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ABSTRACT

The implementation of individualized targeted therapy for metastatic colorectal cancer (nCRC), in addition to standard
chemotherapeutic regimens, currently is a topic under debate. Approximately 35% - 45% of mCRC patients exhibit
mutated KRAS, which is considered to be an independent predictor of poor response to treatment with epidermal
growth factor receptor (EGFR) monoclonal antibody. However, only about 50% of patients with wild-type KRAS
respond to anti-EGFR therapy. Two major EGFR-dependent signaling pathways, RAS-RAF-MAPK and PI3K-PTEN-
AKT, may be involved in the poor response to anti-EGFR. Increased EGFR gene copy number as detected by fluorescence
in situ hybridization, but not increased EGFR protein expression, correlates with efficacy of anti-EGFR treatment. The
identification of mutations in BRAF and PIK3CA (exon 20) and deletions in PTEN also may help clinicians screen for
anti-EGFR resistance in mCRC patients with wild-type KRAS. To guide health professionals through the realm of
individualized targeted therapies for mCRC, we review recent progress on identifying negative predictors and prognos-

tic markers of anti-EGFR treatment efficacy.
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1. Introduction

Combination chemotherapy with irinotecan or oxaliplatin
and fluorouracil or its derivatives is the primary treatment
for recurrent or metastatic colorectal cancer (mCRC).
Despite an improved efficacy compared to chemotherapy
alone, the median survival time under this regimen is still
less than 2 years [1,2]. Molecularly targeted drug therapy
has demonstrated encouraging results and is now re-
garded as a standard treatment for mCRC. Epidermal
growth factor receptor (EGFR, HER1, and ErbB1) is one
of the most commonly targeted components in mCRC
therapy. Clinical application of anti-EGFR monoclonal
antibodies (anti-EGFR) such as cetuximab and panitu-
mumab extends the median survival time for mCRC pa-
tients beyond 2 years [3,4]. However, several studies
have shown that the efficacy of cetuximab and panitu-
mumab monotherapy for mCRC patients who had been
previously treated with chemotherapy is only around
10%. The efficacy is marginally improved by 8% - 10%
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in combination with first-line chemotherapy (FOLFOX/
FOLFIRI regimen), when compared to conventional
chemotherapy [5,6]. The current challenge is the indi-
vidualization of targeted anti-EGFR therapy for mCRC.
Mutations in the EGFR gene are poor predictors for its
clinical efficacy. In contrast, genetic variations in the two
EGFR-dependent signaling pathways (RAS-RAF-MAPK
and PI3K-PTEN-AKT) may reveal more information for
predicting the clinical efficacy of anti-EGFR therapies
[7.,8].

2. EGFR

EGFR (HER1/ErbB1) is a transmembrane glycoprotein
in the HER/ErbB receptor tyrosine kinase family, which
consists of four members. EGFR is activated by ligand
binding and then forms homologous or heterologous
dimers with other monomers in the HER/ErbB family.
Upon dimerization, EGFR undergoes a conformational
change, activates its intrinsic tyrosine kinase activity, and
autophosphorylates the tyrosine residue at its C-terminus.
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The phosphorylated tyrosine becomes a binding site for
SH2 or PTB domain-containing signaling molecules such
as growth factor receptor-bound protein (GRB2) and
phosphatidylinositol-3,4,5-triphosphate (PI3K), thereby
initiationg a cascade of intracellular signal transduction
pathways [9]. Among the activated pathways, the two
major EGFR-dependent signaling pathways (RAS-RAF-
MAPK and PI3K-PTEN-AKT), and interactions between
these two, play important roles in tumor growth, invasion,
and metastasis. Therefore, the RAS-RAF-MAPK and
PI3K-PTEN-AKT signaling pathways are regarded as
potential molecular targets for anti-tumor therapies [10]
(Figure 1).

2.1. EGFR Gene Copy Number

Studies have shown that increased EGFR gene copy
number (GCN) was positively associated with efficacy of
colon cancer therapies [11-14]. Moroni et al. [15] re-
ported that in patients responding well to anti-EGFR
treatment, tumor growth was mainly driven by the EGFR
signaling pathway, which could be evoked by increased
EGFR GCN. In patients with high EGFR GCN but poor
responses to anti-EGFR treatment, it is possible that
downstream signaling pathways had been constitutively
activated, for instance, via mutations in KRAS/BRAF/
PIK3CA oncogenes or deletions in the tumor suppressor
gene, PTEN. More than 70% of cases involving increased
EGFR GCN are accompanied by wild-type KRAS, and
in the KRAS wild-type subgroup, the EGFR fluorescence
in situ hybridization (FISH) or automated silver in situ
hybridization (SISH)-positive phenotype was associated
with a higher response rate (>70%) than in tumors with
normal EGFR GCN [16,17]. Scartozzi et al. [14] found
that in mCRC patients with wild-type KRAS and increased
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increased EGFR GCN who have not responded to iri-
notecan treatment, continuous combination therapy with
cetuximab could achieve an efficacy of 60%. However,
the efficacy in patients without increased EGFR GCN
was only 9%, suggesting that EGFR GCN can be used to
predict the most optimal treatments for mCRC patients
with wild-type KRAS. In addition, most studies trying to
detect EGFR GCN by quantitative PCR yielded negative
results. This may result from dilution of the tumor DNA
by normal tissue DNA in the process of DNA extraction.
To avoid this, the use of FISH or chromogenic in situ
hybridization (CISH) to detect EGFR GCN is recom-
mended.

2.2. EGFR Protein Expression and Gene Mutation

From 25% to 80% of CRC patients concurrently exhibit
EGFR overexpression, which appears to be unrelated to
gene amplification [7,18,19]. EGFR and phospho-EGFR
expression levels are associated with tumor cell hyper-
proliferation. Phospho-EGFR was not prognostic, whereas
increased EGFR immunohistochemistry intensity was in-
dependently associated with poor disease-free survival
[20]. Although anti-EGFR acts on EGFR located on the
outer cell membrane, the expression level of EGFR does
not correlate with the efficacy of anti-EGFR therapy,
which was only about 10% in monotherapy of cetuximab
[21,22]. In addition, many patients with low or even un-
detectable expression of EGFR respond well to anti-
EGFR therapy [23]. Chung et al. [24] reported that after
failed irinotecan treatment, anti-EGFR therapy was ef-
fective in 25% (4/16 cases) of EGFR-negative mCRC
patients. Thus, EGFR overexpression may not be a reli-
able predictor of anti-EGFR treatment efficacy.
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Figure 1. Schematic representation of molecular markers for predicting anti-EGFR treatment efficacies in mCRC patients.
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The incidence of somatic mutations of EGFR in ad-
vanced colorectal cancer is less than 1%. These muta-
tions are independent of K-Ras mutation [19], and not as-
sociated with cetuximab and panitumumab treatment res-
ponses [25,26]. Therefore, the validity of using EGFR
gene status as a predictor of mCRC prognosis currently is
debatable, and EGFR mutations may not be suitable in-
dicators for survival and prognosis [20,27]. As an IgGl
antibody, cetuximab may exert its antitumor efficacy
through both EGFR antagonism and antibody-dependent
cell-mediated cytotoxicity (ADCC) [28]. ADCC effec-
tiveness against tumors is dependent on antibody glyco-
sylation, IgG1 isotype, and EGFR expression by tumor
cells [29]. Thus, ADCC may play a significant role in
targeted therapy.

3. RAS-RAF-MAPK Signaling Pathway

After autophosphorylation of the intracellular tyrosine
kinase domain on EGFR, the signal is transduced to Ras,
a small guanosine triphosphate (GTP) binding protein,
via the adaptor protein GRB2 and the guanine nucleotide
exchange factor SOS (son of sevenless). Ras then acti-
vates several key molecules of the RAS-RAF-MAPK
signal cascade, such as RAF, MEK1/2, and Erk to con-
trol cell growth, differentiation, and apoptosis. Previous
studies have demonstrated that the RAS-RAF-MAPK
signaling pathway is a primary contributor to the anti-
EGEFR treatment response in mCRC patients [7,10].

3.1. KRAS Mutation

KRAS executes signal transduction between several ex-
tracellular ligands and intracellular molecules. Approxi-
mately 35% - 45% of mCRC patients also exhibit KRAS
mutations, and unlike correlations detected among non-
small cell lung cancer patients, the mutation rate of the

KRAS gene in mCRC is unassociated with race [3,30,31].

The KRAS activating mutations are considered to be an
independent predictor of poor anti-EGFR treatment effi-
cacy.

Currently, the efficacy of cetuximab and panitumumab
monotherapy in chemotherapy-resistant patients with un-
known KRAS gene status has been 8% - 10% compared
with 0% for best supportive care [5,6]. The efficacy of
panitumumab monotherapy for chemotherapy-resistant
mCRC patients exhibiting the wild-type KRAS gene is
10% - 17% compared with 0% for patients with KRAS
mutations [3,6]. The efficacy of cetuximab is 12.8% for
patients with wild-type KRAS and 1.2% for patients with
KRAS mutations [30]. Cetuximab combined with first-
line chemotherapy achieves efficacies of 57% - 61% in
mCRC patients with wild-type KRAS and 33% - 43% in
patients with unknown KRAS status. In contrast, the ef-
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ficacy for mCRC patients with mutations in KRAS was
only 0% - 6% [4,32]. An update of the CRYSTAL and
OPUS meta-analyses [4] reported that among mCRC
patients with wild-type KRAS, the addition of cetuximab
to standard first-line chemotherapy could significantly
prolong the overall survival (OS) of patients (23.5 months
vs. 19.5 months; hazard ratio [HR] = 0.81, P = 0.0062).
Additionally, using highly sensitive methods for the de-
tection of KRAS mutations significantly improves the
identification of mCRC patients resistant to anti-EGFR
therapy [33].

It is not clear whether mutated KRAS is a reliable
prognostic marker. A retrospective study by Andreyev
et al. [34] analyzed 2721 cases of colorectal cancer and
observed an association between KRAS mutations and an
increased risk of death from colorectal cancer. However,
Karapetis et al. [30] compared cetuximab to the best
supportive care for the treatment of mCRC in a prospec-
tive phase III clinical trial and found that KRAS gene
mutation did not increase the risk of death in patients
treated with best supportive care, suggesting that KRAS
mutation may not be a reliable indicator of poor mCRC
prognosis.

The incidence of NRAS oncogene mutation is less
than 5%. De Roock et al. [35] reported that in patients
with wild-type and mutant NRAS, the response rates
after cetuximab therapy were 7.7% and 38.1%, respec-
tively (OR = 0.14, P = 0.013). Since NRAS is almost
always mutually exclusive with KRAS and BRAF muta-
tions, addition of NRAS may help to further screen anti-
EGFR-resistant mCRC patients with wild-type KRAS
and BRAF.

3.2. BRAF Mutation

Approximately 6% - 10% of mCRC patients exhibit
BRAF gene mutations; in several studies, these are asso-
ciated with cetuximab resistance. Therefore, BRAF muta-
tion may be an independent predictor of cetuximab effi-
cacy [36-39]. Di Nicolantonio et al. [37] reported that
9.7% (11/113) of mCRC patients exhibited wild-type
KRAS and mutant-type BRAF (KRAS WT/BRAF MT),
whereas none of these 11 patients responded effectively
to targeted therapy. In another study, Di Nicolantonio
et al. found that 93.75% (15/16) of patients with BRAF
mutations were resistant to cetuximab treatment. In the
CAIRO2 [39] trial, 559 mCRC patients were screened
for mutated BRAF. The results suggested that regardless
of cetuximab application, the progression-free survival
(PFS) and OS of KRAS WT/BRAF WT patients was
significantly improved as compared with the KRAS WT
/BRAF MT patients. This indicates that BRAF mutation
may be a useful prognostic factor.
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Studies have found that mutations in KRAS and BRAF
were mutually exclusive [40,41], so 45% - 55% of mCRC
patients might avoid unnecessary anti-EGFR therapy
through mutation screening in these two genes. The 2010
version of the national cancer comprehensive network
(NCCN) guidelines recommends further testing for BRAF
mutation in patients with wild-type KRAS. In addition,
the 2010 ASCO (American society of clinical oncology)
update of the CRYSTAL trial [4,42] showed that cetuxi-
mab combined with chemotherapy did not significantly
improve the treatment efficacy of mCRC patients who
were KRAS WT/BRAF MT. The HRs for OS and PFS
were 0.62 (95% CI 0.36 - 1.06) and 0.67 (95% CI 0.34 -
1.29), respectively, indicating only a marginal improve-
ment. Furthermore, in the group receiving chemotherapy
alone, the efficacy among KRAS WT/BRAF MT patients
was significantly lower than among KRAS WT/BRAF
MT patients. Specifically, KRAS WT/BRAF MT patients
had an OS of 9.9 months, versus 21.1 months among
KRAS WT/BRAF WT patients. The PFS of KRAS WT/
BRAF MT patients was 3.7 months, compared to 7.7
months for KRAS WT/BRAF WT patients. These results
suggest that BRAF mutations are not only predictors for
anti-EGFR therapy, but may also be an important indi-
cator for prognosis. Given the paucity of KRAS WT/
BRAF MT cases in the above study, the value of BRAF
mutations for the prediction of cetuximab efficacy and
prognosis still needs to be independently confirmed.

4. PI3K-PTEN-AKT Signaling Pathway

Neither genetic variations in EGFR amplification nor
mutations in KRAS or BRAF can explain the 50% rate of
poor response to anti-EGFR treatment in patients with
wild-type KRAS. Instead, other EGFR-dependent signal-
ing pathways—such as PIK3CA mutation, PTEN dele-
tion, or pAKT overexpression—may be involved in treat-
ment resistance. It is well known that phosphorylation
and dephosphorylation play key roles in effecting basic
cellular activities. PI3K activates the PI3K/AKT pathway
by phosphorylating phosphatidylinositol-3,4-bisphosphate
(PIP2), whereas PTEN negatively modulates the PI3K/
AKT signaling pathway by dephosphorylation, resulting
in the inhibition of cell proliferation and the activation of
apoptosis. PIK3CA mutations or PTEN deletions lead to
PIP3 accumulation in the cytosol and sustained activation
of AKT. The result is inhibition of apoptosis and stimu-
lation of continuous cell growth. Recent studies have
shown that the PI3K-PTEN-AKT signaling pathway is a
key factor determining the response to anti-EGFR treat-
ment in mCRC [8,30,41-44].

4.1. PIK3CA Mutation
The incidence of PIK3CA mutations and PTEN deletions
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is approximately 15% - 20%, of which about 8% may
coexist with KRAS and BRAF mutations [8,35,43-46].
About 70% of PIK3CA mutations are accompanied by
KRAS mutations. Of these, almost all mutations in exon
20 are associated with mutations in KRAS, whereas only
50% of mutations in exon 9 are associated with KRAS
mutations [40]. Most studies support that activation of
the PIK3CA/PTEN signaling pathway predicts resistance
to anti-EGFR treatment [43-46], but some discrepancies
exist [47]. De Roock et al. [35] retrospectively analyzed
the PIK3CA genotype in 743 mCRC tumor samples us-
ing mass spectrometry. These researchers observed that
the overall frequency of PIK3CA mutations was 14.5%
(108/743 cases). Of these, 68.5% (74/108 cases) occurred
in exon 9, and 20.4% (22/108 cases) occurred in exon 20.
Compared with wild-type PIK3CA, mutations in exon 9
do not affect treatment efficacy, but mutations in exon 20
are suggestive of poor prognoses. The response rates for
patients with mutant and wide-type exon 20 were 0 and
36.8%, respectively (OR = 0.00, P = 0.029). These re-
sponse rates were associated with median PFS times of
11.5 weeks and 24 weeks, respectively (HR = 2.52, P =
0.013), and median OS times of 34 weeks and 51 weeks,
respectively (HR = 3.29, P = 0.0057). Ogino et al. [48]
analyzed the correlation between PIK3CA mutations and
tumor-related deaths in early resectable CRC and found
that the incidence of PIK3CA mutation was 18% (82/450
cases) and was correlated with tumor-related deaths in
patients with wild-type but not mutant KRAS, implying
that PIK3CA may be of value for prognosis.

4.2. AKT Expression

Overexpression of the PI3K downstream factor phos-
phor-AKT (pAKT) has been linked to tumor proliferation,
invasion, and angiogenesis [49]. Therefore, it is con-
ceivable that pAKT overexpression may be associated
with poor CRC prognosis because activation of onco-
genes or inactivation of tumor suppressor genes may
correlate with highly aggressive tumors. However, a ret-
rospective study (n = 717 cases) [50] reported that pAKT
overexpression correlated with a lower grade leading to a
good prognosis for CRC patients. That is, pAKT overex-
pression is an indicator of good prognosis and thus is a
promising new target for cancer therapy. Researchers
believe that CRC patients without pAKT overexpression
acquire worse prognostic factors and maintain malignant
tumor behaviors [50].

4.3. PTEN Deletion

PTEN plays an important role in the pathogenesis and
development of colorectal cancers, and PTEN inactiva-
tion is not only a predictor of nonresponse to anti-EGFR
therapy [45-47] but also is a marker for poor prognosis
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[50]. Studies suggest that PTEN deletions in metastases
may predict resistance to cetuximab and irinotecan com-
bination therapy [51]. Specifically, the efficacy of cetuxi-
mab was significantly higher for mCRC patients express-
ing PTEN-positive metastases (PTEN+) compared with
those expressing PTEN-negative metastases, with object-
tive response rates (ORR) of 36% versus 5% (P = 0.007),
respectively, and PFS of 4.7 months versus 3.3 months
(HR =0.49, P = 0.005), respectively. PTEN+/KRAS WT
patients had significantly longer PFS times than other
patients (5.5 months vs 3.8 months; HR = 0.42, P =
0.001), indicating that detection of PTEN deletions and
KRAS mutations together may help in screening efforts
for anti-EGFR reactivity among mCRC patients. How-
ever, Tol et al. [38,39] reported that in wild-type KRAS
patients, only BRAF mutations (not PTEN deletions or
PIK3CA mutations) independently predicted cetuximab
efficacy. Of course, standardization of detection methods
for PTEN gene deletions will facilitate multi-center trials
and improve comparability of results.

5. Evaluation of RAS-RAF-MAPK and
PI3K-PTEN-AKT Signaling Pathways
for Individualized Treatment

Regardless of whether the EGFR gene is activated or
blocked by drugs, mutations in KRAS, BRAF, or PIK3CA

genes lead to sustained activation of the RAS-RAF-
MAPK and PI3K-PTEN-AKT signaling pathways [52].
Comprehensive detection of these genetic variations may
facilitate the identification of more mCRC patients pre-
dicted to be resistant to anti-EGFR therapy [35,39,46].
Most of the molecular markers reported here were evalu-
ated alone as indicators for the efficacy of anti-EGFR
treatment. However, some overlapping features of these
molecules may further increase the complexity of apply-
ing these genes as efficacy predictors. Some prognostic
and predictive molecular markers of anti-EGFR for CRC
are listed in Table 1.

Using laser microdissection and sequencing analyses,
Baldus et al. [8] found that 60% of mCRC patients have
at least one mutation in KRAS, BRAF, or PIK3CA. Ad-
ditional detection of BRAF and PIK3CA mutations can
identify 15% more anti-EGFR-resistant patients than
detecting the KRAS mutation alone. Similarly, Sartore-
Bianchi et al. [53] observed that 70% (74/106) of mCRC
patients exhibited variations in at least one of these genes
(KRAS, BRAF, PIK3CA mutations; PTEN deletions).
The clinical efficacies for patients according to gene
variations were as follows: 51% for those without gene
mutation, 4% for those with one gene mutation, and 0%
for those with >2 gene mutations.

Table 1. Promising prognostic and predictive molecular markers for the response to EGFR-targeted monoclonal antibody

treatment for advanced colorectal cancer.

Gene Signal Variation Variation Variation Response to Prognostic Predictive
Pathway Type Sites anti-EGFR Marker Marker
. Exon 2 35% - 45% . Yes [31,34,36]  Yes [4,30,35,37,42]
KRAS RAS-RAF Mutation (Code 12,13) [8,35,40,43] Resistant No [30] No [36]
0,
NRAS RAS-RAF Mutation - 2[365? Resistant LD Yes [35]
. Exon 15 6% - 10% . Yes [4,16,37,42]
BRAF RAS-RAF Mutation (V600E) [8.40] Resistant Yes [36] No [36]
Exon 9+20 13% - 18% Resistant
[35,40,45,46,48]
PIK3CA  PI3K-AKT Mutation Yes [48] Y‘;\? [‘Ej}‘f]
Exon 9 21% [8] NA °
Exon 20 4%-11% [35,40] Resistant
o/ _ 5()0,
PTEN PI3K-AKT  Loss expression - 13% - 50% Resistant LD Yes [16,43-45]
[31,43-45]
. . 25% - 80% Uncertainty
EGFR EGFR High expression - [7.45] NA [20-22] No [21,22]
Amplification 16% - 50% -
(FISH positive) - [12,14,16,43] Sensitive LD Yes [11-14,16]
Mutation - <1% [25,26] NA LD No [25,26]

Uncertainty: Studies reported larger conflict and no definite conclusion. EGFR FISH positive: EGFR GCN cutoff value > or = 2.60 - 2.92 gene copies per cell

[10-13,15]. LD: lack of data reported; NA: no association.
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De Roock et al. [35] used mass spectrometry to deter-
mine genotypes of KRAS, BRAF, NRAS, and PIK3CA
in 747 mCRC tumor samples and correlated the results
with efficacies of cetuximab. In KRAS wild-type and
mutant patients, the treatment efficacies of cetuximab
were 35.8% and 6.7%, respectively (OR = 0.13, P <
0.0001). The median PFS times were 24 weeks and 12
weeks (HR = 1.98, P < 0.0001), respectively, and the
median OS times were 50 weeks and 32 weeks (HR =
1.75, P < 0.0001), respectively. Among patients exhibit-
ing wild-type KRAS, the response rates of patients with
BRAF and NRAS mutations were significantly lower
than those of wild-type BRAF/NRAS patients. In this
study, the overall response rate of randomly selected pa-
tients was 24.4%, whereas that of the KRAS wild-type
patients was 36.3%. The ORR of patients with wild-type
KRAS, BRAF, NRAS, and PIK3CA (exon 20) genes was
41.2%. Recent results of the CAIRO2 clinical trial (n =
559) [39] suggest that, except for KRAS and BRAF gene
mutations, other genetic variants alone or in combination
cannot be used as predictors for treatment efficacy and
prognosis of mCRC.

6. Conclusions

Further analyses of BRAF and PIK3CA mutations and of
PTEN deletions in mCRC patients with wild-type KRAS
may lend additional insight into their predictive values
for anti-EGFR therapy. Approximately 60% - 70% of
mCRC patients can be identified as nonresponders for
anti-EGFR therapy using these genetic characteristics. In
the remaining 30% - 40% of mCRC patients, the effec-
tiveness of anti-EGFR combined with first-line chemo-
therapy was up to 60%. Inclusion of anti-EGFR therapy
can achieve an efficacy of close to 40%, even in chemo-
therapy-resistant mCRC patients. NRAS mutations and
EGFR GCN also seem to be relevant for treatment effi-
cacy and necessitate further study. At present, prospec-
tive data from comprehensive mutation analyses for both
the KRAS-BRAF and the PIK3CA-PTEN signaling path-
ways are needed to assess their predictive power for
anti-EGFR treatment response in mCRC patients. Con-
sidering the high cost of treatment and low cost of detec-
tion, it seems both economical and reasonable to perform
routine tests for BRAF and PIK3CA mutations and for
PTEN deletions in patients exhibiting wild-type KRAS.
Additionally, a set of standardized and effective detec-
tion methods needs to be established to unify the results
of current clinical trials, and to objectively judge the pre-
dictive and prognostic value of these molecular markers.
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