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Background: Cellular-cell free-DNA (ccfDNA) is being explored as a diagnostic and
prognostic tool for various diseases including cancer. Beyond the evaluation of the
ccfDNA mutational status, its fragmentation has been investigated as a potential cancer
biomarker in several studies. However, probably due to a lack of standardized procedures
dedicated to preanalytical and analytical processing of plasma samples, contradictory
results have been published.

Methods: ddPCR assays allowing the detection of KRAS wild-type and mutated
sequences (KRAS p.G12V, pG12D, and pG13D) were designed to target different
fragments sizes. Once validated on fragmented and non-fragmented DNA extracted from
cancer cell lines, these assays were used to investigate the influence of the extraction
methods on the non-mutated and mutated ccfDNA integrity reflected by the DNA
integrity index (DIl). The DIl was then analyzed in two prospective cohorts of metastatic
colorectal cancer patients (RASANC study n = 34; PLACOL study n = 12) and healthy
subjects (n = 49).

Results and Discussion: Our results demonstrate that ccfDNA is highly fragmented in
mCRC patients compared with healthy individuals. These results strongly suggest that
the characterization of ccfDNA integrity hold great promise toward the development of a
universal biomarker for the follow-up of mMCRC patients. Furthermore, they support the
importance of standardization of sample handling and processing in such analysis.

Keywords: circulating tumor DNA, picoliter-droplet digital PCR, cancer biomarker, apoptosis, necrosis, DNA
integrity index, circulating cell-free DNA
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INTRODUCTION

The presence of circulating cell-free DNA (ccfDNA) in body
effluents has been largely described (1), and increased amounts of
ccfDNA have been found in blood samples of patients affected by
several disorders (2) including cancer (3, 4). The main sources of
ccfDNA in healthy individuals have been described as apoptosis,
active cellular release, and necrosis (5). Its integrity (defined as
a metric describing size distribution) may differ depending on
the involved cell-death mechanism and/or on the cell origin.
In particular, it has been suggested that ccfDNA originating
from tumor cells presents a different fragmentation profile than
the ccfDNA originating from healthy cells (6, 7). Nevertheless,
it should be taken into account that ccfDNA extracted from
plasma of cancer patients is therefore composed at various
proportions of tumor and non-tumor ccfDNA fractions. In
recent years, the ccfDNA analysis, and more precisely its tumor
fraction (ctDNA) has been largely developed, for the diagnosis,
prognosis, follow-up, and treatment management of cancer
patients (6, 8). Moreover, recent technological development of
sensitive procedures such as droplet-based digital-PCR (ddPCR)
or newly optimized next-generation sequencing (NGS) have
greatly facilitated such applications (9).

The presence of ctDNA is generally assessed by the detection
of tumor-specific genetic or epigenetic alterations (10-12). The
quantity of ctDNA is suggested to reflect tumor burden and
progression (13). In cancer, it has also been shown that disease-
related cell death may lead to specific profiles of circulating
nucleic acids (5). The ccfDNA integrity has thus been proposed
as a potential non-invasive diagnostic biomarker especially
pertinent in cancer (14, 15).

Quantitative PCR (qPCR) analysis based on the measurement
of the relative amount of DNA amplicons of different sizes has
long been the reference method for DNA integrity assessment
(16-18). A wide range of strategies including high-sensitivity
electrophoresis fragment separation (19) or NGS (20) has now
been developed for such analysis. Even if the characterization
of ccfDNA fragmentation profile has gained increasing interest
in recent years as a cancer biomarker, contradictory results
have been published (6, 16, 21). Such discrepancies could
be linked with differences in the strategies used for ccfDNA
fragmentation analysis. The latest findings tend to demonstrate
a higher fragmentation level for ctDNA than for the non-
tumor ccfDNA fraction (15, 21, 22). Using IntPlex, an optimized
qPCR technique, Mouli¢re et al. found a larger quantity
of smaller fragments in plasma of colorectal cancer (CRC)
patients compared with healthy subjects (23). Jiang et al.
demonstrated by massive parallel sequencing that the size
of ccfDNA in hepatocellular carcinoma (HCC) patients was
inversely correlated with the concentrations of ctDNA in plasma
(20). Comparing fragment lengths from cell-free DNA between

Abbreviations: bp, base pairs; ccfDNA, circulating cell-free DNA; ctDNA,
circulating tumor DNA; ddPCR, droplet-based digital PCR; DII, DNA Integrity
Index; qPCR, quantitative PCR; mCRC, metastatic colorectal cancer; MT, mutant;
NGS, next-generation sequencing; nt, nucleotide; WT, wild-type; KRAS, v-Ki-ras2
Kirsten rat sarcoma viral oncogene homolog.

melanoma patients (bearing BRAF V600E allele) and healthy
subject (BRAF wild-type allele), Underhill et al. observed that
the BRAF V600E mutant allele occurred more commonly at a
shorter fragment length than the fragment length of the wild-
type allele (132-145 bp vs. 165 bp, respectively) (24). Recently,
using a novel technology (BIABooster system) based on electro-
hydrodynamic actuation, we also suggested the pertinence of
total ccfDNA quantification and size profiling for several cancers
including melanoma, CRC, non-small cell lung cancer (NSCLC)
and prostate cancer (19). To circumvent potential bias linked to
the strategy chosen for ccfDNA integrity characterization and to
increase the accuracy of such measurement, there is a growing
need for highly sensitive and specific approaches.

In this article, we developed a ccfDNA integrity index
(DII) dedicated-ddPCR assays and coupled it to fragment-based
analysis by BIABooster system to investigate the pertinence of
the characterization of total ccfDNA integrity in mCRC patients
and propose its potential use as biomarker for mCRC patients.
Moreover, our work also highlighted the crucial importance
of the standardization of the preanalytical strategy for ccfDNA
integrity investigation.

MATERIALS AND METHODS
Patients and Study Design

Samples from two prospective cohorts of mCRC patients were
included for a total of 81 samples. In the AGEO RASANC
cohort, 69 patients were included with plasma samples collected
in BCT Streck Tube (STRECK, Cat. N°:218997) (25). In the
PLACOL cohort, 12 patients were included with plasma sampled
in EDTA Tube (Greiner Bio-One International, Cat. No. 456043)
(26). The basic clinical characteristics of healthy subjects and
mCRC patients included in the study are summarized in
Supplementary Table 1. All samples from AGEO RASANC
study have been analyzed by NGS with the Panel Colon-Lung
Cancer V2 (study results already published) (25). Both studies
have received ethical approval from the “Ile-de-France ethics
committee,” and the patients provided written informed consent.
The research protocols were registered in clinicaltrials.gov
(NCT02502656 and NCT01983098 for AGEO RASANC and
PLACOL studies, respectively).

For both cohorts, the preanalytic conditions including blood
collection tubes and plasma ccfDNA extraction Kkits were
different. We thus added two control groups composed of
samples from healthy patients that we processed with the same
preanalytic conditions.

The DNA integrity was evaluated by ddPCR in 46 mCRC
samples and 49 healthy samples. The size profiling of ccfDNA
was investigated by BIAbooster System in 33 mCRC samples and
10 healthy samples. The workflow of the study is summarized
in Figure 1.

In parallel, to determine the impact of the extraction method
on the ccfDNA integrity, two different ccfDNA purification kits
used in PLACOL and AGEO RASANC studies (respectively, 1°
QIAmp® Circulating Nucleic Acid Kit and 2° RSC Automated
Maxwell) have been compared on eight healthy plasmas. The
workflow of the study is listed in Supplementary Figure 1.
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FIGURE 1 | Workflow of the integrity study. (A) Development of the DIl using the PLACOL cohort (0 = 11 samples analyzed). DNA hasbeen quantified using,
respectively, 60, 86, 164, and 302 bp amplicons. Several combinations have been tested to determine the optimal DNA integrity index. Finally, the 302/60 bp ratio
turned out to be the most clinically relevant. (B) Samples from two prospective cohorts of patients presenting a mCRC were included, AGEO RASANC (n = 67) and
PLACOL (n = 12) cohort with a total of 81 metastatic CRC samples. Circulating cell-free DNA integrity of 34 patients (AGEO RASANC cohort) and 12 patients
(PLACOL cohort) was analyzed by ddPCR, and ccfDNA size profiling of 33 patients (AGEO RASANC cohort) was analyzed by BlAbooster System. As the preanalytic
conditions (blood collection tubes, plasma ccfDNA extraction kits) are different for these two prospective cohorts of patients, the corresponding control groups were
included; 8.5 ml blood per tube from 59 healthy subjects are used as negative controls and split into two groups (control groups A and B). Thirty-four healthy blood
samples were collected in cell-free DNA BCT from Streck, and circulating DNA has been extracted with Maxwell RSC ccfDNA Plasma Kit from the plasma samples
associated, and 25 blood tubes were sampled in EDTA tubes and circulating DNA purified by the QIAmp® Circulating Nucleic Acid Kit (Qiagen) from plasma samples
associated. Among control A and B healthy subjects’ samples, DNA integrity of 49 plasma was analyzed by droplet-based digital PCR, and ccfDNA size profiling of 10

plasma was analyzed by BlIAbooster System.

Plasma ccfDNA Preparation

In the AGEO RASANC and corresponding control group, plasma
from healthy individuals or mCRC patients were collected in
Cell-Free DNA BCT® | Streck tubes and extracted with the use
of the Maxwell RSC ccfDNA Plasma kit (Promega; called Ext.kit
1 in the manuscript) using Maxwell® RSC Instrument.

In the PLACOL study and corresponding control group,
plasma from healthy individuals or mCRC patients were collected
in EDTA tubes and extracted with the QIAmp® Circulating
Nucleic Acid Kit (QIAGEN; called Ext.kit 2 in the manuscript)
according to the manufacturer’s instructions. See Supplementary
Materials and Methods for full protocol description.

Cell Line DNA Extraction, Fragmentation,

and Quantification

DNA was extracted from two cell lines SW620 (mutated KRAS
¢.35G>T, p.G12V) and LoVo cell lines (mutated c.38G>A,
p.G13D) using the QIAamp DNA Blood Mini Kit (QIAGEN)
according to the manufacturer’s instructions and eluted into 200
!l of Tris 10 mM/pH 8 before storage at —20°C.

The extracted DNA was fragmented by sonication
(S220 Covaris Focused-Ultrasonicator sonicator) to obtain
fragments ranging from 50 to 700 bp. The experimental
parameters are described in Supplementary Table2. The
size distribution of fragmented DNA was confirmed by
the miniaturized electrophoresis Caliper system, LabChip®
GX/GXII Microfluidic system (Perkin-Elmer) using DNA assay
5K reagent kit (Perkin-Elmer) (see Supplementary Figure 2 for
size distribution).

Integrity Index Determination

Droplet-Based Digital PCR Analysis

Droplet-based digital PCR assays targeting three frequent
mutations of the KRAS oncogene (p.G13D, p.G12V, or p.G12D)
and its wild-type sequence were designed. These assays allowed
to amplify sequences of 60, 86, 164, and 302 bp for both targeted
mutant (MT) and wild-type (WT) KRAS sequences (probe
bearing a FAM or VIC fluorophore respectively) for each targeted
amplicon size (see Figure 2A; Supplementary Table 3). Droplet
digital PCR was carried out with the Raindrop system (Raindance
Technologies, Bio-Rad) as previously described (25, 26).
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FIGURE 2 | Design and validation of ddPCR assays for ccfDNA integrity analysis with the use of fragmented and non-fragmented cell line DNA. Droplet-based digital
PCR duplex assays amplifying different sizes of KRAS wild-type (WT) and mutant (MT) fragments (60, 86, 184, and 302 bp) were designed and optimized (A). The
LOB for the 302-, 164-, 86-, and 60-bp KRAS assays were, respectively, 0, 0, 3, and 1, irrespective of the mutation status. Fragmented (F) and non-fragmented (NF)
DNA from LoVo (B1, C1) and SW620 CRC line (B2, C2) were used. DNA integrity index (DIl) were analyzed using 302 bp amplicon (corresponding to the long
fragments) and 60, 84, and 184 bp amplicons as short fragments (B1, B2). Percentage of KRAS-mutated alleles for F and NF DNA of each cell lines are given in (C1,
C2). Nevertheless, PCR efficiency of the primers has not been determined by gPCR for each amplicon size on fragmented and unfragmented DNA.
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Detailed Description of Droplet-Based Digital PCR
Assays and DIl Calculation
Tagman® Genotyping Master Mix (Life Technologies) at 12.5 1
was mixed with the assay solution containing: 0.75 pl of 40 mM
dNTP Mix (New England BioLabs), 0.5 pl of 25mM MgCl,,
1 pl 25x Droplet Stabilizer (RainDance Technologies), 1.25 pl
20x Assay Mix containing 8 uM of forward and reverse primers,
4 M of 6-FAM and 4 uM of VIC Tagman®-labeled probes, and
cell line DNA or plasma DNA to a final reaction volume of 25 1.
All PCR assay mixes were prepared as shown in a pre-PCR
room to limit risks of contamination. TagMan® (from Life
Technologies-Thermo Fisher Scientific) probes were tested. In
classic TagMan® assay, the probe bearing VIC-fluorophore (hex
538 nm/hem 554 nm) was designed to be specific to the WT allele,
while the probe bearing FAM-fluorophore (hex 494 nm/hem
518nm) was able to specifically hybridize to the mutated
sequence. The emulsifications of DNA samples were generated

Quantity of fluorescent droplets corresponding to 302 bp fragment (WT)

of fluorescent droplets corresponding to 60 or 86 or 164 bp
fragments (MT)]. These two samples were however excluded
from final statistical analysis.

BlAbooster Analysis

The size profiles and concentration analysis of ccfDNA
from healthy individuals and mCRC patients were also
performed using BIAbooster System (Picometrics technologies,
ID-Solution) as previously described (19). The system is based
on the principle of DNA fragment migration by capillary
electrophoresis coupled to LED-induced fluorescence (LEDIF)
detectors. It allows performing size and concentration analysis
of double-stranded DNA with a sensitivity of 10 fg/pl in an
operating time of 20 min. Based on the quantity of the different
fragments obtained, a ratio highlighting the size distribution
of the tested sample is calculated by BIAbooster technology as
follows (E2):

(E1) DI WT =

(1)

Quantity of fluorescent droplets corresponding to 60 bp fragment (WT)

according to manufacturer protocol (Raindance, Bio-Rad
Laboratories). The emulsion was thermal cycled following the
different PCR programs described in Supplementary Table 4
(PCR programs). After completion, the emulsions were either
stored at 4°C or processed immediately to measure the end-point
fluorescence signal from each droplet.

A limit of blank (LOB) has been calculated as described
previously (1). It is defined by the frequency of positive droplets
measured in genomic DNA (non-mutated) (n = 10 minimum).
The calculated LOB was subtracted from each sample. The LOB
for the 302, 164, 86, and 60 bp KRAS assays were, respectively,
0, 0, 3, and 1, irrespective of the mutation status. Data were
analyzed according to manufacturer’s instructions (Raindance
Analyst Flow-Jo software). Since the number of droplets reveals
the quantity of amplifiable target DNA, the fraction of amplifiable
DNA in patients’ samples could be determined. The number of
droplets was determined using the software RainDrop Analyst
(Bio-Rad Laboratories). All data were normalized to 5,000,000
droplets (corresponding to the theorical number of droplets
generated by automation). A LOB correction (subtraction) has
been performed to calculate the final number of positive MT
droplets. Starting from the same amount of DNA, amplified
fragmented copies of long and short fragments were counted to
calculate the DNA Integrity Index. The PCR programs are given
in Supplementary Table 4.

Starting from the same amount of DNA, DII was
defined as a ratio between the number of amplified copies
of long (302 bp) and “short” (60, 86, and 164 bp) DNA
fragments. DIIs were calculated separately for WT and MT
sequences. An example of DII calculation is as follows:

(E2) ratio =

Detected Quantity of fragments with a size ranging between 110and 239 bp

The description of the statistical analysis is provided in the
Supplementary Materials and Methods.

RESULTS

Validation of ddPCR Assays for ccfDNA
Integrity Analysis Using Fragmented and
Non-fragmented Cell Line DNA as a Model

Even if the characterization of ccfDNA fragmentation profile has
gained increasing interest in recent years as a cancer biomarker,
contradictory results have been published (6, 16, 21). Such
discrepancies could be linked with differences in the strategies
used for ccfDNA fragmentation analysis. The first step of this
study was thus to evaluate the pertinence of ddPCR in this
context using model samples containing DNA of controlled sizes.

Several Tagman® assays targeting KRAS sequence fragments
of different lengths were designed (see Figure2A). We
used mechanically fragmented DNA (sonicated) and non-
fragmented DNA from LoVo and SW620 CRC cell lines
bearing WT and/or MT KRAS genes. Length of fragments
evaluated using the miniaturized electrophoresis Caliper
system, LabChip® GX/GXII Microfluidic system (see section
MATERIALS AND METHODS), varied from 50 to 70 bp to
700 to 800 bp with higher amounts of large-size fragments
(see Supplementary Figure 2). In order to determine the
performance of the developed assay, we compared DII and
mutant allelic fraction determination of fragmented and
non-fragmented DNA of two cancer cell lines (however, PCR
efficiencies of the primers for both types of DNA were not
determined). Using our ddPCR strategy, a stable DII (see

2

Detected Quantity of fragments with a size ranging between 75and 110 bp

For samples (i.e., Placol 5 and RASANC_10) that did not
present detectable 302 bp fragments for the mutated allele,
the DII was evaluated as follows : DII MT < 1/[quantity

equation E1) of 1 was observed when analyzing non-fragmented
DNA (gray bars) from both cell lines (60, 86, and 164 bp
amplicons were used for determination of the quantity of short
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fragments while 302 bp was used for the determination of the
quantity of the long fragment). These results suggested that a
comparable amount of DNA was amplified regardless of the
size of the tested fragments (Figures 2B1,2). When analyzing
fragmented DNA (black bars), DII were inversely correlated
with the size of amplicon selected as short fragments (164, 86,
and 60 bp). Higher amounts of input DNA could be detected
with the shorter amplicons. Meanwhile, as expected, similar
DII were observed for the KRAS MT or WT sequences for both
cell lines (Figures 2B1,B2, MT vs. WT bars). The percentage
of KRAS MT DNA remained stable for the different analyses
(Figures 2C1,C2), suggesting no detection bias of MT sequences
over WT sequences. These results validate the pertinence of the
developed ddPCR assays for the integrity analysis of both mutant
and WT alleles.

Detection of ctDNA Concentration in
mMCRC Patients Depends on the Amplicon

Size Used for ddPCR Assays

Using ddPCR assays in duplex format (as shown in Figure 2A),
KRASWT and MT DNA sequences could be precisely quantified,
allowing to calculate the concentrations of each allele in
the patient’s samples. As shown in Figures 3A1,A2, ctDNA
concentration and its proportion within total ccfDNA was linked
to the targeted amplicon size used in the ddPCR integrity assay
with smaller targeted amplicons leading to the detection of higher
concentration of ctDNA (highlighted by the detection of KRAS
MT alleles). Such results are in favor of a higher fragmentation
of ctDNA and confirmed more efficient detection of ctDNA by
ddPCR assays when targeting short amplicons.

Determination of ctDNA Integrity in mCRC

Patients by ddPCR

Droplet-based digital PCR integrity analysis targeting 60, 86,
and 302 bp amplicons were performed in plasma ccfDNA of
mCRC patients (PLACOL study, n = 12). As expected, a high
fragmentation of ctDNA was observed in ccfDNA. DII results
for the detection of MT allele are, respectively, 0.05 and 0.04
for the 302/86 and 302/60 bp amplicons. For the detection of
WT allele, DII results are, respectively, 0.09 and 0.11 for 302/86
and 302/60. Significant differences between MT and WT alleles
are observed (Wilcoxon test, p = 0.03 and 0.0075, respectively,
for DII 302/86 and DII 302/60). Analysis of the MT fraction of
ccfDNA highlighted an even stronger fragmentation with very
low amount of 302 bp sequences detected compared with the
WT sequence (Supplementary Table 5). The calculated DII of
KRAS WT sequences was found significantly higher than the one
calculated for KRAS MT sequences (Figure 3B, Wilcoxon test, p
< 0.05). Since WT sequences can be released by both normal and
tumor cells while MT sequences by tumor cells only, such results
suggest a higher fragmentation of ctDNA as compared with the
non-mutated fraction of ccfDNA. This was not observed when
using 164 bp amplicon as long fragments for DII calculation
(Figure 3C). Moreover, the concentration and fraction of ctDNA
in patient samples detected by the KRAS MT allele appeared

slightly higher when using 60 bp amplicon compared with the 86-
bp one (Supplementary Figure 3). Based on these results, 60 bp
amplicon was chosen as the short fragment and 302 bp amplicon
as the long fragment to calculate ccfDNA and ¢tDNA DII in the
following ddPCR experiments.

Extraction Conditions Could Influence
ccfDNA Integrity Profiles

No significant differences of DII were observed between eight
healthy plasma samples collected at the same time on K2-EDTA
tube and cell-free DNA BCT® (STRECK) suggesting an absence
of influence of the collection tube on ccfDNA fragmentation
profile. (Supplementary Table 6; Supplementary Figure 4). We
thus mainly focused on ccfDNA extraction methods on the
ccfDNA quantity and DII in this study (workflow is described
in Supplementary Figure 1). The results showed that a higher
quantity of ccfDNA were extracted when using QIAmp®
Circulating Nucleic Acid Kit (Extkit 2) as compared with the
Maxwell RSC ccfDNA Plasma Kit (Ext.kit 1) (see Figure 4A)
although the difference between the concentrations of 60 bp
fragments was not statistically significant (p = 0.45). Moreover,
DIIs calculated by ddPCR on the DNA extracted by the
two methods appeared different (p = 0.0017) (Figure 4B).
Such results confirmed the pertinence of preanalytic condition
standardization not only for ccfDNA integrity determination but
also in general for ccfDNA studies.

Comparison of ccfDNA Integrity Index
Between mCRC Patients and Healthy

Individuals

The DII of ccfDNA determined by ddPCR from both mCRC
patients group were significantly lower than those from
corresponding healthy plasma (Figure 5A1 for AGEO RASANC
study, p = 2.5e—08 and Figure 5A2 for PLACOL study, p
= 1.2e—05). However, when analyzing separately the DII
of the KRAS WT and KRAS MT sequences in the two
patient groups, a significant difference was observed for the
PLACOL study (p = 0.0058) and not for the RASANC study
(p =0.27) (Figures 5A1,A2).

Circulating cell-free DNA size profiles from healthy
individuals and mCRC patients was also compared using
the BIAbooster System (Figures 5B1,B2). To better characterize
small, fragmented DNA fraction, we characterized ccfDNA
fragments between 75 and 110 bp (shorter than mono-
nucleosomal DNA fragment lengths) and between 110 and 239
bp (comprising expected mono-nucleosomal DNA fragment
lengths (140-180 bp). However, since the PLACOL cohort
was extracted using the QIAamp Circulating Nucleic Acid
Kit that implies the use of RNA carrier that can compromise
BIAbooster fragments analysis, only the sample from AGEO
RASANC cohort were analyzed here. As shown in Figure 5B1, a
higher quantity of short fragments (75-110 bp) was observed in
mCRC patients than in healthy individuals (Figure 5B1) and no
difference was found for 110-239 bp fragments. Furthermore,
similar DII differences were observed by ddPCR. The ratio of
the quantity of fragments between 110 and 239 bp and 75 and
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110 bp was also significantly different between mCRC patients
and healthy individuals (Figure 5B2). These results further
reinforced the potentiality of using ccfDNA integrity and its size
profiling as a diagnostic or follow-up tool for mCRC patients.

DISCUSSION

Up to now, most strategies of ctDNA detection are based on
the targeting of tumor-specific mutations which implies the
conception of a numerous assays or large NGS gene panels to
cover a maximum of possible mutations. The use of epigenetic
alterations such as hypermethylated sequences has been recently

described in mCRC (27) but remains cancer specific. The
characterization of DNA integrity has long been suggested
as a potentially “universal” cancer marker (6). However,
contradictory results have limited researchers’ interest, which
drew our attention on the importance of standardization.

The necessary normalization of the preanalytical conditions
has been highlighted (28-30) and is also central to large
research/network initiatives (31). As different clinical studies
could present different preanalytical treatments, it is necessary to
investigate the potential impact of preanalytical methods on the
efficiency of purification of the different sizes of DNA fragments.

Several studies have recalled the impact of the collection tube
on the ccfDNA integrity (32-34). The collection tubes mostly
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differs on their content in preservative agents that prevent blood
cell hemolysis (35). We did not observe such impact in our
study (Supplementary Figure 4). This could be linked to the
low number of healthy individuals studied. It could also be
explain by the fact that the EDTA collection tubes were processed
early after collection within the PLACOL study (26), limiting
unwanted DNA fragmentation. Indeed, it has been shown that
when tubes are not handled adequately, the genomic DNA
coming from the blood cell could be released. This genomic
DNA could both dilute the ccfDNA tumor fraction and disturb
its fragmentation profile. The increase of multicentric clinical
studies and the centralization of the analysis platforms could
cause uncontrolled delays between blood collection and plasma
separation. For these reasons, several ccfDNA preservative tubes
have been developed, such as the BCT Streck tubes used in
this study (36), that could become a reference collection tube
dedicated to liquid biopsy (30).

Recent studies that compared extraction methods for the
isolation of ccfDNA from plasma samples have concluded that
they can affect both ccfDNA yield and fragmentation (32, 37).
Our work confirmed these results showing significant differences
both in terms of fragmentation and ccfDNA concentration.

Originator studies that have analyzed the DNA integrity in
cancers, relied on the qPCR analysis of repetitive unspecific
DNA sequences (ALU, LINEL1) (16). Recent works however, have
been developed to specifically measure integrity indexes while
targeting cancer-specific mutated sequences by qPCR (23). These
studies are nevertheless limited by the sensitivity and accuracy
of basic bulk PCR techniques. Emerging methods based on
droplet-based digital PCR could reach both high sensitivity and
accuracy (38, 39) especially when following the Digital MIQE
Guidelines (40). Moreover, innovative procedures have also
been developed for fragment-based highly sensitive detection

(19, 24). Our results demonstrated, using two independent
strategies, a significant difference of ccfDNA fragmentation
in plasma of mCRC patients compared with healthy subjects.
Moreover, when specifically targeting the fraction of ccfDNA
bearing cancer-specific mutations (and thus discriminating
ctDNA) by ddPCR, significant differences were also observed
between DNA bearing cancer-specific mutation(s) and non-
mutated DNA in the patients from the PLACOL cohort. Such
results confirmed the high fragmentation of ctDNA (with
most fragments below 150 bp as highlighted by both strategies
used), which is consistent with other studies (18, 41, 42).
BIAbooster system provided complementary data to the ddPCR
assay, evoking that a major part of the ctDNA could even be
smaller than 110 bp (Figure 5B1; Supplementary Figure 5).
The two methods lead to complementary information. Indeed
digital-PCR assay quantifies amplifiable DNA fragments
larger than a chosen size (i.e, if a 60-bp amplicon is
amplified, detected DNA fragments be larger than 60 bp
including the targeted sequence) whereas BIAbooster system
determines the quantity of DNA fragments within a given size
range (for example, between 75 and 110 bp).

In addition to pursuing the development of DII measurement
of ccfDNA as a universal cancer marker, such results have
strong implications with regard to future assay design. Indeed,
we showed that assay targeting short amplicons allowed
more sensitive and precise quantification of ctDNA, which
is especially relevant for the analysis of low concentrated
plasma samples. Interestingly, using IntPlex, Mouliere et al.
demonstrated that the targeting of small fragments within
ccfDNA permits to increase the efficiency of the detection
of ctDNA (23). In a more recent work, they also improved
the detection of ctDNA by analyzing the shorter fragments
after adding an either in vitro or in silico size selection step
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(25)] and PLACOL samples [ddPCR targeting 86 bp amplicon, Garlan et al. CCR. (26)]. Linear regression model is given in Supplementary Figure 6.

(43). Xiao Liu et al. also enhanced the detection of pancreatic
cancer by developing a new single-strand library preparation
and hybrid-capture-based ccfDNA sequencing (SLHC-seq) to
analyze small ccfDNA fragments (<100 bp) (44).

In conclusion, with the combined consideration of the
importance of the standardization of preanalytical and
analytical procedures as well as the increase of the sensibility
and accuracy of analytical methods, the measure of DNA
integrity should be an interesting parameter to develop
new clinical biomarker in oncology. In particular, even if
differences have been observed between sample preparation
procedures, the crucial point appeared to ensure method
consistency within a single study. Indeed, even if the ext.kit
2 may allow for highest purification of small DNA fragments
(and thus probably of tumoral DNA enriched fraction) as
compared with extkit 1, it also seems to lead to strongest
variations in extraction efficiency (see Figure 4).Further
analyses, involving a larger number of samples are required

to allow for definitive conclusions. Moreover, the described
procedures will allow conducting similar studies on newly
developed ccfDNA extraction kits. The optimizations of the
described ddPCR method could involve the development
of multiplex assay that allows the measurement of different
fragment sizes in a single pot. Yet, the limited number of patients
in our study also requires further investigations. Another
limitation is that we limited our analysis to patients with mCRC.
Moreover, to fully validate the DII as cancer biomarker, further
investigations about the cfDNA biology, in particular about
the potential influence of aging on cfDNA fragmentation could
be of interest. In order to assess its role in a more general
setting, further studies should involve various cancer stages
as well as other primary tumors. Moreover, investigating the
processes leading to the observed differences of fragmentation
profiles between tumor and healthy cells derived DNA would
greatly contribute to the use of DII measurement as a
universal cancer marker.
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