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Mutations in the oncogenes KRAS and BRAF have been
identified as prognostic factors in patients with colorec-
tal diseases and as predictors of negative outcome in
epidermal growth factor receptor–targeted therapies.
Therefore, accurate mutation detection in both genes,
KRAS and BRAF, is of increasing clinical relevance. We
aimed at optimizing allele-specific real-time PCR assays
for the detection of common mutations in KRAS and the
BRAF Val600Glu mutation using allele-specific PCR
primers for allelic discrimination and probes (TaqMan)
for quantification. Each reaction mix contains a co-am-
plified internal control to exclude false-negative results.

Allele-specific real-time PCR assays were evaluated
on plasmid model systems providing a mutation de-
tection limit of 10 copies of mutant DNA in propor-
tions as low as 1% of the total DNA. Furthermore, we
analyzed 125 DNA samples prepared from archived,
formalin-fixed, paraffin-embedded colorectal carcino-
mas and compared results with those obtained from
direct-sequence analysis. All mutations determined by
sequence analysis could be recovered by allele-specific
PCR assays. In addition, allele-specific PCR assays
clearly identified three additional samples affected by a
mutation. We propose these allele-specific real-time
PCR assays as a low-cost and fast diagnostic tool for
accurate detection of KRAS and BRAF mutations that
can be applied to clinical samples. (J Mol Diagn 2011, 13:
23–28; DOI: 10.1016/j.jmoldx.2010.11.007)

Activating mutations in the genes encoding KRAS
(Kirsten rat sarcoma viral oncogene homolog) and BRAF
(v-raf murine sarcoma viral oncogene homolog B1) are

early events in colorectal cancer development. KRAS
mutations lead to constitutive activation of the RAS/RAF/
MAPK/ERK pathway and have been reported to occur in
approximately 30% to 40% of colorectal cancer cases.1,2

Genetic and biochemical evidence indicates that BRAF is
the principal downstream effector of KRAS.3 Activating mu-
tations in KRAS and BRAF may be independent risk factors
for reduced overall survival in patients with colorectal can-
cer.1,4–6 Moreover, the association of KRAS mutations and
resistance to anti–epidermal growth factor receptor treat-
ment, either cetuximab or panitumumab, was confirmed in
large retrospectively evaluated phase III studies.7,8 Also, a
BRAF Val600Glu mutation has been associated with resis-
tance to monoclonal antibodies targeting epidermal growth
factor receptor.9,10 Therefore, mutation detection in both
genes, KRAS and BRAF, is of increasing clinical relevance
for identifying patient subgroups at high risk and individu-
alizing therapeutic strategies.

Several methods have been described for the detec-
tion of common mutations in KRAS and BRAF, including
Sanger sequencing,6,11 pyrosequencing,12,13 high-reso-
lution melting analysis,14,15 and allele-specific PCR.16

The latter has the advantage of mutant enrichment, re-
sulting in high sensitivity, which is essential for mutation
detection in samples with a low tumor cell percentage.
Allele-specific PCR, also known as an amplification-re-
fractory mutation system, is based on the principle that
extension is efficient when the 3= terminal base of a
primer matches its target, whereas extension is inefficient
or nonexistent when the terminal base is mismatched.17

Combining allele-specific PCR with real-time quantitative
PCR techniques allows monitoring template amplifica-
tion, consequently improving interpretation of PCR re-
sults. Real-time PCR protocols for KRAS and BRAF geno-
typing have been published, but these protocols showed

Supported by grants from Land Vorarlberg and Europäischer Fonds für
regionale Entwicklung.

A.H.L. and H.D. contributed equally to this work. Research was per-
formed at the Institute for Vascular Investigation and Treatment, Carina-
gasse 47, A-6807 Feldkirch, Austria.

Accepted for publication August 17, 2010.

Supplemental material for this article can be found on http://jmd.
amjpathol.org and at doi:10.1016/j.jmoldx.2010.11.007.

Address reprint requests to Axel Muendlein, Ph.D., Institute for Vascular
Investigation and Treatment, Carinagasse 47, A-6807 Feldkirch, Austria.

E-mail: axel.muendlein@vivit.at.

23

http://jmd.amjpathol.org
http://jmd.amjpathol.org
http://dx.doi.org/10.1016/j.jmoldx.2010.11.007
mailto:axel.muendlein@vivit.at


e PCR p

24 Lang et al
JMD January 2011, Vol. 13, No. 1
heterogeneous amplification detection techniques18,19

and lacked an internal control reaction.
Therefore, we aimed at establishing allele-specific real-

time PCR for the detection of seven common mutations in
codons 12 and 13 of the KRAS gene (Gly12Ala,
Gly12Asp, Gly12Arg, Gly12Cys, Gly12Ser, Gly12Val, and
Gly13Asp) and the BRAF Val600Glu mutation. The proto-
col described herein is standardized KRAS and BRAF
allele-specific real-time PCR using probes (TaqMan) for
amplification detection and a commercially available
PCR master mix. Furthermore, our PCR assays contain an
internal control reaction. The sensitivity, selectivity, and
specificity of PCR assays were to be evaluated on plas-
mid model systems. We validated the use of the real-time
assays for mutation detection on archived formalin-fixed
paraffin-embedded samples of colorectal carcinomas.

Materials and Methods

Primers and Probes

PCR primers for KRAS (accession No. NG_007524) and
BRAF (accession No. NG_007873) were designed
against each mutation, and a mutation-unspecific region
was used as a reference amplicon. The 3= terminal base
of each allele-specific primer was adapted according to
its corresponding mutation. In addition, an artificial mis-
match at the penultimate or antepenultimate base was
included in the allele-specific primers to improve speci-
ficity. Target amplification was detected by probes (Taq-
Man). Reference and allele-specific PCRs shared the
same probe and opposite PCR primer, as illustrated in
Figure 1. All unlabeled primers were synthesized by Mi-

Figure 1. Primer and probes used for KRAS and BRAF real-time PCR. The fig
Reference and mutation-specific PCRs share the same probe and the opposit
mutation-specific primers. Codons affected by the mutation are underlined.
crosynth, Balgach, Switzerland; and probes (TaqMan)
were purchased from Applied Biosystems, Foster City,
CA. Probes (TaqMan) for KRAS or BRAF PCR quantifica-
tion were labeled with 6-fluorescein at the 5= end, and a
minor grove-binding domain was found at the 3= end. An
exogenous internal control PCR product, a 98-base-long
fragment in the CYP17 promoter region (accession No.
NG_007955), was coamplified in each reference and al-
lele-specific PCR. A probe (TaqMan) for internal control
PCR detection was labeled with VIC-fluorophore at the 5=
end and a minor grove-binding domain at the 3= end. All
primer and probe sequences are listed in Table 1.

Real-Time PCR

Reference PCR was performed in a 25-�l reaction volume
with 1 � TaqMan Genotyping Master Mix (Applied Bio-
systems), 900 nmol/L of each KRAS/BRAF mutation-un-
specific primer, 100 nmol/L of the KRAS/BRAF probe,
112.5 nmol/L of each internal control primer, 25 nmol/L of
internal control probe, and 5 �l of DNA of varying con-
centration. Allele-specific PCRs were performed accord-
ing to the same protocol but using a concentration of 450
nmol/L of allele-specific primer. According to the number
of mutations to be detected, eight PCR assays were
necessary for KRAS genotyping (one reference and
seven allele-specific assays) and two for BRAF genotyp-
ing (one reference and one allele-specific assay). All
real-time PCRs were performed on a system (LightCycler
480 Real-Time PCR System; Roche Diagnostics, Vienna,
Austria) under the following thermocycling conditions:
95°C for 10 minutes, followed by 50 cycles of 90°C for 15
seconds and 60°C for 1 minute. Cycle threshold (Ct)
values were recorded for reference PCR and for each

trates positions of primer and probes used for KRAS and BRAF real-time PCR.
rimer. Solid arrows display mutation-unspecific primers; and dotted arrows,
ure illus
allele-specific PCR, and corresponding �Ct values (ie,
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allele-specific Ct minus reference Ct) were calculated. If
both the internal control reaction and the target gene
reaction failed, data had to be discarded. However, if the
internal control reaction failed but the target gene reac-
tion worked, the positive mutation result was accepted
because the target gene reaction had probably outcom-
peted the internal control reaction.

Plasmid Standards

PCR products containing wild-type and variant KRAS and
BRAF sequences were generated from genomic DNA stan-
dards with known mutation status, previously determined by
sequencing analysis on an analyzer (ABI 3130 DNA Ana-
lyzer; Applied Biosystems). Primers for KRAS target se-
quence amplification were previously described.6 Primers
for BRAF PCR were the same as used for reference BRAF
PCR (Table 1). PCR products were cloned into a pCR 2.1
vector using a TA Cloning Kit (Invitrogen, Carlsbad, CA),
according to the manufacturer’s instructions. Plasmids
were extracted using a kit (QuickLyse Miniprep Kit; Qia-

Table 2. Sensitivity and Selectivity of KRAS and BRAF Assays

Assay

Quantity of MUT and WT cop

100 MUT � 900 WT (10%) 25 MUT �

KRAS
12Ser 5.1 � 0.46 6.3
12Arg 2.0 � 0.20 3.7
12Cys 3.3 � 0.32 5.7
12Asp 3.5 � 0.19 5.5
12Ala 3.3 � 0.35 5.0
12Val 3.3 � 0.32 5.3
13Asp 2.9 � 0.14 4.7

BRAF
600Glu 3.6 � 0.11 5.7

MUT, mutant; WT, wild-type; Ct, cycle threshold.

Table 1. Primer and Probe Sequences*

Target Primer

KRAS 12Ser
12Arg
12Cys
12Asp
12Ala
12Val
13Asp
Reference primer
Reverse primer
Probe

BRAF 600Glu
Reference primer
Forward primer
Probe

Internal control Forward primer
Reverse primer
Probe

FAM, 6-fluorescein; MGB, minor grove-binding domain.
*Probes for KRAS and BRAF were labeled with FAM at the 5= end and

labeled with VIC-fluorophore at the 5= end and an MGB at the 3= end. A
*Data are given as mean � SD �Ct values of different admixtures of MUT and
proportion of MUT, plasmid DNA was gradually reduced to obtain decreasing ra
gen, Hilden, Germany) and quantified spectrophoto-
metrically. Sequencing was performed to validate recom-
binant plasmids. Plasmids were linearized with the HindIII
restriction enzyme (New England Biolabs, Ipswich, MA)
for 3 hours at 37°C. The copy number was estimated
according to the molecular weight, amount, and length of
plasmids. Various concentrations between 100 and 4000
copies/�l were prepared by diluting linearized plasmids
in a solution of Tris, 10 mmol/L, and EDTA, 1 mmol/L (pH
8) containing 20- ng/�l Escherichia coli 16S and 23S ribo-
somal RNA (Roche Diagnostics). Concentrations were
verified by absolute quantitative real-time PCR using
standard curves generated from human genomic DNA of
known concentrations on a system (LightCycler 480 Real-
Time PCR System).

Clinical Samples

Formalin-fixed paraffin-embedded tissue blocks from pa-
tients with histologically proven colorectal cancer were
obtained from the Department of Pathology, Academic

MUT copies)/reaction*
Predetermined

cutoff �Ct(2.5%) 10 MUT � 990 WT (1%)

7.7 � 0.62 10
4.3 � 0.26 9
6.4 � 0.74 9
6.2 � 0.50 9
6.4 � 0.80 9
6.8 � 0.57 10
5.5 � 0.49 9

7.1 � 0.40 9

Sequence

5=-AATATAAACTTGTGGTAGTTGGAGCgA-3=
5=-AATATAAACTTGTGGTAGTTGGAGCTC-3=
5=-AATATAAACTTGTGGTAGTTGGAGCcT-3=
5=-AAACTTGTGGTAGTTGGAGCgGA-3=
5=-AACTTGTGGTAGTTGGAGCTtC-3=
5=-AAACTTGTGGTAGTTGGAGCaGT-3=
5=-GTGGTAGTTGGAGCTGGaGA-3=
5=-GACTGAATATAAACTTGTGGTAGTTGGA-3=
5=-CATATTCGTCCACAAAATGATTCTG-3=
5=-FAM-CTGTATCGTCAAGGCACT-MGB-3=
5=-CCCACTCCATCGAGATTTCT-3=
5=-CAACTGTTCAAACTGATGGG-3=
5=-CTGTTTTCCTTTACTTACTACACCTCAGAT-3=
5=-FAM-CACAGTAAAAATAGGTGAT-MGB-3=
5=-CCCTAGAGTTGCCACAGC-3=
5=-GGTAAGCAGCAAGAGAGC-3=
5=-VIC-CTGTCTATCTTGCCTGCC-MGB-3=

at the 3= end. A probe (TaqMan) for internal control PCR detection was
ismatches are indicated as lowercases.
ies (%

975 WT

� 0.36
� 0.30
� 0.87
� 0.21
� 0.42
� 0.84
� 0.61

� 0.28
WT plasmids. Based on a total DNA amount of 1000 copies per reaction
tios of MUT to WT DNA.
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Teaching Hospital Feldkirch, Austria, as previously de-
scribed.6 Sections were cut from regions of the tumor
with the most tumor cells (typically �50%). Genomic DNA
was extracted using a kit (peqGOLD Tissue DNA Mini Kit;
PEQLAB, Erlangen, Germany), according to the manu-
facturer’s instructions. The mutation status of KRAS and
BRAF was determined by sequencing analysis.

Results

The sensitivity, selectivity, and specificity of allele-spe-
cific real-time PCR assays were evaluated on plasmid
model systems. To determine the specificity of the muta-
tion-specific assays, we ran reactions with up to 20,000
copy numbers of wild-type plasmid to force extension of
the mismatched primer and to assess a breakthrough
signal for each assay. Reactions were run in triplicate and
performed three times on separate occasions. Ct values
were recorded for reference PCR and for each allele-
specific PCR, and corresponding �Ct values were cal-
culated. Obtained �Ct values were used to define a cut-
off �Ct value for each assay. Genotyped samples were
declared as positive for carrying a mutation, if they fell
under the cutoff �Ct. The cutoff �Ct value was defined as
1 Ct less than the lowest obtained �Ct value. The cutoff
�Ct values of allele-specific PCR assays are provided in
Table 2. To further evaluate predefined cutoff �Ct values,
each allele-specific assay was performed with 50 ng of
human genomic wild-type DNA three times on separate
occasions. The predefined cutoff �Ct values were not
reached in either case by using genomic wild-type DNA
(data not shown).

To evaluate the sensitivity and selectivity of the KRAS
and BRAF assays, DNA from mutant plasmids was di-
luted into wild-type plasmids. Based on a total DNA
amount of 1000 copies per reaction, the proportion of
mutant plasmid DNA was gradually reduced to obtain
decreasing ratios of mutant to wild-type DNA. Reactions
were run in duplicate and performed two times on sepa-
rate occasions. Mean � SD �Ct values are shown in
Table 2; representative amplification curves from each
real-time PCR assay are illustrated in Figure 2.

Considering previously defined cutoff �Ct mutation-
specific assays, we were able to detect 10 copies of
mutant DNA in the presence of 990 copies of wild-type
DNA, corresponding to a detection limit of one-percent
mutant against a background of wild-type DNA.

By using KRAS or BRAF plasmid DNA as a template in
PCR, amplification of the internal control reaction does
not occur. Therefore, to evaluate the effects of the internal
control PCR on the sensitivity or selectivity of our allele-
specific assays, we diluted 10 copies of mutant plasmid
DNA in 990 copies of genomic wild-type DNA (corre-
sponding to approximately 3.4 ng) to allow coamplifica-
tion of the internal control reaction. Reactions were run in
triplicate, and mean � SD �Ct values are given in the
Supplemental Table S1 (http://jmd.amjpathol.org). Ampli-
fication curves of target-specific PCR and the internal
control reaction for KRAS 12Ala, 12Val, 12Cys, and BRAF

Val600Glu assays are illustrated in the Supplemental Fig-
ure S1 (http://jmd.amjpathol.org). The plateau height of
internal control PCR was lower compared with KRAS- or
BRAF-specific PCR, indicating a lower yield of internal
control PCR product and minor competition with target
PCR. Indeed, determined �Ct values (see Supplemental
Table S1 at http://jmd.amjpathol.org) were comparable to
those obtained from plasmid dilutions. Therefore, coam-
plification of the internal control did not affect sensitivity
or selectivity of the allele-specific assays.

By using allele-specific PCR assays, we genotyped
125 DNA samples prepared from formalin-fixed paraffin-
embedded colorectal tissues. KRAS mutation frequency
determined by sequence analysis was 2.4% (n � 3) for
Gly12Ser, 0.8% (n � 1) for Gly12Arg, 5.6% (n � 7) for
Gly12Cys, 10.4% (n � 13) for Gly12Asp, 1.6% (n � 2)
for Gly12Ala, 7.2% (n � 9) for Gly12Val, 7.2% (n � 9) for
Gly13Asp, and 11.2% (n � 14) for the BRAF Val600Glu
mutation. Therefore, every mutation targeted by KRAS
and BRAF allele-specific PCR assays was present in the
sample series.

All mutations determined by sequence analysis could
also be detected by allele-specific PCR assays. In addi-
tion, PCR assays identified three more samples affected
by mutations--two samples with the KRAS Gly12Val mu-
tation and one sample with the BRAF Val600Glu muta-
tion--than sequence analysis. The mean � SD �Ct values
obtained from three independent runs were as follows:
3.8 � 0.1, 3.8 � 1.1, and 5.0 � 0.9 for the two KRAS

Figure 2. Amplification curves obtained from allele-specific real-time PCR
assays. DNA from mutant plasmids was diluted into wild-type plasmids.
Based on a total DNA amount of 1000 copies per reaction, the proportion of
mutant plasmid DNA was gradually reduced to obtain decreasing ratios of
mutant to wild-type DNA. R, reference PCR, representative for all dilutions; a,
b, c, and d, 10%, 2.5%, 1%, and 0%, respectively, proportion of mutant DNA;
0, nontemplate control.
Gly12Val–positive samples and for the one BRAF
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Val600Glu–positive sample, respectively; these values
were clearly under predefined cutoff �Ct values (Table
2). On the basis of �Ct values obtained from the addi-
tional positive samples and the �Ct values received from
serial dilutions in the evaluation study (Table 2), a tumor
cell proportion of 5% to 10% was estimated in these
samples. This indicates that additionally found mutated
samples were true positives and not detected because of
false extension of the mismatched primer. Furthermore,
to verify results, a commercial kit (TheraScreen; Qiagen)
was used for KRAS genotyping, which confirmed our
findings.

Compared with allele-specific real-time PCR, the cor-
responding sensitivity of sequencing was 95.7% (95%
confidence interval, 93.0%-98.6%) and 93.3% (95% con-
fidence interval, 66.0%-99.7%) for KRAS and BRAF mu-
tation analysis, respectively.

Discussion

We successfully developed highly sensitive allele-spe-
cific real-time PCR assays targeting the seven most com-
mon mutations in codons 12 and 13 of KRAS and the
BRAF Val600Glu mutation. Other protocols for allele-spe-
cific real-time PCR for mutation detection in KRAS and
BRAF have been published.18,19 However, previously
published real-time PCR protocols showed heteroge-
neous amplification detection techniques (based on mo-
lecular beacon18 and SYBR Green19 quantification tech-
niques) and lack of internal control reactions. We
standardized PCR assays by using probes (TaqMan) and
a commercially available PCR master mix simplifying the
PCR cocktail and real-time PCR analysis. Furthermore,
we integrated an internal control reaction in our PCR
assays. Interpretation of allele-specific PCR assays is
based on the amplification of a PCR product in case of
the presence of the respective mutation. If no amplicon is
amplified in the allele-specific reaction, the sample is
interpreted as wild-type. However, a lack of amplification
can also be due to the presence of PCR inhibitors. There-
fore, integration of an internal control reaction is essential
to exclude false-negative results. However, coamplifica-
tion of an internal control reaction may compete with
target gene amplification. This may result in a decrease
of sensitivity, especially in samples with few tumor cells.
To minimize competition of the internal control reaction
with the target gene amplification, fewer internal control
primers compared with target-specific primers were used
in the reaction. Indeed, we could demonstrate that the
use of the internal control reaction does not affect sensi-
tivity or selectivity of our assays.

We showed that each of our developed PCR assays
allows detection of at least 10 copies of mutant DNA in
proportions as low as one-percent of total DNA. Sensitive
real-time PCR-based assays for KRAS and BRAF muta-
tion detection are also commercially available (Thera-
Screen); these assays combine real-time techniques (al-
lele-specific PCR and Scorpions).20 On the basis of
manufacturer’s specifications, the assays can detect less

than one-percent of mutant in a background of wild-type
genomic DNA and have limits of detection of 5 to 10
copies. Therefore, commercial assays show similar se-
lectivity and sensitivity compared with real-time PCR as-
says provided herein. However, kit prices are high
($3760 and $2150 for KRAS and BRAF mutation analysis,
respectively, in 25 samples), and primer and probe se-
quences of these assays have not been published. De-
pending on batch sizes, expenses of reagents used for
real-time PCR assays described herein amount to ap-
proximately $20 to $30 per sample for both KRAS and
BRAF genotyping, if no replicates are performed. There-
fore, our protocol represents a cost-effective alternative
compared with commercially available assays for muta-
tion detection. Furthermore, although difficult to compare,
estimated reagent costs are comparable to expanses of
other genotyping methods, such as capillary sequenc-
ing. However, capillary sequencing is of lower sensitivity
and is only recommended in samples with a tumor cell
percentage of more than 30%.11 Therefore, the method of
choice is more a question of the proportion of tumor cells
in the sample than of assay costs.

In our study, although sections were cut from regions
of the tumor with the most tumor cells (typically �50%), it
could not be excluded that some samples showed an
amount of tumor cells less than this value. Indeed, allele-
specific PCR assays identified three more samples af-
fected by a mutation than sequence analysis. The esti-
mated proportion of tumor cells in these samples was
clearly less than the recommended tumor cell percent-
age necessary for successful genotyping by sequencing
analysis. Therefore, our results are well in line with other
studies showing that, on the one hand, allele-specific
PCR is more sensitive than sequencing analysis21 and,
on the other hand, results obtained from both methods
(ie, mutation-specific PCR assays and sequencing anal-
ysis) are highly concordant, if tumor cell percentage in
samples is sufficient.11 However, compared with se-
quencing analysis, post-PCR processes, which always
provide a source of contamination, are eliminated and
time to result is much lower by using real-time PCR tech-
niques (usually less than 3 hours versus multiple hours).

A limitation of the proposed KRAS and BRAF PCR
assays (and of all other allele-specific PCR assays) is that
mutations located outside targeted codons will not be
covered by the assays. Sequencing analysis has the
potential to detect mutations other than those targeted by
the PCR assays. However, in our study, sequence anal-
ysis did not detect any other causal mutation than PCR
assays were designed to detect.

Real-time PCR assays have the potential to detect low
copy numbers of mutated DNA. Depending on the total
amount of applied DNA and tumor cell proportion, sto-
chastic variation at low copy numbers may result in failed
allele-specific PCR reactions and interpretation of false-
negative samples. Therefore, we recommend performing
assays in duplicate or triplicate by using the tests in
samples with low DNA levels or few tumor cells. This
applies to samples that provide a high Ct value or show
a �Ct value close to the cutoff point. All replicates should
provide a positive result to class the sample as mutation

positive. Furthermore, we recommend the use of ade-
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quate positive and negative controls in each run. Appro-
priate DNA standards can be obtained from the authors
on request.

In summary, we describe real-time PCR assays for the
detection of the seven most common mutations in codons
12 and 13 of the KRAS gene and the BRAF Val600Glu
mutation. The reported method is rapid and cost-effective
and provides the necessary sensitivity, selectivity, and
specificity required for analysis of clinical samples, such
as formalin-fixed paraffin-embedded tissues. The de-
scribed protocol is easily reproducible in each laboratory
with real-time PCR technology and may, therefore, stim-
ulate further research and assist the clinician in therapeu-
tic decisions.
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