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A B S T R A C T   

Recently, liquid biopsy, as a promising approach was introduced for the analysis of different tumor-derived 
circulating markers including tumor DNA and cell free DNA (ct/cfDNA). Identification of mutations in cfDNA 
may allow the early detection of tumors, as well as predicting and monitoring treatment responses in a minimally 
invasive way. In the present study, we used commercially available gene panels to verify the mutation overlap 
between liquid biopsy and abnormalities detected in colorectal tumor tissue. The two panels (Archer®Var
iantPlex®Solid Tumor and LIQUIDPlexTM ctDNA) overlap in 23 genes, which enables a comprehensive view of 
tumor-plasma mutational status by next generation sequencing. We successfully analyzed 16 plasma and 16 
tumor samples. We found that 87% of tumor tissues contained 44 mutations in 12 genes and 43.8% of cfDNA 
harbored 13 mutations in 5 genes. To verify whether the mutation pattern of the tumor DNA could be consis
tently detected in plasma cfDNA, we compared the alterations between cfDNA and matched tissue DNA in nine 
patients. Six of the 9 tumor tissues harbored mutations in TP53, KRAS or MET genes, those were not detectable 
by the ctDNA kit, even eventhough the exons of these genes overlap in both panels. Comparing the mutational 
patterns of the matched samples, we found that only one cfDNA had the same mutations (KRAS, SMAD4 and 
TP53) in the paired tissue. The results of the comparison between tumor tissue DNA and matched plasma cfDNA 
underline the importance of studying the paired solid tumor and plasma samples together.   

1. Introduction 

Colorectal cancer (CRC) is the third most commonly diagnosed 
cancer in males and the second in females, according to the World 
Health Organization GLOBOCAN database. Rates of both incidence and 
mortality are substantially higher in males than in females [1]. The 
prevalence of colorectal cancer is influenced by many different factors 
and varies from country to country [1]. Hereditary colorectal cancer 
syndromes, such as familial adenomatous polyposis (FAP), 
MUTYH-associated polyposis (MAP) and Lynch syndrome are respon
sible for only five percent of CRC patients [2]. A significant proportion of 
colorectal tumors are caused by well-known risk factors such as 

inflammatory bowel disease, obesity, sedentary lifestyle, tobacco and 
alcohol use, immunosuppressive medications, diabetes, etc. Although 
colorectal cancer incidence has decreased in the overall population over 
the last fifty years, it has increased by two percent in those under-fifty, 
which suggests a significant increase in projected incidence of 
early-onset CRC by 2030 [3,4]. 

Although liquid biopsy was originally used in connection with the 
analysis of circulating tumor cells (CTCs), nowadays it has been 
extended and referred to the analysis of also circulating cell-free DNA 
(cfDNA) or RNA, and exosomes from blood, urine, pleural effusion, as
cites, or cerebrospinal fluid [5,6]. Examination of these body fluids gives 
a real-time picture of tumor-associated changes in patients. These 
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samples can be used to estimate the possibility of metastasis formation 
or tumor progression, sensitivity to anticancer agents, monitoring of 
treatment response, and identification of minimal residual disease 
(MRD) [7]. In addition, liquid biopsy also provides useful information 
about drug resistance mechanisms [8–10]. Its use has many advantages, 
the most important being that it is a minimally invasive, therefore 
multiple sampling allows continuous monitoring of the disease. The 
other crucial advantage over tissue biopsy is that it makes easier to study 
the heterogeneity of the tumor, which is often underestimated [11]. The 
heterogeneity of the tumor is the main reason for the development of 
resistance to anticancer agents and resulting treatment failure. On one 
hand, the heterogeneity can be spatial when genetic diversity occurs in 
the cells within the tumor or between primary-metastatic or 
metastatic-metastatic tumors within the same patient. On the other 
hand, it can be temporal when genetic changes in tumor cells are mainly 
triggered by anticancer drugs [12–14]. In our study, we isolated cfDNA 
from colorectal patients’ blood samples. These DNA fragments mainly 
enter the bloodstream through apoptosis and necrosis of tumor cells, 
while normal cfDNA fragments come predominantly from presumably 
normal white blood cells of the host [15]. Specific isolation of normal 
and tumor-derived cfDNA is not possible, but cancer patients have 
higher concentrations of cell-free DNA. Furthermore, cfDNA fragments 
smaller than 100 bp are more frequently present in CRC patients, 
whereas the larger fragments (>300 bp) are more typical of healthy 
individuals [16,17]. 

Our experiments involved the sequencing of 16 colorectal tumor 
samples using Archer® VariantPlex® Solid Tumor Kit which simulta
neously detects and characterizes single nucleotide variants (SNVs), 
copy number variations (CNVs) and insertions/deletions (indels) in 67 
genes associated with solid tumors. For the sequencing of 16 plasma 
samples (9 in pairs with colorectal tumor samples) we used the LIQ
UIDPlexTM ctDNA 28 Kit which is an advanced solution for targeted 
next-generation sequencing (NGS) of circulating cell-free tumor DNA 
(ccfDNA/cfDNA/ctDNA) containing 28 genes commonly associated 
with solid tumor type cancers. The two panels have an overlap in 23 
genes which enables a more comprehensive view of tumor tissue - 
plasma originated cfDNA mutational status. 

The aim of our study was to compare the genetic alteration patterns 
of colorectal tumor tissues to alterations present in colorectal tumor 
patients peripheral blood. The main advantage of this recently imple
mented liquid biopsy assay is that this is a minimally invasive sample 
collection method. On the other hand, we aimed to compare the muta
tion patterns of tumor DNA and plasma cfDNA of the same patient. If the 
results obtained with the two different techniques shows a high degree 
of similarity, it would provide an opportunity to use the liquid biopsy for 
diagnosis and therapy selection. However, if the results are divergent the 
combined use of the samples may be most beneficial for patients. 

2. Materials and methods 

2.1. Plasma separation for cfDNA isolation 

Plasma separation was performed within 2 h after blood collection in 
all cases. The blood was collected into BD Vacutainer® Venous Blood 
Collection Tubes (cat. no. 367525) containing EDTA and then poured 
into 50 mL falcon tubes and was centrifuged at 4 ◦C, 3000 rpm, 10 min. 
The supernatant was then carefully poured into Eppendorf tubes and 
centrifuged at 4 ◦C, 16000 g, 10 min. The 5 mL aliquots were stored at 
− 80 ◦C until use. 

2.2. cfDNA isolation 

For cfDNA isolation QIAamp ccfDNA/RNA Kit (QIAGEN, Hilden, 
Germany) was used. The isolation was carried out according to the 
manufacturer’s instructions. Plasma samples were transferred (5 mL) 
into a 15 mL collection tube, and 300 μL Buffer RPL (buffer for lysis of 

proteins, exosomes and inactivation of RNases) for every 1 mL of plasma 
was added for 3 min. Then 100 μl Buffer RPP (buffer for precipitation of 
proteins and other contaminants) was added to every 1 mL of plasma 
and vortexed for at least 20 s and incubated on ice for 3 min before the 
samples were centrifuged at 3000×g for 10 min to pellet the precipitate. 
The supernatants were transferred into a new tube and 1 vol ice-cold 
isopropanol was added to each and mixed. Samples were pipetted 
onto RNeasy Midi spin columns and centrifuged at 3000×g for 3 min at 
room temperature, the flow-through was discarded. Four mL Buffer 
RWT (a stringent washing buffer with ethanol used after preclearing the 
sample) were added to the RNeasy Midi spin columns and centrifuged 
for 3 min at 3000×g and the flow-through were discarded. Two point 
five mL of RPE Buffer (a mild washing buffer, and a proprietary 
component of RNeasy Kits) was pipetted onto each RNeasy Midi spin 
column and centrifuged for 15 min at 3000×g, the flow-through was 
discarded. 200 μL RNase-free water was directly added to the center of 
the spin column membrane and incubated for 1 h, then centrifuged at 
full speed for 1 min to elute the cfDNA. 

For cfDNA cleanup 200 μL RPL buffer and 800 μl ethanol (96%) was 
added to the elution and mixed. This mixture was transferred on RNeasy 
MinElute spin column and was centrifuged for 12000×g 1 min. For the 
membrane washing 500 μL Buffer RPE was added onto the RNeasy 
MinElute spin column and centrifuged for 12000×g for 1 min the flow- 
through was discarded. This step was repeated with 500 μl of 80% 
ethanol. Finally, the membrane was dried using the opened spin column 
for 5 min. RNase-free water (20 μL) was used to elute the DNA and after 
1 min incubation, centrifuged for the columns 1 min at full speed. 

2.3. DNA isolation from frozen CRC samples 

For DNA isolation from the CRC tumor samples NucleoSpin Tissue 
Kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) was used. 
The isolation was carried out according to the manufacturer’s protocol. 
Tumor samples were homogenized using MagNA Lyser for 40 s at 6000 
rpm. Samples were pre-lysed adding 180 μL T1 buffer and 25 μL pro
teinase K, and incubated at 56 ◦C overnight. First 200 μL buffer B3 was 
added and incubated the samples at 70 ◦C for 10 min. In the next step 
210 μL 96% ethanol was added, and placed on NucleoSpin® Tissue 
column and centrifuged for 1 min at 11000×g. The membranes were 
washed first with 500 μL BW buffer, after with 600 μL B5 buffer. Finally, 
the membrane was dried (each step at 1 min at 11000 x rpm). The DNA 
was eluted with 100 μL prewarmed RNase-free water (1 min at 11000 x 
rpm). 

2.4. Next-generation sequencing (NGS) and data analysis 

Next-Generation Sequencing was performed as described by 
Mokánszki et al. [18]. Archer PreSeq DNA Calculator (Archer DX, 
Boulder, CO, USA) was used to determine the amount of amplifiable 
DNA. For library preparation, Archer VariantPlex Solid Tumor Kit 
covering 67 genes, and Archer LIQUIDPlexTM ctDNA 28 Kit (Archer DX, 
Boulder, CO, USA) were performed. The final quantification of the li
braries was carried out using KAPA Universal Library Quantification Kit 
(Kapa Biosystems, Roche, Basel, Switzerland). The MiSeq System (MiSeq 
Reagent kit v3 600 cycles, Illumina, San Diego, CA, USA) was used for 
sequencing. After denaturation, the final loading concentration was 8 
pM libraries and 1% PhiX. Captured libraries were sequenced in a 
multiplexed fashion with a paired-end run. The sequencing read cutoff 
was determined at least 250X depth of coverage. The fastq files were 
analyzed with Archer analysis software (version 6.2.; Archer DX, 
Boulder, CO, USA) for the presence of single-nucleotide variants (SNVs) 
as well as insertions and deletions. (“indels”). The human reference 
genome GRCh38. p14 was built for the alignment. Variant allele fre
quency cutoff was set to 5%. Large insertion/deletion (>50 bp) and 
chromosomal aberrations could not be captured by the method. Nucle
otide and amino acid changes were described using the latest version of 
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Human Genome Variation Society nomenclature. 
List of gGenes tested on the Archer VariantPlex Solid Tumor Kit a 

targeted sequencing assay to that simultaneously detects and charac
terizes single nucleotide variants (SNVs), copy number variations 
(CNVs), and insertions and deletions (indels) in 67 genes associated with 
solid tumors are summarized listed in Table 1 A, and list of genes on the 
included into the Archer LIQUIDPlexTM ctDNA panel are summarized 
presented in Table 1 B. 

3. Results 

3.1. Patient characteristics 

Twenty-three patients diagnosed with primary or metastatic CRC 
were included in the study. Histopathological characteristics of the pa
tients and tumor samples are summarized in Table 2. Patients included 
13 males (56%) and 10 females (44%), with a median age of 67 years 
(range 50–86). The tumors differed in histological and biological 
properties and had a tumor size between 2.2 and 16 cm. Seventy-nine 
percent (n = 18) of the patients had primary tumors, half of these 
with ulcerated surfaces and 21% (n = 5) had liver metastases at the time 
of blood sampling. 

All tumor samples were handled according to the rules and regula
tions by the University of Debrecen, Hungary with the approval of the 
Hungarian Ethics Committee (TUKEB 17876–2018/EKU). Histological 
examination and tumor material selection were done by trained pa
thologists in the Department of Pathology. Tumor samples with the 
highest quality (i.e. the representation of tumor cells was >80%) were 
included in the study. Tumor DNA and plasma cfDNA were available 
from the same patient in nine-; only plasma cfDNA from six- and only 
tumor DNA from seven patients. Despite high tumor cell representation 
in the tumor tissue in two patients (P46 and P64), cfDNA was not 
detectable in plasma sample. 

3.2. Genetic analysis of solid tumor samples 

Sixteen colorectal tumor samples were sequenced using the Archer® 
VariantPlex® Solid Tumor 67 gene panel. Fourteen CRC tissues (87%) 
harbored 44 mutations in 12 genes (1–6 mutations/sample; with a 

median mutation of 3). In two samples (samples P45 and P51) we could 
not find any mutations in the 67 genes examined. Majority of the tumors 
(n = 13), exhibited mutations in three genes: TP53 (n = 10), APC (n =
10) and KRAS (n = 6). Thirty-two (73%) of the mutations were missense, 
associated with an amino acid exchange; eight (18%) were nonsense 
mutation; three (7%) were frameshift mutation and one (2%) was in- 
frame deletion (Supplementary Table 1). The variant allele frequency 
and the distribution of the mutations were highly different between 
samples. The highest variant allele frequency (VAF) was observed in the 
TP53 gene variant (0.749) in tumor sample P49. Fig. 1 summarizes the 
number of gene mutations and variants identified by next generation 
sequencing. Detailed description of all types of mutation with genomic 
location and clinical significance in tumor tissue are summarized in 
Supplementary Table 1. 

The relationship between the number of gene alterations and clinical 
parameters of patients are summarized in Table 3. The TP53 tumor 
suppressor gene was altered in 10 patients and the number of mutations 
were 13. The other frequently mutated genes were the APC in 8 patients 
(number of mutations within the gene was 8) and KRAS in 6 patient’s 
tumor tissues. Examining the relationship between clinical parameters 
and gene mutations in the samples, we observed that mutations of two 
genes (NOTCH1 and FOXL2) were associated with T3 stage (Table 3). 

3.3. Mutation analysis of cfDNA from plasma samples 

Eleven plasma samples were derived from CRC patients with no 
metastasis (68.7%), and 5 (31.3%) samples from patients with metas
tases at the diagnosis. Seven patients exhibited mutations in at least one 
of the 28 genes covered by the panel. Important to note that cfDNA-s 
were isolated from the same volume of plasma in each plasma sample 
and analyzed using the Archer LIQUIDPlexTM ctDNA 28 Kit. The cfNDA 
concentration was significantly higher in patients’ plasma with metas
tasis compared to cfDNA concentration of patients with primary tumors 
(p = 0.036) (Fig. 2). 

Based on our analyses, 7 plasma cfDNA (43.8%) harbored 13 mu
tations in 5 genes (TP53: 5 samples; KRAS: 4 samples; NTRK3: 2 samples; 
SMAD4: 1 sample; BRAF: 1 sample); cfDNA obtained from 9 plasma 
samples (56.2%) did not show any mutations. The summary of the 
sequencing results and the number of gene mutations and variants are 
summarized on Fig. 3. 

Although only one-third of the samples were from patients with 
metastatic tumors, the majority of the mutations were associated with 
metastasis, further highlighting that the tumor genome is becoming 
increasingly unstable and mutations accumulate as the tumor pro
gresses. Most of the alterations were missense mutations (n = 11, 
84.6%), only two were nonsense mutations (15.4%). The highest variant 
allele frequency was observed in the KRAS gene (sample P18) with a 
0.7879 value. 

The detailed description of the mutations with genomic location and 
clinical significance of the cfDNA samples are shown in Supplementary 
Table 2. 

3.4. Comparison of mutation patterns in tumor tissues and plasma 
samples obtained from the same patient 

In order to test the similarity between the mutational pattern found 
in the same patient’s tumor sample and cfDNA sample, a comparison 
was made in case of 9 patients. The Archer® VariantPlex® Solid Tumor 
67 and LIQUIDPlexTM ctDNA 28 Kit panels contain 23 overlapping 
genes, but unfortunately not from each exon as shown in Fig. 4. 

The mutational profile of matched tumor tissues and plasma samples 
(samples originated from the same patient) that were analyzed on the 
solid tumor and liquid biopsy panels separately are summarized in 
Table 4. 

In one patient (P45) neither the primary tumor tissue nor the plasma 
cfDNA showed any mutations on the tested panels. Seven primary tumor 

Table 1 
Gene targets on the Archer VariantPlex Solid Tumor and LIQUID
PlexTM ctDNA 28 Kit. * genes that are common on both panel are 
highlighted with bold in grey cells 
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tissues harbored mutations on the TP53, APC, KRAS, MET, KDR, NTRK3 
and JAK3 genes. The TP53 gene was altered in 6 tumor tissues, but 
positions of the mutations were different within the genes. Using the 
LIQUIDPlexTM ctDNA 28 panel we found mutations in four cfDNA 
sample (P39, P49, P51 and M33), however only one (M33) had the same 
mutation also in the tumor tissue. Three genes, KRAS, P53 and the 
SMAD4 were mutated at the same positions in the tumor tissue and 
plasma cfDNA. Interestingly, one of the TP53 mutations (NP_000537.3: 
p.Arg306Ter) was only observed in cfDNA, but could not be detected in 
the primary metastatic tumor tissue (M33), even though genes and 
exons overlap in both panels. Other exciting observation on the samples 
of the P39 patient was that the position of the mutations in the KRAS 
gene were different in the solid tumor DNA and plasma cfDNA samples. 
It is important to note that in 8 cases the mutations were not covered by 
the panels, but more importantly in 7 cases although the gene and exon 
showed overlap in both panels, no mutations were detected. 

4. Discussion 

Currently, there is a wide range of cfDNA tests that can be used to 
investigate the gene mutations that are characteristic of various cancer 
types [19]. The emergence of liquid biopsy in the clinical setting is 
essential and beneficial for the future. Besides its many advantages, such 
as being minimally invasive, helping in the detection and monitoring of 
disease and response to therapy, it is important to note that the analysis 
is a multi-step process, with many technical difficulties and not yet 
standardized [14,20,21]. Despite our growing knowledge about the 
molecular alterations in different tumor types, including colorectal 
cancer, there are very few studies available to compare the mutation 
patterns between blood cfDNA and CRC tissue samples originated from 
the same patients. This approach helps to define the diagnostic and 
predictive value of mutations/alterations detected in the liquid biopsy 
samples [20]. 

In this study our aim was to use commercially available gene panels 

Table 2 
Clinicopathological characteristics of patients from whom tumor and/or plasma samples are derived.  

Sample Sex Age 
(year) 

Localisa-tion Tumor 
size (cm) 

pTNM Histological 
subtype 

Grade Aster- 
Coller 
stage 

Ulce- 
ration 

Representation of tumor 
cells in the tissue (%) a 

cfDNA 
(ng/ul) 

Both tumor DNA and plasma cfDNA samples are available from the same patients 
P21 M 63 colon 5 pT3 

pN1b 
adenocarc. G2 n.a. yes 80% 0.59 

P28 F 56 rectosigma 6.5 pT2 pN0 adenocarc. G2 n.a. no 80% 0.59 
P39 F 82 coecum 2.2 pT2 pNx adenocarc. G2 n.a. no 80% 0.52 
P40 F 86 colon 4.8 pT3 pN0 adenocarc. G2 n.a. yes 50% 0.40 
P45 M 67 rectosigma 3.8/2.8 pT2 

pN2a 
duplex adenocarc. 
rectum/colon 

G2 C1 yes 70% 1.52 

P49 M 56 rectosigma 3.9 pT2 pN0 adenocarc. G2 n.a. no 80% 0.46 
P50 F 58 sigma +

distalis 
resectios 

4.5 pT2 pN0 adenocarc. G2 B1 yes 80% 2.85 

P51 F 55 rectosigma 7.1 pT2 pN0 adenocarc. G2 B1 no 70% 5.22 
M33 M 72 liver Nr nr metastatic 

carcinoma 
nr nr nr 90% 4.31 

Only plasma cfDNA samples are available 

P1 M 80 colon 5 pT3 
pN2a 
pMx 

adenocarc. G2 C1 no n.a. 5.73 

P18 F 72 sigmoid 5 pT3 
pN2a 

adenocarc. G3 C2 yes 30% 7.52 

P20 F 60 rectosigma 4 pT3 
pN1b 
pMx 

adenocarc. G3 C1 yes 30% 2.50 

M37 F 50 liver Nr nr adenocarc. 
metastaticum 

nr nr nr 60% 24.90 

M47 M 67 liver Nr nr adenocarc. 
metastaticum 

nr nr nr 40% 2.07 

M52 M 75 liver Nr nr neuroendocrin 
carcinoma 

nr nr nr 40% 7.24 

M58 M 69 liver Nr nr adenocarc. 
metastaticum 
hepatis 

nr nr nr 30% 17.3 

Only primary tumor samples are available 

P16 M 60 colon 16 pT3 
pN1b 
pMx 

adenocarc. G3 C1 yes 70% 0.15 

P19 M 68 colon 8 pT2 
pN1c 

adenocarc. G2 C1 yes 80% 0.29 

P24 F 64 rectosigma 3.5 pT3 pN0 adenocarc. G2 B2 no 70% 0.2 
P26 M 66 rectosigma 4.5 pT3 

pN2a 
adenocarc. G2 B2 yes 50% 0.11 

P27 F 68 rectosigma 4 pT2 pN0 adenocarc. G2 n.d. no 80% 0.33 
P46 M 65 colon 5.5 pT2 pN0 adenocarc. G2 n.d. no 80% 0 
P64 M 77 colon 3 pT2 

pN1a 
adenocarc. G2 n.d. no 80% 0 

Abbreviations: P: primary tumor; M: tumor metastasis; pTNM: primary tumor TNM stage; cfDNA: plasma cell free DNA; adenocarc.: adenocarcinoma; n.a.: not available; 
nr: not relevant; arepresentation of tumor cells in the corresponding tumor tissue. 
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(Archer® VariantPlex® Solid Tumor Kit and LIQUIDPlexTM ctDNA 28 
Kit) to detect the mutational status single nucleotide variants (SNVs), 
copy number variations (CNVs) and insertions/deletions (indels) of 
commonly altered genes associated with colorectal cancer and to verify 

Fig. 1. Number of mutations detected by genes on the Archer® VariantPlex® 
Solid Tumor Panel in CRC samples. Ten of the 16 patients were found to have 
mutations in at least one of the 67 genes covered by the panel. 

Table 3 
Relationship between the number of gene alterations in CRC tissues and clinical parameters of patients. 

Fig. 2. Concentration distribution of cfDNA (ng/ml) isolated from plasma 
samples of patients with primary and metastatic colorectal tumors (p = 0.036). 
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the mutation overlap between liquid biopsy and abnormalities detected 
in the tumor tissue. The two panels have an overlap in 23 genes, which 
enables a comparative analysis of the solid tumor and plasma cfDNA 
mutational status. The colorectal tumor samples showed a mutation 
pattern consistent with the published data. Using NGS the most 
frequently observed mutation in our samples was identified in the TP53 
gene, which is known to play a key role in the transformation of ade
noma into adenocarcinoma and is found in 40–50% of sporadic CRCs. 

The second frequently mutated gene was APC, which leads to the acti
vation of the WNT Wnt signaling pathway and it is the first step in 
tumorigenesis in this tumor type [22–25]. KRAS was the third frequently 
mutated gene, which acts as a driver gene in several tumors, as it plays 
an important role in the regulation of cell proliferation through the PI3K 
and MAPK pathways [26,27]. Mutations have also been found in the 
following genes FOXL2, JAK3, KDR, MET, NOTCH1, PIK3CA, PIK3R1, 
RET, SMAD4. Moreover, we identified two genes (NOTCH1 and FOXL2) 
in association with advanced tumor stage. Dysregulation of the Notch1 
receptor has been shown to facilitate the development and progression 
of colorectal cancer and identified as an independent predictor of dis
ease progression [28]. However, mutation of FOXL2 in association with 
tumor stage was not reported before, which can also contribute to the 
prediction of CRC progression. 

Investigating the plasma samples, we also detected the main driver 
genes involved in the development and progression of CRC, which were 
covered by the LIQUIDPlexTM ctDNA panel, even though 56% of the 
samples did not show any mutations at all on this panel. It is important 
to note that the isolated cfDNA concentration was significantly higher in 
the plasma samples of patients with metastasis compared to cfDNA of 
patients with primary tumors in harmony with the findings that cfDNA 
levels and tumor aggressiveness are correlated in many types of tumors, 
including CRC [29–31]. Moreover, since cfDNA levels are significantly 
associated with overall survival and progression free survival, some 
have urged its potential clinical use for its simplicity and cheapness [32]. 

One of the main goals of our study was not only to examine gene 
mutations in tumor and plasma samples separately but also to select 
matched tissue and plasma samples from the same patient and compare 
the mutational status to detect the similarities and divergence between 
them. Overlapping the two mutational panels resulted in a total of 56 

Fig. 3. Number of mutations identified by LIQUIDPlexTM ctDNA 28 panel in 
CRC samples in the TP53, KRAS, NTRK3, BRAF and SMAD4 genes. Seven pa
tients exhibited mutations in at least one of the 28 genes covered by the panel. 

Fig. 4. Comparison of the gene composition of the Archer® VariantPlex® Solid Tumor 67 and LIQUIDPlexTM ctDNA 28 Kit panels. Venn diagram shows and the 
green arrow points the common genes on the two panels (23 genes). The numbers represent the exons being studied and the numbers in bold indicate the 
exons sequenced. 
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exons in 23 genes. In addition to the important driver mutations (P53, 
KRAS, APC) discussed above, we also found alterations in the MET gene, 
which was not detected by the plasma panel despite the mutation being 
in the overlapping exon 14, and often found in CRC patients and it was 
also reported as a germline inherited risk factor for familial colorectal 
cancer [33]. Mutations of another two genes (JAK3 and a KDR) were 
seen in two tissue samples (P40 and P49), but those were not part of the 
cfDNA panel. In contrast, mutant versions of the NTRK3 gene were 
found in two plasma samples (p49, p51), but this gene was not present in 
the solid tumor panel. This gene is a tumor suppressor gene that is 
inactivated in colorectal cancer by both epigenetic and genetic mecha
nisms, and its function in CRC depends on the expression status of its 
ligand NT-3 [34]. Importantly, in a metastatic sample (M33) 4 genes 
(APC, KRAS, SMAD4, TP53) were mutated in the tumor tissue and three 
mutations (KRAS, SMAD4, TP53) were totally overlapped with the M33 
plasma cfDNA sample. The APC gene was not a target gene on the cfDNA 
panel. However, interestingly, the plasma cfDNA of this patient revealed 
mutation of the TP53 gene (NP_000537.3:p.Arg306Ter) that was not 
detected by the solid tumor panel, even though the genes and exons 
overlap in both panels. However, interestingly we found a TP53 gene 
mutation in one of the metastatic patients (M33) plasma sample, that 
was not detected on the solid tumor panel. This may represent hetero
geneity within the tumor, but it may also represent an undetected 
metastasis within the same patient consisting of cells with different 
mutations. cfDNA analysis could inform about clonal heterogeneity and 
subclonal changes in real time highlighting mutations that are not 
detected in the primary tumor might be a sign for hidden metastasis. In 
this case cfDNA can replace the solid tumor biopsy when the latter is not 
feasible. This assumption is in agreement with published results 
[35–37]. 

We would like to highlight that 10 mutations that were detected in 

the matched tissues by the Archer®VariantPlex®Solid Tumor kit, were 
also covered by the cfDNA panel, however only three were found in the 
paired plasma cfDNA. Based on this observation, the sensitivity to 
characterize the mutations of the tumor tissue from the liquid biopsy is 
around 30%. Our comparative results between paired solid tumor 
samples and plasma cfDNA underline the importance of studying the 
matched solid tumor and plasma samples together to get a more 
comprehensive picture of the current state of the disease. Moreover, 
cfDNA analysis helps to identify heterogeneous tumor cell sub
populations that may be responsible for metastasis, consequently 
require different treatment [38]. 

We are aware that there are limitations to our study, one of which is 
that there is no overlap between the two panels for the APC gene, one of 
the most common driver genes in CRC. But in the other two most 
commonly mutated genes TP53 and KRAS there is an almost complete 
overlap, so it was an adequate basis to define what percentage of 
mutational overlap we can expect between tumor and plasma samples 
obtained from the same patients. 

We agree with Schara et al. who pointed out in a systematic review 
that based on the currently available literature data, no major conclu
sions can be drawn about the potential of cfDNA/ctDNA to diagnose and 
predict outcomes in colorectal cancer. The prognostic value of cfDNA 
and ctDNA presurgery is still unclear. The authors recommend that 
dedicated studies that primarily focus on cfDNA/ctDNA before surgery 
in colorectal cancer patients are needed [39]. 
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Table 4 
Summary of mutational profiles of matched tumor and plasma samples detected 
on the Archer®VariantPlex® Solid Tumor 67 and on the LIQUIDPlexTM ctDNA 
28 Kit panels.  

Sample Gene TUMOR sample HGVSp PLASMA sample HGVSp 

P21 TP53 NP_000537.3:p.Gly245Ser not detected 
P28 APC NP_000029.2:p.Glu1397Ter not covered by the panel  

TP53 NP_000537.3:p.Ile195Thr not detected 
P39 APC NP_000029.2:p.Arg1450Ter not covered by the panel  

APC NP_000029.2:p.Tyr935Ter not covered by the panel  
KRAS NP_004976.2:p.Gly12Asp NP_004976.2:p.Ala59Thr  
MET NP_000236.2:p.Thr992Ile not detected  
TP53 NP_000537.3:p.Arg273His not detected 

P40 JAK3 NP_000206.2:p.Val722Ile not covered by the panel 
P45 - – – 
P49 APC NP_000029.2:p.Leu1129Ser not covered by the panel  

APC NP_000029.2:p.Arg805Ter not covered by the panel  
KDR NP_002244.1:p.Cys482Arg not covered by the panel  
TP53 NP_000537.3:p.Leu194Arg not detected  
NTRK3 not covered by the panel NP_001012338.1:p. 

Val704Ile 
P50 TP53 NP_000537.3:p.Arg273Cys not detected 
P51 NTRK3 not covered by the panel NP_001012338.1:p. 

Val704Ile 
M33 APC NP_000029.2:p. 

Glu1451LysfsTer22 
not covered by the panel  

KRAS* NP_004976.2:p.Gly12Cys NP_004976.2:p.Gly12Cys  
SMAD4* NP_005350.1:p.Arg361Gly NP_005350.1:p. 

Arg361Gly  
TP53* NP_000537.3:p.Arg282Trp NP_000537.3:p. 

Arg282Trp  
TP53 not detected NP_000537.3:p. 

Arg306Ter 

Not detected: the gene, exon shows overlap in both panels, but no mutations 
were detected; not covered by the panel: the genes or exons are not covered by 
the panel; *same mutations were detected on both panels in the tumor DNA and 
cfDNA; HGVSp: protein variant nomenclature recommended by the Human 
Genome Variation Society. 
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the work reported in this paper. 
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