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Abstract: The monoclonal antibodies cetuximab and panitumumab, directed against the
epidermal growth factor receptor (EGFR), are licensed for the treatment of KRAS wild-type
metastatic colorectal cancer (mCRC). Such ‘molecular restriction’ derived from post-hoc
analyses of randomized trials and from other retrospective series all indicate how tumors
bearing KRAS (v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) mutations are resistant
to EGFR inhibition. Even if highly sensitive for nonresponse, KRAS testing is not very specific.
In fact, a limited but still considerable proportion of KRAS wild-type patients rapidly progress
on treatment with an EGFR inhibitor. New potential molecular determinants of benefit from
such treatment are under investigation and may further refine the selection of patients.
Pharmacogenomic analyses and translational studies are also ongoing for exploring the
field of acquired resistance to anti-EGFRs, since all patients eventually progress. New
biological data are awaited for optimizing the use of molecular agents in colorectal cancer
and for identifying promising targets that could allow to better understand and, potentially,
overcome mechanisms of primary or secondary resistance to EGFR inhibitors.
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Introduction
In the last few years, the optimization of conven-

tional chemotherapeutic combinations and the

introduction of new molecular targeted agents,

such as the monoclonal antibodies directed

against the epidermal growth factor receptor

(EGFR) and the vascular endothelial growth

factor (VEGF), have considerably improved the

prognosis of patients affected by metastatic color-

ectal cancer (mCRC). At the same time, the wide

broadening of therapeutic options has started off

a number of intriguing new challenges for oncol-

ogists dealing with colorectal cancer (CRC), as,

first of all, the choice of the best treatment for the

single patient and the single tumor.

Cetuximab and panitumumab are directed

against the EGFR, a transmembrane glycopro-

tein that plays a crucial role in the acquisition

of malignant characteristics by neoplastic cells.

It takes part in the regulation of cellular growth,

proliferation, invasion and migration, by interact-

ing with a variety of intracellular signaling cas-

cades, such as RAS/RAF/MAPKs and PTEN/

PI3K/Akt pathways [Herbst et al. 2002].

The safety and efficacy of EGFR inhibitors

have been proven both as single agents [Van

Cutsem et al. 2009; Jonker et al. 2007; Van

Cutsem et al. 2007] and in combination with

standard chemotherapy regimens in different

lines of treatment [Van Cutsem et al. 2009;

Sobrero et al. 2008; Jonker et al. 2007; Van

Cutsem et al. 2007]. KRAS (v-Ki-ras2 Kirsten

rat sarcoma viral oncogene homolog) mutations

occur in about 40% of colon cancers [Andreyev

et al. 2001] and determine the constitutive acti-

vation of RAS protein, which becomes thus inde-

pendent from EGFR control. Post-hoc analyses of
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randomized trials [Bokemeyer et al. 2009; Van

Cutsem et al. 2009; Amado et al. 2008;

Karapetis et al. 2008] have demonstrated that

anti-EGFR monoclonal antibodies are ineffective

in patients bearing KRAS codon 12 or 13

mutated tumors, so that the use of these agents

is restricted to patients with KRAS wild-type

disease [Allegra et al. 2009].

Consequently, the assessment of KRAS muta-

tions has now become the milestone of the selec-

tion of patients to be treated with anti-EGFR

antibodies.

Bevacizumab, a monoclonal antibody directed

against VEGF, is approved in the treatment of

mCRC patients in combination with fluoropyri-

midine-based chemotherapy [Hurwitz et al.

2004], representing a standard first-line thera-

peutic option in clinical practice. Moving from

encouraging preclinical [Ciardiello et al. 2000],

as well as early clinical studies [Saltz et al. 2007],

suggesting a benefit from the combination of

anti-VEGF and anti-EGFR antibodies, two

first-line phase III trials have been recently con-

ducted to assess the efficacy of the double inhibi-

tion. Both PACCE [Hecht et al. 2009] and

CAIRO-2 [Tol et al. 2009a] trials reported an

unexpected detrimental effect in terms of

progression-free survival (PFS) for patients trea-

ted with chemotherapy plus bevacizumab and

panitumumab or cetuximab, compared with

those treated with chemotherapy and bevacizu-

mab alone, so that the combination of two biolo-

gics is nowadays contraindicated, regardless of

KRAS mutational status. No data are yet avail-

able about the comparison between the two bio-

logics, so that at present, the assessment of KRAS

mutations is mandatory not only for identifying

candidates to anti-EGFRs but for the rational

choice of the best therapeutic strategy for

mCRC patients.

On the other hand, it clearly appears that only a

percentage of patients with KRAS wild-type dis-

ease derive benefit from anti-EGFR-containing

regimens, underlining the need to further refine

patient selection by identifying alternative predic-

tive factors of intrinsic resistance to be combined

with KRAS mutational status. Moreover, those

patients who evidently respond to anti-EGFR

monoclonal antibodies, often become rapidly

resistant to the treatment, pointing out the occur-

rence of still unknown mechanisms of acquired

resistance.

This paper will briefly review the following:

(1) The stages that have led to the definitive acqui-
sition of KRAS assessment as an essential tool
for the selection of patients candidate to
receive anti-EGFR monoclonal antibodies.

(2) The state-of-the-art about other potential
markers of intrinsic resistance.

(3) Preclinical evidence and future perspectives
on markers of acquired resistance and
potential strategies to overcome it.

KRAS mutations assessment: clinical evidence
and technical issues
The first efforts to detect molecular factors able

to predict the activity of anti-EGFR monoconal

antibodies focused on EGFR, failing to demon-

strate a correlation between the expression of the

molecular target, as detected by immunohisto-

chemistry (IHC) and drug activity [Hebbar

et al. 2006; Cunningham et al. 2004].

In order to explain this paradox, different

hypotheses have been formulated. Technical

issues have been raised � such as the storage

time, possible problems deriving from tissue fix-

ation [Atkins et al. 2004], the possibility to

detect by IHC EGFR epitopes other than those

bound by monoclonal antibodies [Chung et al.

2005] � as well as biological questions, such as,

the discrepancy between EGFR expression in

primary tumors and related metastases

[Scartozzi et al. 2004].

However, despite the lack of correlation between

EGFR expression by IHC and clinical outcome,

current regulatory restrictions still impose

administration of anti-EGFR monoclonal antibo-

dies only to patients with tumors that express

EGFR as detected by IHC [Anon, 2008]. Also

results obtained by fluorescent or chromogenic

in situ hybridization [Sartore-Bianchi et al.

2007; Lievre et al. 2006; Moroni et al. 2005]

appear hardly reproducible, due to the heteroge-

neity of adopted cut-offs and to the lack of a

standardized procedure.

The attention has been, thus, focused on intra-

cellular mediators of EGFR signaling. Several

retrospective studies [Lievre et al. 2008;

Benvenuti et al. 2007; De Roock et al. 2007;

Di Fiore et al. 2007; Khambata-Ford et al.

2007; Lievre et al. 2006; Moroni et al. 2005]

addressed the question of whether KRAS
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mutations could predict the outcome of mCRC

patients treated with EGFR inhibitors. Lièvre

and colleagues [Lievre et al. 2006] reported for

the first time that KRAS codon 12 and 13 muta-

tions predict resistance to cetuximab in a series of

30 mCRC patients. Last year, the same authors

[Lievre et al. 2008] confirmed their findings in a

series of 89 patients treated with cetuximab: no

responders were found among mutated patients

versus 34 responders among wild-type patients

(p< 0.001). PFS and overall survival (OS) were

significantly longer in patients with KRAS wild-

type tumors (median PFS: 10.1 versus 31.4

weeks, p¼ 0.0001; median OS: 14.3 versus 10.1

months, p¼ 0.026).

Recently, post-hoc analyses of final results of inter-

national phase III randomized trials, evaluating

the role of anti-EGFR antibodies in the treatment

of mCRC, have further ascertained the predictive

power of KRAS mutational status.

In the CRYSTAL (Cetuximab Combined With

Irinotecan in First-Line Therapy for Metastatic

Colorectal Cancer) study [Van Cutsem et al.

2009] patients with EGFR-expressing mCRC

have been randomized to a first-line FOLFIRI

regimen plus cetuximab or FOLFIRI alone. The

addition of cetuximab significantly improved both

PFS (8.9 versus 8.0 months, HR¼0.851,

p¼ 0.0479) and response rate (RR, 46.9 versus

38.7%, p¼ 0.005). The subgroup analysis of

final results in the light of the knowledge of

KRAS mutational status showed that mainly

patients with KRAS wild-type disease derived a

significant advantage both in terms of PFS (9.9

versus 8.7 months, HR¼ 0.68, p¼ 0.017) and

RR (59.3 versus 43.2%, OR¼ 1.91), by the

administration of cetuximab combined with che-

motherapy. Although the interaction between

treatment group and KRAS mutational status

was of borderline significance for PFS (p¼ 0.07),

such results are, however, strongly suggestive of

KRAS predictive value, and the statistical signifi-

cance should be counterweighted with the great

amount of data deriving from other series strongly

supporting the absence of benefit for KRAS

mutated patients. The OPUS (Oxaliplatin and

Cetuximab in first-line treatment of mCRC)

study [Bokemeyer et al. 2009] was a randomized

phase II trial assessing the efficacy of FOLFOX

plus cetuximab (versus FOLFOX) as first-line reg-

imen in EGFR-expressing mCRC patients. RR

was higher in the group of patients treated with

the combination of chemotherapy and cetuximab

(RR: 45.6 versus 35.7%, p¼0.063), without any

difference in terms of PFS (7.2 versus 7.2 months,

HR¼0.93, p¼ 0.617). The post-hoc analysis of

results according to KRAS mutational status

showed that among patients with KRAS wild-

type disease, those treated with cetuximab experi-

enced a better outcome both in terms of RR and

PFS, in comparison with patients who had

received only FOLFOX (RR: 60.7 versus 37.0%,

p¼ 0.011; PFS: 7.7 versus 7.2 months,

HR¼0.57, p¼0.016).

When compared to best supportive care (BSC) in

advanced chemorefractory disease, both cetuxi-

mab and panitumumab demonstrated a survival

benefit restricted to patients with KRAS wild-

type tumors. Van Cutsem and colleagues [Van

Cutsem et al. 2007] published the first report

that panitumumab significantly prolonged PFS

in chemorefractory mCRC, when compared to

BSC (HR¼ 0.54, p< 0.0001). Subsequently,

Amado and colleagues [Amado et al. 2008]

demonstrated that the advantage from panitumu-

mab was confined to KRAS wild-type patients

(median PFS: 12.3 versus 7.3 weeks,

HR¼0.45) and concluded that the absence of

KRAS mutations was required for panitumumab

efficacy. The CO.17 study [Jonker et al. 2007]

investigated the efficacy of cetuximab monother-

apy compared to BSC in EGFR-expressing

mCRC patients, who had previously failed fluor-

opyrimidine-, irinotecan- and oxaliplatin-based

therapies. Cetuximab significantly reduced the

risk of disease progression (HR¼0.68,

p< 0.0001) and improved OS (6.1 versus 4.6

months, HR¼ 0.77, p¼ 0.005). Karapetis et al.

analyzed KRAS mutational status in this popula-

tion, reporting again that, only in KRAS wild-

type patients, cetuximab significantly improved

PFS (3.7 versus 1.9 months, HR¼0.40,

p< 0.001) and OS (9.5 versus 4.8 months,

HR¼0.55, p< 0.001) [Karapetis et al. 2008].

Moreover, the authors suggested that KRAS

mutations have no influence on survival among

patients treated with BSC alone, underlining

their predictive, more than prognostic, impact.

Moving from the above reported results of post-

hoc analyses and retrospectively collected series,

the use of monoclonal antibodies is now

restricted to patients with KRAS wild-type dis-

ease [Allegra et al. 2009].

It should be noted that outcome data according

to KRAS mutational analysis have been provided
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also for both CAIRO-2 [Tol et al. 2009a] and

PACCE [Hecht et al. 2009] trials, with the aim

to evaluate the addition of anti-EGFRs to beva-

cizumab plus chemotherapy, even if the trials

were already ongoing while data on KRAS were

becoming more and more clear. Patients bearing

KRAS wild-type tumors do not seem to benefit

from the addition of the anti-EGFR antibody to

the combination of chemotherapy and bevacizu-

mab, thus not supporting VEGF/EGFR double

inhibition even in this subpopulation, although

such considerations derive from secondary anal-

yses that have limited power.

From a technical perspective, important ques-

tions are raised by the implementation of KRAS

analysis in clinical practice. Indeed, different

techniques have been chosen in different studies

in order to detect KRAS mutations and there is

not a unique indication for a specific test to be

routinely adopted. It has been pointed out that it

is necessary to define and validate all the steps of

the procedure, keeping in mind the optimal bal-

ance between accuracy and practicality as a

requirement that cannot be renounced [Jimeno

et al. 2009]. First of all, it would be important

to define a sufficient tumor DNA quantity, sug-

gested as a minimum of 30�g of template DNA,

an amount easily obtained from formalin-fixed

paraffin embedded tissue blocks, which are the

most clinically available sources. Second, in

order to avoid the dilution of tumor DNA with

that of reactive cells around the tumor, it is

important to validate a form of tumor cell enrich-

ment as micro- or macro-dissection or selective

sampling by needle core. Finally, it would be nec-

essary to better define the testing procedure

itself, considering that several methods have

been described: restriction fragmentation length

polymorphism (RFLP); allele specific oligonu-

cleotide (ASO) hybridization [Van Heek et al.

2005]; high-resolution melting analysis

(HMRA) [Simi et al. 2008]; amplification refrac-

tory mutation system (ARMS) [Van Heek et al.

2005], and new technologies such as pyrosequen-

cing are under development [Ogino et al. 2005].

Nowadays, both direct sequencing and real-

time PCR-based assays have demonstrated

themselves as reliable tests, with a sensitivity of

95.5 and 96.5%, respectively [Tol et al. 2009b].

Due to its higher sensitivity, real-time PCR is the

best choice to be used in samples with poor

cellularity.

The effort to standardize procedures is still a

major objective. National and international qual-

ity assurance programs have been put into action

and are currently ongoing, with the aim to guar-

antee homogenous evaluations as far as possible

[Van Krieken et al. 2009].

In conclusion, KRAS testing is progressively

changing the approach to mCRC management

for both oncologists and pathologists.

Nevertheless, since a consistent group of patients

with KRAS wild-type tumors do not derive ben-

efit from EGFR inhibitors, additional reliable

and easily measurable biomarkers are needed to

further improve the selection of patients, increase

the cost effectiveness of treatment and avoid

unnecessary toxicity. In fact, in a systematic

review and meta-analysis, Linardou and

colleagues [Linardou et al. 2008] reported a

very high specificity (0.93, [0.83�0.97]), but a

much lower sensitivity (0.47, [0.43�0.52]) of

KRAS analysis in predicting resistance to

EGFR inhibitors in mCRC patients, underlining

the need to investigate new potential

biomarkers, beyond KRAS codon 12 and 13

mutations.

Perspectives on new potential markers of
activity of EGFR inhibitors in mCRC

Beyond KRAS: genotyping tumors
KRAS-activating mutations, other than those

affecting codon 12 and 13, have been described

in mCRC. These relatively rare mutations, invol-

ving codons 61 and 146 [Edkins et al. 2006],

have been detected with frequencies ranging

from 1 to 4% and determine the constitutive acti-

vation of RAS protein, due to its reduced

GTPase activity or to its increased affinity for

GTP [Buhrman et al. 2007]. These mutations

are mutually exclusive with codon 12 and 13,

and might represent another potential marker of

resistance to anti-EGFR antibodies in KRAS

codon 12 and 13 wild-type patients. Moreover,

RAS protein is encoded not only by KRAS, but

also by other homologous genes belonging to the

so called ‘RAS superfamily’, NRAS and HRAS

[Rodriguez-Viciana et al. 2005].

The analysis of a series of 572 paraffin-embedded

CRC samples, tested for KRAS, NRAS, HRAS

codon 12, 13 and 61 mutations, has recently

revealed that up to 11% of RAS mutations

would be missed if only codons 12 and 13 of

KRAS had been analyzed [Albitar et al. 2009].
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Similarly, among 108 KRAS codon 12 and 13

wild-type samples, NRAS-activating mutations

were found in five cases (about 5%), and none

of the patients with NRAS-mutated disease

achieved response to cetuximab [De Roock

et al. 2009].

Due to the relatively rare occurrence of these

activating mutations, adequately powered studies

are required to further investigate their role in

improving selection of patients for therapy.

The disregulation of the RAS/RAF/MAPK path-

way also occurs as a result of the constitutive acti-

vation of RAF protein. BRAF V600E mutation

induces structural changes in RAF protein, thus

increasing its kinase activity [Wan et al. 2004].

About 10% of CRCs bear this mutation, which

is mutually exclusive with KRAS ones

[Rajagopalan et al. 2002]. Benvenuti and collea-

gues [Benvenuti et al. 2007] produced a first

report of 48 mCRC patients treated with anti-

EGFR monoclonal antibodies showing that the

presence of KRAS and/or BRAF mutations was

negatively associated with response (p¼ 0.005).

The same authors recently demonstrated in a

cohort of 79 KRAS wild-type patients that

BRAF V600E mutation was correlated with resis-

tance to cetuximab and panitumumab adminis-

tered either alone or in combination with

chemotherapy [Di Nicolantonio et al. 2008].

None of 11 (13%) patients with BRAF-mutated

tumors responded to the treatment, whereas

none of the responders carried the mutation

(p¼ 0.029). BRAF mutation was also associated

with shorter PFS (p¼0.0010) and OS

(p¼ 0.0001). These results were confirmed by

in vitro assays, demonstrating that, while BRAF-

mutated HT-29 and COLO-205 lines were highly

refractory to anti-EGFR monoclonal antibodies,

BRAF wild-type DiFi cells were inhibited by

nanomolar drug concentrations.

As previously described, RAS and RAF belong to

the same signaling cascade, representing only one

side of the axis on which EGFR relies to propa-

gate its mitogenic stimulus. Another important

signaling pathway is the one of PTEN/PI3K/

Akt. PI3K is a lipid kinase, encoded by the

PIK3CA gene, whose activity is normally

balanced by PTEN. PIK3CA is mutated in

about 20% of mCRC patients [Samuels et al.

2004] in the hotspots located in exons 9 and

20. An in vitro study has suggested that the dys-

regulation of the PTEN/PI3K/AKT pathway, as

a result of PIK3CA-activating mutations or loss

of PTEN expression, may predict response of

CRC cell lines to cetuximab [Jhawer et al.

2008]. Moreover, cell lines with activating altera-

tions of both RAS/RAF/MAPKs and PTEN/

PI3K/Akt pathways were more resistant to cetux-

imab than cell lines harboring only one altered

pathway.

Early studies [Lievre et al. 2006; Moroni et al.

2005] conducted in small series of mCRC

patients treated with anti-EGFRs failed to dem-

onstrate a significant correlation between

PIK3CA mutations and resistance to treatment.

Subsequently, Perrone and colleagues [Perrone

et al. 2008] showed in a cohort of 32 mCRC

patients treated with cetuximab that PTEN/

PI3K deregulation (as a direct consequence of

PIK3CA mutations or as an indirect result of

the loss of PTEN phosphatase activity) signifi-

cantly correlates with an impaired response to

cetuximab (p¼ 0.02). Recently, Sartore-Bianchi

and colleagues [Sartore-Bianchi et al. 2009]

evaluated the impact of PIK3CA mutations in a

cohort of 110 mCRC patients treated with cetux-

imab or panitumumab, administered alone or in

combination with chemotherapy. PIK3CA muta-

tions, found in 13.6% of cases, were significantly

associated with a lack of response to anti-EGFRs,

with none of patients with the mutation achieving

response (p¼ 0.038). In the KRAS wild-type

population, the correlation between PIK3CA

mutations and resistance to anti-EGFRs was con-

firmed, both in terms of RR (p¼ 0.016) and PFS

(p¼ 0.0021), leading the authors to hypothesize

that the combination of both analyses could allow

the identification of a higher percentage of

patients resistant to cetuximab or panitumumab.

Conversely, Prenen and colleagues [Prenen et al.

2009] found no correlation between PIK3CA

mutations and impaired clinical outcome, either

in terms of RR (p¼ 0.781), or in PFS

(p¼ 0.760), or in OS (p¼ 0.698), in a series of

200 patients treated with cetuximab alone or in

combination with irinotecan. Also, PIK3CA

mutations were not associated with lower RR in

the subgroup of patients with KRAS wild-type

disease (p¼ 0.758).

The lack of conformity among these results

points out the need for adequately dimensioned

trials, in order to conclusively address the item of

the potential role of PIK3CA alterations as deter-

minants of intrinsic resistance.
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Moreover, since at present the knowledge about

the simultaneous occurrence of BRAF and

PIK3CA genetic alterations is extremely poor �
and it rather seems that they are not mutually

exclusive [Ogino et al. 2009] � it would be inter-

esting to assess both alterations in the same

population, in order to clarify their impact as

independent predictors of resistance.

A recent retrospective study conducted on

64 mCRC patients who had received salvage

cetuximab plus irinotecan, would suggest that

TP53 exons 5�8 mutations might predict sensi-

tivity to the treatment, both in terms of disease

control rate (DCR, p¼ 0.037) and time-to-pro-

gression (TTP, p¼ 0.004). Similar results were

reported in the subgroup of 46 patients with

KRAS wild-type tumors [Oden-Gangloff et al.

2009]. These findings are surprising taking into

account the negative prognostic value of TP53 in

stage II and III CRCs [Westra et al. 2005]. The

authors explain such results by referring to the

role of p53 as ‘policeman of oncogenes’.

According to their interpretation, the loss of

p53 activity that results in the loss of a brake

for hyperactive intracellular pathways down-

stream EGFR, would exasperate the crucial

oncogenic role of such pathways. These tumors

would be remarkably dependent on EGFR, so

that EGFR inhibition would represent a particu-

larly effective strategy to control their growth.

However, further efforts are needed to corrobo-

rate or deny this hypothesis. In particular, the

complex function of p53 at the crossroads of

multiple cellular response pathways, other than

EGFR ones that strongly determine cellular fate

should be considered. Moreover, future studies

should also consider the functional connection

between p53 and Mdm2, that regulates p53,

both reducing its transcriptional activity

and increasing its ubiquitination rate [Piette

et al. 1997].

Beyond KRAS: ‘genotyping patients’
About 10 million single-nucleotide polymorph-

isms (SNPs) have been described throughout

human genomic DNA. SNPs of genes involved

in the EGFR pathway may lead to aberrant

EGFR activation, determining resistance to

anti-EGFR treatment through different mechan-

isms. The possibility to identify genetic variants

and the ability to predict sensitivity to anti-

EGFRs, would be very attractive, considering

that such assays can be easily performed in

normal tissue (such as blood cells) with simple

and standardized techniques.

A highly polymorphic sequence repeat of CA

dinucleotide has been described in EGFR

intron � 1 [Amador et al. 2004]. Experimental

models revealed that EGFR transcriptional activ-

ity and EGFR expression are influenced by the

number of CA repeats. In particular, an increase

in the number of CA tandem repeats is associated

with inferior levels of mRNA and protein expres-

sion [Gebhardt et al. 1999]. Graziano and col-

leagues [Graziano et al. 2008] studied EGFR

intron 1 genetic variants by means of PCR and

separation with capillary electrophoresis in a

cohort of 110 patients with mCRC, treated

with cetuximab and irinotecan. Considering the

distribution of the EGFR intron-1 (CA)n repeats

alleles in the Caucasian population, the authors

defined EGFR intron-1 as either short (S) or

long (L) when the number of CA repeats was <
or �17 respectively, thus distinguishing three

possible genotypes: S/S, S/L or L/L. A significant

correlation was found between EGFR intron-1 S/

S variant and favourable OS. In this experience,

KRAS mutational status was not assessed, so that

the real predictive/prognostic implication of

EGFR intron-1 polymorphism in KRAS wild-

type populations was not clarified.

On the other hand, Lurje and colleagues [Lurje

et al. 2008] did not find any correlation between

EGFR intron 1 CA repeats and clinical outcome,

identifying 20 CA repeats as the cut-off value to

discriminate allelic variants determined by PCR

and direct sequencing. New studies are needed to

standardize techniques and cut-off values, while

taking into account discrepancies in allelic fre-

quencies in different populations.

EGF 61 A/G polymorphism may influence EGF

transcription. In particular EGF 61 G allele is

associated with a more elevated transcriptional

level of EGF in comparison with EGF A variant

[Shahbazi et al. 2002]. Graziano and colleagues

reported a significant correlation between EGF

61 G/G genotype and favourable OS. More

recently, two studies [Garm Spindler et al.

2009; Lurje et al. 2008] did not confirm the

potential role of the EGF 61 G/G genotype in

predicting the clinical outcome of mCRC

patients treated with cetuximab.

In particular, Lurje and coworkers studied, in a

cohort of 130 patients, 11 polymorphisms within
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8 genes involved in the EGFR pathway, showing

that EGFR pathway-related polymorphisms

might be important prognostic markers, regard-

less of KRAS mutational status. They also found

a significant association among EGFR 497

G>A, cyclo-oxygenase (COX)-2 765 G>C,

COX-2 8473 T>C polymorphisms and favour-

able OS. While the relationship between COX-2

enzyme, induced by several cytokines and growth

factors, and the EGFR signaling pathway is still

controversial [Xu and Shu, 2007], EGFR 497

G>A polymorphism causes an amino-acidic

substitution in the extracellular domain, which

confers an attenuated function in EGFR-ligand

binding, growth stimulation and tyrosine kinase

activation [Moriai et al. 1994].

Finally, monoclonal antibodies partially exert

their anti tumoral activity by recruiting cytotoxic

host effector cells through the immunological

process known as antibody-dependent cell-

mediated cytotoxicity (ADCC). In vitro studies

have shown that cetuximab [Kawaguchi et al.

2007] is able to induce ADCC. Polymorphisms

of genes encoding the activating receptors Fc�IIa

and Fc�IIIa, expressed on macrophages and nat-

ural killer cells, might affect their affinity for

monoclonal antibodies [Niwa et al. 2004; Van

Royen-Kerkhof et al. 2004].

Four retrospective studies have investigated the

predictive/prognostic implication of Fc�IIa-131

H/R and Fc�IIIa-158 V/F polymorphisms in

mCRC patients treated with cetuximab [Bibeau

et al. 2009; Graziano et al. 2008; Lurje et al.

2008; Zhang et al. 2007]. While Graziano and

colleagues did not find any correlation between

Fc�R investigated polymorphisms and clinical

outcome, Zhang and colleagues suggested a

potential role for both Fc�IIa-131 A/A and

Fc�IIIa-158 V/V polymorphisms as unfavourable

predictive factors in patients treated with single

agent cetuximab. In a subsequent larger series by

the same authors, these significant correlations

were not found [Lurje et al. 2008]. Recently,

Bibeau and coworkers [Bibeau et al. 2009]

reported that patients with Fc�IIa-131 H/H

and/or Fc�IIIa-158 V/V genotypes had longer

PFS and OS, but not higher RR, than carriers

of 131R and 158F variants. The same correlation

was observed both in patients with KRAS wild-

type and KRAS-mutated tumors, thus not

excluding a prognostic significance for such var-

iants. Therefore, available results, in particular as

it involves Fc�IIIa-158 V/F polymorphism,

appear remarkably conflicting.

Although reliable and easily assessable in clinical

practice, candidate polymorphisms have so far

failed to demonstrate a clear predictive potential

and it seems rather unlikely to translate such dis-

cordant results into clinical practice.

Beyond genetic features: ‘phenotyping tumors’
Multiple pieces of evidence have proven the

importance of the tissue microenvironment in

conditioning the multiple steps of malignant

transformation, tumoral progression and cellular

survival and proliferation. For this reason, it is

plausible that not only genotypic but also pheno-

typic features may interfere with tumoral sensitiv-

ity to anti-EGFR antibodies.

PTEN is a dual-specificity phosphatase whose

major substrate is represented by PIP3. PTEN

counteracts PI3K kinase activity, diminishing

the activation of the PI3K/Akt pathway. As well

as genetic alterations (e.g. allelic deletions, point

mutations and loss of heterozigosity) epigenetic

mechanisms may also compromise PTEN func-

tioning [Goel et al. 2004]. Moreover, it has been

shown that all cited alterations result in the

reduction of PTEN expression [Zhou et al.

2002]. For this reason, IHC might provide an

appreciation of PTEN aberrations better than

techniques that investigate only genetic features.

The potential relation between PTEN loss, as

detected by IHC on primary tumors, and resis-

tance to anti-EGFRs has been suggested in a

small series of 27 patients, treated with cetuxi-

mab alone or associated with chemotherapy,

where none of 11 patients with loss of PTEN

responded in comparison with 10 out of 16

patients in which the protein was normally

expressed (p< 0.001) [Frattini et al. 2007]. It

should be noticed that in this retrospective

series, cetuximab was administered in combina-

tion with different chemotherapy regimens and in

different lines of treatment. The heterogeneity of

adopted schemes and the inclusion in the study

population of patients receiving very active

first-line regimens, such as capecitabine plus oxa-

liplatin, in association with cetuximab, makes it

difficult to evaluate the real contribution of

EGFR inhibition to the observed responses.

In our recent series, comprising 102 patients

treated with the combination of cetuximab and
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irinotecan, PTEN-IHC, successfully performed

on 85 primary tumors, was not able to predict

the treatment outcome. Nevertheless, it was

shown a significant discrepancy between primary

tumors and related metastases, as already

observed with regard to other signal transductors

(i.e., EGFR and MAPKs) [Loupakis et al. 2009].

Among 45 available pairs, IHC results were con-

cordant only in 27 instances (60%; 95% CI,

46�74%; p¼ 0.346). When the analysis was per-

formed on samples from metastases, loss of

PTEN-IHC was significantly related with resis-

tance to the treatment, in terms of both RR (5

versus 26%; p¼0.007) and PFS (3.3 versus 4.7

months; p¼ 0.005). Also, in the subgroup of

patients with KRAS wild-type disease, loss of

PTEN was correlated with significantly shorter

PFS (3.7 versus 5.3 months; p¼ 0.026), confirm-

ing the potential implication of such determina-

tion in the prediction of benefit from anti-EGFRs

[Loupakis et al. 2009]. Even if quite appealing,

the exploratory nature of these retrospective anal-

yses cannot be forgotten, as well as the limitations

of PTEN-IHC as an unvalidated technique.

Attention has been focused also on the expression

levels of EGFR endogenous ligands and in par-

ticular amphiregulin (AR) and epiregulin (ER).

Khambata-Ford and colleagues have first

observed that patients with tumors expressing

elevated transcriptional levels of AR and ER spe-

cific mRNAs were more likely to experience dis-

ease control when treated with cetuximab

monotherapy (ER, p¼ 0.000015; AR,

p¼ 0.000025) [Khambata-Ford et al. 2007].

They also observed the lack of correlation

between tumoral mRNA expression and plasma-

protein levels, which leads to consider the hypo-

thetical existence of complex post-transcriptional

regulatory mechanisms. Similarly, in the series

presented by Tejpar and coworkers higher levels

of AR and ER specific mRNAs, assessed by RT-

PCR in tumoral tissues, were reported among

responding patients, in comparison with non

responders (p<0.0001) [Tejpar et al. 2008].

Also, as it involves EGFR endogenous

ligands, further investigations addressing techni-

cal and biological issues are needed to really

understand the predictive/prognostic implica-

tions of such determinations, bearing in mind

the not negligible influence that KRAS mutations

have on the activity of anti-EGFR monoclonal

antibodies.

In conclusion, relevant methodological limits

affect not only the search for new predictive bio-

markers, but also the routine adoption of KRAS

mutations assessment in clinical practice. The

lack of validated techniques and standardized

methods, the necessarily retrospective nature of

collected data and the ‘hypothesis-generating’

more than ‘hypothesis-generated’ logic of many

experiences should be borne in mind when inter-

preting certain ‘promising’ results. Thus, caution

is imperative when interpreting results of small

retrospective experiences that could be influ-

enced by inadequate sample size. Moreover,

from now on, since the use of anti-EGFR mono-

clonal antibodies is restricted to patients bearing

KRAS wild-type tumors, the effort to realize ade-

quately powered clinical studies will faced with

the necessity to include only 60% of screened

patients who represent the population actually

candidate to the treatment.

From a statistical point of view, the difficulty to

design well-dimensioned trials is further compli-

cated by the heterogeneous expression of many

investigated biomarkers in tumors, due to the

emergence of clonal populations in the natural

history of neoplastic diseases. As well as technical

errors, inherent heterogeneity may impair the

reported effect size and thus compromise the

power of a study [Pintilie et al. 2009]. For this

reason, it would be desirable, if not imperative, to

conduct pilot studies aiming to estimate the het-

erogeneity of a candidate marker within and

between individuals, and to use the knowledge

coming from these exploratory preambles to

appropriately design translational trials.

Future perspective: potential markers of
acquired resistance
Although anti-EGFR therapies may be initially

effective, clinicians know from clinical practice

that neoplastic diseases will become rapidly

refractory to such treatment in the great majority

of treated patients. In order to better understand

the mechanisms leading to acquired resistance in

patients with initially sensitive tumors and to

identify potential strategies to overcome resis-

tance, a substantial advance is awaited from

translational research.

At present, no conclusive data have emerged

from the literature. Even if some preclinical stu-

dies addressed the issue of acquired resistance,

the body of evidence is much less extensive com-

pared with the large amount of experience aimed
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at identifying predictive factors of intrinsic resis-

tance. To date, two main mechanisms have been

hypothesized as mediators of acquired resistance:

(1) the hyperfunction of alternative growth path-
ways (mainly VEGF), through which tumo-
ral cells might escape the blockade of EGFR

(2) the constitutive activation of downstream
effectors, involved in different pathways as
signal transducers.

Escaping from EGFR blockade: the implications
of the VEGF pathway
It has been ascertained that the inhibition of

tumor angiogenesis is one of the biological effects

of EGFR inhibition and may significantly con-

tribute to the antitumor efficacy of anti-EGFR

monoclonal antibodies. Several studies have

reported a decreased secretion of VEGF and

other pro-angiogenic growth factors, including

basic fibroblast growth factor (bFGF), interleu-

kin-8 (IL-8) and transforming growth factor-a
(TGF-a), as a result of EGFR inhibition [Petit

et al. 1997]. The reduced expression of angio-

genic factors leads to a significant decrease in

microvessel density and to an enhanced apoptotic

stimulus in human tumor xenografts [Bruns

et al. 2000; Perrotte et al. 1999].

Consistently with these considerations, different

preclinical experiences (in vitro and in vivo)

showed significant increases in VEGF expression

as detected by ELISA assay and IHC, respec-

tively performed on the conditioned medium of

cell cultures and on sections of human xeno-

grafts, which had become resistant to EGFR

inhibitors after an initial response.

Viloria-Petit and colleagues firstly described a

twofold increase in VEGF protein and mRNA

in five of six variants of the human A431 squa-

mous cell carcinoma cell line, derived from xeno-

grafts which had become resistant to cetuximab.

IHC staining of sections from resistant xenografts

revealed the presence of a number of conspicu-

ously large and immature blood vessels and a

higher overall amount of tissue VEGF [Viloria-

Petit et al. 2001].

Similarly, Ciardiello and colleagues observed that

long-term treatment of human GEO colon

cancer xenografts with cetuximab or ZD1839

(gefitinib) resulted in the development of resis-

tant cell lines, which exhibited a 5�10 fold

increase of the expression of VEGF, COX-2,

and of the phosphorylated, activated forms of

mitogen-activated protein kinases (pMAPKs)

[Ciardiello et al. 2004]. Conversely, in resistant

GEO cells, EGFR expression appeared only

slightly reduced in comparison with parental sen-

sitive lines. Interestingly, the treatment of human

GEO xenografts with the multitargeted tyrosine

kinase inhibitor ZD6474 (vandetanib), binding

both VEGFR1-3 and EGFR, did not lead to

the emergence of resistant tumors. Moreover,

ZD6474 was able to control the growth of

GEO xenografts that had become resistant to

anti-EGFR drugs; thus, pointing out the role of

sequential targeting of multiple oncogenic path-

ways as an appealing strategy to be attempted in

future preclinical and clinical trials. The same

authors subsequently observed a noticeable

increase in VEGFR-1 expression in resistant

GEO cells, which also synthesized and secreted

much higher levels of VEGFR ligands, VEGF

and placental growth factor (PlGF), compared

with parental lines [Bianco et al. 2008]. The

interruption of the established autocrine loop,

through siRNA silencing of VEGFR-1, partially

restored sensitivity to anti-EGFR drugs and

impaired migration efficiency and thus metastatic

potential sustained by VEGFR-1 hyperactivity.

Similar effects have been described as a result

of the inhibition of the signaling pathway down-

stream VEGFR. Enzastaurin is a potent serine/

threonine kinase inhibitor, whose anti-angiogenic

efficacy is due to the inhibition of the protein

kinase C (PKC) isoform b(PKCb), which med-

iates the transduction to the nucleus of the

VEGFR signal [Faul et al. 2003]. Enzastaurin

was able to restore the sensitivity to gefitinib of

gefitinib-resistant GEO cell lines and xenografts,

when administered both alone and, more effica-

ciously, in combination with gefitinib [Gelardi

et al. 2008].

The involvement of the VEGF pathway as a

mechanism of acquired resistance to anti-EGFR

drugs has been recently strengthened by the

experience of Benavente and coworkers who

demonstrated a marked increase of angiogenic

potential of cetuximab-, gefitinib- or erlotinib-

resistant SCC-1 cells, subcutaneously implanted

in Matrigel plugs into nude mice [Benavente

et al. 2009]. In comparison with parental lines,

plugs containing resistant cells showed extensive

vascularization and aberrant growth of blood ves-

sels toward the tumor core.
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Less numerous evidence supports the involve-

ment of the insulin-like growth factor-1 receptor

(IGF-1R) pathway [Chakravarti et al. 2002] and

HER family members [Wheeler et al. 2008] in

overriding the effect of EGFR inhibitors and,

thus, in contributing to the emergence of

acquired resistance.

Escaping from EGFR blockade: the implication
of EGFR and its downstream signaling
mediators
An unanswered question still remains regarding

the role of EGFR expression and functioning as a

mechanism of acquired resistance. Viloria-Petit

and colleagues reported that cell lines established

from resistant xenografts retained EGFR expres-

sion levels similar to those of parental lines

[Viloria-Petit et al. 2001]. Following TGF-a sti-

mulation, the level of EGFR phosphorylation in

resistant cell lines was not different from that of

parental lines, thus suggesting an unaltered sen-

sitivity of EGFR to its ligands.

On the other hand, a significant reduction of

EGFR levels, as detected by Western blot analy-

sis, has been described by Lu and colleagues in

cetuximab-resistant DiFi5 CRC cell lines (in

comparison with parental lines), probably due

to a dramatic increase of EGFR ubiquitination,

which would alter the trafficking and the expres-

sion of the receptor. Although EGFR expression

levels were relevantly lower, DiFi5 cells exhibited

higher levels of phosphorylated EGFR and Akt in

response to EGF stimulation [Lu et al. 1997].

Preclinical data also suggest the implication of

Src family kinases in the emergence of resistance

[Wheeler et al. 2009]. The oncogenic collabora-

tion between Src kinases and EGFR in malignant

transformation has been well defined in earlier

studies: high levels of Src kinases would potenti-

ate the EGFR-mediated mitogenic stimulus

[Biscardi et al. 1999; Tice et al. 1999]. Src

kinase inhibitors, dasatinib and PP2, were able

to partially restore the sensitivity to cetuximab

of both colorectal and lung cancer resistant cell

lines, thus suggesting the cooperation of EGFR

and Src kinases as a mechanism of acquired resis-

tance to EGFR inhibitors [Wheeler et al. 2009;

Lu et al. 1997].

To date, preclinical data about the modulation of

intracellular signaling mediators are quite ambig-

uous. Ciardiello and colleagues saw no evidence

of major changes in levels of signal transducers

[Ciardiello et al. 2004]; however, other reports

attribute a relevant role to the constitutive activa-

tion of pathways downstream EGFR. Benavente

and colleagues have shown that in resistant cells

the administration of anti-EGFR drugs is not fol-

lowed by the expected reduction of the activated

forms of signal transducers, such as phosphory-

lated MAPKs, STAT3 and Akt, as observed in

parental lines [Benavente et al. 2009].

Particular attention has been paid to PI3K/Akt/

PTEN pathway and its downstream effectors,

such as the mammalian target of rapamicin

(mTOR)/p70S6K complex. Bianco and collea-

gues have observed that, while cetuximab and

gefitinib did not determine a significant reduction

of phosphorylated Akt and p70S6K in resistant

cells, the partial reversion of resistance achieved

by vandetanib, was accompanied by a reduction

of activated mediators to levels not different from

those observed in sensitive cells treated with anti-

EGFRs [Bianco et al. 2008]. Similarly, the effi-

cacy of dasatinib in the control of resistant cell

growth and survival was accompanied by a reduc-

tion of phosphorylated Akt levels. The hyperac-

tivity of Akt/mTOR pathway as a potential

mechanism of resistance to anti-EGFRs is, more-

over, confirmed by the ability of the mTOR inhi-

bitor everolimus to restore the sensitivity to

gefitinib and cetuximab of resistant GEO cells

and xenografts [Bianco et al. 2008].

Even if it is extremely appealing and certainly

promising, the hypothesis of the inhibition of

multiple signaling pathways is still far from

being rapidly adopted in clinical practice.

Despite encouraging preclinical evidence, large

phase III randomized trials have failed, as already

mentioned, to demonstrate an advantage from

the combined inhibition of EGFR- and VEGF-

pathways in first-line treatment of patients with

mCRC [Hecht et al. 2009; Tol et al. 2009a].

Conversely, the potential efficacy of sequential

schemes, introducing a target inhibitor with

anti-angiogenic properties beyond progression

to an anti-EGFR treatment, certainly deserves

further prospective study.

Conclusion
The inhibition of EGFR represents an effective

strategy in the treatment of mCRC. The identi-

fication of KRAS-activating mutations as predic-

tors of resistance to treatment with anti-EGFR

monoclonal antibodies and, consequently, the
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restriction of the use of these drugs to patients

with KRAS wild-type disease, marks a crucial

turning-point in the treatment of mCRC, since

for the first time, therapeutic choices are deeply

conditioned by a molecular determinant. On the

other hand, non-negligible methodological and

logistical problems arise from the routine adop-

tion of KRAS assessment in clinical practice, as,

first of all, the need for validated and standar-

dized assays.

The search for alternative predictive factors of

intrinsic resistance, to be integrated with the

well ascertained determination of KRAS muta-

tions, will further influence patient selection for

treatment, but the pathway from retrospective

evidence to the final translation in clinical prac-

tice is often winding.

Daily clinical experience shows that patients ini-

tially responsive to anti-EGFR drugs often

become rapidly resistant to the treatment; thus,

acquired resistance is another major issue to be

urgently faced. The intriguing hypothesis of the

contemporary or sequential inhibition of multiple

pathways as a strategy to override resistance will

certainly deserve further investigation. To this

end, the early identification of molecular markers

of outcome, might help to optimize the selection

of patients to be subsequently included in appro-

priately designed clinical trials.

Conflict of interest statement
None declared.

References
Albitar, M., Yeh, C. and Ma, W. (2009) K-Ras muta-
tions and cetuximab in colorectal cancer. N Engl J Med
360: 834.

Allegra, C.J., Jessup, J.M., Somerfield, M.R.,
Hamilton, S.R., Hammond, E.H., Hayes, D.F. et al.
(2009) American Society of Clinical Oncology
Provisional Clinical Opinion: Testing for KRAS gene
mutations in patients with metastatic colorectal carci-
noma to predict response to anti-epidermal growth
factor receptor monoclonal antibody therapy. J Clin
Oncol 27: 2091�2096.

Amado, R.G., Wolf, M., Peeters, M., Van Cutsem, E.,
Siena, S., Freeman, D.J. et al. (2008) Wild-type KRAS
is required for panitumumab efficacy in patients with
metastatic colorectal cancer. J Clin Oncol
26: 1626�1634.

Amador, M., Oppenheimer, D., Perea, S. and Maitra,
A. (2004) An epidermal growth factor receptor intron
1 polymoprhism mediates response to epidermal

growth factor receptor inhibitors. Cancer Res
64: 9139�9143.

Andreyev, H.J., Norman, A.R., Cunningham, D.,
Oates, J., Dix, B.R., Iacopetta, B.J. et al. (2001)
Kirsten RAS mutations in patients with colorectal
cancer: the ‘Rascal II’ study. Br J Cancer 85: 692�696.

Anon. (2008) Committee for medicinal products for
human use post-authorisation summary of positive
opinion for Erbitux. Available at: http://www.
emea.europa.eu/pdfs/human/opinion/
Erbitux_28040208en.pdf.

Atkins, D., Reiffen, K.A., Tegtmeier, C.L., Winther,
H., Bonato, M.S. and Storkel, S. (2004)
Immunohistochemical detection of EGFR in paraffin-
embedded tumor tissues: variation in staining intensity
due to choice of fixative and storage time of tissue
sections. J Histochem Cytochem 52: 893�901.

Benavente, S., Huang, S., Armstrong, E.A., Chi, A.,
Hsu, K.T., Wheeler, D.L. et al. (2009) Establishment
and characterization of a model of acquired resistance
to epidermal growth factor receptor targeting agents in
human cancer cells. Clin Cancer Res 15: 1585�1592.

Benvenuti, S., Sartore-Bianchi, A., Di Nicolantonio,
F., Zanon, C., Moroni, M., Veronese, S. et al. (2007)
Oncogenic activation of the RAS/RAF signaling path-
way impairs the response of metastatic colorectal can-
cers to anti-epidermal growth factor receptor antibody
therapies. Cancer Res 67: 2643�2648.

Bianco, R., Garofalo, S., Rosa, R., Damiano, V.,
Gelardi, T., Daniele, G. et al. (2008) Inhibition of
mTOR pathway by everolimus cooperates with EGFR
inhibitors in human tumours sensitive and resistant to
anti-EGFR drugs. Br J Cancer 98: 923�930.

Bianco, R., Rosa, R., Damiano, V., Daniele, G.,
Gelardi, T., Garofalo, S. et al. (2008) Vascular
endothelial growth factor receptor-1 contributes to
resistance to anti-epidermal growth factor receptor
drugs in human cancer cells. Clin Cancer Res
14: 5069�5080.

Bibeau, F., Lopez-Crapez, E., Di Fiore, F., Thezenas,
S., Ychou, M., Blanchard, F. et al. (2009) Impact of
Fc{gamma}RIIa-Fc{gamma}RIIIa polymorphisms
and KRAS mutations on the clinical outcome of
patients with metastatic colorectal cancer treated with
cetuximab plus irinotecan. J Clin Oncol
27: 1122�1129.

Biscardi, J.S., Maa, M.C., Tice, D.A., Cox, M.E.,
Leu, T.H. and Parsons, S.J. (1999) C-Src-mediated
phosphorylation of the epidermal growth factor
receptor on Tyr845 and Tyr1101 is associated with
modulation of receptor function. J Biol Chem
274: 8335�8343.

Bokemeyer, C., Bondarenko, I., Makhson, A.,
Hartmann, J.T., Aparicio, J., De Braud, F. et al. (2009)
Fluorouracil, leucovorin, and oxaliplatin with
and without cetuximab in the first-line treatment
of metastatic colorectal cancer. J Clin Oncol
27: 663�671.

F Loupakis, C Cremolini et al.

http://tam.sagepub.com 177



Bruns, C.J., Solorzano, C.C., Harbison, M.T., Ozawa,
S., Tsan, R., Fan, D. et al. (2000) Blockade of the
epidermal growth factor receptor signaling by a novel
tyrosine kinase inhibitor leads to apoptosis of
endothelial cells and therapy of human pancreatic
carcinoma. Cancer Res 60: 2926�2935.

Buhrman, G., Wink, G. and Mattos, C. (2007)
Transformation efficiency of RASq61 mutants linked
to structural features of the switch regions in the
presence of RAF. Structure 15: 1618�1629.

Chakravarti, A., Loeffler, J.S. and Dyson, N.J. (2002)
Insulin-like growth factor receptor I mediates resis-
tance to anti-epidermal growth factor receptor therapy
in primary human glioblastoma cells through contin-
ued activation of phosphoinositide 3-kinase signaling.
Cancer Res 62: 200�207.

Chung, K.Y., Shia, J., Kemeny, N.E., Shah, M.,
Schwartz, G.K., Tse, A. et al. (2005) Cetuximab
shows activity in colorectal cancer patients with tumors
that do not express the epidermal growth factor
receptor by immunohistochemistry. J Clin Oncol
23: 1803�1810.

Ciardiello, F., Bianco, R., Caputo, R., Damiano, V.,
Troiani, T., Melisi, D. et al. (2004) Antitumor activity
of Zd6474, a vascular endothelial growth factor
receptor tyrosine kinase inhibitor, in human cancer
cells with acquired resistance to antiepidermal growth
factor receptor therapy. Clin Cancer Res 10: 784�793.

Ciardiello, F., Bianco, R., Damiano, V., Fontanini, G.,
Caputo, R., Pomatico, G. et al. (2000) Antiangiogenic
and antitumor activity of anti-epidermal growth factor
receptor C225 monoclonal antibody in combination
with vascular endothelial growth factor antisense
oligonucleotide in human geo colon cancer cells. Clin
Cancer Res 6: 3739�3747.

Cunningham, D., Humblet, Y., Siena, S., Khayat, D.,
Bleiberg, H., Santoro, A. et al. (2004) Cetuximab
monotherapy and cetuximab plus irinotecan in
irinotecan-refractory metastatic colorectal cancer.
N Engl J Med 351: 337�345.

De Roock, W., Lambrechts, D. and Tejpar, S. (2009)
K-RAS mutations and cetuximab in colorectal cancer.
N Engl J Med 360: 834.

De Roock, W., Piessevaux, H., De Schutter, J.,
Janssens, M., De Hertogh, G., Personeni, N. et al.
(2007) KRAS wild-type state predicts survival and is
associated to early radiological response in metastatic
colorectal cancer treated with cetuximab. Ann Oncol
19: 508�515.

Di Fiore, F., Blanchard, F., Charbonnier, F., Le
Pessot, F., Lamy, A., Galais, M.P. et al. (2007) Clinical
relevance of KRAS mutation detection in metastatic
colorectal cancer treated by cetuximab plus che-
motherapy. Br J Cancer 96: 1166�1169.

Di Nicolantonio, F., Martini, M., Molinari, F.,
Sartore-Bianchi, A., Arena, S., Saletti, P. et al. (2008)
Wild-type BRAF is required for response to panitu-
mumab or cetuximab in metastatic colorectal cancer.
J Clin Oncol 26: 5705�5712.

Edkins, S., O’Meara, S., Parker, A., Stevens, C., Reis,
M., Jones, S. et al. (2006) Recurrent KRAS codon 146
mutations in human colorectal cancer. Cancer Biol Ther
5: 928�932.

Faul, M.M., Gillig, J.R., Jirousek, M.R., Ballas, L.M.,
Schotten, T., Kahl, A. et al. (2003) Acyclic
N-(azacycloalkyl)bisindolylmaleimides: isozyme selec-
tive inhibitors of PKCbeta. Bioorg Med Chem Lett
13: 1857�1859.

Frattini, M., Saletti, P., Romagnani, E., Martin, V.,
Molinari, F., Ghisletta, M. et al. (2007) PTEN loss of
expression predicts cetuximab efficacy in metastatic
colorectal cancer patients. Br J Cancer 97: 1139�1145.

Garm Spindler, K.L., Pallisgaard, N., Rasmussen,
A.A., Lindebjerg, J., Andersen, R.F., Cruger, D. et al.
(2009) The importance of KRAS mutations and
EGF61A>G polymorphism to the effect of cetuximab
and irinotecan in metastatic colorectal cancer. Ann
Oncol 20: 879�884.

Gebhardt, F., Zanker, K.S. and Brandt, B. (1999)
Modulation of epidermal growth factor receptor gene
transcription by a polymorphic dinucleotide repeat in
intron 1. J Biol Chem 274: 13176�13180.

Gelardi, T., Caputo, R., Damiano, V., Daniele, G.,
Pepe, S., Ciardiello, F. et al. (2008) Enzastaurin
inhibits tumours sensitive and resistant to anti-EGFR
drugs. Br J Cancer 99: 473�480.

Goel, A., Arnold, C., Niedzwiecki, D., Carethers, J.,
Dowell, J., Wasserman, L. et al. (2004) Frequent
inactivation of PTEN by promoter hypermethylation
in microsatellite instability-high sporadic colorectal
cancers. Cancer Res 64: 3014�3021.

Graziano, F., Ruzzo, A., Loupakis, F., Canestrari, E.,
Santini, D., Catalano, V. et al. (2008) Pharmacogenetic
profiling for cetuximab plus irinotecan therapy in
patients with refractory advanced colorectal cancer.
J Clin Oncol 26: 1427�1434.

Hebbar, M., Wacrenier, A., Desauw, C., Romano, O.,
Cattan, S., Triboulet, J.P. et al. (2006) Lack of
usefulness of epidermal growth factor receptor
expression determination for cetuximab therapy in
patients with colorectal cancer. Anticancer Drugs
17: 855�857.

Hecht, J.R., Mitchell, E., Chidiac, T., Scroggin, C.,
Hagenstad, C., Spigel, D. et al. (2009) A
randomized phase IIIb trial of chemotherapy, bevaci-
zumab, and panitumumab compared with chemo-
therapy and bevacizumab alone for metastatic
colorectal cancer. J Clin Oncol 27: 672�680.

Herbst, R.S. and Shin, D.M. (2002) Monoclonal
antibodies to target epidermal growth factor receptor-
positive tumors: a new paradigm for cancer therapy.
Cancer 94: 1593�1611.

Hurwitz, H., Fehrenbacher, L., Novotny, W.,
Cartwright, T., Hainsworth, J., Heim, W. et al. (2004)
Bevacizumab plus irinotecan, fluorouracil, and leu-
covorin for metastatic colorectal cancer. N Engl J Med
350: 2335�2342.

Therapeutic Advances in Medical Oncology 1 (3)

178 http://tam.sagepub.com



Jhawer, M., Goel, S., Wilson, A.J., Montagna, C.,
Ling, Y.H., Byun, D.S. et al. (2008) PIK3ca mutation/
PTEN expression status predicts response of colon
cancer cells to the epidermal growth factor receptor
inhibitor cetuximab. Cancer Res 68: 1953�1961.

Jimeno, A., Messersmith, W.A., Hirsch, F.R.,
Franklin, W.A. and Eckhardt, S.G. (2009) KRAS
mutations and sensitivity to epidermal growth factor
receptor inhibitors in colorectal cancer: practical
application of patient selection. J Clin Oncol
27: 1130�1136.

Jonker, D.J., O’Callaghan, C.J., Karapetis, C.S.,
Zalcberg, J.R., Tu, D., Au, H.J. et al. (2007)
Cetuximab for the treatment of colorectal cancer.
N Engl J Med 357: 2040�2048.

Karapetis, C.S., Khambata-Ford, S., Jonker, D.J.,
O’Callaghan, C.J., Tu, D., Tebbutt, N.C. et al. (2008)
K-RAS mutations and benefit from cetuximab in
advanced colorectal cancer. N Engl J Med
359: 1757�1765.

Kawaguchi, Y., Kono, K., Mimura, K., Sugai, H.,
Akaike, H. and Fujii, H. (2007) Cetuximab induce
antibody-dependent cellular cytotoxicity against
EGFR-expressing esophageal squamous cell carci-
noma. Int J Cancer 120: 781�787.

Khambata-Ford, S., Garrett, C.R., Meropol, N.J.,
Basik, M., Harbison, C.T., Wu, S. et al. (2007)
Expression of epiregulin and amphiregulin and K-RAS
mutation status predict disease control in metastatic
colorectal cancer patients treated with cetuximab.
J Clin Oncol 25: 3230�3237.

Lievre, A., Bachet, J.B., Boige, V., Cayre, A., Le Corre,
D., Buc, E. et al. (2008) KRAS mutations as an inde-
pendent prognostic factor in patients with advanced
colorectal cancer treated with cetuximab. J Clin Oncol
26: 374�379.

Lievre, A., Bachet, J.B., Le Corre, D., Boige, V.,
Landi, B., Emile, J.F. et al. (2006) KRAS mutation
status is predictive of response to cetuximab therapy in
colorectal cancer. Cancer Res 66: 3992�3995.

Linardou, H., Dahabreh, I., Kanaloupiti, D., Siannis,
F., Bafaloukos, D., Kosmidis, P. et al. (2008)
Assessment of somatic K-RAS mutations as a mecha-
nism associated with resistance to EGFR-targeted
agents: a systematic review and meta-analysis of stu-
dies in advanced non-small-cell lung cancer and
metastatic colorectal cancer. Lancet Oncol 9: 962�972.

Loupakis, F., Pollina, L., Stasi, I., Ruzzo, A.,
Scartozzi, M., Santini, D. et al. (2009) PTEN expres-
sion and KRAS mutations on primary tumors and
metastases in the prediction of benefit from cetuximab
plus irinotecan for patients with metastatic colorectal
cancer. J Clin Oncol 27: 2622�2629.

Lu, K., Mcguire, J.J., Slocum, H.K. and Rustum, Y.M.
(1997) Mechanisms of acquired resistance to modu-
lation of 5-fluorouracil by leucovorin in HCT-8 human
ileocecal carcinoma cells. Biochem Pharmacol
53: 689�696.

Lurje, G., Nagashima, F., Zhang, W., Yang, D.,
Chang, H.M., Gordon, M.A. et al. (2008)
Polymorphisms in cyclooxygenase-2 and epidermal
growth factor receptor are associated with progression-
free survival independent of K-RAS in metastatic col-
orectal cancer patients treated with single-agent
cetuximab. Clin Cancer Res 14: 7884�7895.

Moriai, T., Kobrin, M.S., Hope, C., Speck, L. and
Korc, M. (1994) A variant epidermal growth factor
receptor exhibits altered type alpha transforming
growth factor binding and transmembrane signaling.
Proc Natl Acad Sci U S A 91: 10217�10221.

Moroni, M., Veronese, S., Benvenuti, S., Marrapese,
G., Sartore-Bianchi, A., Di Nicolantonio, F. et al.
(2005) Gene copy number for epidermal growth factor
receptor (EGFR) and clinical response to antiEGFR
treatment in colorectal cancer: a cohort study. Lancet
Oncol 6: 279�286.

Niwa, R., Hatanaka, S., Shoji-Hosaka, E., Sakurada,
M., Kobayashi, Y., Uehara, A. et al. (2004)
Enhancement of the antibody-dependent cellular
cytotoxicity of low-fucose IGGL is independent of
FcgammarIIIa functional polymorphism. Clin Cancer
Res 10: 6248�6255.

Oden-Gangloff, A., Di Fiore, F., Bibeau, F., Lamy, A.,
Bougeard, G., Charbonnier, F. et al. (2009) Tp53
mutations predict disease control in metastatic color-
ectal cancer treated with cetuximab-based che-
motherapy. Br J Cancer 100: 1330�1335.

Ogino, S., Kawasaki, T., Brahmandam, M., Yan, L.,
Cantor, M., Namgyal, C. et al. (2005) Sensitive
sequencing method for KRAS mutation detection by
pyrosequencing. J Mol Diagn 7: 413�421.

Ogino, S., Nosho, K., Kirkner, G.J., Shima, K.,
Irahara, N., Kure, S. et al. (2009) PIK3ca mutation is
associated with poor prognosis among patients with
curatively resected colon cancer. J Clin Oncol
27: 1477�1484.

Perrone, F., Lampis, A., Orsenigo, M., Di Bartolomeo,
M., Gevorgyan, A., Losa, M. et al. (2008) PI3KCA/
PTEN deregulation contributes to impaired responses
to cetuximab in metastatic colorectal cancer patients.
Ann Oncol 20: 84�90.

Perrotte, P., Matsumoto, T., Inoue, K., Kuniyasu, H.,
Eve, B.Y., Hicklin, D.J. et al. (1999) Anti-epidermal
growth factor receptor antibody C225 inhibits angio-
genesis in human transitional cell carcinoma growing
orthotopically in nude mice. Clin Cancer Res
5: 257�265.

Petit, A.M., Rak, J., Hung, M.C., Rockwell, P.,
Goldstein, N., Fendly, B. et al. (1997) Neutralizing
antibodies against epidermal growth factor and ERBB-
2/neu receptor tyrosine kinases down-regulate vascular
endothelial growth factor production by tumor cells in
vitro and in vivo: angiogenic implications for signal
transduction therapy of solid tumors. Am J Pathol
151: 1523�1530.

Piette, J., Neel, H. and Marechal, V. (1997) MDM2:
keeping P53 under control. Oncogene 15: 1001�1010.

F Loupakis, C Cremolini et al.

http://tam.sagepub.com 179



Pintilie, M., Iakovlev, V., Fyles, A., Hedley, D.,
Milosevic, M. and Hill, R.P. (2009) Heterogeneity and
power in clinical biomarker studies. J Clin Oncol
27: 1517�1521.

Prenen, H., De Schutter, J., Jacobs, B., De Roock, W.,
Biesmans, B., Claes, B. et al. (2009) PIK3CA muta-
tions are not a major determinant of resistance to the
epidermal growth factor receptor inhibitor cetuximab
in metastatic colorectal cancer. Clin Cancer Res
15: 3184�3188.

Rajagopalan, H., Bardelli, A., Lengauer, C., Kinzler,
K.W., Vogelstein, B. and Velculescu, V.E. (2002)
Tumorigenesis: RAF/RAS oncogenes and mismatch-
repair status. Nature 418: 934.

Rodriguez-Viciana, P., Tetsu, O., Oda, K., Okada, J.,
Rauen, K. and Mccormick, F. (2005) Cancer targets
in the RAS pathway. Cold Spring Harb Symp Quant Biol
70: 461�467.

Saltz, L.B., Lenz, H.J., Kindler, H.L., Hochster, H.S.,
Wadler, S., Hoff, P.M. et al. (2007) Randomized phase
II trial of cetuximab, bevacizumab, and irinotecan
compared with cetuximab and bevacizumab alone in
irinotecan-refractory colorectal cancer: the bond-2
study. J Clin Oncol 25: 4557�4561.

Samuels, Y., Wang, Z., Bardelli, A., Silliman, N., Ptak,
J., Szabo, S. et al. (2004) High frequency of mutations
of the PIK3CA gene in human cancers. Science
304: 554.

Sartore-Bianchi, A., Martini, M., Molinari, F.,
Veronese, S., Nichelatti, M., Artale, S. et al. (2009)
PIK3CA mutations in colorectal cancer are associated
with clinical resistance to EGFR-targeted monoclonal
antibodies. Cancer Res 69: 1851�1857.

Sartore-Bianchi, A., Moroni, M., Veronese, S.,
Carnaghi, C., Bajetta, E., Luppi, G. et al. (2007)
Epidermal growth factor receptor gene copy number
and clinical outcome of metastatic colorectal cancer
treated with panitumumab. J Clin Oncol
25: 3238�3245.

Scartozzi, M., Bearzi, I., Berardi, R., Mandolesi, A.,
Fabris, G. and Cascinu, S. (2004) Epidermal growth
factor receptor (EGFR) status in primary colorectal
tumors does not correlate with EGFR expression in
related metastatic sites: implications for treatment with
EGFR-targeted monoclonal antibodies. J Clin Oncol
22: 4772�4778.

Shahbazi, M., Pravica, V., Nasreen, N., Fakhoury, H.,
Fryer, A.A., Strange, R.C. et al. (2002) Association
between functional polymorphism in EGF gene and
malignant melanoma. Lancet 359: 397�401.

Simi, L., Pratesi, N., Vignoli, M., Sestini, R., Cianchi,
F., Valanzano, R. et al. (2008) High-resolution melting
analysis for rapid detection of KRAS, BRAF, and
PIK3CA gene mutations in colorectal cancer. Am J
Clin Pathol 130: 247�253.

Sobrero, A.F., Maurel, J., Fehrenbacher, L.,
Scheithauer, W., Abubakr, Y.A., Lutz, M.P. et al.
(2008) EPIC: phase III trial of cetuximab plus

irinotecan after fluoropyrimidine and oxaliplatin fail-
ure in patients with metastatic colorectal cancer. J Clin
Oncol 26: 2311�2319.

Tejpar, S., De Roock, W., Biesmans, B., De Schutter,
J., Piessevaux, H., Humblet, Y. et al. (2008) High
amphiregulin and epiregulin expression in KRAS wild
type colorectal primaries predicts response and sur-
vival benefit after treatment with cetuximab and iri-
notecan for metastatic disease. Proceedings 2008
Gastrointestinal Cancers Symposium Abstr. 411.

Tice, D.A., Biscardi, J.S., Nickles, A.L. and Parsons,
S.J. (1999) Mechanism of biological synergy between
cellular SRC and epidermal growth factor receptor.
Proc Natl Acad Sci U S A 96: 1415�1420.

Tol, J., Dijkstra, J.R., Vink-Borger, M.E., Nagtegaal,
I.D., Punt, C.J., Van Krieken, J.H. et al. (2009b) High
sensitivity of both sequencing and real-time PCR
analysis of KRAS mutations in colorectal cancer tissue.
J Cell Mol Med: in press.

Tol, J., Koopman, M., Cats, A., Rodenburg, C.J.,
Creemers, G.J., Schrama, J.G. et al. (2009a)
Chemotherapy, bevacizumab, and cetuximab in
metastatic colorectal cancer. N Engl J Med
360: 563�572.

Van Cutsem, E., Kohne, C.H., Hitre, E., Zaluski, J.,
Chang Chien, C.R., Makhson, A. et al. (2009)
Cetuximab and chemotherapy as initial treatment for
metastatic colorectal cancer. N Engl J Med
360: 1408�1417.

Van Cutsem, E., Peeters, M., Siena, S., Humblet, Y.,
Hendlisz, A., Neyns, B. et al. (2007) Open-label phase
III trial of panitumumab plus best supportive care
compared with best supportive care alone in patients
with chemotherapy-refractory metastatic colorectal
cancer. J Clin Oncol 25: 1658�1664.

Van Heek, N.T., Clayton, S.J., Sturm, P.D., Walker, J.,
Gouma, D.J., Noorduyn, L.A. et al. (2005)
Comparison of the novel quantitative arms assay and
an enriched PCR-ASO assay for K-RAS mutations
with conventional cytology on endobiliary brush
cytology from 312 consecutive extrahepatic biliary
stenoses. J Clin Pathol 58: 1315�1320.

Van Krieken, J.H., Jung, A., Kirchner, T., Carneiro, F.,
Seruca, R., Bosman, F.T. et al. (2009) KRAS mutation
testing for predicting response to Anti-EGFR therapy
for colorectal carcinoma: proposal for an European
quality assurance program. Virchows Arch
454: 233�235.

Van Royen-Kerkhof, A., Sanders, E.A., Wijngaarden,
S., Van Roon, J.A., Voorhorst-Ogink, M. et al. (2004)
Flow cytometric determination of FcgammarIIa
(Cd32) polymorphism. J Immunol Methods
294: 135�144.

Viloria-Petit, A., Crombet, T., Jothy, S., Hicklin, D.,
Bohlen, P., Schlaeppi, J.M. et al. (2001) Acquired
resistance to the antitumor effect of epidermal growth
factor receptor-blocking antibodies in vivo: a role for
altered tumor angiogenesis. Cancer Res
61: 5090�5101.

Therapeutic Advances in Medical Oncology 1 (3)

180 http://tam.sagepub.com



Wan, P.T., Garnett, M.J., Roe, S.M., Lee, S.,
Niculescu-Duvaz, D., Good, V.M. et al. (2004)
Mechanism of activation of the RAF-ERK signaling
pathway by oncogenic mutations of B-RAF. Cell
116: 855�867.

Westra, J.L., Schaapveld, M., Hollema, H., De Boer,
J.P., Kraak, M.M., De Jong, D. et al. (2005)
Determination of Tp53 mutation is more relevant than
microsatellite instability status for the prediction of
disease-free survival in adjuvant-treated stage III colon
cancer patients. J Clin Oncol 23: 5635�5643.

Wheeler, D.L., Huang, S., Kruser, T.J., Nechrebecki,
M.M., Armstrong, E.A., Benavente, S. et al. (2008)
Mechanisms of acquired resistance to cetuximab: role
of HER (ERBB) family members. Oncogene
27: 3944�3956.

Wheeler, D.L., Iida, M., Kruser, T.J., Nechrebecki,
M.M., Dunn, E.F., Armstrong, E.A. et al. (2009)
Epidermal growth factor receptor cooperates with

SRC family kinases in acquired resistance to
cetuximab. Cancer Biol Ther 8: 696�703.

Xu, K. and Shu, H.K. (2007) EGFR activation results
in enhanced cyclooxygenase-2 expression through P38
mitogen-activated protein kinase-dependent activation
of the Sp1/Sp3 transcription factors in human gliomas.
Cancer Res 67: 6121�6129.

Zhang, W., Gordon, M., Schultheis, A.M., Yang, D.Y.,
Nagashima, F., Azuma, M. et al. (2007) Fcgr2a and
Fcgr3a polymorphisms associated with clinical out-
come of epidermal growth factor receptor expressing
metastatic colorectal cancer patients treated with
single-agent cetuximab. J Clin Oncol 25: 3712�3718.

Zhou, X.P., Loukola, A., Salovaara, R., Nystrom-
Lahti, M., Peltomaki, P., De La Chapelle, A. et al.
(2002) PTEN mutational spectra, expression levels,
and subcellular localization in microsatellite stable and
unstable colorectal cancers. Am J Pathol
161: 439�447.

Visit SAGE journals online
http://tam.sagepub.com

F Loupakis, C Cremolini et al.

http://tam.sagepub.com 181




