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ABSTRACT
Background Colorectal cancer patients harbouring KRAS
mutations in codon 12 or 13 do not benefit from current
anti-epidermal growth factor receptor (EGFR) monoclonal
antibody therapies. Efficient and robust methods are
therefore required for routine clinical testing of KRAS
mutation status.
Aims To evaluate a novel multiplex assay for the rapid
detection of common KRAS mutations in formalin-fixed
paraffin-embedded (FFPE) tissues.
Methods Genomic DNA was amplified by multiplex PCR
using primers targeting the KRAS codon 12/13 region
and an internal control gene. PCR products were
hybridised on a liquid bead array containing target-
specific probes and detected by particle flow cytometry.
Results Analytical performance assessed with plasmid
DNA and genomic DNA extracted from cell lines or
model FFPE cell line dilutions showed specific detection
of seven distinct KRAS mutations with a limit of
detection equivalent to 1% tumour. The assay was
evaluated at two independent sites with a total of 140
clinical specimens. At site 1, about 45% of the
specimens from a set of 86 archived FFPE blocks with
unknown KRAS mutation status were found positive for
a KRAS mutation. At site 2, each of the seven mutations
was detected in at least five independent specimens
from a selected set of 54 residual genomic DNAs
previously tested with an ARMS/Scorpion
laboratory-developed test.
Conclusions This novel single-well assay is a sensitive
tool compatible with the clinical laboratory workflow for
the rapid assessment of KRAS mutations in solid tumour
specimens. Its performance and multiplex format
warrant the development of broader panels including
other relevant mutations in the EGFR pathway.

INTRODUCTION
The epidermal growth factor receptor (EGFR)
controls a complex and critical signalling network
that regulates cell growth, migration, differentia-
tion, adhesion and apoptosis. Because this pathway
is often activated in multiple cancer types, several
treatment regimens based on EGFR-targeted ther-
apies have been developed.1 2 In colorectal cancer
(CRC), two monoclonal antibodies (mAbs)
designed to block the binding of EGFR-specific
ligands have shown consistent response rates, alone
or in combination with conventional chemo-
therapy.3e6 Both cetuximab and panitumumab are
IgG mAbs approved in Europe and in the USA for
the treatment of stage IV metastatic CRC.
Recently, genetic analyses have shown that specific
mutations in effector genes downstream of EGFR,

such as KRAS, correlate with a lack of response to
these mAb therapies.7e11 These findings have
significantly affected the standards of care for
metatstatic CRC patients in Europe and in the USA
by enabling an enrichment of the population more
likely to benefit from cetuximab or panitumumab
treatment.12 13

KRAS is a GTPase that plays a key role in the
EGFR pathway by activating downstream effec-
tors. Mutations in KRAS have been observed at
a relatively high frequency in a variety of cancer
types and in w40% of CRC cases.12 14 In cancer
cells, most mutations impair the GTPase activity
and result in the accumulation of the active
GTP-bound conformation of the enzyme. This
constitutively activated form of KRAS negates
the upstream therapeutic blockage of EGFR by
mAb.9 15 Over a dozen clinical studies have
convincingly demonstrated that response to anti-
EGFR mAb therapies is restricted to patients
harbouring tumours wild-type for KRAS codons 12
and 13.12e14 Although many different KRAS
mutations have been reported in the literature, the
vast majority of activating KRAS mutations
(>98%) are found within these two codons.7 8 14 By
selecting the tumour specimens suitable for anal-
ysis and by ensuring that patients are screened for
the appropriate KRAS mutations using a test
method with the required performance character-
istics, pathologists play a critical role in the
management of metastatic CRC.13 14

Many KRAS testing methods compatible with
formalin-fixed, paraffin-embedded (FFPE) CRC
specimens have been reported in the literature and/
or are commercially available.13 16 Methods
commonly used in clinical settings include gene
sequencing or mutation detection by real-time
PCR. Direct gene sequencing is in general
performed by pyrosequencing (sequencing by
synthesis) or by the standard dideoxyribonucleotide
(ddNTP) chain termination method.17 Real-time
PCR-based technology platforms include high-
resolution melting analysis or allele-specific ampli-
fication with bifunctional fluorescent primer/probe
detection (ARMS/Scorpion).7 18e20 Other multi-
plexedmutation-specificmethods, such as end-point
PCR followed by multiplex single-nucleotide probe
extension and size fractionation, have also been
developed and successfully implemented in clinical
laboratories.10 21

The recent and urgent need for efficient and
robust methods for KRAS routine clinical testing
has resulted in multiple studies specifically designed
to assess and compare the various technologies and
commercial kits available.16 22e25 Although these
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reports concluded that most, but not all, methods are suitable
for KRAS mutation analysis in clinical specimens, they also
pointed to significant differences and specific limitations in
terms of sensitivity, specificity, overall performance, cost, turn-
around time or workflow. We report here the evaluation of
a novel method for the analysis of KRAS mutation status that
was designed and developed to combine rapid multiplex detec-
tion with a streamlined workflow optimised for the molecular
laboratory and without compromising analytical specificity or
sensitivity.

MATERIALS AND METHODS
DNA specimens
FFPE blocks from colon or lung carcinoma patients were
collected as part of standard clinical care and acquired from
various sources by Asuragen Inc under an IRB-approved protocol
(site 1, n¼86). Genomic DNA was isolated from 20 mm slices
using a laboratory-validated method based on the RecoverAll kit
(Ambion, a Life Technologies company, Austin, TX, USA).
Residual genomic DNA collected and archived at Clarient Inc
were prepared from various micro-dissected FFPE CRC speci-
mens using a proprietary laboratory-validated method (site 2,
n¼54). All human specimens in this study were deidentified.

Cell lines (ATCC, Manassas, VA, USA) were cultured
according to the supplier ’s recommendations, and genomic
DNAwas isolated with the QIAamp DNA Mini kit according to
manufacturer ’s instructions for cultured cells (Qiagen, Hilden,
Germany). When indicated, genomic DNA from KRAS-positive
cell lines were diluted in genomic DNA from a KRAS wild-type
cell line (HT-29) keeping the total concentration of genomic
DNA constant.

Synthetic plasmid DNA carrying specific KRAS mutations
was prepared using standard molecular biology methods, puri-
fied using the QIAprep Spin Miniprep kit (Qiagen), sequence
confirmed, diluted in Tris/EDTA buffer, and subsequently
diluted in HT-29 genomic DNA keeping the concentration of
genomic DNA constant.

FFPE specimens consisting of KRAS-positive cells diluted at
20%, 10%, 5%, 2% and 1% in a background of KRAS wild-type
cells were generously provided for evaluation use only by
Acrometrix, a Life Technologies company (Benicia, CA, USA).
Genomic DNA was extracted from 20 mm slices using the
laboratory-validated method of site 1.

DNA specimens were quantified using a NanoDrop ND1000
(NanoDrop Technologies, Wilmington, DE, USA).

Signature assay
Up to 4.5 ml of each DNA specimen was first amplified by
multiplex PCR using the provided primer mix (forward and
reverse biotin-modified KRAS-specific primers), 12.5 ml of
provided PCR buffers, 0.05 U uracil N-glycosylase (Epicentre,
Madison, WI, USA), and 2.5 U AmpliTaq Gold (Applied
Biosystems, a Life Technologies company, Foster City, CA, USA)
in 25 ml reaction mixtures. Amplifications were performed in 96-
well PCR plates (AB-Gene, Rockford, IL, USA) using the
following programme: 378C for 15 min, 958C for 10 min, 45
cycles consisting of 948C for 30 s, 558C for 30 s, 728C for 30 s,
and hold at 48C. Biotinylated amplified products (5 ml) were then
directly hybridised to 45 ml of provided bead mix containing
seven distinct capture probes specific for each KRAS mutation
and covalently bound to seven distinct fluorescent microspheres.
The hybridisation reactions were performed in 96-well plates for
30 min at 528C. After hybridisation, the reaction mixtures were
immediately diluted with 75 ml of provided hybridisation buffer

at room temperature and centrifuged for 3 min at 1200 g. After
removal of 100 ml supernatant, the 96-well plates were trans-
ferred to a Luminex 200 system (Luminex Corp, Austin, TX,
USA) prewarmed at 528C, where 50 ml of provided reporter
solution containing the streptavidinephycoerythrin conjugate
were then added to each hybridisation reaction well before the
start of the automatic fluorescence analysis. The median fluo-
rescent intensity (MFI) detected by the Luminex system on at
least 50 beads of each type was subsequently analysed in Excel
(Microsoft Corp). The signal generated by bead ID numbers 19,
28, 37, 38, 47, 48, or 58 relative to a predetermined cut-off value
was used to make a positive or negative call for G12V, G12A,
G13D, G12C, G12D, G12S and G12R, respectively. For this
research study, a cut-off at 500 MFI corresponding to a theoretical
false-positive rate of <0.001% was selected based on the mean
MFI value and SD of the normal-like distribution of background
signals observed with true-negative DNA samples (data not
shown). A conserved genomic sequence was co-amplified in each
sample and concurrently detected on an independent bead type
(ID 45) to serve as endogenous control (EC). Primer and probe
sequences were according to the Catalogue of Somatic Mutations
in Cancer website (http://www.sanger.ac.uk/genetics/CGP/
cosmic, last accessed 22 July 2010). Additional procedural infor-
mation can be found in the Signature KRAS Mutations 7
(Research Use Only) kit instructions (Asuragen Inc).
Negative and positive (G12V) control samples were processed

with each plate of specimens to validate the PCR, hybridisation
and detection steps in each run.
A GeneAmp PCR System 9700 (Applied Biosystems) or

a Veriti 96-well Thermal Cycler (Applied Biosystems) was used
for the PCR and hybridisation steps at sites 1 and 2, respectively.

Other assays
For DNA sequencing, standard PCRs were performed using a pair
of primers flanking the KRAS codon 12 and 13 mutation site
(Integrated DNA Technology, Coralville, IA,USA) and 35 PCR
cycles (948C for 30 s, 558C for 30 s, 728C for 60 s) followed by
a 10 min elongation step at 728C. Bidirectional sequencing of the
PCR products using the BigDye terminator method was performed
by ACGT Inc (Wheeling, IL, USA). The 54 clinical specimens from
site 2 were tested for KRAS mutation status at site 2 (Clarient Inc)
using an ARMS/Scorpion laboratory-developed test based on the
DxS KRAS Mutation Detection kit (DxS, a Qiagen company).

RESULTS
The Signature KRAS Mutations 7 assay (Research Use Only) is
a qualitative assay for the simultaneous detection of seven
common KRAS mutations (G12A, GGT/GCT; G12C,
GGT/TGT; G12D, GGT/GAT; G12R, GGT/CGT; G12S,
GGT/AGT; G12V, GGT/GTT; G13D, GGC/GAC) and an
EC gene. After genomic DNA extraction using standard labora-
tory-validated methods, the EC and KRAS codon 12/13 gene
regions are amplified by multiplex PCR in a single well of
a 96-well plate. The PCR products are then transferred to
a second plate where they are hybridised to target-specific
capture probes bound to spectrally distinct beads. After addition
of a reporter molecule, the MFI generated by each bead is
determined by microsphere flow cytometry. If the MFI of
a given KRAS mutation bead is greater than a fixed cut-off (500
MFI for this study), the specimen is reported positive for that
specific mutation. The assay includes positive and negative
controls to assess the validity of each run and is performed in
about 4 h with about 45 min of hands-on time for a 96-well
plate.
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The assay analytical specificity was evaluated using genomic
DNA isolated from cell lines wild-type or positive for specific
KRAS mutations and confirmed by sequencing. Mutations
G12A, G12C, G12D, G12S, G12V and G13D were specifically
detected in six independent cell lines (figure 1). No signal above
the cut-off was observed with a cell line wild-type for KRAS
(HT-29). An input mass titration experiment also showed that
each mutation was reproducibly detected by the assay in
1e20 ng genomic DNA (online supplementary table 1). Speci-
ficity was confirmed using individual plasmid DNA carrying
each of the six mutations (data not shown) and a plasmid
carrying the codon 12 GGT to CGT mutation (G12R; figure 1).
Analytical specificity was further confirmed using at least five
independent clinical specimens positive for each of the seven
KRAS mutations (see below).

To assess analytical sensitivity, each of the six KRAS-positive
cell line genomic DNAs was serially diluted in a background of
KRAS wild-type genomic DNA provided by the HT-29 cell line.
Analysis of the mean signal generated by the positive mutant
probes showed that the assay can reproducibly detect KRAS

mutations in a 10% or 1% genomic DNA dilution (figure 2).
Individual results for each cell line are shown in supplementary
figure 1A (available online). With an additional 10-fold dilution
(0.1%), the assay did not reproducibly generate MFI values above
the cut-off (data not shown), suggesting a limit of detection at or
just below 1%. We further investigated the assay’s analytical
sensitivity using model FFPE cell line dilutions that more closely
mimic clinical specimens with low tumour cell content (see
Materials and methods). Positive signals were reproducibly
observed in genomic DNA extracted from FFPE blocks consisting
of three distinct KRAS-positive cells diluted at 20%, 10%, 5%, 2%
or 1% in a background of KRAS wild-type cells (figure 2; see
supplementary figure 1B for individual results). This experiment
confirmed that the assay limit of detection is about 1%.
The assay was next evaluated at two independent sites using

a total of 140 residual clinical specimens (figure 3). At site 1
(Asuragen), 86 archived FFPE blocks from colon (n¼74) or lung
(n¼12) carcinoma with unknown KRAS mutation status were
analysed. The genomic DNA was extracted from 20 mm slices
using a laboratory-validated method and tested with the
Signature assay at fixed input (10 ng) and by ddNTP sequencing
as the reference method. At site 2 (Clarient), 54 residual genomic
DNAs extracted from micro-dissected FFPE CRC specimens
with known KRAS mutation status determined as part of
routine clinical testing were analysed. The set was enriched for
known positive specimens so that each of the seven KRAS
mutations would be represented by at least five independent
clinical specimens. Each genomic DNAwas tested in duplicate at
fixed volume (2 ml) with the Signature assay, and the results

Figure 1 Analytical specificity.
Representative examples of signal
(median fluorescent intensity) obtained
with genomic DNA (10 ng) isolated from
seven cultured cell lines. The KRAS
mutation status determined by
sequencing for each cell line DNA is
indicated in parentheses. For the
G12R-positive plasmid, w1500 copies
were added to the PCR or the equivalent
of w5 ng mutant genomic DNA
assuming 3.3 pg DNA per human
genome. Assay results obtained with
the kit positive and negative controls and
a no DNA control (water) are also shown.
EC, endogenous control.

CED31GV21GA21GD21GC21GR21GS21G
8846461171831601921281081lortnoCgeN SARK
152609106430513110863711lortnoC soP V21G SARK

16501761180812817118lortnoC AND oN
)TW( 92-TH 929890162598612490117

93882411312516013619516904)TGA ,S21G( 945A
261211641951093510542781TGC ,R21G dimsalP
344882154101474104372073)TGT ,C21G( 2-ACAPAIM
83397124511315285081931121)TAG ,D21G( 54LP
9588066617305022151311461)TCG ,A21G( 6111WS
48784122384742161261921961 )TTG ,V21G( 084WS

)CAGD31G(611TCH 391 24 65 38 091 521  , 8444 2288

8,000

10,000

6,000

M
FI

EC

2,000

4,000

KRAS

0
1%2%5%10%20%1%10%100%

FFPE cell lineGenomic DNA

Figure 2 Analytical sensitivity. The graph shows the average signal
(median fluorescent intensity (MFI)) generated by the endogenous
control (EC) probe and the KRAS mutant positive probes for each dilution
tested. The ‘genomic DNA’ values were calculated by testing six KRAS
mutant positive genomic DNAs (G12A, G12C, G12D, G12S, G12V or
G13D) undiluted (100%) or diluted in wild-type HT-29 genomic DNA (10%
or 1%). The ‘FFPE cell line’ values were calculated by testing genomic
DNA isolated from formalin-fixed paraffin-embedded (FFPE) blocks
containing three KRAS mutant positive cells (G12C, G12V or G13D)
diluted in a background of KRAS wild-type cells at 20%, 10%, 5%, 2% or
1%. The error bars show the respective SDs from the mean signal for
each dilution tested.

2etiS1etiS
86 archived FFPE blocks snemicepslacinilcenituoR

dohtemnoitcartxe1etiS dohtemnoitcartxe2etiS
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Figure 3 Experimental design to assess the performance of the
Signature KRAS Mutations 7. Eighty-six consecutive DNA specimens
were compared with dideoxyribonucleotide triphosphate (ddNTP)
sequencing at site 1. Fifty-four residual DNA specimens were compared
with an ARMS/Scorpion laboratory-developed test (LDT) at site 2. FFPE,
formalin-fixed paraffin-embedded.
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compared with the clinical data acquired using an ARMS/Scor-
pion laboratory-developed test (LDT).

All genomic DNAs were successfully extracted from the 86
archived FFPE blocks and tested at site 1 (table 1). About 47.3%
(35/74) of the colorectal carcinoma specimens and 45.3% (39/86)
of the total set were found to be positive for a single KRAS
mutation using the Signature assay (see online supplementary
table 2 for a complete list of results by specimen type). The
mutations G12D, G12V and G13D were most often identified
and represented about 33.3% (13/39), 25.6% (10/39) and 20.5%
(8/39) of the positive cases, respectively (table 1). Non-target
negative MFI signals were low and reproducible at least twofold
below the 500 MFI cut-off. Representative examples of assay
results using 10 or 2 ng genomic DNA input for each mutation
detected at site 1 and one negative specimen are shown in
figure 4. Comparison with sequencing data resulted in 90.6%
(77/85) overall agreement (table 2). No sequencing results could
be obtained for one Signature-negative specimen, and about
20.5% (8/39) of the specimens positive with the Signature assay
were found negative by sequencing.

The 54 residual genomic DNAs archived at site 2 were also
successfully tested with the Signature assay. Each KRAS muta-
tion was detected among the 43 KRAS-positive specimens
selected (table 1). Representative examples of duplicate testing
for each mutation and a negative specimen are shown in figure 5.
There was excellent agreement between the replicates with two
exceptions. One G12A positive specimen did not generate any
signal in one of the two replicates, and the absence of EC signal
resulted in a fail call. Another specimen generated signal above
the cut-off (500 MFI) in only one of the two replicates. This
specimen was a weak G12R positive with the reference method
and the Signature assay (455 and 586 MFI) and was later found

to be negative by sequencing (see below). Overall, there was
100% positive and negative agreement between the Signature
assay and the LDT at site 2 (table 3).
A subset of 34 residual genomic DNAs from site 2 was also

tested by sequencing (see online supplementary table 3 for
a summary of results for each specimen). There was complete
agreement between all three methods for about 80% (27/34) of
the specimens. One specimen reported as G12R positive by the
LDT was found double positive for G12R and G13D by
sequencing and with the Signature assay (figure 5). Among the
cases reported KRAS positive by both the Signature assay and
the LDT, about 20.7% (6/29) were found wild-type by
sequencing (table 4), similar to the fraction observed at site 1
(8/39 or 20.5%; see table 2). We concluded that the Signature
assay has an excellent performance relative to methods with
similar analytical sensitivity and is an appropriate tool for the
detection of KRAS mutations in FFPE clinical specimens.

DISCUSSION
The discovery of activating mutations in the KRAS gene has
enabled the rapid adoption of individualised treatment regimens
for metastatic CRC patients. The identification of patients most
likely to not respond to anti-EGFR mAb is, however, dependent
on the accurate and sensitive detection of specific KRAS muta-
tions. The Signature KRAS Mutations assay is a research tool
that was designed and developed to answer the current clinical
needs for improved detection methods with appropriate muta-
tion coverage, analytical performance and laboratory efficiency.
The 96-well plate assay consists of reagents for multiplex PCR
and hybridisation/detection of seven relevant KRAS mutations
in codons 12 and 13 and an endogenous control sequence. The
assay requires additional components that are already
commonly found in many clinical laboratories: reagents for
DNA extraction from FFPE specimens, a standard 96-well ther-
mocycler, and the Luminex 100 or 200 flow cytometer. This
platform is compliant with 21 CFR part 11 and is compatible
with multiple nucleic acid- or protein-based tests already
approved by the Food and Drug Administration (http://www.

Table 1 Summary of KRAS mutation status in 140
independent clinical specimens as determined with the
Signature KRAS Mutations 7 assay at two sites

Site 1 Site 2 Total

KRAS negative 47 11 58

G12D, GAT 13 6

G12V, GTT 10 6

G13D, GAC 8 5

G12S, AGT 4 6 82

G12A, GCT 2 7

G12C, TGT 2 6

G12R, CGT 0 6

Double positive 0 1

Total 86 54 140

Figure 4 Signature KRAS Mutations 7
results at site 1. Representative
examples of signal (median fluorescent
intensity) obtained with genomic DNA
extracted from archived formalin-fixed
paraffin-embedded blocks at site 1. DNA
concentration was normalised, and
a fixed input mass (10 or 2 ng) was
used per PCR. KRAS mutation status as
determined by sequencing is shown on
the left. EC, endogenous control; WT,
wild-type.

CED31GS21GC21GD21GA21G V21GR21GgnicneuqeS

gn 01

967765271212121881371132TW
98665018029710311424304541TTG ,V21G
60277513924118023853581722TCG ,A21G

AND
tupni

9509583029619315122232712TAG ,D21G
92571114343284031391521222TGT ,C21G
38080027204562021992002091TGA ,S21G
17194255372871381582622071CAG ,D31G
1336781322752102292732832TW

gn 2
AND
tupni

66745819226911617625392981TTG ,V21G
21758913229819416461292291TCG ,A21G
94971412529816154002491781TAG ,D21G
13066518421372881152391122TGT ,C21G

S21G  , TGA 651 561 722 041 181 6102 441 6306
21578704732191481891222141CAG ,D31G

Table 2 Summary of Signature KRAS Mutations 7 assay performance
versus sequencing for 85 specimens at site 1

Signature KRAS

Positive Negative Total

Positive 31 0 31

Sequencing site 1 Negative 8 46 54

Total 39 46* 85*

*One specimen negative by Signature could not be sequenced.
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fda.gov, last accessed 9 May 2010). Multiplex detection of seven
KRAS mutations in a single well of a 96-well plate is expected to
greatly improve operational efficiency and to potentially
decrease the cost of current commercial singleplex real-time PCR
assays by up to 50%. As with any sensitive PCR-based method,
the risk of potential false-positive results should be controlled by
following standard good laboratory/clinical practices and
a unidirectional workflow. The risk of cross-contamination can
be further mitigated by inclusion of uracil N-glycosylase and
appropriate negative controls in every run. Overall, the Signa-
ture assay design is compatible with the molecular laboratory
workflow, and we undertook to evaluate its analytical and
clinical performance for the testing of FFPE specimens.

The Signature assay is sequence-specific and was designed
to detect seven activating KRAS mutations that have been
clinically validated and represent over 98% of all KRAS
mutations.7e10 15 Many other KRAS mutations have been
described in the literature (http://www.sanger.ac.uk/genetics/
CGP/cosmic, last accessed 22 July 2010), and it should be noted
that a negative assay result does not rule out the presence of
potential other rarer KRAS mutation(s) that may or may not
hinder effective anti-EGFR treatment. To increase the clinical
sensitivity of the assay, additional mutations relevant in meta-
static CRC, such as G13C, G13S or G13R, would have to be
included in the panel. Such an assay has been developed and
successfully tested with clinical specimens (unpublished work).
The analytical specificity of the current assay was confirmed by
testing plasmid DNA and genomic DNA from well-characterised

cell lines and independent clinical specimens (figures 1, 4 and 5).
For this type of qualitative assay, data interpretation is simple,
and specificity was demonstrated by the reproducible detection
of positive and negative signals above or below a fixed cut-off
value (500 MFI). Importantly, none of the specimens confirmed
negative by independent methods generated MFI signals above
the cut-off in this study. False-positive rates as high as 20% have
been reported for other screening methods, which is not
acceptable for a negative predictor such as KRAS where the
burden of a false positive is consequent.23 Variability in back-
ground negative signals can, however, be observed with the
Signature assay according to the preanalytical steps or the level
of training of the operator (data not shown). The qualitative
cut-off must therefore be appropriately validated by testing
representative true-negative specimens and verifying the distri-
bution of expected background negative signals. Having a simple
qualitative data interpretation method based on a positive
cut-off further enables monitoring and potentially adjustment
of the cut-off after changes to the technique, the DNA extraction
method, or the laboratory-specific testing algorithm.
The distribution of positive signal obtained with the Signa-

ture assay can in theory cover a broad range of MFI according to
the relative abundance of tumour cells in the starting specimen
and/or the DNA input per PCR. Most clinical specimens tested
in this study generated robust MFI at least 4e5-fold above the
cut-off (figures 4 and 5). To evaluate analytical sensitivity, serial
dilution experiments were performed using genomic DNA
extracted from various cell line models. Our results indicate

Figure 5 Signature KRAS Mutations 7
results at site 2. Representative
examples of signal (median fluorescent
intensity) obtained with various input of
residual genomic DNAs extracted from
clinical specimens at site 2. DNA
concentration was >3 ng/ml, and a fixed
volume input was used (2 ml). KRAS
mutation status as determined by an
ARMS/Scorpion laboratory-developed
test (LDT) is shown on the left. *Weak
positive by LDT and Signature, negative
by sequencing. **Double positive by
Signature, confirmed by sequencing.

CER21GS21GD21GC21GD31GA21GV21GataD TDL

 TTG ,V21G
56488816119815212412315225
153733192151239164219964

971 521 89 541 881 752
TCG ,A21G

7854 0917
596654219142138619534231

CAG ,D31G
9007131711585018044131311
80178311717210516604071601

TGTC21G
8227323851231901241621001

 ,
95167436228896981190298

TAG ,D21G
546624179460432106461321
88667616520641704152311

TGA ,S21G
301860190143636120110297

29 111 66 661 73 1816283 8428

TGC ,R21G
41277514261101661052161091
912723641422717607741301

evitageN
8367281571861601621621031
91573113415857511941381

231 87 96 334 031 681
TCG ,A21G

1145 6069
421488012242842215

*TGC ,R21G
3775685781231222651711711
0606554203701352571741481

R21G TGC **
979758816227510028194651982

 ,
539750814023711314994361423

Table 3 Summary of Signature KRAS Mutations 7 assay performance
versus an ARMS/Scorpion laboratory-developed test (LDT) for 54
specimens at site 2

Signature KRAS

Positive Negative Total

Positive 43* 0 43

ARMS/Scorpion LDT site 2 Negative 0 11 11

Total 43 11 54

*One specimen positive by LDT was double positive by Signature and sequencing.

Table 4 Summary of Signature KRAS Mutations 7 assay performance
versus sequencing for 34 specimens at site 2

Signature KRAS or LDT

Positive Negative Total

Positive 23 0 23

Sequencing site 2 Negative 6 5 11

Total 29 5 34

LDT, laboratory-developed test.
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a limit of detection of about 1% tumour cells (figure 2). It is
important to note, however, that our reported sensitivity does
not correspond to the absolute analytical sensitivity. Cell lines
often exhibit alterations in gene copy number that can further
vary during cell culture passages and the exact number of KRAS
gene copy was unknown at the time of DNA extraction.13 These
variations in copy number may explain why specific cell lines at
1% dilution resulted in mean signal around 500 MFI, while
others generated higher MFI, 3e5-fold above the cut-off (online
supplementary figure 1). The same pattern was also observed
when testing the assay input range with robust signals varying
between 1000 and 4000 MFI in as low as 1 ng input (online
supplementary table 1). Considering that the mass of a haploid
human genome is about 3.3 pg, 1 ng of cell line DNA would
correspond to about 300 copies, and a 1% dilution at 20 ng input
to about 200 pg of mutant DNA or 60 copies. Therefore, even if
multiple copies of the KRAS genes were present in our cell lines,
the absolute analytical sensitivity of the assay is likely to be
around 100e200 copies of mutant KRAS sequence.

Our study was not designed to directly compare various
KRAS testing methods in terms of performance or workflow.
Rather, our goal was to establish the analytical performance of
the assay and to validate its potential clinical utility using two
independent reference methods with known performance char-
acteristics.16 22e25 The testing of 140 representative clinical
specimens brought some valuable insights into the relative
performance of these methods. At both sites, about 20% of the
specimens found positive by Signature were negative by
sequencing. These specimens were likely false negative as they
were confirmed positive by an independent LDTat site 2 (online
supplementary table 3). Direct gene sequencing by the ddNTP
termination method has long been considered the ‘gold stan-
dard’ for the identification of gene mutations. Unlike sequence-
specific assays such as the Signature assay, this method can in
theory detect all possible mutations in codons 12 and 13.
However, its reported analytical sensitivity is only 10e20%,
which can partially explain the high false-negative rate
observed in our study.17 This problem is further enhanced
when working with FFPE tissues specimens which can result in
poor DNA quality and small fragmented DNA templates
suboptimal for the amplification of the 100e150 bp PCR
products required for direct sequencing.13 25 Even though
enough tumour cells and genomic DNA can in general be
recovered from clinical CRC specimens, molecular methods
with high analytical sensitivity are more likely to detect KRAS-
positive cells in a variable background of KRAS-negative
tumour cells and can be more robust, therefore increasing the
confidence in negative test results. For example, pyrose-
quencing may be a method better suited for FFPE specimens, as
it is compatible with shorter DNA templates (60e70 bp) and
has a reported sensitivity of 5e10%.17

To further improve analytical sensitivity, various methods
based on real-time PCR platforms have also been developed for
the detection of KRAS mutations. A technology commonly used
in clinical settings is high-resolution melting analysis (HRM)
with either fluorescently labelled probes or DNA intercalating
dyes.19 20 This method has a reported analytical sensitivity of
5% and can detect multiple mutations in a single reaction;
however, it does not directly identify the specific mutations and
has a high frequency of false positive.20 23 Real-time allele-
specific PCR or amplification refractory mutation system
(ARMS) linked to a unique bifunctional fluorescent primer/
probe molecule (Scorpion) is specific for individual mutations
and has been used successfully in metastatic CRC clinical trials.7

There was 100% agreement (95% CI 93.4% to 100%) between
the Signature assay and a LDT based on this technology at site 2.
The ARMS/Scorpion method has an excellent analytical sensi-
tivity (1%), but requires the set up of independent reactions for
each of the seven mutations, which can limit the number of
specimens tested per run or the potential requirement to expand
the panel of mutations tested.13 18 23

Recent genetic studies suggest that additional activating
mutations in the KRAS gene or in other downstream effector
genes such as BRAF or PIK3CA are also associated with the lack
of response to anti-EGFR mAb and/or poor prognosis.11 12 20 21

To test multiple mutations and multiple genes in a single reac-
tion, mutation-specific multiplex primer extension assays have
been developed and successfully used in clinical studies.10 21

These assays are more sensitive than sequencing and can detect
up to 22 mutations in a single test, but require multiple steps
from PCR amplification to primer removal, multiplex single-
nucleotide primer extension (SNaPshot), shrimp alkaline phos-
phatase treatment, enzyme inactivation, size fractionation by
capillary electrophoresis, and peak size analysis.10 21 A multi-
plexed Luminex-based detection method for KRAS mutations
has also recently been described.26 Although the results were
not directly compared against well-characterised reference
method(s), Wu et al showed detection of two KRAS mutations,
G12D and G13D, in serum samples from patients with non-
small cell lung cancer and in FFPE samples from CRC patients.26

They also reported an analytical sensitivity of 100 copies by
testing plasmid DNA carrying KRAS mutations.26 This modified
mutant-enriched PCR method may therefore have a perfor-
mance equivalent to the Signature assay. One major difference is
the protocol consisting of a first PCR with mismatched primers,
a digestion of the amplified wild-type DNA with a restriction
enzyme, and a second nested PCR of the amplified mutant DNA
with biotinylated primers before hybridisation on capture
probes and detection on the Luminex flow cytometer.
Although more work is required to clinically validate the

Signature KRAS Mutations assay, the data presented here
demonstrate that a streamlined multiplex workflow with simple
data interpretation involving only three steps (PCR, hybrid-
isation, detection) can be achieved without compromising
analytical performance. Experiments have also shown that the
Signature assay can be combined with multiplex detection of
five additional KRAS mutations in codon 13 (G13A, G13C,
G13R, G13S and G13V) and BRAF V600E (unpublished work).
The validation of broader panels including other relevant
mutations in the EGFR pathway would speed up the molecular
characterisation of FFPE tumour specimens and likely facilitate

Take-home messages

< The identification of specific mutations in the KRAS gene plays
an important role in colorectal cancer management.

< Detection methods compatible with FFPE tumour specimens,
optimised for the clinical laboratory workflow, and with the
appropriate accuracy and analytical sensitivity are required.

< This study shows that rapid multiplex detection of seven
relevant KRAS mutations in a single-well assay can be
achieved with about 1% analytical sensitivity.

< Accuracy relative to existing reference methods was demon-
strated by testing 140 representative clinical specimens.
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the development of optimal personalised treatment approaches
for metastatic CRC and other cancer types.
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