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ABSTRACT

In recent years, a number of protein and
genomic-based biomarkers have begun to refine
the prognostic information available for co-
lorectal cancer (CRC) andpredict definedpatient
groups that are likely to benefit from systemic
treatment or targeted therapies. Of these, KRAS
represents the first biomarker integrated into
clinical practice for CRC. Microarray-based gene
expression profiling has been used to identify
prognostic signatures and, to a lesser extent,
predictive signatures in CRC. Despite these

advances, a number of major challenges remain.
This article,which is based on a lecture delivered
aspart of the2013BobPinedoCancerCarePrize,
reviews the impact of molecular biomarkers on
the management of CRC, emphasizing changes
that have occurred in recent years, and focuses
on potential mechanisms of patient stratifica-
tion and opportunities for novel therapeutic
development based on enhanced biological
understandingof colorectal cancer.TheOncologist
2014;19:568–573

INTRODUCTION
Our improved understanding of cancer biology in
colorectal cancer, coupled with the implementa-
tion of a number of new protein- and genomic-
based technologies, has demonstrated that
colorectal cancer (CRC) should be viewed as a
heterogeneous disease. Consequently, there is
an increasing need to implement molecularly
guided therapeutic strategies including com-
binations of targeted therapies and chemo-
therapy in CRC [1].

The addition of the novel cytotoxic agents
oxaliplatin and irinotecan to standard 5-fluoroura-
cil (5-FU) regimens alongwith the use of inhibitors
of the vascular endothelial growth factor (VEGF)
and the epidermal growth factor receptor (EGFR)
pathways have enhanced overall survival to more
than 20 months [2–5]. Although the majority of
patients with CRC will still receive standard
treatment with 5-FU and irinotecan (the
FOLFIRI regimen) or 5-FU and oxaliplatin (the
FOLFOX regimen), close to 50% will have no
benefit from these treatments and will de-
velop toxic side effects.

The recent improvements in anticancer
treatments and patient outcome in CRC have

been followed by a series of biomarker
studies attempting to refine prognosis and
predict patients who are likely to derive the
most benefit from treatment. In CRC, only
KRAS has recently entered routine clinical
practice as a predictive marker for response
to EGFR monoclonal antibody (mAb) thera-
pies. Anti-EGFR-targeted mAbs represent the
paradigm of personalized medicine in CRC and
are used in combination with standard che-
motherapy in wild-type KRAS CRC patients,
improving overall survival to 23 months [6,
7]. EGFR-targeted therapies, however, have
failed to show significant differences in over-
all survival, especially when administered as
second- or third-line therapy, and a signifi-
cant number of the wild-type KRAS patients
do not benefit from EGFR-targeted treat-
ment [8, 9].

VEGF-targeted therapies have also been
shown to increase survivalwhenadded to first-
and second-line standard chemotherapy; how-
ever, we urgently need markers that identify
those patients who will have maximal benefit
from this treatment [5, 10, 11].
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CLINICAL AND MOLECULAR RISK FACTORS
In CRC we still rely primarily on histological analysis of
resected tumor tissues for diagnosis and staging. The most
widely used prognostic factors to assess recurrence risk and
overall survival for patients are T stage (extent of invasion)
and N stage (number of lymph node metastases). Those
patients with stage III colon cancer are offered postoperative
adjuvant chemotherapy; however, wide variations are seen
in the outcomes for patients with stage III disease. Among
patients with stage II colon cancer, additional clinical and
pathological findings are considered, including number of
lymph nodes sampled, evidence of obstruction and/or perfo-
ration, histological grade, and lymphovascular and perineural
invasion [12, 13].

Thesearch forprognostic factors forpatientswithcolorectal
carcinoma has included biomarkers such as microsatellite
instability, loss of heterozygosity, p53, proliferation markers
such as Ki-67, and key chemotherapeutic target enzymes
such as thymidylate synthase (TS) and angiogenic factors such
as VEGF [14–17].

Mutations in p53 have been associated with decreased
sensitivity to several classes of chemotherapy, including DNA-
damaging agents such as irinotecan and oxaliplatin [14, 15].
However, p53 immunohistochemistry analysis does not corre-
late well with direct sequencing results and, consequently, is
rarely used. Moreover, the association of p53 overexpression
with poor clinical outcome has not been shown consistently in
clinical trials.

Several studies have reported that patients with cancer
who overexpress TS have a lower response rate to treatment
with 5-FU [16, 17]. A number of studies had shown that over-
expression of TS predicts a poorer response and survival to
fluoropyrimidines; however, other studies have not been
able to verify these findings.

The tumor necrosis factor-related apoptosis-inducing
ligand, or TRAIL, death receptors DR4 and DR5 have also been
an area of interest and have been shown to be important for
assessing response to fluoropyrimidines in xenograft models
[18]. High expression of DR4 has also been identified as a
negative prognostic factor for patients receiving adjuvant
therapy,witha relative riskof recurrenceof2.2 for patientswho
werehigh expressers [19]. Another recent study fromourgroup
has suggested that high levels of cellular FLICE-inhibitory
protein and TRAIL may be independent adverse prognostic
markers in stage II and stage III CRC and might identify
patients most at risk for relapse [20]. Hector et al. recently dem-
onstrated the importance of the apoptosome-dependent
caspase activation pathway (procaspase 3 and APAF-1
proteins) for predicting both prognosis and response to
adjuvant 5-FU treatment in stage II and stage III CRC [21].
Although these studies have been interesting, none have
proven reliable in larger validation studies, and thus their clinical
utility remains limited.

MISMATCH REPAIR STATUS
One indicator that has proven to be reliable for prognosis is
DNA mismatch repair status (MMR). Approximately 15% of
patients with sporadic CRC have tumors that are character-
ized by deficient DNA mismatch repair due to mutations or

silencing of genes such as MLH1, MSH2, MSH6, and PMS2,
leading to microsatellite instability (MSI) [22]. These tumors
are pathologically distinct from CRC tumors arising from the
chromosomal instability pathway and also harbor significant
differences in clinical behavior. A number of important ret-
rospective studies in patients with stage II or stage III CRC
have shown that patientswithMSI-high (MSI-H) tumors have
amore favorable prognosis than patientswithmicrosatellite-
stable (MSS) or MSI-low (MSI-L) tumors [23–27]. Sinicrope
et al. found that patients with MSI-H cancers had improved
time to recurrence and overall survival with surgery alone
compared with MSI-L or MSS patients [24]. Recently, Roth
et al. looked at the importance of KRAS and BRAFmutations
as prognostic markers, alongside MSI, SMAD4, and 18qLOH,
in patients treated as part of the adjuvant PETACC3 chemo-
therapy trial [25]. MSI-H status and SMAD4 focal loss of
expressionwere identified as independentprognostic factors
with better relapse-free survival (RFS) and overall survival for
MSI-H status and poor RFS and overall survival for SMAD4
loss. They also found that the impact of MSI status was
stronger in stage II compared with stage III CRC patients.
Notably, the subgroup of stage III tumors with MSI-H status
that had retained SMAD4 expression had outcomes similar
to those patients with stage II disease. These studies
highlight the importance of assessing molecular markers
alongside TNM staging because this may provide a more
accurate prediction of prognosis than by using TNM staging
alone.

Most studies that have examined the role of MSI in
predicting response to chemotherapy have noted a lack of
benefit from adjuvant 5-FU treatment in patients with MSI-H
CRC [26, 27]. Several have shown that in patients with stage II
or stage III CRC, 5-FU-based adjuvant chemotherapy signifi-
cantly reduces the recurrence risk in MSS and MSI-L patients
butnot inMSI-Hpatients. It is recommendedthatpatientswith
stage II colon cancer with MSI-H tumors should not receive
5-FU as adjuvant treatment, given their already favorable
prognosis and lack of benefit from 5-FU. The MMR pheno-
type is now considered to be a robust prognostic biomarker
in the adjuvant disease setting and is of use in clinical
decisionmaking, particularly forpatientswith stage II disease
(Fig. 1).

It is recommended that patients with stage II colon
cancer withMSI-H tumors should not receive 5-FU as
adjuvant treatment, given their already favorable
prognosis and lack of benefit from 5-FU. The MMR
phenotype is now considered to be a robust prog-
nostic biomarker in the adjuvant disease setting
and is of use in clinical decision making, particularly
for patients with stage II disease.

GENE EXPRESSION PROFILING

With the advent of high-throughput technologies, assessment
of the entire genome has become possible. High-throughput
genotyping has enabled analysis of genes such as KRAS and
BRAF and PI3 kinase in individual tumors. Moreover, the use
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of gene expression profiling to discover and develop robust
genetic signatures that can be used as reliable prognostic and
predictive biomarkers has become widespread. Over the last
several years, a number of gene expression signatures have
been developed for use in stage II and III colon cancer [28].

Oncotype DX (Genomic Health Inc., Redwood City, CA,
http://www.oncotypedx.com) was developed as a 12-gene
colon cancer recurrence score (RS) using reverse transcription-
polymerase chain reaction expression analysis of 761 can-
didate genes on formalin-fixed paraffin-embedded (FFPE)
tissues from 1,851 patients enrolled in four National Surgical
Adjuvant BreastandBowelProjectadjuvant colon cancer trials
and Cleveland Clinic observational studies [29]. The final gene
list was composed of seven genes associated with recurrence
and a distinct set of six genes associated with clinical benefit
from FU/LV (i.e., 5-FU with leucovorin) chemotherapy. The RS
identified low-, intermediate-, andhigh-recurrence risk groups
within the studyandwas subsequently validated in1,436stage
II patients fromtheQuick and Simple andReliable, orQUASAR,
study. Pathological factors were also assessed, as was MMR
status, by immunohistochemistry for MMR proteins. The
3-year risk of recurrence of the low, intermediate, and high
RS groups were 12%, 18%, and 22%, respectively, in the
surgery-only arm and 9%, 13%, and 16%, respectively, in the
chemotherapy arm [29]. More recently, the Oncotype DX test
has been clinically validated as a prognostic signature for
patientswith stage II coloncancer ina subsequent largeclinical
study (NSABP C-07) [30]. Although the test is not routinely
used, it may identify patients at increased risk for recurrence
who might be considered for adjuvant therapy.

ColDx (Almac Group Ltd, Craigavon, U.K., http://www.
almacgroup.com)wasdevelopedasa634-genesignature from
215 stage II patients using FFPE tissue and analyzed using the
Almac Dx colorectal cancer disease-specific array [31, 32].
Multivariate analysis included tumor stage, grade, location,
patient age and gender, mucinous type, lymphovascular
invasion, and number of lymph nodes examined, but micro-
satellite instability statuswas not included.The study included

a training set from 142 low-risk and 73 high-risk patients, and
an independent validation set of 144 patients enriched for
recurrence included 85 low-risk and 59 high-risk patients. The
hazard ratios (HRs) for 5-year relapse-free survival and cancer-
related death were 2.53 and 2.21, respectively, and the test
outperformed conventional clinicopathological risk factors.
The ColDx has recently been validated in 393 patients enrolled
into the CALGB 9581 trial of edrecolomab versus observa-
tion in patients with stage II CRC [33]. This study confirmed
that ColDx predicted stage II CRC patients at low and high
risk for relapse (HR: 2.0) independent of other clinocopa-
thological criteria and MSI status. Further studies will be
required to define the role of the 634-gene signature as
a prognostic and predictive marker of treatment benefit in
CRC.

Salazar et al. identified an 18-gene signature (ColoPrint;
Agendia Inc., Irvine, CA, http://www.agendia.com) using fresh
frozen tissue [34]. The training set consisted of CRC samples
from 100 patients with stage II disease, and the validation
cohort consisted of CRC samples collected prospectively from
114 independent patients. In thepatientswith stage II disease,
two thirds were classified as low risk and one third were
classified as high risk, with 5-year RFS rates of 91% and 74%,
respectively. The ColoPrint assay significantly improved the
prognostic accuracy of traditional pathological factors and
microsatellite instability and identified stage II CRC patients
at low risk for recurrence [34]. A large phase II clinical trial to
validate the ColoPrint test in stage II CRC (PARSC study,
NCT00903565) is currently under way [35].

ColoGuide Ex is a 13-gene signature derived from 207
stage I–IV colorectal cancer samples from two independent
Norwegian clinical series using Affymetrix exon-based micro-
arrays (Affymetrix, Santa Clara, CA, http://www.affymetrix.
com). Validation was performed in patients with stage II colo-
rectal cancer in a second Norwegian series and in 108 stage II
colorectal cancer samples from other populations (U.S. and
Australia). An optimal 13-gene expression classifier for pre-
diction of relapse specific to patients with stage II disease

Figure 1. Algorithm for utilizing microsatellite instability alongside clinical pathological factors in stage II and III colorectal cancer. First
published in Nat Rev Clinic Oncol 2011;8:222–232, doi:10.1038/nrclinonc.2011.15. Reproduced with permission of Nature Publishing
Group, a division of Macmillan Publishers Limited.

Abbreviations:ASCO,AmericanSocietyofClinicalOncology;MSI-H,microsatellite instabilityhigh;MSI-L,microsatellite instability low;
MSS, microsatellite stable.
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was developedwith anHR for recurrence of 6.5 (p5 .001) in
the second validation set [36]. The same Norwegian group
assessed global gene expression profiles from 387 stage II and
III colorectal cancer tissue samples from three independent
patient series. A seven-gene prognostic classifier (ColoGuide-
Pro) stratified patients in a test series that was then externally
validated in 215 stage II and III CRC patients (HR: 3.7) [37].

The use of genome expression profiling to develop geno-
mic stratification markers is a highly complex and challenging
technical area that requires use of the correct technology plat-
forms, robust developmental studies, and in-depth analytical
validation including assessment of reproducibility, accuracy,
and transferability, alongside clinical validation in prospec-
tive randomized clinical trials. One major challenge has been
the need for sufficient high-quality RNA for successful tran-
scriptional profiling and the need for fresh frozen tissue.This is
often not feasible within the context of large clinical trials, for
which tissue specimens are FFPE for subsequent histological
examination. Although RNA fragmentation has been a major
problemfollowingRNAextraction fromFFPE tissues, anumber
of microarray and reverse transcription-polymerase chain
reaction platforms have been developed that are suitable for
use in this context [29, 31]. The further application of these
platforms in this way holds great promise for developing
clinically robust signatures that may enable patient selection
for adjuvant treatment.

Biomarkers of Response to Epidermal Growth
Factor-Targeted Therapy
KRAS mutational testing has recently entered routine clinical
practice as a predictive marker for response to EGFR-based
therapies. KRAS mutations are found in 45% of patients with
CRC and occur mainly in exon 2 (codon 12 and 13) and less
frequently inexon3(codon61)andexon4(codon146) [38,39].

A number of large phase II and III randomized studies
have now confirmed the negative predictive value of KRAS
mutations for response to the EGFR-targeted therapies
cetuximab and panitumumab. The clinical study of panitumu-
mab and best supportive care versus best supportive care
alone in patients with chemorefractory CRC demonstrated
response rates of 17%and0% for the KRASwild-type andKRAS
mutant groups, respectively [6]. On this basis, panitumumab
was approved by the European Medicines Agency as third-
line treatment for patients with KRASwild-type tumors. This
finding was also replicated for cetuximab by retrospective
analysis of data in the National Cancer Institute of Canada
Clinical Trials Group study of best supportive care plus
cetuximab versus best supportive care, and this study also
found that the benefit of cetuximabwas confined to patients
with KRAS wild-type tumors [40].

Other randomized trials have substantiated the negative
predictive value of KRAS mutations for response to EGFR
treatment, and it is widely accepted as themajor determinant
as to whether a patient should receive EGFR-targeted therapy
[8, 41]. Retrospective analysis of data from the OPUS and
CRYSTAL studies has shown that addition of cetuximab to first-
line FOLFOX and FOLFIRI chemotherapy has no benefit in
patients with KRASmutant tumors [8, 42].

The high prevalence of KRAS mutations in CRC and its
strong negative predictive value for EGFRmAb therapies have

led to the rapid acceptance of KRAS as a valuable biomarker.
The European Medicines Agency, the U.S. Food and Drug
Administration, and the American Society of Clinical Oncology
now recommend that all patientswithmetastatic CRCwhoare
candidates for anti-EGFR mAb therapy should be tested for
KRAS mutations, and if a KRAS mutation in codon 12 or 13 is
detected, then patients should not receive anti-EGFR antibody
therapy.

The KRAS biomarker story is important because it rep-
resents the first biomarker integrated into clinical practice in
CRC. It has also become clear that a significant number (30%)
of patients with KRAS wild-type tumors will not benefit from
treatment, highlighting theneed to further refine the selection
of KRAS wild-type patients for anti-EGFR-mAbs.

TheBRAFV600Emutationoccurs inapproximately 8%–15%
of patients with CRC and is mutually exclusive with mutations
inKRAS [42–45].TumorswiththeBRAFV600Emutationtendto
bemucinous, arehigh grade, are located in the proximal colon,
and have an MSI-H phenotype. A number of studies suggest
that KRAS and BRAFmutant CRC tumors induce different gene
expression profiles, suggesting that these tumors may have
a distinct underlying biology. Recent data from the OPUS and
CRYSTAL studies have shown that in chemotherapy-näıve
patients with wild-type KRAS and mutant BRAF tumors, the
addition of cetuximab to FOLFIRI treatment improves overall
survival (14 months vs. 10 months), progression-free survival
(7 months vs. 3.7 months), and response rate (22% vs. 13%)
compared with FOLFIRI alone. These differences were not
statistically significant because of the limited number of
patients in this group [42].

The use of KRAS testing represents an important paradigm
shift in personalizedmedicine in CRC. It has allowedus tomore
accurately determine who should receive anti-EGFR-targeted
monoclonal antibodies, either alone or in combination with
chemotherapy, and has changed our approach to drug de-
velopment and clinical trials in this disease.

The use of KRAS testing represents an important
paradigm shift in personalizedmedicine in CRC. It has
allowed us tomore accurately determine who should
receive anti-EGFR-targeted monoclonal antibodies,
either alone or in combination with chemotherapy,
and has changed our approach to drug development
and clinical trials in this disease.

Development of Novel Therapeutics in CRC
The ability to identify distinctmolecular subtypes of colorectal
cancer and to define their underlying biology has begun to
unravel critical mutations in genes such as KRAS, BRAF, and
PTEN and in PI3 kinase. Alterations in specific genes or groups
of genes related to specific molecular subtypes encode pro-
teins that, in themselves, may become targets for new
therapeutics, particularly those encoding regulators of key
pathways such as kinases. Although many mutated cancer
genes may not be tractable targets for new drug discovery,
screening for kinases and regulators of key signaling path-
ways that demonstrate synthetic lethality with mutated
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cancer genes such as KRAS are increasingly a major focus. The
identification of key regulatory kinases and evaluation of
targeting of KRAS downstream, such as inhibitors of RAF
kinase, MEK, or MTOR, are currently under clinical evaluation
[46]. These approaches demonstrate how understanding this
biology may uncover potential therapeutic strategies that can
beapplied to these large subtypes of colorectal tumors (Fig. 2).

Initiatives such as the International Cancer Genome Con-
sortium represent large-scale cancer genomic studies that will
help further refine the definition of these distinct molecular
subgroups in CRC and unravel additional therapeutic targets
that may be important [47]. These developments will require
clinical trials with enough statistical power and clearly defined
endpoints in molecularly stratified patient populations, as
outlined in Figure 3. Novel adaptive clinical trial designs that
incorporate markers in prospective randomized phase II or III
studieswill enable clinical validation of thesemarkers andmay
facilitate their implementation into routine medical practice.

CONCLUSION
In recent years our enhanced understanding of the molecular
anomalies that drive the development and progression of
CRC has resulted in a number of novel, targeted agents becom-
ing part of standard treatment. Chemotherapy and targeted
treatments have markedly reduced the risk of recurrence and
mortality for CRC patients and have increased 5-year survival
rates. MSI is now considered to be a robust prognostic bio-
marker in the adjuvant setting, andKRAShas been takenup as
part of routine clinical practice as a predictive marker for
response toEGFR-targeted therapies.The introductionofhigh-
throughput technologies has enabled us to molecularly

classify individual tumor types that traditionally have the
same clinicopathological features and uncover molecular
signatures that may be useful as prognostic and predictive
biomarkers.

These technologies have already had an effect on drug
development and clinical practice within colorectal cancer, as
outlined previously. The pace of the research into cancer
genomics will increase around coordinated global initiatives
that generate full genome sequences for tens of thousands
of genes that will uncover a new molecular taxonomy for
colorectal cancer. In order to exploit the full clinical potential
of this, we will have to move away from routine clinical trial
approaches and begin to focus on designing trials based on
molecularly stratified populations in this disease.
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from Concept to Reality,”online at http://sto-online.org.
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