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Abstract

Metastatic colorectal cancer (mCRC) continues to be
counted as a major health problem. The introduction
of newer cytotoxics, irinotecan and oxaliplatin, has
achieved a significant improvement in survival rates.
Novel targeted therapies (bevacizumab, and cetux-
imab) in combination with most efficient chemotherapy
regimens have pushed the median survival beyond the
2-year mark and increased the proportion of patients
which could benefit from resection of metastatic lesions.
In addition, several studies have proved that the CRC
mutation profiles should influence patient selection or
stratification in prospective trials. KRAS mutational sta-
tus represents a paradigm for biomarker development in
the era of molecular targeted therapies. The present ar-
ticle is an overview of the most important studies in the
development of biomarkers for the optimization of anti-
epidermal growth factor receptor (anti-EGFR) treatment
in mCRC, beyond KRAS mutations, which is a work in
progress. The aim will be to identify molecular markers
that might be used to select patients with a higher prob-
ability of response to anti-EGFR monoclonal antibodies.
Overall the accumulating evidence of the molecular biol-
ogy of CRC has substantially changed the approach to
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mCRC treatment and has given clinicians more rational
options for treating this illness.
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INTRODUCTION

Now, more than ever, clinical oncologists are struggling
to optimize treatment in cancer patients. With the use of
molecular targeted agents and the incorporation of phat-
macogenetics and pharmacogenomics in basic cancer
treatment, a meaningful relationship between genotype
(polymorphisms and mutations), gene expression pro-
files (level of gene expression of all or of target genes in
the genome) and phenotype is being established, aimed
at interpreting the variability among individuals in terms
of response, resistance and toxicity to different drugs“’zl.

Pharmacogenetics (e.g. toxicity, age, comorbidities)
commonly refers to the effects of a limited number
of genes most often associated with drug metabolism,
whereas pharmacogenomics (e.g. activity/resistance,
gene expression level of all or targeted genes) involves
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the study of multigene patterns and pathways within the
genomem. Genetic polymorphisms (variants in individual
genomes, present in more than 1.5% of the population),
somatic mutations in key target genes and differences
in gene copy numbers may be responsible for different
functional molecular roles and contribute to variability in
drug pharmacokinetic and pharmacodynamic processes,
altered drug metabolism or activation'”. In colorectal can-
cer (CRC), as well as in other types of cancer, it has long
been recognized that the same medications cause different
responses in different patients. Genetic variations in drug
targets and genes affecting target signal transduction can
have a profound effect on drug efficacy and toxicity. This
information could help to identify patients who are at in-
creased risk of toxicity and select those likely to respond
to specific agents, so that a more patient-specific treat-
ment approach can be initiated".

The epidermal growth factor receptor (EGFR) be-
longs to the erbB receptor tyrosine kinase family which
consists of 4 related transmembrane receptors: erbB1
(EGFR or HER1), erbB2 (HER2/nex), etbB3 (HER3)
and erbB4 (HER4). Upon ligand binding, EGFR homo-
ot hetero-dimerizes with other erbB family members and
initiates signaling through 2 main intracellular cascades
which are mostly involved in cell survival, proliferation
and motility. On one side, membrane localization of the
lipid kinase PIK3CA counteracts PTEN and promotes
AKT1 phosphorylation, and on the other, KRAS acti-
vates BRAF, which in turn triggers the mitogen-activated
protein kinases”. EGFR is found to be overexpressed
in various human malignancies, including CRC, lung,
head and neck cancers and, as was initially hypothesized,
therapeutic strategies designed to disrupt EGFR func-
tion could have anti-tumor activitym (Figure 1).

Two monoclonal antibodies (moAbs) targeting EGFR,
the chimeric IgG1 moAb cetuximab and the fully human-
ized IgG2 moAb panitumumab, have recently entered
clinical practice in the metastatic CRC (mCRC) setting;
Both bind to the extracellular domain of the EGFR, thus
leading to inhibition of its downstream signaling and have
been found to provide a modest clinical benefit in pre-
treated patients” . Although they were initially registered
for patients whose tumors were found to express the
EGEFR protein in immunohistochemistry, subsequently, it
was clearly demonstrated that this methodology was not
adequate to predict treatment efficacy. Only the devel-
opment of a skin rash was consistently associated with an
increased response rate and progression-free survival in
patients treated with anti-EGFR moAbs™".

Although anti-EGFR therapies are active in some pa-
tients, the disease eventually becomes refractory to therapy
in nearly all patients. As clinical parameters seem to be
inadequate for patient selection, a major challenge is the
identification of specific biomarkers that are likely to pre-
dict which patients will achieve the best response to such a
treatment. EGIR gene status, as it is evaluated by fluores-
cent or chromogenic 7 sitn hybridization (FISH or CISH),
the absence or presence of mutations in genes down-
stream of EGFR and the presence of germline polymor-
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phisms are implicated in response to anti-EGFR treatment

. . . . [12-15]
and can independently impair or enhance its efficacy” ™.
As most available data has come from retrospective stud-

ies, validation in prospective trials is imperative.

MECHANISMS OF RESISTANCE

Mutations

KRAS mutations: KRAS proto-oncogene encodes K-ras
G-protein which plays a ctitical key role in the Ras/mito-
gen-activated protein kinase (MAPK) signaling pathway
located downstream of many growth factor receptors in-
cluding EGFR and which is involved in CRC carcinogen-
esis. K-ras recruitment by the activated EGFR is respon-
sible for the activation of a cascade of serine-threonine
kinases from the cell surface to the nucleus. KRAS muta-
tions (in exon 2, codons 12 and 13) are present in more
than one third of CRC patients and lead to the activation
of one of the most important pathways for cell prolifera-
tion, the Ras/MAPK pathway, by inducing cyclin D1 syn-
thesis. Consequently, in the presence of a KRAS mutation
this pathway activation cannot be significantly inhibited by
an anti-EGFR moAb (cetuximab or panitumumab) which
acts upstream of the K-ras protein'” (Figure 1).

In 2005, Moroni ez al'* assessed, in a small retrospec-
tive study, the mutation status of EGFR downstream in-
tracellular effectors KRAS, BRAF and PIK3CA, and for
the first time a trend towards higher response was seen
in cetuximab-treated CRC patients whose tumors were
of wild-type (WT) KRAS status. Subsequently, in 2006
in a study by Liévre ef al”, KRAS mutations were found
in 13 out of 30 tumors tested (43%) and this finding was
significantly associated with the absence of response to
cetuximab (KRAS mutation in 0% of the 11 responders
vs 68.4% of the 19 non-responders; P = 0.0003). The
overall survival (OS) of patients without KR4S mutation
in their tumor was significantly higher compared with
those patients with a mutation in the tumor (P = 0.016;
median OS, 16.3 mo »s 6.9 mo) (Table 1).

When the results of the 2 above-mentioned studies
wete analyzed together, the predictive value of the KRAS
mutation remained significant with a KRAS mutation fre-
quency of 52.5% in non-responders compared with 9.5%
in responders (P = 0.001). Thus, the probability of no re-
sponse to cetuximab was 91.3% in the presence of KRAS
mutation whereas as in the absence of such a mutation the
probability of being a responder was 50%. The relative risk
for a response to cetuximab was 10-fold higher for non-
mutated patients compared with that of patients with the
KRAS mutation [hazard ratio (HR), 10.5; 95% CI: 2.1-51.1].
Accordingly, in 2008, 3 studies, one with panitumumabm]
and 2 with cetuximab" ™", confirmed the importance of
KRAS mutations in the mCRC setting. In the study by
Amado ef a/'?, KRAS mutation status was assessed in tu-
mor samples from mCRC patients who were enrolled in
the randomized phase Il trial comparing panitumumab
plus best supportive care (BSC) with BSC only after failure
in 5-fluorouracil (5-FU)-, oxaliplatin- and irinotecan-based
chernotherapy[m]. KRAS status was ascertained in 427 (92%)
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EGFR pathway components and resistance to anti-EGFR moAbs
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Figure 1 Simplified illustration of the epidermal growth factor receptor (EGFR) pathway with the RAS/IMAPK and PIK3CA/PTEN cascades. Specific
components of the pathway are correlated with resistance to anti-EGFR monoclonal antibodies (moAbs). As shown, KRAS and BRAF mutations are correlated with
resistance to anti-EGFR moAbs, while further evaluation is required for PIK3CA mutations and PTEN loss of expression.

Table 1 Significance of KRAS mutations in retrospective

single arm studies and randomized prospective trials

Published studies n % KRAS Significant
mutations  correlations
Retrospective single arm studies
Moroni et al™ 31 32 None
Lievre et al™ 30 43 RR, mOS
Lievre et al" 89 27 RR, PFS, mOS
De Roock et al™” 66 40 RR, mOS
Randomized prospective trials
Amado et al™ 427 43 RR, PFS, mOS
Tol et al™ 256 38 RR, PFS
Van Cutsem et al™ 277 38 RR, PFS, mOS
Bokemeyer et al™! 233 42 RR, PFS
Hecht et al™ 865 40 PFS, mOS
Douillard et al™ 1096 40 RR, PFS

RR: Response rate; mOS: Median overall survival; PFS: Progression-free
survival.

of 463 patients (208 panitumumab, 219 BSC). KRAS
mutations were found in 43% of patients. The treatment
effect on progression-free survival (PFS) in the WT KRAS
group (HR, 0.45; 95% CI: 0.34-0.59) was significantly
greater (P = 0.0001) than in the mutation group (HR, 0.99;
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95% CI: 0.73-1.36). Median PES in the WT KRAS group
was 12.3 wk for panitumumab and 7.3 wk for BSC. Re-
sponse rates to panitumumab were 17% and 0%, for the
WT and mutant groups, respectively. WT' KRAS patients
had longer overall survival (HR, 0.67; 95% CI: 0.55-0.82;
treatment arms combined). No significant differences in
toxicity were observed between the WT KRAS group and
the overall population“z]. Lievre et al™™ assessed KRAS
status by allelic discrimination in 89 mCRC patients treated
with cetuximab in 6 different institutions. KRAS mutations
were present in 27% of the patients and were associated
with resistance to cetuximab (0% »s 40% of responders
among the 24 mutated and 65 nonmutated patients, re-
spectively; P < 0.001) and a poorer outcome (median PFS,
10.1 wk 25 31.4 wk in patients without mutation; P = 0.0001;
median OS, 10.1 mo »s 14.3 mo in patients without muta-
tion; P = 0.026). When these 89 patients were analyzed
together with the 30 patients from the previous study!”,
the multivariate analysis showed that KRAS status was an
independent prognostic factor associated with OS and
PES. In a combined analysis, median OS for patients with
2, one, or no favorable prognostic factors (severe skin tox-
icity and absence of KRAS mutation) was 15.6, 10.7, and
5.6 mo, respectively. Lastly, De Roock ef al'” studied the
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KRAS mutation status in 113 irinotecan-refractory mCRC
patients treated with cetuximab in 4 institutions and similar
results were observed. Objective responses were detected
in 27 of 66 WT KRAS patients s5 0 of 42 KRAS mutants.
Median OS was significantly better in WT KRAS versus
mutants (43.0 wk »s 27.3 wk; P = 0.020). In this study an
additional association with radiologic response was made
and it was found that the benefit was even more pro-
nounced in patients with an early radiological response.
The decrease in tumor size was significantly larger at all
time points in WT' patients. WT' KRAS patients with an
initial relative decrease of tumor size > 9.66% at week 6
had a significantly better median OS compared with all
other patients (74.9 wk #5 30.6 wk; P = 0.0000025). Among
WT KRAS patients OS was significantly better in patients
with an initial decrease compared with those without (me-
dian OS, 74.9 wk »s 30.6 wk; P = 0.00000012). KRAS WT
status was associated with survival benefit in cetuximab-
treated mCRC""". An objective response was not observed
in patients with mutant tumors treated with cetuximab or
panitumumab monotherapy.

The predictive significance of KRAS mutations was
also retrospectively analyzed in 5 prospective randomized
trials. The CRYSTAL"” trial was the first randomized trial
which proved that the addition of cetuximab to a stan-
dard chemotherapy regimen (FOLFIRI) improved the
response rate and PFS. Despite the statistically significant
decrease in the risk of disease progression (HR, 0.85),
the absolute benefit was modest (0.9 mo). Subsequently,
when a patients’ subpopulation was analyzed according to
the KRAS mutation status, the benefit from the addition
of cetuximab was greater (HR, 0.68) in patients with WT'
primary tumors. In contrast, patients with KRAS mutant
primary tumors experienced no benefit from the addition
of the moAb"., Similar results have been reported from
subgroup analysis in 3 other randomized trials, OPUS™,
PACE”" and CATRO2%, in which different combination
regimens were used with anti-EGFR moAbs. Finally, the
first prospective analysis of a randomized trial (PRIME)
has been recently reported””. The patients were random-
ized to receive FOLFOX4 or FOLFOX4 plus panitu-
mumab and the KRAS mutation status was determined
in 93% of the enrolled patients. Significant differences
were observed in terms of RR (55% »s 48%) and PEFS
(9.6 mo »s 8.0 mo; P = 0.0234) in favor of the addition of
panitumumab in the WT group. In contrast, a detrimental
effect was recorded in the KRAS mutant group with the
addition of the moAb to FOLFOX4 (7.3 mo »s 8.8 mo;
P = 0.0227)*" (Table 1). In all these trials, the objective
RR were comparable between patients with KRAS mu-
tant and KRAS WT tumors treated with chemotherapy
alone, indicating that KRAS mutations are not predictive
of the response to chemotherapy. No studies have been
published comparing the impact of the 7 specific KRAS
mutations on the response to anti-EGEFR moAbs.

In conclusion, the present data in the international
literature suggest that KRAS mutations are a predictor
of resistance to anti-EGFR moAb therapy and are asso-
ciated with a worse prognosis and a shorter survival. Ap-
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proximately 40% of mCRC patients (those with mutated
KRAS) could be selected to avoid costly and potentially
toxic treatment. WT KRAS status identifies mCRC pa-
tients who are likely to respond to such a treatment and,
thus, have a longer OS. Prospective randomized studies
are needed to validate these results which introduce a
new era in mCRC targeted therapy.

BRAF mutations: The role of KRAS has been exten-
sively analyzed. However, KRAS mutations account for
only 30%-40% of patients unresponsive to anti-EGFR
moAbs treatment, suggesting that additional genetic deter-
minants of resistance must exist. The RAS-RAF-MAPK
kinase pathway mediates cellular responses to growth sig-
nals (Figure 1). The 3 RAF genes encode for cytoplasmic
serine-threonine kinases that are the principal effectors
of KRAS and are regulated by binding to it”. The single
substitution missense mutation V60OE, located within the
kinase domain of BRAI (one of the 3 RAI genes), is the
most common oncogenic mutation in cancer, accounting
for more than 80%. The highest frequency is detected in
melanomas (about 65%), the BRAF V600E mutation is
also found at lower frequencies in a wide range of human
cancers, such as CRC (10%), gliomas, ovarian and oth-
ers. The V60OE amino acid change results in constitutive
activation of the BRAF kinase and promotes cell trans-
formation™”’, KRAS and BRAF mutations are mutually
exclusive in CRC®"?,

Di Nicolantonio ez a/*" retrospectively analyzed 113
mCRC tumors from cetuximab or panitumumab treated
patients for KRAS and BRAF mutations and correlated
the results with response, time to progression (I'TP) and
OS. KRAS mutations were present in 30% of the patients
and were associated with resistance to cetuximab or pani-
tumumab (P = 0.011). The BRAF V600E mutation was
detected in 11 of 79 patients with WT KRAS. None of the
BRAF-mutated patients responded to treatment, whereas
none of the responders carried BRAF mutations (P =
0.029). BRAF-mutated patients had significantly shorter
PES (P = 0.011) and OS (P < 0.0001) than WT patients,
meaning that the BRAF V600E mutation was inversely as-
sociated with response to anti-EGFR MoAb therapy and
correlated with a worse prognosis. In CRC cell lines, the
introduction/presence of the BRAF VGOOE allele impaired
the therapeutic potential of cetuximab and panitumumab.
Pharmacologic inhibition of BRAF, as initially hypothe-
sized, restored sensitivity to anti-EGFR MoAbs in the CRC
cell lines carrying the BRAF V600E mutation. The clinically
approved small-molecule kinase BRAF inhibitor sorafenib
when administered in combination with cetuximab slightly
affected proliferation compared with sorafenib alone,
whereas it showed a prominent proapoptotic effect. Thus,
in the clinic the therapeutic effect of anti-EGEFR MoAbs
could be restored by 2-hit approaches aimed at blocking the
EGFR pathway in multiple locations™,

In the same frame as the Di Nicolantonio e7 a/”" study,
Souglakos ez al” sought to determine retrospectively the
predictive value of the BRAF (exon 15), KRAS (exon 2)
and PIK3CA (exons 9 and 20) point mutations with re-
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spect to clinical outcomes and response to active agents in
168 mCRC patients treated in the USA and Greece with
5-FU-based first-line chemotherapy (71% in combination
with oxaliplatin and 34% with irinotecan and 58% with
the addition of bevacizumab). In this study population,
KRAS, BRAF and PIK3CA mutations were present in 62
(37%), 13 (8%) and 26 (15%) cases, respectively. Multivari-
ate analysis uncovered BRAF mutation as an independent
prognostic factor for decreased survival (HR, 3.6; 95% CI:
1.7-7.3). However, patients with BRAF-mutant tumors
had significantly lower PFS (HR, 1.9; 95% CI: 1.03-3.5; P
< 0.0001) than those whose primary tumors carried only
WT BRAF. Of 100 patients treated with cetuximab and
chemotherapy (8 in first-line and 92 as salvage treatment),
the KRAS mutation predicted lack of response (P = 0.001)
and shorter PFS (P = 0.015), in accordance with the inter-
national literature. BRAF mutations also correlated with
reduced PES in response to second-line use of cetuximab
(P < 0.001). The likelihood of a response between pa-
tients with BRAF-mutant or BRAF-WT tumors was 0%
vs 17%, and PFS with cetuximab-based therapy was signif-
icantly lower when tumors carried mutations in any of the
3 examined genes. BRAF mutations conferred a higher
risk of relapse (HR, 3.9; P = 0.0005) after treatment with
cetuximab-containing salvage combinations. These results
underscore the potential of mutational profiling to help
identify CRCs with different natural history or differential
response to particular therapies. Lack of a cetuximab re-
sponse observed with KRAS-mutant tumors may extend
to other oncogene mutations, especially BRAF. The ad-
verse significance of BRAF mutations should guide pa-
tient selection and stratification in future clinical trials™.

In CRC tumors, BRAF mutations are reported to oc-
cur more frequently in those cases characterized by the
presence of defective DNA mismatch repair (dMMR)™,
Although the etiology is still ill-defined, in subsequent
studies these mutations were found to occur almost
exclusively in tumors showing the involvement of the
AMIHT gene (one of the genes involved in MMR) due to
promoter hypermethylation. Current studies suggest that
the BRAF V600E mutation occurs in 10% of tumors that
are proficient in the MMR pathway (microsatellite stable -
MSS/low microsatellite instability - MSI-L) and in > 50%
of tumors that have dMMR (high microsatellite instabil-
ity - MSI-H) due to promoter hypermethylation of the
AMLHT7 gene. BRAF mutations rarely, if ever, occur in
tumors with AMMR because of the presence of germ-line
mutations”", Thus, BRAF VG60OE is tightly associated
with dAMMR due to hMLLH1 promoter hypermethylation
and not with dMMR due to germ-line alterations.

In conclusion, it seems that the natural history and
treatment response of BRAF-mutant tumors differ
markedly from all others implying that the BRAF
mutation does not simply substitute for KRAS activation
in a linear signaling pathway, but likely confers additional
or distinct properties, with ominous consequences.
The current evidence supports that KRAS and BRAF
mutations are mutually exclusive events. Of course, all
these findings need to be formally confirmed prospectively
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in randomized clinical trials but if they are, then patients
with the BRAF V600E mutation might justify foregoing

approved treatments in favor of investigational therapy.

PIK3CA mutations: PIK3CA is one of the 2 most
frequently mutated oncogenes in human tumors. Most
of the reported mutations in the PIK3CA cluster are in
conserved regions within the region coding for the heli-
cal and kinase domains of p110a. These mutations con-
stitutively activate its kinase activity and, thus, make this
enzyme an ideal target for drug developmentm.

The PIK3CA gene encodes a lipid kinase that regulates
alongside KRAS signaling pathways downstream of the
EGFR. In addition, the p110a subunit of phosphati-
dylinositol-3-kinase (PI3K) which is encoded by PIK3CA,
can be activated by interactions with the RAS proteinsm]
(Figure 1). The PIK3CA gene is found mutated in approx-
imately 20% of CRCs and the majority of the relevant
mutations are located in the “hotspots” of exon 9 (E542K,
E545K) and exon 20 (H1047R)"Y, PI3K-initiated signaling
is normally inhibited by PTEN (phosphate and tensin ho-
mologue deleted on chromosome ten). Ir vifro it has been
shown that cell lines with activating PIK3C.A mutations or
loss of PTEN expression (PTEN null) were more resist-
ant to cetuximab than WT PIK3CA/PTEN-expressing
cell lines (14% = 5.0% »s 38.5% * 6.4% growth inhibi-
tion, mean * SE; P = 0.008). Consistently, PIK3CA mu-
tant isogenic HCT116 cells showed increased resistance
to cetuximab compared with WT' PIK3CA controls. Fur-
thermore, cell lines that were PIK3CA mutant/PTEN null
and RAS/BRAF mutant were highly resistant to cetuxi-
mab compated with those without dual mutations/PTEN
loss (10.8% * 4.3% vs 38.8% £ 5.9% growth inhibition,
respectively; P = 0.002), indicating that constitutive and si-
multaneous activation of the RAS and PIK3CA pathways
confers maximal resistance to this agentm. In addition,
in vivo, Frattini ef a/” have shown that loss of PTEN ex-
pression, which occurs in approximately 30% of sporadic
CRC cases, may be associated with lack of response to
cetuximab.

Sartore-Bianchi ¢z a/’" analyzed 110 mCRC patients
treated with anti-EGFR MoAbs for mutations of the
PIK3CA and KRAS genes along with PTEN expression.
Fifteen PIK3CA (13.6%) and 32 KRAS (29.0%) mutations
were present. PIK3CA mutations were significantly asso-
ciated with clinical resistance to panitumumab or cetuxi-
mab. None of the mutated patients achieved an objective
response (P = 0.038) and when only WT KRAS tumors
were analyzed, the statistical correlation was even stronger
(P = 0.0106). Patients with PIK3CA mutations displayed a
worse clinical outcome also in terms of PFS (P = 0.035).
The authors conclude that these results indicate that PIK-
3CA mutations can independently hamper the therapeutic
response to panitumumab or cetuximab in mCRC. When
the molecular status of the PIK3CA/PTEN and KRAS
pathways are concomitantly ascertained, up to 70% of
mCRC patients unlikely to respond to EGFR MoAbs can
be identified””. In the study by Souglakos ez al”, PIK3CA

mutations were also found to be associated with reduced
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PES (P = 0.06), in response to second-line use of cetux-
imab. In addition, PIK3CA mutations conferred a higher
risk of relapse (HR, 2.1; P = 0.01) after treatment with
cetuximab-containing salvage combinations. However, re-
garding the response to first-line therapy, PES was similar
between patients whose tumors carried mutant or wild-
type and PIK3CA®.

In conclusion, the sum of the published data in the
international literature imply that patients with KRAS-,
BRAF- or PIK3CA-mutant tumors may all derive little
benefit from treatment with anti-EGFR MoAbs. BRAF
or PIK3CA mutations may account for about 1/3 of
patients whose WT KRAS tumors do not respond to ce-
tuximab™. A prioti screening of CRC tumors for RAS/
BRAF/PIK3CA mutations could help stratify patients
likely to benefit from anti-EGFR MoAbs therapy.

Fey-R1I a exon 4 131G>A, Fey-RIl a exon 5 158T>G single
nucleotide polymorphisms (SNPs)

As has been shown recently, antibody-dependent cell-
mediated cytotoxicity (ADCC) mediated through Fc
receptors plays an important role in the anti-tumor ac-
tivity of IgG1 antibodies. ADCC is an immunological
mechanism which involves the interaction between Fc
receptors carried on the surface of immune cells such as
macrophages and natural killer (NK) cells and the Fc frag-
ment of moAbs which are bound on tumor cells™. This
way, moAbs may exert an indirect antitumor activity by
recruiting cytotoxic host effector cells, such as monocytes
and NK cells™. One group of IgG Fc receptors, FcyRs
are expressed on leukocytes and are composed of 3 dis-
tinct classes: FcyR I, FeyRII (FeyRIa and FeyRIIb),
FeyRII (FeyRIa and FeyRIIb). The receptors are also
distinguished by their affinity for IgG. FcyR I exhibits
high affinity for IgG, whereas FcyRIl and FcyRII show a
weaker affinity. FcyR [T a and FeyR1la are activating FcyRs
which are expressed on monocytes/macrophages and
monocytes/macrophages/NK cells, respectively, and can
trigger cytotoxicity of human targetsmj.

Cetuximab, an IgG1 moAb, competes with the natu-
ral ligands of EGFR, EGF and transforming growth
factor-a. (TGF-a). When binding to cancer cells, it in-
hibits EGFR dimerization and downstream signaling,
thus inhibiting proliferation and inducing apoptosism].
In experimental models, it has been shown that another
mechanism of action of cetuximab against cancer cells
is mediated e ADCC. The effectiveness of ADCC may
depend on the degree of activation of effector cells after
FcyR1la and FeyRIlla engagement[m.

The binding affinity of the FcyRs is under the influ-
ence of germline genetic polymorphisms detected on
genes encoding for FcyRIla and FeyRIla. The SNP
131G>A (or H131R) in position 131 of exon 4 of FryR
II 2 gene which leads to the substitution of an arginine
with an histidine and the SNP 158T>G (or V158F) in
position 158 of FryRIll 2 gene, which leads to the substitu-
tion of a phenylalanine with a valine, are shown to affect
the receptors’ affinities for the Fc fragment of antibodies
and probably ADCC efficiency™".,
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In a publication of Zhang ez al* in 39 patients with
mCRC treated with cetuximab, TTP was statistically sig-
nificantly better for patients with the FcyRIIa H131R
SNP (P = 0.037) and for the FcyRIlla V158F (P = 0.055).
In a study by Bibeau ¢z a/*, in 69 mCRC patients treated
with the combination of irinotecan and cetuximab, it
was observed that the patients who were homozygous
for the H/H allele of SNP FeyRIIa H131R and/or for
the V/V allele of SNP FcyRIla V158F had a greater
TTP compared with those who carried the R or F alleles
(3.2 mo, 2.8 mo, respectively, P = 0.015). Nevertheless,
the above-mentioned correlations could not be con-
firmed in other studies***".

Other polymorphisms

EGFR intron-1 (CA)a repeat polymorphisms: A highly
polymorphic sequence of (CA)n repeats (7 = 15-22) is
located in intron 1 of the EGEK gene. Allele 16 (with 16
CA repeats) is seen more frequently (42%), followed by
allele 20 (26%) and 18 (20%)™. In vivo and in vitro studies
have shown that transcriptional activity of the gene is af-
fected, as a result of a variable impact on DNA binding
sites, in such a way that the greater number of CA repeats
reflects lower EGFR mRNA levels and protein expres-
sion. In 2 study by Amador ez al™ from 19 patients
with mCRC treated with gefitinib, those who had a small
number of CA repeats more frequently manifested der-
matologic toxicity (84% of the patients with < 35 CA
repeats and only 33% of those with > 35). In a study by
Graziano et al* in 110 patients with mCRC who under-
went irinotecan-cetuximab salvage therapy after disease
progression during or after oxaliplatin-based first-line
and irinotecan-based second-line chemotherapy, a small
number of intron 1 CA repeats (< 17) was correlated, in
a multivatiate analysis, with favorable OS (HR, 0.41; 95%
CI: 0.21-1.78; P = 0.000), treatment response (P = 0.008)
and more frequent grade 2 and 3 dermatologic toxicity (P
= 0.001) compared with a larger number of CA repeats (=
17). Although the above-mentioned study did not have
a control arm and thus the predictive role of the poly-
morphic repeats could not be determined, it is probable
that the higher EGFR expression in patients with a small
number of CA repeats could also reflect a greater effect
of cetuximab,

EGFR exon 13 497G>A (or R521K) SNP
Another SNP, a G>A substitution (rs11543848) in codon
521 (previously described as codon 497) in exon 13, which
encodes a part of the extracellular region of the EGFR,
has been described and results in an amino acid substitu-
tion of an arginine (R) with a lysine (K). This is located at
the boundary between EGFR domain Il (the direct intet-
action site with cetuximab) and domain IV®?, This amino
acid substitution has been shown to significantly reduce
TGF-a binding and ligand-induced EGFR signaling,
which could make the cell even more sensitive to targeted
receptor inhibition through cetuximab, for exarnplem’s‘ﬂ.
In a study by Gongalves ez al™ | tamor tissue samples
from patients with mCRC treated with irinotecan/ce-
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tuximab were analyzed and the EGFR exon 13 variant
(R521K) was associated with better PFS and OS. Indeed,
the above-mentioned SNP was observed in 11 of the 21
patients who achieved an objective response or stable
disease and in only 1 of the 11 patients who had disease
progression (P = 0.02). In addition, in a third study it
has been correlated with longer OS in stage [I and III
patients after surgery[‘w. Nevertheless, in the study by
Graziano ¢t a/*”, in mCRC patients treated with irinote-
can/cetuximab, this SNP was not found to be associated
with response to treatment or OS.

Epidermal growth factor (EGF) 5-UTR 61A>G SNP

EGF is one of the natural ligands of EGFR and upon
binding it may activate DNA synthesis and cellular pro-
liferation and it has been shown to stimulate mitosis
in epidermal cells. The EGF protein is encoded by the
EGF gene which is located on chromosome 4q25-27 and
contains 24 exons". The only functional polymorphism
of the EGF gene was identified in 2002 and is located
61 base pairs (bp) downstream of the EGF promoter, in
the 5-untranslated region of the gene. It consists of a
substitution of guanine (G) for adenine (A), (61A>G), it
modulates the transcription of EGF and it has been coz-
related #n vitro and in vivo with elevated serum levels™”,
Primarily, it has been studied in patients with melanoma
and glioblastoma multiforme, but it has also been de-
tected in 44% of the European white population[%’m.

In the study by Graziano ez a/'”) in 110 patients with
mCRC treated with irinotecan and cetuximab, the EGF
61G/G allele was associated with a greater OS (HR,
0.44; 95% CI: 0.23-0.84, P = 0.01) but not with greater
response rate, PFS and skin toxicity. The exact mechanism
by which this SNP is associated with greater survival is not
yet known, but, in experimental models and with different
concentrations, EGF has been shown to induce apopto-
sis and growth inhibition rather than the usual growth-
promoting effect™. In addition, in another study with 133
mCRC patients treated with cetuximab monotherapy the
EGF 61G/G allele was associated with greater PFS (P =
0.0 In contrast, in the Zhang et al” study with mCRC
treated with cetuximab, the EGF 61A/A allele was cor-
related favorably with an increased OS (median OS 15 mo
for EGF 61A/A, 2.3 mo for EGF 61G/G and 5.7 mo for
the heterozygote EGF 61A/G).

Cyclin D1 exon 4 870A>G SNP

Cyclin D1 is a cell cycle regulatory protein whose upreg-
ulation has been associated with increased proliferation
and poor clinical outcome in a number of neoplasms
including CRC'™. Cyclin D1 is a key element in the
downstream EGFR signaling pathway; EGFR inhibi-
tion results in cyclin D1 downregulation, leading cells
into the G1 phase and subsequently to apoptosis[()”. The
870A>G SNP in exon 4 of the ¢ylin D1 gene (A to G
substitution) influences cyclin D1 mRNA splicing in the
border between exon 4 and intron 4 resulting in 2 dif-
ferent mRINA transcripts, a and b. The G allele encodes
transcript a, whereas the A allele encodes transcript b,
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which results in a longer half-life cyclin-D11°4,

Zhang et al in a pilot study of 39 mCRC patients
under treatment with cetuximab monotherapy, found that
both the cyclin-D1 870A>G SNP, as well as the EGF
61A>G SNP could be used as predictive molecular mark-
ers of cetuximab therapy. More specifically, the cyclin-D1
870A>G SNP was statistically significantly correlated with
OS. Patients with the A/A genotype had a very short me-
dian OS of 2.3 mo, whereas, patients with at least one G
(A/G or G/G) had a median OS of 8.7 mo (P = 0.019).
Furthermore, when combined with EGF 61A>G, the
cyclin-D1 870A>G shows an even further significant as-
sociation with OS. Patients with the favorable genotypes
(at least one A for the first one and one G for the second)
had a median OS of 12 mo, in contrast with 4.4 mo in
the patients with unfavorable genotypesm. Unfortunately,
Nagashima ¢z al"" and Graziano ez a/*” did not find similar
correlations in their studies.

Rare SNPs

The G765C SNP of cyclooxygenase-2 (COX-2) which
has been correlated 7 vitro with reduced promoter activ-
ity and the T251A SNP of interleukin-8 which has been
correlated with increased intetleukin-8 production, have
not been associated with response to cetuximab treat-
ment in mCRC patients. However, the COX-2 G765C
SNP has been weakly correlated with skin toxicity (P =
0.15". A schematic representation of the above-men-
tioned SNPs is shown in Table 2.

Gene copy numbers and EGFR ligands mRNA
expression: As initially reported in a cohort study, the
objective tumor response to the EGFR-targeted moAbs,
cetuximab and panitumumab, in mCRC occurred in
a fraction of patients whose tumors had an increased
EGFR gene copy number (GCN), as assessed by FISH".
Subsequently, in further studies, the predictive role of
EGFR GCN was evaluated and an association with objec-
tive tumotr responsem and OS™ was demonstrated.

Lievre et al”, using CISH instead of FISH, con-
firmed the results of Moroni e a/'”, but both studies
were inconclusive probably due to the limited number
of patients tested and the non-homogeneous treatments
they received. In the study by Lenz ¢ a/””, the EGFR
GCN was evaluated with polymerase chain reaction (PCR)
and although no association was detected with objec-
tive responses and PES, increased GCN was significantly
positively correlated with OS. The discrepancies between
these studies could be a result of different techniques or
sample limitations, but the association of EGFR GCN
with OS could also reflect its role as an independent prog-
nostic variable! %"

In an attempt to test EGFR GCN in a larger and
more homogeneous patient population and clarify its
predictive role in terms of OR, PFS and OS Sartore-
Bianchi ¢z 2/ analyzed mCRC patients” tumors from the
randomized phase Il trial comparing panitumumab plus
BSC with BSC only after failure in 5-FU-, oxaliplatin- and
irinotecan-based chemotherapym]. In this study EGFR
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Publication SNP n Variable Significance
Zhang et al™ FcyRTa H131R, V158F 39 TTP 0.037
Bibeau et al” FeyR 1l a H131R, V158F 69 TTP 0.015
Graziano et al*® FcyR Ta H131R, V158F 110 RR, OS NS
Nagashima et al*” FeyRI1a H131R, V158F 98 PFS NS
Graziano et al*” EGEFR inl (CA)n repeats 110 RR, OS 0.006, 0.008
Gongalves et al™ EGFR ex 13 R521K 32 PFS 0.020
Graziano et al™! EGF 61G/G 110 0s 0.001
Zhang et al*!! cyclin-D1 870A>G 39 TTP 0.019
Graziano et al*! cyclin-D1 870A>G 110 RR, OS NS
Nagashima et al*” cyclin-D1 870A>G 98 PES NS

anti-EGFR: Anti-epidermal growth factor receptor; NS: Not significant.

GCN was assessed by FISH and its status was evaluated
as the mean value of EGFR gene copies/nucleus, as the
mean value of EGFR gene/CEP7 (o-centrometic probe
of chromosome 7) and as the percentage of chromo-
some 7 polysomy (= 3 signals per nucleus) scoring 200
tumor cells. A statistically significant positive correlation
between increase in mean EGIFR GCN and probability
of response to panitumumab (odds ratio, 5.62; 95% ClI:
1.506-20.974) was found with 98.1% specificity (95%
CI: 78.5%-96%). In addition, the best cut-off value of
mean EGFR GCN, = 247 EGFR gene copies/nucleus,
as assessed by ROC analysis, to discriminate responders
from nonresponders, had a sensitivity of 100% (95% CI:
54.1%-100%), since no objective response was observed
when the EGFR GCN was less than this value. Because
of the non-homogeneous pattern of EGFR GCN in the
tumors, the percentage of cells displaying chromosome 7
polysomy and/or EGFR gene amplification was also cal-
culated. In the same way, an increase in the percentage of
chromosome 7 polysomy was also significantly associated
with the probability of objective response (odds ratio,
1.04; 95% CI: 1.007-1.074), with a specificity of 100%
(95% CI: 93.2%-100%) and a negative predictive value of
89.7% (95% CI: 78.8%0-96.1%). In other words, in patients
treated with panitumumab, a mean EGFR GCN of less
than 2.5/nucleus or less than 40% of tumor cells display-
ing chromosome 7 polysomy within the tumor predicted
a shorter PES (P = 0.039 and P = 0.029, respectively) and
OS (P = 0.015 and P = 0.014, respectively), thus generat-
ing the hypothesis that these tumors were probably not
driven by the EGFR pathway. None of the treated pa-
tients with mean EGFR GCN of less than 2.47/nucleus
or less than 43% of tumor cells displaying chromosome 7
polysomy obtained an objective response compared with
6 of 20 and 6 of 19 patients with values greater than these
cut-oft limits (P = 0.0009 and P = 0.0007, respectively).
Evaluation of BSC-treated patients showed no correlation
between EGFR GCN or chromosome 7 polysomy status
and PFS. Interestingly, in the tumors of patients from the
BSC only arm, no correlation was found between EGEFR
GCN and PFS, thus indicating more its predictive, rather
than its prognostic role!".

In an exploratory clinical trial conducted by Kham-
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bata-Ford et a/*! a large prospective human cohort
uniformly treated with cetuximab was exploited in an
attempt to systematically identify biomarkers associated
with disease control to anti-EGFR MoAb treatment.
Transcriptional profiling was conducted on RNA from
tumor cells in order to identify genes whose expression
correlated with best clinical response. EGFR GCN was
detected at a frequency of 6% by quantitative PCR but
its increase within the disease control group was not sta-
tistically significant. In addition, gene expression profiles
showed that tumors that express high levels of the EGFR
ligands epiregulin (EREG) and amphiregulin (AREG)
are more likely to show disease control with cetuximab
(EREG, P = 0.000015; AREG, P = 0.000025) and have
significantly longer PES than patients with low expression
(EREG: P =0.0002; HR, 0.47; median PFS, 103.5 d #s 57 d,
respectively; AREG: P = 0.0001; HR, 0.44; median PES,
115.5 d us 57 d, respectively)®’. Lately, these results were
confirmed in another patients’ cohort treated with cetux-
imab and irinotecan in combination®. The authors found
that overexpression of EREG and AREG in KRAS WT
patients was associated with a decreased risk of progres-
sion (HR, 0.41 and 0.43, respectively) and death (HR, 0.42
and 0.4, respectively)*”.

Lastly, in a study by Scartozzi et al®) the role of nu-
clear factor-kB (NF-kB) was investigated. NF-kB plays a
role in the activation of the EGFR downstream signaling
pathway and was shown to be responsible for resistance
to antineoplastic agents. EGFR can induce NF-kB, and
high levels of EGFR expression are essential for EGFR-
mediated NF-xB activation®”. In the above-mentioned
study, NF-kB and EGFR expression were evaluated
retrospectively by immunohistochemistry and the re-
sults were correlated with response rate, TTP and OS in
mCRC patients receiving irinotecan-cetuximab treatment.
The response rate was 10% (4 partial responses) »s 48%
(12 partial responses; P = 0.0007) in NF-kB-positive
and NF-kB-negative tumors, respectively. Median TTP
in NF-kB-positive patients was 3 »s5 6.4 mo in the re-
maining patients (P = 0.021). Median OS was 9.5 mo
vs 15.8 mo for NF-kB-positive and NF-kB-negative
patients, respectively (P = 0.036). The difference in me-
dian TTP, OS and response rate could mean that NF-xB
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may play a role in predicting the efficacy of irinotecan-

cetuximab therapy in the mCRC setting[éé].

CONCLUSION

The CRC mutation profiles should influence patient
selection or stratification in prospective trials. KRAS
mutational status represents a paradigm for biomarker de-
velopment in the era of molecular targeted therapies. As
a result, KRAS testing is now mandatory at the presenta-
tion of metastatic disease in patients with CRC. In total,
almost 50% of mCRC patients’ tumors harbor either the
KRAS (40%) or BRAF (10%) mutation and are not candi-
dates for anti-EGEFR moAb therapy. Patients with KRAS
mutations may benefit from combination chemotherapy
and anti-vascular endothelial growth factor moAbs (such
as bevacizumab). Patients with KRAS mutations and re-
sistance or relapse to chemotherapy and/or bevacizumab
have limited treatment options and could be candidates
for clinical trials with investigational agents, such as
mTOR or extracellular-signal-regulated kinase inhibitors.
The BRAF V600E mutation identifies a subgroup (less
than 10%) of patients with an exceptionally unfavorable
prognosis. These patients might justify forego approved
treatments in favor of investigational therapy, such as
molecules that inhibit the WT (sorafenib) and/or the mu-
tant (PXL 4032) BRAF allele, either alone or in combina-
tion with chemotherapy. In addition, PIK3CA mutations
appear to be useful predictors for response to anti-EGFR
moAbs, but definitive conclusions should be based on the
analysis of larger cohorts of patients in randomized trials
that include patients who have not been exposed to anti-
EGFR targeted therapies.

In addition, the expression of AREG and EREG was
consistently associated with the outcome of cetuximab
and panitumumab combination chemotherapy. The results
of SNPs and GCN are premature and controversial, and
thus need to be explored in a more systematic approach.

The development of biomarkers for the optimization
of anti-EGFR treatment in mCRC, beyond KRAS muta-
tions, is a work in progress. The aim will be to identify
molecular markers that might be used to select patients
with a higher probability of response to anti-EGFR mo-
Abs.
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