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Abstract

The accumulated evidence from two decades of ran-
domized controlled trials has not yet resolved the
question of how best to monitor colorectal cancer
(CRC) survivors for early detection of recurrent and
metachronous disease or even whether doing so has its
intended effect. A new wave of trial data in the coming
years and an evolving knowledge of relevant biomark-
ers may bring us closer to understanding what surveil-
lance strategies are most effective for a given subset of
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patients. To best apply these insights, a number of im-
portant research questions need to be addressed, and
new decision making tools must be developed. In this
review, we summarize available randomized controlled
trial evidence comparing alternative surveillance testing
strategies, describe ongoing trials in the area, and com-
pare professional society recommendations for surveil-
lance. In addition, we discuss innovations relevant to
CRC surveillance and outline a research agenda which
will inform a more risk-stratified and personalized ap-
proach to follow-up.

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

Key words: Colorectal cancer; Surveillance; Follow-up;
Recurrence; Relapse; Survivorship

Core tip: We summarize the current state of knowledge
and recommended practice around post-treatment
surveillance of colorectal cancer survivors. In addition,
we describe relevant ongoing trials and the questions
which they will and will not answer regarding best sur-
veillance practices. With that background as context,
we discuss related practice innovations and propose
a number of research questions whose answers could
inform more effective, personalized approaches to sur-
veillance.

Rose J, Augestad KM, Cooper GS. Colorectal cancer surveil-
lance: What’s new and what’s next? World J Gastroenterol
2014; 20(8): 1887-1897 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v20/i8/1887.htm DOI: http://dx.doi.
org/10.3748/wjg.v20.i8.1887

INTRODUCTION

Globally, over 1 million individuals develop colorectal

February 28, 2014 | Volume 20 | Issue 8 |
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cancer (CRC) each year!". Approximately two-thirds will
be treated surgically with curative intent”, Among those
treated curatively, around one-third will experience re-
currence of the original cancer or a second primary (ze.,
metachronous) colorectal cancer™. At least 80% of these
recurrences occur within the first three years following
initial treatment, while nearly all will have manifested by
year five™!. Most patients who recur will survive less
than two years'”. Ultimately, nearly 50000 patients in the
United States alone die each year from colorectal can-
cer™, with mortality attributable to both advanced stage
at initial diagnosis and recurrent disease.

The majority of CRC survivors undergo some form
of surveillance to detect recurrence of original disease
or development of metachronous CRC. The primary
rationale for such surveillance is to improve outcomes by
detecting recurrent or metachronous disease before onset
of symptoms, at a point where curative reoperation is
more likely. Other reasons for conducting surveillance
of survivors include psychological benefits to the patient,
monitoring patients for side effects of treatment, collecting
data on patient outcomes, and detecting other comorbidities.

Despite the theoretical benefits of CRC surveil-
lance, substantial uncertainty still exists around the topic.
Though surveillance has been associated with a modest
overall survival benefit, improvements in cancer-specific
survival have not been shown. Furthermore, the body
of research in this area has not consistently pointed to a
set of specific best practices for follow-up. Most recut-
rences detected by surveillance are not curable, leading
to an increasing sentiment that a more customized, risk-
adapted approach to follow-up is needed” ", In this
review, we will summarize the evidence which has been
gleaned from randomized controlled trials (RCTs) of
alternative surveillance testing strategies, provide updates
on ongoing trials which promise additional insight, and
compare professional society recommendations for sut-
veillance. In addition, we will highlight potential innova-
tions in surveillance-many of which will likely form the
basis for a more personalized approach to surveillance in
the future-and highlight areas where research is needed
to address key unanswered questions. The purpose of
this work is not to provide a systematic review or meta-
analysis of CRC surveillance studies (others have done
so superbly in recent years' ">, The purpose, rather, is
to broadly describe the current state of knowledge and
practice around CRC surveillance, and to higihlight the
recent developments and key research questions that will
shape future practice.

SEARCH STRATEGY

WHAT THE TRIALS TELL US

Published data from seven completed randomized con-
trolled trials comparing alternative surveillance regimens
describe the experience of some 1938 survivors of
Stage 1 -1l (Dukes A-C) CRC. These subjects, enrolled
between 1983 and 2004, expetienced 698 recurrences or
instances of metachronous CRC"*?". Table 1 summariz-

es the enrollment periods, settings, stage-based inclusion
criteria, and follow-up protocols examined in each of
these trials. Table 2 summarizes the subject make-up and
results of each trial.

Meta analyses by Tjandra ef al™ and Jetfery ez al™
have incorporated results from these trials. The primary
outcome examined by both meta-analyses was overall
survival (OS). Tjandra ez al™ included all seven available
RCTs in their analysis of OS, plus preliminary results
from an ongoing trial®™. Both analyses detected statisti-
cally significant improvements in all-cause mortality with
respective odds ratios (OR) of 0.74 (95%CI: 0.59-0.93)"",
and 0.73 (95%CI: 0.59-0.91)!"” for the effect of intensive
follow-up relative to less intensive follow-up. However,
neither meta-analysis found that cancer-specific survival
was improved by intensive surveillance (although only
two of the constituent RCTs reviewed"™'” included this
key endpoint as an outcome).

The two meta analyses revealed that both intensive
and less intensive surveillance led to detection of a simi-
lar number of recurrences but that detection occurred
between 5.91 mo (95%CI: 3.09-8.74)"? and 6.75 mo
(95%CI: 2.44-11.06)"" earlier with intensive surveil-
lance. Both analyses also found that curative reopera-
tion (“salvage surgery”) was significantly more likely in
those subjects who were followed up intensively (OR
= 2.41, 95%CI: 1.63-3.54)"" and (OR = 2.81 95%CI:
1.65-4.79"%). An earlier meta-analysis by Renchan e al®
included six of the trials described in Tables 1 and 2,
and estimated that only about one-fifth of the survival
benefit of intensive surveillance was likely due to curative
treatment of recurrence. The authors postulated that the
remainder of the survival benefit was most likely due to
some combination of increased psychological support
and well-being, improved health behavior, and improved
detection and management of comorbidities”. Thus, the
increased overall survival, earlier detection of recurrence,
and higher reoperation rates seen in trials provide only
circumstantial evidence that intensive surveillance ex-
tends life by making cure of recurrent disease more likely.

NEXT GENERATION OF CRC
SURVEILLANCE TRIALS

We identified relevant resources based on (1) PubMed
searches of randomized controlled trial comparing CRC
surveillance strategies; (2) ClinicalTtials.gov searches of
ongoing CRC surveillance trials; (3) the authors’ personal
databases of related publications; (4) related scientific
meeting presentations; and (5) the bibliographies of re-
viewed publications.
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The body of RCT-based evidence in the area of CRC
surveillance to date has a number of limitations. First,
it consists of a seties of small studies spanning a petiod
of more than two decades, with no two trials having
examined the same surveillance regimen in the same
setting (Table 1). Beyond this heterogeneity in interven-
tions, a series of treatment innovations over the years
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Table 1 Five-year surveillance regimens tested in reviewed randomized controlled trials

Enrollment Setting  Stages  Type of Surveillance regimen
period included regimen
Ohlsson et al™ 1983-1986 2Swedish Dukes Intensive  History and physical exam, rigid proctosigmoidoscopy, CEA, Alk Phos, liver
centers A,B,C function tests, fecal hemoglobin, and chest X-ray at 3, 6, 9, 12, 15, 18, 21, 24, 30, 36,
42, 48 and 60 mo; endoscopic visualization of the anastomosis at 9, 21, and 42 mo;
complete colonoscopy at 3, 15, 30 and 60 mo; pelvic CT (rectal cancer only) at 3, 6,
12,18 and 24 mo
Minimal  No structured follow-up. Advised to obtain fecal hemoglobin tests every 3 mo
for 2 years, then annually. Instructed to seek care if a series of warning signs/
symptoms were experienced
Mikels et al™ 1988-1990 1Finnish Dukes Intensive History and physical exam CEA, CBC fecal hemoglobin at 3, 6, 9, 12, 15, 18, 21,
center A,B,C 24, 30, 36, 48, 54 and 60 mo; Flexible sigmoidoscopy (if rectal/sigmoid tumors)
every 3 mo; Liver ultrasound every 6 mo; Colonoscopy and liver CT annually
Minimal History and physical exam CEA, CBC fecal hemoglobin, CXR (and rigid
sigmoidoscopy if rectal cancer) at 3, 6,9, 12, 15, 18, 21, 24, 30, 36, 42, 48, 54, 60 mo;
Barium enema at 12, 24, 36 48 and 60 mo
Kjeldsen et al"” 1983-1994 Asingle Dukes Intensive History and physical exam including digital rectal exam and gynecologic exam,
Danish A, B,C hemoglobin, erythrocyte sedimentation rate, liver enzymes, fecal hemoglobin,
county colonoscopy, and chest X-ray at 6, 12, 18, 24, 30, 36, 42, 48, 54, 60, 120, 150 and 180 mo
Minimal The same investigations as above, but only at 60, 120, and 180 mo
Pietra et al™ 1987-1990 1Italian Dukes B, Intensive History and physical exam, liver ultrasound, and CEA at 3, 6,9, 12, 15, 18, 21, 24,
center C 30, 36, 42, 48, 54, 60 mo; CT, Chest X-ray and colonoscopy annually
Minimal History and physical exam, liver ultrasound, and CEA at 6, 12, 24, 36, 48, and 60
mo; Chest X-ray and colonoscopy annually
Schoemaker et al™ 1984-1990 Multiple Dukes Intensive History and physical exam, CEA, CBC, liver function tests, and fecal hemoglobin
Australian A, B, C at3,6,9,12,15,18, 21, 24, 30, 36, 42, 48, 54, 60 mo; Chest X-ray, liver CT, and
centers colonoscopy annually
Minimal History and physical exam, CEA, CBC, liver function tests, and fecal hemoglobin
at3,6,9,12,15, 18, 21, 24, 30, 36, 42, 48, 54, 60 mo; Chest X-ray, liver CT, and
colonoscopy at 60 mo
Secco et al™ 1988-1996 1ltalian Low- Intensive History and physical, CEA, abdominal/pelvic ultrasound at 6, 12, 18, 24, 36, 48,
center risk risk- and 60 mo; Chest X-ray annually; Rectal cancer only: Rigid proctosigmoidoscpy
adapted at12, 24 and 48 mo
Minimal Telephone follow-up every 6 mo; History and physical exam annually
High- Intensive History and physical and CEA at 3, 6, 9,12, 15, 18, 21, 24, 28, 32, 36, 42, 48, 54, and
risk risk- 60 mo; Abdominal/ pelvic ultrasound at 6, 12, 18, 24, 30, 36, 48 and 60 mo; Rigid
adapted proctosigmoidoscopy (rectal cancer only) and chest X-ray annually
Minimal Telephone follow-up every 6 mo; History and physical exam annually
Rodriguez-Moranta et al®  1997-2001 3 Spanish TNM Il Intensive History and physical, CEA, CBC, and liver function tests at 3, 6, 9, 12, 15, 18, 21,
centers and III 24, 30, 36, 42, 48, 54 and 60 mo; Abdominal/pelvic CT (rectal cancer only) or
Abdominal ultrasound (colon cancer only) at 6, 12, 18, 24, 36, 48, 60 mo; Chest
X-ray and colonoscopy annually
Minimal  History and physical, CEA, CBC, and liver function tests at 3, 6, 9, 12, 15, 18, 21,

24, 30, 36, 42, 48, 54 and 60 mo; Colonoscopy at 12 and 36 mo

CEA: Carcinoembryonic antigen assay; CBC: Complete blood count; Alk phos: Alkalilne phosphatase; CT: Computed tomography.

has changed the context of the problem by making  question the relevance of much of the evidence behind

recurrence-free survival increasingly more likely (since
recruitment of the trials reviewed began in 1983, CRC
survival has improved by 5%-10% overall®™). These in-
novations include emergence of total mesorectal excision
as a standard of care for rectal cancer in many settings,
widespread use of adjuvant chemotherapy in Stage Il
and many Stage I patients, and the growing practice of
attempting to curatively treat oligometastatic hepatic re-
currences” ", Whether or not some of these innovations
have changed the behavior of recurrent disease itself is
difficult to know, but the possibility cannot be excluded.
Importantly, improvements in imaging technology have
also enabled earlier and more accurate detection of re-
current disease, while increasing the potential for false
positivesm’zsj.

This evolution of technology and practice throws into
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1889

current recommendations for surveillance. Fortunately,
there are three large, ongoing RCTs (described below),
with targeted sample sizes totaling over 8000 subjects,
which will eventually shed additional light on the benefits
of CRC surveillance and the comparative effectiveness
of a handful of unique follow-up protocols.

FACS (Follow-up after Colorectal Surgery) Trial

The FACS trial (ClinicalTrials.gov identifier NCT00560365)
opened in 2004 with a target recruitment of 4890 pa-
tients. The primary objective of this factorial trial is to
examine the effect of augmenting symptomatic surveil-
lance in primary care with two intensive methods of
surveillance [frequent monitoring of carcinoembryonic
antigen (CEA) in a primary care setting and intensive
computed tomography (CT) imaging in a hospital setting]
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Table 2 Results of reviewed randomized controlled trials of colorectal cancer surveillance strategies 7 (%)

Typeof n Stages' Rectal Follow-up Recurrences® Symptoms Time to Reoperated Overall Cancer- Survival of
regimen cancer time were first  recurrence (% of survival related recurring
sign of (mo):  recurrences) at 5 yr survival patients
recurrence mean + SD at 5 yr 5yr
/median after first
treated
Ohlsson etal™  Intensive 53  A/B/C: 36% 6.8 yr 17 (32) 8 (47) 20 5 (29) 75%  78% 29%
19%/40% /41% median
Minimal 54  A/B/C: 31%  (overall) 18 (33) 15 (83) 24 3(17) 67%  71% 22%
17% /48% /35%
Mikeld et al™ Intensive 52  A/B/C: 31% NR 22 (42) 3 (14) 10+5 5(22) 59% NR NR
24% /46% /29%
Minimal 54  A/B/C: 28% NR 21 (39) 4(19) 1510 3 (14) 54%  NR NR
28%/44% /28%
Kjeldsen et al””  Intensive 290 A/B/C: 46%  55% still 81° (28) 38 (47) 18 17 (21) 70% 78%* NR
23% /51% /26% followed
Minimal 307  A/B/C: 49%  at5yr 83 (27) 59 (71) 27 5 (6) 68%  78%'  NR
23%/47%/30% (overall)
Pietra et al™ Intensive 104  A/B/C: 30%  100% still 41 (39) 10° (42%  103+2.7° 21 (51) 73% NR 38%
0% /60% /40% followed of local
at5yr recurrences)
Minimal 103 ~ A/B/C: 36%  (overall) 42° (41) 10°(83%  202%6.1° 6 (14) 58% NR 0%
0%/58% /42% of local
recurrence)
Schoemaker et al™ Intensive 167  A/B/C: 28% NR 56 (34) NR NR 6 (11) 77%*  NR NR
25% /47% /28%
Minimal 158  A/B/C: 26% NR 64 (41) NR NR 5 (8) 70%*  NR NR
19%/48%/33%
Secco et al™ Low- 8 A/B:100% NR Median42  27(32) 32%’ 16 6(22) 80%  NR NR
risk-risk- mo
adapted
Low risk- 61 A/B:100%  NR NR 25 (40) 75%’ 14 6 (24) 60%  NR NR
minimal
High- 108 A/B:36% NR  Median 74 (68) 32%’ 135 25 (34) 50%  NR NR
risk-risk- C: 64% 61.5 mo
adapted
High 84 A/B:20%  NR NR 58 (69) 75%’ 8 7 (12) 32%  NR NR
risk— C:80%
minimal
Rodriguez- Intensive 127 II: 60% 23% Median 49 35 (27) NR 39+21 18 (51) 75%*  NR NR
Moranta et al™! 11:40% mo
Minimal 132 1I:61% 28% Median 45 34 (26) NR 38+19 10 (29) 73%* NR NR
1M:39% mo

'A, B and C refer to Dukes staging, while I, II and IIl refer to TNM staging; Includes metachronous colorectal cancers (CRCs); *Includes 7 cases of meta-
chronous CRC in the intensive group and 3 in the less intensive group; ‘Estimated visually from survival curve; *Reported for local recurrences only; ‘In-
cludes 1 case of metachronous CRC; "Reflects combined high-risk and low-risk groups. NR: Not reported; “Overall” describes all trial arms combined.

on survival of patients with stage I, II or Il colorec-
tal cancer who have undergone curative resection”™. In
2013, the FACS investigators presented interim results
summarizing a mean 3.7 years of follow-up for 1,202
participants. Only 6.0% of participants had recurrence
with subsequent attempted curative resection. Those
followed by frequent CEA monitoring had an adjusted
OR for attempted cure of recurrence of 2.7 (P = 0.035)
relative to the minimal follow-up group which received

COLOFOL (Assessment of Frequency of Surveillance
after Curative Resection in Patients with Stage II and
I Colorectal Cancer)

This multicenter RCT (ClinicalTrials.gov identifier
NCT00225641) is comparing two surveillance regimens
involving CT-scan or MR scan of the liver, CEA, and CT
scan or X-ray of the lungs at intervals of either 12 and 36

only a single CT at 12-18 mo. Those followed by serial
CT’s had an adjusted OR of 3.4 (P = 0.007) relative to
the minimum follow-up group. No additional benefit was
seen in the group which received both frequent CEA and
frequent CT’. In interim analyses, there were no differ-
ences seen in overall or cancer-specific mortality between
any of the intensive arms and the minimum follow-up

arm™, though the final results are not yet available.
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mo, or 6, 12, 18, 24 and 36 mo. The study aims to include
2500 subjects”"’. Primary outcomes will be total mortality
and cancer specific mortality at five years, while second-
ary outcomes will include recurrence-free survival, quality
of life, and cost effectiveness. Centers from Denmark
(n = 15), Sweden (» = 20), Poland (» = 6), Hungary (n =
2) and The Netherlands are participating, Publication is
planned for late 2014,
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Table 3 Summary of United States and European colorectal cancer surveillance guidelines

Asco™! ASCRSE*+*1 NCCNP437 Denmark®! Norway™”! United Kingdom™®!
2005 2005 2014 2009 2012 2010
Stage II-1I I-II I-II -0 o-10 [-II
History and  q3-6 mo X 3 yr; g6 mo At least g4 mo X q3-6 mo X 2 yr; g6 mo in year 3-5 At1mo q6 mo x 3 yr, q12 None
physical in year 4-5 2yr mo in year 4-5
CEA g3 mo X atleast3yr Atleast g4 mo X g3-6 mo X 2 yr; g6 mo in year 3-5 At1,12and 36 mo g6 mo X 3 yr, q12 None
2yr mo in year 4-5
CT chest Annually X 3 yr if None Annually up to 5 yr if highrisk ~ At 12 and 36 mo Annually X 5 yr None
high risk
CT abdomen/  Annually X 3 yr if None Annually up to 5 yrif highrisk At12and36mo  At6moand5yr  Once within first 2
pelvis high risk yr
CEUS liver None None None None At 12,18, 24, 30, 36 None
and 48 mo
Colonoscopy At3yrand g5 q3yr At1and 4 yr, then g5 yr None At 5 yr;or CT g5 yr
thereafter colonography at 5 yr

NCCN: National Comprehensive Cancer Network; ASCO: American Society of Clinical Oncology; ASCRS: American Society of Colon and Rectal Cancer
Surgeons; UK: United Kingdom 2010 guidelines; Nor: Norwegian 2012 guidelines; CEUS: Contrast-enhanced ultrasound; CEA: Carcinoembryonic antigen;

CT: Computed tomography.

GILDA (Gruppo Italiano di Lavaro per la Diagnosi
Anticipata)

Based in Italy, The GILDA group of investigators is
conducting a randomized trial of intensive versus less
intensive follow up in patients with Dukes B2-C CRC.
Varying between study groups are the frequencies of of-
fice visits, CEA and other blood chemistries, colonoscop-
ies, liver ultrasound, chest X-ray, and-in the case of rectal
cancer survivors-proctoscopy and abdominal-pelvic CT.
Outcomes of interest include overall survival, CRC mot-
tality, quality of life and time to detection of recurrence.
The GILDA investigators aim to enroll a minimum of
1500 patients across 45 centers. An interim analysis of
985 patients, published in 2004, did not demonstrate any
improvement in overall survival between the two surveil-
lance arms, though mean follow-up at the time was only
14 mo™,

SURVEILLANCE GUIDELINES

Based on the accumulated trial evidence, 2 number of

organizations have published surveillance recommenda-

. 33-40
tions™

. These suggested regimens employ various
combinations of carcinoembryonic antigen assays, chest
CT, CT abdomen-pelvis, and contrast enhanced ultra-
sound of the liver. Chest X-ray and plain ultrasound of
the liver are not used as a recommended test modality in
any of the reviewed guidelines due to their low sensitiv-
ity and specificity. Some authors have argued for regular
use of Positron Emission Tomography scanning and in-
creased use of tumor markers, but this is not commonly
accepted as a standard of practicem’m]. Table 3 provides
a summary of surveillance recommendations from the
United States and Europe. There is a moderate amount
of variation between the United States recommenda-
tions published by the American Society of Clinical
Oncologym, the American Society of Colon and Rectal
Surgeonsm’m, and the National Comprehensive Cancer
Network, Internationally, though, the range in aggres-
siveness of recommended follow-up is striking, with Eu-
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ropean societies tending to prescribe much less intensive
surveillance-particularly in the case of the United Kingdom’
s National Health Service!-in comparison to United States
societies.

It is noteworthy that CEA assay represents the only
testing modality whose increased use is associated with
higher probability of detection of asymptomatic recur-
rence, higher curative reoperation rate, and greater mor-
tality reduction in meta—analysis“o]. Ironically, studies of
guideline adherence suggest that, across testing modalities
used in surveillance, adherence to scheduled CEA testing
is among the lowest™"*. Future research might focus on
better outlining correlates and causes of this non-adher-

[41]
ence

INNOVATIONS IN SURVEILLANCE

In the last decade, a handful of investigators have re-
ported on provider care models aimed at delivering more
patient-centered, cost-effective survivorship care. These
studies have explored alternatives to the conventional
model of surgeon-led follow-up in a hospital-based
clinic. For instance, Australian investigators randomized
203 recently-treated CRC survivors to identical follow-up
regimens led by either surgeons or general practitioners.
Rates of recurrence, time to detection, mortality, and
quality of life were similar between the groups, but sur-
geons tended to initiate significantly mote colonoscopies
and ultrasounds, whereas general practitioners ordered
more fecal hemoglobin tests'™. Similarly, a recent Nor-
wegian trial randomized 110 CRC survivors to either
traditional hospital-based surveillance coordinated by
surgeons, or community-based surveillance coordinated
by general practitioners (GP’). No differences were ob-
served in patient quality-of-life or time to detection of
recurrence. Costs, however, were 16.7% lower (P < 0.001)
in the GP-organized group™’,

Between 2002 and 2005, a Swedish trial randomized
CRC survivors to post-treatment follow-up by either a
surgeon or a specially-trained nurse. Surgeons and nurses
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found similar numbers of recurrences with nearly identi-
cal levels of patient satisfaction. Nurses, however, spent
an average of eight minutes longer with patients than did
surgeons, requiring assistance from surgeons only 7% of
the time™.

Despite these results, whether or not surgeons or
patients will allow generalists to direct CRC survivorship
care on a large scale remains to be seen. The relationships
developed during active treatment can make such hand-
offs difficult for providers and patients alike™’. For those
adhering to the surgeon-led follow-up model, a promis-
ing innovation might be found in the work reported
by a British surgeon in the late 1990s"*”
developed and measured the impact of a dedicated “one-
stop shop” model for a CRC surveillance clinic. This model,
which facilitated completion of all scheduled imaging, blood
tests, and procedures in a single visit, yielded a substantial
improvement in timely receipt of recommended tests com-

pared to the period before establishment of the clinic.

. This surgeon

Moving toward risk adapted follow-up

A series of authors over the last two decades have argued
for an approach to surveillance that involves tailoring sur-
veillance plans based on recurrence risk 204, Though
the idea is intuitively appealing as a way to spare certain
patients some of the morbidity associated with surveil-
lance and to reduce costs, little data exists on the topic.
Secco and colleagues divided patients who had recently
undergone curative treatment for CRC into high-risk and
low-risk groups based on a number of prognostic factors.
Within each of these risk groups, patients were random-
ized to either very minimal follow-up or a risk-adapted
follow-up protocol (Table 1). Within each risk group,
the risk-adapted follow-up patients showed significantly
better five-year overall survival™. Unfortunately, there
was no comparison of an overall strategy of tailoring
follow-up to the 1isk of recurrence versus a one-size-fits-all
approach of following all patients using a uniform protocol.

Any version of risk-adapted follow-up in the future
will likely employ the use of molecular markers to target
patients who might benefit the most form a more inten-
sive level of surveillance. Most work on biomarkers to
date has focused on prognostic markers of overall out-
come or predictive markers of response to adjuvant che-
motherapy. These types of markers hold great promise
in informing decision making around adjuvant chemo-
therapy. Certain prognostic markers which may predict
recurrence have the potential to inform surveillance plan-
ning after treatment. Vascular Endothelial Growth factor
overexpression” ! and interleukin-8 overexpression”” in
tumor cells eventually may serve as such markers. Limited
evidence suggests that each may signal a heightened risk
of recurrence”™ ™.,

A “Recurrence Score” calculated based on a com-
mercially available tumor gene expression panel (Onco-
typeDX - Genomic Health, Redwood City, CA, United
States) has been validated as a predictor of recurrence
in Stage II CRC and is advocated as a tool for decid-
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ing whether or not to commit these patients to adjuvant
chemotherapymw. Another application of this tool, and
an idea which deserves further study, is the use of the
recurrence score in individualized surveillance planning,
Patients and their providers might opt for more aggres-
sive surveillance if the likelihood of recurrence was high,
whereas a low recurrence score might offer reassurance
that minimal surveillance was a reasonable course.

The ideal set of recurrence markers would include
one or more factors having low correlation with progno-
sis. In this way, patients could be categorized into four
categories based on the two dimensions of recurrence
risk and prognosis-given-recurrence. Patient with high
recurrence risk but good prognosis-given-recurrence
might be followed aggressively since probabilities of both
detecting and successfully treating a recurrence would be
high. Conversely, patients with low recurrence risk but
poor prognosis-given-recurrence might opt for little or
no follow-up.

OTHER AREAS FOR FUTURE RESEARCH

After decades of research on the topic, tremendous un-
certainty remains concerning how to best monitor CRC
survivors for recurrence or metachronous disease. The
results of seven randomized controlled trials comparing
alternative surveillance strategies have led to a general
consensus that more intensive follow-up leads to in-
creased curative treatment of recurrence via eatlier detec-
tion and to improved overall survival. Whether or not
the latter is a result of the former, or whether improved
survival instead follows primarily from the benefits of
increased contact with healthcare providers in general,
remains unclear. In the coming years, we hope to see
publication of more trial data on the topic than has been
available to date thanks to three ongoing large trials. We
will hopefully have a clearer picture of the cancer-specific
survival benefit of intensive surveillance as well as the
cost-effectiveness and quality-of-life implications of dif-
ferent approaches to surveillance.

Beyond the research questions highlighted above, ad-
ditional areas for further study are listed below.

Need for model-based research

Even with the new trial evidence, actionable knowledge
relevant for clinical practice will remain quite limited. We
will still have experimental data on only a tiny fraction
of the combinations and schedules of surveillance tests
that are possible. Nor will we have a strong translational
evidence base to guide risk-adapted follow-up. A promis-
ing possibility for leveraging the accumulated trial data
may lie in computer simulation modeling. Sophisticated
models could help researchers and clinicians examine
the impact of virtually any surveillance regimen on pa-
tients with differing risk profiles. An example of using
such modeling to synthesize what is known about testing
and disease progression in such a way that allows virtual
experimentation can be found in the numerous models
of CRC screening strategies. These models simulate the
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adenoma-carcinoma sequence by which benign polyps
transform to adenocarcinomas and adenocarcinomas
grow and invade healthy tissue, allowing experimentation
with a practically infinite number of candidate screen-
ing strategiesméo]. Some of these screening models have
informed development of United States Preventive Ser-
vices Task Force guidelines on colorectal cancer screen-
ing”™, have been applied by the Centers for Medicare and
Medicaid Services to compare the effectiveness of vari-
ous CRC screening strategies” ™", and have spawned vital
new research questionslsg’wj.

Simulating progression of recurrent CRC in such a
way that allows the testing of different surveillance regi-
mens is perhaps a more difficult problem, owing to the
lack of direct observational data on unchecked recur-
rence progression (contrasted with the abundant data
available on polyp progression and transformation). A
few authors have developed recurrence models® . but
this line of research has not yet advanced to the point of
being able to provide prescriptive recommendations for
optimized surveillance regimens as has been the case for
CRC screening in a healthy population. The loftiest am-
bition for applying simulation modeling to the problem
of CRC surveillance would be to develop models which
incorporate what can be inferred from RCTs about natu-
ral history of recurrence, information on test sensitivity
and specificity, our best estimates of major complication
risks (primarily from colonoscopy and ionizing radiation
exposure), and what is known about individual risk fac-
tors for recurrence into an individualized decision aid.
Such a tool could help providers and their patients reach
decisions which incorporate their preferences in light of
the estimated benefits and risks of specific surveillance
strategies.

What role should colonoscopy play

The possible benefits of surveillance must be considered
in light of the potential harms. Colonic perforation and
post-procedure bleeding associated with colonoscopy
represent the most concrete and serious harms arising
from CRC follow-up. Endoscopic surveillance has been
endorsed by all reviewed national guidelines, primarily for
early detection of metachronous CRC’s (which develop
in 1.5%-7.7% of CRC survivors" ") or adenomas
with advanced features. The procedure has a sensitivity
of 95% and a specificity of 100% for detecting high-
risk polyps or tumors®. To date, however, no study has
reported increased survival associated with routine colo-
noscopy after resection. Furthermore, the procedure is
relatively invasive and has a major complication rate of
0.2%-1.2%">"" "This uncertain benefit and potential for
harm, as well as the considerable resource demands, have
led some to argue against routine endoscopic surveil-
lance after curative CRC resection”"’”. An area for future
research might be to evaluate strategies which select for
frequent colonoscopic examination only those patients at
high risk for second primary cancers or advanced adeno-
mas. Also worthy of further study is whether CT Colo-
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nography, or “virtual colonoscopy”, may have the poten-
tial to provide a better balance of risks and benefits" .

What are the quality of life implications of CRC
surveillance

A longstanding, and still unresolved, question is to what
extent CRC surveillance in general exacts a psychological
toll on patients. Such a toll might arise from increased
anxiety associated with testing or with the possibility of
detection of an unresectable recurrence. Despite these
theoretical harms, no negative quality of life impact has
yet been demonstrated in studies comparing differing lev-
els of follow-up. The small amount of data available on
quality of life impacts of surveillance suggests a neutral
or even slightly positive effect’™™. A 1997 Dutch study
found no diminution in quality of life associated with
follow-up of 130 CRC survivors at four hospitals. In fact,
the average patient preferences tended to favor follow-up
as opposed to no follow—upm. Kjeldsen and colleagues
reported a slight trend toward increased quality of life
among Danish CRC survivors who were followed more
intensively compared to counterparts undergoing mini-
mal follow-up™.

The large surveillance trials underwaylzz’z()’m should
shed further light on the quality of life impacts of CRC
surveillance. An area in particular need of further study
is the quality of life impact associated with false posi-
tive test results. In addition to specific focus on the ef-
fect of false positive results, an important, and as-yet-
unaddressed question is the loss of quality time brought
about by the pre-symptomatic diagnosis of unresectable
recurrence. This represents an important concern since
a substantial majority of patients whose recurrences are
detected by surveillance before symptom onset will have

progressed beyond the point of curative treatment!"'*",

For how long should crc survivors be followed

The treatment guidelines outlined in Table 3 focus pri-
marily on the period spanning the point of initial treat-
ment through five years post-treatment. There is no clear
evidence that this timeframe is the most appropriate,
however. Two opposing effects make the choice of an
optimal surveillance period difficult. First-arguing for
a shorter window-the majority of recurrences occur
eatly; at least 80% of recurrences are detected by three
years™™, This fact would suggest that follow-up becomes
much lower-yield and that false positive test results would
increase drastically after three years of follow-up. On
the other hand, time to recurrence appears to be an im-
portant prognostic factor for the outcome of recurrent
disease'®. Survival after curative treatment of recurrent
disease may increase with later recurrences*””. As such,
some have suggested that longer follow-up-while detect-
ing fewer recurrences-would detect a higher rate of cur-
able recurrences™". The determinant of whether or not
such benefit might be realized with longer follow-up is
the extent to which late recurrences are treatable when
they are detected based on symptoms. The proportion of
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symptomatic recurrences which are considered curable
is generally quite low (Table 2), but it is possible that the
subset of patients whose recurrences manifest later may
be an exception. Hopefully the volume of new trial data
set to emerge in the coming years will permit this impoz-
tant subanalysis.

CONCLUSION

Optimizing colorectal cancer surveillance represents an
incredibly complex medical decision making problem.
A heterogeneous and far-from-completely-understood
disease occurting in a population with typically advanced
age and accompanying morbidity intersect with a surveil-
lance testing framework involving numerous possible
combinations of imperfect follow-up modalities. It is not
surprising that the accumulation of trial data over the
past decades has failed to provide a consistent answer to
what strategy of surveillance-if any-most prolongs life by
increasing the likelithood that recurrences will be caught
early and successfully treated. Nor is it surprising that
surveillance recommendations differ considerably across
organizations and countries. A series of large, ongo-
ing CRC surveillance trials will begin to produce much-
anticipated results in the coming years. Not only will
these results shed light on effective follow-up for CRC
survivors diagnosed during a modern era of surgical and
systemic treatment, but they also promise vital quality-
of-life and economic findings. These trials will still have
only looked at a small number of possible surveillance
regimens. Additional tools, including computer simula-
tion modeling, are needed to synthesize and leverage this
new information in conjunction with knowledge of the
effects of known and emerging risk factors. By so do-
ing, we can move toward more effective, efficient, and
patient-centered follow-up.
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Abstract

Colorectal cancer (CRC) remains a highly fatal condi-
tion in part due to its resilience to treatment and its
propensity to spread beyond the site of primary oc-
currence. One possible avenue for cancer to escape
eradication is via stem-like cancer cells that, through
phenotypic heterogeneity, are more resilient than other
tumor constituents and are key contributors to cancer
growth and metastasis. These proliferative tumor cells
are theorized to possess many properties akin to nor-
mal intestinal stem cells. Not only do these CRC “stem”
cells demonstrate similar restorative ability, they also
share many cell pathways and surface markers in com-
mon, as well as respond to the same key niche stimuli.
With the improvement of techniques for epithelial stem
cell identification, our understanding of CRC behavior
is also evolving. Emerging evidence about cellular plas-
ticity and epithelial mesenchymal transition are shed-
ding light onto metastatic CRC processes and are also
challenging fundamental concepts about unidirectional
epithelial proliferation. This review aims to reappraise
evidence supporting the existence and behavior of CRC
stem cells, their relationship to normal stem cells, and

(4 9

Boishidengs  WIG | www.wjgnet.com

their possible dependence on the stem cell niche.
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Core tip: Colorectal (CRC) cancer stem cells are a theo-
rized but poorly characterized cell population believed
to be crucial for tumor growth, spread, and tenacity.
CRC stem cells share many similar characteristics of
normal intestinal stem cells and are hypothesized to
originate directly from them. It appears, however, that
both the regulation of normal intestinal stem cells and
the development of CRC are far more complex than
previously imagined. Likely pivotal to the success of
both are plasticity pathways able to reverse cellular
fate, and stem cell niche signals, ultimately leading to
self-replenishment and sometimes also unwanted dis-
semination.

Ong BA, Vega KJ, Houchen CW. Intestinal stem cells and the
colorectal cancer microenvironment. World J Gastroenterol
2014; 20(8): 1898-1909 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v20/i8/1898.htm DOI: http://
dx.doi.org/10.3748/wjg.v20.i8.1898

INTRODUCTION

Colorectal cancer (CRC) remains a highly morbid and
fatal disease among both developed nations and glob-
ally“’ﬂ. Based on 2008 world data, CRC is the fourth
leading cause of cancer-related mortality behind lung,
stomach, and liver cancer, respectively’™’. Since Fearon
et al” introduced a model for colorectal tumorigenesis
in 1990, the study of the molecular basis of CRC has
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been rapidly evolving. While a handful of tumor sup-
pressors and oncogenes (¢g., APC, KRAS, and P53) are
commonly found among CRCs, a vast number of low-
frequency somatic mutations have since been discovered
that are believed to contribute to CRC heterogeneityp’s].
Given the expanded number of potentially functional
mutations, that no CRC therapy is completely curative
should come as no surprise'”.

More importantly, individual colorectal cancers can
themselves demonstrate phenotypic variability via sub-
delegation of constituent cells. Core to this notion are
cancer “stem” cells which act as ringleaders that drive
CRC proliferation and metastasis'’. Like normal stem
cells, they self-perpetuate and expand in accordance with
stem cell hierarchy"”. Much remains unknown about the
origins and regulation of CRC stem cells, though impli-
cated in CRC inception are the signals expressed within
the normal intestinal stem cell niche. New light has also
been shed onto plasticity pathways that may perhaps be
pivotal to CRC metastasis and treatment. The aim of
this review is to reappraise current evidence supporting
the existence and behavior of CRC stem cells, their rela-
tionship to normal stem cells, and their possible depen-
dence on the stem cell microenvironment.

FEARON AND VOGELSTEIN’S MODEL
FOR COLORECTAL CARCINOGENESIS

Fearon and Vogelstein’s model for colorectal carcino-

genesis illustrates how genetic alterations may allow
colorectal cells to escape defined behaviors of the normal
intestinal epithelium. By the early 1990s, Fearon ef al™
established three key features about colorectal cancer.
First, cells within a colorectal cancer are monoclonal in
nature, suggesting that CRC arises from clonal expan-
sion of a small number of cells. Second, Fearon e# a/”
surmised that key genetic alterations found commonly
among CRC (eg., RAS, P53, APC) confer functional traits
advantageous to the development and expansion of spo-
radic cancer and are acquired in a sequentially preferred
order. For instance, APC mutations often occurred early
prior to adenoma formation, whereas P53 mutations fre-
quented tumor phases during the transition of adenomas
to overt carcinomas. Finally, based on their own obset-
vations and those of others, Fearon e a/* concluded that
the number of accumulated mutations in a tumor was the
most consistent feature associated with the clinical and
histopathological manifestation of CRC™,

Fearon and Vogelstein’s original CRC model has since
been greatly expounded upon. Numerous low-frequency
candidate mutations have been identified among candi-
date CRC genes, likely contributing to CRC phenotypic
heterogeneity”’gl‘ Also, carcinogenesis might not rely
strictly on Fearon and Vogelstein’s hypothesized muta-
tional gateways. For example, one study found no genetic
change between genome-sequenced primary colorectal
cancers and their respective metastases, suggesting that
insufficient time passed to allow either primary or meta-
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static lesions to acquire distinguishing mutations”".

NORMAL INTESTINAL STEM CELLS

Two functionally distinct populations of putative normal
epithelial stem cells have been identified in intestinal
crypts of humans and mice: Lgr5" crypt base columnar

stem cells and quiescent label-retaining cells™"". These
two cell types replenish and maintain the intestinal epi-
thelium!”,

Lgr5" crypt base columnar cells

Lgr5" crypt base columnar cells (CBCs) are multipotent
stem cells located in crypts of the small intestine and
colon. Tgr5 is an orphan G protein-coupled receptor
expressed during embryogenesis and among epithelial
stem cell populations in the adult intestine, hair follicles,
stomach, mammary glands, and taste buds™®. CBCs were
first characterized in 1974 when an electron microscopy
study identified a population of crypt cells that shared
common secretory components with all differentiated
epithelial cell lineages in the mouse intestine!”. More
recently, Barker ez a/'" demonstrated that Lgr5-mediated
activation of a permanent cell-labeling gene identified
a line of cells originating from the intestinal crypt that
yielded three differentiated cell types. The authors sur-
mised that enteroendocrine cells were too rare to be de-
tected among labeled cells"?. A subsequent i vitro study
demonstrated that organoids derived from single Lgr5"
cells form crypt domains containing all lineages of the
adult intestinal epithelium including enteroendocrine
and crypt paneth cells™. Taken together, these findings
strongly suggest that multipotent Lgr5" CBCs are true
intestinal epithelial stem cells.

Quite contrary to expected stem cell behavior, evi-
dence suggests that the expansion of I.gr5" CBCs fol-
lows stochastic principles in which cells are equipotent
and segregate chromosomes randomly"**"*, Tgr5" cells
are also mitotically-active and demonstrate little asym-
1521 Proliferation of these stem cells
can at times approximate a square root growth curve,
suggesting that they contain potential for rapid, yet very
random clonal expansionm’ﬂ’m. As a likely consequence
of their stochastic properties, Lgr5+ stem cells are sub-
ject to neutral drift, often resulting in monoclonal or
oligoclonal populations in the intestinal crypt”.

It seems dangerous for a stem cell to propagate in
a manner dictated largely by chance. Random chromo-
somal segregation risks the introduction of genomic er-
rors that can subsequently be passed to both daughters
and self-perpetuating clones. Lgr5" cells also seem to
have little control over cell fate, suggesting that they are
likely critically regulated by the surrounding milieu.

metric division

Quiescent label-retaining cells

Quiescent DNA label-retaining intestinal stem cells (LRCs)
have remained controversial since the 1970s when these
mitotically-inactive cells were found at and around the
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+4 crypt positionm%]. Although intestinal LRCs express
a number of stem cell markers including Hopx, Tert,
Lrigl, and Dclk1, they are widely identified by their
expression of Bmil, a member of chromatin-silencing
polycomb-repressing complex 115577 Tike Lgr5" CBCs,
Bmil” LRCs can form spheroids 7z vitro containing all
differentiated epithelial cell typesm’zol. The multipotency
of Bmil” LRCs has also been confirmed i vivo through
lineage experimentsm]. In contrast to early reports of
the radiation sensitivity of +4 position crypt cells, recent
evidence suggests that quiescent stem cells are both re-
sistant to and activated by moderate levels of radiation
damage, thus suggesting a crucial role in recovery fol-
lowing intestinal injury'>*. Notably, Bmil" LRCs can
single-handedly restore radiation-ablated mouse intesti-
nal epithelium in the total absence of Lgr5+ stem cells"”

Whether +4 quiescent LRCs are actually stem cells
remains a matter of debate. Quiescent stem cells have
only been found in the proximal small intestine and to
date no presence has yet been found of a corresponding
population in the colon*). Moreover, one study has
identified quiescent LRCs not as stem cells, but rather
as partially-differentiated secretory precursorsm. Qui-
escent stem cell markers (including Bmil, Tert, Hopx,
and Lrig1) have also been found among Lgr5" stem cells
thereby questioning the validity of using such markers to

identify a uniquely separate stem cell populationm

An evolving model of normal intestinal stem cell
behavior
In contrast to current single-lineage stem cell theories,
the coexistence of two putative intestinal stem cell types
may suggest a more complex pathway for the develop-
ment of the intestinal epithelium (Figure 1), On one
hand, evidence exists supporting the subordinancy of
LRCs to LGR5" cells: LRCs have been characterized as
secretory precursors and may not share markers unique
from Lgr5+ cells™"*. On the other hand, evidence also
exists conversely that LgrS+ cells may be subordinate to
LRCs: Bmil® LRCs restore radiation-ablated Tgr5" cell
populationsm’”}. These findings when taken together
suggest that LRCs likely interconvert with Tgr5" CBCs,
regardless of whether LRCs are actually stem cells. Such
findings suggest that intestinal epithelial development
is neither as hierarchical nor as unidirectional as once
thought, though the extent of which is not yet known.
Based on the discussion thus far, perhaps the ac-
tions of the stem cell pool as we currently understand
it are comprised of the combined properties of TLgr5"
and quiescent stem cells in the crypt (Figure 1). Under
normal conditions, Lgr5" stem cells could function to
self-sufficiently maintain epithelial homeostasis through
high-output cell production in response to trophic niche
signals (e.g., Wno)"*, However, Lgr5" CBCs are likely as
sensitive to genetic damage as they are to injury. In these
situations, the quiescent LRC population may assist with
recovery from intestinal injury, either directly or by re-
storing Lgr5+ stem cells.
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INTESTINAL STEM CELL NICHE

Like other tissues among higher organisms, all intestinal
cells reside within a carefully defined construct of chem-
ical signals that directs genetically identical cell popula-
tions towards divergent behaviors™. Contained in and
around the intestinal crypt are a multitude of molecular
and cellular effectors that define a unique microenviron-
ment - a “niche”- that directs the optimal function of
stem cells"”. Components of the niche include the sub-
epithelial stroma, adjacent epithelial cells, natural enteric
flora, and soluble epithelium-detived factors. Alteration
of niche effectors can also lead to aberrant and dysregu-
lated crypt behavior, which in turn may foster neoplasia.

Whnt signaling pathway
A multitude of signals in the intestinal crypt affect the
function and growth of intestinal stem cells (Figure 2A
and B)"". Of these, Wnt proteins are one of the most
crucial for maintaining stem cell homeostasis”*>".
Wnt promotes both cellular dedifferentiation and prolif-
eration during embryogenesis and in many adult animal
tissues”” . Inhibition of the Wnt pathway results in
crypt loss and a marked reduction in epithelial prolifera-
tion™, Among mice with inducible APC-knockouts, Wnt
results in intestinal mucosa populated by undifferentiated
cells™, Wnt activity is also among the essential signals
for the formation of crypt structures from single stem
cell cultures as well as for the reprogramming of somatic
cells into induced pluripotent stem cells (PSCs)******!,
Cell-proliferative genes are activated by Wnt vz nuclear
[B-catenin intermediaries and include cell migration con-
trollers (EPH), proliferative signals (c-myc, cyclin D1),
and stem and cancer cell markers (Lgr5, Bmil)!"""**>**7,
The Wnt pathway is also a highly influential mediator
of cancer (Figure 2C). APC mutations facilitate Wnt ac-
tivity by dysregulating (-catenin-mediated gene expres-
sion™*. APC mutations are common, occurring in over
80% of sporadic colorectal cancer™™. Vermeulen e# a/*”
showed that primary spheroidal cultures derived from
human CRCs are regulated by Wnt signals in the sur-
rounding microenvironment, such as those secreted by
intestinal myofibroblasts. They also demonstrated that
extrinsic Wnt pathway activation was an important de-
terminant in the cellular acquisition of cancer stem cell
features (e.g., formation of tumors when injected into
immune-deficient mice and 7z vitro recapitulation of xe-

nograft isolate behavior to that of the original tumor)™,

Intestinal subepithelial myofibroblasts

Intestinal subepithelial myofibroblasts ISEMFs), located
underneath the basement membrane in the crypt, are
stromal cells widely known to promote stem cell self-
renewal and differentiation (Figure 2A and B)P****,
ISEMFs originate from regional intestinal fibroblasts
and possibly trans-differentiated bone marrow cells'™”.
Intestinal myofibroblasts function as anchors for cell ad-
hesion and provide trophic signals to stem cells »z cell-
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Figure 1 Origin and development of normal intestinal stem cells. Lgr5" CBCs and +4 LRCs coexist in the crypt. Each stem cell is fully multipotent. Lgr5” cells
likely maintain intestinal homeostasis under normal conditions. Following intestinal injury, the reserve population comprised of +4 LRCs and DII1* secretory progeni-
tors restore both the epithelium and Lgr5" CBCs. Tuft cells are Bmi1" cells that may be synonymous with or descendants of +4 LRCs. CRC: Colorectal cancer; CBCs:

Crypt base columnar cells; LRCs: Label-retaining intestinal stem cells.

cell interactions and secreted mediators”. ISEMFs also
contribute to wound healing, mucosal protection, fluid
and electrolyte transport, and growth of the basement
membrane™ . Secreted myofibroblast mediators are nu-
merous: Wnt proteins, hepatocyte growth factor, fibro-
blast growth factor, TGF-3, keratinocyte growth factor,
matrix metalloproteinases, stem cell factor, VEGE, and
numerous intetleukins, to name a few" .

ISEMFs have long been implicated in promoting
colorectal cancer growth and invasion (Figure 20)PY,
Little clarity exists regarding whether peri-CRC myofi-
broblasts are derived from normal ISEMFs. Based on
knowledge gleaned from other cancer systems, func-
tional differences between normal and CRC fibroblasts
do likely exist®™. Still, even normal myofibroblasts are
capable of facilitating CRC growth. Vermeulen e a/*
found that normal colonic myofibroblasts prevented
both the morphological and molecular differentiation of
co-cultured colorectal cancer cells. Furthermore, these
myofibroblasts were shown to re-induce tumorigenic po-
tential in subpopulations of CRC cells with low degtree
of proliferative activityH()].

Paneth cells

Paneth cells are terminally-differentiated secretory cells
intermingled between T.gr5" CBCs at the base of crypts
in the small intestinal mucosa”. Though unclear why no
Paneth cells have been found elsewhere in the intestine,
a population of c-kit'/CD117" goblet cells in the colon
may perhaps function analogouslym’%]. Co-culture of
c-kit" cells with Lgr5" stem cells promotes the growth
of organoids in similar fashion to those produced from

55,56]

Paneth/ Lgr5+ cell co-cultures”™™".
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Paneth cells contribute to the preservation of the
stem cell compartment through the expression of Wnt
proteins and other secreted signals such as epidermal
growth factor and Notch ligands, all important in the
maintenance of the Lgr5" CBC population”. Paneth
cells also secrete antimicrobial peptides””. Furthermore,
they facilitate epithelial repair by deactivating paneth-
specific genes and converting to a phase that promotes
Bmil" cell proliferation™

Paneth cells seemingly serve a redundant role in the
intestinal crypt. Wnt proteins released from Paneth cells
are also derived from other sources in and around the
intestinal crypt”’. Notably, the complete removal of pa-
neth cells in mouse model systems has not been shown
to affect the proliferation of Lgr5" CBCs™,

INTESTINAL TUMOR/CANCER STEM
CELLS

Cells of origin

Is there a population of cells in the intestinal epithelium
that reliably serves as the source for most, if not all of
colorectal cancers? Intestinal stem cells are prime sus-
pects due to their pre-existing proliferative and self-re-
storative behavior, making them perhaps more sensitive
to overt carcinogenesis[m’351. In support of this notion,
Barker ¢ a/®"" demonstrated that APC deletions only
among Lgr5" stem cells (6.5% of tumor mass) promoted
the formation of adenomas, even in the setting of uni-
form tumor Wnt target gene activation. Barker and col-
leagues concluded that T.gr5" stem cell transformation-
especially zia loss of APC function-is a highly efficient
pathway to neoplasia[()”. Multi-color reporter lineage
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Figure 2 Niche regulation of the normal intestinal epithelium and colorectal cancer. A: Intestinal subepithelial myofibroblasts (ISEMFs) surround the crypt. Along
with paneth cells (P), they supply the stem cell niche with trophic signals. Developing intestinal cells migrate upwards towards the villus apex, during which time they
are subject to niches among the various strata in the crypt. B: Redundant mediators expressed by ISEMFs and Paneth cells contribute to the preservation of the stem
cell compartment and normal intestinal proliferation. C: The local niche immediately around CRC likely fosters tumor growth by activating stem cell pathways. CRC
cells lacking proliferative ability may re-awaken upon re-entry into the niche. CRC: Colorectal cancer; BMP: Basic metabolic panel.

retracing experiments by Schepers ez al* have also con-
firmed that eatly adenomas are mostly of monoclonal
origin, though occasionally oligoclonal. Schepers ez al®
also identified stem-like LgrS+ tumor origin cells at the
base of adenomas that shared organizational resem-
blances to normal stem cells and were 20-fold more effi-
cient at forming cell colonies 7z vitro than Lgr5-poor cells
derived from the same population.

Still, evidence suggests that colorectal cancer may
also arise from non-stem cells, supporting the idea that
ultimately any cell harbors the potential to foster neo-
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1902

plasia. Early observations by Cole e# al® reveal that
early adenomatous polyps are positioned at the top of
colonic crypts without contact with the stem cell com-
partment. Schwitalla ez al*" have also demonstrated that
Wnt-constitutive intestinal cells can re-acquire stem cell
properties in an NF-kB dependent manner and lead to
tumor formation. These findings are congruent with
iPSC research through which differentiated somatic cells
have been reprogrammed back to proliferative stem-
like states on account of key genetic alterations™". As
with other non-intestinal cancers, no clear distinction yet
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Table 1 Putative colorectal cancer stem cell markers

Marker Function
ALDHI1A1 Enzyme
ALDH1B1 Enzyme
B-catenin Protein (nuclear)
Bmi-1 Protein (nuclear)
CD24 Cell surface glycoprotein
CD26 Cell surface glycoprotein
CD29 Cell surface glycoprotein
CD44 Cell surface glycoprotein
CD133 Cell surface glycoprotein
CD166 (ALCAM) Cell surface glycoprotein
CDX-2 Transcription factor
c-myc Transcription factor
Dclk-1 Serine-threonine kinase (?)
EpCAM Cell surface glycoprotein
Kif-4 Transcription factor
Lgr-5 Cell surface receptor
Lin-28 Transcription factor
Msi-1 Protein (nuclear)
Nanog Transcription factor
4-Oct Transcription factor
Sox-2 Transcription factor

ALDH: Aldehyde dehydrogenase; Bmi-1: B lymphoma Mo-MLYV insertion
region 1 homolog; CD: Cluster of differentiation; CDX-2: Caudal type ho-
meobox 2; Dclk-1: Doublecortin-like kinase-1; EpCAM: Epithelial cell ad-
hesion molecule; Lgr-5: Leucine-rich repeat-containing G protein coupled
receptor 5; Msi-1: Musashi-1.

exists identifying which CRCs, if any, are derived from
non-stem cells™.

What are the triggers that stimulate a cell to progress
to cancer? Based on the discussion thus far, the neoplas-
tic potential of a cell might be directly correlated with
the combined disruptive impact of affected genes. How-
ever, One might imagine a situation in which a cell lack-
ing sufficient functional derangement can be driven to
cancer in response to external stimuli. Signals may come
from cell placement in a Wnt-rich intestinal crypt, or in
response to inflammation in light of concurrent genetic
Wnt derangements as Schwitalla ef al*" have explored.

Tumor stem cell markers
Not surprisingly, many normal stem markers such as Lgt5,
DCLK1, CD133, CD44, CD24, and ALDHT1 have also
been found among highly proliferating fractions of colorec-
tal cancers' > Given the apparent genetic heteroge-
neity among CRC™ very few, if any, markers are both
specific to CRC stem cells and ubiquitous among all
CRCs". Table 1 lists putative CRC stem cell markers as
previously covered by other authors! "™, What remains
unclear is whether such markers reflect carry-over from
intestinal stem cell precursors as with other cancers (eg,
leukemia)®™ or else a re-activation of stem cell pathways.
Regardless of the underlying reason, that CRC and nor-
mal intestinal epithelial stem cells express many of the
same cell surface matkers poses a challenge to the isola-
tion of tumor stem cells.

One putative stem cell marker, Doublecortin-like ki-
nase 1 (Dclkl), may be a useful marker for both normal
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and neoplastic intestinal stem cells. Dclk1 is a complex
multi-splicoform transmembrane serine-threonine kinase
involved in embryonic neuronal migration through in-
tracellular signaling pathwaysm’m. In the digestive tract,
Dclk1™ cells have been found in the stomach and at the
+4 position of the intestinal cryptm’75]. Intestinal Dclk1”
cells are functionally akin to quiescent stem cells via their
label retention and radiation-induced activity*’. Some
studies contend that Dclk1™ cells are not intestinal stem
cells at all. Dclk1 expression may be shared not only by
stem cells but also among the enteroendocrine lineagem.
Alternatively, Gerbe ez al™ propose that Dclk1” cells are
actually novel differentiated tuft cells with unidentified
function.

Interestingly, cells aberrantly expressing Dclk1 have
been found among both mouse intestinal adenomas and
human colorectal cancers, suggesting a potential role for
Declk1 to identify neoplastic stem-like intestinal cells™".
Nakanishi e# /™" recently demonstrated that Dclkl
specifically identifies abnormal intestinal mucosa found
among tumors in the small intestine of APC™ " mice.
Not only did Dclk1” tumor cells co-express Lgr5, they
also demonstrated higher expression of other cancer
stem cell markers zersus non-tumor cells™. Furthermore,
ablation of Dclk1” cells led to regression of the contain-
ing polyps without apparent effect to normal intestine™”.
These results concur with findings from our group
showing that siRNA-based Dclk1 interference leads to
growth arrest of xenoplanted CRC*"™. Also notable
is a recent study by Li e a/’" demonstrating increased
Dclk1” expression among cell fractions with a higher
percentage stem-like HCT116 human CRC cells. Taken
together, these findings support the notion that Dclk1”
cells can identify colorectal cancer stem cells and that
Dclk1 is critical for tumor growth.

Identifying CRC tumor stem cells

Despite the strong evidence suggesting that only a small
fraction of colorectal tumor cells is responsible for main-
taining tumor growth, the isolation of “pure” colorectal
cancer stem cells has remained an ongoing challenge
due to numerous theoretical and practical reasons. In
fact, the term “cancer stem cell” may be somewhat of a
misnomer. There is no expectation that a dysregulated
colorectal cancer cell follows the exact biochemical prin-
ciples of a normal intestinal epithelial stem cell, even if
they share common signaling pathways. So long as the
phrase “cancer stem cell” is used loosely to refer to cells
in control of the proliferative hierarchy demonstrated by
CRC, there is no perceived problem.

The first studies documenting a tumor-initiating CRC
subfraction came in 2007 with the identification of CD133"
cells comprising 2.5% of tumor mass”™*. However, the
significance of CD133 as a specific CRC marker has sub-
sequently been debated™. Other markers have further as-
sisted in the enrichment of CRC stem cell fractions (Table
1). Kemper ¢ al™ found that Tgr5" cells comprised only
1.9%-11.1% of putative stem cells already marked by
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Epcam, although admittedly the Lgr5+ fraction was mote
highly clonogenic. Isolation of DCLK1 among tumor
stem cells has been previously discussed, but even Na-
kanishi ¢ /" did not find DCLK1 universally among all
tumors in their mouse experiments.

The current methods employed to identify CRC stem
cells are derived from non-exclusive properties shared by
all intestinal stem cells. These methods include: DNA la-
bel retention, 7 vitro and in vivo proliferation assessments,
and detection of cell surface markers'”. Consequently,
the isolation of CRC stem cells is fraught with as much,
controversy as normal intestinal stem cells. Not the least
of which, subtle differences between humans and animal
models may consequently make experimental findings
difficult to generalize. The apparent genetic heterogene-
ity of CRC lends further worry that finding a universal
identification standard for CRC stem cells may long re-
main a daunting task™".

Plasticity
It is becoming increasingly apparent that both the nor-
mal intestine and colorectal cancer are subject to “plas-
ticity” processes that convert cells back to less-differen-
tiated forms. Conventional stem cell theory holds that
cellular development follows a unidirectional and irre-
versible hierarchy through semi-differentiated intermedi-
ates and concludes with terminal differentiation™. The
implied goal of such a model is to produce cells capable
of specialized organ functions™. In the intestine, recent
evidence has revealed that short-lived DII1" secretory
progenitors can readily revert to .gr5" stem cells follow-
ing radiation injury (Figure 1 The apparent conver-
sion of quiescent Bmil" LRCs to Igr5" stem cells is an-
other clear demonstration of cellular plasticitym’m. That
differentiated somatic cells, too, can fate-reprogram into
1PSCs carries profound implications regarding the exclu-
sivity of stem cell traits and the potential for any cell in
an organism to participate in tissue regenerationw
Cellular plasticity processes may also depend largely
on the cellular microenvironment. For example, extrin-
sically-derived Wnt signals can sufficiently replace Myc
gene mutations during iPSC creation™. Also, non-prolif-
erating CRC cells possessing low Wnt activity have been
shown to regain proliferative tumorigenic potential when
co-cultured with colonic myofibroblasts or the condi-
tioned medium derived from myofibroblast cultures™’,
These results indicate that extrinsic signals -notably ac-
tivators of the Wnt pathway- are perhaps sufficient to
induce behavioral reprogramming, especially in CRC™.
That fate-reversal occurs in CRC suggests that CRC
expansion adheres to a proliferative pattern somewhere
in between the classical hierarchical and stochastic growth
models™”™. Admittedly, however, it is not known to what
degree cellular plasticity plays a role in the proliferation
of colorectal cancer. Perhaps even among different CRCs
there is variation in functional dependence on extrinsic
signals, ultimately affecting the growth patterns and be-
havior of the neoplastic phenotype. In this way, perhaps
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an extreme disturbance of either genetic derangement

or environmental signals alone would also be a sufficient

. . - [36
trigger for carclnogenesm[ ],

EPITHELIAL MESENCHYMAL
TRANSITION: PREVAILING METASTATIC
PROGRAM?

The presence of cancer cells in the lymphatic and sys-

temic circulation have long been known to correlate with
poor prognosis, even despite the resection of primary
lesions and/or chemotherapy[sgf%]. With the apparent

[11]’ one might infer

monoclonality of colorectal cancer
that circulating cancer stem cells originate from a prima-
ry colorectal tumor. Because cell migration brings with it
certain constraints on adhesion and cellular interactions,
circulating cancer stem cells may be functionally diver-
gent from primary tumor cells.

Epithelial-mesenchymal transition (EMT) is a critical
extension of cellular plasticity that is believed to govern
not only the development of normal tissues but also the
growth and spread of colorectal cancer. EMT is defined
as the process by which epithelial cells convert to a mes-
enchymal-like phenotype. "7z EMT, a cell relinquishes
its native cell-cell interactions, loses tissue-specific po-
larity, and acquires migratory mesenchymal traits”®.
Important aspects of the EMT process such as the loss
of E-cadherin (a hallmark of EMT) is mediated by the
Wnt pathwaym. This process is reversible and plays a
key role in normal embryonic development as well as
normal wound healing and fibrosis in the adult animal.
The opposing process of mesenchymal-epithelial transi-
tion (MET) likely occurs through inverse regulation of
EMT and is critical for final organ formation once em-
bryonic cells have sufficiently migrated via mesenchymal
intermediates””. Boundaries demarcating the degree of
lineage reprogramming during the EMT process remain
vastly gray territory. In fact, cells undergoing EMT may
not necessarily have re-written fates, for such changes
might only involve alterations to cell mobility.

EMT is likely a dominant mechanism driving colorec-
tal cancer metastasis (Figure 3). In fact, CRC cells that
display EMT characteristics have been shown to also
possess traits of stem cells””. Critical to both CRC
stem cell formation and EMT induction are Wnt media-
tors (eg., nuclear B-catenin), most markedly active at the
invasive front of colorectal tumors””. Microarray analysis
has demonstrated up-regulation of EMT-mediating genes
among human CRC (eg., VIM, TWIST 1 + 2, SNAIL,
and FOXC 1 + 2", EMT is also controlled viz the mi-
croRNA miR-200 familylmo’ml]. MicroRNAs are small,
non-coding RNAs that regulate post-transcriptional gene
expression and serve to activate oncogenes and silence
tumor suppressors. The presence of miR-200 family
members (notably miR-200c and miR-141) is associ-
ated with a gain of epithelial cell characteristics'""!. In
contrast, down-regulation of miR-200 family members
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Figure 3 Epithelial-mesenchymal transition and mesenchymal-epithelial transition in colorectal cancer. In a primary tumor, CRC stem cells exist in a station-
ary phase that promotes growth. EMT transition to a migratory mesenchymal phase deactivates proliferative genes and cell adhesion molecules, generally allowing
for metastatic dissemination to occur. Once at distant targets, mesenchymal cells transition back to the stationary phase via MET thereby resuming tumor expansion.
EMT: Epithelial-mesenchymal transition; MET: Mesenchymal-epithelial transition; CRC: Colorectal cancer.

promotes an invasive mesenchymal phenotype, possibly
through the activation of EMT mediators like ZEB1 and
ZEB2""' 1n turn, epigenetic methylation pathways
are in control of these miR-200 “switches” that altogeth-
er govern the shifting of CRC cells towards either mobile
or stationary phases” """\

The combined effect of EMT/MET activity is meta-
static advancement of a colorectal cancer: EMT enables
primary tumor escape and spread by way of mesenchy-
mal intermediates, and MET returns CRC to a highly-
proliferative epithelial stem cell phenotype (Figure 3)!"".
In fact, these transitional phases may be the ultimate
defining characteristic of CRC and may help direct fu-
ture CRC therapy. Loboda e7 al"™ demonstrated that
colorectal cancer, despite its vast mutational heterogene-
ity, can be organized principally as either epithelial or
mesenchymal subtypes. Admittedly, the extent that EMT
contributes to tumor spread remains unknown.

Interfering with EMT at critical phases of cancer
growth is thus seemingly an attractive goal. For instance,
anti-EMT therapy could be utilized to prevent primary
tumor metastasis in eatly-stage CRC by forcing cells out
of a mesenchymal phenotype or else preventing the en-
try into EMT (as is apparently the case with cetuximab
administration) """, However, one concern regarding
EMT/MET exploitation is that the two opposing pro-
cesses may coexist inseparably. As such, unilaterally-di-
rected therapy might lead to undesirable activity of cells
in the opposite transitional phase. For instance, EMT
processes are in part responsible for chronic resistance
to oxaliplatin". Difficulties in controlling mesenchymal
processes may be further complicated by plasticity-me-
diated recruitment of additional CRC stem cells into the
mesenchymal pool. Suffice it to say, our understanding
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of EMT is still in its infancy.

CONCLUSION

Much has been learned about the behavior of colorectal
cancer stem cells owing to knowledge gained about nor-
mal intestinal stem cell behavior. The limitations inher-
ent in our current isolation methods of pure stem cell
fractions will likely bear heavily on how we observe and
understand CRC as well. Newer developments in the
field of stem cell research have provided insight into the
vast potential for stem cells to not only be controlled by
environmental factors but also be restored by its descen-
dants. Also critical are core pathways such as Wnt that
play an integral role in stem cell function, mesenchymal
transition, and metastasis. Given the complexity of CRC
“homeostasis”, optimal CRC therapy will likely still
remain a multi-pronged attack: first by control and/or
alteration of trophic niche stimuli, second by the preven-
tion of mesenchymal cell intermediates, and lastly by the
elimination of stem cell ringleaders.
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Abstract

Colon cancer is the second leading cause of cancer
mortality in the United States with a median age at di-
agnosis of 69 years. Sixty percent are diagnosed over
the age of 65 years and 36% are 75 years or older. At
diagnosis, approximately 58% of patients will have lo-
cally advanced and metastatic disease, for which sys-
temic chemotherapy has been shown to improve sur-
vival. Treatment of cancer in elderly patients is more
challenging due to multiple factors, including disabling
co-morbidities as well as a decline in organ function.
Cancer treatment of elderly patients is often associ-
ated with more toxicities that may lead to frequent
hospitalizations. In locally advanced disease, fewer
older patients receive adjuvant chemotherapy despite
survival benefit and similar toxicity when compared to
their younger counterparts. A survival benefit is also
observed in the palliative chemotherapy setting for el-
derly patients with metastatic disease. When treating
elderly patients with colon cancer, one has to consider
drug pharmacokinetics and pharmacodynamics. Since
chronological age is a poor marker of a patient’s func-
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tional status, several methods of functional assessment
including performance status and activities of daily
living (ADL) or instrumental ADL, or even a compre-
hensive geriatric assessment, may be used. There is
no ideal chemotherapy regimen that fits all elderly pa-
tients and so a regimen needs to be tailored for each
individual. Important considerations when treating el-
derly patients include convenience and tolerability. This
review will discuss approaches to the management of
elderly patients with locally advanced and metastatic
colon cancer.

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

Key words: Colon cancer; Elderly; Chemotherapy; Man-
agement; Toxicity

Core tip: Despite survival benefit, fewer older patients
with colon cancer receive chemotherapy, likely due
to concerns regarding safety and efficacy of chemo-
therapy. The decision to treat elderly patients with ad-
vanced and metastatic colon cancer requires the incor-
poration of a thorough evaluation. Fit elderly patients
are especially appropriate for treatment and should be
offered the same regimens as their younger counter-
parts. Treatment related toxicities and quality of life
should be monitored very closely in elderly patients
receiving chemotherapy and more frequent follow-up
should be arranged. In frail elderly patients, sequen-
tial single agent chemotherapy may be more tolerable
than combination therapy.

Kurniali PC, Hrinczenko B, Al-Janadi A. Management of lo-
cally advanced and metastatic colon cancer in elderly patients.
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INTRODUCTION

An estimated 142820 new cases of colorectal cancet,
including 102480 new cases of colon cancer will be diag-
nosed in 2013 with 50830 deaths expected in the United
States!! Approximately 39% of these patients will have
locally advanced disease and 19% will be diagnosed with
metastatic disease. In both settings, systemic therapy has
been shown to improve survival”,

Most cancer occurs in the elderly population’. De-
veloped countries have accepted the chronological age
of 65 and older as a definition of an elderly popula-
tion”. Currently, more than 50 percent of all cancer
diagnoses and over 70% of cancer deaths occur in those
over age 65" Colon cancer has a median age of 69 years
at diagnosis, in which 60% are over the age of 65 and
36% are 75 years or older”.

Adjuvant chemotherapy has been the standard of care

for stage III colon cancer following complete surgical re-
section. Palliative chemotherapy also improves progression
free survival (PFS) and overall survival (OS) in patients
with metastatic colon cancer. However, since fewer elderly
patients are included in clinical trials, establishing a standard
adjuvant or palliative treatment regimen may be challenging.

Treatment of cancer in elderly patients often requires
greater attention due to multiple factors, including dis-
abling co-morbidities as well as a decline in organs func-
tion. Cancer treatment of elderly patients is often as-
sociated with more severe toxicities and hospitalizations
during treatment”, Elderly patients also have a shorter
life expectancy. These factors often influence physicians
decision to withold chemotherapy. A SEER database
analysis showed that the older the patient, the less likely
they received chemotherapy!™".

BENEFITS OF CHEMOTHERAPY IN
LOCALLY ADVANCED AND METASTATIC
COLON CANCER

Adjuvant setting in locally advanced disease

In the 1980s, the use of fluorouracil (5-FU) and leu-
covorin (LV) extended sutrvival for stage 111 colon can-
cer, even in elderly patients™", The use of 5-FU/LV in
stage Il patients age 65 and older provided a survival
advantage'”. Another SEER-Medicare database analysis
also found survival benefit for adjuvant therapy in pa-
tients age 75 and older”. The toxicities of 5SFU/LV were
similar in older and younger patients.

However, fewer eldetly patients received adjuvant
chemotherapy!”. Since older patients are underrepre-
sented in clinical trials, concerns regarding safety and ef-
ficacy of chemotherapy have always been raised.

Palliative chemotherapy in metastatic colon cancer

In metastatic disease, treatment options include metasta-
tectomy (particularly in patients with isolated liver me-
tastases) and systemic chemotherapy for palliation. For
many years, 5-FU/LV was the only active regimen used
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in this setting,

Chemotherapy for metastatic colon cancer markedly
improves outcomes over best supportive care alone!"'l.
The availability of newer agents, such as irinotecan, ox-
aliplatin, and targeted therapies, has markedly improved
response rates (RR), time to progression (T'TP), and
overall survival (OS)M. Between 1995 and 2005, an
analysis of patients age 65 and older who received che-
motherapy for metastatic colon cancer demonstrated a

6-mo improvement in os™,

ACTIVE AGENTS FOR LOCALLY
ADVANCED AND METASTATIC COLON
CANCER

The following represent a list of active agents for colorec-

tal cancer and their most common side effects. In general,
strategies to prevent toxicities are to identify the side ef-
fects early and provide immediate symptom management
as well as dose adjusment as necessary.

5FU/Leucovorin

Flurouracil (5-FU) in combination with leucovorin (V)
has been used alone for decades before the introduction
of other agents in the late 1990s and eatly 2000. To date,
5-FU is still the backbone drug used in combination with
other newer agents. Flurouracil is a pyrimidine nucleo-
side analog that impairs DNA synthesis iz inhibition of
thymidylate synthase and also inhibits RNA synthesis'
LV enhances 5-FU cytotoxicity by prolonging the 5-FU
enzymatic inhibition of thymidylate synthase' ™',

The side effects of 5-FU may vary based on the
method of administration: IV bolus »s continuous IV
infusion. Bolus 5-FU is more likely to be associated with
diarrhea and myelosuppresion, which may be more pro-
nounced in patients with dihydropyrimidine dehydroge-
nase (DPD) deficiency'"”. Continuous infusion 5-FU is
more likely to cause hand-foot syndrome and mucositis,
especially in older patients (> 70-year-old)"™".,

Capecitabine

Capecitabine (fluoropyrimidine carbamate), an orally
administered chemotherapeutic agent, is a pro-drug that
is converted enzymatically to 5-FU following absorp-
tion™”. Capecitabine is approved in the United States for
first-line treatment of metastatic colon cancer as a single
agent or in combination with other agents.

As monotherapy capecitabine has similar efficacy
when compated to 5-FU/LV for treatment of metastatic
colon cancer”"*, However, in patients who failed 5-FU-
based regimens, replacing 5-FU with capecitabine as a
second line monotherapy is an inappropriate treatment
strategy due to a low objective response rate™",

The most common side effect of capecitabine is
grade 3 or 4 palmar-plantar-erythrodysthesia (PPED)
also known as hand-foot skin reaction. Capecitabine
may also cause diarrhea and mucositis. However, there
is a lower incidence of grade 3 or 4 myelotoxicity when
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compared with infusional 5-FU. Therefore, it is generally
well tolerated. Dose tolerance is also different among
patients treated in the United States »s Europe (a lower
dose is often given in the United States)[zsl.

Irinotecan

Irinotecan, a topoisomerase [ inhibitor, is used alone
or in combination with 5-FU, as well as with targeted
agents. In metastatic disease, several phase Il trials dem-
onstrated a survival benefit for combined irinotecan plus
5-FU/LV compared to 5-FU/LV alone™™,

Diarrhea and myelosuppression are the dose-limiting
side effects of irinotecan, which may be severe. Pre-
medication with atropine sulfate (0.25-0.5 mg subcuta-
neous) often prevents the development of irinotecan-
induced diarrhea. Early use of a antimotility agent such
as loperamide has been shown to decrease the severity
of diarrhea and is essential to prevent treatment-related
mortality™. Blood counts should be monitored and dose
modification may be required. Other toxicities include
nausea, vomiting, alopecia, and asthenia. Medications
for symptom management should be made available if
needed"”.

Oxaliplatin

Oxaliplatin is a platinum analog approved for colon can-
cer in combination with 5-FU or capecitabine, with or
without a targeted agent. Three clinical trials have shown
a significantly greater RR and PFS but similar overall
survival for oxaliplatin plus short-term infusional 5-FU
and LV (FOLFOX regimen) compared to 5-FU plus LV
alone in the first-line treatment of metastatic colon can-
cer (mCRC)P",

The dose limiting toxicity of oxaliplatin is peripheral
neuropathy. Patients should be closely monitored for
the development of neuropathy and educated to avoid
cold exposure to prevent worsening of this symptom.
Although proposed as a strategy to delay peripheral neu-
ropathy, there is no firm evidence for the use of calcium
and magnesium infusions"™". Dose modifications or
interruption is often required when symptoms start. Ox-
aliplatin can also cause pancytopenia, nausea, vomiting,
and fatigue. Therefore, complete blood counts should be
followed and dose modification may be requiredl%].

ANTI-ANGIOGENESIS (ANTI-VASCULAR
ENDOTHELIAL GROWTH FACTOR)

Bevacizumab
Bevacizumab is a humanized monoclonal antibody (MoAb)
targeting vascular endothelial growth factor (VEGE).
The addition of bevacizumab to first-line regimens used
for metastatic colon cancer improves outcomes mod-
estly. It is usually given with fluoropyrimidines alone
or fluoropyrimidines in combination with oxaliplatin
(FOLFOX/XELOX) or ifinotecan (FOLFIRL)™*,
Serious adverse events of this agent include hemor-
rhage, gastrointestinal perforation, and impaired wound
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healing, Other significant side effects include hyperten-
sion and thromboembolic events (especially in patient
age 65 and older). Therefore, the use of this agent should
be avoided in high-risk patients (7e. history of bowel per-
foration, non-healing wounds, history of recent cerebro-
vascular accident, or uncontrolled hypertension). Blood
pressure needs to be monitored and anti-hypertensive
agents are often required. Bevacizumab can also lead
to proteinuria and regular monitoring of urine protein
secretion with urine dipstick or 24-h urine protein to
creatinine ratio may be required. Holding the agent at
least six to eight weeks prior to elective surgery is recom-
mended™.

Aflibercept

Intravenous aflibercept is a recombinant fusion protein
consisting of VEGF binding portions from key domains
of human VEGEF receptors 1 and 2 fused to the Fc por-
tion of human immunoglobulin G1. It is approved in
the United States for use in combination with FOLFIRI
for the treatment of patients with metastatic colon can-
cer resistant to or who have progressed following an
oxaliplatin-containing regimen[44’45].

Due to a similar mechanism of action as bevacizum-
ab (anti-VEGEF), aflibercept shares a similar side effect
profile including hemorrhage, hypertension, thrombo-
embolism, bowel perforation, and impaired wound heal-
ing. Identification of and early symptom management,
as well as dose modification as necessary are important
in managing toxicities. If patients develop recurrent or
severe hypertention, treatment needs to be withheld un-
til blood pressure is controlled and then resumed with a
permanent dose reduction. Treatment should be discon-
tinued if patients develop a hypertensive crisis, fistula
formation, GI perforation, or severe hemorrhage (see
manufacturer package insert).

ANTI-EGFR MONOCLONAL ANTIBODIES

Cetuximab, panitumumab
Activation of epidermal growth factor (EGF) pathway
is dependent on ligand binding to its receptor (EGFR),
with subsequent homo- and heterodimerization lead-
ing to activation of signaling pathways. Cetuximab and
panitumumab are monoclonal antibodies directed against
EGFR. However, they exert their action on both ma-
lignant and normal cells. Cetuximab and panitumumab
are only effective in patients who have K-ras wild type
tumor™***!. While cetuximab is more commonly used in
combination with irinotecan based regimens, panitumum-
ab is approved only as a single agent after failure of other
regimens***. Whether panitumumab is of benefit in pa-
tients who are refractory to cetuximab is unknown®”.
Since anti-EGFR monoclonal antibodies also bind
to EGFR receptors in normal tissue, these agents affect
organs with abundant receptors and may cause skin and
gastrointestinal toxicities (rash, dryness, pruritus, and
diarrhea). Of particular interest, early identification and

February 28, 2014 | Volume 20 | Issue 8 |



proper grading of skin toxicity, as well as symptom man-
agement are important. Patients should be educated to
recognize the signs and symptoms of toxicity, as well as
general prevention strategies such as applying sunscreen
and alcohol-free moisturizing creams” . Hypomag-
nesaemia is another significant toxicity of this class of
drug. Frequent laboratory monitoring and repletion are

often required”™",

RECEPTOR TYROSINE-KINASE INHIBITOR

Regorafenib

Regorafenib is a new oral multikinase inhibitor that
blocks the activity of several protein kinases, includ-
ing the VEGF and EGFR pathways. It is approved as a
single agent for the treatment of patients with refractory
mCRC"™.

The most common side effects of Regorafenib are
grade 3 or 4 PPED also known as hand-foot skin re-
action, fatigue, hypertension, diarrhea, and skin rash.
These toxicities tend to occur during the first treatment
cycle and then diminish over time. Early identification,
intervention, and dose reduction, are key to managing
these side effects.

ACTIVE REGIMEN FOR LOCALLY
ADVANCED AND METASTATIC COLON
CANCER

The following regimens are summarized in Table 1.

FOLFOX

A SEER-Medicare database analysis found that the ad-
dition of oxaliplatin to 5-FU/LV adjuvant therapy in
elderly patients with stage Il disease resulted only in a
small but non-significant OS benefit”.

A subset analysis of major adjuvant therapy trials
also showed a lack of benefit with the addition of ox-
aliplatin in older patients. The NSABP C-07 trial found
that the addition of oxaliplatin to 5-FU/LV did not
prolong survival in patients age 70 and older with stage
Il or Il colon cancer. There was actually a trend toward
decreased survival®. A subset analysis of the MOSAIC
trial did not show survival benefit with the addition of
oxaliplatin for patients of age 70-75 with stage II or III
colon cancer””. However, the median age of patients
enrolled in the MOSAIC study was 59 with only one-
third of these patients were over the age of 65. Due to
the small number of elderly patients included in this
retrospective analysis, the use of oxaliplatin as adjuvant
treatment in elderly patients remains inconclusive.

In the metastatic setting, however, the addition of
oxaliplatin to fluoropyrimidine-based regimens signifi-
cantly improved outcomes without worsening toxicity in
elderly and frail patients®™.

If indicated, oxaliplatin 85 mg/ m” IV is usually given
in combination with LV 400 Ing/rn2 IV over 2 h and
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5-FU (400 mg/ m” IV bolus on day 1 followed by 2400
mg/ m’ continuous IV infusion over 46 h)®”. The cycle is
repeated every two weeks for a total of 12 cycles in adju-
vant setting,

CAPOX/XELOX

In a randomized trial comparing capecitabine plus ox-
aliplatin (XELOX) »s FOLFOX regimen, XELOX was
found to be non-inferior as a first line treatment regimen
for mCRC™. In the adjuvant setting, the combination
of oxaliplatin and capecitabine has been shown to im-
prove disease free and overall survival with less toxicity
when compared to standard bolus S—FU/LV[GL“]. The
standard regimen is capecitabine 850-1000 mg/ m’ orally
twice daily, from day 1 to 14, with oxaliplatin 130 mg/m”
IV on day 1 of every three week cycle.

Single agent capecitabine

The approved dose of oral capecitabine is 1250 mg/ m’
twice daily for 2 wk, every 21 d, either as monotherapy
or in combination with other agentsm’zzj. The dose is
often reduced to 1000 mg/m2 twice daily (in combi-
nation with oxaliplatin) on days 1-14 of a three week
cycle® ™ No clinical trial has yet been done to com-
pare these different dosing regimens. In one study of 51
elderly patients (mean age 76) with advanced CRC, treat-
ment with capecitabine was well tolerated,

FOLFOX + bevacizumab

The benefit of adding bevacizumab to an oxaliplatin-
containgin regimen has been addressed in several clini-
cal trials and showed an improvement in RR, PFS, and
OSP* However, the use of bevacizumab also increased
the risk of bowel perforation, impaired wound healing,
grade 3 or 4 hypertension, and bleeding events™.

In the TREE-2 trial, bevacizumab was added to ox-
aliplatin and fluoropyrimidine regimens. These regimens
were well tolerated as first-line treatment of mCRC with
similar overall toxicity. The first-line oxaliplatin and fluo-
ropyrimidine-based regimen with bevacizumab resulted
in a median OS of approximately 2 yearsw

The dosing regimen is oxaliplatin 85 mg/ m’ IV, be-
vacizamab 5 mg/kg IV, LV 400 mg/m’ IV, and 5-FU
400 mg/ m” IV bolus on day 1, followed by 2400 mg/ m’

continuous IV infusion over 46 h; every 2 wk.

FOLFIRI + bevacizumab

A phase Il randomized clinical trial comparing the ad-
dition of bevacizumab to 5-FU-based combination
chemotherapies (irinotecan, bolus fluorouracil, and leu-
covorin [IFL]) showed improved objective RR, PES, and
0S™. Another randomized trial comparing 5-FU given
as continuous infusion »s bolus (FOLFIRI »s IFL), both
with bevacizumab, showed a superior result with the for-
mer®. In the bevacizumab expanded access trial (BEAT),
bevacizumab added to first-line chemotherapy showed a
comparable efficacy and safety profile compared to che-
motherapy alone™
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Table 1 Chemotherapy regimen in locally advanced and metastatic colon cancer

No. Regimen

Dosing

Frequency  Adjuvant Palliative

1 5-FU/LV

Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 2 wk Y Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h

2 Capecitabine
3 FOLFOX

Capecitabine 1000-1250 mg/m’ by mouth twice daily for 2 wk, then 1 wk off
Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 3 wk Y Y
Every 2 wk Y Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h
Oxaliplatin 85 mg/m’ IV on day 1

4 CAPOX

Capecitabine 850-1000 mg/m’ by mouth twice daily for 2 wk, then 1 wk off

Every 3 wk Y Y

Oxaliplatin 130 mg/m” IV on day 1

5 FOLFIRI

Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 2 wk N Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h
Irinotecan 180 mg/m” IV over 90 min on day 1

6 FOLFOX + Bevacizumab

Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 2 wk N Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h
Oxaliplatin 85 mg/m’ IV on day 1
Bevacizumab 5 mg/kg IV on day 1

7 FOLFIRI + Bevacizumab

Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 2 wk N Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h
Irinotecan 180 mg/m” IV over 90 min on day 1
Bevacizumab 5 mg/kg IV on day 1

8 CAPOX + Bevacizumab

Capecitabine 850-1000 mg/m’ by mouth twice daily for 2 wk, then 1 wk off

Every 3 wk N Y

Oxaliplatin 130 mg/m” IV on day 1
Bevacizumab 7.5 mg/kg IV on day 1

9 Capecitabine + Bevacizumab ~ Capecitabine 850-1000 mg/m’ by mouth twice daily for 2 wk, then 1 wk off

Every 3 wk N Y

Bevacizumab 7.5 mg/kg IV on day 1

10 5-FU/LV + Bevacizumab

Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 2 wk N Y

5-FU 400 mg/m” IV bolus on day 1, followed by 2400 mg/m” IV over 46 h
Bevacizumab 5 mg/kg IV on day 1

11 FOLFIRI + Cetuximab

Leucovorin 400 mg/m’ IV over 2 h before 5-FU on day 1

Every 2 wk N Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h
Irinotecan 180 mg/m” IV over 90 min on day 1
Cetuximab 400 mg/m’ IV loading on treatment day 1, then 250 mg/m’ IV

every week

12 FOLFIRI + Ablifercept

Leucovorin 400 mg/m” IV over 2 h before 5-FU on day 1

Every 2 wk N Y

5-FU 400 mg/m’ IV bolus on day 1, followed by 2400 mg/m’ IV over 46 h
Irinotecan 180 mg/m” IV over 90 min on day 1
Aflibercept 4 mg/kg, over 1 h on day 1

13 Panitumumab
14 Regorafenib

Panitumumab 6 mg/kg IV
Regorafenib 160 mg by mouth once daily for 3 wk, then 1 wk off

Every 2 wk N Y
Every 4 wk N Y

5-FU: Fluorouracil.

The dosing regimen is irinotecan 180 mg/m” IV, be-
vacizumab 5 mg/kg IV, LV 400 rng/rn2 IV, and 5-FU 400
mg/ m” IV bolus on day 1, followed by 2400 mg/ m” con-
tinuous IV infusion over 46 h; every two weeks'"".,

CAPOX + bevacizumab

The addition of bevacizumab to either XELOX or
FOLFOX4 showed improved median PFS when com-
pared to either regimen without bevacizumab'”.

The dosing regimen is oxaliplatin 130 mg/ m’ v, be-
vacizumab 7.5 mg/kg /v on day 1; capecitabine 850-1000
mg/ m’ by mouth twice daily on day 1 to 14, every three
weeks.

Fluoropyrimidines + bevacizumab

Bevacizumab adds benefit to first-line 5-FU/LV or
capecitabine with improvement in RR, PFT, and ORP*".
The addition of bevacizumab to capecitabine also im-
proves PES compared to capecitabine alone in elderly
patients age 70 and older. However, more treatment-
related adverse events, inlcuding hand-foot syndrome,
diarrhea, venous thrombotic events, and hemorrage were
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observed with the addition of bevacizumab®*.

The dosing regimen is bevacizumab 7.5 mg/kg IV on
day 1 with capecitabine 850-1000 mg/m” by mouth twice
daily on day 1 to 14, every three weeks. When combine
with 5-FU/LV containing regimen, the dosing is beva-
cizumab 5 mg/kg IV, LV 400 rng/m2 IV, and 5-FU 400
mg/m” IV bolus on day 1, followed by 2400 mg/m” con-
tinuous IV infusion over 46 h, every two weeks.

FOLFOX + cetuximab

Several studies have shown higher RR and prolongation
in PFS with the addition of cetuximab, but without sig-
nificant effect on OS™. However, other trials showed no
clear benefit in adding cetuximab to a first-line oxalipla-
tin-containing regimen in patients with K-ras wild-type
tumors with only a modest improvement in RR""". For
this reason, the benefit of adding cetuximab to a first-
line oxaliplatin-containing regimen remains unclear.

FOLFIRI + cetuximab

Cetuximab can be used in combination with irinotecan
for patients with wild-type K-ras tumors. Multiple phase
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I randomized controlled trials have shown improve-
ment in RR and PFS, but failed to show significant OS
benefit” . Cetuximab is given as a weekly infusion, al-
though some data support the safety and efficacy of ev-
ery other week dosing, which is often done for patients
convenience.

The dosing regimen is cetuximab 400 rng/rn2 I\%
loading on first treatment day 1, and then 250 mg/m” IV
weekly, with irinotecan 180 mg/ m” IV, bevacizumab 5
mg/kg IV, LV 400 mg/m” IV, and 5-FU 400 mg/m’ IV
bolus on day 1, followed by 2400 mg/ m” continuous IV
infusion over 46 h; every 2 wk.

FOLFIRI + aflibercept

Aflibercept in combination with FOLFIRI is approved
for treatment of patients with mCRC that is resistant
to or has progressed following an oxaliplatin-contain-
ing regimen. A placebo controlled trial compared FOL-
FIRI with or without aflibercept given in patients who
failed a oxaliplatin containing regimen. An improved
median PFS and OS were observed in patients receiv-
ing aﬂiberceptw.

The dosing regimen is aflibercept 4 mg/kg, followed
immediately by the FOLFIRI regimen (irinotecan 180
mg/m’ IV, bevacizumab 5 mg/kg IV, LV 400 mg/m”
IV, and 5-FU 400 mg/m” IV bolus on day 1, followed by
2400 mg/ m’ continuous IV infusion over 46 h) every 2
wk.

Single agent panitumumab

Panitumumab as a single agent is approved for treatment
of K-ras wild-type mCRC. Studies evaluating the addi-
tion of panitumumab to either FOLFOX or FOLFIRI
have shown improvement in PFS, but no survival ben-
efit. However, lower survival and increased toxicity were
observed when panitumumab was combined with other
agents, including oxaliplatin and bevacizumab!**7".
For this reason, panitumumab is not indicated for use in
combination with chemotherapy. The dosing regimen is

6 mg/kg IV every 2 wk.

Single agent regorafenib
Oral regorafenib is approved for patients with metastatic
colon cancer that has progressed after all standard thera-
pies. In a randomized trial comparing regorafenib to best
supportive care, regorafenib showed a modest though
statistically significant improvement in PFS and median
os"™,

The dosing regimen is 160 mg once daily for 21 d of
a 28-d cycle.

METASTASECTOMY

In a large international multicenter cohort study evaluat-
ing the outcome of liver surgery for metastatic colon
cancer in patients age 70 and older, a 3-year survival rate
of 57% and a 60-d perioperative mortality rate of 4%
were observed””. These results were comparable to pre-

(4 9
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vious studies with younger age groups.

Therefore, the management of potentially resectable
liver metastases in elderly patients with good perfor-
mance status should be the same as in younger patients.
Older patients may also benefit from neoadjuvant che-
motherapy to convert borderline resectable lesions to
resectable disease. Several studies showed a similar re-
sponse rate and five-year OS among younger and older
individuals who received neoadjuvant chemotherapy fol-
lowed by liver resection™®".

Although there is no firm data on solitary pulmonary
metastases, metastasectomy may be considered for fit
older patients with isolated pulmonary metastases”
Older age (> 60-year-old), male, and increased lung me-
tastases are negative predictors for survival after pulmo-

nary metastatectomy[sﬂ.

TOLERABILITY OF CHEMOTHERAPY IN
ELDERLY PATIENTS

When treating elderly patients with cancer one has to
consider drug pharmacokinetics and pharmacodynam-
ics. Eldetly patients have age related changes in organ
function as well as comorbidities. Drug toxicities may be
due to a reduction in renal or hepatic function. Also, im-
paired drug efficacy may be due to age-related decreased
intestinal absorption (for oral medications).

ASSESSING FUNCTIONAL STATUS OF
ELDERLY PATIENTS

Since chronological age is a poor marker of a patient’s
functional status, several methods of functional assess-
ment may be used.

Eastern Cooperative Oncology Group performance status
Eastern Cooperative Oncology Group (ECOG) perfor-
mance status (PS) (Table 2) is useful to assess a patient’s abil-
ity to tolerate chemotherapy and their short-term prog-
nosis. Patients with a poor performance status (PS) (e.g.,
ECOG PS > 2) usually tolerate chemotherapy poorly and
have shorter median OS. Older patients with poor PS

. . . 84
also often have more functional 1rnpalrment[ 1.

ADL and IADL scales

Activities of Daily Living (ADL) and Instrumental Ac-
tivities of Daily Living (IADL) scales are more represen-
tative of a patient’s functional status. ADL refers to the
skills that are necessary for basic living such as self-care
and include feeding, grooming, transferring, and toilet-
ing. IADL refers to the skills required to live indepen-
dently in the community including shopping, managing
finances, housekeeping, preparing meals, and the ability
to take medications.

Comprehensive geriatric assessment
Assessment of functional status with the ADL and IADL
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Table 2 Eastern Cooperative Oncology Group performance status

Grade Description

0 Fully active, able to carry on all pre-disease performance without restriction

1 Restricted in physically strenuous activity but ambulatory and able to carry out work of a light or sedentary nature, e.g., light housework,
office work

2 Ambulatory and capable of all self-care but unable to carry out any work activities. Up and about more than 50% of waking hours

3 Capable of only limited self-care, confined to bed or chair more than 50% of waking hours

4 Completely disabled. Cannot carry on any self-care. Totally confined to bed or chair

5 Dead

scales is a component of the comprehensive geriatric
assessment (CGA) scale that is used by geriatricians to
identify frail older patients at high risk of adverse out-
comes such as falls, hospitalization, and death. The task
force of International Society of Geriatric Oncology
recommends the use of CGA in the cate of older cancer
patients’™”

CHEMOTHERAPY SELECTION IN
ELDERLY PATIENTS

There is no ideal chemotherapy regimen that fits all
patients and so a regimen needs to be tailored to each
individual. Important considerations when treating el-
detly patients include convenience and tolerability. While
using a 5-FU based regimen, patients will require a pot-
table outpatient infusion pump and an indwelling venous
catheter. Otherwise, patients will have to be admitted to
the hospital for at least 48 h in order to complete a 5-FU
continuous infusion. In our institution, bolus 5-FU is
often omitted if there is a concern for increased toxicity
in the metastatic setting,

Capecitabine, on the other hand, is given orally.
Often times, this drug may be a better alternative for
selected patients. However, since capecitabine has to be
taken twice daily for 14 d, compliance may be an issue.
We recommend that patients who are treated with oral
capecitabine use a pill container with scheduled compart-
ments to help with compliance. Nursing staff can also
monitor the frequency of refills. In our center, patients

are given an individualized chemotherapy calendar.

In the adjuvant setting, we recommend 5-FU con-
tinuous IV infusions or oral capecitabine alone for six
months for patients age 60 and older.

In the metastatic setting, FOLFOX has a comparable
activity to FOLFIRI™™, The choice of which to use
should be based upon the expected toxicities of each
regimen and the patients comorbidities. If there are no
contraindications, bevacizumab may be added to either
regimen. A fluoropyrimidine can be given to a patient
cither »ia an intravenous infusion (5-FU) or by an oral
route (capecitabine). If patients are not considered can-
didates for more intensive therapy due to a poor func-
tional status, then oxaliplatin ot irinotecan should not be
given. In that case, either an intravenous 5-FU infusion
or oral capecitabine with or without bevacizumab is an
appropriate option.

(4 9
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Short term 5-FU/LV continuous infusion is prefet-
able to a 5-FU bolus due to a favorable toxicity profile®™.

When patients progress, FOLFOX can be changed
to FOLFIRI, or vice-versa, while maintaining treatment
with bevacizamab™. If the patient is initially treated
with a fluoropyrimidine alone, then the addition of ei-
ther oxaliplatin or irinotecan could be considered. This
is especially relevant if the patient has an improvement
in functional status. If the patient has a K-ras wild type
tumot, cetuximab can be added to FOLFIRI, especially
if a FOLFIRI-based regimen was not used first-line. An-
other alternative is to give FOLFIRI plus ziv-aflibercept
when a FOLFOX regimen has already been given as
first-line therapy and the patient has progressed.

If the patients functional status declines or does not
improve, therapy with single agent panitumumab, cetux-
imab, regorafenib, or even best supportive care (BSC),
are options.

BEST SUPPORTIVE CARE

Many clinical trials were designed to compare drug therapy
versus BSC, especially for patients resistant to multiple
lines of chemotherapy[g(]]. BSC is palliative treatment
without using chemotherapy with the intent to maximize
quality of life (QOL). Appropriate BSC includes antibi-
otics, analgesics, antiemetics, thoracentesis, pleurodesis,
blood transfusions, nutritional support, and also focal

external-beam radiation for symptomatic control””,
Symptom assessment and management is patamount
to provide BSC. Once assessed, symptoms should be
managed in accordance with one of the many existing
. . . [92]
evidence-based guidelines™ .

WHOM TO TREAT

There is a general agreement that frail older patients,
those with significant functional impairment or an
ECOG PS of 3 to 4, should be offered palliative mea-
sures aimed at maintaining QOL. Most of the time, they
have poor tolerance to aggressive treatment for their
cancer. However, active and fit older patients with mini-
mal comorbidities should be treated in the same fashion
as younger patients with metastatic colon cancer””, Pa-
tients with metastatic colon cancer who have a PS of 2
or less should be considered for chemotherapy, particu-
larly if their PS decline is believed to be cancer related.
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Table 3 Most common side effects of active agents in colon cancer and their management

Agent Maijor side effects Management
Fluoropyrimidine Stomatitis, diarrhea, hand-foot syndrome Identification and early symptom management
5-FU Vomiting Dose interuption or reduction if progression (grade 2 or worse)
Capecitabine Pancytopenia Adjustment of route of administration: bolus vs continuous infusion
Predetermined treatment parameter
Oxaliplatin Peripheral neuropathy (dose limiting) Education about exposure to cold, dose modification, “stop and go” strategy, and
use of neuromodulatory agents
Pancytopenia Predetermined treatment parameter
Nausea, vomiting, diarrhea, fatigue Identification and early symptom management.
Dose interuption or reduction if progression (grade 2 or worse)
Irinotecan Diarrhea Premedication with atropine sulfate
Pancytopenia Proper instruction for the use of anti-motility agent to control diarrhea
Predetermined treatment parameter
Anti EGFR Skin toxicity (rash, dryness, pruritus) Identification and early symptom management
Cetuximab Mucositis Proper instruction for the use of anti-motility agent to control diarrhea
Panitimumab Diarrhea Dose interuption or reduction if progression (grade 2 or worse).
Anti VEGF Wound healing impairment Blood pressure monitoring and adding anti-hypertensive agent if needed
Bevacizumab Thromboembolism Avoid in high risk patients.

Ziv-aflibercept Bowel perforation
Proteinuria

Hypertension

Receptor TKI inhibitors
Regorafenib

Hand-foot skin syndrome, rash
Diarrhea, hypertension

Close monitoring if used in patients at risk

Regular monitoring of urine protein secretion with urine dipstick or 24HR

urine protein to creatinine ratio
Holding medication prior to elective surgical procedure (6-8 wk)
Appropriate healing time before re-starting medication post-op
Identification and early symptom management
Dose modification

5-FU: Fluorouracil; EGFR: Epidermal growth factor receptor; VEGF: Vascular endothelial growth factor; TKI: Tyrosine-kinase inhibitor.

Although the incidence of postoperative morbidity
and mortality increases with advancing age, elderly pa-
tients still benefit from surgery and therefore should be

evaluated for resectability”™.

STRATEGIES IN TREATING ELDERLY
PATIENTS

After carefully selecting an appropriate chemotherapy

regimen for elderly patients, the following are additional
strategies to improve tolerability and successful comple-
tion of a planned treatment.

Prepare the patient for what to expect

Discussing chemotherapy and their side effects during an
office visit will encourage patients to read the drug fact
information sheets provided. When patients understand
what to expect during treatment and what actions to take
when they experience side effects they will be reassured
and less anxious. In our center, patients are encouraged
to participate in the chemotherapy teaching class led by
oncology certified nurses.

Early side effect management

Elderly patients are more susceptible to toxicities when
receiving chemotherapy. For example, patients age 70
and older with metastatic colon cancer on 5-FU-based
chemotherapy are more prone to diarrhea, vomiting,
stomatitis, and neutropem'a[%’%J. Therefore, a follow up
appointment should be scheduled early, especially during
the initiation of a new regimen. Patients should have ac-
cess to immediate medical attention when the expected
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side effects occur. We summarize the most common side
effect profiles of active agents in colon cancer and their
managements in Table 3.

CONCLUSION

Treating elderly patients with advanced and metastatic
colon cancer is often challenging due to a lack of strong
evidence from which to choose the most appropriate
regimen. Elderly patients with locally advanced and met-
astatic colon cancer will benefit from chemotherapy and
biologic agents. Fit elderly patients are especially appro-
priate for treatment and should be offered the same regi-
mens as their younger counterparts. Treatment related
toxicities and QOL should be monitored very closely in
elderly patients. For this reason, more frequent follow-
up of eldetly patients receiving chemotherapy should be
arranged. In frail elderly patients, sequential single agent
chemotherapy may be more tolerable than combination
therapy.

The decision to treat elderly patients with advanced
and metastatic colon cancer requires the incorporation
of a thorough evaluation of the patients functional sta-
tus, including ECOG PS and also ADL/IADL capacity
as well as estimated life expectancy. Chronological age
does not always correlate with a patient’s functional
status. If a patients decline in functional status is due to
cancer, chemotherapy should be considered since a treat-
ment response may lead to clinical improvement.

Elderly patients with locally advanced and metastatic
colon cancer attain significant benefit from chemo-
therapy and biologic agents. Chronological age does not
always correlate with a patient’s functional status. Fit
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elderly patients should be offered the same regimens as
their younger counterparts. A chemotherapy regimen
should be carefully selected based on patients character-
istic and underlying medical problems. Frequent follow-
up for elderly patients receiving chemotherapy is often
required. If a patients decline in functional status is due
to cancer, chemotherapy should be considered since a
treatment response may lead to clinical improvement.
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Abstract

The evasion from controlled cell death induction has
been considered as one of the hallmarks of cancer
cells. Defects in cell death signaling are a fundamental
phenomenon in colorectal cancer. Nearly any non-inva-
sive cancer treatment finally aims to induce cell death.
However, apoptosis resistance is the major cause for
insufficient therapeutic success and disease relapse
in gastrointestinal oncology. Various compounds have
been developed and evaluated with the aim to meet
with this obstacle by triggering cell death in cancer
cells. The aim of this review is to illustrate current ap-
proaches and future directions in targeting cell death
signaling in colorectal cancer. The complex signaling
network of apoptosis will be demonstrated and the
“druggability” of targets will be identified. In detail,
proteins regulating mitochondrial cell death in colorec-
tal cancer, such as Bcl-2 and survivin, will be discussed
with respect to potential therapeutic exploitation. Death
receptor signaling and targeting in colorectal cancer
will be outlined. Encouraging clinical trials includ-
ing cell death based targeted therapies for colorectal
cancer are under way and will be demonstrated. Our
conceptual understanding of cell death in cancer is
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rapidly emerging and new types of controlled cellular
death have been identified. To meet this progress in
cell death research, the implication of autophagy and
necroptosis for colorectal carcinogenesis and therapeu-
tic approaches will also be depicted. The main focus of
this topic highlight will be on the revelation of the com-
plex cell death concepts in colorectal cancer and the
bridging from basic research to clinical use.

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

Key words: Colorectal cancer; Apoptosis; Necroptosis;
Autophagy; Clinical trial; Bcl-2 proteins; BH-3 mimetics;
Inflammatory bowel disease

Core tip: This review highlights current strategies tar-
geting cell death signaling in colorectal cancer. The role
of apoptosis, autophagy and necroptosis in the normal
colon mucosa as well as in colorectal cancer onset and
therapy is defined. Relevant small molecule compounds
as well as antisense based approaches for the treat-
ment of colorectal cancer are illustrated. Furthermore,
clinical trials investigating new cell death based com-
pounds are discussed. Finally, future directions in trans-
lational cell death research are discussed.

Koehler BC, Jdger D, Schulze-Bergkamen H. Targeting cell
death signaling in colorectal cancer: Current strategies and future
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CELL DEATH IN THE NORMAL
COLORECTUM

The crypts of the colorectal mucosa are organized in a
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polarized fashion. Very few stem cells at the base of a
crypt comprise the pool of the regenerative epithelium
in which cells travel from bottom to top of the crypt. On
the apical edge of the mucosa, about 10" cells per day die
by apoptosis and are subsequently shed in the lumen'",
This fact illustrates the essential need of a proper regulat-
ed cell death for the homeostasis of a normal colorectal
mucosa. However, defective signaling or dysbalanced reg-
ulation of apoptosis is a very likely cause for the initiation
and progression of an adenoma to carcinoma sequence
ending up in colorectal cancer (CRC). Of note, proteins
relevant for apoptosis (e.g., Bak or Bcl-2) are not equally
expressed in all parts of the colorectal mucosa pointing
on distinct regulation of death in the intestine™”.

In addition to apoptosis as the classical form of pro-
grammed cell death, autophagy, a controlled process of
cellular self digestion of great importance in situations
of cellular stress or upon energy deprivation, has been
shown to be active and relevant in colorectal glands. In
contrast to apoptosis, the autophagic flux intensity de-
creases in the crypt from bottom to topw. This has been
indicated by high expression levels of proautophagic
protein Beclin-1 and the conversion of LC3- 1 to LC3-1I
in lower crypt cells. On their way to the apex of a crypt
the epithelial cells lose Beclin-1 expression and accumu-
late high levels of SQSTM1/p62, which is an ubiquitin-
associated adaptor protein maintaining autophagic flux,

In summary, the integrity of the complex interplay of
cell death signaling is fundamental for mucosal develop-
ment and homeostasis in the colorectum. Defective or
dysbalanced cell death signaling is involved in the patho-
genesis of a variety of colorectal diseases from chronic
bowel diseases (Crohn’s disease as well as ulcerative coli-
tis) to colorectal carcinoma.

CELL DEATH IN INTESTINAL DISEASE
AND CARCINOGENESIS

Colorectal carcinoma can occur sporadically, the most
common situation, on the base of defined mutations
and also as a final consequence of chronic inflammatory
diseases of the intestine™. The intriguing field of cancer
related to chronic inflammation will not be in the focus

of this review and the reader might refer to comprehen-
7-11]

sive literature by others addressing this issue

During the development of CRCs from benign pol-
yps through adenomas and finally adenocarcinomas, cell
death plays a fundamental role. Key regulating proteins
of an appropriate mucosal cell death undergo changes
in expression during the transition of an adenoma-carci-
noma—sequence[12’14]. For instance, antiapoptogenic Bcl-2
gets lost during the development from adenoma to car-
cinoma, However, especially the value of cell death re-
lated proteins as biomarkers for prognosis and prediction
of CRC is of great interest, but the available literature is
inconsistent and controversial'> ", In summary, apop-
tosis signaling proteins are in the context of biomarkers

cither ill defined or need further validation"”, The reason
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for these contradictory reports might be due to the ex-
traordinary heterogeneity of CRCs and the broad variety
of the carcinogenesis driving mutations”™"”*". The aim of
this review is to identify possible targets in the cell death
signaling network and discuss the compounds available to
foster killing of colorectal cancer cells.

TARGETING CELL DEATH IN
COLORECTAL CANCER

Apoptosis: Implications for therapy

Defects in apoptosis signaling are common in colorectal
cancers. An acquired resistance towards cell death may be
a key feature of both, carcinogenesis and therapy resis-
tance”™. However, proteins within the apoptosis signaling
pathways have been evaluated for their value as predictive
and or prognostic markers as well as targets for therapeu-
tic approaches“sl. Figure 1 shows a synopsis of apoptosis
signaling and indicates relevant targets and compounds.

INTRINSIC PATHWAY

Mitochondsria are in the very centre of the intrinsic path-
way of apoptosis. The mitochondrial membrane integrity
1s regulated by the Bcl-2 family of proteins. A tight bal-
ance of pro- and antiapoptotic Bcl-2 proteins governs
cell’s fate at the mitochondrial surface. In response to
several unfavorable conditions (e.g., growth factor with-
drawal, DNA damage), this balance shifts towards death.
In this case, the proapoptotic proteins (e.g., BAX and
BAK) are released by their antiapoptotic relatives (Bcl-2,
Bel-xi, Mcl-1, Bel-w and A1)™. The proapoptotic pro-
teins finally lead to mitochondrial outer membrane per-
meabilisation and the immediate release of cytochrome
C (cytC) into the cytosol. Together with APAF-1 and
Caspase 9, cytC forms a death inducing protein platform
called apoptosome which in turn leads to activation of

caspase 3 as the central downstream event of cell death
23]

execution

BH3-mimetics

Within the intrinsic pathway of apoptosis, the antiapop-
totic Bcl-2 proteins have been extensively studied as
“druggable” targets. Various small molecules targeting the
antiapoptotic proteins by binding to their BH3 cleft. This
mechanism of action causes a release of multidomain
proapoptotic Bcl-2 proteins (e.g., Bim, Bak or/and Bax)
which in turn promote cell death. ABT-737 and its orally
available derivate ABT-263 (navitoclax) are potent inhibi-
tors of Bcl-2, Bcl-w and Bel-xt.. ABT-263 has recently
been shown to induce cell death in colorectal cancer cells
in vitro synergistically with the inhibition of the prosur-
vival kinase MAP kinase/ERK kinase 1/2%%. This mech-
anism of death induction by ABT-263 was completely
dependent on Bax and Bim. Several phase I trials in solid
cancers have proven the safety of ABT263 in combina-
tion with established therapy regimes (www.clinicaltrials.
gov). ABT-737 has been shown to act synergistically with
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oxaliplatin on CRC cells 7z vitrd™. An ex vivo evaluation
of ABT-737 in samples of ovarian tumors is under way
(www.clinicaltrials.gov). In addition, ABT-737 enhanced
apoptosis in CRC cells induced by cyclo-oxygenase-2 in-
hibitor celecoxib™. Importantly, the sensitivity of cancer
cells towards ABT-737 is dictated by the expression of
NOXA and its control by Mcl-1, which is not targeted by
ABT-737"* Interestingly, Mcl-1 sparing BH-3 mimet-
ics such as ABT-737, ABT-199 and ABT-263, have been
shown to effectively induce apoptosis in hypoxic regions
of human colorectal tumor spheres. Hypoxia led to a
profound downregulation of Mcl-1 which is responsible
for ABT-737 resistance in many settingslz[)]. This work is
of great interest since few normal tissues are exposed to
hypoxia, but it is a common challenge for growing tu-
mors™”. HA14-1 is a highly selective small molecule tar-
geting Bcl-2 only. HA 14-1 has been shown to overcome
TRAIL resistance in CRC cells by counteracting Bcl-2
overexpression[al’321

Obatoclax is a first-in-class BH-3 mimetic with an
inhibitory profile including Bcl-2, Bel-xi, Bel-w, Mcl-1
and A1 (pan-Bcl-2-inhibitor)™. Given the crucial role of
Mcl-1 for resistance towards BH-3 mimetics, obatoclax is
a promising new agent targeting the complete antiapop-
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toic Bcl-2 protein family members at once. Few studies
investigated the potency of obatoclax for colorectal can-
cer treatment. It has been recently shown that cell death
induction through inhibition of the proproliferative pro-
tein Notch by gamma secretase inhibitors is fostered by
obatoclax™.

Oblimersen is an antisense oligonucleotide target-
ing the first six codons of Bcl-2. Antisense technology
represents a highly specific approach for downregulation
of antiapoptotic proteins without off-target effects™. A
phase I trial has shown the safety of oblimersen in com-
bination with irinotecan when intravenously administered
in patients with metastatic CRCM.,

In summary, Bcl-2 proteins are context-sensitive tar-
gets in colorectal cancer treatment alongside established
chemotherapy or radiation. Future studies are urgently
warranted to reveal the potential of BH-3 mimetics in
colorectal cancer in the clinical setting,

IAP inhibitors

The inhibitor of apoptosis (IAP) family acts by blocking
caspase activity (primarily caspase 3). IAPs are found to
be overexpressed in several cancer entities including CRC
and are able to protect cancer cells from various death

February 28, 2014 | Volume 20 | Issue 8 |



Koehler BC et a/. Targeting cell death in colorectal cancer

stimuli®. Several compounds inhibit IAPs (primarily
XIAP and Survivin). AEG35156 is a second generation
antisense oligonucleotide targeting XIAP. Preclinical and
early clinical data revealed a promising death-inducing
potential of AEG35156 in several solid tumor entities
including CRC™ ™. Survivin is a second promising target
among the IAP family overexpressed in CRC. Survivin
antisense oligonucleotides strikingly cleared the way for
death induction in CRC cells i »i#ro™. Embelin, a natu-
rally occurring benoquinone, has been proven effective
in various tumor entities by targeting survivin and other
antiapoptotic proteins (Bcl-2 and Bel-xI)™. In the co-
lon, Embelin was able to sufficiently attenuate colitis and
carcinoma development in rodents! ™. Finally, a double
edged approach targeting survivin and XIAP might be a

very promising approach for CRC treatment*”

SMAC mimetics

Second mitochondria activator of caspases (SMAC)/
Diablo is a mitochondria derived, proapoptotic protein
acting by blocking IAPs thereby promoting caspase de-
pendent cell death™. SMAC mimetics have been shown
to strongly sensitize CRC cells towards NSAID induced
apoptosis through a feedback amplification resulting
in the activation of caspase 3" In TRAIL-induced
apoptosis in CRC cells, SMAC/Diablo release from the
mitochondria plays a pivotal and role and is Bax depen-
dent™!. Further studies are warranted to clarify the
exact role of SMAC for colon carcinogenesis and CRC
therapy.

EXTRINSIC PATHWAY

The extrinsic pathway of apoptosis becomes activated in
case of binding of a specific ligand to its surface death
receptor. Most engaged receptors belong to the tumor ne-
crosis factor receptor family (INFR, CD95/FAS, TRAIL)
and share broad similarity in structure and action™*”,

In response to ligand binding, the receptor homotrimer-
ises and an adaptor molecule (FADD, TRADD) contain-
ing a death domain (DD) is recruited to the cytosolic DD
of the receptor. Procaspase 8 is hereafter recruited and
catalytically activated in its active form. Finally, caspase 8

leads to an activation of caspase 3 where extrinsic and in-
trinsic pathways of apoptosis converge[54]. In addition to
this direct road to death »iz caspase 8 and caspase 3, there
is a possible detour integrating mitochondria to enhance
the death signal. The BH3 only protein Bid is a direct tar-
get of Caspase 8 and after cleavage of Bid truncated Bid
(tBid) is able to activate mitochondria herewith involving
intrinsic apoptosis[is’sﬂ.

The receptors involved in extrinsic cell death signaling
have been shown to be promising targets. Various com-
pounds and approaches aim to induce apoptosis vz direct
receptor activation.

Tumor necrosis factor-o./tumor necrosis factor receptor
Recombinant tumor necrosis factor-o, (INF-o) has been
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approved for regional treatment of melanoma and soft tis-
sue sarcoma in Europe. The use of TNF-q as a systemic
approach is hampered by severe toxicity and adverse side
effects such as hypotension, organ failure and cachexia®”.
The efficacy of TNF-q for CRC treatment remains to be
clarified, but might be restricted due to TNF-o’s nature
as a proinflammatory cytokine. TNFerade” is an adenovi-
ral delivered, intratumoral therapy with a proven safety in
rectal cancer patients[ss’w]. In advanced pancreatic cancer,
TNFerade” was safe but did not prolong survival of pa-
tients®”. The final investigation of TNFerade” for CRC
treatment remains elusive. Furthermore, human mono-
clonal antibody-cytokine fusion protein LL19-TNF has
been shown to be safe in solid tumors and effective in
sarcomas'"*, Again, more studies addressing the efficacy

for CRC treatment are needed.

CD95 (Apo1/Fas)

CD95 and its ligand have a highly complex role in the
colorectal mucosa as well as in onset and progression of
CRC. In CRC tissue, CD95 has been shown to be ex-
pressed at higher levels compared to adjacent healthy mu-
cosa®. Tumor stromal cells and infiltrating immune cells
should be considered as bystander targets of CD95 trig-
gering[64’65]. There is some evidence for a metastasis pro-
moting function of CD95 signaling in colorectal cancer
via induction of epithelial to mesenchymal transition!™.
As response to hypoxia and radiation, CD95 becomes ac-
tivated on CRC cells and induces local invasion and pro-
motes liver metastasis in mice””*”. In addition, invasive
properties of CRC cells have been linked to CD95 signal-
ingmq’m. At least in vitro, CD95 participates in the activity
of PEG-liposomal oxaliplatin induced death in CRC™.
The anti-Fas monoclonal antibody CH-11 showed anti-
tumor activity in CRC cells with high expression levels
of CD95. This death inducing effect was effectively
prevented by overexpression of Bcl-2 pointing on a piv-
otal role of mitochondria for CD95 signaling in CRC™.
Moreover, there is evidence for a regulatory effect of
other antitumor drugs [5-fluorouracil (5-FU), mitomycin
(MM), cisplatin (CP) and all-trans retinoic acid] on CD95
expression of CRC cells. Here, MM and CP were able to
increase CD95-induced apoptosis. By contrast, 5-FU led
to a receptor downregulation causing immune escape of
CRC cells™. In summary, CD95’ value as a therapeutic
target in CRC is complex and might be limited due to the
multifaceted role of CD95 in immune-mediated tumor
surveillance™. As for TRAIL detailed below, several ways
of resistance to CD95-induced death further complicate
CD95-based therapeutic approachesmﬂ.

Tumor necrosis factor inducing ligand-system

Tumor Necrosis factor inducing ligand (TRAIL) recep-
tors have been considered as extraordinary promising
antitumor targets, since activation preferably kills tumor
cells while sparing healthy cells™. However, normal co-
lon mucosa epithelium is resistant to TRAIL-induced
death™. TRAIL directly targets death receptor 4 (DR4)
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Table 1 Targeting apoptosis in colorectal cancer: An over-

view of current clinical trials

Clinical' Ref.

Phase [ (NCT01573780)  [49,139]
Phase I -1 (NCT00108875) [140,141]

Drug Target

Smac mimetics IAPs
Survivin peptide
vaccine

survivin

Oblimersen Bel-2 Phase I (NCT00004870)  [142,143]
Dulanermin DR4/5 dual Phase I b (NCT00671372) [86]
Tigatuzumab DR5 Phase [ [144]
CS-1008 DR5 Phase I (NCT01220999) [145]
HGS-ETR1 DR4 Preclinical in vivo [79]
HGS-ETR2 DR5 Phase I (NCT00428272)  [79,146]
rhApo2L/TRAIL  DR4/DR5 Phase I -1I [147]
(NCT00819169)
Conatumumab DR5 Phase II (NCT01327612) [148]
ABT-263 Bcl-2/Bcl-xI  Phase I (NCT00891605, [24]
NCT01009073)
ABT-737 Bcl-2/Bcl-x1 Preclinical in vivo [25,26,30]
Gossypol Pan-Bcl2 Preclinical in vivo [149]

'Further detailed information on clinical trials: www.clinicaltrials.gov.
The compounds included in the table directly target apoptotic proteins
and show antitumor effects in vivo. The phase of the clinical trials is stated
and trial identifier indicated in brackets where applicable. IAP: Inhibitors
of apoptosis; DR: Death receptor; TRAIL: Tumor necrosis factor related
apoptosis-inducing ligand.

and death receptor 5 (DR5). The recombinant, soluble
ligand thApo2L/TRAIL as well as several antibodies tat-
geting DR4 and/or DR5 have been developed and tested
for clinical use.

The agonistic DR4 antibody HGSETR1 (Mapatu-
mumab) and the agonistic DR5 antibody HGSETR2
(Lexatumumab) induced apoptosis iz vitro as well as in
xenograft bearing nude mice when combined with radia-
tion”. In addition, both agonistic antibodies have strong
synergistic effects with the mitosis disrupting agent pa-
clitaxel in CRC cells 7z vitro and 7n vivo. This sensitizing
effect is due to an upregulation of the cognate recep-
tors"™, Several other antibodies targeting DR4 or DR5
have been shown to have strong antitumor potential on
CRC cells™™, Dulanermin (thApo2L/TRAIL), an opti-
mized and soluble form of TRAIL, has been successfully
evaluated in early clinical trials®”. A clinical trial with Du-
lanermin in combination with a chemotherapy backbone
(FOLFIRI) for patients with metastatic CRC has been
completed recently and data from this trial should be
available soon (www.clinicaltrials.gov).

It is important to have in mind that several CRC cells
show intrinsic or acquired resistance towards TRAIL-
induced apoptosis. Several proteins have been shown to
counteract TRAIL-induced apoptosis. For instance, two
decoy receptors within the TRAIL system can counteract
DR4 and DR5 activation™”. Moreover, the interference
of antiapoptotic Bcl-2 proteins with TRAIL-receptor-
mediated apoptosis has been reported”™™. Again at the
mitochondrial level, Bax is apparently mandatory for
TRAIL’s efficiency to kill CRC cells, since Bax deficiency
completely abrogates TRAIL-induced death™. Fur-
thermore, high levels of XIAP block TRAIL-induced
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mitochondtial activation™. At the receptor level, muta-
tions of caspase 8 have been reported to cause TRAIL
resistance’ . Moteovet, high expression levels of FLIP
counteract the interaction between the adaptor FADD
and Caspase 8 in CRC cells”*”. Pennarun and coworkers
presented proof of concept of a combined approach:
Downregulation of Mcl-1 and FLIP by multikinase in-
hibitor sorafenib and NSAID aspirin resensitized cells
towards TRAILP. These data are indicative for the
feasibility of a combination approach of TRAIL recep-
tor targeting and mitochondrial activation, e.g., by BH3-
mimetics.

Taken together, a final and clinical proof of concept
for individualized TRAIL tailored therapy for CRC is still
clusive and large cohort prospective trials addressing this
issue are needed. Table 1 provides an overview of strate-
gles and trials targeting TRAIL receptors in CRC. The
awaited results from the Dulanermin trial in metastatic
CRC might gain important information for further study
designs using TRAIL based therapy.

ALTERNATIVE CONTROLLED CELL
DEATH IN COLORECTAL CARCINOMA

The conceptual understanding of cell death is under con-

stant expansion and various subtypes of cellular death
have been defined™”>”". Among the emerging cell death
concepts, this work will deeper discuss necroptosis and
autophagy in order to dissect the current knowledge con-
cerning colorectal carcinogenesis and CRC treatment.

Necroptosis

Necrosis has long been considered as a passive, mainly
accidental and uncontrolled form of cellular death. To
date there is a growing body of literature implicating a
tight regulation of necrotic processes similar to apopto-
sis””. Therefore, a programmed form of necrosis, termed
necroptosis, has been defined. The signaling events
responsible for initiation and execution of necroptosis
have been studied best in the context of TNFR signaling,
Necroptosis is crucially mediated by receptor-interacting
protein 1 (RIP 1) along with its cognate kinase RIP3.
Upon TNF induction, a multimeric complex containing
FADD, caspase 3, RIP 1 and RIP 3 assembles”™. This
complex is termed complex IIb or necrosome. The deter-
mination of cells’ fate is complicated by the observation
that the ubiquitination status of the engaged proteins (e.g.,
RIP) appears to be the master switch between apoptosis
and necroptosism. Necroptosis has also been demon-
strated after activation of TRAIL receptors on hepato-
cytes and colorectal cancer cells"™. Mechanistically, there
are various central proteins involved in both, apoptosis
and necroptosis. Which form of cell death prevails, is cell
type and stimulus dependent“omw. Necroptosis and its
role in various diseases, including CRC and inflammatory
bowel disease, are currently under investigation“%mﬂ.
There is evidence for a central role of caspase 8 as a key
switch from apoptosis to necroptosis in carcinoma re-
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Table 2 Targeting autophagy in colorectal cancer: An overview of current clinical trials

Drug Target Clinical’ Ref.
Hydroxychloroquine Autophagosome Phase [ (NCT01206530) Phase II (NCT01006369) [122,150]
Everolimus/rapamycin mTOR Phase II (NCT00419159, NCT01387880) [126,127,151]

'Further detailed information on clinical trials: www.clinicaltrials.gov. The compounds shown target relevant processes or pro-
teins involved in autophagy signaling. The phase of clinical trials is stated and trial identifier indicated in brackets where appli-

cable. mTOR: Mammalian target of rapamycin.

lated inflammatory bowel disease!"".

The relevance of necroptotic cell death for colorectal
cancer cells has been evaluated preclinically in the context
of azathioprine plus buthionine sulfoximine treatment
in CRC and HCC"". This work shows a necroptosis
phenotype with mitochondrial dependency illustrating
the interplay between necroptosis and apoptosis. An-
other study investigated the role of hypoxia for necrop-
totic death in colorectal cancer cells. In this study, RIP-
dependent necroptosis can be conferred by pyruvate
scavenging of mitochondria derived radicals' ™. Finally,
targeted approaches to induce necroptotic cell death in
cancer cells are still missing due to the absence of ap-
propriate compounds for clinical usage so far. It has been
shown that TRAIL receptor ligation causes necroptosis
in an acidic extracellular milieu. Necrostatin-1, a chemical
inhibitor of RIPK1, sufficiently blocked TRAIL-induced
necroptosis in this experimental setting™. An indirect
ot secondary activation of necroptosis has been reported
after treatment of CRC cells with TRAIL or inhibition
of the multifaceted kinase GSK3-p""*""".

Autophagy

Autophagy is an evolutionary conserved process by
which cells collect proteins and organelles, deliver them
to the lysosomal compartment where the cargo is finally
degraded for recyclingm”. The implications of autophagy
for cell physiology as well as for onset and progression
of various diseases including cancer are rapidly emerg-
ingmz’m]. A disruption of autophagic flux leads to an in-
tracellular accumulation of organelles, protein aggregates
and lipid droplets. These accumulations may lead to the
production of reactive oxygen species and cause meta-
bolic insufficiency. Especially in stressful situation and
in conditions of energy deprivation, a disruption of au-
tophagic flux can promote carcinogenesis. For instance,
the allelic loss of the essential autophagy protein Beclin 1
(also known as Atg6) causes HCC in mice!"™!",

By contrast, autophagy is essential for the survival of
cancer cells and cancer cells show an extraordinary high
level of autophagy. However, autophagy induction pro-
motes survival under conditions of hypoxia and growth
factor withdrawal'". Autophagosome formation is most
prominent in tumors growing in a hypoxic environment.
With regard to these findings, drugs inhibiting autophagy
are promising anticancer agents. The anti-malaria drug
Chloroquine is a known inhibitor of autophagy and is
currently being under investigation in several clinical
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trials (www.clinicaltrials.gov, Table 2" Various other
compounds or drugs are known regulators of autophagy
and have been evaluated preclinically as treatment op-
tions for CRC""™"'\. I vitro, Chloroquine has been ef-
fective in overcoming 5-FU resistance in CRC cells"*'*,
Intriguingly, the approved chimeric anti-EGFR antibody
cetuximab exerts its antitumor effect at least partly via
autophagy-induced cell death!*.

Counterintuitive, drugs directly inducing autophagy
are under clinical investigation as therapeutic approaches
in CRC, too. Mammalian target of rapamycin is a promi-
nent target to induce lethal autophagy in colorectal can-
cer cells"®. The Rapamycin derivate Everolimus has
recently been established for the treatment of colotrectal
neuroendocrine tumors' . A Phase 1l study with Evero-
limus showed appropriate tolerability, but failed to show
meaningful efficacy in heavily pretreated patients with
metastatic CRC'"™, Another trial using a combination of
vascular endothelial growth factor receptor tyrosine ki-
nase inhibitor tivozanib with everolimus resulted in stable
disease of 50 % of all patients with metastatic cancer en-
rolled"*"', These partly contradictory findings highlight
the important implication of autophagy in colorectal car-
cinogenesis.

Importantly, there is a broad ovetlap of the apopto-
sis and autophagy signaling network. Most prominently,
Bcl-2 proteins function as both, inhibitors of apopto-
sis and autophagy by binding proautophagic Beclinl.
Therefore, it has been shown that BH3-mimetics induce
apoptosis and autophagy. For instance, ABT-737 can
synergistically induce cell death with the COX2 inhibi-
tor celecoxib in CRC cells by facilitating autophagy and
apoptosis”™'.,

CROSSTALK BETWEEN APOPTOSIS,
NECROSIS AND AUTOPHAGY:
MULTI-DEATH TARGETING STRATEGIES

The past decade of cell death research has shown that
necrosis, apoptosis and autophagy are regulated by simi-
lar pathways engaging the same proteins. It might be
worthwhile targeting the apoptotic and autophagic ma-
chinery in a combined approach, since a massive induc-
tion of autophagy is able to drive cancer cells in apop-
totic death. Recently, various efforts in this direction have
been made in order to overcome cell death resistance in
colorectal cancer. For instance, silibin, a plant derived
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natural compound, is able to induce both, apoptosis and
autophagymo]. In line with these observations, compound
C, a small molecule inhibitor of AMP-activated protein
kinase, is able to sufficiently suppress colorectal cancer
cell growth by inducing apoptosis and autophagym”. The
capability of such a double-edged approach has been
successfully proven 7z vivo in a model of hepatic metas-
tasis in mice' . Future studies are needed to further ex-
ploit combinatorial approaches for cell death induction in
colorectal cancet.

CONCLUSION

From an oncological point of view, it is of outstanding

importance to further increase research efforts aiming at
more effective and individualized therapies. The effective-
ness of monotherapeutic systemic approaches in colorec-
tal cancer treatment is limited. However, combined
therapy regimes are now state of the art. Manipulation
of cell death represents a promising tool to further am-
plify response to chemotherapy. In addition to direct cell
death induction in cancer cells, triggering cell death via
cancer-directed immunotherapy or immunomodulation
with the aim to overcome major mechanisms of immune
resistance, is a newly arising field"™. For example, recent
reports on long-term results from first-in-human clinical
trials using anti-PD1 antibody-based immunotherapy are
encouraging[m]. Future trials are warranted to identify the
best combinatorial approach yielding at cell death induc-
tion in cancer cells.

On the way to personalized oncology, it will be man-
datory to broaden our knowledge concerning the selec-
tion of patients for a specific therapeutic setting. Having
in mind that cell death relevant proteins vary in their ex-
pression in different subsets and stages of CRC, a strati-
fication of patients to identify those who benefit most of
a manipulation of apoptosis requires further research.

Finally, the question whether and how cell death
could be measured to monitor therapy in patients needs
further attention. There are some elegant and encourag-
ing studies evaluating liquid biopsy markers for cell death

(155139 11 addition, imaging of cell death on rou-

in cancer
tine basis for non-invasive monitoring of tumor biology
and therapeutic response might open new windows for
therapy surveillance and outcome prediction in colorectal

[137,138]
cancer .
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Abstract

Free cancer cells can be detected in peritoneal fluid
at the time of colorectal surgery. Peritoneal lavage in
colorectal surgery for cancer is not used in routine, and
the prognostic significance of intraperitoneal free can-
cer cells (IPCC) remains unclear. Data concerning the
technique of peritoneal lavage to detect IPCC and its
timing regarding colorectal resection are scarce. How-
ever, positive IPCC might be the first step of peritoneal
spread in colorectal cancers, which could lead to early
specific treatments. Because of the important hetero-
geneity of IPCC determination in reported studies, no
treatment have been proposed to patients why positive
IPCC. Herein, we provide an overview of IPCC detection
and its impact on recurrence and survival, and we sug-
gest further multi-institutional studies to evaluate new
treatment strategies.

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

Key words: Peritoneal carcinomatosis; Colorectal can-
cer; Free intraperitoneal cells; Immunocytochemistry

Core tip: We provide an overview of intraperitoneal
free cancer cells (IPCC) detection and its impact on

(4 9

Boishidengs  WIG | www.wjgnet.com

recurrence and survival, and we suggest further multi-
institutional studies to evaluate new treatment strate-
gies. Moreover, while current literature is sufficient to
consider positive IPCC as a pejorative prognostic factor,
further studies are also needed to propose adjuvant
treatment for patients with positive IPCC.

Passot G, Mohkam K, Cotte E, Glehen O. Intra-operative
peritoneal lavage for colorectal cancer. World J Gastroenterol
2014; 20(8): 1935-1939 Available from: URL: http://www.
wjgnet.com/1007-9327/full/v20/i8/1935.htm DOI: http://dx.doi.
org/10.3748/wjg.v20.i8.1935

INTRODUCTION

Intra-operative peritoneal lavage can be used to detect
intraperitoneal free cancer cells (IPCC) in order to deter-
mine the presence of peritoneal spread in intra abdomi-

nal malignancies. IPCC are considered as an important
[1-3 [4-7]

prognostic tool in ovarian I and gastric cancers
Colorectal cancer is one of the most frequent cancers
worldwide”, with development of peritoneal carcinoma-
tosis in 10%-30% of patients[()’mj. The development of
curative treatments for peritoneal carcinomatosis, such as
cytoreductive surgery and intraperitoneal chemotherapy
showed effective outcomes, especially in malignancies of
colorectal origin[“’12], and thus raised the interest for free
malignant cells detection. In colorectal cancer, different
therapeutic strategies could be proposed if IPCC were
confirmed to be an important prognostic factor. Several
techniques, such as pathological examination, immunocy-
tochemistry (ICC) and polymerase chain reaction (PCR)
have been described to determine the presence of IPCC
and were used at various times before or after resection.
The heterogeneity of peritoneal lavage techniques, timing
and samples analysis were the main issues to clarify the
impact of IPCC on prognosis and risk to develop recur-
rence. The aim of this review was to report and discuss

February 28, 2014 | Volume 20 | Issue 8 |



Passot G et a/. Intraperitoneal free cancer cell

the significance of IPCC detection in patients treated for
a colorectal cancer in a curative intent.

PERITONEAL CYTOLOGY TECHNIQUE

Techniques used
Peritoneal cytology can be performed without lavage
when free peritoneal fluid is present. In the absence of
peritoneal fluid, a lavage with saline serum (NaCl 0.9%) is
needed. The volume of fluid used was extremely variable,
ranging from 50 to 1000 mL"*?!, but most authors pro-
posed a small amount of liquid (100-200 mL) delivered
around the tumor, where most cells are supposed to be.
IPCC were usually sought in peritoneal fluid by con-
ventional cytology. After peritoneal lavage, the collected
fluid was centrifuged and the sediment was smeared on
slides and stained by the Giemsa or/and Papanicolaou
methods. If at least one cancer cell was identified, cytol-
ogy was considered positive. A clear-cut identification
between benign and malignant cases could be achieved
in most cases, but in 2% of cases, the analysis was still
inconclusive™. Yield rate of positive IPCC detection by
conventional cytology varied from 4% to 35,50/ 15202030,
To increase the sensitivity of conventional cytology, ICC
has been proposed with various monoclonal antibod-
ies evaluated Ks20.8, Lu5 and Ber-Ep4'"¥, C1P83, Ra96,
CA19-9"" CK20"" and 17-1A14 and KI-1, along with
PCR or reverse transcriptase PCR to detect cytokeratin
20, carcinoembryonic antigen, laminin g2, ephrin B4,
matrilysin mRNA"" Kras mutation on exon 1 or 2,
Braf mutation” or human mammaglobin (hMAM) and
hMAM-B expressionm], or even fluorescence in situ
hybridization™. Yield rate of positive IPCC detection
varied from 20%-30% and 8%-40% for ICC and PCR,
respectively. Bosch ez al™ reported one case of positive
ICC within a control group of benign lesion, resulting in
a specificity of 97% for ICC. PCR techniques present a
similar issue by detecting DNA from benign cells®™. Oth-
er techniques such as immunofluorescence for epithelial
markers”™” or serosal stamp”*” have been proposed and
evaluated by a few teams. Even if serosal stamp cytology
appeared to be more sensitive than conventional cytology
to detect IPCC, its clinical impact was insufficiently eval-

uated, and its impact on recurrence or survival remains
uncertain™,

To the best of our knowledge, no prior study has
compared the different techniques of IPCC detection.
Due to the important heterogeneity of these techniques,
conventional cytology may be proposed as the standard
IPCC detection technique in further clinical trials, given
that it is reproducible and widely used. Its specificity is
high (100%), while its sensitivity is variable. To improve
diagnostic accuracy and sensitivity of conventional cytol-
ogy, inconclusive cases could be reviewed by an expert
panel as suggested by Piaton ez al*, or ICC could be as-
sociated as suggested by Yang ez al®™ with the added risk
of decreasing speciﬁcitym. In a study detailing improved
effusion analysis, Fiegl ez al™ suggested that for gastro-
intestinal carcinomas, the addition of real time-PCR for

(49

Boishidongs  WIG | www.wjgnet.com

hMAM-B to conventional cytology enhanced diagnostic
sensitivity from 25.8% to 51.7% and could be considered
as the most effective association.

Timing of peritoneal lavage

Peritoneal lavage was mainly performed after the abdo-
men was opened and before any manipulation of the
tumor, but a few series also reported analysis after tumor
resection. Two studies reported both pre and postresec-
tion IPCC detection by PCR"™. The detection rate be-
fore resection was similar in both studies (12%-14%), but
the post resection detection rate were contradictory, as it
was lower than the pre resection rate in one study (3%) 3
and higher in the other 20%)"". Data are missing to
recommend a precise timing of sampling. However, the
evolution of IPCC detection rate between before and af-
ter resection could be a prognostic factor suggesting that
peritoneal lavage analysis should be performed before
and after resection.

PROGNOSTIC IMPACT

For colorectal cancer, as well as in gastric and ovarian
cancer, the objective of IPCC detection was to evaluate
the impact on survival and local recurrence, in order to
discuss intraperitoneal treatment or adjuvant systemic
chemotherapy. Few studies! > with less than 200
patients included in each, reported a trend between can-
cer stage and positivity of peritoneal lavage. The study by
Noura ¢z al™™ on 697 patients reported a significant cor-
relation between cancer stage and positivity of peritoneal
lavage.

Rekhraj ef al™" reported a meta-analysis in 2007 in
order to determine the impact of IPCC on local and
general recurrence of patients treated with curative in-
tent. They analyzed 9 studies for a total of 1182 patients.
Three studies included patients with stage IV colorectal
cancer. They reported a significantly higher risk to de-
velop overall recurrence for patients with positive IPCC.
The risk rose from 25% for negative pre-resection IPCC
to 46% for pre-resection positive IPCC and from 17%
for negative post-resection IPCC to 52% for post-resec-
tion IPCC. Pre-resection positive IPCC was a significant
risk factor for local recurrence (21% vs 12% for negative
post-resection IPCC), while the risk for post-resection
positive IPCC was not significant (18% for positive IPCC
vs 8% for negative IPCC). Two studies”™" demonstrated
a higher rate of peritoneal recurrence for positive IPCC
compared to negative IPCC.

Alex et al™ reported a more recent meta-analysis that
a mean weighted yield of 8.4%, 28.3% and 14.5% for
conventional cytology, ICC and PCR, respectively, which
aimed to determine the outcome of patients with positive
peritoneal lavage treated for colorectal cancer with cura-
tive intent. The authors excluded studies that included
patients presenting with synchronous peritoneal carci-
nomatosis. Twelve studies including 6 published after
2007 were analyzed, with 1880, 1711 and 1096 patients
for mortality analysis, peritoneal recurrence analysis and
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Table 1 Demographic and outcome data from studies involved more than 100 patients

Ref. Patients (7) Method of IPCC Lavage Timing of  Yield rate of Significant impact
detection sampling  positive IPCC Overall survival Global recurrence
Noura et al™ 697 Cyto 100 mL NaCL Before 2.20% Yes ND
(5 yr 87% vs 50%)
Nishikawa et al™" 410 Cyto 200 mL NaCl Before 7.60% Yes Yes
(5 yr 68% vs 20.6%) (30% wvs 60%)
Fujii et al™ 293 Cyto 200 mL NaCl Before 6.00% NS NS
Kristensen ef al™! 237 PCR 200-600 mL NaCl After 8.00% Yes ND
(median 47 mo vs 22 mo)
Lee et al™! 234 Cyto 1000 mL NaCl Before 8.00% Yes ND
(mean 32 mo vs 25 mo)
Katoh et al™ 226 Cyto 100 mL NaCl Before 14.60% Yes Yes
(5 yr 79% vs 14%)
Yamamoto et al? 189 Cyto 50 mL NaCl Before 5.80% Yes ND
(5 yr 76% vs 46%) (26% vs 55%)
Temesi et al™ 145 Cyto Before 17.00% ND ND
(23% vs 56 %)
Vogel et al™" 135 ICC 100 mL NaCl Before 23.00% Yes ND
(5 yr 85% vs 23%)
Lloyd et al"” 125 PCR 100 mL NaCl Before 13.00% NS pre ND
After 20.80% Yes post (4% vs 22%)
(mean 88 mo vs 44 mo)
Schott et al™ 109 ICC 1000 mL NaCl Before 31.00% Yes Yes
(4 yr 60 mo vs 28 mo) (47% vs 85%)

Global recurrence range at end of study follow up. IPCC: Intraperitoneal free cancer cells; ND: Not determinable; NS: Not Significant; Cyto: Conventional

cytology; PCR: Polymerase chain reaction; ICC: Immunocytochemistry.

overall recurrence analysis, respectively. Positive peritone-
al lavage was associated with an increase in all 3 parame-
ters. Mohan ef a/* reported the same findings in a recent
review. Other studies reported opposite results’ ™ ™ R
but only one” of these included more than 200 patients.
All other studies including more than 200 patients'>'*'**
found a significant impact of positive peritoneal lavage
on survival and recurrence. A large multi institutional
study is needed to confirm the impact of positive perito-
neal lavage on survival and recurrence.

Table 1 reports lavage techniques, yield rate of posi-
tive IPCC detection and impact on survival and global
recurrences in the main studies.

HOW CAN PERITONEAL CYTOLOGY
BE INTEGRATED IN THE OVERALL
MANAGEMENT OF COLORECTAL
CANCER

Positive peritoneal lavage for stage I, II and Il of
colorectal cancer appears to be a prognostic factor of lo-
cal recurrence, overall recurrence and poor survival, but
the studies discussed here present an important heteroge-
neity in lavage techniques and analysis. Standardization is
needed in order to integrate peritoneal lavage into routine
clinical practice. Peritoneal lavage might be realized twice,
after the abdomen has been opened and before closure
with 100-200 mL of saline (NaCl 0.9%). Conventional
cytology remains the standard to determine positive
IPCC, and a panel analysis or ICC or PCR could increase

(49

Boiohidengs  WIG | www.wjgnet.com

the sensitivity for inconclusive cases.

Positive IPCC appeared to be a pejorative prognostic
factor of overall recurrence and survival. These findings
might be explained by cell exfoliation into the peritoneal
cavity along with systemic diffusion. According to this
hypothesis, the presence of IPCC during a curative sur-
gery for stage I, II or Il colorectal cancer could be con-
sidered as a pejorative prognostic factor. Even if the rate
of patients with positive IPCC was variable among the
reported studies, adjuvant chemotherapy should be evalu-
ated for these patients in a large multi-institutional study.

The other treatment that could be proposed for pa-
tients with positive IPCC could be prophylactic intra-
peritoneal chemotherapy. Local recurrences were not well
described and included lymphatic, anastomotic or peri-
toneal recurrences. However, the low sensitivity of mot-
phological examinations for peritoneal carcinomatosis
diagnosis™ could under-estimate the rate of peritoneal
recurrence in patients with positive IPCC. In a systematic
review, Honoté ez a/*" assumed that patients with positive
IPCC have an unknown risk of developing peritoneal
carcinomatosis. One issue was the average risk to develop
peritoneal catcinomatosis for patient with positive IPCC,
with an important variability among reported studies.
But this risk remains probably under estimated because
of the low sensitivity of morphological examinations to
diagnose peritoneal carcinomatosis. Another issue was
the large heterogeneity in positive IPCC incidence in
reported studies with a mean yield rate of 8%-15%*+,
raising the question of the efficacy of conventional cytol-
ogy in routine. Intraperitoneal chemotherapy combined

with surgery is an aggressive treatment'*” associated with
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an increased morbidity, and therefore requires expertise.
Data available about peritoneal recurrence and the im-
pact of intra-peritoneal chemotherapy are insufficient
to propose intraperitoneal chemotherapy routinely. The
risk to develop peritoneal carcinomatosis for this patient
population could be evaluated by a second look surgery,
as proposed by Sugarbaker[48]. In the author’s series, pa-
tients treated for stage I, II or Il colorectal cancer with
limited surgical history underwent a laparoscopic second
look in order to limit morbidity. The exploration enabled
the detection of limited carcinomatosis and could lead to
a curative treatment combining systemic chemotherapy,
cytoreductive surgery +/- intrapetitoneal chemotherapy.
This study showed that patients with positive IPCC had a
higher risk of developing peritoneal carcinomatosis, and
could therefore benefit from a prophylactic treatment
with intra-peritoneal chemotherapy.

CONCLUSION

Positive intraperitoneal free cancer cells are a prognostic

factor of recurrence and survival for patients treated
for stage 1, II and Il colorectal cancer. These find-
ings should be supported by a large multi-institutional
study to determine the real prevalence of positive IPCC.
Moreover, while current literature is sufficient to consider
positive IPCC as a pejorative prognostic factor, further
studies are also needed to propose adjuvant treatment for
patients with positive IPCC.
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Abstract

Colorectal cancer (CRC) is the third most common can-
cer worldwide and, despite improved treatments, is still
an important cause of cancer-related deaths. CRC en-
compasses a complex of diseases arising from a multi-
step process of genetic and epigenetic events. Besides
heterogeneity in the molecular and biological features
of CRC, chromosomal instability is a hallmark of cancer
and cancer cells may also circumvent replicative senes-
cence and acquire the ability to sustain unlimited prolif-
eration. Telomere/telomerase interplay is an important
mechanism involved in both genomic stability and
cellular replicative potential, and its dysfunction plays
a key role in the oncogenetic process. The erosion of
telomeres, mainly because of cell proliferation, may
be accelerated by specific alterations in the genes in-
volved in CRC, such as APC and MSHZ2. Although there
is general agreement that the shortening of telomeres
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plays a role in the early steps of CRC carcinogenesis
by promoting chromosomal instability, the prognostic
role of telomere length in CRC is still under debate. The
activation of telomerase reverse transcriptase (TERT),
the catalytic component of the telomerase complex,
allows cancer cells to grow indefinitely by maintaining
the length of the telomeres, thus favouring tumour for-
mation/progression. Several studies indicate that TERT
increases with disease progression, and most studies
suggest that telomerase is a useful prognostic factor.
Plasma TERT mRNA may also be a promising marker
for the minimally invasive monitoring of disease pro-
gression and response to therapy.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: Telomere/telomerase interplay is an important
mechanism involved in both genomic stability and cellu-
lar replicative potential. Telomere shortening is an early
event that contributes to genetic instability, which plays
a key role in the early steps of carcinogenesis. The ac-
tivation of telomerase, which preserves replicative po-
tential by maintaining the length of telomeres, occurs
during the adenoma-carcinoma sequence and increases
during tumour progression. While the prognostic value
of telomere length is controversial, most studies agree
that the level of telomerase in tumours represents a
useful prognostic marker. Circulating telomerase reverse
transcriptase is a promising marker for the minimally
invasive monitoring of disease and response to therapy.
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