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The detection of circulating cell-free DNA (cfDNA) by liquid biopsy is reported to provide prognostic 
information in colorectal cancer (CRC). Although the frequency of BRAF V600E mutation in CRC is 
less than 10%, it is associated with poor responses to conventional chemotherapy. We conducted a 
prospective study to investigate the relationship between the perioperative mutant allele frequency 
(MAF) of BRAF V600E and tumor recurrence, and to evaluate the possibility of early detection of 
recurrence. Among 362 patients who underwent radical resection, cfDNA was extracted from the 
perioperative blood of 11 CRC patients with BRAF V600E mutation and analyzed using the digital 
polymerase chain reaction (dPCR) system. The median follow-up time was 22 months, and there were 
four cases of recurrence. Although there was no correlation between recurrence and the perioperative 
MAF of BRAF V600E, tumor diameter was correlated with the MAF (p = 0.024), and the MAF increased 
with time in two patients from whom additional samples were obtained prior to recurrence. In this 
study, we identified a correlation between the pathological tumor diameter and the MAF, but it was 
difficult to predict recurrence by measuring cfDNA with BRAF V600E mutation in the perioperative 
period of radical resection of CRC.

Colorectal cancer (CRC) is the third most common cancer and the fourth most frequent cause of cancer-related 
death  worldwide1. The standard treatment of CRC without metastasis is radical resection, adjuvant chemo-
therapy depending on cancer stage, and follow-up according to current guidelines. Despite recent advances in 
the management of CRC, it is estimated that approximately 30% of patients develop metastases and finally die 
of metastatic disease after radical  resection2–4. Therefore, the early detection of patients at risk of developing 
metastatic disease after radical resection is critical to improving clinical outcome.

BRAF encodes a cytoplasmic serine/threonine kinase, and acts directly downstream of KRAS in the MAPK 
signaling pathway. BRAF mutations occur in approximately 3%–10% of CRC 5–8. More than 90% of activating 
BRAF mutations in CRC are caused by a change in nucleotide 1799 of exon 15, which induces a thymine to 
adenine change, leading to a substitution of valine by glutamate. This mutation is recognized as tumors with 
BRAF  V600E9,10. CRC patients harboring tumors with BRAF V600E have poor outcomes and a low response to 
conventional  chemotherapy11. The recent approval of BRAF inhibitors for CRC has improved cancer treatment 
outcomes. If liquid biopsy can be used to select the need for postoperative adjuvant chemotherapy, the outcomes 
of BRAF-mutant CRC will be further improved. Although BRAF inhibitors have recently entered clinical use for 
treating BRAF-mutant cancers, cancers are known to have spatial and temporal heterogeneity, and mutations 
not identified in primary tumors have been shown to exist in metastatic  tumors12,13. Therefore, it is desirable to 
monitor various genetic information in real time.

The term liquid biopsy was originally introduced as to the analysis of circulating tumor cells (CTCs)14. At 
present, liquid biopsy refers to a collective term that refers to the analysis of cancer-derived biomarkers isolated 
from the fluids of cancer  patients15.There are a pool of cells and/or cell products derived from a primary or meta-
static tumor, including CTCs, circulating cell-free DNA (cfDNA) or RNA, and exosomes in the peripheral blood 
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of a cancer  patient16. Analysis of these liquid biopsies can provide comprehensive real-time information of the 
tumor-associated changes in an individual cancer patient. These data can be used for the early detection of cancer, 
prognostic information (the risk for metastatic recurrence or progression), predictive information (sensitivity to 
anti-cancer agents), monitoring of treatment response, and identification of minimal residual disease (MRD)17. 
In terms of CTCs, they are more sensitive than tumor markers, and they can be used to predict prognosis when 
combined with tumor  markers18. The presence of postoperative CTCs predicts decreased disease-free  survival19, 
and the presence of preoperative CTCs predict early recurrence and decreased disease-free  survival20. A review 
by Peach et al. summarized that the presence of CTCs in peripheral blood at least 24 h after tumor resection was 
an independent prognostic marker of  recurrence21. However, there are no reports of the correlation between 
perioperative changes in cfDNA with BRAF V600E and prognosis.

In this study, we evaluated the dynamics of BRAF V600E mutation during the perioperative period by liquid 
biopsy to test the hypothesis that measurement of BRAF V600E in cfDNA in the early postoperative period is 
useful for predicting recurrence.

Results
Patient characteristics. A total of 362 patients underwent surgery for CRC at our hospital between April 
2018 and March 2020. Sixty-one patients who did not undergo genetic testing for KRAS/NRAS/BRAF were 
excluded, and 301 patients were included in the study. There were 139 patients with KRAS mutations and 12 
with NRAS mutations, and 139 were wild-type. Among the 151 patients with KRAS or NRAS mutations, none 
carried the BRAF V600E mutation. BRAF V600E mutation was identified in 11 (3.7%) cases using resected 
specimens. All patients had complete blood samples and underwent molecular analysis. We were able to collect 
samples from two of the four patients with recurrence after 30 days postoperatively, and molecular analysis was 
performed (Fig. 1).

The characteristics of these 11 cases are shown in Table 1. The median age was 69 years (range, 46–83), and 
seven cases were in women. The median body mass index was 21.6 kg/m2. The Eastern Cooperative Oncology 
Group performance score (ECOG–PS) was 0 in six patients, 1 in two patients, and ≥ 2 in three patients. In one 
case, duodenal NET was recognized in synchrony, and simultaneous resection was performed by laparotomy. 
All other cases underwent laparoscopic surgery. The median diameter of the pathological primary tumor at the 
baseline was 45 mm (range: 30–80 mm). Pathologically, four patients had lymph node metastasis, and seven 
patients did not.

The progress of each patient is shown in Table 2. The mean observation period was 22 months. Five patients 
received postoperative adjuvant chemotherapy. Recurrence was observed in four cases. The recurrent organs 
were liver in one case and peritoneum in three cases. A patient with liver metastases died 17.2 months after 
treatment with liver resection and subsequent chemotherapy. Of the three patients with peritoneal dissemi-
nated metastases, one died at 9.4 months after surgery due to poor performance score (PS) and the inability to 
undergo chemotherapy. The remaining two patients were treated with chemotherapy, one of whom was resected 
for peritoneal dissemination and is still undergoing chemotherapy, and one of whom died at 11.6 months after 
surgery due to tumor progression.

Relationship between mutant allele frequency of BRAF V600E in the perioperative period and 
recurrence. We examined BRAF V600E in the perioperative cfDNA of all patients. The MAFs of BRAF 
V600E in all cases are shown in Fig. 2. Some patients had a high MAF even if they had not relapsed, while oth-
ers had a low MAF but had relapsed. Changes in MAF did not fluctuate over time. The relationship between 
detection of BRAF V600E and recurrence was simplified using a cutoff value of 0.15% for  MAF22 (Table 3). In 

Figure 1.  Flow chart presenting BRAF V600E mutation detection in the study. N number of patients.
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patients who experienced relapse, the BRAF V600E mutation was detected in all postoperative measurements. 
Conversely, the mutation was inconsistently detected in patients who did not experience relapse. There was no 
correlation between cfDNA in the perioperative period and recurrence.

A comparison of the perioperative MAF of BRAF V600E with recurrence is shown in Fig. 3. There was no 
significant difference in recurrence and MAF preoperatively or on postoperative days 1 or 30. The preoperative 
BRAF V600E MAF and each factor were compared (Fig. 4). Tumor diameter, lymph node metastasis, preopera-
tive CEA, and preoperative CA19-9 were examined; the MAF was significantly higher in patients with tumor 
diameters of 60 mm or more.

MAF of BRAF V600E at diagnosis of recurrence. We were able to collect a liquid biopsy from two 
cases of recurrence (case 4 and case 11) until the recurrence was confirmed on imaging. Case 4 had poor PS and 
could not receive postoperative adjuvant chemotherapy. At 7.2 months postoperatively, peritoneal dissemination 

Table 1.  Demographics and characteristics of patients with BRAF V600E mutation. BMI body mass index, 
ECOG Eastern Cooperative Oncology Group.

Characteristic Classification N = 11

Sex
Male 4

Female 7

Age (years) Median (range) 69 (46–83)

BMI (kg/m2)

< 20 2

20–24 7

> 24 2

ECOG performance status

0 6

1 2

≥ 2 3

Primary tumor location
Right-sided 8

Left-sided 3

Histological grade

Well 3

Moderately 5

Poorly 1

Mucinous 2

p-Tumor depth

T1 0

T2 2

T3 5

T4 (T4a/T4b) 4 (4/0)

p-Lymph node metastasis

N0 4

N1 (N1a/N1b/N1c) 5 (3/2/0)

N2 (N2a/N2b) 2 (0/2)

Recurrence site
Liver 1

Peritoneum 3

Tumor marker
Pre-CEA (ng/ml) 4.6 (1.5–28.8)

Pre-CA19-9 (U/ml) 7 (2–199)

Table 2.  Progress of the patients’ treatment. DFS disease-free survival, OS overall survival, P peritoneal 
dissemination, C chemotherapy, S surgery.

Sex Age Location Histological grade Pre-CEA Pre-CA19-9
Tumor size 
(mm) P-tumor depth

P-lymph node 
metastasis pStage

Pre-MAF 
(%) Adjuvant therapy Recurrence DFS (mo)

Additional 
treatment OS (mo) Outcome

1 F 82 Cecum Moderately 1.7 2 30 T2 N0 I 0.178 − − 22.5 − 22.5 Alive

2 F 76 Ascending Mucinous 14 7 80 T3 N0 IIA 1.622 − − 22.8 − 22.8 Alive

3 F 70 Transverse Moderately 4.6 7 50 T3 N0 IIA 0.266 − − 22.4 − 22.4 Alive

4 F 77 Descending Well 4.6 3 35 T4a N0 IIB 0.673 − P 7.2 − 9.4 Death

5 M 52 Ascending Mucinous 6.3 6 30 T2 N1a IIA 1.444 + − 15.4 − 15.4 Alive

6 F 57 Ascending Moderately 20.3 45 70 T3 N1a IIB 3.659 + − 22.4 − 22.4 Alive

7 F 83 Rectum Moderately 1.5 12 45 T3 N1b IIB 3.534 − − 20.0 − 20.0 Alive

8 M 46 Transverse Well 2 6 45 T3 N1a IIB 0 + − 18.6 − 18.6 Alive

9 M 52 Ascending Moderately 2.2 33 65 T4a N1b IIB 4.626 + P 5.2 C 11.6 Death

10 F 69 Ascending Well 28.8 199 40 T4a N2b IIC 0.958 + P 3.9 C, S 23.6 Alive

11 M 58 Ascending Moderately 1.8 5 40 T4a N2b IIC 0.0998 − Liver 2.7 C, S 17.2 Death
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was diagnosed. The MAF was 0.22% at 30 days postoperatively, 0.23% at 5 months postoperatively, and 0.85% 
at diagnosis of recurrence. However, case 11 had idiopathic thrombocytopenic purpura and could not receive 
adjuvant chemotherapy. At 2.7 months after surgery, liver metastasis was diagnosed. The MAF on postopera-
tive day 30 was 0.61%, while the MAF at the start of chemotherapy was 0.85%. In both cases, the cfDNA levels 
showed an increasing trend over time (Fig. 5).

Figure 2.  The mutant allele frequencies of BRAF V600E mutation in all cases. Perioperative changes in 
MAF were not related to the time course. The amounts of POD1 and POD7 in Case 2, POD30 in Case 5, and 
preoperative BRAF V600E in Case 8 were small and undetectable. The pStage is presented as described in the 
TNM 8 version. #Recurrence; *Adjuvant chemotherapy; Pre, preoperative; POD, postoperative day.

Table 3.  Relationship between BRAF V600E detection and recurrence. The cutoff value of the mutant allele 
frequency was 0.15%. POD postoperative day.

Preoperative POD1 POD30

Recurrence (−) N = 7 6/7 (85.7%) 6/7 (85.7%) 5/7 (71.4%)

Recurrence (+) N = 4 3/4 (75%) 4/4 (100%) 4/4 (100%)

Figure 3.  Relationship between the perioperative mutant allele frequency of BRAF V600E and recurrence. 
There was no significant difference between MAF preoperatively and on postoperative day (POD)1 and 
POD30 between recurrent and non-recurrent cases (Mann–Whitney U test; p = 1.00, p = 0.788, and p = 0.927, 
respectively).
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Discussion
Recently, Zmrzljak et al. reported on the detection of the BRAF V600E mutation by liquid biopsy in patients with 
CRC before  surgery23. To the best of our knowledge, this is the first prospective study to evaluate the oncological 
changes of perioperative cfDNA levels patients with the BRAF V600E mutation over time. In the present study, we 
showed two main findings. First, it was difficult to predict recurrence by measuring cfDNA with BRAF V600E in 
the perioperative period. Second, the perioperative MAF of BRAF V600E was not correlated with tumor markers 
or lymph node metastasis but was correlated with tumor diameter.

Figure 4.  Relationship between preoperative BRAF V600E mutant allele frequency and tumor size, lymph node 
metastasis, and tumor markers. (A) Tumor size, (B) lymph node metastasis, (C) CEA, and (D) CA19-9. Pairwise 
comparisons showed that the larger the tumor size, the higher the MAF (Mann–Whitney U test; p = 0.024). 
There were no significant differences in the presence or absence of lymph node metastasis, CEA level, or CA19-9 
level. (Mann–Whitney U test; p = 0.527, p = 0.230, and p = 0.436, respectively.)

Figure 5.  The mutant allele frequency of the BRAF V600E mutation was assessed in Case 4 and 11 until 
recurrence. In both cases, the cfDNA levels tended to increase over time. POD postoperative day.
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Previous reports demonstrated that cfDNA is a prognostic marker in metastatic CRC  patients24–26. However, 
these studies were conducted in patients already diagnosed with distant metastasis. There have been reports that 
preoperative and pre-chemotherapy cfDNA levels are useful prognostic markers, but no mutation-specific reports 
have been  published27–29. Although Shimada et al. reported that BRAF V600E positivity in resection specimens 
is an important molecular marker for predicting prognosis and the feasibility conversion surgery (conversion 
surgery defined as a surgical treatment aiming at a curable intention after tumors initially deemed technically 
or oncologically unresectable or only marginally resectable respond to chemotherapy) in patients with stage 
IV CRC 30, no report describe the early prediction of recurrence using cfDNA containing BRAF V600E in the 
perioperative period after radical surgery. In this study, we examined the MAF of BRAF V600E preoperatively 
and on postoperative days 1 and 30 and found no correlation between MAF and recurrence. Therefore, it was 
difficult to predict recurrence after radical resection of CRC by perioperative BRAF V600E.

This study showed that the MAF of BRAF V600E did not correlate with recurrence or tumor markers or 
lymph node metastasis, but with tumor diameter. Bando et al. compared the concordance rate of RAS mutations 
between cfDNA in plasma and tumor tissue DNA in patients with metastatic CRC 31. They reported that patients 
with pulmonary metastases only, with a maximum lesion diameter of 20 mm and fewer than 10 lesions, had 
less tumor released into the plasma, which decreased the detection sensitivity of cfDNA. Because the detection 
rate varies depending on the site of metastasis, tumor diameter, and number of metastases, it may be difficult to 
predict recurrence using cfDNA in the early postoperative period.

Early studies established that many cancer cells are disseminated into the blood from an early stage, but 
metastasis is a highly inefficient  process32–34. These studies showed that within 24 h after entry into the circulation, 
less than 0.1% of tumor cells are still viable, and less than 0.01% of these cells, when introduced into the circula-
tion, survive to produce metastases. Therefore, only a few cells in a primary tumor can give rise to a metastasis.

We were able to collect samples from two recurrent cases. In these cases, the MAF of BRAF V600E mutation 
had increased over time. This may be due to the increased amount of tumor in the body caused by the recur-
rence. Although recurrence could not be predicted from cfDNA in the perioperative period, it may be possible 
to detect recurrence early by measuring it in succession. If the detection sensitivity of liquid biopsy is improved 
by further research and the accumulation of knowledge, BRAF mutated cases may be detected earlier, permitting 
earlier therapeutic intervention.

The present study has several limitations. First, it was conducted at a single institution. Second, only 3.7% of 
patients had BRAF V600E, which was a small number of eligible patients. Third, because the observation period 
of our study was 22 months, it is possible that other patients may relapse in the future. Finally, we analyzed only 
BRAF V600E by dPCR. Cancer is spatially and temporally heterogeneous, and recurrent tumors may not have 
the BRAF V600E mutation. In the future, other genetic mutations should be studied.

In conclusion, it is difficult to predict early recurrence by measuring cfDNA for BRAF V600E in the perio-
perative period. Metastasis is known to be a very inefficient process, and this may make an early prediction of 
recurrence difficult.

Methods
Study design and patients. This was a prospective study that included patients who underwent colorectal 
surgery without distant metastasis at Fukuoka University Hospital between April 2018 and March 2020. A total 
of 362 patients diagnosed with primary colorectal adenocarcinoma who underwent primary tumor resection 
were included. For tissue KRAS, NRAS, and BRAF tests, the MEBGEN RASKET-B kit (MBL, Tokyo, Japan), 
which applies the polymerase chain reaction-reverse sequence-specific oligonucleotide method, was used in 
accordance with the manufacturer’s  protocol35. Cases with wild type and KRAS/NRAS mutations were excluded. 
The institutional review board of Fukuoka University Faculty of Medicine approved this study (2017M35, U19-
09-001). Written informed consent was obtained from all patients. All procedures were performed in accordance 
with the Declaration of Helsinki.

Blood collection procedures. Peripheral blood was collected within 1 week before surgery and on post-
operative days 1 and 30. For each patient, 10 ml blood was collected in a BD Vacutainer® PPT plasma preparation 
tube (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). The sample was centrifuged at 1100×g for 
10 min at 4 °C within 2 h after blood collection. The plasma was transferred to a microtube and stored at − 80 °C 
until use.

cfDNA extraction from frozen plasma samples. Plasma samples kept at − 80 °C were re-centrifuged at 
16,000×g for 10 min at 4 °C to eliminate debris. cfDNA was extracted from 1 ml plasma using the Maxwell® RSC 
cfDNA plasma kit (Promega Corporation, Madison, USA) and Maxwell® RSC Instrument (Promega Corpora-
tion, Madison, USA) in accordance with the manufacturer’s protocol, as described  previously36.

Mutation detection by dPCR and sequencing data analysis. The quantity of cfDNA was calculated 
using the QuantStudio™ 3D Digital PCR System (Applied Biosystems, South San Francisco, CA)37. Each poly-
merase chain reaction (PCR) mixture was prepared with 9 μL QuantStudio 3D Digital PCR Master Mix, 0.45 μL 
TaqMan™ assays, and 8.1 μL cfDNA. We loaded 15 μL of the 17.1 μL reaction mixture onto a QuantStudio™ 3D 
Digital PCR 20 K Chip using the automatic chip loader. The DNA amplification reaction using the ProFlex™ 
PCR System (Applied Biosystems, South San Francisco, CA) was 96 °C for 10 min followed by 39 cycles of 56 °C 
for 2 min and 98 °C for 30 min, and 39 cycles at 56 °C for 2 min and 98 °C for 30 s, with a final extension step 
at 60 °C for 2 min. For dPCR, predesigned dual-probe TaqMan assays were purchased from ThermoScientific 
for BRAF V600E (c.1799T>A; Assay Hs000000004_rm). Results were analyzed using QuantStudio 3D Analysis 
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Suite™ Cloud software. Automatic call assignment for each data cluster was manually adjusted as needed. dPCR 
data analysis was performed by two independent investigators blinded to clinical and tumor information. The 
results of the assay are reported as MAF, defined as the ratio of mutant DNA molecules to the sum of wild-type 
and mutant DNA molecules. A sample was considered positive when the MAF was greater than 0.15%22.

Plasmid DNA harboring the BRAF V600E mutation (GeneArt, Thermo Fisher Scientific) was used to confirm 
the sensitivity of dPCR for the BRAF V600E mutation. We generated plasmid dilutions down to 0.1% BRAF 
V600E mutation on a wild-type plasmid DNA background and used the QuantStudio™ 3D dPCR System to 
quantify MAF and plasmid copy numbers. MAF determined by dPCR was in high concordance compared with 
the allele concentration built by plasmid constructs  (R2 = 0.99, p = 0.003). dPCR detected the presence of the 
BRAF V600E mutation in all dilutions down to 0.1%.

Statistical analysis. Statistical analysis was conducted using IBM SPSS Statistics (IBM Japan, Inc., Tokyo, 
Japan). Results are presented as number or median (interquartile range [IQR]). We performed comparisons 
using the Mann–Whitney U test for quantitative variables. P-values of < 0.05 were considered significant.

Data availability
The datasets generated during and/or analyzed during the current study are available by request.

Received: 6 March 2021; Accepted: 16 June 2021

References
 1. Mármol, I., Sánchez-de-Diego, C., Pradilla Dieste, A., Cerrada, E. & Rodriguez Yoldi, M. J. Colorectal carcinoma: A general 

overview and future perspectives in colorectal cancer. Int. J. Mol. Sci. 18, 197 (2017).
 2. Galandiuk, S. et al. Patterns of recurrence after curative resection of carcinoma of the colon and rectum. Surg. Gynecol. Obstet. 

174, 27–32 (1992).
 3. Safi, F. & Beyer, H. G. The value of follow-up after curative surgery of colorectal carcinoma. Cancer Detect. Prev. 17, 417–424 (1993).
 4. Sargent, D. et al. Evidence for cure by adjuvant therapy in colon cancer: Observations based on individual patient data from 20,898 

patients on 18 randomized trials. J. Clin. Oncol. 27, 872–877. https:// doi. org/ 10. 1200/ JCO. 2008. 19. 5362 (2009).
 5. Chen, D. et al. BRAF V600E mutation and its association with clinicopathological features of colorectal cancer: A systematic review 

and meta-analysis. PLoS ONE 9, e90607 (2014).
 6. Tol, J., Nagtegaal, I. D. & Punt, C. J. BRAF mutation in metastatic colorectal cancer. N. Engl. J. Med. 361, 98–99 (2009).
 7. Tie, J. et al. Optimizing targeted therapeutic development: Analysis of a colorectal cancer patient population with the BRAFV600E 

mutation. Int. J. Cancer 128, 2075–2084 (2011).
 8. Ye, Z. L. et al. Gene mutation profiling in Chinese colorectal cancer patients and its association with clinicopathological charac-

teristics and prognosis. Cancer Med. 9, 745–756 (2020).
 9. Ikenoue, T. et al. Functional analysis of mutations within the kinase activation segment of B-Raf in human colorectal tumors. Can. 

Res. 63, 8132–8137 (2003).
 10. Davies, H. et al. Mutations of the BRAF gene in human cancer. Nature 417, 949–954 (2002).
 11. Garcia-Carbonero, N. et al. KRAS and BRAF mutations as prognostic and predictive biomarkers for standard chemotherapy 

response in metastatic colorectal cancer: A single institutional study. Cells https:// doi. org/ 10. 3390/ cells 90102 19 (2020).
 12. Knijn, N. et al. KRAS mutation analysis: A comparison between primary tumours and matched liver metastases in 305 colorectal 

cancer patients. Br. J. Cancer 104, 1020–1026. https:// doi. org/ 10. 1038/ bjc. 2011. 26 (2011).
 13. Furuki, H. et al. Evaluation of liquid biopsies for detection of emerging mutated genes in metastatic colorectal cancer. Eur. J. Surg. 

Oncol. 44, 975–982. https:// doi. org/ 10. 1016/j. ejso. 2018. 01. 224 (2018).
 14. Alix-Panabieres, C. & Pantel, K. Circulating tumor cells: Liquid biopsy of cancer. Clin. Chem. 59, 110–118. https:// doi. org/ 10. 1373/ 

clinc hem. 2012. 194258 (2013).
 15. Yamada, T. et al. Liquid biopsy for the management of patients with colorectal cancer. Digestion 99, 39–45. https:// doi. org/ 10. 1159/ 

00049 4411 (2019).
 16. Joosse, S. A. & Pantel, K. Tumor-educated platelets as liquid biopsy in cancer patients. Cancer Cell 28, 552–554. https:// doi. org/ 

10. 1016/j. ccell. 2015. 10. 007 (2015).
 17. Cohen, J. D. et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test. Science 359, 926–930. 

https:// doi. org/ 10. 1126/ scien ce. aar32 47 (2018).
 18. Yu, H. et al. Significant diagnostic value of circulating tumour cells in colorectal cancer. Oncol. Lett. 20, 317–325 (2020).
 19. Yang, C. et al. Prognostic value of pre-and post-operative circulating tumor cells detection in colorectal cancer patients treated 

with curative resection: A prospective cohort study based on ISET device. Cancer Manag. Res. 10, 4135 (2018).
 20. Thorsteinsson, M. & Jess, P. The clinical significance of circulating tumor cells in non-metastatic colorectal cancer: A review. Eur. 

J. Surg. Oncol. 37, 459–465. https:// doi. org/ 10. 1016/j. ejso. 2011. 01. 025 (2011).
 21. Peach, G., Kim, C., Zacharakis, E., Purkayastha, S. & Ziprin, P. Prognostic significance of circulating tumour cells following surgical 

resection of colorectal cancers: A systematic review. Br. J. Cancer 102, 1327–1334. https:// doi. org/ 10. 1038/ sj. bjc. 66056 51 (2010).
 22. García-Saenz, J. A. et al. Tumor burden monitoring using cell-free tumor DNA could be limited by tumor heterogeneity in advanced 

breast cancer and should be evaluated together with radiographic imaging. BMC Cancer 17, 1–8 (2017).
 23. Zmrzljak, U. P., Kosir, R., Krivokapic, Z., Radojkovic, D. & Nikolic, A. Detection of somatic mutations with ddPCR from liquid 

biopsy of colorectal cancer patients. Genes https:// doi. org/ 10. 3390/ genes 12020 289 (2021).
 24. El Messaoudi, S. et al. Circulating DNA as a strong multimarker prognostic tool for metastatic colorectal cancer patient manage-

ment care. Clin. Cancer Res. 22, 3067–3077 (2016).
 25. Hamfjord, J. et al. Total circulating cell-free DNA as a prognostic biomarker in metastatic colorectal cancer before first-line 

oxaliplatin-based chemotherapy. Ann. Oncol. 30, 1088–1095 (2019).
 26. Spindler, K. L. G. et al. Cell-free DNA in metastatic colorectal cancer: A systematic review and meta-analysis. Oncologist 22, 1049 

(2017).
 27. Reinert, T. et al. Analysis of plasma cell-free DNA by ultradeep sequencing in patients with stages I to III colorectal cancer. JAMA 

Oncol. 5, 1124–1131. https:// doi. org/ 10. 1001/ jamao ncol. 2019. 0528 (2019).
 28. Tie, J. et al. Circulating tumor DNA analyses as markers of recurrence risk and benefit of adjuvant therapy for stage III colon 

cancer. JAMA Oncol. 5, 1710–1717. https:// doi. org/ 10. 1001/ jamao ncol. 2019. 3616 (2019).

https://doi.org/10.1200/JCO.2008.19.5362
https://doi.org/10.3390/cells9010219
https://doi.org/10.1038/bjc.2011.26
https://doi.org/10.1016/j.ejso.2018.01.224
https://doi.org/10.1373/clinchem.2012.194258
https://doi.org/10.1373/clinchem.2012.194258
https://doi.org/10.1159/000494411
https://doi.org/10.1159/000494411
https://doi.org/10.1016/j.ccell.2015.10.007
https://doi.org/10.1016/j.ccell.2015.10.007
https://doi.org/10.1126/science.aar3247
https://doi.org/10.1016/j.ejso.2011.01.025
https://doi.org/10.1038/sj.bjc.6605651
https://doi.org/10.3390/genes12020289
https://doi.org/10.1001/jamaoncol.2019.0528
https://doi.org/10.1001/jamaoncol.2019.3616


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13263  | https://doi.org/10.1038/s41598-021-92795-8

www.nature.com/scientificreports/

 29. Taieb, J. T. V. et al. Analysis of circulating tumor DNA (ctDNA) from patients enrolled in the IDEA-FRANCE phase III trial-
prognostic and predictive value for adjuvant treatment duration: A GERCOR-PRODIGE study. Ann. Oncol. 30, v851–v934. https:// 
doi. org/ 10. 1093/ annonc/ mdz394 (2019).

 30. Shimada, Y. et al. BRAF V600E and SRC mutations as molecular markers for predicting prognosis and conversion surgery in Stage 
IV colorectal cancer. Sci. Rep. 9, 2466. https:// doi. org/ 10. 1038/ s41598- 019- 39328-6 (2019).

 31. Bando, H. et al. A multicentre, prospective study of plasma circulating tumour DNA test for detecting RAS mutation in patients 
with metastatic colorectal cancer. Br. J. Cancer 120, 982–986 (2019).

 32. Weiss, L. Metastatic inefficiency. Adv. Cancer Res. 54, 159–211 (1990).
 33. Fidler, I. J. Metastasis: Quantitative analysis of distribution and fate of tumor emboli labeled with 125I-5-iodo-2′-deoxyuridine. J. 

Natl. Cancer Inst. 45, 773–782 (1970).
 34. Luzzi, K. J. et al. Multistep nature of metastatic inefficiency: dormancy of solitary cells after successful extravasation and limited 

survival of early micrometastases. Am. J. Pathol. 153, 865–873 (1998).
 35. Osumi, H., Shinozaki, E., Yamaguchi, K. & Zembutsu, H. Early change in circulating tumor DNA as a potential predictor of 

response to chemotherapy in patients with metastatic colorectal cancer. Sci. Rep. 9, 1–9 (2019).
 36. Sorber, L. et al. A comparison of cell-free DNA isolation kits: Isolation and quantification of cell-free DNA in plasma. J. Mol. Diagn. 

19, 162–168. https:// doi. org/ 10. 1016/j. jmoldx. 2016. 09. 009 (2017).
 37. Takeda, K. et al. Analysis of colorectal cancer-related mutations by liquid biopsy: Utility of circulating cell-free DNA and circulat-

ing tumor cells. Cancer Sci. 110, 3497–3509. https:// doi. org/ 10. 1111/ cas. 14186 (2019).

Acknowledgements
We thank the participating patients, their family members, and all researchers involved in this study. We are 
grateful to Sayuri Hashimoto and Chie Murakami for collecting the samples. We thank H. Nikki March, PhD, 
Edanz Group (https:// en- author- servi ces. edanz. com/ ac) for editing a draft of this manuscript.

Author contributions
K.T. and Y.Y. wrote the main manuscript. Y.Y. supervised the study. S.H. provided analytical oversight and 
revised the manuscript for important intellectual content. K.T., T.Y., T.H., H.S., and F.Y. conducted the cfDNA 
analysis. K.T., T.Y., R.K., T.M., Y.M., H.N., A.K., R.S., R.N., N.A., and G.Y. collected blood samples and clinical 
and pathological data. All authors have read and approved the final version to be published.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1093/annonc/mdz394
https://doi.org/10.1093/annonc/mdz394
https://doi.org/10.1038/s41598-019-39328-6
https://doi.org/10.1016/j.jmoldx.2016.09.009
https://doi.org/10.1111/cas.14186
https://en-author-services.edanz.com/ac
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Oncological evaluation in the perioperative period using cfDNA with BRAF V600E mutation in patients with colorectal cancer
	Results
	Patient characteristics. 
	Relationship between mutant allele frequency of BRAF V600E in the perioperative period and recurrence. 
	MAF of BRAF V600E at diagnosis of recurrence. 

	Discussion
	Methods
	Study design and patients. 
	Blood collection procedures. 
	cfDNA extraction from frozen plasma samples. 
	Mutation detection by dPCR and sequencing data analysis. 
	Statistical analysis. 

	References
	Acknowledgements


