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Abstract. Patients with metastatic colorectal carcinoma
(mCRC) carrying activating mutations of the KRAS gene
do not benefit from treatment with anti-epidermal growth
factor receptor (EGFR) monoclonal antibodies. Therefore,
KRAS mutation testing of mCRC patients is mandatory in
the clinical setting for the choice of the most appropriate
therapy. Co-amplification-at-lower denaturation-temperature
PCR (COLD-PCR) is a novel modification of the conventional
PCR method that selectively amplifies minority alleles from a
mixture of wild-type and mutant sequences irrespective of the
mutation type or position within the sequence. In this study,
we compared the sensitivity of a COLD-PCR method with
conventional PCR/sequencing and the real-time PCR-based
Therascreen kit to detect KRAS mutations. By using dilutions of KRAS mutant DNA in wild-type DNA from colon
cancer cell lines with known KRAS status, we found that
Fast COLD-PCR is more sensitive than the conventional
PCR method, showing a sensitivity of 2.5% in detecting
G>A and G>T mutations. The detection of G>C transversions was not improved by either Fast COLD-PCR or Full
COLD-PCR. We next analyzed by COLD-PCR, conventional
PCR and Therascreen 52 formalin-fixed paraffin-embedded
samples from mCRC patients. Among 36 samples with >30%
tumor cells, 8 samples were negative by conventional PCR,
Therascreen and Fast COLD-PCR; 20 mutations identified by
conventional PCR were confirmed by Therascreen and Fast
COLD-PCR; 8 cases undetermined by conventional PCR
were all confirmed to carry KRAS G>A or G>T mutations by

Correspondence to: Dr Nicola Normanno, Cell Biology and
Biotherapy Unit, INT-Fondazione Pascale, Via M. Semmola, 80131
Naples, Italy
E-mail: nicnorm@yahoo.com; n.normanno@istitutotumori.na.it

Key words: KRAS, mutations, colorectal carcinoma, epidermal

growth factor receptor, anti-EGFR therapy, co-amplification-atlower denaturation-temperature PCR

using either Therascreen or Fast COLD-PCR. Conventional
PCR was able to detect only 2 KRAS mutations among 16
samples with <30% tumor cells (12.5%), whereas Therascreen
and Fast COLD-PCR identified 6 mutants (37.5%). These data
suggest that Fast COLD-PCR has a higher clinical sensitivity
as compared with conventional PCR in detecting G>C to A>T
changes in the KRAS gene, which represent >90% of the
mutations of this oncogene in CRC.
Introduction
KRAS is a member of the Ras gene family that encodes small
G proteins with intrinsic GTPase activity (1). KRAS is a
downstream component of the EGFR signalling network and
links growth promoting signals from the cell surface to several,
different intracellular signalling pathways, which regulate
important functions for tumor progression such as proliferation, differentiation and apoptosis (1-3). Mutations of the KRAS
oncogene that lead to its constitutive activation have been
described in different tumor types including colorectal carcinoma (CRC) (2). KRAS mutations are an early event in colon
tumorigenesis and have been detected in ~30-45% of CRC (4).
Up to 98% of KRAS mutations in CRC patients are found in
codons 12 and 13 of exon 2, with seven mutations accounting
for the majority of codons 12 and 13 alterations (5,6).
A number of studies have demonstrated that patients with
metastatic CRC (mCRC) carrying KRAS mutations in codon
12 and 13 do not benefit from treatment with anti-EGFR monoclonal antibodies such as cetuximab and panitumumab (7-10).
Therefore, assessment of the mutational status of KRAS is
mandatory in mCRC patients to ensure an appropriate choice
of treatment (11). The most widely accessible method for KRAS
testing is direct sequencing of PCR products, which is still the
gold standard technique for mutation detection (6,12). This
method detects all mutations in amplified DNA sequences,
but requires that mutant copies have a concentration that is
at least 10-30% of any accompanying wild-type sequence
according to the available literature (5,6,13,14). For this reason,
it is recommended that tissues for mutational analysis should
contain at least 70% of tumor cells, and if this is not possible
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the region of the sample with the highest content of tumor cells
should be isolated and used for molecular analysis. As a result,
conventional PCR-based assays are limited in their ability to
identify low levels of mutation-bearing tumor cells and this
may greatly affect therapeutic decisions.
Co-amplification-at-lower denaturation-temperature PCR
(COLD-PCR) is a novel modification of the conventional
PCR method that selectively amplifies minority alleles from a
mixture of wild-type and mutant sequences irrespective of the
mutation type or position within the sequence (15). This method
is based on the observation that there is a critical denaturation
temperature (Tc) for each DNA sequence, which is lower than
its melting temperature (Tm). DNA amplicons differing by a
single nucleotide have different amplification efficiencies when
PCR denaturation temperature is set to Tc.
Two forms of COLD-PCR have been described: Fast
COLD-PCR and Full COLD-PCR. Fast COLD-PCR enriches
G>C to A>T mutations that slightly, but predictably lower the
Tm of the PCR amplicon, by using a Tc that favors PCR amplification of the mutant allele. Full COLD-PCR can theoretically
enhance detection of any type of mutation via conditions
which promote annealing of WT:mutant pairs and selective
denaturation of these heteroduplexes at an empirically determined Tc. Fast COLD-PCR has the advantage of being more
rapid than Full COLD-PCR (1-2 h compared to 5-8 h of PCR
cycling) and is also easier to troubleshoot and implement. Fast
COLD-PCR is ideal for KRAS codon 12 and 13 mutational
analysis because >90% of the mutations are either G>A or
G>T changes (G12D, G12V, G12 S, G12C, G13D), whereas the
remaining common mutations are Tm-neutral G>C changes
(G12R and G12A).
In this study, we compared a newly developed COLD-PCR
method with a conventional PCR/sequencing method, routinely
used in our laboratory for the detection of KRAS mutations,
and with the real-time PCR-based Therascreen kit, a high
sensitive commercial method approved for in vitro clinical
diagnostics (13,14).
Materials and methods
Samples. Formalin-fixed paraffin-embedded (FFPE) tissues
of 52 patients were obtained from the institutional Tissue
Bank following approval of the Institutional Review Board.
The tumor cell content of each sample was assessed by
a referral pathologist (G.B.) on a slide stained with hematoxylin and eosin. For tumor samples with a percentage of
tumor cells <70%, a macrodissection of the specimen was
performed if possible, in order to increase the relative content
of tumor cells.
The following cell lines obtained from ATCC (American
Type Culture Collection, Rockville, MD) were used: the
colorectal carcinoma cell lines HT29 (wild-type for KRAS),
LS174T (bearing the KRAS mutation 35G>A), SW620
(35G>T), HCT116 (38G>A), SW1116 (35G>C) and SW1463
(34G>T), the lung carcinoma cell line A549 (34G>A). Thyroid
carcinoma CaL-62 cells (34G>C) were kindly provided by
Professor M. Santoro (University Federico II, Naples, Italy).
DNA extraction. Genomic DNA was extracted from two
20-µm FFPE sections using the QIAamp® DNA FFPE Tissue
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kit (Qiagen) and the QIAcube apparatus (Qiagen), according
to manufacturer's instructions. Genomic DNA from cancer
cell lines was isolated using the DNeasy blood and tissue kit
(Qiagen).
Samples of isolated genomic DNA were analysed by
0.8% agarose gel electrophoresis to evaluate the DNA quality.
The DNA quantity was assessed by using the Nanovue (GE
Healthcare) and the purity was evaluated by calculating the
260/280 ratio.
KRAS mutational analysis by conventional PCR. The genomic
region harbouring mutational sites was amplified using the
following primers to obtain a 201-bp amplicon: Forward,
5'-TGTAAAACGACGGCCAGTTGTGACATGTTCTAATA
TAGTCACATT-3'; Reverse: 5'-CAGGAAACAGCTATGA
CCACCAGTAATATGCATATTAAAACAAGA-3'. The
nucleotides presented in italic type correspond to M13
consensus sequences and were used also for cycle sequencing
with M13 consensus primers. Oligonucleotides primers were
purchased from PRIMM (Milan, Italy).
PCR was performed in 50 µl reaction volume containing
1X AmpliTaq ® Gold DNA polymerase buffer (Applied
Biosystems, Foster City , USA); 2.5 mM MgCl2; 0.02 mM each
deoxynucleotide; 0.2 µM each primer; 2.5 units AmpliTaq®
Gold DNA Polymerase (Applied Biosystems) and 80 ng of DNA
template. PCR reactions were performed by incubating the
samples at 95˚C for 10 min, followed by 40 cycles of 95˚C for
30 sec, 58˚C for 30 sec and 72˚C for 1 min. The final extension step was performed for 10 min at 72˚C and the samples
were then chilled to 4˚C. PCR reactions were run in a Veriti®
Thermocycler (Applied Biosystems). The PCR products were
electrophoresed in an agarose gel to confirm successful amplification.
Identification of the critical denaturation temperature. We
applied the COLD-PCR method for detecting KRAS mutations based on the methodology described in the literature (15),
with several modifications. We determined Tc experimentally
for each amplicon using mutant DNAs obtained from LS174T,
SW620, HCT116, SW1116 and SW1463, A549 and CaL-62
cells lines, bearing the seven common mutations in codon
12 and 13 of KRAS gene. A set of COLD-PCR reactions at
graded temperatures below the Tm were performed, to identify
the optimal critical denaturation temperature, Tc, and direct
sequencing of PCR product was used to determine the degree
to which the mutant allele was enriched. We determined the
Tc empirically by progressively lowering the denaturation
temperature from 84˚C → 82˚C → 81˚C → 80˚C → 79˚C.
The denaturation temperature that reproducibly produces
robust PCR products combined with substantial enrichment
of the mutations was selected as the Tc. By following this
experimental procedure for all mutations, we set the reduced
denaturation temperature of the COLD-PCR reaction at 82˚C.
COLD-PCR for KRAS mutation detection. For the COLD-PCR
protocols we used the same primers and reagents used in the
conventional PCR assay. Fast COLD-PCR started with 25
cycles of conventional PCR amplification for an initial build up
of all amplicons, followed by 30 COLD-PCR cycles to selectively enrich for mutant sequences. The initial conventional
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Figure 1. Sensitivity of conventional PCR/sequencing and Fast COLD-PCR methods. DNA from LS174T cells that carry the G35A KRAS mutation was diluted
with wild-type DNA obtained from HT-29 colon carcinoma cells in proportions of 10, 5, 2.5, 1% mutant DNA. Sequencing chromatograms of forward reverse
sequences are reported. Arrows show the peak corresponding to the mutated nucleotide.

PCR cycling conditions are summarized as follows: 95˚C for
10 min; 25 cycles at 95˚C for 30 sec, 58˚C for 30 sec, and 72˚C
for 1 min. Then 30 cycles of COLD-PCR were performed at
82˚C for 20 sec, 58˚C for 30 sec, 72˚C for 1 min and one step
at 72˚C for 10 min.
The reaction protocol for Full COLD-PCR started with
25 cycles of the conventional PCR amplification as above
described, followed by 30 COLD-PCR cycles performed at 95˚C
for 30 sec, 70˚C for 4 min, 82˚C for 20 sec, 58˚C for 30 sec, 72˚C
for 1 min and one step at 72˚C for 10 min. PCR reactions were
performed on Veriti® Thermocycler (Applied Biosystems). The
PCR products were electrophoresed in agarose gels to confirm
successful amplification prior to sequencing as described
above.
Sanger sequencing. Following PCR, amplification products
were purified using the pre-sequencing Kit ExoSap-IT reagent
(Amersham Biosciences). Sequencing reactions were performed
with the BigDye® Terminator Cycle Sequencing Kit v1.1
(Applied Biosystems) chemistry using both M13-F and M13-R
sequencing primers to obtain forward and reverse sequences.
Cycle Sequencing reactions were cleaned up using BigDye

Terminator purification kit (Applied Biosystems). Purified
sequencing reactions were analyzed using both the Applied
Biosystems 3130 Genetic Analyzer and the Applied Biosystems
3500 Genetic Analyzer. Similar results were obtained with the
two different apparatus. The sequence data were analysed using
the Sequencer software Ver. 4.8 (Gene Codes Corporation, Ann
Arbor, USA) or SeqScape® Software v2.7 (Applied Biosystems)
to identify mutations and to assign genotypes to individual
DNA samples.
The identified DNA changes were compared to reference
sequence of KRAS (GeneBank accession no. NM_004449.3).
Sequence results were scored by visual inspection of the chromatograms, performed by three independent analysts (NN,
PC, CR). A mutation was called when the three independent
observers agreed.
Real-time PCR with Therascreen kit. Mutational analysis was
performed by using the Therascreen KRAS mutations kit (DxS
Ltd., Manchester, UK) that identifies the seven most frequent
somatic mutations located in codons 12 and 13 (35G>A;
35G>C; 35G>T; 34G>A; 34G>C; 34G>T and 38G>A). Samples
were analysed according to the manufacturer's protocol and
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Table I. Comparison of conventional PCR/sequencing, Therascreen and fast COLD-PCR methods in mCRC samples.

Sample group

Tumor cell content (%)

WT (N=8)
Mutant (N=20)
Undetermined (N=8)
Low tumor cell content (N=16)

>30
>30
>30
≤30

Mutations detected
––––––––––––––––––––––––––––––––––––––––––––––
PCR-SEQa
Therascreen
Fast COLD-PCR
0
20
0
2

0
20
8
6

0
20
8
6

Conventional PCR followed by Sanger sequencing.

a

by using an ABI PRISM 7900HT real-time PCR system
(Applied Biosystems). Sample ΔCt values are calculated as
the difference between the mutation assay Ct and control
assay Ct from the same sample. Threshold ΔCt for each
mutation are indicated by the manufacturer, and correspond
to the ΔCt for 1% of mutant DNA. Above this value, the
sample may contain <1% mutation (beyond the limit of the
assays) and the sample is considered mutation negative. The
ΔCt cut-off values were as follows: 35G>A (G12D) cut-off
8; 35G>C (G12A) cut-off 6.5; 35G>T (G12V) cut-off 6.5;
34G>A (G12S) cut-off 9; 34G>C (G12R) cut-off 8; 34G>T
(G12C) cut-off 7 and 38G>A (G13D) cut-off 9.
Statistical analysis. The correlation between KRAS mutation
frequency data obtained using PCR/sequencing, COLD-PCR
or the Therascreen kit, and tumor cell percentage was assessed
using Fisher's exact test. All tests were performed two-sided at
a significance level of 0.05. The statistical tests were performed
using SPSS version 12.0 (SPSS Inc, Chicago, IL, USA).
Results
Sensitivity of KRAS mutation testing procedures. The sensitivity of conventional and COLD-PCR assays was determined
as previously described (14). Genomic DNA was isolated from
cancer cell lines carrying the seven most frequent mutations
of the KRAS gene (HCT-116, SW620, SW1116, LS174T, A549,
SW1463 and CaL-62). Mutant DNA was diluted with wild-type
DNA obtained from HT-29 colon carcinoma cells in proportions of 100, 80, 50, 40, 20, 10, 5, 2.5, 1%. The DNA mixtures
were amplified by PCR and sequences were analyzed to identify the presence of the different mutations. The lowest level
of detection for conventional PCR was 10% mutant DNA in a
background of wild-type DNA as found in three independent
experiments, whereas the Fast COLD-PCR assay was found
to detect up to 2.5% of mutant DNA. Representative results
are shown in Fig. 1. The Fast COLD-PCR method was more
sensitive than conventional PCR for G>A and G>T mutations,
while the sensitivity was not improved for G>C transversions.
Similar results were obtained with the Full COLD-PCR protocols that unexpectedly did not improve the detection of the
G>C transversions (data not shown).
Comparison of KRAS mutation detection using conventional
PCR, COLD-PCR and Therascreen. We further examined

the potential enhancement of KRAS mutation detection by
COLD-PCR over conventional PCR in clinical samples. We
have previously demonstrated that the Therascreen kit, which
has a sensitivity limit of 1%, shows an higher analytical sensitivity as compared with conventional PCR followed by direct
sequencing only in specimens that contain 30% or less of
tumor cells (14). Therefore, we selected 52 FFPE samples from
colorectal carcinoma patients with different levels of tumor
cells: 36 with >30% tumor cells and 16 with <30% tumor cells.
For the samples with >30% tumor cells, we selected 8 samples
that were wild-type by conventional PCR-sequencing, 20 cases
that were mutant according to conventional PCR, and 8 cases in
which this method did not allow to assess the mutational status.
In particular, the analysis of sequencing chromatograms of these
latter samples showed the presence of low-intensity peaks within
codons 12 and 13 of the KRAS gene that might be suggestive
of potential mutations. However, the low intensity of the signals
that in most cases were not consistently represented in all the
chromatograms did not allow to define the mutational status.
The samples were tested with conventional PCR-sequencing,
Fast COLD-PCR-sequencing and the Therascreen kit (Table I
and Fig. 2). The 8 samples that were negative by conventional
PCR (WT group) were negative also following analysis with
the Therascreen or with Fast COLD-PCR. Analogously, the 20
mutations identified by conventional PCR (mutant group) were
confirmed by Therascreen and COLD-PCR. Interestingly, in
one sample the use of COLD-PCR led to amplification of the
mutant allele alone and the sample appeared as a homozygous
mutant (Fig. 2). The 8 cases undetermined by conventional
PCR (undetermined group) were all confirmed to carry
mutant KRAS alleles by using either the Therascreen or Fast
COLD-PCR. All these undetermined cases were G>A or
G>T mutations. Among the samples with <30% tumor cells
(low tumor cell content group), conventional PCR was able
to detect only 2 KRAS mutations (12.5%). In contrast, both
Therascreen and Fast COLD-PCR identified 4 additional
mutations, for a total of 6/16 mutants (37.5%). Importantly, in
these samples Therascreen and Fast COLD-PCR found the
same mutations. The difference in the mutation rate between
these latter methods and conventional PCR was statistically
significant (p<0.0001, Fisher's exact test). Intriguingly, one of
the mutations that was not detected by conventional PCR was
a G>C that was enhanced by Fast COLD-PCR (Fig. 2). The use
of Full COLD-PCR did not produce a further enhancement of
the mutant signal (data not shown).
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Figure 2. Representative results of KRAS genotyping using PCR/sequencing, COLD-PCR and Therascreen. A wild-type (sample 550) and four mutated
samples are shown. Samples 168 and 310 belong to the group with undeterminated results using PCR/sequencing. Arrows in the chromatograms indicate the
peaks potentially associated with a KRAS mutation. CTR, control assay.

Discussion
Assessment of KRAS mutational status is mandatory for a
correct plan of the therapeutic strategy in mCRC patients. A
number of different factors might affect the sensitivity and the
specificity of the mutational analysis, including a low tumor
cell content; the presence of DNA fragmentation and, more
generally, of a poor quality DNA; tumor heterogeneity with
presence of mutant and wild-type tumor cell clones within the
same specimen. Therefore, mutational analysis might result in
false positive as well as in false negative results. Patients with
a false positive KRAS mutation will be deprived of the possibility to benefit of treatment with anti-EGFR agents. False
negative results that do not identify KRAS mutations might
also be deleterious for patients. In fact, anti-EGFR agent are
not active in patients carrying a mutant KRAS. In addition,
recent findings suggest that administration of an anti-EGFR
monoclonal antibody in combination with a regimen

containing oxaliplatin to patients with a KRAS mutant tumor
might significantly reduce progression-free survival (16,17).
PCR/sequencing is the most widely used method for mutational analysis and it still represents the gold standard for this
type of analysis. We have previously demonstrated that PCR/
sequencing can reach up to 10% sensitivity and that it allows
to define the mutational status of KRAS in FFPE tissues from
mCRC patients in the majority of the cases (14). However,
we also found that this method has not sufficient analytical
sensitivity in those samples that have a tumor cell content
of 30% or lower. In addition, in ~2% of cases with a higher
tumor cell content, PCR/sequencing does not allow defining
the mutational status with certainty, and in these latter samples
more sensitive techniques, such as the real-time PCR-based
Therascreen kit, are required. In this respect, this study
demonstrates for the first time that COLD-PCR is equivalent
to Therascreen in clinical samples. In fact, we found that in
samples with a low tumor cell content (≤30%) and in cases in
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which conventional PCR followed by Sanger sequencing did
not result in a conclusive diagnosis, Fast COLD-PCR followed
by sequencing has a similar clinical sensitivity to Therascreen
being able to identify the same mutations. Importantly, neither
method resulted in false positive findings.
Our results are in agreement with previous studies
suggesting that COLD-PCR might enhance the detection of
KRAS mutations in CRC. Li et al (15) showed that COLD-PCR
can enhance the sensitivity of both Sanger sequencing and
pyrosequencing. In particular, full COLD-PCR was reported to
enrich the different KRAS mutations 3-12-fold, depending on
the mutation type, whereas Fast COLD-PCR increased the sensitivity of 10-100-fold for those mutations that result in a decrease
of the Tm. However, a limited number of clinical samples were
examined in this study and the enhancement of COLD-PCR
for the seven most common KRAS mutations was not shown.
More recently, Zuo et al (18) used a full COLD-PCR protocol
to increase the ability of pyrosequencing to detect KRAS
mutations in 30 FFPE CRC tissues. This approach resulted in
an ~2-fold enhancement that was observed only in 9/20 mutant
samples. Taken together, these results suggest that although
full COLD-PCR has the theoretical advantage to enhance all
the mutations, the level of enhancement is slight and is not
observed for all the samples. Since >90% of the KRAS mutations are G>A or G>T changes, Fast COLD-PCR is ideal for
KRAS codon 12 and 13 mutational analysis. Indeed, Pritchard
et al (19) found that Fast COLD-PCR enhanced the diagnostic
accuracy of melting curve analysis in CRC. In particular, this
method was able to increase the sensitivity for the G>C to A>T
changes up to 1%, without affecting the sensitivity of the assay
for the Tm-neutral G>C changes. Melting curve analysis is a
screening method that is often used to detect rare mutations
and that needs to be confirmed by sequencing of the PCR
product due to the possibility of false positive results. Since
KRAS mutations occur in ~40% of CRC patients, the use of
a screening method is of little utility in this disease. A nested
PCR approach including a conventional PCR round plus a
COLD-PCR round has also been shown to result in high sensitive detection of KRAS mutations in lung carcinoma patients
by using either melting analysis or Sanger sequencing (20). The
use of nested PCR in clinical diagnostics should be limited for
the possibility of contaminations from post-PCR products that
can lead to false positive results. In addition, this approach led
to a 2.5% sensitivity of Sanger sequencing that was reached in
our study with a single round of COLD-PCR.
As compared with the Therascreen, Fast COLD-PCR has
the advantages that it does not require additional instruments
and there are no additional costs as compared with Sanger
sequencing. In particular, the cost of the analysis per patient is
at least 5 times lower for COLD-PCR/sequencing as compared
with Therascreen (40 vs. 200 €). In contrast, the limit of Fast
COLD-PCR is that it does not enhance mutations that do not
affect the Tm. However, in agreement with previous findings,
we observed enhancement of the sequencing signal in a sample
carrying a G34>C mutation (Fig. 2).
One important question to address is whether highly sensitive techniques should be used for all samples or reserved
to specific subsets (i.e. low percentage of tumor cells or
inconclusive cases). In this regard, two different studies have
demonstrated that there is no statistically significant difference
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in the ability to detect mutations between Therascreen and
PCR/sequencing in samples that contain >30% of tumor cells
(14,21). In particular, Therascreen detected KRAS mutations in
only 1/95 cases that were clearly negative by PCR/sequencing
and had a tumor cell content >30%. Since the analysis with
COLD-PCR is time-consuming, we believe that it should be
reserved to selected cases. In addition, the use of COLD-PCR
for samples that have high levels of mutant DNA might lead
to lack of amplification of the wild-type allele and to a classification of the sample as homozygous for the KRAS mutation
(Fig. 2). Homozygous KRAS mutations are a rare event in
CRC patients. Although we have no information regarding the
outcome of patients with homozygous KRAS mutations, this
misclassification should be avoided. In conclusion, the Fast
COLD-PCR-sequencing method that we developed is a simple,
highly sensitive and cost-effective technique to detect KRAS
mutations in selected CRC samples.
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