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ABSTRACT
The analysis of circulating cell-free DNA (cfDNA) extracted from peripheral blood
can serve as a minimally invasive alternative to tumor tissue biopsies in cases with
impaired access to tissue. Its clinical utility has been well demonstrated for EGFR
T790M testing in lung cancer patients suffering progress after tyrosine kinase inhibitor
treatment. At present, highly sensitive unique molecular identifiers (UMI)-based NGS
for liquid biopsy testing is less established compared to single gene assays. However,
the critical bottleneck are sufficient cfDNA yields, which are essentially required to
obtain meaningful test results.
We compared four different cfDNA extraction methods (Qiagen, Promega, Thermo
and Stratec) using the same plasma samples in order to evaluate their suitability for
further NGS analysis. We managed to draw 60 ml blood from 12 patients each and
equally collected 30ml in PAXgene and EDTA tubes at the same time point, sufficient
for total of 96 cfDNA extractions. CfDNA concentrations and total amounts were
highest for Qiagen and Promega protocols, showing the best read length profiles
after sequencing.
Known oncogenic driver mutations were identified in 9 out of 12 patients with
at least one of the cfDNA extraction methods, again favoring the extraction protocols
from Qiagen and Promega. We also uncovered putative sequencing artefacts including
known driver genes pointing to a careful consideration for the limit of detection of
this methodology. Our study shows that pre-analytical optimization is necessary to
achieve the maximum sensitivity of UMI-based sequencing but also highlights the
low abundance of tumor-derived cfDNA in lung cancer samples.

genetic driver mutation responsible for oncogenic progress
[1, 2]. To detect and monitor these genetic changes,
various molecular methods have been implemented in
routine diagnostics, most of them working with PCRbased techniques.

INTRODUCTION
In oncology, the continuously evolving concept of
precision medicine is mainly based on the development of
drugs that are specifically tailored to address the molecular

www.oncotarget.com

5690

Oncotarget

Up to the very recent present, nucleotides were
extracted from fresh or fixed tumor tissue samples. In most
cases formalin-fixed and paraffin embedded (FFPE) tumor
tissue is available for mutation analysis. Many studies
have been carried out to optimize pre-analytical steps and
furthermore broaden the spectrum of molecular analyses
that can be utilized in this type of material. The main
obstacles with FFPE-derived nucleotide acids are their
relatively low quality due to fixation-induced degradation
and deamination processes that can lead to false-positive
sequencing results. While careful considerations of preanalytical steps minimize these problems, the availability
of tumor tissue is restricted to clinical cases where
invasive tumor sampling is not limited by the physical
fitness of the patient and/or the tumor location.
The concept of DNA analysis without the need
of invasive surgical procedures has gained attention
and holds reasonable advantages, especially in tumor
patients where tumor tissue is not easily available. This is
particularly true for monitoring of treatment response in
malignant tumors, where repeated gaining of tumor tissue
is seriously limited.
A pioneer in routine use of mutation analysis out of
plasma has been the detection of the T790M resistance
mutation in EGFR-mutated NSCLC samples. On the
background of increasingly sensitive and specific DNA
detection methods, cell free DNA (cfDNA) gained
attention and the fascinating concept of detection of
genetic alterations by analyzing this source of DNA from
easily accessible blood plasma came into focus [3–8].
Although this approach is highly elegant and the
mutation looked for is exactly defined, surprisingly the
method has not revolutionized the diagnostic procedure.
This may be due to the fact that results obtained in many
laboratories are disappointing, as especially in NSCLC
patients cell-free tumor DNA concentrations are critically
low [5] making successful analysis very challenging even
when highly sensitive detection methods are applied
[9]. Variant allele frequencies (VAF) of mutations often
range below 1%, which is below the detection threshold
of currently used technologies for mutation analysis
using FFPE material such as Sanger sequencing, most
real-time PCR or even NGS. To analyse cfDNA several
approaches have been developed ranging from single
PCR assays to whole genome sequencing [10–12]. Some
of these methods reach a theoretical limit of detection
(LOD) down to 0.00025-0.01% VAF [10, 13]. For NGSbased approaches this was achieved by introduction of
unique molecular identifiers (UMI) to each single DNA
molecule allowing deduplication with the downside for
the need of ultra-deep sequencing [14, 15]. UMI features
some decent advantages compared to standard NGS
protocols and compared, to single gene assays UMIbased NGS enables multigene analysis for the detection
of resistance mechanisms other than the classical T790M
mutation.
www.oncotarget.com

Nevertheless the findings of T790M and its
primary mutation in cfDNA gained from plasma remain
disappointingly low compared with the tissue bound
analysis. One of the causes may be found in the preanalytical procedures used.
To achieve sufficient cfDNA yields, a careful
selection of pre-analytical methods is mandatory [6, 7,
8, 16]. This includes not only the choice of blood
containers (stabilizing tubes vs. standard EDTA [17])
and transport conditions, but especially also the choice of
cfDNA extraction methods.
Hence, extraction methods that yield sufficient
amounts of cfDNA molecules matching sequencing
coverage are paramount to reach theoretical sensitivity
levels. However, data investigating the performance and
impact of different extraction methods are very limited.
In this context one of the very challenging issues is the
availability of sufficient sample volume /plasma with
NSCLC patients especially [6, 7]. In this study our
aim was to i) evaluate and standardize pre-analytical
procedures with the ambition to ameliorate the detection
rates of relevant genomic aberrations from circulating
cfDNA gained from 4ml plasma input per extraction and
ii) evaluate a highly-sensitive NGS-based approach that
might overcome some of the restrictions of currently used
cfDNA analysis strategies.

RESULTS
Study concept
In our cohort of 12 patients, six patients had initial
diagnosis of NSCLC at different stages (stage IIA-IV)
without any prior cancer therapy (samples P1-P6, Table 1)
and blood was taken before therapy, in case of P1, the
only one with a stage II situation, blood was collected
after surgery. Patients were selected for this study when
molecular testing of corresponding FFPE tissue revealed
an activating EGFR (five patients) or KRAS (one patient)
mutation (Table 1 and Figure 4). The remaining six
patients in this study progressed after first-line tyrosine
kinase inhibitor (TKI) therapy targeting an initially
identified activating EGFR mutation (samples S1-S6,
Table 1).
Blood was equally harvested in standard EDTA
tubes and PAXgene tubes to determine any different
influences of the two blood stabilizing containers on
cfDNA extraction and high-sensitive mutation detection.
A summary of the study concept is depicted in Figure 1.

Comparison of cfDNA extraction methods
For our comparison study, we selected four
commercially available (semi-)automated cfDNA
extraction protocols. All four tested methods allow an
input of up to 4 ml of plasma, in 80 of 96 extractions
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Table 1: Patient details and therapy regiment
ID

age

gd

P1

81

f

P2

P3

74

74

m

m

st

FD

FFPE
collection

Mutation
(FFPE)

IIA 02.05.2017 02.05.2017

IV

08.05.2017 08.05.2017

IIIB 28.04.2017 28.04.2017

blood coll.

time
from FD
(d)

blood
coll.

first-line/secondline

EGFR:p.
Leu858Arg

10.05.2017

8

-

Surgery, no
adjuvant
chemotherapy

EGFR:p.
Glu746_
Ala750del
TP53:p.
Leu257Arg
PTEN:p.
Ser170fs*13

12.05.2017

4

before
therapy

palliative brainRTX + Afatinib
until 10/2017

21

after
therapy

Simultanous
radiotherapy/
chemotherapy
(Platin/VRB)

EGFR:p.
Glu746_
Ala750del
TP53:p.
Tyr220Cys

19.05.2017

30.05.2017

4

before
therapy

Erlotinib ±
Ramucirumab
in study, since
05/2017 Erlotinib
monotherapy

01.06.2017

1

before
therapy

since 06/2017
Afatinib

P4

69

m

IV

26.05.2017 26.05.2017

EGFR:p.
Glu746_
Ala750del

P5

78

m

IV

31.05.2017 31.05.2017

EGFR:p.
Leu747_
T751del

10.05.2017

6

before
therapy

palliative
chemotherapy
cisplatin/VRB>Atezolizumab>Pembrolizumab>Tarceva

16.05.2017

190

after
therapy

TKI (Erlotinib)
until 06/2017,
restaging SCLC

413

after
therapy

Gefitinib
until 04/2017,
06-10/2017
Osimertinib

1409

after
therapy

07/2013-05/2017
Erlotinib, 06/2017
Osimertinib

after
therapy

09/2015-07/2016
Erlotinib,
07/2016-06/2017
Osimertinib,
Chemotherapy

P6

66

m

IV

04.05.2017 04.05.2017

KRAS:p.
Gly13Cys
STK11:p.
Val197fs*69

S1

74

m

IV

07.11.2016 07.11.2016

EGFR:p.
Leu858Arg

IV

EGFR:p.E746_
01.04.2016 01.04.2016
19.05.2017
A750delinsQP

S2

S3

S4

86

81

68

f

f

f

IV

IV

10.07.2013 10.07.2013

EGFR:p.
Leu858Arg
EGFRR:p.
T790M

04.09.2015 04.09.2015

EGFR:p.
Glu746_
Ala750del

19.05.2017

20.07.2016

320

(continued)
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ID

S5

S6

age

gd

84

83

m

f

st

FD

FFPE
collection

IIIA 01.11.2010 01.11.2010

IV

Mutation
(FFPE)

EGFR:p.
Glu746_
Ala750del

blood coll.

31.07.2017

time
from FD
(d)

2464

EGFR:p.L861Q
PIK3CA:p.
23.03.2016 23.03.2016
30.05.2017 433
Glu545Lys
TP53:p.Ser166*

blood
coll.

first-line/secondline

after
therapy

neoadjuvant
Gefitinib,
then radio-/
chemotherapy +
surgery + adjuvant
chemotherpy

after
therapy

05/16-06/17
Erlotinib, then no
further therapy

Abbreviations:
ID: Sample Identification; m: male; f: female; FD: first diagnosis; RTx: radiotherapy; SCLC: squamous cell carcinoma;
VRB: Vinorelbin; TKI: Tyrosine Kinase Inhibitor; blood coll.: blood collection; gd: gender; st: stage.
4ml plasma was available (see Supplementary Table
1). Table 2 summarizes the four protocols: The Stratec
protocol provided the highest level of automation
operating fully automated with hands-on time of 5
minutes but has a long run time of 160 min, while
all other protocols required manual pre-processing of
plasma samples prior to samples processing on the
robotic machines (Table 2). In case of low sample
throughput yet with a need for rapid reporting at the
same time one clear technical disadvantage observed
with the extraction kits used from Stratec is shown
in suboptimal efficiency of reagents coverage if
not 12 samples are run simultaneously. A technical
disadvantage of 60 min hands-on time show the Thermo
and Maxwell protocols compared to Stratec and Qiagen

with 5/30 min, respectively. Considering these technical
issues, the Qiagen protocol shows a summary of
advantages in the least hands-on time combined with a
maximum reagent coverage and highest elution volume
and number of sample processing flexibility. For this
study, elution volumes varied between 36 µl (Qiagen)
and 70 µl (Stratec), even though the elution volume can
be lowered down to 15 µl using the QiaCube instrument
from Qiagen.

cfDNA quantity
In a first step, we compared the total cfDNA
concentrations that were obtained by the four protocols.
Most samples had cfDNA concentrations independent

Figure 1: Workflow overview. From all lung cancer patients, blood was collected on the same day to ensure comparability of the results.
Independent of the storage vessel (EDTA or PAX), plasma was separated within one hour after blood collection to ensure optimal results.
After cfDNA extraction, NGS libraries were prepared using TagSequencing technology and sequenced on an IonTorrent S5 sequencer.
www.oncotarget.com
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Table 2: Overview of extraction methods
manufacturer
robot
product
type

Promega

Thermo Scientific

Qiagen

Stratec Molecular

Maxwell® RSC

KingFisher™ Flex

QIAcube System

InviGenius plus

RSC LV ccfDNA Kit,

MagMAX™ Cell-Free QIAamp® MinElute®
DNA Isolation Kit
ccfDNA

InviMag® Free
Circulating DNA Kit/
IG

bead based

bead based

filter based

bead based

1-4; in this study 4

1-5; in this study 4

1-4; in this study 4

4; in this study 4

elution volume (µl)

60

50-100; in this study
50

15-60; in this study: 40

125

recoverable elution
volume (µl)

~ 45, in this study 45

~ 35-80, in this study
45

10-55, in this study: 36 70-80; in this study: 70

level of automation

semi

semi

sample volume (mL)

manual pre
processing

semi

external proteinase K
external proteinase K
step, concentration of external proteinase K
step; concentration
DNA from the plasma step; manual pipetting of DNA from plasma
with magnetic particles of the deep well plates with magnetic particles
in 15mL tubes
in 50 mL tubes

full

none

hands-on time
(minutes)

~60

~60

~30

~5

automated runtime
(minutes)

~35

~35

~25

~160

total runtime
(minutes)

~95

~95

~55

~165

of the different extraction protocols below 0.5 ng/µl
and a mean total amount of extracted cfDNA of 11.5 ng.
(Figure 2A+B). Only two samples (P1 and S5) had higher
amounts, ranging up to 282 ng in sample P1. The latter
sample P1 derived from a patient whose blood was drawn
shortly after surgical tumor resection. The highest DNA
quantities were obtained using the Promega Maxwell
protocol with a mean cfDNA amount of 24.7 ng using
4 ml of plasma (range 12.6 - 188.4 ng), corresponding
to a mean of 6.3 ng/ml plasma (Figure 2B). Thermo and
Qiagen yielded similar values, with a mean of 9.4 ng
(Thermo; range 2.5-132.5ng, mean 4.0 ng/ml plasma) and
10.8 ng (Qiagen; range 3.1 – 282.8 ng, mean 3.4 ng/ml
plasma), respectively. The lowest cfDNA amounts were
obtained using the Stratec protocol (mean 8.0 ng, range
1.4 – 53.4 ng, mean 1.7 ng/ml plasma). While difference
in cfDNA amounts were not statistically significant
between the protocols of Qiagen, Promega and Thermo,
the difference of each of these methods compared to the
Stratec extraction was (paired t-test: Stratec/Qiagen:
p=0.0263; Stratec/Promega: p=0.0031, Stratec/Thermo:
p=0.0023). Comparing the total extracted cfDNA yields,
there was a significant higher cfDNA fraction from
plasma stored in EDTA versus PAXgene tubes (paired
test: p=0.000097).
www.oncotarget.com

Due to the very low cfDNA concentrations, length
profile assessment by using fragment analysis on a
TapeStation was inconclusive. Supplementary Figure 1
illustrates read profiles for sample S1, showing similar
patterns of cfDNA from all methods, with typical peaks
at approximately 175bp and 353bp. As exemplified with
sample P5, the read profiles for the different other cfDNA
extractions were too low to draw any conclusions.

NGS library preparation
In total, 96 NGS libraries were prepared (eight
extractions per sample from 12 samples all together). Using
the most possible input of 13 µl, the DNA input for all but
patient P1 and S5 was below 20 ng. Library concentrations
ranged from 22 to 323 pM (Supplementary Figure 1). Six out
of 96 libraries failed QC criteria; e.g. the library concentrations
were below the optimal concentration of 50pM (P3 ThermoEDTA; P5 Stratec-PAX; S4 Stratec EDTA+PAX; S4 Promega
+ PAX). In case of S4, only five out of the eight extraction
methods yielded sufficient libraries for sequencing. The mean
number of sequenced reads (4 libraries per Ion 530 Chip)
was 1.75 million reads (+/- 0.87). With only one exception,
at least roughly 1 million reads per sample were analyzable.
The mean total number of reads per amplicon was 37741.5x.
5694
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The amplicon lengths of the panel vary between 80
bp and 140 bp, with two clusters of 80-94 bp and 105139 bp, respectively (Figure 3A). Figure 3B illustrates a
typical read length profile obtained from NGS data of the
different extraction protocols of case S2. In all cases, there
is a party of short reads originating from either primer
dimers or short, incomplete sequencing reads. Comparing
the distribution patterns, the NGS reads obtained from
cfDNA samples derived from Stratec and Thermo
extraction protocols show excess of short and incomplete

reads. This observation was accompanied by a substantial
decline of longer reads when using the Stratec purification
method.

Identification of known mutations
Figure 4 summarizes the sequencing results of the
different cfDNA extractions. In 9 out of 11 samples, the
oncogenic driver mutations in EGFR or KRAS that were
identified from FFPE tissue could also be identified in

Figure 2: Comparison of total extracted cfDNA amounts. (A) cfDNA amount in ng/ml plasma per sample and extraction method.

With the exception of sample P1 and sample S5, the available cfDNA concentrations for further library preparations were below 0.5 ng/µl.
(B) cfDNA yields as box-and-whisker plots from the different extraction protocols. The highest yields were obtained from the Promega
MaxWell protocol. While the cfDNA amounts from the Qiagen and Thermo protocols were comparable, the Stratec instrumentation yielded
the lowest cfDNA amounts.
www.oncotarget.com
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Figure 3: Read Length Distribution. The Oncomine cfDNA Lung panel amplifies 35 different amplicons, ranging in size

between 80 and 139 base pairs. (A) Theoretical size distribution of the Oncomine cfDNA Lung panel. Amplicons with similar sizes
were grouped for better visibility. (B) Observed amplicon sizes for sample S2. Colored bars represent the different extraction protocols.
Compared to the theoretical size distribution, a group of short fragments representing unincorporated primers is visible. Comparing the
different extraction methods, there is a marked difference concerning fragments with short read lengths. The libraries prepared from
cfDNA extracted using the protocols from Stratec and Thermo present excess shorter reads (unincorporated primers) with a decrease
in target specific reads.

Figure 4: Overview of sequencing results. Numbers represent variant allele frequencies. In sample S5, initial sequencing of the

FFPE tumor block prior to TKI therapy identified an EGFR exon 19 deletion, which was not detectable in the cfDNA in progress after TKI.

www.oncotarget.com
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at least one of the cfDNA extractions (sample P1 is not
taken into account in this calculation as blood was taken
shortly after surgery). In two cases (samples S3 and
P5), no mutations were identified using any of the eight
extracted cfDNAs. In some cases, the mutations were not
called by the variant caller algorithm due to the very low
allele frequency, but were identified by manual inspection
of the sequencing reads in the IGV browser or a secondary
bioinformatics pipeline.
FFPE tissue testing of sample S5 identified an
EGFR exon 19 deletion at baseline (Table 1). The
patient was treated with EGFR kinase inhibitors and
radiochemotherapy before onset of disease progression
(more detailed description see Table 1). The corresponding
blood sample from 2017 now identified an activating
NRAS mutation along with two additional mutations in
PIK3CA and TP53. These mutations were not examined
in the FFPE tissue in 2010. There was unfortunately no
original tissue from 2010 left for NGS retesting.
In summary, in 9 out of 11 samples (as mentioned
earlier sample P1 was not taken into account), cfDNA was
detectable by at least one of the tested extraction methods
as judged by detection of oncogenic mutations, correlating
to a cfDNA success rate of 82 % (9 out of 11 samples).
When considering all samples, tumor-derived ctDNA was
detected in 9 out of 12 samples (75%).
For determination of sensitivity of the different
extraction protocols, we only considered those nine
samples where cfDNA was present and calculated on
basis of all mutations present in the collective. The Qiagen
and Promega methods correctly identified 25 out of 26
mutations (combined count of all mutations present in the
9 samples multiplied by 2: EDTA and PAXgene) and 21/22
mutations, respectively, thus achieving a sensitivity of 96
%. Using the Thermo Fisher protocol, 19/25 mutations
(76 %) were identified, while with the Stratec purification
21/24 mutations (87.5 %) were detected.

identified by the variant calling pipeline, but were not
consistently found throughout the differently extracted
cfDNA samples. A closer look for example at an NRAS
p.Gly12Asp mutation observed in sample S5 that was
found by three different extraction methods (molCOV:
3, 4 and 4 reads) using the IGV browser revealed these
calls as false positives based on their presence in short,
incomplete reads (compare Supplementary Figure 2 for
illustration). Therefore we considered these variants rather
as false positive calls instead of true mutations displaying
tumor heterogeneity.
Intriguingly, these calls encompassed classical
oncogenic driver mutations that can also be found
as resistance mutations during EGFR TKI therapy
(Supplementary Table 2). For example, in two cases (P3
and S3) low frequency BRAF p.Val600Glu mutations were
reported, but only observed in one of the eight analyzed
extraction samples. Similarly, a KRAS p.Gly13Ser
mutation was called in six different extractions originating
from three different individuals.
The difficulty in interpreting these low frequency
variant calls can be highlighted by sample S3. The
sequencing results of the different cfDNA extractions
revealed up to eight mutations with very low molVAFs in
the absence of the primary EFGR p.Leu858Arg mutation.
While most of these variants were only identified once,
two mutations in TP53 (p.Tyr220Cys and p.Arg273His)
were found in almost all extractions. Both mutations were
not detected by tissue testing. These two TP53 mutations
were also observed in samples P3 (p.Tyr220Cys) and S5
(p.Arg273His), but in this case the TP53 p.Tyr220Cys
of sample P3 was verified in tissue and the TP53
p.Arg273His was at least found in all sequenced libraries
of sample S5.
Figure 5 and Supplementary Table 2 summarize
putative false-positive variants. While in most samples no
or up to two false-positive variants were found, in three
samples (S2, S3 and S5), eight of these dubious variants
were observed. As highlighted in Figure 5B, we found a
slightly higher number of false-positive calls in plasma
samples that were stored in PAXgene tubes compared
to EDTA tubes, but the differences were not statistically
significant (p=0.229, paired t-test; p=0.3388; Wilcoxon
test). Thus, care should be taken when using plasmastabilizing tubes.
In order to prove our assumptions on artificially
generated mutations we tested some of those samples that
provided enough cfDNA after sequencing and showing a
KRAS, NRAS or BRAF mutation with a clamped real-time
PCR assay. The samples tested were all negative for the
suspected mutations in codon 12 and 13 in the KRAS gene,
for codon 12, 13 in the NRAS gene and for the V600E
mutation in BRAF. We also tested some eluates of P6 and
S5 as they were tested positive for KRAS G13C in tissue
and for NRAS G13C in all 8 cfDNA eluates with the UMIbased assay, respectively. All eluates tested were positive

Sequencing artefacts
The tested cfDNA lung panel uses unique molecular
identifiers (molecular barcodes) to facilitate differentiation
of single molecules present in the plasma from PCRgenerated duplicates. The analysis pipeline removes
duplicate reads based on the unique molecular barcode and
calls variants based on their molecular allelic frequency.
In our test cohort, the molecular variant allele frequencies
(molVAF) of the primary mutations ranged from 0.1%
- 9.45% (Supplementary Table 1). The molecular allele
coverage (molCOV) of the primary mutation, e.g. the
number of reads showing the mutation after deduplication
ranged from two to 277. Thus, the variant calling pipeline
reports mutations that can be identified in at least two
different reads with unique molecular barcodes.
In our cohort, several variants with low molVAF
(0.06 - 3.7%) and molCOV (2-8 molecular reads) were
www.oncotarget.com
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for those mutations in the real-time assay as well. A
detailed information of tested eluates and results are found
in Supplementary Figure 3 and Supplementary Table 3.

resultingin95.5%, when only considering plasma samples
with detectable amounts of ctDNA).
One sample was excluded from this calculation as
the patient was operated a week before peripheral blood
was taken. Hence the high DNA yield observed for that
sample together with the fact that the primary EGFR (or
any other) mutation could be identified was very likely
owed to that circumstance.
Due to the fact that cfDNA concentrations are
seriously low and all might contain only a few ctDNA
molecules, one may not neglect that any remaining
eluted cfDNA that could contain mutated molecules
and is excluded from further analysis results into false
negative results. One mentionable advantage of the Qiagen
minElute extraction method could be that elution volumes
can be minimized down to 15 µl meaning that all extracted
cfDNA could be used if a sequencing reaction with the
Oncomine cfDNA panel only runs once (maximum input
of cfDNA: 13 µl). The other extraction methods we
evaluated in our study perform a minimum elution volume
of 40 µl, 45 µl and 70 µl for the KingFisher instrument,
the Maxwell RSC and the Stratec System, respectively.
To compare extraction capacities in this study we kept the
elution volume of Qiagen to a minimum of 40 µl.
The lower sensitivity of the Stratec and Thermo
protocols might be explained by the difference in read
length profiles. Our data have shown a decline in target
specific reads and a higher amount of short fragments
most likely representing primer dimers for both assays.

DISCUSSION
Sufficient extraction of cfDNA from plasma of
patients suffering from NSCLC is challenging merely
because cfDNA concentrations in this context are
seriously low anyway [5, 7]. Therefore, no matter how
thorough and abundant extraction methods might be the
yield of cfDNA is generally borderline. Consequently,
we did not expect striking differences on first insight
of results but a close careful second look focusing on
the quantity but especially on the quality of cfDNA
showed differences concerning mutation detection rates.
Furthermore as batch-to-batch variability of plasma
drawn at different time points during disease progression
limits its comparability due to changes in plasma cfDNA
levels, we collected up to 60 ml of whole blood from
each patients for 8 extractions out of plasma drawn at
one time point. We decided to extract plasma at the same
time point for EDTA and PAXgene tubes.
The observed overall sensitivity of the liquid
biopsy testing in our study was 82 % which is in the
typical range reported in the literature, still limiting the
capability of liquid biopsy to replace tissue based testing
[14, 18]. Comparing the different extraction protocols, the
Qiagen minElute assay achieved the highest sensitivity

Figure 5: Sequencing artefacts. Numbers represent sum of artefacts identified in each sequencing. Note the slightly higher count of

artefacts in PAXgene versus EDTA tubes, but differences are not statistically significant (p=0.266, students t-test). S-E: Stratec-EDTA, S-P:
Stratec-PAXgene, Q-E: Qiagen-EDTA, Q-P: Qiagen-PAXgene, P-E: Promega-EDTA, P-P: Promega-PAXgene, T-E: Thermo-EDTA, T-P:
Thermo-PAXgene.
www.oncotarget.com
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Of note, in sample S2 both extractions from Thermo
detected the primary activating EGFR exon 19 deletion
but failed to detect the clinically relevant EGFR p.T790M
mutation (read coverage 16806x / 24303x for PAXgene
and EDTA, respectively).

this issue. On the other hand, the random distribution of
discordant variants in our comparative analysis with eight
independent sequencings from identical plasma samples,
we believe that in the other samples showing these
hotspot mutations are rather false positives considering
also their low molecular allele coverage and frequency
(Supplementary Figure 4).
In summary, the Qiagen minElute shows advantages
in quality yield of DNA mainly concerning read length
compared to the Stratec and Thermo protocols. We
observed a trend that the Qiagen protocol results in a lower
number of false-positive artefacts but the sample/mutation
number was too small for being statistically relevant. The
potential of a minimization of elution volumes down to
15 µl with the Qiagen Assay could be an interesting issue
that is worth further investigation. The Oncomine cfDNA
Lung panel has a high sensitivity with the advantage of
high cfDNA input into one reaction (13 µl) that facilitates
detection of oncogenic driver mutations and resistance
mechanism from liquid biopsies of lung cancer patients.
Pre-analytical steps including the choice of blood tubes
and cfDNA extraction method are important to maximize
efficiency of liquid biopsy testing. In clinical practice
a threshold of 10 allelic reads should be considered to
maximize specificity especially when single nucleotide
variants (SNV), need to be identified undoubtedly.
A.S. and V.E. conducted the experiments,
analyzed results and wrote the manuscript. T.M. and
Al.S. supervised the manuscript. A.S. collected samples
and blood and extracted cfDNA from all samples with
four different extraction methods. J.K; D.M. and T.G.B.
provided clinical data, S.S.-F. provided histopathological
data, A.E. and O.L. run real-time PCR tests

Sequencing artefacts
Due to the low abundance of cfDNA and
corresponding low VAF, all methods to detect variants at
0.1% are in risk of identifying false positive variants.
We observed minimal but statistically highly
significant differences in cfDNA yields between blood
samples stored in EDTA or PAXgene tubes (p=0.000097,
paired t-test). The study design concentrated primarily
on a possible influence of the stabilizing agents on the
sequencing results and not their stabilizing properties,
which has been shown in previous studies [19]. While
we did not record a decline in amplification efficiencies
between EDTA and PAX, we noted a difference in
the number of putative sequencing artefacts that was
statistically not significant likely due to the small test size.
A previous report by Yuhua et al reported a higher number
of non-EGFR variants observed in samples analyzed using
the Oncomine cfDNA Lung assay compared to AmpliSeq
generated libraries [20]. The authors also describe
oncogenic hotspot variants in KRAS, BRAF or NRAS
in samples with primary EGFR mutations that might
develop during therapy. Several studies have reported on
co-occurring KRAS and EGFR mutations in liquid biopsies
that were undetectable in tissue biopsies. Pathway bypass
mutations as resistance mechanism have been observed,
including for example BRAF p.Val600Glu mutations
[21]. However, the biological origin of this mutation is
unclear. Deamination processes and BRAF p.Val600Glu
mutations in benign naevi are examples that low frequency
variants can be present in cfDNA also from healthy
individuals [22]. Furthermore, previous studies showed a
low concordance level between commercial tissue-based
NGS testing and cfDNA analytics [23]. These differences
might partially be explained by tumor heterogeneity. This
could be the case with sample S5: The originally detected
EGFR Exon 19 deletion p.Glu746_Ala750del was not
detected in any of the eight extractions but instead we
found an NRAS p.Gly13Cys mutation in all extractions.
The molecular mutant allelic coverages were all over 100
in all six-sequenced extraction of sample S5. Furthermore
this mutation was confirmed by a clamped real-time assay,
which was performed on four remaining cfDNA eluates
of this patient (Supplementary Figure 3, Supplementary
Table 3). Whether the NRAS mutation derives from a new
lesion or is as a matter of fact a result of possible tumor
heterogeneity can be hardly assessed confidently from
blood as one cannot determine the location where the
mutated fraction in the cfDNA came from. Unfortunately
we were not able to gain any more tissue to further explore
www.oncotarget.com

MATERIALS AND METHODS
Patient cohort
During April 2017 and August 2017, peripheral
whole blood was collected from 12 non-small cell lung
cancer patients during ongoing treatment, five before
initiation of first line systemic therapy (Samples P2-P5),
one after post-surgery (P1) and six patients after first
line systemic therapy (S1-S6). All patients harboured an
activating mutation either in the EGFR or KRAS gene
(Table 1). The activating mutation had already been
analysed from FFPE tissue during routine diagnostics
prior to blood sampling using targeted sequencing with
the AmpliSeq Colon Lung Panel v2 on the Ion Torrent
S5XL instrument (Thermo Scientific, Waltham, USA).
Only Sample S5 was analyzed by pyrosequencing as NGS
was not practiced in our institute at the time point of first
diagnosis in 2010 and no more tissue or DNA was left to
retest the latter with NGS methods.
Informed consent was obtained from each patient
with protocols approved by an ethical committee.
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Plasma samples

After two further rounds of purification using AmpureXP
beads, the final library is quantified using the Ion Library
quantification kit (Thermo Scientific, Waltham, USA).
In total, 6 out of 96 libraries did not match quality
criteria and were excluded from further analysis. On
average, 4-5 libraries were pooled on an Ion 530 chip.
Following template preparation on an Ion Chef, the chip
was sequenced on an Ion S5XL sequencer using 200 bp
chemistry and 500 flows.

As batch-to-batch variability of plasma drawn at
different time points during disease progression can occur
and may limit its comparability due to changes in plasma
cfDNA levels, we collected 60 ml blood at one time point
from each patient. Two 30 ml batches of whole blood
were taken and collected in EDTA or PAXgene tubes
(Qiagen, Hilden, Germany), respectively. Blood samples
were immediately centrifuged at 1300x g for 13 min [16].
Plasma was transferred to new tubes and centrifuged for
12 min at 16.000x g, plasma drawn from PAXgene tubes
were centrifuged at room temperature whereas EDTA
plasma was centrifuged at 4°C [16]. Clear supernatants
were stored short term at -20°C or extracted immediately.

Mutation analysis
Sequence alignment and variant calling was performed
using plugins in Torrent Suite version 5.6 and IonReporter 5.2 /
5.6. Data was analyzed with the IGV browser.

cfDNA extraction and quantification

Real-time PCR testing

Frozen plasma samples were thawed and purified
by filtration (Minisart Syringe filter, Sartorius, Göttingen,
Germany). cfDNA was extracted from 4 ml plasma by
using each of the following methods: InviMag® Free
Circulating DNA Kit, (Stratec, Berlin, Germany), minElute
ccfDNA extraction kit (Qiagen, Hilden, Germany),
Maxwell RSC ccfDNA extraction kit (Promega, Madison,
USA) and MagMax cfDNA extraction (Thermo Scientific,
Waltham, USA) on a KingFisher instrument according
to the instruction of the manufacturer. Elution volumes
ranged between 36 and 70 µl (for detailed description
see Table 2). cfDNA quantification was performed by
a fluorescent assay using the Qubit 3.0 Fluorometer
(Thermo Scientific, Waltham, USA).
Qualitative assessment of cfDNA was performed on
a TapeStation 2200 (Agilent Technologies, Santa Clara,
USA) using up to 2 µl cfDNA on a high-sensitivity D1000
tape according to manufacturer instructions.

DNA extracts (2 µl) were tested with the beta
version of LightMix kit 40-0654-64 NRAS-KRAS,
comprising of a multiplex pre-amplification of the gene
regions followed by clamped-probe wild type sequence
suppressing amplification of the four codon regions
12/13, 59/61, 117 and 146 in NRAS and KRAS, and
identification of mutations by running a melting curve,
using a Roche (Mannheim, Germany) cobas z 480
analyzer. KRAS mutation results were confirmed using
LightMix kit 40-0416-09 KRAS 12/13, BRAF mutations
were identified with the LightMix kit 40-0406-96 BRAF,
following the kit instructions.
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NGS library preparation
For this study, we used the Oncomine Lung cfDNA
panel (Thermo Scientific, Waltham, USA) which has a
theoretical limit of detection of 0.1% VAF if using at least
20 ng cfDNA input.
The panel comprises 35 amplicons covering
clinically actionable hotspot mutations from 11 genes
using the proprietary TagSequencing technology. From
each extraction, NGS sequencing libraries using the
Oncomine cfDNA Lung panel were prepared, resulting
in 96 libraries overall. We used the maximum possible
input volume of 13 µl for NGS library generation using
the TagSequencing protocol.
This library preparation method incorporates
unique identifiers (molecular barcodes) in a two-cycle
PCR reaction allowing deduplication of sequenced
reads for increased sensitivity. Following purification
with AmPureXP Beads (Agilent, Santa Clara, USA), a
second PCR (18 cycles) is used for library preparation.
www.oncotarget.com
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