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Mutations in codons 12 and 13 of the KRAS oncogene
are relatively common in colorectal and lung adeno-
carcinomas. Recent data indicate that these mutations
result in resistance to anti-epidermal growth factor
receptor therapy. Therefore, we assessed Sanger se-
quencing, pyrosequencing, and melting curve analy-
sis for the detection of KRAS codon 12/13 mutations
in formalin-fixed paraffin-embedded samples, includ-
ing 58 primary and 42 metastatic colorectal adenocar-
cinomas, 63 primary and 17 metastatic lung adeno-
carcinomas, and 20 normal colon samples. Of 180
tumor samples, 62.2% were KRAS mutant positive,
and 37.8% were negative. Melting curve analysis yielded
no false positive or false negative results, but had 10%
equivocal calls. Melting curve analysis also resulted in 4
cases with melting curves inconsistent with either wild-
type or codon 12/13 mutations. These patterns were
generated from samples with double mutants in codons
12/13 and with mutations outside of codons 12/13. Py-
rosequencing yielded no false positive or false negative
results as well. However, two samples from one patient
yielded a pyrogram that was flagged as abnormal, but
the mutation subtype could not be determined. Finally,
using an electronic cutoff of 10%, Sanger sequencing
showed 11.1% false positives and 6.1% false negatives.
In our hands, the limit of detection for Sanger sequenc-
ing, pyrosequencing, and melting curve analysis
was approximately 15 to 20%, 5%, and 10% mutant
alleles, respectively. (J Mol Diagn 2010, 12:425–432; DOI:
10.2353/jmoldx.2010.090188)

The kirsten rat sarcoma viral oncogene homolog (K-ras),
a GTPase binding protein encoded by the KRAS gene,
serves as an intermediary signaling molecule in the epider-
mal growth factor receptor (EGFR) signaling pathway.1

KRAS mutations have been implicated in the pathogenesis
of numerous tumors and are found in approximately 15 to
50% of lung adenocarcinomas, 30 to 60% of colorectal
adenocarcinomas, and 90% of pancreatic adenocarcino-
mas.2,3 Mutation of the KRAS oncogene leads to its consti-
tutive signaling and subsequent dysregulated cellular pro-
liferation.4 KRAS mutations have been shown to occur
relatively early in the development of colorectal adenocar-
cinoma and late in that of lung adenocarcinoma.5,6

Anti-EGFR monoclonal antibody therapies such as
cetuximab and panitumumab are approved by the Food
and Drug Administration for use in patients with meta-
static colon cancer. Anti-EGFR tyrosine kinase inhibitors
such as Erlotinib are approved for use in patients with
locally advanced or metastatic non-small cell lung can-
cer, after failure of at least one prior chemotherapeutic
regimen. Recent data indicate that the presence of a
codon 12, 13, or 61 KRAS mutation results in resistance
to these anti-EGFR therapies.7–10 Current guidelines
from the National Comprehensive Cancer Network rec-
ommend the use of anti-EGFR therapies only in pa-
tients with wild-type KRAS lung and colorectal
adenocarcinomas. (NCCN Clinical Practice Guidelines
in Oncology. Non Small Cell Lung Cancer (Version
2.2009, available at: http://www.nccn.org/profession-
als/physician_gls/PDF/ncl.pdf.) and Colon Cancer (Ver-
sion 3.2009, available at http://www.nccn.org/profes-
sionals/physician_gls/PDF/colon.pdf.) Both accessed October
9, 2009)

A variety of strategies can be used to assess KRAS
mutation status in tumor samples including Sanger se-
quencing (SS), real-time PCR with or without melting
curve analysis (MC), and pyrosequencing (PS). SS is
considered by many to be the gold standard in mutation
testing. SS can detect essentially all base substitutions,
small insertions and deletions, but has a modest limit of
detection, which can be highly variable depending on the
exact sequence, and laboratory performing the test.
Quantitative PCR with MC uses fluorescent probes to
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capitalize on differences in melting temperatures gener-
ated by genetic alterations. When a mutation is present in
the target, the probe–target duplex is separated at a
lower temperature as compared with a perfectly match-
ing wild-type sequence. The differences in melting tem-
perature (Tm) are detected by a loss of fluorescence as
a function of increasing temperature. PS is a biolumines-
cence technique in which the pyrophosphate released
during incorporation of a nucleotide into a growing DNA
chain is converted to light through a series of enzymatic
reactions. PS can identify individual bases or short
stretches of nucleic acid sequence at predetermined
positions. Here, we have compared these three platforms
for the detection of KRAS codon 12 and 13 mutations in
formalin-fixed paraffin-embedded (FFPE) lung and colo-
rectal adenocarcinoma samples.

Materials and Methods

Samples

This study was covered under Institutional Review Board
approval NA 00002948 for the use of de-identified clinical
samples to evaluate new methods/technologies. Two
hundred FFPE tissue samples from 191 patients were
obtained from the tissue archives at the Johns Hopkins
Hospital. These samples included 180 tumor samples,
including 58 primary and 42 metastatic colorectal ade-
nocarcinomas, 63 primary and 17 metastatic lung ade-
nocarcinomas, from 171 patients (84 males and 87 fe-
males). Nine of these patients each contributed 2 tumor
samples to the study, including 6 patients where 2 differ-
ent blocks from the same tumor were tested and 3 pa-
tients who had both primary and metastatic tumors
tested. The mean age of the patients analyzed was 78
years (range, 31 to 98 years). In addition, we collected 20
histologically normal colon samples from 20 patients (10
males and 10 females) with diverticulosis or diverticulitis
and no past medical history of adenomatous polyps or
adenocarcinoma. The mean age for patients with divertic-
ulitis or diverticulosis was 61 years (range, 38 to 71 years).

Sample Preparation and DNA Extraction

H&E-stained slides from FFPE tumor and normal samples
were reviewed by a pathologist and tumor tissue was
selected for analysis. Corresponding tissue from five un-
stained, 10-�m-thick tissue sections was removed using
Pinpoint reagents according the manufacturer’s protocol
(ZymoResearch, Orange, CA). DNA was purified from the
sample using QIAmp DNA kit (Qiagen, Valencia, CA) and
quantified by OD 260 nm.

For our limit of detection study, we prepared dilutions
of mutant KRAS cells from the LoVo cell line, which con-
tains a heterozygous G13D mutation, into wild-type cells
derived from a cell line of normal lymphoblasts. Total
genomic DNA was isolated from cell pellets and purified
with the Qiagen DNA-Mini kit. We analyzed each mixture
for accuracy of the dilution using our clinical chimerism
assay which employs the Identifiler reagents containing

15 short tandem repeat markers (Applied Biosystems,
Foster City, CA).

Melting Curve Analysis

Reaction mixture consisted of LightCycler FastStart DNA
Master Hybridization Probes Mix (Roche, Indianapolis Indi-
ana), 500 nmol/L forward primer (5�-AAGGCCTGCT-
GAAAATGACTG-3�), 100 nmol/L reverse primer (5�-
CCCTCCCCAGTCCTCATG-3�), 400 nmol/L sensor probe
(5�-LC Red 640-TGCCTACGCCACCAGCTCCAA-phos-
phate-3�), and 200 nmol/L anchor probe (5�-CCACAAAAT-
GATTCTGAATTAGCTGTATCGTCAAGGCACT-fluoresce-
in-3�) in a final reaction volume of 20 �l. Reactions were
thermal cycled in a LightCycler (Roche) as follows: 95°C for
10 minutes, followed by 40 cycles of 95°C for 10 seconds,
55°C for 10 seconds, and 72°C for 15 seconds. Melting
curve analysis was performed through one cycle of 95°C for
20 seconds, 40°C for 30 seconds, and ramp to 85°C at
0.1°C/sec. Amplification and melting curves were gener-
ated using the LightCycler software. To validate the MC, we
analyzed 29 pancreatic cancer samples that had previously
been characterized for KRAS mutations (provided by Dr.
Christine Iacobuzio-Donahue). Twenty-five of the 29 sam-
ples harbored one of four different KRAS mutations (G12D,
G12V, G12R, G13D). The validation of lung and colorectal
adenocarcinomas demonstrated three additional KRAS
mutations (G12A, G12S, andG12C).We determined the Tm
of wild-type alleles to be 71°C � 2°C, while the seven most
common KRAS mutations in lung and colorectal adenocar-
cinoma produced a Tm of 63°C � 2°C.

Sanger Sequencing

PCR amplification products generated by the Lightcycler
PCR/melting curve analysis were purified using QiaQuick
reagents (Qiagen) and were cycle sequenced using Big Dye
v3.1 reagents (Applied Biosystems) according to the manu-
facturer’s protocol. Sequencing products were purified with
CleanSEQ Sequencing Purification System (Agencourt Bio-
science Corp., Beverly, MA) and automated sequencing per-
formed by capillary electrophoresis on an ABI3700 (Applied
Biosystems). Sequences were aligned and examined by two
separate approaches: electronically with a set threshold of
10% and by visual inspection of the electropherogram, using
Sequencher software (Gene Codes Corp., Inc.).

Pyrosequencing

Samples were PCR amplified using the KRAS v2.0 kit
(Qiagen) according to the manufacturer’s protocol. Each
reaction contained 1� PCR buffer, 1.5 mmol/L MgCl2, 0.2
mmol/L of each dNTP, 5 pmol of forward primer, and 5
pmol of reverse primer (biotinylated), 0.8 Units of HotStar
TaqDNA polymerase (Qiagen), 10 ng of template DNA,
and dH2O to 25 �l final volume. Cycling conditions were
as follows: 95°C 15 minutes, 38� (95°C 20 seconds,
53°C 30 seconds, 72°C 20 seconds), 72°C 5 minutes,
8°C hold. Following amplification, 10 �l of biotinylated
PCR product was immobilized on streptavidin-coated
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sepharose beads (streptavidin sepharose high perfor-
mance, GE Health care Bio-Sciences Corp., Piscataway,
NJ) and washed in 70% EtOH. The purified biotinylated
PCR product was released into the PyroMark Q24
(Biotage, SE) with PyroMark Gold reagents (Qiagen) con-
taining 0.3 �mol/L sequencing primer and annealing
buffer. The nucleotide dispensation order for codons
12/13 was: 5�-TACGACTCAGATCGTAG-3�.

Results

Twenty non-tumor and 180 tumor samples were tested for
mutations in codons 12 and 13 of KRAS by MC, SS, and
PS. After reviewing our data, we decided to use PS as the
gold standard for mutations in KRAS codons 12 and 13
because we felt that interpretation of the PS data were
less subjective than for SS and MC. The 20 nontumor

Figure 1. Melting curve, Sanger sequencing, and pyrosequencing data from a wild-type KRAS specimen and mutant KRAS specimen (G12D) are shown. Arrows
indicate the mutation.

Table 1. KRAS Mutation Distribution by Body Site of Tested Tumor

KRAS
mutation

Colorectal
adenocarcinoma

(primary)

Colorectal
adenocarcinoma

(metastatic)

Lung
adenocarcinoma

(primary)

Lung
adenocarcinoma

(metastatic) Total

G12V 7 6 7 5 25
G12A 3 2 2 1 8
G12C 1 0 14 4 19
G12D 13 10 9 1 33
G12R 2 0 2 2 6
G12S 3 0 0 0 3
G12F 1 1 0 0 2
G13D 4 5 1 1 11
Q22K 0 0 1 0 1
L19F 0 1 0 0 1
G12C/G13D 2 0 0 0 2
G12V/G13D 1 0 0 0 1
Total 37 25 36 14 112

Bold type highlights the most frequent mutation at each tumor site.
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specimens all tested negative for KRAS mutations on all
three platforms. Of the 180 tumor samples, 112 (62.2%)
were KRAS mutant positive as determined. Our study
deliberately included tumor samples known to harbor
KRAS mutations and thus, our positive rate does not
reflect the true incidence of KRAS mutations in our patient
population. The mutations identified are summarized in
Table 1. Consistent with the findings in the literature,
mutations in codon 12 were far more common [98 of 112
(87.5%)] than in codon 13 [11 of 112 (9.8%)].11,12 The
G12D mutation was the most common mutation found in
primary [13 of 56, (23%)] and metastatic [(10 of 42,
(24%)] colorectal carcinoma. The G12C mutation was the
most common mutation found in primary lung adenocar-
cinoma [14 of 63 (23%)], while the G12V mutation was the
most common mutation found in metastatic lung adeno-
carcinoma [5 of 17 (29%)]. An example of a wild-type and
mutant (G12D) result from all three platforms is demon-
strated in Figure 1.

A comparison of the results from all three platforms is
summarized in Table 2. MC yielded 94 KRAS mutants in
the 180 tumor samples (52.2%) with a Tm consistent with
a codon 12/13 mutation, 4 (2.2%) KRAS mutants with a
Tm not consistent with a codon 12/13 mutation, 18 (10%)
equivocal, and 64 (35.6%) negative. Out of the 18 equiv-
ocal samples, 13 were positive, and 4 negative by both
SS and PS.

SS yielded 100 of 180 (55.6%) KRAS mutants and 49 of
180 (27.2%) wild-type by both visual inspection and by
automated interpretation with a 10% threshold. Eleven
(6.1%) samples were interpreted as mutants by visual
inspection but were not detected by the computer algo-
rithm with a 10% threshold, and 20 cases (11.1%) were
called positive using the automated interpretation, but
were determined to be negative on visual inspection.
Thus, the automated interpretation with a 10% threshold
yielded both false positive and false negative mutation
calls.

PS identified 110 of 180 (61.1%) KRAS mutants and 70
(38.9%) wild-type. Two samples from the same patient
yielded a PS pyrogram that was flagged as abnormal, but
the pattern could not be definitively interpreted (See
below).

Five samples from three patients demonstrated two
different mutations within codons 12/13. In one case,
both a primary colon cancer and omental metastasis
demonstrated mutations at each of the first two positions
of codon 12. SS demonstrated G to T transversions at the
first two positions of codon 12, indicating either a G12F
mutation if the mutations occurred on the same allele, or
G12C and G12V mutations if they occurred on different
alleles (Figure 2A). MC demonstrated 1 mutant melt peak

with a Tm of 55.9°C, which is significantly lower than that
expected for a single mutation in either codon 12 or 13
(62 to 64.5°C), suggesting that the mutations were on the
same allele (Figure 2B). PS yielded an error message in
interpreting the data (Figure 2C). In light of the SS data,
the PS data confirms that the two mutations were on the
same allele, since the pyrogram would have yielded a
different, distinct pattern had the mutations occurred on
different alleles (Figure 2D).

Table 2. KRAS Mutation Testing Results by Platform

Interpretation
Sanger sequencing
(visual inspection)

Sanger sequencing
(electronic 10% cutoff)

Melt curve
analysis Pyrosequencing

Positive 111 120 98 110
Negative 69 60 64 70
Equivocal 0 0 18 0

Figure 2. Results of SS, MC, and PS for a G12F mutation. A: SS demonstrated
G to T transversions at positions 1 and 2 of codon 12. Arrows indicate the
mutation. B: MC showed a Tm significantly lower than expected for a single
mutation. Arrows indicate the mutation. C: PS generated a pyrogram that
was flagged as abnormal, but the pattern could not be definitively interpreted
with regard to the specific mutation subtype. D: A hypothetical PS pyrogram
that would have resulted had the G to T transversions at positions 1 and 2 of
codon 12 been on separate alleles.
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In a second case, two separate blocks from a primary
colon adenocarcinoma demonstrated mutations in both
codons 12 and 13. For these samples, SS and PS dem-
onstrated G12C and G13D mutations. The MC assay
demonstrated a single mutant melt peak with a Tm con-
sistent with a codon 12 or 13 mutation, suggesting that
the mutations were likely to occur on separate alleles,
either on different alleles in the same cells, or in separate
cell populations. Interestingly, although histological re-
view indicated that both samples contained 75 to 80%
tumor cells, the PS data demonstrated 26% G12C mutant
alleles and 49% G13D mutant alleles in one specimen,
and 8% G12C and 46% G13D mutant alleles in the other
specimen. These results highlight intratumoral mutant
heterogeneity that can exist between different tissue
blocks from the same specimen.

The third case demonstrating two KRAS mutations was
from a primary colon cancer specimen. In this case, SS and
PS demonstrated G12V and G13D mutations, and the MC
assay demonstrated a single mutant melt peak with a Tm
consistent with a codon 12 or 13 mutation, suggesting that
the mutations were likely to occur on separate alleles. Pa-
thology review of this specimen indicated that it contained
75% tumor cells. The PS data demonstrated 5% G12V
mutant alleles and 17% G13D mutant alleles.

Two samples demonstrated mutations outside of
codons 12/13. SS detected a Q22K mutation in one sam-
ple and L19F mutation in the other. Both yielded MC
results with mutant peaks with Tms that were significantly
different from that expected from a codon 12/13 mutation
(68.7°C and 66.96°C respectively). PS was programmed to
detect mutations at codons 12 and 13 only, and thus did not
identify these mutations. Mutations outside of codons 12

and 13 might be detected on this platform if the instrument
were programmed to interrogate additional codons.

To determine the reproducibility of each platform, eight
samples were run at least three times on each platform.
These samples included five wild-type, and one each of
the G12C, G12V, and G13D mutants. Each platform
yielded 100% reproducibility for qualitative interpretation
of these samples. We also reviewed the quantitative re-
producibility of the PS platform. Ten mutant positive sam-
ples, four G12C, four G12V, and two G13D, with percent
mutant alleles ranging from 5% to 60%, were analyzed at
least three times each. The data are summarized in Table
3. In addition, all 20 nontumor samples were run in du-
plicate. The average percent call at any base other than
wild-type was 0.7, with a SD of 0.4 (data not shown).

Limit of detection studies were performed by mixing
LoVo cells, which contain a heterozygous G13D muta-
tion, with cells from a wild-type cell line. Short tandem
repeat analysis of DNA isolated from the cell mixes indi-
cated that the dilutions were accurate (Table 4). The
undiluted mutant sample (100%) should have contained
50% mutant alleles if each cell contained one wild-type
and one mutant allele. However, SS, PS, and MC all
indicated that greater than 50% mutant alleles were
present in the undiluted specimen (Table 4 and Figure 3).
In fact, the percent mutant alleles identified by PS were
consistent with LoVo cells carrying two mutant and one
wild-type allele (Table 4). There are data in the literature
indicating that some LoVo cell lines contain a gain of chro-
mosome 12, which would be consistent with three copies of
the KRAS gene.13,14 Cytogenetic analysis of our LoVo cell
line demonstrated a gain of chromosome 12, which is con-
sistent with this cell line having three copies of KRAS (data
not shown). Thus, our predicted mutant alleles (Figure 3)
are based on this cell line having one wild-type and two
mutant copies of KRAS per cell (column 4 of Table 4).

PS was able to clearly identify a mixture containing 5%
mutant alleles. Using these data in conjunction with the
reproducibility data of the normal samples (above), we
concluded that the limit of detection for PS is 5% mutant
alleles. SS was able to clearly identify a mixture contain-
ing 18% mutant alleles. Determining the limit of detection
for SS can be somewhat subjective. We considered the
small mutant peak seen in the cell mixture containing
10% predicted mutant alleles not significantly above
baseline variability, and thus, the limit of detection for SS
to be 15 to 20% mutant alleles. It is important to note that

Table 3. Reproducibility Study

Mutation % Mutant per replicate Average SD

G12C 11, 7, 10, 9, 9, 12 10 1.8
G12C 42, 43, 40 42 1.5
G12C 19, 17, 18 18 1.0
G12C 8, 8, 9, 10 9 1.0
G12V 7, 5, 6 6 1.0
G12V 59, 60, 59 59 0.60
G12V 11, 5, 12, 6, 3, 5 7 3.6
G12V 7, 12, 8 9 2.7
G13D 46, 46, 48, 47 47 1.0
G13D 53, 52, 51 52 1.0

SD, standard deviation.

Table 4. Limit of Detection Study

Dilution
(% mutant DNA)

Identifiler
(% mutant DNA)

Expected % mutated
alleles if 1 WT, 1 MT

allele per cell

Expected % mutated
alleles if 1 WT, 2 MT

allele per cell

Average %
mutant alleles

by PS SS MC

100 100 50 66 66 Positive Positive
50 48 25 40 39 Positive Positive
20 21 10 18 18 Positive Positive
10 11 5 10 9 Not above

baseline
Equivocal

5 6 2.5 5 5 Not above
baseline

Equivocal

WT, wild type; MT, mutant; PS, pyrosequencing; SS, Sanger sequencing; MC, melting curve analysis.
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the limit of detection for SS can be mutation specific, in
part due to the difference in fluorescence of the fluoro-
phores. While reviewing the data from our clinical spec-
imens, we noted that SS tended to be less sensitive at
detecting mutations at the first position of codon 12 (data
not shown). The limit of detection for the MC assay is even
more subjective. Interestingly, the mutant peak dropped off
significantly from the 100% to the 50% cell mixture. At a
mixture of 10% predicted mutant alleles, the melting curve
became difficult to distinguish from wild-type, and we con-
sidered it equivocal. Thus, we consider the limit of detection
for MC to be approximately 10% mutant alleles, with the
understanding that some of these would be interpreted as
equivocal, but could be confirmed by another method.

Discussion

Here, we have compared three platforms for the detec-
tion of KRAS codon 12 and 13 mutations. Each platform
has unique strengths and challenges (summarized in
Table 5). In our hands, MC had the shortest turnaround
time and required the least amount of hands-on tech
time. MC analysis is a closed system, which should re-
duce the risk for contamination with amplicons carried
over from previous PCR reactions. MC is a qualitative
assay and does not identify the specific mutation present.
Currently, there are no significant data indicating that the
specific mutation type impacts prognosis or therapeutic
choices. Therefore, reporting the specific mutation in

Figure 3. Dilution series data presented here include
100%, 20%, 10%, 5%, and 0% KRAS mutant cell mixtures
and the corresponding predicted percentage of mutant
alleles in each mixture. The dilutions representing the
limit of detection for a KRASmutation at codons 12/13 by
SS, MC, and PS are designated by the arrow.

Table 5. Advantages and Disadvantages of Presented Platforms

Platform Advantages Disadvantages

PS Best LOD (5%) Confirmation by another method occasionally required
Provides sequence information
Relatively fast run-time

SS Interrogates the entire sequence LOD 15�20%
Longest run time
Most labor-intensive

MC Closed system Does not define specific mutation
Fastest run-time Confirmation frequently required
Least labor-intensive

PS, pyrosequencing; SS, Sanger sequencing; MC, melting curve analysis; LOD, limit of detection.
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KRAS 12/13 is not clinically necessary. However, this may
change as more data are accumulated. Confirmatory
testing is probably required for samples yielding mutant
melt curves with a Tm outside of the expected range for
wild-type and codon 12/13 mutations. As shown in this
study, these patterns can be generated both by muta-
tions outside of codons 12 and 13, and by double muta-
tions within codons 12 and 13. The subjective nature of
peak interpretation presents additional challenges in an-
alyzing data from this platform.

SS had the longest turnaround time and most
hands-on time of the three platforms analyzed. SS iden-
tifies specific mutations and can detect mutations outside
of codons 12/13. Using an automated interpretation al-
gorithm with a 10% threshold, SS yielded 11.1% false
positives and 6.1% false negatives, highlighting the need
for manual review of all SS data. The limit of detection for
mutation detection by SS is subjective, and may depend
on the experience level of the person interpreting the
data. In addition, SS’s limit of detection can be variable
depending on the specific mutation. Our findings did not
replicate the 95.5% sensitivity of SS recently described in
FFPE colorectal cancer samples.15 One benefit of this
platform is its ability to evaluate a relatively long gene
sequence for all possible mutations, although the clinical
significance of KRAS mutations outside of codons 12 and
13 is unclear.

The most common mutations outside of 12/13 are mis-
sense mutations at codon 61, which occur in at least 1%
and 2% of colon and lung adenocarcinomas respectiv-
ely.16–19 Recent data indicate that these mutations also
predict resistance to anti-EGFR therapies, and should
therefore be considered for clinical testing.9 For each of
the three platforms, detection of codon 61 mutations
requires an additional PCR amplification and analysis
due to the genomic distance between codons 61 and
12/13. For mutations outside of 12, 13, and 61, the data
indicating their relevance to patient management are
limited, and therefore, clinical testing is not recom-
mended at this time.

PS detects specific mutations, but primarily at codons
that it is programmed to analyze, typically codons 12/13.
Our study confirmed a 5% limit of detection for mutant
alleles as previously shown.20,21 The limit of detection for
different KRAS mutations appears to be more uniform
than for SS, due to the fact that the detection at each
position is the same (light emission), rather than different
fluorophores. PS provided specific mutation data with an
improved limit of detection over both SS and MC.

PS and SS characterized three cases with two muta-
tions within KRAS codons 12 and 13, which were identi-
fied as mutant by MC, but not as double mutants. The
clinical significance of double mutations, if any, is un-
clear. These cases do, however, highlight the potential
for tumor heterogeneity. Heterogeneity within the tumor
cells, in conjunction with the fact that all specimens will
contain some percentage of nontumor cells, may result in
a relatively low percentage of mutated alleles within some
specimens. In fact, we found a relatively poor correlation
between the percentage of tumor cells in the population
as estimated by a pathologist, and the percentage of

mutant alleles by pyrosequencing. In our series, there
were five samples with the percentage of tumor esti-
mated to be between 40 and 80% by two separate pa-
thologist (20% to 40% predicted mutant alleles), but with
�10% KRAS mutant alleles identified by pyrosequenc-
ing. Thus, the discrepancy observed between the plat-
forms due to differences in each platform’s limit of detec-
tion could not solely be attributed to the tumor content of
the samples. The clinical significance of low level mu-
tants in relation to prognosis and therapeutic benefit
has yet to be fully studied. Although limited data exist
on the significance of KRAS mutations within a small
subpopulation of a tumor, it is assumed that their identi-
fication will be clinically important. Interestingly, the per-
centage of KRAS mutant was not universally lower, but
sometimes greater than that predicted based on the per-
cent tumor in the specimen. We identified two samples in
our series that had tumor percentages estimated to be
�20% (�10% predicted mutant alleles), but with �45%
KRAS mutant alleles identified by pyrosequencing. This
may be due to an underestimation of tumor by the pa-
thologists, or individual tumor cells harboring extra cop-
ies of mutant KRAS alleles. In these cases, tumor per-
centage estimates, as determined independently by two
pathologists, were concordant.

For research purposes, the platforms evaluated here
provide unique and complementary data. For example, to
identify mutations outside of codons 12/13, detect low
level (�10%) mutant alleles, and to determine whether
double mutants reside on a single or multiple alleles, may
require the use of all three platforms. When choosing a
clinical testing platform, factors to consider include sen-
sitivity (false negatives), specificity (false positives), re-
producibility, limit of detection, turnaround time, ease of
interpretation, and cost (including instrument, reagent,
and tech time). In terms of cost, all three assays require
an investment in instrumentation; SS, capillary electro-
phoresis, PS, pyrosequencer, and MC, real-time PCR
instrument. In our experience, the reagent costs were
higher, but comparable, for PS and SS, and lowest for
MC. Not surprisingly, we found tech time to be the big-
gest factor for determining assay cost. SS was the most
labor intensive, and MC was the least, which in our
hands, made SS the most expensive, and MC the least
expensive to perform. In our experience, the difference in
turnaround time for the three platforms was insignificant
when considering the time to process the sample (ie, fix,
embedded, cut, review to identify tumor, and extract
DNA), and that runs were batched and run twice weekly
in our lab. We found PS to have the best limit of detection,
which we found important given sample heterogeneity.
Although PS can require confirmatory testing in rare in-
stances, we found the interpretation of PS data overall to
be the most straightforward.
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