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Theoretical Part 

1.Introduction  

Mortality rate among cancer patients remains one of the important public health problems in 

Europe and World. The number of cancer cases increases every year due to overall longer 

lifespan of general population, exposure to pollution and smoking, bad eating habits, exposure to 

specific viruses which were shown to be linked to cancerogenesis, insufficient preventive 

screening and ineffective intervention. The database summarizing data regarding 25 different 

types of cancer in 40 European Union countries in year 2008 pinpoints that there are about 3.2 

million reported cancer cases and 1.7 cancer deaths per year (Ferlay, 2010). 

The Czech Republic has been ranked among countries with highest incidence of cancer in 

Europe. According to the Czech National Cancer Registry (CNCR) which contains information 

about all cancer diagnoses collected during the last 30 years, there was estimated that more than 

27,000 persons in the Czech Republic die of cancer each year (about 263 deaths per population 

of 100,000). The mortality rates are stabilized; however, the incidence of primary tumours 

continues to increase. The most frequently diagnosed types of cancer were: colorectal cancer, 

lung cancer, breast cancer, and prostate cancer, see www.svod.cz. Although some types of 

cancers get diagnosed at earlier stage than before, early diagnosis in general is still insufficient in 

the Czech Republic(Dusek, 2010). Improved methods of early diagnosis, novel biomarkers 

and novel screening methods are sought to improve cancer treatment success. 

1.1 Cancer biomarkers 

According to the National Cancer Institute (NCI), a biomarker has been defined as “a biological 

molecule found in blood, other body fluids, or tissues that is a sign of a normal or abnormal 

process, or of a condition or disease. A biomarker may be used to see how well the body 

responds to a treatment for a disease or condition" (NCI Dictionary of Cancer Terms. National 

Cancer Institute http://www.cancer.gov/dictionary?cdrid=45618). 

Cancer biomarkers, also called molecular markers and signature molecules, are helpful during 

the process of assessment of cancer staging and diagnosis of a cancer patient. They are also 

helpful in making adequate prognosis regarding disease progression, cancer patient survival, and 

prediction of response to anticancer drugs. Biomarkers help physicians to select patients who are 

more likely to benefit from personalized medical therapy (Madu, 2010; Mattos-

Arruda, 2011). 

During the cancer progression, there are interactions among cancer cells, stromal cells, 

extracellular matrix, and immune system. This process leads to modulation of specific genes 

http://www.svod.cz/
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expression, which subsequently can be used as biomarkers. Overall, the biomarkers can be 

divided into few distinct categories: genetic biomarkers which include: a) structural alternations 

in the gene sequence, such as mutations, insertions, deletions, chromosomal rearrangements, and 

increase of gene expression specific for cancer epithelium; b) epigenetic biomarkers which might 

results from DNA methylation changes throughout the genome as well as alterations in the post-

translational chromatin proteins modifications (Chan, 2012); c) metabolic biomarkers 

include oxidative stress changes in plasma metabolites and the activity of endogenous 

antioxidant enzymes, and d) immunological biomarkers include dynamic changes in 

inflammatory or lymphocytic cells and their cytokines (Ascierto, 2013). 

Prognostic biomarkers help to assess the risk of developing a particular cancer, to determine 

prognosis and help doctors to decide how invasive the anticancer treatment should be (e.g. low 

level of tissue inhibitor of metalloprotease-1 -TIMP1- gives a better prognosis to the myeloma 

patients). Predictive biomarkers enable to forecast the response of patients to cancer drug/s or 

treatment/s (e.g. metastatic colorectal patients with aberrant RAS are not recommended for 

therapy with panitumumab monoclonal antibodies or only breast cancer patients with human 

epidermal growth factor 2 -HER2- overexpression are recommended to monoclonal antibodies 

therapy with Herceptin (Thibault, 2013; van Krieken, 2008). 

Diagnostic biomarkers help to diagnose a particular type of cancer when pathologists are unable 

to identify the specific type of cancer by immunohistochemistry, and recurrence biomarkers help 

to predict if cancer is likely to regress after treatment. For example an increase in the expression 

of breast cancer anti-estrogen resistance 1 gene - BCAR1 - suggests possibility of recurrence of 

prostate cancer following radical prostatectomy; Oncotype DX® breast cancer assay screens 

several genes for mutations within breast tumor specimens and quantitatively indicates the 

probability of recurrence of that cancer (Fromont, 2012; Varga, 2013). 

Pharmacodynamics and pharmacokinetics biomarkers help determine the most effective dosage 

of drug or therapy needed for specific patient. For example, testing patients’ thiopurine methyl-

transferase (TPMT) gene should be mandatory for chemotherapeutic drugs which are known to 

utilize mercaptopurine pathway, since the patients with the mutation in the TPMT gene should 

bebe treated with lower dose of a chemotherapeutic drugs  to prevent a fatal decrease in while 

blood cells (Dorababu, 2012). 

1.2 EGFR signal induced pathways 

Epidermal Growth Factor Receptor (EGFR) is the cell surface receptor with signal activated by 

binding of specific EGF ligands outside cell. It elicits downstream signaling activation by several 

other proteins inside cell, transferring signal into cell nucleus. EGFR signal is transduced by 

RAS/RAF/MEK/ERK pathway and by PI3K/AKT pathway. These two signaling pathways play 

a very important role in the regulation of fundamental cellular processes including: proliferation, 

differentiation, and cell survival/cell death. Aberrant regulation of the genes engaged in these 
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two cascades may result in the abnormal increase of the cell proliferation and survival, and 

consequently might become pivotal during carcinogenesis, cancer progression, and metastasis. 

(McCubrey, 2006; Roberts, 2007). 

Figure 1. EGFR pathways 

 

Figure adapted from:  

The Applied Biosystem® by Life technology 

www.appliedbiosystems.com 

 

 1.2.1 EGFR/RAS/RAF/MEK/ERK signaling pathway 

EGFR/RAS/RAF/MEK/ERK pathway (also known as mitogen activated protein kinase pathway 

(MAPK) or extracellular signal-regulated kinase cascade (ERK)) transduces signal from the cell 

membrane to the nucleus, thus affecting activity of transcription machinery. 

Her1/erbB1/EGFR (Epidermal Growth Factor Receptor), first protein of the kinase cascade, is a 

170 kDa transmembrane glycoprotein. The gene encoding this protein is located on chromosome 

7p. EGFR is member of structurally related receptor family which also includes: 

Her2/erbB2/Her2neu, Her3/erbB3, and Her4/erbB4. All these receptors consist of main 

extracellular ligand-binding domain, hydrophobic transmembrane domain, and intracellular 

catalytic domain containing ATP binding site and enzymatic-tyrosine kinase activity involved in 

the signal transduction. Only Her3 does not have intrinsic tyrosine kinase activity, whereas Her2 

receptor is constitutively activated and no ligand is required for its activation. Many of cellular 

ligands can activate EGFR. The EGFR ligands include EGF, TGF-α, epiregulin, amphiregulin, 

betacellulin, and others (Figure 2). Ligand binding to EGFR receptor induces conformational 

http://www.appliedbiosystems.com/
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change of the EGFR receptor and promotes its dimerization with itself to form homodimer or 

with other member of HER family (HER2, HER3, or HER4) to form heterodimer, subsequently 

leading to receptor autophosphorylation at its tyrosine residues. 

Figure 2. Ligands binding to the EGFR family of receptors 

 

 

 

Figure adapted from:  

Rowinsky. Annu Rev Med; 2004; 55:433-57.(Rowinsky, 2004) 

Another protein of the EGFR/ERK pathway, GRB2 (Growth Factor Receptor Bound Protein-2, 

GRB2 adaptor protein) using SH2 domain binds to the phosphorylated tyrosine residues of the 

EGFR and using SH3 domain creates complex with another cytoplasmatic protein, guanine 

nucleotide exchange factor SOS (Son of Sevenless). The GRB2-SOS complex can bind directly 

to the active residue of EGFR receptor, or indirectly through Src protein (each dimeric receptor 

complex initiates distinct signaling by recruiting different Src homology SH2 domain). Activated 

SOS in this complex promotes activation of transduction of small G protein RAS by exchanging 

its activity from inactive state with GDP to activated state with GTP (Fig.2). GTPase-activating 

proteins (GAPs) that accelerate intrinsic KRAS GTPase activity help KRAS turn off and form 

again inactive GTP state. 

RAS family includes KRAS (KRAS - Ki-ras2 Kristen Rat Sarcoma Viral Oncogene 

Homologue), HRAS (Harvey-Ras), and NRAS (Neuroblastoma-Ras). KRAS gene is located on 

short arm of the 12 chromosome and codes for a 21 kDa cytoplasmatic protein localised on the 

inner surface of the plasma membrane downstream from the EGFR. 
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Activated RAS activates serine/threonine kinase cascade, including RAF (MAPKKK), which 

promotes phosphorylation and activation of another serine/threonine kinase MEK1/2 (MAPKK) 

and then ERK1/2 kinase (MAPK). That protein kinase downstream pathway can activate several 

transcription factors like c-myc, c-fos, AP-1, and Elk-1 that promote gene expression responsible 

for cell cycle, proliferation, and cytoskeleton organisation (e.g. microtubule association protein, 

MAP). 

 

Figure 3. KRAS molecule transducing signal 

 

 

  

Figure adapted from: 

,,Clinical Relevance of KRAS in Human Cancers’’ 

Jančík S, Drábek J, Radzioch D, Hajdúch M - J. Biomed. Biotechnol. (2010) (Jancik, 
2010) 
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Of course the MAPK-EGFR/ERK signaling downstream cascade of kinase activation is more 

complicated and does not represent only a simple linear process. It is also affected by activation 

and interactions with others signaling pathways like: PI3K/AKT pathway, JAK/STAT3 pathway, 

and/or SAPK/JNK pathway (Kumar, 2010; Recchia, 2009; Steelman, 2008). 

1.3 Biomarkers of EGFR/ERK/MEK pathway 

Currently, commonly mutated genes which regulate or constitute EGFR/MEK/ERK pathway are 

undergoing extensive research to dissect specific regulatory mechanisms in the cancer cells. 

These investigations may also result in generation of useful information for predicting of 

response efficiency to both standard chemotherapies and novel selectively targeting therapies, as 

well as prognostic biomarkers suggesting potential clinical outcomes such us: OS (overall 

survival), PFS (progression free survival), and RR (response rate). 

 

1.3.1 EGFR 

    

 Figure 5. EGFR molecule 

 

 

 

Figure adapted from: 

”EGFR exon 20 insertion mutations in non-small-cell lung cancer: preclinical data and clinical 

implications.“ Yasuda H, Kobayashi S, Costa DB.-Lancet Oncol (2012)(Yasuda, 2012). 
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EGFR-Epidermal Growth Factor Receptor also known as HER1 or c-erbB1 is generally 

expressed in normal tissue at low level and its expression is important in the regulation of the 

cell proliferation and survival. An increase of the EGFR gene expression may result from the 

gene copies amplification, overproduction of EGFR ligand(s), or gene activation by mutation, 

and these processes were shown to induce malignant transformation (Liang, 2010). 

EGFR is frequently overexpressed in many human cancers including hormone sensitive tumors 

such as breast cancer (15-90 %), prostate cancer (40-80 %), ovarian cancer (35-70 %), and also 

in tumors that are not hormone-dependent such as head and neck cancer (SCCHN) (80-100 %), 

colorectal cancer (CRC) (25-70%), glioma (40-60%), pancreatic cancer (30-90%), esophagial 

cancer (40-80%), and bladder cancer (30-40%)(Harari, 2004). Appearance of a mutant or 

amplified form of EGFR has been also linked with genesis of lung tumors, especially NSCLC 

(40-80%). An increase in EGFR activation is found in about 40 % of adenocarcinoma, 30 % of 

mixed adenosquamous carcinoma and about 5 % of large-cell or squamous 

carcinoma(Sanders, 2010). 

Mutations in tyrosine kinase domain coding by exons 18-21 lead to constitutive increase in the 

activation of the EGFR (Sahoo, 2011). These mutations within catalytic domain are 

primarily responsible for ATP binding inside ATP-binding pocket and include point mutations, 

deletions, and insertions. The most frequently found mutations (about 90 % of all described 

alternations), are the substitution of leucine by arginine at the codon 858 (L858R) in the exon 21 

(about 40 %) and deletion in the exon 19 (about 45 % of cases, deleting codons 746-750 Glu-

Leu-Arg-Glu–Ala, so called ELREA-deletion). Other less common mutations include eg. G719X 

in the exon 18 and L861Q in the exon 21, and some insertions in the exon 20 (nearby codons 

770-771) (Sugio, 2006; Yatabe, 2007). Tumors containing these types of somatic 

mutations within the tyrosine kinase domain or EGFR amplification are known to be associated 

with a poor prognosis but also with an increase in sensitivity to treatment which in some cases 

might result in significant benefit from tyrosine kinase inhibitors therapy and prolonged disease 

stabilization in patients undergoing this particular treatment protocol (Uramoto, 2006). 

In NSCLC, about 10-20 % patients have objective response from tyrosine kinase therapy and 

molecular analyses identified mutation in the kinase domain affecting residues of the ATP 

binding pocket in approximately 80 % of responders. EGFR mutations in tyrosine kinase domain 

were found mainly in adenocarcinoma histological subtypes, more frequently in well 

differentiated tumors; other risk factors included women gender, never smoker status, and 

Asiatic origin (Sasaki, 2006; Shigematsu, 2005; Sugio, 2006). 

Mutation T790M appears in the exon 20 encoding tyrosine kinase domain. This mutant 

aberration is often referred to as a secondary mutation, because it is mostly elicited during the 

course of tyrosine kinase targeted therapy. T790M mutation has been shown to increase the 

affinity to ATP in the ATP-binding pocket, thus conferring resistance to EGFR-TKIs (such as 
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gefitinib and erlotinib) by blocking their binding to this domain (Janne, 2008; Pao, 

2005; Pao, 2010). 

Furthermore, the expression of rearranged EGFRvIII form was also documented in many human 

tumors. Rearrangement occurs because of a deletion of exons 2-7 resulting in the generation of 

novel glycine residue within extracellular domain. This aberration results in a disruption of 

extracellular domain of the receptor and constitutive activation of the protein even in the absence 

of a ligand binding. EGFRvIII form has been rarely observed in normal tissue. In tumor tissue it 

has been associated with increased cell survival, and resistance not only to biological therapies 

(i.e. cetuximab) but also to standard chemotherapy (i.e. cisplatin) (Dreier, 2012; Gupta, 

2010; Kuan, 2000). 
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 1.3.2 KRAS 

 

Figure 6. KRAS molecule  

 

 

 

 

 

 

 

Figure adapted from: 

”Computational analysis of KRAS mutations: implication for different effects on the KRAS  

p.G12D and p.G13D mutations.“  

 

Chen CC, Er TK, Liu YY, Hwang YK, Barrio MJ, Rodrigo M, Garcia-Toro E, Herreros 

Villanueva M.- PloS One. (2013)(Chen, 2013). 
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KRAS-Ki-ras2 Kristen Rat Sarcoma Viral Oncogene Homolog in normal cells, small 

GTPases protein KRAS acts as an intracellular signal transductor that transports signals from the 

cell surface to the nucleus through the cytoplasm. Activation of KRAS triggers mainly the 

activation of Mitogen Activation Protein Kinase (MAPK) pathway, including RAF, MEK, and 

ERK serine/threonine kinases but also play a role in the regulation of cell cycle through the 

activation of numerous downstream pathways (PI3K/AKT/mTOR, RAL, and PKC pathways) 

essential for the proliferation and survival of normal cells.(Kolch, 2000; Mansi, 2011; 

McCubrey, 2007). 

Mutated oncogenic form of KRAS affecting canonical mitogenic cascades has been found in 

many cancers. It is mainly common in pancreatic carcinoma (~ 90 %) (Yachida, 2012), 

colon carcinomas (~ 40 %)(Vaughn, 2011), and lung carcinomas, especially NSCLC (15-

30 %). Activating mutation by single nucleotide change leading to aminoacid change in KRAS 

happens mainly in the codon 12 and 13 of exon 2 (95% of all mutations). Less frequent 

mutations occur in codons 59, 61, 117, and 146 (Hinoda, 2011; Loupakis, 2009). 

Mutation impairs the ability of the KRAS protein to switch between active GTP state and 

inactive GDP state by reducing GTPase activity and affinity for GTPase activating proteins 

(Andreyev, 2001). 

Figure 7. KRAS GTPase activity 

 

 

 

 

Figure adapted from: 

”Clinical Relevance of KRAS in Human Cancers’’ 

Jancík S, Drábek J, Radzioch D, Hajdúch M - J. Biomed. Biotechnol (2010) (Jancik, 

2010). 
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Many reports have shown that KRAS mutations seem to be mutually exclusive with EGFR and 

BRAF mutations (Agarwal, 2008; Kosaka, 2004; Shigematsu, 2005). 

In lung cancer, the mutated form of KRAS is more predominantly associated with the NSCLC 

adenocarcinoma (about 25 %) than other histological types (about 5 %) and it is mainly 

associated with history of smoking. However, the absence of history of tobacco use does not 

eliminate definitively the possibility of KRAS mutation in lung cancer patient (Riely, 2008; 

Sugio, 2006). 

Based on meta-analysis of 22 studies (up to 2009 year) including 1470 NSCLC patients, KRAS 

mutations were identified in 231 cases (16%). These studies showed that current and former 

smokers had frequency of KRAS mutation of 25% and never smokers had the frequency of only 

6%. Mutation was also more common in adenocarcinoma type than in other histological types 

(26% vs 16%). There were no significant differences in frequency of KRAS mutation between 

men (22%) and women (20%); however, there was a difference in frequency of KRAS mutation 

between ethnic groups: higher frequency of KRAS mutations is seen in African Americans and 

lower frequency in Asians (Hunt, 2002; Mao, 2010). 

In a large RASCAL II study (The Kristen ras in-colorectal-cancer collaborative group) which 

included enrolment of 4268 colorectal cancer patients from 21 countries, there had been shown 

that different mutations can have different association with biological behaviour of cancer. KRAS 

mutation glycine to valine (G12V), which is found under 10% of colorectal patients, was 

associated with an increased risk of relapse and death (Andreyev, 2001). 

Other study suggests that mutations in codon 13 (G13D) have similar behavior as KRAS wild-

type. Patients with metastatic colorectal cancer carrying G13D type of mutation appear to benefit 

more from anti-EGFR therapy with monoclonal antibodies (cetuximab) than patients who carry 

mutations in codon 12. If confirmed, such surprising behaviour may be explained by finding that 

GTP-binding pocket in the KRAS wildtype and G13D mutation is more closed than in different 

type of mutation with more aggressive behavior. However, the role of this mutations still need to 

be more investigated (Chen, 2013; Mao, 2013; Tejpar, 2012). 

 

 

1.3.2.1 Clinical significance of KRAS in Colorectal Cancer 

In recent years, KRAS mutation status has been recognized as a predictive marker of resistance to 

EGFR treatment with tyrosine kinase inhibitors (TKs) and monoclonal antibodies (mAb) 

(Falchook, 2013). Mutation presence seemed to be associated with diminished response to 
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small molecular weight EGFR inhibitors, such as gefitinib (Iressa) and erlotinib (Tarceva) in 

NSCLC and to diminished response to therapies with humanized monoclonal antibody 

cetuximab (Erbitux) and panitumumab (Vectibix) in patients with advance or metastatic 

colorectal carcinoma (mCRC) who had progressed after standard chemotherapy. U.S. 

recommendation and guidelines for testing KRAS mutations have been issued by the American 

Society of Clinical Oncology (ASCO) and by the National Comprehensive Cancer Network 

(NCCN) after the results of large study phase III CRYSTAL and phase II OPUS were presented 

in May, 2008 in Chicago, USA. 

These studies have demonstrated that mCRC patients in first line treatment with cetuximab 

added to FOLFIRI (5-fluorouracil, leucovorin, and irinotecan) or FOLFOX (5-fluorouracil, 

leucovorin, and oxaliplatin) had better overall response (OR) and progression free survival (PFS) 

if they had wildtype genotype at the KRAS locus than those with a mutation in KRAS. 

In phase II OPUS study, in group of patients with KRAS wildtype, median PFS was 8.3 months 

for patients receiving FOLFOX plus cetuximab and 7.2 months for patients receiving only 

FOLFOX, median OS was 22 and 18.5 months, and median OR was 57% vs. 34% 

accordingly(Cartwright, 2012). 

CRYSTAL study provided retrospective KRAS data in archived tumor tissues obtained from 

1198 metastatic colorectal cancer patients with EGFR positive tumour; KRAS gene status was 

determined in 1063 patients. Mutated KRAS was detected in 36% of tumour patients, and 64% 

patients were wildtype. In KRAS wildtype group PFS was 9.9 months for patients who receive 

FOLFIRI and cetuximab, and 8.4 months for patients who get only FOLFIRI, OS was 23.5 vs. 

20.0 months, and RR was 57.3% vs. 39.7%. In KRAS mutated group there was no statistical 

difference in efficacy parameters between treated arms of the study (Cartwright, 2012; 

Van, 2011). 

Since 2009, KRAS gene has been approved for screening as an oncomarker. The testing for 

wildtype status of KRAS has become a gold standard of care in routine clinical practice 

regarding the use of monoclonal antibodies (cetuximab or panitumumab) therapy in metastatic 

colorectal cancer (mCRC) (Morton, 2009). 

Dahabreh at al. (2011) has summarized the results of many published studies assessing whether 

KRAS mutation status have modified effect on treatments with anti-EGFR monoclonal 

antibodies. Based on the results of these studies it has been concluded that OS in KRAS mutated 

patients was shorter compared to patients with wildtype status of KRAS, ranging from 4.4 to 

17.5 months for patients with mutation, and from 6.6 to 24.9 months for patients with wildtype 

status of KRAS; median PFS ranging from 1.3 to 7.6 months and from 1.4 to 12.3 months, 

respectively(Dahabreh, 2011b). 

In colorectal cancer, response and clinical benefits from monoclonal antibodies are observed in 

only part of patients with KRAS wildtype (tested in codons 12 and 13). These results indicate that 

absence of KRAS mutation in exon 2 not always guarantees an improved response to EGFR 

target therapies and additional mechanisms of EGFR-pathway’ activation exists, potentially 
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BRAF, NRAS, and PI3KCA mutations or loss of PTEN gene expression (Bando, 2012; 

Mao, 2012; Sood, 2012). 

Indeed, in August 2013 Direct Healthcare Communication written by Amgen highlighted the 

importance of monitoring mutations not only in the KRAS but also in the NRAS gene. The reports 

points out that the sequence of exon 2 including codons 12 and 13, exon 3 including codons 59 

and 61, and exon 4 including codons 117 and 146, should be assessed before treatment with 

panitumumab (Vectibix). Study called PRIME (ClinicalTrials.gov number NCT00364013) 

showed that patients with wildtype KRAS and NRAS in these particular codons, have advantage 

both in PFS and OS(Douillard, 2013). 

 

1.3.2.2 Clinical significance of KRAS in NSCLC 

In NSCLC patients, predicting interaction between mutated KRAS and erlotinib and gefitinib 

therapy resistance is not so clear. Results of large multicentric phase III trials, including 

INTEREST, SATURN, and BR21 did not show any predictive value of KRAS status assessment, 

and did not confirm hypothesis that mutated KRAS invalidates the target therapy with small 

molecules gefitinib or erlotinib(Brugger, 2011; Douillard, 2010; Roberts, 

2010; Zhu, 2008). 

However, the results from different studies showed that the status of KRAS has a predictive 

value. In two big meta-analyses by Linardou et al. 2008 and Mao et al. 2010 based on 17 studies 

(including 1008 patients) and 22 studies (including 1470 patients) in NSCLC, KRAS mutation 

positive status was found in 16.3% (165 patients) and 17.6% (235 patients), respectively. 

Occurrence of mutations was generally associated with lack of response to TKIs therapy, only 

3% percent KRAS mutation positive patients were responders vs. 26% wildtype (Linardou, 

2008; Mao, 2010). 

Overall, prognostic significance of mutations in KRAS gene on clinical outcome NSCLC such as 

disease free survival or/and overall survival has been reported in a number of publications with 

conflicting results. Some but not all studies demonstrated that the active KRAS mutation was 

associated with tumor progression and poor survival. 

For example, the results generated from phase III TRIBUTE trials with the group of advanced 

NSCLC, KRAS mutated patients after treatment with erlotinib (Tarceva) plus chemotherapy 

(carboplatin and paclitaxel) indicated that KRAS mutated patients showed poorer clinical 

outcome including decreased time to progression (3.4 month vs. 5.3 month) and survival (4.4 

month vs. 12.1 month) compared to non-mutated patients (Eberhard, 2005). The results of 

large study SATURN with erlotinib in unresectable NSCLC have not confirmed KRAS predictive 

value; however, this study concluded that KRAS mutated status was a significant negative 

prognostic factor for PFS (Brugger, 2011). 

http://clinicaltrials.gov/show/NCT00364013
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On the contrary, some studies showed that mutated KRAS was not associated with poor 

prognosis and pathological stage of disease: the results of the large trial INTEREST III which 

investigated efficacy of gefitinib (Iressa) versus docetaxel after prior-chemotherapy did not show 

differences between overall survival and time to progression in group with KRAS mutation 

indicating that KRAS is not prognostic biomarker for this group of NSCLC patients 

(Douillard, 2010). No differences in survival outcome between mutated and wildtype 

KRAS group was also observed in a group restricted I to III stage NSCLC patients (Ragusa, 

2013). 

Results of study published by Wang and colleagues on KRAS mutation analysis using serum 

and/or plasma samples from advanced NSCLC patients showed the predictive value (5% RR for 

KRAS mutated patients vs. 29% for KRAS wildtype) and prognostic value (median PFS for KRAS 

mutated status 2.5 months vs. 8.8 months for wildtype KRAS status) to EGFR-TKIs treatment 

results (Wang, 2010). On the contrary, Kim and colleagues were unable to confirm any 

importance of KRAS testing using serum plasma from cancer patients. However, lower 

frequencies of KRAS mutation (in comparison to colorectal cancer) and poorer availability of 

tumor tissue in pairs with circulating tumor DNA in advanced NSCLC have made the statistical 

assessments of these associations for patients with lung cancer more difficult (Kim, 2013). 

Promising treatment results of small molecule drug selumetinib (inhibitor of MEK1/2) in 

combination with standard chemotherapy with docetaxel compared to docetaxel alone, currently 

gave a new perspective to advanced NSCLC patients who have mutation in KRAS gene; 

however, more clinical investigations are needed to validate these findings (Paolo, 2013). 
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 1.3.3 BRAF 

Figure 8. BRAF molecule 

 

 

 

Figure adapted from: 

,,Characteristics and prevalence of KRAS, BRAF, and PIK3CA mutations in colorectal cancer by 

high-resolution melting analysis in Taiwanese population’’ 

Li-Ling Hsieh, Tze-Kiong Er, Chih-Chieh Chen, Jan-Sing Hsieh, Jan-Growth Chang, Ta-Chih 

Liu- Clinica Chimica Acta (2012) (Hsieh, 2012). 

 

BRAF-Murine Sarcoma Viral Oncogene Homolog is one of three members of 

serine/threonine RAF - kinase family that acts in the MAPK pathway and gets upregulated by 

binding RAS. BRAF mutations were found in almost all hairy cell leukemia cases (Arcaini, 

2012), 50-80% of melanomas (Huang, 2013), ~ 45% of papillary thyroid 

carcinomas(Kopczynska, 2006), ~ 40% hepatocellural carcinoma (Huang, 2013), 30-

60% ovarian carcinoma(Pakneshan, 2013; Singer, 2003), 8-13 % colorectal 

carcinoma (Borras, 2011; Mao, 2011), and 7-16% gliomas (Myung, 2012; 
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Schindler, 2011). The vast majority of somatic mutations were detected in the exon 15 

coding kinase domain and more than 80 % of the mutations were a single substitution of adenine 

to thymine at nucleotide position 1799, converting valine to a glutamic acid at amino acid 

position 600 (V600E). The activating mutation disrupts phosphorylation of serine/threonine 

residue of this kinase within the activation loop of BRAF, resulting in appearance of the protein 

with higher kinase activity and subsequently increasing activity of the entire ERK-pathway 

(Mercer, 2003; Pratilas, 2007). As stated above, mutated forms of EGFR, BRAF, 

and KRAS are rarely identified together (Singer, 2003). BRAF inhibitors (eg. vemurafenib, 

dabrafenib, and/or sorafenib) have been developed to treat various human cancers including 

melanoma, kidney carcinoma, liver carcinoma, and currently have been also investigated for 

thyroid carcinoma and brain carcinoma (Al-Marrawi, 2013; Arcaini, 2012) 

(Klinac, 2013; Tang, 2010). 

1.3.3.1 Clinical significance of BRAF in colorectal cancer 

The reports from randomized clinical trials in advanced CRC cancer patients treated with 

oxaliplatin or irinotecan showed that BRAF mutation status is associated with poorer survival 

compared to patients with wildtype BRAF status, but was not considered to be a predictive factor 

regarding the efficacy of these therapies (Richman, 2009; Yuan, 2013). In mCRC 

patients with KRAS wildtype treated with cetuximab in combination with chemotherapy, or with 

chemotherapy alone, mutation in BRAF also appears to be negative prognostic biomarker. A 

retrospective study analyzed, if additional biomarkers can be used to further focus selection of 

patients who are wildtype KRAS. In the CRYSTAL trial on mCRC patients, BRAF mutations 

were identified in 59 of 625 (9.4%) KRAS wildtype patients. Patients with BRAF mutations had 

poorer survival ratio after treatment with cetuximab compared to FOLFIRI alone. Additionally, 

in the cohort BRAF/KRAS wildtype, improvement of OS (25.1 vs. 21.6 moths) and PFS (10.9 vs. 

8.8 moths) was observed (Cartwright, 2012). 

CRYSTAL and OPUS studies analyzed whether there is difference between cetuximab in 

combination with FOLFIRI and FOLFIRI alone as a first line treatment of mCRC. They 

demonstrated that patients with KRAS wildtype tumours harbouring BRAF mutations had poorer 

prognosis across all outcomes compared with those with KRAS and BRAF wildtype samples in 

both treatment protocols tested. When cetuximab in combination plus FOLFIRI was compared to 

FOLFIRI alone, clinical outcomes were better in cetuximab plus FOLFIRI arm (Bokemeyer, 

2012). 
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 1.4 Targeted therapies  

Novel molecular strategies designed to target specific molecules affecting regulatory 

mechanisms involved in the control of cancer cell proliferation enable to improve cancer therapy 

efficiency compared to conventional chemotherapy and/or radiotherapy protocols. Cellular 

processes governing proteins like EGFR are often deregulated by gene amplification or mutation, 

leading to cancer. However, during the last few years this perturbation in genes is being 

specifically targeted in attempt to develop new personalized cancer treatments. The aim of 

targeted therapies is inhibition and down-regulation or inactivation of overactive proteins 

responsible for triggering of aberrant cellular pathways. 

 

 1.4.1 Anti-EGFR targeted therapies 

EGFR –MEK1/2-ERK1/2 kinase pathway became a major focus of investigations attempting to 

identify specific tumor biomarkers which could be useful in increasing effectiveness of new 

cancer therapeutics. Mutations and amplifications in the EGFR gene represent important 

hallmarks of lung cancer, colorectal cancer, pancreatic cancer, and head and neck cancer, so 

inhibition of EGFR pathway is one of the targets for effective anticancer therapies 

(Elferink, 2011; Markman, 2010; Marks, 2008; Viel, 2011). Currently 

two distinct therapeutic EGFR inhibitors have been developed: 1) monoclonal antibodies (mAbs) 

that target the extracellular domain of the EGFR receptor 2) small molecule tyrosine kinase 

inhibitors (TKIs) targeting intracellular catalytic domain of the receptor (Harari, 2004). 

Both classes of agents show antitumor activity, both in vivo, in human cancer cells as well as in 

vitro using animal models and cell lines(Prewett, 2011). Thereby, various medical 

protocols are under investigation to test the most efficient strategy, including a targeted 

monotherapy, targeted therapy with combination with cytotoxic agent, and dual therapy to 

overcome resistance in secondary EGFR-mutation positive patients (i.e. with MET 

amplifications or T790M mutation) (Lin, 2011; Murphy, 2011; Nguyen, 2009; 

Okabe, 2009). 
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1.4.1.1 Monoclonal antibodies-mAbs 

First and the best known monoclonal antibodies targeting EGFR are called cetuximab and 

panitumumab. This class of molecular inhibitors serves as an efficient therapy in a group of 

patients who display activating EGFR gene mutation or a gene amplification which increases 

EGFR protein levels. 

 

Figure 1. Schema of Monoclonal antibodies targeted therapy  

 

  

Figure created by author. 

Cetuximab (IMC-C225/ Erbitux) made by ImClone Systems, Inc. is the recombinant 

humanized monoclonal IgG1 antibody able to bind to EGFR, thus inhibiting the binding of the 

EGF and other ligands to the EGFR(Vincenzi, 2008). Cetuximab humanized chimeric 

antibody was developed by combining variable region of the mouse antibodies with human 

immunoglobulin G1 constant region to reduce the possibility of adverse immunological 

reactions(Ciardiello, 2005). Cetuximab targeting demonstrates enhanced receptor 

binding to the extracellular domain of EGFR with higher affinity than its endogenous ligand and 

ability to specifically block EGFR receptor activity by causing receptor internalization and by 

blocking receptor phosphorylation(Hildebrandt, 2007). Direct inhibition of EGFR 

tyrosine kinase activity influences a wide range of biological processes including inhibition of 

tumor cell cycle process, angiogenesis, invasion and metastasis, activation and increase of 

apoptosis, and synergic cytotoxicity effect with chemotherapy or radiation therapy(Vincenzi, 

2008). 

In Europe, in February 2004, cetuximab has been approved by European Medicines Agency 

(EMEA) as a first specific monoclonal antibody targeting EGFR in the cancer patients with 

http://www.emea.eu.int/
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metastatic colorectal cancer (mCRC). Treatment protocol regarding potential application of 

cetuximab has been accepted by the regulatory agencies in combination with a standard 

irinotecan-based chemotherapy (FOLFIRI) as well as a monotherapy for patients who were 

intolerant to irinotecan. Subsequently, this protocol was accepted by the regulatory agencies also 

for mCRC patients who failed chemotherapy based on oxaliplatin (FOLFOX). Since 2006 

Cetuximab have been approved for use in combination with radiation therapy (RT) for treatment 

of locally or regionally advanced squamous cell carcinoma of the head and neck (SCCHN) or as 

a single agent for treatment of patients who had recurrent or metastatic carcinoma of SCCHN 

and had no benefit from platinum-based therapy (Hildebrandt, 2007; Vincenzi, 

2010). National Cancer Institute of Canada Clinical Trials Group demonstrated the monoclonal 

inhibitor EGFR-cetuximab improves OS and PFS in patients with chemotherapy-refractory 

advanced colorectal cancer patients, particularly in patients with wildtype KRAS status (Au, 

2009). The recent study published by Di and colleagues also indicated that patients who lack 

mutations in KRAS and also in NRAS, BRAF, PI3KC, and TP53 are likely to benefit the most 

from the cetuximab therapy(Di, 2013). 

Panitumumab (ABX-EGF/Vectibix) Amgen Inc.,Thousand Oaks, CA, is a fully humanized 

monoclonal IgG2 antibody specifically targeting the EGFR ligand binding domain. 

Panitumumab was approved in September 2006 and is used to treat metastatic colorectal cancer 

(mCRC) patients showing disease progression or whose status worsened following prior 

chemotherapy regimens such us oxaliplatin, fluoropyrimidine, and irinotecan based regimens. 

Approval of of panitumumab administration was based on multinational, randomized clinical 

trial (Open-labeled III trial for panitumumab) that enrolled EGFR-expressing mCRC patients. 

Approval was based on demonstrating that panitumumab treatment made progression free 

survival (PFS) approximately 50% longer (PFS mean 13.7 weeks for panitumumab vs. 8.5 weeks 

for best supportive care). However, there was no statistically significant difference in overall 

survival (OS). Objective response rate for panitumumab was 8% and the median duration of 

response was 17 weeks. Like in case of cetuximab, the most often observed adverse events 

consisted of skin rash and dermatologic toxicity (Giusti, 2007; Giusti, 2008). 

Increase in PFS from panitumumab monotherapy was demonstrated in non-mutated KRAS 

patients group while in KRAS-mutated patients no benefit from panitumumab treatment was 

observed (Weber, 2008). In mCRC patients with wildtype KRAS status, panitumumab has 

been recommended in combination with prior chemotherapy as a first and a second-line of 

treatment, or as a monotherapy for the treatment of chemotherapy resistant patients(Keating, 

2010). 

1.4.1.2 Tyrosine kinase inhibitors-TKIs 

Another class of EGFR inhibitors are small molecules TKIs gefitinib and erlotinib. Both agents 

bind to the adenosine triphosphate-binding site of the receptor, inhibiting intracellular tyrosine 

kinase domain of the receptor. Cancer patients with point mutations (mainly L858R), deletions 
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(in the 19th exon), insertions in exon 20 and EGFR amplification benefit from gefitinib and 

erlotinib. In contrast, a mutation in exon 20 (T790M) was shown to lead to resistance to these 

drugs. Gefitinib and erlotinib are compounds primarily indicated for non-small cell lung cancer 

(NSCLC). 

Figure 2. Schema of the Tyrosine kinase targeted therapy 

 

 

 

 

Figure created by author. 

Gefitinib (ZD1839/Iressa, marketed by AstraZeneca and Teva) represents the first small 

molecule shown to act as a selective inhibitor of EGFR targeting the tyrosine kinase domain of 

the receptor. Gefitinib is orally active, low molecular weight anilinoquinazoline. In 2003 

gefitinib was approved by United States Food and Drug Administration as monotherapy for 

patients with locally advanced or metastatic NSCLC after failure of the basic chemotherapy with 

platinum and docetaxel (Cohen, 2004). 

Phase III trial IPASS IRESSA study which included 1217 patients (enrolled in 87 centers in East 

Asia) who had never smoked or were former light smokers and who get gefitinib versus 

carboplatinium and paclitaxel as a first line treatment, demonstrated that gefitinib was more 

effective and induced significant improvement in progression free survival (PFS) in the clinical 

trial arm containing patients with sensitizing EGFR mutations(Armour, 2010; Brown, 

2010). Also the results of the large meta-analysis studies in which advanced or recurrent 

NSCLC patients treated gefitinib and erlotinib were enrolled showed that increase in EGFR gene 

copy number correlated with improved overall survival (OS) and improvement in the time to 
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progression (TTP). Gefitinib treated patients had also prolonged OS and improved their quality 

of live (QOL) (Allegra, 2009; Dahabreh, 2011a). Response to gefitinib is mainly 

correlated with mutated EGFR gene status and clinical features like adenocarcinoma histology, 

no smoking history, female sex, and Asian ethnicity (Oxnard, 2010; Sanford, 2009). 

In July 2009, European Medicines Agency granted marketing authorization for the use of 

gefitinib, across all lines of treatment for locally advanced or metastatic NSCLC patients with 

sensitive EGFR mutations. Currently gefitinib treatment represents one of the best first-line 

treatment options for this selected group of patients with molecularly documented mutations in 

EGFR (Gridelli, 2011). Potential benefit of gefitinib therapy has also been investigated 

in wide range of solid tumor types including lung, head, neck, colon, and breast cancer (Von 

Pawel J., 2004). 

Another anti-EGFR drug Erlotinib hydrochloride (Tarceva, marketed by Roche) is a small 

molecule drug which specifically targets the EGFR tyrosine kinase domain in the same way as 

gefitinib, by competition with ATP for binding to the adenosine triphosphate (ATP)–binding side 

of the receptor. In May 2003, Erlotinib was approved as monotherapy by U.S. FDA for the 

treatment of patients locally advanced or metastatic NSCLC after failure of at least one standard 

chemotherapy regiment. The most common adverse events were similar as observed in patients 

treated with gefitinib: skin rash and diarrhea. Currently, skin rash is considered to be a positive 

indicator of good response on erlotinib treatment(Gridelli, 2010). 

In placebo controlled study of advanced NSCLC after the failure of first-line or second-line 

chemotherapy, erlotinib prolonged survival (6.7 months-erlotinib vs. 4.7 months-placebo group), 

and the median duration of the response (7.9 months vs. 3.7 months, respectively) 

(Shepherd, 2005). However, it was proven in many clinical studies that the presence of 

EGFR activating mutations facilitated the selection of patients and increased benefit from 

erlotinib/ gefitinib therapy of advanced NSCLC (Pallis, 2013). In OPTIMAL study, in 

group of EGFR mutation positive patients, erlotinib vs. chemotherapy (gemcitabine/carboplatin) 

was compared in first line treatment. Erlotinib conferred a significantly better progression free 

survival (13.1 month for erlotinib arm vs. 4.6 months chemotherapy arm) (Zhou, 2011). 

Importance of proper patients’ selection for treatment was demonstrated on the results of two 

large studies, TRIBUTE and TALENT. In these studies, NSCLC patients were not selected for 

treatment based on the aberration in their EGFR expression, and erlotinib treatment was not 

beneficial when it was combined with standard platinum based chemotherapy (ciplatin and 

gemcitabine: TALENT, carboplatin and paclitaxel: TRIBUTE) (Gatzemeier, 2005; 

Herbst, 2005). 

In November 2005, erlotinib in combination with gemcitabine was also approved by the U.S. 

Food and Drug Administration (FDA) as a first line treatment for locally advanced or metastatic 

pancreatic cancer patients (Burris, III, 2008; Senderowicz, 2007). 
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1.4.1.3 Other anti-EGFR pathway strategies 

Several different anti-EGFR (HER1) targeted strategies have been investigated in various 

clinical trials because vast majority of patients treated with EGFR inhibitors, such as cetuximab, 

panitumumab, erlotinib and gefitinib, have eventually developed resistance to these drugs. 

Therefore, the search for novel drug with superior activity has continued. Lapatinib (GW-

572016, Tykerb) is one of the first inhibitors displaying dual activity binding to EGFR (HER1) 

and HER2, and inhibiting their kinase activity. This drug was approved by Food and Drug 

Administration in 2007 for the treatment advanced or metastatic breast cancer (Medina, 

2008). Another second generation drug called afatinib (BIBW2992, anilino-quinazoline), was 

shown to be capable of displaying dual activity of irreversibly binding to EGFR (HER1) and 

HER2, and inhibiting their kinase activity. Afatinib is designed to suppress both the wildtype and 

the activated forms of EGFR including erlotinib-resistant form of EGFR with T790M mutation 

and HER2 mutants form. Afatinib has been used to treat advanced solid tumors, particularly 

NSCLC (Li, 2008; Subramaniam, 2011). Dual activity inhibitors for EGFR/ HER2 

are also neratinib (HKI-272) and blockers of EGFR family: pelitinib (EKB-56) and cenertinib 

(CI-1033) that covalently binds to EGFR 1, 2, and 4(Majem, 2013). 

The other examples of directed tyrosine kinase inhibitors under investigations include 

matuzumab (EMD 72000), humanized IgG1 monoclonal antibodies. The treatment with 

matuzumab was shown to prolong survival among the treated patients. Another type of 

monoclonal antibodies developed by the Ludwig Institute called necitumumab (IMC-11 F8) 

which had displayed less frequent hypersensitivity reaction in comparison to cetuximab 

(Hartmann, 2013; Pirker, 2013). 

Humanized monoclonal IgG1 antibody trastuzumab (Herceptin) was developed and approved to 

specifically target HER2 (also HER2neu or EGFR2), by binding to extracellular domain. Results 

of clinical studies have shown that trastuzumab alone or in combination with paclitaxel or 

carboplatine represents a good treatment option for women with metastatic breast cancer 

overexpressing HER2 (Goldenberg, 1999; Shak, 1999). Recently trastuzumab in 

combination with pertuzumab and docetaxel was approved by US FDA as a first dual anti-HER2 

regiment for HER2 positive metastatic breast cancer patients (Blumenthal, 2013). 

EGFR inhibitor panitumumab and cetuximab, as well as gefitinib and erlotinib have been tested 

for its efficacy in combination with other monoclonal antibodies, eg. sorafenib, bevacizumab, or 

small molecules dasatinib, bortezomib, or sirolimus in patients who develop resistance to first 

line chemotherapy (Falchook, 2013; Wheler, 2013). 

Sorafenib (BAY 43-9006, Nexavar) represents example of a different strategy of targeting cancer 

cells. It has been designed to inhibit several kinases, especially BRAF by targeting 



30 

 

RAF/MEK/ERK pathway in the tumor cells, vascular endothelial growth factor receptors 

VEGFR and platelet-derived growth factor receptor PDGFR in tumor vasculature. Following 

successful completion of Phase III clinical trial, sorafenib started to be marketed for advanced 

renal cell carcinoma and hepatocellular carcinoma (Adnane, 2006; Mellor, 2011). It 

was also the first agent developed to target BRAF mutant melanoma and was approved for 

therapy of kidney, and subsequently liver cancer. Currently sorafenib is in clinical trials for 

thyroid, lung and brain cancer and in combination with panitumumab showing improved clinical 

outcome in metastatic colorectal cancer (Al-Marrawi, 2013). 

Bevacizumab (Avastin) is recombinant humanized monoclonal antibody that selectively binds 

and blocks vascular endothelial growth factor receptor (VEGFR) and currently is approved for 

use in patients with metastatic cancers, including colorectal cancer, breast cancer, renal cancer, 

grade IV glioma, and non-small cell lung cancer non-squamous subtype(Mellor, 2011). So 

far, there are no approved biomarkers for bevacizumab which could be considered to be 

predictive.. 

 

 

Figure 3. Structures of EGFR kinase domain bound to small molecule kinase inhibitors 

Figure adapted from: 

http://hematology.wustl.edu/faculty/bose/boseBio.html Ron Bose, M.D., Ph.D. Department of 

Medicine Oncology Division Breast Oncology Section Department of Cell Biology & 

Physiology Washington University in St. Luis 

http://hematology.wustl.edu/faculty/bose/boseBio.html
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 1.5 Genotyping methods for detection of KRAS gene mutations 

KRAS screening has been practiced in colorectal cancer, lung cancer (NSCLC), and cancer of 

head and neck prior to initiation of treatment with EGFR inhibitors. 

National Comprehensive Cancer Network (NCCN) and American Society of Clinical Oncology 

(ASCO) issued guidelines for treatment of metastatic colorectal cancer (mCRC) which 

recommended that anti-EGFR therapy decision should take into consideration KRAS gene status 

in addition to other disease associated factors (Allegra, 2009). 

Diagnostics of KRAS gene mutations in clinical setting might have been limited by two factors: 

first, at the time of testing, KRAS mutated tumor cells frequently are in minority, outbalanced by 

wildtype tumor cells and wildtype non-tumor cells present in the collected sample. Secondly, 

analytically preferable snap-frozen tumor samples are rarely available for KRAS mutation testing. 

Instead, formaline fixed paraffin-embedded (FFPE) tissue is usually collected. Integrity of DNA 

extracted from FFPE gets severely compromised by non-optimal procedure of formaline fixation 

(i.e. non.-buffered formaldehyde and prolonged incubation), by disease itself, and by previous 

anticancer treatment. 

Many different methods of detection of KRAS mutations were described. These methods can be 

divided into sequencing-based (Sanger sequencing, pyrosequencing, and Next generation 

sequencing)(Tuononen, 2013; Wang, 2013) methods, which are based on specific 

cutting by restriction enzymes (RFLP-restriction fragment length polymorphism) (Zhang, 

2013), methods based on detection using denaturing high performance liquid chromatography 

(DHPLC) (Karim, 2010), methods based on hybridization of primer to template (such as 

ARMS-amplification refractory mutation system)(Hamfjord, 2011), methods based on 

hybridization of specific probes (TaqMan or ASO-allele specific oligonucleotide such as 

StripAssay)(Buxhofer-Ausch, 2013), and methods based on changes in the shape of the 

amplicon melting curve profiles (HRMA-high resolution melting analysis)(Guedes, 2013). 

Such methods need to be evaluated and procedures need to be standardized regarding their 

sensitivity, specificity, and cost per analysis before they might become considered universally as 

standard reliable practice to be employed for diagnostics purposes. There are two main 

challenges which need to be standardized to achieve more reproducible and consistent results: 

heterogeneity of the testing materials, and differences in the detection limits among methods. 

The Table 1 included below summarizes different types of genotyping methods: those which are 

not available commercially (research methods validated for clinical application) including few 

methods which are certified for the use in clinical practice diagnostics, such as CE-IVD 

(Communauté Européenne in vitro diagnostics) marked TheraScreen® kit which is based on the 

combination of ARMS primer and Scorpion probes, KRAS LightMix®, utilizing clamped 

hybridization based probes, KRAS Cobas® Mutation Test (real time PCR based specific probe 
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kit with closed system process including standardization of DNA isolation, AmoyDx
TM

 KRAS 

(real time PCR with sequence mutation specific primers), RealQuality KRAS MuST (real time 

PCR based on sequence specific primers with intercalating dye), Devyser AB KRAS-BRAF 

which are based on multiplex PCR and capillary electrophoresis, KRAS-StripAssay® (multiplex 

PCR and reverse dot blot hybridization), TheraScreen®KRASPyro® (quantitative detection 

assay using pyrosequenicng system), Surveyor®Scan KRAS Kit (PCR and celery nuclease 

cleavage in combination with high performance liquid chromatography technology - DHPLC, 

confirmed by Sanger sequencing). 

Table 1. Summary of methods described in literature and propose by company allowing 

detection of KRAS or KRAS and BRAF (Domagala, 2012; van Krieken, 2008). 

 Electrophoresis assays  Detection limit if published  

Temporal temperature gradient electrophoresis  
 1

NC-LBM 

Denaturing gradient gel electrophoresis  
 1

NC-LBM 

Constant denaturant capillary electrophoresis  
 1

NC-LBM 

Single strand conformation polymorphism assay (SSCP) 
 1

NC-LBM 

 Sequencing    

Dideoxy capillary sequencing  25% 
1
NC-LBM, 

2
RUO 

kit  

Pyrosequencing  5-10% 
1
NC-LBM  

Next generation sequencing adjustable 
1
NC-LBM

 

Pyrosequencing- PyroMark™ KRAS kit-Biotage 5-10%  
2
RUO kit  

TheraScreen ® KRASPyro® Kit-Qiagen 5% 
3
 CE-marked kit 

Devyser KRAS-BRAF kit- Devyser  ~ 3% 
3
 CE-marked kit  

 Allele-specific PCR assays    

Allele discrimination based on primer design    

                                                                                                                                                                                                                                                               
Allele refractory mutation system (ARMS)-PCR  

 1
NC-LBM 

K-ras TheraScreen® kit –Qiagen 1% 
3
 CE-marked kit  

AmoyDx
TM

 KRAS, BRAF-Amoy Diagnostics 1% 
3
 CE-marked kit

 

KRAS LightMix® kit –TIB Molbiol 1% 
3
 CE-marked kit  

KRAS Cobas® Mutation Test kit-Roche <5% 
3
 CE-marked kit  

RealQuality KRAS MuS-AB Analitica 1% 
3
 CE-marked kit

 

Restriction endonuclease mediated selective ( REMS)-PCR  
 1

NC-LBM 

Fluorescent amplicon generation (FLAG) assay  
 1

NC-LBM  

 Restriction fragment length polymorphism -(RFLP)-PCR 
 1

NC-LBM  

Allele discrimination based allele-specific 
ligation detection reaction 

  

 Multiplex polymerase chain reaction ligase detection 
reaction(LDR)-PCR  

 1
NC-LBM  

PCR-LDR spFRET assay  
 1

NC-LBM  

Allele discrimination based on discriminating amplification 
efficiencies at low melting temperatures COLD-PCR  

 1
NC-LBM 

PNAClamp
TM

 K-ras Mutation Detection kit-Panagene <1% 
3
CE-Marked kit

 

KRAS Muatation Detection Kit-DiaCarta  0.1% 
3
CE-Marked kit

 

K-ras/B-rafMutation Analysis kit –EntroGen l >1%
 3

CE-Marked kit
 

K-ras StripAssay ® kit –ViennaLab 0.5% 
3
CE-Marked kit

 

KRAS/BRAF StripAssay ® kit –ViennaLab  1% 
3
CE-Marked kit  
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Other methods   

Surface ligation reaction and biometallization   NC-LBM  

Multi-target DNA assay panel   NC-LBM  

Surveyor®Scan KRAS Kit,-Transgenomic 2-5%  
3
CE-Marked kit 

  
1NC-LBM: Laboratory-based method, not commercially available,  
2RUO: research use only, not validated for clinical applications  
3CE-IVD kit for clinical use (Approach Directives. 'CE' stands for 'Conformité Européenne') 

http://www.cesolutions.eu/ 

*For use in clinical application, NC-LBM or RUO methods should be validated and accredited according 

to standards proposed by the *European Quality Assurance Program for KRAS mutation testing. 
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From the variety of available detection methods for screening important key region of the KRAS 

or BRAF oncomarker, the study presented in this thesis includes selected methods which were 

investigated in our laboratory based on the available equipment: Real-Time PCR Light Cycler 

480 (Roche), Capillary Electrophoresis 8800 (Beckman), Next Generation Sequencing GS 

Junior-454 (Roche), and MiSeq (Illumina), Pyrosequencing (Biotage) (outsourced use of 

Pyrosequencing instrument (Boston,USA) although the sample preparation and data analysis of 

the data was done in our laboratory). We have used commercial kits KRAS TheraScreen DxS 

(Qiagen), KRAS Strip Assay (ViennaLab) BRAF PNA Clamp (Panagene) and BRAF 

(IntellMed), and the methods were designed in our laboratory: Direct sequencing, COLD-PCR, 

High Resolution Melting Analysis, Next Generation Sequencing. Characteristics of the methods 

are described in detail below. 

 

 1.5.1 Direct sequencing  

This method is based on principle of Dideoxy Sanger termination (BigDye-termination) which 

uses modified deoxyribonucleotide triphosphate called termination dideoxynucleotide (ddNTPs), 

fluorescently labelled by four different dyes, mixed with standard non labelled and non 

terminating chain deoxyribonucleotide triphosphates (dNTPs). A ladder of DNA fragments 

produced by elongation by polymerase and randomly terminated is generated as a result a 

sequencing reaction. Denatured fragments are separated in capillaries-based gel (polymer) 

electrophoresis and whole process is monitored by measuring the change in fluorescence signal. 

By analyzing the four colour signals, the base sequence of the template can be determined. 

Although an advantage of this method is its potential for detection of all mutations in a fragment 

being sequenced, the sensitivity of this method is relatively low (in our experience requires 

presence of at least 25 % of mutated DNA(Jancik, 2010). 

 

 

Figure:  KRAS somatic mutation GAT 25%, in the contexts of 75% GGT wildtype background. 
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 1.5.2 Pyrosequencing  

Pyrosequencing method of DNA sequence analysis represents quantitative method of DNA 

sequencing. For KRAS mutation detection in current time the PyroMark KRAS Kit is marked for 

in vitro diagnostic use. The method is based on the principle of sequencing by synthesis of small 

fragments of DNA. The reagents and machine for sequencing of short fragments DNA are 

offered by Swedish Pyrosequencing AB company–renamed Biotage and currently distributed by 

Qiagen company. This kit enables to detect and quantify mutations in KRAS gene codons 12, 13, 

and 61 including rare or unknown mutations in these codons. Procedure of pyrosequencing is 

based on chemical light-producing enzymatic reaction. Single strand of DNA is used as a 

template for synthesizing its complementary strand which grows by incorporating one nucleotide 

at the time. Sequencing primer is hybridized to a ssDNA template and incubated with four 

enzymes: DNA-polymerase, ATP-sulfurylase, luciferase, and apyrase, and with the substrate 

adenosine 5' phosphosulphate. During incorporation of a nucleotide using polymerase enzyme, 

diphosphate group-(PPi) is releasing. Later ATP sulphurylase converts PPi to ATP which acts as 

source of energy (fuel) to the luciferase. Enzyme luciferase with D-luciferin and oxygen 

mediated conversion of luciferin to oxyluciferin that generates visible light proportional to the 

amounts of ATP. At the end of the entire process, the light signal is detected by a charge coupled 

device camera (CCD). The amount of light signal is proportional to the number of fluorescently-

labelled nucleotides incorporated in the synthesized strand. Unincorporated nucleotides and ATP 

are then degraded by another enzyme - apyrase, making place for restarting next cycle with 

another nucleotide. Each PyroMark Research test contains quality controlled and tested reagents 

validated by Biotage/Qiagen(Ahmadian, 2006). Limitation of the method is the length of 

DNA fragment which can be assessed in a single sequencing run, which does not exceed 25-

70 bp. The sensitivity of the pyrosequencing from our experience has been estimated to be 

between 5-10%. 

 

 

Figure:  KRAS somatic mutation  A) negative-GGT codon  B) positive-TGT codon. 
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 1.5.3 Scorpion primers and ARMS (TheraScreen KRAS Mutation Kit) 

TheraScreen KRAS Mutation Kit manufactured at DxS (Diagnostic Innovation) Manchester, UK 

and now distributed by Roche. DxS TheraScreen which specifically detects KRAS mutations is 

CE-marked product for clinical use under the IVD Directive 98/79/EC and registered in many 

European countries, including the Czech Republic. TheraScreen is able to detect six mutations at 

the codon 12 (mutated codon 12; Ala, Asp, Arg, Cys, Ser, and Val), and one at the codon 13 

(mutated codon 13: Asp) of the KRAS oncogene. This assay utilizes a Real-time PCR-

Scorpions® methodology and allele specific PCR-ARMS® methodology. ARMS® method is 

employed for specific PCR to selectively amplify of mutated DNA in abundant background of 

non-mutated DNA by specific nucleotide at the 3´ end of the primer. This test kit includes 

separate primers for 7 specific assays and one single control reaction which reflects the amount 

of KRAS template in the sample. Whole reaction is monitored in a real time by the Scorpions® 

PCR fluorescence detection system. 

Scorpions® system consists of a primer linked with a probe that contains a fluorophore and 

quencher. When probe hybridizes to the specific complementary DNA target sequence, 

fluorophore separates from quencher and fluorescence is emitted. The test kit includes also an 

internal control in all reaction mixes, controlling the presence of inhibitors which may lead to 

false negative results. The delta-CT values between the control reaction and the allele specific 

reaction reflect the amount of KRAS mutation within the sample and should not be higher than 8 

to 9 cycles compared to a positive reaction. Detection limit for TheraScreen should be 

approximately 1% of mutated DNA in the background of wildtype DNA (Cross, 2008; 

Thelwell, 2000) (http://www.qiagen.com). 

 

Figure: Positive KRAS mutation result. Delta-Ct values between the control reaction and allele 

specific reaction lower than 8 cycles. 

http://www.qiagen.com/
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 1.5.4 Reverse dot-blot hybridization (K-ras StripAssay)  

K-ras StripAssay is manufactured by ViennaLab and distributed by PentaGen (Czech Republic). 

This test of KRAS gene mutation detection is designed to detect 10 most frequently occurring 

mutations in the KRAS gene based on multiplex mutant-enriched PCR and reverse-hybridization 

of the amplification products to nitrocellulose test strips. Oligonucleotides used for hybridization 

are synthesized as probes which are specifically targeting eight mutations in the codon 12 (Ala, 

Arg, Asp, Cys, Ile, Leu, Ser, and Val) and two mutations in the codon 13 (Asp and Cys) of the 

KRAS gene (http://www.viennalab.com). 

 

 

 

Figure: Positive KRAS somatic (KRAS, p.Gly12Ala) mutation on nitrocellulose test strip. 

 

 1.5.5 High Resolution Melting Analysis (HRMA) 

High-resolution melting (HRM) analysis assay represents a real time PCR based mutations 

detection platform for identification of differences in DNA sequence by changes in the shape of 

the melting curve profiles compared to a profile obtained for a standard wildtype DNA-PCR 

product. HRM was developed using a new family of DNA-binding dyes which include SYTO 9, 

LC Green or LC GreenPLUS+. These dyes uniformly adhere to DNA double strand at low 

temperatures and reproducibly jump off from a dsDNA at higher and specific melting 

http://www.viennalab.com/
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temperature during melting process. This unique feature of the dye enables detection of 

heteroduplexes formed in the sample (Reed, 2007). 

For detection of KRAS mutations, primers were created to achieve short PCR-product (up to 

100bp). These short fragments are more efficiently detected when differences in changes in the 

shape of melting curves are monitored. This method is also effective only when good quality of 

DNA is used, and is important to use the same PCR (and preferably also DNA extraction) 

conditions. 

 

Figure: HRM result, difference  between standard wildtype melting curves profiles and mutant 

melting curves profile. 

 

 1.5.6 Coamplification at lower denaturation temperature (COLD-PCR) 

COLD-PCR–Coamplification at lower denaturation temperature-PCR is a modification of PCR 

that increases sensitivity of mutation detection. Principle of this method is based on critical 

denaturation temperature for each DNA sequence, which is lower than its melting temperature. 

Temperature is “critical” regarding aspect that reduction in denaturation temperature allows only 

heteroduplexes to become denaturated and amplified, whereas homoduplexes are not amplified 

efficiently. This modification can be applied to many methods of detection, including HRM, 

Sequencing, and Pyrosequencing (Pinzani, 2011; Song, 2011; Wang, 2012). 
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 1.5.7 Next generation sequencing (NGS) 

NGS is a general term describing novel multiparallel sequencing technologies with high-

throughput capacity, also called deep sequencing, massively parallel sequencing, or sequencing 

by synthesis. These methods can be used for revealing the nucleotide sequence of whole genome, 

whole exome, transcriptome, targeted region of interest or amplicon etc. Recent advances in 

NGS technology have enabled improved sensitivity of detection of single nucleotide 

polymorphisms even in the clinical specimens with high heterogeneity. NGS generates hundreds 

of megabases to gigabases of nucleotide sequences in a single instrument run, depending of the 

capacity platform used. Currently, MiSeq from Illumina is the most popular NGS bench top 

diagnostic sequencer, replacing GS 454 Junior from Roche. The platforms differ in sequencing 

chemistries and configurations, but share principle based on clonally amplified DNA that are 

spatially separated in a flow cell and sequenced with high repetition (coverage) (Desai, 

2012; Voelkerding, 2009). 

 

Figure: NGS GS 454 Junior result. Detection 1.4% mutation (GGT/GAT) in second position 12 

codon KRAS gene. 

Roche 454 Junior from Life Science technology combines two technologies: single-molecule 

emulsion-PCR and Pyrosequencing. For amplicon sequencing, library of template DNA is 

prepared by amplification of the region of interest using specific primers. Library of the template 

is then diluted to single molecule concentration and denatured to generate single strands of DNA. 

Single stranded fragments of DNA are then hybridized to the individual beads which are 

compartmentalized into water-in-oil emulsion and template of DNA is enriched by clonal 

amplification. After clonal amplification emulsion is completed, the sequencing primers anneal. 

Beads are separated and deposited onto picotiter plate wells (flow cell). Each well in the picotiter 

plate is able to hold only one single DNA enriched bead and surrounding mixture of smaller 

beads with enzymes necessary for pyrosequencing step to generate light. Intensity of the light is 

proportional to the pyrophosphate release during successive nucleotide incorporation. The 

nucleotides are added in fixed predefined order. Generated luminescence is transmitted through 
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fiber optic plate-well and read using specially charge-coupled device and camera. Sequencing 

coverage depth capacity of Roche GS 454 Junior for amplicon sequencing is ~ 70 000 reads per 

one run. 

Principle of Illumina MiSeq analysis is based on bridge-PCR clonally amplified DNA and 

fluorescence emission using reversible dye terminators in four colours. Illumina technology 

includes flow cell consisting of an optically transparent slide with individual lines on the surface 

to which oligonucleotide anchors are bound. Adaptors with a modified single-stranded DNA are 

immobilized by hybridization to anchors, and DNA templates are clonally amplified in the flow 

cell by so called bridge amplification. Multiple amplifications convert single-molecule DNA 

template into several million clusters (one cluster contains approximately 1000 clonal 

molecules); clusters are generated in each lane of the flow cell. During sequencing which is 

performed in cycles with addition of primer and polymerase, clusters are denatured and cleaved. 

Four differently coloured reversible dye terminators are incorporated into each strand in each 

clonal cluster giving post incorporation fluorescence which is subsequently recorded by charge-

couple device type of camera. Sequencing coverage depth capacity of Illumina-MiSeq for 

amplicon sequencing is ~ 15 000 000 reads per one run (http://www.illumina.com). 
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Experimental part 

 2. Aims of the research  

Novel therapeutic agents targeting the epidermal growth factor receptor signaling have improved 

outcomes for patients with colorectal patients, lung cancer, and cancer of head and neck; 

however, these therapies are effective only in subset of cancer patients selected based on specific 

biomarkers (e.g. mutation in KRAS biomarker is negative predictive factor for EGFR targeted 

therapy in colorectal cancer, and BRAF is biomarker of poor prognosis in colorectal cancer or 

thyroid cancer, or some EGFR mutations or amplifications are positive predicting factor anti-

EGFR therapy in lung cancer). In order to select subpopulation of patients which are most likely 

to benefit from EGFR targeted therapies, several recommendations were proposed by the 

European Quality Assurance Program regarding screening procedures (van Krieken, 2008). 

Selection of the most reliable method of detection of mutations is very important to provide 

oncologists biomarker of high quality for choosing the appropriate therapy for each patient, 

influencing progression free survival, overall survival, and overall quality of life. Ideally, cancer 

biomarkers should be measured easily, reliably, and cost-effectively. An assay used should have 

high analytical sensitivity and specificity to be clinically valid even if limited samples are 

analyzed. In the laboratory, other parameters such as workflow performance including handling 

and time consumption of the methods should also be considered. 

The major aims and hypotheses of the study were: 

1)  To introduce and compare new strategies for genotyping of KRAS oncomarker in 

heterogeneous clinical tumor samples and to evaluate their analytical parameters 

(specificity, sensitivity, detection limit, cost, and working time). To compare five 

different commercial methods. We expected that new methods do not have identical 

analytical parameters. 

2) To apply COLD-PCR amplification as the first step in Sanger capillary direct sequencing 

for genotyping of KRAS oncomarker. It was expected that COLD-PCR amplification can 

improve detection limit of Sanger capillary direct sequencing technology in comparison to 

standard PCR amplification. 

3) To design and optimize NGS for genotyping of KRAS and BRAF oncomarkers. To 

evaluate if the NGS method have potential to achieve high quality analytical parameters 

regarding sensitivity and specificity when compared to CE-IVD PCR Real-Time methods. 

To analyze other parameters important for daily laboratory routine (i.e. cost, handling 

time, and robustness) are appropriate for routine clinical diagnostics in the field of cancer 

biomarkers.  

4) To apply B-Raf method from IntellMed to testing of BRAF oncogene mutation in 

papillary thyroid carcinoma (PTC) patients. It was expected that BRAF
V600E

 mutation 

detection status can have prognostic value regarding association with tumour metastasis 
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and other clinicopathological parameters, and can have different prevalence among 

individual histological PTC variants. 
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 2.1 Comparison of KRAS genotyping methods in NSCLC  

A comparison of Direct sequencing, Pyrosequencing, High resolution melting analysis, 

TheraScreen DxS, and the K-ras StripAssay for detecting KRAS mutations in non-small 

cell lung cancer. 
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 2.2 COLD-PCR for improvements of mutation detection threshold 

 2.2.1 Introduction and aim of the experiment 

COLD-PCR is a modification of a conventional PCR method, based on replacing usual 

denaturation temperature with “critical” denaturation temperature (Tc) for each amplified DNA 

sequence. Tc is lower (colder) than melting temperature (Tm) of the same amplicon and is 

chosen to allow denaturation of mainly heteroduplexes which then become amplified, whereas 

homoduplexes are not quantitatively denatured and amplified efficiently. This method is able to 

selectively amplify minority mutant alleles in a wild-type DNA background, what is situation 

often found in heterogeneous cancer tissue. Thus, it has capacity to increase the mutation 

detection sensitivity (mutant to wild-type ratio) which is extremely important when using clinical 

specimens. 

The aim of this study was to test whether this method can improve the detection sensitivity of 

Direct capillary sequencing for detecting KRAS gene mutations. Direct sequencing has very 

unfavourable detection limit (25 %) for mutated gene in the context of the surplus of wild-type 

DNA. 

Scheme of the method 

 Figure 1. Determination of critical temperature for KRAS DNA PCR amplified–fragment and 

sensitivity of COLD-PCR was assessed and compared to standard PCR. 

 

 



59 

 

2.2.2 Materials and methods 

Samples: 

 

For this experiment sample DNA from homozygote cell line A549 (including mutation in KRAS 

G12S -AGT, exon 2) and homozygote cell line ASPC-1 (including mutation in KRAS G12D-

GAT, exon 2, according to COSMIC/Catalogue of somatic mutation in cancer Database, ( 

http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) and wild-type KRAS DNA isolated 

from patients blood was mixed in different dilution ratio of mutated DNA (50%, 25%, 12.5%, 

6.25%, 3.12%, 1.5%). 

 

 Cell line cultivation, DNA isolation and concentration estimation: 

   Cell lines were ordered from ATCC (American Type Culture Collection) and cultivated   

according to ATCC description for individual cell lines, see http://www.lgcstandards-

atcc.org/?geo_country=cz. Extraction of DNA from blood and cell lines was performed using the 

DNAeasy® Blood and Tissue purification kit, Qiagen®, performed according to manufacturer’s 

instructions in DNeasy Blood & Tissue Hadbook (Edition 07/2006). Concentrations of DNA 

samples were measured spectrophotometrically using a NanoDrop ND 1000 Spectrophotometer 

V3.7 (NanoDropTechnologies, Thermo Scientific Wilmington, USA) according to User’s 

Manual.  

 

PCR primer design: 

KRAS specific primers were designed using Primer3 program (http://simgene.com/Primer3). For 

design of primers input parameters used were: product size 100-300bp, primer length 18-30 bp, 

primer annealing temperature 56-65°C, GC content 30-70%. Primer positions on chromosome 

and length of the primers were confirmed using UCSC database In Silico PCR 

(http://genome.ucsc.edu/cgi-bin/hgPcr). Primers were ordered from Generi Biotech (the Czech 

Republic). 

Table 1. KRAS specific fragment primers  

 Primers nucleotide sequence 

 
Product (bp) 

Forward  5'- AAAAggTACTggTggAgTATTTgA-3' 293 

 Reverse  5'- TCATgAAAATggTCAgAgAAACC--3'  

 

 

 

http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/
http://www.lgcstandards-atcc.org/?geo_country=cz
http://www.lgcstandards-atcc.org/?geo_country=cz
http://simgene.com/Primer3
http://genome.ucsc.edu/cgi-bin/hgPcr
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USSC-In Silico PCR result (KRAS fragment product, yellow marked codons 12 and 13) 

>chr12:25398126-25398418 fragment length (293bp) 

293bp AAAAGGTACTGGTGGAGTATTTGA 

TCATGAAAATGGTCAGAGAAACCAAAAGGTACTGGTGGAGTATTTGAtagtgtattaaccttatgtgtgacatgttc

taatatagtcacattttcattatttttattataaggcctgctgaaaatgactgaatataaacttgtggtagttggag

ctggtggcgtaggcaagagtgccttgacgatacagctaattcagaatcattttgtggacgaatatgatccaacaata

gaggtaaatcttgttttaatatgcatattactggtgcaggaccattctttgatacagataaaGGTTTCTCTGACCAT

TTTCATGA 

 

 Validation of the critical temperature COLD-PCR: 

 

Critical temperature of COLD-PCR was assessed using gradient of temperature ranging from 

79°C to 84°C (79.0°C, 79.2°C, 79.5°C, 80°C, 80.6°C, 81.2°C, 81.8°C, 82.4°C, 83°C, 83.5°C, 

83.8°C, 84.0°C). Testing and optimization was performed using PCR Gradient Cycler 

Biometra and PCR-chemicals (ThermoScientific). DNA including 75% of wildtype and 25% 

of KRAS mutant G12D (AGT) allele was tested. This experiment was repeated for 12.5% 

mutated DNA. 

 

Table 2. PCR-reagents concentration used for assessing the critical temperature: 

Reagents concentration Final conc. µl/1 reaction 

H2O   13.04 

10xPCR buffer  1x 2 

dNTPs 25mM 0.2mM 0.16 

MgCl2 25mM 2mM 1.6 

Primer Forward 10µM 0.5µM  1 

Primer Reverse 10µM 0.5µM 1 

 ThermoTaq polymerase 5U/µl 1U 0.2 

DNA 20 ng/µl 1µl 1 

Total volume   v=20µl 

 

http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=359646735&db=hg19&position=chr12:25398126-25398418&hgPcrResult=pack
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Table 3. Temperature condition used for PCR reaction: 

Gradient-Cycler Biometra     

 PCR-program:       

Polymerase 
initialization 

95°C 15min   

Denaturation 95°C 15s    

Annealing 65°C 30s  10 cycles 

Elongation 72°C 20s  

Gradient 79-84°C 15s  

Melting 56°C 50s  35cycles 

 Elongation 72°C 20s   

Cooling 25°C  hold   

 

 

 Melting profile of PCR gradient temperature was checked on LightCycler480  

  

 

 Figure 2. Melting temperature plot for samples amplified at Ct range 79.0-84.0°C 

 

 
 

red curve- melting temperature gradient for PCR with Tc from 79.0°C to 80.6°C (DNA product not 

amplified)  

blue curve- melting temperature gradient for PCR with Tc from 81.2°C to 84.0 °C (DNA product 

amplified) 
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 According to melting temperature plot results of amplified target DNA, temperature range 

81-84°C was chosen for later analysis on capillary electrophoresis system Beckman 8800. 

Sequencing was done according to standard Beckman Coulter sequencing user’s guide 

CEQ
TM

 8800 (April 2004) using Beckman Coulter GenomeLab DTCS Terminator Quick 

Start kit (December 2009).  

 

   Table 4. Primer used for sequencing reaction:  

Sequencing   
primer nucleotide sequence 

 
5'-TTAACCTTATgTgTgACATgTTCTAA-3' 
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 Figure 3. Sequencing result for COLD-PCR using Sanger sequencing on Beckman 8800 

 
  

 Picture A and B showing preferentially amplified mutated DNA (wild type GGT codon replaced to 

GAT mutated codon with A depicted as green peak) Critical melting temperature for COLD-PCR was 

found to be in the range 81-82°C.  

 Picture C showing no effect of 83°C denaturation temperature to amplification of (25% mutated 

DNA in 75% wildtype DNA). 

DNA was mixed to reach 25% mutated allele vs. 75% wildtype allele. Mutated DNA green peak is 

small, sequencing result is showed by automatic software analyzer to be a wild-type GGT result. 
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Determination of detection limit of COLD-PCR in comparison to standard PCR (in 

KRAS mutation detection): 

 

 According to temperature optimization results, COLD-PCR was run at 82°C critical 

temperature (Tc). Six different percentages of mutated DNA were evaluated. Dilution series 

was prepared using DNA from cell line A549 homozygous for KRAS G12S (AGT). Mutation 

and wildtype DNA from patient’s blood in ratio was: 50%, 25%, 12.5%, 6.25%, 3.12%, 

1.5%. Experiment was run twice. 

 

 

2.2.3 Result 

 

wildtype codon- GGT (black peak) / AGT- mutated codon (A is green peak)  

 

 
 



65 

 

                             

 

 

2.2.4 Summary of the COLD-PCR result 

Using standard PCR and Sanger capillary sequencing method, the mutated (green) peak can 

be detected only when minimally 25% of mutated DNA was present in the context of wild-

type background (detection limit for capillary sequencing when standard PCR is used is only 

25%). This detection limit was also confirmed and described by other authors (Arcila, 

2011; Obradovic, 2012) 

 

For COLD-PCR method, critical temperature (Tc) of KRAS fragment was found to be 82°C. 

At this critical temperature, mutation of KRAS gene fragment in exon 2 has been consistently 

detectable by capillary Sanger sequencing when minimally 6.25% of mutated DNA was 

present in the context of non mutated DNA. Frequently, mutation signal could be still 

detected when only 1.5% mutated DNA was mixed with wildtype DNA. These results 

demonstrated that COLD-PCR can preferentially amplify minority of mutated DNA in high 

background of non-mutated DNA, and can be appropriate method for improving detection 

limit of capillary sequencing on Beckman 8800 Sequence Analyzer. It changed detection 

limit from 25% (when using standard PCR) to 6.25% (1.5%) (when using COLD-PCR). 
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 2.3 Application of the Next Generation Sequencing (NGS) for testing of 

KRAS and BRAF oncomarkers, and comparison of NGS with CE-methods. 

 

2.3.1 Introduction and aim of the experiment 

As stated previously in this thesis, NGS is a general term describing novel multiparallel 

sequencing technologies with high-throughput capacity. From a clinical perspective, advantage 

of NGS lays in the possibility of designing variable panels with flexible throughputs and adjusted 

minority variant detection limit by defined coverage.  

Sequencing coverage refers to the number of times a single base within genome is sequenced, 

which provides truly superior quantitative ability of mutation detection threshold. This approach 

offers advantage for detection of mutations in highly heterogeneic tumor samples.   The observed 

heterogeneity is due to variable content of normal cells, inflammatory cells, and existence of sub-

clones of cancer cells in the cancer biopsy which may carry mutated oncogenes KRAS/BRAF. 

KRAS mutation appears mainly in the codons 12 and 13, and is usually found in about 40% 

colorectal cancer patients (mainly adenocarcinoma type), and in about 25% lung cancer patients 

(mainly of NSCLC type). In BRAF gene, the most often found mutation is V600E. This mutation 

is present in about 15% colorectal cancer patients tested, and in about 45% thyroid cancer 

patients (mainly papillary carcinoma type). 

We expect that NGS protocols already reached the level of the quality similar to CE-IVD 

methods based on Real-Time PCR, regarding analytical parameters as sensitivity, specificity, and 

limit of detection. Also, we expect that other parameters important for daily laboratory routine 

i.e. cost, handling time, and robustness are appropriate for routine clinical diagnostics in the field 

of cancer biomarkers. 
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 2.3.2 Materials and methods 

 

Samples: 

A series of 36 DNA samples from formalin fixed paraffin embedded tissue (FFPE) biopsies were 

investigated including colorectal cancer (20 samples), lung cancer (4 samples), thyroid cancer 

(12 samples), BRAF V600E FFPE reference control standard (Horizon diagnostics) with pre-

defined mutant alleles ~1.5%, and KRAS G12V control standard ~1.5% constructed by mixing 

SW620 homozygous cell line (ATCC-American Type Culture Collection) with wild-type DNA 

(MG7003) isolated from blood. 

 

 DNA isolation and concentration measurement: 

Extraction of DNA from formalin fixed paraffin embedded tissue (FFPE) was performed by 

Cobas® DNA Sample Preparation Kit, Cobas® (Roche Molecular System, Inc.) as per 

manufacturer’s instructions (Handbook Edition 05/2011 Rev 1.0). This kit contains glass fibers 

filter columns which bind nucleic acids allowing efficient purification of DNA. Deparafinization 

was done using xylene on (5µm) slide sections of an FFPE slice. Tissues were lysed using 

lysis/binding buffer that releases nucleic acid while protecting it from DNases. Subsequently, 

released DNA was precipitated by mixing with isopropanol and mixture was spun down. During 

centrifugation of lysate mixture, the genomic DNA bound to the surface of the glass fibers 

filters. Unbound component of the mixture such as proteins, salt, and other cellular impurities, 

were removed during centrifugation with ethanol-based washing buffers. Subsequently, DNA 

was released from filter surface by elution to the 50µl elution buffer (10 mM Tris HCl, pH=8.5). 

For DNA isolation from cell lines and blood, and to prepare KRAS Reference Standard with pre-

defined mutant alleles ~1.5%, DNAeasy® Blood and Tissue purification kit, Qiagen® extraction 

was performed according manufacturer’s instructions (DNeasy Blood & Tissue Hadbook, 

Edition 07/2006). For adsorption of DNA and removal of cellular contamination and enzyme 

inhibitors, this kit contains silica-based membrane spin column with DNA-binding properties. 

DNA was released from filter surface by elution to the 100 µl elution buffer (10 mM Tris HCl 

pH=8.5). 

Concentration and purity of isolated DNA was subsequently assessed using NanoDrop 2100 

spectrophotometer (NanoDrop Technologies, Wilmington, USA) and using Agilent DNA 1000 

Kit, according to instructions (Agilent DNA 1000 Kit Quick Start Guide, Edition 04/2007). 
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Samples investigated by methods: 

In this study, two NGS platforms were used: GS Junior 454 (Roche) and MiSeq (Illumina). Both 

techniques were optimalized and applied for screening of oncomarkers KRAS exon 2, codon 12 

and 13, and BRAF exon 15, codon 600. Sensitivity and specificity of the NGS methods were 

compared to Real Time PCR methods, according to manuals supplied with CE-IVD kits. Real 

Time TheraScreen® K-RAS (Qiagen) Mutation Detection Kit was used for KRAS gene testing, 

and PNAClamp
TM

 (Panagene) BRAF Mutation Detection Kit, and BRAF Mutation Detection Kit 

(IntellMed) for detection of mutation in the BRAF gene.  

From 36 samples, 23 samples (including 22 patients samples with unknown mutation status and 

one control standard sample ~1.5% mutation) were tested on KRAS by TheraScreen® K-RAS 

(Qiagen) Mutation Detection Kit, and 13 (including 12 patients samples with unknown mutation 

status and one control standard sample ~1.5% mutation) were tested on BRAF by PNAClamp
TM

 

(Panagene), and BRAF Mutation Detection Kit (IntellMed). All of 36 tested samples were later 

investigated by NGS Roche and Illumina methods. 

 

2.3.2.1 CE-certified Real-Time PCR Mutation Detection diagnostic methods used 

for detection of KRAS and BRAF genes 

 

TheraScreen® K-RAS (Qiagen) Mutation Detection Kit is in vitro diagnostic test intended for 

detection of 7 somatic mutations (codon 12: Ala, Asp, Arg, Cys, Ser, and Val, codon 13: Asp) in 

the human KRAS oncogene on exon 2. This method provides qualitative assessment of mutation 

status and can detect 1% of mutant in the background of wildtype genomic DNA. TheraScreen 

Real-time assay is based on combination of ARMS® (Amplification Refractory Mutation 

System) and Scorpions® (primer linked with the probe). ARMS system enables allele-mutation 

specific amplification, and the use of Scorpions probe technology enables detection of amplified 

DNA by fluorescence signal in real time cycler. The test kit includes also an internal synthetic 

template for quality control of every individual primer, and control reaction for amplification of 

a region in the exon 4 of the KRAS gene to assess the total DNA in the sample. The delta-CT 

values between the control reaction and the allele specific reaction reflect the amount of KRAS 

mutation within the sample and should not be higher than 8 to 9 cycles compared to a positive 

reaction. This kit was used according to Roche user manual (LightCycler®480 Real Time PCR 

System, Version 05/2009). Ct values were analyzed manually according to instructions in the 

manual without use of any specific analyzer software. 
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PNAClamp
TM 

BRAF Mutation Detection Kit (Panagene) is a diagnostic test intended for 

detection of BRAF V600E mutation in the codon 600, exon 15. Technology of PNAClapm® is 

based on Real-Time PCR with peptide nucleic acid clamp probe which is artificially created 

DNA analog in which phosphodiester backbone is replaced by a peptide-like one formed by 2-

aminoethyl-glycine units. Wildtype-specific PNA clamp probe is not recognized by DNA 

polymerase as primer and it has strong binding affinity to the wildtype DNA, inhibiting its 

amplification. Only mutated BRAF DNA sequences are selectively amplified from the mixture of 

wildtype DNA and mutated DNA. Sensitivity of the test is <1%. The kit was used according to 

user manual instructions (Version 1.5 Rev.12/2012), and PCR was run on Roche 

LightCycler®480 Real Time PCR System. Analysis was done according to instructions in the 

manual without use of any specific analyzer software (only Excel). 

 

BRAF Mutation Detection Kit (IntellMed) is diagnostic test for identification of BRAF V600E 

mutation in the codon 600, exon 15. This test is based on Real-Time PCR with fluorescency 

measurement of amplification using two fluorescent channels HEX and JOE. Test also includes 

internal quality control with pair of primers for globin gene, present in every human sample. 

Internal control must yield signal when amplifiable DNA is present in the sample. Sensitivity of 

the test is at least 1% mutated DNA in background of wildtype DNA. The kit was used according 

to user manual instructions (Version 06/2013), and PCR was run on Roche LightCycler®480 

Real Time PCR System. Analysis was done according to instructions in the manual without use 

of any specific analyzer software (only MS Excel). 
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2.3.2.2 Experimental design for Next Generation Sequencing on GS Junior 454 

(Roche) technology 

 

Schema of the method 
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Library preparation: 

In this study the Universal Tailed Amplicon design was performed. This particular design 

includes two step PCR amplification process and use of designed fusion primers which 

are created according to GS Junior System Guidelines for Amplicon Sequencing Design, 

(Edition 04/2010). 

 

 

 

Schema of Universal Tailed Amplicon design including two step amplification process. 

 

In the first PCR reaction, to generate basic library, the fusion primers were composed from 

two parts fused together: universal part (universal sequencing primer A and B) and specific 

part (specific primers for KRAS gene fragment or BRAF gene fragment, respectively). 

In the second PCR, universal tail A or universal tail B of the 5’ end fusion primers from the 

first PCR was used to bind universal forward and reverse sequencing primers that possess 17-

mer M13 sequence. This enabled us to target the fusion primers in the second PCR reaction 

(Table1). 
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Table 1. Sequence of M13 primers (these sequences create 5’ part of fusion primers) 

M13 universal sequencing primers nucleotide sequence 

Forward primer ( A) 5'-gTTTTCCCAgTCACgAC-3' 

Reverse primer  ( B) 5'-CAggAAACAgCTATgAC-3' 

 

Specific, 3´ part of the fusion primers, were designed so it can amplify the desired sequence of 

interest: KRAS and BRAF fragment products. UCSC (http://genome.ucsc.edu) was used as source 

information about reference sequence of the genes, position of the genes in the genome. Primers 

were designed and selected from DNA sequences using free online Primer3 program 

(http://simgene.com/Primer3). For design of primers standard condition was used: product size 

200-300bp, primer length 18-30bp, primer annealing temperature 57-60°C,  and 30-70% of GC 

content.Primer positions on chromosome and length of the primers were confirmed using In 

Silico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr). All primers were ordered from Generi 

Biotech (the Czech Republic). 

 

Table 2. Specific sequence of primers for KRAS and BRAF genes (this sequence creates 3’ part 

of fusion primers) 

Specific primer Exon (including codons) Nucleotide sequence Product (bp) 

KRAS Forward exon 2 (codon 12, 13) TggTggAgTATTTgATAgTgTATTAACCT       282 

KRAS Reverse exon 2 (codon 12, 13) ATgAAAATggTCAgAgAAACCTTTATC       282 

BRAF Forward exon 15 (codon 600) TgCTTgCTCTgATAggAAAATg       222 

BRAF Reverse exon 15 (codon 600) TCAgggCCAAAAATTTAATCA       222 

 

 

USSC-In Silico PCR result (KRAS fragment product, codons 12 and 13 are highlighted with 

yellow) 

>chr12:25398128-25398409 282bp (fragment length)  

TGGTGGAGTATTTGATAGTGTATTAACCTtatgtgtgacatgttctaata 

tagtcacattttcattatttttattataaggcctgctgaaaatgactgaa 

tataaacttgtggtagttggagctggtggcgtaggcaagagtgccttgac 

gatacagctaattcagaatcattttgtggacgaatatgatccaacaatag 

aggtaaatcttgttttaatatgcatattactggtgcaggaccattctttg 

atacaGATAAAGGTTTCTCTGACCATTTTCAT 

 

 

http://genome.ucsc.edu/
http://simgene.com/Primer3
http://genome.ucsc.edu/cgi-bin/hgPcr
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=349356475&db=hg19&position=chr12:25398128-25398409&hgPcrResult=pack
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UCSC-In Silico PCR result (BRAF fragment product, codon 600 is highlighted with yellow) 

>chr7:140453029-140453250 222bp (fragment length) 

TGCTTGCTCTGATAGGAAAATGagatctactgttttcctttacttactac 

acctcagatatatttcttcatgaagacctcacagtaaaaataggtgattt 

tggtctagctacagtgaaatctcgatggagtgggtcccatcagtttgaac 

agttgtctggatccattttgtggatggtaagaattgaggctatttttcca 

cTGATTAAATTTTTGGCCCTGA 

 

 

Table 3. Fusion primers created for 1-PCR reaction  

(including M13 sequence and specific primer sequence): 

Fusion primers  nucleotide sequence 

Forward primer  5'-universal tail A (Univ-A) M13- template-specific sequence-3' 

Reverse primer 5'-universal tail B (Univ-B) M13 - template-specific sequence-3' 

Forward primer KRAS (exon2, includes codon 12 and 
13) 5'-gTTTTCCCAgTCACgACTggTggAgTATTTgATAgTgTATTAACCT -3' 

Reverse primer KRAS (exon2, includes codon 12 and 13) 5'-CAggAAACAgCTATgACATgAAAATggTCAgAgAAACCTTTATC-3 

Forward primer BRAF (exon 15, includes codon 600) 5'gTTTTCCCAgTCACgACTgCTTgCTCTgATAggAAAATg-3 

Reverse primer BRAF (exon15, includes codon 600) 5'-CAggAAACAgCTATgACTCAgggCCAAAAATTTAATCA-3 

 

Fusion primers for first 1-PCR reaction, gDNA 10-200 ng/µl templates, and FastStart High 

Fidelity PCR system dNTPack (Roche, Manual version 07, 2011), were amplified on Roche 480 

LihgtCycler. High-fidelity polymerase was used to avoid amplification-derived variations in the 

sequence that we encountered when low-fidelity polymerase was used (data not shown). Primer 

binding was optimized by annealing temperature to achieve one specific product for KRAS and 

BRAF in one PCR amplification step, respectively. In this study, presumably fragmented FFPE 

DNA was used as a template which is likely to include very low amount of not degraded DNA 

copy template resulting in very late cycle amplification. Therefore, PCR was run for 50 cycles. 

Melting program was run to check for primer dimers, non specific products, and/or not amplified 

products.  

http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=349440615&db=hg19&position=chr7:140453029-140453250&hgPcrResult=pack
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Table 4. Final reaction concentration used for 1-PCR reaction 

  

 1-PCR      

Reagents concentration Final conc. µl/1 reaction 

H2O   13.64 

10xPCR buffer with 18mM MgCl2 1x, 1.8 mM 2 

dNTPs 25 mM 0.2 mM 0.16 

Eva Green 20x 1x 1 

Primers mix 10 µM fusion primers 
(Fw and Rv mix) KRAS or BRAF 1 µM each 2 

 High fidelity polymerase 5U 1 U 0.2 

DNA 1 µl 1 

Total volume   V=20 µl 

 

Fusion primers used–(including M13 nucleotide sequence part and KRAS/BRAF specific 

sequence part). 

Table 5. Final temperature condition used for 1-PCR reaction: 

 

 LightCycler 480 Roche     

 PCR-program:       

Polymerase 
initialization 95°C 5 min   

denaturation 95°C 30 s   

annealing 59°C 30 s  50 cycles 

elongation 72°C 40 s   

melting 95°C 10 s   

  60°C 1 min   

  95°C 

Continuous 
fluorescence 
signal 
gathering   

cooling 37°C     
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For the second PCR reaction, the samples from first PCR were diluted 1:1000. 

Fusion primers Forward A and Reverse B used in the second step PCR (2-PCR) were created 

according to GS Junior System Guidelines for Amplicon Experimental Design (Edition 

04/2010). 

Fusion primers were composed of three parts which are linked together: 25-mer sequence 

including key sequence, mid sequence, and universal tail A’ or B’. 

The first part, 25-mer sequence (Forward and Reverse) are dictated by requirements of 

sequencing system to enable binding to the DNA Capture Beads (Lib-A), and to enable 

annealing the em-PCR Amplification Primers and the Sequencing Primers. These primers 

part always end with the sequencing key TCAG for library identification. Second part, 

named Multiplex Identifiers (MIDs) labels every individual sample to distinguish between 

library during sequencing process and analysis. The third part, named universal tail A’ 

(Univ-A’) and universal tail B’ (Univ B’), is complementary to the universal tails A and B 

from first PCR reaction. Fusion primers were created according to GS Junior System 

Guidelines for Amplicon Experimental Design (Edition 04/2010). 

 

Table 6. The fusion primers A and B created for the 2-PCR reaction: 

Forward-Primer A 5'-Forward primer A-KEY-(MID)-universal tail A'(Univ-A')-3'   

Forward-Primer A 5-' CgTATCgCCTCCCTCgCgCCATCAg -(MID)- gTTTTCCCAgTCACgAC-3'   

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg-(ACgAgTgCgT)- gTTTTCCCAgTCACgAC-3' MID1 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg(ACgCTCgACA)-gTTTTCCCAgTCACgAC-3' MID2 

Forward-Primer A 5' -CgTATCgCCTCCCTCgCgCCATCAg-(AgACgCACTC)-gTTTTCCCAgTCACgAC-3' MID3 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg - (AgCACTgTAg)-gTTTTCCCAgTCACgAC-3' MID4 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg-(ATCAgACACg)-gTTTTCCCAgTCACgAC-3' MID5 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg-(ATATCgCgAg)-gTTTTCCCAgTCACgAC-3' MID6 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg-(CgTgTCTCTA)-gTTTTCCCAgTCACgAC-3' MID7 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg- (CTCgCgTgTC)- gTTTTCCCAgTCACgAC-3' MID8 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg(TAgTATCAgC)-gTTTTCCCAgTCACgAC-3' MID9 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg-(TCTCTATgCg)- gTTTTCCCAgTCACgAC-3' MID10 

Forward-Primer A 5'-CgTATCgCCTCCCTCgCgCCATCAg -(TgATACgTCT)- gTTTTCCCAgTCACgAC-3' MID11 

Forward-Primer A 5'- CgTATCgCCTCCCTCgCgCCATCAg-(TACTgAgCTA)-gTTTTCCCAgTCACgAC-3' MID12 
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Reverse-Primer B 5'-Reverse primer B-KEY-(MID)-universal tail B'(Univ-B')-3'   

Reverse-Primer B 5-'CTATgCgCCTTgCCAgCCCgCTCAg-(MID)-CAggAAACAgCTATgAC-3'   

Reverse-Primer B 5'-CTATgCgCCTTgCCAgCCCgCTCAg-(ACgAgTgCgT)-CAggAAACAgCTATgAC-3' MID1 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(ACgCTCgACA)-CAggAAACAgCTATgAC-3' MID2 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg -(AgACgCACTC)- CAggAAACAgCTATgAC-3' MID3 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(AgCACTgTAg)-CAggAAACAgCTATgAC-3' MID4 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(ATCAgACACg)-CAggAAACAgCTATgAC-3' MID5 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg- (ATATCgCgAg)-CAggAAACAgCTATgAC-3' MID6 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(CgTgTCTCTA)-CAggAAACAgCTATgAC-3' MID7 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(CTCgCgTgTC)-CAggAAACAgCTATgAC -3' MID8 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(TAgTATCAgC)-CAggAAACAgCTATgAC-3' MID9 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(TCTCTATgCg)- CAggAAACAgCTATgAC-3' MID10 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(TgATACgTCT)-CAggAAACAgCTATgAC-3' MID11 

Reverse-Primer B 5'- CTATgCgCCTTgCCAgCCCgCTCAg-(TACTgAgCTA)-CAggAAACAgCTATgAC-3' MID12 

 

 

Table 7. Final reaction concentration used for 2-PCR reaction with fusion primers A and B 

2-PCR      

Reagents concentration Final conc. µl/1 reaction 

H20   13.64 

10xPCR buffer with 18 mM MgCL2 1x, 1.8 mM 2 

dNTPs 25 mM 0.2 mM 0.16 

Eva Green 20x 1x 1 

Primers mix 10 µM fusion primers 
(Fw and Rv mix) 1 µM each 2 

 High fidelity polymerase 5U 1 U 0.2 

DNA (diluted 1:000 from 1-PCR) 1 µl 
1  

 

Total volume   V=20µl 
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Table 8. Final temperature condition used for 2-PCR reaction: 

 

LightCycler 480 Roche     

 PCR-program:       

Polymerase 
initialization 95°C 5 min   

denaturation 95°C 30 s   

annealing 64°C 30 s  20 cycles 

elongation 72°C 40 s   

melting 95°C 10 s   

  60°C 1min   

  95°C 

Continuous 
fluorescence 
signal 
athering   

cooling 37°C     

 

After second PCR reaction, PCR products were purified using QIAquick PCR Purification Kit 

(Qiagen) according to manufacturer’s protocol (Edition 10/2010). The final product was eluted 

using 25 µl of molecular grade water. 

Subsequently, concentration of DNA in the eluted samples was tested on Agilent Bioanalyzer 

2100, using Agilent DNA 1000 Assay Protocol (Edition 04/2010). The final product was diluted 

to obtain the standardized concentration of 20ng/µl for all prepared samples. All samples library 

were then pooled together to generate one pooled library. 
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 Clonal amplification–emulsion PCR (emPCR): 

Pooled library was then diluted to obtain a working solution concentration of 1x10
6
 molecules/µl 

according calculation molecules/µl=[sample concentration (ng/µl) x 6.022 x 10
23

]/[656.6 x 10
9
x 

library length (pb)] and volume of DNA library calculation µl of DNA library per tube 

=[desired molecules per bead (2 molecules per bead )x 5milion beads]/[library concentration 

(in molecules/µl)] that is translated into required molar equivalent of 2-DNA molecules of 

library DNA per one capture bead. This step allows obtaining appropriate level of bead 

enrichment required for satisfactory sequencing results.  

DNA library molecules were clonally amplified on beads which are compartmentalized into 

water-in-oil emulsion. During this process, one DNA molecule per bead is amplified to ~ 10 

million copies. Clonal amplification using emPCR was performed according to manufacturer 

instruction regarding GS Junior Titatum series, emPCR Amplification Method Manual-Lib-A 

(Edition 05/2010 Rev. 04/2011) 

Sequencing: 

DNA enriched beads were separated and deposited into picotiter plate along with small enzyme 

beads. This process was provided using GS Junior Titanium Sequencing kit in combination with 

GS Junior Titanium PicoTiterPlate kit, according to Sequencing Method Manual, GS Junior 

Titatnium Series (Edition 05/2011, Rev.06/2010). This kit provides reagents and components for 

single sequencing run. Sequencing run was performed using GS 454-Junior (Roche) sequencer. 

 

Data analysis: 

To analyze generated data, we used GS Roche 454 Amplicon Variant Analyzer (AVA) 2.6 

version software (Roche). This software provides easy and robust analysis enabling identification 

of variation and quantitation of sequence variants. The Human Genome 19 (HG19) was used as 

the reference sequence for alignment (the analysis was performed by the Ph.D candidate - 

Mgr.Sylwia Jancik and confirmed by Mgr. Petr Vojta). 
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2.3.2.3 Experimental design for Next Generation Sequencing MiSeq (Illumina) 

technology 

 

Schema of the method 
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Library preparation: 

For PCR amplification, the same specific primers for KRAS exon 2, codons 12, 13 and BRAF 

exon 15 codon 600 were used as for GS Junior 454 (Roche) technology.  

Table 1. PCR-specific primers for KRAS and BRAF genes fragment. 

Forward primer  
5- template-specific sequence-3' 
(Forward) xxx bp product size 

Reverse primer 5'- template-specific sequence-3' (Revers) xxx bp product size 

Forward primer KRAS (exon2, includes codon12 and 13) 5'-TggTggAgTATTTgATAgTgTATTAACCT-3' 282 bp product size 

Reverse primer KRAS (exon2, includes codon 12 and 13) 5'-ATgAAAATggTCAgAgAAACCTTTATC-3' 282 bp product size 

Forward primer BRAF (exon 15, includes codon 600) 5'TgCTTgCTCTgATAggAAAATg-3' 222 bp product size 

Reverse primer BRAF (exon15, includes codon 600) 5'-TCAgggCCAAAAATTTAATCA-3' 222 bp product size 

 

PCR amplification conditions and in silico results are described in Roche experiment design 

section (see above). 

 

 

Table 2. Final reaction concentration used for specific PCR amplification (KRAS or BRAF) 

 

 Specific PCR amplification 
 KRAS/BRAF     

Reagents concentration Final conc. µl/1 reaction 

H2O   13.64 

10xPCR buffer with 18 mM MgCL2 1x, 1.8 mM 2 

dNTPs 25mM 0.2 mM 0.16 

Eva Green 20x 1x 1 

Primers (Fw and Rv mix) 10 µM  
KRAS or BRAF 
 1 µM each 2 

 High fidelity polymerase 5U 1 U 0.2 

DNA 1 µl 1 

Total volume   V=20 µl 
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Table 3. Final PCR program 

 

LightCycler 480 Roche     

 PCR-program:       

Polymerase 
initialization 95°C 5min   

denaturation 95°C 30 s   

annealing 59°C 30 s  50 cycles 

elongation 72°C 40 s   

melting 95°C 10 s   

  60°C 1 min   

  95°C 

Continuous 
fluorescence 
signal 
gathering   

cooling 37°C     

 

In the following step, amplified products were end-repaired. This step is needed to allow for 

hybridization of adaptor-modified DNA to oligonucleotide anchor in the flow cell. Ligation of 

the adaptors is only possible when the PCR fragments are end-repaired. During end-repairing 

process, the generated fragments are phosphorylated at the 5’ ends, and 3’ ends are adenylated 

by single A-nucleotide added to the fragments. This allows for ligation of the fragment to an 

adaptor that has a single base –T overhange (AT cloning).  

Amplified PCR products were purified using QIAquick PCR Purification Kit (Qiagen) according 

to manufacturer’s QIAquick Spin Handbook (Edition 05/2012), elution of product to the 25 µl 

molecular grade water. Alternatively, when unspecific products occurred, purification was 

provided using SPRI Based Size Selection (Beckman Coulter) according to manual instructions 

(Revision version 10/2012 eluting DNA to 20 µl molecular grade water. 

 

To generate end-repair fragments, GS FLX Titanum Rapid Library Preparation Kit (Roche, 

Content version 12/2010, Version 4.0) manual was followed. Procedure was modified to be 

compatible with the use of Illumina by using adaptors compatible with Illumina system and 

DNA amplicons products (originally this kit is aimed to Roche NGS system).  

Modified manual process for Illumina is described below: 
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16 µl DNA of PCR amplicon with minimal concentration 5 ng/µl was added to the 9 µl of 

Fragment End- Repair Mix, vortexed for 5 seconds, spun shortly and run using an End Repair 

program: 

 

Table 4. Reagents and enzymes used for End-repair process: 

Fragment End-Repair Mix   

Reagents µl/1-rce. 

RL 10x Buffer 2.5 

RL ATP 2.5 

RL dNTP 1 

RL T4 Polymerase 1 

RL PNK 1 

RL Taq Polymerase 1 

Total 9 

 

 

Table 6. Thermal conditions used for End-repair: 

 

PTC-200 Peltier Thermal Cycler 

Program: End-Repair   

25°C 20 min    

72°C 20 min 1x cycle 

4°C hold   

 

 

1µl of 20µM adaptor (Illumina) and 1µl Ligase was added to the reaction tube which included 

end repaired PCR fragments sequence, and the mixture was incubated according to Adaptor- 

Ligation program: 
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Table 7. Thermal condition for Adaptor-ligation: 

 

PTC-200 Peltier Thermal Cycler 

Program: Adaptor- Ligation 

25°C 20 min    

16°C 20 min 1 x cycle 

4°C hold   

 

 

Table 8. Primer sequences and temperature conditions for creating adaptors: 

Before process with adaptor ligation, adaptors were created using Forward and Reverse primers. 

They were then ligated to each other using the following program: 95°C 10 min, 70°C 30 min. 

Adaptor_Illumina Adaptor sequence – compatible with Nextera Indexes modification 

Forward-adaptor-i5 5'-TCgTCggCAgCgTCAgATgTgTATAAgAgACAgT-3' 5' phosphorylated 

Revers-adaptor-i5 5'-CTgTCTCTTATACACATCTgACgCTgCCgACgA-3' 5' phosphorylated 

Forward-adaptor-i7 5'-gTCTCgTgggCTCggAgATgTgTATAAgAgACAgT-3' 5' phosphorylated 

Revers-adaptor-i7 5'-CTgTCTCTTATACACATCTCCgAgCCCACgAgAC-3' 5' phosphorylated 

  

Oligonucleotide sequences © 2007-20012 Illumina, Inc. All right reserved. Derivative work created by Illumina 

customers are authorizied for use with Illumina instruments and products only. Other use is strictly prohibited. 

 

After adaptor ligation process was completed, the products were purified using QIAquick PCR 

Purification Kit (Qiagen) according to manufacturer’s QIAquick Spin Handbook (Edition 

05/2012), and they were eluted using 25µl molecular grade water. During this step, unligated 

adaptors and all reagents used in previous steps were removed. 

Subsequently, purified products were barcoded with multiplex indexes and amplified. Nextera 

short (7-8bp) Index fragments (i5- index and i7-index) are unique codes used to label every 

individual sample to identify them during sequencing and analysis process. 

Table 8. Index primers sequences 

Nextera  
Index -primers Index primers sequences  

Index i5 AATgATACggCgACCACCgAgATCTACAC [i5-8 bases codes fragment]TCgTCggCAgCgTC 

Index i7 CAAgCAgAAgACggCATACgAgAT [i7-bases codes fragment]gTCTCgTgggCTCgg 
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Indexing of primer sequences with unique barcode was performed using MID Kit for Illumina 

MiSeq. 

Table 9. Reagents used for PCR Index annealing process: 

 

PCR-Index annealing     

Reagents concentration Final conc. µl/1-rce. 

H2O   13.4 

10xPCR buffer/MgCL2 18 mM 1x/1.8 mM 2 

10mM dNTPs 0.2 mM 0.4 

Eva Green 20x 1x 1 

High fidelity polymerase 5U 1U 0.2 

    Mix=17µl 

mid i5 (Fw and Rv) 10 µM 0.5 µM 1 

mid i7 (Fw and Rv) 10 µM 0.5 µM 1 

DNA (after adaptor ligation)   1 

Total   V=20 µl 

 

Table 9. Thermal condition used for PCR Index annealing process: 

 

Lihght Cycler 480 Roche       

Program: Index annealing       

polymerase activation 95°C 5 min   

denaturation 95°C 30 s   

annealing 55°C 30 s 20 cycles 

elongation 72°C 1 min   

extension 72°C 5 min   

cooling 37°C for ever   

 

The products resulting from the annealing reaction including specific sequence with ligated 

adaptors and index, and concentration of individual samples were analyzed using Agilent 2100 

Bioanalyzer, using DNA Chips Technologies according to DNA 1000 Kit Quick Start Guide 

(Edition 10/2010). All concentrations of the samples were calculated and adjusted to reach the 

same concentration and then they were pooled together. 
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Sequencing: 

Pooled library was diluted to a final concentration of 12 pM and denaturated using NaOH. DNA 

libraries were spiked-in 5% of 12 pM PhiX control (spiking using PhiX control is necessary for 

amplicon sequencing, especially when few genes are being sequenced. This allows obtaining 

higher quality data, with high diversity. Low diversity can occur when pools consist of one or 

few amplicons and significant number of reads contains the same sequence. This can shift the 

base composition because the reads are no longer random). Subsequently, 600 µl of sample from 

the library was loaded onto sequencing cartridge and 15 M flow cell was used in each 

sequencing run. Library preparation and sequencing process preparation was performed 

according to manual protocol Preparing DNA Libraries for Sequencing on the MiSeq® (Verison 

03/2013, Rev.B). 

Data analysis: 

Analysis was performed using MiSeq reporter 2.2.29. Output .vcf and .bam files were processed 

using Microsoft Office Excel and IGV 2.3 software. The HG19 reference was used for alignment 

(analysis of data were done with a bioinformatics help of Ing. Rastislav Slavkovsky, PhD.). 
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 2.3.4 Results 

To attest whether NGS is technically competent and able to produce precise and accurate data 

meeting the standard for further validation under quality management for medical laboratory 

(ISO15198), the samples were analyzed in relation to presence and type of KRAS/BRAF 

mutation. All NGS results were compared with results of CE-marked Real-Time PCR methods. 

Percentage correlation and mutational status was also compared between two NGS technologies, 

and test repeatability was obtained for MiSeq (Illumina) sequencing technology. 

Result of adaptor ligation process for MiSeq (Illumina) system using Agilent 2100 

Bioanalyzer, DNA Chips Technologies: 

  

NGS system optimization: 

NGS Illumina and NGS Roche technology systems were tested using 1% mutation detection 

threshold during analysis. Achieved coverage during sequencing process for GS 454-Junior 

(Roche) system was: minimal coverage ~3500 reads/1sample (35 reads per 1% threshold), 

maximal coverage ~10 000 (100 reads per 1%). Achieved coverage during sequencing process 

for NGS MiSeq (Illumina) was: minimal coverage ~2500 reads/1sample (25 reads per 1%), 
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.maximal coverage ~50 000 (500 reads per 1%). 36 samples analyzed previously for KRAS or 

BRAF mutation by Real-Time PCR methods were used for system optimization (see below). 

NGS versus TheraScreen Mutation kit (Qiagen) for KRAS mutation detection: 

Detection of KRAS gene mutations, exon 2 (codon 12 and 13) was done using 23 samples 

including one control sample with pre-defined percentage of mutated DNA (~1.5% G12V), and 

22 patients samples with unknown mutation status. KRAS gene was tested by K-ras TheraScreen 

Mutation Detection kit (Qiagen) with detection limit 1%. Between 23 samples tested samples, 15 

samples were mutation positive and 8 samples were mutation negative (Table 1). 

Table 1. Results of KRAS mutation detection by NGS GS 454-Junior (Roche) and NGS 

MiSeq (Illumina) in comparison to TheraScreen Real-Time method. 

Nr. Sample 
 Real-time PCR 

KRAS_TheraScreen 
 NGS  

Roche 454 Junior 
NGS 

Illumina MiSeq 

1 KRAS 1.5% G12V G12V G12V 

2 7889 G12V Wild-type G12V 

3 7964 Wild-type 12Ser Wild-type 

4 8233 Wild-type Wild-type Wild-type 

5 7857 Wild-type Wild-type Wild-type 

6 7886 Wild-type Wild-type Wild-type 

7 7935 Wild-type Wild-type Wild-type 

8 8235 Wild-type Wild-type Wild-type 

9 8236 Wild-type Wild-type Wild-type 

10 7934 Wild-type Wild-type Wild-type 

11 7847 G13D G13D G13D 

12 6981 G12D G12D G12D 

13 7849 G12V G12V G12V 

14 6977 G12C G12C G12C 

15 8210 G13D G13D G13D 

16 8424 G12V G12V G12V 

17 8425 G12A G12A G12A 

18 8426 G12S G12S G12S 

19 8281 G13D G13D G13D 

20 8394 G12V G12V G12V 

21 8254 G12V G12V G12V 

22 7848 G12R G12R G12R 

23 7825 G12A G12A G12A 
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Sequencing by NGS GS Junior-454 (Roche) 23 tested samples yielded one false positive 

sample (MG7964) and one false negative (MG7889) sample in comparison to TheraScreen 

Mutation Detection kit and NGS MiSeq (Illumina) (Table 1). This missing sample (MG7889) 

was found subsequently to contain 0.8% mutated DNA. In AVA software during analysis, 

detection threshold was set to 1%, so taking this criteria, this one sample was consider to be 

wildtype; however, it was close to detection threshold. False positive sample (MG7964) was also 

found near to detection limit with 1.4% mutation detection positivity (Table 3).  

From our experience, false negativity or false positivity in samples with mutation percentage 

near the detection threshold is problem during data analysis using any genotyping methods (data 

not showed). Thus, for results close to detection limit of NGS, we recommend to perform 

sequencing twice or using different detection method to confirm the result.   

 Sequencing by NGS MiSeq (Illumina) results were in all 23 cases tested samples concordant 

with TheraScreen Mutation Detection kit. Samples MG7889 and MG7964, discordant with NGS 

Junior result, were considered in the context of Real-Time (CE) methods results to be true 

negative and true positive for NGS MiSeq sequencing system (Table 1). 

According to these results, GS Junior-454 (Roche) sensitivity (true positive rate) was estimated 

to be 95.7%, and specificity (false positive rate) was estimated to be 95.7% as well.  

NGS MiSeq sensitivity and specificity was estimated to be 100% for both parameters. 

NGS versus PNAClamp Mutation Detection kit (Panagene) and BRAF mutation Detection 

kit (IntellMed) for BRAF mutation detection: 

Detection of BRAF gene mutation, exon 15 (codon 600) was done on 13 samples including one 

control standard sample with pre-defined percentage of mutated DNA (~1.5% V600E) and 12 

patients samples with unknown mutation status. All samples were tested by PNAClamp 

Mutation Detection kit (Panagene); results were also confirmed by BRAF Mutation Detection kit 

(IntellMed). Detection limit of the kits is about 1%. Between 13 samples tested on BRAF, 10 

samples were mutation positive and 3 samples were mutation negative (Table 2). 
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NGS Junior and Illumina sequencing results were completely concordant with Real-Time 

methods PNAClamp Mutation Detection kit and IntellMed Mutation Detection kit in all 13 

samples cases (Table 2).  

According to these results, sensitivity and specificity were 100% for BRAF mutation detection 

status of both NGS methods. 

Table 2. Results of BRAF mutation detection by GS 454 Junior (Roche) and NGS MiSeq 

(Illumina) in comparison to PNAClamp and IntellMed Real-time methods 

 

Nr. Sample 

 Real-time PCR 
PNA Clamp and 

IntellMed 
 NGS  

Roche 454 Junior 
NGS  

Illumina MiSeq 

1 BRAF 1.5% V600E V600E V600E 

2 7888 Wild-type Wild-type Wild-type 

3 7898 Wild-type Wild-type Wild-type 

4 7911 Wild-type Wild-type Wild-type 

5 7011 V600E V600E V600E 

6 7116 V600E V600E V600E 

7 7030 V600E V600E V600E 

8 7092 V600E V600E V600E 

9 7094 V600E V600E V600E 

10 7088 V600E V600E V600E 

11 7100 V600E V600E V600E 

12 7106 V600E V600E V600E 

13 7114 V600E V600E V600E 

 

Very similar result was also described in publication by Katja Tuononen et. al. The KRAS and 

BRAF mutation detection was carried out using TheraScreen KRAS PCR test (Qiagen) and 

BRAF AmoyDx
TM

 BRAF V600E PCR test (Amoy Diagnostics). KRAS and BRAF mutation 

status was determined on 78 patient samples isolated from formalin fixed paraffin embedded 

tumour tissue. Percentage of concordance detected mutations between NGS GS 454-Junior 

(Roche) sequencing and Real-Time PCR analysing in these study was 98.7% for KRAS gene and 

100% for BRAF gene (Tuononen, 2013). 
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Quantitative comparison between two NGS methods: Roche 454-Junior versus Illumina 

MiSeq technology: 

Control sample with known percentage ~1.5% KRAS (G12V) mutated DNA was identified as 

1.7% by Roche Junior-454 system, and as 1.8% by Illumina MiSeq system. Control sample with 

~1.5% BRAF (V600E) mutated DNA was identified as 1.7% and 1.3 % respectively (Table 3., 

Table 5). 1.5% KRAS control samples measured as 1.7% by Junior and 1.8% by MiSeq, giving 

0.2% and 0.3% percentages discrepancy between true value and measured value, this giving 0.88 

and 0.83 ratio, respectively. This error of calculated ratio of NGS, giving satisfied result near to 

ideal ratio=1. From results of control sample analyzed for detection of KRAS gene, we can 

conclude, that detection error (defined as percentage ratio between true value and measured 

value of the NGS methods) is acceptable for detection threshold set to 1%.  
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Table 3. KRAS mutation results (percentage correlation between NGS GS 454-Junior 

(Roche) and NGS MiSeq (Illumina) technology 

Nr. Sample 
Real-time PCR 

KRAS_TheraScreen 

NGS 
Roche 454 

Junior 
% 

mutation 

NGS  
Illumina 
MiSeq % mutation 

1 
  

KRAS 1.5% G12V G12V 1.7% G12V 1.8% 

2 7889 G12V Wild-type/G12V 0.8% G12V 4.3% 

3 7964 Wild-type 12Ser 1.4% Wild-type 0.0% 

4 8233 Wild-type Wild-type 0.0% Wild-type 0.0% 

5 7857 Wild-type Wild-type 0.0% Wild-type 0.0% 

6 7886 Wild-type Wild-type 0.0% Wild-type 0.0% 

7 7935 Wild-type Wild-type 0.0% Wild-type 0.0% 

8 8235 Wild-type Wild-type 0.0% Wild-type 0.0% 

9 8236 Wild-type Wild-type 0.0% Wild-type 0.0% 

10 7934 Wild-type Wild-type 0.0% Wild-type 0.0% 

11 7847 G13D G13D 37.1% G13D 41.3% 

12 6981 G12D G12D 5.4% G12D 7.3% 

13 7849 G12V G12V 43.2% G12V 37.6% 

14 6977 G12C G12C 1.2% G12C 1.6% 

15 8210 G13D G13D 41.7% G13D 45.7% 

16 8424 G12V G12V 17.9% G12V 19.4% 

17 8425 G12A G12A 6.8% G12A 5.7% 

18 8426 G12S G12S 12.1% G12S 12.7% 

19 8281 G13D G13D 99.3% G13D 99.7% 

20 8394 G12V G12V 13.4% G12V 20.8% 

21 8254 G12V G12V 7.0% G12V 16.9% 

22 7848 G12R G12R 33.1% G12R 9.6% 

23 7825 G12A G12A 13.3% G12A 4.4% 

 BRAF control sample with pre-defined 1.5% mutated DNA were measured as 1.7% by Junior 

and 1.3% by MiSeq, giving 0.2% and -0.3% percentages discrepancy between true value and 

measured value (0.88 and 1.15 ratio, respectively). This error is acceptable.  

Between 34 patients samples with unknown mutation percentage (including 12 samples tested on 

BRAF and 22 samples tested on KRAS), quantitative results identified mutations with some high 

percentage correlation or/ discrepancy in some samples cases. Result is showed like a ratio 

percentage mutation between NGS methods. (Table 4, Graph 1, Table 6, Graph 2) (all samples 

were measured ones). 
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Table 4. Percentage correlation between NGS GS 454-Junior (Roche) and NGS MiSeq 

(Illumina) technology for KRAS mutation detection. Ratio of percentage mutation detection 

between NGS technologies 

Nr. Sample 

     NGS           
Roche  
454- Junior 

% 
mutation 

 NGS 
Illumina 
MiSeq 

% 
mutation 

   Ratio of % 
mutation 

 
  
Junior/MiSeq 

 

Ratio of % 
mutation 

 
 

MiSeq/Junior 

1 
 

KRAS 1.5% G12V 1.7% G12V 1.8% 0.94 
 

1.0 

2 7889 
Wild-

type/G12V 0.8% G12V 4.3% - 
x 

3 7964 12Ser 1.4% Wild-type 0.0% - x 

4 8233 Wild-type 0.0% Wild-type 0.0% x x 

5 7857 Wild-type 0.0% Wild-type 0.0% x x 

6 7886 Wild-type 0.0% Wild-type 0.0% x x 

7 7935 Wild-type 0.0% Wild-type 0.0% x x 

8 8235 Wild-type 0.0% Wild-type 0.0% x x 

9 8236 Wild-type 0.0% Wild-type 0.0% x x 

10 7934 Wild-type 0.0% Wild-type 0.0% x x 

11 7847 G13D 37.1% G13D 41.3% 
 

1.11 

12 6981 G12D 5.4% G12D 7.3% 0.73 1.35 

13 7849 G12V 43.2% G12V 37.6% 1.14 0.87 

14 6977 G12C 1.2% G12C 1.6% 0.75 1.33 

15 8210 G13D 41.7% G13D 45.7% 0.91 1.09 

16 8424 G12V 17.9% G12V 19.4% 0.92 1.08 

17 8425 G12A 6.8% G12A 5.7% 1.19 0.83 

18 8426 G12S 12.1% G12S 12.7% 0.95 1.04 

19 8281 G13D 99.3% G13D 99.7% 0.99 1.00 

20 8394 G12V 13.4% G12V 20.8% 0.64 1.55 

21 8254 G12V 7.0% G12V 16.9% 0.41 2.41 

22 7848 G12R 33.1% G12R 9.6% 3.44 0.29 

23 7825 G12A 13.3% G12A 4.4% 3.02 0.33 
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Graph 1.  

 

Scatter plot presented percentage correlation KRAS mutation detection between two NGS methods 

(numbers) number-Nr. of sample in the table, (blue points) indicate correlation between the percentages 

of detected mutation using GS 454 Junior Roche and percentages of detected mutations using MiSeq 

Illumina. 
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Table 5. BRAF mutation results (percentage correlation between NGS GS 454-Junior 

(Roche) and NGS MiSeq (Illumina) technology)  

 

Nr. Sample 

Real-Time PCR 
PNA Clamp and 

IntellMed 
NGS Roche 454 

Junior % mutation 
NGS Illumina 

MiSeq 
% 

mutation 

1  BRAF 1.5% V600E V600E 1.7% V600E 1.3% 

2 7888 Wild-type Wild-type 0.0% Wild-type 0.0% 

3 7898 Wild-type Wild-type 0.0% Wild-type 0.0% 

4 7911 Wild-type Wild-type 0.0% Wild-type 0.0% 

5 7011 V600E V600E 3.1% V600E 2.7% 

6 7116 V600E V600E 18.2% V600E 18.2% 

7 7030 V600E V600E 8.0% V600E 8.6% 

8 7092 V600E V600E 21.3% V600E 24.0% 

9 7094 V600E V600E 22.4% V600E 25.1% 

10 7088 V600E V600E 44.8% V600E 23.4% 

11 7100 V600E V600E 43.3% V600E 23.2% 

12 7106 V600E V600E 42.2% V600E 36.4% 

13 7114 V600E V600E 25.6% V600E 31.5% 
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Table 6. Percentage correlation between NGS GS 454-Junior (Roche) and NGS MiSeq 

(Illumina) technology for BRAF mutation detection. 

Nr. Sample 

NGS 
 Roche 

454 Junior 
% 

mutation 

NGS  
Illumina 
MiSeq 

   % 
mutation 

 
 
Ratio of % 
mutation 
Junior/MiSeq  

  
 

Ratio of % 
mutation 

MiSeq/Junior 
  

1 
 BRAF 
1.5% V600E 1.7% V600E 1.3% 

1.30  0.76 

2 7888 Wild-type 0.0% Wild-type 0.0% x  x 

3 7898 Wild-type 0.0% Wild-type 0.0% x  x 

4 7911 Wild-type 0.0% Wild-type 0.0% x  x 

5 7011 V600E 3.1% V600E 2.7% 1.14  0.87 

6 7116 V600E 18.2% V600E 18.2% 1.00  1.00 

7 7030 V600E 8.0% V600E 8.6% 1.00  0.93 

8 7092 V600E 21.3% V600E 24.0% 0.88  1.12 

9 7094 V600E 22.4% V600E 25.1% 0.89  1.1 

10 7088 V600E 44.8% V600E 23.4% 1.91  0.52 

11 7100 V600E 43.3% V600E 23.2% 1.86  0.53 

12 7106 V600E 42.2% V600E 36.4% 1.15  0.86 

13 7114 V600E 25.6% V600E 31.5% 0.81  1.23 

 

 

Statistic analysis of percentages correlation or/and discrepancy Junior (Roche) vs. MiSeq 

(Illumina) was done using Exact Wilcoxon signed rank test 23 sample/KRAS p-value=0.4637 

(alternative hypothesis: true mu is not equal to 0) and for 13 sample/BRAF p-value=0.7109 

(alternative hypothesis: true mu is not equal to 0). In both cases, we cannot reject that median 

difference between percentage targeted by two methods is zero (cannot reject that median 

differences two method give the same results). 

Discrepancy was also observed when repeating measurements by only one NGS method 

(MiSeq). Results of three measurements of the 6 samples by NGS MiSeq (Illumina) sequencing 

method is presented in Table 7.  
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Table 7. Test repeatability by NGS MiSeq (Illumina) sequencing technology 

 MiSeq (Illumina) 

Nr. Type measure 1 measure 2 measure 3 

average value of 
three 

measurements 
mutation 
detected  

Sample 1 FFPE 40.7% 20.7% 40.3% 33.9% G13D 

Sample 2 FFPE 15.7% 12.3% 6.7% 11.5% G12R 

Sample 3 FFPE 40.0% 44.0% 40.30% 41.4% G12V 

Sample 4 FFPE 7.3% 6.9% 7.20% 7.1% G12D 

Sample 5 Cell line A549 20.2% 19% 20.6% 19.9% G12S 

sample 6  Cell line SW620 29.4% 34% 42.4% 35.2% G12V 

Three measurements of the same samples by NGS MiSeq (Illumina). Sample 1-4 DNA isolated from 

fixed tissue embedded in paraffin, samples 5-6 DNA isolated from cell line mixed with wild type DNA 

isolated from blood.  

 

We suppose that this slight percentage discrepancy in some sample measurements can be result 

of very high heterogeneity of cancer material and in some cases very low quality of DNA (some 

copy of mutated DNA can be significantly degraded and therefore not amplified efficiently). 

These factors can slightly change ratio of mutated and non mutated alleles during repeated 

process of amplification and can result in discrepancy in quantitative result. 
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Graph 2. 

 

Scatter plot presented percentage correlation BRAF mutation detection between two NGS methods 

(numbers) number-Nr.of sample in the table, (blue points) indicate correlation between percentages of 

detected mutations using GS 454-Junior Roche and percentages detected mutations using MiSeq Illumina. 
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Comparison of analytical parameters of the NGS systems and Real Time PCR test: 

 NGS methods are sufficiently robust with regards to specificity and sensitivity of detected 

mutation when compared to Real-Time CE-IVD certified methods. 

Advantage of NGS method is easy readjustment of variable testing panel according to type of 

gene and mutation (different genes and exons, eg. KRAS and BRAF can be tested in one 

sequencing run using variable number of samples). This factor is especially promising in context 

of the new PRIME study which showed that also different type of mutation in KRAS gene than in 

codon 12 and 13 and also NRAS mutations are clinical relevant. Real-Time PCR methods are 

usually developed to detect one specific mutation in one tube, while NGS can detect even 

unknown mutations. This is big advantage for NGS system, especially when more than one gene 

and codons needs to be tested. 

NGS methods allowed direct quantitation of mutation, and adjustable detection threshold during 

analysis and sorting of result according to percentage value. In our study, detection threshold was 

deliberately chosen to be 1%, with regards of commercially available Real-Time PCR methods 

used in diagnostic laboratory. This detection threshold was successfully tested with good results 

using DNA samples with pre-defined percentage mutation (~1.5%) for KRAS and BRAF gene. 

Disadvantage of NGS is that it is more time consuming and less simple regarding handling 

protocol process and data analysis compared to Real-Time methods (~3/5 days vs. ~ 1/2day, 

respectively). Also, it is more problematic method according to time and price when only few 

samples are run in one sequencing run. To achieve price approximately equal to TheraScreen Kit 

(Qiagen) which is ~ 4000CZK, at least 12 samples should be analyzed in one sequencing run 

(Table 8). On the other hand, with growing number of samples including more genes and/or 

exons which are supposed to be tested in one sequencing run, the price becomes competitive 

since the cost per sample diminishes (Table 9). This represents significant advantage especially 

when using MiSeq Illumina system since the coverage per sequencing run can be even as high as 

15 000 000 reads in one sequencing run and is dependent on capacity of flow cell chosen  (1M, 

4M, and 15M with MiSeq reagent Kit v2). Maximal amount of tested samples is shown in the 

table below (Table 10) , which for MiSeq was calculated based on 15M flow cell (15 000 000 



99 

 

reads/run; calculation criteria were based on recommended coverage for amplicon sequencing 

5000-reads per one exon to achieve ”safely” the coverage of 50 reads-per 1% mutation. Using 

GS 454-Junior (Roche) machine, total coverage for amplicon sequencing is 70 000 reads. To 

achieve good quality results, theoretically, maximal cohort of tested samples in one sequencing 

run should be no more than 14. 

 

Table 8. Example of price calculation for genotyping 12 samples using MiSeq Illumina 

system 

MiSeq Illumina (cost per 1 sample when 12 samples is sequenced in one run) 

Flow cell 
capacity 

 Flow cell 
cost 

 Flow cell 
cost/1samples 

Chemicals cost/1 
sample 

Total price/1sample 
(Flow cell+ chemicals 
cost) 

1M 15 000CZK 1250CZK 2750CZK 4000CZK 

4M 24 000CZK 2000CZK 2750CZK 4750CZK 

15M 30 000CZK 2500CZK 2750CZK 5250CZK 

 

Approximate calculation cost for different flow cell capacity is provided in the table.  

1M flow cell is sufficient for 12 samples. Less than 12 samples makes price higher than calculated in the 

table (4000CZK). However, when 12 samples are sequenced using 1M flow cell, more than one gene and 

more exons can be sequenced in one run, elucidating the advantage of NGS to Real-Time PCR 

(TheraScreen) which is designed for analyzing only one gene in one detection test for price of 4000CZK. 

Table 9. Example of price calculation for genotyping 96 samples using MiSeq Illumina 

system 

 

MiSeq Illumina (cost per 1 sample when 96 samples is sequence in one run) 

Flow cell 
capacity 

 Flow cell 
cost 

 Flow cell 
cost/1samples 

Chemicals cost/1 
sample 

Total price/1sample 
(Flow cell+ chemicals 
cost) 

1M 15 000CZK 157CZK 2750CZK 2907CZK 

4M 24 000CZK 250CZK 2750CZK 3000CZK 

15M 30 000CZK 313CZK 2750CZK 3063CZK 
 

1M flow cell capacity (1 000 000 reads) is sufficient for 96 samples when one gene/exon is tested in one 

sequencing run (when more genes or/and exons are tested, we would recommend higher capacity of flow 

cell to reach 1% threshold for mutation detection). 
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Table `10. Comparison analytical parameters between detection methods. 

 
TheraScreen PNAClamp 

 

IntellMed 
Roche GS  

Junior Illumina MiSeq 

Sensitivity/detection 
limit 

 
1% <1% 

 
1% adjustable adjustable 

Procedure and 
analysis time 1/2 day  1/2 day  

 
1/2 day 3/5 days 3/5 days 

Simplicity of wet 
procedure 
Low *, high **** **** **** 

 
 

**** ** *** 

Simplicity of data 
processing and 
analysis **** **** 

 
 

**** *** ** 

Maximum tested 
genes  
in one run KRAS only BRAF only 

 
 

BRAF only more  more 

Maximum tested 
samples in one run 

      10 
 (1 exon) 

50 
 (1 exon) 

 
 

         94  
    (1 exon) 

14 (1 exon) 
to achieve 

sensitivity 1% 

96 (25 exons) 
to achieve 

sensitivity 1% 
15M (flow cell) 

Cost per sample   
  4000 CZK  
 

 
  
 1500 CZK 

 

 
 

800 CZK  
4000 CZK 

when 12 samples 
are run 

 4000 CZK  
when 12 samples 

are run 
1M (flow cell) 

CE-certified 

yes yes 

 
 

yes no no 

 

All calculation for NGS was done for detection limit of 1% and must be taken with caution 

because it assumes that all quality control steps were passed and technician reached a needed 

level of personal skill using this method. 



101 

 

2.3.5 Summary of the NGS results 

In summary, NGS stands as a technically competent method able to produce precise and accurate 

results with high sensitivity and specificity compared to CE Real-Time PCR test. Price of NGS is 

comparable with commercially used method in diagnostic practices. Time of method processing 

and data analysis is longer compared to Real-Time methods but within accepted range of two 

weeks which is currently acceptable by clinicians. 

According to our analysis, NGS method can be standardized for clinical practice and is ready for 

the full validation to suit requirements for ISO15198 accredited medical laboratory. 
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2.4 BRAF (IntellMed) p.Val600Glu testing in thyroid carcinoma patients. 
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2.5  Whole genome amplification (WGA) before KRAS genotyping 



110 

 

 



111 

 



112 

 



113 

 

 



114 

 

 

 



115 

 

2.6 Clinical Relevance of  KRAS in Human Cancers 
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Summary of the all results 

Molecular cancer biomarkers have many applications in clinical oncology including 

determination of cancer risk, monitoring of cancer progression, and prediction of cancer response 

to treatment. Targeted therapeutic agents are frequently effective only in a subset of patients who 

express specific set of genetic biomarkers. For example, wild type status of the KRAS gene must 

be confirmed before administration of biological therapeutics such as panitumumab and 

cetuximab can be recommended. Therefore, it is very important that reliable detection methods 

are employed when KRAS genotyping is done. These methods should ensure highest possible 

quality of analytical parameters optimized to achieve high specificity, sensitivity and low 

detection limit. These methods should also be cost efficient and time efficient and they should 

have sufficient level of robustness. 

First objective of this work was to introduce and compare to each other new strategies for 

genotyping of oncomarker KRAS using heterogeneous clinical tumor samples and to evaluate 

analytical parameters characteristics of each of the methods, such as their sensitivity, specificity, 

and detection limit. Five different commercial methods were compared: Sanger sequencing, 

Pyrosequencing, Real-Time PCR method based on Scorpion primers and allele specific ARMS 

primers (TheraScreen KRAS kit), Reverse dot-blot hybridization (K-ras Strip Assay), and High 

Resolution Melting Analysis. Ability of mutation detection using these methods was tested using 

the 131 DNA samples isolated from frozen archived NSCLC tissue samples. I have concluded 

that K-ras Strip Assay was a method with the highest likelihood of mutation detection in the 

KRAS gene. However, the most sensitive technology was TheraScreen DxS, followed by K-ras 

Strip Assay, HRM, Pyrosequencing, and Sanger sequencing, while the most specific technology 

was TheraScreen DxS, followed by Sequencing, Pyrosequencing, HRM, and K-ras Strip Assay. 

All five tested methods showed agreement in genotyping results in 78% of tested samples. 

Excluding HRM method, (that was not used for the analysis of all samples because of 

insufficient amount of material available for analysis from some tumor samples), genotyping 

agreement was 82%. In the case of 6.1% of analyzed samples the results generated using the two 

most appropriate methods, TheraScreen and Strip Assay, were not in agreement. These 

disagreements could stem from differences in mechanism of action and detection limits of these 

methods. The thesis contains summary of characteristics and properties of the different methods 

(including the cost, working time, and the required amount of DNA input).  

The second part of the thesis was focused on application of COLD-PCR (modification of 

conventional PCR amplification) as the first step in Sanger capillary direct sequencing of KRAS. 

We have expected to improve the unfavourable detection limit (25 %) of the Sanger sequencing 
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technology for the mutated gene in the context of the background of wild-type DNA. Method 

was tested on cell lines with known KRAS mutation using DNA which was mixed with wild-type 

DNA at different dilution ratios. COLD-PCR was able to change detection limit from 25% to 

1.5% (6.25% was detectable by software) in comparison to standard conventional PCR. The 

results presented in the thesis demonstrated, that COLD-PCR can preferentially amplify minority 

of mutated DNA in high background of non-mutated DNA, and can be appropriate method for 

improving detection limit of capillary sequencing on Beckman 8800 Sequence Analyzer.  

The third part of thesis was focused on optimization of the Next Generation Sequencing (NGS) 

methods for testing of KRAS and BRAF oncomarkers. In our laboratory, two bench diagnostic 

sequencers are available: MiSeq from Illumina and GS 454 Junior from Roche. These platforms 

share principle of massively parallel sequencing with high repetition of clonally amplified DNA 

but differ in their chemistries and configuration.  The thesis presents the specific protocols 

optimized for amplicon sequencing on each of the two platforms.  The results obtained using  36 

samples demonstrated that optimization of NGS methods allows  to achieve improved quality 

analytical parameters regarding sensitivity and specificity when compared to CE-IVD PCR Real-

Time methods (KRAS TheraScreen for mutation detection in KRAS gene, PNAClamp and 

IntellMed for mutation detection in BRAF gene). The analysis of the KRAS gene mutations  

detection by GS Junior-454 (Roche), sensitivity (true positive rate) was estimated to be 95.7%, 

and specificity (false positive rate) was estimated to be 95.7% as well; NGS MiSeq (Illumina) 

sensitivity and specificity was estimated to be 100% for both parameters. Based on the results of 

mutation detection in the BRAF gene, sensitivity and specificity were 100% using both NGS 

methods, while both NGS methods allowed direct quantification of detected mutation. The thesis 

also presents other workflow performance parameters (i.e. its cost, handling time, maximum 

number of samples which can be tested simultaneously, and gene coverage) and discusses their 

importance for daily laboratory routine.  

In the last part of thesis, there are presented results generated using IntellMed B-RAF method  

for genotyping of the BRAF V600E to detect potential mutations in the DNA prepared from 

metastatic lymph nodes of 137 papillary thyroid carcinoma (PTC) patients. BRAF mutation is a 

common genetic change in PTC (average occurrence 45%), which activate MAPK (mitogen-

activated-protein-kinase) pathway responsible for constitutive cell proliferation and survival. In 

the publication we showed that the presence of BRAF mutation in primary tumour tissue of PTC 

patients have had displayed only tendency towards higher risk of cervical lymph node metastasis 

(no statistically significant difference was found) and the presence of mutations was not 

associated with any other clinical and pathological parameters (gender, extra capsular growth, 

and vascular invasion). BRAF mutations appeared significantly more often in classic papillary 

variant than follicular or papillo-follicular histological variant. We did not confirm BRAF 

mutation to be a reliable marker of node metastasis or other clinico-pathological parameters. 
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