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Recently, evidence has emerged indicating that as-
sessment of KRAS mutations before anti-epidermal
growth factor receptor therapy improves outcome in
patients with metastatic colorectal cancer (CRC). We
report here a novel reverse-hybridization (RH) assay
to screen for KRAS mutations in formalin-fixed par-
affin-embedded colorectal tissue samples. We com-
bined mutant-enriched PCR based on peptide nucleic
acid clamping and RH of amplification products to
nitrocellulose test strips that contained a parallel ar-
ray of oligonucleotide probes targeting 10 frequent
mutations in codons 12 and 13 of the KRAS gene. DNA
mixing experiments, which included eight different
tumor cell lines with known KRAS mutations, were
performed to examine the sensitivity of mutation de-
tection. All KRAS mutations present in tumor cell
lines were unambiguously identified by the RH assay
with 1% of each cell line DNA diluted in normal DNA.
RH was then used to screen for KRAS mutations in 74
colorectal tumor and 4 normal control samples. Twenty-
six (35%) of the 74 tumor samples showed KRAS muta-
tions. No mutation was found in the four samples of nor-
mal colorectal tissue. DNA sequencing without previous
mutant enrichment, however, failed to detect four
(15%) out of 26 KRAS-positive formalin-fixed paraffin-
embedded samples (FFPE). This finding suggests that
even after microdissection, mutant sequences in a given
DNA isolate can be rare and more sensitive methods
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are needed for mutation analysis. (J Mol Diagn 2009,
11:508-513; DOI: 10.2353/jmoldx.2009.090022)

The KRAS proto-oncogene (v-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog: Gene Bank Accession Number
NM_033360) is one of the most prominent and most
commonly mutated RAS family members in colorectal
cancer (CRC). Oncogenic mutations of KRAS disrupt
binding to GTP and allow it to remain in an active state.”
The most common mutations in CRC and other cancer
types affect codons 12 and 13, and to a lesser extend
codon 61.27% A link between the KRAS gene and an
underlying epigenetic disorder in CRC was shown re-
cently; KRAS mutations were associated with a subset of
CRCs that exhibit methylation in multiple sets of genes
and are referred to as CpG methylator phenotype. These
tumors have distinct clinical, molecular and pathological
features, and KRAS mutations in codon 12 and 13 were
associated with so-called CpG methylator phenotype-low
cases.®® In another recent study, KRAS mutational status
and methylation status were associated with decreased
survival.” The clinical implication of assessment of the
KRAS mutation status in metastatic CRC was demon-
strated very recently. The effect of antibody treatment of
patients suffering from metastatic CRC with cetuximab
was significantly enhanced as compared with standard
chemotherapy alone when genomic DNA isolated from
tumor tissue did not contain a KRAS mutation, whereas
patients with KRAS mutations could not be shown to
benefit from cetuximab treatment.® Monoclonal antibod-
ies such as cetuximab or panitumumab target the extra-
cellular domain of the epidermal growth factor receptor
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thereby blocking ligand-induced epidermal growth factor
receptor activation and subsequent signal transduction
through pathways like the RAS/RAF/MAPK and P13/AKT
cascades.®'° Results from recent randomized controlled
trials suggest that patients with KRAS mutations in
codons 12 and 13 do not benefit from these anti-epider-
mal growth factor receptor monoclonal antibody thera-
pies,'" and accurate treatment response prediction will
spare the patient unnecessary treatment thereby focus-
ing on more individualized therapy. Thus, reliable and
sensitive determination of the KRAS mutation status be-
comes increasingly important in individual treatment de-
cisions. Archival tissue of the primary tumor is easily
accessible and is an important source for KRAS mutation
testing. We developed a novel biomarker assay to detect
KRAS mutations in archived formalin-fixed paraffin-em-
bedded (FFPE) tissue. The test combines mutant-en-
riched PCR based on peptide nucleic acid clamping and
reverse-hybridization (RH) to nitrocellulose test strips
containing a parallel array of oligonucleotide probes tar-
geting 10 mutations in codons 12 and 13 of the KRAS
gene. Because mutations in codon 61 are extremely rare
in CRC cases, these were not included in the assay.**
We then used the novel RH assay to screen for KRAS
mutations in DNA extracted from FFPE tissue samples
obtained from patients operated because of CRC.

Materials and Methods

Patients

Patients were treated at the Departments of Surgery and
Medicine, Danube Hospital SMZ Ost, Vienna, Austria
between 2002 and 2005. Surgically resected tissues
were collected from 78 patients. All 73 cancer cases (51
male and 22 female patients) were adenocarcinomas,
one benign tumor was an adenoma with high grade
dysplasia. Cases regarded as normal controls (two male
and two female patients) included one lipoma, two cases
of diverticulosis and one case without any pathological
diagnosis. Median age at surgery was 63 (range, 30 to 87
years). The cancers were classified according to the
International Union Against Cancer (UICC) TNM guide-
lines.'? Two patients (1.5%) had a carcinoma in situ. 12
(9%) patients were UICC stage |, 16 (12%) patients were
UICC stage Il, 25 (18%) UICC stage lll, 12 (9%) patients
were UICC stage IV, and 6 (4.5%) patients had local
relapses. The study was approved by the local ethics
committee and reviewed by the institutional review board.

DNA Extraction

An appropriate paraffin block containing tumor tissue
was selected for analysis after reviewing the H&E-stained
slides. An area of tumor on the H&E-stained slide was
identified by an experienced pathologist and was marked
and microdissected on a corresponding unstained slide
for subsequent DNA isolation as described previously.'®
DNA was extracted using a commercially available DNA
extraction kit (QIAmp DNA Mini Kit; Qiagen, Hilden, Ger-
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many) and quantified by fluorometry (Quant-iT dsDNA HS
Assay; Invitrogen, Carlsbad, CA).

Mutant—Enriched PCR

Mutant-enriched duplex PCR was done as described by
Prix et al'* except for the fact that all primers were 5'-
biotinylated. PCR was performed in a 25 ul reaction,
containing 1 X PCR Buffer (Qiagen), 100 umol/L each
deoxyribonucleoside triphosphate, 0.1 umol/L HLA-DRA
primers, 0.25 umol/L KRAS primers, 2.84 umol/L peptide
nucleic acid, 1 U Hot Star Tag Polymerase (Qiagen), and
up to 50 ng DNA template. The amplification was per-
formed on a PE 9700 cycler (Applied Biosystems, Foster
City, CA) starting with an initial denaturation step at 94°C
for 15 minutes, then running for 35 cycles as follows:
94°C for 1 minute, 70°C for 50 seconds, 58°C for 50
seconds, 72°C for 50 seconds, and a final extension at
72°C for 7 minutes.

Real-Time PCR

Real-time PCR was used to quantitate genomic DNA
isolated from tumor cell lines as well as mutant PCR
products generated by site-directed mutagenesis. SYBR
green PCR amplification was performed using the
StepOne Real-time PCR System (Applied Biosystems).
Amplification was performed in a 25-ul (final volume)
mixture containing 3 ul DNA template, each of the two
KRAS-specific primers 5’-TTATAAGGCCTGCTGAAAAT-
GACTGAA-3’ (forward) and 5'-TGAATTAGCTGTATCGT-
CAAGGCACT-3' (reverse)®® at 0.5 wmol/L, and 12.5 ul
Maxima SYBR Green gPCR Master Mix (Fermentas,
Vilnius, Lithuania). PCR conditions comprised an initial
denaturation step at 95°C for 10 minutes followed by 40
cycles of 95°C 10 seconds and a combined annealing/
elongation step at 65°C for 30 seconds. Threshold cycle
(C+) values were determined with the StepOne software
(version 2.0), using the second derivative method. Stan-
dard curves using DNA isolated from human blood (Hu-
man genomic DNA; Roche Diagnostics, Mannheim, Ger-
many) were generated by plotting the C; values as a
function of the log of the initial DNA concentration.

DNA Sequencing

Reactions were set up in 25-ul volumes as follows: 10
pmol primer 5'-GTGTATTAACCTTATGTGTGAC-3" (for-
ward) and 5’-GTCAGAGAAACCTTTATCTG-3' (reverse),
12.5 pl JumpStart REDTag ReadyMix 2 X PCR Reaction
Mix (Sigma-Aldrich, St. Louis, MO) and 20 ng genomic
DNA. PCR was performed on a GeneAmp PCR system
2700 (Applied Biosystems). PCR conditions comprised
an initial denaturation step at 94°C for 3 minutes, followed
by 35 cycles of 94°C 30 seconds, 58°C 30 seconds, 72°C
30 seconds, and a final extension at 72°C for 5 minutes.
Sequence analysis of PCR products was performed on
the ABI 310 automatic sequencer (Applied Biosystems)
to the manufacturers instructions (BigDye Terminator
v1.1 Cycle Sequencing Kit; Applied Biosystems).
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Reverse-Hybridization

For RH, oligonuclectides were synthesized as probes tar-
geting 10 mutations in codons 12 and 13 of the KRAS gene,
namely Val12 (GGT—GTT), Asp12 (GGT—GAT), Leul2
(GGT—CTT), Ser12 (GGT—AGT), Ala12 (GGT—GCT),
lle12 (GGT—ATT), Cys12 (GGT—TGT), Argi12 (GGT—
CGT), Cys13 (GGC—TGC), and Asp13 (GGC—GACQC).
Additionally, an oligonucleotide probe specific for the
human HLA-DRA locus and a 5’-biotinylated oligonucle-
otide were used to control PCR performance and detec-
tion reagents, respectively. Terminal deoxynucleotidyl
transferase (Fermentas) was used to endue each oligo-
nucleotide probe with a 3’-poly(dT) tail according to the
manufacturer’s instruction. Tailed oligonucleotide probes
were immobilized on nitrocellulose membrane as an ar-
ray of parallel lines and membrane sheets were then cut
to define test strips 3 mm wide. Following mutant-en-
riched duplex PCR, biotinylated amplification products
were hybridized to nitrocellulose test strips strictly con-
trolling temperature (45 *= 0.5°C), and bound sequences
were visualized using a streptavidin-alkaline phospha-
tase conjungate and color substrates.’® RH was per-
formed either manually, using a shaking waterbath (GFL,
Burgwedel, Germany) set to 45°C, or essentially auto-
mated (profiBlot T48; TECAN, Grédig, Austria). A sche-
matic outline of the RH protocol is shown in Figure 1. To
validate oligonucleotide probes being specific for the
mutations targeted, tumor cell lines SW480 (Vali12),
LS174T (Asp12), A549 (Ser12), SW1116 (Ala12), MIA
Paca?2 (Cys12), H157 (Arg12), H1355 (Cys13), DLD1
(Asp13), and Colo320 (wild-type) were available.™ Genomic
DNA isolated from tumor cell lines containing a KRAS mu-
tation was used to generate recombinant plasmid clones
(TOPO TA Cloning Kit; Invitrogen). After confirming the
presence of mutations by DNA sequencing, plasmid
clones served as reference DNA templates in the PCR.
Because no tumor cell lines for KRAS mutations Leu12
and lle12 were obtainable, mutant PCR products gener-
ated by site-directed mutagenesis served as controls.®

Results

The specificity of the RH assay reported here was verified
by hybridizing reference PCR products obtained from
plasmid clones to individual test strips. RH and sequenc-
ing results concurred for each KRAS mutation covered by
the RH assay (data not shown). The RH assay’s limit for
detecting KRAS mutations was determined using differ-
ent amounts of tumor cell line DNA or mutant PCR prod-
ucts mixed with 50 ng of wild-type DNA as templates.
Figure 2 shows the RH results obtained for a mixture of 50
ng wild-type and 0.5 ng mutant genomic DNA demon-
strating an analytical sensitivity of 1% for each KRAS
mutation under investigation. Test strip signals obtained
for DNA mixtures containing rising amounts of mutant
DNA (eg, 1%, 5%, and 10%) did not show a linear in-
crease in intensity (data not shown). Cross-reactivity
caused by nonspecific interactions between oligonucle-
otide probes and amplification products could not be
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Figure 1. Schematic pictorial of our RH protocol. After mutant-enriched
duplex PCR, RH of biotinylated amplification products to test strips was
carried out manually (left) or, for increased sample throughput, essentially
automated using commercially available instrumentation (right).

observed. Suppression of wild-type amplification by pep-
tide nucleic acid clamping using 50 ng of wild-type DNA
template was found to be complete as judged by aga-
rose gel electrophoresis (data not shown). Accordingly,
test strips hybridized to PCR products obtained for 50 ng
wild-type DNA remained negative (Figure 2).

Of 73 FFPE samples from CRC patients, we identified
26 (35%) samples to carry a KRAS mutation. Also, the
single adenoma case contained a KRAS mutation. No
mutation was detected in the four normal control sam-
ples. All FFPE samples were analyzed in duplicate, and
results concurred within each sample, indicating good
assay reproducibility (data not shown). We used DNA
sequencing as a confirmatory method to verify the results
obtained with the RH assay. DNA sequencing results
concurred for 22 (85%) KRAS positive and all (100%)
KRAS negative samples (data not shown). Thus, four
FFPE samples identified KRAS positive by RH were wild-
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Mutation Probe Specificity

Marker Line-top

Control

Codon 12-Val
Codon 12-Asp
Codon 12-Leu

GGAGCTGTTGGCGTAGGC
GGAGCTGATGGCGTAGGC
GGAGCTCTTGGCGTAGGC
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Figure 2. Identification of KRAS mutations by
RH. Test trips obtained after hybridization and
enzymatic color development are shown. Strips
1-10: Mutant-enriched PCR was perfomed using
a mix of 50 ng wild-type and 0.5 ng genomic
DNA derived from tumor cell lines (strips 1, 2, 4
)5, 7-10) and mutant PCR product generated by
site-directed mutagenesis (strips 3, 0), respec-

Codon 12-Ser GGAGCTAGTGGCGTAGGC N N X
Codon 12-Ala GGAGCTGCTGGCGTAGGC tively. Strips 11-18: Mutant-enriched PCR was
Codon 12-Ile GGAGCTATTGGCGTAGGC performed on genomic DNA isolated from se-

Codon 12-Cys GGAGCTTGTGGCGTAGGC

Codon 12-Arg GGAGCTCGTGGCGTAGGC
GGAGCTGGTTGCGTAGGC
GGAGCTGGTGACGTAGGC

Codon 13-Cys
Codon 13-Asp
PCR control-HLA GAAGGAGACGGTCTGGGC

lected FFPE tissue samples (strips 11-16). The
following genotypes were identified: Vall2
(strip 11), Cys12/Cys13 (strip 12), Asp13 (strip
13), Aspl2 (strip 14), Cysl2 (strip 15), Alal2

(strip 16), 50 ng Colo320 (strip 17), and negative

o
F

type by sequencing. However, mutations in all four sam-
ples were detectable when mutant enrichment was per-
formed before DNA sequencing.

Twenty two (16%) samples were positive for codon 12
mutations, and 1 (0.7%) was positive for a codon 13
mutation. One sample contained 2 codon 12 mutations
and one a codon 12 and codon 13 mutation. 11 (47%) of
27 mutations found in our study were Asp12, followed by
8 tumors containing the Val12 mutation, 2 tumors con-
taining the Cys12 mutation, 2 tumors containing a Ser12
mutation, 1 tumor containing the Asp13 mutation, and 1
containing both the Asp12 and Ser12 mutation and 1
containing the Cys12 and Cys13 mutation. The distribu-
tion of codons 12 and 13 mutations with respect to his-
tology, tumor stage and grading is shown in Table 1.
Individual KRAS mutations with respective tumor stages
and gradings are shown in Table 2. In summary, 1 (50%)
of the 2 carcinoma in situ cases, 4 (33%) of the 12
patients with stage |, 4 (25%) of the 16 patients with

- |
| =AN
tﬁ&F% Frr Marker Line-bottom

PCR control (strip 18).

stage Il, 8 (32%) of the 25 patients with stage Ill, 6
(50%) of the 12 patients with UICC stage IV, and 2 of
the 6 patients with local relapse were positive for KRAS
mutations (Table 2).

Discussion

This study reports a sensitive, nonquantitative assay for
the detection of KRAS mutations in FFPE tissue, combin-
ing mutant-enriched PCR and RH. The RH assay’s limit
for detecting KRAS mutations was determined to be 1%
based on DNA mixing experiments using genomic DNA
isolated from various tumor cell lines. Test strip signals
did not increase correspondingly when higher amounts
of mutant DNA (eg, 5% or 10%) were analyzed, indicating
that the RH assay cannot be used to estimate the quota
of mutant DNA present in a sample. In this study, 26

Table 2. Individual KRAS Mutations Detected in 26
Colorectal Tumor Samples Using the RH Assay
Table 1. Characteristics of 78 Colorectal Tissue Samples
] Sample Histologic WHO
KRAS Mutations ID finding grading Mutation

n n(%) Codon 12 Codon 13 69 Rectal polyp B Val12
Colorectal tumors 74 26 (35) 25 2 7 ' 2 Asp12
Colon 49 17(34) 17" 0 10 ' 2 Asp12
Rectum 24 8(33) 6 ot 12 ' 2 Cysi2
Histologic type 41 I 3 Ser12
Adenocarcinoma 73 25 (34) 24* 2t 9 A 3 Asp12
Rectal adenoma 1 1(0.7) 1 0 16 1A 2 Ser12
Normal tissue 4 0(0) 0 0 s B 3 Asp12
Differentiation grade 48 I8 2 Val12
G1 6 O(O) 0 0 19 INA 2 Asp13
G2 35 14(40) 14 1 26 111B 2 Val12
peos 31 1135 11 1t 28 I 2 Val12
ND 1 0(0) 0 0 34 111B 2 Val12

Staging 37 e 3 Asp12/Ser12
pTis 2 1(50) 1 0 45 1B 3 Cysi12

UICC | 12 4 (33) 4 0 71 111B 3 Cys12/Cys13
UICC 1A 11 2(18) 2 0 7 B 2 Asp12
uiCC IIB 5 2(40) 2 0 33 e 2 val12
UICC IIIA 5 1(20) 0 1 8 v 3 Asp12
UICC 11IB 14 6(43) 6" 17 35 v 3 vali2
uICC IIIC 6 1(17) 1 0 43 v 2 Asp12
uICC IV 12 6(50) 6 0 57 v 3 Asp12
Local relapse 6 2(33) 2 0 61 v 3 Asp12
68 I\ 3 Asp12
ND: Not determined in a case with local relapse of an 47 LR - Val12
adenocarcinoma of the rectum. *One tumor combined both Asp 60 LR — Asp12

12 and Ser 12 mutations. TOne tumor combined both Cys 12
and Cys 13 mutations.

L.R.: local relapse.
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(35%) of 73 FFPE samples obtained from CRC patients
contained a KRAS mutation as determined by RH. This
finding is consistent with published studies that de-
tected oncogenic KRAS mutations in 20% to 41% of
CRC cases®'®'7 and in approximately 20% and 50% of
small and more advanced adenomas, respectively.?'®
Moreover, KRAS mutations occurred predominantly in
codon 12, which is well in line with previous reports.>~*

A wide variety of methods, such as enriched PCR-
restriction fragment length polymorphism,'® ' single-
strand conformational polymorphism,?® denaturing gra-
dient gel electrophoresis,®?' high performance liquid
chromatography,?® amplification refractory mutation sys-
tem,?® high resolution melting analysis,®* and DNA se-
quencing, have been applied to KRAS mutation analysis.
While simpler methods like PCR-restriction fragment
length polymorphism or amplification refractory mutation
system-PCR can be used for the sensitive detection of
KRAS mutations in a background of wild-type DNA (an-
alytical sensitivity =1%), they are hardly capable of iden-
tifying more than one mutation in a single tube, thus
limiting their applicability to diagnostic settings with
finite sample throughput only. High resolution melting
analysis is a rapid in-tube methodology that enables
high-throughput screening of KRAS mutations with a
moderate analytical sensitivity of 5% to 6%. Although
high resolution melting analysis, single-strand conforma-
tional polymorphism, denaturing gradient gel electro-
phoresis, and high performance liquid chromatography
are useful screening tools, DNA sequencing remains the
gold standard for the confirmation and identification of
specific mutations. Dideoxy DNA sequencing is the most
commonly used sequencing method, however, sensi-
tivity for detecting mutant DNA is low (ie, detection limit
around 20%) and sample throughput is limited. In this
study, DNA sequencing without previous enrichment of
mutants failed to detect 4 (15%) out of 26 KRAS posi-
tive FFPE samples. This finding suggests that even
after microdissection, mutant sequences in a given
DNA isolate can be rare and more sensitive methods
are needed for mutation analysis. Recently, a KRAS
pyrosequencing assay (ie, a real-time, non electro-
phoretic, nucleotide extension sequencing method
with an allele quantification capability) has demon-
strated a superior analytical sensitivity of approxi-
mately 5% on mixed DNA samples containing various
amounts of mutant DNA.?°

The RH assay described here is a sensitive tool (ana-
lytical sensitivity 1%) for the simultaneous detection of 10
mutations in codons 12 and 13 of the KRAS gene. The
procedure is relatively fast (<6 hours excluding DNA
isolation) and follows a simple protocol using ready to
use test strips and visible color detection. The method
requires standard laboratory equipment only and, for
increased sample throughput, hybridization/detection
may be fully automated by means of commercially avail-
able instrumentation. Therefore, this approach appears
to be a good alternative to methods currently in use for
the detection of KRAS mutations in DNA isolated from
archived FFPE tissue.
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