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KRAS mutation testing before anti-epidermal growth
factor receptor therapy of metastatic colorectal cancer
has become mandatory in Europe. However, consider-
able uncertainty exists as to which methods for detec-
tion can be applied in a reproducible and economically
sound manner in the routine diagnostic setting. To an-
swer this question, we examined 263 consecutive rou-
tine paraffin slide specimens. Genomic DNA was ex-
tracted from microdissected tumor tissue. The DNA was
analyzed prospectively by Sanger sequencing and array
analysis as well as retrospectively by melting curve anal-
ysis and pyrosequencing; the results were correlated to
tissue characteristics. The methods were then com-
pared regarding the reported results, costs, and work-
ing times. Approximately 40% of specimens contained
KRAS mutations, and the different methods reported
concordant results (� values >0.9). Specimens harbor-
ing fewer than 10% tumor cells showed lower mutation
rates regardless of the method used, and histoanatomi-
cal variables had no influence on the frequency of the
mutations. Costs per assay were higher for array anal-
ysis and melting curve analysis when compared with
the direct sequencing methods. However, for sequenc-
ing methods equipment costs were much higher. In
conclusion, Sanger sequencing, array analysis, melt-
ing curve analysis, and pyrosequencing were equally
effective for routine diagnostic KRAS mutation analy-
sis; however, interpretation of mutation results in
conjunction with histomorphologic tissue review
and on slide tumor tissue dissection is required for
accurate diagnosis. (J Mol Diagn 2010, 12:35–42; DOI:

10.2353/jmoldx.2010.090079)

With respect to mortality, colorectal cancer (CRC) is the
second most common malignancy in Europe.1 Locally
confined CRCs without lymph node metastases may be
cured by surgery alone, whereas nodal positive CRCs
need adjuvant radio- and/or chemotherapy. Of the latter,
approximately 34% of cases will experience a relapse of
the disease despite adjuvant therapy, recurring locally or
as distant metastases and often becoming incurable.
Palliative chemotherapy is frequently applied to prolong
patient survival.2

The two monoclonal antibodies cetuximab and panitu-
mumab3 targeting the epidermal growth factor receptor
(EGFR) have been approved in Europe and the United
States for the palliative treatment of metastatic CRC in
2004 and 2007, respectively. The efficacy of small-mol-
ecule inhibitors of EGFR, ie, gefitinib4,5 and erlotinib,6 is a
matter of debate and currently being tested in clinical
trials.

Much effort has been made to identify tissue based
biomarkers to predict the response to anti-EGFR ther-
apy.7,8 EGFR expression9,10 and EGFR gene amplifica-
tion11,12 have been assessed as potentially useful re-
sponse predictors in CRC. Only EGFR expression in CRC
tissue has been routinely evaluated before therapy, but
the correlation to the therapeutic response is not
clear.9,10 Distinct from non-small-cell lung cancer EGFR
gene mutations were reported to be infrequent in CRC.13

Somatic gain-of-function KRAS mutations have been
identified as a reliable strong negative predictor for the
response to anti-EGFR treatment in CRC14–18 and also in
non-small-cell lung cancer.19 This has been explained by
the fact that constitutively activated KRAS eliminates the
effects of upstream EGFR inhibition. Based on these
findings, the European Medicines Agency has made pal-
liative cetuximab and panitumumab therapy of CRC de-
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pendent on KRAS wild-type status of the tumor tissue,
irrespective of whether applied in combination with con-
ventional chemotherapy or as singular drugs.

Until now, KRAS mutation analysis has been studied in
experimental settings or as part of clinical trials but not in
daily routine testing. Several methods for KRAS mutation
testing have been described, but a substantial compar-
ison of methods and their applicability for routine testing
of heterogeneous tissue sets is missing.

In this study, we addressed these questions and we
report our experiences from routine testing in a large
German reference center for KRAS mutation analysis. We
compared four different methods of KRAS mutation anal-
ysis and included the impact of tissue characteristics.
Due to the increasing demands on the turnaround time
and throughput of diagnostic tests as well as the critical
economical situation in the health care systems, we put
specific emphasis on the hands-on and total times and
costs per sample, and also the potential equipment
costs.

Materials and Methods

Study Population and Histology

This study included formalin-fixed and paraffin-embed-
ded tumor samples from 263 patients with CRC. Tissue
samples were referred to our Department of Surgical
and Molecular Pathology from all over Germany be-
tween December 2007 and March 2008 for routine
KRAS testing. The study was been approved by the
Charité Ethics Committee under the title “Retrospective
analysis of tissue samples by immunohistochemistry
and molecular biological techniques” (EA1/06/2004).

Tissue samples had been stored for a mean period of
3 years (range, 0–10 years) before molecular analysis
was performed. Four (resection specimens) or five (bi-
opsy specimens) 3-�m-thick serial sections were cut
from each paraffin block. The first and fifth section (bi-
opsy specimens only) were stained with hematoxylin and
eosin (H&E), and a histopathological diagnosis was
rendered by a board-certified pathologist. The fifth
section was used to confirm that sections 2 to 4 en-
closed tumor tissue. The tumor area was marked on the
first H&E-stained slide. The percentage of tumor of all
tissue in the marked area and the relative amounts of
the histoanatomical components of the tumor, ie, tumor
cells, desmoplastic stroma, necrosis, and fat tissue
were estimated visually; tumor-infiltrating inflammatory
cells were graded as absent, mild, moderate, or abun-
dant. Every tumor was classified and graded accord-
ing to World Health Organization criteria. Distinct eval-
uation of histopathological features could not be
performed in two cases due to the poor preservation of
morphology, five additional tumors could not be
graded, and for 47 tumors data on the age of tissue
samples were missing.

DNA Preparation

DNA was extracted from those three slides that were not
stained. Tumor-containing sections were microdissected
from regions corresponding to the stained slides. DNA
preparation was performed as previously described.20 In
brief, microdissected tissue was transferred to 180 �l of
ATL buffer (Qiagen, Hilden, Germany) and kept for 10
minutes at 95°C. After cooling to room temperature, 20 �l
of proteinase K solution were added. The sample was
gently mixed and incubated at 55°C until complete lysis
(after about 2 hours). Further steps of DNA isolation were
performed in accordance with the tissue protocol
QIAamp DNA Mini Kit (Qiagen). The nucleic acids were
eluted in a volume of 60 to 100 �l and DNA content was
measured with a Nanodrop 1000 spectrophotometer
(PeqLab, Erlangen, Germany).

Sanger Sequencing

The sequencing template was a 170-bp PCR fragment of
the KRAS gene, generated with the primers KRAS F:
5�-AAGGCCTGCTGAAAATGACTG-3� and KRAS R: 5�-
AGAATGGTCCTGCACCAGTAA-3� (Tib Molbiol, Berlin,
Germany) using 100 ng to 2.5 �g of genomic DNA. PCR
conditions were as follows: initial denaturation for 5 min-
utes at 95°C, annealing at 60°C for 1 minute, elongation
at 72° for 1 minute, denaturation at 94° for 1 minute, 40
cycles, final extension 72°C for 7 minutes. Following PCR
the fragments were purified by MSB Spin PCRapace
(Invitek, Berlin, Germany) according to the manufactur-
er’s instructions. Ten microliters of the purified sample
were directly loaded on a 3.3% agarose gel to check the
quality and yield of the reaction. A total of 8.5 ng of the
PCR products was used for a sequencing reaction with
Big Dye Terminator cycle sequencing mix v1.1 (Applied
Biosystems, Darmstadt, Germany) according to the man-
ufacturer’s instructions. Sequencing reactions were per-
formed for both DNA strands with the PCR oligonucleo-
tides (5 pmol) as respective primers. Dye purification was
done by alcohol/sodium acetate precipitation.

Sequence analysis was done on a 3130 genetic ana-
lyzer, software sequencing analysis 5.2 (Applied Biosys-
tems). The obtained files were aligned and examined for
mutations in codons 12 and 13 of the KRAS gene by
SeqScape 2.6 software (Applied Biosystems). Respec-
tive mutations were quantified for allele frequency.

Array Analysis

The LCD-Array K-RAS 1.4 kit (Chipron, Berlin, Germany)
was used. The test principle is based on the hybridization
of biotinylated PCR products (spanning codons 12 and
13 of the KRAS gene) to wild-type and mutation specific
capture probes, arranged as a two-dimensional array on
the surface of a polymer chip. A biotin/streptavidin en-
zyme conjugate cascade is used to detect the specific
hybridization events. Data extraction and analysis are
performed with a transmission light scanning device
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(10-�m resolution) in combination with the SlideReader
7.0 software (Chipron).

PCR amplification took place in 25-�l volumes with
SuperHoT MasterMix 2x (Bioron, Ludwigshafen, Ger-
many) and 1 �l of the biotinylated primer mix and 1 �l of
wild-type suppressor compound from the K-RAS 1.4 kit.
DNA extracts, 3 �l, were used as template for all PCR
amplifications without further normalization (concentra-
tion range as measured by Nanodrop, 50- 350 ng/�l).
Cycling conditions were as follows: 5 minutes at 94°C; 45
cycles of 45 seconds at 94°C, 45 seconds at 60°C and 45

seconds at 72°C; and 3 minutes at 72°C. Subsequently,
hybridization and staining procedures were performed
according to the manufacturer’s instructions (Chipron).

Melting Curve Analysis

Extracted DNA was amplified and analyzed in a LightCycler
2.0 (Roche Diagnostics, Mannheim, Germany) melting
curve, reporting sequence deviations in the target region
of the KRAS gene as described elsewhere.21 In brief, we

Figure 1. Different detection methods for KRAS mutations in codon 12/13. A and B: Sanger sequencing. Example of a wild-type (A) and a mutated (B) case
(p.G12D). C and D: Pyrosequencing. Example of a wild-type (C) and a mutated (D) case (p.G12D). E–H: Array analysis. Examples of a wild-type case (E) and
cases harboring a p.G13D (F), a p.G12D (G), and a p.G12C (H) mutation are presented. I and J: Melting curve analysis. Examples of a wild-type (I) and a mutated
(J) case (p.G13D). Arrows indicate location of each mutation.
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used the LightMix kit (Tib Molbiol) following the instruc-
tions and comparing the melting curves for reactions
containing three different concentrations of competitor,
low (control), medium, and high. For samples with limited
amounts of DNA the protocol was modified to use only 1
�l of DNA in 8-�l total volume. Samples showing no
melting curve in any reaction were reported as not am-
plified/inhibited; samples showing no distinct mutation-
derived peak in the medium concentration reaction and a
baseline in the high concentration reaction were rated as
wild type; samples showing a distinct peak in medium or
high concentration reactions were reported as mutated.

Pyrosequencing

Preparation for sequencing reaction was done using the
PyroMark KRAS kit (Biotage, Uppsala, Sweden) accord-
ing to the manufacturer’s instructions. In brief, 10 ng of
genomic DNA, as well as forward and reverse KRAS PCR
primers, was used for PCR amplification of the region
containing codons 12 and 13. PCR cycling conditions
were as follows: 95°C for15 minutes, 45 cycles of (95°C
for 50 seconds, 58°C for 50 seconds, 72°C for 50 sec-
onds) and 72°C for 10 minutes. Single-strand preparation
of PCR products was done by immobilization on strepta-
vidin-coated Sepharose beads (Amersham Biosciences,
Uppsala, Sweden), using a vacuum prep tool (Biotage).
After adding specific sequencing primers (PyroMark
KRAS kit) samples were run on a PSQ 96 MA pyrose-
quencer (Biotage) and subsequently analyzed by PSQ
96MA SNP/Pyromark ID software (Biotage).

Laboratory Working Time and Costs

Laboratory working times were calculated for single as-
says and reflected our personal experience with these
methods. Calculation of costs per assay excluded the
extraction of DNA. In addition, assay costs were calcu-
lated excluding Taq polymerase, PCR buffer, and dNTPs.

Pyrosequencing and Sanger sequencing as well as array
analysis require standard PCR equipment; this has not
been included in the calculation. Equipment costs were
estimated from manufacturer’s information and personal
communications; exact prices can be obtained from local
distributors.

Statistics

Association of mutation frequency with tissue character-
istics and tumor cell content was assessed by �2 test and
�2 test for trends, respectively. Correlation of percentage
of allele frequency with tumor cell content was done by
Pearson’s correlation. Significance of the concordance of
mutation detection with different methods was assessed
by � statistics.

Results

Study Population and Histology

Of 263 cases, 260 were forwarded for molecular analysis.
In three cases no further tumor tissue was found on the
H&E-stained sections. The study cohort included two
colorectal adenomas (referred as carcinomas) and 258
adenocarcinomas. A total of 214 (82.9%) tumors were
primary CRC specimens and 44 (17.1%) were metasta-
ses. The metastatic tumor tissue was obtained from liver
(29 cases), lung (10 cases), lymph nodes (3 cases), bone
marrow (1 case), and spleen (1 case). A total of 238
(92.2%) cases were resection specimens and 20 (7.8%)
were biopsies. A total of 23 (9.1%) adenocarcinomas
were of grade 1, 149 (59.4%) of grade 2, and 79 (31.5%)
of grade 3. In seven cases grading was not possible.
Twenty-five tumors (9.7%) were classified as mucinous
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Figure 2. Percentage of mismatches for all detection methods. The percent-
age was calculated as the number of cases with discordant results (when
compared with the other three assays) divided by the total number of tests
performed per method.

Table 1. Distribution of Detected Mutations as Determined by Sanger Sequencing

No. of
cases WT p.G12R p.G12C p.G12S p.G12V p.G12A p.G12D p.G13D p.G13C Codon 12 Codon 13

Mutated
total

260 152 1 11 6 28 4 33 24 1 83 25 108
(100%) (58.5%) (0.4%) (4.2%) (2.3%) (10.8%) (1.5%) (12.7%) (9.2%) (0.4%) (31.9%) (9.6%) (41.5%)

Table 2. Comparison of Mutation Frequency as Determined
by Different Detection Methods

Array Melting curve Pyrosequencing

Sanger n � 235 n � 190 n � 138
� � 0.939 � � 0.956 � � 0.938
P � 0.001 P � 0.001 P � 0.001

Array n � 190 n � 138
� � 0.956 � � 0.908
P � 0.001 P � 0.001

Melting curve n � 138
� � 0.932
P � 0.001

P values were calculated by � statistics.
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carcinomas according to World Health Organization
criteria.

On average, the microdissected tumor area, including
cancer cells as well as nonepithelial tumor components,
covered 62 � 26% of the tissue sections. In 12 (4.7%)
cases the tumor area covered �20% and in 66 (25.6%)
cases �40% of the whole tissue section. Within the tumor
area, tumor cells were estimated to account for 52 �
17%, the desmoplastic stroma for 35 � 18%, necrosis for
7 � 9%, and fat tissue for 3 � 7% of the section area. The
mean content of non-neoplastic tissue entrapped by the
tumor was 4 � 10%. Abundant tumor-infiltrating inflam-
matory cells were found in 44 (17%) cases.

Analysis of the Somatic KRAS Genotype Using
Sanger Sequencing, Array Analysis, Melting
Curve Analysis, and Pyrosequencing

In most cases DNA of sufficient quality could be pre-
pared; only in six cases a second tissue block was or-
dered. In one case no other tumor-bearing block was
available; in this case DNA was extracted from the H&E-
stained slides. Overall mean (�SD) DNA yield was 196.8
ng/�l (�142.5 ng/�l).

The somatic KRAS genotype was assessed in a
blinded fashion by Sanger sequencing, array analysis,

melting curve, and pyrosequencing (Figure 1, A–J).
Sanger sequencing (260 cases) and array analysis
(235 cases) were prospectively performed for diagnos-
tic purposes. Melting curve analysis and pyrosequenc-
ing were performed using the same DNA preparation
but for 190 and 138 cases only, because the DNA from
the “diagnostic” preparation was limited. We wanted to
avoid divergent results caused by differences in the
extraction; thus not all methods could be applied for
every sample.

Sanger sequencing revealed in 108 of 260 cases
(41.5%) a mutation in either codon 12 (31.9%) or codon
13 (9.6%) of the KRAS gene (Table 1). The most frequent
mutations being p.G12D (12.7%), p.G12V (10.8%), and
p.G13D (9.2%). Similar distributions were seen with the
other three methods (see Supplemental Tables S1 and
S2 at http://jmd.amjpathol.org). The array analysis identi-
fied 104 of 235 analyzed cases (44.3%) to harbor somatic
mutations; melting curve analysis found 77 of 190 ana-
lyzed cases (40.5%) to be mutated; and by pyrosequenc-
ing 51 of 138 analyzed cases (37%) were reported to
carry mutations (see Supplemental Tables S1 and S2 at
http://jmd.amjpathol.org). A crossover comparison of the
four methods yielded � values exceeding 0.9 (Table 2).
An analysis of the percentage of discordant results per
method revealed that while melting curve analysis had
the lowest percentage of highly discordant results (two or
three mismatches: 0.52%), such results were slightly
more frequent for pyrosequencing (2.89%). The percent-
ages for Sanger sequencing (1.15%) and array analysis
(2.13%) ranged in between (Figure 2). Determining the
sensitivity and specificity of the respective methods was
not possible due to the fact that to date no accepted gold
standard for KRAS mutation detection that could serve as
reference has been defined.

Correlation of the KRAS Genotype with
Histoanatomical Characteristics

Next, we compared the KRAS genotype assessed by
Sanger sequencing with the histoanatomical characteris-
tics (Figure 3). The somatic KRAS genotype was not
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Figure 3. Tissue characteristics and frequency of mutation detection as
determined by Sanger sequencing (n � 260).

Table 3. Mutation Frequency in Correlation with Tumor Cell Content

% of tumor cells in tissue

Total �10% �10% P value

Sanger sequencing* 0.015
Mutated 108 (41.9%) 0 (0%) 108 (43.2%)
Not mutated 150 (58.1%) 8 (100%) 142 (56.8%)

Array 0.101
Mutated 104 (44.6%) 1 (14.3%) 103 (45.6%)
Not mutated 129 (55.4%) 6 (85.7%) 123 (54.4%)

Melting curve 0.059
Mutated 77 (41%) 0 (0%) 77 (42.1%)
Not mutated 111 (59%) 5 (100%) 106 (57.9%)

Pyrosequencing 0.175
Mutated 51 (37.5%) 0 (0%) 51 (38.3%)
Not mutated 85 (62.5%) 3 (100%) 82 (61.7%)

*In two cases estimation of exact tumor cell content was not possible.
P values were calculated by �2 test.
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associated with the presence or absence of tumor necro-
sis (P � 0.248), fat tissue (P � 0.166), non-neoplastic
tissue (P � 0.546), or inflammation (P � 0.251). We found
no significant correlations with tumor grade (P � 0.102),
histological subtype (P � 0.280), location (P � 0.251),
storage time of paraffin blocks (P � 0.272), and type of
material used for DNA preparation (0.517).

Finally, we compared the amount of tumor cells in the
tissue preparations with the frequency of KRAS mutations
as determined by Sanger sequencing. The percentage of
mutated DNA in preparations of cases harboring muta-
tions significantly correlated with tumor cell content in the
microdissected tissue (r � 0.489, P � 0.001). In addition,
in samples with �10% tumor cells (n � 8) no mutations
were found. Compared with the other samples with more
than 10% tumor tissue, this was a significantly lower rate
of detection (P � 0.022). A similar, yet due to small
sample numbers nonsignificant, observation was made
with all other methods applied (Table 3). Samples that
featured 11% to 20% tumor cells did not display a lower
mutation frequency in any method applied (see Supple-
mental Table S3 at http://jmd.amjpathol.org).

Laboratory Working Time and Costs

While melting curve analysis was the fastest method in
our panel (�1.5 hours), the other three assays were in
comparable working time frames (array: �3.5 hours, se-
quencing methods �4.5 hours, Table 4). However, it has
to be mentioned that the necessary laboratory working
times may vary considerably with the number of assays
performed per run.

Approximate costs per assay (Table 4) were lowest
for pyrosequencing (�$10.50) and Sanger sequencing
(�$12), while costs per sample were twofold higher for
the array (�$22.50) and threefold higher for the melt-
ing curve analysis (�$34.50). However, considering
the specific equipment costs (Table 4) the array-based
method is considerably less expensive (�$4500) than
the real-time PCR system (�$30 –$75,000) or the DNA
sequencers (Sanger: �$100,000, Pyro: $150,000).

Again, it has to be mentioned that local prices for the
respective equipment may vary considerably.

Discussion

Somatic gain-of-function mutations in the KRAS gene of
CRCs predict the lack of response to anti-EGFR therapy
with cetuximab and panitumumab,14–18 and KRAS muta-
tional screening has become mandatory in Europe before
a treatment with either drug at the end of 2007. As one of
eight approved reference centers in Germany22 we re-
ceived 263 cases during the first 4 months of routine
KRAS mutation testing. The number of tests continues to
grow rapidly (143 cases in July 2008 in our institution)
and is expected to increase further, since both cetuximab
and panitumumab are currently tested in late-phase clin-
ical trials for CRC in a variety of clinical settings.

A variety of methods have been applied for somatic
KRAS mutation analysis.23–30 Some, but not all, have
been validated for the use of DNA extracted from forma-
lin-fixed and paraffin-embedded tissue. However, the co-
horts usually tested were fairly homogeneous with re-
spect to tissue type as well as tissue processing and
storage, while in the more routine setting, tissue sam-
pling, processing, and storage is usually not standard-
ized, because it is performed by different pathology
laboratories. Here we report our experiences with a
heterogeneous set of tumor tissue referred to us from all
over Germany. Our results indicate that all methods used
in this study—Sanger sequencing, array analysis, melting
curve analysis and pyrosequencing—yield similar re-
sults. Nevertheless, slight differences were observed.
One explanation for this might be the use of a wild-type
sequence suppressor in melting curve and array analy-
sis. These suppressor constructs were used to increase
the sensitivity of the analysis of tissue with a minimal
amount of mutated cells. Such constructs have not been
used for the sequencing methods. For pyrosequencing,
very low amounts of mutations might be missed due to
the fact that very small extra peaks were possibly inter-

Table 4. Laboratory Working Time and Costs Per Assay for the Four Methods Applied

BigDye Terminator cycle sequencing kit (Applied Biosystems) Pyrosequencing PyroMark K-ras (Biotage)

Protocol steps* Time Protocol steps* Time
1. Single PCR, including setup 200 minutes 1. Single PCR, including setup 200 minutes
2. Purification and concentration of amplicons
3. Sequencing forward and reverse

(two reactions)
4. Software analysis
Total

Detection of mutations
Sequence of codons 12 and 13

Special equipment required
ABI sequencer

30 minutes
20 minutes

5 minutes
4.5 hours

Costs/sample†

�$12
Costs‡

�$100,000

2. Single-strand preparation
3. Pyrosequencing KRAS codons

12 and 13
4. Software analysis
Total

Detection of mutations
Sequence of codons 12 and 13
Special equipment required
Vacuum Prep Tool, Pyrosequencer

30 minutes
20 minutes

5 minutes
4.5 hours

Costs/sample†

�$10.50
Costs‡

�$150,000

*All protocols start from extracted human DNA. For details see Materials and Methods. Pyrosequencing, Sanger sequencing, and array analysis
require standard PCR equipment.

†Assay costs were calculated excluding Taq polymerase, PCR buffer, and dNTPs. The LightMix kit includes polymerase and controls (total costs
�$42–$52/patient sample).

‡Estimated instrument costs as given by the manufacturer or personal communications. For detailed prices manufacturer of local distributors should
be contacted.
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preted as background noise. Since melting curve analy-
sis had the lowest rate of highly discordant results (two or
three other methods with different results), this method
may be slightly more accurate. However, from the tech-
nical viewpoint, the decision of which assay should be
performed will depend on equipment, experience, and
personnel available in the testing institution. Since all of
these techniques might report false results, especially if
performed without the proper experience, we strongly
recommend the validation of the method in European
Quality Award schemes and ring trials before accredita-
tion of test institutions. Recently, the German Society of
Pathology and the Berufsverband Deutscher Pathologen
e.V. collaboratively organized a set of independent ring
studies for somatic KRAS genotyping in CRC,22,31 and a
European quality assurance program was proposed.32

With respect to the influence of different tissue- and
non-tissue-specific variables on the results of genotyp-
ing, we did not find a correlation between the origin of the
tissue sample (colorectal/metastasis), the type of speci-
men (biopsy or resection specimen), the storage time of
the paraffin blocks, the presence or absence of necrosis,
fat tissue, normal tissue or inflammation and the preva-
lence of mutations. We were able to analyze samples
directly from routine H&E-stained sections of specimens
as well as cytologic specimen (data not from this cohort)
when tissue blocks were not available. This implicates
that reliable results can be obtained independently of the
mentioned parameters. In accordance, previous reports
suggest that mutation status in metastases completely
overlaps with the mutation status in the primary tumor.18

Three out of 263 cases referred as carcinoma contained
no tumor tissue and two cases were adenomas but not
carcinomas. This would have been missed without tissue
review by a trained pathologist.

The average mutation frequency of 41.5% is in accor-
dance with the literature. Interestingly the mutation rate
for samples containing less than 10% tumor cells was
lower regardless of the method used for detection. How-
ever, these differences were only significant for Sanger
sequencing, presumably due to the smaller case num-
bers for the other three methods used. This indicates that
testing such samples will maybe not result in reliable
data. For samples containing less than 40% tumor cells
both methods (melting curve analysis, array) using a
wild-type sequence suppressor reported slightly more
mutations than DNA sequencing.

Manual microdissection, using in average 60% of the
entire material, is a powerful tool to enrich the analyzed
sample with tumor cells. The number of specimens con-
taining 10% or less tumor cells was 3% only (eight sam-
ples). Without this step there would be a considerably
higher number of low tumor cell cases. This again
underscores that morphologically guided microdissec-
tion of tumor tissue is strongly recommended for cases
with low tumor content before performing a mutation
analysis. According to our results, tissue blocks with
higher tumor cell content can be tested without prior
microdissection.

When it comes to the laboratory working time neces-
sary to perform a single assay, melting curve analysis
can be run considerably faster than the other three meth-
ods. Therefore if the time line is critical, one may decide
to use this assay. However, this is also the method with
the highest costs per assay, followed by array analysis.
Sanger sequencing and pyrosequencing cause lower
costs per assay, but the specific equipment is more
expensive. Institutions with a low frequency of tests may
prefer array analysis or melting curve, since basic equip-
ment for these tests is cheaper, while institutions with a
high throughput may decide for sequencing, because
the costs per test are lower. Nevertheless, we like to
emphasize again that, in our view, the final decision of
which assay to use is largely dependent on the laboratory
equipment, workflow, and experience in any specific mo-
lecular pathology working unit, so general recommenda-
tions cannot be given easily.

In conclusion, we found that in a routine diagnostic
setting the results of KRAS mutation analysis do not de-
pend on specific tumor and tissue characteristics and all
detection methods used here provide valuable data. His-
topathological evaluation and manual microdissection of
tumor tissue before mutational analysis are crucial, and
KRAS mutation results have to be reported with respect to
the morphology.
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and Katrin Podzus for excellent technical assistance. We
thank Martina Eickmann for critical reading of the manu-
script. We are grateful to all pathologists and oncologists
who have referred cases to our institution.

Table 4. Continued

Array LCD-Array K-RASSNP 1.4 (Chipron) LightMix kit KRAS40–0416 CE-IVD (TIB Molbiol)

Protocol steps* Time Protocol steps* Time
1. Single PCR, including setup
2. Hybridization of PCR products to LCD arrays
3. 2cd labeling and staining

4. Software analysis
Total

Detection of mutations
Sequence of codons 12 and 13

Special equipment required
Array scanner, centrifuge, SlideReader software

200 minutes
30 minutes
10 minutes

5 minutes
3.5 hours

Costs/sample†

�$22.50
Costs‡

�$4500

1. Real-time PCR, including setup
2. Analysis of melting curves

Total
Detection of mutations

Limited sequence information
Special equipment required

LightCycler instrument 1.5/2.0

80 minutes
10 minutes

1.5 hours
Costs/sample†

�$34.50
Costs‡

�$30–$75,000
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