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Abstract: Colorectal cancer (CRC) belongs to the most common cancers. The liver is a predominant
site of CRC dissemination. Novel biomarkers for predicting the survival of CRC patients with liver
metastases (CLM) undergoing metastasectomy are needed. We examined KRAS mutated circulating
cell-free tumor DNA (ctDNA) in CLM patients as a prognostic biomarker, independently or in
combination with carcinoembryonic antigen (CEA). Thereby, a total of 71 CLM were retrospectively
analyzed. Seven KRAS G12/G13 mutations was analyzed by a ddPCR™ KRAS G12/G13 Screening Kit
on QX200 Droplet Digital PCR System (Bio-Rad Laboratories, Hercules, CA, USA) in liver metastasis
tissue and preoperative and postoperative plasma samples. CEA were determined by an ACCESS
CEA assay with the UniCel DxI 800 Instrument (Beckman Coulter, Brea, CA, USA). Tissue KRAS
positive liver metastases was detected in 33 of 69 patients (47.8%). Preoperative plasma samples were
available in 30 patients and 11 (36.7%) were KRAS positive. The agreement between plasma- and
tissue-based KRAS mutation status was 75.9% (22 in 29; kappa 0.529). Patients with high compared
to low levels of preoperative plasma KRAS fractional abundance (cut-off 3.33%) experienced shorter
overall survival (OS 647 vs. 1392 days, p = 0.003). The combination of high preoperative KRAS
fractional abundance and high CEA (cut-off 3.33% and 4.9 µg/L, resp.) best predicted shorter OS
(HR 13.638, 95%CI 1.567–118.725) in multivariate analysis also (OS HR 44.877, 95%CI 1.59–1266.479;
covariates: extend of liver resection, biological treatment). KRAS mutations are detectable and
quantifiable in preoperative plasma cell-free DNA, incompletely overlapping with tissue biopsy.
KRAS mutated ctDNA is a prognostic factor for CLM patients undergoing liver metastasectomy.
The best prognostic value can be reached by a combination of ctDNA and tumor marker CEA.
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1. Introduction

Colorectal cancer (CRC) belongs to the most common cancers with more than 1.8 million new
cases worldwide per year [1]. Moreover CRC accounts for 9% of all cancer-related deaths. Colorectal
cancer liver metastases (CLM) are the predominant distant recurrence developing in 25–30% of CRC
patients [2,3]. Liver metastasectomy provides potentially curative treatment for those affected by CLM
with a five-year survival up to 47–60% [2,4]. However, recurrences occur in 40–75% of patients after
liver surgery. Therefore, effective biomarkers predicting patients’ survival and disease relapse in this
specific clinical scenario are urgently needed. Accurate prognosis assessment will help in deciding on
an appropriate treatment or facilitate the possible inclusion of patients in any of the ongoing studies.

Once the presence of circulating acids (circulating cell-free DNA- cfDNA and non-coding RNAs)
in body fluids was observed, these molecules attracted interest of cancer research. The benefit of
detection of cell-free DNA in plasma or serum of cancer patients is to gain the knowledge about the
presence of mutations typical for tumor tissue and so to get minimally invasive diagnostic, prognostic
and predictive tool. From a clinical practice perspective, it makes sense to detect the most common
mutations (circulating cell-free tumor DNA- ctDNA) for a given oncological disease (diagnostic,
prognostic) or mutations that can help in the prediction of treatment.

Carcinogenic Kirsten rat sarcoma viral oncogene homolog (KRAS) is the most frequently mutated
proto-oncogene in CRC. Up to 45% of CRC comprise KRAS mutations. KRAS encodes a 21 kDa
a membrane-bound small GTPase and is a member of the Ras oncogene family includes also HRAS
and NRAS proto-oncogenes. KRAS is located at short arm of chromosome 12 (12p12.1), spans
approximately 38 kb and the most frequent mutations in this gene, point substitutions in codons 12
and 13 [5,6]. Oncoprotein KRAS aberrantly activate RAS/MAPK pathway and thus contributes to cell
cycle deregulation [7].

Mutated RAS genes were the first tumor specific gene sequences detected in the blood from
patients with cancer [8,9]. For the first time the presence of mutated KRAS2 sequences was detected in
the blood of patients with pancreatic cancer in 1994 by Sorenson et al. [10]. Since 2000, a number of
studies have been published to test the predictive importance of mutations in the KRAS oncogene
for low molecular weight inhibitor and biological therapy. Now is established that KRAS mutations
together with mutations in another proto-oncogene NRAS (exons 2, 3, and 4) are predicting the lack
of treatment efficacy of anti-epidermal growth factor receptor (EGFR) monoclonal antibodies (mAb)
cetuximab and panitumumab [11–14]. The US and European clinical practice guidelines involve
indications for RAS testing (KRAS and NRAS mutations) before the use of anti-EGFR agents [15,16].
The standard techniques evaluating KRAS mutation status for the decision about anti-EGFR mAb
therapy are based on formalin-fixed, paraffin-embedded (FFPE) specimens of tumor tissue obtained
during surgery (tissue biopsy). As an alternative, recently developed methods for so-called liquid
biopsy analyzing circulating tumor DNA (ctDNA) from peripheral blood can provide a rapid KRAS
genotyping that is relatively non-invasive and with a minimal risk of complications compared to tissue
biopsy [17,18]. Studies show that blood detected mutated RAS gene bears prognostic value in primary
and metastatic colorectal cancer [19–28]. At present, the possibility of identification of mutated KRAS
oncogene in ctDNA is extended by determining its exact amount at very low level (for example by the
ddPCR technique) and thus the relationship of the mutated KRAS levels to the clinical pathological
characteristics of the disease can be examined.

Recent studies have indicated that combining multiple markers may improve the accuracy
of diagnostic and assessment of the prognosis [29]. In accordance with this idea, we also
combined the plasma ctDNA KRAS marker with routinely used tumor marker in gastrointestinal
cancers-carcinoembryonic antigen (CEA). The carcinoembryonic antigen (CEA, CEACAM5, and CD66e)
is a 180-kDa N-linked glycoprotein that is not normally produced in significant quantities after
birth (<0.49 ng/mL in the blood of healthy adults) but is aberrantly over-expressed by epithelial
cancers including cancers of the gastrointestinal tract, breast, lung, ovary and pancreas [30–32].
CEA is the prototypic member of a family of highly related cell surface glycoproteins that includes
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12 carcinoembryonic antigen-related cell adhesion molecules (CEACAMs). CEA and CEACAM-1 are
integral components of the apical glycocalyx human colonic epithelium [33]. However, a mechanistic
role for soluble CEA in tumor progression and metastasis remains to be established [32]. CEA is
the biochemical gold standard for early detection of cancer recurrence, recommended by both the
American Society of Clinical Oncology (ASCO) and the European Group on Tumor Markers (EGTM) [34].
This marker is also one of the most commonly used prognostic factors for CRC [35]. However, the
sensitivity of CEA is not considered to be sufficient [36]. Plasma concentration is not consistently
elevated in colorectal cancer and may be undetectable or present at only low levels with poorly
differentiated tumors [37]. At the most commonly reported CEA threshold of 5 µg/L shows to detect
colorectal cancer recurrence the sensitivity 71% and the specificity 88% [38].

In this study, we evaluated the concordance and prognostic value KRAS mutations in ctDNA-based
liquid biopsy compared to FFPE-based tissue biopsy of primary CRC and corresponding CLM assessed
by droplet digital PCR methodic (ddPCR). Therefore, to establish the possibility of using plasma
levels of mutated KRAS ctDNA as a supplement or replacement for FFPE tissue (biopsies) for
prediction of treatment in cases where tissue is not available. We assessed the possibility for the
quantification of KRAS mutant alleles in ctDNA to serve as an independent prognostic factor for
patients undergoing surgery for liver metastases. The possible synergic prognostic value of combination
of KRAS ctDNA-based liquid biopsy with the conventional CRC biomarker-carcinoembryonic antigen
(CEA) was also evaluated.

2. Results

2.1. The Presence and the Level of KRAS Mutations in Tissue of Primary Tumor and Liver Metastases

KRAS status in the tumor tissue of primary colorectal cancer (CRC) was available in 63 pts.
Tissue KRAS positivity (tKRAS+) was detected in 33 of 63 cases (52.4%). The median tissue KRAS
fractional abundance (tFA; proportion of the mutant allele in FFPE total DNA) was 15.66% ranging
from minimum 0% up to maximum 49.31%. In colorectal cancer liver metastases (CLM), KRAS status
was available in 69 patients. tKRAS+ was found in 33 of 69 cases (47.8%). The median tFA for all
patients was 0% ranging from minimum 0% up to maximum 79.95%. The median tFA for 33 KRAS
positive patients only was 27.3% (minimum 11.06%, maximum 49.31%).

The overall percentage agreement between primary CRC and CLM tissue KRAS mutation status
(i.e., positive or negative) was 93.4% (57/61; kappa, 0.529 (p = 0.002)). In contrast, four samples (6.6%)
experienced discordant status (Table 1). The KRAS fraction abundance positively correlated between
primary tumor tissue and liver metastases samples (R = 0.8, p < 0.001, n = 61).

Table 1. The concordance between tissue KRAS status (KRAS positive vs. KRAS negative) in primary
tumor (CRC) and liver metastases (CLM).

Tissue Origin CRC

KRAS Status KRAS Negative KRAS Positive

CLM
KRAS negative 28 3
KRAS positive 1 29

2.2. The Presence and the Level of KRAS Mutations in Plasma

The plasma samples obtained before primary CRC surgery were available in 7 patients. Plasma
KRAS positivity (pKRAS+) was detected in three of seven samples (42.9%). The median plasma KRAS
fractional abundance (pFA) was 0% ranging from minimum 0% up to maximum 42.26%. The median
pFA for three pKRAS+ patients only was 1.37%. The corresponding plasma samples after CRC
surgery were available for four patients. For three of them, negative preoperative pKRAS remained
negative after the surgery as well. One patient experienced decrease of pFA following primary tumor
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resection (from 42.26% preoperative to 22.85% postoperative, resp.). Both tissue and preoperative
plasma samples were available in seven patients. The concordant KRAS status in CRC tissue and
plasma samples was found in six of seven patients (85.7%), whereas one patient (14.3%) experienced
discordant status.

Before surgery for colorectal cancer liver metastases, preoperative plasma samples were available
in 30 patients. Eleven (36.7%) of them were plasma KRAS positive (pKRAS+). The overall percentage
agreement of preoperative plasma KRAS status (i.e., positive or negative) between CRC and CLM
in the same patient was 80% (4 in 5; kappa, 0.545 (p = 0.171)). The median pFA was 0% ranging
from minimum 0% up to maximum 48%. The median pFA for 11 pKRAS+ patients only was 3.33%
(min. 1.35%, max. 48%). The KRAS fraction abundance positively correlated between preoperative
plasma samples and tissue samples of liver metastases (R = 0.649, p < 0.001, n = 29). Preoperative
KRAS fraction abundance did not correlate with a number of liver metastases (R = 0.117, p = 0.536) or
the extent of liver metastases (R = −0.17, p = 0.37).

Both pre- and post-operative plasma samples were available in 17 pts. Of them, 12 preoperative
pKRAS negative remained negative after surgery, whereas five preoperative pKRAS+ became negative.
Therefore, all patients with available plasma samples were pKRAS negative after liver surgery (Figure 1).
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Figure 1. Significant changes in KRAS fractional abundance between pre- and post-operative plasma
samples in patients undergoing surgery for colorectal cancer liver metastases (p = 0.043).

Both tissue and plasma samples were available for 29 pts. Of them, pKRAS+ was detected in
10 of 16 tKRAS+ patients (62.5%), whereas 12 of 13 tKRAS negative patients were pKRAS negative
(92.3%) (Table 2). The overall percentage agreement between plasma-based and tissue-based KRAS
mutation status was 75.9% (22 in 29; kappa, 0.529 (p = 0.002)).

Table 2. The concordance between tissue KRAS status (KRAS positive vs. KRAS negative) in colorectal
cancer liver metastases (CLM) and preoperative plasma samples (Plasma).

Tissue vs. Plasma
Origin CLM Tissue

KRAS Status KRAS Negative KRAS Positive

Plasma
KRAS negative 12 6
KRAS positive 1 10

2.3. The Preoperative and Postoperative Serum Level of CEA in Patients Undergoing Liver Surgery

The preoperative serum level of CEA was available in 29 patients. The median preoperative CEA
level was 11.9 µg/L ranging from minimum 0.8 up to maximum 945.4 µg/L. CEA after liver surgery
was available in 17 patients. The median postoperative CEA level was 4.2 µg/L ranging from minimum
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0.5 up to maximum 96.5 µg/L. Both pre- and postoperative levels of CEA were available in 16 patients.
All of these patients experienced decrease of CEA level after liver surgery with the maximum fold
change 43.3 (Figure 2).Cancers 2020, 12, x 5 of 17 
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Figure 2. Significant changes in CEA levels between pre- and post-operative blood samples in patients
undergoing surgery for colorectal cancer liver metastases (p < 0.001).

2.4. Survival Analysis

The median distant metastasis free survival (DMFS) after the surgery of primary tumor was
210 days. The median disease-free survival (DFS) and overall survival (OS) after liver surgery was
423 and 1269 days, respectively. Both the patients with KRAS positive vs. KRAS negative primary
tumor tissue experienced similar DMFS (median 210 vs. 186 days, p = 0.215). Similarly, there were
no differences in DFS (median 475 vs. 357 days, p = 0.245) and OS (median 1368 vs. 1230 days,
p = 0.783) after liver surgery between patients with KRAS positive and negative liver metastasis.
The percentage increment of KRAS fractional abundance in primary tumor tissue (tFA) did not influence
patients´ DMFS (HR 0.989, p = 0.185). Similarly, liver metastasis KRAS tFA did not influence DFS
(HR = 1, p = 0.962) or OS (HR = 1, p = 0.968) after liver surgery. The analysis of the prognostic impact
of the other clinicopathological factors showed that patients´ DFS was not affected by tumor grade
(grade 2 vs. 1 HR = 1.099, p = 0.78; grade 3 vs. 1 HR = 0.737, p = 0.593), number of liver metastases
(≥2 vs. 1 HR = 1.378, p = 0.209), extent of liver metastases (increment in size HR = 0.998, p = 0.727),
extrahepatic disease (present vs. absent HR = 0.85, p = 0.756). Similarly there were no differences in
OS in relation to tumor grade (grade 2 vs. 1 HR = 0.602, p = 0.399; grade 3 vs. 1 HR = 0.807, p = 0.703),
number of liver metastases (≥2 vs. 1 HR = 1.184, p = 0.545), extent of liver metastases (increment in
size HR = 1.004, p = 0.548), extrahepatic disease (present vs. absent HR = 1.253, p = 0.668).

There was a trend to shorter DFS (median 357 vs. 470 days, p = 0.074) (Figure 3) after liver surgery
in patients with KRAS positive vs. negative preoperative plasma samples, but not OS (median 1269 vs.
1390 days, p = 0.234).
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Patients with high compared to low level of preoperative KRAS pFA (cut-off 3.33%) experienced
shorter OS (647 vs. 1392 days, p = 0.003; HR 4.391, 95%CI 1.529–12.614) (Figure 4), but not DFS
(p = 0.118). Among 11 pKRAS+ patients, a high level of preoperative pFA (cut-off 3.33%) also predicted
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In patients treated for CLM, a high level of preoperative KRAS pFA (cut-off 3.33%) remained
an independent negative prognostic factor for OS after liver surgery also in multivariate analysis (Table 3).
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Table 3. The multivariate analysis of disease free survival (DFS) and overall survival (OS) of patients
undergoing liver surgery.

The Multivariate
Survival Analysis DFS OS

Status of Biomarkers
and Clinical

Characteristics

HR (95%
Confidence Interval) Significance

HR (95%
Confidence

Interval)
Significance

Plasma KRAS
fractional abundance

[cut-off 3.33%]

Low level 1.000 1.000

High level 2.542 (0.823–7.853) p = 0.105 11.732
(2.729–50.432) p= 0.001

CEA [cut-off 4.9 µg/L]

Low level 1.000 1.000

High level 3.264 (1.119–9.521) p= 0.03 5.409 (1.272–22.998) p= 0.022

Extend of liver
resection

R0 1.000 1.000

R1 3.309 (1.09–10.045) p= 0.035 6.054 (1.499–24.451) p= 0.011

RFA 1 2.895 (0.891–9.406) p = 0.077 7.368 (1.479–36.7) p= 0.015

Biological treatment

bevacizumab or
cetuximab 1.000 1.000

n.a. 1.546 (0.633–3.774) p = 0.339 0.828 (0.326–2.104) p = 0.692
1 Radiofrequency ablation.

Patients positive for KRAS mutations in both tissue of liver metastasis and preoperative
plasma samples (tKRAS+/pKRAS+, n = 10) compared to patients with tissue KRAS positivity only
(tKRAS+/pKRAS-, n = 6) showed shorter DFS (329 vs. 470 days, p = 0.051) (Figure 5), but not OS
(p = 0.328).
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Patients with high compared to low preoperative CEA level (cut-off 4.9 µg/L) experienced trend
to shorter DFS (401 vs. 796 days, p = 0.066) (Figure 6) as well as OS (1265 vs. 1846 days, p = 0.052)
(Figure 7) after liver surgery.Cancers 2020, 12, x 8 of 17 
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The best predictive value of patient survival after liver surgery was observed with combination
of preoperative KRAS pFA and CEA level of CLM patients. Patients with both high pFA and CEA
preoperative levels (cut-off 3.33% and 4.9 µg/L, resp.) experienced the worst survival compared to
those with combined low pFA and CEA levels and the best OS (647 vs. 1846 days, p = 0.003; HR 13.638
95%CI 1.567–118.725) (Figure 8). There was trend to better DFS (p = 0.079) for combined low levels of
KRAS pFA and CEA as well (Figure 9). Patients with both high levels of preoperative KRAS pFA and
CEA showed also the worst OS (HR 44.877 95%CI 1.590–1266.479) in multivariate analysis including
other covariates (extend of liver resection, presence of biological treatment).
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3. Discussion

In the last two decades, we have witnessed an ever-increasing number of modalities of cancer
treatment, including a growing spectrum of biological drugs and low molecular weight inhibitor drugs
used for targeted treatment of cancer patients. At present, the correct choice of treatment depends also
on the determination of prognostic and predictive biomarkers. The ability to respond in the case of
recurrence/progression of the disease by changing cancer treatment carries with the need for real-time
knowledge of the changes in the genotype of the tumor. This is where the liquid biopsy approach turns
out to be very suitable for the patient, compensating in certain cases for the unavailability of the tumor
tissue (biopsy, FFPE) and also allowing easy repeated peripheral blood sampling and the analysis of
molecules with an assumed origin in the tumor tissue.

Moreover, the liquid biopsy approach overcomes to some extent the problem of tumor heterogeneity
that complicates the traditional histopathological examinations. Hand in hand with the development
of treatment modalities, more sensitive methods of detection of biomarkers (DNA mutations (ctDNA),
oncoproteins and circulating tumor cells (CTC)) are becoming available, on the basis of which it is
possible to determine prognosis or decide on an appropriate treatment. The decline in prices for
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individual determinations is also favorable, especially in the area of DNA analysis. The ddPCR method
provides a sensitive quantitative determination of the genotypes of genes, enabling the determination
of mutated DNA on the background of the wild-type majority.

This takes the possibilities of the liquid biopsy approach, specifically of the analysis of the mutated
DNA released by the tumor tissue, a step further and allows not only the determination of low ctDNA
levels but also the choice of a suitable cut-off for further categorization of cancer patients and a correct
assessment of the relationship between the tumor tissue genotype and the phenotype, i.e., the character
and extent of the oncological disease. It turns out that different biomarkers, in which a significant
relationship to the clinicopathological characteristics of the tumor was found, do not characterize the
same properties of the tumor. Therefore a combination of biomarkers based on different processes of
the molecular biology of the tumor (protein, miRNA, DNA genotype) may be appropriate, especially
for determining the prognosis. In this study, we decided to implement this approach.

The aim of the study was to determining concordance and prognostic significance of level of
the KRAS mutations, to establish the possibility of using plasma levels of mutated KRAS ctDNA as
a replacement for FFPE tissue for prediction of treatment in cases where FFPE tissue is not available.
We used preoperative and postoperative plasma samples of patients treated for primary colorectal
carcinoma and then it‘s liver metastases and the corresponding FFPE tissue samples together with
long-term clinical data for determining of the prognostic significance of mutated KRAS level determined
by the ddPCR method even in combination with routinely determined tumor marker CEA.

In patients with primary colorectal cancer, we detected KRAS mutation in the tissue in 54% of
cases, in liver metastases of these patients it was 47.8% of cases. This corresponds to the upper limit
given for larger sample sets [39]. The concordant mutation status between the primary carcinoma and
liver metastasis was found in the majority of patients (93.4%). In three patients (9.375%) with primary
cancer positivity, no mutation of the KRAS oncogene was observed in the metastasis, the opposite in
one patient (7.69%).

It makes sense to discuss the concordance, due to the number of samples, between the presence of
a mutation in the KRAS oncogene in liver metastasis tissue and the plasma of a preoperative sample of
liver metastases only. The overall percentage agreement between plasma-based and tissue-based KRAS
mutation status was 75.9%. Several previous studies evaluated the concordance of KRAS alterations
between tissue and ctDNA and found overall concordance to range 67–96% [40]. We also evaluated
the relationship between the levels of KRAS mutated fraction of ctDNA and the levels of determined
mutations in liver metastasis tissue. The KRAS fraction abundance positively correlated (R = 0.649)
between preoperative plasma samples and tissue samples of liver metastases. These results indicate the
limits of liquid biopsy as a substitute to tissue biopsy KRAS mutations analysis for treatment prediction.
At the same time, this indicate that the results of plasma vs. tissue assays provide different insights into
the biology of tumor behavior, discussed below. KRAS mutation in plasma disappeared after removal
of metastases in all patients where the assessment was available. It is possible due to relatively short
half-life time of DNA in plasma ranging from 15 min to several hours. It also points to the possibility
of minimal residual disease detection and non-invasive monitoring if tumor mass was completely
removed by surgery in patients with mutated KRAS. Likewise, achieving zero KRAS ctDNA level after
liver surgery is important for early detection of potential disease recurrence, where the KRAS ctDNA
can increase again.

We also investigated the relationship of KRAS mutated DNA levels to DFS and OS, both tissue and
plasma levels. Based on the concordance of the presence of KRAS mutations in the plasma and tissue
of patients with liver metastases, we would expect similar results regarding the possible prognostic
significance (OS and DFS). However, we recorded prognostic significance only for the determination
of mutated DNA of the KRAS gene in plasma. Patients with a fractional abundance value lower than
3.3% had got a significantly better prognosis (OS). Based on the relationship between the level of KRAS
mutated ctDNA and prognosis, our results indicate that, in certain cases, it may be more appropriate
to determine the presence of a KRAS mutation based on plasma results.
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Other studies showed that the quantification of ctDNA is the valuable prognostic factor for
CLM patients and support the idea of non-invasive detection of persistent minimal residual disease.
In the study by Cassinotti et al. and Frattini et al., the ctDNA concentration significantly decreased
after primary tumor resection. However, the ctDNA concentration dramatically increased in patients
with a relapse. In “disease-free” patients, the ctDNA level remains in decreasing tendency [41,42].
The preoperative assessment of ctDNA level might be useful for better prognosis estimation and
a postoperative assessment could early detect the cancer recurrence. Increased ctDNA level significantly
correlated with an unfavorable prognosis in another study as well [43]. In addition, our study showed
the benefits of quantifying of copies of KRAS ctDNA by the ddPCR.

In our opinion based on these results, it can be stated that the plasma level of the KRAS mutation
does not reflect the same biological properties of oncological disease as the level of the mutated KRAS
oncogene DNA determined in the tumor tissue. Plasma assays also include information on the ability
to release tumor molecules into the bloodstream. In addition, the result shows that we do not have two
groups of patients (KRAS+ and KRAS-), but rather three groups. The group without a mutation in the
KRAS oncogene, with a small amount of ctDNA in the bloodstream and a large amount of ctDNA.

There is evidence that ctDNA assessment could be a more preferable biomarker of prognosis than
CEA plasma levels. Vymetalkova et al. mentions that, at the time of recurrence, 80% of CRC patients
were ctDNA positive, while CEA levels were only elevated in 41% of CRC patients [43]. Reinert
et al. [44] and Carpinetti et al. [45] published that ctDNA assessment in follow-up period of CRC
patients may show cancer recurrence and therapy response an earlier in comparison with monitoring
of CEA or radiological evaluation. We observed the benefit of combining both ctDNA and CEA levels
for prognosis.

The limitations of our study must also be mentioned. These are mainly heterogenous treatment
protocols applied for oncological patients and also the limited number of plasma samples available for
analysis. On the other hand, the strengths are the use of the ddPCR method and detailed long-term
patient follow-up with a high maturity of the cohort of patients. The assay for ddPCR used in our
study is able to screen spectrum of KRAS mutations (as described in materials and methods) that is
very useful in the case of ctDNA analysis and limited amount of isolated DNA. This advantage is
limited by the impossibility to discriminate among individual mutations.

4. Materials and Methods

4.1. Patients and Samples

We retrospectively analyzed 71 patients who underwent primary surgery for colorectal carcinoma
and after the onset of disease progression into the liver who underwent surgery for CRC liver metastases
(Table 4). The study was approved by the institutional review board and local ethics committee of
the University Hospital in Pilsen. The ethical code is no.1552016. Every patient signed an informed
consent form for the use of their blood samples in clinical research for the assessment of tumor markers.
Each FFPE sample of CRC and CLM patients was verified by a pathologist diagnosis. All CRC tumors
used in these study were histologically adenocarcinomas. CRC patients were staged base on the TNM
system of the International Union Against Cancer (IUCC, 7th edition) [46]. The median patients´
follow-up was 4.1 years. The evaluation of remission and recurrence were classified based on response
evaluation criteria in solid tumors (RECIST) [47].



Cancers 2020, 12, 2434 12 of 18

Table 4. Patient characteristics.

Patient Characteristics Number of Patients (%)

All patients in the study 71 (100%)

Gender

Female 29 (41%)
Male 42 (59%)

Mean age at liver surgery (min-max) 62.7 (29–77) years

Extent of liver surgery

R0 resection 38 (54%)
R1 resection 21 (30%)

RFA 1 11 (16%)

Adjuvant chemotherapy

Yes 55 (77%)
No 16 (23%)

Adjuvant biological therapy
(bevacizumab or cetuximab)

Yes 15 (21%)
No 56 (79%)

Tumor grade (available in 44 pts.)

Grade 1 15 (21%)
Grade 2 23 (32%)
Grade 3 6 (9%)

Number of liver metastases

1 35 (49%)
≥2 36 (51%)

Mean size of metastases (min-max) 38.5 (6–130) mm

Extrahepatic disease

Yes 4 (6%)
No 67 (94%)

1 Radiofrequency ablation.

The quantitative estimation of 7 KRAS G12/G13 mutations was performed by ddPCR in 71
colorectal carcinoma tissue samples (FFPE) and paired 71 liver metastasis tissue samples (FFPE).
In these patients the quantitative KRAS estimation was also done in 7 preoperative (taken a day before
primary CRC surgery) and postoperative (taken a day after primary CRC surgery) plasma samples.
Similarly the mutated KRAS was quantified in 30 preoperative and postoperative plasma samples of
patients undergoing surgery for CLM.

4.2. Blood Samples

The peripheral blood samples were collected from the cubital vein using K3EDTA Vacutainer
tubes (Greiner Bio-One, Kremsmünster, Austria). Plasma was prepared by two-step centrifugation of
6 mL of blood at 950 rcf at 10 min at 4 ◦C and then at 11,000 rcf at 10 min at 4 ◦C–to remove any cell
debris as a standard procedures used for cell-free DNA assessment.

For CEA detection, the blood serum was separated by centrifugation at 1700 rcf for 10 min from
4 mL of blood collected in Vacuette® blood collection tubes (Greiner Bio-One, Kremsmünster, Austria).
Until analysis plasma and serum samples were stored frozen at −80 ◦C.
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4.3. DNA Isolation

Tissue DNA was isolated by AllPrep DNA/RNA FFPE kit (Qiagen, Hilden, Germany). Total circulating
DNA was isolated from 1 mL plasma by the QIAamp Circulating Nucleic Acid Kit kit (Qiagen, Hilden,
Germany), according to the manufacturer manual.

4.4. ddPCR Assay

Quantitative estimation of 7 KRAS G12/G13 mutations was done by ddPCR™ KRAS G12/G13
Multiplex Screening Kit (catalogue No. 186-350, Bio-Rad Laboratories, Hercules, CA, USA) on
QX200 Droplet Digital PCR System (Bio-Rad Laboratories, Hercules, CA USA). This assay enables
to screen KRAS variants G12A (dHsaCP2500586), G12C (dHsaCP2500584), G12D (dHsaCP2500596),
G12R (dHsaCP2500590), G12S (dHsaCP2500588), G12V (dHsaCP2500592) and G13D (dHsaCP2500598).

For FFPE samples the total DNA load in reaction was 50 ng of isolated DNA per well. To overstep
the small amounts of mutated DNA in circulation generally, all plasma samples were analyzed in 3 well
simultaneously in each 5 µL of isolated DNA without dilution was added yielded 25–225 ng of DNA
per 3 merged wells. Data obtained in 3 wells (same sample) were merged for results as recommended
in Bulletin 6628A, Rare mutation detection (Best practices guidelines) by Bio-Rad Laboratories,
Hercules, CA, USA.

The analytical procedure was performed according to PrimePCR ddPCR assay manual-Bio-Rad
10,048,179 Rev. A, (Bio-Rad Laboratories, Hercules, CA, USA). No DNA digestion was used for samples,
while for FFPE and cell free DNA samples is not required. PCR master mix was prepared by 11 µL
2× ddPCR Supermix for Probe (no dUTP), 1 µL multiplex primers/probes (FAM + HEX) and 7.5 µL
nuclease-free water for each FFPE sample. For cell free DNA sample was 33 µL 2× ddPCR Supermix
for Probe (no dUTP), 3 µL multiplex primers/probes (FAM + HEX) and 15 µL nuclease-free water for
three wells. There was manually transferred 20 µL of final PCR mix into wells of a CG 8 cartridge and
added 70 µL Droplet Generation Oil for probes. Cartridge is loaded into QX200TM Droplet Generator
(Bio-Rad Laboratories, Hercules, CA, USA) for droplet generation, followed by transfer of 40 µL of
sample droplets into the 96-well PCR plate. Plate is heat sealed by foil using PX1 PCR Plate Sealer
(Bio-Rad Laboratories, Hercules, CA, USA). Amplification was performed in T100TM Thermal Cycler
with 96-Deep Well Reaction Module (thermal cycling protocol: 95 ◦C for 10 min, 40× cycle of 94 ◦C for
30 s, 55 ◦C for 1 min, 98 ◦C for 10 min (all ramp rate 2 ◦C/s), and final cooling down to 4 ◦C, ramp rate
1 ◦C/s). After thermal cycling, reading analysis was performed on QX200TM Droplet Reader (Bio-Rad
Laboratories, Hercules, CA, USA) with setting for FAM/HEX.

In all plates, positive controls for each detected KRAS mutation and negative samples were
screened for quality control and “cut-off” set-up. Control samples have checked DNA quality by
amplification of control genes: 100–600 bp (BIOMED-2), detection of mutations in positive control
samples were performed by PCR and reverse-hybridization accredited according to CSN EN 15189:2013.

Data were analyzed in Biorad-Laboratories software Quantasoft 1.7 and QuantaSoft™ Analysis
Pro 1.0. Thresholds were placed manually. Fractional abundance (FA) of targeted mutations in samples,
determined as positive, were calculated as percentage FA% = mutated copies/(mutated copies +

wildtype copies) × 100. FFPE samples, for which positive droplet count (FAM plus HEX channel) was
insufficient, were reanalyzed with DNA load app. 100 ng/well reaction.

According to false positive rate (FPR) 1625 (cumulatively 13 false positive droplets in 8 control
samples) in plasma sample plates, the 5 positive droplets were determined as a cut-off for merged
plasma sample results.
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To avoid any false positive results for FFPE samples, we have chosen relatively high cut-off value:
the fractional abundance of 5% for positivity of mutation occurrence, while mean FA% of negative
controls was 1.5% and maximum FA% in FFPE negative controls was approximately 3% in FFPE plates.

4.5. Quantitative Measurement of CEA

Serum levels of CEA protein were determined in monoplicates by chemiluminescent assay the
ACCESS CEA assay with the UniCel DxI 800 Instrument (Beckman Coulter, Brea, CA, USA). The cut
off value of the preoperative serum CEA level was set at 4.9 ng/mL.

4.6. Statistical Analysis

Statistical analysis was performed using the SPSS 22 software package (IBM, Armonk, NY, USA).
The statistical significance was considered with a p value of ≤0.05. Kaplan–Meier method with
an “optimal cut off” found with the lowest p-value of the log rank test was used for survival analysis.
Multivariate analysis was performed by the Cox regression model to test independent significance
while adjusting for covariates. Data were presented as hazard ratios (HR) and 95% confidence intervals
(95%CI). Spearman’s rank-order correlation method was used for mutual correlations. The Wilcoxon
signed-rank test was used for comparison of differences between pre- and post-operative levels of
circulating markers.

5. Conclusions

Published data on liquid biopsy based on ctDNA in colorectal cancer patients with advanced
disease provide additional information on the course and prognosis of the disease and may help
with the therapy decision making process. The best prognostic value in colorectal cancer patients
undergoing surgery for liver metastases was observed based on the detection of the level of KRAS
ctDNA in combination with routinely determined tumor marker CEA.

Author Contributions: Conceptualization: J.P. and M.P.; methodology: J.P., J.W., and M.P.; validation: R.K.;
formal analysis: J.P., M.P., and J.W.; investigation: J.P., M.P., R.K., K.H., H.R., T.M., O.V., and D.S.; data curation:
R.K. and O.V.; writing—original draft preparation: J.P. and M.P.; writing—review and editing: J.P., M.P., and J.W.;
supervision: O.T.; project administration: J.P. and M.P.; funding acquisition: O.T. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the grant of Ministry of Health of the Czech Republic–Conceptual
Development of Research Organization (Faculty Hospital in Pilsen-FNPl, 00669806), by the Charles University
Research Fund (Progres Q39), and by program LTAUSA19080, INTER-EXCELLENCE, INTER-ACTION, Ministry
of Education, Youth and Sports of the Czech Republic.

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2020, 12, 2434 15 of 18

Abbreviations

95% CI 95% Confidence interval
CEA Carcinoembryonic antigen
CLM Colorectal cancer liver metastases
CRC Colorectal cancer
CTC Circulating tumor cells
cfDNA Circulating cell-free deoxyribonucleic acid

ctDNA
Circulating cell-free tumor deoxyribonucleic
acid

ddPCR Droplet digital polymerase chain reaction
DFS Disease-free survival
DMFS Distant metastasis free survival
DNA Deoxyribonucleic acid
EGFR Epidermal growth factor receptor
FFPE Formalin-fixed, paraffin-embedded
FPR False positive rate
HR Hazard ratio
IUCC International union against cancer
KRAS Kirsten rat sarcoma viral oncogene homolog
mAb Monoclonal antibody
miRNA Micro-ribonucleic acid
NRAS Neuroblastoma RAS viral oncogene homolog
OS Overall survival
PCR Polymerase chain reaction
pFA Plasma KRAS fractional abundance
pKRAS- Plasma KRAS negativity
pKRAS+ Plasma KRAS positivity
RECIST Response evaluation criteria in solid tumors
RFA Radiofrequency ablation
tFA Tissue KRAS fractional abundance
tKRAS+ Tissue KRAS positivity
TNM Tumor, node, metastases

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin.
2018, 68, 394–424. [CrossRef] [PubMed]

2. Engstrand, J.; Nilsson, H.; Strömberg, C.; Jonas, E.; Freedman, J. Colorectal cancer liver metastases—A
population-based study on incidence, management and survival. BMC Cancer 2018, 18, 78. [CrossRef]
[PubMed]

3. Golubnitschaja, O.; Polivka, J.; Yeghiazaryan, K.; Berliner, L. Liquid biopsy and multiparametric analysis
in management of liver malignancies: New concepts of the patient stratification and prognostic approach.
EPMA J. 2018, 9, 271–285. [CrossRef] [PubMed]

4. Kow, A.W.C. Hepatic metastasis from colorectal cancer. J. Gastrointest. Oncol. 2019, 10, 1274–1298. [CrossRef]
[PubMed]

5. Rosty, C.; Young, J.P.; Walsh, M.D.; Clendenning, M.; Walters, R.J.; Pearson, S.; Pavluk, E.; Nagler, B.;
Pakenas, D.; Jass, J.R.; et al. Colorectal carcinomas with KRAS mutation are associated with distinctive
morphological and molecular features. Mod. Pathol. 2013, 26, 825–834. [CrossRef]

6. Normanno, N.; Tejpar, S.; Morgillo, F.; De Luca, A.; Van Cutsem, E.; Ciardiello, F. Implications for KRAS
status and EGFR-targeted therapies in metastatic CRC. Nat. Rev. Clin. Oncol. 2009, 6, 519–527. [CrossRef]

7. Malumbres, M.; Barbacid, M. RAS oncogenes: The first 30 years. Nat. Rev. Cancer 2003, 3, 459–465. [CrossRef]

http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1186/s12885-017-3925-x
http://www.ncbi.nlm.nih.gov/pubmed/29334918
http://dx.doi.org/10.1007/s13167-018-0146-6
http://www.ncbi.nlm.nih.gov/pubmed/30174763
http://dx.doi.org/10.21037/jgo.2019.08.06
http://www.ncbi.nlm.nih.gov/pubmed/31949948
http://dx.doi.org/10.1038/modpathol.2012.240
http://dx.doi.org/10.1038/nrclinonc.2009.111
http://dx.doi.org/10.1038/nrc1097


Cancers 2020, 12, 2434 16 of 18

8. Vasioukhin, V.; Anker, P.; Maurice, P.; Lyautey, J.; Lederrey, C.; Stroun, M. Point mutations of the N-ras gene
in the blood plasma DNA of patients with myelodysplastic syndrome or acute myelogenous leukaemia.
Br. J. Haematol. 1994, 86, 774–779. [CrossRef]

9. Sorenson, G.D. Detection of mutated KRAS2 sequences as tumor markers in plasma/serum of patients with
gastrointestinal cancer. Clin. Cancer Res. 2000, 6, 2129–2137. [CrossRef]

10. Sorenson, G.D.; Pribish, D.M.; Valone, F.H.; Memoli, V.A.; Bzik, D.J.; Yao, S.L. Soluble normal and mutated
DNA sequences from single-copy genes in human blood. Cancer Epidemiol. Biomark. Prev. 1994, 3, 67–71.

11. Karapetis, C.S.; Khambata-Ford, S.; Jonker, D.J.; O’Callaghan, C.J.; Tu, D.; Tebbutt, N.C.; Simes, R.J.;
Chalchal, H.; Shapiro, J.D.; Robitaille, S.; et al. K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N. Engl. J. Med. 2008, 359, 1757–1765. [CrossRef] [PubMed]

12. Douillard, J.-Y.; Oliner, K.S.; Siena, S.; Tabernero, J.; Burkes, R.; Barugel, M.; Humblet, Y.; Bodoky, G.;
Cunningham, D.; Jassem, J.; et al. Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal
cancer. N. Engl. J. Med. 2013, 369, 1023–1034. [CrossRef] [PubMed]

13. Peeters, M.; Oliner, K.S.; Price, T.J.; Cervantes, A.; Sobrero, A.F.; Ducreux, M.; Hotko, Y.; André, T.; Chan, E.;
Lordick, F.; et al. Analysis of KRAS/NRAS Mutations in a Phase III Study of Panitumumab with FOLFIRI
Compared with FOLFIRI Alone as Second-line Treatment for Metastatic Colorectal Cancer. Clin. Cancer Res.
2015, 21, 5469–5479. [CrossRef] [PubMed]

14. Van Cutsem, E.; Lenz, H.-J.; Köhne, C.-H.; Heinemann, V.; Tejpar, S.; Melezínek, I.; Beier, F.; Stroh, C.;
Rougier, P.; van Krieken, J.H.; et al. Fluorouracil, leucovorin, and irinotecan plus cetuximab treatment and
RAS mutations in colorectal cancer. J. Clin. Oncol. 2015, 33, 692–700. [CrossRef] [PubMed]

15. Allegra, C.J.; Rumble, R.B.; Hamilton, S.R.; Mangu, P.B.; Roach, N.; Hantel, A.; Schilsky, R.L. Extended RAS
Gene Mutation Testing in Metastatic Colorectal Carcinoma to Predict Response to Anti-Epidermal Growth
Factor Receptor Monoclonal Antibody Therapy: American Society of Clinical Oncology Provisional Clinical
Opinion Update 2015. J. Clin. Oncol. 2016, 34, 179–185. [CrossRef] [PubMed]

16. Van Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Van Krieken, J.H.; Aderka, D.; Aranda Aguilar, E.;
Bardelli, A.; Benson, A.; Bodoky, G.; et al. ESMO consensus guidelines for the management of patients with
metastatic colorectal cancer. Ann. Oncol. 2016, 27, 1386–1422. [CrossRef] [PubMed]

17. Schmiegel, W.; Scott, R.J.; Dooley, S.; Lewis, W.; Meldrum, C.J.; Pockney, P.; Draganic, B.; Smith, S.; Hewitt, C.;
Philimore, H.; et al. Blood-based detection of RAS mutations to guide anti-EGFR therapy in colorectal cancer
patients: Concordance of results from circulating tumor DNA and tissue-based RAS testing. Mol. Oncol.
2017, 11, 208–219. [CrossRef]

18. García-Foncillas, J.; Tabernero, J.; Élez, E.; Aranda, E.; Benavides, M.; Camps, C.; Jantus-Lewintre, E.;
López, R.; Muinelo-Romay, L.; Montagut, C.; et al. Prospective multicenter real-world RAS mutation
comparison between OncoBEAM-based liquid biopsy and tissue analysis in metastatic colorectal cancer.
Br. J. Cancer 2018, 119, 1464–1470. [CrossRef]

19. Lecomte, T.; Berger, A.; Zinzindohoué, F.; Micard, S.; Landi, B.; Blons, H.; Beaune, P.; Cugnenc, P.-H.;
Laurent-Puig, P. Detection of free-circulating tumor-associated DNA in plasma of colorectal cancer patients
and its association with prognosis. Int. J. Cancer 2002, 100, 542–548. [CrossRef]

20. Lindforss, U.; Zetterquist, H.; Papadogiannakis, N.; Olivecrona, H. Persistence of K-ras mutations in plasma
after colorectal tumor resection. Anticancer Res. 2005, 25, 657–661.

21. Trevisiol, C.; Di Fabio, F.; Nascimbeni, R.; Peloso, L.; Salbe, C.; Ferruzzi, E.; Salerni, B.; Gion, M. Prognostic
value of circulating KRAS2 gene mutations in colorectal cancer with distant metastases. Int. J. Biol. Markers
2006, 21, 223–228. [CrossRef] [PubMed]

22. Spindler, K.-L.G.; Pallisgaard, N.; Vogelius, I.; Jakobsen, A. Quantitative cell-free DNA, KRAS, and BRAF
mutations in plasma from patients with metastatic colorectal cancer during treatment with cetuximab and
irinotecan. Clin. Cancer Res. 2012, 18, 1177–1185. [CrossRef] [PubMed]

23. Bai, Y.; Liu, X.; Wang, Y.; Ge, F.; Zhao, C.; Fu, Y.; Lin, L.; Xu, J. Correlation analysis between abundance of
K-ras mutation in plasma free DNA and its correlation with clinical outcome and prognosis in patients with
metastatic colorectal cancer. Zhonghua Zhong Liu Za Zhi 2013, 35, 666–671. [PubMed]

24. Spindler, K.G.; Appelt, A.L.; Pallisgaard, N.; Andersen, R.F.; Jakobsen, A. KRAS-mutated plasma DNA as
predictor of outcome from irinotecan monotherapy in metastatic colorectal cancer. Br. J. Cancer 2013, 109,
3067–3072. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2141.1994.tb04828.x
http://dx.doi.org/10.1111/j.1749-6632.2000.tb06582.x
http://dx.doi.org/10.1056/NEJMoa0804385
http://www.ncbi.nlm.nih.gov/pubmed/18946061
http://dx.doi.org/10.1056/NEJMoa1305275
http://www.ncbi.nlm.nih.gov/pubmed/24024839
http://dx.doi.org/10.1158/1078-0432.CCR-15-0526
http://www.ncbi.nlm.nih.gov/pubmed/26341920
http://dx.doi.org/10.1200/JCO.2014.59.4812
http://www.ncbi.nlm.nih.gov/pubmed/25605843
http://dx.doi.org/10.1200/JCO.2015.63.9674
http://www.ncbi.nlm.nih.gov/pubmed/26438111
http://dx.doi.org/10.1093/annonc/mdw235
http://www.ncbi.nlm.nih.gov/pubmed/27380959
http://dx.doi.org/10.1002/1878-0261.12023
http://dx.doi.org/10.1038/s41416-018-0293-5
http://dx.doi.org/10.1002/ijc.10526
http://dx.doi.org/10.1177/172460080602100405
http://www.ncbi.nlm.nih.gov/pubmed/17177160
http://dx.doi.org/10.1158/1078-0432.CCR-11-0564
http://www.ncbi.nlm.nih.gov/pubmed/22228631
http://www.ncbi.nlm.nih.gov/pubmed/24332053
http://dx.doi.org/10.1038/bjc.2013.633
http://www.ncbi.nlm.nih.gov/pubmed/24263065


Cancers 2020, 12, 2434 17 of 18

25. Xu, J.-M.; Liu, X.-J.; Ge, F.-J.; Lin, L.; Wang, Y.; Sharma, M.R.; Liu, Z.-Y.; Tommasi, S.; Paradiso, A. KRAS
mutations in tumor tissue and plasma by different assays predict survival of patients with metastatic
colorectal cancer. J. Exp. Clin. Cancer Res. 2014, 33, 104. [CrossRef]

26. Siravegna, G.; Mussolin, B.; Buscarino, M.; Corti, G.; Cassingena, A.; Crisafulli, G.; Ponzetti, A.; Cremolini, C.;
Amatu, A.; Lauricella, C.; et al. Clonal evolution and resistance to EGFR blockade in the blood of colorectal
cancer patients. Nat. Med. 2015, 21, 795–801. [CrossRef] [PubMed]

27. Spindler, K.L.G.; Pallisgaard, N.; Andersen, R.F.; Brandslund, I.; Jakobsen, A. Circulating free DNA as
biomarker and source for mutation detection in metastatic colorectal cancer. PLoS ONE 2015, 10, e0108247.
[CrossRef] [PubMed]

28. El Messaoudi, S.; Mouliere, F.; Du Manoir, S.; Bascoul-Mollevi, C.; Gillet, B.; Nouaille, M.; Fiess, C.; Crapez, E.;
Bibeau, F.; Theillet, C.; et al. Circulating DNA as a Strong Multimarker Prognostic Tool for Metastatic
Colorectal Cancer Patient Management Care. Clin. Cancer Res. 2016, 22, 3067–3077. [CrossRef]

29. Luo, H.; Shen, K.; Li, B.; Li, R.; Wang, Z.; Xie, Z. Clinical significance and diagnostic value of serum NSE,
CEA, CA19-9, CA125 and CA242 levels in colorectal cancer. Oncol. Lett. 2020, 20, 742–750. [CrossRef]

30. Kang, H.Y.; Choe, E.K.; Park, K.J.; Lee, Y. Factors Requiring Adjustment in the Interpretation of Serum
Carcinoembryonic Antigen: A Cross-Sectional Study of 18,131 Healthy Nonsmokers. Gastroenterol. Res. Pract.
2017, 2017, 9858931. [CrossRef]

31. Hall, C.; Clarke, L.; Pal, A.; Buchwald, P.; Eglinton, T.; Wakeman, C.; Frizelle, F. A Review of the Role of
Carcinoembryonic Antigen in Clinical Practice. Ann. Coloproctol. 2019, 35, 294–305. [CrossRef] [PubMed]

32. Abdul-Wahid, A.; Cydzik, M.; Fischer, N.W.; Prodeus, A.; Shively, J.E.; Martel, A.; Alminawi, S.; Ghorab, Z.;
Berinstein, N.L.; Gariépy, J. Serum-derived carcinoembryonic antigen (CEA) activates fibroblasts to induce
a local re-modeling of the extracellular matrix that favors the engraftment of CEA-expressing tumor cells.
Int. J. Cancer 2018, 143, 1963–1977. [CrossRef] [PubMed]

33. Calinescu, A.; Turcu, G.; Nedelcu, R.I.; Brinzea, A.; Hodorogea, A.; Antohe, M.; Diaconu, C.; Bleotu, C.;
Pirici, D.; Jilaveanu, L.B.; et al. On the Dual Role of Carcinoembryonic Antigen-Related Cell Adhesion
Molecule 1 (CEACAM1) in Human Malignancies. J Immunol. Res. 2018, 2018, 7169081. [CrossRef] [PubMed]

34. Pesta, M.; Kucera, R.; Topolcan, O.; Karlikova, M.; Houfkova, K.; Polivka, J.; Macanova, T.; Machova, I.;
Slouka, D.; Kulda, V. Plasma microRNA Levels Combined with CEA and CA19-9 in the Follow-Up of
Colorectal Cancer Patients. Cancers 2019, 11, 864. [CrossRef]

35. Xie, H.-L.; Gong, Y.-Z.; Kuang, J.-A.; Gao, F.; Tang, S.-Y.; Gan, J.-L. The prognostic value of the postoperative
serum CEA levels/preoperative serum CEA levels ratio in colorectal cancer patients with high preoperative
serum CEA levels. Cancer Manag. Res. 2019, 11, 7499–7511. [CrossRef]

36. Tan, E.; Gouvas, N.; Nicholls, R.J.; Ziprin, P.; Xynos, E.; Tekkis, P.P. Diagnostic precision of carcinoembryonic
antigen in the detection of recurrence of colorectal cancer. Surg. Oncol. 2009, 18, 15–24. [CrossRef]

37. Park, I.J.; Choi, G.-S.; Lim, K.H.; Kang, B.M.; Jun, S.H. Serum carcinoembryonic antigen monitoring after
curative resection for colorectal cancer: Clinical significance of the preoperative level. Ann. Surg. Oncol.
2009, 16, 3087–3093. [CrossRef]

38. Nicholson, B.D.; Shinkins, B.; Pathiraja, I.; Roberts, N.W.; James, T.J.; Mallett, S.; Perera, R.; Primrose, J.N.;
Mant, D. Blood CEA levels for detecting recurrent colorectal cancer. Cochrane. Database. Syst. Rev. 2015,
CD011134. [CrossRef]

39. Knijn, N.; Mekenkamp, L.J.M.; Klomp, M.; Vink-Börger, M.E.; Tol, J.; Teerenstra, S.; Meijer, J.W.R.; Tebar, M.;
Riemersma, S.; van Krieken, J.H.J.M.; et al. KRAS mutation analysis: A comparison between primary
tumours and matched liver metastases in 305 colorectal cancer patients. Br. J. Cancer 2011, 104, 1020–1026.
[CrossRef]

40. Mardinian, K.; Okamura, R.; Kato, S.; Kurzrock, R. Temporal and spatial effects and survival outcomes
associated with concordance between tissue and blood KRAS alterations in the pan-cancer setting. Int. J.
Cancer 2020, 146, 566–576. [CrossRef]

41. Cassinotti, E.; Boni, L.; Segato, S.; Rausei, S.; Marzorati, A.; Rovera, F.; Dionigi, G.; David, G.; Mangano, A.;
Sambucci, D.; et al. Free circulating DNA as a biomarker of colorectal cancer. Int. J. Surg. 2013, 11 (Suppl. 1),
S54–S57. [CrossRef]

42. Frattini, M.; Gallino, G.; Signoroni, S.; Balestra, D.; Battaglia, L.; Sozzi, G.; Leo, E.; Pilotti, S.; Pierotti, M.A.
Quantitative analysis of plasma DNA in colorectal cancer patients: A novel prognostic tool. Ann. N. Y. Acad. Sci.
2006, 1075, 185–190. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13046-014-0104-7
http://dx.doi.org/10.1038/nm.3870
http://www.ncbi.nlm.nih.gov/pubmed/26030179
http://dx.doi.org/10.1371/journal.pone.0108247
http://www.ncbi.nlm.nih.gov/pubmed/25875772
http://dx.doi.org/10.1158/1078-0432.CCR-15-0297
http://dx.doi.org/10.3892/ol.2020.11633
http://dx.doi.org/10.1155/2017/9858931
http://dx.doi.org/10.3393/ac.2019.11.13
http://www.ncbi.nlm.nih.gov/pubmed/31937069
http://dx.doi.org/10.1002/ijc.31586
http://www.ncbi.nlm.nih.gov/pubmed/29756328
http://dx.doi.org/10.1155/2018/7169081
http://www.ncbi.nlm.nih.gov/pubmed/30406153
http://dx.doi.org/10.3390/cancers11060864
http://dx.doi.org/10.2147/CMAR.S213580
http://dx.doi.org/10.1016/j.suronc.2008.05.008
http://dx.doi.org/10.1245/s10434-009-0625-z
http://dx.doi.org/10.1002/14651858.CD011134.pub2
http://dx.doi.org/10.1038/bjc.2011.26
http://dx.doi.org/10.1002/ijc.32510
http://dx.doi.org/10.1016/S1743-9191(13)60017-5
http://dx.doi.org/10.1196/annals.1368.025
http://www.ncbi.nlm.nih.gov/pubmed/17108210


Cancers 2020, 12, 2434 18 of 18

43. Vymetalkova, V.; Cervena, K.; Bartu, L.; Vodicka, P. Circulating Cell-Free DNA and Colorectal Cancer:
A Systematic Review. Int. J. Mol. Sci. 2018, 19. [CrossRef]

44. Reinert, T.; Schøler, L.V.; Thomsen, R.; Tobiasen, H.; Vang, S.; Nordentoft, I.; Lamy, P.; Kannerup, A.-S.;
Mortensen, F.V.; Stribolt, K.; et al. Analysis of circulating tumour DNA to monitor disease burden following
colorectal cancer surgery. Gut 2016, 65, 625–634. [CrossRef]

45. Carpinetti, P.; Donnard, E.; Bettoni, F.; Asprino, P.; Koyama, F.; Rozanski, A.; Sabbaga, J.; Habr-Gama, A.;
Parmigiani, R.B.; Galante, P.A.F.; et al. The use of personalized biomarkers and liquid biopsies to monitor
treatment response and disease recurrence in locally advanced rectal cancer after neoadjuvant chemoradiation.
Oncotarget 2015, 6, 38360–38371. [CrossRef] [PubMed]

46. Sobin, L.H.; Gospodarowicz, M.K.; Wittekind, C. (Eds.) TNM Classification of Malignant Tumours, 7th ed.;
Wiley-Blackwell: Chichester/West Sussex, UK; Hoboken, NJ, USA, 2011; ISBN 978-1-4443-3241-4.

47. Schwartz, L.H.; Litière, S.; de Vries, E.; Ford, R.; Gwyther, S.; Mandrekar, S.; Shankar, L.; Bogaerts, J.; Chen, A.;
Dancey, J.; et al. RECIST 1.1-Update and clarification: From the RECIST committee. Eur. J. Cancer 2016, 62,
132–137. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/ijms19113356
http://dx.doi.org/10.1136/gutjnl-2014-308859
http://dx.doi.org/10.18632/oncotarget.5256
http://www.ncbi.nlm.nih.gov/pubmed/26451609
http://dx.doi.org/10.1016/j.ejca.2016.03.081
http://www.ncbi.nlm.nih.gov/pubmed/27189322
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Presence and the Level of KRAS Mutations in Tissue of Primary Tumor and Liver Metastases 
	The Presence and the Level of KRAS Mutations in Plasma 
	The Preoperative and Postoperative Serum Level of CEA in Patients Undergoing Liver Surgery 
	Survival Analysis 

	Discussion 
	Materials and Methods 
	Patients and Samples 
	Blood Samples 
	DNA Isolation 
	ddPCR Assay 
	Quantitative Measurement of CEA 
	Statistical Analysis 

	Conclusions 
	References

