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Abstract: In patients with metastatic colorectal cancer (mCRC), RAS and BRAF mutations are currently
determined by tumor sample analysis. Here, we report BRAF mutation status analysis in paired
tumor tissue and plasma samples of mCRC patients included in the AGEO RASANC prospective
cohort study. Four hundred and twenty-five patients were enrolled. Plasma samples were analyzed
by next-generation sequencing (NGS). When no mutation was identified, we used two methylated
specific biomarkers (digital droplet PCR) to determine the presence or absence of circulating tumor
DNA (ctDNA). Patients with conclusive ctDNA results were defined as those with at least one
mutation or one methylated biomarker. The kappa coefficient and accuracy were 0.79 (95% CI:
0.67–0.91) and 97.3% (95% CI: 95.2–98.6%) between the BRAF status in plasma and tissue for patients
with available paired samples (n = 405), and 0.89 (95% CI: 0.80–0.99) and 98.5% (95% CI: 96.4–99.5%)
for those with conclusive ctDNA (n = 323). The absence of liver metastasis was the main factor
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associated to inconclusive ctDNA results. In patients with liver metastasis, the kappa coefficient was
0.91 (95% CI, 0.81–1.00) and accuracy was 98.6% (95% CI, 96.5–99.6%). We demonstrate satisfying
concordance between tissue and plasma BRAF mutation detection, especially in patients with liver
metastasis, arguing for plasma ctDNA testing for routine BRAF mutation analysis in these patients.

Keywords: colorectal cancer; circulating tumor DNA; accuracy; liver metastases; NGS; methylated
biomarker

1. Introduction

Colorectal cancer (CRC) is the second most common cancer worldwide and the second leading
cause of cancer death in Europe with about 500,000 new cases and 242,000 deaths in 2018 [1]. Molecular
diagnostics has become a key element of the management of metastatic CRC (mCRC). Besides the
well-established RAS testing used to determine the efficacy of anti-EGFR therapies, BRAF mutation
status represents a biomarker of growing interest.

BRAF mutations occur in approximately 10% of mCRCs with BRAF V600E accounting for 80%
to 90% of cases [2–5]. BRAF-mutated mCRC show distinct clinical features and poorer survival than
BRAF wild-type cancers [6,7]. Despite the lack of phase III randomized trials of BRAF-mutated mCRC,
a distinct therapeutic strategy is recommended for these patients including a first-line treatment with
the triplet chemotherapy combination of fluoropyrimidines (folinic acid, 5-fluorouracil), oxaliplatin
and irinotecan (FOLFOXIRI) and bevacizumab (an anti-vascular endothelial growth factor (VEGF)
agent) [8,9]. Targeting the BRAF mutation represents a promising new therapeutic approach. There have
been disappointing phase I/II trials results showing that a BRAF inhibitor monotherapy (vemurafenib,
encorafenib) did not demonstrate any valuable clinical efficacy [10,11]. However, combination strategies
with anti-EGFR and MEK inhibitors to overcome primary resistance to BRAF inhibition in mCRC have
been successful [12–14]. The results from the phase III BEACON trial showed that the triplet regimen
of encorafenib, binimetinib and cetuximab led to the objective response rate of 48% and was associated
with a median progression-free survival of 8.0 months and a median overall survival of 15.3 months, in
29 pre-treated patients with BRAF V600E-mutant mCRC [15]. Currently, RAS and BRAF mutational
testing is carried out from tumor tissue. However, it is a complex process involving many healthcare
specialists, which leads to delayed test results, up to one month in France for instance [16]. This aspect
is specifically of concern in a situation when patients need urgent treatment and/or need to be included
in first-line clinical trial.

Liquid biopsy is a minimally invasive approach allowing us to detect and analyze molecular
biomarkers from peripheral blood such as circulating tumor DNA (ctDNA) in cancer patients. In mCRC,
ctDNA has been evaluated as a prognostic marker and a potential tool to guide adjuvant therapy,
monitor treatment responses and identify the occurrence of resistance mutations in the metastatic
setting [17–21]. In addition, ctDNA testing unlike tissue analysis is a quick and non-invasive procedure.
Douillard et al. have demonstrated that analysis of ctDNA is able to detect accurately EGFR mutation
status in non-small-cell lung cancer [22]. However, robust evidence of concordance between tissue and
plasma analysis is still needed before this approach can be used for mCRC patients in clinical practice.

In the AGEO RASANC large prospective multicenter study, plasma RAS mutation detection has
been directly compared with tumor tissue in 412 mCRC patients [23]. These data showed a very high
overall concordance in 329 patients with detectable ctDNA with the kappa coefficient of 0.89 and
accuracy of 94.8%. Here we report updated results from the AGEO RASANC study extended to BRAF
mutation analysis in mCRC patients. We explored the concordance between the mutational status of
the RAS and BRAF in tumor tissue and plasma.
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2. Results

2.1. Study Population

Overall, 425 patients were enrolled in the AGEO RASANC prospective cohort study in 14 French
centers between July 2015 and December 2016. Patients who did not meet the inclusion criteria, had no
available tumor tissue or plasma samples (n = 13), and did not have BRAF assessment (n = 5) were
excluded, leaving 407 patients for analysis.

BRAF and RAS Mutation Status

Of the 407 patients, 7.4% (30/406) and 6.6% (27/406) had BRAF mutations in tumor tissue and
plasma, respectively.

In total, 33 patients with RAS-mutated tumors were not assessed for BRAF mutation status; these
were considered as BRAF wild-type patients.

Only one patient had both RAS and BRAF (other than the V600E) mutations. This patient was
classified as being positive for a BRAF mutation for all analyses.

2.2. ctDNA Detection

Two patients did not have paired tumor tissue and plasma to determine the level of concordance
of BRAF mutation and were excluded from the analyses (one tissue and one plasma BRAF mutational
status unavailable).

Of the 405 (99.5%) patients included in the concordance analysis, 323 (79.7%) had conclusive
ctDNA results (at least one mutated gene and/or one methylated biomarker identified) and 82 (20.2%)
had inconclusive ctDNA results (the absence of the mutated gene or methylated biomarker).

2.2.1. Concordance of the BRAF Mutation Between Tissue and Plasma

In the overall population tested for BRAF mutations in both tumor tissue and plasma (n = 405),
the kappa coefficient was 0.79 (95% CI: 0.67–0.91), the accuracy was 97.3% (95% CI: 95.2–98.6%), the
sensitivity was 76.7% (95% CI: 57.7–90.1%), and the specificity was 98.9% (95% CI: 97.3–99.7%; Table 1).

Table 1. Concordance between the mutational status of BRAF in the plasma and tumor tissue.

Population of Interest BRAF Mutation in Plasma Sample

Absence n Presence n Total n

Whole population a

BRAF
mutation in
tumor tissue

Absence n 371 (91.6%) 4 (1.0%) 375 (92.6%)

Presence n 7 (1.7%) 23 (5.7%) 30 (7.4%)

Total n 378 (93.3%) 27 (6.7%) 405 (100%)

Patients with conclusive
ctDNA results b

Absence n 295 (91.3%) 4 (1.2%) 299 (92.6%)

Presence n 1 (0.3%) 23 (7.1%) 24 (7.4%)

Total n 296 (91.6%) 27 (8.4%) 323 (100%)
a Kappa coefficient: 0.79 (95% CI: 0.67–0.91); Accuracy: 97.3% (95% CI: 95.2–98.6%); Sensitivity: 76.7% (95% CI,
57.7–90.1%); Specificity: 98.9% (95% CI, 97.3–99.7%). b Kappa coefficient: 0.89 (95% CI: 0.80–0.99); Accuracy: 98.5%
(95% CI: 96.4–99.5%); Sensitivity: 95.8% (95% CI: 78.9–100.0%); Specificity: 98.7% (95% CI: 96.6–99.6%).

In the 323 (79.7%) patients with conclusive ctDNA results, the kappa coefficient was 0.89 (95% CI:
0.80–0.99), the accuracy was 98.5% (95% CI: 96.4–99.5%), the sensitivity was 95.8% (95% CI: 78.9–100.0%),
and the specificity was 98.7% (95% CI: 96.6–99.6%; Table 1).

2.2.2. Discordant Cases

In 5.7% of patients (23/405), mutations were detected in both tumor tissue and plasma, while 1.7%
(7/405) had mutations only in tissue and 1.0% (4/405) had mutations only in plasma.
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Of the seven patients with the BRAF mutation in tumor tissue, but not in paired plasma, one
had conclusive ctDNA results as assessed by the presence of a TP53 mutation (the mutation allelic
frequency was 3%) and six had inconclusive ctDNA result with neither gene mutation nor biomarker
methylation identified.

Of the four patients with the BRAF mutation in plasma, but not in the paired tumor tissue, two
were positive for a BRAF non-V600E mutation (one p.Asp594His and one p.Lys601Glu mutation).
Tumor tissues screening by PCR PNA SNaPshot or Sequenom mass spectrometry-based assay of these
later patients did not reveal BRAF non-V600E mutations. The second round of tumor tissue analysis
by next-generation sequencing (NGS) was possible in only two out of four patients with the BRAF
mutation in plasma. One tumor harbored the BRAF mutation (p.Asp594His mutation). Poor DNA
quality of the tumor sample did not allow us to assess the BRAF mutation status in the second patient.

2.2.3. BRAF Mutated Patients with Conclusive and Inconclusive ctDNA Results

Of the 34 patients with BRAF mutated tumors, 28 (82.3%) had conclusive ctDNA results and six
(17.6%) had an inconclusive ctDNA result. Characteristics of these patients are summarized in Table 2.

Table 2. Baseline clinical and pathological characteristics of BRAF-mutated patients with conclusive
and inconclusive ctDNA results.

Characteristics at Baseline Conclusive ctDNA Results
N = 28

Inconclusive ctDNA Results
N = 6 p Value

Sex–n (%)
Missing 0 0
Male 15 (53.6%) 3 (50.0%)
Female 13 (46.4%) 3 (50.0%) 1

Age at diagnosis of metastases (years)
Missing 0 0
Mean (std) 62.6 (15.3) 66.8 (21.3)
Median (min–max) 60.5 (28–93) 75 (29–88) 0.3754
Q1–Q3 56–73 56–78

ECOG PS at diagnosis of metastases–n (%)
Missing 1 0
Unknown 2 0
0 6 (25.0%) 1 (16.7%)
1 13 (52.0%) 3 (50.0%)
2 6 (24.0%) 2 (33.3%) 1

Primary tumor location–n (%)
Missing 0 0
Right and transverse colon 19 (67.9%) 4 (66.6%)
Left and sigmoid colon 6 (21.4%) 1 (16.7%)
Rectum 3 (10.7%) 1 (16.7%) 1

Primary tumor resection–n (%)
Missing 0 0
No 18 (64.3%) 1 (16.7%)
Yes 10 (35.7%) 5 (83.3%) 0.0663

Stage T–n (%)
Missing 0 0
T0 0 0
T1 0 0
T2 0 0
T3 3 (10.7%) 4 (66.6%)
T4 8 (28.6%) 1 (16.7%)

T4 4 1
T4a 3 0
T4b 1 0

Tx 17 (60.7%) 1 (16.7%) 0.0161
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Table 2. Cont.

Characteristics at Baseline Conclusive ctDNA Results
N = 28

Inconclusive ctDNA Results
N = 6 p Value

Stage N–n (%)
Missing 0 0
N0 2 (7.1%) 2 (33.3%)
N1 2 (7.1%) 2 (33.3%)

N1 1 0
N1a 0 1
N1b 1 1
N1c 0 0

N2 7 (25.0%) 1 (16.7%)
N2 4 0
N2a 1 0
N2b 2 1

Nx 17 (60.7%) 1 (16.7%) 0.0414

Grade–n (%)
Missing 0 0
Not known 6 1
Well differentiated 7 (31.8%) 2 (40.0%)
Moderately differentiated 10 (45.5%) 3 (60.0%)
Undifferentiated 5 (22.7%) 0 0.6667

Metastases–n (%)
Missing 0 0
Synchronous 26 (92.9%) 4 (66.7%)
Metachronous 2 (7.1%) 2 (33.3%) 0.1347

Resectability of metastases–n (%)
Missing 1 0
Resectable 2 (7.4%) 1 (16.7%)
Potentially resectable 8 (29.6%) 4 (66.6%)
Non resectable 17 (63.0%) 1 (16.7%) 0.1040

Number of metastatic sites
Missing 1 0
Mean (std) 1.96 (1.13) 1.17 (0.41)
Median (min–max) 2 (1–5) 1 (1–2) 0.0593
Q1–Q3 1–2 1–1

Localization of metastases–n (%)
Missing 0 0
Liver 25 (89.3%) 0 <0.0001
Lung 8 (28.6%) 0 0.2975
Peritoneum 7 (25.0%) 5 (71.4%) 0.0703
Adenopathy subdiaphragmatic 9 (32.1%) 1 (16.7%) 0.6445
Adenopathy supradiaphragmatic 5 (17.9%) 0 0.5585
Bone 1 (3.6%) 1 (16.7%) 0.3262
Brain 0 0 -
Other metastatic site 0 1 (16.7%) 0.1765

Leukocytes (/mm3)
Missing 2 0
Mean (std) 9318.2 (3412.6) 7503.3 (2362.6)
Median (min–max) 9200 (2142–15,700) 7060 (4640–11,820) 0.0746
Q1–Q3 6500–11,500 6780–7660

Lymphocytes (/mm3)
Missing 2 0
Mean (std) 1355.3 (423.7) 1532.8 (418.6)
Median (min–max) 1340.0 (734–2640) 1575.0 (880–2080) 0.3572
Q1–Q3 1040–1580 1290–1797

Albumin (g/L)
Missing 8 1
Mean (std) 33.9 (7.3) 39.6 (7.1)
Median (min–max) 34.0 (20.3–50) 41.0 (28.5–46.0) 0.1167
Q1–Q3 28.8–37.3 37.6–45
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Table 2. Cont.

Characteristics at Baseline Conclusive ctDNA Results
N = 28

Inconclusive ctDNA Results
N = 6 p Value

CEA (ng/mL)
Missing 5 0
Mean (std) 1474.0 (4929.2) 16.6 (20.3)
Median (min–max) 95.2 (1.3–23,755.1) 4.3 (2.0–47.0) 0.0090
Q1–Q3 25.7–818.2 3.8–38.0

CA19.9 (U/mL)
Missing 8 0
Mean (std) 9110.3 (21,102.4) 4949.3 (10,370.6)
Median (min–max) 2287.3 (2.6–90,216.0) 225.3 (10.0–25,960.0) 0.3613
Q1–Q3 110.9–5737.9 16.2–3259.0

LDH (x ULN)
Missing 11 3
Mean (std) 3.45 (7.33) 0.99 (0.72)
Median (min–max) 1.57 (0.80–32.66) 0.67 (0.48–1.80) 0.6015
Q1–Q3 1.07–2.87 0.48–1.80

ALP (x ULN)
Missing 6 3
Mean (std) 2.97 (4.56) 0.59 (0.17)
Median (min–max) 1.48 (0.46–22.03) 0.64 (0.34–0.72) 0.0405
Q1–Q3 0.73–2.98 0.46–0.71

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; ULN, upper limit of
normal; CEA, carcinoembryonic antigen; CA 19.9, carbohydrate antigen 19.9; LDH, lactate dehydrogenase;
ALP, alkaline phosphatase.

Primary tumor resection, the absence of liver metastases and peritoneal carcinomatosis were
significantly more frequent among patients with inconclusive ctDNA results. These patients had
significantly lower alkaline phosphatase and carcinoembryonic antigen (CEA) levels (Table 2).

2.2.4. Concordance of BRAF Mutation Status According to the Presence of Liver Metastases and/or
Primitive Tumor Resection

In the patients with liver metastases tested for BRAF mutations in both the tumor tissue and
plasma (n = 405), the kappa coefficient was 0.91 (95% CI: 0.81–1.00) and the accuracy was 98.6% (95%
CI: 96.5–99.6%). In patients with liver metastases and unresected primary tumor, the kappa coefficient
was 0.86 (95% CI: 0.73–0.99) and the accuracy was 97.5% (95% CI: 93.8–99.3%).

Similar results were obtained in patients with conclusive ctDNA results (n = 323; Table 3).

2.3. Comparison of Baseline Patient Characteristics According to RAS/BRAF Status

Of the 405 patients, 34 (8.4%) and 244 (59.9%) were found to have BRAF and RAS mutation,
respectively. There were 129 (31.6%) patients in whom neither a BRAF nor RAS mutation was detected
(wild-type patients).

2.3.1. Clinical and Pathological Data at Baseline

The clinical and pathological characteristics of the 407 patients are presented in Table 4. BRAF
mutated tumors were significantly more right-sided, undifferentiated and had more infra and
supradiaphragmatic adenopathy. BRAF mutation occurred more frequently in younger and females
patients, although this association was not statistically significant. No significant differences were also
observed in ECOG PS and T/N stages between BRAF mutated and wild-type tumors (Table 4).
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Table 3. Kappa coefficients and accuracies for BRAF mutation between patients with and without liver
metastases and primary tumor resection.

Overall Population (n = 405) *

Primary Tumor Resection

Yes
n = 211

(95% CI)

No
n = 194

(95% CI)

All
n = 405

(95% CI)

Liver metastases

Yes
n = 289

n = 126
K = 1
(1–1)

Accuracy = 100.0%
(93.3–100.0%)

n = 163
K= 0.862

(0.729–0.994)
Accuracy = 97.5%

(93.8–99.3%)

n = 289
K = 0.906

(0.814–0.997)
Accuracy = 98.6%

(96.5–99.6%)

No
n = 116

n = 85
K = 0.376

(0.0005–0.753)
Accuracy = 92.9%

(85.3–97.4%)

n = 31
K = NA

Accuracy = 96.8%
(83.3–99.9%)

n = 116
K = 0.345

(0.010–0.701)
Accuracy = 94.0%

(88.0–97.5%)

All
n = 405

n = 211
K = 0.736

(0.535–0.937)
Accuracy = 97.2%

(93.9–99.0%)

n = 194
K= 0.835

(0.693–0.976)
Accuracy = 97.4%

(94.1–99.2%)

n = 405
K = 0.793

(0.674–0.911)
Accuracy = 97.3%

(95.2–98.6%)

Patients with Conclusive ctDNA Results (n = 323) **

Primary Tumor Resection

Yes
n = 149

(95% CI)

No
n = 174

(95% CI)

All
n = 323

(95% CI)

Liver metastases

Yes
n = 265

n = 111
K = 1
(1–1)

Accuracy = 100.0%
(96.7–100.0%)

n = 154
K = 0.861

(0.727–0.994)
Accuracy = 97.4%

(93.5–99.3%)

n = 265
K = 0.905

(0.813–0.997)
Accuracy = 98.5%

(96.2–99.6%)

No
n = 58

n = 38
K = 0.786
(0.383–1)

Accuracy = 97.4%
(86.2–99.9%)

n = 20
K = NA

Accuracy = 100.0%
(83.2–100.0%)

n = 58
K = 0.791
(0.395–1)

Accuracy = 98.3%
(90.8–100%)

All
n = 323

n = 149
K = 0.944
(0.834–1)

Accuracy = 99.3%
(96.3–100.0%)

n = 174
K = 0.863

(0.731–0.994)
Accuracy = 97.7%

(94.2–99.4%)

n = 323
K = 0.894

(0.802–0.986)
Accuracy = 98.5%

(96.4–99.5%)

* patients with inconclusive ctDNA results were considered as non-mutated. ** patients with inconclusive ctDNA
results were excluded.

BRAF mutated or RAS mutated patients showed a distinct metastatic pattern with more
synchronous metastases and fewer resectable metastases than those with wild-type tumors.
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Table 4. Baseline clinical and pathological data according to the presence of RAS and BRAF mutations.

Characteristics at Baseline
Overall

Population
n = 407

BRAF Mutated
Patients
n = 34

RAS Mutated
Patients
n = 244

Wild Type
Patients
n = 129

p Value 1

Sex—n (%)
Missing 0 0 0 0
Male 244 (60.0%) 18 (52.9%) 138 (56.6%) 88 (68.2%)
Female 163 (40.0%) 16 (47.1%) 106 (43.4%) 42 (31.8%) 0.0627

Age at diagnosis of metastases–years
Missing 0 0 0 0
Mean (std) 65.7 (12.7) 63.4 (16.2) 67.6 (11.0) 62.7 (14.0)
Median (min–max) 67 (20–100) 62 (28–93) 68 (30–96) 64 (20–100) 0.0538
Q1–Q3 59–75 56–75 61–76 55–72

ECOG PS at diagnosis of metastases—n (%)
Missing 8 1 5 2
Unknown 9 2 2 5
0 123 (31.5%) 7 (22.6%) 70 (29.5%) 46 (37.7%)
1 178 (45.6%) 16 (51.6%) 103 (43.5%) 59 (48.4%)
2 64 (16.4%) 8 (25.8%) 45 (19.0%) 11 (9.0%)
3 23 (5.9%) 0 17 (7.2%) 6 (4.9%)
4 2 (0.5%) 0 2 (0.8%) 0 0.0692

Primary tumor location—n (%)
Missing 0 0 0 0
Right and transverse colon 125 (30.7%) 23 (67.6%) 75 (30.7%) 27 (20.9%)
Left and sigmoid colon 168 (41.3%) 7 (20.6%) 102 (41.8%) 59 (45.7%)
Rectum 114 (28.0%) 4 (11.8%) 67 (27.5%) 43 (33.4%) <0.0001

Primary tumor resection—n (%)
Missing 0 0 0 0
No 196 (48.2%) 19 (55.9%) 126 (51.6%) 51 (39.5%)
Yes 211 (51.8%) 15 (44.1%) 118 (48.4%) 78 (60.5%) 0.0540

Stage T—n (%)
Missing 2 0 2 0
T0 0 0 0 0
T1 4 (1.0%) 0 3 (1.2%) 1 (0.8%)
T2 15 (3.7%) 0 11 (4.6%) 4 (3.1%)
T3 114 (28.1%) 7 (20.6%) 62 (25.6%) 45 (34.9%)
T4 87 (21.5%) 9 (26.5%) 47 (19.4%) 31 (24.0%)

T4 49 5 28 16
T4a 20 3 10 7
T4b 18 1 9 8

Tx 185 (45.7%) 18 (52.9%) 119 (49.2%) 48 (37.2%) 0.2849

Stage N—n (%)
Missing 2 0 2 0

73 (18.0%) 4 (11.8%) 41 (16.9%) 28 (21.7%)
N1 69 (17.0%) 4 (11.8%) 38 (15.7%) 27 (20.9%)

N1 27 1 15 11
N1a 16 1 10 5
N1b 20 2 10 8
N1c 6 0 3 3

N2 72 (17.8%) 8 (23.5%) 40 (16.5%) 24 (18.6%)
N2 23 4 13 6
N2a 22 1 13 8
N2b 27 3 14 10

Nx 191 (47.2%) 18 (52.9%) 123 (50.8%) 50 (38.8%) 0.2708

Grade—n (%)
Missing 12 0 9 3
Not known 60 7 42 14
Well differentiated 120 (36.2%) 9 (33.3%) 73 (37.8%) 38 (33.9%)
Moderately differentiated 194 (58.4%) 13 (48.2%) 112 (58.0%) 69 (61.6%)
Undifferentiated 18 (5.4%) 5 (18.5%) 4 (4.2%) 5 (4.5%) 0.0348

Metastases—n (%)
Missing 0 0 0 0
Synchronous 307 (75.4%) 30 (88.2%) 191 (78.3%) 86 (66.7%)
Metachronous 100 (24.6%) 4 (11.8%) 53 (21.7%) 43 (33.3%) 0.0090

Resectability of metastases—n (%)
Missing 9 1 4 4
Resectable 50 (12.6%) 3 (9.1%) 222 (9.2%) 25 (20.0%)
Potentially resectable 120 (30.1%) 12 (36.4%) 59 (24.6%) 49 (39.2%)
Not resectable 22 (57.3%) 18 (54.5%) 159 (66.2%) 51 (40.8%) <0.0001
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Table 4. Cont.

Characteristics at Baseline
Overall

Population
n = 407

BRAF Mutated
Patients
n = 34

RAS Mutated
Patients
n = 244

Wild Type
Patients
n = 129

p Value 1

Number of metastatic sites
Missing 9 1 5 3
Mean (std) 1.57 (0.81) 1.82 (1.07) 1.55 (0.77) 1.54 (0.80)
Median (min–max) 1 (1–7) 2 (1–5) 1 (1–7) 1 (1–4) 0.3492
Q1–Q3 1-2 1-2 1-2 1-2

Localization of metastases—n (%)
Missing 0 0 0 0
Liver 291 (71.5%) 25 (73.5%) 177 (72.5%) 89 (69.0%) 0.7421
Lung 129 (31.7%) 8 (23.5%) 80 (32.8%) 41 (31.8%) 0.5538
Peritoneum 103 (25.3%) 11 (32.4%) 58 (23.8%) 34 (26.4%) 0.5292
Adenopathy subdiaphragmatic 38 (9.3%) 10 (29.4%) 15 (6.2%) 13 (10.1%) <0.0001
Adenopathy supradiaphragmatic 21 (5.2%) 5 (14.7%) 9 (3.7%) 7 (5.4%) 0.0244
Bone 18 (4.4%) 2 (5.9%) 15 (6.2%) 1 (0.8%) 0.0511
Brain 5 (1.2%) 0 4 (1.6%) 1 (0.8%) 0.6124
Other metastatic site 34 (8.4%) 1 (2.9%) 21 (8.6%) 12 (9.3%) 0.4788

Leukocytes (/mm3)
Missing 27 2 12 9
Mean (std) 8555.7 (3508.6) 8977.9 (3287.8) 8638.0 (3630.9) 8284.1 (3328.2)
Median (min–max) 7995 (771–22,910) 8460 (2142–15,700) 8115 (771–22,910) 7470 (2448–22,600) 0.1974
Q1–Q3 6120–10,210 6610–11,480 6175–10,410 5995–9890

Lymphocytes (/mm3)
Missing 35 2 18 10
Mean (std) 1852.1 (2583.2) 1388.6 (421.9) 1934.2 (3271.4) 1820.7 (859.2)
Median (min–max) 1580.0 (115–48,100) 1350.0 (734–2640) 1596.0 (115–48,100) 1665.0 (510–6000) 0.0537
Q1–Q3 1190–2080 1040–1626 1180–2060 1220–2244

Albumin (g/L)
Missing 102 9 48 40
Mean (std) 36.2 (7.0) 35.0 (7.5) 35.7 (6.9) 37.7 (6.9)
Median (min–max) 37.1 (16–52) 35 (20.3–50) 37.0 (16–49) 39.0 (17–52) 0.1319
Q1–Q3 32–41.9 29.6–41 32–41 34–42.3

CEA (ng/mL)
Missing 52 5 28 15
Mean (std) 566.5 (2146.5) 1172.4 (4410.4) 671.8 (2192.6) 212.7 (623.8)
Median (min–max) 36.0 (0.7–23,980) 57.0 (1.3–23,755.1) 57.7 (0.7–23,980) 9.5 (0.8–4146) 0.0006
Q1–Q3 7–199 19–196 11.1–274.0 3.9–99.2

CA19.9 (U/mL)
Missing 100 8 65 23
Mean (std) 4593.8 (37,259.1) 8150.1 (19,056.3) 6483.1 (48,462.6) 531.1 (2190.2)
Median (min–max) 42.0 (0.6–63,7000) 940.6 (2.6–90,216) 87.0 (0.6–637,000) 25.0 (0.8–18,935) <0.0001
Q1–Q3 12.2–534.1 34–5565.7 18–1184 9.1–79

LDH (x ULN)
Missing 200 13 112 66
Mean (std) 1.83 (2.97) 3.1 (6.82) 1.65 (2.06) 1.78 (2.43)
Median (min–max) 0.98 (0.09–32.66) 1.50 (0.48–32.66) 0.99 (0.09–17.16) 0.94 (0.28–15.09) 0.0147
Q1–Q3 0.78–1.68 1.02–2.13 0.77–1.67 0.76–1.49

ALP (x ULN)
Missing 64 7 26 19
Mean (std) 1.54 (2.00) 2.62 (4.29) 1.64 (1.92) 1.07 (0.88)
Median (min–max) 0.86 (0.20–22.03) 1.32 (0.34–22.03) 0.93 (0.20–13.68) 0.77 (0.31–5.07) 0.0476
Q1–Q3 0.60–1.72 0.67–2.80 0.60–1.81 0.58–1.11

1 p-value from a chi2 or Fisher’s test. Abbreviations: WT, wild-type; ECOG PS, Eastern Cooperative Oncology
Group performance status; ULN, upper limit of normal; CEA, carcinoembryonic antigen; CA 19.9, carbohydrate
antigen 19.9; LDH, lactate dehydrogenase; ALP, alkaline phosphatase.

2.3.2. Biological Features

CEA levels were significantly higher in BRAF or RAS mutated patients than in those with wild-type
tumors. BRAF mutated patients had significantly higher CA 19.9, lactate dehydrogenase and alkaline
phosphatase levels than those with RAS mutated or wild-type tumors. Moreover, a trend toward a
lower lymphocyte count was observed in those patients (Table 4).

2.3.3. Microsatellite Instability (MSI) Status

For 133 (32.6%) patients, microsatellite instability (MSI) status was available; including 29 of the 30
patients with tumor tissue BRAF mutation and 26 of the 27 patients with BRAF plasma mutation. Only
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10 (7.5%) patients harbored MSI; five of them had BRAF mutation in both tumor tissue and plasma,
one had a mutation only in tissue, and one had mutation only in plasma.

BRAF mutation both in the tumor tissue and plasma was strongly associated with the presence of
the MSI status (Table 5). MSI patients were more frequently females (80.0% vs. 45.5%; p = 0.0486) and
had significantly more right-sided tumors (70.0% vs. 29.0%; p = 0.0168) than microsatellite stability
(MSS) patients.

Table 5. BRAF mutation status according to microsatellite stability/microsatellite instability phenotype.

BRAF Status MSI
n = 10

MSS
n = 123 p Value

BRAF ctDNA—n (%)
Missing 0 3
No 4 (40.0%) 100 (83.3%)
Yes 6 (60.0%) 20 (16.7%) 0.0045
BRAF tissue—n (%)
Missing 0 17
No 4 (40.0%) 83 (78.3%)
Yes 6 (60.0%) 23 (21.7%) 0.0152

Abbreviations: MSS, microsatellite stability; MSI, microsatellite instability.

3. Discussion

The primary report of the AGEO RASANC study demonstrated an excellent concordance between
RAS mutation status in tumor tissue and plasma of untreated mCRC patients. Here, we extend these
findings to BRAF mutation analysis and demonstrated a high level of concordance between tissue
and plasma with the accuracy reaching 97.3% in the overall population and 98.5% in patients with
conclusive ctDNA results (kappa index of 0.89).

The sensitivity and specificity of ctDNA BRAF mutation detection for the patients with conclusive
ctDNA results were 95.8% and 98.7%, respectively. These rates are similar to those reported on RAS
mutation detection in the present cohort [23] and to several previous studies [24,25]. Limited data are
available on the BRAF mutation detection in this setting. Van Cutsem et al. evaluated the concordance
of RAS/BRAF mutation status in tumor issue and plasma of patients with mCRC. In total, 70 patients
had paired tumor and plasma available for BRAF V600E mutation status analysis. The prevalence of
BRAF V600E mutation in plasma was 11.4% versus 12.9% in tumor tissue, resulting in the concordance
of 95.7% (kappa coefficient of 0.80) [26]. In a prospective study by Thierry et al. [27] mutations were
determined by the IntPlex®PCR method from 97 mCRC patient samples. ctDNA analysis showed
low sensitivity (57%) and specificity (89%) for the BRAF V600E mutation. In the study by Kato et
al. [28] NGS of ctDNA (the foundation one test was performed on tissue samples) was performed in
94 patients with CRC. They reported the sensitivity of 80% and the concordance between tissue and
plasma NGS of 85.5% for BRAF (kappa coefficient of 0.512). The concordance for patients with BRAF
V600E mutation only (n = 8) was 100%.

In the RASANC study, 20% of patients had inconclusive results due to the absence of both
mutations by NGS and the methylation marker by digital droplet PCR, hindering the distinction
between the absence of ctDNA or the mutation of interest. This proportion is in line with that reported
in previous studies [17].

In the current study, seven patients harbored a BRAF mutation only in the tissue. In six of them
this discordant result might be explained by inconclusive results for ctDNA analysis. One patient was
positive for ctDNA detection by NGS with the allele frequency of 3%.

Both the presence of liver metastases and unresected primitive tumor were significantly associated
with the ctDNA detection, but the presence of liver metastases appeared to be the primary factor. This
observation is in line with our previous report on RAS mutations for this cohort [23]. The concordance
rate for BRAF mutation in patients with liver metastases was 98.6%, without any discordant case with
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tissue mutation undetected in plasma. The capacity to assess the presence or absence of ctDNA appears
to be a critical issue for high accuracy molecular testing in plasma; methods that is only possible to be
used in patients with detectable ctDNA. The mechanism of metastatic diffusion (hematogenous versus
other) seems to be a major factor associated to the presence of ctDNA, explaining that accuracy is very
high in patients with liver metastases, but not in those with peritoneal carcinomatosis. According to
these results, assessment of RAS and BRAF status through ctDNA in patients with mCRC and liver
metastases appears to be a highly sensitive method. Such an approach could be used to reduce the
delay for obtaining molecular results, but also to monitor the treatments efficacy [17–19]. In such a
way, reductions in the BRAF V600E ctDNA allele fraction have been shown to predict a radiographic
response after treatment with MAPK pathway targeting agents in phase Ib and I/II studies [13,29].

Four patients in our study had BRAF mutation only in plasma. In three of these discordant cases
negative tissue results could be the result of sampling error in a tumor with intra-tumoral heterogeneity
(among one or different tumor sites) of mutant BRAF expression [19]. As ctDNA is supposed to be
representative of the global tumor burden, the plasma tumoral status detection in those discordant
cases might be even more efficient than tissue analysis focusing on a small sample of tumor cells.

Two patients in the current study had BRAF non-V600E mutation only in plasma; this is probably
because these mutations may not be detectable by routine tissue analysis method, highlighting another
potential gain from plasma-based NGS in clinical practice.

Indeed, BRAF non-V600E mCRC have been reported as a distinct subgroup of patients with
specific clinical and pathological features (younger patients, fewer females, less right-sided tumors)
and outcomes. Despite discordant reports, BRAF non-V600E mutated mCRC patients seem to show
better survivals compared to those with BRAF V600E-mutated tumors, but also to those with wild-type
BRAF tumors. In a retrospective cohort reported by Jones et al. [30], of 9643 mCRC patients including
208 patients with BRAF non-V600E mutation (2.2%), the median overall survival was 60.7 months, 11.4
months, and 43.0 months in patients with BRAF non-V600E mutated, BRAF V600E mutated and BRAF
wild-type tumors, respectively (p < 0.001). Thus, BRAF non-V600E mutated patients could become
another subset of patients with distinct therapeutic strategies and their identification at diagnosis
might be necessary in the future. Clinical trials dedicated to this subgroup of patients and evaluating
the MAPK pathway are already ongoing [31].

The comparative analysis of clinical and pathological characteristics showed that BRAF mutated
or RAS mutated patients have a more aggressive presentation with more synchronous metastases and a
lower proportion of resectable disease at diagnosis. Patients with BRAF mutation had significantly more
right-sided and undifferentiated tumors, showed MSI status, had more infra and supradiaphragmatic
adenopathy and peritoneal metastasis, and had less pulmonary disease, which is consistent with
previous literature data. MSI patients were more frequently females with right-sided tumors.

In the present study, even if our results are limited to the techniques used with their analytic
sensitivity and complexity, we reported a high level of concordance between plasma and tumor BRAF
mutation status in mCRC patients, especially those with liver metastases. These results validate the
clinical implementation of plasma BRAF analysis in patients with CRC and liver metastases.

4. Materials and Methods

4.1. Study Design and Patients

The RASANC study is a prospective translational study. Patients were eligible if they were 18
years or older and had pathologically confirmed untreated mCRC (with the exception of adjuvant
chemotherapy completed ≥6 months prior to enrollment). The exclusion criteria were: No available
tumor block, another malignancy in the past five years and medical, sociological, psychological or
legal conditions that would not permit the patient to provide informed consent.

The Ile-de-France IV ethics committee approved the research protocol, and all the patients gave
their written informed consent. The trial conformed to the Declaration of Helsinki, the Good Clinical
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Practice guidelines of the International Conference on Harmonization, and relevant French and
European laws and directives. The protocol was registered with Clinicaltrials.gov (No: NCT02502656).

4.2. Plasma Collection and Tumor Tissue Mutations Analysis

Anonymized blood samples were collected before any study treatment in three 10-mL Streck®

tubes and further sent to a centralized laboratory for testing. The tubes were centrifuged 10 min at
1600× g, the plasma was recovered and a second centrifugation was performed for 10 min at 6000× g.
The plasma was then transferred in LoBind tubes (Eppendorf®, Hamburg, Germany) and stored at
−80 ◦C until ctDNA analysis.

Tumor RAS and BRAF mutation status were determined by a French National Cancer Institute
(INCa)-approved molecular oncology laboratory and was used to guide the patient care according to
standard recommendations. Due to the mutually exclusive nature of the RAS and BRAF mutations,
BRAF mutation status was not assessed in all patients with RAS mutated tumors. Thus, those with
RAS mutation in the tumor tissue and without available BRAF status were considered as BRAF
non-mutated patients.

Patients were considered BRAF or RAS mutated if the tumor tissue and/or plasma was found
positive for the mutation of interest.

The choice of first-line chemotherapy was left to the investigators, who were blinded to the results
of plasma RAS and BRAF analysis. Anonymized tumor mutation status reports were centralized.

4.3. Data Collection

Baseline clinical and biological data and information about the “standard” and BRAF assessment
were collected in an electronic case report form (eCRF) using the Cleanweb software (©2017 Telemedicine
Technologies, Boulogne-Billancourt, France).

The following clinical and biological data were collected: Gender, age, primary tumor
location (colon/rectum), tumor differentiation grade, date of primary tumor resection (if
done), the TNM classification of primary tumor (if available), date of diagnosis of metastasis
(metachronous/synchronous), number and location of metastatic sites, resectability of metastatic disease
(yes/potential/never), leukocyte and lymphocyte counts and albuminemia, lactate dehydrogenase,
alkaline phosphatase, carcinoembryonic antigen and carbohydrate antigen 19.9 levels.

For the “standard” RAS and BRAF mutations status assessments, the following information was
recorded: Type (biopsy/surgical specimen), origin (primary tumor/metastasis), cellularity, method
used, request for RAS and BRAF mutation testing, receipt of the tumor samples by the laboratory,
validation of results by the laboratory and reception of results by the clinician.

4.4. RAS and BRAF Mutations Assessment in ctDNA

Circulating tumor DNA was extracted from plasma by using the Maxwell® RSC ccfDNA Plasma
Kit (Promega, Lyon, France). DNA was quantified with the Qubit dsDNA HS kit (Thermo Fisher
Scientific, Saint Aubin, France) and sequenced using the AmpliSeq Colon and Lung Cancer Panel V2
on an Ion Proton following the manufacturer’s recommendations (Life Technology, Villebon-sur-Yvette,
France). The multiplex barcoded ctDNA libraries were generated from 6 µL of plasma and were
normalized using the Ion Library Equalizer™ kit. The pooled ctDNA libraries (max. 96) were processed
by the Ion Chef™ System for template preparation and chip loading, and were sequenced using the
Ion Proton™ System.

The FASTQs sequencing data were aligned to the human genome (hg19) and processed using the
Ion Torrent Suite software version 5.0.4.0 with built-in “Somatic-low stringency” parameters allowing
the detection of variants with allele frequency of >2%. In parallel, samples were analyzed by the BPER
method allowing the detection of variants with allele frequency of <2% [32]. It was implemented within
an R package “PlasmaMutationDetector” (https://cran.r-project.org/package=PlasmaMutationDetector)
allowing the detection of minimal variants with mutated allele frequency of 0.003 for single-nucleotide

https://cran.r-project.org/package=PlasmaMutationDetector
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and of 0.001 for insertions/deletions with a strong agreement with droplet digital PCR (kappa index
0.90) [32].

In the absence of BRAF mutation by NGS, two methylated CRC-specific biomarkers (WIF1 and
NPY) were used to determine the presence or absence of ctDNA in plasma by digital droplet PCR [33].

Patients without a BRAF mutation by NGS and methylated biomarker by droplet digital PCR
were considered to have inconclusive ctDNA results. Patients with at least one mutated gene and/or
one methylated biomarker were considered to have conclusive ctDNA results.

Results provided by the package were registered blindly with respect to the RAS and BRAF
tumor status.

4.5. Centrally Analyzed Tumor Tissue in Patients with RAS or BRAF Mutation in ctDNA, but Not through
Primary Tumor Analysis

When RAS or BRAF mutation was detected in ctDNA, but not in the corresponding tumor tissue,
available remaining tumor tissue sample was analyzed centrally after a second DNA extraction, using
the same NGS panel as for plasma analysis. Tumor DNAs were analyzed using the Ion Torrent Suite
software. Annotation of variant call format files from the Variant caller plugin was done on a galaxy
platform that generates an annotate data file using the pipeline developed for the SAFIR trials (Safir2.4
report tool version 2.4, https://safir2.inserm.fr/OA_HTML/AppsLocalLogin.jsp).

4.6. Statistical Analyses

As the principal measure of concordance we used the kappa coefficient, a non-parametric measure
of inter-technique agreement introduced by Cohen in 1960 [34]. The Kappa statistic reflects the
difference between observed accuracy and expected accuracy (random chance). For example, a kappa
value of 0.7 means that agreement is 70% better than by chance alone.

The sample size was determined to assess the concordance measured by the kappa coefficient
regarding RAS mutation results (ctDNA vs. tumor tissue, considering tumor RAS status as the
reference). We postulated a 55% frequency of mutated RAS and a kappa coefficient of 0.7 (considered
satisfactory in Cohen’s classification). With these hypotheses and in order to achieve a precision of ±
0.07 (95% CI: 0.63–0.77) for the kappa coefficient, 425 patients were required (including an expected 5%
rate of loss to follow-up and/or non-assessable/unavailable patients).

The kappa coefficient takes into account random chance (agreement with a random classifier),
which generally means it is less misleading than simple accuracy. The accuracy was also calculated,
but only as a secondary measure of the concordance.

For BRAF mutation only, the kappa coefficient and percentage agreement were calculated for the
whole population and for patients with conclusive ctDNA results.

The median (interquartile range) and frequency (percentage) were used to describe continuous
and categorical variables, respectively. Medians and proportions were compared using the
Wilcoxon–Mann–Whitney and chi-square test, respectively, or Fisher’s exact test if appropriate.

All analyses used SAS software version 9.4 (SAS Institute, Cary, NC, USA). p-values < 0.05 were
considered statistically significant, and all tests were two-sided.

5. Conclusions

This prospective study shows an excellent concordance of a BRAF mutation between tissue and
plasma in patients with untreated mCRC with the accuracy of 97.3% in the whole population and
of 98.5% in patients with conclusive ctDNA results. In patients with BRAF mutated in plasma, but
wild-type in the tissue, the discordance was due to technical issues in half of the cases. The absence of
liver metastasis was the main factor associated with inconclusive ctDNA results. In patients with liver
metastasis, the accuracy of BRAF mutation detection was 98.6%.

Assessment of the RAS/BRAF mutation status in plasma is attracting great interest because of its
effectiveness for reducing the delay to obtain molecular results and providing better diagnosis of BRAF

https://safir2.inserm.fr/OA_HTML/AppsLocalLogin.jsp
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non-V600E mutated patients. These results, which are consistent with our previous results on RAS
mutation in this cohort, support ctDNA testing for routine clinical BRAF and RAS mutation analysis in
patients with mCRC and liver metastasis.

Author Contributions: Conceptualization, J.-B.B., V.T. and P.L.-P.; Data curation, J.-B.B., A.M., C.N., D.V. and
P.L.-P.; Formal analysis, L.M., J.-B.B., V.T., A.M., D.V. and P.L.-P.; Funding acquisition, J.-B.B.; Investigation, L.M.,
J.-B.B., V.T., O.B., J.T., R.C., J.-M.G., P.A., S.L., A.T.-B., I.B., R.C., D.T., T.L., F.M., T.A., L.M., H.B. and P.L.-P.;
Methodology, J.-B.B., V.T., A.M., D.V. and P.L.-P.; Project administration, J.-B.B. and P.L.-P.; Resources, J.-B.B., O.B.,
J.T., R.C., C.N., J.-M.G., P.A., S.L., A.T.-B., I.B., R.C., D.T., T.L., F.M., T.A., L.M., H.B., D.V. and P.L.-P.; Software,
A.M., C.N. and D.V.; Supervision, J.-B.B. and P.L.-P.; Validation, J.-B.B., V.T., O.B., J.T., R.C., A.M., C.N., J.-M.G.,
P.A., S.L., A.T.-B., I.B., R.C., D.T., T.L., F.M., T.A., L.M., H.B., D.V. and P.L.-P.; Visualization, L.M., J.-B.B., V.T., H.B.,
D.V. and P.L.-P.; Writing—original draft, L.M., J.-B.B., A.M. and D.V.; Writing—review & editing, L.M., J.-B.B., V.T.,
O.B., J.T., R.C., A.M., C.N., J.-M.G., P.A., S.L., A.T.-B., I.B., R.C., D.T., T.L., F.M., T.A., L.M., H.B., D.V. and P.L.-P.

Funding: Merck Serono S.A.S. (France), an affiliate of Merck KGaA (Darmstadt, Germany), supported this trial
through grants to AGEO, but had no role in study design, data collection, data analysis, data interpretation, or
writing of the report. The AGEO Group sponsored the trial and investigators were responsible for study design,
data collection, data analysis, and data interpretation. The writing of the report and the decision to submit for
publication was the responsibility of the AGEO Cooperative Group.

Acknowledgments: We thank all the investigators who participated in this study: Thierry André, Aurélie
Baudin, Catherine Brezault, Jérôme Desrame, Solène Doat, Joel Ezenfis, Gérard Lledo, Nelson Lourenco, Frédérick
Moryoussef, Géraldine Perkins, Simon Pernot, Benoit Rousseau, Emilie Soularue, Christophe Tournigand and
Aziz Zaanan. We also thank all the research technicians who helped us to carry out this study: Mourad Benallaoua,
Rachel Boxio-Reinert, Olfa Derkaoui, Claudia De Toma, Alain Fourreau, Julia Francese, Sophie Gounin, Nadira
Kaddour, Fabrice Lacan, Nadia Ouslimane, Juliette Perdreau, Katia Raab, and Ghylles Tchatat. The authors thank
Magdalena Benetkiewicz for editorial assistance.

Conflicts of Interest: J.-B.B. has received personal fees from Amgen, Bayer, Celgene, Merck Serono, Roche, Sanofi,
Servier, and non-financial support from Amgen, Merck Serono, and Roche. O.B. has received personal fees from
Roche, Merck Serono, Amgen, Lilly, Novartis, Boehringer, Bayer, outside the submitted work. J.T. has received
personal fees from Amgen, Celgene, Baxalta, Merck Serono, Sanofi, Sirtex, and Roche. R.C. has received personal
fees from Servier and MSD, outside the submitted work. P.A. has received personal fees from Merck Serono during
the conduct of the study; personal fees from Roche, Sanofi, Celgene, Sanofi, outside the submitted work. T.A. has
received personal fees from Bristol Myers Squibb, Ipsen, Roche, Sanofi, Novartis, outside the submitted work.
L.M. has received personal fees from Roche, personal fees and non-financial support from Takeda, non-financial
support from Amgen and Novartis, outside the submitted work. V.T. has received honoraria from Raindance
Technologies during the conduct of the study, and honoraria from Boehringer Ingelheim, outside the submitted
work. H.B. has received personal fees from Astra-Zeneca, Merck Serono, Amgen, Boehringer Ingelheim and
Pfizer, outside the submitted work. D.V. has received personal fees from HalioDx, outside the submitted work.
P.L.-P. has received grants from AGEO during the conduct of the study; personal fees from Amgen, Merck Serono,
Boehringer Ingelheim, Astrazeneca, Pfizer, Bristol-Myers Squibb, outside the submitted work. L.M., A.M., C.N.,
J.-M.G., S.L., A.T.-B., I.B., R.C., D.T., T.L., F.M. declare no competing interests.

References

1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Dyba, T.; Randi, G.; Bettio, M.; Gavin, A.; Visser, O.; Bray, F.
Cancer incidence and mortality patterns in Europe: Estimates for 40 countries and 25 major cancers in 2018.
Eur. J. Cancer (Internet) 2018, 103, 356–387. [CrossRef] [PubMed]

2. Seligmann, J.F.; Fisher, D.; Smith, C.G.; Richman, S.D.; Elliott, F.; Brown, S.; Quirke, P.; Cheadle, J.; Seymour, M.;
Middleton, G.; et al. Investigating the poor outcomes of BRAF -mutant advanced colorectal cancer: Analysis
from 2530 patients in randomised clinical trials. Ann. Oncol. 2016, 28, 562–568. [CrossRef] [PubMed]

3. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Watt, S.; Hooper, S.; Wilson, R.;
Jayatilake, H.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949–954. [CrossRef]
[PubMed]

4. Vaughn, C.P.; ZoBell, S.D.; Furtado, L.V.; Baker, C.L.; Samowitz, W.S. Frequency of KRAS, BRAF, and NRAS
mutations in colorectal cancer. Genes Chromosomes Cancer 2011, 50, 307–312. [CrossRef] [PubMed]

5. Wan, P.T.C.; Garnett, M.J.; Roe, S.M.; Lee, S.; Niculescu-Duvaz, D.; Good, V.M.; Marshall, C.J.; Springer, C.J.;
Barford, D.; Marais, R.; et al. Mechanism of Activation of the RAF-ERK Signaling Pathway by Oncogenic
Mutations of B-RAF. Cell 2004, 116, 855–867. [CrossRef]

http://dx.doi.org/10.1016/j.ejca.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30100160
http://dx.doi.org/10.1093/annonc/mdw645
http://www.ncbi.nlm.nih.gov/pubmed/27993800
http://dx.doi.org/10.1038/nature00766
http://www.ncbi.nlm.nih.gov/pubmed/12068308
http://dx.doi.org/10.1002/gcc.20854
http://www.ncbi.nlm.nih.gov/pubmed/21305640
http://dx.doi.org/10.1016/S0092-8674(04)00215-6


Cancers 2019, 11, 998 15 of 16

6. Tran, B.; Kopetz, S.; Tie, J.; Gibbs, P.; Jiang, Z.Q.; Lieu, C.H.; Agarwal, A.; Maru, D.M.; Sieber, O.; Desai, J.
Impact of BRAF mutation and microsatellite instability on the pattern of metastatic spread and prognosis in
metastatic colorectal cancer: Metastatic Pattern in BRAF Mutant CRC. Cancer 2011, 117, 4623–4632. [CrossRef]
[PubMed]

7. Yokota, T.; Ura, T.; Shibata, N.; Takahari, D.; Shitara, K.; Nomura, M.; Mizota, A.; Utsunomiya, S.; Muro, K.;
Yatabe, Y.; et al. BRAF mutation is a powerful prognostic factor in advanced and recurrent colorectal cancer.
Br. J. Cancer 2011, 104, 856–862. [CrossRef]

8. Cremolini, C.; Loupakis, F.; Antoniotti, C.; Lupi, C.; Sensi, E.; Lonardi, S.; Cazzaniga, M.; Boni, L.; Fontanini, G.;
Falcone, A.; et al. Folfoxiri plus bevacizumab versus Folfiri plus bevacizumab as first-line treatment of
patients with metastatic colorectal cancer: Updated overall survival and molecular subgroup analyses of the
open-label, phase 3 TRIBE study. Lancet Oncol. 2015, 16, 1306–1315. [CrossRef]

9. Cutsem, E.; Cervantes, A.; Adam, R.; Sobrero, A.; Krieken, J.H.; Aderka, D. ESMO consensus guidelines for
the management of patients with metastatic colorectal cancer. Ann. Oncol. 2016, 27, 1386–1422. [CrossRef]

10. Kopetz, S.; Desai, J.; Chan, E.; Hecht, J.R.; Dwyer, P.J.; Maru, D.; Martin, S.; Yasuhide, Y.; Tim, D.;
Schellens, J.H.M.; et al. Phase II Pilot Study of Vemurafenib in Patients with Metastatic BRAF -Mutated
Colorectal Cancer. J. Clin. Oncol. 2015, 33, 4032–4038. [CrossRef]

11. Gomez-Roca, C.A.; Delord, J.; Robert, C.; Hidalgo, M.; Moos, V.R.; Arance, A.; Lolkema, M.P.; Tim, D.;
Maharry, K.; Tan, E.; et al. 535Pencorafenib (LGX818), an oral braf inhibitor, in patients (pts) with braf v600e
metastatic colorectal cancer (MCRC): Results of Dose Expansion in an Open-Label, phase 1 study. Ann.
Oncol. 2014, 25, 182–183. [CrossRef]

12. Corcoran, R.B.; Atreya, C.E.; Falchook, G.S.; Kwak, E.L.; Ryan, D.P.; Bendell, J.C.; Adil, D.; Razelle, K.;
Mariaelena, P.; Peng, S.; et al. Combined BRAF and MEK Inhibition with Dabrafenib and Trametinib in
BRAF V600–Mutant Colorectal Cancer. J. Clin. Oncol. 2015, 33, 4023–4031. [CrossRef] [PubMed]

13. Hong, D.S.; Morris, V.K.; Osta, B.; Sorokin, A.V.; Janku, F.; Fu, S.; Sommer, N.; Lanman, R.; Meric-Bernstam, F.;
Kopetz, S.; et al. Phase IB Study of Vemurafenib in Combination with Irinotecan and Cetuximab in Patients
with Metastatic Colorectal Cancer with BRAFV600E Mutation. Cancer Discov. 2016, 6, 1352–1365. [CrossRef]
[PubMed]

14. Corcoran, R.B.; André, T.; Atreya, C.E.; Schellens, J.H.M.; Yoshino, T.; Bendell, J.C. Combined BRAF, EGFR,
and MEK Inhibition in Patients with BRAF V600E -Mutant Colorectal Cancer. Cancer Discov. 2018, 8, 428–443.
[CrossRef] [PubMed]

15. Van, C.E.; Huijberts, S.; Grothey, A.; Yaeger, R.; Cuyle, P.J.; Elez, E.; Victor, S.; Schellens, J.H.M.; Scott, K.;
Josep, T.; et al. Binimetinib, Encorafenib, and Cetuximab Triplet Therapy for Patients with BRAF
V600E–Mutant Metastatic Colorectal Cancer: Safety Lead-In Results from the Phase III BEACON Colorectal
Cancer Study. J. Clin. Oncol. 2019, 18, 02459.

16. Lièvre, A.; Merlin, J.L.; Sabourin, J.C.; Artru, P.; Tong, S.; Libert, L.; Ducreux, M.; Laurent-Puig, P.;
Ossendza, R.A.; Moureau-Zabotto, L.; et al. RAS mutation testing in patients with metastatic colorectal
cancer in French clinical practice: A status report in 2014. Dig. Liver Dis. 2018, 50, 507–512. [CrossRef]

17. Garlan, F.; Laurent-Puig, P.; Sefrioui, D.; Siauve, N.; Didelot, A.; Sarafan-Vasseur, N.; Taieb, J.; Fiore, F.;
Taly, V.; Zaanan, A.; et al. Early Evaluation of Circulating Tumor DNA as Marker of Therapeutic Efficacy in
Metastatic Colorectal Cancer Patients (PLACOL Study). Clin. Cancer Res. 2017, 23, 5416–5425. [CrossRef]

18. Boeckx, N.; Beeck, K.; Beyens, M.; Deschoolmeester, V.; Hermans, C.; Clercq, P.; Pauwels, P.; Van, G.; Taly, V.;
Peeters, M.; et al. Mutation and Methylation Analysis of Circulating Tumor DNA Can Be Used for Follow-up
of Metastatic Colorectal Cancer Patients. Clin. Colorectal Cancer 2018, 17, 369–379. [CrossRef]

19. Laurent-Puig, P.; Pekin, D.; Normand, C.; Kotsopoulos, S.K.; Nizard, P.; Perez-Toralla, K.; Landi, B.; Boige, V.;
Hutchison, J.B.; Taly, V.; et al. Clinical Relevance of KRAS-Mutated Subclones Detected with Picodroplet
Digital PCR in Advanced Colorectal Cancer Treated with Anti-EGFR Therapy. Clin. Cancer Res. 2015, 21,
1087–1097. [CrossRef]

20. Reinert, T.; Henriksen, T.V.; Christensen, E.; Sharma, S.; Salari, R.; Sethi, H.; Srinivasan, R.; Assaf, Z.;
Balcioglu, M.; Olson, A.; et al. Analysis of Plasma Cell-Free DNA by Ultradeep Sequencing in Patients with
Stages I to III Colorectal Cancer. JAMA Oncol. (Internet) 2019. [CrossRef]

21. Wang, Y.; Li, L.; Cohen, J.D.; Kinde, I.; Ptak, J.; Popoli, M.; Silliman, N.; Dobbyn, L.; Tie, J.; Gibbs, P.; et al.
Prognostic Potential of Circulating Tumor DNA Measurement in Postoperative Surveillance of Nonmetastatic
Colorectal Cancer. JAMA Oncol. (Internet) 2019. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/cncr.26086
http://www.ncbi.nlm.nih.gov/pubmed/21456008
http://dx.doi.org/10.1038/bjc.2011.19
http://dx.doi.org/10.1016/S1470-2045(15)00122-9
http://dx.doi.org/10.1093/annonc/mdw235
http://dx.doi.org/10.1200/JCO.2015.63.2497
http://dx.doi.org/10.1093/annonc/mdu333.38
http://dx.doi.org/10.1200/JCO.2015.63.2471
http://www.ncbi.nlm.nih.gov/pubmed/26392102
http://dx.doi.org/10.1158/2159-8290.CD-16-0050
http://www.ncbi.nlm.nih.gov/pubmed/27729313
http://dx.doi.org/10.1158/2159-8290.CD-17-1226
http://www.ncbi.nlm.nih.gov/pubmed/29431699
http://dx.doi.org/10.1016/j.dld.2017.12.029
http://dx.doi.org/10.1158/1078-0432.CCR-16-3155
http://dx.doi.org/10.1016/j.clcc.2018.02.006
http://dx.doi.org/10.1158/1078-0432.CCR-14-0983
http://dx.doi.org/10.1001/jamaoncol.2019.0528
http://dx.doi.org/10.1001/jamaoncol.2019.0512
http://www.ncbi.nlm.nih.gov/pubmed/31070668


Cancers 2019, 11, 998 16 of 16

22. Douillard, J.Y.; Ostoros, G.; Cobo, M.; Ciuleanu, T.; Cole, R.; Walter, G.; Walker, J.; Dearden, S.; Webster, A.;
Milenkova, T.; et al. Gefitinib Treatment in EGFR Mutated Caucasian NSCLC: Circulating-Free Tumor DNA
as a Surrogate for Determination of EGFR Status. J. Thorac. Oncol. 2014, 9, 1345–1353. [CrossRef] [PubMed]

23. Bachet, J.B.; Bouché, O.; Taieb, J.; Dubreuil, O.; Garcia, M.L.; Meurisse, A.; Aparicio, T.; Marthey, L.; Taly, V.;
Blons, H.; et al. RAS mutation analysis in circulating tumor DNA from patients with metastatic colorectal
cancer: The AGEO RASANC prospective multicenter study. Ann. Oncol. 2018, 29, 1211–1219. [CrossRef]
[PubMed]

24. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Alani, R.M.; Antonarakis, E.S.;
Azad, N.S.; Bardelli, A.; et al. Detection of Circulating Tumor DNA in Early- and Late-Stage Human
Malignancies. Sci. Transl. Med. 2014, 6, 224. [CrossRef] [PubMed]

25. Grasselli, J.; Elez, E.; Caratù, G.; Matito, J.; Santos, C.; Macarulla, T.; Azuara, D.; Dienstmann, R.; Salazar, R.;
Vivancos, A.; et al. Concordance of blood- and tumor-based detection of RAS mutations to guide anti-EGFR
therapy in metastatic colorectal cancer. Ann. Oncol. 2017, 28, 1294–1301. [CrossRef] [PubMed]

26. Van Cutsem, E.; Lesniewski-Kmak, K.; Saunders, M.P.; Wasan, H.; Argiles, G.; Borg, C.; Creemers, G.-J.M.;
Fedyanin, M.; Glynne-Jones, R.; Pfeiffer, p.; et al. 542PDroplet digital PCR of circulating tumour DNA for the
detection of RAS/BRAF mutation in metastatic colorectal cancer. Ann. Oncol. (Internet) 2018. [CrossRef]

27. Thierry, A.R.; Messaoudi, S.; Mollevi, C.; Raoul, J.L.; Guimbaud, R.; Pezet, D.; Meddeb, R.; Lopez-Crapez, E.;
Sanchez, C.; Pastor, B.; et al. Clinical utility of circulating DNA analysis for rapid detection of actionable
mutations to select metastatic colorectal patients for anti-EGFR treatment. Ann. Oncol. 2017, 28, 2149–2159.
[CrossRef]

28. Kato, S.; Schwaederlé, M.C.; Fanta, P.T.; Okamura, R.; Leichman, L.; Lippman, S.M.; Scott, M.; Richard, B.;
Lanman, V.M.; Raymond, A.; et al. Genomic Assessment of Blood-Derived Circulating Tumor DNA in
Patients with Colorectal Cancers: Correlation with Tissue Sequencing, Therapeutic Response, and Survival.
JCO Precis. Oncol. 2019. [CrossRef]

29. McRee, A.; Atreya, C.E.; Elez, E.; Cutsem, V.E.; Rangwala, F.; Middleton, G.; Tabernero, R.; Geel, R.; Sidhu, J.G.;
Wu, Y.; et al. Efficacy and circulating tumor DNA (ctDNA) analysis of the BRAF inhibitor dabrafenib
(D), MEK inhibitor trametinib (T), and anti-EGFR antibody panitumumab (P) in patients (pts) with BRAF
V600E–mutated (BRAFm) metastatic colorectal cancer (mCRC). Ann. Oncol. (Internet) 2016. [CrossRef]

30. Jones, J.C.; Renfro, L.A.; Al-Shamsi, H.O.; Schrock, A.B.; Rankin, A.; Zhang, B.Y.; Williams, R.; Kopetz, S.;
Wolff, R.; Grothey, A.; et al. Non-V600BRAF Mutations Define a Clinically Distinct Molecular Subtype of
Metastatic Colorectal Cancer. J. Clin. Oncol. 2017, 35, 2624–2630. [CrossRef]

31. Ohtsu, A.; Kotani, D.; Bando, H.; Yoshino, T.; Fujii, S.; Ebi, H.; Marinela, C.; Marc, J.; Gollub, N.; Michael, F.;
et al. 607TiPBIG BANG study: A multicenter phase II study of the MEK inhibitor binimetinib + BRAF
inhibitor encorafenib + anti-EGFR antibody cetuximab in patients with BRAF non-V600E mutated metastatic
colorectal cancer (EPOC 1703). Ann. Oncol. (Internet) 2018. [CrossRef]

32. Pécuchet, N.; Rozenholc, Y.; Zonta, E.; Pietrasz, D.; Didelot, A.; Combe, P.; Sandor, V.; Schellens, J.H.M.;
Kopetz, S.; Tabernero, J.; et al. Analysis of Base-Position Error Rate of Next-Generation Sequencing to Detect
Tumor Mutations in Circulating DNA. Clin. Chem. 2016, 62, 1492–1503. [CrossRef] [PubMed]

33. Garrigou, S.; Perkins, G.; Garlan, F.; Normand, C.; Didelot, A.; Corre, D.; Zaanan, A.; Laurent-Puig, P.;
Sobhani, I.; Taly, V.; et al. A Study of Hypermethylated Circulating Tumor DNA as a Universal Colorectal
Cancer Biomarker. Clin. Chem. 2016, 62, 1129–1139. [CrossRef]

34. Cohen, J. A coefficient of agreement for nominal scale. Educ. Psychol. Meas. 1960, 20, 37–46. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/JTO.0000000000000263
http://www.ncbi.nlm.nih.gov/pubmed/25122430
http://dx.doi.org/10.1093/annonc/mdy061
http://www.ncbi.nlm.nih.gov/pubmed/29438522
http://dx.doi.org/10.1126/scitranslmed.3007094
http://www.ncbi.nlm.nih.gov/pubmed/24553385
http://dx.doi.org/10.1093/annonc/mdx112
http://www.ncbi.nlm.nih.gov/pubmed/28368441
http://dx.doi.org/10.1093/annonc/mdy281.088
http://dx.doi.org/10.1093/annonc/mdx330
http://dx.doi.org/10.1200/PO.18.00158
http://dx.doi.org/10.1093/annonc/mdw370.04
http://dx.doi.org/10.1200/JCO.2016.71.4394
http://dx.doi.org/10.1093/annonc/mdy281.152
http://dx.doi.org/10.1373/clinchem.2016.258236
http://www.ncbi.nlm.nih.gov/pubmed/27624137
http://dx.doi.org/10.1373/clinchem.2015.253609
http://dx.doi.org/10.1177/001316446002000104
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Study Population 
	ctDNA Detection 
	Concordance of the BRAF Mutation Between Tissue and Plasma 
	Discordant Cases 
	BRAF Mutated Patients with Conclusive and Inconclusive ctDNA Results 
	Concordance of BRAF Mutation Status According to the Presence of Liver Metastases and/or Primitive Tumor Resection 

	Comparison of Baseline Patient Characteristics According to RAS/BRAF Status 
	Clinical and Pathological Data at Baseline 
	Biological Features 
	Microsatellite Instability (MSI) Status 


	Discussion 
	Materials and Methods 
	Study Design and Patients 
	Plasma Collection and Tumor Tissue Mutations Analysis 
	Data Collection 
	RAS and BRAF Mutations Assessment in ctDNA 
	Centrally Analyzed Tumor Tissue in Patients with RAS or BRAF Mutation in ctDNA, but Not through Primary Tumor Analysis 
	Statistical Analyses 

	Conclusions 
	References

