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Abstract

Background: KRAS is an EGFR effector in the RAS/RAF/ERK cascade that is mutated in about 40% of metastatic
colorectal cancer (mCRC). Activating mutations in codons 12 and 13 of the KRAS gene are the only established
negative predictors of response to anti-EGFR therapy and patients whose tumors harbor such mutations are not
candidates for therapy. However, 40 to 60% of wild-type cases do not respond to anti-EGFR therapy, suggesting the
involvement of other genes that act downstream of EGFR in the RAS-RAF-MAPK and PI3K-AKT pathways or
activating KRAS mutations at other locations of the gene.

Methods: DNA was obtained from a consecutive series of 201 mCRC cases (FFPE tissue), wild-type for KRAS exon 2
(codons 12 and 13). Mutational analysis of KRAS (exons 3 and 4), BRAF (exons 11 and 15), and PIK3CA (exons 9 and 20)
was performed by high resolution melting (HRM) and positive cases were then sequenced.

Results: One mutation was present in 23.4% (47/201) of the cases and 3.0% additional cases (6/201) had two
concomitant mutations. A total of 53 cases showed 59 mutations, with the following distribution: 44.1% (26/59) in KRAS
(13 in exon 3 and 13 in exon 4), 18.6% (11/59) in BRAF (two in exon 11 and nine in exon 15) and 37.3%
(22/59) in PIK3CA (16 in exon 9 and six in exon 20). In total, 26.4% (53/201) of the cases had at least one mutation and
the remaining 73.6% (148/201) were wild-type for all regions studied. Five of the mutations we report, four in KRAS and
one in BRAF, have not previously been described in CRC. BRAF and PIK3CA mutations were more frequent in the colon
than in the sigmoid or rectum: 20.8% vs. 1.6% vs. 0.0% (P=0.000) for BRAF and 23.4% vs. 12.1% vs. 5.4% (P=0.011) for
PIK3CA mutations.

Conclusions: About one fourth of mCRC cases wild-type for KRAS codons 12 and 13 present other mutations either in
KRAS, BRAF, or PIK3CA, many of which may explain the lack of response to anti-EGFR therapy observed in a significant
proportion of these patients.
Background
The increasing knowledge of cancer biology has led to the
development of targeted therapies, designed to interfere
with specific molecules involved in tumor growth and pro-
gression [1,2]. EGFR is a transmembrane receptor tyrosine
kinase (TK) implicated in several cellular responses, like
apoptosis, differentiation, cellular migration, and adhesion.
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This TK and the pathways it controls play an important
role in colorectal carcinogenesis [3-5], making it a good
target for biological therapy of this disease [2]. A network
of various signal transduction cascades is stimulated by
EGFR signaling, namely the RAS/RAF/MEK/ERK,
PI3K/AKT, JAK/STAT and PLCγ pathways. Cetuximab,
a human-mouse chimeric IgG1, and panitumumab, a
fully human IgG2, are monoclonal antibodies (moABs)
that compete with EGFR’s ligands and specifically bind to
the receptor, blocking ligand-induced downstream signaling
[2]. These targeted agents have been evaluated in several
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clinical trials for the treatment of metastatic colorectal
cancer (mCRC), either alone, in combination with
fluoropyrimidine-based chemotherapy regimens, or with
bevacizumab [6-11], and have subsequently been approved
by the European Medicines Agency (EMEA) and the U.S.
Food and Drug Administration (FDA).
Several retrospective analyses of KRAS mutational

status in tumors from patients treated with cetuximab
and panitumumab found an association between KRAS
codons 12 or 13 activating mutations and lack of treatment
efficacy [6-11]. In normal cells, the KRAS protein alternates
between an inactive GDP-bound form and an active GTP-
bound form. Mutations in KRAS codons 12 and 13 origin-
ate a constitutively active protein, resulting in a continuous
and self-sufficient (independent of ligand binding) KRAS
signaling. These KRAS mutations, present in about 40%
of mCRC, are the only available (negative) predictors of
response to anti-EGFR moABs, and this therapy is
strictly indicated for patients with KRAS wild-type
mCRC [6,9,12,13]. However, absence of KRAS exon 2
mutations does not guarantee treatment response, as
only 40 to 60% of these cases respond to anti-EGFR
therapy [7,13,14]. Other mutations in genes encoding
proteins that act downstream of EGFR, such as KRAS,
BRAF, and PIK3CA, may be responsible for the absence
of treatment response in such cases.
In this study, 201 cases of mCRC wild-type for KRAS

codons 12 and 13 were screened for mutations in other
potential biomarkers of response to anti-EGFR treatment,
namely in the coding regions of KRAS switch II and G5
regions (exons 3 and 4), the P-loop and activation segment
of BRAF (exons 11 and 15), and in PIK3CA’s helical and
kinase domains (exons 9 and 20) [15,16].

Methods
Samples
A consecutive series of tumor samples (formalin-fixed
and paraffin-embedded, wild-type for KRAS codons 12
and 13) from 212 patients with stage IV colorectal
adenocarcinoma were retrospectively analyzed. These
patients were referred to the Genetics Department of
IPO-Porto, between August 2008 and January 2010, for
routine KRAS codons 12 and 13 mutation analysis and
were considered wild-type for both codons by at least
two of four independent methods in a previous work by
our group, representing 56.5% of the cases [17]. When
patients received neoadjuvant radiotherapy, diagnostic
tumor biopsies were used for mutation analyses instead
of primary tumors. Of these 212 cases, eight were
excluded due to lack/poor quality DNA and another
three because of missing clinical data. A total of 201 cases
were analyzed and their clinical characteristics are listed in
Additional File 1: Table S1. This study was approved by the
Institutional Review Board of the Portuguese Oncology
Institute-Porto and written informed consent was obtained
from all patients before testing.

DNA extraction
Hematoxylin and eosin (H&E) stained slides from tumors
of each case were reviewed by a pathologist, who delimited
areas containing at least 70% tumor cells. Unstained slides
were immersed in xylene for 5 minutes and twice in etha-
nol 100% for 5 minutes. Tumor areas were then delimited,
by comparison with correspondent H&E stained slides,
and macrodissected. DNA was isolated from scrapped
material using the methods described by Lungu et al.[18],
phenol-chlorophorm [19], or by the QIAampW DNA FFPE
TissueKit (QIAGEN, Hilden, Germany). DNA was quanti-
fied by spectrophotometry with NanoDrop ND-1000W

(Thermo Fisher Scientific Inc., Waltham, MA, USA).

Mutational analysis
We searched for mutations in KRAS mutational hotspots
other than exon 2 (NM_004985.3; exons 3 and 4), as well
as in BRAF (NM_004333.3; exons 11 and 15), and in
PIK3CA (NM_006218.2; exons 9 and 20). High resolution
melting (HRM) was used as a screening method to distin-
guish mutated from wild-type samples. DNA sequencing of
one strand was performed in those samples considered
positive by HRM. All mutated samples were subject to a
second HRM and DNA sequencing analyses in order to
validate the results.
PCR amplification and HRM were performed on a

LightCyclerW 480 II Real-Time System (Roche Diagnostics,
Basel, Switzerland). PCR mastermix containing one primer
pair, all PCR reagents, and DNA (Additional File 2:
Table S2) was added to each well of a 96 well plate. Fifteen
microliters of mineral oil were added to all wells in order
to prevent evaporation and cross-contamination. Plates
were sealed with sealing film and centrifuged at 2000 rpm
for 2 minutes. All samples were run in duplicate.
Primer pairs for KRAS exons 3 and 4 were designed

with primer-BLAST software (http://www.ncbi.nlm.nih.
gov/tools/primer-blast/; Additional File 3: Table S3).
Primer pairs for PIK3CA exons 9 and 20 and BRAF
exons 11 and 15 were previously described [20-22].
Cycling and melting conditions were as follows: an
initial denaturation at 95°C for 10 minutes followed by
40 cycles of 20 seconds at 90°C, 20 seconds at 67°C,
and 20 seconds at 72°C (for PIK3CA exons 9 and 20, BRAF
exon 11, and KRAS exon 3) or 40 cycles of 20 seconds at
95°C, 20 seconds at 65°C, and 20 seconds at 72°C
(for BRAF exon 15 and KRAS exon 4) and a final
extension at 72°C for 10 minutes. One heteroduplex
cycle was done at 95°C for 5 minutes and 40°C for
1 minute, followed by melting from 70°C to 90°C
with 25 acquisitions/°C and a 1 minute cooling to
40°C with a ramp rate of 2.2°C/second.

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Amplification and melting curves were generated and
analyzed using the LightCyclerW 480 Gene Scanning
software version 1.5 (Roche diagnostics). Samples with
late amplification were excluded from the analysis. PCR
amplification products generated by the LightCycler PCR
were purified using illustra GFX PCR DNA and Gel Band
Purification Kit (GE Healthcare, Little Chalfont, UK)
according to the manufacturer’s protocol. For the se-
quencing reaction, 1 μL of purified PCR amplification
products were used with 1 μL of Big DyeW Terminator
V1.1 cycle sequencing Ready Reaction Mix (dNTPs.
ddNTPs-fluorocromes, MgCl2, Tris–HCl buffer), 1.9 μL
of Big DyeW Terminator V1.1, V1.3 5x sequencing buffer
(Applied Biosystems Inc., Fostercity, CA, USA), 350 nM of
primers described above and bidestilled sterile water to a
total volume of 10 μL. The sequencing reaction consisted of
an initial denaturation step at 96°C for 5 minutes, followed
by 35 cycles of 96°C for 10 seconds, 52°C for 5 seconds and
60°C for 4 minutes. Sequencing reaction products were
purified prior to sequencing in order to remove contami-
nants, using illustra SephadexW G-50 fine (GE Healthcare
Life Sciences). After purification, 12 μL of Hi-Di™
Formamide (Applied Biosystems) were added to the
sequencing product. Sequencing PCR products were
run on an ABI PRISM™ 310 Genetic Analyzer and
the respective electropherograms were analyzed with
Sequencing Analysis Software v5.2 (Applied Biosystems).
All electropherograms were read manually.

Statistical analysis
Chi-square or Fisher’s exact tests were performed as
appropriate to assess statistical differences between two
groups of patients, and linear-by-linear association was
used when comparing more than two sequential groups.
Associations were considered statistically significant
when P≤0.05. All statistical analyses were performed
with SPSS Statistics v.19 (SPSS Inc., IL, USA).

Results
Mutation frequencies
A total of 201 KRAS exon 2 wild-type mCRC samples
were screened by HRM for mutations in exons 3 and 4
of KRAS, exons 11 and 15 of BRAF, and exons 9 and 20
of PIK3CA (Figure 1). Subsequent automated sequencing
of HRM positive cases confirmed the presence of 59 mu-
tations in 53 cases, with the following distribution: 44.1%
(26/59) in KRAS (13 in exon 3 and 13 in exon 4), 18.6%
(11/59) in BRAF (two in exon 11 and nine in exon 15) and
37.3% (22/59) in PIK3CA (16 in exon 9 and six in exon 20).
One mutation was present in 23.4% (47/201) of the cases
and 3.0% additional cases (6/201) had two concomitant
mutations. In total, 26.4% (53/201) of the cases had at least
one mutation and the remaining 73.6% (148/201) were
wild-type for all regions studied. All mutations were found
in heterozygosity and were confirmed in a second HRM
and DNA sequence analysis.
Samples with single mutations were distributed as fol-

lows: 10.0% (20/201) were KRAS mutated, 5.0% (10/201) in
exon 3 and 5.0% (10/201) in exon 4; 5.0% (10/201) had one
BRAF mutation, 0.5% (1/201) in exon 11 and 4.5% (9/201)
in exon 15; 8.5% (17/201) were PIK3CA mutated, 7.0%
(14/201) in exon 9 and 1.5% (3/201) in exon 20 (Table 1).
Concomitant mutations were found with the following

distribution: 2.0% (4/201) of cases had simultaneous mu-
tations in PIK3CA and KRAS, 0.5% (1/201) in PIK3CA
and BRAF, and 0.5% (1/201) two mutations in KRAS
(Table 2). Of all mutations here reported, five have not
been previously described in colorectal cancer [23-25]:
two duplications, one deletion, and one point mutation
in KRAS and one point mutation in BRAF (Figure 2).

KRAS mutations
The eight KRAS codon 61 mutations present in our
series result in four different amino acid substitutions
(p.Gln61His, p.Gln61Lys, p.Gln61Leu, and p.Gln61Arg),
with the p.Gln61Leu being the most frequent codon 61
mutation in this series (37.5%; 3/8). Mutations found in
codon 146 were restricted to the p.Ala146Thr substitution.
Besides those in codons 61 and 146, other KRAS exon 3

mutations represented 19% (5/26) of all KRAS changes,
including one deletion (p.Ala59del), two point mutations
(p.Glu49Lys and p.Gly60Val) and two large in frame dupli-
cations (p.Cys51_Ser65dup and p.Thr58_Met72dup). Of
these five mutations, only p.Gly60Val has been recently
reported in CRC [26], whereas the other four are novel
mutations in CRC [23].
One of the cases carrying a KRAS p.Gln61His mutation

had a concomitant PIK3CA p.Glu542Lys substitution. The
p.Thr58_Met72dup duplication occurred in one tumor car-
rying a PIK3CA p.His1047Tyr substitution. Two tumors
with KRAS Ala146Thr mutations also had a PIK3CA muta-
tion, either p.Glu545Lys or p.His1046Arg. In addition, one
case harbored two KRAS mutations, namely p.Glu49Lys
and p.Ala146Thr.

BRAF mutations
The frequency of BRAF p.Val600Glu mutations found in
this series was 4.0% (8/201). This mutation represented
89% (8/9) of exon 15 mutations and 73% (8/11) of all
BRAF mutations. We also found mutations in codons 601
(p.Lys601Glu), 466 (p.Gly466Glu), and 471 (p.Val471Ala) of
BRAF, the latter not previously described in mCRC [23].
One BRAFmutation, p.Val471Ala, occurred in a tumor also
carrying a PIK3CA p.His1047Arg mutation.

PIK3CA
PIK3CA mutations were present in 10.9% (22/201)
of the tumors, unequally distributed between exons



Figure 1 High resolution melting analysis of PIK3CA exon 9. A) Normalized and B) difference graph, containing wild-type samples (blue) and
mutated samples (green and red).
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9 and 20: 73% (16/22) were helical domain mutants
(p.Glu542Lys, p.Glu545Lys, p.Glu545Asp, and p.Gln546Lys)
and 27% (6/22) kinase domain mutants (p.Met1043Ile,
p.His1047Arg, p.His1047Leu, and p.His1047Tyr). Five
of the PIK3CA mutants also contained another muta-
tion in either KRAS or BRAF.

Clinicopathological associations
KRAS mutations were more frequent in patients older than
the median age of diagnosis (21.5% vs. 8.2%; P=0.034),
whereas no statistically significant differences were found
for BRAF or PIK3CA mutations regarding this parameter.
BRAF and PIK3CA mutations were more frequent in
the colon than in the sigmoid or rectum: 20.8% vs. 1.6%
vs. 0.0% (P=0.000) for BRAF and 23.4% vs. 12.1% vs. 5.4%
(P=0.011) for PIK3CA mutations (Figure 3). Although the
frequency of KRAS mutations is higher in sigmoid and
rectum, the difference is not statistically significant. No
significant differences were found between genders
regarding KRAS, BRAF, or PIK3CA mutation frequencies.

Discussion
We here show that more than one-fourth of KRAS exon 2
wild-type mCRC patients present other mutations in KRAS,



Table 1 Frequency of KRAS, BRAF and PIK3CA single
mutants (N=47/201)

Mutation No. of
cases

Total no. of
cases (%)Gene and

exon
cDNA

sequence
Protein
sequence

KRAS exon 3 c.151_195dup p.Cys51_Ser65dup 1 10 (5.0%)

c.176_178del p.Ala59del 1

c.179G>T p.Gly60Val 1

c.181C>A p.Gln61Lys 1

c.182A>T p.Gln61Leu 3

c.182A>G p.Gln61Arg 2

c.183A>C p.Gln61His 1

KRAS exon 4 c.436G>A p.Ala146Thr 10 10 (5.0%)

BRAF exon 11 c.1397G>A p.Gly466Glu 1 1 (0.5%)

BRAF exon 15 c.1799 T>A pVal600Glu 8 9 (4.5%)

c.1808A>G p.Lys601Glu 1

PIK3CA exon 9 c.1624G>A p.Glu542Lys 5 14 (7.0%)

c.1633G>A p.Glu545Lys 5

c.1635G>T p.Glu545Asp 1

c.1636C>A p.Gln546Lys 3

PIK3CA exon 20 c.3129G>A p.Met1043Ile 1 3 (1.5%)

c.3140A>G p.His1047Arg 1

c.3140A>T p.His1047Leu 1
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BRAF, and/or PIK3CA and report five novel mutations,
namely four in KRAS exon 3 and one in BRAF exon 11.
The mutational frequencies in the most commonly altered
codons of KRAS, BRAF, and PIK3CA genes were in accord-
ance to those previously described in the literature. We
have previously shown that HRM is a highly sensitive tech-
nique to detect mutations in mCRC, being significantly
Table 2 Frequency of double mutants (N=6/201)

Coexisting mutations No. of
cases

Total
no. of

cases (%)
Gene and

exon
cDNA

sequence
Protein
sequence

PIK3CA exon 9 c.1633G>A p.Glu545Lys 1 6 (3.0%)

KRAS exon 4 c.436G>A p.Ala146Thr

PIK3CA exon 9 c.1624G>A p.Glu542Lys 1

KRAS exon 3 c.183A>C p.Gln61His

PIK3CA exon 20 c.3139C>T p.His1047Tyr 1

KRAS exon 3 c.173_217dup p.Thr58_Met72dup

PIK3CA exon 20 c.3140A>G p. His1047Arg 1

KRAS exon 4 c.436G>A p.Ala146Thr

PIK3CA exon 20 c.3140A>G p.His1047Arg 1

BRAF exon 11 c.1412 T>C p.Val471Ala

KRAS exon 3 c.145G>A p.Glu49Lys 1

KRAS exon 4 c.436G>A p.Ala146Thr
more sensitive and cheaper than standard Sanger sequen-
cing [17], combining high sensitivity with the ability to de-
tect novel mutations. A KRAS codon 61 and 146 mutation
frequency of 10.4% is similar to what has been reported for
KRAS codons 12 and 13 wild-type patients (6.5% - 10.5%)
[24,25]. The frequency of the BRAF p.Val600Glu mutation
was lower (4.0%) but comparable to the reported frequency
range of 4-18% in mCRC without KRAS codon 2 mutations
[25,27-30]. Since the BRAF p.Val600Glu mutation is associ-
ated with microsatellite instability (MSI) status and right
colon tumors [31-33], variations in sample characteristics
between studies can account for the wide frequency range,
but this is often hard to verify as many studies in mCRC do
not describe the primary tumor localization nor MSI status.
PIK3CA mutations were present in 10.9% of the tumors,
which is similar to previous reports [24,34-36]. Interest-
ingly, both BRAF (P=0.000) and PIK3CA (P=0.011) muta-
tions were significantly more frequent in colon than in
sigmoid or rectal carcinomas. On the other hand, an associ-
ation was found between KRAS mutations and older age at
diagnosis (P=0.034), which was not observed for BRAF or
PIK3CA. These findings should be confirmed in larger
series in order to evaluate its significance.
KRAS codon 61 oncogenic mutations occur at an

essential position for GTP hydrolysis and decrease RAS-
mediated GTP hydrolysis [37], resulting in transformation
efficiencies that vary up to 1000-fold [38]. It has been
demonstrated in vivo that codon 61Leu, Lys, and Arg in-
duce a strong oncogenic phenotype, whereas 61 His is a
moderately transforming mutant [38]. Aminoacid Ala146
is involved with guanine base interaction and mutations in
this codon do not affect GTPase activity, but are associ-
ated with an increased GDP to GTP exchange. Expression
of p.Ala146Thr mutations in vivo results in elevated RAS-
GTP and phosphorylated ERK compared to wild-type
KRAS, albeit lower than that caused by codon 12 muta-
tions [39]. However, there is no data available to deter-
mine the influence in RAS protein structure of the novel
deletion (p.Ala59del) and the two novel large in frame
duplications (p.Cys51_Ser65dup and p.Thr58_Met72dup)
we found in exon 3, but the fact that they are located in
the switch II region is an indicator that they may activate
RAS by impairing GTP hydrolysis. Of notice, few KRAS
duplications and deletions have been reported: only three
in exon 2 and two in exon 3. No functional studies exist
regarding the role of KRAS p.Gly60Val or p.Glu49Lys mu-
tations, but it is known that the Gly60 residue interacts
with γ-phosphate of GTP and is a conserved amino acid
in the superfamily of GTPases [40], facts that argue in
favor of Gly60Val pathogenicity.
Both BRAF p.Val600Glu and p.Lys601Glu mutations

occur in the activation site and originate proteins with
high kinase activity. In vitro, BRAF p.Val600Glu and
p.Lys601Glu proteins have higher TK activity than the



Figure 2 (See legend on next page.)
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Figure 2 Electropherograms of the novel mutations found in this series and of wild-type samples. A) and E) KRAS exon 3 wild-type
samples; B), C), D) and F) KRAS exon 3 mutations; G) BRAF exon 11 wild-type; H) BRAF exon 11 mutant sample. Fw: forward strand. Rev: reverse
strand. Arrow indicates the mutational spot.
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wild-type protein (500-fold and 120-fold higher, respect-
ively) [41]. Mutants p.Val600Glu also show a six-fold
higher ERK signaling in vivo, when compared to the
wild-type protein [41]. These high TK activity mutants
are thought to simulate the conformational changes
caused by activation segment phosphorylation, resulting
in protein ligand-independent constitutive activation. On
the other hand, the Gly466 is the second glycine of the
P-loop GXGXXG motif (G=glycine; X=variable), conserved
in more than 99% of all kinases [15]. It is an important
catalytic residue and its substitution to glutamic acid
(p.Gly466Glu) originates a protein with higher ERK
signaling than wild-type BRAF but a diminished, although
constitutively active, TK activity [41]. It has been proposed
that increased ERK signaling occurs via an association
between BRAF and CRAF and their ability to stimulate
ERK is dependent on CRAF activation [41]. It has been
demonstrated that p.Gly466Glu cells depend on CRAF for
ERK signaling: they induce strong CRAF activation and
CRAF depletion significantly suppresses ERK signaling [41].
PIK3CA helical domain mutants p.Glu542Lys,

p.Glu545Lys, and p.Gln546Lys and kinase domain mu-
tants p.Met1043Ile, p.His1047Arg, p.His1047Leu, and
Figure 3 Distribution of KRAS, BRAF and PIK3CA mutations according
p.His1047Tyr all display enhanced lipid kinase activity
compared to the wild-type p110α, and p.Glu542Lys, p.
Glu545Lys, and p.His1047Arg induce AKT phosphor-
ylation at higher levels than the normal protein
[42-48]. Furthermore, p.Glu545Lys and p.His1047Arg
promote cell growth and invasion in CRC cell lines,
and mutations p.His1047Leu and p.His1047Tyr induce
oncogenic transformation in primary cell cultures of
chicken embryo fibroblasts [44,46]. In CRC, Met1043
is less frequently altered than His1047 (0.8% vs 7.1%)
[49]. Amino acids 1043 and 1047 are located on the
same protein helix and probably affect protein function
by altering activation loop conformation, leading to
elevated kinase activity [42,50]. The above referred
helical domain mutations occur at residues involved in
the interaction with the adaptor protein and are
thought to abrogate its inhibitory effect by increasing
the positive charge on the surface of the helical
domain. It has also been demonstrated that p85 does
not inhibit these mutants in vitro [45,50]. Finally, the
Glu to Asp substitution in codon 545 has not been
functionally studied, but both amino acids involved are
polar and negatively charged, thus making it unlikely
to primary tumor site.
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that this substitution will produce the same effect on
p110α as those described above. In this study we also
observed that PIK3CA codon 545 substitutions account
for 9.8% of PIK3CA mutations in CRC [49] and, since the
carcinoma carrying the PIK3CA p.Glu545Asp muta-
tion did not present mutations in either KRAS or
BRAF, it is conceivable that this mutation confers some
selective advantage.
In six cases, we found two different mutations in the

various exons studied, most commonly coexistence of a
PIK3CA mutation with either a KRAS or a BRAF mutation.
Coexisting mutations of KRAS/BRAF and PIK3CA have
been reported in several studies [24,30,31,36], with PIK3CA
exon 20 mutations more frequently co-occurring with
mutations of unknown significance or with KRAS codon
146 mutations [24]. Additionally, we found one instance of
coexistence of the PIK3CA p.His1047Arg mutation with
the novel mutation BRAF p.Val471Ala, a conserved residue
of RAF proteins, having no functional studies available
to allow inferences on its oncogenic potential. Finally,
one case harbored two KRAS mutations, namely the
novel p.Glu49Lys and the p.Ala146Thr mutations. The
coexistence of two mutations in the same gene or in
different genes may be explained by a synergistic con-
tribution of both mutations to pathway activation or
the occurrence of each mutation in different subclones
as a result of tumor clonal divergence.
According to a recently published large multicentric

study involving retrospective mutation analysis on KRAS,
BRAF, NRAS, and PIK3CA in mCRC and the impact of
mutations in these genes on cetuximab treatment efficacy
[24], tumors with KRAS codon 61 mutations have lower re-
sponse rates and PIK3CA exon 20 mutations are associated
with a worse outcome after cetuximab treatment, with
NRAS mutations (codons 12, 13 and 61) being predictive of
nonresponse to this targeted therapy. On the other hand,
this retrospective study indicates that KRAS codon 146 and
PIK3CA codon 9 mutations do not affect cetuximab
efficacy. This study also confirmed the inefficacy of
cetuximab in patients with BRAF p.Val600Glu muta-
tions, with response rates of 8% vs 38% for BRAF
mutated and wild-type, respectively [24,25,27,28,51].
No associations with treatment response have been
published for BRAF exon 11 mutations or any other
KRAS exon 3 mutations besides those in codon 61,
essentially because they are rare. We could not make
an evaluation of the predictive value of these mutations
in our patients at the time of writing due to the low
number of mutated cases that have been treated with
cetuximab, but in face of the findings of De Roock
et al. [25] our mutation data indicates that at least
10.9% of our mCRC patients wild-type for KRAS codon
12 and 13 would not benefit from anti-EGFR targeted
therapy. Further prospective or functional studies will
be necessary to evaluate the predictive value of the
remaining mutations, including the novel KRAS and
BRAF mutations we here report.

Conclusions
About one fourth of mCRC cases wild-type for KRAS
codons 12 and 13 present other mutations either in
KRAS, BRAF, or PIK3CA, many of which may explain
the lack of response to anti-EGFR therapy observed in a
significant proportion of these patients.

Additional files

Additional file 1: Clinicopathological features of the 201 patients.

Additional file 2: Depiction of the PCR reaction mixture.

Additional file 3: Primer pairs used for KRAS mutation analysis and
correspondent amplicon lengths.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
JGG carried out most molecular genetic studies and drafted the manuscript.
IV, PR, PP, CP, MP, and AP helped to set up, carry out, and interpret the
molecular genetic studies. PL and RH provided histopathological data. MF,
AR, PF, MM, NS, AA, JM, FA, CC and LLS provided patient clinical data. LLS
and JGG performed the statistical analysis. MRT coordinated the study and
helped to draft the manuscript. All authors read and approved the final
manuscript.

Acknowledgements
We acknowledge Anabela Mota for data registration in the clinicopathologic
database, a task that was supported by Merck Serono. The database
sponsors had no role in study design, data collection and analysis, decision
to publish, or manuscript writing.

Author details
1Departments of Genetics, Portuguese Oncology Institute, Porto, Portugal.
2Departments of Oncology, Portuguese Oncology Institute, Porto, Portugal.
3Departments of Pathology, Portuguese Oncology Institute, Porto, Portugal.
4S. Sebastião Hospital, Santa Maria da Feira, Portugal. 5Trás-os-Montes e Alto
Douro Hospital Center, Vila Real, Portugal. 6Alto Ave Hospital Center,
Guimarães, Portugal. 7Departments of Surgery, Portuguese Oncology
Institute, Porto, Portugal. 8Abel Salazar Biomedical Sciences Institute (ICBAS),
University of Porto, Porto, Portugal.

Received: 22 July 2012 Accepted: 19 March 2013
Published: 1 April 2013

References
1. Krause DS, Van Etten RA: Tyrosine kinases as targets for cancer therapy. N

Engl J Med 2005, 353(2):172–187.
2. Ciardiello F, Tortora G: EGFR antagonists in cancer treatment. N Engl J Med

2009, 360(15):1579.
3. Vogelstein B, Kinzler KW: Cancer genes and the pathways they control.

Nat Med 2004, 10(8):789–799.
4. Jass JR: Classification of colorectal cancer based on correlation of clinical,

morphological and molecular features. Histopathology 2007, 50(1):113–130.
5. Roberts PJ, Der CJ: Targeting the Raf-MEK-ERK mitogen-activated protein

kinase cascade for the treatment of cancer. Oncogene 2007, 26(22):3291–3310.
6. Amado RG, Wolf M, Peeters M, Van Cutsem E, Siena S, Freeman DJ, Juan T,

Sikorski R, Suggs S, Radinsky R, et al: Wild-type KRAS is required for
panitumumab efficacy in patients with metastatic colorectal cancer.
J Clin Oncol 2008, 26(10):1626–1634.

7. Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chien CRC, Makhson A,
D'Haens G, Pinter T, Lim R, Bodoky G, et al: Cetuximab and

http://www.biomedcentral.com/content/supplementary/1471-2407-13-169-S1.pdf
http://www.biomedcentral.com/content/supplementary/1471-2407-13-169-S2.pdf
http://www.biomedcentral.com/content/supplementary/1471-2407-13-169-S3.pdf


Guedes et al. BMC Cancer 2013, 13:169 Page 9 of 10
http://www.biomedcentral.com/1471-2407/13/169
chemotherapy as initial treatment for metastatic colorectal cancer.
N Engl J Med 2009, 360(14):1408–1417.

8. Bokemeyer C, Bondarenko I, Makhson A, Hartmann JT, Aparicio J, de Braud
F, Donea S, Ludwig H, Schuch G, Stroh C, et al: Fluorouracil, leucovorin,
and oxaliplatin with and without cetuximab in the first-line treatment of
metastatic colorectal cancer. J Clin Oncol 2009, 27(5):663–671.

9. Karapetis CS, Khambata-Ford S, Jonker DJ, O'Callaghan CJ, Tu D, Tebbutt NC,
Simes RJ, Chalchal H, Shapiro JD, Robitaille S, et al: K-ras mutations and
benefit from cetuximab in advanced colorectal cancer. N Engl J Med
2008, 359(17):1757–1765.

10. Tol J, Koopman M, Cats A, Rodenburg CJ, Creemers GJM, Schrama JG,
Erdkamp FLG, Vos AH, van Groeningen CJ, Sinnige HAM, et al:
Chemotherapy, bevacizumab, and cetuximab in metastatic colorectal
cancer. N Engl J Med 2009, 360(6):563–572.

11. Hecht JR, Mitchell E, Chidiac T, Scroggin C, Hagenstad C, Spigel D, Marshall
J, Cohn A, McCollum D, Stella P, et al: A randomized phase IIIB trial of
chemotherapy, bevacizumab, and panitumumab compared with
chemotherapy and bevacizumab alone for metastatic colorectal cancer.
J Clin Oncol 2009, 27(5):672–680.

12. Di Fiore F, Blanchard F, Charbonnier F, Le Pessot F, Lamy A, Galais MP, Bastit
L, Killian A, Sesboue R, Tuech JJ, et al: Clinical relevance of KRAS mutation
detection in metastatic colorectal cancer treated by Cetuximab plus
chemotherapy. Br J Cancer 2007, 96:1166–1169.

13. Lievre A, Bachet JB, Boige V, Cayre A, Le Corre D, Buc E, Ychou M, Bouche
O, Landi B, Louvet C, et al: KRAS mutations as an independent prognostic
factor in patients with advanced colorectal cancer treated with
cetuximab. J Clin Oncol 2008, 26(3):374–379.

14. De Roock W, Piessevaux H, De Schutter J, Janssens M, De Hertogh G,
Personeni N, Biesmans B, Van Laethem JL, Peeters M, Humblet Y, et al: KRAS
wild-type state predicts survival and is associated to early radiological
response in metastatic colorectal cancer treated with cetuximab. Ann
Oncol 2008, 19(3):508–515.

15. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,
Woffendin H, Garnett MJ, Bottomley W, et al: Mutations of the BRAF gene
in human cancer. Nature 2002, 417(6892):949–954.

16. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T, Leary RJ, Shen D, Boca SM,
Barber T, Ptak J, et al: The genomic landscapes of human breast and
colorectal cancers. Science 2007, 318:1108–1113.

17. Pinto P, Rocha P, Veiga I, Guedes J, Pinheiro M, Peixoto A, Pinto C, Fragoso
M, Sanches E, Araujo A, et al: Comparison of methodologies for KRAS
mutation detection in metastatic colorectal cancer. Cancer Genet 2011,
204(8):439–446.

18. Lungu O, Wright TC Jr, Silverstein S: Typing of human papillomaviruses by
polymerase chain reaction amplification with L1 consensus primers and
RFLP analysis. Mol Cell Probes 1992, 6(2):145–152.

19. Pearson H, Stirling D: DNA extraction from tissue. Methods Mol Biol 2003,
226:33–34.

20. Simi L, Pratesi N, Vignoli M, Sestini R, Cianchi F, Valanzano R, Nobili S, Mini E,
Pazzagli M, Orlando C: High-resolution melting analysis for rapid
detection of KRAS, BRAF, and PIK3CA gene mutations in colorectal
cancer. Am J Clin Pathol 2008, 130(2):247–253.

21. Willmore-Payne C, Holden JA, Tripp S, Layfield LJ: Human malignant
melanoma: detection of BRAF- and c-kit-activating mutations by high-
resolution amplicon melting analysis. Hum Pathol 2005, 36(5):486–493.

22. Pichler M, Balic M, Stadelmeyer E, Ausch C, Wild M, Guelly C, Bauemhofer T,
Samonigg H, Hoefler G, Dandachi N: Evaluation of high-resolution melting
analysis as a diagnostic tool to detect the BRAF V600E mutation in
colorectal tumors. J Mol Diagn 2009, 11(2):140–147.

23. The catalogue of somatic mutations in cancer. http://www.sanger.ac.uk/perl/
genetics/CGP/cosmic accessed on 01/03/2012.

24. De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzilas G,
Kalogeras KT, Kotoula V, Papamichael D, Laurent-Puig P, et al: Effects of KRAS,
BRAF, NRAS, and PIK3CA mutations on the efficacy of cetuximab plus
chemotherapy in chemotherapy-refractory metastatic colorectal cancer: a
retrospective consortium analysis. Lancet Oncol 2010, 11(8):753–762.

25. Loupakis F, Ruzzo A, Cremolini C, Vincenzi B, Salvatore L, Santini D, Masi G,
Stasi I, Canestrari E, Rulli E, et al: KRAS codon 61, 146 and BRAF mutations
predict resistance to cetuximab plus irinotecan in KRAS codon 12 and 13
wild-type metastatic colorectal cancer. Br J Cancer 2009, 101(4):715–721.

26. Okayama N, Nishioka M, Hazama S, Sakai K, Suehiro Y, Maekawa M,
Sakamoto J, Iwamoto S, Kato T, Mishima H, et al: The importance of
evaluation of DNA amplificability in KRAS mutation testing with dideoxy
sequencing using formalin-fixed and paraffin-embedded colorectal
cancer tissues. Jpn J Clin Oncol 2011, 41(2):165–171.

27. Laurent-Puig P, Cayre A, Manceau G, Buc E, Bachet JB, Lecomte T, Rougier P,
Lievre A, Landi B, Boige V, et al: Analysis of PTEN, BRAF, and EGFR status
in determining benefit from cetuximab therapy in wild-type KRAS
metastatic colon cancer. J Clin Oncol 2009, 27(35):5924–5930.

28. Di Nicolantonio F, Martini M, Molinari F, Sartore-Bianchi A, Arena S, Saletti P,
De Dosso S, Mazzucchelli L, Frattini M, Siena S, et al: Wild-type BRAF is
required for response to panitumumab or cetuximab in metastatic
colorectal cancer. J Clin Oncol 2008, 26(35):5705–5712.

29. Moroni M, Veronese S, Benvenuti S, Marrapese G, Sartore-Bianchi A, Di
Nicolantonio F, Gambacorta M, Siena S, Bardelli A: Gene copy number for
epidermal growth factor receptor (EGFR) and clinical response to
antiEGFR treatment in colorectal cancer: a cohort study. Lancet Oncol
2005, 6(5):279–286.

30. Tol J, Dijkstra JR, Klomp M, Teerenstra S, Dommerholt M, Vink-Borger ME,
van Cleef PH, van Krieken JH, Punt CJ, Nagtegaal ID: Markers for EGFR
pathway activation as predictor of outcome in metastatic colorectal
cancer patients treated with or without cetuximab. Eur J Cancer 2010,
46(11):1997–2009.

31. Barault L, Veyrie N, Jooste V, Lecorre D, Chapusot C, Ferraz JM, Lievre A,
Cortet M, Bouvier AM, Rat P, et al: Mutations in the RAS-MAPK, PI(3)K
(phosphatidylinositol-3-OH kinase) signaling network correlate with poor
survival in a population-based series of colon cancers. Int J Cancer 2008,
122(10):2255–2259.

32. Oliveira C, Pinto M, Duval A, Brennetot C, Domingo E, Espin E, Armengol M,
Yamamoto H, Hamelin R, Seruca R, et al: BRAF mutations characterize
colon but not gastric cancer with mismatch repair deficiency. Oncogene
2003, 22(57):9192–9196.

33. Rajagopalan H, Bardelli A, Lengauer C, Kinzler KW, Vogelstein B, Velculescu
VE: Tumorigenesis - RAF/RAS oncogenes and mismatch-repair status.
Nature 2002, 418(6901):934.

34. Lurkin I, Stoehr R, Hurst CD, van Tilborg AA, Knowles MA, Hartmann A,
Zwarthoff EC: Two multiplex assays that simultaneously identify 22
possible mutation sites in the KRAS, BRAF, NRAS and PIK3CA genes. PLoS
One 2010, 5(1):e8802.

35. Velho S, Oliveira C, Ferreira A, Ferreira AC, Suriano G, Schwartz S, Duval A,
Carneiro F, Machado JC, Hamelin R, et al: The prevalence of PIK3CA
mutations in gastric and colon cancer. Eur J Cancer 2005, 41(11):1649–1654.

36. Sartore-Bianchi A, Di Nicolantonio F, Nichelatti M, Molinari F, De Dosso S,
Saletti P, Martini M, Cipani T, Marrapese G, Mazzucchelli L, et al: Multi-
determinants analysis of molecular alterations for predicting clinical
benefit to EGFR-targeted monoclonal antibodies in colorectal cancer.
PLoS One 2009, 4(10):e7287.

37. Scheffzek K, Ahmadian MR, Kabsch W, Wiesmuller L, Lautwein A, Schmitz F,
Wittinghofer A: The Ras-RasGAP complex: structural basis for GTPase
activation and its loss in oncogenic Ras mutants. Science 1997,
277(5324):333–338.

38. Buhrman G, Wink G, Mattos C: Transformation efficiency of RasQ61
mutants linked to structural features of the switch regions in the
presence of Raf. Structure 2007, 15(12):1618–1629.

39. Janakiraman M, Vakiani E, Zeng Z, Pratilas CA, Taylor BS, Chitale D, Halilovic
E, Wilson M, Huberman K, Ricarte Filho JC, et al: Genomic and biological
characterization of exon 4 KRAS mutations in human cancer. Cancer Res
2010, 70(14):5901–5911.

40. Bourne HR, Sanders DA, McCormick F: The GTPase superfamily: conserved
structure and molecular mechanism. Nature 1991, 349(6305):117–127.

41. Wan PTC, Garnett MJ, Roe SM, Lee S, Niculescu-Duvaz D, Good VM, Jones
CM, Marshall CJ, Springer CJ, Barford D, et al: Mechanism of activation of
the RAF-ERK signaling pathway by oncogenic mutations of B-RAF. Cell
2004, 116(6):855–867.

42. Ikenoue T, Kanai F, Hikiba Y, Obata T, Tanaka Y, Imamura J, Ohta M, Jazag A,
Guleng B, Tateishi K, et al: Functional analysis of PIK3CA gene mutations
in human colorectal cancer. Cancer Res 2005, 65(11):4562–4567.

43. Samuels Y, Wang ZH, Bardelli A, Silliman N, Ptak J, Szabo S, Yan H, Gazdar A,
Powell DM, Riggins GJ, et al: High frequency of mutations of the PIK3CA
gene in human cancers. Science 2004, 304(5670):554.

44. Samuels Y, Diaz LA, Schmidt-Kittler O, Cummins JM, DeLong L, Cheong I, Rago
C, Huso DL, Lengauer C, Kinzler KW, et al: Mutant PIK3CA promotes cell
growth and invasion of human cancer cells. Cancer Cell 2005, 7(6):561–573.

http://www.sanger.ac.uk/perl/genetics/CGP/cosmic
http://www.sanger.ac.uk/perl/genetics/CGP/cosmic


Guedes et al. BMC Cancer 2013, 13:169 Page 10 of 10
http://www.biomedcentral.com/1471-2407/13/169
45. Miled N, Yan Y, Hon WC, Perisic O, Zvelebil M, Inbar Y, Schneidman-
Duhovny D, Wolfson HJ, Backer JM, Williams RL: Mechanism of two classes
of cancer mutations in the phosphoinositide 3-kinase catalytic subunit.
Science 2007, 317(5835):239–242.

46. Gymnopoulos M, Elsliger MA, Vogt PK: Rare cancer-specific mutations in
PIK3CA show gain of function. Proc Natl Acad Sci USA 2007, 104(13):5569–5574.

47. Zhao L, Vogt PK: Helical domain and kinase domain mutations in p110
alpha of phosphatidylinositol 3-kinase induce gain of function by
different mechanisms. Proc Natl Acad Sci USA 2008, 105(7):2652–2657.

48. Kang SY, Bader AG, Vogt PK: Phosphatidylinositol 3-kinase mutations
identified in human cancer are oncogenic. Proc Natl Acad Sci USA 2005,
102(3):802–807.

49. Bader AG, Kang SY, Zhao L, Vogt PK: Oncogenic PI3K deregulates
transcription and translation. Nat Rev Cancer 2005, 5(12):921–929.

50. Huang CH, Mandelker D, Schmidt-Kittler O, Samuels Y, Velculescu VE, Kinzler
KW, Vogelstein B, Gabelli SB, Amzel LM: The structure of a human
p110alpha/p85alpha complex elucidates the effects of oncogenic
PI3Kalpha mutations. Science 2007, 318(5857):1744–1748.

51. Mao C, Liao RY, Qiu LX, Wang XW, Ding H, Chen Q: BRAF V600E mutation
and resistance to anti-EGFR monoclonal antibodies in patients with
metastatic colorectal cancer: a meta-analysis. Mol Biol Rep 2011,
38(4):2219–2223.

doi:10.1186/1471-2407-13-169
Cite this article as: Guedes et al.: High resolution melting analysis of
KRAS, BRAF and PIK3CA in KRAS exon 2 wild-type metastatic colorectal
cancer. BMC Cancer 2013 13:169.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Samples
	DNA extraction
	Mutational analysis
	Statistical analysis

	Results
	Mutation frequencies
	KRAS mutations
	BRAF mutations
	PIK3CA
	Clinicopathological associations

	Discussion
	Conclusions
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

