of pancreatic
cancer. The high risk group included eleven healthy par-
ticipants who had a strong family history of pancreatic
cancer, including ten participants with at least two “first
degree relatives” and one participant with two “second
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Table 1 Participant demographics

n Median age (IQR), yr
Microarray analysis and RT-qPCR confirmation

Female gender

Patients 8 64 (57-65) 38%

Controls 11 46 (42-49) 46%
RT-qPCR validation

Patients 11 68 (62-79) 46%

Controls 11 46 (42-49) 46%

High risk 11 48 (46-50) 73%

IQR: Interquartile range. RT-qPCR: Real-time quantitative reverse tran-
scription polymerase chain reaction.

degree relatives” having a pancreatic cancer diagnosis.
The participant demographics are shown in Table 1.

Patients were excluded from the study if they had
prior pancreatic cancer surgery, had other concomitant
cancers other than non-melanoma basal cell skin cancet,
or had a history of HIV infection.

Blood specimen collection and processing

Patient blood was drawn by peripheral venipuncture into
BD Vacutainer® CPT™ (Cell Preparation Tubes) with
Sodium Citrate (Becton Dickinson, Franklin Lakes, NJ).
Blood processing was typically done within two hours of
collection and performed according to the manufacturer’s
protocol. Harvested plasma was stored at -80 C.

MiRNA microarrays and analysis (performed at Ocean
Ridge Biosciences, FL)

Plasma samples were processed at Ocean Ridge Biosci-
ences (ORB, Palm Beach Gardens, FL)) for analysis us-
ing custom multi-species microarrays containing 1209
probes covering 1220 human mature miRNAs present in
the miRBase version 16.0 database released in 2010. The
sensitivity of the microarray is such that it could detect as
low as 20 amoles of synthetic miRNA being hybridized
along with each sample. The microarrays were produced
by Microarrays Inc. (Huntsville, Alabama), and consisted
of epoxide glass substrates that have been spotted in trip-
licate with each probe.

Sample processing: Samples were isolated from 0.7 to
1.0 mL of plasma using TRI Reagent® BD (Molecular
Research Center, Cincinnati, OH) as per manufacturer in-
structions. For quality control, a mixture of 10 synthetic
miRNAs were added (spike-in) at a mass of 12.5 fmoles/
mL of plasma to each plasma sample during isolation and
one miRNA was added at 200 amoles per sample prior to
labeling and hybridization. Total RNA was 3’-end labeled
with Oyster-550 fluorescent dye using the Flash Tag
RNA labeling Kit (Genisphere, Hatfield, PA). Labeled
RNA samples were hybridized to the miRNA microar-
rays according to conditions recommended in the Flash
Tag RNA labeling Kit manual. The microarrays were
scanned on an Axon Genepix 4000B scanner, and data
was extracted from images using GenePix v4.1 software.

Data pre-processing: Spot intensities were obtained
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for the 8816 features on each microarray by subtracting
the median local background from the median local fore-
ground for each spot. The 95" percentile of the nega-
tive control spots was also calculated for each array. The
spot intensities and 95" percentile of negative controls
(TPT95) were transformed by taking the Logarithm base
2 (indicated as logz) of each value. The normalization fac-
tor (N) for each microarray was determined by obtaining
the 20% trimmed mean of the human probe intensities
that were detected one logz unit above TPT95 (TPT95
+ 1) in all samples and with standard deviation of probe
intensities among all samples less than 1.25. The logz-
transformed spot intensities for all 8816 features were
normalized, by subtracting N from each spot intensity,
and scaled by adding the grand mean of N across all
microarrays. The mean probe intensities for each of the
1209 human probes on each of the 20 arrays were then
determined by averaging the triplicate spot intensities.
Spots flagged as poor quality during data extraction were
omitted prior to averaging. The 1209 human non-control
logz-transformed, normalized, and averaged probe in-
tensities were filtered to obtain a panel of 290 human
miRNA probes showing probe intensity greater than one
logz unit above TPT95 (> TPT95 + 1) in at least 10% of

the samples.

Quality control: Sensitivity of the microarray hybridiza-
tion was confirmed by detection of hybridization signal
for all 11 spikes that were added during isolation and la-
beling well above TPT95. The array also contains a set of
specificity control probes complementary to three differ-
ent miRNAs. Each specificity control includes a perfect
match, single mismatch, double mismatch, and shuffled
version of the probe. Specificity of the hybridization was
confirmed by detection of hybridization signal on the mi-
croarray for the perfect match probes and not the double
mismatch and shuffled version of the probes. Reproduc-
ibility of the arrays was determined by monitoring the
hybridization intensity for the triplicate human spots on
each array.

Differential expression analysis: For statistical analysis,
samples were binned in two groups: Healthy Controls
and Pancreatic Cancet. The log-transformed and normal-
ized spot intensities for the 290 detectable human probes
were examined for differences between the groups by
1-way ANOVA using National Institute of Ageing Array
Analysis software™”. This ANOVA was conducted using
the Bayesian Error Model and 50 degrees of freedom.
A total of 116 probes exhibited significant differences
between the healthy controls and the pancreatic cancer
patients. Statistical significance was determined using the
False Discovery Rate (FDR) method"; an FDR < 0.15
was considered significant in this study.

Hierarchical clustering of miRNA array data: Data
for the 290 detectable human probes were clustered us-
ing Cluster 3.0 software”™. Genes were median-centered

prior to hierarchical clustering. Hierarchical clustering
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was conducted using Centered Correlation as the similar-
ity metric and Average Linkage as the clustering method.
Intensity scale shown is arbitrary.

Confirmation with quantitative real-time RT-PCR
(RT-qPCR, performed at ORB)
Total RNA was extracted from 0.9 to 2.1 mL of plasma
using TRI Reagent® BD (Molecular Research Center,
Cincinnati, OH) according to the manufacturer’s instruc-
tions with minor modifications. For down-stream quality
control monitoring, a mixture of 10 synthetic miRINAs
were added at a mass of 12.5 femtomoles/mlL of biofluid
following homogenization of the samples in Trizol-BD.
RNA isolated from plasma was diluted and used in 10
uL reverse transcription (RT) reactions using ABI (Ap-
plied Biosystems by Life Technology) miRNA-specific
RT primers (Life Tech, Catlsbad, CA). For each miRNA
and sample, RNA equivalent to 50 pl. of biofluid was
used in each RT reaction except for the probe sets for
miR-642b-3p and miR-7, in which case RNA equivalent
to 100 pL was used. The cDNA product was diluted 1:10
in water and 4.5 pl of the diluted product was combined
in triplicate PCR-plate wells with 1 X ABI Universal PCR
amplification mix and ABI miRNA-specific Tagman PCR
primers in a final volume of 10 pL/well. The PCR plate
was subjected to thermal cycling in an ABI StepOne Plus
real-time PCR instrument. The cycling conditions were
an initial incubation for 10 min at 95 °C, followed by 40
cycles of: 15 s at 95 °C, 1 min at 60 ‘C. The Cq (Quan-
tification Cycle according to Minimum Information for
Publication of Quantitative Real-Time PCR Experiments
guidelines™, also known as threshold cycle (Cr), or num-
ber of cycles required for the well to reach a specified
threshold of fluorescence intensity) was determined for
cach well using ABI software and a threshold setting of
0.05. In the initial pilot experiment, only miRNA with Cq
value at 36 or above were used for confirmation study.
Triplicate Cq values were averaged to obtain the “mean

Cq value.”

Independent validation RT-qPCR (performed at the
Valley Hospital, NJ)
MiRNA was extracted from 2.0 to 4.0 mL of plasma
using QIAamp circulating Nucleic Acid Kit (Qiagen,
Germantown, MD) with QIAvac Connecting System
(Qiagen), following manufacturer instructions. The con-
centration of extracted miRNA was determined using
Agilent Small RNA kit with 2100 Bioanalyzer (Agilent,
Santa Clara, CA), and was in the range of 10 to 100 ng,
RT-qPCR experiments were performed using TaqMan
MiRNA Assays (Life Tech, Cartlsbad, CA), for each miRNA,
following manufacturer instructions. The TagMan miRNA
assays used were: hsa-miR-885-5p (ID#002296), hsa-miR-
22-3p (ID#000398), hsa-miR-642b-3p (ID#462949_mat),
and hsa-miR-3196 (ID#241941_mat). For RT, 1 to 10 ng
RNA isolated from plasma was diluted and used in 5 pL.
of RT reactions with each miRNA-specific RT primers
and MiRNA Reverse Transcription kit (Life Tech), with-
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out pre-amplification. The cDNA product was diluted 1:3
in water, and 5 pl. of diluted cDNA was used in tripli-
cate PCR-plate wells with miRNA-specific TagMan PCR
primer and Universal Master mix [I (Life Tech). The
qPCR reaction was performed on 7500 real-time PCR
system (Life Tech). The Cq value required for the well to
reach a specific threshold of fluorescence intensity was
determined for each well using 7500 Software (Life Tech)
with threshold setting at 0.05. All Cq values were 36 or
less and were included for subsequent calculation. Trip-
licate Cq values were averaged to obtain the “mean Cq
value”.

RT-qPCR and microarray data analysis using the
comparative C(T) Method

The normalization control used for the RT-qPCR experi-
ments was hsa-miR-3196. The endogenous control has
been selected based on both microarray and pilot RT-
qPCR experiments. MiR-3196 demonstrated relatively
consistent and stable expression in microarray analysis
and also in a series of pilot RT-qPCR. The use of the
same extracted plasma miRNA (patients and controls, #
=19), with the same miRNA input, yielded consistent Cq
values at 29.33 £ 0.50.

Fold change calculation was performed following the
Comparative C(T) Method”™. The “mean Cq value” of
hsa-miR-3196 was subtracted from the mean Cq value for
each miRNA to obtain a “normalized mean ACq value”
for each miRNA. The “normalized mean ACq value” for
each miRNA was then converted to 2““Y, Fold change
of each miRNA was determined by calculating the ratio

of the mean of 27¢%
(ACq)

of all pancreatic cancer patients to
the mean of 27 of all healthy controls; and the mean
of 2 of all high risk controls to the mean of 2““ of
all healthy controls. The fold change values were trans-
formed to a log: scale for the purpose of plotting the
values on a continuum.

In order to further evaluate the RT-qPCR experimen-
tal results against those observed from the microarray
analysis, microarray data for eight miRNAs (miR-642b-
3p, miR-762, miR-4253, miR-885-5p, miR-18a, miR-486-
5p, miR-7, and miR-22) were re-analyzed following the
Comparative C(T) Method™. The spot intensities of all
data points (in logz) were normalized by subtracting the
values for each miRINA from miR-3196 (as normalization
control) to generate “normalized logz values”, which were
used as the equivalent of “normalized mean ACq value”
in RT-qPCR for further calculation. The fold change val-
ues are then calculated as stated above for RT-qPCR data
analysis.

CA19-9 test

The CA19-9 serum marker test was performed by the
Valley Hospital Histology Laboratory following the rou-
tine diagnostic laboratory testing protocol using Tosoh
A1A-360 Immunoanalyzer (Tosoh Bioscience, Inc.).
CA19-9 range above 47 U/mL is considered to be a posi-
tive test result.
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Figure 1 The microarray signature profile of circulating microRNA in pan-
creatic cancer patients and healthy controls. A: The unsupervised hierarchi-
cal clustering of 290 miRNAs that are differentially expressed among pancreatic
cancer patients (n = 8) and healthy controls (n = 11). The dendrogram on top
indicates the hierarchical clustering relationship between pancreatic cancer pa-
tients (in red) and healthy controls (in blue); B: Heat map depicting the subset
of 42 miRNAs chosen for confirmation RT-gPCR study, arranged as indicated.
Heat map color scale represents fold increase (red) or decrease (green) from
baseline. MiIRNA: MicroRNA.
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Statistical analysis

The Wilcoxon-Mann-Whitney test was used to compare
the fold changes observed among the patient groups for
each miRNA. Receiver operating characteristic (ROC)
curves were generated to evaluate the sensitivity and
specificity of predicting cancer cases and control cases
for each miRNA and for the combination of miRNAs.
Area under the curve and their respective 95%CI were
calculated for all ROC curves. P-values < 0.05 were
considered to be statistically significant. All analyses were
done using IBM-SPSS software (Version 19).

RESULTS

Circulating miRNA profiles revealed putative candidate
miRNA markers

The miRNA expression signature was profiled using
custom miRNA microarray chips covering 1220 human
miRNAs detived from the miRBase database, version 16,
released in 2010%". The unsupervised hierarchical cluster-
ing of the 290 miRNAs with acceptable detection inten-
sities is shown in Figure 1A. Remarkably, as depicted in
the hierarchical dendrogram, the clustering pattern clearly
separates the pancreatic cancer from most healthy con-

trols.

To compile a set of targeted miRNA markers for fur-
ther investigation and confirmation, the list of 290 miR-
NAs was narrowed down to 31 miRNAs with significant
differential expression and combined with an additional
22 miRNAs, which have been shown to be candidate
biomarkers for pancreatic cancer by other investiga-
tors!"***! The latter critetion was added to ensure
the inclusion of miRNAs which may not have exhibited
significant differential expression in this experimental set-
ting but have otherwise been shown by others to be good
candidates. As shown in Table 2, among the final set of
42 miRNAs, 11 miRNAs exhibiting the most significantly
different expression levels (FDR < 0.15) in this study
(miR-194, miR-18a, miR-7, miR-26b, miR-301a, miR-
106b, miR-16, miR-93, miR-106a, miR-19b, and let-7i)
as well as in the previously published literature. The heat
map of the 42 miRNAs in Figure 1B demonstrates a dif-
ferential expression signature between pancreatic cancer
patients and controls similar to the results observed from
the unsupervised clustering in Figure 1A.

RT-qPCR confirmed three potential miRNA diagnostic
markers
The panel of 42 miRNAs were subjected to further in-
vestigation using real time quantitative RT-PCR (RT-qP-
CR). In the initial pilot experiment using available miRINA
TagMan probes and testing the relative abundance of ex-
pression, 8 of the 42 miRNAs gave acceptable and most
consistent signals (data not shown) and therefore were
chosen for the subsequent confirmation study.

As shown in Figure 2, when comparing microarray
and TagMan RT-qPCR results side-by-side after normal-
izing both data sets with the same control, miR-3196,
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Table 2 The 42 microRNAs for confirmation study

MiRNA Fold change FDR Ref
Up-regulated in Pancreatic Cancer
MiR-3184 45 0.005
MiR-642b 33 0.028
MiR-1909 3.0 0.030
MiR-3154 Bl 0.064
MiR-711 3.1 0.064
MiR-3125 52 0.069
MiR-4253 2.8 0.082
MiR-762 24 0.082
MiR-885-5p 3.0 0.103
MiR-3188 24 0.154
MiR-194 2.1 0.154 [19]
MiR-193b 2.4 0.155
MiR-22 14 0.706 [19,20]
Up-regulated in Healthy Controls
MiR-486-5p 3.0 0.064
MiR-18b 2.9 0.064
MiR-1288 2.6 0.064
MiR-486-3p 2.3 0.082
MiR-18a 2.7 0.082 [19,25]
MiR-7 25 0.091 [19]
MiR-26b 3.9 0.112 [19]
MiR-646 2.5 0.131
MiR-1295 24 0.131
MiR-301a 24 0.131 [18]
MiR-106b 2.3 0.151 [19]
Let-7i 4.0 0.154 [20]
MiR-16 3.7 0.154 [17,19]
MiR-20b 2.9 0.154
MiR-93 2.6 0.154 [19]
MiR-106a 2.6 0.154 [17,19]
MiR-17 2.5 0.154
MiR-19b 2.5 0.154 [19]
MiR-1468 22 0.154
MiR-29b 2.1 0.171 [20]
MiR-15b 2.3 0.172 [19]
MiR-186 1.8 0.196 [19]
MiR-10b 1.9 0.250 [19]
MiR-143 2.3 0.323 [19,20]
MiR-181a 1.7 0.361 [14,19]
MiR-222 1.6 0.546 [14,17-19]
MiR-221 1.6 0.546 [14,18,19]
MiR-210 1.2 0.813 [17,19]
MiR-21 14 0.866 [14,18,19]

The 42 final target list based on the 290 miRNAs identified by miRNA
microarray. The fold change shown is calculated as the ratio of pancreatic
cancers over healthy controls (under “Up-regulated in Pancreatic Can-
cer”) or healthy controls over pancreatic cancers (under “Up-regulated in
Healthy Controls”). MiRNA: MicroRNA; FDR: False discovery rate.

the relative expression level of each miRNA varied due
to the differing nature of the experimental technology.
However, three of the eight miRNAs, miR-642b-3p,
miR-885-5p, and miR-22-3p, demonstrate consistent out-
comes across the two methodologies with higher expres-
sion seen in pancreatic cancer patients than in healthy
controls. Therefore, they were chosen for further valida-
tion study as a potential diagnostic panel.

The validation study was performed on a new in-
dependent cohort of 11 pancreatic cancer patients, 11
healthy controls and 11 high risk controls. As shown in
Figure 3A, the three miRNAs, plotted using the raw data
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Figure 2 Confirmation study of the expression profile of eight microRNAs.
Microarray (solid bar) and RT-gPCR (open bar) data sets were analyzed based
on the “Comparative C(T) Method”, normalized to miR-3196, and calculated as
the ratio of mean fold change of pancreatic cancer patients (n = 8) to healthy
controls (n = 11). MiRNA: MicroRNA.

of “normalized mean ACq value”, differentiate pancre-
atic cancer patients from both the healthy and high risk
controls. Likewise, as shown in Figure 3B, when deter-
mining the relative fold expression change by calculating
the ratio of pancreatic cancer to healthy controls, expres-
sion of the three miRNAs is clearly up regulated in pan-
creatic cancer patients. For the high risk controls, on the
other hand, the expression level is either comparable or
lower when compared to the healthy controls. Further-
more, the relative expression levels of all three miRNAs
are remarkably consistent in direction and magnitude
between confirmation RT-qPCR (Figure 2) and validation
RT-qPCR (Figure 3B), despite the use of different pa-
tient samples and independent experimental procedures.
This lends support to the suggestion that they could play
potential roles as diagnostic biomarkers for pancreatic
cancet.

Assessing diagnostic potential of the three-miRNA panel
To assess the potential use of the three miRNA as a di-
agnostic panel for pancreatic cancer, ROC analysis was
petformed on the validation data set for each of the
individual miRNAs and the combination of the three.
As summarized in Table 3 and shown in Figure 4B and
4C, miR-885-5p and miR-22-3p each demonstrated high
sensitivity of 82% for cancer case identification and rela-
tively high specificity of 73% and 82%, respectively, for
identifying healthy controls. For miR-642b-3p (Figure
4A), a high sensitivity of 82% for identifying cancer cases
was demonstrated, but a lower specificity for identifying
healthy controls of 55% was observed. When using the
optimal cut-point, as shown in Figure 4D, the composite
of all three miRNAs yielded both a sensitivity and speci-
ficity of 91%.

Given that the CA19-9 serum marker is the only
marker currently available for routine diagnostic testing,
we sought to compare CA19-9 results with the three-
miRNA panel for predicting pancreatic cancer. The
CA19-9 test has been performed on our cancer patient
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Figure 3 Validation of three-microRNA panel using quantitative real-time reverse transcription polymerase chain reaction. A: Box plot of relative expression
of three miRNAs, based on normalized mean ACq values [mean quantification cycle (Cq) normalized to miR-3196] of pancreatic cancer patients (PC, n = 11), healthy
controls (HC, n = 11), and high risk controls (HR, n = 11). The whiskers extend to the observations which are no more than 1.5 times the length of the box (interquartile
range) away from the box. More extreme observations are considered outliers and are indicated as dots. "a" indicates P value < 0.017 (0.05/3, a Bonferroni-adjusted
a-level based on the 3 multiple comparisons performed among patient groups); B: Fold change expression levels of three miRNAs calculated as the ratio of mean fold
change of PC/HC and HR/HC. MiRNA: MicroRNA.

Table 3 Receiver operating characteristic curve analysis of DISCUSSION
the 3 microRNAs validated by quantitative real-time reverse : : : B
transcription polymerase chain reaction for diagnosing Early cancer detection remains a major challenge in pan-
pancreatic cancer creatic cancer but holds promise of resulting in a more
favorable disease outcome. In light of the fact that cur-
MiRNA Sensitivity  Specificity AUC (95%CI) P value rent research progress into early detection of pancreatic
WIS Cete 82% 73% 084(068-1.00)  0.006 cancer has resulted in limited actual clinical applications
MiR-22-3p 82% 82% 0.86 (0.70-1.00) 0.004 A . . . . .
MiR-642b-3p 82% 5% 079 (0.59-0.98) 0.02 using various biomarkers such as tissue nucleic acid,
Composite of  91% 91% 097 (0.90-1.00)  <0.001 proteins, tumor cells, and plasma proteins, we elected to
3 miRNAs focus on a relatively new source of potential biomarker,

blood-based circulating miRNA. Given this test is blood-
based, it would be noninvasive and ideal for diagnosing
asymptomatic cancer. We performed an array-based high
sample (# = 11) and non-cancer patient samples (healthy throughput screening process for all known human miRNA
and high-risk controls, » = 22), and the sensitivity was species (released by miRBase in 2010). We employed two

AUC: Area under the curve; MiRNA: MicroRNA.

obsetved to be 73% (8 out of 11 patients), and the speci- levels of confirmation with RT-qPCR, using two indepen-
ficity was observed to be 100% (all controls were below dent samples of pancreatic cancer patients studied under
the reference point). two different sets of experimental conditions. We have
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Figure 4 Receiver operating characteristic curve analysis of three microRNAs. Validation study with 11 stage 1L A/I1 B pancreatic cancer patients and 11 healthy
controls. A: Receiver operating characteristic (ROC) curve for the miR-642b-3p data alone [area under the curve (AUC) = 0.79]; B: ROC curve for the miR-885-5p
data alone (AUC = 0.84); C: ROC curve for the miR-22-3p data alone (AUC = 0.86); D: ROC curve for all three miRNAs (miR-642b-3p, -885-5p, 22-3p) as a compos-

ite panel (AUC = 0.97). MiRNA: MicroRNA.

identified and validated a panel of three miRNAs (miR-
642b-3p, miR-885-5p and miR-22-3p) with high com-
bined sensitivity of 91% and specificity of 91%.

Three prior studies have performed screening of
circulating blood miRNAs for pancreatic cancer. Ali ez
al™ profiled plasma miRNAs based on a pooled plasma
specimen from 50 newly diagnosed pancreatic cancer
patients (without specifying cancer staging). They identi-
fied miR-21 to be significantly higher and the expression
of the let-7 family (especially let-7d) and miR-146a to
be significantly lower in cancer. Liu e/ a/*” used Illumina
Sequencing by Synthesis (SBS) technology and identified
seven miRNAs (miR-20a, miR-21, miR-24, miR-25, miR-
99a, miR-185, miR-191) as a potential panel of biomark-
ers, with high sensitivity of 83.6%. However, surprisingly,
the SBS technology employed did not identify any new,
as yet unknown miRNA markers, considering that more
mature human miRNA continue to be identified and up-
dated yeatly (a total of 2578 mature human miRNA are
included in miRBase version 20 issued in 2013)”". Also,
Liu ef a/*” screened for pancreatic cancer patients from
all stages (13.2% stage 1, 24.4% stage II, 22.8% stage
I, 33.5% stage IV, and 6.1% stage unknown). Therefore,
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it is unclear whether the seven-miRNA panel should be
used as pan-pancreatic cancer prognostic matkers or as
eatly stage cancer screening markers, considering the gene
expression profile can change dramatically from early to
late stagesl35’36j. Carlsen ez i’ used the same strategy as
presented in our study and identified circulating miR-375
as the sole potential marker although with relatively low
accuracy (70%), and it did not outperform CA19-9 as a
diagnostic marker. However, Carlsen ¢ a/”" used chronic
pancreatitis patients as controls instead of normal healthy
donors. It is uncertain why chronic pancreatitis patients
were used as controls considering only a small popula-
tion (8%) of pancreatic cancer patients have concomitant
chronic pancreatitism. There is a weak link between pan-
creatitis and pancreatic cancer”™, and only 4% of patients
within 20 years of chronic pancreatitis diagnosis have
developed into pancreatic cancer™.

The research presented here focuses solely on stage
II pancreatic ductal adenocarcinoma patients, of which
the gene expression profile should resemble early stage
pancreatic cancer more closely than advanced stage can-
cer. The validation experiment was done by comparing
pancreatic cancer patients to healthy controls, and in pat-
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ticular to high risk controls who might have inherited ge-
netic susceptibilityw. Our three-miRNA panel can differ-
entiate pancreatic cancer patients from healthy controls
with high sensitivity and specificity. Nevertheless, the 11
miRNAs, as presented by the three prior studies men-
tioned above, were also found in our 290-miRNA panel
to have acceptable detection intensities (presented in
Figure 1A). It would be of great interest to conduct a fu-
ture larger scale clinical trial comparing the three-miRNA
panel identified here to the eleven-miRNAs identified
previously to see how they fare in predicting pancreatic
cancet, ot if the combination of all 14 miRNAs could be
developed into a diagnostic test for cancer.

Of the three miRNAs identified in this study, two
miRNAs (miR-642b-3p and miR-885-5p) were shown
to be significantly up-regulated in cancer patients by
our screening process while the third miRNA (miR-22-
3p) was shown to be up-regulated in cancer patients in
the literature! ", Tt should be noted that miR-642b is a
relatively novel miRNA marker with no prior publication
about its potential functional role or utility as a marker.
However, miR-885-5p has been shown to be a potential
serum marker for liver pathologies, including hepatocel-
lular carcinoma, liver cirrhosis, and chronic hepatitis B\
Functionally, miR-885-5p is found to be located in the
3p25.3 genomic region and is known to have a tumor
suppressive function by triggering cell cycle arrest and
senescence and/or apoptosis' . MiR-885-5p activates the
p53 pathway, causes down-regulation of cyclin-depen-
dent kinase and mini-chromosome maintenance protein,
and suppresses matrix metallopeptidase 9 expression and
Caspase genesm’w. MiR-22, on the other hand, is one
of the most common miRNAs in the colorectal cancer
transcriptome and has been studied for its critical role in
breast cancer and bone metastasis”*". Tt is known for
directly targeting the estrogen receptor o mRNA" and
is proposed to be a putative tumor suppressor by repress-
ing the EVI1 oncogene expression'”. It inhibits cell
cycle progression by repressing Max and ErbB3 expres-
sion post-transcriptionally, mediates the effects of the
tumor-suppressor p53, and suppresses interferon gene
expression by blocking interferon regulatory factor-5""",
MiR-22 has been proposed as a potential serum marker
=) esophageal squamous
| and nasopharyngeal carcinoma™,

Our experimental strategy in this study focused on
using hybridization-based microarray technology as the
means to screen thousands of genes simultaneously, but

for non-small cell lung cancer

. 53
cell carcinoma

it is also severely limited due to its issues with reproduc-
ibility and its tendency to produce a high rate of false
positive and false negative results. This restricts its po-
tential use as a reliable diagnostic tool for cancer. RT-
qPCR, on the other hand, is based on sequence-specific
amplification, which is highly specific and sensitive for
individual testing targets. It has been developed for use
in diagnostic/prognostic tests such as the Oncotype DX
test for breast cancer and the Cervista® HPV HR assay.
Furthermore, our approach using two layers of confir-
mation with RT-qPCR, utilizing different sets of patients,
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independent experimental procedures and instrumenta-
tion, still showed a remarkable consistency that suggests
the potential future application of RT-qPCR-based diag-
nostic tests using circulating miRNA markers.

Although CA19-9 is not considered an ideal bio-
marker for the early diagnosis of pancreatic cancer, data
from this study demonstrated a relatively high sensitiv-
ity of 73% and specificity of 100%. It should be noted,
however, that all patients recruited for this study were
“confirmed cancer cases” by pre-surgery imaging [mag-
netic resonance imaging (MRI) and computed tomogra-
phy (CT)] and post-surgical examination by pathologists.
Therefore, even with 100% confirmed cancer cases,
CA19-9 has only a 73% sensitivity to detect them. The
three-miRNA panel, on the other hand, exhibited a 91%
sensitivity. It would be of great interest to test the three-
miRNA panel, alongside CA19-9, in a future large scale
clinical trial of suspected cancer cases to see how the
two-marker system fares when they are compared to one
another or when they work together.

In summary, we have identified three blood-based cit-
culating miRINA targets, miR-642b-3p, miR-885-5p and
miR-22-3p, which, when combined, provided a high level
of diagnostic accuracy for early stage pancreatic cancer.
Our plan is to study an expanded sample of patients to
further develop and refine the diagnostic miRNA panel
based on RT-qPCR. This new panel may work alone or
in conjunction with other known immunoassays, such
as CA19-9 and CEA, as a diagnostic test for eatly stage
pancreatic cancer. We envision that the future miRNA
biomarker panel can immediately apply to the category
of patients at high risk for pancreatic cancer before more
expensive and invasive modalities like CT, MRI, endo-
scopic ultrasound and endoscopic retrograde cholangio-
pancreatography are used. A similar strategy can also be
utilized to identify miRNA panels for other cancer types
where eatly detection is crucial for a favorable disease
outcome.
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Background

Pancreatic cancer is one of the most lethal human cancers with a mere 6%
5-year survival rate. Studies have shown that early detection is the best option
available for controlling this disease. The goal of this study, therefore, is to ex-
plore and compile a diagnostic biomarker panel, based on microRNA (miRNA)
in the circulating blood, for detection of pancreatic cancer at earlier stages.
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Research frontiers

A diagnostic panel of biomarkers for cancer is highly desirable because it would
help to fight cancer at the earliest possible stage when the disease is still cur-
able. However, for the past fifteen to twenty years, despite numerous studies
and publications, this goal remains elusive with only scanty numbers of risk as-
sessment and prognostic panels eventually developing into clinical tests. One
of the major problems is study reproducibility. The results of one study cannot
be readily reproduced by another study. In addition, gene expression profiles
can vary greatly among the different stages for each type of cancer, as well
as between blood-based markers and tissue-specific markers. Therefore, it is
critical for each investigator to be clear on their general experimental strategy
which can, in turn, address issues pertaining to the development of future clini-
cal tests.

Innovations and breakthroughs

The current study focuses on identifying a panel of blood-based biomarkers
for pancreatic cancer. If it is effective, pancreatic cancer detection can be per-
formed by a simple non-invasive blood draw instead of an invasive procedure.
The approach used in this study is innovative due to the fact that, in addition
to the general strategy of microarray screening followed by polymerase chain
reaction-based confirmation, the authors employed a second layer of validation
experiments, using different experimental procedures, instrumentation, and
lab personnel at an independent location. The results of the two experimental
strategies are remarkably similar even with a new cohort of patient specimens,
suggesting high validity of this diagnostic panel. Furthermore, the authors have
included a group of high risk individuals as controls. High risk controls are sub-
jects with a strong family history of pancreatic cancer (at least two first degree
relatives with the disease). Therefore, they have inherited genetic susceptibility
to developing pancreatic cancer and hence are genotypically closer to individu-
als with disease than to normal healthy controls. Remarkably, the three-miRNA
panel identified in this study can differentiate pancreatic cancer patients from
both normal and high risk controls, demonstrating its high sensitivity and speci-
ficity for pancreatic cancer.

Applications

The identified panel of three miRNAs can potentially be used as a diagnostic
detection set for early stage pancreatic cancer.

Terminology

MIRNA are small non-coding RNA approximately 18-24 nucleotides in size. The
abnormal expression of miRNA found in patient blood is known to be associ-
ated with cancer progression. Hence, the utilization of miRNA biomarkers was
proposed as a way to potentially detect pancreatic cancer.

Peer review

This is a well written paper examining a potentially useful means of screening
for pancreatic carcinoma. The authors would recommend publication of the
manuscript.
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Abstract

Thrombocytosis is an adverse prognostic factor in many
types of cancer. These include breast cancer, ovarian
and other gynecologic cancers, renal cell carcinoma
and lung cancers. In gastrointestinal cancers of vari-
ous locations and histologic types, thrombocytosis has
been reported in general to be associated with adverse
clinical outcomes. Platelet count measurement is well
standardized and available in every clinical laboratory,
making its use as a prognostic marker practical. This
paper will discuss the data on the prognostic value of
thrombocytosis in gastrointestinal cancers as well as
pathogenic aspects of the association that strengthen
the case for its use in clinical prognostication.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Thrombocytosis; Platelets; Cancer; Gastroin-
testinal; Prognosis

Core tip: Thrombocytosis arises as a prognostic fac-
tor in various cancers, although it is not clear whether
there is a pathogenic contribution or thrombocytosis
merely reflects a pro-carcinogenic inflammatory milieu.
This paper discusses the utility of thrombocytosis as a
prognostic factor in gastrointestinal cancers.
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INTRODUCTION

Platelets play an important role in hemostasis and vascu-
lar integrity. They have a unique mechanism of detiva-
tion as fragments from the cytoplasm of bone marrow
megakaryocytes in a process called thrombopoiesism.
The cytokine thrombopoietin stimulates platelet pro-
duction through ligation of its cognate surface receptor
c-Mpl. Other signals also contribute to thrombopoiesis
including SDF1 (stem cell derived factor 1, also called
CXCL12) ligating receptor CXCR4, integrins and PF4
(platelet factor 4). Support is lent to megakaryocytes by
the bone marrow microenvironment in the form of both
soluble factors and of direct cell-cell interactions with
specialized resident stromal cells”. Platelets are derived
from proplatelets which represent long protrusions of
the mature magakaryocyte cytoplasmm. Abnormalities in
platelet number, either increase (thrombocytosis) or de-
crease (thrombocytopenia) accompany diverse pathologic
conditions and may aid in their diagnosis'’. An elevated
platelet count has various causes and is cither primary
due to essential thrombocytosis or other myeloprolif-
erative disorders or secondary to malignancy, infection,
chronic inflammation, trauma or surgery, iron deficiency
and splenectomy. The common denominator of most of
these secondary conditions is inflammation®. Inflamma-
tory cytokines stimulate the process of platelet produc-
tion by megakaryocytes in the bone marrow. Cancer is a
pathology that is often associated with thrombocytosis.
This relates to the cytokine milieu of several malignancies
that stimulates thrombopoiesis. Possibly due to this fact
of association with a particular cytokines setting, throm-
bocytosis has been found to be an adverse prognostic
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factor in many common malignancies. Thrombocytosis
appears to be a universal marker of adverse outcomes in

cancer. Its association with worse oncologic outcomes
[6,7]
b

has been reported in eatly and advanced breast cancer

; [8,9] [10,11]
ovarian cancer and several
[12,13]

other types' ™.

, genitourinary cancers

PATHOGENESIS OF THROMBOCYTOSIS
IN CANCER

A recent publication has shed some light to the patho-
genesis of thrombocytosis in cancer’ and confirmed

previous reports on the role of cytokines and in particu-
lar of TL-6"". In ovarian cancer patients, thrombocytosis
was significantly correlated with plasma levels of 16",
In mouse models bearing human ovarian cancer, human
I1.-6 stimulates hepatocytes through the IL-6 receptor
to trigger thrombopoietin production. Thus a proposed
model stipulates that ovarian cancer tumor cells pro-
duce IL-6 which then stimulates hepatic thrombopoietin
production. Thrombopoietin increases thrombopoiesis
through stimulation of megakaryocyte progenitors in
the bone marrow'. In other cancers TL.-6 may also play a
similar role in favoring thrombocytosis and increased se-
rum levels or tumor positivity by immuno-histochemistry
have been detected in a variety of types, such as renal,
prostate and breast carcinomas'”"". In malignant meso-
thelioma levels of serum IL-6 correlate with thrombo-
cytosis™, TL-6 is produced locally in the tumor environ-
ment because pleural effusion levels were much higher
than in serum. Interestingly in that case IL.-6 may not be
derived directly by mesothelioma tumor cells but by at-
tracted immune cells because it was found that patients
with tuberculous effusions had even higher levels of
16", Specifically in gastrointestinal carcinomas, IL-6 is
reported to be higher in patients with gastric and colorec-
tal carcinoma compared to controls'*, Except for the
indirect effect through platelets, I1.-6 has a role directly
in gut carcinogenesis and possibly to chemotherapy re-
sponsem’m. Nevertheless, IL-6 levels do not always cor-
relate with thrombocytosis and other factors produced
in bowel inflammatory microenvironment must play a
role in its induction™. Tumor infiltrating lymphocytes
and macrophages are present in various degrees in cancer
sites and their role in both promoting and suppressing
the tumor development is described™. Conditions in
tumor micro-environment, such as hypoxia, affect the
function of infiltrating immune cells and shape the panel
of cytokines produced by them, which in their turn influ-
ence tumor cells™. In view of this discussion, platelet ef-
fects must be considered as constituting only part of the
inflammatory process in cancer micro-environment and
results of platelets influences should be interpreted with
this larger perspective in mind.

The mechanistic basis of platelets contribution to
carcinogenesis is a subject of investigationm. Circulat-
ing tumor cells may use platelets as a protective shield
from the attack of the immune system and as facilitators
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for attachment to endothelial cells at metastatic sites.
Platelets have also roles in carcinogenesis directly related
to their normal function in promotion of vascular integ-
ritym. Newly formed tumor vasculature lack the normal
architecture and robustness of local resident vasculature
and platelets have been shown to be indispensable for
preventing hemorrhage in tumor beds™. Both alpha and
dense granules of platelets carry bioactive molecules and
growth factors. These include vascular endothelial growth
factor (VEGF), epidermal growth factor (EGF), platelet
derived growth factor (PDGF), hepatocyte growth factor
(HGF), insulin-like growth factor (IGF), transforming
growth factor B (TGF), interleukin 18 (IL-1f), IL-8,
CXC motif containing ligand 12 (CXCL12), sphingosine
1-phosphate (S1P) and lysophosphatidic acid”*”. Each
of these molecules may actively facilitate metastatic pro-
gression. An example is platelet-derived TGFB which
promotes an EMT (epithelial to mesenchymal transition)
program in cancer cells through transcription factors
Smad and NF-kB signalingm. EMT constitutes a pro-
gram endowing epithelial cells with a mesenchymal
phenotype that promotes mobility and metastasis while
protecting them from anoikis (Apoptosis due to lack of
adhesion)m]. Platelet-derived TGFf may also contribute
to tumor immune evasion””. There exist quantitative
differences in platelet cargo of bioactive factors and
platelets from patients with cancer have a higher VEGF
level than platelets from individuals without cancer™"
As a result platelet counts may more accurately account
for VEGF concentrations in the tumor and metastases
sites environment where they are activated. Interestingly
IL-6 signaling through the STAT3 (signal transducer
and activator of transcription 3) is able to induce VEGF
receptor VEGFR2 in colorectal cancer cells™ and thus
to complete a pro-carcinogenic loop in cancer cells that
includes IL-6, platelets and VEGE

THROMBOCYTOSIS IN ESOPHAGEAL
CANCER

In 293 patients with esophageal squamous cell carcinoma,
thrombocytosis, defined as platelets more than 293 X
10”/L, which was the mean plus one standard deviation
of a healthy control group, was present in 21% of pa-

tients and was not correlated with patients age and gen-
det™. In contrast, it was a significant independent prog-
nostic factor for overall survival®™. This association was
statistically significant for patients with stage Il and IV
but not for stage | and II disease. In multivariate analy-
sis, thrombocytosis, together with higher T' stage, tumor
size and nodal involvement, predicted for worse survival.
In another study which included mainly patients with
squamous carcinomas but also a minority (7%) with
esophageal adenocarcinomas, thrombocytosis, defined
this time as platelets more than 400 X 10°/L, was pres-
ent in 4% of patients and it was not associated with age,
gender, location along the esophagus, degree of differ-
entiation, lymphovascular or perineural invasion or node
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. 37 . .
involvement””. Tt was observed more often in patients

with adenocarcinoma and correlated with tumor size.
Although this report did not study thrombocytosis as it
pertains to prognosis, either overall or progression free
survival, it did confirm the finding of the previous study
regarding its lack of association with other possible prog-
nostic factors.

THROMBOCYTOSIS IN GASTRIC
CANCER

In a very large series of 1593 gastric adenocarcinoma
patients, 6.4% had thrombocytosis (defined as platelets
more than 400 X 10°/L in this study)”™. All patients
had undergone gastrectomy with negative margins and
extensive D2 lymph node dissection. Thrombocytosis
was associated with higher T stage, node positivity and a
worse survival. Despite that, in multivariate analysis, the
prognostic value of thrombocytosis for long term sur-
vival was lost while T stage and node positivity remained
statistically significant predictors of long term survival in
these patients. Thrombocytosis was a strong predictor of
overall recurrence and specifically of hematogenous me-
tastasis but not of locoregional recurrence or peritoneal
seeding”. These predictive values were retained even in
multivariate analysis in this instance.

In another series of 369 gastric cancer patients,
thrombocytosis was present in 11.4% and was associated
with worse 1 year and 3 year survival™. The 1 year sur-
vival of patients with thrombocytosis was 72.9% while
of those without thrombocytosis was 85.7%. The 3 year
survival of patients with thrombocytosis was 23.4% while
of those without thrombocytosis was 52.4%. Throm-
bocytosis was positively correlated with depth of tumor
invasion and lymph node involvement"”.

In a smaller series of 98 patients operated for gastric
carcinoma, pre-operative thrombocytosis was present
in 21% and was associated with a statistically significant
worse overall survival™). The 5 year survival of patients
with thrombocytosis was 9.5% and of patients without
thrombocytosis was 31.2% in this series. Interestingly the
pro-angiogenic enzyme thymidine phosphorylase/platelet-
derived endothelial cell growth factor expression was as-
sociated with thrombocytosis and both were independent
predictors of survival in multivariate analysis™”. Finally, a
study of 181 gastric cancer patients investigated platelet
number and serum VEGEF level as prognostic factors
and failed to correlate either with overall or progression-
free survival. In contrast the ratio of VEGF to platelet
number was significantly associated with progression-free
survival in multivariate analysis'". This may relate to the
pathophysiologic importance of activated platelet derived
VEGT in promoting the neoplastic process.

THROMBOCYTOSIS IN PANCREATIC
CANCER

Pre-operative thrombocytosis was investigated as a prog-
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nostic factor in 109 patients with pancreatic adenocar-
cinoma that were surgically resected™. It was found to
be significantly associated with reduced overall survival.
Significance was confirmed in a multivariate regression
analysis. Disease-free survival was also worse with throm-
bocytosis in a series of patients with operable pancreatic
cancer”. Mean progression-free survival was 4.9 and
46.5 mo for the thrombocytosis and normal platelet
groups respectively. In this study prognosis was even bet-
ter in the sub-group that retained a normal platelet count
after the surgery.

In contrast to the above studies, a study that included
pancreatic, duodenal and bile duct ampullary carcinomas
found lower platelet counts to influence adversely overall
and disease-free survival®. Lower pre-operative platelets
counts were significantly associated with positive surgi-
cal margins, a fact that may at least partially explain the
adverse prognostic association. Another explanation for
this reverse association compared with the previously
discussed studies is that this study used a lower cut-off to
define high platelet counts at 300 X 10”/L. The same cut-
off of 300 X 10°/1. was used in another more extensive
series of 205 patients exclusively with pancreatic adeno-
carcinoma that had negative results for an association of
platelet counts with survival™. In both of these studies,
results might have been blurred by inclusion of a signifi-
cant number of patients with higher normal spectrum
platelet number in the group of increased platelet counts.

THROMBOCYTOSIS IN
HEPATOCELLULAR CARCINOMA

Platelets have a complex relationship with hepatic ma-
lignancies. On one hand, due to its association with cir-
rhosis hepatocellular carcinoma is often presenting with
thromcytopenia which is also an adverse prognostic fac-
tor". On the other hand, thrombopoietin, an important
cytokine for thrombopoiesis, is produced by the liver and
may lead to thrombocytosis if neoplastic cells mimic their
normal counterparts and produce the cytokine”” or alter-
natively if cancer cells stimulate normal liver to produce
it*. An association of extreme thrombocytosis with
both hepatocellular carcinoma and the childhood liver
tumor, hepatoblastoma has been noted in the pediatric
populationm]. Hepatoblastoma patients had significantly
elevated levels of thrombopoietin compared to controls
but only slightly elevated levels of 1L-6 suggesting that
thrombopoietin is down-stream to IL-6 in the pathway
triggering thrombopoiesism. Hepatocellular carcinoma
patients with thrombocytosis have bigger tumors and a
better liver function than patients with normal plateletsl51J
A large study of 1154 patients disclosed a 2.7% incidence
of thrombocytosis in hepatocellular carcinoma™. In ad-
dition, platelet count and thrombopoietin level correlated
with effectiveness of treatment, decreasing after excision
of the tumor and re-increasing upon recurrence. Throm-
bocytosis was significantly associated with younger age of
the patients, higher tumor burden, development of portal
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vein thrombosis by tumor involvement and a shorter
mean survival time of less than 5 mo as opposed to over
12 mo in patients without thrombocytosis.

THROMBOCYTOSIS IN COLORECTAL
CANCER

Thrombocytosis (mote than 400 X 10°/ L) was evaluated
as a prognostic factor in an extensive series of 1513 pa-

tients with localized colorectal cancer that had undergone
surgerym. Patients with thrombocytosis had a significant
worse overall survival than patients with normal platelets.
Overall recurrence rate and distant metastatic recurrence
but not loco-regional recurrence was worse in patients
with thrombocytosis. These negative effects of throm-
bocytosis in overall survival and distant metastatic recut-
rence persisted over a 5 years period from surgery[sﬂ.

A retrospective series of 150 patients that underwent
surgery for colorectal carcinoma disclosed that patients
with pre-operative thrombocytosis had a 5-year survival
of 13.3% while patients with normal count pre-opera-
tively had a 5-year survival of 56.3%"". Thrombocytosis,
together with lymph node positivity, increasing stage and
presence of perineural invasion was statistically associ-
ated with worse survival. An association of thrombocy-
tosis with survival or cancer specific survival in colorectal
cancer was confirmed in two other larger series of 453
and 636 patients from Japanﬁs’%l and a smaller series of
180 patients from Europe””. The authors of one of
these studies examined also thrombocytosis specifically
in rectal cancer patients receiving chemo—radiotherapy[sgl.
They reported that patients with thrombocytosis before
combined treatment had a lower rate of radiographic and
pathologic response to treatment and a higher risk of lo-
cal recurrence. In another study focusing in rectal cancer,
patients with pre-operative thrombocytosis (more than
350 x 10°/L) had a significantly worse survival than pa-
tients with lower counts’

Patients with node negative colorectal cancer rep-
resent a particular challenge for the medical oncologist
because, although they have a risk for recurrence, they
derive no clear benefit from chemotherapy as a whole
group. Clinicopathologic characteristics such as T3 inva-
sion, less complete lymph node dissection, high grade
and clinical presentation with obstruction or perfora-
tion are used to assist in defining the need for adjuvant
chemotherapy™
prognostic markers to guide therapeutic decisions would
be particularly valuable. Thrombocytosis could be such

. In node negative patients additional

a marker and it was found in an investigation of 198
patients with node negative disease to be associated
with significantly worse survival than counterparts with
normal pre-operative platelet counts”'. In these node
negative patients, thrombocytosis (platelet count more
than 400 x 10”/ L) was independently associated in mul-
tivariate analysis, together with tumor depth (T stage),
grade and lymphatic invasion, with both disease-free and
overall survival.
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In contrast to all the above investigations, a single
study of 630 patients did not find a correlation of
thrombocytosis with survival™. This study used a more
stringent definition of thrombocytosis of platelet counts
of more than 450 X 10°/I. and included patients of all
stages. Inclusion of metastatic patients might have made
the effect of platelet counts on outcome more difficult to
discern. Despite this, the P value in the Cox multivariate

model was just outside significance at 0.06",

CONCLUSION

Thrombocytosis occurs in a significant minority of
patients with cancer and reflects the increase of throm-
bopoiesis-inducing cytokines in the tumor milieu. Thus
it carries an adverse prognostic value both because of
this reflection but also because platelets actively promote
carcinogenesis and metastasis protecting tumor cells in
their metastatic transit and providing bioactive molecules
released upon activation in the tumor and metastatic sites.
In the gastrointestinal tract, inflammation and infection
play a significant role in carcinogenesis with several well-
known associations such as inflammatory bowel disease
and colorectal cancer, Helicobacter pylori infection and gas-
tric cancer and viral hepatitis infection and hepatocellular
catcinoma. In addition even in inflammation-independent
cancers, cancer-associated molecular lesions may induce
platelet-inducing cytokines. For example one of the most
common colorectal cancer lesions, Smad4 mutations, lead
to dysfunctional TGFf signaling, resulting in its turn to
increased IL-6 signalingl“J. Given these data, a combined
treatment blocking IL.-6 with the IL.-6 monoclonal anti-
body inhibitor siltuximab or the IL-6R inhibitor tocili-
zumab together with an anti-platelet function inhibitor
such as aspirin with or without inhibition of additional
pathways activated by platelet granules cargo factors such
as the CXCL12/CXCR4 or the VEGF/VEGFR axis
could be a viable option for development in gastrointesti-
nal cancer patients with thrombocytosis to improve their
prognosis. Given its significance as a prognostic factor in
gastrointestinal cancers and the ease and standardization
of its measurement in the clinic, thrombocytosis should
be considered as a factor in the stratification process of
randomized trials in these cancers, as both a measure of
the tumor inflammatory status but also an active propaga-
tor of the neoplastic process. Another emerging concept
is that of thrombocytosis as a predictor of response to
targeted treatments, for example of anti-VEGF therapies.
A study in metastatic renal cell carcinoma has shown that
patients with thrombocytosis had a higher risk to present
a ptimary refractoriness to anti-VEGF treatments (OR =
1.7, P = 0.0068) than patients with normal plateletslw. It
remains to be seen if thrombocytosis could be a predic-
tive factor for anti-VEGF therapies in gastrointestinal
cancers and in particular colorectal cancer and hepato-
cellular carcinoma where the anti-VEGF monoclonal
antibody bevacizumab and the small molecule inhibitor
sorafenib are clinically used ™.
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Abstract

Many epidemiological and experimental studies have
suggested that dietary fiber plays an important role in
colon cancer prevention. These findings may relate to
the ability of fiber to reduce the contact time of car-
cinogens within the intestinal lumen and to promote
healthy gut microbiota, which modifies the host’s me-
tabolism in various ways. Elucidation of the mecha-
nisms by which dietary fiber-dependent changes in gut
microbiota enhance bile acid deconjugation, produce
short chain fatty acids, and modulate inflammatory bio-
active substances can lead to a better understanding of
the beneficial role of dietary fiber. This article reviews
the current knowledge concerning the mechanisms via
which dietary fiber protects against colon cancer.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Dietary fiber modulates our health at nearly
every level, and in every organ system, via complicated
modes of action. This article reviews the mechanistic
association of dietary fiber, gut microbiota and colon
cancer prevention.

Zeng H, Lazarova DL, Bordonaro M. Mechanisms linking di-
etary fiber, gut microbiota and colon cancer prevention. World J
Gastrointest Oncol 2014; 6(2): 41-51 Available from: URL: http://
www.wjgnet.com/1948-5204/full/v6/i2/41.htm DOIL: http://dx.doi.
org/10.4251/wjgo.v6.i2.41

INTRODUCTION

Colon cancer is one of the most common malignancies
in the United States and accounts yearly for approxi-
mately 11% of all cancer deaths'". The incidence rates of
colon cancer are higher in the Western world but are rap-
idly increasing in developing countries, and it is predicted
that half of the Western population will develop at least
one colorectal tumor by age of 70", Although cancer
treatments have made large strides in recent decades,
prevention by diet and other healthy lifestyle factors and
habits (e.g., physical exercise) offers a more desirable al-
ternative. Genetic variation and environmental exposures
(e.g., diet, physical activity), including diet, are the two
main contributing factors influencing the occurrence of
colon cancer”. Thus, colon cancer may be highly amena-
ble to prevention through a dietary regimen, and dietary
carbohydrates may play a critical role”. Carbohydrates
can be separated into two basic groups based upon their
digestibility in the gastrointestinal (GI) tract™”. The first
group is simple carbohydrates such as starch and simple
sugars, which are easily hydrolyzed by enzymatic reac-
tions and absorbed in the small intestine. The second

group is composed of complex carbohydrates such as
cellulose, lignin and pectin which are resistant to diges-
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tion in the small intestine and undergo bacterial fer-
mentation in the colon. These complex carbohydrates,
referred to as dietary fibers, are found in plants™’. Many
studies suggest that there is an association between high
dietary fiber intake and a low incidence of colon cancet,
and that dietary fiber has anticancer properties®”. Fur-
thermore, the US Food and Drug Administration has ap-
proved health claims supporting the role of dietary fiber
in cancer preventionm.

It is known that the human GI tract represents the
most abundant reservoir of microbes with over 100 tril-
lion bacteria grouped in about 1000 species“o’m. The
bacterial gut populations can be shifted to a healthier
composition by fermentable dietary fiber that provides
substrates for bacterial fermentation'"'". Dietary fiber
decreases the risk for type 2 diabetes mellitus, obesity,
cardiovascular disease, colon cancer, and improves im-
munity by modulating the gut microbiota landscapem. Di-
etaty fiber modulates our health at nearly every level, and
in every organ system, viz complicated modes of action,
many of which remain to be determined"*'""!. In the pres-
ent review, we focus on the mechanistic association of
dietary fiber, gut microbiota and colon cancer prevention.

IMPACT OF DIETARY FIBER ON GUT
MICROBIOTA

Dietary fiber constitutes a spectrum of non-digestible
food ingredients including non-starch polysaccharides,
oligosaccharides, lignin, and analogous polysaccharides
with an associated health benefit!>". Dietary fibers are
not a static collection of undigestible plant materials that
pass through the human GI tract without any function;
instead, they bind potential nutrients, result in new me-
tabolites, and modulate nutrient absorption/metabolism.
Certain dietary fibers are fermentable, and in addition
to their anaerobic degradation in the GI tract, there is
also a concurrent anaerobic proteolytic fermentation".
Whereas the main fermentation products of fiber are
thought to be beneficial (positive), the products of the
proteolytic fermentation can be detrimental (negative),
resulting in a ying-yang effect. In healthy individuals,
fermentation processes are primarily controlled by the
amount and type of substrates accessible to bacteria in
the colonic ecosystem!". The fate of fiber in the co-
lon largely depends on the colonic microbiota and the
physio-chemical characteristics of the fiber itself"”. Fiber
sources such as oat bran, pectin, and guar are highly fer-
mented; whereas, cellulose and wheat bran may be poorly
fermented"™'”. On the other hand, the type of dietary
fiber affects the microbial composition of the gut lumen.
For example, inulin, a polymer of fructose monomers
present in onions, garlic and asparagus' ", stimulates the
growth of Bifidobacteria; whereas, it restricts the growth

of potential pathogenic bacteria such as E. coli, Salmonella,
[17-19]

and Listeria . In experiments with a simulator of the

human colon, dietaty xylo-oligosaccharides dectease the
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major butyrate-producing bacteria Faecalibacterium prausnit-
zi, although total butyrate concentration is increased only
in the distal vessel™. The same researchers reported that
xylo-oligosaccharides also affect the levels of sulphate-
reducing bacteria, Bacteroides fragilis, providing evidence
that dietary carbohydrates modify the gut microbiota, and
therefore, its ability to change the physiological proper-
ties of the colonic environment. In humans, diets high
in nonstatch polysacchatides and/or resistant statch pro-
foundly affect the types of fecal bacteria, including spe-
cies related to Ruminococcus bromii, which can contribute
to starch degradation and short chain fatty acid (SCFA)
production®,

Thete are over 50 bacterial phyla described to date
but the human gut microbiota is dominated by two of
them, the Bacteroidetes and the Firmicutes; whereas, the
phyla Proteobacteria, V errucomicrobia, Actinobacteria, Fusobacte-
ria, and Cyanobacteria are present in minor proportions”>.
The taxonomic composition of the “ideal” microbiota, if
such exists, remains to be identified. Presently, individuals
are categorized into “enterotypes” ot clusters based upon
the abundance of key genera in the gut microbiota™.
Recent studies showed that gut microbial communities
are clustered into three types: Bacteroides (enterotype 1),
Prevotella (enterotype 2) and Ruminococcus (enterotype 3),
and these clusters seem unrelated to geographical origin,
body mass index, age, or gender™. These findings sug-
gest that there is not one ideal microbiota composition,
but “a limited number of well balanced host-microbial
symbiotic states””.

Much remains to be determined about what con-
stitutes a healthy microbiota, but thete are numerous
diseases and conditions associated with a disturbed gut

microbiota®™. It has been generally accepted that the hu-

man gut contains approximately 500 to 1000 speciesm,
and the differential colonization suggests a relationship
with disease susceptibility[zgw. For example, the intestinal
microbiota of children from Europe and rural Africa
who are exposed to a modern Western diet and a rural
diet respectively, exhibit significant differences in mi-
crobial composition. The major difference is that rural
African children have microbiota enriched in Bacfervidetes
and depleted in Firmicutes in comparison to European
children®™".

Although amino acid fermenting bacteria and syn-
trophic species are present in the large intestine, the
majority of colonic bacteria have predominantly saccha-
rolytic metabolisms. Therefore, dietary fiber/carbohy-
drate availability is almost certainly the most important
nutritional factor that determines the composition and
metabolic activities of the gut microbiota, and many of
the physiologic properties of the microbiota are attrib-
uted to the fermentation and production of SCFAs"".
For example, lower dietary fiber intake and consistently
lower SCFA production were observed in colon cancer
risk subjects compated to healthy individuals, and these
differences were accompanied by distinct profiles of
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the fecal microbiota communities of the two groupsm.

In the same study, Clostridinm, Roseburia, and Eubacterinm
spp. were significantly less prevalent in the colon cancer
risk group than the healthy individuals group; whereas,
Enterococens and Streptococcus spp. were more prevalent in
the colon cancer risk group"™. Consistent with these
observations, the low pH conditions resulting from fi-
ber fermentation increase biosynthetic requirements for
nitrogen-containing precursors, and subsequently inhibit
toxin accretion in the colon™. Taken together, individual
properties such as body mass index, age, or gender may
not explain the three observed gut bacterial entero-
types””, but data-driven marker genes/microbial markers
can be identified for certain diseases and conditions™ .

SCFA PRODUCTION

Dietary fiber consumption can have significant health
benefits, particularly in laxation, mineral absorption, po-
tential anticancer properties, lipid metabolism and anti-
inflammatory effects™. Many of these health benefits
can be attributed to the fermentation of dietary fiber
into SCFAs in the colon. These SCFAs are generated by
the colonic microbiota, and an equation outlining overall
carbohydrate fermentation in the colon has been de-
scribed"™;

59 CsH1206 + 38 H20 — 60 acetate + 22 propionate +
18 butyrate + 96 CO2 + 256 H'.

The significance of carbohydrate breakdown by intes-
tinal bacteria is broad. For example, the increased input
of carbohydrates allows for increased bacterial cell mass,
which supports laxative effects and shorter colonic transit
times. The decreased transit times decrease protein break-
down and the accumulation of putrefactive substances,
such as ammonia, phenols, amines and hydrogen sulfide
in the colon.

The three major colonic SCFAs are acetate, propio-
nate and butyrate, and the total concentration of SCFAs
in colonic content may exceed 100 mmol/L P9 The com-
position of diet and gut microbiota are the major factors
in determining the molar proportion of SCFA species.
In general, acetate makes up around 60%-75% of the
total SFCA, and is generated by many of bacterial groups
that inhabit the colon, with approximately one-third of
the product coming from reductive acetogenesis”’. The
bacterial groups that form propionate and butyrate are
specialized, and are of particular interest in terms of
their health beneficial effects. The fact that a considerable
number of bacterial species provide diverse molecular
functions underscores the importance of a functional
analysis to understand the composition of microbiota®™.

The data on the main propionate-producing bacteria
in the human colon are still emerging, and several bio-
chemical pathways for propionate formation are charac-
terized”™””. The succinate route for propionate formation
is generally employed by Bacteroides species, but the acry-
late route from lactate is adopted by bacteria belonging to
the clostridial cluster IX group. In addition, a third path-
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way is employed by the butyrate-producing bacterium R.
inulinivorans with fucose as substrate™’,

Colonic bacteria that produce butyrate belong to the
clostridial clusters I, I, IV, VI, XIVa, XV and XVI. Two
particularly abundant groups that are estimated to consist
7%-24% of the total gut bacteria in healthy subjects are
cluster IV bacteria related to Faecalibacterium prausnitzii,
and cluster XIVa bacteria related to Eubacterinm rectal and
to Roseburia Jpp[m. For example, reduced dietary intake of
fiber by obese subject results in decreased concentrations
of butyrate and butyrate-producing bacteria related to
Eubacterium rectal and to Roseburia spp™.

PHYSIOLOGICAL EFFECTS OF SCFA
Acetate (C2), propionate (C3) and butyrate (C4) are

found in the human intestine at concentrations of
approximately 13 mmol/L in the terminal ileum, ap-
proximately 130 mmol/L in caecum and approximately
80 mmol/L in the descending colon®. These SCFAs
released in the intestinal lumen are readily absorbed and
used as energy source by colonocytes (approximately

10% of basal energy requirements) and also by other tis-
[43]

sues such as liver and muscle

Acetate stimulates proliferation of normal crypt cell
but reduces the frequency of spontaneous longitudinal
muscle contractions in rat colonic smooth muscle™. Ac-
etate enhances ileal motility, increases colonic blood flow,
and plays a role in adipogenesis and host immune system
through interacting with the G protein-coupled receptor
(GPCR43, 41) in adipose tissue and immune cells™*,
In addition, it has been shown that acetate reduces lipo-
polysaccharide-stimulated tumor necrosis factor (INF),
interleukin (IL)-6 and nuclear factor (NF)-xB level while
boosting peripheral blood antibody production in various
different tissues'"”

Similar to acetate, propionate has been shown to ex-
ert a concentration-dependent effect on the frequency
of spontaneous contractions in longitudinal muscle viz
enteric nerves in rat distal colon®. In both animal and
human studies, it has been shown that propionate re-
duces food intake and increases satiety »iz augmentation
of the satiety hormone leptin, and through activation
of GPCR43, 41" Also, propionate may be protective
against carcinogenesis because it reduces human colon
cancer cell growth and differentiation »iz hyperacetylation
of histone proteins and stimulation of apoptosis[so’sﬂ. In
addition, propionate also inhibits the production of pro-
inflammatory cytokines (e.g., TNF-o, NF-kB) in multiple
tissues”™ .

Although acetate, propionate, and butyrate are all
metabolized to some extent by the epithelium to provide
energy, butyrate plays the most critical role in maintaining
colonic health and moderating cell growth and differ-
entiation”. More than 70% of oxygen consumption in
isolated colonocytes is due to butyrate oxidation, and the
uptake and utilization of butyrate by the colonic epithe-
lium have been demonstrated in a study on the SCFA lev-
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els in portal and arterial blood and in colonic contents"”.

Compared to acetate and propionate, butyrate exhibits
strong anti-inflammatory properties, and this effect is
likely mediated by inhibition of TNF-o production, NF-
kB activation, and IL-8, -10, -12 expression in immune
and colonic epithelial cells®>*,

ANTI-INFLAMMATORY ACTION, SCFAS
AND MICROBIOTA

Inflammation, a host defense mechanism, is an immediate
response of the body to tissue injury caused by microbial

infection and other noxious stimuli. However, inadequate
resolution of inflammation and uncontrolled inflamma-
tory reactions can evoke a state of chronic inflammation,

. . . . 57
which is a common etiologic factor for cancer””.,

Leukocyte recruitment and SCFAs

Leukocytes are recruited and migrate from the blood-
stream to the inflamed tissue through a multistep process
that involves expression and activation of several pro-
teins such as adhesion molecules and chemokinesm], and
SCFAs modify this leukocyte recruitment” "), Several
lines of evidence show that SCFAs induce directional
migration of neutrophils, which is dependent upon the
activation of GPR43, a G protein-coupled receptor™*!,
The function of SCFAs as agonists of GPR43 may re-
sult in activation of protein kinase B (PKB) and mitogen
activated protein kinases in neutrophils. Furthermore,
the receptors GPR41 and GPR109A, both of which are
related to GPR43, are activated by SCFAs'™. These re-
sults support a role for the SCFAs in the movement of
neutrophils®’.

SCFAs also modulate the expression and sectretion of
cell adhesion molecules and chemokines that play a cen-
tral role in leukocyte recruitment™. Cell adhesion mol-
ecules such as selectins, integrins, vascular cell adhesion
molecule-1, and intercellular adhesion molecule-1 are crit-
ical for adhesion and transendothelial migration of leu-
kocytes™, Recent studies have shown that SCFAs reduce
the adherence of monocytes and lymphocytes to human
umbilical vein endothelial cells, and this is associated with
an attenuation of NF-kB and PPARYy activities and adhe-
sion molecule expression ICAM-1 and VCAM-1)%%,
In addition, butyrate reduces the constitutive and IFN-
y-induced expression of LFA-3 and ICAM-1; the LPS-
stimulated production of CXCL-2, 3, and macrophage
chemoattractant protein-1, IL-8 by neutrophils and mac-
rophages ™. Therefore, by modulating the amount or
type of adhesion molecules and chemokines, SCFAs may
alter the recruitment of leukocytes, and in part, reduce
the chronic GI tract inflammatory response.

Proinflammatory mediators, SCFAs

A wide variety of cytokines and other proinflamma-
tory mediators contribute to both extrinsic and intrinsic
pathways of inflammation-associated carcinogenesis,
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and macrophages are the major source of inflamma-
tory mediators””. Once activated, macrophages produce
significant amounts of mediators such as TNF-q, 11-18,
IFN-y and IL.-6, chemokines, and nitric oxide (NO)P™,
SCFAs, mainly butyrate, reduce the LPS- and cytokine-
stimulated production of pro-inflammatory mediators
such as TNF-q,, I1-6, IFN-y and NO while increase the
release of the anti-inflammatory cytokine TL.-10"", The
histone deacetylases (HDACs) and histone acetyltransfer-
ases control the degree of protein acetylation and gene
expression, and the ability of butyrate to inhibit HDAC
activity is the main mechanism viz which the acid affects
the expression of proinflammatory mediators'® . In
addition to increasing net histone acetylation and there-
fore, influencing gene expression, butyrate also augments
the acetylation of nonhistone proteins such as NF-kB,

MyoD, and p53[(‘6].

Gastrointestinal barriers and microbiota

Gut microbiota contribute to the maintenance of an
intact GI barrier, and the disruption of this barrier can
cause an inflammatory processm. The primary or in-
nate barrier is an interaction between the microbiota and
the gut epithelial cell layer. This interaction is an active
process, in which certain inflammatory mediators are
produced. For example, the ligands of toll like receptors
(TLRs) such as LPS and flagellin are microbially derived,
and they activate respectively, TLR-4 and -5 to modu-
late distinct aspects of host metabolism and immune
response!”. The secondary physical barrier is formed by
epithelial cell secretion of mucus, and this intestinal mu-
cus layer is a critical physical barrier protecting the intes-
tinal epithelium from the intestinal microbiota, including
invasive microbes". The mucus layer is composed by
mucin proteins produced by Goblet cells"”, whereas, in
the small intestine, the Paneth cells directly sense enteric
bacteria through TLR activation, and release various an-
timicrobial peptides™. Therefore, mucus not only forms
a physical barrier and provides a nutrition source for the
microbiota, but it also contains protective mediators such
as secreted antimicrobial peptides and Ig A™™. Thus, the
mucosal immune system and the homeostasis of gut mi-
crobiota are interdependent, and a balance between them
maintains a stable intestinal environment.

EFFECT OF SCFAS ON CELL CYCLE,
MIGRATION AND APOPTOSIS

Although SCFAs stimulate normal colonocyte prolifera-
tion at low concentrations (e.g., 0.05 mmol/L-0.1 mmol/
L butyrate), SCFAs also inhibit the growth of most hu-
man colon cancer cells by cell cycle arrest and apoptosis
through a complex molecular regulationl73’74]. Several in
vitro studies have demonstrated that butyrate inhibits
HDACsS, and allow histone hyperacetylation that leads to
transcription of many genes including p21/Cip1, and cy-
clin D3, The induction of the cyclin-dependent kinase
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inhibitory protein p21/Cipl accounts for cell arrest in
the G1 phase of the cell cycle™. In addition, we and oth-
ers have also observed that at 0.5 or higher mmol/L con-
centration, butyrate inhibits the migration and invasion
rate of cancer cells by increasing the expression of anti-
metastasis genes (eg., metalloproteinases) and inhibiting
the activation of pro-metastatic genes (e.g., matrix metal-
loproteinases)",

There is also overwhelming evidence that dietary fiber
counteracts the earliest stages of colonic carcinogenesis.
For example, carbohydrates may protect colonocytes
against the genotoxicity of a typical Western diet, which
is characterized by increased levels of protein and fat
intake. Thus, resistant starch decreases by 70% the DNA
damage manifested by single-strand breaks in colono-
cytes of rats fed a Western diet'”; significantly, when
such DNA damage is not repaired, it may initiate colonic
carcinogenesis. This interpretation is supported by exper-
imental data that resistant starch protects rodents against
tumors induced by the carcinogen azoxymethane!”™.
The protective effect of resistant starch against such
DNA alterations could be attributed to the increased
production of SCFAs, and the decreased phenol and
ammonia levels””. Among the SCFAs, butyrate has been
demonstrated to have a significant physiological effect
on neoplastic colonic cells®™; however, acetate has also
been implicated in protection against genotoxic agents'™
Interestingly, different carbohydrates affect differentially
the extent of DNA damage; for example, dietary xylo-
oligosaccharides but not inulin may alter the genotoxicity
of the colonic environment. Utilizing a human colonic
simulator inoculated with human feces and a soy protein
isolate, the researchers have reported that xylo-oligosac-
charides reduce genotoxicity of the liquid phase in the
proximal vessel, but increase genotoxicity in the distal
vessel™.

It is evident that the DNA-protective effects of the
carbohydrates are mediated by (1) their ability to sustain
the existence of specific colonic microbiota; and (2) by
the fermentation products resulting from the presence
of the colonic bacterial species. In rats, a resistant starch-
enriched diet increases the numbers of bifidobacteria
and lactobacilli species; whereas, it decreases coliforms
and results in higher levels of SCFAs™. However, the
levels of the short-chain fatty acids are dependent not
only upon the type and amount of dietary carbohydrates,
but also by the present colonic bacterial species. Such
two-way interactions explain the observations that rats
fed resistant starch diet supplemented with the probiotic
Bifidobacterium lactis exhibit a stronger apoptotic response
to a genotoxic carcinogen in the colon than those fed the
same diet without the probiotic supplement®.

Evidence for a protective role of butyrate against
colon cancer comes mostly from studies in carcinogen-
induced rodent models of this malignancy. Thus, the
effects of diets containing guar gum and oat bran (both
highly fermentable, but associated with low butyrate
levels in the distal colon) have been compared to these
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of a diet with wheat bran (resulting in high butyrate con-
centrations) in a rat dimethylhydrazine model of colon
cancer™. The researchers reported the highest protection
against colonic tumorts in the group of rats fed the wheat
bran diet. Similarly, rats fed diet with resistant starch ex-
hibited a lesser burden of colonic adenocarcinomas after
exposure to azoxymethane, and this protective effect
seemed to be related to the production of butyrate in the
colon™. Tt has been observed that in rats with tumors
induced by azoxymethane and deoxycholic acid, dietary
sodium gluconate increases butyrate levels and decreases
the numbers of tumors in the colon™. Also, oral admin-
istration of the butyrate-producing bacteria Butyrivibrio
fibrisolvens augmented butyrate levels, and reduced the
formation of aberrant crypt foci, an eatly colonic lesion,
in the colon and rectum of mice treated with dimethylhy-
drazine™

However, not all reports support a chemopreven-
tive effect for butyrate“sj. Some epidemiological studies
have also shown no relationship between fiber intake
and colon cancer incidence, and no effect of SCFAs (eg.,
butyrate) on colonic tumorigenesis”". These observa-
tions were initially counter-intuitive given the reported
anticancer-effects of dietary fiber/SCFAs. However,
molecular analyses on the effect of SCFAs in colonic
tumorigenesis may partly explain these seemingly con-
troversial observations.

First, the constitutive activation of the canonical
WNT signaling pathway is a common characteristic of
colon cancer, and the beta-catenin- Tcf (BCT) transcrip-
tional complexes are the downstream mediators of this
pathwaylss’soj. It has been proposed that WNT /beta-
catenin activity exists as a gradient, within which absence
of WNT signal results in terminal differentiation and
apoptosis, relatively low levels of signaling lead to con-
trolled self-renewal, moderate levels of signaling promote
uncontrolled cell proliferation, and relatively high levels
of WNT signaling lead to apoptosispoj. Therefore, hyper-
activation of WN'T/beta-catenin signaling in butyrate-
treated colon cancer cells is a required event to achieve
high levels of apoptosis in these cells”™".

Second, studies on human colon cancer cell lines with
different WN'T/beta-catenin signaling mutations have
identified two classes of cell lines: those which respond to
butyrate treatment with (1) a high fold; and (2) a low fold
induction of WN'T/beta-catenin activity and apoptosisl()”.
Thus, discrepancies in the literature as to the protective
nature of fiber intake against colon cancer™™"”
due to the fact that only a subset of colonic lesions re-
sponds to butyrate with hyper-activation of WNT/beta-
catenin signaling and enhanced apoptosis. Further, colon-
ic lesions may become resistant to the effects of butyrate
through exposure to suboptimal levels of this agent; for
example, butyrate-resistant cells produced iz vitro exhibit
suppressed WNT/catenin hyperactivation and inhibited
induction of apoptosis upon exposure to butyrate and
other HDAC inhibitors””. This butyrate-resistant cell line
may reflect the 7 vivo existence of human tumors that are

may be
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resistant or partially resistant to the effects of butyrate,
and suggests that a high dietary fiber intake is required
for an effective protective action against colon cancer.
Differences in the responsiveness of colonic neoplastic
cells to the effects of butyrate on WN'T/catenin signal-
ing may be mediated through the differential expression
and activity of transcriptional coactivators that influence
WNT/catenin activity, particularly CBP and p300[94’95].
For example, a butyrate-resistant cell line has been shown
to be defective in p300 expression, which likely mediates
effects of butyrate on WNT/catenin signaling and cell
physiology{%].

Third, the composition of gut microbiota and diet (e,
fat) are factors that affect the SCFA productions and their
action™””". and the effect of SCFAs on colon neoplastic
cells might be modifiable by other dietary compounds
and metabolites; thus, adding a particular type of oil (eg.,
fish oil »s corn oil) results in a variable reduction of colon
tumors in rat azoxymethane model of carcinogenesis[gg]
Finally, the effect of fiber and butyrate on colon carci-
nogenesis is likely dependent upon the timing of fiber
and butyrate administration with respect to the stage of
cancer developmentm. Several studies have shown that
a high fiber intake specifically affects early tumor devel-
opment in the colon; however, progression to advanced
adenomas is unlikely to be influenced by fiber intake™™,
These data clearly support a multifaceted role of SCFA
production/action, and more iz vivo studies are warranted
to further dissect the role of fiber intake in modulating
colon cell cycle and apoptosis pathways.

FUNCTIONAL ROLE OF FIBER SOURCE
PER SE

Although gut microbiota and fiber fermentation to SC-
FAs play a critical role in cancer prevention, the fiber
source per se may have independent effects on colonic
health. First, dietary fiber increases viscosity and fecal
bulking (diluting potential carcinogens), and it therefore
shortens the time for proteolytic fermentation (and
production of harmful substances) and also decreases
the contact between potential carcinogens and mucosal
cells™™, Tn addition, dietary fiber could bind/excrete po-
tential luminal carcinogens (e.g., secondary bile acids) and
lower fecal pH in the colon™""!, Second, dietary fiber
is not only a substrate for fermentation, but it is also a
source of vitamins, minerals and slowly digestible energy;
for example, bran fractions are rich in minerals, vitamin
B6, thiamine, folate and vitamin E", Third, dietary fi-
ber is associated with phytochemicals such as phenolics,
carotenoids, lignans, beta-glucan and inulin"*""”. For
example, arabinoxylan, a constituent of hemicelluloses, is
an important source of phenolic compounds that may be
released in the colon during fermentation of complexed
fibers™™'"™. These bioactive substances may protect the GI
tract from oxidative damage, although this possibility is
controversial due to the anaerobic environment in the co-
lon and the fact that the fiber-associated phytochemicals
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(e.g., carotenoids) do not seem to be absorbed through
the GI tract into the rest of the body, even though the
colon is the primary site for fiber fermentation and the
release of these chemicals'”. However, since the con-
centrations of bioactive substances derived from dietary
fiber sources can be much higher in the colonic lumen
than in plasma and other tissue, these phytochemicals
may delay the onset of colon cancet.

CONCLUSIONS AND PERSPECTIVES

A large amount of research has reported an inverse re-
lationship between dietary fiber intake and colon cancer
risk. The protective effect of fiber against colon cancer
derives from a multi-layered system of mechanistic checks
and balances, which may explain why not all studies report
this beneficial effect. Although the anticancer mechanisms
of dietary fiber are not fully understood, several modes
of action have been proposed (Figure 1). First, dietary
fiber resists digestion in the small intestine, and enters the
colon where it is fermented to produce SCFAs that may
enhance the healthy composition of gut microbiota. Sec-
ond, SCFAs have anticancer properties which include the
promotion of cancer cell cycle arrest, apoptosis, and the
inhibition of chronic inflammatory process and cancer
cell migration/invasion in the colon. Importantly, these
molecular activities are effective only within a certain
physiological concentration range of the SCFAs. Third,
dietary fiber increases fecal bulking and viscosity, reduces
the time for proteolytic fermentation that results in harm-
ful substances, and shortens the contact between potential
carcinogens and mucosal cells. In addition, dietary fiber
can bind/excrete potential luminal catcinogens (eg., sec-
ondary bile acids), lower fecal pH in the colon, and thus
provide a healthy intestinal environment.

Not all fibers have the same properties; therefore, the
characteristics and components of dietary fibers (e.g., ara-
binoxylan, B-glucan) may determine their modes of ac-
tion against colon cancer cells. Future studies on the type
of fiber and fiber components may provide a better un-
derstanding of how and why dietary fiber decreases the

risk of colon cancer. Furthermore, evidence from many
lines of research demonstrates that fiber consumption
modifies the composition of gut microbiota, and a well
balanced colonic microbiota influences the host at nearly
every level including immunity and neoplastic develop-
ment. Metagenomics is one of the newest approaches
to determine gut microbiota composition, but it is still
difficult to characterize the interactions between hosts
and their microbiota. The combination of several “meta”
analyses such as metagenomics, metabolomics, metatran-
scriptomics, and the shift of focus from a “who is there”
to a “why are they there” will advance our understanding
of the relationship between dietary fiber consumption,
microbiota composition, and human health. Future stud-
ies are required to unravel the microbiota changes that
correlate with the beneficial effects of fiber, although it is
likely that such changes in the gut bacteria may be dose-,
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Figure 1 The proposed interaction of primary pathways related to dietary fiber consumption, gut microbiota and colon cancer risk.

time-, and strain-dependent. These efforts may lead to
identification of microbiota signatures that are causal or
correlative biomarkers for fiber consumption and colon
cancer prevention.

If butyrate is indeed the key mediator for the protec-
tive effect of fiber against colon cancer, then the effects
of diet and microbiota on the butyrate levels in the co-
lon, and our ability to manipulate these levels ziz dietary
supplements, will be important for designing effective co-
lon cancer preventive strategies. The levels of fecal butyr-
ate among individuals differ widely (3.5-32.6 mmol/kg),
and these inter-individual differences have been explained
in part by body-mass index and dietary intake of protein,
fiber, and fat"'"; however, there are additional factors that
remain to be determined.
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Abstract

INTRODUCTION

We report on a patient who remained cancer-free for
an extended time after palliative radiotherapy (RT) and
chemotherapy (nedaplatin plus 5-fluorouracil) treat- i ; ! i
ment for stage IV (CT3N3M1) esophageal squamous cell ~ Dant tumors in Japan. Japan is recognized as having one
carcinoma. Although multiple lymph nodes outside the ~ ©f the highest incidence rates of esophageal squamous
RT field recurred, the local primary tumor within the RT ~ c€ll carcinoma in the world.
field did not recur, even 17 mo after palliative RT of 30 Due to a lack of obvious early symptoms, patients are
Gy in 10 fractions. In this case, acute toxicity, such as ~ often diagnosed at advanced stages, a?d more than half
myelosuppression or esophagitis, was not enhanced by of patients present with metastases'’. The recurrence
increasing the fraction dose from 1.8-2.0 Gy to 3.0 Gy. ~ and metastasis rates of esophageal cancer after treat-
Because 30 Gy in 10 fractions can be completed within ment have tended to increase in recent years. In 2007,
a shorter time and is less expensive than 50.4 Gy in 28 Griinberger et dlm confirmed that palliative chemotherapy
fractions, we think that 30 Gy without oblique beams is ~ can prolong the survival of stage IV esophageal cancer
a more favorable RT method for patients. patients, relieve their symptoms and improve their quality
of life. Esophageal squamous cell carcinoma is the most
© 2014 Baishideng Publishing Group Co., Limited. All rights common histology in Japan, and its constituent ratio is
reserved. different from that in Europe and America.
Most patients with esophageal cancer present with
Key words: Radiotherapy; Chemotherapy; Esophageal dysphagia, and more than half of the patients have in-
cancer; Esophageal stenosis; Metastatic esophageal  operable disease at the time of presentation®™. The pri-

Esophageal cancer, which has the highest incidence and
mortality worldwide, is one of the most common malig-
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Figure 1 Computed tomography. A: Circumferential wall thickening and a 39 mm x 35 mm tumor on the lower thoracic esophagus; B: Swelling of the abdominal
para-aortic lymph node; C: A remarkable shrinking of the mass in the lower esophagus; D: Swelling of the left para-tracheal lymph node.

mary aim of treatment in these patients is to relieve the
dysphagia with minimal morbidity and mortality and thus
improve their quality of life.

We present a case of extended cancer-free survival
after palliative radiotherapy (RT) and chemotherapy in a
stage IV esophageal squamous cell carcinoma patient.

CASE REPORT

A 76-year-old Japanese man was referred to our hospital
after a few months of dysphagia due to esophageal ste-
nosis. A chest X-ray did not show any characteristic ma-
lignancy. A gastrofiberscopy and computed tomography
(CT) scan showed a circumferential wall thickening and a
39 mm X 35 mm tumor on the lower thoracic esophagus
(Figure 1A). A biopsy on December 13, 2011, revealed
squamous cell carcinoma. Laboratory findings, including
staining for tumor markers, such as p53, and squamous
cell carcinoma, were all within the normal ranges, except
for the cytokeratin 19 fragments (CYFRA), which were
elevated at 4.3 ng/mL (normal 0-2.0 ng/mL, IRMA
method). A chest/abdominal CT scan with enhancement
on December 5, 2011, revealed multiple lymph node me-
tastases, including the left supraclavicular, tracheal bifur-
cation, gastric cardia, and abdominal para-aortic lymph
nodes (Figure 1B) (T3N3 M1, c-Stage V).

It was decided that our patient should undergo
chemoradiation therapy (CRT). The patient received 30
Gy in 10 fractions of 3 Gy on the original tumor location
using a 2-field technique of external beam irradiation
from December 21, 2011, to January 10, 2012. The pa-
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tient also received nedaplatin chemotherapy at a dose of
80 mg/m’ (day 1) plus 5-fluorouracil at 800 mg/m’ per
day (days 1-4) starting on December 26, 2011.

A plain chest/abdominal CT scan on January 23,
2012, after a single cycle of chemotherapy, revealed a
remarkable shrinkage of the mass in the lower esopha-
gus and in all lymph nodes (Figure 1C). An enhanced
chest/abdominal/pelvic CT scan on April 17, 2012 (after
4 cycles), August 20, 2012 (after 7 cycles), and October
16, 2012, revealed that the tumors continued to shrink.
After 6 cycles of chemotherapy, the CYFRA levels had
decreased to normal by June 15, 2012. One additional
cycle of chemotherapy was added on July 17, 2012. Af-
ter CRT, the patient had regular follow-up appointments
every 3-4 mo.

After 8 completely asymptomatic months following
chemotherapy and 14 mo after palliative RT, the tumor was
found to have recurred during a regular follow-up appoint-
ment. A chest and abdominal enhanced CT scan on March
12, 2013, revealed that the metastatic tumor had spread
to multiple lymph nodes, including the retro-esophageal,
left para-tracheal (Figure 1D), supraclavicular, and bilateral
hilum lymph nodes, but local recurrence was not observed.
According to a cervical/chest/abdominal enhanced CT
scan that was performed on June 11, 2013 (17 mo after
palliative RT), local disease remained controlled.

DISCUSSION

More than 50% of patients with esophageal cancer are
not amenable to surgical excision at the time of diagno-

February 15, 2014 | Volume 6 | Issue 2 |
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sis, because of either advanced disease or the presence
of comorbid conditions. For such patients, palliation of
the symptoms is the mainstay of treatment'’.

According to the Radiation Therapy Oncology Group
94-05 trial®™, the standard radiation dose for patients with
clinical stage T1 to T4, NO/1, MO esophageal catcinoma
that are selected for a nonsurgical approach and concur-
rent treatment with 5-FU and cisplatin chemotherapy is
50.4 Gy. Additionally, at our institution, 50.4 Gy in 28
fractions is selected as a curative method. In this case,
30 Gy in 10 fractions was selected as a palliative irradia-
tion dose. Although multiple lymph nodes outside the
RT field recurred, the local primary tumor within the
RT field did not recur, even 17 mo after RT. In this case,
acute toxicity, such as myelosuppression ot esophagitis,
was not enhanced by increasing the fraction dose from
1.8-2.0 Gy to 3.0 Gy. Because 30 Gy in 10 fractions was
completed within a shorter time and was less expensive
than 50.4 Gy in 28 fractions, we think that 30 Gy without
oblique beam is a more favorable RT method for pa-
tients. Because control of the primary lesion of esopha-
geal cancer is directly connected to the inability of the
patient to ingest and the subsequent QOL deterioration,
a total radiation dose of as much as 30 Gy, not 25 or 20
Gy, was used with palliative intent in our institution.

According to Matsumoto ef al”| docetaxel and neda-
platin combination chemotherapy with and without
radiation therapy is well tolerated (2-year overall survival
was 11.1%) and useful as a second-line chemotherapy for
patients with relapsed or metastatic esophageal cancer.

COMMENTS

Case characteristics

A 76-year-old male was referred to our hospital with a few month history of dys-
phagia due to esophageal stenosis.

Clinical diagnosis

A gastrofiberscopy and computed tomography scan showed a circumferential
wall thickening and a 39 mm x 35 mm tumor on the lower thoracic esophagus.
Differential diagnosis

Esophageal leiomyoma, polyp, hemangioma, papilloma, lipoma, cyst.
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Laboratory diagnosis

Laboratory findings, including tumor markers like p53 and squamous cell car-
cinoma, were all within normal values, except for cytokeratin 19 fragments,
which was raised at 4.3 ng/mL (normal 0-2.0 ng/mL, IRMA method).
Imaging diagnosis

A chest/abdominal computed tomography scan revealed multiple lymph node
metastases such as left supraclavicular, tracheal bifurcation, gastric cardia, and
abdominal para-aortic lymph node (cT3N3M1, c-Stage IV).

Pathological diagnosis

A biopsy revealed a squamous cell carcinoma.

Treatment

The patient was treated with 30 Gy in 10 fractions of external beam irradiation
and chemotherapy of nedaplatin plus 5-fluorouracil.

Related reports

According to Matsumoto H, docetaxel and nedaplatin combination chemothera-
py with and without radiation therapy is well tolerated and useful (2-year overall
survival was 11.1%) as second-line chemotherapy for patients with relapsed or
metastatic esophageal cancer.

Experiences and lessons

The authors think that 30 Gy without oblique beams is a more favorable pallia-
tive radiotherapy method for patients with metastatic esophageal cancer.
Peer review

This article applies a rare case who survived long time after palliative chemoradiation.
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Abstract

This review focuses on the roles antioxidants and pro-
oxidants in colorectal cancer (CRC). Considerable evi-
dence suggests that environmental factors play key
roles in the incidence of sporadic CRC. If pro-oxidant
factors play an etiological role in CRC it is reasonable
to expect causal interconnections between the well-
characterized risk factors for CRC, oxidative stress and
genotoxicity. Cigarette smoking, a high dietary con-
sumption of n-6 polyunsaturated fatty acids and alcohol
intake are all associated with increased CRC risk. These
risk factors are all pro-oxidant stressors and their con-
nections to oxidative stress, the intestinal microbiome,
intestinal microfold cells, cyclooxygenase-2 and CRC
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are detailed in this review. While a strong case can be
made for pro-oxidant stressors in causing CRC, the role
of food antioxidants in preventing CRC is less certain.
It is clear that not every micronutrient with antioxidant
activity can prevent CRC. It is plausible, however, that
the optimal food antioxidants for preventing CRC have
not yet been critically evaluated. Increasing evidence
suggests that RRR-gamma-tocopherol (the primary di-
etary form of vitamin E) or other “non-alpha-tocopherol”
forms of vitamin E (e.g., tocotrienols) might be effec-
tive. Aspirin is an antioxidant and its consumption is
linked to a decreased risk of CRC.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Colorectal cancer; Vitamin E; Tocopherols;
Tocotrienols; Oxidative stress; Microbiome; Intestinal;
Cyclooxygenase-2; Intestinal microfold cells; Alcohol;
Cigarette smoke; Antioxidants; Genotoxicity

Core tip: This review summarizes the roles that anti-
oxidant and pro-oxidant factors play in the develop-
ment of colorectal cancer (CRC). This review is timely
since our understanding of the roles these factors play
in CRC has made major advances and is now ripe for
translational research efforts. A systems biology re-
search approach appears to be optimal since environ-
mental pro-oxidative stress factors (such as cigarette
smoking, a high dietary consumption of n-6 polyunsat-
urated fatty acids and alcohol intake) are likely to in-
teract with the intestinal microbiome causing genotoxic
damage to the epithelial cells of the large intestine and
CRC.

Stone WL, Krishnan K, Campbell SE, Palau VE. The role of an-
tioxidants and pro-oxidants in colon cancer. World J Gastrointest
Oncol 2014; 6(3): 55-66 Available from: URL: http://www.wjgnet.
com/1948-5204/full/v6/i3/55.htm DOI: http://dx.doi.org/10.4251/
wjgo.v6.13.55
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Figure 1 Connections between known risk factors of colorectal cancer
and oxidative stress. Smoking, dietary n-6 polyunsaturated fatty acids (n-6
PUFA) and heavy alcohol consumption contribute to in vivo oxidative stress
with an accompanying overproduction of genotoxic reactive oxygen species
(ROS) that give rise to mutations, cancer and also promote cancer phenotypes.
Antioxidants such as gamma-tocopherol (gamma-T), tocotrienols (T3s) and
aspirin reduce oxidative stress and ROS overproduction (up arrow).

INTRODUCTION

Colorectal cancer (CRC) remains a major contributor
to cancer cancer worldwide and accounts for about 9%
of overall cancer incidence’. There is, howevet, a quite
remarkable country-to-country variation and CRC ap-
pears to be primarily a disease of Western life-style!". Tn
India the incidence of CRC is about one seventh that
of the United States™. Moreover, immigrants from low-
risk countries who move to high-risk countries generally
assume the high-risk profile of the new host country'",
These data suggest that environmental factors could be
important in the etiology of sporadic CRC and provide
some hope that chemopreventive/lifestyle strategies
could have a significant impact on reducing CRC inci-
dence. The primary purpose of this review is to evaluate
the potential role that pro-oxidant and antioxidant factors
play in the development of CRC. The roles of these fac-
tors are of major importance to the advice that oncolo-
gists provide to cancer patients and that nutritionists
provide to the general population. The food industry also
has a vested interest in these issues since many foods are
labeled as being “high in antioxidants” with the implicit
promise of promoting health.

PRO-OXIDANTS AND ANTIOXIDANTS IN
CRC
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Figure 2 Conceptual framework for the selective action of chemothera-
peutic agents that induce oxidative stress. Many cancer cells show a high
level of intrinsic oxidative stress (“blue” component of total oxidative stress)
compared to normal cells. Chemotherapeutic agents often act by inducing an
additional level of oxidative stress (‘red” component of total oxidative stress)
that is sufficient to reach an apoptotic threshold (blue line) in a typical cancer
cell but not a normal cell.

The role of both antioxidants and pro-oxidants in colon
cancer has become a topic of intense interest and con-
troversy” . A great body of evidence supports the view
that 7z vivo oxidative stress and the accompanying reactive
oxygen species (ROS) are genotoxic and contribute to
the development of colon cancer and cancers in general
(Figure 1)!. ROS are thought to be a major source of
endogenous DNA damage and at least one hundred oxi-
dative modifications to DNA have been identified™”. It
is plausible to assert, therefore, that antioxidants could be
beneficial by minimizing the genotoxic insults caused by
ROS and thereby reduce the incidence of cancers. In this
capacity, antioxidants in food or in dietary supplements
would be acting as long-term chemopreventive agents.
Moreover, it is now well recognized that many cancer cells
exhibit an enhanced level of intrinsic oxidative stress that
plays a causative role in the expression of many oncogenic
phenotypes*'"!. The ROS giving rise to the enhanced lev-
el of intrinsic oxidative stress in cancer cells are thought
to promote oncogenic phenotypes by virtue of their roles
in modulating redox sensitive signal transduction mecha-
nisms'"”. It follows, that 7 »ive antioxidant agents (chemical
and enzymatic) that lower ROS could potentially inhibit
the expression of aggressive cancer phenotypes. Antioxi-
dants could, therefore, be chemopreventive by reducing
both genotoxicity and by slowing cancer progression.

DO ANTIOXIDANTS INTERFERE WITH
CHEMOTHERAPY?

On the other hand, many effective pro-oxidant chemo-
therapeutic agents rely on inducing additional oxidative
stress in cancer cells, thereby driving them into apoptotic
cell death (Figure 2). This process is thought to have
some degree of selectivity since cells with a “normal”
level of oxidative stress would not be sufficiently stressed
by pro-oxidant chemotherapeutic agents to reach the
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threshold at which apoptosis would be triggered. A key
concern, however, is that cancer patients with a high
level of dietary/supplement antioxidant intake could be
resistant to pro-oxidant chemotherapeutic agents[3’6]. Tt is
likewise plausible that a high level of antioxidant intake
could shield normal tissues from the cytotoxic effects
of pro-oxidant chemotherapeutic agents, thereby reduc-
ing many of the severe side effects associated with these
agents. These issues were expertly reviewed in 2008 with
the conclusion that supplemental antioxidants should
be avoided during chemotherapy and radiation therapy
based on their potential for protecting tumors and reduc-
ing the effectiveness of the pro-oxidant therapies. Little
has changed from 2008 and this assessment remains
valid. Nevertheless, this remains an area where more
evidence-based medicine is needed. As is often the case
in clinical research, a more nuanced approach is required
that is cancer specific, dose and time controlled and fo-
cused on specific antioxidants.

A SYSTEMS BIOLOGY APPROACH TO
REDOX ISSUES IN CRC

The complex set of interconnected events that give rise
to CRC are unlikely to be fully replicated (or even well
elucidated) in cell-based studies, animal models, obset-

vational studies or even short term clinical intervention
trials. A systems biology approach in which an organism
is considered a dynamic set of interacting organs, tissues,
cells and molecular level components is more realistic,
especially since time-dependency and interconnecting en-
vironmental factors are also key to this approachm.

OXIDATIVE STRESS AND THE
INTESTINAL MICROBIOME

The utility of a systems biology approach to oxidative
stress and CRC is firmly illustrated when considering the
role of the intestinal microbiome. The intestinal mictro-

biome is the community of commensal, symbiotic, and
pathogenic microorganisms sharing the space within
the intestinal lumen. CRC, in most cases, arises from the
epithelial cells of the large intestine, which have suffered
DNA damage and a subsequent loss of epithelial dif-
ferentiation towards a phenotypic expression closer to
that of mesenchymal cells (the epithelial-to-mesenchymal
transition or EMT)", The EMT of DNA-damaged
colonic epithelial cells is thought to promote metastasis
to other essential organs. The small intestine, despite its
name, has an epithelial surface area some 30 times larger
than the large intestine. This large difference is due to
the fact that the small intestine, unlike the large intestine,
is very convoluted and has villi. Nevertheless, cancers
of the small intestine are rare, amounting to only 2.3%
of cancers of digestive system in the United States'™. A
complete understanding of this differential rate of cancer
incidence along the digestive track is lacking but accu-
mulating data suggest that oxidative stress could be an
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important factor.

A major difference between the small intestine and
large intestine is the number of bacteria present. The
duodenum and jejunum (66% of the small intestine)
contain low numbers of bacteria but this number mark-
edly increases by about four orders of magnitude in the
distal ileum and in the large intestine""”. Owen e# a/'"”
have found that the human fecal matrix is capable of
generating abundant ROS. In marked contrast, many iso-
lated and cultured aerobic or anaerobic fecal bacteria do
not generate abundant ROS™. Babbs ¢ /' also found
that fecal matrix generates a high flux of ROS being the
equivalent of 10000 rads of gamma irradiation per day.
This high level of ROS production stopped after auto-
claving the feces suggesting the direct involvement of
fecal bacteria. The 7 vitro experiments of both Owen ez al'”
and Babbs e# /" must be interpreted with some caution and
future work in this area is needed given the importance
of understanding the role of digestive system microflora
in cancer development. Nevertheless, these studies sug-
gest that the interaction between fecal bacteria and the
fecal matrix generates oxidative stress.

IS COLONIC OXIDATIVE STRESS
SUFFICIENT TO CAUSE GENOTOXIC
DAMAGE?

Whether or not colonic oxidative stress arising from

colonic bacteria is capable of causing significant iz vivo
genotoxicity in humans is not yet known. The i» vitro re-
sults of Wang and Huyckem] are, however, very relevant
in this regard. These investigators found that Enterococcus
Jaecalis (E. faecalis), a prevalent fecal bacteria that uniquely
generates extracellular superoxide, is quite effective at
promoting chromosomal instability (CIN) in mammalian
cells at a level equal to that 2 gray (or 200 rad) of gamma-
irradiation. E. faecalisis thought to generate superoxide
by virtue of a rudimentary respiratory chain in which an
electron is transferred to oxygen by membrane-associated
demethylmenaquinone!”

Under normal circumstances, fecal bacteria do not
come into contact with the epithelial cells of the large
intestine, which is covered by layers of dense mucin
(10-90 microns thick). With this fact in mind, Wang and
Huyche"” reasoned that M cells (or microfold cells) in
the colon could potentially transport E. faecalis across the
intestinal lumen to macrophage cells (antigen presenting
cells) across the epithelial barrier (into the subepithelial
dome) for immunological processing (7.c., the innate im-
mune system). This is schematically illustrated in Figure 3.
Accordingly, these investigators tested the hypothesis (i
vitro) that macrophages that have phagocytized E. faecalis
could generate diffusible oxidation products that could
induce CIN in surrounding hybrid hamster cells contain-
ing human chromosome 11. Their results were consis-
tent with this hypothesis: a 2.5 fold increase in CIN was
found in hamster cells co-incubated macrophages that
phagocytized E. faecalis compared to hamster cells co-
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Figure 3 Role of pro-oxidant intestinal bacteria in colorectal cancer. Enterococcus faecalis (E. faecalis) an intestinal bacteria with the unique ability to generate superox-

ide radicals. Intestinal microfold cells (M-cells) may transport E. faecalis from the intestinal lumen to macrophages in the subepithelial dome where macrophage cyclooxygen-

ase-2 (COX-2) and lipid peroxidation can generate 4-hydroxynonenal (4-HNE), which promotes DNA damage/chromosomal instability to nearby epithelial cells™,

incubated with macrophages not having phagocytized E. mice (IL—lO’/ ) colonized with superoxide producing E.
faecalis. Control experiments using Escherichia coli, which faecalis developed both inflammation and CRC™. 11.-107"
generates only low levels of superoxide, elicited only a mice develop colitis and are a model for human inflam-
modest degree of mammalian cell CIN in their model. matory bowel disease. In a parallel experiment with a

strain of E. faecalis that does not produce superoxide
(delta-men) the IL-10"" mice showed inflammation but
GAMMA-TOCOPHEROL BUT NOT not CRC™., Unfortunately, the investigators did not
ALPHA-TOCOPHEROL INHIBITS determine if supplementation with gamma-tocopherol

prevented CRC in the animal model using the superox-
CHROMOSOMAL INSTABILITY IN ide producing E. faecalis. The overall model proposed by
MAMMALIAN CELLS INDUCED BY these investigators is provided in Figure 3. Collectively,

this work provides a very compelling hypothesis for the
ENTEROCOCCUS FAECALIS etiological factors promoting CRC, z.e., M-cells transport
Quite interestingly, Wang and Huyche!"” found that 200 pro-oxidant intestinal bacteria to macrophages in the sub-
pmol gamma-tocopherol, but not alpha-tocopherol, was epithelial dome and through the action of macrophage
able to completely inhibit the CIN inflicted on hamster cells COX-2 and lipid peroxidation on pro-inflammatory n-6
when co-incubated with macrophages having phagocytized n-6 polyunsaturated fatty acid (PUFA) generate 4-HNE

E. faecalis. Moreover, cyclooxygenase-2 (COX-2) overex- which diffuses to nearby epithelial cells inducing geno-

pression was found in the macrophages having phagocy- toxicity eventually resulting in CRC. This is a powerful

tized E faecalis and COX-2 inhibitors (as well as superoxide model and does much to explain the interconnections be-

dismutase) blocked the induced CIN in hamster cells. tween the known risk factors for CRC and their relation-
In a logical follow-up to this iz vitro work, these in- ship to the oxidative stress (Figure 1).

vestigators provided convincing evidence that the diffus-
ible product of oxidative stress induced by E. faecalis was

4-hydroxy-2-nonenal (4-HNE), which is a well-known DYSFUNCTION OF THE INTESTINAL
aldehyde by-product atising from the lipid peroxidation MICROBIOME, INFLAMMATORY BOWL
of omega-6 polyunsaturated fatty acids (eg., arachidonic DISEASE AND OXIDATIVE STRESS

acid)®’ (Figure 4). As mentioned below, arachidonic acid

is a proinflammatory dietary fatty acid and dietary arachi- It is becoming increasingly clear that dysfunction of the
donic acid is a risk factor for CRC. Moreover, silencing intestinal microbiome is very much related to inflamma-
glutathione-S-transferase alpha4 (GST-alpha4) in colonic tory bowl disease(s) such as Crohn’s disease and ulcerative

epithelial cells increased their susceptibility to 4-HNE colitis. Inflammatory bowel diseases (IBDs) are known to
CIN. GST-alpha4 detoxifies 4-HNE by covalently com- increase the risk of CRC and inflammation (in general)
plexing it with GSH. Similarly, silencing COX-2 decreased 1s also accompanied by increased oxidative stress”. With

4-HNE production by E. faecalis infected macrophages rapid technical advances it will soon be routinely pos-
and depleting GSH (the primary intracellular antioxidant) sible for individuals to have their exomes sequenced in
increased 4-HNE production[zﬂ. an effort to identify markers for cancer susceptibility. For

In an outstanding pre-clinical iz vivo experiment, these most types of cancer, exome sequencing alone should be
investigators also found that interleukin-10 knockout sufficient but CRC might be an exception. The collective
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Figure 4 Lipid peroxidation and mutagens. Lipids containing PUFA (LH) are
oxidized to form damaging lipid peroxy radicals (LOO'). These radicals can gen-
erate mutagenic aldehydes such as malondialdehyde (MDA) and 4-hydroxy-
2-nonenal (4-HNE) from n-6 PUFAs. Lipid peroxidation can be initiated by the
formation of highly reactive hydroxyl radicals (OH) arising from the Fenton
reaction.

MDA 4-HNE

genomes of the intestinal microbiome is estimated to
be about 100 times that of the human genome and is of
direct significance to CRC. Although beyond the scope
of this review, it is now clear that that there are complex
interactions between the intestinal microbiome IBD and
metabolic processes in the large intestine™. Of partlcular
interest, however, is the model proposed by Morgan ez al™

which suggests that IBD could be accompanied by a shift
in the normal microbiome to microbes utilizing mucin
as a primary energy source and thereby compromise the
barrier function of mucin in protecting colonic epithelial
cells from contact with microbes. Mucin is rich in the sul-
fur-containing amino acids needed to synthesize glutathi-
one (GSH), which is a key intracellular antioxidant. The
loss (or thinning) of the mucin barrier would, in turn,
result in increased inflammation and oxidative stress that
could then select for those microbes efficient at using
GSH to survive in an oxidatively stressed environment.

THE GENETIC CHARACTERISTICS OF
CRC AND OXIDATIVE STRESS

The types of mutations that occur in CRC are of inter-
est since this information is relevant to etiological factors
and their origin. The lung, the esophagus and the colon,
unlike most other internal organs, are directly exposed
to a wide variety of environmental mutagens and, not
unexpectedly, have a large number of non-synonymous
mutations per tumor compared with other adult solid
tumors”®”. Nonsynonymous mutations are those that
alter the encoded sequence of a protein. Lung cancer is
thought to be largely (about 90%) due to mutagens in
cigarette smoke. Cigarette smoking is a major oxidative
stressor and it is reasonable to suggest that smoke de-
rived carcinogens and oxidants in tobacco tar could make
their way to the colon.
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OXIDATIVE STRESS CAN INACTIVATE
THE DNA MISMATCH REPAIR
MECHANISM SYSTEM IN CRC

CRC mutations fall into two general categories: (1) those
with mutations accompanied by microsatellite instability
(MS]I) in which there is a defective DNA mismatch repair
(MMR) mechanism during DNA replication (about 15%
of all CRC); (2) those with mutations accompanied by
microsatellite stability (MSS) but with chromosomal in-

stability™
base pairs of DNA.

MSI CRC is associated with a very large number of
non-synonymous mutations yet has a better prognosis

than MSS CRC™*. A high frequency form of MSI

(MSI-H), where over 40% of the assayed microsatellites
are mutated, is associated with germline mutations in the
protein complexes forming the MMR system or with epi-
genetic silencing of MMR protein expression by DNA

hypermethylationlzsj. A second, low frequency form of

MSI (MSI-L) also occurs in which less than 20% of the

. . 25 . .
assayed microsatellites are mutated™. Quite curiously,

10%-20% of sporadic CRC of the MSI-L variety show
no evidence of mutations in MMR proteins and are only
rarely associated with epigenetic silencing of MMR pro-
. MSL-L is,
however, found in CRC associated with ulcerative colitis,
a long lasting inflammatory bowel disease with well-doc-

tein expression by DNA hypermethylanon

25,26

umented evidence of oxidative stress”*". Chang ez a/*”

have shown that oxidative stress can inactivate the MMR
system leading to the suggestion that this mechanism
could be responsible for the MSI-L seen in CRC associ-
ated with chronic inflammation such as ulcerative colitis
and/or smoking and/or high alcohol consumption which

are all oxidative stressor factors (see below).

. Microsatellites are repeating sequences of 2-6

WHAT DO OBSERVATIONAL STUDIES

TELL US ABOUT THE INCIDENCE OF CRC

AND ENVIRONMENTAL ANTIOXIDANTS
AND PRO-OXIDANT FACTORS?

Observational studies are fraught with limitations and do
not directly speak to causality. Nevertheless, such studies
are often all that is available and have the advantage that
very large subject populations can be studied over very
long time periods at a reasonable cost. Observational
studies are very useful for hypothesis building, particu-
latly when combined with pre-clinical data from cell and
animal models. The genetic data, summarized above, sug-
gests that environmental mutagens contribute to CRC.
As detailed below, a strong case can be made that many
of the environmental factors known to contribute to
CRC incidence are also sources of oxidative stress and

genotoxicity.

59
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Lipid peroxidation + BaP (from cigarette smoke)

Bioactivation by cytochrome p 450 2S1

BaP-diol-t-epoxide

Mutations

Figure 5 Lipid peroxidation, smoking and the activation of benzo[a]pyrene.
Lipid peroxidation and cytochrome P450 2S1 (CYP2S1) can activate
benzo[a]pyrene (BaP) to the potent mutagen, benzo[a]pyrene-r-7 t-8-dihydrodi-
ol-t-9,10-epoxide (BaP-diol-t-epoxide). A high expression of CYP2S1 is associ-
ated with colorectal cancer and a poor prognosis (see text).

CIGARETTE SMOKE AS AN
ENVIRONMENTAL SOURCE OF
OXIDATIVE STRESS AND
GAMMA-TOCOPHEROL AS A
DIETARY ANTIOXIDANT

Cigarette smoking and is thought to contribute to about
12% CRC incidence!. For reasons that are not clear,
the increased risk of CRC due to smoking appears to
be greater in women than in men’. Smoking is a ma-
jor source of free radicals in both the gaseous and tar
phases[z&29J and is a major contributor to 7z vive oxida-
tive stress. Overwhelming evidence shows that smoking
increases many systemic biomarkers for oxidative stress
such as breath pentanepoj, plasma protein carbonylsml,
F2 isoprostanesl3ZJ and also causes an increased vitamin
E consumption through an oxidative stress pathwaymm.
Cigarette smoke contains a significant amount of reac-
tive nitrogen species (RNS) as well as ROS"™. Gamma-
tocopherol (the main dietary form of vitamin E) has a
unique ability to react with RNS to form 5-nitro-gamma-
tocopherol (NGT) and levels of NGT are about two fold
higher in smokers compared to nonsmokers™. We do
not yet know if supplementation with gamma-tocopherol
would reduce the genotoxic effects of RNS cigarette
smoke and thereby reduce CRC or cancer in general.

CIGARETTE SMOKE, MUTAGENIC
POLYCYCLIC AROMATIC
HYDROCARBONS AND LIPID
PEROXIDATION

Cigarette smoke (and the high temperature cooking of
meat) is also a source of polycyclic aromatic hydrocar-
bons (PAHs), which are subsequently activated to potent
mutagens. A recent case-cohort study suggests that a
57% increase in CCR is associated with a doubling of the
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level of aromatic DNA adducts™". Benzo[a]pyrene (BaP)
is a major and potent PAH catrcinogen found in cooked
meats and tobacco smoke. It has long been known that
the activation of BaP to its ultimate carcinogen can be
promoted by the process of lipid peroxidation™. DNA
adducts of carcinogenic BaP metabolites have been
found in human colon mucosa””

Recent work now suggests (Figure 5) that lipid hydro-
peroxides support the cytochrome P450 mediated activa-
tion of benzola|pyrene-trans-7,8-dihydrodiol (BaP-7,8-
diol) into the highly mutagenic the highly mutagenic and
carcinogenic benzo[a]pyrene-1-7,t-8-dihydrodiol-t-9,10-
epoxide (BaP—diol—t—epoxide)m]. Cytochrome P450s
(CYPs) are a superfamily of enzymes that catalyze the
oxidation of xenobiotic organic substances such PAHs
as well as a variety of endogenous compounds. CYP2S1
is the particular cytochrome P450 that effectively acti-
vates BaP-7,8-diol™". It is very relevant, therefore, that
the P450 profile of CRC has been determined and CRC
tissues show a higher level of CYP2S1 expression com-
pared to normal CR tissue". Moreover, a higher CRC
expression of CYP2S1 was associated with poor prog-
nosis'""!. Collectively, the above suggests that smoking
induced oxidative stress, and increased exposure to BaP,
could result in lipid peroxidation driven production of
carcinogenic BaP-diol-t-epoxide with increased CCR inci-
dence and poor prognosis.

DIETARY ARACHIDONIC ACID INTAKE
AS A PRO-OXIDANT STRESSOR

Some observational studies suggest that the dietary con-
sumption of arachidonic acid, a proinflaimmatory and
pro-oxidant (as detailed below) PUFA is associated with
an increased risk of CRC™*. In contrast n-3 PUFAs
(primarily from marine sources) are generally considered
to be anti-inflammatory and have anti-neoplastic proper-
ties, at least in animal and human cell models™*. A recent
large-scale study of over 73000 Chinese women suggests
that the ratio of dietary total n-6 to n-3 PUFA ratio is
strongly associated with the incidence of CRC: compared
to women in the lowest quintile, the relative risk of CRC
was 1.95 for women in the highest total n-6 to n-3 PUFA
quintﬂem.

COX-2 OVEREXPRESSION, OXIDATIVE
STRESS AND CRC

The cyclooxygenase enzymes catalyze the rate-limiting
step of prostaglandin formation from arachidonic acid.

There are two known isoforms of cyclooxygenase:
cyclooxygenase-1 (COX-1) and COX-2. COX-1 has a
constitutive promoter and is expressed in many tissues
to maintain normal physiological functions such as the
maintenance of renal blood flow, gastric mucosa, and
platelet aggregation. COX-2 has an inducible promoter
that contains a number of active regulatory elements
including: FOXMI, cyclic AMP response element bind-
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ing protein (CREB), NFkappaB, AP-1, p53, and PPAR
gamma[45’46]. COX-2 overexpression is strongly associated
with 2 number of cancers'". A large amount of evidence
supports the view that a constitutive expression of the
COX-2 enzyme is a contributing factor in the promo-
tion of colon carcinogenesis as well as other cancers ™,
COX-2 overexpression is an unfavorable prognostic fac-
tor for numerous cancers including CRC"™* while silenc-
ing COX-2 reduces the tumorigenesis of CRC as well as
the metastatic potential of CRC and other cancers™".
COX-2 activation can occur through numerous signals,
which contribute to the fact that the mechanism behind
COX-2 activation has not been fully elucidated. Inflam-
mation, viral and bacterial infections, phorbol esters, lipo-
polysaccharides, transforming growth factor beta, UVB
exposure, gamma-irradiation, and mechanical shear stress
can all be responsible for the activation of COX-2,

In HT-29 human colon cancer cells nontoxic doses
of hydrogen peroxide (10 pmol) results in cancer cell
proliferation, but toxic doses of 1000 ymol induce apop-
tosis™. The stimulation of cell proliferation was accom-
panied by an increase in COX-2 and apoptosis from the
high-dose hydrogen peroxide was negatively correlated
with COX-2 expression[‘w. These data suggests that the
balance of proliferation and apoptosis of cancer cells is
dependent upon the concentration of ROS and can be
correlated with COX-2 expression[54]

However, the roles COX-2 activation and suppression
have on pro-oxidants, ROS, and antioxidants in carcino-
genesis are not clear. In some studies COX-2 expression
has led to increased oxidative stress, while in other stud-
ies increased oxidative stress has occurred through the
inhibition of COX-2. For example, COX-2 mediated
arachidonic acid metabolism was identified as a potential
source of ROS in human intestinal epithelial cells (FHs
74 Int) exposed to monohaloacetic acids™. Viral induc-
tion of COX-2 has led to increased oxidative stress”™.
In a study examining the effects of nitric oxide-releasing
non-steroidal antin flammatory drugs (NO-NSAIDs),
treatment of human colon cancer cells lines with NO-
NSAIDs produced a cytotoxic effect in all cell lines tested
and an increased COX-2 activity was observed with con-
comitant oxidative stress” .

There are examples of chemotherapy agents that
enhance the expression of COX-2. For example, oral
mucosal staining following cytotoxic chemotherapy (with
various chemotherapeutic regimens including: doxorubi-
cin/docetaxel/cyclophosphamide/methotrexate/5-fluo-
rouracil; cyclophosphamide/methotrexate/5-fluorouracil;
docetaxel alone; 5FU/folinic acid; and 5FU/leucovorin)
demonstrate an increase COX-2 expression”. Colorectal
tissues from patients treated with preoperative radio-
therapy demonstrated increased expression of COX-2"",
While the above data suggests that expression of COX-2
induces oxidative stress, there is a balanced amount of
evidence showing that inhibition of COX-2 induces oxi-
dative stress. For example, inhibition of aldose reductase
(AR), an enzyme that catalyzes the reduction of lipid
aldehydes and their glutathione conjugates, results in a

(4 9

Jgu;:;:mg@ WJGO | www.wjgnet.com

Stone WL et a/. Antioxidants, pro-oxidants and colon cancer

61

growth reduction of human colon cancer cell through
the inhibition of TNF-alpha induced activation of
PKC and NFkappaB, which results in the abrogation of
COX-2 mRNA and protein expression™. AR inhibition
results in suppression of oxidative stress in inflamma-
tory disorders”. Further, inhibition of phorbol ester-
mediated induction of COX-2 in colon carcinoma cells
by 15-deoxy-delta(12,14)-prostaglandin J(2) (15d-PG]J(2))
results in intracellular oxidative stress through the inhibi-
tion of AP-1 activation®”.

The chemical treatment of animals with azoxymeth-
ane (AOM) is a commonly accepted model for carcino-
genesis, which results in the formation of aberrant crypt
foci (ACF), precursor lesions to colon cancer. Pterostil-
bene (PS) had been reported to prevent chemical-induced
colon carcinogenesis by anti-inflammatory and pro-apop-
totic propertiesm. In a study examining the effects of PS
on AOM-induced colon tumorigenesis, it was discovered
that PS reduced AOM-induced tumor formation, ACF,
as well as lymphoid nodules. In addition, PS treatment
resulted in reducing the expression of oxidative inflam-
matory markers NFkappaB, inducible nitric oxide syn-
thase, COX-2 and AR, while enhancing the expression of
antioxidant enzymes such as hemeoxygenase-1 and glu-
tathione reductase vzz NF-E2 related factor 2 signaling[“].
While it is not clear what conditions lead to oxidative
stress through COX-2 signaling, these data suggest that
the role of COX-2 in carcinogenesis is correlated with
antioxidant signaling/pro-oxidant signaling and that more
investigation is needed to understand these mechanisms

in CRC.

HEAVY ALCOHOL CONSUMPTION AS A
PRO-OXIDANT STRESSOR

Heavy alcohol consumption has been linked to an in-

crease CRC risk as well well as an increased incidence of
tumors in the distal colon". Individuals with a family his-
tory of CRC are particularly at risk, with a relative risk of
2.8 compared to nondrinking individuals with no family
history of CRC*". Similarly, patients with chronic alcohol
dependence also show an increased level of oxidative
stress biomarkers such as plasma protein carbonyl lev-
els™™!. Alcohol is, however, likely to be procarcinogenic by
multiple mechanisms. Alcohol is metabolized to acetalde-
hyde, which is a highly toxic mutagen causing point muta-
tions ™. Alcohol metabolized by the cytochrome P450
system of the endoplasmic reticulum leads to the produc-
tion of both acetaldehyde and ROS'”". ROS can directly
cause DNA damage and can also lead to increased lipid
peroxidation with the generation of genotoxic aldehydes,
e.g., MDA and 4-HNE.

ANTIOXIDANT ENVIRONMENTAL
FACTORS

Fruit and vegetables
Fruit and vegetables have a relatively high content of
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antioxidant compounds and many observational studies
have shown that their frequent consumption is associ-
ated with a decreased risk of CRC. Nevertheless, a very
large scale and well-conducted study in 2000 found “high
consumption of fruit and vegetables did not appear to be
protective against cancers of the colon and rectum in our
large United States cohorts”®. Recent results from the
Shanghai Men’s Health Study showed that the consump-
tion of fruits but not vegetables was associated with a
reduced risk of CRC in middle-aged and older Chinese
men'., In the United States, folate added to many com-
mon foods items and present in most multivitamins may
be preventing colon cancer and negating the need to get
this vitamin from fruits and Vegetables[(’gl.

The Towa Women’s health study (35000 women)
found that a high intake of vitamin E was associated with
a reduced risk of CRC™. Most of the vitamin E intake
in this study was from multivitamin supplements and the
form of vitamin E (see below) was not specified. More-
over, during the time period (1986-1990) for this study,
most multivitamin supplements had very high levels of
iron which is a quite potent pro-oxidant that can promote
lipid peroxidation[m

ASPIRIN, AN ANTIOXIDANT
CHEMOPREVENTIVE FACTOR

It has long been known that the daily consumption of as-
pirin is associated with a significant decrease in CRC risk.
Aspirin is a direct quencher of the genotoxic hydroxyl

radical and the formation of hydroxylated aspirin deriva-
tives (2,3- and 2,5-dihydroxybenzoic acid) has long been
utilized as very sensitive 7z vivo biomatker for oxidative
stress”?. Most relevant to this review is the well-docu-
mented ability of aspirin to inhibit COX-1 and COX-2'",
Data from two large studies now suggests that aspirin’
s protective effect can be modified by the BRAF genem
which codes for a protein called setine/threonine-protein
kinase B-Raf (a member of the Raf kinase family). Con-
stitutive activation of the Ras-mitogen-activated protein
kinase (MAPK) kinase pathway is of major importance
in CRC and this can occur by oncogenic mutations in
BRAF that upregulate the Ras-MAPK kinase pathway
resulting (among many other important cancer related
events) in an overexpression of COX-2"), Nishihara ez
al™ found that aspirin use reduced the risk of CRC in in-
dividuals with wild type BRAF but not in individuals with
oncogenic mutated BRAF. As also mentioned above,
these data emphasize the potential interconnections be-
tween COX-2, CRC and oxidative stress.

LARGE SCALE CLINICAL TRIALS OF
VITAMIN E AND CANCER
PREVENTION-THE MANY DETAILS AND
THE MANY DEVILS

The Selenium and Vitamin E Cancer Prevention Trial
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(SELECT) was a $130 million trial that concluded that
“vitamin E” did not prevent prostate cancer, colon can-
cer, or any other cancer””. In a more ominous note, a
follow up to the SELECT trial concluded that “Dietary
supplementation with vitamin E significantly increased
the risk of prostate cancer among healthy men”!". Vita-
min E is the major i vivo lipid soluble antioxidant and it
quenches the lipid peroxyl radicals that propagate during
lipid peroxidation (c/™). As is often the case in biomedi-
cal research, there are many “devils” in the details of
the SELECT study that are worthy of notice. An often-
overlooked detail lies in the particular form of vitamin
E used in the study. For the SELECT trial this was all-
racemic-alpha-tocopheryl acetate at a dose of 400 IU/d
taken over a period of about 5.5 years in men who were
50-55 or older at the start of the study. As it happens,
“vitamin E” is not a single-organic compound and there
are at least eight natural forms, Ze., alpha-, beta-, gamma-
and delta-tocopherols as well as the corresponding four
tocotrienols (a.f. %N To make matters more complicated,
vitamin E isoforms have asymmetric carbons where each
such carbon is attached to four different groups of other
atoms. Tocopherols, for example, have three asymmetric
carbons, each of which could have an R- or S-stereo-
configuration.

All naturally occurring forms of tocopherols have the
R-stereo-configuration. The form of vitamin E used in
the SELECT study was “synthetic” where the configura-
tion at each of the asymmetric carbons is an equimolar
mixture of both the R- and S-stereoisomers (at each of
the three asymmetric carbons): this is the form of vita-
min E found in most commercial supplements although
it is sometimes mistakenly labeled dl-alpha-tocopheryl
acetate. All-racemic alpha-tocopheryl acetate is an equi-
molar mixture of eight stereoisomers with only one
eighth of which is the naturally occurring RRR-alpha-
tocopherol. The other seven stereoisomers are essentially
xenobiotics whose detailed biochemical properties (and
potential modulation of signal transduction pathways)
are largely unstudied. Moreover, the bioavailability of all-
racemic-alpha-tocopheryl acetate is about half that of
RRR-alpha-tocopheryl acetate. Nevertheless, the ability
of R- or S-vitamin E isomers to quench free radicals (lipid
peroxyl radicals) and prevent lipid peroxidation is very
similar.

ARE DIETARY ANTIOXIDANTS USELESS

AS CHEMOPREVENTIVE AGENTS?

The SELECT study certainly suggests, that in healthy
middle aged men, taking a potent lipid soluble antioxidant
for half a decade or more did nothing to prevent pros-
tate cancer, colon cancer or any other cancer diagnosed
in this study. Does this mean that dietary antioxidants
are useless as chemoprevention agents? Using a strictly
evidenced based approach the answer is “we cannot
be sure.” CRC is very much a disease of aging with the
incidence markedly increasing after the age of 50. This
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suggests that many of the driver mutations responsible
for CRC have already accumulated by mid-age. For any
antioxidant to be effective as a chemopreventive agent
that blocks free radical mediate genotoxicity it is reason-
able to suggest that it must be consumed at an effective
level starting at an early age. By mid-life too many onco-
genic driver mutations may already be in play and a five-
year period may also be too short. It may also be that the
particular chemical form of the antioxidant is of critical
importance since this is likely to play a role: (1) in its bio-
availability; (2) what ROS/RNS are being modulated; (3)
what organs/tissues is the antioxidant being delivered to;
(4) the cellular and subcellular distribution of the antioxi-
dant; and (5) does the antioxidant have any other relevant
anticancer properties unrelated to its ability to function
as an antioxidant (e,g., modulate carcinogenic signal trans-
duction pathways).

WAS THE RIGHT FORM OF VITAMIN E
USED IN THE SELECT TRAIL?

Neither tissue culture experiments nor animal models

support of a strong anti-cancer role for all-racemic-alpha
tocopherol or RRR-alpha-tocopherol. In contrast, both

81,82 . 83 .
I and tocotrienols™ have anti-

gamma-tocopherol'
cancer effects that are now well documented. Gamma-
tocopherol is the primary form of vitamin E in the
American diet. It is quite interesting that the anticancer
effects of tocotrienols are attenuated by supplementation
with alpha—tocopherolm. Moreover, supplementation
with alpha-tocopherol lowers plasma levels of gamma-
tocopherol.

In addition to issues related to vitamin E stereo-
chemistry, it should be noted that the form used in
the SELECT study was a vitamin E ester (“yI”) rather
than the free form (“ol”). Any vitamin E ester, such as
alpha-tocopheryl acetate, is not an antioxidant since the
functional phenol group is blocked by esterification. An
esterase must act on the vitamin E before it is converted
into an active “ol” antioxidant with the ability to quench
lipid peroxyl radicals. In humans, vitamin E esters can
have half the bioavailability compared to the correspond-
ing free or unesterified form™. Much of the vitamin E
in a high dose gel capsule (eg., 200 IU) is not absorbed
and is found in feces. It may well be that free tocopherol
in the fecal matrix could reduce oxidative stress in the
colon whereas tocopheryl esters would have no such ef-
fect. Quite surprisingly, some vitamin E esters (but not
alpha-tocopheryl acetate) have anticancer effects that are
not shared by the unesterified (free) alpha-tocopherol.
Vitamin E succinate (or more precisely alpha tocopheryl
succinate) for example has been found to be effective in
reducing CRC in a mouse xenograft model™".

The non-alpha-tocopherol forms of vitamin E have
not yet been tested in large scale randomized, placebo-
controlled studies. In any event, it is not biochemically
justified to make clinical conclusions about all forms of
vitamin E (or antioxidants in general) based on the re-
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sults from a single form (such as all-rac-alpha-tocopheryl
acetate) as was done in the SELECT study and in much
of the “web” literature.

CONCLUSION

The evidence presented in this review presents a compel-

ling case supporting the view that environmental oxida-
tive stressors are causally related to the development of
CRC. Moreover, the molecular and cellular details where-
by oxidative environmental stress is translated into geno-
toxic damage to the epithelial cells of the large intestine
are becoming increasingly clear as detailed above. The
intestinal microbiome can be a source of oxidative envi-
ronmental stress and can, via intestinal M-cells, transmit
oxidative stress to macrophages in the subepithelial dome
where subsequent genotoxic damage to colonic epithelial
cells is likely.
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Abstract

Several epidemiological, cellular, and molecular studies
demonstrate the role of environmental chemicals with
endocrine disrupting activities, typical of Westernized
societies, in the pathogenesis of humerous diseases in-
cluding cancer. Nonetheless this information, the design
and execution of studies on endocrine disruptors are
not yet cognizant that the specific actions of individual
hormones often change with development and ageing,
they may be different in males and females and may be
mediated by different receptors isoforms expressed in
different tissues or at different life stages. These state-
ments are particularly true when assessing the hazard
of endocrine disruptors against 17(3-estradiol (E2) ac-
tions in that this hormone is crucial determinant of sex-
related differences in anatomical, physiological, and
behavioral traits which characterize male and female
physiology. Moreover, E2 is also involved in carcinogen-
esis. The oncogenic effects of E2 have been investi-
gated extensively in breast and ovarian cancers where
hormone-receptor modulators are now an integral part
of targeted treatment. Little is known about the E2
preventive signalling in colorectal cancer, although this
disease is more common in men than women, the dif-
ference being more striking amongst pre-menopausal
women and age-matched men. This review aims to dis-
sect the role and action mechanisms of E2 in colorectal
cancer evaluating the ability of estrogen disruptors
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(#.e., xenoestrogens) in impair these E2 actions. Data
discussed here lead to define the possible role of xen-
oestrogens in the impairment and/or activation of E2
signals important for colorectal cancer prevention.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: 17(3-Estradiol; Estrogen receptors; Xenoes-
trogens; Bisphenol A; Flavonoids; Colorectal cancer

Core tip: In this review, we will report recent data,
including ours, on 17B-estradiol (E2) action in colon
health and disease discussing on how environmental
chemicals with endocrine disrupting activities could im-
pact on these E2 effects in colon cancer. In particular,
two plant-derived flavonoids (i.e., naringenin, Nar, and
quercetin, Que) and one synthetic food-contaminant
bisphenol A will be reported as prototype molecules to
evaluate how xenoestrogens can impact on cell pro-
liferation/apoptosis balance, the critical physiological
function of E2 in colon.

Marino M. Xenoestrogens challenge 17[3-estradiol protective
effects in colon cancer. World J Gastrointest Oncol 2014; 6(3):
67-73 Available from: URL: http://www.wjgnet.com/1948-5204/
full/v6/i3/67.htm DOL: http://dx.doi.org/10.4251/wjgo.v6.13.67

INTRODUCTION

Since many years it was believed that the primary func-
tion of 17B-estradiol (E2) was in the development of
female secondary sexual characteristics and subsequent
regulation of reproductive function. However, this has
been recognised as an over-simplification and now it is
well known that this sex steroid hormone elicits a myriad
of biological responses directed towards profoundly
changing male and female physiology". As a conse-
quence, it is not surprising that E2 is also involved in
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diseases including carcinogenesis. The oncogenic effects
of E2 have been investigated extensively in breast” and

[l
ovarian

cancers where hormone-receptor modulators
are now an integral part of targeted treatment. Little is
known about the E2 preventive signalling in colorectal
cancer although women are less susceptible to this can-
cer than men'.

Both physiological and the contradictory pathologic
actions of E2 are mediated by two receptor subtypes (i.c.,
ERq and ERPB) members of the nuclear receptor supet-
family which are defined as ligand-activated transcription-
al factors. ERo and ERf are localized in the cytoplasm
and in the nucleus of E2-target cells where they ate asso-
ciated, in the resting state, to heat shock proteins. A small
pool of these receptors is palmitoylated and localized at
the plasma membrane in association with caveolin-17.
E2 binding to the cytosolic ER population (both ERq
and ERP) induces conformational changes that facilitate
ER homo/heterodimerization, nuclear translocation, and
binding to specific DNA recognition sequences (Z.e., es-
trogen responsive elements; ERE)M. In this classical/ge-
nomic mode of action, ERq and ERP promote E2-sen-
sitive gene transcription, ER being approximately 30%
less efficient than ERa/”. It is well established that the
main role of the plasma membrane-localized ER popula-
tion is to generate rapid/extranuclear signal transduction
pathways that culminate in the activation of the protein
kinase cascade!”. The nature of these pathways as well as
the role played in cell functions differs between ERq and
ERB". In particular, rapid signals generated from the E2-
ERo complex drive cells into the cell cycle and represent
the main determinant for the E2 proliferative/sutvival
effects™. By contrast, rapid effects generated by the E2-
ERP complex drive cells out of the cell cyclem’m, rep-
resenting the key to understanding the E2-induced anti-
proliferative effects working both during differentiative
processes and in colon adenocarcinoma!"".

ERs are relatively promiscuous nuclear receptors
with the ability to recognize, besides E2, different exog-
enous substances'”. Several of these substances such
as bisphenol A (BPA), diethyl hexyl phthalate, and the
plant-detived polyphenols show estrogenic activity, thus
they are collectively called xenoestrogens. Besides other
impairment of E2 actions, the possible contribution of
xenoestrogens in the incidence of E2-related cancers has
only fairly recently received attention. In particular, only
a few studies addressed the putative association between
increased risk of colon cancer and environmental and
occupational exposures to xenoestrogens have been re-
portedm].

In this review, we will report recent data, including
ours, on E2 action in colon health and disease discussing
on how xenoestrogens could impact on these E2 effects
in colon cancer. In particular, two plant-derived flavo-
noids (ie., naringenin, Nar, and quercetin, Que) and one
synthetic food-contaminant bisphenol A (BPA) will be
reported as prototype molecules to evaluate how xenoes-
trogens can impact on cell proliferation/apoptosis bal-
ance, the critical physiological function of E2 in colon.
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EFFECT OF 173-ESTRADIOL IN COLON

Although the colon might not be considered one of
“conventional” E2 target tissue, this pleiotropic hormone
exerts vatious actions on the organs which assemble gas-
trointestinal apparatus. Whereas the role of E2 in colon
malignancies is well established™ (see below), less in-
formation are available on physiological functions of E2
in the colon”. The impact of E2 on colon physiology
became evident when considering that several gastroin-
testinal disorders show considerable gender-specific inci-
dence. As an example, the predominance of constipation
in women is frequently reported with a female/male ratio
approximately of 9:1. Also, the prevalence of irritable
bowel syndrome is higher in women compared to men
suggesting the involvement of E2 in the regulation of
colon motility. This evidence is also supported by stud-
ies reporting delayed gastrointestinal transit time during
pregnancy, characterized by high E2 and progesterone
levels®. Both ERq, and ERP are present in enteric nerve
cells™ and in colonic smooth muscle cells™ sustaining
the E2 potential function as intestinal motility regulator.
In addition, E2 also exerts profound actions on epithelial
cells of intestinal wall. An E2-dependent up-regulation
of sodium/hydrogen exchanger-3 in the plasma mem-
brane of epithelial cells of the proximal colon has been
reported in pregnant mice”"*,

Knockout experiments targeting ER genes in mice
have been useful in understanding the role played by
ERo and ERP in colon. Indeed, targeted disruption of
ERP in mice I and further investigation of tissue ex-
pression, have revealed that ERf is the predominant ER
expressed in colonic tissues” > and that its expression is
selectively lost in human malignant colon tissue'®**?,

To better understand the physiological role of ER[
in colonic tissue, Wada-Hiraike e/ /> compared mor-
phology, proliferation, and differentiation of colonic
epithelium in ERB’/ " mice and wild-type (wt) littermates.
BrdUrd labeling revealed that the number of proliferat-
ing cells was higher in ERB'/' mice and that the migration
of labeled cells towatrd the luminal surface was faster in
ER[}’/ " mice than in wt littermates. Additionally, in the
absence of ERf, there was a decrease in apoptosis and
in the expression of the differentiation markers. Finally,
ERB’/’ mice display disrupted tight junction formation
and abnormal colonic architecture”. As a whole, the loss
of ERf leads to hyperproliferation, loss of differentia-
tion, and decreased apoptosis in the epithelium of colon

suggesting a pivotal role for ERP in the organization and
32

architectural maintenance of the colon

EFFECT OF 173-ESTRADIOL IN
COLORECTAL CANCER

Colorectal cancer is thought to develop as a sequence
from aberrant crypt proliferation or benign hyperplasia
to benign adenoma and then in most cases to adenocat-
cinoma. Epidemiological studies ascertained that this
cancer is the second to fourth most common fatal malig-
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nancy in industrialized countries” Although colorectal
cancer is a common malignancy in both sexes™ several
sex-related differences in incidence, certain molecular
characteristics and response to chemotherapy have been
reported. In particular, the difference between sexes are
more striking amongst premenopausal women and age-
matched men™*”. Based on a meta-analysis of 18
epidemiologic studies, the use of hormone replacement
therapy by postmenopausal women was associated with
a 20% decrease in colon cancer risk™*. Other studies
also demonstrated that women with a history of current
or past hormone replacement therapy had a significantly
decreased risk of colorectal cancer and showed that there
are gender differences regarding cancer location and type
within the colon™*.

These findings suggested that exposute to E2 and/or
estrogenic compounds may underlie the differences be-
tween sexes leading many investigators to search for the
ER subtype involved in this form of protection exerted
by E2 against colorectal cancer. Since ERq is reported
to be minimally expressed in normal colon mucosa and
colon cancer cells®"* the effects of estrogen on colon
cancer susceptibility could be mediated by ERBM. ERp1,
2 and 5 have been demonstrated in normal colorectal
mucosa and at much higher levels than ERo”". Using
semi-quantitative reverse transcription-polymerase chain
reaction, Campbell-Thompson ez al”™ showed that ERfB
is the predominant ER subtype in the human colon,
and that decreased ERB1 (ERBwt) and ERB2 (ERfcx)
mRNA levels are associated with colonic tumorigenesis
in women. In accordance, other authors™” showed that
ERP expression was significantly lower in colon cancer
cells than in normal colonic epithelium, and that there
was a progtessive decline in ERf} expression, which par-
alleled the loss of malignant colon cell dedifferentiation.
A model of mice bearing germline mutations in murine
Adenomatosis polyposis coli (APC) develops multiple intes-
tinal tumors. In this model, E2-induced prevention of APC
associated tumor formation was correlated with an increase
in ERP protein and a decrease in ERqt expression .

Beside the previous models, also human colon cancer
cell lines have been found to express primarily ERB™*,
where E2 stimulation (10-1000 nmol/L) consistently
induced apoptosis in a dose-dependent manner! "4,
Altogether, these results strongly suggest that the pres-
ence of ERf could justify the E2 effects against colon
carcinogenesis.

173-estradiol action mechanism in colorectal cancer

The first mechanism in anti-proliferative action of ERf3
was suggested by the papers of Paruthiyil ez al' and
Strém ef al'”. They showed that introducing ER into
breast cancer cell line (MCF-7 and T47D), which also ex-
presses ERaq, caused an inhibition of proliferation iz vitro
and prevented tumor formation in a mouse xenograft
model in response to E2. ERP inhibited proliferation by
repressing components of the cell cycle which are as-
sociated with proliferation, such as c-myc, cyclin D1, and
cyclin A gene transcription, and by increasing the expres-
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sion of Cdk inhibitor leCipl and p27ij1, which leads to
a Gz cell cycle arrest. These findings suggested a pos-
sible role for ER[} as tumor suppressor in breast cancer,
impairing ERa-mediated proliferative effects of 2!
But in colon mucosa and colon cancer cells only ERJ is
expressed[27’43], so the protective effects of estrogen on
this tissue should be mediated by specific ERB-activated
signal transduction pathways.

To test this hypothesis, we used DLD-1 colon ad-
enocarcinoma cancer cells in which only ERB1 isoform
is present. In these cells ERP undergoes palmitoyl acyl
transferase-dependent S-palmitoylation which allows to a
small ERf pool to localize at the plasma membrane and
associate to caveolin-1 and the p38 member of mitogen
activated protein kinase (MAPK) familym. Upon E2
stimulation, ER undergoes de-palmitoylation paralleled
by an increased association of receptor to caveolin-1 and
to p38. The physical association ERf3-caveolin-1 and p38
increase ER level at the plasma membrane, impairing its
association to other signaling proteins which characterize
E2-induced ERa-mediated cell survival and proliferation
[i.e., Stc, extracellular regulated kinase/mitogen activated
protein kinase (ERK/MAPK), and phosphatidyl inositol
3 kinase/serine-threonine protein kinase Akt (PI3K/
AKT)]"". On the other hand, the E2-induced ER asso-
ciation to p38 strongly impacts on DLD-1 colon cancer
cells growth. In fact, p38 activation is required for the
activation of downstream pro-apoptotic cascade involv-
ing the cleavage of caspase-3 and of its main substrate
the poly-(ADP-ribose) polymerase (PARP). Further study
of DLD-1 cells, revealed that ER activation of the p38-
MAPK pathway leads to increased expression of ERf@
itself by both genomic and nongenomic means'"” leading
to a self-perpetuating cycle increasing its protective effect.

As a whole, the membrane-starting signal due to the
presence of ERP at the plasma membrane seems to
be mainly involved in protective effects of E2 against
colorectal cancer. In fact, the treatment of these cells
with the palmitoylation inhibitor 2-Bromopalmitate (2Br)
completely remove ERB from the plasma membrane
impairing p38 activation. This condition prevents the
pro-apoptotic cascade activation without interfering with
ERB transcriptional activity which, indeed, is still able to
promote ERE-dependent gene transcription'”

Furthermore, experimental studies with nitric oxide
(NO) support the E2 rapid signal involvement in protec-
tive effects of E2 mediated by ER[3 against colon cancer.
NO is a diatomic molecule whose presence, modulated
by several hormones including E2, is important for
gastrointestinal motility. NO mainly acts through S-ni-
trosylation of cysteine (Cys) residues in target proteins
modulating their activity""*, Among proteins regulated
by NO, modulation of ERs has been demonstrated. This
molecule is able to link to ER’s zinc finger impairing their
transcriptional activity without interfering with rapid sig-
nal pathways. S-nitrosylation seems to selectively modu-
late the bioactivity of ER, shifting the receptor from its
role as a transcription factor toward rapid functions. For
instance, in DLLD-1 colon cancer cells, in the occutrrence
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of NO concentration in micromolar range, normally
present during peristalsis, transcriptional activity of ERf
is inhibited, but ER maintains its capability to mediate
pro-apoptotic effects of E2 inducing caspase-3 activa-
tion and the PARP cleavage. When over produced (eg.,
during inflammation processes) NO worsens its effects.
Although the ERB-dependent phosphorylation of p38/
MAPK is still present, NO inhibits the caspase-3 catalytic
activity by nitrosylation of enzyme’s Cys residues!™.

Thus, besides its role as negative modulator of ERa
activities above reported and its ability to decrease the
transcription of anti-apoptotic genesm, these findings
indicate that ER triggers specific rapid signal cascade
mainly involved in protective effect of E2 in colorectal
cancet.

XENOESTROGEN EFFECT IN
COLORECTAL CANCER

Xenoestrogens, like other endocrine disrupting substanc-
es, could interfere with the synthesis, secretion, transport,
metabolism, binding, action or elimination of E2PA Al
these actions could affect the homeostasis maintenance,
reproduction, and developmental processes regulated by
this hormone in all organs and tissues including colon.
Currently quite lot chemicals, containing halogen groups
have been identified as xenoestrogens. They include: (1)
synthetic chemicals used in industry, agriculture, and con-
sumer products; (2) synthetic chemicals used as prescrip-
tion drugs; and (3) chemical components of human and
animal food. Xenoestrogens have very low water solubil-
ity, extremely high lipid solubility, and long environmental
half-life resulting in a continue increase of their global
concentration in the environment even at great distances
from where they are produced, used or released. Expo-
sure to xenoestrogens can occur from a number of dif-
ferent sources: watet, air, food, soil or even in the work-
placem.

In a review embracing environmental and occupa-
tional causes of cancer, Clapp ef al™ identified only a
few studies that found increased risk of colon cancer as-
sociated with environmental and occupational exposures.
The researchers reported a study in a nested case-control
study of female textile workers in Shanghai showing that
long-term exposure (20 years or longer) to dye and dye
metabolites resulted in neatly 4-fold elevation in colon
cancer risk. In a cohort of aerospace workers exposed to
hydrazine, a component of rocket fuels, colon cancer was
elevated when exposures were lagged 20 years and risk
significantly increased with increasing dose. Lastly, a sig-
nificant increase in colon cancer risk was reported among
pesticide applicators with increasing level of exposure
to the herbicide dicamba. Although these limited studies
indicate a positive correlation between colon cancer inci-
dence and environmental pollutants, no information on
the estrogenicity of these compounds was reportedm].

In a recent and very interesting review, Sokolosky
and Wargovich®™ reported and commented the data by
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GLOBOCANM. The researchers evidenced that the in-
cidences for colorectal cancer, as well as most other can-
cers, were highest in Australia, Canada, Western Europe,
Japan, and the United States, while the lowest incidences
were reflected for the majority of the African continent
(except for South Africa), India, the Middle East, and
South American countries surrounding the Amazon ba-
sin™. Although the reduced risks of cancer and other
chronic diseases reported in people from these low-
income countries could be attributable in some ways to
genetic disposition, it could be also related with environ-
mental factors arising from their retention of preventive
dietary and lifestyle practices. Thus, they concluded that
the correlation between modernization, acculturation,
and increased risk for chronic diseases such as colorectal
cancer exists .

Recently, two Scientific Statement of The Endoctine
Society focused on a demanding need to understand
the basic mechanisms of action and the physiological
consequences of endocrine disruptors. In particular,
among other scientific recommendations for research,
it is imperative to perform basic i vitro molecular stud-
ies to identify pathways for xenoestrogens influence on
endocrine tissues” ™. Given the diverse repertoire of xe-
noestrogens present in the environment, it should not be
surprising that these molecules exert their effects through
several mechanisms. Indeed, xenoestrogens act directly
via steroid hormone receptors or indirectly through non-
steroid receptors (e.g., neurotransmitter receptors such as
the serotonin receptor, dopamine receptor, norepineph-
rine receptor), orphan receptors (e.g., aryl hydrocarbon
receptor AhR), and on enzymatic pathways involved in
steroid biosynthesis and/or metabolism". Therefore,
such considerable structure heterogeneity and diverse po-
tential mechanism of action make the characterization of
the effects of these substances quite hard. Nonetheless,
many xenoestrogens often have a phenolic moiety that
mimics E2 enabling them to interact with ERs as agonists
or antagonjstsllgj. However, xenoestrogens have been of-
ten, if not exclusively, tested for their ability to influence
the ERs nuclear activities while xenoestrogens ability to
participate in the extranuclear activities of the ERs has
been rarely evaluated. It has been reported that BPA, a
well known xenoestrogen, binds to ERo and ER with a
lower affinity than E2 (ie., 10 pmol BPA 25 10 nmol E2)
inducing E2-responsive gene expression. Interestingly,
the set of genes induced by BPA and E2 seems to be
quite different, most of them being unique for BPAP,
Moreover, our recent experiments in colon cancer cells
expressing only ER( subtype indicates that BPA acts as
a full E2 antagonist by blocking both genomic and extra-
nuclear ER activities which drive colon cancer cells to
apoptosis” .

The plant-derived flavonoids represent a singular
class of xenoestrogens. Indeed, over several decades, a
combination of epidemiological and experimental indica-
tions has shown that these compounds have a protec-
tive potential on human health”™ . This evidence led
to a substantial increase in flavonoid usage as dietary
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components, even if the estrogen-like or the estrogen
antagonistic effects are not yet fully clarified. Intriguingly,
flavonoids are considered potentially able to exert also a
protective role against the development of E2-dependent
tumours by binding to ERo and ERB™***. Among oth-
ers, nutritionally relevant concentrations of naringenin
(5,7,4-trihydroxyflavone, Nar), especially abundant in
oranges and tomatoes, or of quercetin (2-(3,4-dihydroxy-
phenyl-3,5,7-trihydroxy-4H-1-benzopyran-4-one, Que)
present in apples, onions, and other vegetables induce
apoptosis in different cancer cell lines containing ERa or
ER (eg., colon, breast, and uterus cancer cell lines)* %Y.,
As an example, quercetin, at nutritionally relevant con-
centrations, mimic E2-induced apoptotic effect in ERf3-
containing DLD-1 colon cancer cell lines by inducing
the activation of p38/MAPK. In turn, p38 activation is
responsible for the pro-apoptotic activation of caspase-3
and the cleavage of PARP. Notably, no inactivation or
downregulation of the survival kinases (i.e., PI3K/AKT
and ERK/MAPK) or the antiapoptotic protein Bcl-2 was
observed after quercetin stimulation®’, On the contrary,
quercetin acted similarly to E2 by increasing the levels
of the oncosuppressor protein PTEN and by impeding
ERB-dependent cyclin D1 promoter activity, which sub-
sequently resulted in the transcription of the estrogen-
responsive element remaining unchanged[w. As a whole,
these data indicate that flavonoids mimic the E2 effects
in the presence of ERB1, thus maintaining the E2 anti-
carcinogenic potential against colorectal cancer. Intrigu-
ingly, even in the presence of BPA naringenin impairs
cancer cell proliferation by activating caspase-3-depen-
dent apoptosis, at least in E2-dependent breast cancer
cell lines expressing ERo". If similar mechanisms are
working also in colorectal cancer cell lines is unknown at
the present.

CONCLUSION

The increase in non-communicable diseases in humans
and wildlife over the past 40 years indicates an impot-
tant role of the modernization and its resulting life style
trends in disease etiology. Over the years this concern
grew with the advancement of biochemical, biomedical,
and biotechnological industries and with the increasing
possibility of bioterrorism and chemical-warfare. The
man-made chemicals and, in particular xenoestrogens, are
nowadays found abundantly in the environment on resi-
dential buildings, cars, furniture, plastics, products such as
baby feeding bottles, lining, tin-food containers, and even
in children’s toys. Thus, xenoestrogens are important
component of the environmental influences on disease,
along with nutrition and other factors. This sentence is
sustained by data obtained from epidemiologic evidence,
in vive, and in vitro studies which give us an alarming
picture of the wide effect of xenoestrogens on human
health**. 1n particular, the literature demonstrates a
role of these substances in the pathogenesis of obesity,
diabetes mellitus, cardiovascular disease, and cancer the
major epidemics of the modern world ™,
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Here, we explored the idea that the increased inci-
dence of diseases such as colorectal cancer could be the
result of physiological and molecular imbalances of E2
signals. Flavonoid-deprived diets combined with low-dose
exposures to xenoestrogens could be linked to increasing
incidences of this type of cancer in Westernized societies
and developing countries. In order to address a disease
multi-factorial, case-specific, and remarkably adaptive as
colorectal cancer, research must focus on its root causes
in order to elucidate the molecular mechanisms by which
they can be prevented or counteracted zia plant-derived
compounds such as naringenin and quercetin. As a
whole, the research on the impact of xenoestrogens on
E2-induced protection against colorectal cancer repre-
sents an area that requires further investigation.

At the present, a huge amount of literature assembles
tissue culture, animal studies (i vivo and ex vivo), and epi-
demiological data only on the effect of xenoestrogens on
gynaecological cancers (i.e., breast, ovary, and endometrial
cancers) whereas only few address the role of these com-
pounds on colorectal cancer. In addition, data on xen-
oestrogen action mechanisms in colorectal cancer are still
unclear and confused. Molecular studies zz vitro and with
7n vivo animal models are needed to identify pathways for
xenoestrogen influence on this E2 target tissue. In ad-
dition, studies on xenoestrogens on gastrointestinal and
colon are much underrepresented, and these fields need
to be expanded.
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Abstract

AIM: To investigate whether the inhibition of au-
tophagy by chloroquine (CQ) sensitizes rectal tumors
to radiation therapy (RT) or concurrent chemoradiation
(chemoRT).

METHODS: Inn vitro, HCT-116 and HT-29 colorectal can-
cer (CRC) cell lines were treated as following: (1) PBS;
(2) CQ; (3) 5-fluorouracil (5-FU); (4) RT; (5) CQ and RT;
(6) 5-FU and RT; (7) CQ and 5-FU; and (8) 5-FU and CQ
and RT. Each group was then exposed to various doses
of radiation (0-8 Gy) depending on the experiment. Cell
viability and proliferative capacity were measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and clonogenic assays. Clonogenic survival
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curves were constructed and compared across treatment
groups. Autophagy status was determined by assess-
ing the LC3-1I to LC3- I ratio on western blot analysis,
autophagosome formation on electron microscopy and
identification of a perinuclear punctate pattern with GFP-
labeled LC3 on fluorescence microscopy. Cell cycle arrest
and cell death were evaluated by FACS and Annexin V
analysis. All experiments were performed in triplicate
and statistical analysis was performed by the student’s ¢
test to compare means between treatment groups.

RESULTS: RT (2-8 Gy) induced autophagy in HCT-116
and HT-29 CRC cell lines at 4 and 6 h post-radiation,
respectively, as measured by increasing LC3-1I to LC3-
I ratio on western blot. Additionally, electron micros-
copy demonstrated autophagy induction in HT-29 cells
24 h following irradiation at a dose of 8 Gy. Drug treat-
ment with 5-FU (25 pmol/L) induced autophagy and
the combination of 5-FU and RT demonstrated syner-
gism in autophagy induction. CQ (10 umol/L) alone and
in combination with RT effectively inhibited autophagy
and sensitized both HCT-116 and HT-29 cells to treat-
ment with radiation (8 Gy; £ < 0.001 and 0.00001,
respectively). Significant decrease in clonogenic sur-
vival was seen only in the HT-29 cell line, when CQ was
combined with RT at doses of 2 and 8 Gy (P < 0.5 and
P = 0.05, respectively). There were no differences in
cell cycle progression or Annexin V staining upon CQ
addition to RT.

CONCLUSION: Autophagy inhibition by CQ increases
CRC cell sensitivity to concurrent treatment with 5-FU
and RT /n vitro, suggesting that addition of CQ to
chemoRT improves CRC treatment response.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Autophagy; Chloroquine; Radiosensitiza-
tion; Colorectal cancer
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Core tip: Autophagy is implicated as a mechanism
of resistance to cancer treatment. We hypothesized
that chloroquine, a lysosomotropic autophagy inhibi-
tor, would sensitize colorectal cancer (CRC) cell lines
to both radiation therapy (RT) alone and concurrent
chemoradiation. Our results showed that chloroquine
decreased clonogenic survival of CRC cells when given
in combination with RT or concurrent 5-fluorouracil and
RT. Radiosensitization by chloroquine represents a nov-
el therapeutic approach to enhance treatment efficacy
in rectal cancer.

Schonewolf CA, Mehta M, Schiff D, Wu H, Haffty BG, Karantza
V, Jabbour SK. Autophagy inhibition by chloroquine sensitizes
HT-29 colorectal cancer cells to concurrent chemoradiation.
World J Gastrointest Oncol 2014; 6(3): 74-82 Available from:
URL: http://www.wjgnet.com/1948-5204/full/v6/i3/74.htm DOL:
http://dx.doi.org/10.4251/wjgo.v6.13.74

INTRODUCTION

In 2013 it is estimated that 40340 new cases of rectal
cancer will be diagnosed in the United States". The
standard of care for patients with locally advanced rectal
cancer consists of pre-operative 5-fluorouracil (5-FU)
and radiation therapy (RT), followed by surgical resec-
tion. Five-yeat survival rates vary drastically depending

on pathologic response after neoadjuvant treatment,
from 85%-90% in patients with a pathologic complete
response (pCR) to 66% in patients without pCR'*”.
Therefore, improvements in the efficacy of pre-operative
treatment for locally advanced rectal cancer have great
potential to significantly impact patient survival.

Autophagy, a lysosomal degradation process of cellu-
lar organelle and protein recycling under stressful condi-
tions, has been implicated as a cancer cell survival mecha-
nism. Increased levels of autophagy have been observed
in nutrient- and oxygen-poor tumor regions as compared
to highly vascularized, nutrient-enriched areas'. Autoph-
agy induction in metabolically stressed tumor regions
allows cancer cells to generate new substrates for growth
through recycling of “self” material. Autophagy also
supports the increased metabolic needs of Ras-mutant
cancer cells by providing substrates for oxidative phos-
phorylation™ and several studies have suggested that the
tumorigenic potential of Ras-transformed tumor cells is
highly dependent on autophagy"”. Autophagy induction
in hypoxic tumor cores has been proposed as a mecha-
nism of resistance to chemotherapy and radiation. Dur-
ing RT, intermittent hypoxia occurs in association with a
significant increase in the level of reactive oxygen species
and concomitant stabilization of HIF-1¢, under aerobic
conditions”. By targeting the compensatory and prosur-
vival mechanism induced in response to tumor hypoxia in
RT-treated neoplasms, autophagy inhibition may improve
the efficacy of treatment.

Given that autophagy is a mechanism of resistance
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to both chemotherapy and radiotherapy, the addition of
chloroquine (CQ), an inhibitor of autophagy, may allow
for improvements in tumor responsiveness. An earlier
study demonstrated the anti-cancer effect of CQ with
5-FU in CRC cells”. As expected, 5-FU inhibited CRC
cell proliferation through cell cycle arrest and, to a lesser
degree, apoptosis. This effect was potentiated by CQ
and autophagy induction was demonstrated by increased
acidic vesicles and increased LC3-1I expression. While
CQ demonstrated synergism with chemotherapy, its ac-
tions with respect to RT in CRC require exploration.
Understanding autophagy’s role in CRC radioresistance is
critical and has the potential to create new opportunities
for therapeutic intervention.

The purpose of this study is to provide data and ra-
tionale for the application of autophagy inhibition in the
treatment of localized rectal cancer by adding hydroxy-
chloroquine to routine 5-FU and RT. We hypothesized
that autophagy inhibition by CQ with standard chemoRT
for rectal cancer will enhance radiosensitization. We
tested our hypothesis by characterizing the effects of
radiation on autophagy in CRC cells and evaluating the
efficacy of combination treatment with CQ, 5-FU and
radiation.

MATERIALS AND METHODS

Cell lines and culture

HCT-116 and HT-29 CRC cell lines (ATCC) were main-
tained in McCoy’s 5A (GIBCO, Invitrogen, New York,
United States) medium containing 10% fetal bovine se-
rum (GIBCO) and 1% penicillin/streptomycin (GIBCO).
Cells were incubated at 37 C with 5% COx.

Drug and radiation treatment

Drug treatments included the following groups: (1) Con-
trol group, vehicle; (2) CQ (Sigma Aldrich); (3) 5-FU
(Sigma Aldrich); (4) RT (Gammacell 40 Exactor, Best
Theratronics); (5) CQ and RT; (6) 5-FU and RT; (7) CQ
and 5-FU; and (8) 5-FU and CQ) and RT.

Electron microscopy

Cells were harvested by trypsinization, fixed in 2.5% glu-
teraldehyde/4% paraformaldehyde in 0.1 mol/L cacodyl-
ate buffer, then post-fixed in 1% osmium tetroxide buf-
fer. After acetone dehydration, cells were embedded in
spur resin. Thin sections (90 nm) were cut on a Reichert
Ultracut E microtome and stained with saturated uranyl

acetate and lead citrate solution. Sections were examined
at 80 kV with a JEOL 1200EX transmission electron mi-

croscope (TEM).

Fluorescence microscopy

GFP-labeled LC3 plasmid and a GFP-expressing control
plasmid were transiently transfected into HCT-116 and
HT-29 cell lines using Lipofectamine 200 (Invitrogen).
Cells attached overnight, and were treated with Rapamy-
cin (200 nmol/L), ot RT (2-8 Gy) * 5-FU (15 umol/L
for HT-29 cells, 25 urnol/ L for HCT-116 cells). Six houts
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later, cells were washed with PBS and fixed with 10%
Formalde-Fresh Solution (Fisher Scientific). Cells were
mounted with Vectashield mounting medium with DAPI
(Vector Laboratories, Butlingame, CA) and GFP fluores-
cence was examined at 60 X magnification. Autophagy
was quantified by percentage of cells exhibiting a peri-
nuclear punctate pattern per 50 cells.

Cell viability assays

Cells were plated into 96-well plates (2.5 X 10’ cells/well).
After overnight incubation, cells were incubated with
either media without drug or media containing CQ (10
umol/L), 5-FU (25 umol/L) or both. Each group of
drug-treated cells was irradiated (0-8 Gy) within 1 h of
drug exposure. Following irradiation, cells were incubated
for 72 h and cell viability was measured using 50 plL of
0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) solution. Medium was removed
after 4 h of incubation at 37 'C and 250 pl. of DMSO
was used to dissolve the blue MTT formazan precipitate.
Absorbance was measured at 560 nm on a Victor plate
reader. Cell survival was calculated relative to untreated
cells.

Colony forming assays

HT-29 cells were plated at concentrations of 150, 350,
600, and 20 x 10° cells per 10-cm plate for irradiation at
0, 2, 4 and 8 Gy, respectively. HCT-116 cells were plated
at concentrations of 400, 2.5 X 10, 5 x 10’ and 250 X
10” cells per 10-cm plate for irradiation at 0, 2, 4 and 8
Gy, respectively. After plating and overnight incubation,
cells were treated with drug combinations followed by ra-
diation within 1 h. Then HT-29 and HCT-116 cells were
incubated for 14 and 7 d, respectively. Cells were washed
with PBS and stained with 50% methylene blue for 30
min. Colonies were counted positive if they contained >
50 cells.

Western blot analysis

After plating and overnight incubation, cells were treated
with CQ, 5-FU or both, and then irradiated within 1 h at
2-8 Gy. At time points of 30 min, 1 h, 2 h, 4 h, 6 h and
24 h after irradiation, cells were harvested by scraping
technique and stored as a pellet at -80 C. Cell lysis buffer
with protease inhibitor cocktail was added to each sam-
ple, followed by sonication. Protein concentrations were
quantified using Bio-Rad Protein Assay. Equal amounts
of protein (12.5 pug) were loaded onto 4%-20% Tris-Gly-
cine PAGE gels (Invitrogen, New York, United States)
and run using the Invitrogen XCell SureLock system.
Proteins were transferred onto PVDF paper and blots
were blocked with 0.25% Milk in TBST using Milipore
SnapID. Primary antibodies to LC3 (rabbit, Novus Bio-
logicals, dilution 1:10000) and p62 (mouse, MBL, dilution
1:10000 ) were incubated overnight at 4 ‘C. Blots were
washed with 1X TBS with 0.1% Tween using Millipore
SnaplD and then incubated at room temperature for 1 h
with secondary antibody, goat anti-rabbit (CalBio, 1:10000
) or goat anti-mouse (CalBio, dilution 1:10000 ) in 0.25%
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milk in TBST. Pierce ECL Western Blotting Substrate
was used to visualize proteins and expression was quanti-
fied using Image] software.

Cell cycle analysis

Cells were treated according to the treatment groups
previously described. Within 1 h of drug treatment, cells
were irradiated at 8 Gy. After incubation for 24 and 48 h,
floating and adherent cells were collected, washed with
PBS, fixed with ice-cold 70% ethanol and stained with
propidium iodide (PI, 50 pg/mL). Cell cycle progression
was analyzed using a Cytomics FC500 Analyzer (Beckman
Coulter, Brea, Ca). Gating was used to remove cellular
debris and fixation artifacts.

Apoptosis

At 48 h after drug and RT, floating cells and trypsinized
adherent cells were collected. Cells wete stained with PI
and Annexin V, per manufacturer’s instructions. Cells,
which stained positive for Annexin V, but negative for PI,
were considered eatly apoptotic.

Statistical analysis

Experimental results were reported as a mean of at least
three independent experiments conducted in triplicate. Sta-
tistical analysis was performed by a two-tailed Student’s # test
and a P value < 0.05 was considered statistical significant.

RESULTS

Radiation-induced autophagy

Irradiation induced autophagy in both HCT116 and
HT-29 cell lines (Figure 1). TEM demonstrated autopha-
gy induction in HT-29 cells 24 h following irradiation at
a dose of 8 Gy (Figure 1A). Compared to non-irradiated
controls, RT-treated cells exhibited increased autophago-
some formation, as illustrated by increased numbers of
double membrane vesicles (Figure 1A, inset).

Western blotting for the autophagosome-associated
protein light chain 3 (LC3) confirmed autophagy induc-
tion at multiple time points following irradiation (Figure
1). Conversion of cytosolic LC3- I to the proteolytically
cleaved and phosphatidyl-ethanolamine (PE)-conjugated,
membrane bound form LC3-1I occurs during autopha-
gosome formation and increased LC3-1I: I ratio is con-
sidered a marker of autophagy induction'’. Increased
LC3-1I: I ratios were seen in HT-29 and HCT-116 cell
lines at early time points, namely at 4 and 6 h post-RT,
respectively (Figure 1B). RT doses of 4 and 8 Gy induced
autophagy in HT-29 cells, while HCT-116 cells showed
autophagy induction at 2, 4 and 8 Gy. By 24 h following
RT, autophagy induction, as indicated by increased LC3-
IL:I ratio, was only seen in HT-29 cell lines and occurred
across all radiation doses, from 2 to 8 Gy, (Figure 1C).

To further investigate the effects of radiation on au-
tophagic response, HCT-116 and HT-29 cell lines were
transiently transfected with GFP-labeled LC3 plasmid
and examined for green fluorescent LC3 puncta, repre-
senting autophagosomes. Increasing RT doses significant-
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Figure 1 Radiation-induced autophagy. A: HT-29 cells were irradiated (8 Gy) and autophagy induction was assessed by the formation of double membrane au-
tophagosomes on transmission electron microscopy 24 h post-treatment; B: Western blot analysis of LC3 expression demonstrates increased LC3-1I: I ratio and
autophagy induction at 4 and 6 h post-irradiation for HT-29 and HCT116 cells, respectively; C: Increased LC31I: I ratios are seen 24 h post-irradiation at 2-8 Gy for
HT-29 cells; D: GFP-labeled LC3 puncta develop within 6 h of treatment with Rapamycin (200 nmol/L) or radiation (2-8 Gy) in both HCT116 and HT-29 cell lines. Bar
graphs represent quantification of percentage of cells with perinuclear punctate pattern 6 h following radiation.

ly increased the number of cells with GFP punctate pat- alone™""?. We now examined the impact of concurrent
tern compared to untreated controls for both HCT-116 treatment with 5-FU and RT on autophagy functional
and HT-29 cell lines (P < 0.05) (Figure 1D). status in CRC cells. ChemoRT resulted in increased

autophagy induction in HT-29 cells compared to 5-FU
Chemoradiation-induced autophagy alone (Figure 2A and B) and may have had a synergistic

Previous studies demonstrated autophagy induction in effect at higher RT doses (8 Gy) (Figure 2B). Autophagy
HCT-116 and HT-29 cells following treatment with 5-FU induction in HT-29 cells following chemoRT was also
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Figure 2 Chemoradiation-induced autophagy. A: Western blot of LC3 in HT-29 cells harvested 24 h after treatment with RT (4 Gy), 5-FU (15 pumol/L) or 5-FU and
RT; B: Western blot of LC3 in HT-29 cells harvested 24 h after treatment with RT (8 Gy), 5-FU (15 umol/L) or 5-FU and RT; C: GFP-labeled LC3 fluorescence in HT-29
cells fixed 6 h after treatment with Rapamycin (200 nmol/L), 5-FU (15 umol/L) or combination RT (2-8 Gy) and 5-FU (15 umol/L). RT: Radiation therapy; 5-FU: 5-fluo-

rouracil.

qualitatively assessed by fluorescence microscopy (Fig-
ure 2C). GFP-fluorescent puncta formation confirmed
5-FU induced autophagy as previously reportedp’“’12J and
demonstrated that chemoRT resulted in mote robust au-

tophagy upregulation.

Radiosensitization of CRC cell lines through autophagy
inhibition by chloroquine

To investigate whether autophagy inhibition by CQ in-
creases the radiosensitivity of CRC lines, we first used
MTT assays (Figure 3A). Cell viability of HCT-116 cells
at 72 h post-RT was significantly decreased upon addi-
tion of CQ (10 pmol/L) just ptiot to irradiation at 4 and
8 Gy (P < 0.001). Significant dectreases in cell viability
in the presence of CQ (10 pmol/L) in HT-29 cells were
seen at 8 Gy (P < 0.001).

Cancer cell proliferation after treatment was examined
by clonogenic survival assays. For HCT-116 cells, clo-
nogenic survival was similar under RT alone or RT and
CQ (Figure 3B), whereas HT-29 cells showed decreased
survival after combination treatment with RT and CQ (0.5
umol/L) compared to RT alone at doses of 2 and 8 Gy (P
< 0.05 and P = 0.05, respectively), further supporting the
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MTT assay results that showed radiosensitization of CRC
cell lines by CQ.

Chloroquine inhibits the last phase of autophagy
by changing the pH of lysosomes, thus rendering them
nonfunctional and unable to process proteins“oj. Effec-
tive autophagy inhibition by CQ is manifested as LC3-
II accumulation due to failure to re-process LC3-1I
back into LC3-1"". As shown in Figure 3C, single agent
CQ increased LC3-1I levels in HT-29 cells compared
to vehicle treatment, demonstrating that CQ effectively
blocked autophagic flux at the concentration used. Fur-
thermore, HT-29 cells irradiated at 8 Gy after exposure
to CQ showed increased LC3- 1l accumulation compared
to cells treated with CQ alone (Figure 3C), indicating that
RT induced autophagy.

To investigate the mechanism underlying radiosen-
sitization of HT-29 cells by CQ, cell death by apoptosis
and cell cycle progression were assessed. CQ addition
to RT (8 Gy) increased PARP cleavage, but had little ef-
fect on cleaved caspase-3 levels, compared to RT alone
(Figure 3C), suggesting that concurrent use of CQ
likely increased the RT-induced DNA damage response
through PARP, but alternative cell death pathways other
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Figure 3 Radiosensitizing effects of autophagy inhibition by chloroquine. A: MTT assays in HCT-116 and HT-29 cell lines 72 h after treatment with CQ (10 umol/L) and RT (2-8
Gy); B: Clonogenic survival of HCT-116 and HT-29 cells following treatment with CQ (0.1 and 0.5 umol/L, respectively) and/or RT (2-8 Gy); C: Westem blot in HT-29 cells harvested
24 h post-treatment with CQ (10 umol/L) and/or RT (8 Gy); D: FACS analysis in HT-29 cells 24 h following treatment with CQ (10 umol/L) and/or RT (8 Gy); E: Annexin V and Pl
staining in HT-29 cells 24 h following treatment with CQ (10 umol/L) and/or RT (8 Gy). CQ: Chloroquine; RT: Radiation therapy.
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Figure 4 Chloroquine sensitizes colorectal cancer cells to
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than apoptosis were responsible for decreased HT-29 cell
survival upon radiosensitization by CQ. Cell cycle analy-
sis demonstrated that CQ did not alter the proportion
of cells in any phase of the cell cycle (Figure 3D). Flow
cytometry for Annexin V and PI at 48 h after treatment
(Figure 3E) confirmed that CQ did not affect early apop-
tosis in irradiated HT-29 cells, as the AnnexinV"/PI cell
population remained stable. Of note, addition of CQ to
RT significantly increased the number of cells staining
positive for both Annexin V and PI, as compared to RT
alone (P < 0.05). Since Annexin V'/PI" cells are necrotic
or in late apoptosis, the radiosensitization of HT-29 cells
by CQ may result from increased necrosis rather than
apoptosis or cell cycle arrest.

Autophagy inhibition increases cancer cell response to
chemoradiation

To investigate whether autophagy inhibition by CQ in-
creased the therapeutic efficacy of chemoRT in rectal
cancer, we examined the clonogenic survival of HT-29
cells treated with CQ (0.5 umol/L) in combination with
5-FU (0.5 pmol/L) and/or radiation (2-8 Gy) (Figure
4). CQ addition to chemoradiation at 2 and 4 Gy signifi-
cantly sensitized HT-29 cells to treatment and decreased
their clonogenic survival (P < 0.05), whereas at 8 Gy, CQ
resulted in decreased clonogenic survival showing a trend
toward statistical significance compared to chemoRT
alone (P = 0.12).

DISCUSSION

Autophagy is an evolutionarily conserved, self-digestive
process in which proteins and other cytoplasmic mate-
rial are recycled to support cell survival under stressful
conditions (.e., cancer therapy)'’. Autophagy has been
proposed as a mechanism of resistance to RT and che-
motherapy'”. Autophagy inhibition using siIRNAs against
AuTophaGy (ATG)-related genes sensitizes human
breast, pharyngeal, cervical, lung, and rectal carcinoma
cells to RT"Y. Chloroquine, as an indirect autophagy
inhibitor, renders CRC cells more sensitive to 5-FU",
but its effects on chemoRT had not been previously
explored. We hypothesized that autophagy inhibition
by CQ may deprive CRC cells of an essential survival
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mechanism and radiosensitize treatment-resistant regions
of rectal tumors.

We examined autophagic flux in HT-29 and HCT-116
cells following RT. Autophagy induction occurred in both
cell lines post-radiation at eatly time points (Figure 1B),
but was sustained at 24 h only in HT-29 cells (Figure 1C).
Eatlier reports of 5-FU-induced autophagy were con-
firmed in our study, and treatment of HT-29 cells with
the combination of 5-FU and RT upregulated autophagy
more than either treatment alone (Figure 2B). These re-
sults demonstrate that 5-FU and radiation, both individu-
ally and potentially synergistically when in combination,
induce the prosurvival autophagic pathway in CRC cell
lines, particularly HT-29 cells.

We also examined whether autophagy inhibition by
CQ sensitized CRC cells to 5-FU alone, radiation alone
and combined chemoRT. Increased LLC3-1I values con-
firmed that CQ effectively inhibited RT-induced autoph-
agy in HT-29 cells (Figure 3C), and, thus, the radiosensiti-
zation of these cells by CQ can be attributed to the CQ-
mediated autophagy inhibition. Furthermore, inhibition
of autophagy by CQ sensitized HT-29 cells to concurrent
chemoradiotherapy (Figure 4), thus indicating that addi-
tion of CQ to chemoRT enhances treatment efficacy in
CRC.

In our study, we also examined cell death mechanisms
possibly underlying the decreased survival of HT-29 cells,
following treatment with CQ) and radiation. Although sig-
nificant differences in cell cycle progression or apoptosis
were not observed (Figure 3D), FACS analysis indicated
increased necrosis upon addition of CQ to RT. Further
studies will be needed to determine whether programmed
necrosis (necroptosis) plays a role in the decreased sur-
vival of CQ- and RT-treated HT-29 cells.

Our results showed radiosensitization by CQ in
HT-29 (p53-mutant) cells, but not HCT-116 (p53-wild
type) cells. While these cell lines cannot be directly com-
pared solely on the basis of their p53 status, the differ-
ences in sensitization is an observation needing further
investigation. Autophagy is regulated by several signal
transduction pathways, including mTOR"” and p53""”. In
particular, p53 inhibits autophagy through various mecha-
nisms in CRC cells"*'", and its ablation in HCT-116 cells
results in autophagy induction and resistance to irinote-
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can"”. Further investigation into the relationship between
p53 and the autophagic pathway following RT needs to
be conducted, as p53 status may play a role in susceptibil-
ity to radiosensitization by CQ.

In conclusion, autophagy inhibition by CQ enhanced
the radiosensitivity of CRC cells and improved the thera-
peutic efficacy of chemoRT in CRC 7 vitro, strongly sug-
gesting that adding hydroxychloroquine to the pre-opet-
ative regimen of 5-FU and radiation in locally advanced
rectal cancer may improve treatment response. Further
studies examining the anti-tumor effects of CQ-mediated
autophagy inhibition should be performed in xenograft
tumor models to elucidate the impact of autophagy on
chemoRT responsiveness i vivo. Additional studies are
needed to elucidate the molecular mechanisms respon-
sible for the radiosensitizing effects of autophagy inhibi-
tion, as these results could form the basis for rationally
selecting patients who may benefit most from pharmaco-
logic autophagy modulation.

COMMENTS

Background

Standard of care for patients diagnosed with locally advanced rectal tumors
consists of a pre-operative regimen of 5-fluorouracil (FU) and radiation therapy
(RT). Five-year survival rates vary drastically depending on pathologic re-
sponse after neoadjuvant chemoradiation; 66% survival in patients without
a pathologic complete response and 85%-90% in patients with a pathologic
complete response. The aim of this study was to evaluate whether the addition
of an autophagy inhibitor such as chloroquine to the preoperative regimen of
chemoradiation (chemoRT) could improve the efficacy of treatment.
Research frontiers

Autophagy has been proposed as a mechanism of resistance to RT and che-
motherapy and autophagy inhibition using siRNAs against AuTophaGy (ATG)-
related genes sensitizes human breast, pharyngeal, cervical, lung, and rectal
carcinoma cells to radiation therapy. Chloroquine, as an indirect autophagy
inhibitor, renders colorectal cancer cells more sensitive to 5-FU, but its effects
on radiation and chemoRT had not been previously explored.

Innovations and breakthroughs
Autophagy inhibition by chloroquine increases HT-29 colorectal cancer cell sen-
sitivity to concurrent treatment with 5-FU and RT in vitro.

Applications

The results of this study provide data and rationale for the clinical application
of autophagy inhibition in the treatment of locally advanced rectal cancer by
adding hydroxychloroquine to the standard preoperative regimen of 5-FU and
radiation therapy.

Terminology

Autophagy is an evolutionarily conserved, self-digestive process in which pro-
teins and other cytoplasmic material are recycled to support cell survival under
stressful conditions (i.e., cancer therapy).

Peer review

This manuscript addresses an important research question - Whether autopha-
gy inhibitor can enhance the radio-sensitivity in treating locally advanced rectal
cancer. The experimental design regarding outcome measures chosen seems
well considered.
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Abstract

Early screening for colorectal cancer (CRC) holds the
key to combat and control the increasing global bur-
den of CRC morbidity and mortality. However, the
current available screening modalities are severely in-
adequate because of their high cost and cumbersome
preparatory procedures that ultimately lead to a low
participation rate. People simply do not like to have
colonoscopies. It would be ideal, therefore, to develop
an alternative modality based on blood biomarkers as
the first line screening test. This will allow for the dif-
ferentiation of the general population from high risk
individuals. Colonoscopy would then become the sec-
ondary test, to further screen the high risk segment
of the population. This will encourage participation
and therefore help to reach the goal of early detection
and thereby reduce the anticipated increasing global
CRC incidence rate. A blood-based screening test is an
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appealing alternative as it is non-invasive and poses
minimal risk to patients. It is easy to perform, can be
repeated at shorter intervals, and therefore would like-
ly lead to a much higher participation rate. This review
surveys various blood-based test strategies currently
under investigation, discusses the potency of what is
available, and assesses how new technology may con-
tribute to future test design.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Colorectal neoplasms; Early detection of
cancer; Colonoscopy; Biological markers; Blood; Mes-
senger RNA; MicroRNA; Long non-coding RNA; DNA
methylation; Microsatellite instability; Loss of heterozy-
gosity; High-throughput nucleotide sequencing; Mass
spectrometry; Real-time polymerase chain reaction;
Microarray analysis

Core tip: Current colorectal cancer screening modalities
are severely inadequate for global application because
of high costs and a low participation rate. The alterna-
tive is to develop a blood-based screening test based
on biomarkers which can replace colonoscopy as a
first-line screening tool. The blood-based test should
identify the high risk population, which will then be fol-
lowed by colonoscopy as a secondary test. This review
surveys the various experimental approaches and latest
research into ideal biomarkers for the initial screening
test, the pros and cons of each method and their po-
tential to lead to a future screening test.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common
cancer and fourth most common cause of cancer death
in the world". It is anticipated that as global communi-
ties become more developed and the world population
ages, the morbidity and mortality rates due to CRC will
increase substantiallym. Although a number of eatly de-
tection screening modalities have been used extensively
in developed nations to lower the incidence and mortal-
ity rate, their overall high cost and low participation rate
render them to be ineffective in controlling CRC on the
global scale. Therefore, an alternative first line screen-
ing modality that has high sensitivity, high specificity, is
relatively inexpensive and easily implemented, is urgently
needed to help reduce the expected increase in global
CRC burden. The main purpose of this review is to
investigate the potential application of blood-based bio-
markers in early diagnosis and surveillance of CRC cases.

URGENT NEED FOR A NEW CRC
SCREENING MODALITY

Cancer is the leading cause of death in countries with a
very high human development index and is poised to be-
come a major cause of morbidity and mortality in every
region of the world in the next few decades”. The Unit-
ed Nations has forecasted that the global population will
reach 7.2 billion by July 2013, but population growth will
slow in the next few decades, reaching 9.6 billion in 2050
and 10.9 billion in 2100 according to the medium-variant
projection'”. The United Nations report further delineat-
ed that the population growth will trend toward a balance
between declining fertility rate and increasing population
longevity. The increase in the aged population is expected
to translate into an increasing global burden of cancer
incidence™. In particular, it is anticipated that when the
global population as a whole becomes more developed
through rapid societal and economic changes, infection-
related cancers (i.e., cervical, stomach and liver cancers)
will continue to decline but will be replaced with an in-
creasing number of cancers associated with reproductive,
dietary, and hormonal factors (z.e., breast, colorectal, lung,
and prostate cancers) as is typically found in high human
development index regions.

Therefore, it is crucial to develop an eatly diagnostic
modality for CRC that can be adaptable, economical, and
implemented en masse by the global community.

Current screening options and their pros and cons

In the United States, CRC is the third most common
cancer diagnosed among men and women and the sec-
ond leading cause of cancer death with the estimation of
142280 new cases and 50830 deaths in 2013, The five-
year survival rate is 90% for cancer found localized or
confined to the bowel wall, 70% for cancer with lymph
node involvement, and 10% for cancer that has metasta-
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sized. Cleatly, these numbers demonstrate that screening
and early detection would lead to better survival, prog-
nosis, treatment options, and hence quality of life. In
1980, the American Cancer Society (ACS) issued a formal
guideline for CRC screening in average-risk adults, includ-
ing an annual digital rectal exam and stool guaiac slide
test in addition to the performance of a sigmoidoscopy
every three to five years'”. Since the guideline was issued,
the cancer morbidity and mortality rates, which peaked
around 1985 in the United States, have been in steady
decline”. Tt is conceivable that the decline of CRC rates
is at least partially attributable to the implementation of
early screening and surveillance programs'™.

As of 2008, the basic screening modalities remain re-
markably similar to those used in 1980 when the original
guideline was issued, even when taking into account the
development of newer technology in subsequent years'”.
In general, ACS, American College of Radiology (ACR),
and the United States Preventive Services Task Force
(USPSTE)" all agree on and emphasize the importance
of CRC screening[s’m’lz]. The recommended CRC screen-
ing modalities can be roughly divided into two different
categories: fecal tests and direct structural exams.

The fecal tests are essentially “blood in the stool”
tests. They can be performed using either a hemoglobin
test [the guaiac-based Fecal Occult Blood Test (gFOBT))]
or a newer and more sensitive version of an antibody-
based globin test, known as the immunochemical FOBT
or Fecal Immunochemical Test (FTT)". In general, the
gFOBT test is a non-invasive, inexpensive and easily ap-
plicable screening test which patients can readily perform
in the comfort of their own home. Specimens from a
FIT must be submitted to a laboratory for testing. The fe-
cal tests help to reduce the risk of CRC death but has no
effect on all-cause mortality"”, They are not specific tests
for CRC markers, and if found positive, the presence of
CRC must still be confirmed by a direct structural exam
such as colonoscopy or imaging procedures“sj. The fecal
tests have high false positive rate for detecting CRC as
gastrointestinal bleeding may occur in other conditions
like colitis and hemorrhoids"*"". This, therefore, increas-
es the burden of unnecessary colonoscopies and anxiety
among patientsmj. It also may not detect precancerous
lesions or early stage adenomas as bleeding may not be
readily detectable in the presence of these conditions™*",
Regarding the fecal tests in general, the opportunity for
CRC prevention is both limited and incidental and they
are therefore not recommended as the solo screening test
for CRC".

Direct structural exams include endoscopic proce-
dures, such as flexible sigmoidoscopy and colonoscopy,
and imaging procedures, such as double-contrast barium
enema and computed tomographic colonography. In
general, both flexible sigmoidoscopy and colonoscopy
are invasive procedures using a colonoscope. Sigmoid-
oscopy is a small-scale colonoscopy which can be per-
formed with a simple preparation without sedation, and
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is used to examine the lower half of the colon lumen as
opposed to the entite colon. The complete colonoscopy
allows direct mucosal inspection of the entire colon from
the appendiceal orifice to the dentate line. Same-session
biopsy sampling or definitive treatment by polypectomy
in the case of precancerous polyps and some carly-stage
cancers can also be performed. The double-contrast
barium enema and computed tomographic colonography
are both imaging examinations of the colon in its entirety
and are either noninvasive or minimally invasive. Howev-
er, although they allow for complete examination of the
colon, there is no opportunity for biopsy or polypectomy
and must therefore be followed up by therapeutic colo-
noscopy when polyps ate found.

Inadequacy of colonoscopy

In the United States, colonoscopy has become the gold
standard of CRC screening. It is one of the critical
screening procedures recommended by ACS, ACR, and
USPSTE, and it is also recommended by the Ametican
College of Gastroenterology as the preferred screen-
ing test™. The principal benefit of colonoscopy is that
it allows for a full structural examination of the colon
and rectum in a single session and for the detection of
colorectal polyps and cancers accompanied by biopsy
or polypectomy. Therefore, it has been performed with
much higher frequency than all other procedures[ZS].

However, even in the United States where the tech-
nology and procedure are widely available, the colorectal
screening participation is still low among average-risk
adults in the range of 29.8% to 55.2%"". The participa-
tion rate is also surprisingly low at 40% for people at
increased risk of CRC*?’, The majority of United States
adults are not receiving regular age- and risk-appropriate
screening due to concerns of cost, risk, and the discom-
fort and cumbersome preparation associated with the
procedure™ . The same is true in other European and
Asian nations™"?,

Although colonoscopy is the most effective screening
method for CRC, there are vatious reported risks asso-
ciated with the procedure, including bleeding (1.64 per
1000 patients), perforation (0.85 per 1000), death (0.074
per 1000), missed adenoma (6%-12%), and missed cancer
(5%)". The observed rate of missed polyps and/or can-
cer are largely due to variations in polyp size and other
factors such as sub-optimal bowel preparation, experience
of the endoscopists, and patient anatomical variations”"
When it is taken into consideration that the guideline for
the average-risk adult is to undergo colonoscopy every
10 years beginning at age 5012 coupled with the rate of
missed polyps being between 6% and 12%, there is still
risk of developing CRC even when regular colonoscopy
screening guidelines are followed.

Importance of an alternative screening method for CRC
The goals of any test are to detect disease eatly, improve
duration and quality of life, reduce mortality and/or mor-
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bidity, and augment patient participation for that disease
process-all at a very low risk and cost. To this end, the
current CRC screening modality based on colonoscopy
is severely inadequate. Despite all of the benefits that
colonoscopy can offer as a screening procedure for CRC,
concerns about its cost, risks, cuambersome preparatory
procedure, and willingness of the general public to par-
ticipate seriously compromise its effect in undermining
the global CRC burden™",

In an ideal world, the first line screening should be
performed to identify a high risk segment of the popula-
tion and then use a more extensive test (colonoscopy) on
this sub group to reduce incidence of advanced diseases.
In other words, it is crucial for the first line screening
program to separate the following three entities: the gen-
eral population (average risk), high risk group, and cancer
group. Despite its non-specific nature, the simple FIT,
when coupled with colonoscopy, has helped to dramati-
cally reduce cancer incidence and number of deaths - In
100000 average risk patients, this screening has helped
to reduce the number of cancer cases from 4875 to
1393, and number of cancer deaths from 1782 to 457"
Therefore, a more effective and sensitive blood-based
biomarker test, supported by evidence from larger studies
with solid results, can readily replace the stool-based test.

In order to establish a screening test, it must be
evaluated for the following elements: frequency of per-
formance, risk of complications, limitations, and false
positive and negative rates. A blood-based test could be
ideally used as a first line screening if all these elements
were reliably determined and optimized. Colonoscopy
would then become the secondary test, not the primary
one. There will be greater willingness, by physicians and
patients alike, to perform a blood test every several years
than to justify the bowel prepatration and complications
of colonoscopy every 5-10 years.

BLOOD-BASED BIOMARKER FOR
SCREENING CRC

Blood vessels are the human body’s internal superhigh-
ways, for transporting nutrients to all cells in the body
and carrying away waste products to avoid toxin buildup.
Furthermore, they are also the body’s chief communica-
tion channel into which signaling molecules such as hor-
mones and cytokines are secreted and released in order
to regulate a cascade of effector cell functions on distant
sites. It would be ideal, therefore, to take advantage of
this superhighway, with all of its abundant signaling mol-
ecules, to gauge a patient’s health status.

The idea of a blood-based molecular test is appealing
because the specimens can be obtained readily in a non-
invasive manner, and it can be easily performed for any
patient with minimal risk. If it were available, a blood-
based test for CRC would reduce the overall cost, risk,
and low patient participation issues that are typically as-
sociated with colonoscopym. The key to developing a
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useful blood-based molecular test is to find specific mo-
lecular indicators in the blood that are sensitive and spe-
cific for the detection of CRC. These indicators can be
present in plasma or serum, and any form of molecules,
including RNA, DNA, and proteinl40’44j.

Recent advances in the development of molecular
diagnostic technology have allowed an expanding list of
potential new screening modalities based on blood speci-
mens to emerge. The available technologies, their current
status, and their potential application will be discussed in
further detail below.

Circulating RNA markers

RNA was originally thought to be highly labile, easily
degradable, and therefore not likely to be stable or de-
tectable outside of the protective cellular environment.
However, numerous recent studies have shown that RNA
are actually stable outside of cells"**, and all species of
RNA, including both coding messenger RNA (mRNA) el
and non-coding RNA, which includes microRNA (miR-
NA) and long non-coding RNA (IncRNA)*™* | can be
extracted and detected in the circulating blood plasma,
serum, and other bodily fluids™ . Furthermore, RNA
expression is highly regulated in normal state but be-
comes increasingly dysregulated in a pathological state
such as cancer™). Therefore, numerous studies have
focused on profiling RNA expression, which may corre-
spond to cancer state, and finding the indicator biomark-

[54-57]
ers for cancers .

mRNA markers

Various research groups have investigated the potential
use of circulating mRNA as markers for cancer. The
general experimental strategy is to employ microarray
technology for mRNA expression profiling, which is then
followed by validation using real time quantitative reverse
transcription polymerase chain reaction (RT-qPCR). The
specimens used are either mRNA extracted directly from
blood serum/plasma or from peripheral blood cells”™.
Kopreski e a/*”" demonstrated the possibility of detect-
ing tumor mRINA, tyrosinase, in the serum of malignant
melanoma patients although the result remains contro-
versial ™. Tsouma ez a/*” extracted RNA from peripheral
blood cells and used the multiplex RT-qPCR technology
to determine the expression of three transcripts (carcino-
embryonic antigen, cytokeratin 20 and epidermal growth
factor receptor) to determine the disease stage and overall
survival of CRC patients. DePrimo ef al’" and Twine e
al™ performed microarray-based mRNA expression pro-
filing in peripheral blood mononuclear cells in 2003 and
proposed some potential markers. However, this research
generally remained at a proof-of-concept or pilot study
stage, and further follow-up study has been sparse as the
strategy they originally employed is now gradually being
replaced by the new technology of Next Generation Se-
quencing (NGS), which will be discussed in more detail
later.
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ColonSentry as CRC screening or risk-assessment test?
Marshall e /" from GeneNews Ltd. developed a blood-
based test using a seven-gene biomarker panel (ANXA3,
CLEC4D, LMNBT1, PRRG4, TNFEAIP6, I"NNT and
II.2RB) testing RNA extracted from peripheral blood
cells. This seven-gene panel was derived from a 196-gene
expression profile using 112 CRC patients (including
those with stage I, II, I, and IV disease) and 120 con-
trols. The panel was confirmed using 202 CRC patients
(from all stages) and 208 controls, all from the Canadian
population. They reported a sensitivity of 72% and speci-
ficity of 70% for this initial study. Then, they validated
the seven-gene profile using 99 CRC patients (presum-
ably from all stages) and 111 controls from the Malaysian
population and reported 61% sensitivity and 77% speci-
ficity™Y. The researchers further validated their panel with
an even larger population of 314 CRC patients (from all
stages) and 328 controls from Canada and the United
States, and they reported a sensitivity of 78% and speci-
ficity of 66%*. GeneNews now offers the ColonSentry
test, presumably based on this seven-gene profile, as the
world’s first commercially available blood test for colon
cancer screening, which is licensed to Enzo Clinical Labs
of Enzo Biochem for the United States matket. The test
has recently been approved by the New York State De-
partment of Health as a test to determine a person’s risk
of having CRC",

The ColonSentry molecular diagnostic test is market-
ed as a risk assessment tool rather than a cancer detection
test. Although the experimental design for this seven-
gene profile appeared to focus on identifying a pan-CRC
marker panel when it profiled and validated a total of
727 CRC patients from all stages (estimated to be 30%
stage 1, 30% stage II, 30% stage I, and 10% stage IV),
there is no mention of any study on high risk individuals,
advanced adenomas (AA), or patients with colon polyps
that ultimately turned cancerous. It is therefore unclear
how a set of pan-CRC markers for all CRC stages can be
marketed as a risk assessment test. In any case, the test is
considered experimental and investigational with many
independent experts still questioning its effectiveness.

MiRNA as blood-based cancer markers

MiRNA are small non-coding RNA about 18-25 nucleo-
tides in size'”. A large body of publications indicates that
miRINA regulate gene expression at the post-translational
level in almost every biological event and play important
roles in tumorigenesis, cancer development, migration
and metastasis'®. The differential expression of miRNA
has been related to various cancers™, and efforts have
been made to profile the global and circulating miRNA
expression patterns associated with various cancers, in-
cluding breast cancer', lung cancer'", lymphoma'™,

73 . 74,75
Pl and pancreatic cancer™",

ovarian cancer
For CRC, studies have accumulated over the past five
years that focus on profiling circulating blood plasma or

serum miRNA and validating the findings with RT-qP-
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CR. Ng ¢ al™ was the first group to profile 95 miRINA
using a real-time PCR-based array on 5 CRC patients
and 5 controls (presumably from the Chinese population
in Hong Kong) and to validate the results with 90 CRC
patients and 50 healthy controls. They identified miR-
17-3p and miR-92 to be elevated significantly in CRC
patients with 89% sensitivity and 70% specificity. Wang e#
al™ profiled 742 miRNA using a miRNA microarray on
10 CRC patients and 10 normal controls from the Chi-
nese population and validated the results with 90 CRC
patients, 43 AA patients, and 58 healthy donors. They
found miR-601 and miR-760 to be decteased in both
CRC and AA patients when compared to healthy controls
with 83.3% sensitivity and 69.1% specificity. Girdldez ez
al™ performed a genome-wide profiling of 743 miRNA
using a miRNA microarray on 21 CRC patients, 20 AA
patients, and 20 healthy controls from the Spanish popu-
lation, and they validated the findings using RT-qPCR
with 42 CRC patients, 40 AA patients, and 53 controls.
They identified a six-miRNA panel (miR-15b, miR-18a,
miR-19a, miR-19b, miR-29a, and miR-335) as being able
to differentiate CRC patients from healthy individuals
with 78.57% sensitivity and 79.25% specificity, and miR-
18a could also differentiate AA patients from healthy
individuals with both 80% sensitivity and specificity.
Luo e al™ used a TagMan MiRNA array to profile 667
miRNAs on 50 CRC patients and 50 controls from the
German population and validated the results with new
cohorts of 80 CRC patients compared to 144 controls
and 50 AA patients compared to 50 controls. They iden-
tified nine miRNA (miR-18a, miR-20a, miR-21, miR-29a,
miR-92a, miR-106b, miR-133a, miR-143, and miR145) to
be differentially expressed in CRC patients and controls
with the area under the accompanying receiver operating
characteristic curve reported to be 0.745. The panel of
miRNA did not, however, differentiate AA patients from
the controls. Kanaan ¢ a/™ screened for 380 miRNA us-
ing microfluidic TaqMan array technology on 20 CRC pa-
tients, 9 AA patients (referred to as colorectal adenomas),
and 12 healthy donors of mixed racial background in
the United States. They then validated the findings with
a new cohort of 45 CRC patients, 16 AA patients, and
26 healthy controls; they derived an eight-miRNA panel
(miR-15b, miR-17, miR-142-3p, miR-195, miR-331, miR-
532-5p and 532-3p, and miR-652) that can distinguish
AA patients from controls with 88% sensitivity and 64%
specificity, and a three-miRNA panel (miR-431, miR-15b,
and miR-139-3p) to differentiate stage IV CRC patients
from controls with 93% sensitivity and 74% specificity.
Ahmed e al®" performed a profiling using miRNA mi-
croarray chips covering miRNA based on the published
miRBase v17 list (presumed to be 1733 human miRNA)
and validated their results using TagMan RT-qPCR to
analyze a panel of miRNA expression both in CRC pa-
tient plasma and tissues. They found nine miRNA (miR-7,
miR-17-3p, miR-20a, miR-21, miR-92a, miR-96, miR-183,
miR-196a and miR-214) to have increased expression and
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six miRNA (miR-124, miR-127-3p, miR-138, miR-143,
miR-146a, and miR-222) to have reduced expression in
both CRC patient plasma and tissues with 90% sensitivity
and 95% specificity.

A few studies selected their miRNA markers based on
published literature and re-confirmed the results with RT-
qPCR assays. Huang ez al® measured the levels of twelve
miRNAs (miR-17-3p, -25, -29a, -92a, -134, -146a, -181d,
-191, -221, -222, -223, and -3202) studied in the literature
in 120 CRC patients, 37 AA patients, and 59 healthy con-
trols from the Chinese population, and they confirmed
miR-29a and miR-92a as potential indicators for CRC
with 83% sensitivity and 84.7% specificity. Similatly, Liu
et al* measured the levels of five miRNAs (miR-18a,
-21, -31, -92a, and -106a) in serum samples from 200
CRC patients, 50 AA patients, and 80 healthy controls
from the Chinese population and identified miR-92a
along with miR-21 to be both significantly higher in CRC
patients with 68% sensitivity and 91.2% specificity. Pu ez
al® measured miRNA expression levels of three target
miRNAs (miR-21, -221, and -222) in 103 CRC patients
and 37 controls from the Chinese population and found
elevated expression of miR-221 in CRC patients with
86% sensitivity and 41% specificity. Wang ez al®™ screened
three miRNAs (miR-29a, -92a, and -17-3p) in 38 meta-
static CRC and 36 primary CRC patients, assumed to be
from the Chinese population, but did not utilize healthy
controls. They found miR-29a to be higher in CRC pa-
tients with liver metastases than in primary CRC patients
with sensitivity and specificity of 75%, and hence miR-
29a may be useful in discriminating metastatic from non-
metastatic CRC patients. Cheng ¢z a/*” screened three
miRNAs (miR-21, -92, and -141) using a cohort of 102
CRC patients and an age-matched cohort of healthy
donors of mixed racial background from the United
States population, validated their findings using 156 CRC
patients and matched controls from the Chinese popu-
lation, and found miR-141 to be higher in cases of ad-
vanced CRC (stage IV) with 90.9% sensitivity and 77.1%
specificity.

As summarized in Table 1, there are a total of 38
miRINA that have been studied and proposed as potential
biomatkers for CRC in the publications discussed above.
In general, most of these studies focused on early stage
CRC patients while some also included borderline AA
patients. When pooling from all the studies mentioned
here, sensitivities in the range of 68%-91% were re-
ported, but the majority (in 9 out of 12 cases) observed
sensitivities in the 83%-91% range. Reported specificities
were in the range of 41%-95%, but the majority (also
in 9 out of 12 cases) were in the 70%-95% range. Some
miRNA, including miR-15b, miR-17-3p, miR-18a, miR-
20a, miR-21, miR-29a, and miR-92a, have been proposed
by more than one group of investigators. One unique
miRNA, miR-21, might actually be a useful pan-cancer
marker as it is similarly up regulated in other cancers’ .
However, most of these studies have not yet been evalu-

April 15,2014 | Volume 6 | Issue 4 |



Ganepola GAP et a/. Blood-based biomarkers for colorectal cancer

Table 1 Potential blood microRNA markers

MiRNA AA? Ref.
Upregulated in primary CRC
miR-7 [81]
miR-15b \ [78,80]
miR-17-5p y [80]
miR-17-3p [76,81]
miR-18a v [78,79]
miR-19a [78]
miR-19b [78]
miR-20a [79,81]
miR-21 [79,81,83,87,160-163]
miR-29a [78,79,82]
miR-92a [76,79,81-83]
miR-96 [81]
miR-106b [79]
miR-133a [79]
miR-142-3p v [80]
miR-143 [79]
miR-145 [79]
miR-183 [81]
miR-195 v [80]
miR-196a [81]
miR-214 [81]
miR-221 [84]
miR-331 R [80]
miR-335 [78]
miR-532-5p R [80]
miR-532-3p v [80]
miR-652 \ [80]
miR-1246 [164]
Upregulated in metastatic CRC
miR-15b v [80]
miR-29a [85]
miR-139-3p [80]
miR-141 [86]
miR-431 [80]
Downregulated in primary CRC
miR-124 [81]
miR-127-3p [81]
miR-138 [81]
miR-143 [81]
miR-146a [81]
miR-222 [81]
miR-601 \ [77]
miR-760 R [771

AA: Able to differentiate advanced adenoma; CRC: Colorectal cancer;
MiRNA: MicroRNA.

ated beyond the proof-of-principle and pilot stage, and
not all miRNA markers were subsequently studied and
confirmed by other groups. For example, Faltejskova ez
al®™ was not able to confirm the potency of miR-17-3p,
miR-29a, miR-92a, and miR-135b as biomarkers for CRC.
Luo ¢ a/”™ and Ahmed et a/™" found differential miR-143
expression in their respective studies. Other potential
markers such as miR-17-3p, miR-18a, miR-21, miR-92,
and miR-221 were not confirmed in follow-up studies by
other groups[82’84’86].

Clearly, it is comprehensible that different experi-
mental designs, procedures and methods, endogenous
controls, patient populations, instrumentation and lab
personnel could contribute to the seemingly contradicting
results that have been published thus far. Nevertheless,
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the 38 candidate miRNA markers together can be further
investigated using currently available technology, such as
the TagMan RT-qPCR profile platform already utilized by
some of the research groups. It is possible, therefore, to
coordinate a multicenter clinical trial involving different
research groups and incorporating patient populations
from a wide variety of backgrounds. It would be critical
to synchronize specimen collection, processing proce-
dures, and storage conditions for the collected specimens.
The experimental design should also be based on a coot-
dinated and synchronized set of experimental procedures
and instrumentation that utilize the same endogenous
control(s). The validity of each of the 38 miRNA mark-
ers as a tool for diagnosing CRC can then be evaluated
for their potential future application.

NEXT GENERATION SEQUENCING

Since the first drafts of the human genome were pub-
lished in 2001, sequencing technology has advanced at an
ever rapid pace™. The cost of sequencing has decreased
from about $1000 per megabase of DNA sequence when
the first generation Sanger-based sequencing machine
was used in 2001, down to $0.1 per megabase of DNA
sequence using the next generation sequencing machine in
2013™". The cost for personal whole-genome sequenc-
ing has dropped from $100000000 in 2001 to $4000 (se-
quencing offered by Illumina, Inc.) in 2013, and it could
possibly be driven further down to $1000 in the imminent
future™. The availability of the NGS has revolutionized
biomarker studies””. It is now possible to perform direct
RNA sequencing (RNA—seq)lg4J to sequence the whole
transcriptome, which includes the entire set of all RNA
molecules-coding RNA (mRNA, rRNA, tRNA) and non-
coding RNA (miRNA, IncRNA, and other small RNA
species)”™”,

RNA-seq is very versatile and has been used to ana-
lyze tissue RNA biomarkers in breast cancer™, hepato-

. 97 98,99 100,101
cellular carcinoma! ], lymphoma[ ], melanoma! ],

and prostate cancer' ", RNA-seq has also been used to
analyze gene expression signatures associated with sur-
vival™, smoking status""?, and altered expression associ-
ated with KRAS mutation""” in lung cancer. In terms of
CRC, Wu ¢z al'™ have performed transcriptome profiling
comparing CRC, adjacent normal, and distant normal tis-
sues and have identified 5 differentially expressed genes,
including ITGB5, COL1A1, FN1, SPP1, and COL3A1,
as well as alternative splicing, isoforms, and gene fusion
events. It is anticipated that with the ability to extract
and sequence RNA from blood plasma, more studies on
blood-based RNA markers, based on RNA-seq technol-

ogy, will soon emerge.

IncRNA markers

Given the increased availability of RNA-seq technol-
ogy, it is now possible to study the IncRNA, which was
dismissed as “junk” in the past but has now been found
to regulate gene expression and cellular functions"".
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LncRNA, like its miRINA counterpart, plays major roles
in tumor suppression and oncogenic functions and has
been found to be dysregulated in human cancers'",
Therefore, its potential role as biomarkers for cancer and
other diseases has been investigated extensively' """, As
an example, Prostate cancer antigen (PCA3, also known
as DD3) is a non-coding RNA that is highly sensitive and
now used as a biomarker for the urine diagnostic test of
prostate cancer” !,

In terms of CRC, research is currently focused on the
role of IncRNA as tissue biomarkers. Ge ¢ a/''” found
that Prostate cancer-associated ncRNA transcripts 1 was
upregulated in CRC tissue but not in adjacent normal tis-
sue. Zhai ez al'” found that long intergenic noncoding
RNA-p21 was upregulated in CRC tissue, and the expres-
sion level seemingly correlated with tumor progression
(higher expression in later stages). Ling ez al"™ showed a
novel IncRNA-CCAT?2 was highly overexpressed in CRC,
and it was shown to be promoting tumor growth, metas-
tasis and chromosomal instability. Kogo ¢ @/'"” demon-
strated that expression of IncRNA-HOTAIR, which is
known to reprogram chromatin organization and promote
breast cancer metastasis' ', is also higher in stage IV CRC
patients with liver metastases. Xu ¢z /' found the In-
cRNA-human metastasis associated lung adenocarcinoma
transcript 1 (MALAT-1) to be dystegulated in cancer, and
the mutation on the 3’ end of MALAT-1 is apparently
tumorigenic. It is conceivable that RNA-seq technol-
ogy can help facilitate further investigation into IncRINA
functions and exploration of blood-circulating IncRINA
as potential biomarkers for CRC and other cancers in the
future.

BLOOD-BASED CIRCULATING DNA
MARKERS

The presence of tumor DNA in circulating blood (plasma
or serum) has been documented dating back to 19771,
Cell-free DNA (cfDNA) was thought to be released
from either apoptotic or necrotic cancer cells, from di-
rect secretion or as a byproduct of phagocytosis from
macrophages or other scavenger cells">™*, Originally, it
received little attention, but with recent advances in next
generation sequencing (NGS) technology, it has been ex-
plored extensively for the potential application to cancer
detection”". In general, the studies of cfDNA as cancer
biomarkers focus on monitoring the presence of pro-
moter hypermethylation, aberrant tumor DNA mutation,
microsatellite alternations, and mitochondria DNA in
blood circulation. The validity of each approach will be

discussed below.

Aberrant DNA methylation as markers

Aberrant DNA methylation has been associated with tu-
morigenesis as a consequence of the alteration it causes
in gene expression”'*, For example, hypermethylation
of tumor suppressor promoter genes would cause inap-
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propriate gene silencing and therefore lead to cancer!™!,

In general, DNA methylation is thought to be associated
with an early event in tumorigenesis and has therefore
been proposed as a potential early cancer detection
marker'**'®!, The research strategy typically focuses on
using methylation specific PCR (MSP) to study hyper-
methylation of methylation sites, in CpG dinucleotides
or in CpG islands, in the promoters of tumor suppressor
genes**"* In the context of CRC, Nakayama ez a/'>"
and Lecomte ¢z /'™ both monitored the hypermethyl-
ation of the promoter of tumor suppressor gene p76
and found the plasma in 21 of 31 (68%) patients and 31
of 45 (69%) patients, respectively, to be positive. Grady
et al™® found aberrant hypermethylation of the human
MutL homolog 1 (bMI.HT) promoter in the sera of 9
out of 19 (47%) cases of CRC. Leung ¢ /™" monitored
promoter hypermethylation in three genes, adenomatous
polyposis coli (APC), bIMLHT, and helicase-like transcrip-
tion factor; and found at least one of the three genes with
methylated promoter DNA in the sera of 28 out of 49
(57%) CRC patients. Additional genes monitored for
tumort-related promoter hypermethylation, including the
putative metastasis suppressor gene death-associated protein
kinase, the detoxification gene glutathione S-transferase P1,
the DNA repair gene O°-methylgnanine-DNA-methyltrans-
ferase, and p14-ARF in other cancers exhibit a detection
rate that is generally in the range of 42% to 73%'"""*,
It is conceivable that NGS technology can be coupled
with MSP to identify a pool of tumor suppressing genes
silenced in association with early stage CRC and AA, test
their corresponding promoter methylation, and generate
a set of candidate markers based on epigenetic changes
as a screening panel for CRC in the future.

Aberrant tumor DNA mutation markers

The NGS technology has been employed for somatic
mutation analysis in CRC™Y, particularly on several
high mutation frequency genes, such as K-RASMH151P9
TP53"" and APC™. However, the percentage of cir-
culating tumor DNA is relatively low when compared to
wild-type DNA", For example, Dichl ¢ a/"* has shown
that in advanced CRC, the mutated APC DNA fragment
is found to be in the range of 1.9% to 27% of cfDNA
but only 0.01% to 0.12% in early stage CRC. Even with
direct sequencing technology, it does not allow reliable
detection of less than 25% mutant signal in a background
of wild-type DNA", Furthermore, the tumor-associ-
ated mutations are often unique with each patient """,
and therefore, based on the current available technology,
it is less likely to develop a low cost and highly sensitive
comprehensive test to cover all somatic mutations for
eatly cancer detection.

Microsatellite alterations as markers

Microsatellite alterations, which include microsatellite
instability (MSI) and loss of heterozygosity (LOH), are
known to be associated with tumorigenesis and cancer
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progression and therefore were proposed as potential
tumor markers detectable in cfDNA", MST analysis
focuses on measuring the specific polymorphic tetra-
nucleotide repeat and/or dinucleotide markers that are
located in regions frequently shifted or altered in cancer,
and LOH analysis focuses on the loss of specific chro-
mosomal regions bearing tumor suppressors. Hibi ez
al"" examined microsatellite alterations and found LOH
or microsatellite shift of at least one locus (18a, 17p, and
8p) in 35 of 44 (80%) primary CRC tumors, but none
of the LOH or microsatellite shifts were detected in
the corresponding serum DNA. Several other groups
focused on different cancers with most success in meta-
static cancers ™', In general, microsatellite alteration
analysis exhibits relatively low sensitivity and specificity
in detecting early stage cancer.

Circulating mitochondrial DNA as markers

There are generally a few hundreds of copies of mito-
chondrial DNA in each cell™. Due to its multi-copy
nature, mtDNA is frequently found to be heteroplasmic,
with a heterogeneous mixture of polymorphic variants.
In cancer cells, mtDNA harbor further heteroplasmic
alterations associated specifically with cancer, especially
in the highly variable D-loop (displacement loop) region.
With the NGS, the approaches generally focused on ei-
ther differential copy number of mtDNA versus gDNA,
or mtDNA alteration and tumor-associated mtDNA
mutations' . For CRC, Hibi ¢ @/'*" has studied mtDNA
alternation in early CRC patients and found that 7 out of
77 (9%) CRC tissues contained true somatic mutations in
the D-loop region, but only one out of these 7 positive
patients (14%) were noted to have mtDNA alterations in
their serum DNA. Due to of the relatively low detection
rate of early stage cancer, most studies therefore focused

. . . . . . 148-153
on 1ts potenmal apphcatlon 1n metastatic cancers[ ].

IDENTIFICATION OF BLOOD-BASED
PROTEIN MARKERS

The study of blood-based protein markers in general
focuses on proteins secreted, shed or leaking from cancer

cells into the blood stream. This is generally referred to
>>[154

as “cancer secretome”™. The cancer secretome can be
studied comprehensively by several mass spectrometric
technologies. Matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) and HPLC-electrospray
ionization mass spectrometry (ESI-MS) analyze biomol-
ecules in biological fluids™>"". Surface-enhanced laser
desorption ionization-time of flight mass spectrometry
(SELDI-TOF MS) can be used as a serum protein profil-
er to identify new biomarkers'". Liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS)
can fractionate and identify the specific molecules of
interest™. There is also an Aptamer proteomic technol-
ogy that can be used to identify biomarkers for cancer™,
Many candidate protein biomarkers have been generated
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based on these technologies.

However, the application of these technologies
remains research-oriented. The potency of their trans-
lational capability in clinical and diagnostic application
requires further investigation'™,

CONCLUSION

Early screening of CRC is clearly the most effective
way to combat the anticipated increase of global CRC
morbidity and mortality. Despite all recent technologi-
cal advances, the currently available screening modalities
remain archaically similar to 33 years ago. The most ef-
fective screening modality today is through the invasive
procedure of colonoscopy. However, even in the United
States, where the procedure is widely available and pub-
licized, covered by most medical insurance plans, and

recommended by medical professionals and practitioners,
the participation rate is still pathetically low. It is conceiv-
able that the participation rate would not fare better even
if it were widely available on a global scale. Cleatly, a new
first line CRC screening procedure that is inexpensive,
low risk, highly sensitive, and does not require cumber-
some preparation is desirable.

A blood-based screening test for CRC would be an
attractive alternative to colonoscopy if it were available
because it is essentially non-invasive and relatively pain-
less to the patient. Ideally, a blood-based test can be a
useful first line screening tool for the general population
at average risk, thereby separating out high risk and CRC
patient groups. However, for patients with known high
risk factors, including family history of CRC, familial ad-
enomatous polyposis, hereditary nonpolyposis CRC, in-
flammatory bowel disease, history of polyps, or previous
CRC, colonoscopy should still be the primary method
of screening and follow-up starting at age 50, although
a blood-based test can still be used for screening these
patients earlier at age 40. In short, circumstances under
which a blood-based screening test is used should be
determined based on the sensitivity and specificity of the
methodology developed in the future.

The key to establishing a good blood-based test is to
find highly sensitive and specific biomarkers in the blood.
As discussed in this review, various types of biomark-
ers have been proposed and explored by many research
groups to varying degrees. Table 2 summarizes the sen-
sitivity, specificity, and estimated cost for the types of
stool-based tests, structural exams, and potential blood-
based tests as discussed in this review. The ColonSentry®
seven-gene mRNA biomarker panel is the first commer-
cially available blood test that is supposed to determine
the risk of developing CRC. The sensitivity and specific-
ity for this “risk assessment” are 78% and 66% respec-
tively. As shown in Table 2, among all the biomarker
types, the miRNA markers demonstrated the greatest
potential because most publications reported a relatively
high sensitivity (83%-91%) and specificity (70%-95%)
rate, utilized mostly AA and early stage CRC patient, and
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Table 2 Comparison of colorectal cancer screening tests

Test name Cost Procedure type Prep? Sensitivity Specificity Note Ref.
gFOBT $5° Stool test Yes' 12%* and 40% 98% Hemoccult 1T [165]
iFOBT/FIT $22° Stool test Yes' 22%* and 70% 95% [165]
Fx. Sigmoidoscopy $500-$750° Invasive Yes 95% and 95% 92% [165]
Colonoscopy $800-$1600 Invasive Yes 95% and 98% 90% [165,166]
DCBE $250-$500” X-ray Yes 48%"° 90% Not recommended by USPSTF [166]
CTC $400-$800° CT-scan Yes 59%"° 96% Not recommended by USPSTF [166]
Blood-based test

ColonSentry® $350 blood-test No 78% 66% GeneNews/Enzo Biochem [66]

MiRNA (5-gene) Est. $250* blood-test No Est. 83%-91% Est. 70%-95%

LncRNA (1-gene) $385.00° blood-test No N/A N/A

DNA methylation Est. $250* blood-test No Est. 42%-73% Est. 42%-73%

'Required to clean colon; *For detecting advanced adenoma at = 10 mm; *Cost estimated from Colon Cancer Alliance website (http://www.ccalliance.
org/index.html); “Cost estimated based on The Valley Hospital Histology Lab charge; *Cost estimated based on PCA3 test offered by GD Specialized
Diagnostics. Fx. Sigmoidoscopy: Flexible Sigmoidoscopy; DCBE: Double-contrast barium enema; CTC: Computed tomographic colonography; USPSTF:
United States Preventive Services Task Force; gFOBT: Guaiac-based Fecal Occult Blood Test; iFOBT: Immunochemical Fecal Occult Blood Test; FIT: Fecal
Immunochemical Test; MiRNA: MicroRNA; LncRNA: Long non-coding RNA; CT: Computed tomography; N/A: Data not available; PCA3: Prostate cancer

antigen 3.

studied a wide variety of patient populations. Therefore,
a multi-center clinical trial with synchronized experimen-
tal procedures that tested all 38 miRNA listed in Table
1 could be considered. On the other hand, the aberrant
DNA methylation analyses on promoters of tumor sup-
pressors also demonstrated a high potential to be devel-
oped into a cancer screening test. With available NGS
technology and MSP showing relatively high sensitivity
and specificity (42%-73%), it is now possible to explore
more tumor-specific promoters, which might have higher
sensitivity and specificity and eventually be developed
into a screening test.

On the other hand, although research studies of In-
cRNA markers using NGS are still at the early stage, it
has a great potential to be developed into a CRC screen-
ing test as well. It is especially encouraging to see one of
the IncRNA, PCA3, is now used routinely as a prognostic
marker for prostate cancer. With the wider availability of
NGS, it is anticipated that more studies will be under-
taken to generate new candidate genes and biomarkers,
which would possibly lead to a future diagnostic test for
CRC.
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Abstract

AIM: To study the salient features of colorectal cancer
(CRC) in Libya.

METHODS: Patients records were gathered at the
primary oncology clinic in eastern Libya for the period
of one calendar year (2012). Using this data, various
parameters were analyzed and age-standardized inci-
dence rates were determined using the direct method
and the standard population.

RESULTS: During 2012, 174 patients were diagnosed
with CRC, 51.7% (7 = 90) male and 48.3% (7 = 84)
females. The average age was 58.7 (£ 13.4) years,
with men around 57.3 (£ 13) years old and women
usually 60.1 (£ 13.8) years of age. Libya has the high-
est rate of CRC in North Africa, with an incidence closer
to the European figures. The age-standardized rate for
CRC was 17.5 and 17.2/100000 for males and females
respectively. It was the second most common cancer,
forming 19% of malignancies, with fluctuation in rank-
ing and incidence in different cities/villages. Increasing-
ly, younger ages are being afflicted and a higher pro-
portion of patients are among the > 40 years subset.
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Nearly two-thirds presented at either stage I (22.4%)
or IV (38.4%).

CONCLUSION: Cancer surveillance systems should
be established in order to effectively monitor the situa-
tion. Likewise, screening programs are invaluable in the
Libyan scenario given the predominance of sporadic
cases.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Colorectal carcinoma; Cancer incidence;
Age-standardized rates; Benghazi, Libya; North Africa;
Young age; Urban-rural differences

Core tip: Colorectal cancer incidence in Libya has
changed greatly since the last time it was determined
nearly a decade ago. Libya was found to have the high-
est incidence rate in North Africa, with younger ages
more affected. Late presentation was found to be a
major problem in the Libyan case. Clear urban-rural
differences were seen when the different districts were
analyzed. Different hypotheses are put forth to explain
these variations. Proper surveillance and screening pro-
grams need to be established and healthcare policies
should be adjusted to take into account the increasing
rate of this malignancy.

Bodalal Z, Bendardaf R. Colorectal carcinoma in a Southern
Mediterranean country: The Libyan scenario. World J Gastrointest
Oncol 2014; 6(4): 98-103 Available from: URL: http://www.
wjgnet.com/1948-5204/full/v6/i4/98.htm DOI: http://dx.doi.
org/10.4251/wjgo.v6.i4.98

INTRODUCTION

Colorectal cancer (CRC) is one of the most common
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malignant tumors wotldwide!? | with the disease inci-
dence rising with advanced age[3’4]. The overall mortality
from CRC is 60%, which represents the second leading
cause of cancer death in western societies. Figures on
incidence from Libyan soutces are over a decade old and
have multiple limitations”. Unfortunately, there has not
been a major improvement in patient survival despite the
advances made in our understanding of disease and in
chemotherapy practicew. Surgical cure of CRC is deter-
mined by stage of the tumor and its biological behavior.
Early CRCs can be cured with surgery alone.

Even today, most CRC patients undergo potentially
curative surgery and receive adjuvant chemotherapy but
approximately 50% of the patients initially thought to
be cured subsequently relapse and die of their disease!”.
Advanced CRC is defined as a disease that is either meta-
static or locally advanced and in which surgical resection
is unlikely to be curativel’. Once metastasis has occurred,
the patient’s prognosis is considerably worse, with the
5-year survival rate being < 5% For the majority of pa-
tients, chemotherapy can yield improvements in survival
and is the main modality of treatment in these patientsm.

CRC was found to be the leading malignancy in Libyan
males and the second most prevalent among females"”.
On a global scale, it is the thitd most common form of
cancer!,

On the whole, the incidence of colotectal carcinoma
in Middle Eastern countries is lower than that of Western
countries'”. The North African countries have consis-
tently contributed their registry data to scientific litera-
ture”™. Due to a number of difficulties, very limited
data exists for Libya[m’w’zm. Moreover, epidemiological
features of CRC have never been studied, despite being a
major form of malignancy. A unique research opportunity
is offered in the Libyan scenario where the traditional
lifestyle still prevails in rural areas and the urban (West-
ernized) mode of living dominates in the cities.

Using data that was actively collected from the De-
partment of Oncology at the Benghazi Medical Center,
the primary oncology center in eastern Libya, the salient
features of colorectal carcinoma patients were analyzed.

MATERIALS AND METHODS
Study population

Libya is a North African country categorized under the
Eastern Mediterranean Regional Office in the WHO clas-
sification. According to the 2006 census, over 5.5 million
people lived in Libya, with 28.5% (# = 1613749) residing
in the eastern part of the country. Benghazi is the largest
city in eastern Libya, with over 670000 inhabitants. The
catchment area includes eight major locations comprising
urban, suburban and rural populations (Figure 1) and pa-
tients were classified under these main districts according
to proximity.

Ethical approval
The study was approved by the Biomedical Ethics Com-
mittee at the Libyan International Medical University. All
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Figure 1 Map of Libya highlighting the districts that were studied and
included in the eastern Libya cancer pool.

personal identifiers were stripped from the data and only
medically significant data was analyzed.

Data collection
Data was obtained from the patient records at the De-
partment of Oncology in the Benghazi Medical Center
who were diagnosed from the period of January 1% to
December 317, 2012. In Libya, an ineffective primary
health system forces the populace to deal directly with
outpatient departments in secondary and tertiary centers.
This is true for Libyan oncology patients where they all
present to the oncological outpatient department after a
referral from another specialty. They are then diagnosed
and given a treatment plan. The department effectively
receives all the cancer cases in Benghazi and the over-
whelming majority of the cases in eastern Libya (being
the only oncological center in the region). The patients
were diagnosed through various techniques, particularly
microscopic verification and clinically/radiologically diag-
nosis. However, due to clerical difficulties, this parameter
(z.e., the method of diagnosis) could not reliably be col-
lected for all patients and hence was excluded from the
analysis. This data serves as a good indicator for eastern
Libya in general and Benghazi in particular.
Hematological malignancies were not included in this
study since such patients are recorded at the Department
of Hematology and their data was not made available.
Different parameters were recorded for each patient:
age, gender, city, type of cancer, subtype and staging. In
the light of clerical errors, a number of cases were set
aside for a certain parameter but used for others. The
patients were filtered by city of origin to include only pa-
tients residing in the eastern part and not referrals.

Statistical analysis

The data was computerized in a data sheet and organized
as per International Classification of Diseases for Oncol-
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Figure 2 Population pyramid of the colorectal cancer patients split by
gender.

ogy (ICD-0O). An SPSS-based model was designed that
spanned the collected data and basic statistical procedures
were performed (7 tests and y” tests).

The 2012 Libyan population was determined using
the 2006 Libyan census, taking into consideration the ap-
propriate population growth. Age-specific incidence and
age-standardized rates (ASRs) were calculated viz the di-
rect method using the standard population distribution”
arranged by site 1CD-O).

RESULTS

During 2012, a total of 174 patients were diagnosed
with colorectal carcinoma in the eastern region of Libya.
Slightly over half of the cases (51.7%, # = 90) were male,
while 48.3% (7 = 84) were females. The average overall
age of the patients was 58.7 (£ 13.4) years, with men
around 57.3 (£ 13) years old and women usually 60.1
(£ 13.8) years of age. The ASR for CRC was 17.5 and
17.2/100000 for males and females respectively. It was
the second most common cancer overall in the eastern
region, forming 19% of all malignancies, with fluctuation
in ranking in different towns/villages.

When the age was categorized into groups, it was
found that a peak occurred in the 60-64 year age group
(17.1%, n = 29), which was true for both genders. Neatly
one tenth of colorectal carcinoma patients (9.4%, » = 10)
were diagnosed < 40 years. Males were more than two-
thirds (68.8%, » = 11) of these patients, giving a male to
female ratio of 2.2. One quarter of CRC patients (23.5%,
n = 40) presented before the age of 50 years and that fig-
ure jumped to over one-third of patients when cases un-
der 55 years are studied (35.3%, #» = 60). Figure 2 depicts
the distribution of CRC by age and gender.

The three areas that contributed the greatest number
of colon cancer cases were Benghazi (64.9%, » = 113),
Al-Beida (9.8%, #» = 17) and Al-Marj (8%, » = 14). When
looking at population distribution from the Libyan 2006
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Figure 3 Distribution of colorectal cancer patients according to clinical
stage at diagnosis.

Table 1 Display of key parameters of the cancer patients in

eastern Libya

Overall Male Female
Age (1/SD) 587 134 57.3 13.0 60.1 13.8
Age group (11/ %)
20-29 yr 6 35 4 47 2 24
30-39 yr 10 5.9 7 8.1 g 3.6
40-49 yr 24 141 10 11.6 14 16.6
50-59 yr 42 24.7 20 238 22 26.2
60-69 yr 54 31.8 32 372 22 26.2
70-79 yr 26 133 12 14.0 14 16.6
80+ yr 8 47 1 11 7 8.4
Total 170 100.0 86 100.0 84 100.0
Nationality (12/ %)
Libyan 170 98.3 89 100.0 81 96.4
Non-Libyan 3 1.7 0 0.0 3 3.6
Total 173 100.0 89 100.0 84 100.0
City of origin (1/ %)
Ajdabia 8 4.6 6 6.7 2 24
Beida 17 9.8 9 10.0 8 95
Benghazi 113 64.9 56 62.2 57 67.9
Derna 6 3.4 3 3.3 3 3.6
Kufra 4 23 0 0.0 4 4.8
Marj 14 8.0 8 8.9 6 7.1
Tobruk 12 6.9 8 8.9 4 4.8
Total 174 100.0 90 100.0 84 100.0

census, one clearly observes that the city of Benghazi is
over-represented, while the other (more rural) areas were
starkly under-represented. Neatly two-thirds of colon
cancer patients were from Benghazi, whereas its inhabit-
ants constitute only 41% of the population in eastern
Libya (y° = 41.291, P < 0.001). A small proportion (1.7%,
n = 3) of the colon cancer patients were foreign nation-
als. The detailed classification and distribution of these
parameters can be seen in Table 1.

The clinical stage was recorded for 125 patients
(71.8%) and 49 were excluded due to clerical errors. The
majority of cases (38.4%, » = 48) presented at stage IV
with another 28 patients at stage [l (22.4%). This is fur-
ther highlighted in Figure 3.

The cases were classified on the site of the cancer as
being ecither right-sided or left-sided colorectal carcinoma.
Cancers of the left colon were more common (78.6%,
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Table 2 Distribution of the cases in terms of clinical staging,

site of cancer and histopathological grade

Overall Male Female
Clinical stage (11/ %)
I-A 3 2.4 1 15 2 34
I-B 7 5.6 5 7.6 2 34
o-A 28 224 12 182 16 271
I-B 11 8.8 6 9.1 5 8.5
m-A 5 4.0 4 6.1 1 1.7
I-B 11 8.8 5 7.6 6 102
m-C 12 9.6 7 106 5 8.5
I\% 48 384 26 394 22 373
Total 125 1000 66 1000 59 100.0
Site of cancer (1/ %)
Right side 30 214 14 189 16 242
Left side 110 786 60 811 50 758
Total 140 1000 74 1000 66 100.0
Histopathological grade (11/ %)
Well differentiated 29 333 17 354 12 308
Moderately differentiated 47 540 27 563 20 513
Poorly differentiated 1 126 4 8.3 7 179
Total 87 1000 48 1000 39 100.0

Table 3 The distribution of colorectal carcinoma based on site

Specific site n %

Anus 1 0.7
Appendix 1 0.7
Asc. colon 4 2.8
Cecum 6 42
Left side 25 17.5
Rectum 52 36.4
Right side 19 13.3
Sigmoid 35 24.5
Total 143 100.0

Table 4 Comparison of colorectal cancer incidence rates

(age-adjusted per 10°)

Country Male Female
Benghazi, Libya (2012)™ 17.5 17.2
Benghazi, Libya (2003)"" 11.6 8.8
Western Libya!"! 14.2 12.0
Algeria (Setif, 1998-2002)") 6.6 6.8
Algeria (Alger, 2006)"” 14.8 11.0
Egypt (Gharbiah, 1999-2002)" 6.3 44
Tunisia (Sousse, 1998-2002)" 11.6 9.0
Tunisia (Sfax, 2000-2002)"” 11.5 9.1
Morocco (Rabat, 2005)™ 7.2 4.6
Morocco (Casablanca, 2004)" 6.6 5.7
European Pool (MECC) 22.0 15.6
Tran'™ 8.2 7.0

7 = 110) than their right-sided counterparts (21.4%, #
= 30). This is shown with other parameters in Table 2.
When the specific sites were studied (ze., sigmoid, rectal,
etr.), we found that rectal carcinomas were the most com-
mon form (36.4%, » = 52). This can be seen in Table 3.
Histopathologically, 87 patients (50%) had graded
carcinomas. Most were moderately differentiated (54%,
n = 47), followed by well differentiated (33.3%, # = 29)
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carcinomas; poorly differentiated cancers were the least
common (12.6%, » = 11). This is further described in
Table 2.

DISCUSSION

In terms of incidence, the average rate for Middle East-
ern countries was reported as 3/100000-7/100000%*%,
Even among the North African countries, eastern Libya
claims the highest ASR for colon cancer (Table 4)"*'**,
While the exact reasons for this inordinately high rate re-
main to be ascertained, genetic predisposition, increased
Westernization of the Libyan diet, physical inactivity and
lack of screening programs may be considered important
predisposing factors.

The distribution of colon cancer cases was fairly
equal between the genders, despite a conflict in previous
literature between reports supporting and others negat-
ing a difference between men and women. In terms
of age, there was no significant difference between the
genders (P = 0.072). The male to female ratio, skewed
towards males in the < 40 years subset, was much higher
than other nations"".

Similarly to neighboring Egypt, younger age groups
are affected with CRC*”. One of the principle hypoth-
eses for this trend in that the younger generation live a
more Westernized lifestyle (7., unhealthy diet with low
exercise) and are hence at greater risk™. This is of par-
ticular importance since the prognosis proportionately
worsens below the age of 40 years'”.

Benghazi is the largest city in eastern Libya and the
second largest in all of Libya, with a population ap-
proaching 800000 inhabitants. Colon cancer was more
common in the urban environment in Libya, potentially
due to a more sedentary lifestyle, more Westernized diet
and a subsequently higher prevalence of obesity. The
rural areas in Libya have maintained a relatively tradi-
tional way of life with farming, animal rearing and small
industries as the main occupations. Traditional cuisine
focusing on whole grain and Mediterranean style meals
is more common in that environment. While the urban-
rural difference has been proven for breast cancer™, the
literature for colon cancer is scanty globally and virtually
non-existent for the region.

Foreign nationals are less likely to present to the on-
cology clinic in Libya as they are more apt to return to
their home countries and seck their family upon receiving
such news. This would explain their small proportion in
the sample.

Over 60% of patients presented at the oncology clinic
at advanced stages (I /IV) when the long term progno-
sis is grim. Around 22.4% (z = 28) of our patients were
diagnosed at stage Ill, while 38.4% (» = 48) presented at
stage IV. This was found to be similar for other major
forms of cancer studied in Libya’. The major problem
in the Libyan scenario is late presentation. This could be
due a number of different reasons, among them aware-
ness and social stigma. Transport difficulties in rural areas
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as well as the distance to Benghazi also serve as a hin-
drance to early detection.

Screening programs would greatly increase the catch-
ment rate of our CRC patients before they reach these
late stages. This is especially important in the sporadic
cases, which form the majority of cases.

The Libyan diet is traditional in certain areas and
modern (Westernized) in others. This is a reflection of
the rural-urban differences that exist. With the increase
of consumption of Western-style cooking and the down-
wards trend of traditional food, it is expected that there
would be a rise in the incidence of CRC. However, a long
term study is required in order to determine such a trend.
Further risk factors also exist in Libyan society, such as a
high rate of diabetes mellitus, smoking, obesity, efz.

Certain limitations, however, need to mentioned,
namely the quality of the patient records. In the gathering
of this data, not all the parameters were available for all
the patients and hence they were excluded from the anal-
ysis. The data that was gathered for this study was from
one center and, even although it is the sole oncological
center in the region, there will surely be a certain number
of missed cases or patients who immediately sought care
abroad without referral to our center first. Additionally,
while this data is representative of eastern Libya, we can-
not generalize this for all of Libya. In cancer epidemiol-
ogy, stark differences may exist between different regions
of a country.

In conclusion, Libya has a higher rate of CRC than
neighboring countries, with an incidence that is closer
to the European figures. Increasingly, younger ages are
being afflicted and a higher proportion of patients are
among the > 40 years subset. Urban-rural differences
were observed in the Libyan scenario. A major problem
is delayed presentation with a large proportion of pa-
tients secking medical care at advanced or late stages with
a poor prognosis. Screening programs are sorely needed
in Libya in order to combat presentation at late stages.

COMMENTS

Background

Cancer epidemiology is a rapidly growing field that has made great strides in
the last few decades; however, it has always been developed countries that
have contributed the majority of data and figures. As a consequence, most of
the information available on cancer incidence is based on those societies. In
the developing world, this information is extracted with more difficulty. This is
especially true in Libya where data gathering is notoriously difficult (for a myriad
of reasons). For the first time, colorectal cancer (CRC) patients in Libya were
studied and the findings were presented.

Research frontiers

There is now a focus on customization of epidemiology for different countries
and even different regions within a single country. Preventive medicine has
taken the lead in epidemiology and a baseline needs to be determined before
any cancer plan can be established at a national or local level.

Innovations and breakthroughs

Colon cancer was found to be the leading malignancy in Libyan males and the
second most prevalent among females. Despite that, there has never been a
study on CRC in Libya. Using population data from the 2006 Libyan census with
projections for future years, the age-standardized rates (ASR) was calculated.
Various parameters were gathered for the patients, among them, age, national-
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ity, affected site within the colon, histopathological grade and the clinical stage.
The geographical distribution of CRC patients in Libya was also studied for the
first time.

Applications

Using the findings from this study, the health authorities in Libya can finally lay
a plan to help combat CRC. A major problem in the Libyan scenario is late pre-
sentation, so increased awareness among the populace and a higher index of
suspicion among clinicians would surely save countless lives. Certain regions
contributed more in terms of patient load and hence more focus needs to be
placed there.

Terminology

ASR: ASR is an internationally used measure of new cancer cases relative to the
standard world population (as stated in the Cancer in Five Continents series).
Peer review

Itis a descriptive study that intended to demonstrate the effect of changing food
habits in Libyan people. This is an interesting article.
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Abstract

Most patients treated with curative intent for colorec-
tal cancer (CRC) are included in a follow-up program
involving periodic evaluations. The survival benefits of
a follow-up program are well delineated, and previ-
ous meta-analyses have suggested an overall survival
improvement of 5%-10% by intensive follow-up. How-
ever, in a recent randomized trial, there was no survival
benefit when a minimal vs an intensive follow-up pro-
gram was compared. Less is known about the potential
side effects of follow-up. Well-known side effects of
preventive programs are those of somatic complica-
tions caused by testing, negative psychological conse-
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quences of follow-up itself, and the downstream impact
of false positive or false negative tests. Accordingly,
the potential survival benefits of CRC follow-up must be
weighed against these potential negatives. The present
review compares the benefits and side effects of CRC
follow-up, and we propose future areas for research.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Colorectal cancer; Follow-up; Surveillance;
False positive; Cancer survivorship

Core tip: Most western countries have a national follow-
up program for colorectal cancer (CRC) survivors. The
reported reduction in absolute mortality from intensive
follow-up is 5%-10%, though recent data from the
follow-up after colorectal surgery randomized trial call
this effect into question. There exists limited evidence
of improved quality of life (QoL) due to participation in
a follow-up program, and the impact of false positive
tests on QoL might be considerable. Several national
experts advocate for low-cost, low-intensity CRC follow-
up programs.

Augestad KM, Rose J, Crawshaw B, Cooper G, Delaney C.
Do the benefits outweigh the side effects of colorectal cancer
surveillance? A systematic review. World J Gastrointest Oncol
2014; 6(5): 104-111 Available from: URL: http://www.wjgnet.
com/1948-5204/full/v6/i5/104.htm DOI: http://dx.doi.org/10.4251/
Wwjgo.v6.i5.104

INTRODUCTION

Colorectal cancer (CRC) is the third most common can-
cer in the western world, and surgery is the only curative
treatment. Approximately one-third of those surgically
resected will experience recurrent disease with an ex-
pected survival of less than two years'!. Patients treated
with curative intent are usually included in some form of
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Table 1 Benefits and side effects of colorectal cancer

surveillance

Benefits Harms

Reassurance of surveillance
For the CRC survivor
For spouses and family

Impact of false positive tests

Over diagnoses

Complications related to the screening tests
Improved survival Labeled as sick or at high risk

Control of treatment effects ~ False assurance of disease free status

Is the societal harm-to benefit ratio acceptable?

CRC: Colorectal cancer.

preventive follow-up program involving periodic evalu-
ations. Reviews comparing various follow-up programs
have suggested that more intensive follow-up strategies
tend to increase the five-year survival rate by 5%-10%"".

Most national follow-up programs recommend in-
tensive follow-up. However, there exist controversies on
how to define an “intensive” follow-up program. This is
mirrored in the fact that two identical national follow-up
programs do not exist. In general, an intensive follow-up
program consists of regular testing (usually every 3 mo
the first two years) and consultations, whereas a low in-
tensive follow up program is defined as no regular testing
and consultations. In addition, most national follow-up
programs make a distinction between rectal cancer and
colon cancer surveillance, which is reflected in the differ-
ence of recommended radiological test modalities.

However, all preventive programs have the potential
to harm patients[m. The potential survival benefits of a
follow-up program for CRC cancer patients have been
well described, but much less is known about the poten-
tial negative effects accruing to patients and their fami-
lies™. Patients surgically treated for CRC have to decide
in partnership with the treating surgeon or family physi-
cian, whether they should participate in a CRC follow-up
program. In making this personal decision, it is important
to know not only the magnitude of potential benefits,
but also the magnitude and likelihood of the potential
adverse and unintended effects”.

Firstly the survival benefits of intensive CRC follow-
up must be delineated. In general, the benefits of preven-
tive programs can be described as: (1) relative reduction
of mortality rate; (2) absolute reduction of mortality; (3)
the number of patients needed to prevent one adverse
event; (4) evaluation of treatment effect; (5) reassurance
by follow-up leading to improved quality of life (QoL);
and (6) detection of other diseases'. In this paper we will
further elaborate these terms.

Secondly, the side effects of CRC follow-up must be
compared to the survival benefits. Well-known side ef-
fects of preventive programs are (1) over-diagnosis; (2)
somatic complications caused by testing; (3) negative
psychological consequences of follow-up; and (4) impact
of a false positive (leading the patient to believe that he
or she has recurrent disease) or false negative (leading to
a potential diagnostic delay) tests.

Thirdly, the net benefits of follow-up must be con-
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Figure 1 Overall survival of colon cancer dukes A-D. Eighty percent of the
recurrences occur within the 3 first years after initial treatment, which is used
as an argument to perform intensive surveillance the first 3 years. After 5 years,
the survival curve is steady with few deaths caused by colon cancer. Courtesy
of the Norwegian Cancer Registry (http://www.kreftregisteret.no/en/).

sidered in light of the associated economic costs. The
United Kingdom’s National Institute for Health and Clin-
ical Excellence (http://www.nice.org.uk) has proposed a
societal willingness-to-pay of £40000 per life year gained,
but this upper limit is controversial. In the case of CRC
follow-up, it means that the long-term benefits of a fol-
low-up program (ie., the attempted curative resection of
recurrent disease and resulting gains in survival) have to
be balanced against society’s willingness to pay for such
a service. To our knowledge, a systematic comparison
of the benefits ss side effects of CRC follow-up has not
been performed. Thus, the objective of this paper is to
summarize the existing evidence regarding the benefits
and side effects of CRC follow-up. An overview of the
potential benefits and harms of CRC follow-up is pro-
vided in Table 1.

RESEARCH

We performed a systematic PubMed search with the
medical subject heading (MeSH) keywords “colorectal”
in combination with the keywords “follow-up”, “surveil-
lance”, “cancer recurrence”; “risk benefit assessment”

and “false positive reactions”. Inclusion of papers was
decided by discussion among authors. All reference lists
of included publications were searched for relevant pub-
lications. Finally we identified relevant publications from
the author’s personal databases. This resulted in 60 publi-
cations included in the review.

Benefits of colorectal follow-up
Benefit: Improved survival: The recurrence rate in
CRC has been reported to be 30%-40% within 5 years
(Figure 1), This means that all follow-up programs must
focus on the early detection of recurrent cancers, aiming
to offer curative metastases surgery to as many patients
as possible.

Two contemporary meta-analyses revealed that in-
tensive and less intensive follow-up led to detection of
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a similar number of recurrences but that detection oc-
curred between 5.91 mo (95%CI: 3.09-8.74) and 6.75
mo (95%CI: 2.44-11.006) earlier with intensive follow-up.
Both analyses also found that curative reoperation for
metastasis was significantly more likely in those subjects
who were followed up intensively (Tjandra ef al”: OR =
2.41, 95%CI: 1.63, 3.54. Jeffery et al”: OR = 2.81, 95%CI:
1.65-4.79). The survival benefits of intensive CRC follow-
up has been reported to be a 5%-10% reduction in the
total cohort mortality rate. The increased overall survival,
earlier detection of recurrence, and higher reoperation
rates observed provide only circumstantial evidence that
intensive follow-up extends life by making cure of recur-
rent disease more likely. Neither meta-analyses found that
cancer specific survival was improved by intensive follow-
up.

However, there exists limited data regarding the rela-
tive reduction in mortality or number of patients who
must be followed intensively in order to save one life
from recurrent cancer death. Factors other than inten-
sive follow-up have been postulated to contribute to the
mortality reduction associated with CRC follow-up. Some
combination of increased psychological well-being, im-
proved health behavior, and improved treatment of co-
incidental disease may conttribute to the mortality benefit.
This issue represents an important direction for future
studies'”.

Recently, the results from the follow-up after colorec-
tal surgery (FACS) trial were reported™. The factorial
randomized trial design, with independent allocation
to the carcinoembryonic antigen (CEA) and computed
tomography (CT) interventions, meant that patients
received 1 of 4 types of follow-up: (1) CEA follow-up:
measurement of blood CEA every 3 mo for 2 years,
then every 6 mo for 3 years, with a single chest, abdo-
men, and pelvis CT scan at 12 to 18 mo if requested
at study entry by hospital clinician; (2) CT follow-up:
CT of the chest, abdomen, and pelvis every 6 mo for 2
years, then annually for 3 years; (3) CEA and CT follow-
up: both blood CEA measurement and CT imaging as
above; and (4) Minimum follow-up: no scheduled fol-
low-up except a single CT scan of the chest, abdomen,
and pelvis at 12 to 18 mo if requested at study entry by
the hospital clinician.

Interestingly, there were no differences seen in overall
or cancet-specific mortality between any of the intensive
arms and the minimum follow-up group. Most patients
with recurrence suffered from incurable disease. In fact,
only 71 (5.9%) of 1202 patients followed were suitable
for potentially curative treatment. Significantly more pa-
tients were treated with curative intent in the intensive
follow up groups compared to minimalist follow-up, but
there were no difference in the number of total deaths in
the two groups. These data argue against very intensive
follow-up schedules.

In conclusion, although two meta-analyses have re-
ported a 5%-10% reduction in overall mortality among
patients undergoing intensive follow-up, the existing
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evidence of any benefit in terms of cancer-specific sur-
vival is limited. The results from the FACS trial did not
show any compelling evidence of a significant survival
benefit of CRC follow-up. Hopefully, the final results of
the ongoing COLOFOL trial will help answer the debate
regarding which follow program enables the highest sur-
vival', A summary of randomized controlled trails and
their potential survival benefit is provided in Table 2.

Benefit: Control of treatment effects: There exist sev-
eral international controversies around treatment (drains
vs no drains, laparoscopic technique »s open technique
among others) and follow-up of patients with CRC"™",
There are for instance no similarly designed follow-
up program at an international level ™", Tt is therefore
imperative for improved CRC treatment quality that the
effects of radio-chemotherapy, surgical technique and
postoperative follow-up are continuously evaluated, and a
structured follow-up program might be a way to perform
such a quality control'*,

Benefit: Reassurance of follow-up: There is no exist-
ing evidence that participation in a follow-up program
leads to increased personal well-being. Some research-
ers have investigated the psychological effects of CRC
follow—up“()’zzj. None of the resulting studies have found
improvement in the patient QoL with follow-up.

Harms of CRC follow-up

Harm: False positive tests: Table 3 summarizes the
false positive rates of the most commonly used CRC
follow-up tests. As an illustration, consider a patient fol-
lowed according to the most recent United States follow-
up recommendations from the National Comprehensive
Cancer Network"”. Based on the most optimistic esti-
mates in Table 3 the annual probability of at least one
false positive test for a patient with no actual recurrence
would be 41% in each of years one and two, and 28% in
each of years three, four, and five. Over the entire five-
year period, the probability of at least one false positive
would be 87%.

Given their high likelihood, it is important to consider
the possible consequences of false positive follow-up
tests. Primarily, these can come in the form of economic
costs and psychological impact. None of the prospective
studies or economic models focusing on CRC recur-
rence have reported the economic costs of false positive
follow-up tests, but quantifying these costs could provide
important perspective.

While no studies appear to have specifically addressed
the psychological or quality-of-life impact of false posi-
tive follow-up tests in colorectal or other types of can-
cer, a small number of investigators have examined the
quality-of-life impact of false positive cancer screening
tests. In general, these studies have shown increased anxi-
ety following false positive screening results for as long as
18% to 24" mo after the false positive result”™*. This
data comes from populations who have not previously
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Table 2 Comparison of randomized trials assessing follow-up after colorectal cancer curative surgery 7 (%)

Trial Cancer stage included Enrolled Recurrences Time to cancer Metastases Overall Disease free Survival after
(n) detection (mo) surgeries (#7) 5-yr survival 5-yr survival —met surgery
Ohlsson 1995
Total Dukes A, B, C 107 35 (33)
Intensive 53 17 (32) 20 (median) B 75 78 29% 5 yr
Control 54 18 (33) 24 (median) 3 67 71 22% 5 yr
Makela 1995
Total Dukes A, B, C 106 43 (41) 8 58 Overall 3 pts
mean 26 mo
survival
Intensive 52 22 (42) 10 (mean) 5 59
Control 54 21 (39) 15 (mean) 3 54
Pietra 1998
Total Dukes B, C 207 82 (39) Overall 8 pts
mean 29 mo
survival
Intensive 104 41 (39) 10.3 (mean) 21 73 68
Control 103 41 (40) 20.2 (mean) 6 58 53
Rodriegez-Moranta 2006
Total TNM 1II and I 259 69 (26) NA
Intensive 127 35 (27) 39 (mean) 18 75 NA
Control 132 34 (26) 38 (mean) 10 73
Secco 2001
Risk adapted intensive Low risk vs high risk 108 74 (68) Total 31 48 NA NA
Risk adapted low intensive 84 27 (32) 13.5 (mean) 82
Minimal follow-up: High risk 84 58 (69) 13 €5
Minimal follow-up: Low risk 61 25 (40) 60

NA: Not available.

Table 3 Probability of false positive test results (1-specificity)

for commonly used colorectal cancer follow-up tests

Test False positive rate Ref.
(1-specificity)

Serum CEA 10% [54]
CT-hepatic metastases 5%-28%" [55-58]
CT-other abdominal metastases 2% [58]
Contrast enhanced ultrasound-liver 4%-33%"* [56,57,59]
Ultrasound-liver 50% [59]
CT-lungs 4% [58]
Colonoscopy 0% [32]

"Based on specificity estimates from individual studies of 89%" (n = 24),
95%" (1 = 115), 72%" (n = 87), and 91%™ (n = 100); *Based on specificity
estimates from individual studies of 96%"” (11 = 68), 96%™ (1 = 99), and
67%"" (n = 56) subjects. The last was the only to employ intraoperative con-
firmation of hepatic metastases. The annual probability of at least one false
positive test for a patient with no actual recurrence would be 41% in each
of year one and two, and 28% in each of year three, four, and five. Over the
entire five-year period, the probability of at least one false positive would
be 87%. CT: Computed tomography; CEA: Carcinoembryonic antigen.

been diagnosed with and treated for cancer, so the results
are difficult to extrapolate to CRC survivors.

Harm: Somatic complications caused by tests: Aside
from any unlikely negative sequelae of CT radiation
exposure, colonoscopy related colonic perforation and
post-procedure bleeding represent the most likely serious
complications arising from CRC follow-up. Endoscopic
follow-up is endorsed in most comprehensive follow-up
recommendations " primarily as a means to detect
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metachronous CRC’s (normally representing between
1.6% and 7.4% of CRC recurrences) or adenomas with
advanced features™"”. The relatively invasive procedure
has sensitivity of 95% and specificity of 100% for detect-
ing high-risk polyps or tumours, however the major com-
plication rate has been reported as 0.2%-1.29%",

To date, no trial has reported increased survival asso-
ciated with colonoscopy follow-up after CRC resection.
Because of the unproven benefit and non-trivial risk,
some have argued against routine endoscopic follow-up
after curative CRC resection” ™. Further study is needed
to explore whether CT Colonography may eventually
provide a better balance of risks and benefits"”,

Harm: QoL implications: There is limited evidence
showing that enrolment in a follow-up program improves
QoL among CRC survivors. In fact, available data from
breast follow-up trails could be used to support the op-
posite viewpoint: such follow-up programs and tests
might negatively influence QoL Tt is often claimed-
and some evidence corroborates”-that follow-up tests
can be reassuring for patients, and this may be true if all
of the tests are completely normal every time. However,
equivocal test results such as a slightly elevated CEA
level, or questionable shadows on CT are quite common,
and they commonly spur additional testing. This period
between initial suggestive test result and subsequent con-
clusive work-up can be a stressful one for patients”"
Some researchers have investigated the psychologi-
cal effects of CRC follow-up” ™. None of the resulting
studies have found improvement in the patient QoL with
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Figure 2 Factors influencing quality of life among colorectal cancer survi-
vors enrolled in a follow-up program. CRC: Colorectal cancer.

follow-up. In a recent published randomized trial com-
paring general practitioner »s surgeon-organized follow-
up, there were no differences between the two groups in
QoL measured by ERTOC-QLQ C30 and EQ-5D"'\. In
fact, both groups had similar QoL levels as the general
United Kingdom population at baseline (1 mo postop-
eratively). Results from a similar 20006 trial by Wattchow
et al™ told a similar story. There, study patients remained
in the normal range for depression and anxiety with no
difference between the two groups at either 12 or 24
mo!”. In recent meta-analyses, it has been shown that
anxiety rather than depression was a major problem
among long-term cancer survivors. It is however un-
known what impact an organized cancer follow-up pro-
gram has on anxiety™™, Tt has been shown that 46 percent
of patients reported physiological distress while awaiting
the results of a potential cancer diagnosis'*’. This and
other trials suggest that tests recommended by a cancer
screening or preventive program cause harm in terms of
physiological distress* .

The only survey showing a slight improvement in
QoL among CRC survivors with intensive follow-up was
published in 1997"". This survey included 350 Danish
participants who reported a small but significant increase
in QoL associated with more frequent follow-up, as mea-
sured by the Nottingham Health Profile.

In conclusion, there exists very limited evidence that
CRC follow-up improves QolL. among CRC survivors.
Further research is needed, in particular, to address the
impact of a false positive follow-up test on QoL among
CRC survivors. From breast cancer follow-up trials, there
is compelling evidence that postoperative follow-up does
not improve QoL and that follow-up testing might cause
physiological distress™. Factors that may impact QoL in
a positive or negative way among colon cancer survivors
enrolled in a follow-up program are shown in Figure 2.

DIRECTION OF FUTURE RESEARCH

According to the World Health Organisation, the success
of preventive programs depends on three fundamental
ptinciples (www.who.int/cancer/detection/vatiouscan-
cer/en/): The target disease should be a common form
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of cancer, with high associated morbidity or mortality;
Effective treatment, capable of reducing morbidity and
mortality, should be available; Test procedures should be
acceptable, safe, and relatively inexpensive.

In CRC follow-up these principles are fulfilled: (1)
CRC is the third most common cancer disease, and the
risk of recurrence is as high as 30 to 40 percent; (2) if
successful, metastasectomy can be curative (Ze., RO resec-
tions); and (3) the tests in most programs are acceptable,
relatively safe and relatively inexpensive. However, as
discussed, there are several potential side effects of CRC
follow-up; future research much be directed at further
exploring these harms and weighing them against the
expected survival benefit. Recently, a survey published in
British Medical Journal found that the harms of screen-
ing and preventive programs were poorly reported’.
Healthcare decision makers, surgeons, and patients there-
fore cannot make informed choices.

Personalized medicine is defined as a medical model
that proposes the customization of healthcare, with
medical decisions, practices and tests being tailored to the
individual patient. To our knowledge there exist no indi-
vidual risk stratification in the different national colotrec-
tal follow-up guidelines, and this is an area of future
research.

Firstly we believe that genetic testing and biological
determinants of tumor recurrence will gain increasingly
importance[
requires a deep understanding of tumor biology and
the identification of tumor subsets that offer targets for
tumor specific treatment. Of specific interest for CRC
follow-up programs, are the promising results of the
12-gene recurrence score (RS), which is a quantitative
assay integrating stromal response and cell cycle gene
expression. It is shown that the 12-gene RS predicts
recurrence in stage II colon cancer. This tool appears
promising as a means to inform decision making around
adjuvant chemotherapy following resection of stage Il
colon cancer. The use of the tool in planning post-treat-

ment follow-up does not appear to have been explored,
52

50,51 L. ..
!l The individualization of cancer care

however

Secondly, test intensity, test modality and the risk of
false positive events has to be discussed in details with
the patient. As shown in Table 3, the probability of at
least one false positive event during a five-year follow-
up program might be as high as 87%. High-test intensity
programs should be offered to patients with a high prob-
ability of recurrent cancers, but this must be weighed
against the patient’s preferences of experiencing a false
positive test.

Finally, reseatch must be aimed to identify the optimal
combination of test, blood samples and clinical examina-
tions that creates the highest possible overall follow-up
sensitivity and specificity.

CONCLUSION
Any survival benefit (or lack of benefit) of the CRC fol-
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low-up must be considered along with the views of the
patients to ensure that follow-up programs are accessible
and acceptable, and that they address all patient needs
and concerns. However, the problem of postoperative
cancer follow-up is that a vast majority of patients must
undergo a large number of tests without any benefit, or
even with some harm, to identify a small number of pa-
tients with curable recurrence. Patients with asymptom-
atic but incurable disease (10%-20% of all recurrences)
likely represent the group with the most potential to be
harmed by follow-up®"*”.,

In conclusion, little is known about the potential
harms of CRC follow-up, especially when it comes to
the impact of false positive tests. Tailored follow-up pro-
grams based on the individual’s risk of cancer recurrence
and likely metastatic spread pattern must be developed.
Further research is needed to settle these controversies,
and new methods of decision-analytic modeling in com-
bination with the emerging data from COLOFOL must

9,10]

be applied™"”.
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Abstract

Esophageal cancer is a serious malignancy with regards
to mortality and prognosis. It is a growing health con-
cern that is expected to increase in incidence over the
next 10 years. Squamous cell carcinoma is the most
common histological type of esophageal cancer world-
wide, with a higher incidence in developing nations.
With the increased prevalence of gastroesophageal re-
flux disease and obesity in developed nations, the inci-
dence of esophageal adenocarcinoma has dramatically
increased in the past 40 years. Esophageal cancer is
staged according to the widely accepted TNM system.
Staging plays an integral part in guiding stage specific
treatment protocols and has a great impact on overall
survival. Common imaging modalities used in staging
include computed tomography, endoscopic ultrasound
and positron emission tomography scans. Current treat-
ment options include multimodality therapy mainstays

Roishidenge ~ WJGO | www.wjgnet.com

of current treatment include surgery, radiation and
chemotherapy. Tumor markers of esophageal cancer
are an advancing area of research that could potentially
lead to earlier diagnosis as well as playing a part in as-
sessing tumor response to therapy.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Esophageal cancer; Esophageal cancer
staging; Esophageal squamous cell carcinoma; Esopha-
geal adenocarcinoma; Surgery

Core tip: Esophageal carcinoma is a serious malignancy
with regards to mortality and prognosis, and is ex-
pected to increase in incidence over the next 10 years.
Squamous cell carcinoma is the most common histolog-
ical type of esophageal cancer worldwide but the inci-
dence of esophageal adenocarcinoma has dramatically
increased in the past 40 years. Esophageal cancer is
staged according to the TNM system. Common imaging
modalities used in staging include computed tomog-
raphy, endoscopic ultrasound and positron emission
tomography scans. Current treatment options include
multimodality therapy. Including surgery, radiation and
chemotherapy. Tumor markers of esophageal cancer
are an advancing area of research that could potentially
lead to earlier diagnosis.

Napier KJ, Scheerer M, Misra S. Esophageal cancer: A Review of
epidemiology, pathogenesis, staging workup and treatment mo-
dalities. World J Gastrointest Oncol 2014; 6(5): 112-120 Available
from: URL: http://www.wjgnet.com/1948-5204/full/v6/i5/112.htm
DOI: http://dx.doi.org/10.4251/wjgo.v6.i5.112

INTRODUCTION

Esophageal cancer is considered a serious malignancy
with respect to prognosis and mortality rate. Account-
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ing for more than 400000 deaths worldwide in 2005".
HEsophageal carcinoma is the eighth most common can-
cer, and the sixth most common cause of cancer related
deaths worldwide with developing nations making up
more than 80% of total cases and deaths”. Over 490000
new cases of esophageal cancer were reported in 2005.
While many other types of cancer are expected to de-
crease in incidence over the next 10 years by 2025 the
prevalence of esophageal cancer is expected to increase
by 140%!". According to the National Cancer Institute, in
the United States there will be approximately 17990 new
cases and 15210 deaths in 20137, Despite many advances
in diagnosis and treatment, the 5-year survival rate for all
patients diagnosed with esophageal cancer ranges from
15% to 20%!". The epidemiology of esophageal cancer
in developed nations has dramatically changed over the
past forty years. Forty years ago squamous cell carci-
noma (SCC) was responsible for greater than 90% of
the cases of esophageal carcinoma in the United States.
Adenocarcinoma has now become the leading cause of
esophageal cancer in the United States, representing 80%
of cases”™. In 1975 esophageal adenocarcinoma (EAC)
affected four people per million, in 2001 the rate had in-
creased to twenty-three people per million. Making it the
fastest-growing cancer in United States, according to the
National Cancer Institute”. Considerable differences of
incidence of esophageal cancer exist on the basis of geo-
graphic and racial differences, which can be linked to dif-
ferences in exposure to risk factors. This review discusses
epidemiology, pathogenesis, etiology and treatment mo-
dalities available for esophageal cancer.

EPIDEMIOLOGY

Worldwide SCC is the most prevalent histological type
of esophageal cancer, while in certain developed nations
including Australia, Finland, France, United States and
United Kingdom adenocarcinoma of the esophagus pre-
dominates'”. Esophageal cancer incidence and histologi-
cal type is highly variable based upon geographic loca-
tion. Incidence rates of SCC of the esophagus have been
reported as high as 100 cases per 100000 annually in an
area referred to as the “Asian esophageal cancer belt” and
this region extends from northeast China to the Middle
East". In the United States the National Cancer Institute
estimates close to 18000 new cases and motre than 15000
deaths from esophageal cancer in 2013". From 1975
to 2004, the incidence of EAC among white American
males increased by more than 460% and in the same
period, the incidence among white American females in-

creased by 335%"".

PATHOGENESIS

The two most common histological types of esophageal
carcinoma include SCC and adenocarcinoma. Less than
1% to 2% of all esophageal cancers are sarcomas or

small cell carcinomas'”. Rarely lymphomas, carcinoids,
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and melanomas may arise in the esophagus.

PATHOGENESIS OF SCC

SCC is the most common type of esophageal cancer
wotldwide. The overall incidence increases with age,
reaching a peak in the seventh decade. SCC occurs equal-
ly as often in the middle and lower esophagus, with an in-
cidence that is three times higher in blacks in comparison
to whites"".

Major risk factors include alcohol consumption and
tobacco use. Most studies have shown that alcohol is the
primary risk factor but smoking in combination with al-
cohol consumption may have a synergistic effect and in-
crease the relative risk. The relative risk in men who used
both heavy tobacco and alcohol was 35.4 in white males
and 149.2 in black males compared to men of the same
race and region who were non-smokers or drinkers"?
The mechanism of how tobacco and alcohol in combi-
nation lead to increased risk of esophageal cancer has
been extensively studied. Alcohol can damage the cellular
DNA by decreasing metabolic activity within the cell and
therefore reduce detoxification function while promoting
oxidation. Alcohol is a solvent, specifically of fat-sol-
uble compounds. Therefore, the hazardous carcinogens
within tobacco are able to penetrate the esophageal epi-
thelium easier'’. Some of the carcinogens in tobacco in-
clude aromatic amines, nitrosamines, polycyclic aromatic
hydrocarbons, aldehydes and phenols.

Other carcinogens, such as nitrosamines found in cet-
tain salted vegetables and preserved fish, have also been
implicated in SCC of the esophagus. The pathogenesis
appears to be linked to inflimmation of the squamous
epithelium that leads to dysplasia and in situ malignant
change“SJ.

PATHOGENESIS OF ADENOCARCINOMA

Adenocarcinoma of the esophagus occurs in the distal
esophagus approximately three-fourths of the time!™”
and has a distinct link to gastroesophageal reflux disease
(GERD). Untreated GERD can progtess to Barrett’s
esophagus (BE), where the stratified squamous epithe-
lium that normally lines the esophagus is replaced by a
columnar epithelium. The chronic reflux of gastric acid
and bile at the gastroesophageal junction and the sub-
sequent damage to the esophagus has been implicated
in the pathogenesis of Barrett metaplasiam. The exact
nature of the metaplasia still remains to be determined.
Diagnosis of Barrett esophagus can be confirmed by
biopsies of the columnar mucosa during an upper en-
doscopy. According to the requirements set forth by
the United States gastroenterology societies, the biopsy
specimen should contain the characteristic columnar
epithelium metaplasia with goblet cells for a definitive
diagnosis. Barrett esophagus incidence increases with age
and is uncommon in children. It is more common in men
than women and more common in whites in comparison
to Asian or African American populations.
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Some studies have shown that the risk of adenocarci-
noma of the esophagus may be affected by the extent of
esophagus lined by esophageal rnetaplasiam]. The longer
the segment of esophagus affected the higher the risk
of adenocarcinoma. However, given the fact that short
segment esophageal metaplasia is more common in the
general population, many cases of adenocarcinoma occur
in patients with short-segment metaplasia. Less than five
percent of patients diagnosed with adenocarcinoma of
the esophagus had a prior diagnosis of BE"™. The risk of
developing esophageal cancer is 50-100 times more likely
in those patients with BE"”. However, a majority of pa-
tients with BE will not develop EAC, the annual risk in
patients with BE has been reported as 0.12%"".

Screening for BE zia endoscopy is controversial and
challenging. Currently no definitive screening protocol
has been formulated due to lack of documentation that
screening effects EAC mortality. A large number of pa-
tients with BE will not have reflux symptoms therefore
predicting which patients will have BE prior to endos-
copy is very challenging. Despite no definitive data for
universal recommendation, most gastroenterological
associations consider endoscopic surveillance “reason-
able” and “desirable” in patients with diagnosed BE®',
The primary goal of surveillance is to identify dysplasia
before it progresses to an invasive malignancy. Current
endoscopic technique consists of four quadrant biopsies
taken every 2 cm in the columnar-lined esophagus for
histological evaluation. The American College of Gas-
troenterology has recommendation guidelines for how
often surveillance should take place based upon the pres-
ence or absence of dysplasia and grade of dysplasia if
present. Surveillance endoscopy is recommended every
2-3 years in patients with no dysplasia. In patients with
low-grade dysplasia, surveillance is recommended every
6 mo for the first year. If the dysplasia has not pro-
gressed in the first year, yearly surveillance is applicable.
In patients diagnosed with high-grade dysplasia (HGD),
two alternatives have been proposed. One option is to
continue intensive endoscopic surveillance every 3 mo
until intramucosal cancer is detected. The other alterna-
tive is for the patient with HGD to undergo endoscopic
mucosal resection™. Although the natural history of
HGD is variable, > 30% of patients with HGD will
develop EAC within 5 yearslzz}. Due to the high risk of
cancer most patients with HGD are evaluated as if can-
cer is present.

Another risk factor for EAC is obesity, specifically in
those individuals with predominately abdominal centered
fat distribution. Hypertrophied adipocytes and inflam-
matory cells within fat deposits create an environment
of low-grade inflammation and promote tumor develop-
ment through the release of adipokines and cytokines™.
Adipocytes in the tumor microenvironment supply energy
production and support tumor growth and progression”.

Long-term prognosis after resection is better for ad-
enocarcinoma compared to SCC. A study by Siewert ez
al™. Of 1059 patients who underwent resection showed
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the overall 5-year survival rate for the adenocarcinoma
group was 47% in comparison to 37% for the group with

SCC.

ROUTES OF ESOPHAGEAL CANCER
SPREAD

Prognosis in esophageal cancer is greatly dependent on

local invasion as well as spread to regional and distant
structures within the body. Esophageal cancer is noto-
riously aggressive in nature, spreading by a variety of
pathways including direct extension, lymphatic spread
and hematogenous metastasis. The lack of serosa in the
esophageal wall plays an integral role in the local exten-
sion of esophageal cancer. With no anatomical barrier,
the primary tumor is able to extend rapidly into the adja-
cent structures of the neck and thorax including the thy-
roid gland, trachea, larynx, lung, pericardium, aorta and
diaphragm[zs]. The lymphatic drainage of the esophagus
is extensive. It is drained by two separate lymphatic plex-
uses, with one lymphatic plexus arising within the muco-
sal layer and a second plexus arising within the muscular
layer. A majority of the lymphatic fluid from the upper
two-thirds of the esophagus tends to flow upward, and
the lymph from the lower third of the esophagus flows
relatively downward, but all the lymphatic channels of
the esophagus communicate. Therefore, lymphatic fluid
from any portion of the esophagus may spread in either
direction and spread to the intrathorax or intra-abdo-
menal lymph nodes”. Esophageal cancer also spreads
hematogenously, in order of decreasing frequency, to the
liver, lungs, bones, adrenal glands, kidney and brain. This
method of spread is more common with more advanced
stages of esophageal cancer’”’

STAGING OF ESOPHAGEAL CANCER

The clinical staging of esophageal cancer is assessed
with the widely accepted TNM system developed by the
American Joint Committee on Cancer (AJCC). Pretreat-
ment staging of esophageal cancer will directly affect

overall treatment options available to each patient and
their prognosis, so accurate staging is essential.

T staging of esophageal cancer focuses on identifying
the depth of invasion of the primary tumor. A critical
aspect of T staging focuses on establishing if the primary
tumor has invaded the surrounding mediastinal struc-
tures, given that these patients would no longer be con-
sidered surgical candidates. Table 1 describes the TNM
system, specifically referring to depth of invasion in T
staging[zsl. This aspect of staging is essential in determin-
ing stage-specific protocols for treatment (Table 2128,
For example, for T3 or T4 tumors the oncology team will
use preoperative chemotherapy or combination radia-
tion and chemotherapy in order to render the primary
tumor resectable by surgical excision. In contrast, T1 or
T2 tumors are treated primarily with surgical resection”
Given the importance of T Staging in treatment options
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Table 1 TNM system, specifically referring to depth of

invasion in T staging

Category Description

Tis Carcinoma in situ

T1 Tumors invade lamina propria or submucosa
T2 Tumors invade muscularis propria

T3 Tumors invade adventitia

T4 Tumors invade adjacent structures

NO No regional lymph node metastases

N1 Regional lymph node metastases

MO No distant metastasis

Mila, M1b Distant metastasis

and overall prognosis, many modalities have been utilized
to accurately establish T Stage. These options include
computer tomography (CT), endoscopic ultrasound (EUS)
and 18F—ﬂuorodeoxyglucose positron emission tomogra-

phy (FDG-PET scan)™’.

T STAGE OF ESOPHAGEAL CANCER

When assessing the esophagus by CT, a basic starting
point to consider is the esophageal wall thickness. A wall
thickness greater than 5mm is considered abnormally
thick™" given that the distended wall of the esophagus
is usually less than 3 mm®™, Esophageal wall thickness
asymmetry is a classic but nonspecific CT finding of
esophageal cancer and esophageal wall thickness sym-
metry should always be considered when evaluating the
esophagus by CT. CT has been shown to be less accurate
when compared to other assessment modalities such as
EUS™. CT assessment of the esophagus is also unable to
accurately differentiate between T'1, T2 and T3 stages of
the primary tumor invasion. This information is essential
in order to guide stage-specific protocols of treatment.
The most useful aspect of CT imaging in determination
of T status is evaluating if the primary tumor invades
into adjacent structures. Obliteration of the fat planes be-
tween the primary tumor and the adjacent structures on
CT would establish the primary tumor as a T4 stage can-
cer. The sensitivity and specificity of CT to detect medi-
astinal invasion ranges between 85%-100%"*". It should
be noted that while obliteration of the fat planes between
the primary esophageal tumor and adjacent structures is
usually reliable in the establishment of a T4 stage tumor,
it can occur in patients with prior radiation therapy or ca-
chectic patients.

EUS is now considered the most accurate imagining
modality available to establish T staging of esophageal
cancer. In comparison to CT, EUS is more accurate
to differentiate between T1, T2 and T3 tumors’™. In
comparing the two imaging modalities, EUS was able to
determine the preoperative T stage 76%-89% in com-
parison to 49%-59% when CT imaging was utilized”™,
This differentiation is essential in guiding stage-specific
treatment protocols and the overall prognosis. Overall
in a study conducted by Rosch™, EUS was able to cot-
rectly stage esophageal cancer 84% of the time, and the
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accuracy improved as the T stage of the primary tumor
increased. Accuracy ranged from 75%-82% for the T1
disease state to 88%-100% for the T4 discase state!""
EUS is a useful tool in assessing the extent of disease
as well as response to chemotherapy, when the dimen-
sions of the tumor are analyzed as the primary variable.
However, EUS is unreliable for staging esophageal cancer
after neoadjuvant chemoradiation™. Other potential limi-
tations of EUS do exist. With any form of ultrasound
the accuracy of the study is operator dependent. Also, in
cases of esophageal cancer where the esophageal lumen
has been narrowed by strictures or stenosis, it may not be
possible to pass the endoscope through to visualize the

entire tumor"".

N STAGE OF ESOPHAGEAL CANCER

In esophageal cancer, N Staging can be defined by the in-
volvement (N1) or absence of involvement (NO) of peri-
esophageal lymph nodes. Sensitivity and specificity of CT
scans to detect periesophageal lymph node involvement
depends on the size of the lymph nodes. Most studies,
used the common size criteria of 1 cm to define a lymph
node as enlarged. Sensitivity was reported as 30%-60%
while specificity was 60%-80%"". An obvious limitation
of CT imaging in the ability to detect nodal involvement,
comes from the possibility that a normal sized lymph
node may contain metastatic foci without an obvious
increase in the size of the lymph node. Also, an enlarged

lymph node does not necessarily mean metastasis, given
[43]

that benign enlargement and inflammation may occur
Accuracy to detect N stage by CT imaging was reported
as 46%-58%"",

EUS has been shown to be more accurate in deter-
mining nodal involvement in esophageal cancer, with an
accuracy of 72%-80%"". Accuracy has increased greatly
with the use of EUS in combination with United States
guided fine-needle aspiration to evaluate for lymph node
metastasis.

FDG-PET has also been utilized in determining
nodal involvement in esophageal cancer. Assessment of
local and regional lymph nodes for uptake of FDG is
difficult to determine given the intense uptake of FDG
by the primary esophageal tumor. However, PET is quite
useful in detecting distant metastasis, including metasta-
sis to the abdomen and cervical lymph nodes. Sensitivi-
ties were reported as high as 90% in distant lymph node
metastasis"!

M STAGE OF ESOPHAGEAL CANCER

Esophageal cancer is notoriously aggressive and invasive
in nature. In fact 20%-30% of patients with esophageal
cancer will have distant metastasis at time of initial diag-

.2 . .
nosis””. The presence or absence of distant metastasis
will be essential in guiding treatment options and in de-
termining operability. Common sites of distant metastasis
include liver, lung and bones
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Table 2 Aspect of staging is essential in determining stage-specific protocols for treatment

Stage Tumor Node Metastasis Therapeutic options

0 Tis NO MO Local ablative therapy

I T1 NO MO Surgery

TA T2 NO MO Surgery
T3 NO MO

1B T1 N1 MO Neoadjuvant therapy with or without surgery
T2 N1 MO

s T3 N1 MO Neoadjuvant therapy with or without surgery
T4 Any N MO

VA Any T Any N Mila Chemotherapy or radiation therapy with or without surgery

VB Any T Any N Mi1b Palliative treatment

In the classification system of metastasis set forth
by the AJCC, distant metastasis can be subdivided into
M1a and M1b. Each of these classifications is crucial in
determining possible treatment options. M1a includes
metastasis to celiac and cervical lymph node groups.
This classification is associated with a better prognosis
compared to M1b. Patients classified as M1a often times
complete a course of neoadjuvant therapy followed by
surgical resection. Patients with M1b include those with
distant site metastasis. This classification usually carries a
worse prognosis given that surgical resection with cura-
tive intent is not indicated in these cases'™".

CT is the most commonly used imaging modality to
rule out distant metastasis in patients with esophageal
cancer. The most common areas of distant metastasis
can be quickly assessed using contrast-enhanced CT. Sen-
sitivity for spiral CT to detect masses = 1 cm has been
reported as high as 90%'"".

EUS is limited in its ability to assess for distant me-
tastasis. In general, CT or FDG-PET is preferred over
endoscopic United States for M staging of esophageal
cancet.

FDG PET most distinct role in esophageal cancer
staging is in the detection of distant metastasis. In com-
patison to CT, PET has been shown to be more accurate
in detecting distant metastasis™”. One study showed that
PET was able to detect distant metastasis 15% of the
time in patients that were believed to only have primary
esophageal cancer by other imaging modalities'™”. Tf pres-
ent, distant metastasis places the patient in M1b category
and surgery with curative intent is no longer recommend-
ed. Accurate M staging is imperative in guiding treatment
options.

TUMOR MARKERS

Serum human relaxin 2 (H2 RLN) is made in the corpus
luteum of females and the prostate of males. It helps
remodel various tissue components such as extracellular
matrix, collagen, and matrix metalloproteinase. There is
supporting evidence that RLN is a tumor growth fac-
tor and has been shown iz vitro to enhance invasiveness
of breast cancer cells. A study measuring RLN levels in
patients with esophageal SCC (ESCC) discovered that
patients with higher levels of H2 RLN had more distant
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metastasis, lymph node metastasis, higher clinical stage,
and a shorter survival rate. This study demonstrated the
possibility of using H2 RLLN as a serum prognostic fac-
tor for ESCC™. A Japanese study, investigated the prog-
nostic value of the tumor marker p53 in ESCC. They
observed no correlation between a p53 aberration and
any clinical, pathological, or epidemiology of ESCC"".
Another study investigated the marker gene, WDRG66
through genome-wide expression profiling. Other WD
proteins have been used as tumor markers in other can-
cers, such as hepatocellular carcinoma. WDR66 has a
higher concentration in ESCC tissue than healthy tissue.
WDRG66 was found to have a role in the growth, motility,
and epithelial-mesenchymal transition of ESCC. Poor
survival was noted with high levels of WDRG66 in the tu-
mor tissue™. In a Chinese study, the gene marker phos-
pholipase A2 group I A (PLA2G2A) was investigated to
determine its usefulness as a prognostic factor of ESCC.
PLA2G2A catalyzes multiple fatty acids, including ara-
chidonic acid and is expressed in colorectal, pancreatic,
prostate, gastric and lung cancer. Low expression of
PLA2G2A in tumor tissue correlated to high-grade tu-
mors, metastasis, increased depth of invasion, lymphatic
invasion, and poorer overall survival ratel™”

PROGNOSTIC FACTORS

Platelet count has been used to help determine the prog-
nosis of other cancers because platelets are an integral
component of the inflammation processes. Platelet count
is inversely related to the cancer prognosis, as in a higher
platelet count correlates to a poorer prognosis. The ab-
solute cut off for platelet count as a prognostic factor
has been debated. In one study of ESCC, platelet counts
were higher in patients with large tumors. It was deter-
mined that those patients with platelet counts < 205000
had a better 5-year survival rate than patients with plate-
lets > 205000 especially when nodes were involved”".
Tumor length is used as a prognostic factor in ESCC
but the length cutoff point in predicting survival has
been contested. Researchers in China looked at tumor
length in the elderly population (over 70 years old) and
the cutoff point was calculated to be 4.0 cm. Patients
with a tumor length of < 4.0 cm had a better 5-year sur-
vival than those with a tumor length of > 4.0 cm, espe-
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cially with a T3-4 grade or nodal-negative patients[sﬂ

Cancer causes a hypercoagulable state and this envi-
ronment encourages tumors to grow and produce more
pro-coagulants. D-dimers are the end product of fibrin
and fibrinolysis and have been reported to be associated
with tumor prognosis, tumor stage, lymph node involve-
ment, and overall survival. One study looked at the
plasma D-dimer levels in patients with esophageal cancer
before and after sutgery as well as patients without can-
cer. Their research showed that high levels of D-dimers
in the pre-operative state correlated with a higher tumor
stage and surgery caused more patients to have a hypet-
coagulable state which shortened their survival time™,

Nutrition is an important factor that influences pa-
tients with esophageal cancer during their perioperative
period. Early enteral nutrition was noted to protect the
intestinal mucosa, improved the nutritional status, and
increased the immune status patients undergoing esopha-
gectomy. Enteral nutrition protected the intestinal mucosa
by maintaining the intestinal barrier against plasma en-
dotoxins®”. Another study looked at immunonutrition in
patients with head and neck cancer and esophageal cancer
undergoing chemoradiotherapy. Plasma levels of argi-
nine, eicosapentaenoic acid, docosahexaenoic acid, and
nucleotides were measured in patients undergoing chemo-
radiotherapy, who received either an Immune modulating
Enteral Nutrition formula (IEN) or an isocaloric, isoni-
trogenous formula, Standard Enteral Nutrition (SEN).
IEN patients had less weight loss, increased antioxidants,
and maintained their functional capacities compared to

those with the SEN formula®™.

TREATMENT

Surgery can be a definitive treatment for Tis, T1 and
some T2 carcinoma of the esophagus. There is some
debate on whether neoadjuvant chemoradiotherapy or
surgery be performed first on T2 esophageal cancer
because staging difficulties™. There are different surgi-
cal techniques for esophagectomy but the main two are
transhiatal esophagectomy (THE) and transthoracic
esophagectomy. THE does not include a thoracotomy
and instead the stomach is mobilized from the surround-
ing omentum and blood vessels through a midline su-
praumbilical incision during the abdominal phase™. The
esophagus is removed from a small cervical incision usu-
ally on the left side of the neck during the cervical phase.
The transthoracic esophagectomy uses the Ivor Lewis
method, the McKeown Modification (3 hole approach),
or the left transthoracic approach. Surgeons choose the
method based on tumor location and size. The McK-
eown modification is performed more for middle and
upper esophageal cancer while tumors in the lower third
of the esophagus are best approached using the left
transthoracic approachlsa]. The abdominal phase of the
transthoracic esophagectomy is identical to the THE and
the thoracic phase is accomplished with a posterolateral
thoracotomy in the fifth intercostals space. The McK-
eown modification also includes a cervical phase where
the proximal esophagus can be anastomosed to the stom-
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ach conduit”.

Another critical component of esophagectomy is the
lymph node dissection. There is debate about which surgi-
cal approach is appropriate based upon access, adequacy
of the lymph node retrieval, and the lymph node dissec-
tion™". Each surgical technique have different lymph node
retrieval rates based on the surgical exposure of open,
laparoscopic or laparoscopic assisted surgery. Laparoscop-
ic surgery offers less blood loss and more patient comfort
but not as many lymph nodes can be retrieved compared
to the open approach. Placement of a thorascopic port
has been shown to provide more exposure into the chest
cavity allowing for a more thorough dissection. One study
looked at the difference between open and laparoscopic
THE without a thorascopic port and found that while the
open procedure yielded more lymph nodes this did not
affect the patient’s overall prognosism.

The differences between transthoracic and THE have
been extensively debated. A meta-analysis of 52 studies
was performed in 2011 comparing the 5 years survival,
postoperative morbidity and mortality between transtho-
racic and transhiatal esophagectomy. The analysis showed
that transhiatal method is associated with reduced operat-
ing time, length of stay in hospital, postoperative respira-
tory complications, and decreased early mortality. The
transthoracic method is associated with fewer anastomo-
sis leaks, anastomotic strictures, and vocal cord paralysis.
There was no significant difference between transhiatal
and transthoracic method in 5-year survival rates' .
These findings agree with two previous meta-analysis
conducted in 1999 and 2001**Y. This data suggest that
the outcome of the esophagectomy does not depend on
the surgical method chosen but more on the surgeon’s
and hospital’s experience in dealing with these complex
oncological cases .

Another treatment option for high grade dysplasia
is esophageal mucosal resection (EMR) or esophageal
mucosal dissection. EMR dissects the esophageal sub-
mucosa to better evaluate and stage early carcinoma®
It has been suggested the EMR be performed on lesions
with a diameter < 2 cm and only occurs in less than one
third of the esophageal wall circumference. EMR is used
in conjuction with radiofrequency ablation therapy and
cryotherapy ablation to eradicate BE"". In one trial, EMR
with radiofrequency ablation eradicated 90% of dysplasia
and metaplasia in patients™.

One study investigated the hemodynamic changes
during surgery between patients who underwent a trans-
thoracic #s THE and their post-operative changes. It was
found that there was no statistical significance between
transthoracic and THE in their intraoperative hemody-
namic changes. However more vasopressors wete used
during surgery in patients with transthoracic esophagec-

tomy due to increased hemodynamic liability'®”.

MEDICAL AND RADIOLOGICAL
TREATMENT

Chemotherapy and radiotherapy are other critical modali-

May 15,2014 | Volume 6 | Issue5 |



Napier KJ et a/. Esophageal cancer

ties of treatment along with surgery and are used either
in a neoadjuvant or adjuvant setting, A patient will receive
neoadjuvant chemoradiotherapy for either a T3 or N1
stage disease. According to the 2013 National Compre-
hensive Cancer Network guidelines of esophageal cancer,
the triple therapy drug regimen include paclitaxel/carbo-
platin, cisplatin/fluoropyrimidine, and oxaliplatin/fluoro-
uracil. The recommended dose of radiation is 41.4-50.4
Gy"™. However, one study proposes using chemotherapy
alone to treat patients with locally advanced esophageal
cancer. Their results showed less toxicities and no differ-
ence in their five-year survival rate!”"

An article from Cancer Control found that in the
United States, neoadjuvant chemoradiotherapy followed
by esophagectomy for resectable esophageal cancer, had
a better survival rate than those patients treated with
surgery alone™. A meta-analysis comparing neoadjuvant
chemotherapy with surgery »s surgery alone showed a
survival increase for those patients who underwent neo-
adjuvant chemotherapy »s surgery alone™

A Japanese study found that patients < 60 years of
age with a hemoglobin = 13 g/dL who underwent pre-
operative chemoradiotherapy, survived longer than those
patients who did not undergo treatment. Albumin =
3.5 g/dL was also associated with prolonged survival” ",
Another study recommends that patients with esophageal
cancer who are non-resectable or who refuse surgery can
still be treated with definitive chemoradiotherapy due to
a 2-year survival rate of 40-55". Another Japanese study
found that patients undergoing triple chemotherapy and
esophagectomy without the prognostic factors of five
or more positive lymph nodes, metastasis to the cervical,
mediastinal and abdominal lymph nodes, stage Il or IV
disease, or intramural metastasis had better recurtrence
free survival than patients with esophageal cancer and

one of the unfavorable prognostic factors"".

CONCLUSION

HEsophageal cancer is a serious malignancy with regards
to mortality and prognosis. It is a growing health concern
that is expected to increase in incidence over the next
10 years. SCC is the most common histological type of
esophageal cancer worldwide, with a higher incidence
in developing nations. With the increased prevalence of
GERD and obesity in developed nations, the incidence
of EAC has dramatically increased in the past 40 years.
Esophageal cancer is staged according to the widely ac-
cepted TNM system. Staging plays an integral part in
guiding stage specific treatment protocols and has a great
impact on overall survival. Common imaging modalities
used in staging include CT, EUS and PET scans. Current
treatment options include multimodality therapy main-
stays of current treatment include surgery, radiation and
chemotherapy. Tumor markers of esophageal cancer are
an advancing area of research that could potentially lead
to earlier diagnosis as well as playing a part in assessing
tumor response to therapy.
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