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Abstract

Activating point mutations in codons 12, 13, and 61 of the KRAS proto-oncogene are common in colorectal, non—small cell lung, pancreatic, and
thyroid cancers. Constitutively activated KRAS mutations are strongly associated with a resistance to anti—epidermal growth factor receptor
(EGFR) therapies, such as panitumumab and cetuximab used for treating metastatic colorectal carcinoma and EGFR tyrosine inhibitors used for
advanced non—small cell lung cancers. Since anti-EGFR therapies are costly and may exert deleterious effects on individuals without activating
mutations, KRAS mutation testing is recommended prior to the initiation of anti-EGFR therapy for these malignancies. The goal of this review is
to summarize the KRAS mutation testing methods. Testing is now routinely requested in the clinical practice to provide data to assign the most
appropriate anticancer chemotherapy for each given patient. Review of the most relevant literature was performed. Several areas were considered:
ordering of the test, selection of the sample to be tested, and review of the testing methodologies. We found that several different methods are used
for clinical KRAS mutation testing. Each of the methodologies is described, and information is provided about their performance, cost, turnaround
times, detection limits, sensitivities, and specificities. We also provided “tips” for the appropriate selection and preparation of the sample to be
tested. This is an important aspect of KRAS testing for clinical use, as the results of the test will affect clinical decisions with consequences for the

patient.
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Introduction

Constitutively activated KRAS mutations occur in multiple
human malignancies, including approximately 90% of pan-
creatic, approximately 30% of lung, approximately 60% of
thyroid, and approximately 43% of colorectal carcinomas
(CRC)."? Currently, within the United States, clinical
KRAS mutation testing is performed on CRC, thyroid,
endometrial, pancreatic, and non—small cell lung cancers
(http://www.amptestdirectory.org/index.cfm). Research on
KRAS began in 1964 when it was first identified as the
cause of leukemia virus—induced rat sarcoma.* Later, the
Kirsten rat sarcoma retroviral oncogene sequence was
cloned and used to identify the human homolog gene, now
known as KRAS or KRAS2 (Kirsten rat sarcoma virus 2
homolog).” Constitutively activating KRAS mutations were
first seen when abnormal KRAS gene sequences from
human malignancies could transform NIH3T3 cells.® Since
these early studies, an enormous amount of data on KRAS
gene function in normal cells and malignancies has accu-
mulated, and KRAS sequence analysis is now a routine part
of patient care. Here, we will briefly review KRAS gene
function and the current molecular methods employed in
clinical KRAS mutation testing.*"!

KRAS is located at 12p12.1, spans approximately 38 kb,
and encodes a 188—amino acid residue with a molecular

weight of 21.6 kDa. KRAS normally functions in signal
transduction cascades initiated by the binding of epidermal
growth factor receptor (EGFR), hepatocyte growth factor,
and insulin-like growth factor to their receptors.*'" When
activated wild-type KRAS binds GTP, this results in a con-
formational change that allows the protein to bind and acti-
vate over 20 known downstream effectors, including Raf,
Braf, mTOR, MEK1 and 2, ERK, AKT, and PIK3CA.
These downstream effectors exert many different effects,
including apoptosis suppression, promotion of cell growth,
cell transformation, angiogenesis, migration, and differen-
tiation.** KRAS functions as a molecular binary switch
that alternates between a GTP-bound “active” state and a
GDP-bound “off” state, with each state having a specific
molecular conformation. While KRAS has intrinsic GTPase
activity, the hydrolysis rate constant is too low to be
physiologically relevant, but specific “GTPase activating
proteins” can increase hydrolysis roughly 100,000-fold. In
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turn, guanine nucleotide exchange factor proteins promote
GTP binding by lowering the affinity of KRAS for bound
GDP and catalyzing its replacement with GTP.'*"* Activat-
ing KRAS mutations are point mutations mostly affecting
KRAS amino acid residues 12, 13, and 61, all of which
decrease the intrinsic KRAS and GTPase activating pro-
tein—promoted GTP hydrolysis, resulting in constitutive
KRAS activation.'"* Interestingly, KRAS mutations occur
early in the development of CRC and late in non—small cell
lung cancers.'*'

Following the failure of one or more prior chemothera-
peutic regimens, anti-EGFR therapies are often used for
locally advanced or metastatic CRC (mCRC) and non—
small cell lung cancers. The anti-EGFR antibodies, panitu-
mumab and cetuximab, are employed in treating mCRC,
while EGFR tyrosine inhibitors are used to treat lung can-
cers unresponsive to previous treatments. Numerous stud-
ies have demonstrated that activating KRAS mutations are
strongly associated with a resistance to anti-EGFR thera-
pies, although one recent study may have found an excep-
tion for the GI3D KRAS mutation in mCRC."'
Consequently, the National Comprehensive Cancer Net-
work recommends all patients with CRC or non—small cell
lung cancer being considered for anti-EGFR therapy to be
tested for KRAS mutations.”

Request for KRAS Testing

The clinician typically initiates KRAS testing requests for
a patient. Usually, the testing is performed on tumor tissue
removed from the patient during a previous surgery or
biopsy procedure. Typically, patients undergoing KRAS
testing are those with high-stage tumors that require adju-
vant therapy. If metastatic disease is present, it is impor-
tant to clarify that the sample needed for testing is not the
primary tumor but rather a representative tissue sample
from the metastatic lesion. DNA is usually extracted from
FFPE tissue blocks. It is the pathologist’s responsibility to
identify the best tumor section to be subjected to testing.
This includes evaluation of the slide with cut tissue or the
tissue block, followed by microdissection and macrodis-
section for tumor enrichment, to eliminate portions of
necrotic tumor and nonneoplastic tissue. Typically, tumor-
enriched areas will have relatively easily identified histol-
ogy and can be dissected away from benign tissue. This
process is often aided by having the fixed tissue cut and
placed on an unstained slide and having a standard H&E-
stained slide of the same tissue cut available for compari-
son. Alternatively, the tissue block may be cut, as is
depicted in Figure 1A and 1B. This allows the pathologist
to identify exactly where the tumor-rich areas are versus
tumor-poor areas.

Fr%g’ment of

nriched

Figure |. (A)The pathologist selects the tissue block most representative
of the tumor. First, evaluation of the H&E slide (arrow) will allow selection
of the areas most rich with the tumor (double arrow), eliminating areas of
tumor necrosis (star) and of nonneoplastic tissue (double star).The tumor
areas are highlighted with a marker. (B) The tissue section slide previously
marked (single blue arrow) is superimposed to the corresponding paraffin
block, and the tumor area is identified. The selected tumor-enriched areas
may be easily cut out from the tissue block (black arrows) and sent for
KRAS analysis. Alternatively, tumor-rich tissue areas (blue arrows) may be
scraped off an unstained slide with a razor blade and the DNA extracted
for testing.

KRAS Mutation Testing Methods

More than 60 methods have been employed in KRAS test-
ing, most of which fall under the categories of sequencing,
high-resolution melting analysis (HRM), single-strand con-
formation polymorphism (SSCP), denaturing gradient gel
electrophoresis (DGGE), denaturing high-performance lig-
uid chromatography (DHPLC), array/strip analysis, and
allele-specific PCR. All of these techniques have been suc-
cessfully applied to clinical KRAS testing, and each has its
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unique feature. Here, we will briefly discuss each of these
techniques and compare their sensitivities, specificities,
turnaround times, and costs.

Sample preparation. Clinical testing for CRC and non—
small cell lung cancers is commonly performed on snap-
frozen, formalin-fixed, or FFPE tissue blocks. DNA is
usually isolated with commercial kits. Often, a pathologist
will examine the specific areas of the slide so that only
areas with viable tumor are selected for testing (Fig. 1A and
1B). Clinical testing for KRAS mutations on solid tumors
can be challenging for several reasons. First, DNA from
such sources requires special preparation, as 1) it can
be fragmented and cross-linked to other biomolecules,
making amplification difficult, especially for longer DNA
sequences; 2) it may contain PCR inhibitors that must be
removed before amplification; and 3) formalin fixation can
introduce DNA sequence alterations.”** Additionally, the
analysis of tumors for mutations can be complicated by a
high ratio of benign stromal to tumor cells, diluting out the
possibly mutant DNA with wild-type KRAS sequences.
This can be especially difficult with postchemotherapy
tumors and desmoplastic pancreatic tumors, where the
number of tumor cells can be very low. Lastly, biopsy sizes
may be small, limiting the amount of DNA available, and
many tumors are KRAS heterozygous, having both mutant
and wild-type KRAS, further diluting mutant DNA. For
these reasons, and because false-positive or -negative
results can result in grossly inappropriate patient care,
KRAS solid tumor testing requires the highest sensitivity
and specificity as possible. In addition, tissue samples sub-
jected to the stringent conditions of bone decalcification do
not yield intact DNA for molecular analysis.

Sequencing Methods in KRAS Testing

Sanger sequencing and pyrosequencing of PCR-amplified
DNA are commonly employed in KRAS mutation analysis.
Sanger sequencing of PCR-amplified genomic DNA is con-
sidered the gold-standard technique by many researchers,
as it can identify all mutated base pairs and identify small
insertions and deletions, and it is often used to confirm
results obtained from techniques such as HRM, SSCP, and
DGGE, methods that do not identify specific base
changes.”>?® Both methods are DNA polymerase based,
with analysis based on analyzing the termination of DNA
synthesis.”?’

Sanger sequencing. Sanger sequencing is based on the
synthesis of complementary DNA by DNA polymerase
with 2 different sets of nucleotide bases being present: the
natural 2'-deoxy form (dNTP) and 2',3'-dideoxynucleotide
(ddNTP). All 4 bases are present (A, T, G, C) in each nucle-
otide set. Incorporation of a ddNTP results in the

termination of DNA synthesis; with the optimal ratio of
dNTPs to ddNTPs, a set of nested fragments is produced,
each with different nucleoside monophosphate units. By
labeling each of the ddNTPs with 4 different fluorophores,
the DNA sequence can be read by analyzing the fluorescent
emissions as the fragments pass through a laser detection
system. With automated Sanger sequencing, “raw” fluores-
cent signals are typically analyzed by both visual inspection
and with software that removes cross-talk, corrects for vari-
ations in fragment migration, and normalizes emission
intensities. Typically, calling a specific base is considered
valid when the probability of error is 1% or less. The Sanger
sequencing method can sequence up to 800 bases at one
time, which is more than sufficient for KRAS analyses.”’
Sanger sequencing is often used to analyze KRAS muta-
tion status and has the advantage of interrogating essen-
tially all possible base substitutions. Most commonly, PCR
primers are used to amplify the genomic DNA immediately
flanking known KRAS point mutations. Although this
method works well, its limit of detection is relatively mod-
est compared to other techniques used in KRAS mutation
analyses. Multiple studies have found Sanger sequencing to
require at least 15% to 50% of the sample DNA to be a
KRAS mutant for reliable detection, which is a detection
limit insufficient for clinical samples low in tumor cells or
DNA. In most studies, this detection limit was calculated by
increasing the percentage of wild-type KRAS DNA in a
wild-type/mutant KRAS DNA mix.”’?? Specifically, sam-
ples with less than 10% tumor cells showed significantly
fewer KRAS mutations than those with more than 10%
tumor cells.” Interestingly, whole-genome amplification
followed by standard PCR and Sanger sequencing increased
the KRAS mutation detection limit in one study but low-
ered it in another.’**® The reason for this discrepancy is
unknown but likely due to initial DNA quality and differ-
ences in amplication methods. Finally, one study found
Sanger sequencing to have lower sensitivity in detecting
base substitutions at the first position of codon 12 compared
to other substitutions. It also had an 11.1% false-positive
rate and 6.1% false-negative rate with an automated inter-
pretation algorithm with a 10% threshold, indicating that
manual review of all Sanger sequencing data is needed.”

Pyrosequencing. Pyrosequencing is a DNA polymerase—
based sequencing method that measures the release of inor-
ganic pyrophosphates in several reactions, the last of which
creates photons from luciferase activity. Pyrosequencing
analyzes the addition of a specific ANTP in limiting amounts
to a reaction in DNA polymerase—mediated DNA synthesis
on a complementary DNA strand immobilized on a solid
support. When a complementary dNTP is added to the reac-
tion, the DNA polymerase extends the primer and pauses
when it hits a noncomplementary base. After completion
of a washing step, the reaction continues following the
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DNA polymerase
(DNA),, + ANTP ———— > (DNA),,,4 +PPi

Sulfurylase
PPi + adenosine 5'phosphosulfate——»ATP + SO,

Luciferin
ATP+ O, — > AMP + PPi+ CO, + one photon

Figure 2. The sequencing primer binds a complementary ssDNA
molecule to be sequenced. DNA polymerase is added, and each dNTP is
added and removed from the reaction.When a base is added to the DNA
being synthesized, PPi is released and subsequently converted to ATP by
ATP sulfurylase in the presence of adenosine 5" phosphosulfate. The ATP
is used in the conversion of luciferin to oxyluciferin, generating visible light
proportional to the ATP concentration. The light is usually measured by
a photomultiplier tube, avalanche photodiode, or charge-coupled device
camera.

addition of a new complementary base. The pyrophosphate
released with incorporation of a ANTP is converted to ATP
by sulfurylase, which is subsequently degraded by luciferin
to a photon. The light is usually measured by a photomulti-
plier tube, avalanche photodiode, or charge-coupled device
camera. After completion of a washing step, a new dNTP
and other required reagents are added to the reaction. For
reactions analyzing an adenine addition, dATP is added to
the reaction (Fig. 2). The limit of pyrosequencing is due to
the fact that it can only sequence approximately 40 to 50
bases, and it cannot accurately measure homopolymer
repeats greater than 5 nucleotides.”” However, for the analy-
sis of PCR KRAS amplicons, these constraints are usually
insignificant.

Like Sanger sequencing, pyrosequencing is commonly
used to analyze KRAS mutation status and is usually per-
formed on immobilized PCR-amplified amplicons derived
from genomic DNA. Most studies have demonstrated that
the detection limit of pyrosequencing is approximately
1.25% to 6% mutant DNA.****3233¢ The increased sensi-
tivity of pyrosequencing is especially useful where KRAS
mutant DNA is likely to be heavily diluted in wild-type
DNA, such as CRC with microsatellite instability and sig-
nificant inflammatory infiltrates or desmoplastic pancreatic
tumors with few malignant cells and abundant stromal
cells.” Additionally, because the detection of each pyrose-
quencing light emission is more uniform than the detection
of different fluorophores in Sanger sequencing, interpreting
low-level signals is less subjective in pyrosequencing than
in Sanger sequencing. In contrast to most molecular diag-
nostic techniques, Sanger sequencing and pyrosequencing
can both detect double KRAS mutants, although the clinical
significance of double mutants is presently unknown.*
Finally, Sanger sequencing and pyrosequencing assay

sensitivities can be increased by slide macrodissection for
tumor enrichment (Fig. 1A).

Sequencing variations. Because sequencing technologies
may lack sufficient sensitivity for some clinical samples,
efforts have been made to increase assay sensitivity. For
example, Arcila et al.”” employed locked nucleic acid prim-
ers (containing 2'-O, 4'-C methylene bridges, which
increase nucleic acid hybridization specificity) in the initial
PCR amplification of the KRAS genomic DNA. In com-
parison to standard Sanger sequencing, locked nucleic acid
primers detected 14% more KRAS exon 2 mutations (36%
v. 45%). This 14% increase in KRAS mutations was
detected by analyzing 308 CRC samples previously sub-
jected to standard oligonucleotide amplification and Sanger
sequencing to the same protocol employing locked nucleic
acid primers. In 308 samples, 121 were KRAS mutation
positive with standard amplification, and 140 were positive
with locked nucleic acid primer amplification, which is a
14% increase in detection sensitivity.’” Similarly, the same
group employed matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry to investigate KRAS
amplicon mutation status and achieved a modest 5%
increase in mutation detection. Presently, Sanger sequenc-
ing is considered the “gold standard” for KRAS mutation
testing, although other techniques, such as array assays and
allele-specific PCR analyses, work well and have greater
sensitivities than sequencing.

High-Resolution Melting Analysis (HRM)

HRM is also commonly used to analyze KRAS mutation
status. Typically, regions flanking the KRAS point muta-
tions to be investigated are PCR amplified. The resulting
amplicons are heat denatured and subsequently renatured at
40°C to 50°C in the presence of appropriate buffers and of
a fluorescent dye that emits more strongly when bound to
dsDNA than ssDNA. The mix is heated, and the fluorescent
intensity is measured and compared to wild-type and mutant
controls. Multiple data acquisitions (~25) are taken per
degree of temperature increase, and sample denaturation
points are compared. dsSDNA denaturation and the concom-
itant lowering of fluorescent emission intensities, occurring
at different temperatures, differentiate mutant and wild-
type sequences. Temperature changes can range from a few
fractions of a degree to nearly 10°C, depending on the size
of the amplicon and on the base differences between the
sample and the control.”*° The detection limit of HRM is
in the range of 3% to 10% mutant DNA intermixed with
wild-type DNA.***** Most researchers who have com-
pared HRM to other KRAS mutation testing methods have
found it to be suitable and cost-effective for clinical testing.
Therefore, HRM is often the recommended KRAS testing
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method for high-throughput testing.”>*****%*! For paraffin-
embedded samples, the sensitivity and specificity of HRM
have been reported as 88% and 80%, respectively, where
sequence analysis was used to determine accuracy and the
calculations were performed employing Microsoft Excel
(Redmond, WA) and the R statistical package.” However,
Franklin ez al.® compared HRM, allele-specific PCR, and
Sanger sequencing and found that HRM had a specificity of
61% when mutations were confirmed by Sanger sequenc-
ing, reporting a significant overestimation of the actual
number of mutations. For this reason, it is recommended
that positive HRM results be confirmed by sequencing or
allele-specific PCR.**26304!

Single-Strand Conformation
Polymorphism (SSCP) and Denaturing
Gradient Gel Electrophoresis (DGGE) for
KRAS Testing

SSCP and DGGE are less often employed for KRAS testing
than other methods. For both techniques, DNA surrounding
the KRAS point mutations is PCR amplified before analy-
sis. In SSCP, the amplicon is heat denatured, rapidly rena-
tured, and subjected to electrophoresis with amplified
wild-type KRAS co-run as a control. An ssDNA segment
with a point mutation will assume different secondary and
tertiary structures, resulting in a different migration pattern
compared to the wild-type control.

In DGGE, control duplex wild-type dsDNA is compared
to the sample dsDNA that may carry a point mutation. The
2 DNA duplexes are subjected to electrophoresis under
mild denaturing conditions. Under such conditions,
duplexes carrying mutations will often adopt a more
complex, or different, 3-dimensional conformation than
duplexes not carrying mutations. As a result, they will
migrate at a different rate during gel electrophoresis. In
general, SSCP and DGGE are less efficient and accurate
than DNA sequencing; hence, sequencing has largely sup-
planted this testing method. However, these techniques
may still have value as screening methods for mutations if
they are verified by DNA sequencing or allele-specific
PCR.***** In addition, like HRM, SSCP and DGGE do not
identify mutated bases; thus, for this reason, samples test-
ing positive for mutations using these methods should be
confirmed by sequencing or allele-specific PCR. Lastly, the
detection efficiency of both methods falls with increasing
amplicon size, becoming difficult with amplicons over 200
base pairs and impossible with amplicons of 300 base pairs.

The accuracy of duplex analysis has been increased by
employing DHPLC to analyze amplicon mixtures. Wild-
type amplified KRAS DNA is mixed with similarly ampli-
fied tumor KRAS DNA, denatured, renatured, and subjected
to DHPLC. Tumor samples carrying base changes will form
heteroduplexes with wild-type amplified DNA, which will

typically have a more complex tertiary structure, and
elute more rapidly than wild-type homoduplexes.*
Although the detection sensitivity for this technique is as
low as 1% mutant DNA, it also does not identify the spe-
cific mutation, and further mutation confirmation testing
may be necessary.

Array or Strip Assay for KRAS
Mutation Detection

Many different variations of array/strip assays have been
successfully employed in KRAS mutation analysis. Since
such platforms need only to identify a low number of muta-
tions, KRAS arrays are far less complex than most array
systems.* Most assays begin with isolating genomic DNA,
with possible KRAS mutations, from sources such as a fro-
zen or formalin-fixed tumor or feces from individuals sus-
pected of having CRC.*** Like many other protocols, the
strip assay for KRAS mutation detection starts with PCR
amplification of the DNA immediately surrounding the
KRAS point mutations. The DNA is then denatured and
hybridized to a solid matrix with specific DNA sequences
carrying different KRAS mutations. Usually, the hybridized
amplified sequences are detected by their attachment to a
specific label, such as a terminal biotinylated moiety, that
can bind a streptavidin-conjugated fluorophore following
several washing steps. The detection limit of most array/
strip assays is high, and as little as 0.1% to 1% mutant DNA
diluted in wild-type DNA can be detected. Several studies
have demonstrated high sensitivities and specificities of up
to 100%."*® Interestingly, like sequencing, this technique
can detect rare cases where a given sample has more than
one type of KRAS mutation, although it only detects those
mutations present on the analysis strip. Due to the high sen-
sitivity of the assays, this technique has been successfully
applied to KRAS mutation detection in samples that are
likely to contain large amounts of nonmutant DNA, includ-
ing blood and feces.***’

Some of these assays have increased the detection of
low-abundance KRAS mutations by employing peptide
nucleic acid polymers (PNA). PNA is a synthetic polymer
composed of N-(2-aminoethyl)-glycine units linked by pep-
tide bonds with bases attached by methylene carbonyl
bonds. PNA/DNA hybrids are stronger than DNA/DNA
hybrids. PNA sequences overlap and bind strongly to wild-
type KRAS sequences and can block 3" sequence—overlap-
ping DNA-based primers attenuating PCR initiation. The
same PNA sequences do not bind to mutant KRAS DNA,
allowing normal PCR round initiation and increasing the
fraction of mutant KRAS DNA amplified.*

Allele-Specific PCR

Taq DNA polymerase initiates the PCR reaction from mis-
matched template-primer 3'-termini at 10~ to 10°® lower
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Table I. Summary of the Relative Strengths and Weaknesses of Each of the KRAS Mutation Analysis Methods

Testing method Method base Detection limit® Advantages Disadvantages References
Sanger sequencing Dideoxynucleotide 15%-50% Provides the Detection sensitiv- 28-33
chain termination entire amplified ity lower than
with fluorophore sequence other methods
detection
Pyrosequencing Light detection fol- 1.25%-6% Provides the Cannot read homo- 27,31,33,35-37
lowing nucleotide entire amplified polymeric runs
incorporation sequence over ~5 nucleo-
tides
High-resolution melt- Differential melting 3%-10% Quick and useful No DNA sequence, 26,27,39-42
ing analysis curves between for large-scale low specificity
mutant and initial screening
wild-type DNA
duplexes
Single-strand confor-  PCR amplifica- 1% Quick and useful No DNA sequence, 39,43-45
mation polymor- tion followed by for large-scale low specificity,
phism and denatur-  analysis of heat initial screening testing can be
ing gradient gel denaturation complex
electrophoresis curves
Array/strip assay KRAS DNA ampli- 0.1%-1% High sensitivity and  Does not test for 46,47
fication followed specificity KRAS mutations
by binding to a not on test strip
solid matrix
Allele-specific PCR Detection based 0.1%-1% High sensitivity and  No DNA sequence, 51,52

on excluding mis-
matched primer-
target sequences

specificity not valid at high

Cp values (>35)

*The detection limit is defined as the minimum percentage of mutant KRAS DNA that can be detected when diluted into wild-type DNA.

amplification efficiency, depending on the mismatch type.*’
Allele-specific PCR employs the poor initiation of the Taq
polymerase from mismatched primers by using primers
with 3’ ends that match the KRAS mutations, allowing the
detection of minute concentrations of mutant KRAS. In
some systems, allele-specific PCR technology can detect
one mutant allele in a background of 10* wild-type alleles.”’
Since the Taq polymerase does initiate at a low level from
mismatched primers, KRAS primers with mutant sequences
will sometimes initiate from wild-type sequences, giving a
false-positive result at high Cp values.® For this reason,
allele-specific PCR results are typically considered positive
at Cp values of 35 and lower.’>*' Since most tumors have
unmutated KRAS, many allele-specific PCR protocols also
amplify wild-type KRAS sequences as internal controls.
Amplification of wild-type KRAS sequences is useful.
These sequences represent internal PCR controls and are
used for comparison to amplified mutant sequences, which,
if successfully amplified, should have different Cp values
as compared to wild-type DNA.>*!

BRAF and NRAS Testing

CRC may also exhibit BRAF and NRAS mutations in about
4.7% and 2.6% of cases, respectively.’? Activating mutation

of these genes is also associated with a resistance to panitu-
mumab or cetuximab therapies.’”*® For this reason, the
National Comprehensive Cancer Network recommends
that all patients with CRC being considered for anti-EGFR
therapy be tested for BRAF mutations.** The testing meth-
ods reviewed here are also commonly used for BRAF test-
ing. For example, Arcila e al.’” applied the same analysis
comparing Sanger sequencing with standard versus locked
nucleic acid primer amplification and found that the latter
amplification method also gave better BRAF mutation
detection. NRAS mutation testing is not presently recom-
mended by the National Comprehensive Cancer Network,
although the test is offered by some molecular diagnostic
companies, such as Quest Diagnostics (Madison, NJ).

Conclusion

The National Comprehensive Cancer Network currently
recommends KRAS testing for all patients with CRC or non—
small cell lung cancer being considered for anti-EGFR ther-
apy.”? Here, we reviewed several of the more commonly
employed techniques used to analyze KRAS mutation status.
While all techniques have efficacy, they differ in sensitivity
and accuracy. Presently, Sanger sequencing, pyrosequencing,
and allele-specific PCR are the most commonly used
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analysis methods, although various array/strip methods are
likely to become more common in the future.***’

Comparisons of different techniques have shown differ-
ent sensitivities. For example, Sanger sequencing requires
the presence of 15% to 50% mutant DNA for the test result
to be positive. On the other hand, pyrosequencing requires
about 5% and allele-specific PCR requires about 1% of the
same material to generate a positive test result,?®*?34-36.3031
Array/strip assays appear to reach the highest sensitivity,
with some assays detecting 0.1% mutant DNA.**’ Con-
versely, HRM, SSCP, and DGGE often show relatively high
false-positive rates compared to other techniques and often
require additional testing with different methodologies to
confirm the mutation detected.”********"* These tech-
niques hold value for large-volume screening protocols,
such as research applications, but provide little value in
most molecular diagnostic laboratory applications. For
most of the techniques listed above, the turnaround times
are similar, although mutation confirmation testing for
HRM, SSCP, and DGGE prove more time consuming. The
advantages and disadvantages of each of these techniques
are summarized in Table 1. In the future, as new anti-EGFR
therapies become available, the need for KRAS testing will
probably increase. It is likely that newer, more sensitive,
and cheaper KRAS mutation diagnostic techniques will
become available, ultimately fostering the development of
personalized medicine.
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