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Abstract
Cell-free DNA (cfDNA) has recently been used as a non-invasive diagnostic tool for detecting
tumour-specific mutations. cfDNA may also be used for monitoring disease progression and
treatment response, but so far researchers focused on one or few genes only. A genomic profile
may provide better information on patient prognosis compared to single specific mutations.
In this hypothesis-generating study, we profiled by whole exome sequencing serial plasma samples
from 10 colon cancer (CC) patients collected before and after 5-fluorouracil-based therapy, and
one year after diagnosis to determine alterations associated with treatment response. In parallel,
genome profiling was also performed in patients’ corresponding tumour tissue to ascertain the
molecular landscape of resistant tumours.
The mutation concordance between cfDNA and tumour tissue DNA was higher in more advanced
tumour stages than in the early stages of the disease. In non-responders, a specific mutation
profile was observed in tumour tissues (TPSD1 p.Ala92Thr, CPAMD8 p.Arg341Gln, OBP2A
p.ArgTyr123CysHis). A pathogenic APC mutation (p.Ser1315Ter) was detected only in cfDNA of one
poor responder one year after the diagnosis and after therapy termination. Another poor responder
presented a likely pathogenic TP53 mutation (p.Arg110Pro) in cfDNA of all plasma samplings and
in tumour tissue.
In conclusion, cfDNA could be used for genetic characterisation of CC patients and might be
clinically useful for non-invasive therapy response monitoring.
© The Author(s) 2021. Published by Oxford University Press on behalf of the UK Environmental Mutagen Society.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

1

K. Cervena et al.

2

Introduction

Materials and Methods
Sample collection
In this prospective and single-centre study, newly diagnosed
histologically confirmed CC patients were recruited by the
Department of Surgery at the Thomayer Hospital (Prague, Czech
Republic). In order to minimise the heterogeneity of the cohort, the
following inclusion criteria were applied: (i) newly diagnosed sporadic form of CC without neoadjuvant (i.e. pre-operative) chemoradiotherapy and (ii) adjuvant treatment based on 5-fluoruracil
(5-FU: consisting of either a bolus 5-FU regimen, an infusional 5-FU
regimen, capecitabine, or a fluoropyrimidine in combination with
oxaliplatin). Patients with any personal history of previous malignancy, or with CC-associated well-defined inherited syndromes
(including Lynch syndrome, familial adenomatous and MUTYHassociated polyposis) were excluded from the study. In total, 10
CC patients were included in the study. For each patient, tumour
tissue pairs were collected together with blood plasma at the time
of surgery (blood sampling always preceded the tissue collection
with a time lapse ranging from 1 to 30 days between blood and
tissue sampling according to the pre-hospitalisation appointment).
Subsequently, plasma samples were collected from the same patients
every 6 months for a total of three samplings; this was to reflect
the condition at the diagnosis (pre-operative sampling), at the termination of the planned therapy and after additional 6 months
(post-operative samplings). For one CC patient, monitoring was exceptionally carried out up to 18 months after diagnosis.
All tumour tissues were snap-frozen immediately after surgical
resection, stored at -80°C, and subsequently used for experimental
analyses.
Disease characteristics and treatment data, such as tumour-nodemetastasis (TNM) stage, histopathological grade, and the type of
chemotherapy regimen received were collected after surgical resection. All the information regarding response to therapy and survival
were also collected, including disease progression, relapse, distant
metastasis, date of the last examination/death and details about the
adjuvant chemotherapy adverse effects. Good therapy responders
were defined as patients who did not require a change of chemotherapy regimen, were in remission after the prescribed number of
cycles, and did not suffer from any adverse effects caused by chemotherapy. The last update of patients’ follow-up for this study was
done in May 2020.
All participants were informed about all aspects of the study,
agreed with the study purpose and procedures to be undertaken
and provided informed consent. The Ethics Committee of the
participating hospital (Ethical Committee for Institute for clinical
and experimental medicine and Thomayer hospital, ID of approval
G-10-06-38) approved the protocol of the present study which adhered to the ethical guidelines as set out in the Helsinki Declaration.

Extraction of plasma cfDNA
Three serial blood samples were collected at the following deﬁned
time points: initial pre- (within 1–30 days before surgery) and postsurgery (6- and 12-month intervals after surgery). For genomic profiling of cfDNA, two EDTA tubes (9 ml each) of whole peripheral
blood were collected. Blood was spun within 1 h after its collection at 1500g for 20 min, and the plasma fraction (up to 2 ml) was
frozen at −80°C. Thawed plasma samples were centrifuged once
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Colorectal cancer is the third most commonly diagnosed malignancy
and the second leading cause of cancer-related deaths worldwide (1,
2), with colon cancer (CC) representing 60–70% of all cases (3). The
five-year survival rate for colorectal cancer patients in stage I or II
reaches up to 90%, whereas it is less than 10% for patients in stage
IV. For decades, fluoropyrimidine-based chemotherapy has been the
first choice of CC treatment (4). Due to the obvious heterogeneity
in disease course, significant efforts are currently dedicated to discriminate patients who will benefit from chemotherapy. Different responses to therapies, particularly chemoresistance, can be conferred
by genetic or epigenetic modifications with consequent alteration of
drug sensitivity. Despite the encouraging progress in CC therapy, to
date patient response rates to treatment remain low and the benefit
from fluoropyrimidine-based therapies is often limited by the development of chemoresistance (5).
There is currently no gold standard method to differentiate
therapy responders from non-responders, and no satisfactory molecular markers have been identified yet (6). In most of the cases,
tumour tissue is the preferred specimen source for accurate and
comprehensive genomic profiling of cancer patients in relation to
therapy response and resistance. However, occasionally, tumour
tissues may be unavailable or limited, or the patient could not be
able to undergo an invasive biopsy due to the high risk of the procedure or comorbidities. Moreover, a tissue sample represents a
single snapshot in time and is subjected to selection bias due to
tumour heterogeneity. For these reasons, non-invasive liquid biopsies based on the detection of cell-free DNA (cfDNA) in the blood
offer a useful alternative for such analyses (7). Recently, Zhou et al.
(8) proved that cfDNA from metastatic colorectal cancer patients
undergoing treatment with bevacizumab helped to identify recurrent somatic copy number alterations of clinical relevance in the
POLR1D gene. It is essential to have reliable data to demonstrate
how precisely a liquid biopsy may substitute the genomic profiling
of tumours (9), as well as to understand its appropriate clinical settings and limitations.
Tumour-specific DNA mutations can be detected in circulating tumour DNA, which represents a component of the cfDNA. Extensive
studies have demonstrated that it could be used for the early diagnosis of a variety of cancers (as reviewed in (10–14)), including
breast (15, 16), pancreatic (17, 18), lung (19), and colorectal cancer
(20, 21). The analysis of circulating tumour DNA has started to
spread in clinics since it features higher sensitivity and specificity
than other non-invasive traditional biomarkers such as faecal occult blood test for colorectal cancer, or circulating carcinoembryonic
antigen (CEA) for lung, breast, liver, or pancreatic cancer (14, 22,
23). In this sense, liquid biopsy is also becoming more widely used
as a tool for identifying genomic alterations to assess prognosis,
guide therapy and monitor residual disease (24). Together with the
recent advances in DNA sequencing technology and ‘omics’-based
approaches, liquid biopsy promises a new strategy for the development of novel molecular biomarkers in CC disease.
Considering that the surgical tumour resection with chemotherapy is the only choice for CC treatment, efforts are needed to
elucidate the clinical value of cfDNA in CC regarding optimal treatment strategies and benefits.
In the current hypothesis-generating study, for the first time, we
prospectively analysed plasma cfDNA from repeated samples (periand post-operative) and its capability in CC patients in predicting the
response to therapy among good responders and non-responders. In
addition, we evaluated the tumour genome of the same patients to

identify mutations associated with therapy response and compared
the results with cfDNA.

Mutational landscape of plasma cfDNA in colon cancer

Extraction of DNA from tissues
Tumour samples, stored at −80°C, were homogenised by
MagNALyser Instrument (Hoffmann-La Roche). DNA from tumour
sections was extracted using DNA Allprep kit (Qiagen) according to
the manufacturer’s instructions and stored at −20°C. DNA concentration was measured with Qubit fluorimeter (DNA Broad Range
assay, Qubit 3.0, Thermo Fisher).

Enrichment of DNA spanning exonic sequences
from plasma cfDNA
We enriched protein-coding DNA using Agilent Human Whole
Exome kit v6 and v7 according to manufacturer´s instructions.

Library preparation and sequencing of
plasma cfDNA
Fragments of 200–400 base pairs (bp) were selected using Agencourt
AMPureXP beads (Beckman Coulter, Brea, CA, USA). The different
libraries were prepared using the Rubicon ThruPLEX or Agilent
SureSelect XT HS Library Preparation protocols following the
manufacturer’s instructions and starting with 10–60 ng of cfDNA
as input material. Library quantification and quality control were
performed using the KAPA Library Quantification Kit (Illumina)
and Bioanalyzer 2100 (Agilent) with a High Sensitivity DNA Kit
(Agilent). In total, 19 cfDNA samples originating from 10 patients
were sequenced on three Illumina HiSeqflow cells. Seven samples
were pooled together for sequencing in one flowcell lane on Illumina
HiSeq2500 using 2 × 125 nt long reads. Twelve samples were
sequenced on HiSeq4000 (Illumina) in paired-end mode yielding
2 × 100 nt reads. The median coverage was 32× (per-sample median
value was calculated as a median of medians calculated for every
region covered by the exome enrichment probes).

adaptor sequences, trimming first 12–22nt) were removed, trimmed
or edited using FASTX Toolkit (v0.0.14) and Cutadapt (v1.9.1).
Alignment to the human genome reference sequence (hg19
without decoy sequences) was performed using Burrows-Wheeler
Aligner (BWA, v0.7.12-r1039) in default settings for all whole exome
sequencing (WES) data, including plasma samples and tumour tissues. PCR duplicates were removed using PicardTools (v2.4.1) with
optical distance parameter set to 100 (the default).
Variants were discovered based on Bayesian methods for
inferring haplotypes using Freebayes (v1.0.2-29-g41c1313).
Variants were filtered out according to the following criteria:
Phred-scaled quality score (less than 20), Phred-scaled quality
score/alternate allele observations, with partial observations recorded fractionally (less than 10), alternate observations on the
forward strand (>0), alternate observations on the reverse strand
(>0), reads supporting the alternate balanced to the left (5′) of the
alternate allele (less than 1 read), reads supporting the alternate
balanced to the right (3′) of the alternate allele (less than 1), and
total read depth at the locus (less than 109 and 219). Variants
were annotated, and their effect was predicted using SnpEff (4.3t)
based on Human genome database UCSC hg19, (http://downloads.
sourceforge.net/project/snpeff/databases/v4_3/snpEff_v4_3_hg19.
zip) and ACMG (American College of Medical Genetics) classification, all characterised by Varsome (https://varsome.com/, (25)).
Further, Gnomad 2.1.1 and Genomics Data Commons available
on VarSome. Each identified variant that was classified in Varsome
as pathogenic, likely pathogenic, or variants with uncertain significance (VUS) was further studied in Clinvar (https://www.ncbi.nlm.
nih.gov/clinvar/), a tool that aggregates information about genomic
variation and its relationship to human health.

Comparison of mutations between plasma and
tumour samples
For tumour/plasma comparison, we identified all variants called in
data from concomitant plasma and tumour samples, as described
above. We retained all variants adequately covered in both samples (minimum 30 reads in the tumour, minimum 10 reads in synchronous plasma data).

Results
Patients’ characteristics

Ten DNA samples from tumour tissues were sheared using the
CovarisM220 ultrasonicator. Exome enrichment libraries were
prepared using the SureSelect XT HS Library Preparation and
SSELXT2 Human All Exon V7 Kits (both Agilent) according to
the manufacturer’s instructions in a similar way as for cfDNA. All
samples were pooled together and DNA fragments of 400 nt were
sequenced using paired-end mode yielding 2 × 100 nt long reads on
a HiSeq4000 (Illumina). The median coverage was 36× (individual,
per-sample median value was calculated as a median of medians calculated for every region covered by the exome enrichment probes).

The clinical characteristics of patients included in the study are described in Table 1. Patients were mostly males (70%), and the mean
age was 66.4 ± 5.9 years. In terms of therapy, no subjects received
chemotherapy or radiation prior to surgical resection or blood sampling. The majority of patients enrolled in the study at the time of
surgery showed an advanced CC stage (80% were stages III–IV). All
patients received chemotherapy through different fluoropyrimidinebased regimes: a fluoropyrimidine either in monotherapy or a combination with leucovorin (seven patients) and three patients received
a combination of fluoropyrimidine with oxaliplatin—FOLFOX or
CapOX. Four patients died during follow up, from which two had
a tumour recurrence.

Analysis of sequencing data

Analysis of sequencing data

The quality of raw reads was evaluated using FastQC (v0.11.5) and
MultiQC (1.0.dev0) and reads that did not meet the defined standards (Quality Phred score cutoff: 25, Minimum required sequence
length >34nt, maximum trimming error rate 0.1, clipping Illumina

After alignment, a range from 4.6 to 76.7 million of properly aligned
read pairs per sample were obtained. In summary, the percentage
of properly mapped read pairs reached 99% for all samples. The
average read depth of analysed genes within each and total read

Sequencing of tumour DNA
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more at 20 000g for 10 min to separate any further cellular portions.
cfDNA was extracted from aliquots of plasma using the QIAamp
circulating nucleic acid kit (Qiagen) according to the manufacturer’s
protocol. cfDNA was eluted twice through each column to maximise
yield, and finally stored at −20°C in 20 µl aliquots in DNA LoBind
tubes (Eppendorf).The quantification of cfDNA for each plasma
sample was determined by Bioanalyzer 2100 instrument with a High
Sensitivity DNA kit (Agilent Technologies) and by Qubit fluorimeter
(High Sensitivity DNA assay, Qubit 3.0, Thermo Fisher).
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Table 1. Patients’ clinical characteristics
N = 10
Age
Gender

Tumour size (T)a

Lymph node status (N)a
Metastatic status (M)a
Gradea
MSI
Presence of a local recidivea
5-FU based therapya
Response to therapy
Living status at follow up

66.4 ± 5.9
7
3
2
4
4
0
0
7
3
6
4
6
4
6
4
8
2
8
2
0
10
3
7
4
6

a
According to the International Union Against Cancer (UICC) tumournode-metastasis (TNM) stage system.
Abbreviations: CC, colon cancer; MSI, microsatellite instability; MSS,
microsatellite stable; MSI, microsatellite instable; SD, standard deviation;
5-FU, 5-fluorouracil.

depth for each patient can be found in Supplementary Table S1 and
Supplementary Table S2, respectively.

Mutational burden concordance between cfDNA
and tumour DNA
The mutational concordance between cfDNA fragments and genomic DNA from colon tumour was assessed. We initially focused on
those genes commonly mutated in colorectal cancer, and their specific mutations (as listed in Tables 2–4 and Supplementary Tables S3)
whose altered products are known to correlate with chemotherapy
efficacy (by OMIM, www.omim.org; http://www.mygenomics.com/
cancer-panels-gene-list/). WES in tumour DNA was performed in
order to identify somatic tumour-specific single nucleotide variants
(SNV) and short insertion/deletion (Indel) mutations characterising
colon tumours. At least one SNV (either pathogenic, likely pathogenic, or a variant of uncertain significance (VUS)) was identified in
tumour DNA of all patients. The median number of mutations for
the selected genes was 7.5 (range 3–16). The most frequent somatic
mutations at the time of enrolment were in TP53 (70%) and APC
(60%) genes; however, in two patients no mutations in these two
genes were detected. The number of somatic mutations tended to be
higher in stage IV patients (Tables 2–4 and Supplementary Table S3).
In all patients, at least one mutation in the enriched genes was detected in preoperative plasma, which was consistent with the paired
tumour tissue. However, several discrepancies between the genomic
landscape of cfDNA and tumour DNA were observed. These inconsistencies were predominantly noticed for CC stages II and III.

Genomic landscape of tumour DNA in relation to
therapy response
In the clinical follow up, we identified three good responders (those
who benefit from the chemotherapy, with no relapses and having
a complete response with no residual cancer) and seven nonresponders (patients who lack any therapy response, die very early
after diagnosis) (Table 1). The WES data from tumour DNA derived
from good and non-responders were compared. In total, 71 705
SNVs and Indels have been identified as different between these two
groups: 1555 with high, 23 385 with moderate and 23 471 with putative modifier effect. No new variants were detected either among
good responders or non-responders.
The identified variants were further filtered according to the
presence of the genetic variation in at least four non-responders
and in none of the responders. In total, 623 SNVs or Indels were
detected; after stratification for putative effect, 404 variants with
high or moderate effect were collected. The most pronounced difference between the two groups of patients was observed for the
GPR50 gene (c.1594A>G and c.1505_1516delCCACTGGCCACA).
Except for one non-responder, all the others carried a homozygous
variant genotype for both variants of this gene when compared to
good responders. After classification for the putative effect, both
variants were classified as moderate and benign. Additionally, all
non-responders carried either a variant (c.1509T>A) in homozygosis
or heterozygosis of the THSD7B gene that was absent in good responders. After classification for the putative effect, this variant was
classified as moderate and benign similarly to those in GPR50.
According to the presence of the genetic variation in at
least five non-responders and in none of the responders, differences were noticed for TPSD1 c.274G>A (p.Ala92Thr),
CPAMD8 c.1022G>A (p.Arg341Gln), and OBP2A c.367_370del
CGCTinsTGCC (p.ArgTyr123CysHis). After a classification by
ACMG by Varsome, these three variants were characterised as of
uncertain significance (VUS).

Genomic landscape of cfDNA between good and
non-responders to therapy
Due to the limited insights available based on tumour-tissue datasets,
we focused on the dynamic changes in cfDNA samples to identify
mutations attributable to 5-FU resistance. In total, 106 132 SNVs
and Indels differed between good responders and non-responders in
cfDNA profiling: 2254 with high, 31 300 with moderate and 32 959
with putative modifier effect. No new variants were found in good
responders compared to non-responders and vice versa, as already
observed for tumour DNA.
Called variants were filtered according to the presence of the variation in at least four non-responders and in none of the responders.
Following these criteria, 3925 SNVs or Indels were selected and
after stratification for putative effect, a total of 2699 variants resulted with high, moderate or putative modifier effects. The highest
difference between these two groups of patients was observed for
the ABCD1 gene (c.*8G>C). Except for one non-responder who

Downloaded from https://academic.oup.com/mutage/advance-article/doi/10.1093/mutage/geab024/6313214 by University of Torino user on 19 August 2021

CC tumour stagea

Years ± SD
Men
Women
II
III
IV
1
2
3
4
0
>1
0
>1
2
3
MSS
MSI
No
Yes
No
Yes
Good
Poor
Dead
Alive

Among these patients, in fact, several mutations observed in tumour
DNA were not detected in cfDNA, in particular those in APC (4
patients), TP53 (4 patients), SMAD4 (3 patients), and KRAS (2 patients) genes. As expected, with the increase of TNM stage, mutation
concordance between cfDNA and tumour DNA increased. On the
other hand, one stage IV patient carried a mutation in the DCC gene
in cfDNA which was not present in the tumour DNA.

Mutational landscape of plasma cfDNA in colon cancer
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Table 2. Summary of pathogenic, likely pathogenic mutations and VUS in tumour and ctDNA samples of stage II
II

Sample ID
Sex
Age
MSI
Therapy response status

220
Female
62
MSS
Poor
T

ACVR1B
APC

392
Female
69
MSS
Good
cfDNA/I

III

IV

c.2088A>G

c.2088A>G

c.2088A>G

c.2088A>G

c.528C>T

c.528C>T

c.528C>T

c.528C>T

c.4523G>A

c.4523G>A

c.4523G>A

c.4523G>A

c.115G>A
c.409G>A

c.115G>A
c.409G>A

c.115G>A
c.409G>A

c.115G>A
c.409G>A

T

cfDNA/I

II

c.115G>A

c.115G>A

c.115G>A

c.3340C>T
c.4033G>T

CDC27
DCC
EGFR
EP300
ERBB2
FBXW7
KRAS
MAP7
MLH1
MSH3
MUTYH
MYC
MYO1B
PIK3CA
PIK3R1
POLE
SMAD2
SMAD4
SMAD7
TCERG1
TCF7L2
TGFBR2
TP53

c.586C>T

MSS, microsatellite stable; MSI, microsatellite instable; T, tumour tissue; cfDNA, cell-free DNA.
ID/I represents the sampling at the time of the diagnosis.
ID/II represents the sampling 6 months after diagnosis.
ID/III represents the sampling one year from the diagnosis.
ID/IV represents the sampling 18 months since the diagnosis.
Pathogenic mutations are in red.
Likely pathogenic mutations are in green.
VUS are in blue.
* Due to long notation, detailed information in Supplementary Table S3

was heterozygous for this variation, all non-responders carried the
homozygous variant genotype when compared to good responders.
After classification for the putative effect, this variation was classified as benign.
According to the presence of the variation in at least five nonresponders, the absence of this variation in good responders, and
after classification of variants by ACMG by Varsome, only two variants of uncertain significance were noticed: CPAMD8 c.1022G>A
(p.Arg341Gln)
and
OBP2A
c.367_370delCGCTinsTGCC.
With less stringent criteria of difference between the group of
responders (4 heterozygous genotypes and more), additional
three VUS were identified: SPANXD c.175_177delTTTinsGTG
(p.ArgTyr123CysHis), CHMP4A c.586G>A (p.Gly196Arg),
OR4N2 c.171_172delCCinsAG (p.Pro58Ala).
On the other hand, all the good responders presented an insertion classified as VUS in the ZXDB gene (c.364_368delGAGG
AinsAAGGC; p.GluGlu122LysAla), which was not carried from
non-responders.

Monitoring cfDNA in serial plasma samplings
before and after 5-FU-based therapy
For seven patients, cfDNA was isolated from plasma samples collected before and after chemotherapy to monitor the changes in the
mutation patterns (Supplementary Table S3).
Interestingly, patient ID221, a non-responder, showed a pathogenic APC mutation (c.3944C>A; p.Ser1315Ter) in cfDNA in its
third sampling (i.e. 1 year after surgery). This particular mutation
was not found in the same patient either in the tumour DNA or
in the cfDNA collected at the time of diagnosis. This mutation
could be a signal of change that could help in clarifying the poor
response to therapy. APC is a known tumour suppressor gene that
acts as an antagonist of the Wnt signalling pathway and is involved
in cell migration and adhesion, transcriptional activation, and
apoptosis.
Another non-responder, ID327, presented a likely pathogenic
TP53 mutation (c.329G>C; p.Arg110Pro; rs11540654) in all the repeated plasma samples that was also present in tumour DNA. This
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Stage

c.396G>T

c.35G>A

c.984C>T
c.2950G>T
c.4715_4727del*

c.984C>T

c.984C>T

c.329G>C

c.*2877A>C
c.1173G>C

c.1057T>A
c.*2877A>C
c.1173G>C

c.329G>C

c.1852_1853del*

c.714delT
c.701_704del*

c.1852_1853del*

c.714delT
c.701_704del*

c.4348C>T

cfDNA/I

c.329G>C

c.*2877A>C
c.1173G>C

c.1852_1853del*

II

c.742C>T

c.1328_1334del*

c.1280+16T>C

c.832C>T
c.34G>T

c.1352C>A

c.2432C>A

T

404
Male
71
MSS
Good

c.1280+16T>C

c.1352C>A

cfDNA/I

c.1280+16T>C

c.1352C>A

II

cfDNA/I

c.818G>A

c.1020-3C>T

c.438G>A

c.438G>A

c.714delT
c.701_704del*

T

474
Female
66
MSS
Poor

III

c.438G>A c.438G>A

II
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MSS, microsatellite stable; MSI, microsatellite instable; T, tumour tissue; cfDNA, cell-free DNA.
ID/I represents the sampling at the time of the diagnosis.
ID/II represents the sampling 6 months after diagnosis.
ID/III represents the sampling one year from the diagnosis.
ID/IV represents the sampling 18 months since the diagnosis.
Pathogenic mutations are in red.
Likely pathogenic mutations are in green.
VUS are in blue.
*Due to long notation, detailed information in Supplementary Table S3.

SMAD7
TCERG1
TCF7L2
TGFBR2
TP53

DCC
EGFR
EP300
ERBB2
FBXW7
KRAS
MAP7
MLH1
MSH3
MUTYH
MYC
MYO1B
PIK3CA
PIK3R1
POLE
SMAD2
SMAD4

CDC27

ACVR1B
APC

T

T

II

260
Male
76
MSS
Good

Sample ID
Sex
Age
MSI
Therapy
response
status

cfDNA/I

327
Male
63
MSI-L
Poor

III

Stage

Table 3. Summary of pathogenic, likely pathogenic mutations and VUS in tumour and ctDNA samples of stage III
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c.1256A>G

c.1883G>A

c.1256A>G

c.1883G>A

c.1883G>A

c.1256A>G

c.3944C>A

c.1484C>G
c.742C>T

c.1484C>G
c.742C>T

c.1624G>A

c.157+75G>A

c.157+75G>A

c.1624G>A

c.183A>T

c.4393_4394del*

c.183A>T

c.4393_4394del*

cfDNA/I

c.817C>T

c.195_203dup*

c.195_203dup*

c.817C>T

c.1753C>T

c.714delT
c.701_704del*

c.712C>T

cfDNA/I

c.1753C>T

c.714delT
c.701_704del*

c.712C>T

T

464
Male
67
MSS
Poor

c.916C>T

c.115G>A

c.714delT
c.701_704del*

T

481
Male
58
MSS
Poor
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MSS, microsatellite stable; MSI, microsatellite instable; T, tumour tissue; cfDNA, cell-free DNA.
ID/I represents the sampling at the time of the diagnosis.
ID/II represents the sampling 6 months after diagnosis.
ID/III represents the sampling one year from the diagnosis.
ID/IV represents the sampling 18 months since the diagnosis.
Pathogenic mutations are in red.
Likely pathogenic mutations are in green.
VUS are in blue.
*Due to long notation, detailed information in Supplementary Table S3.

SMAD7
TCERG1
TCF7L2
TGFBR2
TP53

DCC
EGFR
EP300
ERBB2
FBXW7
KRAS
MAP7
MLH1
MSH3
MUTYH
MYC
MYO1B
PIK3CA
PIK3R1
POLE
SMAD2
SMAD4

CDC27

ACVR1B
APC

T

T

III

221
Male
60
MSI-L
Poor

Sample ID
Sex
Age
MSI
Therapy response status
cfDNA/I

402
Male
66
MSS
Poor

IV

Stage

Table 4. Summary of pathogenic, likely pathogenic mutations and VUS in tumour and ctDNA samples of stage IV

c.115G>A

c.714delT
c.701_704del*

cfDNA/I
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could be another example of poor response to therapy due to a persistence of a dysfunctional tumour-derived mutated TP53 protein.

Discussion

good responders and non-responders were indeed noticed, in particular for TPSD1 c.274G>A (p.Ala92Thr), CPAMD8 c.1022G>A
(p.Arg341Gln),
and
OBP2A
c.367_370delCGCTinsTGCC
(p.ArgTyr123CysHis). These differences were observed in tumour
DNA of several non-responders but in none of the responders. After
classification by Varsome, these three variants were characterised as
those of uncertain significance. Of note, TPSD1, a gene encoding
for a serine protease expressed in mast cells, is important for its optimal catalytic activity, and has been involved in autoimmune pathology (33, 34). CPAMD8, a gene encoding for the protease inhibitor
I39 (alpha-2-macroglobulin), is necessary for innate and acquired
immunity (35). Finally, OBP2A encodes for the odorant-binding
protein 2a, a small extracellular protein important for transport of
small hydrophobic molecules, such as steroids and lipids (36).
Several studies focusing on one or a few genes (such as APC,
KRAS and TP53) confirmed the predictive value of cfDNA levels
in therapeutic response monitoring in metastatic colorectal cancer,
and the prognostic significance of post-operative cfDNA in early and
locally advanced colon and rectal cancers (37–40). cfDNA has also
been used to guide therapeutic decision-making in CC (37).
The genetic variations identified in CPAMD8 and OBP2A
in tumour DNA were also observed in cfDNA samples isolated
from good responders. On the other hand, all good responders
presented an insertion classified as VUS in the ZXDB gene
(c.364_368delGAGGAinsAAGGC; p.GluGlu122LysAla) that was
absent in all the non-responders. Interestingly, ZXDB encodes for
the zinc finger X-linked protein which promotes the major histocompatibility complex (MHC) class I and II gene transcription (41).
The resistance mechanisms might be identified by obtaining individual resistant tumour lesions for molecular analysis. However,
tumour tissue profiling has several limitations for the dynamic monitoring of disease progression and response to therapy: spatial and
temporal tumour heterogeneity, difficulties to obtain repeated tissue
samples.
Liquid biopsy has been proposed as a way to overcome these
restrictions of tumour tissue profiling since the material can be
collected with minimal invasiveness and repeated over time. Serial
cfDNA measurements could complement the information available
from routine imaging method assessments in the evaluation of tumour volume and response to chemotherapeutic agents (42). If the
response to a particular treatment could be reliably assessed earlier,
for example by serial cfDNA sampling, there could be an earlier
switch to alternative therapy and a reduction of adverse effects resulting from inadequate therapy (37).
Using longitudinal plasma cfDNA analysis, we studied the evolution of the tumour genome in CC patients with the aim to identify
mutations associated with the therapeutic response in good and nonresponders. Interestingly, a pathogenic APC mutation (c.3944C>A;
(p.Ser1315Ter) was detected on the third plasma sampling (a year
after diagnosis and 6 months after the termination of therapy) of a
non-responder. This particular mutation was not present at the time
of diagnosis. The presence of a pathogenic APC mutation in plasma
a year after surgery is in agreement with the assumption that this
patient was classified as non-responder. This mutation could be a
sign of an acquired treatment resistance, as APC is a known tumour
suppressor gene that acts as an antagonist of the Wnt signalling
pathway and is involved in cell migration and adhesion, transcriptional activation, and apoptosis.
Another non-responder presented a likely pathogenic TP53 mutation (c.329G>C; p.Arg110Pro; rs11540654) in cfDNA in all its
serial samplings and in tumour DNA. This outcome may represent
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In the present hypothesis-generating study, we sequenced plasma
cfDNA from CC patients to investigate the tumour genome evolution during the chemotherapy. To the best of our knowledge, this
is the first study based on WES data that compared the mutational
status in colon tumour tissues with those of serial plasma cfDNA
samplings in association with the response to therapy.
Overall, we observed a higher mutation detection rate in plasma
cfDNA and tumour DNA of patients with metastatic CC in comparison to stage II and III patients. This is in agreement with previous studies (21, 26) and confirms that WES is a feasible approach
for liquid biopsy in patients with advanced stages of CC. On the
other hand, we have also observed several differences between the
genomic landscape of cfDNA at the time of diagnosis and the corresponding DNA profile from tumour tissues. These inconsistencies
were predominantly noticed for stages II and III. Among these patients, several mutations found in tumour DNA were not detected in
cfDNA, in particular in APC (four patients), TP53 (four patients),
SMAD4 (three patients) and KRAS (two patients) genes. As expected, with the increase of TNM stage, the mutation concordance
between cfDNA and tumour DNA increased. This is in agreement
with other studies where, based on mutation spectrum in primary
tumour, the detection of mutations in plasma cfDNA was significantly associated with disease stage: 24.0% in stage I, 45.0% stage
II, 27.3% stage III and 87.5% stage IV (27). Conversely, such as the
case of a patient with CC IV stage in our study, a mutation of the
DCC gene in cfDNA was not found in the corresponding tumour
DNA. This specific discrepancy between specimen in CC IV stage patient could be explained by the fact that mutant DNA from not only
primary tumour but also from distant metastases within a patient
can be sampled by the cfDNA approach. The liquid biopsy approach
may thus reduce the risk of missing a mutation due to tumour heterogeneity or sampling of primary tissue only.
Tumour heterogeneity is one of the major causes of variable response to treatment in CC patients. More specifically, the presence of
multiple subclones bearing different molecular and phenotypic traits
within the same tumour, has been reported in a number of cancers,
including CC (28). Researchers have shown the effect of intratumor
heterogeneity on the accuracy of diagnosis, choice of therapy and
mechanism of resistance. Previous studies have reported the concordance of genetic profiles between cfDNA and DNA from tumour
or metastatic tissues (29). Sottoriva et al. (30) suggested a ‘big bang
model’ hypothesis, in which mutations responsible for tumour development and progression occur early in CC and thus biological tumour performance is determined early (‘born to be bad’). However,
CC harbours on average about 80 mutations and yet fewer than 15
of them seems to be the driver force for tumorigenesis and progression (31). In agreement with previous statements, Wood et al. (32)
hypothesised that patient’s prognosis is most probably determined
by the overall mutation landscape and aberrant pathways more than
any single specific mutation.
To determine alterations associated with treatment response, we
have focused on finding differences between good responders and
non-responders with a specific workflow (Figure 1). First, we compared the tumour DNA between the two groups, then we analysed
the plasma cfDNA at the time of surgery and finally the serial cfDNA
samplings. In this study, several genetic variation differences between
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another example of a poor response to therapy due to the persistence of a dysfunctional mutated tumour-derived p53 protein. These
findings suggest that plasma cfDNA could be used as non-invasive
approach for the genetic characterisation of CC patients and might
be clinically useful for non-invasive tumour characterisation and
therapeutic response monitoring.
Somatic mutations observed in cfDNA provide real-time data
on the highly dynamic tumour evolution (43). Several authors have
suggested that the analysis of post-operative cfDNA may identify
patients who are at a higher risk of relapse (44–47). For example,
cfDNA has been employed for the monitoring of secondary resistance to anti-epidermal growth factor receptor (anti-EGFR) treatment
(8, 48–50). Similarly, several studies addressed that early cfDNA
changes are associated with therapy responses in metastatic colorectal cancer patients (37, 51, 52). However, the selection of studied
mutations was primarily based on mutations identified in tumour
DNA at the time of diagnosis, which may constitute either an over or
underestimation of the real patient situation due to the tumour heterogeneity/evolution as it was observed in this study. Monitoring the
genetic changes in cfDNA during the therapy may improve the predictive accuracy of long-term prognosis, therefore the topic is worth
further investigation.

Our hypothesis-generating study presents some limitations, the
main being the limited number of patients included in the study.
However, as it was recently shown in the study of Fleming et al. (53),
even on relatively small population size, cfDNA may represent an important biomarker to identify those individuals that are at risk of early
recurrence in CC. The outcomes hereby presented should be confirmed
in a much larger study. Another limitation is rather low coverage depth.
However, for WES this is the common approach and depth used. In
addition, we analysed the read depth for each patient, sample (tumour
or cfDNA), and for each identified gene to evaluate if for the variants highlighted and discussed in the study we had enough coverage.
Although the overall read depth of samples is very low (especially for
one tumour sample), the selected genes showed a high average read
depth. For example, the median read depth for the APC gene in all
samples (tumour tissue and cfDNA) was ˃1200. This higher read depth
for selected genes has an impact on the capacity to identify variants in
both tumour and plasma cfDNA. Another limitation is represented by
the discrepancies of APC, KRAS, and TP53 mutations between tumour
DNA and plasma cfDNA at earlier stages. These differences could be
partially explained by insufficient sequencing coverage in these genes.
Moreover, it was possible to evaluate several time-points (sampling
every 6 months) only in good responders. This was not always possible
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Figure 1. Workflow of the study.

10
for non-responders due to complications of the disease in these patients.
A possible future approach could be to follow up non-responders even
in shorter time points: this could support the observed results and consider added value. Serial cfDNA analysis should be included in future
clinical trials in order to further assess this promising biomarker.

The identification of biomarkers associated with therapy response is
crucial for the implementation of individualised treatment strategies in
CC patients. Such biomarkers might stratify patients into groups with
specific treatment and could finally promote the shift from a standardised to a personalised therapeutic approach. In this pilot study, we suggest that monitoring cfDNA over time may allow the identification of
genetic variants closely associated with therapy response in CC patients.
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