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Metastatic colorectal cancer KRAS genotyping
in routine practice: results and pitfalls
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KRAS genotyping is mandatory before anti-epidermal growth factor receptor monoclonal antibody therapy in
metastatic colorectal cancer, which is the second leading cause of cancer-related death in the United States and
in Europe. Thus, large-scale KRAS mutation screening is needed for efficient patient management and in the
future metastatic colorectal cancer genotyping might also include the detection of the BRAF V600E mutation,
which is a very strong negative prognostic factor in colorectal cancer. We report our experience of routine
KRAS/BRAF mutation screening practice performed on 1130 formalin-fixed paraffin-embedded tumor samples
from 992 colorectal cancer patients. DNA was extracted from macrodissected tumor areas highlighted by a
pathologist, KRAS codons 12/13 and BRAF V600E mutations were assessed in a single SNaPshot® multiplex
assay and each mutation was confirmed by an independent analysis. KRAS and BRAF mutations were,
respectively, present in 41.8 and 6.5% of the tumor samples. If KRAS and BRAF mutations were mutually
exclusive, four samples presented two concomitant KRAS mutations. Genotyping of paired primary tumors and
metastases from 44 patients indicated that 5 patients (11.4%) presented discordant KRAS mutational status.
KRAS genotype heterogeneity was also observed within primary tumor sites in seven cases. Non-reproducible
KRAS artefactual mutations were detected in 53 samples (4.7%). We found that the prominent mechanism
leading to these artefactual mutations was the fragmentation of DNA occurring during tissue processing.
Routine KRAS genotyping performed on formalin-fixed paraffin-embedded tissues requires, therefore, the
development of quality control scheme for molecular pathology, especially because of DNA damages induced
by formalin fixation. The tumor heterogeneity observed in some patients indicates that it should be more
appropriate to perform KRAS genotyping on metastases if sample is available.
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Oncogenic activation of the epidermal growth factor
receptor (EGFR) pathway, commonly observed in
cancers, provides survival advantages to neoplastic
cells in terms of proliferation, motility, and resis-
tance to apoptosis.” Anti-EGFR therapies have been
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developed to specifically target this oncogenic
cascade, especially in the treatment of metastatic
colorectal tumors. Two classes of anti-EGFR agents
are available: monoclonal antibodies directed
against the extracellular domain of the EGFR and
small inhibitory molecules able to inhibit the
binding of ATP to the EGFR tyrosine kinase catalytic
domain. The FDA and the EMEA have approved the
use of anti-EGFR monoclonal antibodies, cetuximab,
and panitumumab, in patients with metastatic
colorectal carcinoma.

The KRAS protein, belonging to the large super-
family of guanine guanosine-5'-triphosphate (GTP)
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and guanine guanosine-5'-diphosphate (GDP)-bind-
ing proteins, is a powerful downstream effector in
the EGFR transduction cascade. Somatic KRAS
mutations, which are detected in 40% of colorectal
cancer and result in abnormal affinity of KRAS for
GTP and permanent activation of the transduction
cascade, have been identified as a reliable strong
negative predictive factor to anti-EGFR monoclonal
antibodies therapies in metastatic colorectal cancer
patients.”™* BRAF is located downstream to KRAS
and upstream to the MEK-MAP kinases, and the
oncogenic BRAF p.V60OE mutation, detected in
~5-10% of colorectal cancer, also results in an
activation of the transduction cascade.® Controver-
sial data have been published regarding the
predictive value of the BRAF p.V600E mutation in
anti-EGFR monoclonal antibodies therapy, but there
is a consensus concerning the value of this mutation
as a very strong negative prognostic factor in colo-
rectal cancer.®®

Since July 2008, KRAS mutational screening has
become mandatory in Europe in order to restrict the
treatment of metastatic colorectal cancers with
cetuximab and panitumumab to patients with
wild-type KRAS tumors and it is likely that, in the
future, prescription of anti-EGFR monoclonal anti-
bodies will also require BRAF analysis.”'° Before the
integration of KRAS genotyping as a medical
analysis, KRAS mutation screening was performed
in the context of experimental settings or as part of
clinical trials but not in daily routine practice. In
this context, the patient cohorts were fairly homo-
geneous in terms of tissue type, tissue processing,
and storage conditions, whereas in a routine setting,
tissue sampling, processing, and storage are usually
not homogenous. Furthermore, there is at present
time a lack of standardization of methods currently
used to analyse KRAS in tumors. Considering the
medical consequences of KRAS genotyping and the
need to ensure high quality and reproducible
analyses, technical guidelines for KRAS mutational
analyses have been proposed by the European
Society of Pathology and the College of American
Pathologists.’>'* These recommendations empha-
sized the key role of the pathologist in the selection
and preparation of tissue samples, KRAS assay
selection, and standardized reporting of results.
One of the key points is the tissue on which
molecular analyses are performed in the pathology
laboratory. Indeed, molecular analyses are generally
performed on formalin-fixed paraffin-embedded
specimens derived either from the primary tumor
or from metastatic sites. Formalin fixation and
paraffin embedding processing has been shown to
alter DNA."' However, only very little data
regarding DNA alteration and KRAS genotyping
have been reported.

We present here our experience on >1000
formalin-fixed paraffin-embedded tumor samples
of KRAS/BRAF mutation screening practice, based
on a single, fast, and reliable assay using the
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SNaPshot® technology'® and discuss our results,
especially discordant cases, in order to avoid such
pitfalls and to propose new quality control schemes.

Materials and methods
Samples

A total of 1130 formalin-fixed paraffin-embedded
tumor samples from 992 colorectal cancer patients
were referred for KRAS genotyping to our laboratory
between September 2006 and December 2009. Serial
sections were cut from each paraffin block and
placed on glass slides: the first 3 um-thick section
was stained with hematoxylin & eosin (H&E) for
histopathological examination and the five follow-
ing 10 um-thick sections were processed for tumor
DNA preparation. The microtome razor blade was
changed between each formalin-fixed paraffin-em-
bedded tumor sample and the paraffin sections were
processed individually to avoid cross-contamina-
tion. H&E preparation enabled tumor area delimita-
tion and tumor cell percentage visual estimation. To
eliminate non-malignant, stromal, and contaminat-
ing inflammatory cells and to enrich the analyzed
specimen with tumor cells, tumor areas highlighted
by a pathologist on H&E preparation were macro-
dissected on each of the five 10 um-thick sections
placed on glass slides using a single-use sterilized
scalpel.

Molecular Analyses

Paraffin macrodissected samples were then placed
in sterile tubes. After deparaffinization and rehydra-
tion, DNA was isolated using the RecoverAll™ Total
Nucleic Acid Isolation Kit for FFPE Tissues (Ap-
plied Biosystems, Courtaboeuf, France). KRAS exon
2 and BRAF exon 15 were simultaneously PCR
amplified using the following primers: 5-AAGG
CCTGCTGAAAATGACTG-3' (KRAS-F), 5'-CAAAGA
ATGGTCCTGCACCAG-3" (KRAS-R), 5-CATAATGC
TTGCTCTGATAGG-3' (BRAF-F), and 5'-GACTTTCT
AGTAACTCAGCAGC-3' (BRAF-R). PCR was per-
formed in a 25 ul volume, containing 100-1000 ng of
genomic DNA, 1x Qiagen multiplex PCR master
mix (Qiagen, Courtaboeuf, France) and 0.4 uM of
each primer. After DNA denaturation and polymer-
ase activation steps of 15min at 95°C, the PCR
consisted of 45 cycles of 30s at 94°C, 90s at 60°C,
and 90s at 72°C, and was followed by a final
extension step of 10min at 72°C. After purification
of the PCR products using the NucleoSpin® Extract
II kit (Macherey-Nagel EURL, Hoerdt, France),
genotyping was performed using the ABI PRISM
SNaPshot® Multiplex Kit (Applied Biosystems). We
designed, for each DNA strand, five SNaPshot®
primers, complementary in their 3’-end to KRAS
c.34G, c¢.35G, ¢.37G, ¢.38G and BRAF ¢.1799T
adjacent nucleotides and containing 5-end
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Table 1 KRAS and BRAF SNaPshot® primer characteristics: sequences, extended nucleotides and concentrations

Extended nucleotide position Sequence Strand Primer extension Concentration
Wild type Mutant uM
KRAS c.34 5'-AACTTGTGGTAGTTGGAGCT-3’ Sense G C/A/T 0.02
5'-GGCACTCTTGCCTACGCCAC-3' Antisense C G/T/A 0.06
KRAS c.35 5'-N;o0 ACTTGTGGTAGTTGGAGCTG-3' Sense G C/A/T 0.015
5-N,o AGGCACTCTTGCCTACGCCA-3’ Antisense C G/T/A 0.12
KRAS c.37 5'-N,, TTGTGGTAGTTGGAGCTGGT-3’ Sense G C/A/T 0.04
5'-N,, CAAGGCACTCTTGCCTACGC-3’ Antisense Cc G/T/A 0.16
KRAS c.38 5'-Ny, TGTGGTAGTTGGAGCTGGTG-3' Sense G C/A/T 0.02
5'-Ny, TCAAGGCACTCTTGCCTACG-3' Antisense C G/T/A 0.2
BRAF ¢.1799 5'-Ny GGTGATTTTGGTCTAGCTACAG-3' Sense T A 0.08
5'-N,, ACCCACTCCATCGAGATTTC-3' Antisense A T 0.01

additional tails of various sizes, which allowed their
simultaneous detection. Two multiplex SNaPshot®
reactions were performed in a final 10 ul volume,
containing 2ul of PCR product, 2.5ul of Ready
Reaction Mix with fluorescent dideoxynucleotides,
1 ul of sequencing buffer (from Big Dye® Terminator
v3.1 cycle sequencing kit, Applied Biosystems), and
KRAS/BRAF sense or antisense SNaPshot® primers
(see Table 1 for concentrations). The reaction
consisted of 25 cycles of 10s at 96°C, 5s at 50°C,
and 30s at 60°C (rapid thermal ramps were used).
SNaPshot® products were then treated with three
units of Shrimp Alkaline Phosphatase (GE Health-
care, Orsay, France) and incubated for 1h at 37°C to
remove unincorporated dideoxynucleotide triphos-
phates. After enzyme inactivation for 15 min at 75°C,
labelled products were separated on 36cm-long
capillaries in POP7 polymer during 25min in an
automated sequencer (ABI PRISM 3130x/ Genetic
Analyzer, Applied Biosystems). Data analyses were
performed using GeneMapper Software version 4.0
(Applied Biosystems).

UNG Treatment

DNA (500ng) was treated with Escherichia coli
uracil N-glycosylase (UNG, Roche Diagnostics, Mey-
lan, France) before amplification. A control experi-
ment was performed by amplifying the same amount
of non-treated DNA.

Quality Control

Five controls were included to assess the specificity
of the KRAS/BRAF SNaPshot® assay in each batch:
mutant KRAS, mutant BRAF, wild-type KRAS/BRAF
DNAs, and two controls with no DNA. Controls
were handled from amplification to SNaPshot®
results interpretation. Each detected mutation led to
a second independent analysis performed on a
second DNA extraction. The paraffin block was
sectioned independently to avoid contamination
with tumor tissue from another patient sectioned
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in the same series. If a discrepancy was observed
between the two analyses, a third amplification from
a third DNA extraction was performed. In the case of
discrepancy between the three analyses, the muta-
tions detected were considered as artefactual and
the analyses were considered as non-contributive.
Figure 1 summarizes our quality approach.

Results
KRAS and BRAF Genotyping Assay

Our KRAS/BRAF assay simultaneously explores five
nucleotides for the 13 possible reported point
mutations. Figure 2 illustrates the assay performed
on formalin-fixed paraffin-embedded extracted
DNAs containing a KRAS and a BRAF mutation,
respectively. The specificity, sensitivity, and repro-
ducibility of our assay were evaluated for the seven
reported deleterious KRAS mutations in quality
control schemes. Serial dilutions (from 100 to 5%)
of wild-type vs mutant cell lines extracted
DNA were assessed in triplicate. The sensitivity
was 5% for KRASG12C, KRASG12D, KRASG12A,
KRASG12V, and KRASG13D; between 5 and 25% for
KRASG12R; 25% for KRASG12S. In the light of these
results and to avoid false negative results, we
considered that a minimum of 20% of tumor cells
should be present in the sample to perform KRAS/
BRAF genotyping.

Spectrum of KRAS and BRAF Mutations in Colorectal
Cancers

In our 1130 specimens series, KRAS mutational
status was successfully assessed in 1077 formalin-
fixed paraffin-embedded tumor samples obtained
from primary (916 cases) or metastatic (161 cases)
sites originating from 951 patients with colorectal
cancers. Mutations within codons 12 and 13 were
detected in 450 (41.8%) of the analyzed tumor
samples. The three main mutations found were
c.35G>A (159 mutated tumor samples, 35.3%),
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Figure 1 Scheme of quality approach in KRAS/BRAF genotyping.

€.38G> A (99 mutated tumor samples, 22.0%), and
¢.35G>T (91 mutated tumor samples, 20.2%),
which accounted for 77.5% of all the mutated cases
(Table 2). This pattern was observed for both
primary tumors and metastases, but a slight differ-
ence was observed in the distribution: the predomi-
nant type was ¢.35G> A (37.5%) for primary tumors
and both ¢.35G>T and c¢.38G>A (29.5%) for
metastatic sites. The vast majority of KRAS muta-
tions are variations of a single nucleotide in codon
12 or 13. Four formalin-fixed paraffin-embedded
tumor samples presented with double KRAS muta-
tions (ie, a mutation with two wrong nucleotides):
one liver metastasis presented a double KRAS
¢.34G>C/c.34G>T mutation, a colon primary tu-
mor showed a double KRAS c.38G>T/c.39C>T
mutation, and two colon primary tumors harbored a
double KRAS ¢.34G>T/c.35G>T mutation. In the
latter two cases, mutations occurred on the same
allele as deduced from the SNaPshot® pattern:
KRAS ¢.34G>T and c¢.35G>T mutations were
detected using only the forward and the reverse
SNaPshot® primers, respectively, suggesting that
the ¢.35G forward primer and the c¢.34G reverse
primer were not extended from the mutated allele
due to 3’ mismatch.

Because of new release data on BRAF implication
in colorectal carcinogenesis and anti-EGFR therapy,
BRAF mutational status was successfully assessed
with KRAS in a subset of the patients:*® among
the 397 cases tested, 26 tumor samples (6.5%)
presented the ¢.1799T > A, p.V600E BRAF mutation.

!
Discordant
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results B o
W

Result 3

Comparison:
results 1, 2and J

I
2 concordant resulfs
Identification: as shown by
concordant resulfs

As expected, KRAS and BRAF mutations were found
to be mutually exclusive.*®

KRAS Mutation Variation Status According to the
Tumor Sites

In this series, 70 primary tumors and their corre-
sponding lymph-node or distant metastases ob-
tained from 44 colorectal cancer patients were
analyzed. No discordance was noted in the BRAF
analyses. In contrast, discordant results concerning
the KRAS mutational status were found in five
patients (11.4%). In three of them, the mutation was
restricted to the primary tumor site whereas the
metastasis sites disclosed a wild-type phenotype; in
the other two patients, the mutant KRAS was found
only in the distant metastasis (Table 3). In one
patient (patient 72, Table 3) with a mutant KRAS
primary tumor paired with a wild-type KRAS
lymph-node metastasis, additional tumor samples
were analyzed: the c.38G>A KRAS mutation pre-
viously identified in the primary tumor was finally
also detected in an additional lymph-node meta-
stasis and in the distant liver metastasis.

Variation in KRAS mutational status was also
observed within the primary tumor site in seven
cases corresponding to multifocal synchronous
tumor localizations (Table 3). Thus, in five patients,
KRAS mutations were restricted to one tumor
localization with no possibility of metastasis assess-
ment. For one patient, two colon tumor sites
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presented a distinct KRAS mutation type (patient
903, Table 3). Finally, one patient (patient 98,
Table 3) presented a pT2NO mutated KRAS
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Figure 2 KRAS/BRAF genotyping assay. (a) SNaPshot® sense
pattern obtained from a KRAS ¢.35G > A mutated/BRAF wild-type
formalin-fixed paraffin-embedded extracted DNA. Two peaks
were detected for the KRAS c.35 position: one corresponded to
the wild-type nucleotide (blue arrow) and the other to the A
mutated nucleotide (green arrow). For KRAS c.34, ¢.37, c¢.38 and
BRAF c.1799 positions, a single peak corresponding to the wild-
type nucleotide was detected. (b) SNaPshot® sense pattern
obtained from a KRAS wild-type/BRAF ¢.1799T>A formalin-
fixed paraffin-embedded extracted DNA. Two peaks were
detected for the BRAF c.1799 position: one corresponded to the
wild-type nucleotide (red arrow) and the other to the A mutated
nucleotide (green arrow). For KRAS c.34, c.35, c.37, and ¢.38, a
single peak corresponding to the wild-type nucleotide was
detected. (c) Pre-analytical phase: tumor areas are highlighted
by a pathologist. More than 80% of tumor cells are present in
these marked zones; colon carcinoma, H&E staining.

(c.34G>T) rectal tumor and a pT3NO wild-type
KRAS colon tumor. As expected, considering the
staging of these tumors, the liver metastasis inves-
tigated 2 years later in this patient was found to
derive from the pT3NO colon tumor, according to its
wild-type KRAS genotype.

Artefactual Mutations

Among the 397 samples analyzed for BRAF, 19
analyses generated irreproducible results that were
therefore considered artefactual. These irreproduci-
ble results corresponded to the c.1799T >A BRAF
V600E mutation, whereas T>C and T > G variations
were never observed. These BRAF artefactual muta-
tions were found associated with KRAS artefactual
mutations in a small subset of tumor samples.
KRAS artefactual mutations were detected in 53
formalin-fixed paraffin-embedded tumor samples
obtained from 41 colorectal cancer patients. For
each sample, a mean of 4.6 analyses (range from 2 to
13) were performed from independent DNA extrac-
tion or amplification and, in each batch of tests,
negative and positive controls were valid. In
these cases, discordant KRAS mutational patterns
between all analyses performed were observed
(Figure 3). As a whole, 283 KRAS artefactual
mutations were recorded from 187 analyses: 148
(52.3%) corresponded to G>A transitions, 103
(36.4%) to G>T transversions, and 32 (11.3%) were
G>C transversions. Furthermore, 93 analyses (33%)
presented an abnormal mutational pattern: two or
more (up to five) KRAS mutations were detected in
the same amplification product and KRAS/BRAF
double mutant were present for 16 analyses (Figure
3). These KRAS artefactual mutations were prefer-
entially observed for KRAS c.35G (48.4%), followed
by KRAS ¢.34G (27.6%) and ¢.38G (21.5%) and were
less frequent for KRAS ¢.37G (2.5%), (Figure 3). This
distribution mimicked that of the observed KRAS
somatic mutations. It is noticeable that the intensity
of the signal corresponding to the detection of those
artefactual mutations was weak, as compared with
the expected signal considering the tumor cell

Table 2 Distribution of KRAS and BRAF mutations in colorectal cancer patients, number and (percentage)

Gene Nucleotide Protein effect Primary tumors Metastasis Both

KRAS c.34G>A p.G12S 19 (4.9%) 19 (4.2%)
¢.34G>C p.G12R 9 (2.3%) 1 (1.6%) 10 (2.2%)
c.34G>T p.G12C 33 (8.5%) 6 (9.8%) 39 (8.7%)
c.35G>A p-G12D 146 (37.5%) 13 (21.3%) 159 (35.3%)
c.35G>C p-G12A 22 (5.7%) 4 (6.6%) 26 (5.8%)
c.35G>T p.G12v 73 (18.7%) 18 (29.5%) 91 (20.2%)
c.37G>T p.G13C 3 (0.8%) 3 (0.7%)
c.38G>A p-G13D 81 (20.8%) 18 (29.5%) 99 (22.0%)
c.34G>C/34G>T Unknown 1(1.6%) 1 (0.2%)
c.34G>T/35G>T Unknown 2 (0.5%) 2 (0.4%)
c.38G>T/39C>T Unknown 1 (0.3%) 1 (0.2%)

BRAF c.1799T>A p-V60OE 26 (6.5%)

MODERN PATHOLOGY (2011) 24, 1090-1100



KRAS genotyping, results and pitfalls

A Lamy et al

Table 3 Tumor heterogeneity according to KRAS mutational status in colorectal cancer patients

Patient no Event type Tumor localization KRAS status

72 Primary tumor Colon c.38G>A
Metastasis Lymph node WT

221 Primary tumor Rectum WT
Metastasis Liver c.35G>T

436 Primary tumor Colon c.35G>A
Metastasis Lymph node WT

512* Primary tumor Colon WT
Synchronous metastasis biopsy Liver c.34G>C, ¢.34G>T

89 Primary tumor Colon c.38G>A
Metastasis Liver WT

98P T1, pT2NO primary tumor Rectum c.34G>T
T2, pT3NO primary tumor Colon WT

288 T1, pT3NOMx primary tumor Colon c.35G>A
T2, pT2NOMXx primary tumor Colon WT

541 T1, pT3N1 primary tumor Colon WT
T2, pT3N2 primary tumor Rectum c.35G>T

811 T1, primary tumor Duodenum c.35G>T
T2, primary tumor Colon WT

897 T1, primary tumor Sigmoid WT
T2, primary tumor Cecum c.34G>T

903 T1, ypT3NOMx Colon c.34G>T
T2, ypT3NOMx Colon c.35G>T

90 T1, pT3N2Mx primary tumor Colon c.35G>A
T2, pT3N2Mx primary tumor Cecum WT

4The liver metastasis tumorectomy obtained 2 years later was KRAS WT.

PThe liver metastasis investigated 2 years later was KRAS WT.

percentage. For five samples, KRAS PCR products
were sequenced from antisense primer and artefac-
tual mutations detected by SNaPshot® were con-
firmed (Figure 3).

To test the hypothesis that cytosine deamination
resulting in deoxyuridine residues might be respon-
sible for the G>A artefactual transitions that we
observed, 16 DNA aliquots were treated with UNG
from E. coli. This enzyme removes uracil from
DNA, and the resulting abasic site is subsequently
hydrolyzed by pf-elimination creating a strand
break.’” Thus, UNG treatment of the template
DNA is expected to lead to the disappearance of
the G>A transitions if they are due to cytosine
deamination. For only one sample presenting a
KRAS ¢.35G>T transversion (Figure 4), the addi-
tional c.35G> A transition disappeared after UNG
treatment.

Since molecular jumping events, occurring when
degraded templates are PCR amplified, have also
been shown to cause substitutions, six DNA samples
were PCR amplified using a different set of oligo-
nucleotide primers yielding a shorter KRAS ampli-
con (80bp)."® For one sample presenting multiple
non-reproducible KRAS mutations, from three
independent DNA extractions performed with the
original KRAS 173bp amplicon, a reproducible
KRAS c.35G > A mutation could be evidenced from
the KRAS 80bp PCR amplifications. Furthermore,
KRAS 80bp amplicon analysis helped us to con-

clude for 11 samples that showed conflicting results
with the original KRAS 173 bp amplicon (Figure 5).
These results subsequently prompted us to perform
KRAS and BRAF genotyping on shorter amplicons
(80 and 126 bp, respectively; primer sequences are
available upon request).

We observed that a majority of the artefactual
mutations were detected in tumor samples obtained
from a small subset of pathology laboratories,
suggesting that they could have been generated by
specific tissue sampling, processing, or storage
procedures. Indeed, 66% of the formalin-fixed
paraffin-embedded tumor samples generating non-
contributive analyses originated from five labora-
tories. By questioning the pathologists in charge of
these specimens, we learned that the paraffin blocks
were stored in high humidity and temperature level
(+30°C). In contrast, no relationship could be
established between paraffin block storage time
and the prevalence of artefactual mutations (period
of storage ranged from 8 to 2263 days (6.2 years)
with a mean of 886 days, 2.4 years).

Finally, the use of fresh specimens might resolve
these non-contributive analyses. Thus, for one
patient with artefactual results after six analyses
from two formalin-fixed paraffin-embedded primary
tumor samples, a biopsy of a liver metastasis was
performed and addressed to our institution in non-
formalin reagent (RNAlater®); this new sample
disclosed a wild-type KRAS genotype.

MODERN PATHOLOGY (2011) 24, 1090-1100
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Figure 3 KRAS artefactual mutations in formalin-fixed paraffin-
embedded samples. (a) KRAS ¢.34G>C, KRAS c.35G>A, KRAS
¢c.37G>T, and KRAS ¢.38G> A mutations observed from SNaP-
shot® antisense pattern. KRAS ¢.35G>A, KRAS ¢.37G>T, and
KRAS c.38G> A mutations were also detected by direct sequen-
cing from antisense primer (top right inset): fluorescent ddCTP
incorporated during SNaPshot® or sequencing were different
(black peak in SNaPshot® pattern and blue peak in sequence
pattern characterized wild-type complementary nucleotides). (b)
Controversial KRAS genotypes obtained from distinct DNA
extractions and PCR amplifications analyzing a formalin-fixed
paraffin-embedded tumor sample. Dashes indicate KRAS wild-
type nucleotide identity. The first digit in front of each sequence
corresponds to the DNA extract number and the second to the
amplification number. (c) Nucleotide distribution of somatic and
artefactual mutations.
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Figure 4 Effect of UNG treatment on KRAS artefactual mutations
detection. (a) SNaPshot® antisense pattern from control experi-
ment without UNG treatment under otherwise identical condi-
tions detected KRAS ¢.35G> A (red arrow) and KRAS c.35G>T
mutations. (b) After UNG treatment of the sample KRAS c.35G>A
was not detected from the SNaPshot® antisense pattern.
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Figure 5 Effect of amplicon size on SNaPshot® results. (a)
SNaPshot® sense and antisense patterns obtained from KRAS
173 bp/BRAF 253bp amplification products: KRAS ¢.35G>A,
¢.35G>T, and ¢.35G>C mutations were detected. BRAF ampli-
fication product was almost undetectable (red arrow). (b) SNaP-
shot® sense and antisense patterns obtained from the same
sample after KRAS 80bp/BRAF 126bp amplifications. KRAS
¢.35G>A, ¢.35G>T mutations were no longer detected. BRAF
amplification product was detected as wild type (red arrow). This
sample was considered KRAS ¢.35G>C mutated.

Discussion

We report the results of routine KRAS genotyping
performed in a series of 1077 formalin-fixed paraf-
fin-embedded tumor samples derived from patients
with colorectal cancers, before anti-EGFR monoclo-
nal antibodies treatment. KRAS mutations were
found in 41.8% of the tumor samples that is in
agreement with the previously estimated frequency
of KRAS mutations in colorectal cancers.’®?® The
three hot spots ¢.35G> A, ¢.38G>A, and ¢.35G>T
accounted for 77.5% of our KRAS mutated samples,
which 1is also in agreement with previous
reports.**??

Even if BRAF p.V600E mutation involvement in
resistance to anti-EGFR monoclonal antibodies
treatment remains controversial, we decided to
include its assessment in our KRAS mutational
screening assay as its powerful negative prognostic
factor role seems to be of importance.®® KRAS and



BRAF mutational status were simultaneously inves-
tigated in a single SNaPshot® multiplex reaction
in 397 formalin-fixed paraffin-embedded tumor
samples and 6.5% of the samples tested presented
the BRAF p.V600E mutation in accordance with the
frequencies reported in the literature.? As expected,
KRAS and BRAF mutations were found to be
mutually exclusive.’® The fact that, in this large
series, the frequencies, the distribution, and exclu-
siveness of KRAS and BRAF mutations are in total
agreement with published studies validates our
molecular analysis procedures. Furthermore, our
KRAS genotyping assay was validated by different
quality controls.

KRAS activation is considered to be an early event
in the colorectal adenoma-carcinoma sequence,
suggesting that KRAS mutational status should be
the same from primary tumors to metastases.
Previous reports have demonstrated a reliable over-
all concordance between KRAS mutations in pri-
mary tumors and secondary localizations, but
different KRAS genotypes could be observed in an
average 10% of the paired samples analyzed.**** In
our routine diagnostic procedure, 5 (11.4%) of the
44 patients with paired primary tumors and metas-
tases presented discordance in terms of KRAS
mutational status. Recently, Baldus et al** suggested
that, to determine KRAS mutational status of
colorectal cancer patients in clinical practice,
primary tumors and distant metastases were more
relevant tissue specimens than lymph-node
metastases; their data indicated that different
lymph-node metastases from a given tumor could
differ in their KRAS genotype. We made the same
observation in the present study: in patient 72 who
presented a mutated KRAS primary tumor and a
wild-type KRAS lymph node, further analyses
detected the KRAS mutation in an additional
lymph-node metastasis as well as in the distant
liver metastasis.

Tumor heterogeneity had also been reported in
primary colorectal carcinoma. Losi et al*® reported
intratumor heterogeneity for KRAS mutations which
is more common in early colorectal cancers (60%)
than in advanced colorectal cancers (20%). In the
study performed by Baldus et al,** 8% of paired
tumor centre/invasive front samples from 100
patients with colorectal cancers presented different
KRAS genotypes. This observation is of particular
importance, since, in most laboratories, KRAS
genotyping is usually performed on only one single
tumor sample. In the present series, seven patients
presented different KRAS genotypes within multi-
ple synchronous primary tumor sites (multifocal
cancer localization). These raised the question of the
most relevant tumor localization that should be
tested. In such circumstances, considering that
metastases will most likely derive from the tumor
with higher grade or stage, as illustrated by the case
of patient 98 presented in this series, it may be
reasonable to perform genotyping on the tumor with
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higher grade or stage. Considering our few discre-
pant results between primary tumors and metastases
and within primary tumors between multifocal
localization, it would be more relevant, in so far as
anti-EGFR monoclonal antibodies treat metastatic
disease, to perform KRAS genotyping on metastases.
Moreover, considering the difficulty in obtaining
metastatic tissue, at least in certain patients,
analyses on blood samples should be of significant
clinical interest.*®

Our study illustrates that different mechanisms
can lead to artefactual mutations, as previously
reported."'”?” First, these artefacts have been
reported when PCR amplification is performed on
low amounts of DNA: a nucleotide misincorporation
occurring during the first cycle of PCR will then be
homogeneously carried by all PCR molecules gener-
ated during subsequent cycles.?” To reduce such
artefacts, amplification starting from a minimum of
1 pg of formalin-fixed paraffin-embedded recovered
DNA and assessment of each mutation discovered
from two independent amplification products is
recommended.” In the present study, each mutation
found was confirmed by a second totally indepen-
dent analysis (from new paraffin block sections to
the final primer extended results). Nevertheless, 49
(26.2%) of our non-contributive analyses appeared
after using 1 ug of formalin-fixed paraffin-embedded
recovered DNA, suggesting that the observed arte-
factual mutations were not due to an insufficient
quantity of DNA. The second mechanism able to
generate artefactual mutations corresponds to che-
mical modification of DNA. Chemical modifica-
tions, affecting cytosine and guanine residues
(which are KRAS nucleotide mutational hot spot)
and resulting in G> A transitions due to nucleotide
misincorporations by DNA polymerase during am-
plification, have been reported during analysis of
ancient DNA and formalin-fixed paraffin-embedded
materials."®"”*®* Cytosine deamination, generating
an uracil residue which leads to the incorrect
insertion of an adenine residue during PCR ampli-
fication, is the predominant cause of such mis-
incorporation and has been shown to generate
artefactual EGFR mutation in formalin-fixed paraf-
fin-embedded lung cancer samples.’®** To explore
the contribution of this mechanism to the G>A
artefactual transitions that we observed in this
series, samples were treated with UNG which
removes uracil from DNA, creating a strand break
and thus is expected to lead to the disappearance of
G>A transition. We found that this treatment
corrected only one artefactual result, suggesting that
cytosine deamination is not the main mechanism of
DNA template alterations observed in formalin-fixed
paraffin-embedded samples. This is not surprising
considering that in the studies reporting cytosine
deamination in template DNA, artefactual mutations
correspond only to C/G to T/A changes. In contrast,
in our study, if G> A transitions corresponded to the
majority of the observed artefactual mutations
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(52.3%), G>T and G>C transversions were also
observed at significant frequencies (36.4 and 11.3%,
respectively). KRAS G> A transitions could also be
ascribed to alterations affecting guanine residues,
such as deamination leading to xanthine residue.
However, when templates containing xanthine
residues were used in PCRs, thymine misincorpora-
tion occurred in a minority of cases and depended
on the Taq polymerases that were used.?® Finally,
chemical modifications could also explain the
artefactual G> T transversions since in vivo, guanine
residues are prone to oxidation leading to 8-hydro-
xyguanine which yields guanine to thymine trans-
version.”® Other mechanisms may cause G>A
transitions and G>T transversions. One such
mechanism results from the tendency for Taq
polymerase to add deoxyadenosine residues when
it reaches the end of templates. This mechanism has
been shown to cause substitutions when degraded
templates that cause recombination between differ-
ent template molecules are used in PCR: jumping or
template switching’.’® This phenomenon is ex-
pected to occur particularly frequently in nucleotide
facing deoxycytidine residues.?® In our series, we
found that the prominent mechanism leading to
artefactual results was the well-known DNA frag-
mentation occurring during the formalin fixation
and paraffin embedding processing.*’ Indeed, elec-
trophoresis of our formalin-fixed paraffin-embedded
DNA samples clearly shows this phenomenon
(Figure 6) and we observed artefactual results on
DNA yielding no amplification or weak amplifica-
tion, when a BRAF 253bp genomic segment was
PCR amplified. Furthermore, the reduction of the
KRAS amplicon size suppressed the artefactual
KRAS mutations initially observed in 12 samples.
As previously documented, DNA fragmentation

1 2 3 4 5 (-] 7 8

Figure 6 DNA fragmentation occurring in formalin-fixed paraffin-
embedded tissue samples. In all, 1 ug of genomic DNA extracted
from frozen or formalin-fixed paraffin-embedded tissues was run
on a 1% agarose gel containing ethidium bromide. A single high
molecular weight band was observed for DNA isolated from
frozen tissue (lane 1) whereas low molecular weight smears were
observed for DNA isolated from formalin-fixed paraffin-em-
bedded tissue samples. The smear seamed of higher molecular
weight for KRAS/BRAF contributive DNA sample (lane 8)
compared with KRAS/BRAF non-contributive DNA samples
(lanes 3-7). Lane 2 corresponds to the ¢ x 174 DNA Hinf I
molecular size standard (24-726 bp).
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leads to intermolecular jumping events on both
sense and antisense DNA strands during the PCR
amplification and then respectively to G>A and
G>T artefactual substitutions.”®

Finally, we found that 67% of the artefactual
results were obtained from formalin-fixed paraffin-
embedded tumor samples addressed by pathology
laboratories situated in high humidity and tempera-
ture level climates. These atmospheric conditions
could result in poor dehydration of the tumor
samples before paraffin embedding. Hydrolysis of
DNA glycosyl bonds leading to depurination (gua-
nine and adenine liberation) has been described
in vivo.?® At the site of base loss, the DNA chain is
weakened and undergoes cleavage by a f-elimina-
tion process within a few days. However, in living
cells, a DNA repair process is rapidly initiated to
prevent such depurination. Conversely, it can be
predicted that if deprived of the repair mechanisms
provided in living cells, hydrated DNA is sponta-
neously degraded to short fragments, a phenomenon
that we frequently observed. Therefore, it is likely
that an insufficient dehydration of samples will lead
to DNA fragmentation. Fungi development on
formalin-fixed paraffin-embedded blocks observed
by pathologists during storage is an argument
favoring such a hypothesis. Furthermore, consider-
ing that the most important route for hydrated DNA
is depurination, cleavage occurring at KRAS gua-
nine mutation hot spots and intermolecular jumping
events at these breakpoints could explain the
majority of G>A artefactual transitions we ob-
served.

Conclusion

Molecular pathology is the natural evolution of
anatomical pathology. In contrast to immunohisto-
chemistry that has not radically changed pathology
processing, molecular pathology needs more funda-
mental technical adjustments. It is important to
emphasize that histopathological methods (ie, fixa-
tion, paraffin embedding and block sectioning)
currently used and performed in pathology labora-
tories have been developed and designed for
morphological studies. It is in a way surprising
(and a very good thing) that nucleic acids are so far
fairly well preserved by such drastic methods.
Nevertheless, this fact should not exclude the
development of quality control schemes in molecu-
lar pathology. The artefactual KRAS and BRAF
mutations due to fixation and storage conditions
described in our study reinforced this change of
paradigm in our medical practice, especially in the
pre-analytical phases: (1) by using extra precaution
from tissue sampling to block sectioning in order to
avoid tissue cross-contamination, (2) by using more
standardized fixative reagent (the quest for the
perfect fixative solution with high quality morpho-
logical results, protein and nucleic acid preservation



is still underway...) to avoid DNA fragmentation, (3)
by performing morphological examination (by a
trained pathologist) of every tumor screened for
somatic mutation in order to estimate the percentage
of tumor cells in the sample tested, (4) by using
controlled storage conditions to avoid nucleic acid
hydrolysis, (5) by using adapted primers and short
size amplicons, and (6) by controlling every muta-
tion found with double techniques. With these
conditions, we will be able to achieve routine
molecular pathology with the high quality and
security standards that we need to offer our patients.
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