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Biology of Human Tumors

Circulating DNA as a Strong Multimarker
Prognostic Tool for Metastatic Colorectal Cancer
Patient Management Care
Safia El Messaoudi1,2,3,4, Florent Mouliere1,2,3,4, Stanislas Du Manoir1,2,3,4,
Caroline Bascoul-Mollevi1,2,3,4,5, Brigitte Gillet6, Michelle Nouaille7, Catherine Fiess8,
Evelyne Crapez1,2,3,4, Frederic Bibeau1,2,3,4,9, Charles Theillet1,2,3,4, Thibault Mazard1,2,3,4,10,
Denis Pezet6, Muriel Mathonnet7, Marc Ychou1,2,3,4,10, and Alain R. Thierry1,2,3,4

Abstract

Purpose: Circulating cell-free DNA (ccfDNA) is a valuable
source of tumor material obtained from a simple blood sam-
pling that enables noninvasive analysis of the tumor genome.
Our goal was to carry out a multiparametric analysis of ccfDNA
and evaluate its prognostic value by investigating the overall
survival (OS) of 97 metastatic colorectal cancer patients
(mCRC).

Experimental Design: Qualitative parameters (determination
of the main KRAS exon2 and BRAF V600E mutations) and
quantitative parameters (total ccfDNA concentration, mutant
ccfDNA concentration, the proportion of mutant ccfDNA, and
ccfDNA integrity index) were determined simultaneously in a
single run using a unique Q-PCR multimarker approach (100%
success rate).

Results: The median follow-up time was 36 months and
median OS was 22 months. Patients showing high ccfDNA levels

had significantly shorter OS (18.07 months vs. 28.5 months, P ¼
0.0087). Moreover, multivariate analysis revealed that a high
ccfDNA level is an independent prognostic factor (P ¼ 0.034).
All ccfDNA parameters were of prognostic interest: patients with
higher levels ofmutant ccfDNA and highermutation loads for the
detected mutations had shorter OS (P ¼ 0.0089 and P ¼ 0.05,
respectively). In addition, the level of ccfDNA fragmentation
correlated positively with decreased OS in the exclusive KRAS/
BRAF-mutant cohort of patients (P ¼ 0.0052) and appeared as a
strong independent prognostic factor (P¼0.0072),whereas itwas
not significant in the exclusive KRAS/BRAFWT cohort of patients
(P ¼ 0.67).

Conclusions: Our data provide for the first time qualita-
tive and quantitative evidence in favor of multiparametric
ccfDNA analysis in mCRC patients for prognostic assessment.
Clin Cancer Res; 22(12); 3067–77. �2016 AACR.

Introduction
A strong need exists for a noninvasive tool to improve the

prognosis evaluation of colorectal cancer patients, particularly for
patients in the early stage aswell as for stratifying stage IV patients.
The current prognostic gold standard for colorectal cancer patient
classification remains the TNM classification (1). Metastatic colo-
rectal cancer patients (mCRC) show a broad range of outcomes.
No prognosis-validated biomarker is currently available for
mCRC management (2). Several prognostic factors have been
reported in the literature as predictors of mCRC patient survival:
number of hepatic metastases, node-positive compared with
node-negative primary, poorly differentiated compared with well
ormoderately primary, extra-hepatic disease comparedwith liver-
only disease, tumor diameter, positive compared with negative
resectionmargins, MSI versus MSS status and the carcinoembryo-
nic antigen (CEA) level (3). Nonetheless, the CEA level is mea-
sured in current clinical practice at the time of diagnosis to
establish disease prognosis and constitutes a tool for disease
follow-up. However, CEA is not specific to colorectal tumors or
to the tumor process. Hence, there is an urgent need for a
colorectal tumor-specific noninvasive biomarker.

Circulating cell-free DNA (ccfDNA) is a potential source of
tumor material, obtained by simple blood sampling, enabling
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noninvasive, quantitative, and qualitative analysis of the tumor
genome. Tumor cells release ccfDNA, which exhibits the genetic
and epigenetic alterations of the tumor of origin (4). The
clinical significance of tumor-derived ccfDNA released in the
blood of patients with colorectal cancer has already been
investigated as a prognostic tool in previous studies using
various technologic approaches (5–9). In a recent large
meta-analysis, a high correlation between ccfDNA concentra-
tion and mCRC patient survival was observed, revealing that
patients with relatively low levels of ccfDNA lived significantly
longer than patients with higher levels (6). The relevance of
ccfDNA levels for the prognosis of other cancer types has also
been described, including advanced breast cancer (10), lung
cancer (11, 12), prostate cancer (13), pancreatic cancer (14),
and other cancer types (15).

However, themajority of these studies have focusedon the total
ccfDNA concentration in the blood or on the detection of genetic
or epigenetic alterations (16–20). Moreover, the relationship
between total ccfDNA concentration and outcomemay be biased
because an increase in the level of total ccfDNA might also be
indicative of non-cancerous disease, such as inflammation or
trauma (16). Thus, recent studies on the clinical application of
ccfDNA have mainly focused on qualitative analysis such as the
presence of mutations (5). The ccfDNA fragmentation level has
been also investigated as a predictive tool for cancer progression
(21–23).

On the basis of our observations on their structures and origins,
we designed Intplex, an allele-specific, Q-PCR–based system
specifically adapted for ccfDNA analysis (24). With using this
method, we reported the first clinical validation in oncology by
testing the presence of KRAS/BRAF point mutations in a cohort of
106 mCRC patients (25). The Intplex method enables simulta-
neous determination of the total ccfDNA concentration, point
mutation detection, mutant ccfDNA concentration, mutation
load (% of mutant ccfDNA among total ccfDNA), and ccfDNA
integrity.

Here, we examined overall survival (OS) of 97 mCRC patients;
this is the largest cohort of mCRC patients studied for potential
prognostic interest of ccfDNAanalysis. Thefive Intplex parameters
were simultaneously determined for the first time in all patients.
We investigated the value of these parameters according to OS by

univariate and multivariate analysis. The results were compared
with the prognostic value of the CEA.

Materials and Methods
Patients

Ninety-seven mCRC patients recruited from 3 clinical centers
were analyzed to investigate the prognostic value of qualitative
and quantitative parameters determined from ccfDNA analysis.
Specific characteristics of this patient cohort were described pre-
viously under the STARD criteria (25). Eligible patients weremale
or female, age � 18 years, with histologically confirmed mCRC.
Patients had measurable disease as defined by the Response
Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1)
and were not treated by chemotherapy or radiotherapy in the 4
weeks before the enrollment. Written, informed consent was
obtained from all participants before the onset of this noninter-
ventional study. According to the French Public Health Code
Article L1131-1 and the following articles, no specific ethical
approval is required for this type of study.

Specimen characteristics and preparation
Samples were handled accordingly with a pre-analytic guide-

line previously established by our group (26). Briefly, 4mL blood
samples were collected in K3 EDTA tubes. Plasma was isolated
within 1hour after drawing blood. The isolationprocess consisted
in a two-step centrifugation. First, blood tubes were centrifuged
for 10 minutes in a Heraeus Multifuge LR centrifuge with a speed
spin of 1,200 � g and a temperature of 4�C. Supernatant was
collected, and the buffy coat was avoided with precaution. The
collected supernatant was centrifuged a second time to remove
any possible remaining cells. This second centrifugation step was
performed for 10minutes at 4�C and with a spin speed of 16,000
� g. Plasma supernatant was then transferred in a 1.5 mL tube,
extracted immediately after or stored at �20�C.

CcfDNA extraction was performedwith the Qiagen BloodMini
Kit, and by following themain steps of the "Blood and body fluid
protocol." However, we modified two elements: during the
extraction, 1 mL of plasma was processed sequentially in one
column. Then, ccfDNA was eluted in 130 mL of elution buffer.
Eluted ccfDNA was stored at �20�C before Q-PCR analysis.
Freeze-thawingwas avoided to reduce fragmentation of the eluted
ccfDNA, and no extracts were conserved for more than three
months at �20�C.

Assay methods
Intplex is a Q-PCR–based method specifically aimed at analyz-

ing ccfDNA. Intplex is based on a nested design, where two short
amplicons (60–100 bp� 10 bp) are implemented among a larger
amplicon (300 � 10 bp). One of the short amplicons targets a
specific locus hotspot of interest (KRAS codon 12, 13 or BRAF
codon 600 in our experiments, but it is applicable to other point
mutations). The other short amplicon is designed for amplifying a
wild-type (WT) sequence. This amplicon quantification provides
an estimation of the total concentration of ccfDNA fragment
sequences either when targeting KRAS or BRAF sequence (Ref A
KRAS and RefA BRAF). Intplex methodology, primer design and
validation have been described previously (24, 25).

In all plasma samples, total ccfDNA concentration (ref A),
positivity for a mutation, mutant fragments concentration (mA),
mutated allele frequency (mA%), and the DNA integrity index

Translational Relevance

There is an urgent need for a colorectal tumor–specific
biomarker beside the TNM classification. Here, we study the
prognostic potential of circulating cell-free DNA (ccfDNA)
analysis according to a multiparametric approach by a sensi-
tive and specific analytic systemwe previously validated for its
diagnostic and theragnostic capacities. This noninvasive anal-
ysis simultaneously provided qualitative (determination of
the main KRAS and BRAF mutations) and quantitative (total
ccfDNA concentration, mutant ccfDNA concentration, the
proportion of mutant ccfDNA, and ccfDNA integrity) infor-
mation from a simple blood sampling. Each of this parameter
significantly correlatedwith overall survival and showedmuch
higher prognostic value than CEA, revealing that multimarker
ccfDNA analysis could bring new insights in the management
care of colorectal cancer patients.
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(DII) were determined with an analysis flowchart detailed in a
previous study by our team (24, 25).

Quality controlwas oneof the assets of themethodused. First, a
stringent pre-analytic guideline ensured the integrity of plasma
DNA and potentially excluded samples due to non-proper blood
or plasma handling (26). Numeric traceability guaranteed proper
sample archiving in a specific blood collection bank for colorectal
cancer plasma samples at Dr. Thierry's Laboratory (no. DC-2013-
1931). Quality control of the ccfDNA concentration benefited
from the determination of two values by targeting two different
WT sequences in two different genes (BRAF and KRAS). Samples
with concentration values below our quality threshold (concen-
tration belowminimal value obtained fromplasma samples from
healthy donors) revealing sample mishandling following blood
collection or for unknown reason were excluded. The coefficient
of variation of the ccfDNA concentration from a blood sample
was determined as 24% (24). In each single run, negative and
positive controls were quantified for each mutations and one
standard curvewas prepared.Q-PCR amplificationwas controlled
by melt curve differentiation. RT-PCR assay were carried out in
duplicate.

The concentration obtained when targeting the mutant
sequence corresponded to the concentration of the alleles bearing
the mutation (mA). The proportion of mutant allele (mutation
load, mA%) was determined by quantifying the relative ratio
between mA and Ref A.

The degree of ccfDNA fragmentation was assessed simulta-
neously by targetingKRAS and BRAF sequences from each plasma
DNA sample by calculating the DII (DII KRAS andDII BRAF). The
DII was determined by calculating the ratio of the concentration
determined using the primer set amplifying a large target (300
�10 bp) to the concentration determined using the primer set
amplifying a short target (<100 bp; ref. 24).

Details of the Q-PCR program, the ccfDNA quantification
system, the Q-PCR reaction and the primer designs are described
in the supporting information.

Study design and statistics
Sample size justification of the cohort is described in Supple-

mentary Methods. The study was performed according to the
REMARK criteria. Blood for ccfDNA analysis was collected around
the date of firstmetastatic diagnosis [median: 1.3months (0–39)]
of delay after first metastatic diagnosis. CEA measurements were
taken in the 2months preceding or following the blood sampling
for ccfDNA analysis. None of the patients included in the cohort
have been treated by chemotherapy or radiotherapy between CEA
analysis and blood drawing for ccfDNA analysis. Data were
summarized by frequency for categorical variables, and by medi-
an and range values for continuous variables. OS was calculated
from the date of first metastatic diagnosis to the date of death.
Survival rateswere estimatedusing theKaplan–Meiermethod and
the log-rank test was used to identify the prognostic variables.
Univariate analysis was performed for each ccfDNA parameter,
CEA, and clinical parameters. One univariate analysis has been
realized on the entire cohort (N ¼ 97) and another has been
studied in the exclusive KRAS/BRAF–mutant cohort (N ¼ 43).
Age, localization of the tumor, CEA, Ref A KRAS, RefA BRAF, and
mutant status were implemented in a multivariate COX propor-
tional hazardsmodel for analysis on the entire cohort. mA,mA%,
mutant status, CEA, Ref A KRAS, DII KRAS, and DII BRAF were
included for the multivariate analysis model on the mutant

cohort. Statistical analysis was performed using the STATA 11.0
software (StataCorp LP).

Results
Patient characteristics and study design

Patient baseline characteristics, number and localization of
metastasis, and number of previous lines of therapy are listed
in Table 1.

Of note, 106 mCRC patients were initially included in this
study in the period between July 2010 and December 2012. Eight
patients were excluded from the study because of irrespective
inclusion criteria (volume of plasma at least of 2 mL and ccfDNA
concentration at least of 5 ng/mL of plasma) and one was lost
from sight. Qualitative parameters (determination of the main
KRAS exon2 and BRAF V600E mutations) and quantitative para-
meters (total ccfDNA concentration, mutant ccfDNA concentra-
tion, the proportion of mutant ccfDNA, and ccfDNA integrity
index) were determined simultaneously in a single run using a
unique Q-PCR multimarker approach (100% success rate). Total
ccfDNA concentration and DII determined both by targeting
KRAS and BRAF WT sequences were available for 97 mCRC
patients. We could obtain CEA values in the conditions of delay
betweenCEA analysis and ccfDNA analysis for 83mCRCpatients.
Forty-three patients harbored a KRAS or BRAF mutation and mA
andmA%were determined for each of thesemutations. The study
flowchart is described in Fig. 1.

The median follow-up time was 36 months (0–104 months).
Median OS was 22 months, which is consistent with current data
on OS of mCRC patients (from 18 to 24 months). OS data are
described in Supplementary Fig. S1.

Table 1. Patient's baseline characteristics

Patient's characteristics
N ¼ 97 (%)

Centre
ICM Montpellier 25 25.8
CHU Clermont-Ferrand 22 22.7
CHU Limoges 50 51.5

Age
Median (min–max) 66.6 36–87
Missing data 4

Gender
Male 58 59.8
Female 39 40.2

Localization tumor primitive
Right colon 22 22.7
Left colon 41 42.2
Rectum 34 35.1

Primary tumor in place
No 44 45.4
Yes 53 54.6

Synchronous metastasis
No 80 82.5
Yes 17 17.5

No. of metastatic sites
1 51 54.3
>1 43 45.7
Missing data 3

Chemotherapy
Na€�ve 62 63.9
Neoadjuvant/adjuvant 25 71.4
Palliative (N ¼ 13)
1 line metastatic 5 38.5
�2 lines metastatic 8 61.5
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Univariate analysis of clinical variables. Relation between OS and
number of metastatic sites was evaluated in 94 mCRC patients.
Categories were 1 metastatic site or more than 1 site. Univariate
analysis revealed that there was no significant relation between
number of metastasis and OS [P ¼ 0.489; HR, 1.071; 95%
confidence interval (CI), 0.73–1.96]. When dichotomizing
patients around 65 years, there was no statistic significant relation
with OS (log-rank t test: P¼ 0.058; HR, 1.64; 95% CI, 0.98–2.76;
N ¼ 93). Regarding the gender, there was no statistical difference
betweenmen andwomen (log-rank t test P¼ 0.77; HR, 0.93; 95%
CI, 0.56–1.54; N ¼ 97). Tumor localization seemed to be of
prognosis value because there was a statistical relation with OS.
Median OS for right colon cancer patients was of 15.2 months
(N ¼ 22), it was of 20.03 months for left colon cancer patients
(N ¼ 41) and of 31.03 months for rectum cancer patients (N ¼
34). Statistical difference was observed for the median OS
between right colon cancer and rectum cancer groups (P ¼
0.053; HR, 2.09; 95% CI, 0.99–4.43) and between left colon and
rectum cancer groups (P ¼ 0.018; HR, 1.98; 95% CI, 0.73–1.96).

CcfDNA analysis
The median total concentrations Ref A KRAS and Ref A BRAF

were 26ng/mL (2.58–1,386.9) and27.6 ng/mL (1.12–1,227.2) of
plasma, respectively (Table 2). The median DII for KRAS and
BRAF were 0.12 and 0.11, respectively. ccfDNA analysis revealed
that 38 mCRC patients (39% of the cohort) were mutant for one
of the seven KRAS mutations tested and 5% of the cohort
exhibited a BRAFV600Emutation. The results were fully validated
in a blinded study comparing the mutant status determined from
tumor tissue using the STARD criteria (25). Concordance rate was
96%. Four percent of samples were discordant; this might be due
to intratumoral heterogeneity and clonal heterogeneity between
primary tumor and paired metastasis. For those samples, tumor-
tissue analysis was realized on primary tumor while blood sam-
pling for ccfDNA analysis was realized after tumor resection. In
this cohort, the median mutant ccfDNA concentration deter-
mined was 3.06 ng/mL (0.04–507) of plasma. Median mutation
load (mA%) was 10.72% (0.51–64.2). Detailed data for each
patient are described in Supplementary Table S1. Each of the
ccfDNA parameter has been studied for its relation with the
following clinical parameters: Tumor localization, number of

metastatic sites, presence of the primary tumor at time of blood
sampling, and differentiation of the tumor. Detailed data and
figures are presented in Supplementary Fig. S2 and Supplemen-
tary Table S2. Note, as illustrated and detailed in Supplementary
Data, there is a significant correlation between tumor burdenwith
Ref A KRAS, Ref A BRAF, mA and CEA (Supplementary Informa-
tion: relation with tumor burden).

CEA value
Median CEA concentration determined from the 83 mCRC

patients whom we obtained CEA values in the conditions of
delay between CEA analysis and ccfDNA analysis was 16.2 mg/L
(0.57–1,999.7) of plasma.

OS analysis on the entire cohort
Relation between CEA andOS. Patients with lower CEA levels than
the median concentration (16.2 mg/L) presented a median OS of
28.1months comparedwith 17.8months for patients with higher
levels (P¼ 0.088;HR, 1.60; 95%CI, 0.99–2.16),N¼ 83; Table 3).
Nevertheless, patients with lower CEA levels than the current
clinical threshold of significance (5mg/L) had amedianOSof 27.2
months compared with patients with higher levels with amedian
OS of 21.7 months (P ¼ 0.48; HR, 1.24; 95% CI, 0.68–2.25; Fig.
2A and Table 3).

Correlation of mutant status with OS. PatientsWT forKRAS exon 2
and BRAFV600E showed a median OS of 21.9 months compared
with 20.9 months for KRAS-mutant mCRC patients and 3.4
months for BRAF-mutant mCRC patients (Table 3). Kaplan–
Meier survival curves were established (Fig. 2B) for each mutant
status. No statistic differences in OS was found between the WT
(N ¼ 54) and KRAS-mutant mCRC patients (N ¼ 38; P ¼ 0.675;
HR, 1.11; 95% CI, 0.67–1.95). However, there was a statistically
high significant difference between the median OS of BRAF-
mutant patients (N ¼ 5) and KRAS-mutant patients (N ¼ 38;
P < 0.0001; HR, 6.106; 95% CI, 5.72-6.45). Median OS of WT
patients showed a statistically high significant difference when
comparedwith BRAF-mutant patients (P < 0.0001;HR, 8.93; 95%
CI, 3.13-25.4; Fig. 2B and Table 3).

Higher total ccfDNA concentration is statistically correlated with a
decrease in OS. Patients with Ref A KRAS (total ccfDNA concen-
tration determinedwithKRASprimer set) below themedian of 26
ng/mL of plasma had a median OS of 28.5 months compared
with 18.07 months for patients with Ref A KRAS higher than
the median (P ¼ 0.0087; HR, 1.94; 95% CI, 1.17–3.20; Fig. 2C).
We observed also a significant statistical difference when analyz-
ing Ref A BRAF (total ccfDNA concentrations determined with
BRAFprimers sets): Patients with Ref A BRAFbelow27.6 ng/mLof
plasma had a median OS of 24.5 months compared with 20.5
months for patients with higher levels (P¼ 0.013; HR, 1.55; 95%
CI, 1.13–3.11; Fig. 2D). Statistically significant differences were
also determined when comparing with the second tertile value of
Ref A KRAS or BRAF (P ¼ 0.013 and 0.011; HR, 1.89 and 1.92;
95% CI, 1.14–3.15 and 1.15–3.19, respectively; Table 3).

CcfDNA fragmentation and OS. ccfDNA fragmentation was eval-
uated in 97 mCRC patients on both KRAS and BRAF using the
DII. Patients showing higher DII KRAS (DII determined with
KRAS primer set) than the median value (0.12) had a higher

Figure 1.
Study flowchart. Abbreviations: WT, wild-type for the KRAS and BRAF
mutations tested; Ref A KRAS, total ccfDNA concentration as determined by
targeting a WT KRAS sequence; Ref A BRAF, total ccfDNA concentration as
determined by targeting aWTBRAF sequence; DIIKRAS, DNA integrity index
determined using KRAS primer set; DII BRAF, DII determined using BRAF
primer set; mA, mutant ccfDNA concentration; mA%, mutation load (% of
mutant ccfDNA among total ccfDNA).
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median OS than patients with lower levels (23.07 months vs.
19.2 months; Table 3). This observation was the same when
analyzing DII BRAF (DII determined with BRAF primer set):
patients with a DII higher than the median (0.119) had a
median OS of 23.07 months compared with 17.17 months
for patients with highly fragmented DNA. When analyzing the
first tertile of DII BRAF (0.07), a significant difference was
shown, although not statistically, between the two groups of
patients (P ¼ 0.08; HR, 1.62; 95% CI, 0.95–2.78; Table 3). It

seemed that a higher level of fragmentation had a tendency to
be correlated with worse prognosis.

Multivariate analysis on the entire cohort.CcfDNA parameters that
were found to be highly significant in univariate analysis, BRAF
mutant, Ref A KRAS, and Ref A BRAF (total ccfDNA concentra-
tion), CEA, tumor localization, and age were included in a
multivariate Cox proportional hazards model on the entire
cohort. Results showed that total ccfDNA concentration appeared

Figure 2.
OS analysis on the entire cohort. A, Kaplan–Meier survival curve and log-rank test according to CEA dichotomized around the standard threshold of 5 mg/L (N¼ 83).
B, Kaplan–Meier survival curve and log-rank test according to the mutant status determined by ccfDNA analysis (N ¼ 97). C, Kaplan–Meier survival curve
and log-rank test according to Ref AKRAS determined by ccfDNA analysis dichotomized around themedian (26 ng/mL,N¼ 97). D, Kaplan–Meier survival curve and
log-rank test according to Ref A BRAF determined by ccfDNA analysis dichotomized around themedian (27.6 ng/mL, N¼ 97). Abbreviations: WT, wild-type for the
KRAS and BRAF mutations tested; Ref A KRAS, total ccfDNA concentration as determined by targeting a WT KRAS sequence; Ref A BRAF, total ccfDNA
concentration as determined by targeting a BRAF WT sequence.
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statistically as a strong independent prognostic factor (P¼ 0.034;
HR, 1.73; 95%CI, 2.56–21.2), as well as BRAF-mutant status (P¼
0.002; HR, 7.33; 95% CI, 1.04–2.89).

OS analysis in the mutant cohort
Higher mutant ccfDNA concentrations are statistically correlated
with shorter OS. KRAS or BRAF-mutant mCRC patients with a
mA (mutant ccfDNA concentration) below the median of 3.06
ng/mL of plasma had a median OS of 31.6 months (Fig. 3A).
For mutant mCRC patients with higher levels, the median OS
was 11.3 months (P ¼ 0.0089; HR, 2.7; 95% CI, 1.25–5.93).
When studying the second tertile, this observation was con-
firmed (P ¼ 0.0071; HR, 2.7; 95% CI, 1.28–5.78; Table 3). The
presence of BRAF–V600E mutation is known to be strongly
correlated with a decrease in patient survival (27). To avoid the
influence of BRAF V600E mutation poor prognosis on OS
analysis, we also analyzed this parameter exclusively in
KRAS-mutant mCRC patients (N ¼ 38). We found that mA
was still correlated with outcome: Patients with lower mA than
the second tertile presented a median OS of 31.6 compared
with 11.4 months in patients with a higher mA (P ¼ 0.0089;
HR, 2.72; Supplementary Fig. S3).

Patients with high mutation load have statistically reduced OS.
Mutant mCRC patients with mutation loads (mA%) lower than
10.72% (median mA% of the full cohort) had a median OS of
31.6months comparedwith 11.4months for patients with higher
levels (P ¼ 0.15; HR, 2.8; 95% CI, 0.82–3.62). Although the
median OS of the latter group was less than half than that of the
former group, there was no statistical difference. This tendency
was confirmed with different thresholds: When studying the first
tertile (4.14%), the median OS of patients with low mA% was
34.6months comparedwith 13.9months for patients with higher
levels (P ¼ 0.05; HR, 2.29; 95% CI, 0.97–5.44; Fig. 3B). When
analyzing the second tertile (15.9%), patients with low mA%
presented a median OS of 22.1 months compared with 11.3
months for patients with higher levels (P ¼ 0.08; HR, 1.93;
95% CI, 0.9–4.21; Table 3). When the 5 patients exhibiting a
BRAF V600E mutation were removed from the evaluated cohort,
we observed that there was a trend showing a difference in OS for
patients with low mA% with a median OS of 31.6 months
compared with patients showing higher levels as the median OS
decreased to 17.3 months (P ¼ 0.11; HR, 1.827; Supplementary
Fig. S4).

Higher total ccfDNA concentration and fragmentation are correlat-
ed with decreased OS. Ref A KRAS and DII KRAS (total ccfDNA
concentration and DII determined with KRAS primer sets) were
highly significant in univariate analysis in themutant cohort (P¼

0.016 and0.0052;HR, 2.58 and0.26; 95%CI, 1.16–5.78 and0.1–
0.71, respectively, N ¼ 43; Fig. 3C and D) whereas CEA was not
significant (P ¼ 0.81; HR, 0.89; 95% CI, 0.35–2.28; Fig. 3E).

Multivariate analysis Implementation in a multivariate Cox pro-
portional hazards model revealed that Ref A KRAS appeared as an
independent prognostic factor (P¼ 0.057; HR, 3.67;N¼ 43) and
that DII KRAS appeared as a strong independent prognostic factor
(P ¼ 0.0072; HR, 3.57; N ¼ 43). Note that when studying DII
KRAS in the exclusive WT patients cohort, it did not appear of
prognostic value (P ¼ 0.67, N ¼ 54, data not shown).

Discussion
Several reports have already described the potential impact of

ccfDNAon the prognosis of patient outcome in terms of eitherOS
or progression-free survival (6, 9, 28, 29). Most of these previous
publications were oriented to analyze the correlation between an
increase in the total level of ccfDNAwith a decrease in PFS andOS.
Other analytic parameters exhibited by ccfDNA, such as fragmen-
tation levels, epigenetic alterations, or allelic frequencies for a
particular mutation have not been studied extensively. In this
study, simultaneous determination of five parameters by ccfDNA
analysis on a cohort of 97 mCRC patients allowed us unprece-
dentedly to assess the strong prognostic significance of multi-
parametric ccfDNA analysis. Analysis of the prognostic signifi-
cance of each parameter was studied by dichotomizing the pop-
ulation to the median value in univariate analysis. Multivariate
analysis was realized by assessing each parameter found statisti-
cally significant in univariate analysis.

First of all, we confirm the usefulness of point mutation
detection by ccfDNA analysis as a prognostic tool. Our data
showed the previously established prognosis influence of
BRAF V600E (P < 0.0001; HR, 8.93; 95% CI, 3.13–25.4; ref. 30).
However, there was no difference, in our cohort, in OS between
WT and KRAS-mutant patients (P ¼ 0.675; HR, 1.11; 95% CI,
0.67–1.85), although some authors have reported that the
presence of KRAS mutation is indicative of poor outcome
(31). Nevertheless, literature analysis tends to show that there
is sometimes confusion around the terms prognostic and
prediction of therapeutic response. Indeed, KRAS point muta-
tions are more correlated to anti-EGFR resistance than to
outcome (32).

Next, we showed that high levels of total ccfDNA concentration
were strongly correlated with poor outcome in mCRC patients.
This observation has already been reported (6). Nevertheless, it is
the first time, to our knowledge, that this parameter has been
studied simultaneously on two different genes by targeting either
aKRAS or a BRAFWT sequence highlighting the robustness of our

Table 2. Median value and range of the five studied parameters as determined by ccfDNA analysis

KRAS BRAF

Median total ccfDNA concentration (ng/mL of plasma) 26.0 (2.58–1,385) 27.6 (1.12–1,227.15)
Mutation frequency in cohort (n) 38 5
Median DII 0.12 (0.0006–0.93) 0.11 (0.003–0.85)

Median mutant ccfDNA concentration (ng/mL of plasma) 3.06 (0.04–507.6)
Median mutation load (mA%) 10.72 (0.51–64.2)

Median CEA concentration (mg/L of plasma) 16.2 (0.57–19,997)

Abbreviations: mA%, mutation load (% of mutant ccfDNA among total ccfDNA).
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analytic process and the robustness of the prognostic significance
of total ccfDNA concentration. Previous observations of our
group on xenografted mice have shown the strong correlation
between tumor volume and ccfDNA concentration (33), and

other works have showed that ccfDNA concentration is positively
correlated to tumor burden (7, 28, 34).

Spindler and colleagues (8) revealed the correlation between
the concentration of mutant ccfDNA (mA) and OS. Our study

Table 3. OS analysis on the entire cohort

Death occurrence Median OS (Mo) HR (95% CI) P

CEA (mg/L)
�Median: 16.2 mg/L 23/42 28.1 1.00 (0.99–2.16) 0.088
>Median: 16.2 mg/L 30/41 17.8 1.30
�5 mg/L 15/23 27.2 1.00 (0.68–2.25) 0.48
>5 mg/L 38/60 21.7 1.24

KRAS mutant status
WT 40/59 21.9 1.00 (0.67–1.85) 0.675
Mutant 24/38 20.9 1.11

BRAF mutant status
WT 59/92 21.9 1.00 (3.13–25.4) <0.0001
Mutant 5/5 3.4 8.93

KRAS or BRAF mutant
KRAS mutant 24/38 20.9 1.00 (5.72–6.487) <0.0001
BRAF mutant 5/5 3.4 6.106

Ref A KRAS (ng/mL)
�1st tertile: 15.6> 19/32 22.23 1.00 (0.465–1.635) 0.253
>1st tertile: 15.6 45/65 21.17 1.05
�Median: 26.0 26/49 28.5 1.00 (1.17–3.20) 0.0087
>Median: 26.0 38/48 18.07 1.94
�2nd tertile: 47.5 39/64 23.17 1.00 (1.14–3.15) 0.013
>2nd tertile: 47.5 25/33 13.9 1.89

Ref A BRAF (ng/mL)
�1st tertile: 13.6 19/32 22.23 1.00 (0.465–1.635) 0.2
>1st tertile: 13.6 45/65 21.17 1.05
�Median: 27.6 28/49 24.5 1.00 (1.13–3.11) 0.013
>Median: 27.6 36/48 20.5 1.88
�2nd tertile: 48 39/64 24.9 1.00 (1.15–3.19) 0.011
>2nd tertile: 48 25/33 13.9 1.92

DII KRAS
�1st tertile: 0.07 20/31 20.8 1.00 (0.65–1.94) 0.72
>1st tertile: 0.07 44/66 22.2 1.1
�Median: 0.12 30/47 19.2 1.00 (0.66–1.76) 0.73
>Median: 0.12 34/50 23.07 1.09
�2nd tertile: 0.23 44/66 22.03 1.00 (0.77–1.98) 0.52
>2nd tertile: 0.23 20/31 22.23 1.18

DII BRAF
�1st tertile: 0.07 25/34 20.6 1.00 (0.95–2.78) 0.08
>1st tertile: 0.07 39/63 23.07 1.62
�Median: 0.119 34/49 17.17 1.00 (0.81–2.25) 0.15
>Median: 0.119 30/48 26.90 1.44
�2nd tertile: 0. 20 41/64 20.8 1.00 (0.60–1.7) 0.9
>2nd tertile: 0.20 23/33 22.23 1.03

Mutant ccfDNA concentration (ng/mL)
�1st tertile: 1.06 10/14 22.1 1.00 (1.125–2.055) 0.57
>1st tertile: 1.06 19/29 13.9 1.59
�Median: 3.06 13/22 31.6 1.00 (1.25–5.93) 0.0089
>Median: 3.06 16/21 11.3 2.72
�2nd tertile: 7.53 16/28 22.1 1.00 (1.28–5.78) 0.0071
>2nd tertile: 7.53 13/15 6.83 2.72

Mutation load (%)
�1st tertile: 4.14 7/14 34.53 1.00 (0.97–5.44) 0.053
>1st tertile: 4.14 22/29 13.9 2.29
�Median: 10.72 13/22 31.6 1.00 (0.82–3.621) 0.15
>Median: 10.72 16/21 11.4 1.72
�2nd tertile: 15.9 17/28 22.1 1.00 (0.9–4.12) 0.08
>2nd tertile: 15.9 12/15 11.3 1.93

NOTE: Ref AKRAS, Ref ABRAF, DII KRAS, DII BRAF, andCEA are tested by dichotomization of the entire cohort on the first tertile, themedian, and the second tertile.
CEA is dichotomized around the median and the standard threshold of 5 mg/L. mA and mA% are tested by dichotomization of the exclusive KRAS/BRAF–mutant
cohort around the first tertile, the median and the second tertile.
Abbreviations: DII KRAS, DII determined using KRAS primer set; DII BRAF, DII determined using BRAF primer set; mA, mutant ccfDNA concentration; mA%,mutation
load (%ofmutant ccfDNA among total ccfDNA); mo,months; Ref AKRAS, total ccfDNA concentration as determinedby targeting aWTKRAS sequence; Ref ABRAF,
total ccfDNA concentration as determined by targeting a BRAF WT sequence; WT, wild-type for the KRAS and BRAF mutations tested.
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Figure 3.
OS analysis on the KRAS or BRAF mutant cohort. A, Kaplan–Meier survival curve and log-rank test according to mA determined by ccfDNA analysis
dichotomized around the median (3.06 ng/mL, N ¼ 43). B, Kaplan–Meier survival curve and log-rank test according to mA% dichotomized to the first (1st) tertile
(4.14%) determined by ccfDNA analysis (N ¼ 43). C, Kaplan–Meier survival curve and log-rank test according to Ref A KRAS dichotomized around the
second tertile (2nd tertile; 107.0 ng/mL, N ¼ 43). D, Kaplan–Meier survival curve and log-rank test according to DII KRAS determined by ccfDNA analysis
dichotomized around the second tertile (2nd tertile; 0.20, N ¼ 43). E, Kaplan–Meier survival curve and log-rank test according to CEA dichotomized around the
standard threshold of 5 mg/L (N ¼ 36). Abbreviations: mA, mutant ccfDNA concentration; mA%, mutation load (% of mutant ccfDNA among total ccfDNA);
Ref A KRAS, total ccfDNA concentration as determined by targeting a WT KRAS sequence; DII KRAS, DII determined using KRAS primer set.
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confirms this observation, as there was a strong statistical decrease
inOS forKRAS- orBRAF-mutant patientswithmAhigher than the
median value (3.06 ng/mL). This was consolidated by the high
statistical significance of themutation load (percentage ofmutant
alleles among total ccfDNA amount, mA%) on prognosis:
Patients with lower mutation load than the median value of
10.72% exhibited a median OS of 31.6 months compared with
11.2months for patients with a highermutation load. Therewas a
clear trend showing that high mutation load indicated poor
prognosis. As for the mutation load, prognosis of patients with
high mA is worse whatever the total ccfDNA concentration.
However, it has to be considered that mA% and mA in a mutant
sample, while being related, do not represent the same meaning:
mA% is rather linked to the proportion of malignant cells versus
tumor microenvironement cells and could be altered by tumor
clonality, whereasmA is rather linked to the total concentration of
ccfDNA. We hypothesize that this biomarker might be of great
diagnostic potential in regard to individualizing management
care. The prognostic value ofmutant ccfDNA concentration seems
to be stronger than the prognostic value of total ccfDNA concen-
tration (P¼ 0.0089 and 0.016; HR, 2.72 and 2.58; 95% CI, 1.25–
5.93 and 1.16–5.73, respectively). We could explain this phe-
nomenon by the fact that mA determination is derived from the
quantification of ccfDNA exclusively deriving from malignant
cells whereas total ccfDNA concentration is determined from
quantifying malignant as well as nonmalignant-derived ccfDNA.

We observed a higher ccfDNA fragmentation level from colo-
rectal cancer patients as compared with healthy individuals but-
tressing the notion that fragmentation could be an interesting
parameter for diagnosis (35, 36). In regard to prognosis, patients
with a higher fragmentation level showed, in this study, a lower
median OS of 17 months as compared with 23 months for
patients with a lower fragmentation level. Note, ccfDNA fragmen-
tation index as well as total ccfDNA concentration showed similar
values by using either KRAS or BRAF primer sets, confirming the
accuracy of our method. Interestingly, univariate analysis as well
as multivariate analysis in the exclusive KRAS/BRAF–mutant
cohort revealed that DII KRAS (DII determined with KRAS primer
set) was highly significant in univariate and multivariate analysis
(P ¼ 0.0052 and 0.0072 respectively, N ¼ 43) whereas it was not
significant in the exclusive WT cohort (P ¼ 0.67; N ¼ 54). This
raises questions about possible biologic and/or physiopathologic
association between mutant status and ccfDNA fragmentation
and their link to tumor progression.

Each of the parameters, pointmutation detection, total ccfDNA
concentration,mutant ccfDNAconcentration,mutation load, and
ccfDNA fragmentation, shows individually their prognostic
potential and promise better prognostic potential than CEA
(P ¼ 0.48; RR, 1.24 on the entire cohort and P ¼ 0.81; RR,
0.89 on the mutant cohort). Nevertheless, we think that it is
crucial to investigate all these parameters further (individually or
in combination) to assess mCRC patient prognosis: When imple-
menting all these parameters inmultivariate analysis for the entire
cohort with all clinical standards, such as age, sex, tumor local-
ization, andCEA, the study data revealed that ccfDNAparameters,
such as total ccfDNA concentration (P¼ 0.034; HR, 1.73; 95%CI,
1.04–2.89), as well as BRAF-mutant status (P ¼ 0.002; HR, 7.33;
95% CI, 3.13–25.4), are strong independent prognostic factors.
Quantitative analysis of ccfDNA, especially the mA%, preferen-
tially relies on tumor biology, in particular to the proportion and/
or activity of the tumor microenvironment which appears as a

significant factor since a low proportion of malignant cells in
colorectal cancer is related to poor cancer-specific survival (37).
We previously reported the very high variation in mutation load
(more than 2,000-fold) among the mCRC patients (35), an
observation later confirmed by Bettegowda and colleagues (6).
We believe that quantitative analysis of ccfDNA may be of
prognosis value in regard to determination of the minimal resid-
ual disease, especially post-surgery when deciding on adjuvant
therapy. It could be a biologic tool to decipher the prognosis
difference between the 5 and 6 colorectal cancer subtypes recently
revealed (38). Other approaches involving ccfDNA analysis were
taken into consideration in regard to prognosis, such as presence
of methylated DNA as independent prognostic factors in mCRC
(18). Note that the prognostic value of ccfDNA in severe sepsis
(39) and out-of-hospital cardiac arrest patients (40) are under
investigation. Prognostic value of quantitative analysis of ccfDNA
might be synergistically empowered by analysis of mitochondrial
DNA, exosomal RNA, or specific proteins in a "liquid profiling"
approach.

We analyzed sex, age, metastasis number, tumor differentia-
tion, and tumor localization in respect to the evaluation of the
ccfDNA parameters on prognosis. Our data only highlight statis-
tical difference between of right- and left-sided origin of the
primary tumor. Although differences varied with stages, meta-
analysis on early-stage colon cancer reported a worse prognosis
for right-sided tumors (41, 42). More investigation is needed to
better decipher the molecular differences such as RAS or BRAF
mutational status between right- and left-sided colon cancers and
their association with prognosis, prediction of PFS benefit, and
interaction with anti-EGFR therapy.

Although the cohort size of the mutant cohort (N¼ 43) in our
study is somewhat a limiting factor, its analysis revealed original
observations in respect the prognosis value of mA or mA%.
However, work on a larger cohort of patients with mutation
should be initiated to assess those observations as well as the
ccfDNA fragmentation-based prognostic value in this population.
Moreover, we need to be cautious about the values of ccfDNA
concentration or fragmentation because those twoparameters can
vary under specific physiopathologic conditions such as inflam-
mation. In addition, multiparametric analysis on stage II/III
patients should be evaluated.

Altogether, the data revealed that ccfDNA analysis should not
be limited to the qualitative determination of the presence of
genetic alteration, but rather be implemented in the course of
patient follow-up by the quantitative determination of others
parameters. For instance, we showed the high-diagnostic capacity
of total ccfDNA concentration for discriminating healthy indivi-
duals and mCRC patients with a statistical significance of P <
0.001 (AUC ¼ 0.92; refs. 24, 35). The various qualitative and
quantitative parameters could directly be compared in respect to
their diagnostic power by this single-runmultiparametricmethod
and potentially could synergistically be associated in an algo-
rithm. Furthermore, the observations made in this report bene-
ficiated from the ultrasensitivity of the method in quantifying a
specific sequence based onpublished andongoing clinical studies
(single-copy detection of variant alleles down to a sensitivity of
�0.005%mutant to WT ratio, being the lowest level found in the
literature). The success rate of ourmethod for detecting ccfDNA in
plasma is 100% in more than 400 stage I to IV colorectal cancer
and 120 healthy individual plasma samples and the mean data
turnaround time is 2 days for multiplex analysis (24, 25, 35).
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Achievement of personalized medicine and targeted therapies
require further information about the residual risk and the poten-
tial benefit of additional treatments.Overcoming the limitationof
a restricted number of molecular analyses in tumor tissue by a
noninvasive and repetitive blood test, in particular the qualitative
and quantitative multimarker analysis of ccfDNA, would be an
approach necessary for the early identification of high-risk cancer
patients, monitoring disease course, and therapy response.

Disclosure of Potential Conflicts of Interest
F. Bibeau reports receiving speakers bureau honoraria from and is a consul-

tant/advisory board member for Amgen and Merck. No potential conflicts of
interest were disclosed by the other authors.

Authors' Contributions
Conception and design: S. El Messaoudi, F. Mouliere, C. Fiess, M. Mathonnet,
M. Ychou, A.R. Thierry
Development of methodology: S. El Messaoudi, F. Mouliere, S.D. Manoir,
M. Ychou, A.R. Thierry
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S. El Messaoudi, F. Mouliere, C. Bascoul-Mollevi,
B. Gillet, M. Nouaille, C. Fiess, E. Crapez, F. Bibeau, T. Mazard, D. Pezet,
M. Mathonnet, M. Ychou, A.R. Thierry

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S. ElMessaoudi, F.Mouliere, S.D.Manoir, C. Bascoul-
Mollevi, M. Mathonnet, M. Ychou, A.R. Thierry
Writing, review, and/or revision of the manuscript: S. El Messaoudi,
F. Mouliere, S.D. Manoir, C. Bascoul-Mollevi, C. Theillet, M. Mathonnet,
M. Ychou, A.R. Thierry
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): S. El Messaoudi, C. Fiess, F. Bibeau, M. Mathon-
net, A.R. Thierry
Study supervision: C. Theillet, A.R. Thierry

Acknowledgments
The authors acknowledge the excellent technical assistance of Leigh Kam-

raoui and Pierre Jean Lamy for helpful discussions.

Grant Support
This work was supported by the SIRIC Montpellier Grant "INCa-DGOS-

Inserm 6045." A.R. Thierry is supported by the INSERM.
The costs of publication of this articlewere defrayed inpart by the payment of

page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received February 9, 2015; revised December 18, 2015; accepted January 3,
2016; published OnlineFirst February 4, 2016.

References
1. Poston GJ, Figueras J, Giuliante F, Nuzzo G, Sobrero AF, Gigot J-F, et al.

Urgent need for a new staging system in advanced colorectal cancer. J Clin
Oncol 2008;26:4828–33.

2. De Divitiis C, Nasti G, Montano M, Fisichella R, Iaffaioli RV, Berretta M.
Prognostic and predictive response factors in colorectal cancer patients:
between hope and reality. World J Gastroenterol 2014;20:15049–59.

3. Kanas GP, Taylor A, Primrose JN, LangebergWJ, KelshMA,Mowat FS, et al.
Survival after liver resection in metastatic colorectal cancer: review and
meta-analysis of prognostic factors. Clin Epidemiol 2012;4:283–301.

4. Heitzer E, Ulz P, Geigl JB. Circulating tumor DNA as a liquid biopsy for
cancer. Clin Chem 2015;61:112–23.

5. Crowley E, Di Nicolantonio F, Loupakis F, Bardelli A. Liquid biopsy:
monitoring cancer-genetics in the blood. Nat Rev Clin Oncol 2013;
10:472–84.

6. Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al.
Detection of circulating tumor DNA in early- and late-stage human
malignancies. Sci Transl Med 2014;6:224ra24–224ra24.

7. Nygaard AD, Holdgaard PC, Spindler K-LG, Pallisgaard N, Jakobsen A. The
correlation between cell-free DNA and tumour burden was estimated by
PET/CT in patients with advanced NSCLC. Br J Cancer 2014;110:363–8.

8. Spindler K-LG, Pallisgaard N, Vogelius I, Jakobsen A. Quantitative cell-free
DNA, KRAS, and BRAF mutations in plasma from patients with metastatic
colorectal cancer during treatment with cetuximab and irinotecan. Clin
Cancer Res 2012;18:1177–85.

9. Spindler K-LG, Appelt AL, Pallisgaard N, Andersen RF, Brandslund I,
Jakobsen A. Cell-free DNA in healthy individuals, noncancerous disease
and strong prognostic value in colorectal cancer. Int J Cancer 2014;
135:2984–91.

10. Dawson S-J, Tsui DWY, Murtaza M, Biggs H, Rueda OM, Chin S-F, et al.
Analysis of circulating tumor DNA to monitor metastatic breast cancer. N
Engl J Med 2013;368:1199–209.

11. Sirera R, Bremnes RM, Cabrera A, Jantus-Lewintre E, Sanmartín E, Blasco A,
et al. Circulating DNA is a useful prognostic factor in patients with
advanced non–small cell lung cancer. J Thorac Oncol 2011;6:286–90.

12. Tissot C, Toffart A-C, Villar S, Souquet P-J, Merle P, Moro-Sibilot D, et al.
Circulating free DNA concentration is an independent prognostic bio-
marker in lung cancer. Eur Respir J 2015;46:1773–80

13. Sunami E, Shinozaki M, Higano CS, Wollman R, Dorff TB, Tucker SJ, et al.
Multimarker circulating DNA assay for assessing blood of prostate cancer
patients. Clin Chem 2009;55:559–67.

14. Singh N, Gupta S, Pandey RM, Chauhan SS, Saraya A. High levels of cell-
free circulating nucleic acids in pancreatic cancer are associated with

vascular encasement, metastasis and poor survival. Cancer Invest 2015;
33:78–85.

15. Perkins G, Yap TA, Pope L, Cassidy AM, Dukes JP, Riisnaes R, et al. Multi-
Purpose utility of circulating plasma DNA testing in patients with
Advanced Cancers. PLoS ONE 2012;7:e47020.

16. Jung K, Fleischhacker M, Rabien A. Cell-free DNA in the blood as a solid
tumor biomarker—a critical appraisal of the literature. Clin Chim Acta
2010;411:1611–24.

17. DeMattos-Arruda L, Olmos D, Tabernero J. Prognostic and predictive roles
for circulating biomarkers in gastrointestinal cancer. Future Oncol
2011;7:1385–97.

18. Philipp AB, Stieber P, Nagel D, Neumann J, Spelsberg F, Jung A, et al.
Prognostic role ofmethylated free circulatingDNA in colorectal cancer. Int J
Cancer 2012;131:2308–19.

19. Lee HS, Hwang SM, Kim TS, Kim D-W, Park DJ, Kang S-B, et al. Circulating
methylated septin 9 nucleic acid in the plasma of patients with gastroin-
testinal cancer in the stomach and colon. Transl Oncol 2013;6:290–6.

20. Balgkouranidou I, Matthaios D, Karayiannakis A, Bolanaki H, Michailidis
P, Xenidis N, et al. Prognostic role of APC and RASSF1A promoter
methylation status in cell free circulating DNA of operable gastric cancer
patients. Mutat Res 2015;778:46–51.

21. Umetani N, Giuliano AE, Hiramatsu SH, Amersi F, Nakagawa T,Martino S,
et al. Prediction of breast tumor progression by integrity of free circulating
DNA in serum. J Clin Oncol 2006;24:4270.

22. Chan KCA, Leung S-F, Yeung S-W, Chan ATC, Lo YMD. Persistent aberra-
tions in circulating DNA integrity after radiotherapy are associated with
poor prognosis in nasopharyngeal carcinoma patients. Clin Cancer Res
2008;14:4141–5.

23. Iqbal S, Vishnubhatla S, Raina V, Sharma S, Gogia A, Deo SSV, et al.
Circulating cell-free DNA and its integrity as a prognostic marker for breast
cancer. Springerplus 2015;4:265.

24. Mouliere F, ElMessaoudi S, PangD, Dritschilo A, Thierry AR.Multi-marker
analysis of circulating cell-free DNA toward personalized medicine for
colorectal cancer. Mol Oncol 2014;8:927–41.

25. Thierry AR,Mouliere F, ElMessaoudi S,Mollevi C, Lopez-Crapez E, Rolet F,
et al. Clinical validationof the detectionof KRAS andBRAFmutations from
circulating tumor DNA. Nat Med 2014;20:430–5.

26. El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell free DNA:
preanalytical considerations. Clin Chim Acta 2013;424:222–30.

27. ChenD, Huang J-F, Liu K, Zhang L-Q, Yang Z, Chuai Z-R, et al. BRAFV600E
mutation and its associationwith clinicopathological features of colorectal
cancer: a systematic review and meta-analysis. PLoS ONE 2014;9:e90607.

Clin Cancer Res; 22(12) June 15, 2016 Clinical Cancer Research3076

El Messaoudi et al.

on November 15, 2018. © 2016 American Association for Cancer Research.clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 4, 2016; DOI: 10.1158/1078-0432.CCR-15-0297 

http://clincancerres.aacrjournals.org/


28. Dawson S-J, Tsui DWY, Murtaza M, Biggs H, Rueda OM, Chin S-F, et al.
Analysis of circulating tumor DNA to monitor metastatic breast cancer.
N Engl J Med 2013;368:1199–209.

29. Bidard F-C,Madic J, Mariani P, Piperno-Neumann S, Rampanou A, Servois
V, et al. Detection rate and prognostic value of circulating tumor cells and
circulating tumor DNA in metastatic uveal melanoma. Int J Cancer
2014;134:1207–13.

30. Chen XQ, Bonnefoi H, Pelte MF, Lyautey J, Lederrey C, Movarekhi S, et al.
Telomerase RNA as a detection marker in the serum of breast cancer
patients. Clin Cancer Res 2000;6:3823–6.

31. Phipps AI, Buchanan DD, Makar KW, Win AK, Baron JA, Lindor NM, et al.
KRAS-mutation status in relation to colorectal cancer survival: the joint
impact of correlated tumour markers. Br J Cancer 2013;108:1757–64.

32. Li�evre A, Bachet J-B, Le Corre D, Boige V, Landi B, Emile J-F, et al. KRAS
mutation status is predictive of response to cetuximab therapy in colorectal
cancer. Cancer Res 2006;66:3992–5.

33. Thierry AR,Mouliere F, GongoraC,Ollier J, Robert B, YchouM, et al.Origin
and quantification of circulating DNA in mice with human colorectal
cancer xenografts. Nucleic Acids Res 2010;38:6159–75.

34. Rago C, Huso DL, Diehl F, Karim B, Liu G, Papadopoulos N, et al. Serial
assessment of human tumor burdens in mice by the analysis of circulating
DNA. Cancer Res 2007;67:9364–70.

35. Mouliere F, El Messaoudi S, Gongora C, Guedj A-S, Robert B, Del Rio M,
et al. Circulating cell-free DNA from colorectal cancer patients may reveal
high KRAS or BRAF mutation load. Transl Oncol 2013;6:319–28.

36. Mouliere F, Robert B, ArnauPeyrotte E,Del RioM, YchouM,Molina F, et al.
High fragmentation characterizes tumour-derived circulating DNA. PLoS
ONE 2011;6:e23418.

37. West NP, Dattani M, McShane P, Hutchins G, Grabsch J, Mueller W,
et al. The proportion of tumour cells is an independent predictor
for survival in colorectal cancer patients. Br J Cancer 2010;102:
1519–23.

38. Marisa L, de Reyni�es A, Duval A, Selves J, Gaub MP, Vescovo L, et al.
Gene expression classification of colon cancer into molecular subtypes:
characterization, validation, and prognostic value. PLoS Med 2013;10:
e1001453.

39. Moore DJ, Greystoke A, Butt F, Wurthner J, Growcott J, Hughes A, et al. A
pilot study assessing the prognostic value of CK18 and nDNA biomarkers
in severe sepsis patients. Clin Drug Investig 2012;32:179–87.

40. Huang C-H, Tsai M-S, Hsu C-Y, Chen H-W, Wang T-D, Chang W-T, et al.
Circulating cell-free DNA levels correlate with postresuscitation survival
rates in out-of-hospital cardiac arrest patients. Resuscitation 2012;
83:213–8.

41. Bufill JA. Colorectal cancer: evidence for distinct genetic categories
based on proximal or distal tumor location. Ann Intern Med 1990;
113:779–88.

42. Brul�e SY, JonkerDJ, Karapetis CS,O'CallaghanCJ,MooreMJ,WongR, et al.
Location of colon cancer (right-sided versus left-sided) as a prognostic
factor and a predictor of benefit from cetuximab in NCIC CO.17. Eur J
Cancer 2015;51:1405–14.

www.aacrjournals.org Clin Cancer Res; 22(12) June 15, 2016 3077

Strong Prognostic Value of Multiparametric ccfDNA Analysis

on November 15, 2018. © 2016 American Association for Cancer Research.clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 4, 2016; DOI: 10.1158/1078-0432.CCR-15-0297 

http://clincancerres.aacrjournals.org/


2016;22:3067-3077. Published OnlineFirst February 4, 2016.Clin Cancer Res 
  
Safia El Messaoudi, Florent Mouliere, Stanislas Du Manoir, et al. 
  
Metastatic Colorectal Cancer Patient Management Care
Circulating DNA as a Strong Multimarker Prognostic Tool for

  
Updated version

  
 10.1158/1078-0432.CCR-15-0297doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://clincancerres.aacrjournals.org/content/suppl/2016/02/04/1078-0432.CCR-15-0297.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://clincancerres.aacrjournals.org/content/22/12/3067.full#ref-list-1

This article cites 42 articles, 11 of which you can access for free at:

  
Citing articles

  
 http://clincancerres.aacrjournals.org/content/22/12/3067.full#related-urls

This article has been cited by 2 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://clincancerres.aacrjournals.org/content/22/12/3067
To request permission to re-use all or part of this article, use this link

on November 15, 2018. © 2016 American Association for Cancer Research.clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst February 4, 2016; DOI: 10.1158/1078-0432.CCR-15-0297 

http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-15-0297
http://clincancerres.aacrjournals.org/content/suppl/2016/02/04/1078-0432.CCR-15-0297.DC1
http://clincancerres.aacrjournals.org/content/22/12/3067.full#ref-list-1
http://clincancerres.aacrjournals.org/content/22/12/3067.full#related-urls
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/22/12/3067
http://clincancerres.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




