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Clinical Biomarkers in Colorectal Cancer
Van Morris, MD, and Scott Kopetz, MD, PhD

Abstract: Colorectal cancer remains the second leading cause 

of cancer-related death in the United States. While chemo-

therapy remains the backbone upon which treatment for meta-

static colorectal cancer is built, targeted therapies have been 

employed, albeit with mixed results, in the management of this 

disease. Nonetheless, increased understanding in recent years of 

the complexity and heterogeneity of cellular abnormalities driving 

these tumors has identified potential targets for future interven-

tions. This article will review the seminal biomarkers of predic-

tive and prognostic importance currently used in the treatment 

of patients with colorectal cancer, and will highlight additional 

promising biomarkers which may be incorporated into clinical 

practice in the future.

Introduction

Biomarkers in clinical oncology are detectable and characteristic 
alterations in DNA and proteins that provide insight into the 
mechanisms and phenotypic behavior driving a patient’s cancer. 
The presence (or absence) of a selected biomarker offers the clini-
cian the potential to plan therapies personalized to an individual 
patient’s tumor. Over the past decades, research detailing critical 
molecular pathways implicated in the pathogenesis of colorectal 
cancer has identified various genetic and epigenetic alterations 
with critical predictive and prognostic utility in the management 
of this disease. This review discusses the role of validated biomark-
ers used in the clinical care of patients with colorectal cancer and 
will highlight newer markers that may be incorporated into stan-
dard practices in the future.

Microsatellite Instability

The presence of microsatellite instability (MSI) in a colorectal tumor 
is a biomarker of high clinical prognostic and predictive impor-
tance. It is most commonly used for the management of patients 
with stage II and III colorectal cancer. Microsatellites are short seg-
ments of repeating DNA nucleotides that are prone to  developing 
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mutations. In microsatellite-rich regions, either nucleo-
tides inserted aberrantly by DNA polymerases are not 
corrected because the microsatellite environment is not 
amenable to repair, or microsatellite repeats insert errone-
ously into exons to generate a frameshift mutation that 
alters the length and function of the resulting translated 
product. Normally, the mismatch repair (MMR) pro-
teins—MLH1, MSH2, MSH6, and PMS2—correct 
these errors during DNA synthesis.1 The absence of any 
of these enzymes (and the subsequent propensity for 
mutations) defines the existence of MSI. Either a germ-
line mutation in any of the 4 aforementioned precursor 
genes or epigenetically regulated gene silencing through 
hypermethylation of the MLH1 promoter region can 
impair expression of normal MMR gene products.2 
Cells that harbor all 4 functional enzymes are deemed 
microsatellite stable (MSS). MSI status can be tested in 
colorectal tumors in one of 2 ways. The first is immu-
nohistochemical staining to determine the presence and 
relative levels of expressed MMR proteins. The second is 
polymerase chain reaction (PCR) amplification of 5 gene 
loci (BAT25, BAT26, D5S346, D2S123, D17S250) sus-
ceptible to microsatellite insertion in order to determine 
whether the repeats are present.3

MSI-high tumors are found in approximately 15% 
of all colorectal cancers and are typically right-sided 
primary tumors with mucinous histopathology. MSI is 
associated with earlier disease stage at the time of diag-
nosis,4,5 decreased rates of recurrence after resection of the 
primary tumor, lower incidence in distant metastases, and 
prolonged overall survival compared with patients with 
MSS tumors.5-7 These findings suggest a unique biology 
associated with MSI and allow it to be considered a posi-
tive prognostic marker in patients with colorectal cancer. 

Microsatellite status is also useful in the decision to 
administer adjuvant chemotherapy for early-stage disease. 
For example, a study of patients with stage II or III MSS 
colorectal cancer treated with adjuvant 5-fluorouracil 
showed that both overall survival and recurrence-free sur-
vival at 5 years were increased for patients if they received 
chemotherapy. However, patients with MSI-high stage 
II colorectal tumors, in the absence of other high-risk 
clinicopathologic features (eg, <12 lymph nodes exam-
ined, colonic obstruction or perforation, pathologic T4 
tumors, lymphovascular invasion, or high tumor grade), 
fare worse if given adjuvant chemotherapy. In this study, 
patients with MSI-high colorectal tumors trended toward 
better outcomes if they received adjuvant chemotherapy 
than if they were not given additional treatment. The 
differences were not statistically significant, however: 
70.7% vs 88.0% (P=.07) of patients were still alive and 
69.3% vs 82.9% (P=.11) were without disease at 5 years.8 
A separate study of 5 clinical trials comparing adjuvant 

leucovorin (or levamisole) with surgery alone in patients 
with stages II or III colorectal cancer found no benefit 
for chemotherapy in those with MSI tumors; however, 
progression-free survival was prolonged (hazard ratio 
[HR], 0.67; P=.02) by chemotherapy for patients with 
MSS tumors.9 We interpret these data as the rationale to 
offer 5-fluorouracil in the adjuvant setting to otherwise 
healthy patients with stage II, MSS colorectal tumors (in 
the absence of other high-risk features). Given these find-
ings, we believe that MSI serves as a negative predictive 
marker for response to 5-fluorouracil and provides useful 
insight into the treatment planning for patients with stage 
II colorectal cancer. This marker is less influential in the 
decision-making process surrounding adjuvant treatment 
for patients with stage III disease, because the currently 
accepted standard of care is for all patients with lymph 
node metastases to receive chemotherapy following surgi-
cal resection of their primary tumor and lymph nodes.

Microsatellite testing is also employed to look for 
hereditary syndromes that may predispose to the devel-
opment of colorectal cancer. In patients with colorectal 
cancer diagnosed before the age of 50 years or those with 
strong family histories of colorectal and/or uterine cancer, 
MSI testing is routinely used as a genetic biomarker to 
screen for Lynch syndrome, an autosomal dominant con-
dition present in 2% to 4% of all colorectal cancers.10-13 
Patients with Lynch syndrome harbor germline mutations 
in the MMR proteins1 and therefore lack expression of 
at least 1 MMR protein. If immunohistochemical testing 
indicates the absence of an MMR protein, then patients 
can be tested for specific germline mutations unique to 
Lynch syndrome. Recent data have suggested that testing 
for Lynch syndrome occurs more frequently in National 
Cancer Institute-designated Comprehensive Cancer Cen-
ters relative to community hospital cancer programs.14 We 
hope that in the coming years, testing tumors for features 
found in the Lynch Syndrome will become routine prac-
tice universally in order to identify patients (and family 
members) at risk for developing other malignancies. If 
positive, patients and their family members should be 
referred to a genetic counselor for further recommenda-
tions regarding earlier cancer screening for tumors associ-
ated with this hereditary syndrome.

KRAS

For patients with metastatic colorectal cancer, the bio-
marker most commonly tested assesses for the presence of 
a mutation in the KRAS oncogene. The Ras family of sig-
naling proteins consists of GTPases that alternate between 
an inactive guanine-diphosphate (GDP)-bound state (Ras-
GDP) and an active guanine triphosphate (GTP)-bound 
(Ras-GTP) state.15,16 When mutated, KRAS undergoes a 
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conformational change that impairs allosteric binding of 
the GTPase-activating proteins (GAPs), which hydrolyze 
GTP back to GDP and return KRAS-GDP to an inactive 
form.17 With GAPs unable to access the mutated KRAS 
substrate, this kinase remains GTP-bound and constitu-
tively activated.18,19 Downstream effector pathways, such 
as Raf/Mek/Erk, phosphoinositide 3-kinase (PI3K)/Akt, 
and tumor invasion and metastasis induction protein 1 
(TIAM1), are ensuingly triggered by activated KRAS to 
promote tumor cell proliferation, anti-apoptotic activity, 
and cytoskeletal reorganizations needed for the develop-
ment of metastases.20-23

Mutations in the KRAS oncogene occur in approxi-
mately 35% to 40% of all colorectal cancers.4,24,25 In the 
nonmetastatic setting, KRAS-mutated tumors tend to be 
of lower histologic grade and demonstrate microsatellite-
low or MSS features.4 Tissue samples collected prospec-
tively from the PETACC-3, EORTC 40993, and SAKK 
66-00 trials showed no difference in the frequency of a 
KRAS mutation according to stage at presentation. These 
findings suggest that these mutations occur early in tumor 
development. Additionally, these studies of patients with 
stage II or III colorectal cancer found no difference in 
recurrence-free or overall survival between patients with 
KRAS mutations and those with KRAS wild-type tumors 
following definitive resection.4

In the stage IV setting, differences in patterns of dis-
tant spread and survival outcomes based on KRAS status 
suggest that this mutation affects the clinical presenta-
tion and ultimate outcomes of patients with metastatic 
disease. For example, one retrospective review reported 
that patients who undergo hepatic resection for liver 
metastases have higher mortality rates if their tumors bear 
KRAS mutations (HR, 2.4; P=.004).26 In a retrospec-
tive study at our institution of patients who underwent 
sequential hepatic resection of colorectal metastases, not 
only were KRAS mutations more common in the group 
of patients receiving adjuvant oxaliplatin, 5-fluorouracil, 
and leucovorin (FOLFOX) after the initial surgery (when 
compared with patients receiving 5-fluorouracil alone or 
no chemotherapy), but overall survival was also shortened 
in this group.27,28 Perhaps then, the exposure to FOLFOX 
selects for a KRAS-mutated population present in recur-
ring liver metastases that correlates to worse outcomes 
among patients with metastatic liver lesions harboring 
such mutations. 

Another recent study reported that KRAS-mutated 
metastatic colorectal tumors have a predilection for dis-
tal spread to the lung, whereas KRAS wild-type tumors 
more commonly involve the liver and distant lymph 
nodes than KRAS-mutated tumors.29,30 The authors also 
reported that colorectal tumors with lung involvement 
demonstrate a relatively high rate of discordance (32.4%) 

in KRAS status between the metastatic (mutated) site and 
the primary (wild-type) tumor compared with other sites 
of metastases, whereas other studies have shown a high 
rate of concordance between the primary tumor and asso-
ciated liver metastases (3.6% discordance).31 Whether or 
not lung-predominant KRAS-mutated colorectal cancers 
acquire additional de novo mutation after development 
of the primary tumor remains unclear at this time and 
supports the argument that KRAS-mutated tumors are 
a heterogeneous population; additional work to refine 
further substratifications within this group is needed. 

Nonetheless, the most relevant aspect for KRAS 
mutation testing in clinical practice centers around 
the use of therapies with anti-epidermal growth factor 
receptor (EGFR) monoclonal antibodies in patients 
with metastatic colorectal cancer. Cetuximab (Erbitux, 
Bristol-Myers Squibb) is a human-murine chimeric 
monoclonal antibody directed against the ligand-bind-
ing site of the EGFR receptor,32 and panitumumab is 
a fully humanized monoclonal antibody also targeting 
EGFR. Initial early-phase studies using these antibod-
ies as single-agent therapy in heavily pretreated patients 
with metastatic colorectal cancer demonstrated an over-
all response rate of approximately 10%.33,34 However, no 
association was reported between immunohistochemical 
levels of EGFR expression and clinical outcomes with 
anti-EGFR treatment.34,35 

In vitro work on activating mutations in KRAS first 
elucidated the negative relationship between the presence 
of a KRAS mutation and response to anti-EGFR therapy.36 
On the basis of these findings, a retrospective analysis of 
572 patients with metastatic colorectal cancer treated with 
cetuximab and/or best supportive care showed significantly 
improved progression-free survival (3.7 vs 1.9 months; 
P<.001) and overall survival (9.5 vs 4.8 months; P<.001) in 
the subset of patients with KRAS wild-type tumors; how-
ever, these survival differences were not observed in patients 
with KRAS-mutated metastatic colorectal tumors.37 This 
study was one of the first to suggest that the absence of 
a KRAS mutation in codon 12 may predict a benefit for 
patients receiving anti-EGFR therapy. Subsequently, multi-
ple studies have confirmed this hypothesis with cetuximab 
or panitumumab, alone or in combination with cytotoxic 
chemotherapy. KRAS has been widely validated as a predic-
tive marker for anti-EGFR therapy in metastatic colorectal 
cancer.38-44 On the basis of these findings, the American 
Society of Clinical Oncology (ASCO) recommends that 
all such patients be tested for the presence of a KRAS 
mutation in codon 12 or 13 and be considered possible 
candidates for cetuximab and panitumumab, should KRAS 
wild-type tumors be present.45 

Tumors with KRAS mutations are a heterogeneous 
population that differ biologically and clinically based on 
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the particular codon mutated. Codon 12 is the most com-
mon site for a KRAS mutation to occur, with these muta-
tions present in approximately 25% to 35% of all colorectal 
cancers.46,47 Within codon 12 mutations, various amino 
acids may be substituted for the physiologic glycine, with 
valine (G12V) thought to be most deleterious among the 
codon 12 mutations. Nonetheless, despite these interesting 
differences within a single codon, no codon 12 substitu-
tion has been shown prospectively to render these tumors 
sensitive to cetuximab or panitumumab. At this time, the 
particular amino acid substituted bears no significance in 
the decision to withhold anti-EGFR therapy in patients 
whose tumors bear these mutations. 

In contrast to colorectal cancer cells with mutations 
in codon 13, KRAS 12 colorectal tumor cells demonstrate 
a more aggressive behavior in vitro with increased cellular 
proliferation, stronger resistance to apoptosis, and decreased 
cell-cell interaction.48 When these findings are translated 
to clinical outcomes, retrospective analyses have suggested 
that patients with KRAS G13D substitutions have longer 
progression-free survival, increased overall survival, and an 
improved response to anti-EGFR antibody therapy com-
pared with patients with metastatic colorectal tumors har-
boring codon 12 KRAS mutations.49-52 Collectively, these 
laboratory and clinical results imply that codon 13 mutated 
tumors may behave more favorably than their codon 12 
counterparts. However, these findings have thus far not 
been validated prospectively, and no benefit in survival with 
cetuximab or panitumumab has been demonstrated with 
patients bearing tumors with mutations in codon 13. Until 
further prospective studies can be completed, it is recom-
mended that patients with KRAS 13 mutated tumors not 
be treated with anti-EGFR therapy. 

KRAS mutations at non-exon 2 sites (eg, codons 
61, 117, and 146) have been described as occurring in 
approximately 5% to 10% of the studied populations with 
colorectal cancer.46,53-55 A recent analysis of the PRIME 
(Panitumumab Randomized Trial in Combination 
With Chemotherapy for Metastatic Colorectal Cancer 
to Determine Efficacy) trial showed that patients whose 
tumors have NRAS mutations or codon 61, 117, or 146 
KRAS mutations demonstrate a worse progression-free 
survival and overall survival when treated with FOLFOX/
panitumumab relative to FOLFOX alone.56 Similar find-
ings were seen in the analysis of the panitumumab vs 
best supportive care study.57 Although different groups 
have reported differing survival outcomes and responses 
to anti-EGFR therapies for patients whose tumors bear 
these mutations,46,58,59 most data suggest that tumors with 
“nontraditional” NRAS and KRAS non-codon 12 or 13 
mutations do not respond to anti-EGFR therapy. We 
therefore recommend testing for NRAS mutations and 
KRAS 61 and 146 mutations in patients with metastatic 

colorectal cancer. Future prospective studies need to 
clarify the clinical significance of these “alternative” RAS 
mutations, given that these tumors would otherwise be 
considered “wild type” under current practices if untested, 
in order for patients to avoid treatment with ineffective 
and costly therapies should these tumors behave similarly 
to those with KRAS mutations at other codons.

Amphiregulin/Epiregulin

Despite the aforementioned successes with cetuximab 
and panitumumab, not all patients with KRAS wild-type 
metastatic colorectal cancer respond to these therapies. 
Two biomarkers that have surfaced in recent years that 
perpetuate activity of the EGFR, despite physiologically 
normal activity of the KRAS oncogene, are amphiregulin 
and epiregulin, ligands homologous to the epidermal 
growth factor. These ligands bind EGFR and activate 
its downstream signaling pathways. In colorectal tumor 
cells, amphiregulin and epiregulin can be secreted in an 
autocrine feedback loop60 to perpetuate cell proliferation 
in a self-sustaining manner.61 They also can promote 
oncogenic behavior through induction of anti-apoptotic 
behavior,62 stimulation of angiogenesis,63 and upregula-
tion of genes involved in cell invasion and motility within 
the tumor microenvironment that promote metastatic 
activity.64,65 In colorectal cancer patient specimens, these 
molecules have been associated with an increased depth 
of tumor invasion, pathologic detection of perineural 
invasion, and a higher rate of distant metastases.66 Thus, 
the presence of these markers implies a more aggressive 
underlying tumor biology driven by the multiple afore-
mentioned downstream effectors of these 2 ligands.

Multiple studies have retrospectively investigated 
the roles of amphiregulin and epiregulin as predictive 
biomarkers for anti-EGFR therapy. In one series of 
110 patients with metastatic colorectal cancer receiv-
ing cetuximab monotherapy, these genes were highly 
expressed in 25% of all tumors. In patients treated with 
cetuximab, high levels of both amphiregulin and epiregu-
lin were individually associated with prolonged median 
progression-free survival, which was doubled among 
those with higher expression of either ligand, relative 
to patients with low or undetectable levels (104 vs 57 
days for amphiregulin, and 116 vs 57 days for epiregulin, 
respectively; P<.001 for each).67 Similar findings were 
described for a group of 220 patients with metastatic 
colorectal cancer treated with irinotecan and cetuximab; 
here, both progression-free survival and overall survival 
were longer for those with tumors expressing higher 
levels of either amphiregulin or epiregulin.68 It should 
be noted that these results were observed only in the 
setting of KRAS wild-type colorectal tumors; patients 
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with tumors harboring KRAS mutations, even if high 
ligand expression was present, showed no survival benefit 
with cetuximab. In addition, patients with low levels of 
both ligands do not appear to benefit from anti-EGFR 
therapy and fare similarly to those with KRAS-mutated 
tumors, having shorter response rates and worse survival 
outcomes when treated with cetuximab relative to their 
counterparts expressing higher levels of either ligand.68,69 

These results imply that, in the absence of a con-
stitutively activated KRAS-mutated protein, antibodies 
to the EGFR extracellular binding domain impair the 
amphiregulin:EGFR or epiregulin:EGFR interaction 
and, in doing so, prevent the colorectal tumor cells from 
activating the EGFR-mediated signaling pathways that 
propagate extension of disease in these patients. Addition-
ally, these data are very encouraging in terms of further 
classifying patients with KRAS wild-type, amphiregulin/
epiregulin highly expressed tumors as a more accurately 
defined group who may benefit from anti-EGFR thera-
pies. One challenge in the development of these biomark-
ers has been using a continuous variable like the quan-
tification of amphiregulin/epiregulin expression levels to 
categorize tumors, and then maintaining consistency of 
these results across different testing sites. Nonetheless, 
these findings need to be validated prospectively; should 
it occur, such validation would presumably be the basis 
for future routine testing of amphiregulin and epiregulin 
levels as biomarkers predictive for response to cetuximab.

BRAF

Another biomarker that has gained increased importance 
in subdefining populations of patients with colorectal 
cancer in recent years is the BRAF oncogene. BRAF is an 
isoform of the RAF kinase and serves as the downstream 
substrate to activated RAS. Mutations in the BRAF 
oncogene—most commonly a valine-to-glutamic acid 
substitution in codon 600 (V600E)—occur in approxi-
mately 8% to 10% of all colorectal cancers70 and lead to 
constitutive activation of the MAPK pathway.71 BRAF-
mutated tumors are more commonly located in the proxi-
mal colon and are associated with female sex and older 
age72; histologically, they tend to have mucinous features, 
are extensively hypermethylated, and are highly correlated 
with an MSI-high phenotype.73

The presence of a BRAF mutation is widely accepted 
as a poor prognostic marker in patients with colorectal 
cancer. Multiple retrospective reviews have reported that, 
for patients with phase 2 and 3 BRAF-mutated tumors, 
recurrence-free survival and overall survival following 
surgical resection are historically worse than for their 
BRAF wild-type counterparts.74,75 One retrospective 
study reported a median overall survival of 10 months 

for patients with stage IV disease with BRAF-mutated 
tumors, significantly worse than the 34.7 months for 
patients with metastatic, BRAF wild-type colorectal 
cancer.76 Other studies have confirmed this finding that 
overall prognosis is worse in the metastatic setting for 
patients with BRAF mutations compared with wild-
type BRAF.46,77-80 Despite their KRAS wild-type status, 
patients with metastatic, BRAF-mutated colorectal 
tumors do not appear to respond to such therapies as 
cetuximab or panitumumab,81 presumably owing to 
downstream activation of the MAPK pathway occurring 
independently of EGFR or KRAS activity. 

Vemurafenib is a tyrosine kinase inhibitor specific 
to the kinase domain of the V600E-mutated BRAF that 
blocks signaling of the MAPK pathway in vitro.82 In a 
phase 3 trial for patients with metastatic melanoma, this 
drug improved overall survival compared with the stan-
dard of care cytotoxic agent dacarbazine.83 However, a 
phase 1b trial in which vemurafenib was tested in patients 
with BRAF-mutated metastatic colorectal cancer reported 
a partial response in only 5% of patients treated with 
vemurafenib.84 Several other patients in the same study 
did demonstrate a mixed response to vemurafenib, which 
suggests that this agent may serve as an effective backbone 
for combination therapy in the future. Recent in vitro 
studies in cell lines have implicated EGFR overexpres-
sion85,86 and PI3K/Akt pathway activation87 as mecha-
nisms overcoming inhibition by vemurafenib; the com-
binations of vemurafenib/cetuximab and vemurafenib/ 
PI3K inhibitors, respectively, may serve as the rationale 
for future clinical trials.

PI3KCA

Mutations in the PI3K/Akt signaling pathway generate 
oncogenic transformation in vitro by resisting apoptosis, 
stimulating cell proliferation, and promoting cell migra-
tion.88-93 Approximately 10% to 30% of all patients with 
colorectal cancer have mutations in PI3K,46,94-97 the vast 
majority of which localize to the helical domain (exon 9) 
and the kinase domain (exon 20).98,99 Constitutive activa-
tion of the kinase occurs through 2 distinct mechanisms 
according to the specific exon mutated,100 implying dif-
ferent underlying biological activity in oncogenesis based 
on the presence of a mutation in either exon 9 or exon 20.

The prognostic significance of PI3KCA mutations 
currently remains unclear, as discordant results have been 
reported regarding whether an isolated PI3KCA mutation 
is associated with survival outcomes in colorectal can-
cer.46,80,94,95,97,101-107 Conclusions drawn from many studies 
must be interpreted with caution, owing to the relatively 
small populations examined and because many of the stud-
ies did not consider the influence of concomitant KRAS 
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or BRAF mutations in interpreting their analyses. Given 
the inconsistent findings to date, we do not recommend 
routine testing for PI3KCA mutations as a prognostic bio-
marker in patients with metastatic colorectal cancer.

Importantly, recent data have identified a role for 
PI3KCA mutations as a biomarker for benefit from 
aspirin therapy for stage II and III colon cancer. One 
recent retrospective series examined the use of aspirin in 
patients with colorectal cancer and found an improve-
ment in both cancer-related mortality and overall sur-
vival for patients with PI3KCA mutations taking aspirin 
relative to those with wild-type PI3KCA oncogenes on 
aspirin therapy ([HR, 0.18; P<.001] and [HR, 0.54; 
P=.01], respectively).108 An analysis of patients with 
stage II and III colorectal cancer adjuvantly treated 
with rofecoxib (a COX-2 inhibitor) or placebo showed 
no improvement either in recurrence-free survival or 
overall survival among patients with tumors bearing 
PI3KCA mutations. However, similar to the aforemen-
tioned study, adjuvant aspirin use (when compared to 
no aspirin use) was associated with an improvement in 
recurrence-free survival among patients with PI3KCA-
mutated colorectal tumors (unpublished data). The 
strength of these effects is striking, as is the confirmed 
association with the outcome of recurrence and mortal-
ity. Most prior aspirin studies have focused on the role 
of aspirin in secondary prevention of new adenomas and 
adenocarcinomas through colorectal mucosal protec-
tion; however, these studies and others have confirmed 
a role for aspirin in preventing growth of subclinical 
micrometastatic disease.109 Given the known bleeding 
risk of aspirin, a risk/benefit discussion with the patient 
is important, but in the presence of a PIK3CA muta-
tion, the data suggest a net benefit from aspirin use for 
reduction in mortality after resection of stage II and III 
colon cancer. 

Multigene Assays

Although adjuvant chemotherapy is the accepted standard 
of care for all otherwise capable patients who undergo 
resection for stage III colorectal cancer, chemotherapy is 
generally reserved for patients with resected stage II dis-
ease whose tumors exhibit particular high-risk clinical and 
pathologic features. To date, the use of single biomark-
ers as robust predictors for disease recurrence has been 
investigated but not validated in the adjuvant setting for 
patients with stage II colorectal cancer.110-114 Because these 
tumors are complex, with multiple pathways implicated 
in the development of new disease following resection, 
multigene assays have been developed in recent years to 
identify these underlying elaborate molecular pathways 
implicated in disease recurrence, both for prognostication 

following curative surgery and for prediction of benefit of 
adjuvant chemotherapy.

The Oncotype DX assay (Genomic Healt.) for 
colorectal cancer was developed initially from 4 cohorts 
of patients with resected stage II or III colorectal cancer 
treated with either surgery alone or surgery plus 5-fluo-
rouracil/leucovorin adjuvant chemotherapy (NSABP 
C-01/C-02, Cleveland Clinic study, NSABP C-04, and 
NSABP C-06).115-118 RNA was extracted from formalin-
fixed, paraffin-embedded tumor blocks, and reverse 
transcription PCR studies were then performed on the 
extracted RNA to identify 7 genes associated with recur-
rence and 6 genes associated with benefit from 5-fluo-
rouracil/leucovorin chemotherapy.119 Next, recurrence 
scores (based on the pattern of expression of the 7 afore-
mentioned identified genes) were used to stratify patients 
into low-risk, intermediate-risk, and high-risk groups for 
recurrence. When these genes were examined in a valida-
tion cohort of tumor samples derived from patients who 
participated in the QUASAR (Quick and Simple and 
Reliable) study,120 the previously described recurrence 
score was predictive of recurrence risk at 3 years (12%, 
18%, and 22% for the low-, intermediate-, and high-risk 
groups, respectively; P<.01) independently of other clini-
copathologic tumor features. Unfortunately, the 6-gene 
treatment score was unable to predict a population of 
patients with resected stage II colorectal cancer who 
could benefit from adjuvant chemotherapy. Given that 
finding, the Oncotype DX assay is not routinely used for 
treatment decisions regarding when to use 5-fluoroura-
cil–based regimens postoperatively in the stage II setting.

ColoPrint (Agendia) is another multigene assay in 
which 18 genes were identified (using techniques similar 
to those used for the Oncotype DX assay) from tumors 
taken from 206 patients with stage I to III colorectal 
cancer to develop a gene signature with prognostic and 
predictive utility. Based on the pattern of expression of the 
18 selected genes, patients were classified as either at low 
or high risk for recurrence. In one cohort studied, relapse-
free survival rates were 87.6% and 67.2% in the low- and 
high-risk groups, respectively (HR, 2.5; P=.005).121 The 
ability to predict recurrence was even stronger when stage 
III patients were excluded from the analysis, as the HR 
for recurrence for stage II patients was 3.34 (P=.017). A 
separate validation study independently corroborated the 
prognostic capabilities of ColoPrint in patients with stage 
II disease; here, 5-year distant metastasis-free survival rates 
were 94.9% and 80.6% for the low- and high-recurrence 
risk groups, respectively (HR, 4.28; P=.013).122 Interest-
ingly, these results predicted recurrence independently of 
the inclusion of the clinicopathologic considerations typi-
cally used to decide whom to treat with adjuvant chemo-
therapy. These findings further the notion that ColoPrint 



774  Clinical Advances in Hematology & Oncology  Volume 11, Issue 12  December 2013

M O R R I S  A N D  K O P E T Z

may stand independently as a robust predictor for disease 
recurrence in the stage II setting. A prospective trial is 
currently under way comparing the ColoPrint assay with 
the clinical risk factors used in treatment decision-making 
for stage II disease; should the former be found superior, 
there may be a future role for this test in routine practice. 

Conclusions

Although advances in our understanding of breast and 
lung cancers have led to the subclassifications of mul-
tiple populations of tumors according to the underlying 
molecular phenotypes, the diversity and heterogeneity 
of colorectal cancers are only now beginning to be bet-
ter described and better appreciated. Even clinically 
relevant KRAS mutations demonstrate heterogeneity 
not only according to the particular codon mutated, but 
also according to the amino acid mutated within a spe-
cific codon. In addition, tumors now considered “KRAS 
wild-type” may harbor mutations (eg, BRAF) with added 
prognostic significance. Further research will continue 
to identify other effector molecules and pathways that 
dictate their driving biologic response (or lack thereof ) 
to available therapies. Although our practices for routine 
biomarker testing are often dictated by the stage at pre-
sentation of the patient being treated (Table), we expect 
that the limited panel of testing markers will continue 
to expand in the near future as our understanding of the 
complex biology that affects treatment modalities in these 
patients evolves.

References

1. Boland CR, Koi M, Chang DK, Carethers JM. The biochemical basis 
of microsatellite instability and abnormal immunohistochemistry and 
clinical behavior in Lynch syndrome: from bench to bedside. Fam Cancer. 
2008;7(1):41-52. 
2. Cunningham JM, Christensen ER, Tester DJ, et al. Hypermethylation of the 
hMLH1 promoter in colon cancer with microsatellite instability. Cancer Res. 
1998;58(15):3455-3460.

3. Kim GP, Colangelo LH, Wieand HS, et al; National Cancer Institute. Prognos-
tic and predictive roles of high-degree microsatellite instability in colon cancer: a 
National Cancer Institute-National Surgical Adjuvant Breast and Bowel Project 
Collaborative Study. J Clin Oncol. 2007;25(7):767-772. 
4. Roth AD, Tejpar S, Delorenzi M, et al. Prognostic role of KRAS and BRAF in 
stage II and III resected colon cancer: results of the translational study on the PET-
ACC-3, EORTC 40993, SAKK 60-00 trial. J Clin Oncol. 2010;28(3):466-474. 
5. Koopman M, Kortman GA, Mekenkamp L, et al. Deficient mismatch 
repair system in patients with sporadic advanced colorectal cancer. Br J Cancer. 
2009;100(2):266-273. 
6. Hutchins G, Southward K, Handley K, et al. Value of mismatch repair, KRAS, 
and BRAF mutations in predicting recurrence and benefits from chemotherapy in 
colorectal cancer. J Clin Oncol. 2011;29(10):1261-1270. 
7. Bertagnolli MM, Redston M, Compton CC, et al. Microsatellite instability 
and loss of heterozygosity at chromosomal location 18q: prospective evaluation of 
biomarkers for stages II and III colon cancer--a study of CALGB 9581 and 89803. 
J Clin Oncol. 2011;29(23):3153-3162. 
8. Ribic CM, Sargent DJ, Moore MJ, et al. Tumor microsatellite-instability status 
as a predictor of benefit from fluorouracil-based adjuvant chemotherapy for colon 
cancer. N Engl J Med. 2003;349(3):247-257. 
9. Sargent DJ, Marsoni S, Monges G, et al. Defective mismatch repair as a predic-
tive marker for lack of efficacy of fluorouracil-based adjuvant therapy in colon 
cancer. J Clin Oncol. 2010;28(20):3219-3226. 
10. Lynch HT, de la Chapelle A. Hereditary colorectal cancer. N Engl J Med. 
2003;348(10):919-932. 
11. Aaltonen LA, Salovaara R, Kristo P, et al. Incidence of hereditary nonpolyposis 
colorectal cancer and the feasibility of molecular screening for the disease. N Engl 
J Med. 1998;338(21):1481-1487. 
12. Hampel H, Frankel WL, Martin E, et al. Feasibility of screening for Lynch syn-
drome among patients with colorectal cancer. J Clin Oncol. 2008;26(35):5783-5788. 
13. Hampel H, Frankel WL, Martin E, et al. Screening for the Lynch syndrome 
(hereditary nonpolyposis colorectal cancer). N Engl J Med. 2005;352(18):1851-1860. 
14. Beamer LC, Grant ML, Espenschied CR, et al. Reflex immunohistochemistry 
and microsatellite instability testing of colorectal tumors for Lynch syndrome 
among US cancer programs and follow-up of abnormal results. J Clin Oncol. 
2012;30(10):1058-1063. 
15. Boguski MS, McCormick F. Proteins regulating Ras and its relatives. Nature. 
1993;366(6456):643-654. 
16. Donovan S, Shannon KM, Bollag G. GTPase activating proteins: critical 
regulators of intracellular signaling. Biochim Biophys Acta. 2002;1602(1):23-45.
17. Scheffzek K, Ahmadian MR, Kabsch W, et al. The Ras-RasGAP complex: 
structural basis for GTPase activation and its loss in oncogenic Ras mutants. Sci-
ence. 1997;277(5324):333-338. 
18. Trahey M, McCormick F. A cytoplasmic protein stimulates normal N-ras p21 
GTPase, but does not affect oncogenic mutants. Science. 1987;238(4826):542-545. 
19. Der CJ, Finkel T, Cooper GM. Biological and biochemical properties of 
human rasH genes mutated at codon 61. Cell. 1986;44(1):167-176. 
20. Repasky GA, Chenette EJ, Der CJ. Renewing the conspiracy theory debate: does 
Raf function alone to mediate Ras oncogenesis? Trends Cell Biol. 2004;14(11):639-647. 
21. Rodriguez-Viciana P, Warne PH, Dhand R, et al. Phosphatidylinositol-3-OH 
kinase as a direct target of Ras. Nature. 1994;370(6490):527-532. 
22. Pacold ME, Suire S, Perisic O, et al. Crystal structure and functional 
analysis of Ras binding to its effector phosphoinositide 3-kinase gamma. Cell. 
2000;103(6):931-943. 
23. Lambert JM, Lambert QT, Reuther GW, et al. Tiam1 mediates Ras activation 
of Rac by a PI(3)K-independent mechanism. Nat Cell Biol. 2002;4(8):621-625.
24. Andreyev HJ, Norman AR, Cunningham D, Oates JR, Clarke PA. Kirsten ras 
mutations in patients with colorectal cancer: the multicenter “RASCAL” study. J 
Natl Cancer Inst. 1998;90(9):675-684. 
25. Forbes S, Clements J, Dawson E, et al. Cosmic 2005. Br J Cancer. 
2006;94(2):318-322. 
26. Nash GM, Gimbel M, Shia J, et al. KRAS mutation correlates with accelerated 
metastatic progression in patients with colorectal liver metastases. Ann Surg Oncol. 
2010;17(2):572-578. 
27. Andreou A, Kopetz S, Maru DM, et al. Adjuvant chemotherapy with FOLFOX 
for primary colorectal cancer is associated with increased somatic gene mutations 
and inferior survival in patients undergoing hepatectomy for metachronous liver 
metastases. Ann Surg. 2012;256(4):642-650. 
28. Vauthey JN, Kopetz S, Aloia TA, Andreou A. KRAS mutation in colorec-
tal cancer metastases after adjuvant FOLFOX for the primary. Br J Cancer. 
2012;107(8):1442-1443, author reply 1444. 

Table. Recommended Biomarker Testing Based on Stage of 
Disease Presentation 

Stage II Stage III Stage IV

Microsatellite testing +
KRAS (codons 12, 13, 
61, 146) + NRAS

+

Amphiregulin/epiregulin ?
BRAF +
PI3KCA + + ?
Multigene assays ?

+Authors recommend testing of the selected biomarker.

?Further prospective studies are needed to clarify the benefit of routine use of 
this biomarker in clinical practice.



Clinical Advances in Hematology & Oncology  Volume 11, Issue 12  December 2013  775

C L I N I C A L  B I O M A R K E R S  I N  C O L O R E C TA L  C A N C E R

29. Kim MJ, Lee HS, Kim JH, et al. Different metastatic pattern according to the 
KRAS mutational status and site-specific discordance of KRAS status in patients 
with colorectal cancer. BMC Cancer. 2012;12(1):347. 
30. Tie J, Lipton L, Desai J, et al. KRAS mutation is associated with lung metastasis in 
patients with curatively resected colorectal cancer. Clin Cancer Res. 2011;17(5):1122-1130. 
31. Knijn N, Mekenkamp LJ, Klomp M, et al. KRAS mutation analysis: a com-
parison between primary tumours and matched liver metastases in 305 colorectal 
cancer patients. Br J Cancer. 2011;104(6):1020-1026. 
32. Goldstein NI, Prewett M, Zuklys K, Rockwell P, Mendelsohn J. Biological 
efficacy of a chimeric antibody to the epidermal growth factor receptor in a human 
tumor xenograft model. Clin Cancer Res. 1995;1(11):1311-1318.
33. Saltz LB, Meropol NJ, Loehrer PJ Sr, Needle MN, Kopit J, Mayer RJ. Phase 
II trial of cetuximab in patients with refractory colorectal cancer that expresses the 
epidermal growth factor receptor. J Clin Oncol. 2004;22(7):1201-1208. 
34. Van Cutsem E, Peeters M, Siena S, et al. Open-label phase III trial of pani-
tumumab plus best supportive care compared with best supportive care alone in 
patients with chemotherapy-refractory metastatic colorectal cancer. J Clin Oncol. 
2007;25(13):1658-1664. 
35. Cunningham D, Humblet Y, Siena S, et al. Cetuximab monotherapy and 
cetuximab plus irinotecan in irinotecan-refractory metastatic colorectal cancer. N 
Engl J Med. 2004;351(4):337-345. 
36. Benvenuti S, Sartore-Bianchi A, Di Nicolantonio F, et al. Oncogenic activation 
of the RAS/RAF signaling pathway impairs the response of metastatic colorectal 
cancers to anti-epidermal growth factor receptor antibody therapies. Cancer Res. 
2007;67(6):2643-2648. 
37. Karapetis CS, Khambata-Ford S, Jonker DJ, et al. K-ras mutations and benefit from 
cetuximab in advanced colorectal cancer. N Engl J Med. 2008;359(17):1757-1765. 
38. Tol J, Koopman M, Cats A, et al. Chemotherapy, bevacizumab, and cetuximab 
in metastatic colorectal cancer. N Engl J Med. 2009;360(6):563-572. 
39. Amado RG, Wolf M, Peeters M, et al. Wild-type KRAS is required for pani-
tumumab efficacy in patients with metastatic colorectal cancer. J Clin Oncol. 
2008;26(10):1626-1634. 
40. Lièvre A, Bachet JB, Boige V, et al. KRAS mutations as an independent prog-
nostic factor in patients with advanced colorectal cancer treated with cetuximab. J 
Clin Oncol. 2008;26(3):374-379. 
41. Bokemeyer C, Bondarenko I, Makhson A, et al. Fluorouracil, leucovorin, and 
oxaliplatin with and without cetuximab in the first-line treatment of metastatic 
colorectal cancer. J Clin Oncol. 2009;27(5):663-671. 
42. Van Cutsem E, Köhne CH, Hitre E, et al. Cetuximab and chemotherapy as initial 
treatment for metastatic colorectal cancer. N Engl J Med. 2009;360(14):1408-1417. 
43. Hecht JR, Mitchell E, Neubauer MA, et al. Lack of correlation between epider-
mal growth factor receptor status and response to Panitumumab monotherapy in 
metastatic colorectal cancer. Clin Cancer Res. 2010;16(7):2205-2213. 
44. Douillard JY, Siena S, Cassidy J, et al. Randomized, phase III trial of panitu-
mumab with infusional fluorouracil, leucovorin, and oxaliplatin (FOLFOX4) versus 
FOLFOX4 alone as first-line treatment in patients with previously untreated meta-
static colorectal cancer: the PRIME study. J Clin Oncol. 2010;28(31):4697-4705. 
45. Allegra CJ, Jessup JM, Somerfield MR, et al. American Society of Clinical 
Oncology provisional clinical opinion: testing for KRAS gene mutations in patients 
with metastatic colorectal carcinoma to predict response to anti-epidermal growth 
factor receptor monoclonal antibody therapy. J Clin Oncol. 2009;27(12):2091-2096. 
46. De Roock W, Claes B, Bernasconi D, et al. Effects of KRAS, BRAF, NRAS, 
and PIK3CA mutations on the efficacy of cetuximab plus chemotherapy in 
chemotherapy-refractory metastatic colorectal cancer: a retrospective consortium 
analysis. Lancet Oncol. 2010;11(8):753-762. 
47. Vaughn CP, Zobell SD, Furtado LV, Baker CL, Samowitz WS. Frequency 
of KRAS, BRAF, and NRAS mutations in colorectal cancer. Genes Chromosomes 
Cancer. 2011;50(5):307-312. 
48. Guerrero S, Casanova I, Farré L, Mazo A, Capellà G, Mangues R. K-ras codon 
12 mutation induces higher level of resistance to apoptosis and predisposition to 
anchorage-independent growth than codon 13 mutation or proto-oncogene over-
expression. Cancer Res. 2000;60(23):6750-6756.
49. Andreyev HJ, Norman AR, Cunningham D, et al. Kirsten ras mutations in patients 
with colorectal cancer: the ‘RASCAL II’ study. Br J Cancer. 2001;85(5):692-696. 
50. Tejpar S, Celik I, Schlichting M, Sartorius U, Bokemeyer C, Van Cutsem 
E. Association of KRAS G13D tumor mutations with outcome in patients with 
metastatic colorectal cancer treated with first-line chemotherapy with or without 
cetuximab. J Clin Oncol. 2012;30(29):3570-3577. 
51. De Roock W, Jonker DJ, Di Nicolantonio F, et al. Association of KRAS 
p.G13D mutation with outcome in patients with chemotherapy-refractory meta-
static colorectal cancer treated with cetuximab. JAMA. 2010;304(16):1812-1820. 

52. Mao C, Huang YF, Yang ZY, Zheng DY, Chen JZ, Tang JL. KRAS p.G13D 
mutation and codon 12 mutations are not created equal in predicting clinical 
outcomes of cetuximab in metastatic colorectal cancer: a systematic review and 
meta-analysis. Cancer. 2013;119(4):714-721. 
53. Smith G, Bounds R, Wolf H, Steele RJ, Carey FA, Wolf CR. Activating K-Ras 
mutations outwith ‘hotspot’ codons in sporadic colorectal tumours - implications 
for personalised cancer medicine. Br J Cancer. 2010;102(4):693-703. 
54. Edkins S, O’Meara S, Parker A, et al. Recurrent KRAS codon 146 mutations in 
human colorectal cancer. Cancer Biol Ther. 2006;5(8):928-932. 
55. Seymour MT, Brown SR, Middleton G, et al. Panitumumab and irinotecan 
versus irinotecan alone for patients with KRAS wild-type, fluorouracil-resistant 
advanced colorectal cancer (PICCOLO): a prospectively stratified randomised 
trial. Lancet Oncol. 2013;14(8):749-759. 
56. Douillard J, Oliner KS, Siena S, et al. Panitumumab-FOLFOX4 treatment and 
RAS mutations in colorectal cancer. N Engl J Med. 2013;369(11):1023-1034.
57. Patterson SD, Peeters M, Siena S. Comprehensive analysis of KRAS and 
NRAS mutations as predictive biomarkers for single agent panitumumab (pmab) 
response in a randomized, phase III metastatic colorectal cancer (mCRC) study 
(20020408). J Clin Oncol [ASCO abstract 3617]. 2013;31(suppl 15).
58. Loupakis F, Ruzzo A, Cremolini C, et al. KRAS codon 61, 146 and BRAF 
mutations predict resistance to cetuximab plus irinotecan in KRAS codon 12 and 
13 wild-type metastatic colorectal cancer. Br J Cancer. 2009;101(4):715-721. 
59. Liao X, Imamura Y, Ogino S. KRAS codon 12, 13, 61 and 146 mutations 
in 1267 colorectal cancers: clinicopathological, molecular, and survival analyses. 
Paper presented at: United States and Canadian Academy of Pathology Annual 
Conference; March 2-8, 2013; Baltimore, MD.
60. Saeki T, Stromberg K, Qi CF, et al. Differential immunohistochemical detec-
tion of amphiregulin and cripto in human normal colon and colorectal tumors. 
Cancer Res. 1992;52(12):3467-3473.
61. Johnson GR, Saeki T, Gordon AW, Shoyab M, Salomon DS, Stromberg 
K. Autocrine action of amphiregulin in a colon carcinoma cell line and immu-
nocytochemical localization of amphiregulin in human colon. J Cell Biol. 
1992;118(3):741-751. 
62. Berasain C, García-Trevijano ER, Castillo J, et al. Novel role for amphiregulin 
in protection from liver injury. J Biol Chem. 2005;280(19):19012-19020. 
63. Bordoli MR, Stiehl DP, Borsig L, et al. Prolyl-4-hydroxylase PHD2- and 
hypoxia-inducible factor 2-dependent regulation of amphiregulin contributes to 
breast tumorigenesis. Oncogene. 2011;30(5):548-560. 
64. Willmarth NE, Ethier SP. Autocrine and juxtacrine effects of amphiregulin 
on the proliferative, invasive, and migratory properties of normal and neoplastic 
human mammary epithelial cells. J Biol Chem. 2006;281(49):37728-37737. 
65. Silvy M, Giusti C, Martin PM, Berthois Y. Differential regulation of cell pro-
liferation and protease secretion by epidermal growth factor and amphiregulin in 
tumoral versus normal breast epithelial cells. Br J Cancer. 2001;84(7):936-945. 
66. Li XD, Miao SY, Wang GL, Yang L, Shu YQ, Yin YM. Amphiregulin and 
epiregulin expression in colorectal carcinoma and the correlation with clinico-
pathological characteristics. Onkologie. 2010;33(7):353-358. 
67. Khambata-Ford S, Garrett CR, Meropol NJ, et al. Expression of epiregulin and 
amphiregulin and K-ras mutation status predict disease control in metastatic colorec-
tal cancer patients treated with cetuximab. J Clin Oncol. 2007;25(22):3230-3237. 
68. Jacobs B, De Roock W, Piessevaux H, et al. Amphiregulin and epiregulin 
mRNA expression in primary tumors predicts outcome in metastatic colorectal 
cancer treated with cetuximab. J Clin Oncol. 2009;27(30):5068-5074. 
69. Pentheroudakis G, Kotoula V, De Roock W, et al. Biomarkers of benefit from 
cetuximab-based therapy in metastatic colorectal cancer: interaction of EGFR ligand 
expression with RAS/RAF, PIK3CA genotypes. BMC Cancer. 2013;13(1):49. 
70. Davies H, Bignell GR, Cox C, et al. Mutations of the BRAF gene in human 
cancer. Nature. 2002;417(6892):949-954. 
71. Yeh JJ, Routh ED, Rubinas T, et al. KRAS/BRAF mutation status and ERK1/2 
activation as biomarkers for MEK1/2 inhibitor therapy in colorectal cancer. Mol 
Cancer Ther. 2009;8(4):834-843. 
72. Tie J, Gibbs P, Lipton L, et al. Optimizing targeted therapeutic development: 
analysis of a colorectal cancer patient population with the BRAF(V600E) muta-
tion. Int J Cancer. 2011;128(9):2075-2084. 
73. Tanaka H, Deng G, Matsuzaki K, et al. BRAF mutation, CpG island 
methylator phenotype and microsatellite instability occur more frequently and 
concordantly in mucinous than non-mucinous colorectal cancer. Int J Cancer. 
2006;118(11):2765-2771. 
74. Gavin PG, Colangelo LH, Fumagalli D, et al. Mutation profiling and mic-
rosatellite instability in stage II and III colon cancer: an assessment of their prog-
nostic and oxaliplatin predictive value. Clin Cancer Res. 2012;18(23):6531-6541. 



776  Clinical Advances in Hematology & Oncology  Volume 11, Issue 12  December 2013

M O R R I S  A N D  K O P E T Z

75. Ogino S, Shima K, Meyerhardt JA, et al. Predictive and prognostic roles of 
BRAF mutation in stage III colon cancer: results from intergroup trial CALGB 
89803. Clin Cancer Res. 2012;18(3):890-900. 
76. Tran B, Kopetz S, Tie J, et al. Impact of BRAF mutation and microsatellite 
instability on the pattern of metastatic spread and prognosis in metastatic colorec-
tal cancer. Cancer. 2011;117(20):4623-4632. 
77. Laurent-Puig P, Cayre A, Manceau G, et al. Analysis of PTEN, BRAF, and 
EGFR status in determining benefit from cetuximab therapy in wild-type KRAS 
metastatic colon cancer. J Clin Oncol. 2009;27(35):5924-5930. 
78. Ogino S, Nosho K, Kirkner GJ, et al. CpG island methylator phenotype, 
microsatellite instability, BRAF mutation and clinical outcome in colon cancer. 
Gut. 2009;58(1):90-96. 
79. Richman SD, Seymour MT, Chambers P, et al. KRAS and BRAF mutations in 
advanced colorectal cancer are associated with poor prognosis but do not preclude 
benefit from oxaliplatin or irinotecan: results from the MRC FOCUS trial. J Clin 
Oncol. 2009;27(35):5931-5937. 
80. Tol J, Dijkstra JR, Klomp M, et al. Markers for EGFR pathway activation 
as predictor of outcome in metastatic colorectal cancer patients treated with or 
without cetuximab. Eur J Cancer. 2010;46(11):1997-2009. 
81. Van Cutsem E, Köhne CH, Láng I, et al. Cetuximab plus irinotecan, fluo-
rouracil, and leucovorin as first-line treatment for metastatic colorectal cancer: 
updated analysis of overall survival according to tumor KRAS and BRAF mutation 
status. J Clin Oncol. 2011;29(15):2011-2019. 
82. Joseph EW, Pratilas CA, Poulikakos PI, et al. The RAF inhibitor PLX4032 
inhibits ERK signaling and tumor cell proliferation in a V600E BRAF-selective 
manner. Proc Natl Acad Sci USA. 2010;107(33):14903-14908. 
83. Chapman PB, Hauschild A, Robert C, et al; BRIM-3 Study Group. Improved 
survival with vemurafenib in melanoma with BRAF V600E mutation. N Engl J 
Med. 2011;364(26):2507-2516. 
84. Kopetz S, Desai J, Chan E. PLX4032 in metastatic colorectal cancer patients 
with mutant BRAF tumors. J Clin Oncol [ASCO abstract 3534]. 2010;28(suppl 15).
85. Prahallad A, Sun C, Huang S, et al. Unresponsiveness of colon cancer 
to BRAF(V600E) inhibition through feedback activation of EGFR. Nature. 
2012;483(7387):100-103. 
86. Corcoran RB, Ebi H, Turke AB, et al. EGFR-mediated re-activation of MAPK 
signaling contributes to insensitivity of BRAF mutant colorectal cancers to RAF 
inhibition with vemurafenib. Cancer Discov. 2012;2(3):227-235. 
87. Mao M, Tian F, Mariadason JM, et al. Resistance to BRAF inhibition in 
BRAF-mutant colon cancer can be overcome with PI3K inhibition or demethylat-
ing agents. Clin Cancer Res. 2013;19(3):657-667. 
88. Dudek H, Datta SR, Franke TF, et al. Regulation of neuronal survival by the 
serine-threonine protein kinase Akt. Science. 1997;275(5300):661-665. 
89. Li J, Simpson L, Takahashi M, et al. The PTEN/MMAC1 tumor suppressor 
induces cell death that is rescued by the AKT/protein kinase B oncogene. Cancer 
Res. 1998;58(24):5667-5672.
90. Romashkova JA, Makarov SS. NF-kappaB is a target of AKT in anti-apoptotic 
PDGF signalling. Nature. 1999;401(6748):86-90. 
91. Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen synthase kinase-
3beta regulates cyclin D1 proteolysis and subcellular localization. Genes Dev. 
1998;12(22):3499-3511. 
92. Liliental J, Moon SY, Lesche R, et al. Genetic deletion of the Pten tumor 
suppressor gene promotes cell motility by activation of Rac1 and Cdc42 GTPases. 
Curr Biol. 2000;10(7):401-404. 
93. Welch H, Eguinoa A, Stephens LR, Hawkins PT. Protein kinase B and rac are 
activated in parallel within a phosphatidylinositide 3OH-kinase-controlled signal-
ing pathway. J Biol Chem. 1998;273(18):11248-11256. 
94. Barault L, Veyrie N, Jooste V, et al. Mutations in the RAS-MAPK, PI(3)K (phos-
phatidylinositol-3-OH kinase) signaling network correlate with poor survival in a 
population-based series of colon cancers. Int J Cancer. 2008;122(10):2255-2259. 
95. Liao X, Morikawa T, Lochhead P, et al. Prognostic role of PIK3CA muta-
tion in colorectal cancer: cohort study and literature review. Clin Cancer Res. 
2012;18(8):2257-2268. 
96. Whitehall VL, Rickman C, Bond CE, et al. Oncogenic PIK3CA mutations in 
colorectal cancers and polyps. Int J Cancer. 2012;131(4):813-820. 
97. He Y, Van’t Veer LJ, Mikolajewska-Hanclich I, et al. PIK3CA mutations predict 
local recurrences in rectal cancer patients. Clin Cancer Res. 2009;15(22):6956-6962. 
98. Samuels Y, Wang Z, Bardelli A, et al. High frequency of mutations of the 
PIK3CA gene in human cancers. Science. 2004;304(5670):554. 
99. Velho S, Oliveira C, Ferreira A, et al. The prevalence of PIK3CA mutations in 
gastric and colon cancer. Eur J Cancer. 2005;41(11):1649-1654. 

100. Zhao L, Vogt PK. Helical domain and kinase domain mutations in p110alpha 
of phosphatidylinositol 3-kinase induce gain of function by different mechanisms. 
Proc Natl Acad Sci USA. 2008;105(7):2652-2657. 
101. Mao C, Yang ZY, Hu XF, Chen Q, Tang JL. PIK3CA exon 20 mutations as a 
potential biomarker for resistance to anti-EGFR monoclonal antibodies in KRAS 
wild-type metastatic colorectal cancer: a systematic review and meta-analysis. Ann 
Oncol. 2012;23(6):1518-1525. 
102. Kato S, Iida S, Higuchi T, et al. PIK3CA mutation is predictive of poor 
survival in patients with colorectal cancer. Int J Cancer. 2007;121(8):1771-1778. 
103. Abubaker J, Bavi P, Al-Harbi S, et al. Clinicopathological analysis of colorec-
tal cancers with PIK3CA mutations in Middle Eastern population. Oncogene. 
2008;27(25):3539-3545. 
104. Souglakos J, Philips J, Wang R, et al. Prognostic and predictive value of com-
mon mutations for treatment response and survival in patients with metastatic 
colorectal cancer. Br J Cancer. 2009;101(3):465-472. 
105. Sartore-Bianchi A, Martini M, Molinari F, et al. PIK3CA mutations in 
colorectal cancer are associated with clinical resistance to EGFR-targeted mono-
clonal antibodies. Cancer Res. 2009;69(5):1851-1857. 
106. Ogino S, Nosho K, Kirkner GJ, et al. PIK3CA mutation is associated with 
poor prognosis among patients with curatively resected colon cancer. J Clin Oncol. 
2009;27(9):1477-1484. 
107. Fariña Sarasqueta A, Zeestraten EC, van Wezel T, et al. PIK3CA kinase 
domain mutation identifies a subgroup of stage III colon cancer patients with poor 
prognosis. Cell Oncol (Dordr). 2011;34(6):523-531. 
108. Liao X, Lochhead P, Nishihara R, et al. Aspirin use, tumor PIK3CA muta-
tion, and colorectal-cancer survival. N Engl J Med. 2012;367(17):1596-1606. 
109. Chan AT, Ogino S, Fuchs CS. Aspirin and the risk of colorectal cancer in 
relation to the expression of COX-2. N Engl J Med. 2007;356(21):2131-2142. 
110. Watanabe T, Wu TT, Catalano PJ, et al. Molecular predictors of survival after 
adjuvant chemotherapy for colon cancer. N Engl J Med. 2001;344(16):1196-1206. 
111. Allegra CJ, Paik S, Colangelo LH, et al. Prognostic value of thymidylate 
synthase, Ki-67, and p53 in patients with Dukes’ B and C colon cancer: a National 
Cancer Institute-National Surgical Adjuvant Breast and Bowel Project collabora-
tive study. J Clin Oncol. 2003;21(2):241-250. 
112. Ogunbiyi OA, Goodfellow PJ, Herfarth K, et al. Confirmation that chromosome 
18q allelic loss in colon cancer is a prognostic indicator. J Clin Oncol. 1998;16(2):427-433.
113. Jen J, Kim H, Piantadosi S, et al. Allelic loss of chromosome 18q and prog-
nosis in colorectal cancer. N Engl J Med. 1994;331(4):213-221. 
114. Barratt PL, Seymour MT, Stenning SP, et al; UKCCCR AXIS trial collabora-
tors. Adjuvant X-ray and Fluorouracil Infusion Study. DNA markers predicting 
benefit from adjuvant fluorouracil in patients with colon cancer: a molecular study. 
Lancet. 2002;360(9343):1381-1391. 
115. Wolmark N, Fisher B, Rockette H, et al. Postoperative adjuvant chemother-
apy or BCG for colon cancer: results from NSABP protocol C-01. J Natl Cancer 
Inst. 1988;80(1):30-36. 
116. Wolmark N, Rockette H, Wickerham DL, et al. Adjuvant therapy of Dukes’ 
A, B, and C adenocarcinoma of the colon with portal-vein fluorouracil hepatic 
infusion: preliminary results of National Surgical Adjuvant Breast and Bowel Proj-
ect Protocol C-02. J Clin Oncol. 1990;8(9):1466-1475.
117. Wolmark N, Rockette H, Mamounas E, et al. Clinical trial to assess the rela-
tive efficacy of fluorouracil and leucovorin, fluorouracil and levamisole, and fluo-
rouracil, leucovorin, and levamisole in patients with Dukes’ B and C carcinoma of 
the colon: results from National Surgical Adjuvant Breast and Bowel Project C-04. 
J Clin Oncol. 1999;17(11):3553-3559.
118. Lembersky BC, Wieand HS, Petrelli NJ, et al. Oral uracil and tegafur plus 
leucovorin compared with intravenous fluorouracil and leucovorin in stage II and 
III carcinoma of the colon: results from National Surgical Adjuvant Breast and 
Bowel Project Protocol C-06. J Clin Oncol. 2006;24(13):2059-2064. 
119. O’Connell MJ, Lavery I, Yothers G, et al. Relationship between tumor gene 
expression and recurrence in four independent studies of patients with stage II/III 
colon cancer treated with surgery alone or surgery plus adjuvant fluorouracil plus 
leucovorin. J Clin Oncol. 2010;28(25):3937-3944. 
120. Gray R, Barnwell J, McConkey C, Hills RK, Williams NS, Kerr DJ; Quasar 
Collaborative Group. Adjuvant chemotherapy versus observation in patients with 
colorectal cancer: a randomised study. Lancet. 2007;370(9604):2020-2029. 
121. Salazar R, Roepman P, Capella G, et al. Gene expression signature to improve 
prognosis prediction of stage II and III colorectal cancer. J Clin Oncol. 2011;29(1):17-24. 
122. Maak M, Simon I, Nitsche U, et al. Independent validation of a prognostic 
genomic signature (ColoPrint) for patients with stage II colon cancer. Ann Surg. 
2013;257(6):1053-1058. 


