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Abstract

Background and Objective The rapid development of

molecular biology techniques allows for the introduction of

real-time polymerase chain reaction (PCR) methods with a

limit of mutation detection at 1 % in a background of wild-

type DNA. Analysis of KRAS mutations in codons 12, 13, and

61, together with analysis of BRAF mutations in codon 600,

are predictive biomarkers for anti-epidermal growth factor

receptor (EGFR) treatment in colorectal cancer. Our aim was

to compare PCR methods for KRAS mutations and BRAF

mutation analysis using DNA isolated from tissue samples

previously evaluated for presence of tumor cells using a

quantitative scale and the percentage of tumor cells (PTC)

scale. We addressed the question of whether a low number of

tumor cells can be qualified for somatic mutation testing.

Results Our study showed that PTC as low as 10 % was

good enough to detect KRAS G12D, G13D, and Q61L

mutations in formalin-fixed paraffin-embedded (FFPE)

material. Furthermore, our results indicate that up to 20 % of

colorectal cancer may carry mutations in the KRAS codon 61

and BRAF codon 600, which suggests the value of these

mutation analyses because patients carrying them are unli-

kely to respond to cetuximab or panitumumab. A low level of

KRAS somatic mutation detection has not been studied in

depth in the context of clinical outcomes in patients; there-

fore, we compared new PCR methods, (KRBR-RT 50 En-

trogen; ViennaLab StripAssay) and re-evaluated KRAS and

BRAF status in patients with relapse after targeted therapy.

Conclusions The importance of molecular results was

confirmed by clinical observation of a patient with relapse

who had qualified for targeted therapy with KRAS WT

status (but was diagnosed by less sensitive single-stranded

conformation polymorphisms method). Interestingly, dur-

ing anti-EGFR treatment, it came to the selection of cells

with KRAS G12C mutation which were present from the

beginning in the tumor but at a low level (detected by PCR

methods) only and led consequently to the metastasis.

Taking into consideration the limit of detection, labor time,

and assay cost, the real-time PCR method seems to be very

promising especially for FFPE material with the PTC

below 15 %.

1 Introduction

Thirty years ago the KRAS gene was proposed as an

oncogene in human cancer [1], and today we already know

that it is one of the most frequently activated oncogenes
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with 17–25 % of all human tumors [2]. Since that time we

have learned that mutations in KRAS arise after the loss of

APC (the tumor suppressor gene) during colon cancer

progression in humans [3]. Moreover, the expression of

KRAS with the most common G12D mutation in the colon

epithelium stimulates hyperproliferation in an MEK-

dependent manner [4]. Experiments in mice carrying a

mutation in the APC revealed that mutant KRAS promotes

tumor progression [4], while human colon cancer cells

(DLD-1), expressing KRAS mutated in codon 13 (G13D),

are not sensitized to the inhibition of MEK but when exposed

to small molecule inhibitors of RAF (AZ628 and sorafenib)

the cells were hypersensitive to RAF inhibition [4]. Inter-

estingly, transcriptomes data from colorectal cell lines with

mutations in KRAS or BRAF demonstrated that glucose

deprivation may drive the acquisition of KRAS pathway

mutation in tumors, and that glycolysis inhibitors preferen-

tially suppress the growth of those tumor cell lines [5].

Since the late 1980s, KRAS mutations (mostly in codon

12) have been observed in a broad range of solid tumors:

lung adenocarcinoma [6], pancreatic adenocarcinoma [7],

stomach cancer [8], and colorectal cancer [9]. Moreover,

evaluation of KRAS status in hyperplastic colorectal pol-

yps showed the presence of a mutation in codons 12 and 13

in 47 % of samples, indicating that hyperplastic colorectal

polyps may actually be true premalignant lesions [10].

The next step to understanding tumorigenesis was

BRAF mutation analysis in colorectal tumors. Rajagopalan

et al. [11], in the systematic evaluation of KRAS and

BRAF mutations, demonstrated that both genes are muta-

ted at a similar phase of tumorigenesis: after initiation but

before malignant conversion. Additionally, BRAF tumori-

genesis action occurs in tumors that do not carry mutations

in a KRAS gene [11]. The study emphasized the role of

repair processes in tumor formation. Further assessment of

BRAF c. 1799T[A transversion in exon 15 (V600E) in

papillary thyroid cancer showed significant correlation

with distant metastases suggesting that the mutation status

of BRAF could be used as a potential marker of patients

with advanced thyroid cancer [12]. Moreover, a study with

MAPK/ERK kinase inhibitors revealed that the BRAF

mutation is associated with the enhanced and selective

sensitivity to MEK inhibition when compared to cell lines

with the KRAS mutation [13]. Also, in tumors with the

V600E mutation, ERK signaling is inhibited in cells

exposed to RAF inhibitors; therefore, RAF inhibitors can

be effective in those patients suffering from a tumor with

the BRAF mutation [14].

In the current clinical settings, broad knowledge regard-

ing the KRAS and BRAF genes has been used to personalize

treatment. Because mutations in the KRAS gene result in

activation of the epidermal growth factor receptor (EGFR)

signaling pathway, only metastatic colorectal cancer patients

with wild-type KRAS tumors qualify for anti-EGFR targeted

therapies with cetuximab or panitumumab [15]. Also, a

clinical trial with the BRAF inhibitor (PLX4032) demon-

strated antitumor activity in tumors with the BRAF V600E

mutation and confirmed that V600E BRAF is a valid thera-

peutic target in human cancer [16].

Therefore, recent guidelines for anti-EGFR therapies has

forced assessment for KRAS mutation in codons 12 and 13

in colorectal cancer. Likewise, codon 61 has been included

in many diagnostic tests because the KRAS mutation in

codon 61 predicts resistance to cetuximab plus irinotecan

in KRAS codon 12 and 13 wild-type metastatic colorectal

cancer [17]. Moreover, the presence of the V600E mutation

in the BRAF gene is more and more frequently taken into

consideration before patient-targeted therapy qualification,

because wild-type BRAF is required for a response to pa-

nitumumab or cetuximab [18, 19]. The right strategy to

assess the KRAS and BRAF mutation status is crucial for

the pathologist and diagnostician, especially due to the fact

that not only formalin-fixed paraffin-embedded (FFPE)

samples are taken for analysis but also fresh biopsy and

cytology samples [20]. Old strategies such as Sanger

sequencing, the gold standard in mutation testing, or sin-

gle-stranded conformation polymorphisms (SSCPs) have

been used in diagnostics in the past 20 years. Both methods

are simple tools to detect germline mutation; however,

their detection of somatic mutations depends on the per-

centage of mutated cells in the studied material with a limit

of detection ranging from 10 to 30 %. Therefore, we have

compared two polymerase chain reaction (PCR)-based

KRAS and V600E BRAF detection kits, including novel

colorectal adenocarcinoma samples and old samples pre-

viously diagnosed as KRAS-wild type by SSCP, where

patients did not respond to anti-EGFR therapy.

2 Methods

2.1 Study Samples and Patient Characteristics

We reviewed a cohort of 40 consecutive specimens of

colorectal carcinoma obtained from the Department of

Tumor Pathology and Pathomorphology, The Franciszek

Lukaszczyk Oncology Center in Bydgoszcz, Poland.

Informed consent for mutation testing was obtained from

all patients. In each case, a representative of the carcinoma

tissue area, an FFPE block, was identified by the patho-

morphologist and scraped for DNA isolation. Each indi-

vidual case was evaluated for V600E BRAF and KRAS

mutations using two different methods. The first was a real-

time PCR mutation assay based on mutation-specific PCR,

which detects the 11 most common KRAS mutations in

codons 12, 13, and 61 and the single V600E BRAF
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mutation (EntroGen). The second method tested was the

KRAS-BRAF StripAssay (ViennaLab), which detects the

10 most common KRAS mutations in codons 12 and 13

and the V600E BRAF mutation. Two additional interesting

retrospective cases were added to our study to repeat the

mutation status analysis using more sensitive PCR meth-

ods. These samples were found not to carry mutations in

KRAS codons 12 and 13; however, the patients, after ce-

tuximab treatment and a short remission (2 months), had

new metastasis.

Finally, three additional controls were added to our

study: the HT29 cell line was included as an internal

control for the V600E BRAF mutation and KRAS WT.

Then two KRAS controls (Ctrl 8 with the G12D mutation

and Ctrl 9 with the G13D mutation found previously by the

TheraScreen�: K-RAS Mutation Kit for the detection of

seven mutations (by DxS Diagnostic Innovations) [21]. All

of the colorectal carcinoma patients were examined for

age, sex, number of metastatic sites, and chemotherapy

(Table 1).

2.2 Histological Evaluation and DNA Isolation

One slide with one section per tissue sample, stained with

hematoxylin and eosin (H&E), was evaluated by the

pathomorphologist for the quantitative presence of a tumor.

In each tissue section, the extent of the tumor pattern

(quantitative scale, QS) and percentage of tumor cells

(PTC) were estimated. The quantitative scale of histolog-

ical grading (H) shows the presence of a tumor within a

tissue sample, based on the percentage of the neoplastic

area of the section assessed microscopically and is as fol-

lows: QS H1?, over 1 % up to 20 % tumor presence; H2?,

over 20 % up to 40 %; H3?, over 40 % up to 60 %; H4?,

over 60 % up to 80 %; H5?, over 80 % up to 100 %.

The QS characterized the tissue section as being repre-

sentative for a tumor while the PTC allowed one to assess a

share of neoplastic cell nuclei. The latter parameter was

analyzed based on the number of tumor cells compared to

all nucleated cells, using a subjective method of counting

microscopically ten neighboring cells as a smallest virtual

‘‘decimal cell group,’’ dispersed uniquely within each tis-

sue section. Next, it was tenfolded to the ‘‘hundredth’’ and

‘‘thousandth’’ cell groups in the next two steps, obtaining

‘‘tenth,’’ ‘‘hundredth,’’ or ‘‘thousandth’’ cell measures,

respectively, to an approximate estimation of the cell

number, if needed, with a method accuracy of approxi-

mately 10 %. To increase the extent of neoplastic patterns,

a tissue section with a low representation of cancer was

subjected to a macrodissection procedure during which

non-neoplastic tissue, marked by the pathomorphologist,

was cut out from paraffin blocks. Subsequently, slides with

the new section stained with H&E were evaluated again.

DNA isolation was also performed after the macrodis-

section of a region indicated by the pathomorphologist,

from FFPE. Genomic DNA was derived from FFPE colon

cancer tissue using Qiagen’s QIAamp FFPE Mini Kit,

according to the manufacturer’s instructions with the fol-

lowing modification: in order to lyse all materials, a

resuspended pellet in 180 ll of Tissue Lysis Buffer with

20 ll of proteinase K was vortexed and continuously

shaken at short intervals during overnight incubation at

56 �C. The DNA quality and quantity was measured by

Nanodrop and a total of 650 ng was used for real-time

PCR.

2.3 Evaluation of 11 KRAS and V600E BRAF

Mutations Using Real-Time Assay

Evaluation of KRAS and V600E BRAF status using real-

time PCR assay was performed using the K-Ras/B-Raf

Mutation Analysis Panel Kit for real-time PCR (EntroGen,

Tarzana, CA, USA) (Figs. 1, 2), which employs allele-

specific primers that are 100 % complementary to mutant

variants of the KRAS and BRAF genes. Detection of the

amplification products was performed with the use of

fluorescent hydrolysis probes. Probes tagged with the FAM

fluorophore were complementary to the KRAS and BRAF

genes and the following mutations localized in codon 12:

G12S, G12D, G12V, G12C, G12A, G12R; in codon 13:

G13D; and in codon 61: Q61H (61CAA[CAT), Q61L,

Q61R, Q61H (61CAA[CAC) of the KRAS gene and the

V600E mutation in the BRAF gene. The internal control

gene’s probe tagged with a VIC fluorophore allowed for

controlled analysis of the DNA template in the reaction

(Fig. 1b). Reagent preparation, 50 ng of the tested DNA

per reaction, LC480 set up (Roche), and data analysis using

absolute quantification/second derivative maximum

method were completed according to manufacturer’s

instructions. The assay can detect a 1 % mutation in a

background of wild-type DNA.

2.4 Evaluation of 10 KRAS and V600E BRAF

Mutations Using PCR with Reverse Hybridization

Ten mutations in the KRAS gene (codons 12 and 13) and

one mutation in BRAF (V600E) were evaluated using the

KRAS-BRAF StripAssay (ViennaLab Diagnostics, Aus-

tria) via PCR amplification with biotinylated primers and

hybridization of the amplification products to test strips

containing allele-specific oligonucleotide probes, accord-

ing to the manufacturer’s instructions. The presence or

absence of a mutation was detected thanks to the binding of

biotinylated fragments to streptavidin-alkaline phosphatase

complexes and the use of color substrates. Interpretation of

the results was based on a naked-eye analysis of colorized
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test strips and always started from the interpretation of the

control line, which indicates the correct function of the

conjugate solution and color developer and was followed

by the positive/negative reactions of the PCR positive and

negative controls.

3 Results

A total of 40 FFPE samples and one HT29 cell line were

screened for 11 KRAS and single V600E BRAF mutations

using two different methods: (1) real-time PCR, which

detects 11 KRAS mutations in codons 12, 13, and 61 and

an additional V600E in BRAF; and (2) a PCR-based

method with reverse hybridization, which detects 10 KRAS

mutations in codons 12 and 13 and an additional V600E as

well. In this studied cohort, two colon carcinoma samples

(numbers 37 and 38) were previously tested using Thera-

Screen (DxS, Manchester, UK) and were selected as

additional positive controls (for mutated KRAS codons 12

and 13) [21]. A further two samples (numbers 39 and 40)

were previously determined using SSCP as wild-type

KRAS and were included in the study.

3.1 Patient and Specimen Characteristics

Clinical and pathological characteristics of this cohort are

summarized in Table 1. We qualified FFPE colorectal

cancer material for molecular analysis using a quantitative

scale (QS) and PTC. Our study shows that QS = H2? with

a PTC as low as 10 % is good enough to detect a mutation

in codon 61 (Q61L; Table 2). The more common mutation,

G13D, was also detected in FFPE material qualified as

QS = H2? and with PTC 15 %.

To illustrate the practical application of real-time PCR

methods and the clinical benefit from KRAS mutation

detection at low PTC, we carefully evaluated the clinical and

molecular data of four patients who received targeted

Table 1 Patient characteristics

KRAS status was analyzed

using real-time PCR methods.

ECOG PS analysis was

performed for 39 patients,

clinical data for 1 patient was

not available

* Patients first diagnosed as

KRAS-WT using the SSCP

method and then, after

cetuximab treatment and disease

progression—KRAS status was

analyzed using real-time PCR

method

Characteristics Study population

(n = 40)

KRAS and BRAF

WT Mutated

Mean age and range (years) 56 (23–76) 55 (29–72) 57 (23–76)

Sex (male/female) 25/15 10/6 15/9

Tumor site

Colon 30 12 18

Rectum 10 4 6

ECOG PS

http://www.ecog.org/general/perf_stat.html

1 38 15 23

2 1 0 1

3 0 0 0

4 0 0 0

5 0 0 0

Number of metastatic sites

0 3 2 1

1 7 1 6

2 5 3 2

[2 25 10 15

Sites of metastasis

Liver 20 6 14

Lung 8 4 4

Lymph nodes, peritoneum, local infiltration 15 8 7

Other 5 2 3

Treatment

Adjuvant chemotherapy or chemoradiotherapy 3 2 1

Metastatic chemotherapy after adjuvant chemotherapy 19 9 10

Primary metastatic chemotherapy 18 5 13

Treatment anti-EGFR

CHT for primary metastatic disease, CHT due to

relapse after adjuvant

4 3 1*
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therapy. Two of them had short-term improvement and then

progression as detailed below. The first patient (no. 39) was a

55-year-old woman who was diagnosed in 1997 with colon

adenocarcinoma (G2pT3N2) and had radical surgery fol-

lowed by 1 year of adjuvant chemotherapy. Two years later,

abdominal recurrence (tumor and retroperitoneal lymph

node metastases) was diagnosed. This prompted a 4-month

course of chemotherapy, followed by radical surgery.

Nine years later the patient experienced an inoperable

recurrence of cancer in the abdomen and pelvic region. After

third-line palliative chemotherapy, the patient was referred

for genetic evaluation. SSCP analysis indicated KRAS WT

status, which qualified her (the patient) for concomitant

targeted therapy (cetuximab: first dose, 400 mg/m2; sub-

sequent doses, 250 mg/m2) and chemotherapy (5-fluoro-

uracil 400 mg/m2 bolus and then 600 mg/m2 over 22 h for

day 1; leucovorin 200 mg/m2 before 5-fluorouracil). After

4 months of treatment, stabilization of the metastatic lesions
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Fig. 1 KRAS mutation analysis in codons 12, 13, and 61. Each curve
represents the time course of the real-time PCR assay. a Amplification

plots for positive controls (PC KRAS) and KRAS wild-type HT29

cell line (flat lines). Amplification curves represent following positive

controls in order: G12S, G12D, G12V, G12C, G12A, G12R, G13D,

Q61H (61CAA[CAT), Q61L, Q61R, and Q61H (61CAA[CAC)

(amplification curves for PC in range: Cp 24.02–27.34). b Amplifica-

tion plots for VIC/yellow reporter for HT29 cell line to ensure that

each reaction was properly loaded. Amplification curves represent

internal controls for each of 11 reactions (amplification curves in

range: Cp 25.07–25.50), flat lines represent NTC. c Representative

sample with KRAS G12D mutation’s detection (amplification curves
of PC with Cp 27 and evaluated sample with Cp 28.85). d Represen-

tative sample with G13D mutation’s detection (amplification curves
for PC with Cp 26.64 and evaluated sample with Cp 25.51).

e Representative sample with Q61H mutation’s detection (amplifica-
tion curves for PC with Cp 25.91 and evaluated sample with Cp

26.69). f Representative sample with Q61L mutation’s detection

(amplification curves for PC with Cp 25.17 and evaluated sample with

Cp 26.04)
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within the pelvis was observed, but two new metastatic

lesions within the skin layers had occurred. Fine needle

aspiration of the new metastatic lesions indicated adeno-

carcinomas, which were tested for KRAS and V600E BRAF

mutation using the real-time PCR method (KRBR-RT50,

Entrogen). Interestingly, KRAS G12C mutation was diag-

nosed in these new lesions. This encouraged us to retest

FFPE from recurrence for KRAS status and to check the first

diagnosis using the real-time PCR method, which has a limit

of detection of 1 %. We confirmed the presence of KRAS

G12C mutation in this specimen. After the progression

described above, the patient started the next line of chemo-

therapy and is still alive at the time of writing.

The second patient (no. 40) was a 64-year-old man who

was diagnosed in 2011 with local adenocarcinoma of the

rectum (G2 pT3N2). The patient received short radiation

therapy followed by radical surgery and then adjuvant

chemotherapy. During this chemotherapy, a CT scan of the

abdomen was performed and metastatic disease was diag-

nosed. The patient was referred for genetic KRAS mutation

evaluation. SSCP analysis indicated KRAS WT status,

which qualified him for concomitant targeted therapy (ce-

tuximab: first dose, 400 mg/m2 day 1; subsequent doses:

250 mg/m2) and chemotherapy (irinotecan 180 mg/m2 day

1, 5-fluorouracil 400 mg/m2 bolus and then 2,400 mg/m2

over 48 h; leucovorin 200 mg/m2 before 5-fluorouracil). At

first, partial remission was observed, but therapy was

stopped after seven cycles due to clinical and radiological

progression of the disease. As further genetic analysis

showed, the patient did not have mutations in KRAS

(codons 12, 13, and 61) or V600E BRAF.

3.2 Comparison of the Mutational Status of KRAS

Codons 12 and 13 and BRAF Codon 600

Determined by Real-Time PCR Methods and PCR

with Reverse Hybridization

Before the novel real-time PCR and strip analysis was

evaluated for the detection of somatic mutations in colorectal

carcinoma with unknown KRAS and BRAF status, the

methods were tested using tumor samples known to harbor

KRAS mutations, detected previously using the TheraScreen

K-Ras Mutation Kit (DxS). KRAS control 8 carries the most

common mutation in primary and metastatic colorectal

cancer, G12D [22], whereas KRAS control 9 carries a

mutation in codon 13 (G13D) [21]. The novel methods for

the evaluation of BRAF mutation and wild-type KRAS status

involved the use of human colon adenocarcinoma cell line

(HT29), which is known to carry wild-type KRAS and the

V600E BRAF mutation (Fig. 1a, b).
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Fig. 2 KRAS and BRAF V600E mutation analysis. One-step anal-

ysis with 11 probes for KRAS and 1 probe for V600E analysis a filter:

FAM 465-510; amplification curves are for PC only, flat baseline

represents no amplification for the KRAS WT, BRAF WT sample.

b Internal controls for PC and analyzed KRAS wild-type and BRAF

V600 wild-type sample; lines represent internal controls: all have Cp

in range: 25.17–25.66; filter 533–680. c Two-step analysis: first, WT

KRAS samples were determined; and next those tested for V600

BRAF status: representative sample with V600E BRAF mutation’s

detection (amplification curves for PC with Cp 26.15 and evaluated

sample with Cp 26.79)
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Table 2 Clinical and pathological characteristics of 41 samples and comparison of KRAS (codons 12, 13, 61) and BRAF mutation analysis of

PCR-based methods

Sample Real-time PCR EntroGen

(KRAS 11 targets)

PCR ? StripAssay ViennaLab

(KRAS 10 targets)

EntroGen ? ViennaLab

BRAF V600E

Tumor

volume

Tumor

(%)

1 WT WT WT H4? 50

2 WT WT WT H3? 20

3 G12C G12C WT H5? 30

4 G12V G12V WT H4? 20

5 WT WT WT H4.5? 50

6 Q61L WT WT H2? 10

7 WT WT WT H4? 50

8 G12D G12D WT H4? 60

9 G12D G12D WT H4? 20

10 G13D G13D WT H3? 10

11 WT WT WT H3.5? 20

12 WT WT WT H3.5? 15

13 WT WT WT H3.5? 20

14 WT WT WT H4? 60

15 WT WT WT H5? 60

16 WT WT WT H4? 25

17 WT WT WT H2.5? 15

18 G12D G12D WT H3? 10

19 G12D G12D WT H3? 20

20 G13D G13D WT H2? 15

21 G12V G12V WT H3? 20

22 Q61H WT WT H4? 25

23 WT WT WT H3? 10

24 WT WT V600E H3? 35

25 G12V G12V WT H4? 40

26 G12D G12D WT H2? 15

27 G12C G12C WT H4? 20

28 WT WT WT H3.5? 20

29 G12V G12V WT H4? 30

30 WT WT WT H3? 20

31 G13D G13D WT H4? 25

32 WT WT WT H3? 25

33 WT WT WT H3.5? 15

34 G12V G12V WT H4? 20

35 G13D G13D WT H4? 30

36 WT WT V600E H3? 15

37 Ctrl (DxS: G12D) G12D G12D WT H3? 30

38 Ctrl (DxS: G13D) G13D G13D WT U U

39 SSCP: KRAS WT G12C G12C WT H3? 15

40 SSCP:KRAS WT WT WT WT H2? 5

Ht29 cell line WT WT V600E N/A N/A

N/A nonapplicable, U unknown
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Among the 40 patients of the study cohort, KRAS codon

12 was mutated in 14 cases, codon 13 in 5 cases, and codon

61 in 2 cases. We used the same isolated DNA for real-time

PCR with allele-specific oligonucleotides (EntroGen) and

PCR with a hybridization step to a strip test containing

allele-specific probes. The same final results for codons 12

and 13 were evaluated using both kits for all tested sam-

ples: mutations G12D (Fig. 1c) and G12V were detected in

6 and 5 separate cases for each mutation, respectively,

G12C was detected in 3 samples (Fig. 3), and G13D was

detected in 5 samples (Fig. 1d), including positive controls

(numbers 37, 38). The BRAF mutation in codon 600 was

detected in 2 cases by both methods (Fig. 2). No mismatch

between real-time PCR (EntroGen) and StripAssay was

observed in the detection of mutations in KRAS codons 12

and 13, and BRAF codon 600.

3.3 Detection of Mutation in KRAS Codon 61

by Real-Time PCR Method

The mutation analysis of KRAS in codon 61 of exon 3 was

performed using the real-time PCR method only (Entro-

Gen). Positive FAM signals were detected in two cases, in

which probes complementary to Q61H (Fig. 1e) and Q61L

(Fig. 1f) hybridized to the sequence of interest and yielded

amplicons with Cp = 26.

3.4 Low Level of KRAS Mutation Detection in Codon

12 in the Context of Clinical Outcomes in Patients

Previously Evaluated with KRAS WT Status

by the Less Sensitive SSCP Method

To determine whether patients—those who did not respond

well to targeted therapy—have the mutation in KRAS

codon 61 or BRAF V600E, we re-evaluated two samples

(numbers 39, 40) previously tested by the SSCP method

and evaluated as KRAS wild-type in codons 12 and 13.

Sample no. 40 did not carry any KRAS mutation in codons

12, 13, or 61, and no V600E BRAF mutation was detected

(Table 2). Sample no. 39 was retested and the KRAS G12C

mutation was detected in codon 12 by both methods. Each

analysis was repeated at least twice by the real-time PCR

method and by the KRAS StripAssay, producing the same

results (Fig. 3). Interestingly, this sample (no. 39) was

derived from a patient who had taken cetuximab in com-

bination with LF4 (5-fluorouracil ? leucovorin) for

4 months as fourth-line chemotherapy.

4 Discussion

Real-time PCR methods are becoming increasingly popular

in molecular diagnostics and may replace the gold standard

of Sanger sequencing or other methods with an insufficient

limit of somatic mutation detection in the present quanti-

tative PCR era. Allele-specific quantitative PCR with

hydrolysis probes has been reported to surpass the 1 %

sensitivity level [15]. In addition, a recent study involving

serial dilution of DNA carrying a KRAS c.34G[T or a

c.35G[A mutation demonstrated that minimum DNA input

is 32 pg, the equivalent of 4–6 cells of high molecular

DNA, to give a Cp value \35 [23]. The K-Ras/B-Raf

Mutation Analysis Panel Kit for real-time PCR (EntroGen)

uses allele-specific quantitative PCR with hydrolysis

probes to detect common mutations not only in V600E

BRAF and KRAS codons 12 and 13, but, as opposed to the

KRAS-BRAF StripAssay, also in codon 61. In cohort two

of this study, the samples carried the following mutations

in codon 61: Q61H and Q61L. Those mutations were not

detected by the StripAssay due to the lack of allele-specific
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Fig. 3 Retrospective KRAS and V600 BRAF mutation status anal-

ysis in sample no. 39 (previously determined as wild-type KRAS

using the SSCP method). a Detection of KRAS G12C mutation in

sample no. 39 (amplification plots for G12C positive control with Cp

25.71 and sample no. 39 with Cp 30.95, in baselines determining

BRAF V600 wild type and no other mutations in KRAS codons 12,

13, and 61). b Detection of the same KRAS G12C mutation in the

metastatic tumor cells (amplification plots for G12C positive control

with Cp 25.71 and sample no. 39 with Cp 27.34)
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probes for mutations in codon 61 of the KRAS gene in the

tested assay. The KRAS codon 61 mutation has been

observed in 10.5 % of patients with KRAS codons 12 and

13 wild-type and was associated with a lower response rate

and a worse progression-free survival [17]. Our results are

in accordance with those data. We observed 10.5 % of

samples with a mutation in KRAS codon 61 and another

10.5 % with V600E BRAF mutation in 19 samples with

KRAS wild-type status in codons 12 and 13 (Figs. 1e, f, 2).

Therefore, this mutation analysis should be recommended

in routine diagnostics because the presence of KRAS

mutation in codon 61 or BRAF in codon 600 can help the

oncologist optimize the treatment, especially when patients

with those mutations probably will not respond to anti-

EGFR monoclonal antibodies [17].

Previous mutation analysis revealed that the V600E

mutation in BRAF and KRAS mutations are mutually

exclusive in colorectal [11] and gastric cancer [24]. Our

data are consistent with those observations: both V600E

BRAF mutations were observed in the sample that had

KRAS wild-type status in codons 12, 13, and 61.

In SSCP analysis, the limit of mutation detection is as

low as 10 %—and is lower than the gold standard (direct

sequencing) where the limit of detection is in the range of

10–30 %, depending on the system and the quality of DNA

[25]. Another evaluation of molecular methods for somatic

mutation analysis performed at Johns Hopkins Medical

Institution showed that the limit of detection for Sanger

sequencing, pyrosequencing, and melting curve analysis of

KRAS mutation was approximately 15–20 %, 5 %, and

10 % mutant alleles, respectively [26]. A different com-

parison of peptide nucleic acid PCR clamping and direct

sequencing also showed the inability of the gold standard

method to identify low levels of mutation-bearing colo-

rectal cancer cells [27]. Macrodissection or laser micro-

dissection could help increase the percentage of tumor in

the specimen for DNA isolation, but also adds labor time to

the pathomorphologist’s schedule. In the FFPE samples

containing 10 % tumor cells, 1 % of mutant cell detection

corresponds to genetic heterogeneity within the same

tumor, as previously reported for KRAS in CRCs [7, 28].

Therefore, quantitative PCR methods will increase muta-

tion detection as was demonstrated in a diagnostic case

with 1 % of neoplastic cells in the entire section and

around 10 % in the macrodissected area [28]. Mutation was

not detected in DNA isolated from the whole section while

G12D mutation was identified in the same macrodissected

sample, taking into consideration that in both cases DNA

quality was unfavorable [28]. On the other hand, the results

obtained by Tsiatis et al. demonstrated that the percentage

of the KRAS mutant cells was not universally lower, but

sometimes greater than that predicted based on tumor

evaluation by the pathologists or individual tumor cells

harboring extra copies of mutant KRAS alleles when two

samples in the series had tumor percentages estimated to be

\20 % (\10 % predicted mutant alleles), but with[45 %

KRAS mutant alleles identified using pyrosequencing [26].

Although those molecular diagnostics results increased

the importance of molecular methods with best limit of

detection and minimum false negative and false positive

results, the clinical significance of low-level mutants in

relation to their prognostic and therapeutic benefit has not

been fully understood [26]. Our results demonstrate for the

first time that patients with a very low content of tumor

cells harboring mutations in KRAS codon 12 were previ-

ously diagnosed as carrying wild-type KRAS due to the

limit of detection of approximately 10 % in the SSCP

method.

Patients with the KRAS G12C mutation, treated with

cetuximab (Erbitux) had stabilization for a short period,

and then novel metastatic foci occurred with KRAS

mutated in the same codon 12. Therefore, we might con-

clude that outcome of personalized treatment is highly

associated with tumor heterogeneity observed in patients

because the detected mutation was probably present in only

5 % of tumor cells. In the case of patient no. 39, during the

targeted anti-EGFR treatment, it came to the selection of

KRAS G12C cells (which were present from the beginning

in the tumor but at a low level of around 5 %, Fig. 3a) and

in consequence to the metastasis (Fig. 3b).

On the other hand, patient no. 40 did not respond to

cetuximab—we even confirmed KRAS WT and BRAF WT

status by real-time PCR methods. This reminds us that the

patient could have a KRAS mutation in codon 146 [17] or

another molecular mechanism is involved in his lack of

response to cetuximab.

Therefore, when the molecular method is chosen for

somatic mutation screening, not only costs but also several

other factors should be taken into consideration such as the

best limit of detection, sensitivity (false negatives) and

specificity (false positives), reproducibility, and reasonable

turnaround time (Table 3) [26]. SSCP and KRAS-BRAF

StripAssay differ in cost of reagents and the limit of

detection but both have the longest turnaround time, while

the real-time PCR method (K-Ras/B-Raf Mutation Analy-

sis Panel Kit for real-time PCR, EntroGen) has prices

comparable with those of StripAssay, but its turnaround

time is minimal with the same limit of detection (Table 3).

5 Conclusions

Our comparison of two sensitive methods with a limit of

detection of 1 % mutant DNA indicated the same level of

mutation detection reliability. However, labor time indi-

cates the real-time PCR method as preferred. Our results

KRAS and BRAF Mutation Analysis 201



confirm that somatic hotspot mutations can be reliably

detected using allele-specific quantitative PCR with

hydrolysis probes [23, 29]. We identified in DNA isolated

from colorectal cancer 10 % mutation outside of KRAS

codons 12/13 and another 10 % in BRAF V600 codon. All

mutations were detected in material with a minimum 10 %

of tumor cells (PTC). Our clinical sample (patient no. 39)

with a low content of tumor cells may suggest prepon-

derance of PCR methods in detecting KRAS mutation over

the SSCP, as well as the importance of this in clinical

practice.
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