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Purpose  Circulating tumor DNA (ctDNA) is emerging as a valuable non-invasive tool to identify tumor heterogeneity and tumor bur-
den. This study investigated ctDNA dynamics in metastatic colorectal cancer patients treated with regorafenib.
Materials and Methods  In this prospective biomarker study, plasma cell-free DNA (cfDNA) samples obtained at baseline, at the 
first response evaluation after 2 cycles of treatment, and at the time of progressive disease were sequenced using a targeted next-
generation sequencing platform which included 106 genes.
Results  A total of 285 blood samples from 110 patients were analyzed. Higher baseline cfDNA concentration was associated with 
worse progression-free survival (PFS) and overall survival (OS). After 2 cycles of treatment, variant allele frequency (VAF) in the major-
ity of ctDNA mutations decreased with a mean relative change of –31.6%. Decreases in the VAF of TP53, APC, TCF7L2, and ROS1 
after 2 cycles of regorafenib were associated with longer PFS. We used the sum of VAF at each time point as a surrogate for the overall 
ctDNA burden. A reduction in sum (VAF) of ≥ 50% after 2 cycles was associated with longer PFS (6.1 vs. 2.7 months, p=0.002), OS 
(11.3 vs. 5.9 months, p=0.001), and higher disease control rate (86.3% vs. 51.1%, p < 0.001). VAF of the majority of the ctDNA muta-
tions increased at the time of disease progression, and VAF of BRAF increased markedly.
Conclusion  Reduction in ctDNA burden as estimated by sum (VAF) could be used to predict treatment outcome of regorafenib. 
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Introduction

Regorafenib inhibits multiple protein kinases including 
vascular endothelial growth factor receptors, KIT, RET, RAF-
1, BRAF, TIE2, FGF receptors, and platelet-derived growth 
factor receptors [1,2]. The clinical benefit of regorafenib in the 
treatment-refractory colorectal cancer was shown in phase 
III studies [3,4]. In the CORRECT and the CONCUR trial,  
regorafenib showed improved overall survival (OS) com-
pared to placebo in patients with metastatic colorectal cancer 
who had progressed after standard therapies [3,4]. The objec-
tive response rate of regorafenib was 1% in the CORRECT 
trial and 4% in the CONCUR trial [3,4].

As only a subset of patients derives clinical benefit from 
regorafenib, predictive biomarker of its therapeutic benefit 
needs to be identified. In a retrospective exploratory analy-
sis of the CORRECT trial, investigators analyzed circulating 
DNA and protein biomarkers to predict the clinical activity 
of regorafenib [5]. While baseline plasma DNA concentration 

was a prognostic factor, the clinical benefit of regorafenib 
was not affected by baseline plasma DNA concentration [5]. 
In addition, the clinical benefit of regorafenib was consistent 
regardless of KRAS and PIK3CA mutation status of plasma 
circulating tumor DNA (ctDNA) using BEAMing technology 
[5]. Currently, there is no identified predictive biomarker for 
regorafenib.

ctDNA is rapidly emerging as a valuable non-invasive tool 
for real-time monitoring of tumor characteristics including 
mutational profile, tumor heterogeneity, and tumor burden 
in cancer patients [6,7]. Moreover, early change of ctDNA is 
associated with therapeutic response in metastatic colorectal 
cancer during palliative chemotherapy [8,9]. However, most 
studies were performed in earlier lines of metastatic set-
ting and there is no data whether the changes of ctDNA are  
associated with treatment outcome of regorafenib.

Comprehensive analysis of ctDNA using a serial plasma 
samples can provide a better understanding of how tumors 
respond to treatment. The purpose of this study was to inves-
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tigate ctDNA dynamics during regorafenib treatment and to 
identify its association with treatment outcome in patients 
with metastatic colorectal cancer.

Materials and Methods

1. Patients and treatment
This study included patients enrolled in a prospective 

biomarker study entitled “Identification of Predictive Bio-
marker of Regorafenib in Refractory Colorectal Cancer: A 
Prospective Explorative Study (ClinicalTrial.gov Identi-
fier: NCT01996969, Registration date: November 27 2013)”.  
Patients with metastatic colorectal cancer who were refracto-
ry to standard therapies (fluoropyrimidine, oxaliplatin, and 
irinotecan) were eligible for the current study. Prior treat-
ment with bevacizumab or cetuximab was not mandatory. 
Other main inclusion criteria were age ≥ 20 years; pathologi-
cally proven colorectal adenocarcinoma; adequate tissue for 
gene sequencing; and Eastern Cooperative Oncology Group 
performance status 0 or 1.

Patients received oral regorafenib 160 mg once daily for 
the first 3 weeks of each 4-week cycle and were treated until 
disease progression, death, unacceptable toxicity, or decision 
by the treating physician. Regorafenib was provided by Bay-
er Pharma AG (Berlin, Germany). Response evaluation using 
contrast-enhanced computed tomography was repeated eve-
ry 2 cycles and tumor response was determined according to 
the Response Evaluation Criteria in Solid Tumor (RECIST) 
ver. 1.1.

From October 2013 to January 2015, a total of 117 patients 
were enrolled in this prospective biomarker study. Among 
the 117 patients, seven patients were not evaluable for  
response (4 patients lost to follow-up, two withdrew consent, 
and one without extracranial measurable lesion) and a total 
of 110 patients were included in the present biomarker analy-
sis (S1 Fig.).

2. Blood sample collection and library preparation
Blood samples were obtained at baseline, at the first tumor 

response evaluation after 2 cycles of treatment, and at the 
time of disease progression. Blood samples were centrifuged 
with Ficoll solution at 1,500 ×g for 15 minutes. Plasma was 
then separated by centrifugation at 16,000 ×g for 10 minutes 
to remove cell debris, after which 1-mL aliquots were placed 
in Eppendorf tubes and stored at −80°C before DNA extrac-
tion. This protocol was performed within 20 min of blood 
collection to prevent cell-free DNA (cfDNA) degradation 
and release of genomic DNA from dying blood cells. cfDNA 
was isolated according to the manufacturer’s instructions 
from 2-4 mL plasma using a Maxwell RSC ccfDNA Plasma 

Kit (Promega, Madison, WI) and quantified using a 4200 
TapeStation (Agilent Technologies, Santa Clara, CA). Periph-
eral blood mononuclear cell (PBMC) were separated follow-
ing this protocol. Genomic DNA was isolated from PBMC 
using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA).

3. Targeted deep sequencing and bioinformatics analysis
A DNA NGS library was constructed using IMBdx NGS 

DNA Library Prep Kit. Solution-based target enrichment was 
performed at IMBdx, Inc. (Seoul, Korea), using an AlphaL-
iquid 100 target capture panel which includes 106 genes (S2  
Table). The total length was approximately 0.39 MB. Cap-
tured DNA libraries were sequenced using an Illumina 
NextSeq 550 platform (Illumina, San Diego, CA) in 2×150 
bp paired-end mode. All sequencing reads from the samples 
were generated in fastq format. The fastq files were trimmed 
for adaptor sequences and aligned to the human reference 
genome (hg38) using Burrows-Wheeler Aligner (v0.7.17) 
“mem” algorithm. Initial variant calls were compiled for 
the AlphaLiquid 100 target regions using VarDict [10], then 
a series of IMBdx in-house filtering steps were applied. The 
single nucleotide variants (SNVs) and insertions/deletions 
(INDELs) with at least 0.5% variant allele frequency (VAF) 
and six alternative reads were considered a somatic variant 
call. A few unsatisfied variants were rescued that appeared 
high VAF in other time points. The somatic variants were dis-
tinguished from germline variants and clonal hematopoiesis 
of indeterminate potential variants in the matched PBMC 
sample.

The variant calls were annotated using SnpEff [11], SnpSift 
[12], and VEP [13] for functional effect prediction and tag-
ging information from various databases. In the end, somatic 
but known as (likely) benign, synonymous, or intronic vari-
ants were filtered out. For copy number amplification (CNA) 
detection, the reference depth profile was pre-built using 
50 normal samples. Then, for each sample of interest, CNA 
calling was performed per each gene assessing statistical sig-
nificance supporting amplification compared to the normal 
cohort. Amplification was defined as copy number (CN) ≥ 6 
and CN gain as CN ≥ 4. All bioinformatic analysis was per-
formed by a bioinformatician (H.R.) blinded to clinical in-
formation. The sequencing coverage and quality statistics for 
each sample are summarized in S3 Table.

Previous studies in small lung cancer and pancreatic  
adenocarcinoma revealed that maximum VAF or mean VAF 
of ctDNA is correlated with tumor burden [14,15]. Since max-
imum VAF does not reflect tumor heterogeneity and the level 
of mean VAF could be biased by mutations with low VAF, we 
hypothesized that the sum of VAF is more likely to reflect the 
overall ctDNA burden at each time point in a single patient.

Cancer Res Treat. 2023;55(3):927-938
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4. Statistical analysis
Progression-free survival (PFS) was calculated from the 

date of regorafenib initiation to the first date of disease pro-
gression or death from any cause. Data from patients who 
were free of progression or lost to follow-up were censored at 
the date of the last follow-up visit for PFS. OS was calculated 
from the date of regorafenib initiation to the date of death 
from any cause. Tumor response was evaluated according to 
RECIST ver. 1.1. Disease control rate was defined as a com-
bined proportion of complete response, partial response, and 
stable disease. Categorical variables were compared by chi-
square test or Fisher’s exact test, and continuous variables 
were compared using the independent-samples t test. For 
variables that did not show a normal distribution, statistics 
were performed through a log transformation. These vari-
ants included cfDNA concentration, VAF change, and sum 
(VAF) change. In the analysis of VAF change of each gene 
and PFS, relative VAF change was calculated by dividing 
follow-up VAF by baseline VAF. If a specific variant was 
detected only in one of the two time-points, the VAF of the 
undetected time-point was set at 0.1% in order to enable log 
transformation of the VAF change values. Although a VAF of 
0.5% cutoff was used for somatic variant calls, a few unsatis-
fied variants below 0.5% had been rescued. Therefore, a VAF 
of 0.1% for undetected variants was chosen to give the lowest 
VAF value among the samples. PFS and OS were analyzed 
using the Kaplan-Meier method, and comparisons were 
made using the log-rank tests. To adjust for baseline char-
acteristics, Cox proportional hazard analysis of PFS and OS 
was performed in a forward stepwise method including the 
following covariates: age, sex, tumor location, liver metas-
tasis, lung metastasis, and prior use of monoclonal antibod-
ies (cetuximab, bevacizumab, or both). cfDNA concentration 
in a continuous variable (in a log transformation) was also 
used as a covariate in the multivariate analyses. Two-sided 
p-values less than 0.05 were considered statistically signifi-
cant. Statistical analysis was performed using SPSS software 
for Windows, ver. 20.0 (IBM Corp., Armonk, NY).

The primary aim of the main prospective biomarker study 
was to identify a predictive biomarker of regorafenib using 
the tissue next-generation sequencing (NGS) data. Assuming 
the prevalence of the predictive biomarker as 33.3% and the 
disease control rate of the biomarker positive group as 60% 
and the negative group as 30%, 93 patients were required 
with an alpha error of 0.05 and a power of 80%. A total of 117 
patients were needed assuming a 20% dropout rate. Analysis 
of ctDNA was an exploratory sub-study and correction for 
multiple hypothesis testing was not planned.

Results

1. Patient characteristics and regorafenib treatment
A total of 110 patients were included in this ctDNA bio-

marker study. The baseline characteristics are summarized 
in Table 1. In brief, the primary tumor location was proximal 
colon (from the cecum to the transverse colon) in 21 patients 
(19.1%), distal colon (from the descending colon to the sig-
moid colon) in 44 patients (40.0%), and rectum in 45 patients 
(40.9%). Patients had received median three lines of palliative 
chemotherapy. Sixty-eight patients (61.8%) had initial meta-
static colorectal cancer and 42 patients (38.2%) had relapsed 
metastatic colorectal cancer. All patients had received prior 
chemotherapy including fluoropyrimidine, oxaliplatin, and 
irinotecan.

All patients received regorafenib per protocol. There was 
no complete response, four patients had a partial response 
(3.6%), 72 had stable disease (65.5%), and 34 had progres-
sive disease (30.9%) as the best overall response. The disease 
control rate was 69.1%. With a median follow-up duration 
of 9.4 months, there were 109 progression-free survival 
(PFS) events and 105 death events. The median PFS was 5.2 

Dae-Won Lee, ctDNA in Colorectal Cancer

Table 1.  Patient characteristics

Characteristic
	 No. of patients (%)

	 (n=110)

Age (yr)
    Median (range)	 58 (26-80)
Sex	
    Male	 70 (63.6)
    Female	 40 (36.4)
Primary site	
    Proximal colon	 21 (19.1)
    Distal colon	 44 (40.0)
    Rectum	 45 (40.9)
Previous palliative chemotherapy line	
    2	 44 (40.0)
    3 	 48 (43.6)
    ≥ 4	 18 (16.4)
Disease status	
    Initial stage IV	 68 (61.8)
    Relapsed disease	 42 (38.2)
Prior chemotherapy use	
    Fluoropyrimidine	 110 (100)
    Oxaliplatin	 110 (100)
    Irinotecan	 110 (100)
    Bevacizumab	 16 (14.5)
    Cetuximab 	 16 (24.2)
      (among 66 KRAS wild type patients)	
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months, and the median OS was 9.4 months.

2. Baseline ctDNA profile and survival
From baseline blood samples cfDNA was successfully ana-

lyzed in 107 patients (97.3%). The median baseline cfDNA 
concentration was 7.85 ng/mL (range, 1.17 to 194.4). Baseline 
cfDNA concentration was associated with survival. Univari-
ate Cox proportional hazard analysis revealed that cfDNA 
concentration (in log transformation) at baseline is correlated 
with PFS (hazard ratio [HR], 2.09; 95% confidence interval 
[CI], 1.45 to 3.01; p < 0.001) and OS (HR, 2.81; 95% CI, 1.93 to 
4.09; p < 0.001). When dichotomized by the median concen-
tration, patients with higher cfDNA concentration had poor 
PFS (median, 3.7 vs. 6.3 months; p=0.006) and OS (median, 
6.9 vs. 12.8 months; p < 0.001) compared to those with lower 
cfDNA concentration (Fig. 1A and B).

In 107 patients who had baseline cfDNA analysis, a total 
of 710 mutations (SNVs and INDELs) were identified. The 
median numbers of mutations per patient were 6 (range, 
0 to 42). Among the 107 patients who had detectable base-
line cfDNA, at least one mutation was detected in 101  
patients (94.4%). Mutation was most frequently found in 

TP53 (76.6%) followed by APC (75.7%), KRAS (43.0%), 
PIK3CA (17.8%), and SMAD4 (17.8%). BRAF mutation was 
found in 8.4% of patients and NRAS was detected in 3.7% of 
patients (S4 Table).

We next evaluated the influence of gene mutation on sur-
vival. Genes with alteration frequency of over 10% were ana-
lyzed. Patients with TP53 mutation in the baseline ctDNA 
had shorter PFS (4.3 vs. 7.7 months, p=0.007) and OS (9.0 vs. 
16.2 months, p=0.001) compared to wild type patients. KRAS 
mutation was associated with poor OS (9.1 vs. 11.6 months, 
p=0.017) and had a tendency of poor PFS (3.5 vs. 6.3 months, 
p=0.072). PIK3CA mutation or BRAF mutation was not  
associated with PFS or OS. However, TP53 mutation or KRAS 
mutation was not associated with PFS or OS in the multivari-
ate analysis using the Cox proportional hazard model adjust-
ing for baseline covariates. Multivariate analysis revealed 
high baseline cfDNA concentration (adjusted HR, 2.21; 95% 
CI, 1.54 to 3.17; p < 0.001) and lung metastasis (adjusted HR, 
1.63; 95% CI, 1.09 to 2.43; p=0.018) as an independent nega-
tive factor for PFS (S5 Table). High baseline cfDNA concen-
tration (adjusted HR, 3.44; 95% CI, 2.32 to 5.09; p < 0.001), 
lung metastasis (adjusted HR, 2.37; 95% CI, 1.53 to 3.68; p 
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Fig. 1.  Cell-free DNA (cfDNA) concentration, circulating tumor DNA (ctDNA) change, and survival. (A) Baseline cfDNA concentration 
and progression-free survival. (B) Baseline cfDNA concentration and overall survival. (C) ctDNA change as measured by sum (variant  
allele frequency) and progression-free survival. (D) ctDNA change and overall survival. p-value was calculated using a log-rank test.
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< 0.001), and female sex (adjusted HR, 1.58; 95% CI, 1.04 to 
2.41; p=0.034) was an independent negative prognostic factor 
for OS (S6 Table).

A total of 46 CN gains in 23 genes (including 17 amplifi-
cations in 12 genes) were identified in the baseline ctDNA 
of 24 patients. Amplification was most frequently found in 

EGFR (3 patients, 2.8%) and FGFR1 (3 patients, 2.8%) fol-
lowed by CCND2 (2 patients, 1.9%). Amplifications of other 
genes were detected only once (AKT1, ERBB2, FGFR2, FLT3, 
IGF1R, KRAS, MAPK3, MET, and MYC). Amplification of 
FGFR1 was associated with poor PFS (1.6 vs. 5.4 months, 
p=0.037) and OS (4.3 vs. 9.6 months, p=0.050) in the log-rank 
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tests. However, this was not significant in the multivariate 
analysis.

3. ctDNA dynamics and survival
Among 110 patients, a follow-up blood sample after two 

cycles of regorafenib was performed in 106 patients with a 
median concentration of 31.47 ng/mL (3.67-1,136.25). One-
hundred and four patients had detectable baseline and fol-
low-up cfDNA. cfDNA concentration change was calculated 
by dividing follow-up cfDNA concentration by baseline cfD-
NA concentration. The median cfDNA concentration change 
was 4.24 ng/mL (range, 0.38 to 38.21). Changes in cfDNA 
concentration were not associated with PFS (p=0.67) or OS 
(p=0.48) in the univariate Cox proportional hazard analysis.

Among 104 patients with baseline and follow-up ctDNA, 
the mean VAF at baseline was 16.5% (615 variants) and 
11.2% (513 variants) in the follow-up sample. This resulted 
in a mean VAF change of –5.19% (absolute value) and –31.6% 
(relative change). The relative change of VAF of each gene 
is shown in Fig. 2A (genes with alteration frequency over 
5% were analyzed). Relative VAF change was calculated by 
dividing follow-up VAF by baseline VAF. VAF decreased 
markedly after 2 cycles of regorafenib in several genes,  
including BRAF, JAK3, MTOR, RB1, and ROS1. The correla-
tion between VAF change of each gene and PFS was tested 
using the univariate Cox proportional hazard analysis.  
Decreases in VAF of TP53 (HR, 0.63; p=0.018), APC (HR, 0.57; 
p=0.004), TCF7L2 (HR, 0.41; p=0.020), and ROS1 (HR, 0.44; 
p=0.049) after treatment were associated with longer PFS 
(Fig. 3). This suggests that changes in VAF of genes reflecting 
tumor burden are associated with the clinical benefit. Corre-
lation between VAF change and PFS of the entire gene could 
be found in the S7 Fig.

We next evaluated whether changes in the sum of VAF as a 
surrogate of relative overall ctDNA burden at each time point 
might predict regorafenib efficacy. The sum (VAF) of each 
sample was calculated by adding the VAF value of all altered 
genes. Among 101 patients who had at least one mutation at 
baseline, 98 patients (97.0%) had follow-up blood samples. 
Change in sum (VAF) was calculated by dividing the fol-
low-up sum (VAF) by the baseline sum (VAF). Median sum 
(VAF) was 77.4% (range 0.6-492.8%) at baseline and 34.3% 
(range 0.0-305.6%) at follow-up. Fig. 2B shows waterfall plot 
of sum (VAF) change after 2 cycles of regorafenib (median, 
–52.6%; range, –100.0% to +1,539.0%). Among 98 patients, 
sum (VAF) decreased more than 50% in 51 patients (52.0%), 
decreased less than 50% in 29 patients (29.6%), and increased 
in 18 patients (18.4%). Univariate Cox proportional hazard 
analysis revealed that decrease in sum (VAF) was associated 
with longer PFS (HR, 0.56; 95% CI, 0.38 to 0.80; p=0.002) and 
OS (HR, 0.59; 95% CI, 0.41 to 0.85; p=0.004). Patients with a  

reduction in sum (VAF) of ≥ 50% after two cycles of rego-
rafenib were associated with a significantly longer PFS (6.1 
vs. 2.7 months, p=0.002) and OS (11.3 vs. 5.9 months, p=0.001) 
(Fig. 1C and D). Disease control rate was significantly higher 
in patients with a reduction of sum (VAF) ≥ 50% after two 
cycles of regorafenib (86.3% vs. 51.1%, p < 0.001) (Fig. 2B).

Along with sum (VAF), maximum VAF and mean VAF 
were associated with survival. Decrease of maximum VAF 
of ≥ 50% after two cycles of regorafenib were associated with 
longer PFS (6.1 vs. 3.1 months, p=0.005) and OS (10.4 vs. 6.8 
months, p=0.005). Likewise, decrease of mean VAF of ≥ 50% 
after two cycles of regorafenib were associated with longer 
PFS (5.4 vs. 3.5 months, p=0.002) and OS (10.4 vs. 8.7 months, 
p=0.039). The sum (VAF) had the highest correlation with 
PFS and OS in the multivariate analysis among sum (VAF), 
maximum VAF, and mean VAF.

4. ctDNA at disease progression
Among 110 patients, a blood sample at the time of radio-

logical disease progression was acquired in 97 patients 
(88.1%). Seventy patients had blood samples from baseline, 
follow-up after 2 cycles, and at PD. In 25 patients who had 
PD after 2 cycles, 2nd cycle sample was identical to the PD 
sample. We were able to identify ctDNA dynamics using 
serial blood samples in 70 patients (Fig. 4). Mean VAF was 
12.95%, 7.72%, and 11.58% at baseline, follow-up, and PD, 
respectively. Although the mean VAF level decreased after 
2 months of regorafenib treatment, the VAF level elevated 
at disease progression. Fig. 4 shows the ctDNA dynamics of 
selected 14 genes. We selected five genes that are most fre-
quently altered (APC, TP53, KRAS, SMAD4, and PIK3CA), 
seven genes that are associated with regorafenib (BRAF,  
CSF1R, FGFR1, KDR, KIT, PDGFR-B, and RET), and two 
additional genes associated with RAS-RAF-ERK pathway 
(EGFR and NRAS). Interestingly, the VAF level of BRAF  
increased markedly at disease progression. There were five 
patients with BRAF V600E mutation, and none of the pati- 
ents used anti-BRAF treatment (encorafenib, vemurafenib, 
etc.) pre- or post-regorafenib treatment. The dynamics of  
entire genes could be found in the S8 Fig.

Discussion

Genetic and epigenetic alterations play an important role 
in the development of colorectal cancer [16]. In addition,  
genetic characteristics influence the choice of treatment. In 
the case of anti-EGFR treatment, RAS mutation is a predic-
tive biomarker, and testing of RAS mutation is recommend-
ed in all patients diagnosed with metastatic colorectal can-
cer [17]. Advances in sequencing technology have enabled 

Cancer Res Treat. 2023;55(3):927-938
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ctDNA analysis as a non-invasive tool to identify tumor het-
erogeneity and tumor burden [18,19]. Recent evidences show 
that ctDNA could be used to identify secondary resistance 
mechanisms to anti-EGFR therapy and to select patients for 
anti-EGFR re-challenge [20-22]. However, there is a paucity 
of data regarding ctDNA in colorectal cancer patients treated 
with regorafenib. This study was conducted to explore the 
ctDNA dynamics in metastatic colorectal cancer patients 
treated with regorafenib.

In this study, ctDNA was readily detectable in colorec-
tal cancer patients treated with regorafenib. Most patients 
(94.4%) had detectable ctDNA mutation at baseline cfDNA. 
The profile of mutations identified in ctDNA was typical for 
colorectal cancer, which confirms that ctDNA sequencing 
could be used as a tool to identify change in genetic char-
acteristics during treatment. In addition, baseline cfDNA 
concentration had a prognostic role that patients with higher 
baseline cfDNA concentration had poor PFS and OS. This 
is in line with previous studies reported by Wong et al. [23] 
showing a negative correlation between total cfDNA concen-
tration and survival in colorectal cancer patients treated with 
regorafenib.

The main advantage of this study is that we were able to 
explore ctDNA dynamics by analyzing prospectively col-
lected serial blood samples. We used an NGS panel that 
covers most of the important genes frequently mutated in 
colorectal cancer. After two cycles of regorafenib treatment, 
the VAF of ctDNA mutations decreased with a mean relative 
change of –31.6%. The dynamics of VAF reduction were dif-
ferent among each gene and VAF was markedly decreased 
in several genes (BRAF, JAK3, MTOR, RB1, and ROS1). It is 
possible that tumor cell clones harboring these mutations are 
more sensitive to regorafenib. While the change in cfDNA 
concentration was not associated with survival, changes in 
VAF of genes reflecting tumor burdens such as TP53 and 
APC were associated with the clinical benefit of regorafenib. 
We tried to identify dynamic changes of genes targeted by 
regorafenib (BRAF, CSF1R, FGFR1, KDR, KIT, PDGFR-B, and 
RET), but none of such genes were associated with outcome. 
Even though the clones harboring the aforementioned genes 
might be sensitive to regorafenib, it did not lead to an over-
all tumor response. This suggests that regorafenib efficacy in 
colorectal cancer is not associated with specific target gene 
mutation, which is not unexpected considering the multiple 
kinase inhibition and modest clinical activity of regorafenib.

We reasoned that the change of VAF of a patient’s entire 
mutation [sum (VAF)] could be a better surrogate for treat-
ment outcome compared to the VAF change of a single gene 
(such as APC or TP53), maximum VAF, or mean VAF. The 
change in maximum VAF has the disadvantage that it does 
not reflect the minor clones, and the mean VAF has the dis-

advantage that it can be greatly affected by the minor clones. 
In this study, sum (VAF) had the highest correlation with PFS 
and OS in the multivariate analysis compared to maximum 
VAF or mean VAF. Reduction of sum (VAF) of ≥ 50% after two 
cycles of regorafenib was associated with a higher disease 
control rate, improved PFS, and longer OS. Previous stud-
ies have shown that reduction of ctDNA is associated with 
therapeutic response in metastatic colorectal cancer [8,9]. In a 
study involving 53 colorectal cancer patients receiving first-
line chemotherapy, early change in ctDNA as measured by 
VAF of a single selected mutation per patient, predicted radi-
ologic response and was associated with a trend for increased 
PFS [8]. PLACOL study evaluated ctDNA in 82 patients with 
metastatic colorectal cancer receiving first- or second-line 
chemotherapy and high baseline ctDNA concentration was 
associated with a shorter OS [9]. In addition, patients with a 
reduction in ctDNA concentration after chemotherapy were 
associated with a better objective response rate, and a longer 
PFS and OS [9].

In our previous study, we identified ctDNA clearance in 
metastatic colorectal cancer patients treated with 1st line 
chemotherapy. Using the same ctDNA analysis platform, 
ctDNA clearance after 1st line chemotherapy was observed 
in the majority (74.5%) of patients [24]. In contrast, such 
clearance in ctDNA was not observed with regorafenib in 
this study. It is most likely due to the modest efficacy of  
regorafenib compared with the higher response rate of 1st 
line cytotoxic chemotherapy. This clearly demonstrates that 
the reduction in ctDNA VAF or clearance has a good correla-
tion with the objective response of treatment. Nevertheless, 
the magnitude of reduction in ctDNA after regorafenib treat-
ment was predictive of a better outcome, suggesting that 
ctDNA VAF change is a more sensitive measurement of an 
anti-tumor effect than a radiological response.

Another important finding of our study was that ctDNA 
dynamics were different among each gene. At baseline, the 
VAF level of BRAF mutation was low in the majority of  
patients with BRAF mutation. VAF level of BRAF decreased 
after 2 months of regorafenib treatment. However, the VAF 
level of BRAF increased markedly at disease progression. 
Elevation of minor clones harboring BRAF mutation might 
have affected regorafenib resistance in these patients. We  
believe ctDNA could be used as a valuable non-invasive 
tool to monitor changes in tumor heterogeneity. In this 
study, we could not demonstrate clonal evolution follow-
ing regorafenib treatment. One of the main reasons is that  
regorafenib is a multiple kinase inhibitor and their target 
genes are not the driver alterations in colorectal cancer.

In the real world, a high percentage of metastatic colorectal 
cancer patients receiving regorafenib have poor performance 
status due to increased tumor burden, and sequelae of pre-
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vious systemic chemotherapy [25]. In addition, the added 
PFS and OS benefit of regorafenib is modest with a potential 
risk of adverse events. To date, this is the largest prospec-
tive study evaluating the clinical efficacy of serial ctDNA in 
metastatic colorectal cancer treated with regorafenib. Our 
study results show that ctDNA dynamics could be used as 
an early predictive marker and could be a valuable tool to 
identify tumor heterogeneity in metastatic colorectal cancer 
patients treated with regorafenib. We have performed whole 
exome sequencing with the archival tumor tissue. Integrat-
ing the tumor whole exome sequencing and blood targeted 
sequencing will be presented in the near future.

There are several limitations in this study. This was a sin-
gle arm study without a control arm, and we were unable 
to examine the exact predictive or prognostic impact of our 
findings. However, it is unlikely that the decrease in VAF 
would be observed without treatment advocating the predic-
tive value of the reduction in VAF after treatment. Another 
limitation is that we did not have a validation cohort, which 
requires prospectively collected serial samples. Our finding 
needs to be validated in future studies. It would be important 
to investigate if ctDNA analysis at earlier time points such 
as 1 week could also identify patients who are less likely to 
benefit from the treatment in the validation studies. Another 
important clinical question would be if an earlier switch to 
an alternative treatment such as trifluridine/tipiracil in the 
ctDNA non-responders could improve overall survival. The 
last limitation is that we focused on genetic mutations of 
ctDNA which was technically feasible. However, epigenet-
ic changes also have an important role in colorectal cancer, 
and monitoring epigenetic changes in ctDNA is also under  
development. How it could enhance ctDNA monitoring will 
be explored in near future. Despite these limitations, we 
were able to show that ctDNA monitoring could be helpful in  
patients treated with regorafenib. We believe ctDNA moni-
toring merits further study in other drugs as well. It could be 
a sensitive early surrogate of efficacy and a non-invasive tool 
for elucidating clonal evolution during treatment. Currently, 
many ongoing clinical trials are incorporating ctDNA in its 
biomarker scheme.

In summary, we performed a comprehensive analysis 
of serial ctDNA in colorectal cancer patients treated with  
regorafenib and show that VAF changes dynamically after 
treatment. Reduction in ctDNA burden as estimated by sum 
(VAF) after treatment is an early predictive marker of treat-
ment benefit.

Electronic Supplementary Material
Supplementary materials are available at Cancer Research and 
Treatment website (https://www.e-crt.org).

Ethical Statement
The study protocol was reviewed and approved by the institutional 
review board of SNUH [H-1307-144-507]. This study was carried 
out in accordance with the recommendations of the Declaration of 
Helsinki for biomedical research involving human subjects and the 
Guidelines for Good Clinical Practice (ClinicalTrial.gov Identifier: 
NCT01996969). Written informed consent was obtained from each 
patient before any study-specific procedures.

Author Contributions
Conceived and designed the analysis: Han SW, Kim TY.
Collected the data: Lee DW, Lim Y, Lee KH, Kim MJ, Ryoo SB, Park 
JW, Jeong SY, Park KJ, Kang GH, Han SW, Kim TW.
Contributed data or analysis tools: Lee DW, Kim HP, Kim SY, Roh 
H, Kang JK, Han SW.
Performed the analysis: Lee DW, Kim HP, Kim SY, Roh H, Kang 
JK, Han SW.
Wrote the paper: Lee DW, Lim Y, Kim SY, Roh H, Kang JK, Han SW.
Manuscript review and final approval: Lee DW, Lim Y, Kim HP, 
Kim SY, Roh H, Kang JK, Lee KH, Kim MJ, Ryoo SB, Park JW, Jeong 
SY, Park KJ, Kang GH, Han SW, Kim TY.

ORCID iDs
Dae-Won Lee  : https://orcid.org/0000-0001-7133-6669
Sae-Won Han  : https://orcid.org/0000-0003-3275-431X

Conflicts of Interest
Lim Y is an employee of IMBdx at the time of manuscript submis-
sion. Kim HP, Kim SY, Roh H, and Kang JK disclose employment 
with IMBdx. Han SW received research funding support from  
IMBdx. Kim TY is the founder of IMBdx. Kim TY has received  
research funds from Bayer Korea. The other authors declare no 
competing interest.

Acknowledgments
We wish to thank the patients who participated in this study and 
their caregivers. We also would like to thank clinical research  
coordinators including Mee-Young Jeong and technicians at 
SNUH. This work was supported by a grant from the Korea Health 
Technology R&D Project through the Korea Health Industry  
Development Institute, funded by the Ministry of Health & Wel-
fare (HI14C1277), and by the IMBdx. Regorafenib was provided by 
Bayer Pharma AG.

Dae-Won Lee, ctDNA in Colorectal Cancer

https://orcid.org/0000-0003-3275-431X
https://orcid.org/0000-0001-7133-6669


938     CANCER  RESEARCH  AND  TREATMENT

Cancer Res Treat. 2023;55(3):927-938

1. �Wilhelm SM, Dumas J, Adnane L, Lynch M, Carter CA, Schutz 
G, et al. Regorafenib (BAY 73-4506): a new oral multikinase 
inhibitor of angiogenic, stromal and oncogenic receptor  
tyrosine kinases with potent preclinical antitumor activity. 
Int J Cancer. 2011;129:245-55.

2. �Abou-Elkacem L, Arns S, Brix G, Gremse F, Zopf D, Kiessling 
F, et al. Regorafenib inhibits growth, angiogenesis, and  
metastasis in a highly aggressive, orthotopic colon cancer 
model. Mol Cancer Ther. 2013;12:1322-31.

3. �Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, 
Ychou M, et al. Regorafenib monotherapy for previously 
treated metastatic colorectal cancer (CORRECT): an interna-
tional, multicentre, randomised, placebo-controlled, phase 3 
trial. Lancet. 2013;381:303-12.

4. �Li J, Qin S, Xu R, Yau TC, Ma B, Pan H, et al. Regorafenib plus 
best supportive care versus placebo plus best supportive care 
in Asian patients with previously treated metastatic colorec-
tal cancer (CONCUR): a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet Oncol. 2015;16:619-29.

5. �Tabernero J, Lenz HJ, Siena S, Sobrero A, Falcone A, Ychou 
M, et al. Analysis of circulating DNA and protein biomark-
ers to predict the clinical activity of regorafenib and assess 
prognosis in patients with metastatic colorectal cancer: a ret-
rospective, exploratory analysis of the CORRECT trial. Lancet 
Oncol. 2015;16:937-48.

6. �Corcoran RB, Chabner BA. Application of Cell-free DNA 
Analysis to Cancer Treatment. N Engl J Med. 2018;379:1754-65.

7.  �Dasari A, Morris VK, Allegra CJ, Atreya C, Benson AB 3rd, 
Boland P, et al. ctDNA applications and integration in colorec-
tal cancer: an NCI Colon and Rectal-Anal Task Forces white-
paper. Nat Rev Clin Oncol. 2020;17:757-70.

8. �Tie J, Kinde I, Wang Y, Wong HL, Roebert J, Christie M, et 
al. Circulating tumor DNA as an early marker of therapeutic 
response in patients with metastatic colorectal cancer. Ann 
Oncol. 2015;26:1715-22.

9. �Garlan F, Laurent-Puig P, Sefrioui D, Siauve N, Didelot A, 
Sarafan-Vasseur N, 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: 5416-25.

10. �Lai Z, Markovets A, Ahdesmaki M, Chapman B, Hofmann O, 
McEwen R, et al. VarDict: a novel and versatile variant caller 
for next-generation sequencing in cancer research. Nucleic 
Acids Res. 2016;44:e108.

11. �Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang 
L et al. A program for annotating and predicting the effects 
of single nucleotide polymorphisms, SnpEff: SNPs in the  
genome of Drosophila melanogaster strain w1118; iso-2; iso-3. 
Fly (Austin). 2012;6:80-92.

12. �Cingolani P, Patel VM, Coon M, Nguyen T, Land SJ, Ruden 
DM, et al. Using Drosophila melanogaster as a model for 

genotoxic chemical mutational studies with a new program, 
SnpSift. Front Genet. 2012;3:35.

13. �McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann 
A, et al. The Ensembl variant effect predictor. Genome Biol. 
2016;17:122.

14. �Strijker M, Soer EC, de Pastena M, Creemers A, Balduzzi A, 
Beagan JJ, et al. Circulating tumor DNA quantity is related to 
tumor volume and both predict survival in metastatic pan-
creatic ductal adenocarcinoma. Int J Cancer. 2020;146:1445-56.

15. �Smith JT, Balar A, Lakhani DA, Kluwe C, Zhao Z, Kopparapu 
P, et al. Circulating tumor DNA as a biomarker of radiograph-
ic tumor burden in SCLC. JTO Clin Res Rep. 2021;2:100110.

16. �Cancer Genome Atlas Network. Comprehensive molecular 
characterization of human colon and rectal cancer. Nature. 
2012;487:330-7.

17.  �Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken 
JH, Aderka D, et al. ESMO consensus guidelines for the man-
agement of patients with metastatic colorectal cancer. Ann 
Oncol. 2016;27:1386-422.

18. �Siravegna G, Bardelli A. Genotyping cell-free tumor DNA 
in the blood to detect residual disease and drug resistance.  
Genome Biol. 2014;15:449.

19. �Diaz LA Jr, Bardelli A. Liquid biopsies: genotyping circulat-
ing tumor DNA. J Clin Oncol. 2014;32:579-86.

20. �Montagut C, Dalmases A, Bellosillo B, Crespo M, Pairet S, 
Iglesias M, et al. Identification of a mutation in the extracel-
lular domain of the epidermal growth factor receptor con-
ferring cetuximab resistance in colorectal cancer. Nat Med. 
2012;18:221-3.

21. �Parseghian CM, Napolitano S, Loree JM, Kopetz S. Mecha-
nisms of innate and acquired resistance to anti-EGFR therapy: 
a review of current knowledge with a focus on rechallenge 
therapies. Clin Cancer Res. 2019;25:6899-908.

22. �Sartore-Bianchi A, Pietrantonio F, Lonardi S, Mussolin B, Rua 
F, Fenocchio E, et al. Phase II study of anti-EGFR rechallenge 
therapy with panitumumab driven by circulating tumor 
DNA molecular selection in metastatic colorectal cancer: the 
CHRONOS trial. J Clin Oncol. 2021;39(15 Suppl):3506.

23. �Wong AL, Lim JS, Sinha A, Gopinathan A, Lim R, Tan CS, et 
al. Tumour pharmacodynamics and circulating cell free DNA 
in patients with refractory colorectal carcinoma treated with 
regorafenib. J Transl Med. 2015;13:57.

24. �Kim S, Lim Y, Kang JK, Kim HP, Roh H, Kim SY, et al.  
Dynamic changes in longitudinal circulating tumour DNA 
profile during metastatic colorectal cancer treatment. Br J 
Cancer. 2022;127:898-907.

25. �Van Cutsem E, Martinelli E, Cascinu S, Sobrero A, Banzi M, 
Seitz JF, et al. Regorafenib for patients with metastatic colo-
rectal cancer who progressed after standard therapy: results 
of the large, single-arm, open-label phase IIIb CONSIGN 
study. Oncologist. 2019;24:185-92.

References




