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Background: The identification of KRAS, BRAF, and PIK3CA mutations before the administration of anti-epidermal
growth factor receptor therapy of colorectal cancer has become important. The aim of the present studywas to in-
vestigate the occurrence of KRAS, BRAF, and PIK3CAmutations in the Taiwanese population with colorectal cancer.
This study was undertaken to identify BRAF and PIK3CA mutations in patients with colorectal cancer by high-
resolution melting (HRM) analysis. HRM analysis is a new gene scan tool that quickly performs the PCR and iden-
tifies sequence alterations without requiring post-PCR treatment.
Methods: In the present study, DNAs were extracted from 182 cases of formalin-fixed, paraffin-embedded (FFPE)
colorectal cancer samples for clinical KRAS mutational analysis by direct sequencing. All the samples were also
tested for mutations within BRAF V600E and PIK3CA (exons 9 and 20) by HRM analysis.
Results: The results were confirmed by direct sequencing. The frequency of BRAF and PIK3CA mutations is 1.1%,
and 7.1%, respectively. Intriguingly, we found that nine patients (4.9%) with the KRAS mutation were coexistent
with the PIK3CAmutation. Four patients (2.2%)without theKRASmutationwere existentwith the PIK3CAmutation.

Two patients (1.1%) without the KRASmutation were existent with the BRAFmutation.
Conclusions: In the current study, we suppose that HRM analysis is rapid, feasible, and powerful diagnostic tool for
the detection of BRAF and PIK3CA mutations in a clinical setting. Additionally, our results indicated the prevalence
of KRAS, BRAF, and PIK3CA mutational status in the Taiwanese population.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Colorectal cancer (CRC) is the thirdmost frequent tumorworldwide,
with>70,000 new cases per year for both sexes in the United States [1].
Similarly, CRC is the third leading cause of cancer deaths in both sexes in
the Taiwanese population [2]. Recently, significant improvements have
been made in patient survival, after metastasis development, by im-
proving new therapies. Anti-EGFR-targeted therapies with monoclonal
antibodies such as cetuximab and panitumumab are a successful strate-
gy for the treatment ofmetastatic CRC or after the failure of convention-
al chemotherapy. These agents bind the epidermal growth receptor
(EGFR) on tumors cells and then block the downstream intracellular
signaling pathways. Onemember of this pathway is KRAS andmuch ev-
idence shows that the patientswith KRASmutations do not benefit from
ostic, Department of Laboratory
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the addition of cetuximab or panitumumab to standard chemotherapy
[3]. Therefore, KRAS mutation testing should be performed in all indi-
viduals with advanced CRC refractory to first-line regimens to identify
which patient's tumors will not respond to the expensive monoclonal
antibody inhibitors of EGFR.

KRAS encodes amembrane-associatedGTPase that is an early player
in many signal transduction pathways. KRAS acts as a molecular on/off
switch that recruits and activates proteins that are necessary for the
propagation of growth factor and other receptor signals, such as c-Raf
and PI 3-kinase. When activated, KRAS is involved in the dephosphory-
lation of GTP to GDP, after which it is turned off. The rate of GTP to GDP
conversion can be dramatically accelerated by an accessory protein of
the guanine nucleotide activating protein (GAP) class, for example,
RasGAP [4]. In CRCs, KRAS point mutations occur early in the adenoma–
carcinoma sequence and are believed to contribute to the growth and in-
creased atypia of adenomas [5]. Activating mutations of the KRAS gene
have been widely studied as markers for cancer prognosis. These gene
mutations, principally in codons 12 and 13, occur in approximately one-
half of CRCs, and population-based studies have suggested that themuta-
tions might be associated with some tumor phenotypes [6]. Recently,
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Table 1
Primers use for HRM analysis of BRAF and PIK3CA gene mutation.

Detection for Sequence (5′ to 3′) Annealing
temp. (°C)

PIK3CA Exon 9 H1 5′‐GCCTGCTGAAAATGACTGAA-3′ (forward) 58
H2 5′‐CATTTTAGCACTTACCTGTGACTCCA-3′
(reverse)

PIK3CA Exon 20 H3 5′‐TGAGCAAGAGGCTTTGGAGT-3′ (forward) 58
H4 5′‐TCATTTTCTCAGTTATCTTTTCAGTTCAAT-3′
(reverse)

BRAF H5 5′‐CATAATGCTTGCTCTGATAGGAAA-3′ (forward) 58
H6 5′‐TCAGCACATCTCAGGGCCAAA-3′ (reverse)
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high-resolution melting (HRM) analysis has been applied for use in the
screening for the KRASmutation in CRC [7].

BRAF, a member of the RAF gene family (BRAF, ARAF1, and RAF1),
encodes a serine–threonine protein kinase that is a downstream ef-
fector of activated KRAS. Mutated BRAF activates a signaling cascade
involving proteins in the mitogen-activated protein kinase system,
resulting in cell proliferation [8]. Approximately 15% of CRC have the
BRAF mutation and this is relevant to poor prognosis [9]. The hotspot
mutation is the T-to-A transversion at nucleotide 1796 causing V600E.
This mutation is predisposed to the inhibition of apoptosis and also
aids in increasing invasiveness [10]. Meanwhile, KRAS and BRAF muta-
tions are mutually exclusive in CRC [11]. This suggests that they occur
in different tumor types and might have different outcomes. On the
other hand, studies showed that theBRAFV600Emutation confers resis-
tance to EGFR monoclonal antibodies in patients with chemotherapy-
refractory KRAS-wild-type metastatic CRC [12]. Moreover, a part of CRC
patients without in KRAS and BRAF mutations fails to respond to anti-
EGFR therapy, and this may be due to mutations in the PIK3 gene.

The PIK3s are a family of lipid kinases that are grouped into classes
with a different structure and substrate preference [13]. PIK3Ks are
heterodimeric kinases that are involved in the control of cellular growth,
transformation, adhesion, and also apoptosis [14]. Several studies showed
that the p110α isoform which is encoded by PIK3CA is mutated in ap-
proximately 15–18% of CRCs [15,16]. In CRCs, more than 80% of PIK3CA
mutations occur in either exon 9 or exon 20 [11].

HRM analysis is rapidly becoming the most important mutation-
scanning methodology that allows mutation scanning and genotyping
without the need for costly labeled oligonucleotides. It is a closed-tube
method, indicating that PCR amplification and subsequent analysis are
sequentially performed in the well, making it more convenient than
other scanning methodologies. Recently, we have used this method of
genotyping and mutation scanning [7,17,18]. The aim of this study was
to understand the KRAS, BRAF, and PIK3CA gene status in a Taiwanese co-
hort of CRC patients using direct DNA sequencing and HRM analysis.

2. Materials and methods

2.1. Sample preparation and DNA extraction

The specimens consisted of 182 formalin-fixed, paraffin-embedded
(FFPE) colorectal adenocarcinomas submitted for clinical KRAS muta-
tional analysis. All samples were tested for BRAF V600E and PIK3CAmu-
tations within exon 9 and exon 20. FFPE samples were deparaffinized
and air dried, subsequently, DNA was isolated using the proteinase K
andQIAamp®micoDNA extraction kit (QIAGEN) according to theman-
ufacturer's protocol.

2.2. Design of primers for HRM assay

A good amplicon design is essential for obtaining robust and repro-
ducible HRM analysis. The difference between wild-type and heterozy-
gote curves becomes smaller and more difficult to differentiate when
the product length increases. Besides, extra care is needed to design
PCR reactions that avoid primer dimers and non-specific amplification
in HRM analysis.

DNA samples were amplified for the KRAS regions, including codons
12 and 13, using primers according to the previously published works
[7]. The 153 bp PCR products with a single band were resolved on 2%
agarose gels and visualized after staining with ethidium bromide. The
cycling conditions for KRAS codons 12 and 13 involved a 35-cycle PCR
program (denaturation at 96 °C for 10 s; annealing at 50 °C for 5 s;
and elongation at 60 °C for 4 min). Mutation status was determined
by direct sequencing.

The set of primers for HRM, specific for BRAF V600E and PIK3CA exon
9 and exon 20, were designed while fulfilling the requirements of the
LightCycler® 480 System Gene Scanning Assay. All the amplicons were
designed to be smaller than 300 bp. In the present study, the three
pairs of primers for HRM analysis were selected using Primer3 software
(Table 1). Appropriate primers were named as H1–H6 as shown in
Table 1. All the primers synthesizedwere all of standardmolecular biol-
ogy quality (Protech Technology Enterprise Co., Ltd, Taiwan).

2.3. The HRM technique

PCR reactions were carried out in a 10 μl final volume using the
LightCycler ® 480 High-Resolution Melting Master (Reference
04909631001, Roche Diagnostics) 1× buffer – containing Taq poly-
merase, nucleotides and the dye ResoLight– and 20 ngDNA. The primers
and MgCl2 were used at a concentration of 0.25 μM and 2.5 mM, respec-
tively, for identifying the mutation status of BRAF V600E, PIK3CA exon 9,
and exon 20.

The HRM assays were conducted using the LightCycler® 480 Instru-
ment (Roche Diagnostics) providedwith the software LightCycler® 480
Gene Scanning Software Version 1.5 (Roche Diagnostics).

The PCR program required a SYBR Green I filter (533 nm), and it con-
sisted of an initial denaturation–activation step at 95 °C for 10 min,
followed by a 45-cycle program (denaturation at 95 °C for 15 s, annealing
at 60 °C or 62 °C (Table 1) for 15 s, and elongation at 72 °C for 15 s with
reading of the fluorescence; acquisition mode: single). The melting pro-
gram included three steps: denaturation at 95 °C for 1 min, renaturation
at 40 °C for 1 min, and subsequent melting that consists of a continuous
fluorescent reading of fluorescence from 60 to 90 °C at the rate of 25 ac-
quisitions per °C.

2.4. Gene scanning

The melting curve analysis performed by the Gene Scanning Soft-
ware consists of three steps: normalization of melting curves, which
involves equaling to 100% of the initial fluorescence and to 0% of the
fluorescence remnant after DNA dissociation: shifting of the tempera-
ture axis of the normalizedmelting curves to the point where the entire
double-stranded DNA is completely denatured: and, finally, the genera-
tion of difference plots, allowing the capture of the differences in melt-
ing profile between the reference sample curves from the test samples.
If the shape of the melting curves is not similar to each other, then we
will confirm it by direct DNA sequencing to prevent a false negative result.
Furthermore, an analysis of themelting curveswith a high-sensitivity set-
ting of 0.5 was carried out by Gene Scanning Software (the default sensi-
tivity setting of the Gene Scanning Software is 0.3.).

2.5. Direct sequencing

To confirm the results of HRM analysis, sequencing analysis was also
performed in all samples. After HRM analysis, the samples were purified
using a PCR-M™ clean-up system (VIOGEN, Sunnyvale CA 94086, U.S.A.).
The PCR products generated after HRMwere directly sequenced. The se-
quence reaction was performed in a final volume of 10 μl, including 1 μl
of the purified PCR product, 2.5 μM of one of the PCR primers, 2 μl of the
ABI PRISM terminator cycle sequencing kit v3.1 (Applied Biosystems)



Table 2
Mutational status of 15 patients detected by HRM analysis and confirmed by direct DNA
sequencing for the BRAF and PIK3CA genes.

Patient ID aKRAS PIK3CA (exon9) PIK3CA (exon 20) BRAF V600E

P1 MT c.1633G>A WT WT
P2 MT c.1633G>A WT WT
P3 MT c.1633G>A WT WT
P4 MT c.1634A>G WT WT
P5 MT c.1634A>G WT WT
P6 MT c.1634A>G WT WT
P7 MT c.1633G>C WT WT
P8 WT c.1634A>G WT WT
P9 WT c.1633G>A WT WT
P10 WT c.1633G>A WT WT
P11 WT c.1634A>G WT WT
P12 MT WT c.3140A>G WT
P13 MT WT c.3140A>T WT
P14 WT WT WT c.1799T>A
P15 WT WT WT c.1799T>A

a KRAS mutation was identified by direct sequencing WT: wild-type MT: mutant.
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and 2 μl 5× sequence buffer. The sequencing program is a 25-cycle PCR
program (denaturation at 96 °C for 10 s; annealing at 50 °C for 5 s; and
elongation at 60 °C for 4 min). The sequence detection was performed
in the ABI Prism 3130 Genetic Analyzer (Applied Biosystems) according
to standard protocols.
Fig. 1. Representative cases of PIK3CA gene (exon 9) detection in patients with CRC using HRM
screening of PIK3CA gene (exon 9). Sequencing results confirm the (B) wild-type and th
(E) c.1633A>G.
3. Results

3.1. Mutational status

KRASmutations were detected in 61 patients (33.5%) by direct se-
quencing. In particular, only 2 (P14 and P15) patients harbor BRAF
mutations, and all these were KRAS wild-type tumors, as shown in
Table 2. None of the 61 CRC patients with KRASmutations harbors a con-
comitant mutation in BRAF. Intriguingly, concomitant PIK3CA and KRAS
mutations were observed in 9 patients (P1~P7, P12, and P13), as shown
in Table 2. On the other hand, 4 patients (P8~P11) harbor PIK3CAmuta-
tions, and all these were KRAS wild-type tumors, as shown in Table 2.
The frequency ofKRAS,BRAF, and PIK3CAmutational status is summarized
in Fig. 4.
3.2. Application of HRM analysis for the PIK3CA mutation analysis in co-
lorectal samples by HRM analysis

The normalized and temperature-shifted difference plots, the melt-
ing profile obtained from CRCs carrying mutation of the PIK3CA muta-
tion in exon 9 were shown in Fig. 1(A). Each mutation (c.1634G>C,
c.1633G>A, and c.1633A>G) could be readily and accurately identified
in the difference plot curves. Sequencing analysis was performed in all
samples using the same PCR products after melting analysis. As previ-
ously described, the results of the HRM analysis were confirmed by
analysis.(A) The normalized and temperature-shifted difference plot for the mutation
e presence of the PIK3CA gene (exon 9) mutation: (C) c.1634G>C, (D) c.1633G>A,
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direct sequencing. The electropherograms of representative patients
with WT samples and the PIK3CA mutation in exon 9 were shown in
Fig. 1(B)–(D).

In addition, the normalized and temperature-shifted difference
plots, themelting profile obtained fromCRCs carrying the PIK3CAmuta-
tion in exon 20 were shown in Fig. 2(A). Each mutation (c.3140A>G
and c.3140A>T) could be readily and accurately identified in the differ-
ence plot curves. The electropherograms of the representative patients
with WT samples and the PIK3CA mutation in exon 20 were shown in
Fig. 1(B)–(C).
3.3. Application of HRM analysis for the BRAF V600E mutation analysis in
colorectal samples by HRM analysis

The normalized and temperature-shifted difference plots, the melt-
ing profile obtained from CRCs carrying mutation of the BRAF V600E
mutation were shown in Fig. 3(A). The mutation (c.1799T>A) could
be readily and accurately identified in the difference plot curves. Se-
quencing analysis was performed in all samples using the same PCR
products after melting analysis. As previously described, the results of
HRM analysis were confirmed by direct sequencing. The electrophero-
grams of the representative patients with WT samples and the BRAF
V600E mutation were shown in Fig. 3(B)–(C).
Fig. 2. Representative cases of PIK3CA gene (exon 20) detection in patients with CRC using
tation screening of PIK3CA gene (exon 20). Sequencing results confirm the (B) wild-type and
4. Discussion

Nowadays, mutation analysis of definite genes has already been in-
corporated in the treatment of CRC patients. Therefore, the demand for
a fast and reliable diagnostic tool is increasing. The aim of this studywas
to develop a sensitive test that allows the molecular characterization of
hotspot mutations in BRAF and PIK3CA genes. In this study, we have suc-
cessfully established a diagnostic strategy byHRManalysis for identifying
the BRAF and PIK3CA mutations of 182 CRC patients in southern Taiwan.
On the other hand, we demonstrate the distribution of KRAS, BRAF and
PIK3CA gene mutations in a Taiwanese population.

HRM is rapidly gaining acceptance as the most important mutation
scanning methodology. It is a closed-tube method, indicating that PCR
amplification and subsequently analysis are sequentially performed in
thewell. This makes it more convenient than other scanningmethodolo-
gies. The differences between the WT and heterozygote curves become
smaller and more difficult to differentiate when the product length in-
creases [19]. In fact, all of the heterozygous mutants are easily identified
from their melting curves. Heterozygotes were easily identified because
heteroduplexes altered the shape of themelting curves [19]. These differ-
ences are best visualized using difference plots because slight differences
in curve shape andmelting temperature (Tm)becomeobvious.Moreover,
direct sequencingwas still the gold-standardmethodology inmost clin-
ical laboratories to detect and confirm gene mutation. However, direct
HRM analysis.(A) The normalized and temperature-shifted difference plot for the mu-
the presence of the PIK3CA gene (exon 20) mutation: (C) c.3140A>G, (D) c.3140A>T.

image of Fig.�2


Fig. 3. Representative cases of BRAF gene (V600E) detection in patients with CRC using HRM analysis.(A) The normalized and temperature-shifted difference plot for the mutation
screening of BRAF gene (V600E). Sequencing results confirm the (B) wild-type and the presence of the BRAF gene mutation: (C) c.1799T>A.
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sequencing is rarely sensitive below10%mutant allele frequency,which
corresponds to a threshold of 25% tumor cells that are heterozygous for
a mutation [20,21]. Earlier, we had demonstrated that the analytical
sensitivity was 5% for screening of the KRAS mutation using HRM
analysis [7]. Our previous report indicated that HRM analysis is a
double-edged sword having both advantages and disadvantages. The dis-
advantage of the HRM analysis is its inability to identify which codon is
mutated. The advantage of HRM analysis however, is its feasibility and
high accuracy method for screening gene mutation. In addition, the PCR
amplification products obtained from HRM analysis could be directly
used for direct sequencing without any pretreatment. If the clinical sam-
ple is detected by HRM as the wild-type form, then all the wild-type
results can be quickly reported to the clinicians. Thus, employing HRM
analysis for the wild types can be quickly ruled out in large-scale clinical
samples. In the current study, if an abnormalmelting curve is noted, then
the precise mutation should be confirmed by direct sequencing.

KRAS and BRAF mutations that are mutually exclusive in CRCs have
been previously reported in several studies [22,23]. Similarly, the analysis
of our results confirmed that none of the 182 CRCs with KRASmutations
had a concomitant mutation in BRAF. Numerous studies have implicated
the frequency of BRAF mutations in different populations. The overall
BRAF V600E mutational rate ranges from 3.3% to 13% in the different
populations. Two recent studies demonstrated that the frequency of
BRAF mutations is approximately 6.25% and 13% in CRCs patients, re-
spectively, in the Spanish population [24,25]. Similarly, Nicolantonio
et al. [23] found that the BRAF mutation is approximately 10% of CRCs.
Simi L and et al. [26] demonstrated that the frequency of BRAF muta-
tions is approximately 9.5% of CRCs patients in the Italian population.
Saridaki et al. [27] indicated that the frequency of BRAF mutations is
7.2% of CRCs in the Greece population. In the Asian population, Li HT
et al. showed that the frequency of the BRAFmutations is approximately
7% of CRCs in the Chinese population [28], and Kwon MJ et al. showed
that the frequency of the BRAF mutations is approximately 3.3% of
CRCs in the Korean population [29]. In the Taiwanese population, the
frequency of BRAF mutations is reported as being about 3.8% of 314
CRCs patients [30]. It should be noted that the frequency of BRAFmuta-
tions is 1.1% of the KRAS wild-type patients (as shown in Fig. 5) in the
present study. We suppose that the lower frequency of BRAF mutations
in our series of CRCpatients could be due to the small sample size and dif-
ferent ethnic populations. Future works are required to confirm these
data by including more CRC samples.

As just mentioned, the PIK3CAmutation has also been suggested as
being a biomarker of anti-EGFR monoclonal antibody resistance. Till
very recently, the correlation between PIK3CA mutations and the re-
sponse to the anti-EGFR monoclonal antibody is still a debating issue
[31,32]. There are numerous discrepancies in the PIK3CA gene muta-
tional status reported from several studies, and the results indicated
different percentages ranging from 6.5% to 18% [11,15,16]. Most of
the studies showed the distribution of PIK3CA hotspot mutations located
at exon9 and exon20,whereasmutations that appear at exon9were the
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Fig. 6. The structure of human p110α protein.

Fig. 4. Frequency of KRAS, BRAF, and PIK3CA mutational status.
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most frequent [15,16]. The PIK3CA mutations were detected in approxi-
mately 13% of CRC patients in the United States and European countries
[11,16,31–33]. In the Chinese andKoreanpopulation, the frequency of the
PIK3CAmutations thatweredetected inCRCpatients is 12.5% and6.5%, re-
spectively [28,29]. In the present study, we showed that 7.1% of CRCs pa-
tients harbor PIK3CA mutations, and our results were similar to those by
Kwon MJ et al. [29], who indicated that the prevalence of PIK3CA muta-
tions in 92 CRCs patients was 6.5% using the PNA-mediated PCR clamping
method. Intriguingly, Lin JK et al. [34] showed that no PIK3CA mutation
was found in 42 metastatic CRC patients in the Taiwanese population. It
should also be noted that about 30% of PIK3CA somatic mutations couple
with another oncogene mutation, especially represented by the KRAS
gene [35]. Besides, the presence of PIK3CA mutations was associated
with a poor prognosis and with an increase in colorectal cancer-specific
mortality [36]. Our results showed that 9 patients (4.9%) with the KRAS
mutation were coexistent with the PIK3CA mutation and 4 patients
(2.2%)without theKRASmutationwere coexistentwith the PIK3CAmuta-
tion (as shown in Fig. 4). In the present study,we did not provide relevant
information about patients' responses, therefore, future works are re-
quired to prove whether some patients who present PIK3CA could be re-
sponders to anti-EGFR therapies or not.

In the current study, we also intended tomodel the proteins encoded
by BRAF and PIK3CA genes, respectively, in order to understand the struc-
tural implications of the mutations identified in this study. The atomic
Fig. 5. The structure of human BRAF protein.
coordinates of the crystal structure for the human BRAF kinase domain
were retrieved from the protein data bank [37] (PDB entry: 1UWH
[38]. The region not solved in the crystal structure, residues 601–612,
was modeled using the loop-building routine in MODELLER [39]. The
model of human BRAF model is shown in Fig. 5. Most of the mutations
of BRAF are clustered in two different regions within the binding pocket:
(1) the glycine-rich P-loop (yellow) of theN-lobe; (2) the activation seg-
ment, A-loop (red). The BRAF hotspot mutation, V600E, located at the
A-loop is highlighted in red spheres. This mutation may disrupt an inac-
tive conformation of BRAF kinase [38]. Therefore, BRAF V600E increases
the kinase activity that provides cancer cells with both proliferation and
survival signals and promotes them to become tumors in themodel sys-
tem [38].

The crystal structure of Human p110α (p110α; encoded by the
PIK3CA gene) was obtained from the protein data bank [37] (PDB entry:
2RD0 [40] (Fig. 6). Most of the reported mutations are reported in the
PIK3CA cluster in conserved regions within the region coding for the he-
lical (yellow) and kinase (red) domain of p110α [41]. Indeed, the PIK3CA
mutations identified in the current study, the E545 andH1047, are located
at the helical domain and kinase domain, respectively. The residues of
E545 and H1047 are highlighted in red spheres (Fig. 6). Studies showed
that mutant E545 inhibits the activity of the catalytic subunit, because it
interacts with L379 and A340 of the p85 nSH2 domain [42]. The mutant
H1047 has a direct effect on the conformation of the activation loop,
changing its interaction with phosphatidylinositide substrates [40].

In conclusion, we demonstrate that HRM analysis is a rapid, feasible,
and powerful diagnostic tool for the detection of BRAF and PIK3CA mu-
tations in a clinical setting. Additionally, our results indicated the prev-
alence of KRAS, BRAF, and PIK3CA mutational status in the Taiwanese
population.
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