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Abstract

The development of monoclonal antibodies 
(mAbs) cetuximab and panitumumab, which 
target the transmembrane protein epidermal 
growth factor receptor (EGFR), mark a major 
step forward in the treatment of metastatic 
colorectal cancer (mCRC). However, this thera-
peutic progress proved to be effective only in a 
very restricted subset of patients. Although sev-
eral mechanisms of resistance, both primary and 
acquired, have been identified, the only estab-
lished predictive tumour biomarker for the treat-
ment of mCRC patients is the RAS mutational 
status. RAS activating mutations predict a lack of 
response to these therapies while low levels of 
primary resistance characterize RAS wild type 

(WT) patients (only about 15%). However, even 
WT patients that initially respond to anti-EGFR 
therapy, eventually undergo tumour progression. 
In this context, there is still more to be done in 
the search for effective predictive markers with 
therapeutic applicability. In this chapter, we pro-
vide an overview on the mechanisms that con-
tribute to resistance to EGFR-targeted therapy 
and highlight what is still missing in our under-
standing of these molecular mechanisms and 
approaches to overcome them.
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8.1  Introduction

Cancer is a worldwide health problem whose inci-
dence has been increasing every year, severely 
threatening human wellbeing. Colorectal cancer 
(CRC) ranks among the third most frequent cancer 
type and the fourth leading cause of cancer- related 
death (Ferlay et  al. 2015). Although impressive 
advances in cancer therapy have been achieved 
over the last 20 years (better surgical techniques, 
better screening methods, improved postoperative 
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care, regular follow-ups and more effective adju-
vant therapies), CRC is still an  illness with unde-
sirably high mortality, mainly associated to the 
metastatic setting. The prognosis of patients with 
mCRC has been improving, and correspond now 
to median overall survival (OS) of over 30 months, 
depending on the treatment options (Heinemann 
et al. 2014; Venook et al. 2017).

Novel therapies targeting the epidermal growth 
factor receptor (EGFR) have significantly contrib-
uted to the improvement of the OS of mCRC 
patients. EGFR is a transmembrane receptor 
belonging to the ErbB tyrosine kinase family 
which consists of four related proteins: EGFR 
(ErbB1/HER1), HER2/neu (ErbB2), HER3 
(ErbB3) and HER4 (ErbB4) (Hynes and Lane 
2005; Wieduwilt and Moasser 2008). All family 
members contain an extracellular ligand- binding 
domain with two cysteine-rich regions, a single 
membrane-spanning region and a cytoplasmic 
tyrosine kinase domain. In healthy cells, EGFR 
signalling is tightly regulated by various extracel-
lular ligands, namely EGF, Amphiregulin, 
Epiregulin and TGFα, which induce homo- and 
hetero-dimerization with other ErbB members 
and the subsequent activation of downstream 
pathways, such as RAS-RAF-MEK-MAPK, 
PIK3CA-AKT, the SRC family kinases, PLCγ- 
PKC and JAK/STATs (Fig. 8.1) (Oda et al. 2005). 
These pathways are involved in several essential 
cellular processes including proliferation, migra-
tion, invasion, survival and angiogenesis. 
However, in pathologic conditions, constitutive 
activation of EGFR or downstream effectors (by 
activating mutations, increased copy number and 
upregulations) are described as responsible for 
tumour development and metastasization. EGFR 
is expressed in various cancers including in CRC 
with a frequency of 60–80%, where it plays a key 
role in tumour development and progression 
(Spano et al. 2005). Therefore, its essential func-
tion together with its deregulated activity in can-
cer justified the rational for the development of 
EGFR inhibitors. To date, two monoclonal anti-
bodies (mAbs) against EGFR were approved for 
the treatment of patients with mCRC. Cetuximab 
is a human-mouse chimeric monoclonal antibody 
(IgG1 subtype), whereas panitumumab is a fully 

human anti-EGFR monoclonal antibody (IgG2K 
subtype). Both antibodies recognize and bind to 
the extracellular domain of EGFR, not only block-
ing the ligand-binding region and therefore pre-
venting its ligand-mediated activation, but also 
causing receptor internalization and degradation, 
inhibiting further signalling propagation 
(Ciardiello and Tortora 2008). Furthermore, 
cetuximab induces antibody-mediated cytotoxic-
ity due to its ability to recruit immune effector 
cells such as macrophages and monocytes to the 
tumour, which have specific receptors to bind the 
antibody’s constant Fc domain (Yang et al. 2013a, 
b). Cetuximab and panitumumab were proven to 
give similar benefit in terms of progression-free 
survival (PFS), overall survival (OS), response 
rate (RR), as well as quality of life, in several 
phase II and III clinical trials in combination with 
chemotherapy or as single agent (Bokemeyer 
et  al. 2009; Van Cutsem et  al. 2011; Douillard 
et al. 2014). Unfortunately however, only a small 
percentage of mCRC patients are sensitive to anti-
EGFR therapy due to primary or innate resistance. 
And even those that initially respond, eventually 
acquire resistance and relapse under this therapy 
(secondary resistance). When used as a single 
agent in unselected mCRC patients, Cetuximab 
and panitumumab achieved only a RR of about 
10–20% (Cunningham et  al. 2004; Van Cutsem 
et al. 2007). This low RR is caused by the high 
frequency of genetic or epigenetic alterations in 
proteins involved in EGFR regulation itself and 
downstream pathways (such as RAS, BRAF, 
PI3K and PTEN) that blunt the response to mAbs 
targeting EGFR.  The subgroup of patients with 
tumours wild-type for RAS, BRAF, PIK3CA and 
expressing normal levels of PTEN have the best 
response to mAbs (De Roock et  al. 2010a, b; 
Karapetis et  al. 2014). Nevertheless, still about 
10% of these individuals remain resistant to anti-
EGFR therapies, suggesting the existence of still 
unknown alternative mechanisms capable of 
influencing treatment effectiveness.

To date the molecular mechanisms of response 
to anti-EGFR mAbs are not yet completely 
understood. For instance, reports have shown that 
some patients experience benefit to cetuximab, 
although having undetectable levels of EGFR 
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(Chung et al. 2005), or occasionally patients that 
although harbouring RAS activating mutations 
are able to respond to these therapies (Karapetis 
et al. 2008; Linardou et al. 2008). Therefore, in 
this era of targeted medicine, clinical and transla-
tional efforts are being made to better understand 
the molecular complexity of mCRC tumours in 
order to better adapt the treatment to the molecu-
lar characteristics of the specific patient. 
Furthermore, the identification of clinical rele-

vant predictive biomarkers able to effectively 
select patients who will likely benefit from these 
therapies, will not only prevent unnecessary tox-
icity in resistant patients, but also allow them to 
receive undelayed alternative treatments.

The aim of this chapter is to provide an over-
view on the molecular mechanisms that underlie 
resistance to EGFR-targeted mAbs in mCRC and 
to discuss possible future directions on how to 
overcome them.

Fig. 8.1 EGFR-mediated signalling pathways and clini-
cally available strategies for their inhibition. EGFR 
ligands bind to the extracellular domain of the receptor 
leading to its activation and downstream signal propaga-
tion, which is essential for tumour cell growth and prolif-
eration. The antibodies cetuximab and panitumumab 

prevent ligand binding to EGFR, thus blocking receptor 
signalling. Further targeted agents are available to inhibit 
EGFR-stimulated downstream pathways and represent 
potentially valuable tools to overcome resistance to anti- 
EGFR treatment. Stars indicate oncogenic mutations 
involved in resistance of tumours to anti-EGFR therapy
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8.2  Molecular Events That 
Positively Correlate 
with Primary Response

8.2.1  Alterations in EGFR Copy 
Number

Early studies conducted both in heavily pre- 
treated chemotherapy-refractory patients or in 
chemotherapy-naïve mCRC patients, have dem-
onstrated that about 80% of unselected mCRC do 
not benefit from anti-EGFR therapy (Cunningham 
et al. 2004; Misale et al. 2012). In this context, it 
was hypothesized that EGFR mutations, levels of 
expression or levels of its specific ligands could 
be associated to the lack of response. Soon was 
realized that, contrarily to non-small-cell lung 
carcinoma (NSCLC) where mutations in the 
kinase domains of EGFR correlate with clinical 
responsiveness to the small molecule tyrosine 
kinase inhibitors (TKI) gefitinib or erlotinib 
(Gazdar 2009), point mutations in EGFR are 
extremely rare in CRC and when they do occur, 
they are associated with secondary resistance 
(Barber et  al. 2004). Therefore, several studies 
further assessed whether levels of EGFR expres-
sion could correlate with treatment resistance, 
considering that trastuzumab, a mAb against 
human epidermal growth factor receptor 2 (HER2/
neu) was most effective in patients with meta-
static breast tumours overexpressing HER2/neu 
(Perez et  al. 2014). Disappointingly, levels of 
expression of EGFR were found not to correlate 
with clinical response to cetuximab or to panitu-
mumab (Chung et al. 2005; Jonker et al. 2007). 
Curiously, however, alterations in EGFR gene 
copy number were later confirmed in retrospec-
tive analysis of clinical trials to be associated with 
responses to EGFR-targeted therapy. For exam-
ple, in a cohort study, about 90% of the patients, 
who experienced an objective response, had an 
increase in copy number (three- to five- fold), 
detected by fluorescence in situ hybridization 
(FISH) (Moroni et al. 2005). In contrast, only 5% 
of non-responders showed an increased EGFR 
copy number. Although only a modest increase in 
copy number was seen, correlation with response 
was further confirmed in another large and more 

homogenous cohort (Sartore- Bianchi et al. 2007). 
Intriguingly however, is the fact that increased 
EGFR gene copy number did not seem to corre-
late with increased expression of this protein 
(Cappuzzo et al. 2008; Campanella et al. 2010). 
Therefore, the reason why and how this amplifica-
tion correlates with response is largely unknown 
and requires further studies. Furthermore, due to 
lack of technical standardization and definition of 
a clear and reproducible cut-off for gene amplifi-
cation, the assessment of gene copy number by 
FISH shows high variability, which further makes 
this biomarker clinically unpractical. Finally, sta-
tistical correlation between the increased copy 
number of EGFR and response to cetuximab and 
panitumumab is not strong enough to allow the 
clinical use of this biomarker for the predictive 
selection of patients (Personeni et  al. 2008; 
Sartore-Bianchi et al. 2012).

8.2.2  Alteration in EGFR-Ligands 
Expression

Other molecular alterations that positively associ-
ate with response are the levels of expression of 
the EGFR ligands Amphiregulin (AREG) and 
Epiregulin (EREG). In a prospective clinical trial 
of 110 patients with mCRC, AREG and EREG 
levels were higher in pre-treatment tumours from 
responding patients compared to non-responders 
(Khambata-Ford et al. 2007). A subsequent in a 
lager cohort of KRAS WT patients showed similar 
effects, namely that expression of higher levels of 
mRNA for either of these ligands was linked to 
sensitivity to cetuximab monotherapy, improving 
disease control rate and progression- free survival 
(Jacobs et  al. 2009). Interestingly, patients with 
KRAS WT or KRAS mutant tumours have similar 
response rates when ligand expression levels are 
low and in both cases experience worst responses 
to cetuximab. It is believed that an autocrine or 
paracrine loop generated by the increased expres-
sion of these ligands is responsible for driving the 
growth of these tumours. Low levels of expres-
sion of AREG and EREG may characterize a 
tumour that is less dependent on EGFR and, 
therefore, less sensitive to its inhibition.
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Similarly to EGFR gene copy number, the lev-
els of expression of AREG and EREG have so far 
been difficult to assess (mRNA levels), score and 
reproduce. Therefore, at present, these markers 
cannot be used to select patients for cetuximab or 
panitumumab therapy.

8.3  Primary Resistance to Anti- 
EGFR Therapy

8.3.1  RAS Mutations

RAS-RAF-MAPK is the signalling pathway 
mostly studied in cancer given the high frequency 
of genetic alterations in its components, as well 
as, its crucial role in cell growth and differentia-
tion. The RAS family is composed of the three 
genes KRAS, NRAS and HRAS that encode small 
guanosine-triphosphate (GTP) hydrolases, that 
act as signal transducers by cycling between a 
GDP and GTP-bound conformation upon cell 
surface receptor stimulation (Malumbres and 
Barbacid 2003). CRC tumours present with about 
40% of KRAS mutations, 3–5% of NRAS and less 
than 1% of HRAS genetic alterations (Bos 1989; 
Fernández-Medarde and Santos 2011). In 
tumours, mutations found in RAS family mem-
bers generally lead to constitutive activation of 
these proteins and their downstream effector 
pathway (MAPK pathway), independently of the 
upstream signalling cascade or growth factor 
receptor.

A large number of retrospective analyses of 
data from previous clinical trials over the last 
decade have led to the discovery that patients 
with KRAS activating mutations in codons 12 
(70–80% of KRAS mutations) or 13 (15–20% of 
KRAS mutations) of exon 2 do not benefit from 
cetuximab or panitumumab agents. Clinical trials 
in which EGFR-targeted mAbs cetuximab or 
panitumumab were used to treat either 
chemotherapy- refractory (NCIC trial) or naïve 
mCRC patients (OPUS, CRYSTAL and PRIME 
trials), demonstrated that KRAS WT patients had 
a statistically significant improvement in OS and 
PFS, whereas KRAS mutant patients did not show 
any benefit in OS, in PFS or quality of life (Van 

Cutsem et  al. 2011; Douillard et  al. 2014; Van 
Cutsem et al. 2015a, b). The exclusion of patients 
with RAS mutations has allowed the identifica-
tion of the subgroup of patients that is more likely 
to benefit from anti-EGFR therapies. Therefore, 
in patients with wild-type RAS genotype median 
OS was 25.8  months versus 20.2  months 
(HR = 0.77, 95% CI = 0.64–0.94, p = 0.009), in 
favour of the combination of panitumumab and 
FOLFOX (infusion of fluorouracil, leucovorin, 
and oxaliplatin) compared with FOLFOX alone 
(Douillard et al. 2014). Similar results were pre-
sented in the CRYSTAL (28.4  months vs. 
20.2 months, HR 0.69, 95% CI = 0.54–0.88) and 
OPUS trials (ORR 58% vs. 29%; HR 3.33 [95% 
CI = 1.36–8.17, p = 0.0084), in which random-
ized patients received first-line cetuximab in 
combination with FOLFIRI (fluorouracil, leu-
covorin, and irinotecan) or FOLFOX respectively 
(Bokemeyer et al. 2011; Van Cutsem et al. 2011).

These results have not only shown that patients 
harbouring RAS mutations do not experience any 
benefit from those treatments, but also that in 
some cases it could even be detrimental for them. 
PRIME trial shows that the presence of RAS 
mutations was associated with inferior PFS and 
OS in patients receiving first line panitumumab 
plus FOLFOX compared with FOLFOX alone 
(Douillard et al. 2014). Overall, this information 
led the American and European health authorities 
in 2009 to restrict the use of panitumumab and 
cetuximab only to patients with KRAS exon 2 
WT tumours.

However, later retrospective studies revealed 
that further mutations in KRAS and NRAS genes 
were also predictive of resistance to anti-EGFR 
therapies (Heinemann et  al. 2014; Van Cutsem 
et al. 2015a, b). In addition to exon 2, mutations 
in KRAS exon 3 (codons 59 and 61), exon 4 
(codons 117 and 146) and in the homologous 
codons of NRAS also confer resistance to anti- 
EGFR therapy, and are altogether called “the 
expanded RAS mutations” (Heinemann et  al. 
2014). Thus, a meta-analysis of nine randomized 
trials confirmed that treatment with mAbs had 
better efficacy reflected in PFS and OS for RAS 
WT patients when compared with the expanded 
RAS mutant group (Sorich et  al. 2015). In 
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response to this data, EMA and FDA have 
updated their recommendations against the use of 
cetuximab e panitumumab in patients with 
extended RAS mutations.

Considering that patients with expanded RAS 
mutations constitute about 53% of all mCRC 
cases, several attempts have been made to inhibit 
RAS directly in these patients. Initial approaches 
have tried to inhibit RAS farnesylation (a neces-
sary step to attach RAS proteins to the cell mem-
brane), which have shown a potent antitumour 
activity in preclinical studies (Kohl et al. 1995), 
but this was not confirmed in clinical trials 
(Macdonald et  al. 2005). Another interesting 
approach was the identification of small- molecule 
inhibitors that could form a disulfide bond with 
the cysteine residue in the G12C mutant KRAS 
protein (about 8% of all KRAS mutations in CRC) 
(Ostrem et  al. 2013). These compounds do not 
affect WT KRAS but preferentially bind the 
G12C mutant, inhibiting its activity. Similarly, 
efforts have been made in identifying compounds 
that bind and covalently react with the GDP- 
bound state of KRAS G12C, trapping it in an 
inactive conformation (Patricelli et  al. 2016). 
However, these studies resulted in only limited 
demonstration of KRAS inhibition in cells and 
lack demonstration of in vivo efficacy and speci-
ficity. Very recently, Matthew et al. have designed 
and characterized a promising G12C inhibitor 
(ARS-1620) with features necessary to achieve in 
vivo covalent targeting and inhibition of mutant 
allele-specific G12C cell lines and tumour mod-
els (Janes et al. 2018). This could be a promising 
step towards bringing KRAS mutant specific 
inhibitors to the clinic. Nevertheless, several 
other approaches have been used to target RAS: 
(i) blocking downstream effectors such as MEK 
(Yoon et  al. 2011) and PI3K (Migliardi et  al. 
2012), (ii) identification of synthetic lethal inter-
actions with mutant KRAS (interactions that 
when co-occur in a cell result in cellular death) 
(Costa-Cabral et  al. 2016), or (iii) the use of 
small-molecule inhibitors of KRAS (Welsch 
et  al. 2017). Finally, a combination therapy of 
inhibitors co-targeting MEK and CDK4/6 with 
trametinib and palbociclib, respectively, was 
highly efficacious in KRAS-mutant CRC patient- 

derived xenografts (Ziemke et  al. 2016), but a 
clinical validations of this strategy is still 
missing.

Despite these promises, targeting RAS in can-
cer remains one of the most difficult assignments 
in cancer therapy. Our incomplete knowledge 
about RAS-mediated signalling, regulatory feed-
back loops, pathway redundancy and mecha-
nisms by which RAS activates its downstream 
effectors, prevents the design of more effective 
therapies. It is, therefore, essential to fill the gaps 
of our knowledge regarding RAS-mediated pro-
cesses in order to develop more effective agents 
for targeting RAS and its effector pathways in 
cancer cells.

This is even more relevant given the conflict-
ing data that a number of patients carrying 
KRAS- mutant tumours are able to respond to 
either cetuximab or panitumumab. Specifically 
the role of codon 13 mutation in this mecha-
nism is still controversial. DeRoock et al. stud-
ied the role of G13D mutation in response to 
cetuximab in chemo-refractory patients and 
their results showed longer OS of 7.6  months 
compared to 5.7 (P = 0.005) and longer PFS of 
4.0 months compared to 1.9 months (P = 0.004) 
than in G12V mutant patients (De Roock et al. 
2010a, b). Although suggesting that patients 
with G13D- harbouring tumours respond to 
cetuximab, RR were lower than in KRAS WT 
patients. The same study further showed in 
vitro and in mouse models that CRC cells with 
the G12V mutation were insensitive but with 
mutation G13D were as sensitive as the KRAS 
WT to cetuximab. In contrast, a retrospective 
analysis of three randomized phase III clinical 
trials showed that patients harbouring KRAS 
codon 13 mutations did not benefit from receiv-
ing panitumumab treatment (Peeters et  al. 
2013). Explanations for these contradictory 
results may include differences between cetux-
imab and panitumumab treatments or in the 
chemotherapy regimens between the studies. 
Given that these mutations represent about 19% 
of the KRAS-mutant tumours, further studies 
are necessary to unravel the effect of KRAS 
codon 13 mutation in resistance to anti- EGFR 
therapy.

M. Martins et al.



119

8.3.2  BRAF Mutations

Although RAS mutations are effective predictive 
marker of resistance, not all RAS WT patients 
respond to cetuximab and panitumumab. Thus, 
research has turned to the serine-threonine pro-
tein kinase BRAF, the main effector of KRAS in 
EGFR signalling, which is mutated in 5–9% of 
CRC patients. Importantly, BRAF and KRAS 
mutations are usually mutually exclusive, there-
fore, do not tend to coexist in the same tumour. 
The activating BRAF V600E mutation represents 
the majority of BRAF mutations and confers poor 
prognosis to its patients (Di Nicolantonio et  al. 
2008). OS of mCRC patients harbouring BRAF 
mutations is about 8.8  months, compared to 
KRAS mutant of 14.4  months and KRAS WT 
20.1  months. Furthermore, De Roock et  al. 
showed that patients with BRAF V600E mutation 
had a significantly lower response rate to cetux-
imab than those with WT tumours (8.3% vs. 
38.0%, OR  =  0.15, P  =  0.0012) in chemo- 
refractory mCRC patients (De Roock et  al. 
2010a, b). Several multicentre trials and meta- 
analyses have further confirmed that BRAF 
V600E mutation resulted in shorter PFS and OS 
when compared to BRAF WT tumours, indicat-
ing its contribution to resistance to anti-EGFR 
mAbs (Pietrantonio et al. 2015, Tveit et al. 2012, 
Therkildsen et al. 2014).

Similar to the presence of RAS mutations, 
BRAF V600E mutation can effectively predict 
patients that are unlikely to respond to anti-EGFR 
therapy. It is, therefore, advisable to know both 
RAS and BRAF status before administering 
EGFR-targeted therapies.

In this context, diverse strategies have been 
employed to overcome BRAF-mediated resis-
tance to anti-EGFR therapy. An in vitro study of 
adding sorafenib (a multi-target small-molecule 
inhibitor with high affinity for BRAF) to anti- 
EGFR mAbs showed that even BRAF mutated 
cells can respond to cetuximab and panitumumab 
therapy when both inhibitors are used simultane-
ously (Di Nicolantonio et  al. 2008). Based on 
these results, the combinatory therapy of BRAF 
and EGFR inhibitors was administered in BRAF- 
mutant CRC patients and resulted in increased 

response rates (Al-Marrawi et al. 2013). In addi-
tion to sorafenib, other compounds targeting 
either BRAF (such as vemurafenib) or its down-
stream effectors are in clinical development and 
could be exploited in combination with EGFR- 
targeted mAbs therapy. Thus, monotherapy, dou-
blet and triplet combinations with drugs targeting 
the MAPK pathway have been tested in BRAF- 
mutant CRC.  Results from vemurafenib mono-
therapy were disappointing when compared to 
the clinical activity seen in melanoma, with a 
median PFS of 2.1 months and only two patients 
progression-free for more than six months 
(Kopetz et  al. 2015). In contrast to melanoma, 
CRC express high levels of activated EGFR 
which reactivate the MAPK pathway after BRAF 
inhibitor monotherapy (Prahallad et  al. 2012, 
Corcoran et  al. 2012). Based on the observed 
therapy resistance via a feedback activation of 
EGFR signalling, the BASKET trial was amended 
to include the assessment of the safety and effi-
cacy of vemurafenib when combined with cetux-
imab, and showed improved results (median PFS 
of 3.7 months and OS of 7.1 months) in a heavily 
pre-treated patient population (Yaeger et  al. 
2015). Similar results have been seen when com-
bining other BRAF inhibitors, dabrafenib and 
panitumumab (PFS of 3.5 months) (Atreya et al. 
2015, Van Cutsem et  al. 2015a, b), as well as 
encorafenib and cetuximab (RR 23.1%, PFS of 
3.7 months) (Gomez-Roca et al. 2014, Van Geel 
et  al. 2017). Phase II results for the latter have 
been presented with a median PFS of 4.2 months 
and an ORR of 22% (Tabernero et  al. 2016). 
Chemotherapy was also combined with BRAF 
and EGFR inhibition in a phase II trial combining 
irinotecan, cetuximab and vemurafenib. A total 
of 106 patients were enrolled and results show an 
increasing PFS to 4.3 months with the addition of 
vemurafenib compared to the control arm 
(2.0 months) (Kopetz et al. 2017). Finally, BRAF 
inhibition can not only also induce EGFR- 
dependent MAPK reactivation but also PI3K 
modulation so that triple combinations targeting 
these pathways have been studied and shown 
improved results. The MEK116833 trial combin-
ing trametinib, panitumumab and dabrafenib 
included 24 patients which received full dose, 
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with an ORR of 21% and a median PFS of 
4.1 months; OS was 9.1 months (Corcoran et al. 
2015). A randomised phase II trial which com-
bined encorafenib, cetuximab and alpelisib (a 
PI3K inhibitor) revealed a median PFS of 
5.4 months in an interim analysis with an ORR of 
27% (Tabernero et al. 2016). More recently, the 
BEACON CRC phase 3 study assessed the safety 
and efficacy of the combination of the BRAF 
inhibitor encorafenib, plus MEK inhibitor bin-
imetinib, plus anti-EGFR antibody cetuximab in 
patients with BRAF mutant CRC after 1 or 2 prior 
regimens. The confirmed ORR was 41%, with 1 
complete and 11 partial responses. In addition, 9 
patients had prolonged stable disease up to 
9.3 months and CEA/CA19-9 decreased in 96% 
and 82% of these patients, respectively (Huijberts 
et al. 2017).

Overall, given that KRAS and BRAF mutations 
are usually mutually exclusive and highly fre-
quent, together they allow the identification of 
the majority of non-responder patients, avoiding 
unnecessary exposure of these patients to ineffec-
tive treatments and selecting them for alternative 
therapeutic options.

8.3.3  Other Putative Players

8.3.3.1  PIK3CA Gene and PTEN 
Expression

KRAS and BRAF WT status is not enough to 
define all anti-EGFR-sensitive patients. The 
EGFR receptor also signals through the PI3K- 
AKT pathway resulting in tumour cell prolifera-
tion and survival (Rommel and Fruman 2014). 
PIK3CA gene encodes the p110α protein kinase, 
which is the catalytic subunit of class I PI3Ks. 
Furthermore, besides direct activation of the 
PI3K-AKT pathway by EGFR, activated KRAS 
protein can further bind and directly activate the 
p110α PI3K protein. Mutations in PIK3CA are 
reported in approximately 10–18% of mCRC 
patients and can coexist with either KRAS and 
BRAF mutations (Nosho et al. 2008). Therefore, 
several studies have evaluated the predictive 
value of PIK3CA mutations in resistance to anti- 
EGFR therapies. Retrospective studies of cetux-

imab treatments in chemo-refractory mCRC 
patients have revealed that, in KRAS WT patients, 
PIK3CA mutations in exon 20 lead to worse out-
come shown by lower response rates (0.0% vs. 
36.8%; 95% CI 0.00–0.89; P  =  0.029) than 
PIK3CA WT patients (De Roock et al. 2010a, b). 
Interestingly, mutations in exon 9 (60–65% of 
PIK3CA mutations) of PIK3CA had no effect on 
response rates, survival and prognosis. In two 
further meta-analysis studies on retrospective 
cohorts, PIK3CA exon 20 mutations, but not 
exon 9, were associated with absence of response, 
lower PFS and OS to anti-EGFR mAbs (Sartore- 
Bianchi et  al. 2009; Mao et  al. 2012). In vitro 
studies unravelled different intracellular mecha-
nisms of action: exon 9 mutations release p110α 
from p85-induced inhibition in a KRAS-GTP 
dependent way, whereas exon 20 mutations acti-
vate the kinase domain, independently of interac-
tions with KRAS. This fact may justify different 
effects of both mutations in responses to mAbs 
(Zhao and Vogt 2008; Zhao and Vogt 2010).

Overall, without larger prospective studies, it 
is still difficult to evaluate the precise role of 
PIK3CA mutations with respect to the response 
to EGFR-targeted therapies, especially given that 
they are mostly found co-occurring with KRAS or 
BRAF mutations.

PTEN (phosphatase and tensin homologue) is 
another potential marker of response to anti- 
EGFR therapy, given its negative role on the 
PI3K-AKT signalling pathway. PTEN inhibits 
the PI3K pathway through its lipid phosphatase 
activity, behaving in this way as a tumour sup-
pressor protein (Cully et  al. 2006). In mCRC, 
PTEN activity is reduced in about 20–40% of 
tumours through either PTEN gene silencing ( 
via promoter hypermethylation or loss of hetero-
zygosity) or mutations (Molinari and Frattini 
2014). This loss of PTEN activity resulted in con-
stitutive activation of the PI3K-AKT signalling 
pathway leading to tumour cell proliferation and 
survival. Studies on the association between the 
PTEN status and the response to mAbs are con-
troversial and inconclusive. Frattini et  al. have 
studied a cohort of cetuximab and irinotecan- 
treated patients and found that lower levels of 
PTEN were predictive of resistance (Frattini 
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et al. 2007), whereas Laurent-Puig et al. showed 
no significant differences in terms of RR, PFS 
and OS in a larger cohort of patients (Laurent- 
Puig et  al. 2009). Moreover, in the NCIC trial, 
where 572 patients with pretreated mCRC were 
randomly assigned to receive cetuximab or best 
supportive care, no statistical significance was 
found with respect to loss of PTEN and the clini-
cal outcome of patients treated with cetuximab 
(Karapetis et  al. 2014). Nevertheless, two other 
studies corroborate the fact that loss of PTEN 
expression (measured by immunohistochemis-
try) is associated with decreased RR, PFS and OS 
in mCRC patients treated with anti-EGFR ther-
apy (Loupakis et al. 2009; Sartore-Bianchi et al. 
2009). Finally, a recent meta-analysis confirmed 
that PTEN loss was significantly associated with 
lack of benefit to mAbs treatment in RAS WT 
patients. However, this study concluded that the 
predictive power of BRAF and PIK3CA muta-
tions were stronger than that of PTEN levels 
(Yang et al. 2013a, b).

Overall, given that technically the assessment 
of PTEN expression levels by immunohisto-
chemical methods lack standardization, that 
PTEN alterations co-occur with RAS mutations, 
and that discordant levels of PTEN expression 
are seen between primary tumour and metastasis, 
the loss of PTEN expression cannot be seen at 
present as a reliable predictive biomarker of 
response to EGFR-targeted mAbs.

Nevertheless, targeted treatments against 
PI3K or its downstream effectors such as mTOR 
and AKT in preclinical models suggest great 
therapeutic potential when combined with recep-
tor tyrosine kinase inhibitors (Kim et al. 2017). A 
clinical trial evaluating the combination of mTOR 
inhibitor everolimus with panitumumab and iri-
notecan in second-line mCRC patients showed 
better RR when compared to the treatment with-
out everolimus, in RAS WT patients (Townsend 
et  al. 2018). Another combination that is pres-
ently exploited in clinical trials is that of PIK3CA/
mTOR inhibitors and MEK inhibitors (Andersen 
et al. 2015; Temraz et al. 2015).

Despite these promising results, larger pro-
spective studies are needed before the role of 
PIK3CA mutations and PTEN expression levels 

in the mechanism of resistance, and their poten-
tial predictive value in anti-EGFR therapies can 
be concluded.

8.3.3.2  JAK/STAT Signalling Pathway
The Janus family of tyrosine kinases (JAK) and 
the signal transducer and activator of transcrip-
tion (STAT) family are involved in cytokine 
receptor signalling as important mediators of cell 
survival, proliferation, differentiation, and apop-
tosis (Rawlings 2004). There have been pieces of 
evidence supporting a role of STAT family mem-
ber STAT3  in resistance to the EGFR kinase 
inhibitor gefitinib in cells (Li et  al. 2015). 
Furthermore, this work has shown that inhibition 
of STAT3 activity by Stattic (STAT3-inhibitor) 
sensitizes CRC cells to gefitinib treatments. In an 
independent work, co-treatments of gefitinib 
with the JAK/STAT3 inhibitor cucurbitacin B led 
to increased antitumour activity in CRC cells 
(Yar Saglam et al. 2015). These results indicate 
that blocking EGFR signalling is more effective 
in combination with inhibitors of JAK/STAT3, 
suggesting a putative role of this pathway in the 
mechanism of resistance to anti-EGFR therapies. 
However, further studies are required to fully 
confirm the role of STAT3 in the mechanism of 
resistance to mAbs targeting EGFR.

8.3.3.3  Others Components
Other mechanisms have been implicated in the 
resistance to EGFR-targeted therapy in 
mCRC.  Expression of vascular endothelial 
growth factor 1 (VEGF-1) or its receptor 
(VEGFR) has been associated to resistance to 
cetuximab in preclinical models and in patients 
with mCRC (Bianco et  al. 2008). Furthermore, 
inflammatory markers such as interleukin-8 (IL8) 
and cyclooxygenases-2 (COX2), as well as the 
cell cycle regulator cyclin D1 were also shown 
important for the outcome of patients receiving 
anti-EGFR therapy. Vallböhmer et  al. reported 
that a combination of low levels of COX2, EGFR 
and IL8 was a good prognostic marker for 
patients when compared to high levels of expres-
sion of these three genes, with an OS of 
13.5  months vs. 2.3  months, respectively 
(Vallböhmer et  al. 2005). Nuclear translocation 
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of EGFR was also identified as a possible marker 
for resistance dependent on Src family kinases 
(Li et al. 2009). Nuclear EGFR is associated with 
transcription of cyclin D1 and consequently pro-
liferation of tumour cells. Expression of the tran-
scription factor nuclear factor κB has also been 
linked with resistance to cetuximab (Scartozzi 
et al. 2007). Finally, in in vitro models epithelial- 
to- mesenchymal transition (EMT) has also been 
pointed out as a mechanism involved in resis-
tance to anti-EGFR inhibitors, as CRC 
mesenchymal- like cells were found sevenfold 
more resistant than epithelial-like cells (Buck 
et al. 2007). Although interesting, data regarding 
the previously mentioned proteins is limited and 
lack further validation. A comprehensive under-
standing of their contribution to mechanisms 
involved in cetuximab and panitumumab resis-
tance is desirable and holds the promise for the 
generation of novel therapeutic opportunities for 
the treatment of CRC.

8.4  Acquired Resistance to Anti- 
EGFR Therapy

8.4.1  EGFR Mutations

EGFR mutations are extremely rare in CRC but 
have been described associated with acquired 
resistance to mAb treatment (approximately in 
20% of patients treated with cetuximab and 1% 
of patients treated with panitumumab). Montagut 
et  al. have identified EGFR S492R mutation in 
cell lines that acquired resistance to cetuximab 
and confirmed these data in patients who relapsed 
after cetuximab treatment (Montagut et al. 2012). 
This mutation is located in the extracellular 
domain of the receptor and prevents binding of 
the cetuximab antibody, however, does not seem 
to affect panitumumab binding. Indeed, one 
patient who had relapsed under cetuximab and 
harboured the S492R mutation, responded to 
panitumumab, suggesting a clinical option to 
overcome cetuximab resistance in these patients. 
Other mutations occurring in the extracellular 
domain of EGFR (R451C, S464L, G465R, 
I491M and K467T) were identified in patients 

who had relapsed under cetuximab treatment or 
in cell lines that acquired resistance to cetuximab 
(Arena et al. 2015). From these mutations, R451C 
and K467T do not prevent binding of panitu-
mumab to the receptor. This fact resulted in the 
generation of new EGFR inhibitors consisting of 
a mixture of more than one mAb that target dif-
ferent epitopes located in the extracellular 
domain of EGFR. Sym004 (mixture of two dif-
ferent mAbs) and MM-151 (mixture of three 
fully human IgG1 antibodies) are new treatment 
options presently under clinical evaluation 
(Pedersen et al. 2010, Kearns et al. 2015). Phase 
I clinical trials of both compounds demonstrated 
their safety. In 42 mCRC patients who had 
acquired resistance to anti-EGFR therapy, 
Sym004 treatments induced about 44% of tumour 
shrinkage and partial response or stable disease 
for the other patients. In a similar way, MM-151 
also showed long-lasting disease control of 
patients treated with MM-151  in combination 
with irinotecan.

8.4.2  RAS/RAF Signalling Pathway

As one of the most important signalling pathways 
downstream of EGFR, the RAS-RAF-MAPK 
cascade is also one of the most important mecha-
nisms associated with secondary resistance to 
mAbs (50–80% of cases). Thus, pre-clinical and 
clinical studies have identified the occurrence of 
KRAS mutations in metastases that acquired 
resistance to EGFR inhibitors. Bouchahda et al. 
reported the first case of CRC liver metastasis 
harbouring KRAS mutations in a patient who had 
progressed under cetuximab therapy, although 
primary and metastatic tumours were KRAS WT 
before treatment (Bouchahda et  al. 2010). In a 
further study, Misale et al. showed that six out of 
ten patients that were KRAS WT before the treat-
ment were detected with KRAS mutations in their 
plasma samples during cetuximab treatment 
(Misale et al. 2012). The same study, also showed 
one case of KRAS amplification (an infrequent 
event in CRC) in a patient who relapsed after 
cetuximab treatment, showing that either muta-
tions or amplifications could be associated with 
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acquired resistance to mAbs. In addition to the 
KRAS gene, alterations in NRAS and BRAF were 
also associated with secondary resistance to 
EGFR-targeted therapies in pre-clinical models 
(Misale et  al. 2012). Altogether, the occurrence 
of RAS mutations in relapsed tumours was found 
to derive from an expansion of pre-existing 
clones that propagated under the selection pres-
sure of anti-EGFR treatment, rather than from 
novel spontaneous mutations (Diaz et al. 2012).

8.4.3  HER2/HER3 Expression

Amplification of other receptor tyrosine kinases 
of the ErbB family has been described as an 
acquired resistance mechanism to anti-EGFR 
therapies. Bertotti et al. showed that HER2 gene 
amplification was correlated with responses to 
cetuximab in a patient-derived xenografts mouse 
model (Bertotti et al. 2011). The authors observed 
that HER2 amplification was only present in 
2–3% of KRAS WT patients before treatment, 
however, in 36% of resistant tumours after cetux-
imab treatments. They further showed that com-
bination of lapatinib (a small molecule inhibitor 
of both EGFR and HER2 receptors) with cetux-
imab or pertuzumab (a monoclonal antibody that 
inhibits the dimerization of HER2 with other 
HER receptors) was efficient in a subset of 
cetuximab- resistant HER2-amplified mCRC 
xenografts. Based on these findings, the 
HERACLES phase II was designed to assess the 
RR of trastuzumab (mAbs targeting HER2) com-
bined with either lapatinib or pertuzumab, in 
KRAS exon 2 WT and HER2 amplified mCRC 
patients (Sartore-Bianchi et al. 2016). The initial 
results concerning the trastuzumab and lapatinib 
combination showed that 30% of patients 
achieved an objective response with a median 
duration of response of 38 weeks. Median PFS 
was 21  weeks and median OS was 46  weeks. 
Importantly, these results indicate that HER2 is a 
good druggable target in mCRC.

It should be noted that HER2 gene amplifica-
tion was also associated with intrinsic resistance 
to anti-EGFR therapy, however, given its 
extremely low frequency in CRC (about 2% of 

cases), its role in primary resistance seems to be 
minor (Hynes and Lane 2005).

Additionally to HER2, HER3 has also been 
described to have a role in the resistance mecha-
nism to EGFR-targeted therapies. In a cohort of 
mCRC patients treated with irinotecan and cetux-
imab, HER3 overexpression was associated with 
lower PFS and OS (Scartozzi et  al. 2011). 
Moreover, HER3 is found mutated in 11% of 
CRC patients and owns oncogenic activity 
(Jaiswal et al. 2013). MEHD7945A is a human-
ized IgG1 mAbs with dual HER3/EGFR activity. 
This compound has achieved promising results in 
a phase I trial in patients with pretreated 
mCRC.  However, phase II randomized trial 
showed no benefit for MEHD7945A plus 
FOLFIRI when compared to cetuximab plus 
FOLFIRI in KRAS WT chemo-refractory patients 
(Van Cutsem et al. 2014).

8.4.4  MET Receptor Expresssion

MET is a tyrosine kinase receptor for the ligand 
Hepatocyte Growth Factor (HGF), which upon 
activation leads to several cellular processes such 
as cell proliferation, invasion, apoptosis and sur-
vival (Organ and Tsao 2011). Several pieces of 
evidence suggest an involvement of the MET 
pathway (through MET amplification or 
increased HGF expression) in the mechanism of 
both primary and secondary resistance to EGFR 
mAbs in KRAS WT patients (Krumbach et  al. 
2011). Although in primary samples amplifica-
tion of MET was only reported in 2% of cases, 
interaction between EGFR and MET was seen 
upon activation with TGF-alpha and correlated 
with acquired resistance to cetuximab in cells 
(Troiani et  al. 2013). Treatment of those cells 
with MET inhibitor restored cetuximab sensitiv-
ity. Furthermore, in vivo studies showed an 
increased level of MET amplification in 
cetuximab- resistant patients WT for RAS, BRAF, 
PIK3CA and HER2, whereas amplification had 
not been seen in pre-treatment tumours (Bardelli 
et  al. 2013). Finally, in a randomized phase II 
clinical trial of chemo-refractory KRAS WT anti- 
EGFR naïve patients, the combination of 
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 anti- HGF mAbs and panitumumab led to higher 
response rates and a trend for better outcome in 
the patient population with MET overexpression 
(Van Cutsem et al. 2014). A phase I trial assess-
ing safety of cabozantinib (a small molecule 
MET inhibitor) plus panitumumab in chemo- 
refractory KRAS WT patients is ongoing (Jia 
et al. 2018).

8.5  Conclusions

The high complexity of mechanisms of resis-
tance to anti-EGFR mAbs, make this therapy 
only efficient in a restricted CRC patient popula-
tion. Presently, resistance to EGFR-targeted ther-
apies is known to be mediated by constitutive 
activation of EGFR signalling cascades through 
deregulation of the receptor itself or downstream 
components of the RAS/RAF, PI3K/PTEN and 
JAK/STAT pathways, as well as, from the activa-
tion of alternative tyrosine kinase receptor such 
HER2 and MET. Despite intensive research done 
over the last 10 years, RAS mutations are effec-
tively the only approved biomarker of response in 
clinical practice. More clinical and translational 
studies are required in order to increase our 
knowledge on the mechanisms behind anti-EGFR 
therapy resistance.

Recent efforts to segregate CRC tumours into 
subgroups based on their biology and gene 
expression patterns resulted in an unified classifi-
cation which categorizes the majority of tumours 
into four groups called consensus molecular sub-
types (CMS1–4) (Guinney et  al. 2015). CMS1 
(immune, 14% of cases) is enriched for microsat-
ellite instable (MSI) tumours that display BRAF 
mutations, hypermethylation of CpG islands 
(CIMP), and immune infiltration and activation. 
CMS2 (canonical, 37% of cases) reflects the clas-
sical adenoma-to-carcinoma sequence, encom-
passing typical WNT/MYC-driven tumours with 
epithelial characteristics and high somatic copy 
number alterations (SCNA), whereas CMS3 
(metabolic, 13% of cases) is enriched for KRAS- 
mutated tumours (although KRAS mutations are 
present in all CMS subtypes) with activation of 
metabolic pathways. Finally, CMS4 (mesenchy-

mal, 23% of cases) has mesenchymal features, 
shows high SCNA, stromal content and activa-
tion of TGF-β and VEGFR pathways. Clear clini-
cal distinction is also evident with poor prognosis 
for CMS4 and a relatively good prognosis for 
CMS1 (Thanki et al. 2017). In this context, Sveen 
et al. have lately shown that the CMS2 subtype is 
predicted to respond to EGFR inhibition, whereas 
tumours with a metabolic and mesenchymal-like 
phenotype seem strongly resistant, independently 
of KRAS and BRAF mutation status (Sveen et al. 
2018).

Overall, the field is moving towards a more 
comprehensive picture of the processes involved 
in therapy resistance, which will certainly lead to 
the recognition of alternative or combinatory 
treatments, providing more benefit to patients 
and sparing unnecessary treatments.
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