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Abstract: The growing number of therapeutic agents and known molecular targets in
oncology makes the study and clinical use of biomarkers imperative for improving
response and survival, reducing toxicity and ensuring economic sustainability. Colorectal
cancer, among others, is at the forefront of development of predictive and prognostic
biomarkers; however, the difficulty lies in translating potential biomarkers garnered from
retrospective analyses in small numbers of patients to generalizable and affordable
biomarkers used worldwide. This review outlines the progress made in prognostic and
predictive biomarkers in advanced colorectal cancer (ACRC) from the early use of
carcinoembryonic antigen (CEA) to the KRAS mutation and beyond. Future challenges are
to incorporate standardized and validated methods preferentially during early phases of
drug development linked with sophisticated biostatistical support. New trial designs
focusing on biomarkers will be essential not only for better understanding of mechanisms
of action, but also to make confident ‗go or no-go‘ decisions.
Keywords: prognostic biomarker; predictive biomarker; colorectal cancer; kras mutation

1. Introduction
Colorectal cancer is the third most common cancer among men and women and the second most
common cause of cancer-related death among patients in the United Kingdom [1]. The prognosis of
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advanced colorectal cancer (ACRC) has improved significantly over the last decade due to an
increased efficacy and availability of chemotherapy and biological agents.
Intravenous or oral fluoropyrimidine chemotherapies form the backbone of treatment in
combination with oxaliplatin or irinotecan [2]. In addition, biological agents are commonly added to
these regimens to increase response rate and survival and to achieve down-staging for surgical
resection and potential cure.
The currently approved and widely used biological agents are the monoclonal antibodies
bevacizumab, targeting the vasculature endothelial growth factor (VEGF) and cetuximab and
panitumumab, targeting the epidermal growth factor receptor (EGFR).These combinations achieve
response rates (RR) of approximately 50% with a median time of progression free survival (PFS) of
10–12 months in patients with ACRC.
In the era of personalized medicine, predictive and prognostic biomarkers are increasingly
important in tailoring treatment decisions for individual patients. Despite better understanding of
tumor biology and improved diagnostic technology, challenges remain to predict response and
tolerability to new treatments and more importantly, survival. Further research is essential not only for
improving clinical outcome for patients with ACRC, but also for reducing side effects and maintaining
economic sustainability.
2. Early Prognostic and Predictive Biomarkers
Biomarkers are often used and objectively measured to evaluate pathological processes or
pharmacological responses to a therapeutic intervention [3], and can be any kind of molecule,
substance, or genetic marker which is traceable. Predictive biomarkers provide information on
response to a treatment, whereas prognostic biomarkers give information about outcome independent
of the treatment effect.
The carcinoembryonic antigen (CEA) is one of the earliest studied biomarkers in colorectal cancer
and has a role in surveillance after treatment for early stage disease [4]. CEA is also used in
monitoring patients with advanced disease receiving palliative chemotherapy, as recommended in the
updated 2006 ASCO guidelines [5], although this is not advocated by all [6]. Postoperative CEA has
also been shown to be a prognostic factor after resection of colorectal liver metastases [7]. CEA
however lacks sensitivity and specificity and thus in many settings can be a poor prognostic and
predictive factor. Even in ACRC, up to 30% of patients may have a normal CEA [8]. In fact CEA is
also elevated in a number of benign conditions as well as in heavy smokers, with an elevated reading
in up to 13.6% of heavy smokers compared to 1.8% of non-smokers [9]. Thus, CEA should be
interpreted with caution but can be useful on a case by case basis.
The microsatellite instability (MSI) status has also been studied as both a prognostic and predictive
marker in colorectal cancer. MSI refers to a clonal change in the number of repeated DNA nucleotide
units in microsatellites [10] and occurs in tumors with deficient mismatch repair due to inactivation of
one of the four mismatch repair (MMR) genes; MSH2, MLH1, MSH6 and PMS2. Lynch syndrome
(3–5% of all CRCs) is characterized by germline mutations of the mismatch repair genes while a
further 10–15% of colorectal cancers will have sporadic mutations [11]. This is found in 22% of stage
2 CRCs, 12% of stage 3 CRCs [12], but only 3.5% of ACRC [13]. MSI positive tumors are associated
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with a more favorable prognosis [14] in all stages of disease; however, its predictive utility is
predominantly in the adjuvant setting [15-17].
3. Prognostic and Predictive Biomarkers in the Setting of EGFR Directed Therapies
The EGFR pathway plays an important role in tumor growth through regulation of proliferation,
angiogenesis, invasion and metastasis. It is mediated by downstream pathways including the
RAS-RAF-mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase
(PI3K)-AKT-mTOR pathways [18,19].
Treatment with EGFR monoclonal antibodies was initially based on EGFR over-expression, assessed
by immunohistochemistry (IHC) on formalin-fixed paraffin-embedded tumour specimens [20].
Cetuximab, a chimeric mouse-human monoclonal IgG1 antibody to EGFR, and panitumumab, a
fully human monoclonal IgG2 antibody to EGFR, have shown improved response rate (RR),
progression free survival (PFS) and overall survival (OS) both when used as monotherapy for
refractory ACRC or in combination with chemotherapy (Table 1).
The BOND study [20] was the first to report an improved RR, PFS and OS in patients with prior
progression on irinotecan based chemotherapy randomized to cetuximab monotherapy or cetuximab
plus irinotecan. In the monotherapy arm, the RR was 10.8% with stable disease (SD) in an additional
21.6% of patients, whereas in the combination arm the RR was 22.9% with 32.6% SD. Interestingly, it
was found that patients with ‗skin rash‘ had non-significant higher RR. This pivotal trial guided the
initial FDA approval in 2004 for cetuximab in EGFR expressing ACRC in patients who were
refractory to or intolerant of irinotecan-based chemotherapy [21].
The National Cancer Institute of Canada Clinical Trials Group CO.17 Trial (NCIC CO-17)
demonstrated both improved OS and preservation of quality of life in patients with refractory ACRC
treated with cetuximab monotherapy compared to best supportive care. The RR was 8.0% and disease
stabilization was seen in an additional 31.4%. Again, patients were enrolled based on EGFR IHC
over-expression, which did not correlate with response, but a correlation was found between the
severity of ‗skin rash‘ and OS [22].
Similarly, panitumumab monotherapy led to a PFS benefit in EGFR IHC positive ACRC patients
who progressed after standard chemotherapy. The RR was 10%, and a further 27% achieved SD.
Although, there was an association between clinical efficacy and ‗skin rash‘ severity, this study also
identified that ‗skin rash‘ was not always correlated with response and could occur in patients who did
not benefit from treatment [23].
With the observed association between ‗skin rash‘ and response in early studies and its potential use
as a predictive biomarker, a prospective study assessed the role of high dose cetuximab and expression of
‗skin rash‘ in patients who had prior progression on irinotecan. After three weeks of treatment patients
with no or mild skin rash received increased doses of cetuximab to explore whether higher dosing could
result in skin rash and subsequently higher RR [24]. Interestingly, higher dosing did result in increased
RR, however this did not translate into a PFS or OS benefit, supporting previous findings that ‗skin rash‘
might not be an ideal biomarker for response. Furthermore the ‗Skin Toxicity Evaluation Protocol with
Panitumumab‘ (STEPP) trial investigated the role of ‗pre-emptive‘ (protective skin moisturizers,
sunscreen, topical steroid, and doxycycline) versus ‗reactive‘ management of skin rash. The incidence of
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protocol-specified ≥ grade 2 skin rash was 29% and 62% for the pre-emptive and reactive groups,
respectively. However in terms of clinical outcome there was no difference between both groups
indicating the limitations of ‗skin rash‘ as a predictive biomarker for response [25].
In the search for a biomarker to better predict response to cetuximab several studies looked at
positive and negative EGFR IHC expression, and in addition at EGFR gene copy number and EGFR
mutational status. In this context two studies confirmed that even EGFR IHC negative ACRCs had
clinical response to cetuximab [26,27]. Moreover EGFR mutation status and EGFR gene copy number
did not show an association with response and EGFR expression [28].
The importance of Kirsten rat sarcoma-2 virus oncogene (KRAS) mutation and an increased
understanding of the complex EGFR downstream signaling cascade were the first steps in identifying
predictive biomarkers for EGFR directed therapies in patients with ACRC.
Mutations in KRAS can cause ongoing activation of the downstream RAS-RAF-MAPK and PI3KAKT-mTOR pathways, regardless of whether the upstream EGFR is activated or blocked. Between 35–
45% of ACRC have been shown to bear KRAS mutations, most commonly in codons 12 and 13 [29-31].
Initial retrospective cohort studies of KRAS mutations in early stages of colorectal cancer indicated
a prognostic significance. The ‗Kirsten ras mutations in patients with colorectal cancer‘ (RASCAL)
study investigated 2721 tumor samples and their KRAS mutational status. Multivariate analysis
suggested that the presence of a mutation increased the risk of recurrence and death—in particular the
glycine to valine mutation in codon 12 [32]. The prognostic role of KRAS was further supported in the
larger RASCAL II study including 3439 patients with Dukes C tumors [33].
In the context of ACRC the Medical Research Council (MRC) Focus trial investigated the role of
KRAS as a prognostic, but also predictive biomarker in patients who underwent fluoropyrimidine
based chemotherapy with either oxaliplatin or irinotecan. In this study the presence of KRAS mutation
was associated with a shorter OS, however minimal impact on PFS and no effect on the clinical impact
of irinotecan or oxaliplatin treatment was seen [34], indicating that KRAS had no predictive role in
ACRC patients on standard chemotherapy.
The first association between KRAS mutational status and response to EGFR-antibody therapy was
reported by Lievre et al. [30]. In this study 43% of all patients had a KRAS mutation and there were no
responses to cetuximab in this group. However, patients with wildtype (wt) KRAS, had a response rate
of 65%. An increased EGFR gene copy number, although found in only 10%, was also significantly
associated with increased RR (Table 2).
The larger NCIC C0-17 study confirmed a KRAS mutation rate of >40% in patients with ACRC
and in addition found that KRAS mutational status was a negative predictor of PFS for patients who
underwent cetuximab based therapy [35]. In the patient cohort who received best supportive care there
was no difference in OS regardless of KRAS mutational status, supporting the notion that KRAS had
no prognostic, but only predictive value in this setting.
Another study confirmed that ACRC wtKRAS patients had improved RR and PFS with
panitumumab monotherapy as opposed to patients with KRAS mutations [36].
The addition of panitumumab to FOLFOX as first line treatment and to FOLFIRI as second line
treatment also showed an improvement in RR and PFS in wtKRAS patients [37,38]. Similarly,
cetuximab also demonstrated improved RR and PFS in wtKRAS patients in combination with first-line
and second-line chemotherapy (Table 1) [39-41].
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Table 1. Randomized clinical trials of cetuximab and panitumumab in patients with metastatic colorectal cancer.
Trial

Treatment
(line)

Patient
number
(with
KRAS
results)

Initial
Biomarker
(retrospectiv
e marker)

BOND
[20]

Cetuximab
vs.
irinotecan/
cetuximab
(third)

329

EGFR IHC+

NCIC
CO-17
phase 3
[22,35]
200204
8 phase
3 trial
[23,36]

BSC vs.
cetuximab
(third)

572
(394)

EGFR IHC+
(kras)

0 vs. 8%

BSC vs.
463
panitumumab (427)
(third)

EGFR IHC+
(kras)

0 vs. 10% PFS 7.3 vs.
(0 vs. 17%) 8 wks (0.54)
p < 0.001

EPIC
phase 3
[39]

Irinotecan
+/−
cetuximab
(second)

EGFR IHC+
(kras)

4.2% vs.
16.4%

1298
(300)

Overall
Response
rate
(mt v wt
KRAS
with
EGFRI)
10.8% vs.
22.9%
(1.2% vs.
12.8%)

Overall PFS
and OS
(Hazard
ratio)

PFS 1.5 vs.
4.1 m (0.69)
p < 0.001
OS 6.9 vs.
8.6 m (0.91)
p = 0.48
OS 4.6 vs.
6.1m (0.77)
p = 0.005

PFS 2.6 vs.
4.0 m
OS 10 vs.
10.7 m (0.98)
p = 0.71

PFS wt
KRAS:
control
vs.
EGFRI
(Hazard
ratio)

PFS mt
KRAS:
control
vs.
EGFRI
(Hazard
ratio)

OS wt
KRAS:
control vs.
EGFRI
(Hazard
ratio)

OS mt
KRAS:
control
vs.
EGFRI
(Hazard
ratio)

Rash

Increase
response rate
ass‘d with skin
rash

1.9 vs.
3.7 m
(0.40)
p < 0.001
7.3 vs.
12.3 wks
(0.45)
p < 0.001

1.8 vs.
1.8 m
(0.99)
sp = 0.96
7.3 vs.
7.4 wks
(0.99)

4.8 vs.
9.5 m
(0.55)
p < 0.001
7.6 vs.
8.1 m
(0.99)

4.6 vs.
4.5 m
(0.98)
p = 0.89
4.4 vs.
4.9 m
(1.02)

2.8 vs.
4.0m
(0.77)
p = 0.095

2.7 vs.
2.6m
(1.00)
p = 0.98

11.6 vs.
10.9m
(1.29)
p = 0.18

10.7 vs.
8.4
(1.28)
p = 0.29

Rash ass‘d
with improved
survival
Worse grade
rash ass‘d with
better PFS and
OS.
Rash occurred
in pts without
benefit
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181
phase 3
[38]

FOLFIRI
+/−
panitumumab
(second)
PRIME FOLFOX4
phase 3 +/−
[37]
panitumumab
(first)
CRYS FOLFIRI
TAL
+/−
phase 3 cetuximab
[40]
(first)

1186
(1083)

1198
(1063)

No EGFR
IHC criteria
Kras
prospective
No EGFR
IHC criteria
Kras
prospective
EGFR IHC+
(kras)

10% vs.
35% WT
(13% vs.
35%)
48% vs.
55% WT
(40% vs.
55%)
38.7% vs.
46.9%
(31.3% vs.
59.3%)

OPUS
phase 3
[41]

FOLFOX4
+/−
cetuximab
(first)

337
(315)

EGFR IHC+
(kras)

FOLFOX/
CAPEOX
+/−
cetuximab
(first)

(1305)

Kras
prospective

36% vs.
46%
p = 0.64
(32.8% vs.
57.3%)
50% vs.
59% WT
(40% vs.
59%)

MRC
COIN
[42]

1183
(1096)

PFS 8.0 vs.
8.9 m (0.85)
p = 0.048
OS 18.6 vs.
19.9 m
PFS 7.2 vs.
7.2 m

3.9 vs.
5.9 m
(0.73)
p = 0.004
8.0 vs.
9.6 m
(0.8)
p = 0.02
8.4 vs.
9.9 m
(0.70)
p = 0.001

4.9 vs.
5.0 m
(0.85)
p = 0.14
8.8 vs.
7.3 m
(1.29)
p = 0.02
7.7 vs.
7.4 m
(1.17)
p = 0.276

12.5 vs.
14.5 m
(0.85)
p = 0.12
19.7 vs.
23.9 m
(0.83)
p = 0.07
20 vs.
23.5 m
(0.80)
p = 0.009

11.1 vs.
11.8m
(0.94)
p = 0.55
19.3 vs.
15.5 m
(1.24)
p = 0.07
16.7 vs.
16.2 m
(1.04)
p = 0.755

7.2 vs.
8.3 m
(0.567)
p = 0.006

8.5 vs.
5.5m
(1.720)
p = 0.015

18.5 vs.
22.8 m
(0.855)
p = 0.385

17.5 vs.
13.4 m
(1.290)
p = 0.200

8.6 vs.
8.6 m
(0.959)
p = 0.60

6.9 vs.
6.5
(1.065)
p = 0.46

17.9 vs.
14.8 vs.
17.0 (1.04) 13.6 m
p = 0.68
(0.98)
p = 0.8

EGFRI = epidermal growth factor receptor inhibitor; mt = mutant; wt = wild-type; IHC = immunohistochemistry; RR = response rate; PFS = progression
free survival; OS = overall survival.
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Table 2. Trials assessing downstream mutations in the EGFR pathway and resistance to the EGFR monoclonal antibodies.
Trial

Patient Wt KRAS (%)
Number Responders (%)

Mt KRAS
(%)

Lievre et al.

30

17 (63%)
Res 11/17 (65%)

13 (43%)

Di
Nicolantonio
et al.

113

79 (70%)
Res 22/79 (28%)

34 (30%)

Laurent-Puig
et al

169

116 (69%)
Res 52/116 (45%)

53 (31%)

Loupakis
et al.

122
(88
KRAS,
85
PTEN)

53
Res 13/53 (25%)

35/88 (40%)
Concordance
95%

132

43
Res 22/43 (51%)

SartoreBianchi et al.

35 (26.5%)

BRAF
mutation
Association
0

PTEN loss of
expression
Association
na

PIK3CA mutation
Association

Other

2 (7%)
[in KRAS mt pts]

11/79 (10%)
Shorter PFS
(p = 0.011) and
OS (p < 0.0001)
5/116 (2.9%)
Lower RR
(p = 0.63), PFS
and OS
(p < 0.001)
na

na

na

22/116 (19.8%)
Shorter OS
(p = 0.013)

na

EGFR copy
number (3 pts10%) correlates
with response
Sorafenib restored
sensitivity to EGFR
mabs in pts with
BRAF MT
High EGFR
polysomy in 17.7%
and correlates with
response

49/85 (58%)
Concordance 60%
Higher RR/PFS
with KRAS
wt/PTEN + mets
(p = 0.0004,
p = 0.001)
41 (36%)
Lower RR and OS

na

11 (8.3%)
Shorter OS

pAKT-positive
35/96 (40%)
Concordance 68%

15 (12.3%)
KRAS and BRAF
More common in exon mutually exclusive
20 Lower RR
only
Res = responders; na = not assessed; NR = non-responder; Wt = wild type; mt = mutant; RR = response rate; PFS = progression free survival; OS = overall
survival; mabs = monoclonal antibodies; Concordance = concordance between primary tumor and metastases.
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In contrast, a recent analysis of the MRC COIN trial demonstrated no added benefit of cetuximab to
standard oxaliplatin based first-line chemotherapies in wtKRAS ACRC patients [42]. Further subgroup
analyses are underway to identify factors which might have impacted on these results.
In fact, although the identification of KRAS mutational status identifies a significant subgroup of
patients who do not respond to EGFR inhibitors, there are a number of other downstream signals
which further modulate its effect, as evidenced by up to 30–40% of patients who do not respond to
EGFR inhibition despite being wtKRAS.
4. Beyond KRAS and Challenges of New Biomarker Development
Activation of KRAS can activate both the MAPKinase signaling pathway and the PIK3-AKT-mTOR
pathway [18,19]. Mutations, gene amplification and loss of tumor suppressor genes in both pathways
can result in further downstream signaling.
Retrospective analyses of the BRAF gene have indicated that mutations in this gene have a role as a
negative prognostic marker in ACRC (Table 2). Di Nicolantonio et al. first established that wtBRAF
was necessary for response to EGFR inhibitors [43]. Patients with wtKRAS who received cetuximab
responded only if they had also wtBRAF, whereas a small number of patients (14% of the tumors)
with wtKRAS but mtBRAF had lower RR, PFS and OS. Importantly this study also found that KRAS
and BRAF mutations were mutually exclusive.
Results of a recent pooled analysis of the two CRYSTAL and OPUS trials showed improved OS
with cetuximab and chemotherapy in wtKRAS and wtBRAF ACRC patients compared to
chemotherapy alone (24.8 months versus 21.1 months) [44]. Cetuximab increased the median OS from
9.9 to 14.1 months for patients who were wtKRAS but mtBRAF demonstrating that mtBRAF is a
prognostic factor. Moreover, patients with wtKRAS and mtBRAF still seem to benefit from cetuximab
with chemotherapy and treatment decisions regarding the use of cetuximab should not be made based
on the presence solely of BRAF mutational status.
There is preclinical and early clinical evidence that phosphatase and tensin homolog (PTEN) gene
loss confers resistance to EGFR inhibitors and allows persistent downstream activation via the
AKT-mTOR axis [45-47]. Loss of expression of PTEN occurs by a number of means including
promoter methylation [48], microRNA suppression [49] and PTEN mutation. PTEN loss is measured
by immunohistochemistry and due to the lack of standardized methodology and validated assays there
can be inter-laboratory variation, such that other techniques including fluorescent in situ hybridization
are currently under investigation [45].
Laurent-Puig et al. assessed PTEN, KRAS, BRAF and EGFR status in ACRC patients who
received chemotherapy in combination with cetuximab (Table 2) [46]. This analysis confirmed that
wtKRAS but mtBRAF tumors were associated with lack of response, shorter PFS and OS. In addition
loss of PTEN was demonstrated in 20% of wt KRAS tumors. In this subgroup PTEN loss was
associated with shorter OS, however not with reduced RR or PFS. Interestingly PTEN loss could occur
in both mtBRAF or mtKRAS tumors.
An analysis by Loupakis et al. found PTEN loss in nearly 40% of wtKRAS tumours and PTEN loss
was associated with a lack of response to cetuximab and irinotecan whereas patients with wtKRAS and
normal PTEN status had improved RR and PFS [47]. Importantly the concordance between primary
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tumours and metastases was 60% for PTEN compared to 95% for mtKRAS indicating the need for
fresh tumour biopsies prior to treatment decisions.
In addition to BRAF mutations and PTEN loss, NRAS mutations have been identified in 3-5% of
wtKRAS patients and clinical data confirm lack of response to EGFR antibody therapy [50].
Furthermore PIK3CA mutations have been reported in the range of 6% to 40% [51-53]. An association
between PIK3CA mutations and lack of response to EGFR directed therapy has been reported by
Sartore-Bianchi et al. however these results were not in accordance with other studies [54-57].
Certainly the retrospective nature and low sample size, but also the exon location analysis of the PI3K
mutation may have impacted on these results and further clarification is warranted [54].
In addition to gene mutation analysis, gene expression profiling may also identify predictive factors.
Khambata-Ford et al have demonstrated that high gene expression levels of amphiregulin and
epiregulin also correlate with better response to cetuximab [58]. Amphiregulin and epiregulin are
ligands of EGFR and high gene expression is thought to reflect greater dependence of tumor growth on
the EGF pathway and thus, greater susceptibility to EGFR inhibition. It is thought that elevated
expression of epiregulin and/or amphiregulin may stimulate an autocrine loop through EGFR thus
promoting tumor growth and survival. Gene expression profiling may thus give additional predictive
information, along with mutation status of KRAS, NRAS, BRAF, PIK3CA and PTEN loss.
5. Biomarkers for VEGF Directed Therapies
Angiogenesis is an essential component of tumor growth and vascular endothelial growth factors
and receptors (VEGF and VEGFR) play a critical role in this process [59,60]. Bevacizumab has shown
improved clinical outcome when added to first and second-line chemotherapy, however there is still
debate about the magnitude of clinical benefit patients with ACRC can derive [61]. Although
bevacizumab is widely regarded as standard treatment, several health care systems have not approved
this drug because of the limited cost-benefit ratio. The search for an appropriate easily derivable
predictive biomarker to select patients who most likely benefit from this treatment has been
disappointing. So far clinical, radiological and molecular methods have been assessed unsuccessfully [62].
Clinically, correlation between hypertension and PFS and OS has been found in several phase 3
trials of bevacizumab, particularly in non small cell lung cancer, breast cancer and metastatic renal cell
cancer [63-65]. However, a meta-analysis by Hurwitz et al of six trials in colorectal, breast and renal
cell cancer, showed that the development of hypertension predicted improved OS and PFS in only
one study [66].
Various imaging modalities have yielded some promising preliminary data, but are yet to be
validated in larger studies. Morphological CT imaging, dynamic contrast enhanced (DCE)-MRI and
18F-fluorothymidine (FLT)-PET have all been assessed in small studies in ACRC with liver
metastases suggesting a better correlation with PFS and OS compared to the standard Response
Evaluation Criteria in Solid Tumors (RECIST) [67-69]. These imaging modalities however have been
criticised as not being cost effective nor time efficient in day-to-day practice.
Studies of circulating VEGF, circulating endothelial cells (CEC) and peripheral blood neutrophil
count have had mixed results. Although attempts have been made to assess circulating VEGF levels in
both retrospective and prospective trials, the utility of a predictive biomarker have been limited by a
number of factors. VEGF is a dynamic marker that changes with treatment and many studies were
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flawed by the selection of sampling time points before and during treatment [70]. Secondly, both free
and bound VEGF levels may need evaluation as more than 98% of circulating VEGF may be bound to
antibody after commencing bevacizumab [71]. Other markers such as circulating endothelial cells
(CECs), thought to reflect active angiogenesis, have been studied in ACRC in small studies and
appeared to have predictive value in patients receiving bevacizumab first-line [72]. There is evidence
that CECs also have prognostic significance and thus, predictive results are difficult to interpret [73].
Peripheral blood neutrophil count and assessment of other inflammatory cell markers have also been
studied in breast, lung and renal cell carcinoma and are thought to reflect VEGF-independent proangiogenic pathways but require validation in larger, prospective ACRC trials [74-76].
Interestingly VEGF gene polymorphisms (VEGF-2578AA and VEGF-1154A) have recently shown
some promising results in predicting OS with bevacizumab based treatments in various tumors
including ACRC. A study of 285 ACRC patients who received either FOLFIRI or CAPIRI plus
bevacizumab demonstrated a significant correlation between VEGF genotype and survival [77].
6. Conclusions
In the era of molecular targeted therapies, treatment decisions rely increasingly on molecular profiling
where defined molecular signatures predict treatment outcome. As witnessed with EGFR-antibody
treatments in patients with ACRC we have observed a shift from ‗one size fits all‘ to selected patient
groups who derive most benefit from these treatments. Beyond KRAS, other biomarkers including
BRAF, PTEN, and PIK3CA will be part of screening panels to identify the true ―quadruple negative
tumors‖ responding to EGFR-therapies [78]. Other components of the EGFR pathway including AKT,
mTOR, MEK and ERK will yield further knowledge in particular on crosstalk between pathways,
mechanisms of resistance and new targets for drug development. In this context the lessons learnt from
historical studies should be incorporated to improve patient outcome.
Despite the recent progress, interpretation of current data is still limited by retrospective analyses,
single center experience, small sample size and lack of standardization of diagnostic tools. The
incorporation of biomarker research into early clinical trials is mandatory to improve development of
new often high cost drugs. In addition to the complex process of biomarker development there is also a
demand for improved bio-statistical input requiring funding to be focused on multi-institutional
collaborative research groups with expertise and capacity to undertake such research.
Consideration of the appropriate sample size for biomarker analysis should also be incorporated
into trial design in particular in randomized phase-II studies. Tumor specimen should be pre-specified
in clinical trials to reduce the dis-concordance between primary tumor and metastasis as demonstrated
by PTEN status in patients with ACRC. Moreover trials may need to incorporate specimens, not only
of the primary tumor and metastasis, but also of biopsies of lesions on progression. Finally, as
evidenced by the assessment of circulating biomarkers for bevacizumab, standardized timing of blood
samples will be crucial depending on the mechanism of action of the drug.
Biomarker development in patients with ACRC came a long way in recent years. Future challenges
are to incorporate standardized and validated methods preferentially during early phases of drug
development linked with sophisticated bio-statistical support. New trial designs focusing on
biomarkers will be essential not only for better understanding of the mechanisms of action, but also to
make confident ‗go or no-go decisions‘.

Cancers 2011, 3

1854

References
1.

2.
3.
4.

5.

6.
7.

8.

9.
10.
11.

12.

13.

14.

Cancer in the UK: July 2010. Cancer Research UK website. http://info.cancerresearchuk.org/prod_consump/groups/cr_common/@nre/@sta/documents/generalcontent/018070.pdf (accessed
15 February 2011).
National Comprehensive Cancer Network Guidelines Version 2.2011 Colon Cancer. NCCN
Home Page. http://www.nccn.org/professionals/physician_gls/pdf/colon.pdf (15 February 2011).
Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: Preferred
definitions and conception framework. Clin. Pharmacol. Ther. 2001, 69, 89-95.
Chau, I.; Allen, M.J.; Cunningham, D.; Norman, A.R.; Brown, G.; Ford, H.E.; Tebbutt, N.; Tait,
D.; Hill, M.; Ross, P.J.; et al. The value of routine serum carcino-embryonic antigen measurement
and computed tomography in the surveillance of patients after adjuvant chemotherapy for
colorectal cancer. J. Clin. Oncol. 2004, 22, 1420-1429.
Locker, G.Y.; Hamilton, S.; Harris, J.; Jessup, J.M.; Kemeny, N.; Macdonald, J.S.; Somerfield,
M.R.; Hayes, D.F.; Bast, R.C., Jr. ASCO 2006 update of recommendations for the use of tumor
markers in gastrointestinal cancer. J. Clin. Oncol. 2006, 24, 5313-5327.
Saltz, L.B. Biomarkers in colorectal cancer: Added valued of just added expense? Expert Rev.
Mol. Diagn. 2008, 8, 231-233.
Oussoultzoglou, E.; Rosso, E.; Fuchshuber, P.; Stefanescu, V.; Diop, B.; Giraudo, G.; Pessaux, P.;
Bachellier, P.; Jaeck, D. Perioperative carcinoembryonic antigen measurements to predict
curability after liver resection for colorectal metastases: A prospective study. Arch. Surg. 2008,
143, 1150-1158.
Moertel, C.G.; O‘Fallon, J.R; Go, V.L.; O‘Connell, M.J.; Thynne, G.S. The preoperative
carcinoembryonic antigen test in the diagnosis, staging, and prognosis of colorectal cancer.
Cancer 1986, 58,603-610.
Stevens, D.P.; Mackay, I.R.; Busselton Population Studies Group. Increased carcinoembryonic
antigen in heavy cigarette smokers. Lancet 1973, 302, 1238-1239.
De La Chapelle, A.; Hampel, H. Clinical relevance of microsatellite instability in colorectal
cancer. J. Clin. Oncol. 2010, 28, 3380-3387.
Cunningham, J.M.; Christensen, E.R.; Tester, D.J.; Kim, C.Y.; Roche, P.R.; Burgart, L.J.;
Thibodeau, S.N. Hypermethylation of the hMLH1 promoter in colon cancer with microsatellite
instability. Cancer Res. 1998, 58, 3455-3460.
Tejpar, S.; Bosman, F.; Delorenzi, M.; Fiocca, R.; Yan, P.; Klingbiel, D.; Dietrich, D.; Van
Cutsem, E.; Labianca, R.; Roth, A. Microsatellite instability in stage II and III colon cancer
treated with 5FU-LV or 5FU-LV and irinotecan (PETACC3-EORTC 40993-SAKK 60/00 trial).
J. Clin. Oncol. 2009, 27, Abstract 4001.
Koopman, M.; Kortman, G.A.M.; Mekenkamp, L.; Ligtenberg, M.J.; Hoogerbrugge, N.; Antonini,
N.F.; Punt, C.J.; van Krieken, J.H. Deficient mismatch repair system in patients with sporadic
advanced colorectal cancer. Br. J. Cancer 2009, 100, 266-273.
Popat, S.; Hubner, R.; Houlston, R.S. Systematic review of microsatellite instability and
colorectal cancer prognosis. J. Clin. Oncol. 2005, 23, 609-617.

Cancers 2011, 3

1855

15. Sargent, D.J.; Marsoni, S.; Thibodeau, S.N.; Labianca, R.; Hamilton, S.R.; Torri, V.; Monges, G.;
Ribic, C.; Grothey, A.; Gallinger, S. Confirmation of deficient mismatch repair (dMMR) as a
predictive marker for lack of benefit from 5FU based chemotherapy in stage II and III colon
cancer (CC): A pooled molecular reanalysis of randomized chemotherapy trials. J. Clin. Oncol.
2008; 26, Abstract 4008.
16. Ribic, C.M.; Sargent, D.J.; Moore, M.J.; Thibodeau, S.N.; French, A.J.; Goldberg, R.M.;
Hamilton, S.R.; Laurent-Puig, P.; Gryfe, R.; Shepherd, L.E.; et al. Tumour microsatelliteinstability status as a predictor of benefit from fluorouracil-based adjuvant chemotherapy for
colon cancer. N. Engl. J. Med. 2003, 349, 247-257.
17. Des Guetz, G.; Schischmanoff, O.; Nicolas, P.; Perret, G.Y.; Morere, J.F.; Uzzan, B. Does
microsatellite instability predict the efficacy of adjuvant chemotherapy in colorectal cancer?
A systematic review with meta-analysis. Eur. J. Cancer 2009, 45, 1890-1896.
18. Yarden, Y.; Sliwkowski, M.X. Untangling the ErbB signalling network. Nat. Rev. Mol. Cell Biol.
2001, 2, 127-137.
19. Scaltriti, M.; Baselga, J. The epidermal growth factor receptor pathway: A model for targeted
therapy. Clin. Cancer Res. 2006, 12, 5268-5272.
20. Cunningham, D.; Humblet, Y.; Siena, S.; Khayat, D.; Bleiberg, H.; Santoro, A.; Bets, D.; Mueser,
M.; Harstrick, A.; Verslype, C.; et al. Cetuximab monotherapy and cetuximab plus irinotecan in
irinotecan-refractory metastatic colorectal cancer. N. Engl. J. Med. 2004, 351, 337-345.
21. FDA Approval for Cetuximab: Approval for Colorectal Cancer. National Cancer Institute website.
http://www.cancer.gov/cancertopics/druginfo/fda-cetuximab#Anchor-Colorecta-60318/ (accessed
15 February 2010).
22. Jonker, D.J.; O‘Callaghan C.J.; Karapetis, C.S.; Zalcberg, J.R.; Tu, D.; Au, H.J.; Berry, S.R.;
Krahn, M.; Price, T.; Simes, R.J.; et al. Cetuximab for the treatment of colorectal cancer. N. Engl.
J. Med. 2007, 357, 2040-2048.
23. Van Cutsem, E.; Peeters, M.; Siena, S.; Humblet, Y.; Hendlisz, A.; Neyns, B.; Canon, J.L.; Van
Laethem, J.L.; Maurel, J.; Richardson, G.; et al. Open-label phase III trial of panitumumab plus
best supportive care compared with best supportive care alone in patients with chemotherapyrefractory metastatic colorectal cancer. J. Clin. Oncol. 2007, 25, 1658-1664.
24. Tejpar, S.; Peeters, M.; Humblet, Y.; Gelderblom, H.; Vermorken, J.; Viret, F.; Glimelius, F.;
Ciardiello, F.; Kisker, O.; Van Cutsem, E. Phase I/II study of cetuximab dose-escalation in
patients with metastatic colorectal cancer (mCRC) with no or slight skin reactions on cetuximab
standard dose treatment (EVEREST): Pharmacokinetic, pharmacodynamic and efficacy data.
J. Clin. Oncol. 2007, 25, Abstract 4037.
25. Lacouture, M.E.; Mitchell, E.P.; Piperdi, B.; Pillai, M.V.; Shearer, H.; Iannotti, N.; Xu, F.;
Yassine, M. Skin toxicity evaluation protocol with panitumumab (STEPP), a phase II, open-label,
randomized trial evaluating the impact of pre-emptive skin treatment regimen on skin toxicities and
quality of life in patients with metastatic colorectal cancer. J. Clin. Oncol. 2010, 28, 1351-1357.
26. Lenz, H.J.; Mayer, R.J.; Gold, P.J.; Mirtsching, B.; Stella, P.J.; Cohn, A.L.; Pippas, A.W.; Azarnia,
N.; Needle, M.N.; Van Cutsem, E. Activity of cetuximab in patients with colorectal cancer
refractory to both irinotecan and oxaliplatin. J. Clin. Oncol. 2004, 22, Abstract 3510.

Cancers 2011, 3

1856

27. Chung, K.Y.; Shia, J.; Kemeny, N.E.; Shah, M.; Schwartz, G.K.; Tse, A.; Hamilton, A.; Pan, D.;
Schrag, D.; Schwartz, L.; et al. Cetuximab shows activity in colorectal cancer patients with
tumours that do not express the epidermal growth factor receptor by immunohistochemistry.
J. Clin. Oncol. 2005, 23, 1803-1810.
28. Lenz, H.J.; Van Cutsem, E.; Khambata-Ford, S.; Mayer, R.J.; Gold, P.; Stella, P.; Mirtsching, B.;
Cohn, A.L.; Pippas, A.W.; Azarnia, N.; et al. Multicenter phase II and translational study of
cetuximab in metastatic colorectal carcinoma refractory to irinotecan, oxaliplatin and
fluoropyrimidines. J. Clin. Oncol. 2006, 24, 4914-4921.
29. Barault, L.; Beyrie, N.; Jooste, V.; Lecorre, D.; Chapusot, C.; Ferraz, J.M.; Lievre, A.; Cortet, M.;
Bouvier, A.M.; Rat, P.; et al. Mutations in the RAS-MAPK, PI(3)K (phosphatidylinositol-3-OH
kinase) signalling network correlate with poor survival in a population-based series of colon
cancers. Int. J. Cancer 2008, 122, 2255-2259.
30. Lievre, A; Bachet, J-B; Le Corre, D.; Boige, V.; Landi, B.; Emile, J.F.; Cote, J.F.; Tomasic, G.;
Penna, C.; Ducreux, M.; et al. KRAS mutation status is predictive of response to cetuximab
therapy in colorectal cancer. Cancer Res. 2006, 66, 3992-3995.
31. Freeman, D.J.; Juan, T.; Reiner, M.; Hecht, J.R.; Meropol, N.J.; Berlin, J.; Mitchell, E.; Sarosi, I.;
Radinsky, R.; Amado, R.G. Association of kras mutational status and clinical outcomes in patients
with metastatic colorectal cancer receiving panitumumab alone. Clin. Colorectal. Cancer 2008, 7,
184-190.
32. Andreyev, N.; Norman, A.R.; Cunningham, D.; Oates, J.R.; Clarke, P.A. Kirsten ras mutations in
patients with colorectal cancer: the multicenter ―RASCAL‖ study. J. Nat. Cancer Inst. 1998, 90,
675-684.
33. Andreyev, H.J.; Norman, A.R.; Cunningham, D.; Oates, J.; Dix, B.R.; Iacopetta, B.J.; Young, J.;
Walsh, T.; Ward, R.; Hawkins, N.; et al. Kirsten ras mutations in patients with colorectal cancer:
The ‗RASCAL II‘ study. Br. J. Cancer 2001, 85, 692-696.
34. Richman, S.D.; Seymour, M.T.; Chambers, P.; Elliott, F.; Daly, C.L.; Meade, A.M.; Taylor, G.;
Barrett, J.H.; Quirke, P. 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, 5931-5937.
35. Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O‘Callaghan, C.J.; Tu, D.; Tebbutt, N.C.;
Simes, R.J.; Chalchal, H.; Shapiro, J.D.; Robitaille, S.; et al. K-ras mutations and benefit from
cetuximab in advanced colorectal cancer. N. Engl. J. Med. 2008, 359, 1757-1765.
36. Amado, R.G.; Wolf, M.; Peeters, M.; Van Cutsem, E.; Siena, S.; Freeman, D.J.; Juan, T.;
Sikorski, R.; Suggs, S.; Radinsky, R.; et al. Wild-Type KRAS is required for panitumumab
efficacy in patients with metastatic colorectal cancer. J. Clin. Oncol.2008, 26, 1626-1634.
37. Douillard, J.Y.; Siena, S.; Cassidy, J.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.;
Bodoky, G.; Cunningham, D.; Jassem, J.; et al. Randomized phase III study of panitumumab with
infusional fluorouracil, leucovorin and oxaliplatin (FOLFOX4) versus FOLFOX4 alone as
first-line treatment in patients with previously untreated metastatic colorectal cancer: the PRIME
study. J. Clin. Oncol. 2010, 28, 4697-4705.

Cancers 2011, 3

1857

38. Peeters, M.; Price, T.J.; Hotko, Y.S.; Cervantes-Ruiperez, A.; Ducreux, M.; Andre, T.; Strickland,
A.; Wilson, G.; Tian, Y.; Gansert, J.L. Randomized phase III study of panitumumab (pmab) with
FOLFIRI versus FOLFIRI alone as second-line treatment (tx) in patients (pts) with metastatic
colorectal cancer (mCRC): Patient-reported outcomes (PRO). Presented at Gastrointestinal
Cancers Symposium, Orlando, Florida, January 22–24, 2010.
39. Sobrero, A.F.; Maurel, J.; Fehrenbacher, L.; Scheithauer, W.; Abubakr, Y.A.; Lutz, M.P.;
Vega-Villegas, M.E.; Eng, C.; Steinhauer, E.U.; Prausova, J.; et al. EPIC: Phase III trial of
cetuximab plus irinotecan after fluoropyrimidine and oxaliplatin failure in patients with metastatic
colorectal cancer. J. Clin. Oncol. 2008, 26, 2311-2319.
40. Van Cutsem, E.; Lang, I.; D‘haens, G.; Moiseyenko, V.; Zaluski, J.; Folprecht, G.; Tejpar, S.;
Kisker, O.; Stroh, C.; Rougier, P. KRAS status and efficacy in the first-line treatment of patients
with metastatic colorectal cancer treated with FOLFIRI with or without cetuximab: The
CRYSTAL experience. J. Clin. Oncol. 2008, 26, Abstract 2.
41. Bokemeyer, C.; Bondarenko, I.; Hartmann, J.T.; De Braud, F.G.; Volovat, C.; Nippgen, J.; Stroh,
C.; Celik, I.; Koralewski, P. KRAS status and efficacy of first-line treatment of patients with
metastatic colorectal cancer with FOLFOX with or without cetuximab: The OPUS experience.
J. Clin. Oncol. 2008, 26, Abstract 4000.
42. Maughan, T.; Adams, R.A.; Smith, C.G.; Seymour, M.T.; Wilson, R.; Meade, A.M.; Fisher, D.;
Madi, A.; Cheadle, J.; Kaplan, R. Addition of cetuximab to oxaliplatin-based combination
chemotherapy in patients with KRAS wild-type advanced colorectal cancer: A randomized
superiority trial (MRC COIN). Eur. J. Cancer 2009, 7, 6LBA.
43. Di Nicolantonio, F.; Martini, M.; Molinari, F.; Sartore-Bianchi, A.; Arena, S.; Saletti, P.; De Dosso,
S.; Mazzucchelli, L.; Frattini, M.; Siena, S.; et al. Wild-type BRAF is required for response to
panitumumab or cetuximab in metastatic colorectal cancer. J. Clin. Oncol. 2008, 26, 5705-5712.
44. Bokemeyer, C.; Kohne, C.; Rougier, P.; Stroh, C.; Schlichting, M.; Van Cutsem, E. Cetuximab
with chemotherapy (CT) as first-line treatment for metastatic colorectal cancer (mCRC): Analysis
of the CRYSTAL and OPUS studies according to KRAS and BRAF mutation status. J. Clin.
Oncol. 2010, 28, Abstract 3506.
45. Negri, F.V.; Bozzetti, C.; Lagrasta, C.A.; Crafa, P, Bonasoni, M.P.; Camisa, R.; Pedrazzi, G.;
Ardizzoni, A. PTEN status in advanced colorectal cancer treated with cetuximab. Br. J. Cancer
2010, 102, 162-164.
46. Laurent-Puig, P.; Cayre, A.; Manceau, G. Analysis of PTEN, BRAF and EGFR status in
determining benefit from cetuximab therapy in wild-type KRAS metastatic colorectal cancer.
J. Clin. Oncol. 2009, 27, 5924-5930.
47. Loupakis, F.; Pollina, L.; Stasi, I.; Masi, G.; Funel, N.; Scartozzi, M.; Petrini, I.; Santini, D.;
Cascinu, S.; Falcone, A. Evaluation of PTEN expression in colorectal cancer (CRC) metastases
(mets) and in primary tumors as predictors of activity of cetuximab plus irinotecan treatment.
J. Clin. Oncol. 2008, 26, Abstract 4003.
48. Goel, A.; Arnold, C.N.; Niedzwiecki, D.; Carethers, J.M.; Dowell, J.M.; Wasserman, L.;
Compton, C.; Mayer, R.J.; Bertagnolli, M.M.; Boland, C.R. Frequent inactivation of PTEN by
promoter hypermethylation in microsatellite instability-high sporadic colorectal cancers. Cancer
Res. 2004, 64, 3014-3021.

Cancers 2011, 3

1858

49. Meng, F.; Henson, R.; Wehbe-Janek, H.; Ghoshal, K.; Jacob, S.T.; Patel, T. MicroRNA-21
regulates expression of the PTEN tumour suppressor gene in human hepatocellular cancer.
Gastroenterology 2007, 133, 647-658.
50. Lambrechts, D.; De Roock.; W; Prenen, H.; De Schutter, J.; Jacobs, B.; Biesmans, B.; Claes, B.;
De Hertogh, G.; Van Cutsem, E.; Tejpar, S. The role of KRAS, BRAF, NRAS and PIK3CA
mutations as markers of resistance to cetuximab in chemorefractory metastatic colorectal cancer.
J. Clin. Oncol. 2009, 27, Abstract 4020.
51. Hawkes, E.; Cunningham, D. Relationship between colorectal cancer biomarkers and response to
epidermal growth factor receptor monoclonal antibodies. J. Clin. Oncol. 2010, 28, e529-e531.
52. Kato, K.; Yamada, Y.; Ito, Y.; Akiyoshi, K.; Nishitani, H.; Iwasa, S.; Okazaki, S.; Nakajima, T.E.;
Hamaguchi, T.; Shimada, Y. Efficacy of cetuximab against KRAS wildtype colorectal cancer with
BRAF or PIK3CA mutations. Presented at 2010 Gastrointestinal Cancers Symposium, Orlando,
FL, January 22–24, 2010.
53. Linot, B.; Capitain, O.; Metges, J.; Adenis, A.; Raoul, J.; Paintaud, G.; Poirier, A.; Boisdon-Celle,
M.; Morel, A.; Gamelin, E. Impact of PI3K, BRAF and KRAS mutations on efficacy intensified
FOLFIRI + cetuximab regimen in advanced colorectal cancer. Presented at 2010 Gastrointestinal
Cancers Symposium, Orlando, FL, 22–24 January 2010.
54. Bardelli, A.; Siena, S. Molecular mechanisms of resistance to cetuximab and panitumumab in
colorectal cancer. J. Clin. Oncol. 2010, 28, 1254-1261.
55. Sartore-Bianchi, A.; Martini, M.; Molinari, F.; Veronese, S.; Nichelatti, M.; Artale, S.; Di
Nicolantonio, F.; Saletti, P.; De Dosso, S.; Mazzucchelli, L.; et al. PIK3CA mutations in
colorectal cancer are associated with clinical resistance to EGFR-targeted monoclonal antibodies.
Cancer Res. 2009, 69, 1851-1857.
56. Prenen, H.; De Schutter, J.; Jacobs, B.; De Roock, W.; Biesmans, B.; Claes, B.; Lambrechts, D.;
Van Cutsem, E.; Tejpar, S. PIK3CA mutations are not a major determinant of resistance to the
epidermal growth factor receptor inhibitor cetuximab in metastatic colorectal cancer. Clin. Cancer
Res. 2009, 15, 3184-3188.
57. Bardelli, A.; Siena, S. Reply to E. Hawkes et al. J. Clin. Oncol. 2010, 28, e532-e533.
58. Khambata-Ford, S.; Garrett, C.R.; Meropol N.; Basik, M.; Harbison, C.T.; Wu, S.; Wong, T.W.;
Huang, X.; Takimoto, C.H.; Godwin, A.K.; et al. Expression of epiregulin and amphiregulin and
k-ras mutation status predict disease control in metastatic colorectal cancer patients treated with
cetuximab. J. Clin. Oncol.2007, 25, 3230-3237.
59. Kerbel, R.S. Tumour angiogenesis. N. Engl. J. Med. 2008, 358, 2039-2049.
60. Hanrahan, V.; Currie, M.; Gunningham, S.; Morrin, H.R.; Scott, P.A.; Robinson, B.A.; Fox, S.B.
The angiogenic switch for vascular endothelial growth factor (VEGF)-A, VEGF-B, VEGF-C and
VEGF-D in the adenoma-carcinoma sequence during colorectal cancer progression. J. Pathol.
2003, 200, 183-194.
61. Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.;
Griffing, S.; Holmgren, E.; Ferrara, N.; et al. Bevacizumab plus irinotecan, fluorouracil and
leucovorin for metastatic colorectal cancer. N. Engl. J. Med. 2004, 350, 2335-2342.
62. Jubb, A.M.; Harris, A.L. Biomarkers to predict the clinical efficacy of bevacizumab in cancer.
Lancet Oncol. 2010, 11, 1172-1183.

Cancers 2011, 3

1859

63. Dahlberg, S.E.; Sandler, A.B.; Brahmer, J.R.; Schiller, J.H.; Johnson, D.H. Clinical course of
advanced non-small-cell lung cancer patients experiencing hypertension during treatment with
bevacizumab in combination with carboplatin and paclitaxel on ECOG 4599. J. Clin. Oncol.
2010, 28, 949-954.
64. Schneider, B.P.; Wang, M.; Radovich, M.; Sledge, G.W.; Badve, S.; Thor, A.; Flockhart, D.A.;
Hancock, B.; Davidson, N.; Gralow, J.; et al. Association of vascular endothelial growth factor
and vascular endothelial growth factor receptor-2 genetic polymorphisms with outcome in a trial
of paclitaxel compared with paclitaxel plus bevacizumab in advanced breast cancer: ECOG 2100.
J. Clin. Oncol. 2008, 26, 4672-4678.
65. Rini, B.I.; Halabi, S.; Rosenberg, J.E.; Stadler, W.M.; Vaena, D.A.; Archer, L.; Atkins, J.N.;
Picus, J.; Czaykowski, P.; Dutcher, J.; Small, E.J. Phase III trial of bevacizumab plus interferon
alfa-2a versus interferon alfa monotherapy in patients with metastatic renal cell carcinoma: Final
results of CALGB 90206. J. Clin. Oncol. 2010, 28, 2137-2143.
66. Hurwitz, H.; Douglas, P.S.; Middleton, J.P.; Sledge, G.W.; Johnson, D.H.; Reardon, D.A.; Chen,
D.; Rosen, O. Analysis of early hypertension (HTN) and clinical outcome with bevacizumab (BV).
J. Clin. Oncol. 2010, 28, Abstract 3039.
67. Chun, Y.S.; Vauthey, J.N.; Boonsirikamchai, P.; Maru, D.M.; Kopetz, S.; Palavecino, M.; Curley,
S.A.; Abdalla, E.K.; Kaur, H.; Charnsangavej, C.; Loyer, E.M. Association of computed
tomography morphologic criteria with pathologic response and survival in patients treated with
bevacizumab for colorectal liver metastases. JAMA 2009, 302, 2338-2344.
68. Zweifel, M.; Padhani, A.R. Perfusion MRI in the early clinical development of antivascular drugs:
decorations or decision making tools? Eur. J. Nucl. Med. Mol. Imaging 2010, 37 (Suppl. 1),
S164-S182.
69. Chen, W.; Delaloye, S.; Silverman, D.H.; Geist, C.; Czernin, J.; Sayre, J.; Satyamurthy, N.; Pope,
W.; Lai, A.; Phelps, M.E.; Cloughesy, T. Predicting treatment response of malignant gliomas to
bevacizumab and irinotecan by imaging proliferation with [18F] fluorothymidine positron
emission tomography: A pilot study. J. Clin. Oncol. 2007, 25, 4714-4721.
70. Bernaards, C.; Hegde, P.; Chen, D.; Holmgren, E.; Zheng, M.; Jubb, A.M.; Koeppen, H.; Scherer,
S.J.; Chen, D.S. Circulating vascular endothelia growth factor (VEGF) as a biomarker for
bevacizumab based therapy in metastatic colorectal, non-small-cell lung, and renal cell cancers:
Analysis of phase III studies. J. Clin. Oncol. 2010, 27, Abstract 10519.
71. Lu, J.F.; Bruno, R.; Eppler, S.; Novotny, W.; Lum, B.; Gaudreault, J. Clinical pharmacokinetics of
bevacizumab in patients with solid tumours. Cancer Chemother. Pharmacol. 2008, 62, 779-786.
72. Ronzoni, M.; Manzoni, M.; Mariucci, S.; Loupakis, F.; Brugnatelli, S.; Bencardino, K.; Rovati,
B.; Tinelli, C.; Falcone, A.; Villa, E.; Danova, M. Circulating endothelial cells and endothelial
progenitors as predictive markers of clinical response to bevacizumab-based first-line treatment in
advanced colorectal cancer patients. Ann. Oncol. 2010, doi: 10.1093/annonc/mdq261.
73. Mancuso, P.; Colleoni, M.; Calleri, A.; Orlando, L.; Maisonneuve, P.; Pruneri, G.; Agliano, A.;
Goldhirsch, A.; Shaked, Y.; Kerbel, R.S.; Bertolini, F. Circulating endothelial-cell kinetics and
viability predict survival in breast cancer patients receiving metronomic chemotherapy. Blood
2006, 108, 452-459.

Cancers 2011, 3

1860

74. Jubb, A.M.; Soilleux, E.J.; Turley, H.; Steers, G.; Parker, A.; Low, I.; Blades, J.; Li, J.L.; Allen,
P.; Leek, R.; et al. Expression of vascular notch ligand delta-like 4 and inflammatory markers in
breast cancer. Am. J. Pathol. 2010, 176, 2019-2028.
75. Heng, D.Y.; Xie, W.; Regan, M.M.; Warren, M.A.; Golshayan, A.R.; Sahi, C.; Eigl, B.J.; Ruether,
J.D.; Cheng, T.; North, S.; et al. Prognostic factors for overall survival in patients with metastatic
renal cell carcinoma treated with vascular endothelial growth factor-targeted agents: results from a
large, multicenter study. J. Clin. Oncol. 2009, 27, 5794-5799.
76. Dowlati, A.; Gray, R.; Sandler, A.B.; Schiller, J.H.; Johnson, D.H. Cell adhesion molecules,
vascular endothelial growth factor and basic fibroblast growth factor in patients with non-smallcell lung cancer treated with chemotherapy with or without bevacizumab—An Eastern
Cooperative Oncology Group Study. Clin. Cancer Res. 2008, 14, 1407-1412.
77. Koutras, A.; Antonacopoulou, A.; Fostira, F.; Briasoulis, E.C.; Sgouros, I.; Koumarianou, A.;
Xiros, N.; Christodoulou, C.; Fountzilas, G.; Kalofonos, H. Vascular endothelial growth factor
polymorphisms and clinical outcome in colorectal cancer patients treated with irinotecan-based
chemotherapy and bevacizumab in the first-line setting. J. Clin. Oncol. 2010, 27, Abstract 3587.
78. Sartore-Bianchi, A.; Di Nicolantonio, F.; Nichelatti, M.; Molinari, F.; De Dosso, S.; Saletti, P.;
Martini, M.; Cipani, T.; Marrapese, G.; Mazzucchelli, L.; et al. Multi-determinants analysis of
molecular alterations for predicting clinical benefit to EGFR-targeted monoclonal antibodies in
colorectal cancer. PLoS One 2009, 4, e7287.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

