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Abstract 

Introduction:  Colorectal cancer (CRC) is one of the leading causes of cancer-related death in 

the Western world while the mortality and survival rates are highly influenced by the stage of 

disease at diagnosis. Several reports have demonstrated the existence of elevated cell-free DNA 

levels in the circulation of CRC patients, suggesting the possibility to develop and validate a 

reliable non-invasive genetic biomarker. The purpose of this study was to investigate the 

presence of KRAS mutations in plasma cell-free DNA from patients with CRC. 

Materials and Methods: Cell-free DNA was extracted by QIAamp CNA kit and serum and 

plasma cell-free DNA levels were quantified by quantitative real-time PCR. The identification 

of three of the most common KRAS mutations on codon 12 and 13 was performed by Peptide 

Nucleic Acid (PNA)-based qPCR assay. 

Results: Our observations confirmed the significance of the 2-step centrifugation during the 

plasma isolation. The data of this study also demonstrated the presence of significantly higher 

serum and plasma cfDNA levels in CRC patients compared to healthy individuals (control 

group). Moreover, the mutation analysis in the plasma cfDNA revealed detectable KRAS 

mutations in 5/9 (55%) pre-chemotherapy samples and in 8/10 (80%) post-chemotherapy 

samples. 

Conclusions: Our results suggest that circulating cell-free DNA detectable with a well-known 

and validated qPCR assay could represent an innovative, minimally invasive approach to detect 

and monitor RAS mutation status in CRC patients. 

 

 

 

Keywords: colorectal cancer, biomarkers, cell-free DNA, serum, plasma, KRAS, mutation 
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Πεπίλητη 

Ειζαγωγή: Ο θαξθίλνο ηνπ παρένο εληέξνπ απνηειεί ηνλ ηξίην ζε ζπρλόηεηα θαξθίλν θαη ηε 

δεύηεξε αηηία ζαλάηνπ από θαθνήζε λόζν. Πιήζνο δεκνζηεύζεσλ έρεη πεξηγξάςεη ηελ ύπαξμε 

ειεύζεξσλ λνπθιεϊθώλ νμέσλ ζηελ θπθινθνξία ηα νπνία εληνπίδνληαη ζε πςειά επίπεδα ζε 

δηάθνξεο αζζέλεηεο ζπκπεξηιακβαλνκέλνπ ηνπ θαξθίλνπ θαη ηα νπνία ζα κπνξνύζαλ λα 

ρξεζηκνπνηεζνύλ σο βηνδείθηεο γηα ηε δηάγλσζε θαη παξαθνινύζεζε ηεο λόζνπ. Σηόρνο ηεο 

παξνύζαο εξεπλεηηθήο εξγαζίαο απνηέιεζε ε δηεξεύλεζε ηεο ύπαξμεο κεηαιιάμεσλ ηνπ 

γνληδίνπ KRAS ζην θπθινθνξνύλ DNA ηνπ πιάζκαηνο αζζελώλ κε θαξθίλν ηνπ παρένο 

εληέξνπ. 

Υλικά και Μέθοδοι: Τν θπθινθνξνύλ DNA απνκνλώζεθε κε ηε βνήζεηα ελόο εκπνξηθά 

δηαζέζηκνπ πξσηνθόιινπ θαη ηα επίπεδα ζπγθέληξσζήο ηνπ ζην πιάζκα θαη ζηνλ νξό αζζελώλ 

θαη πγηώλ πξνζδηνξίζηεθαλ κε κηα επαίζζεηε θαη αμηόπηζηε PCR πξαγκαηηθνύ ρξόλνπ. 

Δπηπιένλ, ε αλίρλεπζε ηξηώλ από ησλ πην ζπρλώλ κεηαιιάμεσλ ηνπ γνληδίνπ KRAS 

πξαγκαηνπνηήζεθε κε κηα εηδηθά ζρεδηαζκέλε PNA-based PCR πξαγκαηηθνύ ρξόλνπ. 

Αποηελέζμαηα: Οη παξαηεξήζεηο απηήο ηεο κειέηεο επηβεβαηώλνπλ ηε ζπνπδαηόηεηα ελόο 

δεύηεξνπ βήκαηνο θπγνθέληξεζεο θαηά ηε δηαδηθαζία απνκόλσζεο πιάζκαηνο. Δπίζεο, ε 

επεμεξγαζία ησλ απνηειεζκάησλ πνζνηηθνπνίεζεο θαηέδεημε ηελ ύπαξμε ζηαηηζηηθά 

ζεκαληηθά πςειόηεξσλ επηπέδσλ θπθινθνξνύληνο DNA ζηνλ νξό θαη πιάζκα αζζελώλ ζε 

ζύγθξηζε κε πγηή άηνκα. Δπηπιένλ, ε ηερληθή αλίρλεπζεο κεηαιιάμεσλ ηνπ γνληδίνπ KRAS πνπ 

εθαξκόζηεθε ζε θπθινθνξνύλ DNA ηνπ πιάζκαηνο εληόπηζε κεηαιιάμεηο ζε 5/9 (55%) 

δείγκαηα πξηλ ηελ έλαξμε ζεξαπείαο θαη ζε 8/10 (80%) δείγκαηα κεηά ηε ζεξαπεία.  

Συζήηηζη: Σπλνιηθά, ηα απνηειέζκαηα απηήο ηεο εξεπλεηηθήο κειέηεο δείρλνπλ πσο ην 

θπθινθνξνύλ DNA αληρλεπόκελν κε επαίζζεηεο ηερληθέο εληνπηζκνύ κπνξεί λα απνηειέζεη ελα 

θαηλνηόκν θαη αμίνπηζην κνξηαθό βηνδείθηε γηα ηε ηαρύηεξε δηάγλσζε θαη παξαθνινύζεζε ησλ 

κεηαιιάμεσλ ηνπ γνληδίνπ RAS  ζε αζζελείο κε θαξθίλν ηνπ παρένο εληέξνπ. 

 

Λέξειρ-κλειδιά: θαξθίλνο ηνπ παρένο εληέξνπ, βηνδείθηεο, θπθινθνξνύλ DNA, νξόο, πιάζκα, 

KRAS, κεηάιιαμε 
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Introduction 

1.1 Cancer Biology and Etiology 

Cancer, also known as malignant tumor or malignant neoplasm, is a multi-dimensional disease 

in which cells of a specific tissue are no longer fully responsive to the signals that 

physiologically regulate cellular differentiation, survival, proliferation and death. As a result, a 

group of cells starts to divide autonomously and indefinitely, spreading into nearby and far away 

tissues [1, 2, 3]. Cancer can start almost anywhere in the human body [4]. The tumorigenesis is a 

multistage process, usually requiring many years in order that normal cells acquire peculiar 

capacities enabling them to become carcinogenic, partially explaining why most cancers happen 

late in life. The first and crucial step towards tumor development occurs when a single cell 

experiences a genetic alteration that favors the mitotic process, making it more prone to divide 

than previously. Later on, the tumorigenic process continues and additional mutations within 

cells occur thus triggering the transition from hyperplasia and dysplasia to in situ cancer. At the 

final stage, cancer cells are able of both invading surrounding normal tissues and spreading 

throughout the body via circulatory or lymphatic systems establishing new tumors (metastases) 

at distant sites (Figure 1) [2, 3, 5, 6]. 

 

Figure 1: The sequential stages of tumor development [Bethesda (MD) NIH (US) 2007]. 

According to the World Cancer Report [7], in 2012 approximately 14 million of new cases and 

8.2 million of cancer-related deaths were documented, classifying cancer among the leading 

causes of morbidity and mortality worldwide. 
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Cancers can be classified according to different criteria. Nevertheless, the classification based 

on the tissue of origin is the most representative and universally applied (including for example 

carcinoma, sarcoma, myeloma, leukemia and lymphoma) [3, 8]. Tumors are universally 

classified as malignant when they acquire the capability to spread into, or invade, surrounding 

tissues and travel to distant sites in the body through the blood or the lymph system, forming 

secondary lesions far from the original primary tumor (Figure 2).  

 

Figure 2: The metastatic phase of tumor progression [Winslow T. www.cancer.gov/about-

cancer/what-is-cancer 2014]. 

Clarifying the origin of cancer is a complex issue. The pathological stimulus deriving from the 

interconnection between genetic heritage and lifestyle-related risk factors (such as alcohol and 

tobacco abuse, infections, radiation, sun overexposure, obesity, urban air pollution, unsafe sex 

and physical inactivity) is conducted through a series of molecular alterations (mutations, 

insertions/deletions, gene amplifications) eventually leading to the development of cancer [9, 

10, 11]. 

In normal conditions, the physiological homeostasis of the organism in a healthy state is 

maintained by a series of mechanisms, especially represented by the DNA repair system, able to 

rapidly correct the alterations in the DNA sequence happening during the normal cellular 

replication processes. Although the existence of these „rescue‟ mechanisms, the above-described 

genetic alterations may occur by chance, be hereditary and/or be induced by mutation-inducing 

agents, such as the chemicals in tobacco smoke [2, 3, 12, 13]. 
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Proto-oncogenes (such as RAS, MYC and ERK), tumor suppressor genes (such as pRb and p53) 

and DNA repair genes (such as PARP and MMR) are crucial for cancer development and 

progression, considering their critical role in maintaining cell homeostasis. In this regard, any 

permanent genetic alteration in their sequence could be potentially harmful and trigger the 

oncogenic process [14, 15].  

Regarding cancer etiology, a recent study built and validated a statistical model that measures 

the proportion of cancer incidence across many tissue types, finding that cancer is caused mainly 

by random mutations that occur when stem cellss divide. Perhaps, two-thirds of adult cancer 

incidence can be explained primarily by „bad luck‟, when the random mutations occur in key 

genes driving cancer growth, while the remaining third seems to be related to the co-existence of 

environmental factors and inherited genes (Figure 3) [16].   

 

Figure 3: Cancers due to bad luck and cancers due to a combination of bad luck, environmental 

factors and inherited factors [Tomasetti C, Vogelstein B. Science 2015]. 
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1.2 Colorectal Cancer 

Colorectal cancer (CRC) is one of the most common malignant tumors with an incidence in 

Europe of approximately 376.000 new cases/year, representing almost 13% of all cancers [17]. 

CRC is the third most common tumor and the second cause of cancer related-death, just behind 

lung cancer [18, 19]. Survival rates in CRC are highly influenced by the stage of disease at 

diagnosis. In fact, the 5-year survival rate is excellent for those patients at early stage with 

localized disease (95% for stage I and 82% for stage II), but decreases to 61% for those patients 

with regional spread to lymph nodes (stage III) and to only 8% for patients with distant 

metastases (stage IV) [20, 21]. Unfortunately, about 25% of patients with colorectal cancer 

present metastases at the time of diagnosis and 50% who undergo radical resection for primary 

colorectal cancer present disease dissemination during the first 5 years from diagnosis [17]. 

From a biological point of view, CRC represents a heterogeneous disease, associated with 

clinically meaningful differences in term of disease progression, survival and response to 

available chemotherapeutic and targeted agents [22, 23]. In this regard, three different, but partly 

overlapping, molecular phenotypes have been recognized reflecting different forms of genomic 

instability [24].  

The chromosomal instability pathway (CIN) is the most common phenotype, accounting for 

85% of all sporadic CRC. Sporadic alterations may be related to different factors such as 

environmental exposures, diet, hormones, and normal aging [18]. The malignant cells in CIN 

tumors are typically aneuploid and reveal large-scale chromosomal rearrangements. A widely 

explored progression model in colorectal cancer correlates the clinicopathological changes with 

the genetic abnormalities in the progression of chromosomally unstable CRC. The initial step in 

tumorigenesis consists in the adenoma formation associated with the loss of APC (adenomatous 

polyposis coli). Then adenomas and/or early carcinomas acquire mutations in KRAS, followed 

by loss of chromosome 18q, SMAD4 and, at the end, TP53 mutations (Figure 4) [25].     

The microsatellite instability (MSI) phenotype represents 15% of all CRC and is characterized 

by a deficiency of the DNA mismatch repair system, leading to a large increase in the overall 

mutation rate. The initial step in tumorigenesis of this phenotype is thought to involve 

alterations in Wnt signaling, followed by mutations in BRAF gene, that usually occur in place of 

KRAS mutation in the CIN phenotype. A TP53-independent mechanism of progression to 

carcinoma seems to be related to the presence of mutations in TGFβ receptor 2 (TGFβR2), 

insulin-like growth factor 2 receptor (IGF2R) and BAX (Figure 4) [25]. The MSI phenotype 
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usually exhibits an aberrant DNA methylation profile, leading to the concomitant promoter 

hypermethylation of multiple genes [25].  

 

Figure 4. Model of progression of chromosomally unstable colorectal cancer [Walther A. et al.  

Nature Review Cancer 2009]. 

Besides the sporadic cases, there are also cases of inherited CRC. The most known hereditary 

CRC includes the Familial Adenomatous Polyposis (FAP) and the Hereditary Nonpolyposis 

Colorectal Cancer (HNPCC). Inherited susceptibility should be suspected when CRC is detected 

in a young patient, in presence of synchronous or metachronous CRC or adenomatous polyps 

and/or when there is a strong family history of CRC [24]. Mutations in a single gene such as 

APC (one of the most frequently mutated tumor suppressor genes in colorectal cancer), MSH2, 

MLH1, PMS1, PMS2, MSH6, TGFBR2, MLH3, MUTYH, and AXIN2 result in a marked 

predisposition to hereditary CRC [24]. 
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1.3 Ras Family 

The RAS family represents the most investigated pathway involved in CRC development and 

progression. The RAS family incorporates a series of highly homologous and widely expressed 

small proteins, belonging to the GTPases category, involved in the cellular signal transduction, 

crucial for the development and regulation of several cellular processes, such as cell cycle 

control, differentiation, protein synthesis, metabolism, survival and migration, invasion and 

senescence. Each RAS member controls a series of downstream pathways, creating a complex 

network of cross-talking interconnections among the main cellular processes, based on a 

carefully regulated feedback circuit, finally affecting the same RAS pathway structure and 

activity. After the stimulation by upstream receptors, RAS switches to the active form (GTP-

bound) activating the first kinase in the signaling cascade, RAF. The activated and 

phosphorylated form of RAF induces the kinase MEK, followed by ERK leading to the 

enhancing of multiple programs related to cell cycle progression, differentiation and evasion 

from cell death (Figure 5) [26].      

 

Figure 5. RAS signaling in cancer [Samatar A.A. et al. Nature Review Drug Discovery 2014]. 
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Considering the key role of these signals in maintaining the physiological cellular homeostasis, 

alterations of RAS genes (HRAS, KRAS and NRAS in humans) and consequently of their 

encoded proteins, may trigger the tumorigenesis process, finally leading to the development of 

cancer.  

The identification of mutated versions of the three human RAS isoforms (KRAS, NRAS and 

HRAS) in various tumor types (30% of all human cancers), suggested that the aberrant proteins 

derived from these genes may represent a promising target for cancer therapy. However, the 

frequency of RAS mutations changes according to the tumor type, suggesting a strong 

contribution in the oncogenic process for those neoplasms with a high prevalence, such as 

pancreatic cancer (90%), colorectal (50%) and lung cancer (40%), whereas only a marginal role 

for those cancers (breast and ovarian carcinoma) rarely associated with RAS mutations [27]. 

Moreover, a relevant difference both in terms of frequency and tumor expression among the 

three different RAS isoforms have been detected. KRAS is the most common mutated isoform 

(20% of all human cancers) and represents the prevalent mutated isoform in pancreatic 

adenocarcinoma, colorectal and lung cancer; NRAS has been detected in almost 8% of cancers, 

above all in hematologic malignancies and melanoma; HRAS is altered in 3% of tumors (mainly 

transitional cell carcinoma of the bladder and head and neck cancer) [27].   
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1.4 KRAS Mutations in Colorectal Cancer 

Considering that 30-50% of CRC have KRAS mutations, many studies were performed in order 

to evaluate the potential prognostic and/or predictive role of this genetic alteration.  

Although the available reports are still contradictory, in the RASCAL study, including primary 

data from 2721 colorectal cancer patients, the presence of KRAS mutations was significantly 

associated with poorer prognosis and, when comparing all the specific point mutations, overall 

survival was adversely affected by the presence of a glycine to valine amino acid substitution on 

codon 12 (i.e., C12V) [28]. KRAS mutations have also been associated with more rapid and 

aggressive metastatic behavior of colorectal liver metastases [29]. 

Concerning the predictive value, KRAS mutational status represents a critical factor when 

considering the use of targeted therapies. Lievre et al. first described the link between KRAS 

gene mutation and decreased response to anti-EGFR agents and noted in a retrospective analysis 

that patients with wild-type KRAS had better overall survival compared to patients harboring 

mutant KRAS [30]. After EGFR, KRAS is activated downstream and results in downstream 

signaling through PI3K and ERK pathways [31], supporting a critical role for KRAS as a 

mediator of EGFR-induced signaling cascades.  

Resistance to anti-EGFR therapies has been observed in patients with KRAS mutation. In the 

OPUS and CRYSTAL trials, examining the combination of an anti-EGFR monoclonal antibody 

cetuximab or panitumumab with chemotherapy, the addition of anti-EGFR agents did not 

improve response in patients with mutant KRAS and may be was even detrimental [32-37]. 

Nevertheless, not all the specific point mutations in KRAS underlie resistance to anti-EGFR 

monoclonal antibodies. De Roock et al. demonstrated in a pooled analysis of 579 metastatic 

colorectal cancer patients, that patients with KRAS mutation had decreased survival but those 

with KRAS G13D mutation had better overall survival and progression-free survival after 

treatment with cetuximab compared to other KRAS mutant tumors [38]. Conversely, KRAS 

G13D mutation has been associated with worse prognosis compared to patients with other 

KRAS mutations or wild-type KRAS [38].  
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1.5 Liquid Biopsy 

With innumerable new molecular biomarkers in development, the power of cancer genomics 

may become limited only by the availability of biopsy specimens for genotyping. Non-invasive 

techniques for tumor genotyping (such as the liquid biopsy) may be needed to fully realize the 

potential of genotype-directed cancer care.  

The liquid biopsy technique may help to face several unmet clinical and biological needs in 

cancer research. First, in clinical studies and in everyday clinical practice, it is often difficult to 

obtain tumor samples for genetic analysis. Some neoplasms, such as lung cancer, are accessible 

only with fine needle aspiration with material often insufficient for a complete genotyping. In 

this regard, the levels of circulating DNA could also provide prognostic information in patients 

with advanced cancer, as in the case of colon [39] and breast [40] cancer in which patients with 

low levels of circulating DNA have a survival significantly more prolonged compared to 

patients with high levels. Second, distant metastases harbor peculiar genomic characteristics, not 

always detectable in the corresponding primary tumor of the same patient, and metastases 

located at different sites show a considerable intrapatient heterogeneity. Thus, the mere analysis 

of the resected primary tumor alone (current standard practice in oncology) or, if possible, even 

reevaluation of tumor characteristics based on the biopsy of the most accessible metastasis, may 

not reveal sufficient information for treatment decisions. Moreover, in the context of cancer 

susceptibility to molecular targeted therapy, the application of  the 'liquid biopsy' method could 

potentially allow the early identification of the onset of resistance and the detection of possible 

underlying molecular mechanisms. 

The liquid biopsy identifies and analyses circulating DNA. There are two possible sources of 

tumor DNA obtained noninvasively using a simple blood test: the circulating nucleic acids and 

the circulating tumor cells [41, 42]. The circulating tumor DNA is composed of a series of small 

fragments of nucleic acids not associated with cells or cell fragments [43]. In contrast, the 

circulating tumor cells are intact and can be purified from normal blood cells thanks to the 

presence of specific molecules, characteristically expressed on their cell membrane which 

differentiate them from normal cells.  
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Figure 6. Circulating DNA in cancer [Crowley E et al Nature Reviews Clinical Oncology 2013]. 

 

Circulating Nucleic Acids (CNAs) are extracellular nucleic acids found in cell free state in 

humans, animals and plants. Apart from plasma and serum, extracellular nucleic acids can be 

isolated from ascites, milk, lymphatic and peritoneal fluids, bone-marrow aspirates, urine, 

prostatic fluid, bronchial lavage, sputum, cerebrospinal fluid, gastric and biliary juices, and even 

stool samples [41]. Circulating cell-free DNA (cfDNA) is defined as extracellular DNA 

occurring in all the above sources. In 1940 Mandel and Metais observed, for the first time, the 

presence of cell-free nucleic acids in the blood of healthy individuals [44]. The association of 

cfDNA with cancer began thirty years later, when Leon et al. demonstrated elevated amounts of 

cfDNA in the blood of cancer patients in comparison with healthy individuals [45]. Cell-free 

DNA presence might also reflect physiological and pathological processes that are not tumor-

specific. An increased plasma DNA level has also been observed in patients with premalignant 

states, inflammation, tissue trauma, after exhaustive exercise and in elderly patients suffering 

from acute or chronic illnesses [46, 47, 48, 49]. In healthy individuals, the concentration of 

circulating DNA is low, since most non-living cells are removed efficiently from the circulation 

by phagocytes. Despite its identification over 60 years ago, research on cfDNA has lagged 

considerably due to the lack of robust, sensitive and specific analytical methods. Efficient 

isolation procedures of cfDNA and sensitive determination procedures using novel and specific 

fluorescent dyes and PCR-based technology elaborated during the last two decades have enabled 
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significant progress in this distinct area of research [50]. The mechanisms of cfDNA production 

and secretion in the blood and other fluids under normal and pathological conditions are not yet 

fully clarified. However, among the proposed processes, apoptosis and necrosis are those with 

the most abundant activity. Apoptosis is a highly regulated and controlled form of programmed 

cell death that occurs naturally in healthy organisms while necrosis is a violent and acute cell 

death event that is generally mediated by cell injury due to trauma, infection, hypoxia etc. In 

healthy plasma samples, the cfDNA origin seems to be the apoptosis process that produces DNA 

fragments of about 180 bp (and multiple of this) that are also usually detected in the culture 

supernatant of apoptotic cells. In contrast, samples from cancer patients contain not only 

apoptosis-related DNA fragments but also much larger fragments of about 10.000 bp which are 

also detected in the culture of cells undergoing necrosis, suggesting that necrosis is the main 

cfDNA production source [51, 52]. Circulating cell-free DNAs are mostly double-stranded 

molecules with their length spanning from 0.18 kB [51] to 21 Kb [53]. This type of DNA has 

distinctly lower molecular weight than the genomic DNA. A study from Skvortsova TE et al. 

[54] demonstrated that the main part of cfDNA in the blood of healthy donors is found absorbed 

on the surface of blood cells while a marked decrease of the cell surface-bound cfDNA amount 

along with an increase of the cfDNA was found in the blood of cancer patients. Cell-free DNA 

is also considered to be arranged and circulates in nucleosomal complexes composed of 

duplicate copies of the histones H2A, H2B, H3 and H4 as core proteins [55]. 

 

The aim of our study was to detect some of the most common KRAS mutations on codons 12 

and 13 in plasma circulating cfDNA of colorectal cancer patients by performing a Peptide 

Nucleic Acid (PNA)-based qPCR method. In addition to the testing and validation of the 

method, another goal of this study was the comparison between the primary tumor and plasma 

KRAS mutational status and the assessment of their concordance. In case that the preliminary 

data of this study will result reliable and applicable, a further validation will be performed in the 

context of a larger and prospective cohort of patients. The potential future implications for daily 

clinical practice reside in the possibility to test the KRAS mutational status and mutant allele 

burden over time as a potential long-term prognostic and eventually predictive biomarker, able 

to efficiently predict and monitor the response to therapy.  

 

 

 

 



19 
 

 

 

 

 

 

 

 

 

 

2. MATERIALS & METHODS 

 

 

 

 

 

 

 

 

 

 



20 
 

Materials and Methods 

2.1 DNA extraction from cell pellets 

After the second centrifugation of the plasma isolation process, DNA of the precipitated pellets 

was extracted by MasterPure™ DNA Purification Kit (Epicentre, Illumina Company, Cat. 

No. MCD85201). 

Procedure: 

Initially, the cell pellet was resuspended with equal volumes of PBS and 2X Solution Buffer. 

Specific volume of Proteinase K was added and the eppendorf tube was placed for incubation 

for at least 30 minutes at 65 
o
C. Subsequently, MPC Protein Precipitation Reagent was added 

followed by a centrifugation step at full speed. Isopropanol was added into the recovered 

supernatant volume and stored at -20 
o
C O/N. Next day, a centrifugations step at full speed was 

performed in order to precipitate the DNA. Isopropanol was removed carefully and a wash step 

was done with 75% Ethanol. Finally, when the DNA pellet was air-dried completely, it was 

resuspended in ddH2O. 

2.2 Patient Group 

Blood samples were collected from patients (n=23) with colorectal cancer (CRC) followed at 

the Medical Oncology Department of the University Hospital of Heraklion, Crete, Greece. Two 

patients experienced disease relapse (1416Π*, 1271Π*) and blood samples were collected again 

at the time of relapse (total number of blood samples analyzed n=25). In all patients, diagnosis 

was confirmed by histologic examination of the primary tumor before the initiation of any 

systemic therapy. Primary tumors of 19 of 23 patients harbored mutations on KRAS gene while 

4 of 23 patients had WT KRAS gene profile. 

2.3 Healthy Donors 

A group of healthy blood donors (n=23) was included in the study as the control group. This 

group appeared disease-free and had no history of malignant disease at the time of blood 

collection.  
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2.4 Centrifugation conditions 

Peripheral blood samples from 6 patients with different types of cancer were collected and 

serum and plasma isolation was performed according to the following centrifugation conditions: 

Patient Code 1
st
 Centrifugation Step 2

nd
 Centrifugation Step 

1039Π 1.600 g, 4
o
C, 10 min 14.000 g, 4

o
C, 10 min 

2219 1.600 g, 4
o
C, 10 min 14.000 g, 4

o
C, 10 min 

2659 1.600 g, 4
o
C, 10 min 14.000 g, 4

o
C, 10 min 

1389Π 1.500 rpm, 4
o
C, 10 min 2.000 g, 4

o
C, 10 min 

1348L 1.500 rpm, 4
o
C, 10 min 2.000 g, 4

o
C, 10 min 

1411Π 2.500 rpm, 4
o
C, 10 min 2.500 rpm, 4

o
C, 10 min 

 

 

2.5 Blood sample collection and isolation of serum and plasma 

Peripheral blood samples from CRC patients and healthy donors were obtained into 

VACUETTE® Premium red cap-yellow ring 4 ml tubes Z Serum Separator Clot Activator 

(Greiner Bio-One) for serum isolation. For plasma purification, peripheral blood was collected 

into VACUETTE® Premium K3E K3EDTA lavender cap-black ring 4 ml tubes (Greiner Bio-

One). The samples were permitted to sit at room temperature for a minimum of 30 minutes to 

allow the clot to form in the red top tubes. Next, serum was immediately separated from the 

cellular fraction by centrifugation at 2.500 rpm for 10 minutes at 4
o
C in the Jouan GR4i 

centrifuge (Thermo Scientific). Then, the fraction above the barrier gel was transferred in tubes 

and stored in aliquots at -20
o
C until use. Plasma purification is mediated within a few hours after 

the blood draw by a centrifugation at 2.500 rpm for 10 minutes at 4
o
C. After the centrifugation, 

plasma supernatant 5 mm above the buffy coat, in order to minimize the lymphocyte 

contamination, was recovered to a new tube and a second centrifugation was performed at 

2.000g for 10 minutes at 4
o
C in the centrifuge 5804R (Eppendorf). The supernatant fraction 

was collected and stored in aliquots at -80
o
C until use. 

2.6 Cell free DNA extraction 

Serum and plasma cell free DNA was isolated using the QIAamp® Circulating Nucleic Acid Kit 

(Cat. No. 19413, Qiagen, Valencia, CA, USA) along with the QIAvac 24 plus Vacuum 

Manifold (Cat. No. 19413, Qiagen, Valencia, CA, USA) and QIAvac Connecting System (Cat. 

Qiagen, Valencia, CA, USA) according to the manufacturer‟s instructions. The protocol that 

was followed is described below: 
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Procedure:  

Materials Volume (ml) / sample 

Serum/Plasma 3 

Proteinase K 0,3 

Carrier RNA+ Buffer ACL 2,4 

Buffer ACB 5,4 

Buffer ACW1 0,6 

Buffer ACW2 0,75 

Ethanol 100% 0,75 

ddH2O 0,02 

First the samples are thawed and equilibrated to room temperature (RT). Then a centrifugation 

process is performed at 5.000 rpm for 3-5 minutes at RT in order to remove residual cellular 

debris. Next, the plasma/serum sample along with specific volumes of Proteinase K and Buffer 

ACL-containing carrier RNA were placed in a falcon tube and mixed vigorously until a 

homogeneous solution was formed. Then, this solution had to be incubated in the bath at 60 
o
C 

for 30 minutes. After, Buffer ACB was added and all the lysate volume then was applied 

carefully into the tube extender of the QIAamp Mini column. When all lysates had been drawn 

through the column completely, we proceeded to 3 wash steps. First with the Buffer ACW1, 

next with the Buffer ACW2 and the last wash with absolute ethanol. Then, the QIAamp Mini 

column is placed in a collection tube and a centrifugation at full speed (14.000 rpm) was applied 

in order to all the liquids from the previous steps will been drawn through the column 

completely. At the end, we eluted the cell free DNA from the column applying ddH2O, followed 

by a centrifugation at full speed. 

2.7 Cancer cell lines 

Cancer cell lines harboring KRAS gene mutations:  

 LS174T, Human colon adenocarcinoma, c.35G.A (p.G12D)  

 HCT116, Human colon adenocarcinoma, c.38G.A (p.G13D)  

 HUP-T3, Human pancreatic adenocarcinoma, c.34G.C (p.G12R)  

 KYSE410, Human oesophageal squamous cell carcinoma, c.34G.T (p.G12C)  

 A549, Human alveolar adenocarcinoma, c.34G.A (p.G12S) 

 SW403, Human colon adenocarcinoma, c.35G.T (p.G12V)  

 RPMI8226, Human myeloma, c.35G.C (p.G12A)  
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Cancer cell lines exhibiting wild type KRAS profile: 

 

 HT-29 Human colon adenocarcinoma, (Wild type for KRAS) 

 HCC827 Human lung adenocarcinoma (Wild type for KRAS) 

 H1993 Human lung adenocarcinoma (Wild type for KRAS) 

 H2073 Human lung adenocarcinoma (Wild type for KRAS) 

 

2.8 Genomic DNA extraction from cancer cell lines 

Procedure: 

In the falcon tube with the cell pellet (0.5 – 3 x 10
6
 cells), 1X “Tissue and Lysis Solution” and 

Proteinase K were added and mixed vigorously. Next, the falcon tube is incubated at 65 
o
C for 

30 minutes at least. RNAse added and then followed a second incubation at 37 
o
C for 30 

minutes. Subsequently, MPC Protein Precipitation Reagent was added followed by a 

centrifugation step at full speed. Isopropanol was added into the recovered supernatant volume 

and placed on ice for at least 1 hour or stored at -20 
o
C O/N. In both cases, next, a 

centrifugations step at full speed was performed in order to precipitate the DNA. Isopropanol 

was removed carefully and a wash step was done with 75% Ethanol. Finally, when the DNA 

pellet was air-dried completely, it was resuspended in ddH2O. 

2.9 Genomic DNA concentration measurement 

The concentration of the extracted genomic DNA was determined by Qubit® 2.0 Fluorometer 

(Invitrogen by Life Technologies). The Qubit® 2.0 Fluorometer is a benchtop fluorometer for 

the quantitation of DNA, using highly sensitive and accurate dyes selective for dsDNA 

minimizes the effects of contaminants in the sample that might affect the quantitation. 

2.10 KRAS mutation analysis assay 

A mutation assay that combined the peptide nucleic acid (PNA)-mediated PCR clamp with 

TaqMan-MGB allelic discrimination assays has been previously developed to detect the three 

more common KRAS mutations [18]. The amplicons were set at 80 bp. The reporter 

fluorophores for TaqMan-MGB probes were VIC for wild type and FAM for each KRAS 
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mutant allele. The PCR primers and probes are according Voutsina et al. 2013.  

 

The peptide nucleic acid (PNA) clamp designed to specifically match to the hot spot mutated 

DNA sequence in codons 12 and 13 of the wild-type KRAS gene and has the following 

sequence: H2N-CCTACGCCACCAGCTCC-CO-N2H, which was synthesized by Eurogentec 

S.A., (Seraing, Belgium) [18]. PNA is a synthetic polynucleotide analog in which the normal 

deoxyribose phosphodiester backbone has been replaced by a synthetic peptide backbone 

usually formed from N-(2-amino-ethyl)-glycine units. PNA can bind to DNA in a sequence-

specific manner with higher affinity than natural oligonucleotides and form duplex structures. 

Moreover, PNA cannot serve as a primer for polymerization by DNA polymerases during real-

time PCR assays. Therefore, the PNA probe binds tightly to perfectly matched wild-type DNA 

templates but not to mismatched mutant DNA templates, thus inhibiting the PCR amplification 

of wild-type alleles without interfering with the amplification of mutant DNA templates [66, 67, 

68].  

2.11 Conditions of the PNA-mediated PCR 

 The reactions were performed on Applied Biosystems® ViiA™7 Real-Time PCR System (Life 

Technologies™, USA) in MicroAmp®Optical 384-well reaction plate (Applied Biosystems by 

Life Technologies™, USA) in a final volume of 5 κl containing 2 κl of template DNA 

(approximately 10 ng), 2.5 ml 2X TaqMan genotyping master mix (Applied Biosystems, USA),  

300 nM of the mutant or WT primer, 100 nM of the corresponding probe and 150 or 200 nm 

PNA depending on the mutation assay (200 nM PNA for the c.35G>A (p.G12D), c.38G>A 

(p.G13D) and c.35G>T (p.G12V) and 150 nM PNA for the c.34G>C (p.G12R), c.34G>T 

(p.G12C), c.34G>A, (p.G12S) and c.35G>C (p.G12A) [69] . The PCR conditions were 95
o
C for 

10 minutes (template denaturation), followed by two step cycling: 50 cycles of 95
o
C for 20 

seconds and 62
o
C for 90 seconds. In each experiment, PCR reagents without template were run 

in parallel as the no-template control (NTC). All samples were run at least in duplicates. 
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2.12 Analytical specificity and sensitivity analysis of the PNA-mediated PCR 

The assay analytical specificity was evaluated using genomic DNA extracted from KRAS wild-

type cell line (HT-29) and genomic DNA isolated from cell lines positive for specific KRAS 

gene mutations. To determine the sensitivity of the PNA-mediated PCR detection of KRAS 

mutations, wild-type genomic DNA (HT-29) mixed with variable amounts of each of the seven 

KRAS mutant gDNAs. 

2.13 Quantification of cfDNA and mutant alleles 

The concentration of cfDNA (refA) of both patients and healthy donors was estimated from a 

control standard curve on gDNA from HT29 of known concentration. The amount of the KRAS 

mutant alleles (mA) was estimated from KRAS mutant cell line-derived genomic DNA serially 

diluted to generate standard curves. The concentration obtained when targeting the mutated 

sequence corresponded to the concentration of the alleles bearing the mutation. The 

concentration obtained when targeting the wild-type sequence corresponded to the total cfDNA. 

The proportion of mutant alleles (mutation load) was determined by quantifying the relative 

ratios between mutant alleles and total cfDNA. In our study, the undetermined Ct was 

considered as Ct = 50, which was the total number of the qPCR cycles in our assay. 

2.14 Statistical Analysis 

The Mann-Whitney test was used to examine the statistical difference between the cfDNA 

concentrations in the serum and plasma of patients with colorectal cancer and healthy 

individuals. P<0.05 was considered to indicate a statistically significant result. Statistical 

analyses were performed using the GraphPad Prism version 6.0 (GraphPad Software, Inc., 

CA). 
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3.1 Optimal Centrifugation Conditions for serum and plasma isolation 

Peripheral blood samples from 6 patients with different types of cancer were tested in different 

centrifugation conditions in order to be verified that a second centrifugation step is required for 

a purer serum and plasma fraction. Below are presented, the results from the extraction of the 

formed pellets after the second centrifugation (Table 1). 

Table 1: DNA pellet concentration after the 2
nd

 centrifugation. 

Patient Code Concentration (ng/μl) Ratio (260 nm/280 nm) 

1039Π 98,6 1,09 

2219 + 2659 142,6 1,2 

1389Π + 1348L 114,4 1,43 

1411Π 33,5 1,41 
 

3.2 Patients’ primary tumor KRAS status and cell-free DNA isolation 

A total of 23 patients with histologically confirmed CRC (who underwent surgical resection of 

the primary tumor) were enrolled in this study. Plasma cell-free DNA samples were collected 

from all patients while the corresponding serum samples were available from 16 patients. The 

time points of the blood draw along with the primary tumor KRAS status are summarized in 

Table 2. 

Table 2: CRC Patient List 

Α/Α Patient Code 
Primary Tumor  

KRAS mutation Status 
Status of Therapy 

1 1039Π G12V 1st Line Post Chemotherapy 

2 1415Π G12D 1st Line Post Chemotherapy 

3 1405Π WT 1st Line Post Chemotherapy 

4 1436Π G12D 1st Line Post Chemotherapy 

5 1424Π G12V 1st Line Post Chemotherapy 

6 1329Π G12S 1st Line Post Chemotherapy 

7 1383Π G13D >1st Line Post Chemotherapy 

8 1416Π G13D >1st Line Post Chemotherapy 

9 1416Π* G13D >1st Line Post Chemotherapy 

10 1241Π G12V >1st Line Post Chemotherapy 

11 1241Π* G12V >1st Line Post Chemotherapy 

12 1271Π G13D >1st Line Post Chemotherapy 

13 1042Π G12V >1st Line Post Chemotherapy 
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14 2358 ( Π ) WT (exon 2) Chemotherapy-naive 

15 1418Π G12D Chemotherapy-naive 

16 2441 ( Π ) G12D Chemotherapy-naive 

17 1426Π G13D Chemotherapy-naive 

18 1427Π G13D Chemotherapy-naive 

19 1430Π WT Chemotherapy-naive 

20 1432Π WT Chemotherapy-naive 

21 1433Π G12D Chemotherapy-naive 

22 1434Π G13D Chemotherapy-naive 

23 1437Π G12V Chemotherapy-naive 

24 1438Π G12V Chemotherapy-naive 

25 1439Π G12D Chemotherapy-naive 
 

3.3 Quantification of cell-free DNA burden in healthy and patient groups 

Estimation of the total amount of cell-free DNA fragments in the control and patient group was 

performed by a qPCR assay. The results indicating a statistically significant difference regarding 

the amount of cell-free DNA between serum and plasma of the control and patient groups are 

presented below (Fig. 7, 8). The cell-free DNA burden was significantly higher in serum than in 

plasma both in control (P=0.0002) and patient (P<0.0001) groups. Also, measurement of total 

amount of serum and plasma cell-free DNA between control and patient groups was performed 

(Fig. 9, 10).  

 

 
Figure 7: Serum and Plasma cfDNA quantity in the healthy group 
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Figure 8: Serum and Plasma cfDNA quantity in the patient group 

 

Figure 9: Serum cfDNA quantity between healthy and patient group 

 

Figure 10: Plasma cfDNA quantity between healthy and patient group 
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3.4 Analytical Sensitivity 

To assess analytical sensitivity, initially, mutant gDNA from LS-174T cell line was used for 

spiking experiments. In the first set of reactions the concentration of  mutant gDNA was always 

0.05 ng/κl and in the second set was always 0.1 ng/κl. These concentrations were serially diluted 

over a range of four different concentrations (100 ng, 50 ng, 10 ng and 1 ng) of wild-type gDNA 

extracted by the HT-29 cell line. In both concentrations, the designed assay for this mutant 

gDNA (G12D) could detect the presence of mutation even in the lower mutation/wild-type 

ratios (1/2000 for LS-174T 0.05 ng/κl and 1/1000 for LS-174T 0.1 ng/κl). 

In the next Spike In experiment, the analytical sensitivity of all the 7 mutant cell lines was 

estimated. In this experiment, the concentration of mutant gDNA was set at 0.05 ng/κl and was 

diluted over two different concentrations (50 ng and 5 ng) of wild-type gDNA (HT29). The 

assays for LS174-T, KYSE410, A549 and HUPT3 achieved to detect the mutation in both 

dilutions while the rest of the assays (HCT-116, SW403 and RPMI8226) detected the mutation 

only in the ratio of 1/100 but not in the 1/1000. 

3.5 Cut-off Values Definition 

In order to achieve a successful discrimination between patients and healthy individuals, optimal 

cut-off values should be determined. To this end, cell-free DNA of healthy plasma donors 

(n=18) was examined for the total amount of KRAS mutant alleles by using the probes 

recognizing the seven most frequent KRAS mutations among the colorectal cancer patients 

(G12D, G13D, G12V, G12C, G12S, G12R, G12A). The cut-off values are defined in the table 

below (Table 3): 

 

Table 3: Cut-off values for the 7 tested mutations 

Cut off  Values 

KRAS Mutation 
Average Absolute 

Quantity 
Mean + 2SD Specificity 

G12D 0,000011  0,000049 17/18 (94,4%) 

G13D 0,000040 0,00036 17/18 (94,4%) 

G12V 0,000205  0,001093 17/18 (94,4%) 

G12C 0,000002 0,00000206 18/18 (100%) 

G12S 0,000060 0,000562 17/18 (94,4%) 

G12R 0,000001 0,00000102 18/18 (100%) 

G12A 0,005083 0,0222282 17/18 (94,4%) 
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The above data established high specificity levels for all the examined mutant probes and 

demonstrated the technique as capable to discriminate successfully the patients from the healthy 

individuals. 

3.6 KRAS Mutation Analysis 

KRAS mutation detection in plasma-derived cfDNA data for the mutations G12D, G13D and 

G12V are available for a group of 9 pre-chemotherapy samples but also for a group of 10 post-

chemotherapy samples (Table 4, 5, 6): 

Table 4: Plasma cell-free DNA samples 

Α/Α Patient Code Primary Tumor KRAS Status Status of Therapy 

1 1415Π G12D 1st Line Post Chemotherapy 

2 1436Π G12D 1st Line Post Chemotherapy 

3 1424Π G12V 1st Line Post Chemotherapy 

4 1383Π G13D >1st Line Post Chemotherapy 

5 1416Π G13D >1st Line Post Chemotherapy 

6 1416Π* G13D >1st Line Post Chemotherapy 

7 1241Π G12V >1st Line Post Chemotherapy 

8 1241Π* G12V >1st Line Post Chemotherapy 

9 1042Π G12V >1st Line Post Chemotherapy 

10 1271Π G13D >1st Line Post Chemotherapy 

11 1418Π G12D Chemotherapy-naive 

12 2441 ( Π ) G12D Chemotherapy-naive 

13 1426Π G13D Chemotherapy-naive 

14 1427Π G13D Chemotherapy-naive 

15 1433Π G12D Chemotherapy-naive 

16 1434Π G13D Chemotherapy-naive 

17 1437Π G12V Chemotherapy-naive 

18 1438Π G12V Chemotherapy-naive 

19 1439Π G12D Chemotherapy-naive 

 

Table 5: Mutation analysis on pre-chemotherapy samples 

Chemotherapy-naive 

Α/Α Patient Code Primary Tumor KRAS Status Plasma KRAS Status 

1 1418Π G12D ND 

2 1433Π G12D G12D 

3 1439Π G12D G12D 

4 2441(Π) G12D G12V 

5 1426Π G13D G13D 

6 1427Π G13D ND 
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7 1434Π G13D ND 

8 1437Π G12V ND 

9 1438Π G12V G12V 

 

Table 6: Mutation analysis on post-chemotherapy samples 

Post-Chemotherapy 

A/A Patient Code Primary Tumor KRAS Status Plasma KRAS Status 

1 1415Π G12D G12D 

2 1436Π G12D ND 

3 1271Π G13D G12D, G12V 

4 1383Π G13D G13D 

5 1416Π G13D G13D 

6 1416Π* G13D G13D 

7 1042Π G12V G12V 

8 1241Π G12V G12V 

9 1241Π* G12V G12D, G12V 

10 1424Π G12V ND 

 

3.7 Absolute Quantification of KRAS mutant alleles in CRC patients  

In the samples that were tested positive for a KRAS mutation in plasma, we calculated the 

amount of KRAS mutant alleles by an absolute quantification manner. (Table 7, 8). 

Table 7: Absolute quantification of chemotherapy-naive samples 

Chemotherapy Naive 

A/A 
Patient 

Code 

Plasma KRAS 

Status 
refA (ng/ml) 

                  

mA (ng/ml) 

               

mA (%) 

1 1433Π G12D 0,503 0,437124 86,9 

2 1439Π G12D 0,049 0,003613 7,37 

3 1426Π G13D 0,031 0,001586 5,12 

4 1438Π G12V 0,061 0,003710 6,08 

5 2441(Π) G12V 0,059 0,004037 6,84 
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Table 8: Absolute quantification of post-chemotherapy samples 

 

Post-Chemotherapy 

A/A Patient Code 
Plasma KRAS 

Status 

refA 

(ng/ml) 

                   

mA (ng/ml) 

 

mA (%) 

1 1415Π G12D 0,068 0,000159 0,23 

2 1271Π G12D 0,133 0,024398 18,34 

3 1241Π* G12D 0,215 0,000719 0,33 

4 1383Π G13D 0,054 0,005833 10,8 

5 1271Π G12V 0,133 0,004213 3,17 

6 1042Π G12V 0,047 0,004469 9,51 

7 1241Π G12V 0,152 0,003662 2,41 

8 1241Π* G12V 0,215 0,017322 8,05 

The above quantification results present a moderate distribution of mutation load values with the 

majority of the plasma samples from both groups to exhibit relatively low levels of the KRAS 

mutant alleles. However, in both groups there are some samples with significantly elevated 

mutation allele load that need further investigation.  Two samples (1416Π, 1416Π*) have been 

excluded from the specific analysis due to invalid outcome. Quantification of their mA and refA 

should be reperformed in order to estimate the percentage of mA reliably. 

Two patients experienced a relapse (1241Π*, 1416Π*) and a blood sample was collected and 

examined again. 
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4. DISCUSSION 
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Discussion 

Over the past years, despite advancements in treatment options, the average overall survival of 

different cancer types including the colorectal cancer increased only modestly presumably due 

to lack of early detection. Therefore, there is a tremendous need for discovering novel therapies 

and genetic biomarkers with a predictive and prognostic potential. In recent years, a new and 

promising research field emerged in the biomarkers field attracting increased attention by the 

scientific community. In recent literature, a large amount of data demonstrated the presence of 

cell-free DNA (cfDNA) in circulation and its potential clinical significance, revealing clinically 

useful information for different aspects of cancer management. 

The aim of our study was to detect some of the most common KRAS mutations on codons 12 

and 13 in plasma circulating cfDNA of colorectal cancer patients, by performing a Peptide 

Nucleic Acid (PNA)-based qPCR method. Our data demonstrated that patients with colorectal 

cancer exhibited significantly higher levels of cfDNA in serum and plasma compared to healthy 

individuals, consistent with the results of numerous other studies [17, 60], suggesting the 

potential use of cfDNA as tumor biomarker. 

The quality of the sample is a key factor in the biomarker identification and validation. Thus, the 

specimen collection and the subsequent treatment of the sample should be performed in such a 

manner that the pre-analytical considerations are minimized [56, 57, 58]. To this end, we 

collected blood from cancer patients and isolated serum and plasma under different 

centrifugation conditions. Our data showed that while pure serum is recovered after a single 

centrifugation step, the plasma isolation process required a 2-step centrifugation procedure. 

After analyzing these data, it was demonstrated conclusively that a second centrifugation step 

during plasma isolation could minimize the contamination by blood cells. In the case of serum, 

we did not observe any visible pellet in the bottom of the tube, probably due the 

barrier/separator gel that the commercial red and gold cap tubes contain, thus inhibiting cross 

contamination between serum fraction and lymphocytes. The results are of great clinical interest 

because the contamination by blood cells, a serious pre-analytical issue, was significantly 

reduced in our series, allowing us to proceed to the next steps of mutation analysis with reliable 

outcomes. Henceforth, the serum and plasma isolation protocols of the laboratory could also be 

adjusted based on the new data, so that the quality of routine clinical procedures will be 

upgraded.  
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There is a large number of available commercial kits for cell-free nucleic acid isolation. In the 

present study, cfDNA extraction was performed efficiently by QIAamp circulating nucleic acid 

(CNA) kit. Indeed, our observations (data not shown) along with a study by Devonshire AS et 

al. [59] concluded that the CNA kit is the most efficient amongst a set of other commercially 

available extraction methods. 

Although healthy individuals are considered to have no known malignant disease prior to study 

enrolment, other types of disease (e.g. obesity, infection) or different lifestyle factors (e.g. 

smoking, high saturated-fat diet) seem to contribute in the cfDNA release in the blood [47, 48]. 

Establishing clinically meaningful cut-off levels in order to minimize possible false-positive 

results during the analysis process is a prerequisite for moving these tests into the clinic. Indeed, 

we managed to define reliable cut offs with sufficient levels of specificity for all the potent 

KRAS mutations, thus ensuring us that during our study working plan we will not include false 

positive results. The cutoff points used in the present study were set after a thorough 

examination of healthy samples in order to achieve the highest specificity and sensitivity for our 

analysis.  

CRC patients present increased both plasma and serum cfDNA amounts, but which of the two is 

the most suitable material to study is a crucial question that remains to be answered. Several 

reports indicate that the amount of cell-free circulating DNA is significantly higher in serum 

than in plasma [61, 62, 63]. However, the underlying reason behind this observation is still 

under debate. At times, several possible explanations have been expressed. Among them, the 

most prevailing view is that the increased level of cfDNA in serum is due to the activation of 

coagulation factors that initiate the clotting process after the blood collection essentially leading 

to cell lysis [63, 64]. As a consequence, extraneous amounts of genomic DNA from leukocytes 

is accidentally released into the serum and thus considering serum cfDNA as working material it 

might lead to erroneous results derived from contaminated DNA. Based on these data it was 

suggested that plasma cfDNA might be more suitable for measuring the concentration of cfDNA 

in human blood [56, 65]. 

Thus, in our study we attempted to detect some of the most common KRAS mutations (G12D, 

G13D, G12V) in plasma samples of 9 chemotherapy-naïve and 10 post-chemotherapy CRC 

patients. For chemotherapy-naive patients, we managed to detect mutations in 55% (5/9) of the 

cases. Except in one sample, the rest of the cases revealed mutations consistent with those of the 

corresponding primary tumors. Regarding the post-chemotherapy patients, our assay was 
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capable to detect mutations in 80% (8/10) of the cases. Interestingly, only one plasma sample 

exhibited different KRAS status compared with its primary tumor. More importantly, 3 patients 

harbored different or additional mutations than those of the corresponding primary tumor, 

indicating presumably the presence of different malignant clones contributing to the tumor 

heterogeneity. Our data didn‟t show any correlation between the detected 3 mutations and 

different sensitivity levels of our method, however, the small sample size of our study doesn‟t 

allow us to draw safe conclusions. 

The reliable estimation of the amount of mutant alleles circulating in the patients‟ blood is an 

important parameter in the cell-free DNA research field that has to be seriously considered. 

Successful determination of the amount of KRAS mutant alleles could give valuable 

information regarding the disease progress and chemotherapy efficacy. Our data presented a 

variable distribution of the mutation load levels among the patient‟s samples, mainly in the post 

chemotherapy patients. However, the majority of them exhibited a mA% < 10%.  

The slight differences, as determined by our assay, in the distribution of mutation load between 

the two groups of patients suggest that the KRAS mutation load level might be influenced by the 

treatment since we can observe a larger variation in mutation loads of the post chemotherapy 

patients. Moreover, the different combination of chemotherapeutic regimens (5-Fluorouracile, 

oxaliplatin and irinotecan in particular) along with the treatment response potentially could have 

an impact on the KRAS mutant allele amount. In the future, these preliminary data could be 

expanded and validated further by analyzing larger patient groups or comparing paired samples 

prior and after chemotherapy treatment and during follow up in order to investigate the impact 

of different parameters (therapy level, chemotherapy type, KRAS mutation status) in the amount 

of KRAS mutant alleles detected in the circulation. 

Despite the reliability and reproducibility of our method and results, some relevant limitations 

need to be underlined and resolved in order to proceed with further validation study. First, the 

analyzed series of CRC patients belongs to a heterogeneous population of patients with different 

disease stages and who have undergone different treatments. Second, this preliminary and 

exploratory analysis has been conducted in a relative small population of patients and it needs to 

be validated further in the context of a larger and prospective cohort. In this regard, the issue of 

small sample size may limit the reliability of our mutational analysis rendering preliminary all 

the conclusions on the detectability of the different types of KRAS mutations (such as G12D 

and G13D). Finally, the methodological issues that emerged during the conduction of the study 
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(such as the identification of a reliable cut-off, the sensitivity and specificity of the method and 

the mutational analysis) need to be further investigated 

In conclusion, we demonstrated that KRAS mutations could be detected in the peripheral blood 

of metastatic CRC patients as a reliable alternative to the primary tumor analysis (liquid biopsy) 

and we validated an accurate and sensitive method to conduct the mutation analysis. 

Quantification of cfDNA and KRAS mutations in the peripheral blood has potential value as a 

clinical tool for individualized and real-time pretreatment testing to predict response to anti-

EGFR therapies. In the future it might be possible to develop a simple blood test that could 

improve the diagnosis and monitoring of colorectal cancer and which could be used for 

individualizing cancer therapy. 
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Εςσαπιζηίερ: 

Πξώηα από όια ζα ήζεια λα επραξηζηήζσ ηελ νηθνγέλεηα κνπ γηαηί είλαη απηνί πνπ πάληα 

ζηεξίδνπλ θαη ζέβνληαη ηελ θάζε επηινγή κνπ. Τνπο επραξηζηώ γηα όια θαη ηνπο ππόζρνκαη πσο 

ζα είκαη πάληα δίπια ηνπο. 

Δπραξηζηώ ζεξκά ηνλ θ. Γ. Μαπξνπδή, θαζεγεηή Παζνινγίαο-Ογθνινγίαο θαη επηβιέπνληα ηεο 

κεηαπηπρηαθήο κνπ εξγαζίαο πνπ κε δέρηεθε ζην εξγαζηήξην ηνπ θαη κνπ επέηξεςε λα γλσξίζσ 

θάπνηεο από ηηο πην ζύγρξνλεο εξεπλεηηθέο πξνζεγγίζεηο ζην ρώξν ηεο αληηθαξθηληθήο έξεπλαο. 

Τνπ εύρνκαη λα είλαη πάληα πγηήο θαη επηπρηζκέλνο. 

Θα ήζεια λα επραξηζηήζσ ζεξκά επίζεο ηελ θ. Μαξία Βελπράθε, επίθνπξε θαζεγήηξηα 

Αλαιπηηθήο Χεκείαο όπσο επίζεο θαη ηα κέιε ηνπ εξγαζηεξίνπ ηεο (Όιγα, Έθε, Σκαξάγδα, 

Άηηηθα) γηα ηελ εθπαίδεπζε πνπ έιαβα θαηά ηε δηάξθεηα ηνπ ηξηκεληαίνπ rotation. Απέθηεζα 

πνιύηηκεο γλώζεηο ζε έλα θαηαπιεθηηθό εξεπλεηηθό πεξηβάιινλ. Τελ επραξηζηώ επίζεο ζεξκά 

πνπ δέρηεθε ακέζσο λα είλαη κέινο ηεο ηξηκεινύο επηηξνπήο θαη πνπ πάληα κε δερόηαλ κε 

ρακόγειν θαη ελδηαθέξνλ γηα λα ζπδεηήζνπκε νηηδήπνηε κε απαζρνινύζε. Δύρνκαη ζε όινπο 

πγεία θαη όηη θαιύηεξν ζην κέιινλ.  

Χξσζηάσ έλα επραξηζηώ ζηνπο θαζεγεηέο ηνπ κεηαπηπρηαθνύ πξνγξάκκαηνο γηα ηηο γλώζεηο 

πνπ κνπ έρνπλ κεηαδώζεη θαη ηνπο εύρνκαη λα είλαη πάληα θαιά. Θέισ λα πσ έλα επραξηζηώ 

παξαπάλσ ζηνλ θ. Γ. Σνπξβίλν, αλαπιεξσηή θαζεγεηή Κιηληθήο Ινινγίαο, ν νπνίνο δέρηεθε λα 

είλαη κέινο ζηελ ηξηκειή επηηξνπή ηεο κεηαπηπρηαθήο εξγαζίαο κνπ.  

Δπραξηζηώ ηελ Γξ. Αιεμάλδξα Βνπηζηλά γηα ηελ θαζνδήγεζε θαη ηε ζεκαληηθή ζπλεηζθνξά 

ηεο ζε θαίξηα ζεκεία απηήο ηεο κεηαπηπρηαθήο εξγαζίαο. 

Φπζηθά ζηα δύν απηά απαηηεηηθά ρξόληα δελ ήκνπλ κόλνο κνπ. Δίρα ηελ ηύρε λα κνηξάδνκαη 

πνιιά πξάγκαηα ζρεδόλ θαζεκεξηλά κε νρηώ παλέκνξθα θαη εμαηξεηηθά παηδηά. Αζελά, 

Αιεμάλδξα, Δηξήλε, Μαξηίλα, Λία, Γηάλλεο, Ηιίαο, Θάλνο. Γελ ζα ζηακαηήζσ λα ηνπο 

επραξηζηώ γηα ηε θηιία ηνπο, ηελ παξέα ηνπο θαη ηε ζηήξημε ηνπο όιν απηό ηνλ θαηξό. Τνπο 

εύρνκαη νιόςπρα όηη θαιύηεξν γηα ην κέιινλ ηνπο, λα είλαη πάληα πγηείο θαη επηπρηζκέλνη.  

Όια ηα παηδηά είρακε ηελ κεγάιε ηύρε θαη ραξά λα έρνπκε σο ππεύζπλε γξακκαηέα ηνπ 

πξνγξάκκαηνο ηελ θ. Μαίξε Αδακάθε. Έλαο εμαηξεηηθόο θαη ρακνγειαζηόο άλζξσπνο κε 

γλήζην ραξάθηεξα, θάηη πνπ ζπάληα ζπλαληά θάπνηνο ζήκεξα. Η αγάπε θαη ην ελδηαθέξνλ ηεο 
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πξνο ηα πξόζσπα καο θαζεκεξηλά καο ράξηδε αζθάιεηα θαη καο γέκηδε ζεηηθή ελέξγεηα. Θα 

ήζεια λα ηεο επρεζώ κέζα από ηα βάζε ηεο θαξδίαο κνπ λα είλαη πάληα γεξή θαη επηπρηζκέλε. 

Έλα κεγάιν επραξηζηώ ζηε Ναηάζα θαη ηε Νηθόι. Θέισ λα μέξνπλ όηη ζα είκαη θνληά ηνπο γηα 

νηηδήπνηε θαη αλ ρξεηαζηνύλ. 

Τέινο, ζα ήζεια λα επραξηζηήζσ όια ηα κέιε ηνπ εξγαζηεξίνπ Βηνινγίαο ηνπ Καξθίλνπ γηα ηε 

ζπλεξγαζία καο αιιά θαη γηα ηελ όκνξθε παξέα πνπ θάλακε όιν απηό ην δηάζηεκα. Τνπο 

εύρνκαη ηα θαιύηεξα γηα ην κέιινλ. 

Αλαζηάζηνο Ι. Γθνπληάθνο 

 


