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Summary
Background Tumour mutational status is an important determinant of the response of metastatic colorectal cancer 
to targeted treatments. However, the genotype of the tissue obtained at the time of diagnosis might not accurately 
represent tumour genotype after multiple lines of treatment. This retrospective exploratory analysis investigated 
the clinical activity of regorafenib in biomarker subgroups of the CORRECT study population defi ned by tumour 
mutational status or plasma protein levels.

Methods We used BEAMing technology to identify KRAS, PIK3CA, and BRAF mutations in DNA obtained from 
the plasma of 503 patients with metastatic colorectal cancer who enrolled in the CORRECT trial. We quantifi ed 
total human genomic DNA isolated from plasma samples for 503 patients using a modifi ed version of human 
long interspersed nuclear element-1 (LINE-1) quantitive real-time PCR. We also measured the concentration of 
15 proteins of interest—angiopoietin 2, interleukin 6, interleukin 8, placental growth factor, soluble TIE-1, 
soluble VEGFR1, VEGF-A, VEGF-C, VEGF-D, VEGF-A isoform 121, bone morphogenetic protein 7, 
macrophage colony-stimulating factor, stromal cell-derived factor-1, tissue inhibitor of metalloproteinase 2, 
and von Willebrand factor—in plasma samples from 611 patients. We did correlative analyses of overall 
survival and progression-free survival in patient subgroups based on mutational status, circulating DNA 
concentration, and protein concentrations. The CORRECT trial was registered with ClinicalTrials.gov, number 
NCT01103323.

Findings Tumour-associated mutations were readily detected with BEAMing of plasma DNA, with KRAS mutations 
identifi ed in 349 (69%) of 503 patients, PIK3CA mutations in 84 (17%) of 503 patients, and BRAF mutations in 
17 (3%) of 502 patients. We did not do correlative analysis based on BRAF genotype because of the low mutational 
frequency detected for this gene. Some of the most prevalent individual hot-spot mutations we identifi ed included: 
KRAS (KRAS G12D, 116 [28%] of 413 mutations; G12V, 72 [17%]; and G13D, 67 [16%]) and PIK3CA (PIK3CA 
E542K, 27 [30%] of 89 mutations; E545K, 37 [42%]; and H1047R, 12 [14%]). 41 (48%) of 86 patients who had received 
anti-EGFR therapy and whose archival tumour tissue DNA was KRAS wild-type in BEAMing analysis were 
identifi ed as having KRAS mutations in BEAMing analysis of fresh plasma DNA. Correlative analyses suggest a 
clinical benefi t favouring regorafenib across patient subgroups defi ned by KRAS and PIK3CA mutational status 
(progression-free survival with regorafenib vs placebo: hazard ratio [HR] 0·52, 95% CI 0·35–0·76 for KRAS wild-
type; HR 0·51, 95% CI 0·40–0·65 for KRAS mutant [KRAS wild type vs mutant, pinteraction=0·74]; HR 0·50, 95% CI 
0·40–0·63 for PIK3CA wild-type; HR 0·54, 95% CI 0·32–0·89 for PIK3CA mutant [PIK3CA wild-type vs mutant, 
pinteraction=0·85]) or circulating DNA concentration (progression-free survival with regorafenib vs placebo: HR 0·53, 
95% CI 0·40–0·71, for low circulating DNA concentrations; HR 0·52, 95% CI 0·40–0·70, for high circulating DNA 
concentrations; low vs high circulating DNA, pinteraction=0·601). With the exception of von Willebrand factor, assessed 
with the median cutoff  method, plasma protein concentrations were also not associated with regorafenib activity in 
terms of progression-free survival. In univariable analyses, the only plasma protein that was associated with overall 
survival was TIE-1, high concentrations of which were associated with longer overall survival compared with low 
TIE-1 concentrations. This association was not signifi cant in multivariable analyses. 

Interpretation BEAMing of circulating DNA could be a viable approach for non-invasive analysis of tumour 
genotype in real time and for the identifi cation of potentially clinically relevant mutations that are not detected in 
archival tissue. Additionally, the results show that regorafenib seems to be consistently associated with a clinical 
benefi t in a range of patient subgroups based on mutational status and protein biomarker concentrations.
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Introduction
Standard treatment for metastatic colorectal cancer in-
cludes drugs that target the molecular drivers of colorectal 
cancer pathogenesis, such as VEGF and EGFR. These 
drugs have improved overall survival, progression-free sur-
vival, and response in metastatic colorectal cancer.1–9

Tumour genotype plays an important part in drug 
resistance in patients with metastatic colorectal cancer. 
For example, use of anti-EGFR-antibody treatment is 
restricted to patients with RAS-wild-type tumours, some 
of whom acquire RAS mutations during treatment as a 
mechanism of drug resistance.10,11 Genotyping of tumour 
tissue can help with the selection of patients with 
tumours amenable to treatment; however, the value of 
testing a tumour sample is limited by intertumour and 
intratumour heterogeneity. Moreover, archival tissue 
will not show genotypic changes that have occurred 
since the sample was obtained.

Regorafenib is a multikinase inhibitor that inhibits 
various protein kinases implicated in oncogenesis, 
angiogenesis, and the tumour microenvironment.12 
Treatment with regorafenib has shown signifi cant 
benefi ts for overall survival and progression-free survival 
in patients with previously treated metastatic colorectal 
cancer in two placebo-controlled phase 3 trials, 
CORRECT13 and CONCUR.14 

Investigation of the eff ect of genotype on treatment 
out comes in patients treated with regorafenib is 
important in view of the association between tumour 
genotype and response to treatment that exists with other 
drugs used for metastatic colorectal cancer. In this 
retrospective exploratory analysis, we investigated the 
clinical activity of regorafenib in biomarker subgroups of 
the study population of CORRECT, as defi ned by tumour 
mutation status, plasma DNA con centration, or plasma 
protein concentrations.

Methods
Study design and participants
CORRECT13 was an international, multicentre, 
randomi sed, placebo-controlled phase 3 study in patients 
with histologically or cytologically documented metastatic 
adenocarcinoma of the colon or rectum who had received 
all approved standard therapies available locally 
(including a fl uoropyrimidine, oxaliplatin, irinotecan, 
bevacizumab, and, if appropriate, cetuximab or 
panitumumab), with disease progression during, or 
within 3 months after the last administration of the last 
standard therapy. 760 patients were randomly assigned 
2:1 to receive oral regorafenib 160 mg or matching 
placebo once per day for the fi rst 3 weeks of each 4-week 
cycle and were treated until disease progression, death, 

Research in context

Evidence before this study
The scientifi c literature available at the time the CORRECT trial 
protocol was developed showed that colorectal cancer 
genotyping on the basis of circulating DNA had not previously 
been done in the context of a large, randomised, phase 3 trial. 
We identifi ed relevant clinical studies by reviewing PubMed, 
using the search terms (“colorectal cancer” or “colon cancer” or 
“rectal cancer” or “colorectal neoplasms”), and ([(“circulating” 
or “plasma”), and “DNA”] or [“liquid biopsy”]). We did not 
restrict search results by date or language, and we manually 
reviewed them for relevance. We selected the genes that were 
analysed for mutations in this study (KRAS, BRAF, and PIK3CA) 
on the basis of evidence of their potential predictive value, and 
on their high mutation frequency in colorectal cancer, as shown 
in the Catalogue of Somatic Mutations in Cancer (COSMIC) 
database.

Added value of this study
Most previous studies that have investigated the use of 
circulating DNA to identify tumour genotype have included a 
small number of patients, thereby restricting their relevance 
and ability to investigate potential genotype–clinical outcome 
correlations. Additionally, most studies analysed a single gene 
(eg, KRAS), used technologies that are not commercially 
available, and did not include the quantifi cation of circulating 
DNA concentrations and associated correlative analyses. Our 
study included a large number of patients, facilitating 

correlative analyses that showed a trend for regorafenib clinical 
benefi t in all mutational subgroups examined. Our study also 
included analysis of several proto-oncogenes associated with 
colorectal cancer, by use of commercially available BEAMing 
technology, and quantifi cation of plasma DNA accompanied by 
a correlative analysis, suggesting that baseline plasma DNA 
concentrations have prognostic value.

Implications of all the available evidence
Mutational analysis of circulating DNA off ers distinct 
advantages compared with analysis of DNA from archival 
tumour tissue, and is thus starting to gain traction in the fi eld 
of oncology. An important application of circulating DNA 
analysis in colorectal cancer in recent scientifi c literature reports 
has been the identifi cation of tumour-associated RAS 
mutations acquired during the development of resistance to 
EGFR inhibitors. Our fi ndings support the notion of 
development of acquired RAS mutations and show some of the 
unique features associated with this phenomenon. However, 
analysis of circulating DNA has some potential shortcomings, 
including the possibility that not all tumours release a suffi  cient 
quantity of DNA into circulation to enable detection, and the 
inability to assign a specifi c genotype to each particular tumour 
in patients with multiple metastases. Nonetheless, analysis of 
circulating DNA on a commercial scale could be an invaluable 
tool in clinical practice. 
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unacceptable toxic eff ects, withdrawal of patient consent, 
or decision by the treating physician that discontinuation 
would be in the patient’s best interest. All patients also 
received best supportive care. 

The primary endpoint was overall survival, with 
secondary endpoints including progression-free survival, 
objective tumour response rate, disease control rate, and 
safety. Results of the effi  cacy and safety analyses have 
been reported previously.13 At study entry, all patients had 
previously received bevacizumab, and about 51% had 
received an anti-EGFR treatment.13 Biomarkers were 
assessed in a planned substudy, with permission from 
the ethics review boards at each participating study 
centre, and genotypic analyses were performed only for 
samples collected from patients who provided separate 
written, informed consent. Genetic biomarker analyses 
were done by BEAMing (beads, emulsions, amplifi cation, 
and magnetics) of DNA obtained from fresh plasma 
collected at baseline just before initiation of treatment 
and archival tumour tissue. Mutation data from historical 
testing of archival tumour tissue was also collected. 
Protein biomarker analyses were done with fresh plasma 
collected at baseline.

Procedures
Mutational analysis was done with BEAMing,15 a technique 
based on emulsion PCR that allows detection of one 
mutant allele in 10 000 wild-type alleles.16 Results from 
previous studies have supported the concordance of 
genotyping in patient-matched plasma and tumour tissue 
samples by use of BEAMing.17 All BEAMing experi ments 
were done by Inostics GmbH (Hamburg, Germany). 
Circulating DNA was isolated from roughly 2 mL of fresh 
plasma obtained from patients in the CORRECT trial, just 
before the initiation of treatment. Plasma samples were 
thawed at room temperature for 10 min and cell debris was 
pelleted by centrifugation before DNA purifi cation using a 
QIAamp DNA purifi cation kit (Qiagen, Venlo, 
Netherlands). To reduce the possibility of false-positive 
results, the sensitivity cutoff  for the BEAMing assay of 
plasma DNA was set at a lower limit of 0·02% mutant 
alleles based on the contract research organisation’s 
experience, although the assay is capable of detecting 
0·01% mutant alleles. For the mutational analysis of 
tumour tissue DNA, archival tumour tissue specimens 
were examined by a pathologist, and samples with fewer 
than 5% tumour cells present were deemed unevaluable 
(unless a mutation was subsequently detected). One to 
three tissue sections were scraped from glass slides and 
DNA was isolated using a QuickExtract formalin-fi xed 
paraffi  n-embedded (FFPE) DNA Extraction kit (Epicentre, 
Madison, WI, USA). For the BEAMing assay of DNA from 
tumour tissue, the lower cutoff  limit was set at 1·0% 
mutant alleles to avoid potential false-positive results 
caused by interpatient contamination resulting from tissue 
sectioning. The appendix shows the genes and mutations 
analysed by BEAMing (appendix p 2). All KRAS, PIK3CA, 

and BRAF mutations examined have been reported to be 
oncogenically activating.18–22 Next generation sequencing 
was done by Foundation Medicine (Cambridge, MA, USA) 
using the DNA isolated from archival FFPE tumour tissue 
samples on the Foundation ONE panel.

We measured the total amount of human genomic 
DNA isolated from plasma samples using a modifi ed 
version of human long interspersed nuclear element-1 
(LINE-1) quantitive real-time (qRT)-PCR.23 We designed 
primers to amplify a 96 base-pair region within the 
abundant consensus region of the human LINE-1 family. 
We did the qRT-PCR in the presence of SYBR Green I 
dye (Life Technologies, Carlsbad, CA, USA). We used a 
small aliquot (a few microlitres) of plasma DNA (the 
precise volume was not recorded) as a template for the 
qRT-PCR. We ran dilutions of normal human genomic 
DNA in parallel on each plate as reference standards for 
the quantifi cation. Each sample and reference standard 
was run in duplicate. PCR reactions were done in a real-
time cycler (Eppendorf, Hamburg, Germany) and 
threshold cycle number was determined according to the 
manufacturer’s instructions with background 
fl uorescence subtracted. We chose a human LINE-1 
sequence-based assay, rather than an individual gene-
based assay, because this assay needed a much smaller 
amount of starting material. We report DNA amount in 
genome equivalents, with one genome equivalent being 
one haploid human genome weighing 3·3 pg.

760 patients randomly assigned
 505 regorafenib
 255 placebo

753 patients received treatment
 500 regorafenib
 253 placebo

729 patients had undergone historical mutational 
 analysis of tumour tissue DNA
 478 regorafenib
 251 placebo

503 patients had mutational analysis done on plasma 
 DNA via BEAMing
 337 regorafenib
 166 placebo

239 patients had mutational analysis done on tumour
         tissue DNA via BEAMing
 151 regorafenib
 88 placebo

611 patients had protein biomarker analysis done on plasma
 412 regorafenib
 199 placebo

Figure 1: Composition of CORRECT patient subgroups for genetic and 
protein biomarker analyses

See Online for appendix
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We determined the concentration of 15 proteins of 
interest in plasma samples using multiplex immuno-
assays or ELISAs. We did all assays in duplicate, and the 
mean coeffi  cient of variation calculated for all proteins was 
less than the pre-set mean coeffi  cient of variation of 15%. 
Assays for protein concentration were done by AssayGate 
(Ijamsville, MD, USA). We selected the proteins of interest 
on the basis of their roles in angiogenesis and colorectal 
cancer patho genesis.24–34 Biomarkers associated with angio-
genesis were angiopoietin 2, interleukin 6, interleukin 8, 
placental growth factor (PlGF), soluble TIE-1, soluble 

VEGFR1, VEGF-A, VEGF-C, VEGF-D, and VEGF-A 
isoform 121. Biomarkers associated with colorectal cancer 
pathogenesis were bone morpho genetic protein 7, 
macrophage colony-stimulating factor, stromal cell-derived 
factor-1, tissue inhibitor of metallo proteinase 2, and von 
Willebrand factor. We defi ned patient subgroups on the 
basis of high or low concentrations of each protein using 
three methods to defi ne the cutoff : median (high values 
defi ned as greater than or equal to the median); best-fi t 
(high values defi ned as greater than or equal to the 
optimum cutoff  point based on a Cox model); and receiver 

Overall population of CORRECT Population subgroup with genetic 
biomarker data

Population subgroup with protein 
biomarker data

Regorafenib (n=505) Placebo (n=255) Regorafenib (n=337) Placebo (n=166) Regorafenib (n=412) Placebo (n=199)

Age (years) 61 (54–67) 61 (54–68) 61 (54–69) 61 (55–67) 61 (54–68) 61 (55–67)

Sex

Men 311 (62%) 153 (60%) 214 (64%) 102 (61%) 261 (63%) 124 (62%)

Women 194 (38%) 102 (40%) 123 (36%) 64 (39%) 151 (37%) 75 (38%)

Ethnic origin

White 392 (78%) 201 (79%) 254 (75%) 130 (78%) 321 (78%) 160 (80%)

Black 6 (1%) 8 (3%) 5 (1%) 4 (2%) 5 (1%) 6 (3%)

Asian 76 (15%) 35 (14%) 51 (15%) 23 (14%) 60 (15%) 25 (13%)

Other or not specifi ed 31 (6%) 11 (4%) 27 (8%) 9 (5%) 26 (6%) 8 (4%)

Region

North America, western Europe, Israel, and 
Australia

420 (83%) 212 (83%) 281 (83%) 135 (81%) 346 (84%) 166 (83%)

Asia 69 (14%) 35 (14%) 45 (13%) 23 (14%) 54 (13%) 25 (13%)

Eastern Europe 16 (3%) 8 (3%) 11 (3%) 8 (5%) 12 (3%) 8 (4%)

ECOG performance status

0 265 (52%) 146 (57%) 179 (53%) 94 (57%) 229 (56%) 114 (57%)

1 240 (48%) 109 (43%) 158 (47%) 72 (43%) 183 (44%) 85 (43%)

Primary site of disease*

Colon 323 (64%) 172 (67%) 214 (64%) 117 (70%) 264 (64%) 138 (69%)

Rectum 151 (30%) 69 (27%) 104 (31%) 44 (27%) 123 (30%) 52 (26%)

Colon and rectum 30 (6%) 14 (5%) 18 (5%) 5 (3%) 24 (6%) 9 (5%)

KRAS mutation†

No 205 (41%) 94 (37%) 142 (42%) 61 (37%) 169 (41%) 75 (38%)

Yes 273 (54%) 157 (62%) 179 (53%) 104 (63%) 221 (54%) 120 (60%)

Unknown 27 (5%) 4 (2%) 16 (5%) 1 (1%) 22 (5%) 4 (2%)

Number of previous systemic anticancer 
treatments (on or after diagnosis of metastatic 
disease)

1–2 135 (27%) 63 (25%) 93 (28%) 42 (25%) 114 (28%) 55 (28%)

3 125 (25%) 72 (28%) 83 (25%) 45 (27%) 105 (25%) 53 (27%)

≥4 245 (49%) 120 (47%) 161 (48%) 79 (48%) 193 (47%) 91 (46%)

Previous panitumumab, cetuximab, or both

No 241 (48%) 134 (53%) 159 (47%) 90 (54%) 197 (48%) 101 (51%)

Yes 264 (52%) 121 (47%) 178 (53%) 76 (46%) 215 (52%) 98 (49%)

Time from diagnosis of metastases to 
randomisation (months)

31·0 (20·6–43·3) 29·9 (20·2–46·4) 30·6 (20·1–42·4) 28·7 (20·1–42·8) 29·9 (20·1–42·7) 28·3 (19·9–43·1)

<18 months 91 (18%) 49 (19%) 61 (18%) 32 (19%) 77 (19%) 38 (19%)

≥18 months 414 (82%) 206 (81%) 276 (82%) 134 (81%) 335 (81%) 161 (81%)

Data are n (%) or median (IQR). ECOG=Eastern Cooperative Oncology Group. *Information was missing for one patient in the regorafenib group. †KRAS mutation status based on historical mutational status. 

Table 1: Baseline patient demographics and disease characteristic s
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operating characteristic (ROC) curve (high values defi ned 
as greater than or equal to the optimum cutoff  based on 
ROC analysis).

Statistical analysis
The biomarker analyses reported here are retrospective 
and exploratory, and all fi ndings are considered 
hypothesis-generating rather than confi rmatory, and 
should be interpreted with caution. CORRECT was not 
specifi cally powered to assess the clinical activity of 
regorafenib in any biomarker-defi ned subgroups, and we 
did no sample size calculations for our analyses. We did 
no adjustments for multiple testing. We did all statistical 
analyses with SAS version 9.1 and R version 3.02.

The primary objective of the statistical analysis of DNA 
was to establish whether the treatment eff ects of 
regorafenib on overall survival and progression-free 
survival were aff ected by baseline tumour mutation 
status (mutant or wild-type). We tested these diff erences 
directly using a Cox regression model with treatment 
eff ect, mutation status, and an interaction between the 
two, with the interaction as the main test of eff ect. 
Additionally, we investigated the potential prognostic 
value of KRAS and PIK3CA mutation status, circulating 
DNA concentrations, KRAS mutant allele frequency in 
circulating DNA, and KRAS mutant molecule 
concentration in circulating DNA by constructing Cox 
regression models and Kaplan–Meier survival estimates 
for the placebo group, with overall survival and 
progression-free survival as the dependent variables, and 
biomarker concentrations as the in dependent variables. 
To avoid the potential con founding eff ects of regorafenib 
treatment, we only investigated the prognostic eff ects of 
DNA biomarkers in the placebo group.

The primary objective of the statistical analysis of 
plasma proteins was to establish whether the treatment 
eff ects of regorafenib on overall survival and progression-
free survival were aff ected by the concentrations of any 
one of the 15 proteins that we measured in baseline 
plasma samples. We identifi ed optimum cutoff  points 
for the best-fi t method by starting at the 11th smallest 
observation and assessing every cutoff  point up to the 
10th largest observation; we then generated a Cox model 
to predict each outcome. The model with the best fi t was 
the one with largest log-likelihood. For the ROC curve 
analysis, the optimal cutoff  was the point on the ROC 
curve with the largest average sensitivity and specifi city. 
We calculated the potential predictive value of each 
protein biomarker using a Cox regression model of 
treatment eff ect, protein con centration, and an 
interaction between the two, with the interaction as the 
primary test of eff ect. We also assessed the potential 
prognostic value of each protein biomarker by 
constructing Cox regression models and Kaplan-Meier 
survival estimates for the placebo group, with overall 
survival and progression-free survival as the dependent 
variables and protein concentrations as the independent 

variables. Models for the protein biomarker subgroups 
were also assessed formally with log-rank tests. As with 
the DNA biomarker analyses, we only investigated the 
prognostic eff ects of protein biomarkers in the placebo 
group to avoid the potential confounding eff ects of 
regorafenib treatment. The CORRECT trial is registered 
with ClinicalTrials.gov, number NCT01103323.

Role of the funding source
The study sponsor provided the study drug and 
collaborated with the investigators on protocol design, 

DNA source for 
genotyping

Genotyping 
technology used

Biomarker sampling 
frequency (n=760)

Mutation 
frequency

KRAS Plasma*
Archival tumour tissue
Archival tumour tissue

BEAMing
BEAMing
Historical†

503 (66%)
239 (31%)
729 (96%)

349/503 (69%)
140/239 (59%)
430/729 (59%)

PIK3CA Plasma*
Archival tumour tissue

BEAMing
BEAMing

503 (66%)
236 (31%)

84/503 (17%)
29/236 (12%)

BRAF Plasma*
Archival tumour tissue

BEAMing
BEAMing

502 (66%)
269 (35%)

17/502 (3%)
4/269 (1%)

Data are n (%) or n/N (%). Biomarker sampling frequency is the proportion of patients in CORRECT for whom 
mutation data were generated; for some patients, DNA samples were of insuffi  cient quality or quantity to examine 
all three genes. Mutation frequency is the proportion of patients in CORRECT with mutation data who were 
identifi ed as having a mutation in the specifi ed gene. *Plasma samples were collected at the time of enrolment in 
CORRECT and before treatment with study drug. †Historical KRAS mutation data were generated before the start of 
the CORRECT trial using unknown testing technology and were reported to the study sponsor at the time of 
enrolment.

Table 2: Summary of genotyping analyses done in the CORRECT trial 

Frequency in COSMIC*35 Plasma DNA BEAMing in 
CORRECT

KRAS

G12D 5783/16 453 (35%) 116/413 (28%)

G12V 3677/16 453 (22%) 72/413 (17%)

G12C 1334/16 453 (8%) 35/413 (8%)

G12A 1039/16 453 (6%) 36/413 (9%)

G12S 963/16 453 (6%) 16/413 (4%)

G12R 203/16 453 (1%) 9/413 (2%)

G13D 3235/16 453 (20%) 67/413 (16%)

Q61H 126/16 453 (1%) 50/413 (12%)

A146T 93/16 453 (1%) 12/413 (3%)

PIK3CA

E542K 273/1098 (25%) 27/89 (30%)

E545K 412/1098 (38%) 37/89 (42%)

E545G 36/1098 (3%) 9/89 (10%)

H1047R 306/1098 (28%) 12/89 (13%)

H1047L 47/1098 (4%) 3/89 (3%)

H1047Y 24/1098 (2%) 1/89 (1%)

In total, we identifi ed 413 KRAS mutations and 89 PIK3CA mutations. BRAF is not 
shown because only a single mutation (V600E) was assessed for this gene. 
COSMIC=Catalogue of Somatic Mutations in Cancer. *Colorectal cancer mutation 
data obtained from the COSMIC database; frequency data are included only for 
hot-spot mutations assessed in our study. 

Table 3: Frequency of individual hot-spot mutations detected by 
BEAMing of plasma DNA in the CORRECT trial 
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data collection, analysis, and interpretation, and 
pre paration of this report. An independent data 
monitoring com mittee, composed of three oncologists 
and a statistician, supervised the overall integrity of the 
trial and safety of participants. JT and H-JL had full 
access to the data and had fi nal responsibility for the 
content of this report and the decision to submit for 
publication. JT had the fi nal responsibility to submit the 
manuscript. All authors had access to the study data and 
reviewed this report. The sponsor paid for writing 
assistance.

Results
In CORRECT, 760 patients were randomly assigned (2:1) 
to receive treatment with regorafenib (505 patients) or 
placebo (255 patients) between April 30, 2010, and 

March 22, 2011. The trial was stopped by the data 
monitoring committee at the second planned interim 
analysis on Oct 22, 2011, after 432 deaths, because the 
hazard ratio (HR) for overall survival for regorafenib 
versus placebo crossed the prespecifi ed overall survival 
effi  cacy boundary (HR 0∙77, 95% CI 0∙64–0∙94, one-
sided p=0∙0052). The database cutoff  date used for the 
present analysis was July 21, 2011.13 The median duration 
of follow-up was 4·9 months (IQR 3·2–7·0).

Subsets of enrolled patients were available for biomarker 
analysis (fi gure 1). Patient demographics and disease 
charac teristics in the patient subgroups defi ned by genetic 
and protein biomarkers seemed to be consistent with 
those of the overall trial population (table 1).

We analysed cancer-associated hot-spot mutations in 
KRAS, PIK3CA, and BRAF (appendix p 2) by BEAMing, 

Figure 2: Clinical activity of regorafenib compared with placebo in patients with tumours identifi ed as KRAS wild-type or KRAS mutant by BEAMing 
analysis of plasma DNA
(A) Overall survival. (B) Progression-free survival. HR=hazard ratio.
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using DNA isolated from fresh plasma and archival 
tumour tissue. Table 2 shows the availability of plasma 
and archival tissue specimens for BEAMing analysis of 
KRAS, PIK3CA, and BRAF mutational status, and the 
frequencies of KRAS, PIK3CA, and BRAF mutations. 
The frequency of individual KRAS and PIK3CA 
mutations in plasma DNA was generally consistent with 
data reported in the Catalogue of Somatic Mutations in 
Cancer (COSMIC) database (table 3). BRAF mutations 
were only identifi ed in 14 patients in the regorafenib 
group and three patients in the placebo group; no further 
analyses in patient subgroups based on BRAF status 
were done because of the small number of mutations 
detected.

Comparison of patient-matched fresh plasma and 
archival tumour samples showed concordant mutation 
status in 161 (76%) of 211 patients for KRAS, 183 (88%) of 
207 patients for PIK3CA, and 230 (97%) of 236 patients 
for BRAF (denominators are the number of patients with 
matched samples tested for each mutation in archival 
tissue and by BEAMing of plasma DNA). Because rates 
of discordance for KRAS were unexpectedly high 
compared with PIK3CA and BRAF, we decided to 
investigate the subgroup of patients with discordant 
KRAS status further. Most of the discordance in KRAS 
status was because of the detection of a mutation in 
plasma but not in the patient-matched archival tumour 
sample (41 [82%] of 50 patients with discordant results). 
For 30 (73%) of the 41 patients with discordant KRAS 
status caused by identifi cation of KRAS mutations in 
fresh plasma, the KRAS wild-type status of the archival 
tissue was confi rmed by BEAMing analysis (appendix 
p 3). Suffi  cient archival tissue was available for 19 (63%) 
of these 30 patients to additionally confi rm the KRAS 
wild-type status of the tumour tissue by next-generation 
sequencing. In our study, the 41 patients with KRAS 
mutations detected in plasma, but not in archival tissue, 
made up 48% of the 86 patients who had received 
anti-EGFR therapy and whose archival tumour tissue 
DNA was KRAS wild-type on BEAMing analysis. KRAS 
mutations detected in the plasma DNA of the subgroup 
with discordant plasma and tissue results had some 
notable features compared with the mutational profi le of 
patients with KRAS mutations who had concordant 
plasma and tissue results (appendix pp 3–7): fi rst, a high 
representation of the KRAS Q61H mutation; second, 
multiple KRAS mutations in single plasma DNA 
samples; and third, a low frequency of mutant alleles 
detected.

Additionally, mutations were detected by BEAMing 
analysis from both fresh plasma and archival tumour 
tissue in 108 patient-matched samples for KRAS and 
16 patient-matched samples for PIK3CA (appendix 
pp 4–7). Comparison of the mutations identifi ed between 
patient-matched plasma and tumour tissue shows that 
the hot-spot mutation identifi ed was identical in 105 
(97%) of 108 cases for KRAS and in 15 (94%) of 16 cases 

for PIK3CA. In these samples, the mean mutant allele 
frequency detected in plasma DNA was 11·05% (range 
0·03−57·93) for KRAS and 8·23% (0·13−28·99) for 
PIK3CA.

Eight patients identifi ed as having KRAS mutations by 
BEAMing analysis of plasma and tumour tissue had 
previously been identifi ed as having wild-type KRAS by 
historical testing (appendix p 8). Tumour tissue BEAMing 
results were confi rmed in fi ve patients who had suffi  cient 
archival tumour tissue available for next-generation 
sequencing. Thus, these eight patients seem to have 
been incorrectly classifi ed as having KRAS-wild-type 
tumours on historical analysis because of issues with 
assay sensitivity or testing for a limited repertoire of 
KRAS mutations. Because these eight patients represent 
only a portion of patients in CORRECT for whom 
BEAMing results could be confi rmed with DNA from 
matched plasma and tumour tissue, additional patients 
might have had their tumours incorrectly identifi ed as 
KRAS wild-type based on historical test results.

For the Catalogue of Somatic 
Mutations in Cancer database 
see http://www.cancer.sanger.
ac.uk/cosmic

Figure 3: Subgroup analysis of overall survival (A) and progression-free survival (B) based on KRAS and 
PIK3CA genotyping
HR=hazard ratio. ITT=intention to treat.
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The clinical benefi t of regorafenib in terms of overall 
survival and progression-free survival in the KRAS-
mutant and KRAS-wild-type subgroups defi ned by 
historical testing in the CORRECT trial13 was supported 
by the plasma DNA genotyping results (fi gures 2 and 3). 
Furthermore, the clinical benefi t of regorafenib was 
shown in PIK3CA-mutant and PIK3CA-wild-type 
subgroups, as defi ned by BEAMing analysis of plasma 
(fi gure 3). Interaction testing showed no signifi cant 
diff erences between wild-type or mutant subgroups for 
either KRAS or PIK3CA (fi gure 3), suggesting a clinical 
benefi t of regorafenib in all subgroups tested. Evaluation 
of overall survival and progression-free survival in the 
patient subgroup in which BEAMing of plasma DNA was 
done shows that this subgroup is representative of the 
overall CORRECT population (fi gure 3). 

We did not do correlative analyses based on BRAF 
mutational status identifi ed with BEAMing of plasma 
DNA because of the small number of patients identifi ed 
as having BRAF mutations. Correlative analyses of 

mutational status identifi ed from genotyping of archival 
tumour tissue with BEAMing were not informative, 
because tumour mutational data were available from 
only 239 (31%) of 760 patients (fi gure 1), and this 
biomarker subgroup was not representative of the 
overall trial population in terms of clinical outcomes 
(data not shown).

We identifi ed no prognostic eff ect of KRAS mutation 
status in the 251 patients who received placebo and for 
whom historical mutation data were available (mutant vs 
wild-type: HR for overall survival 0·92, 95% CI 0·67–1·27; 
HR for progression-free survival 1·14, 95% CI 0·87–1·48). 
The prognostic eff ects of KRAS mutation status based on 
BEAMing of archival tissue DNA are not reported 
because of the small number of patients in this subgroup 
(n=88), compared with 251 patients in the historical data 
subgroup.

We measured total circulating DNA in fresh plasma 
samples obtained at the time of enrolment into the trial 
to assess potential associations between circulating DNA 
concentration and clinical outcome. Circulating DNA 
concentrations from 503 patients showed high inter-
patient variability (mean 33 447 genome equivalents of 
DNA per mL, SD 78 859, median 10 653 genome 
equivalents of DNA per mL, range 1114–804 450). Analysis 
of overall survival and progression-free survival in 
patients with baseline plasma DNA concentrations more 
than (high) or less than (low) the median suggested that 
the clinical benefi t of regorafenib compared with placebo 
was not signifi cantly aff ected by baseline plasma DNA 
con centrations (overall survival with regorafenib vs 
placebo: HR 0·97, 95% CI 0·63–1·52 for low circulating 
DNA concentrations; HR 0·70, 95% CI 0·52–0·95 for 
high circu lating DNA concentrations; pinteraction=0·199; 
pro gression-free survival with regorafenib vs placebo: 
HR 0·53, 95% CI 0·40–0·71 for low circulating DNA 
concentrations; HR 0·52, 95% CI 0·40–0·70 for high 
circulating DNA concentrations; pinteraction=0·601). 
How ever, our analysis of the potential prognostic eff ect 
of plasma DNA concentrations in the placebo group 
showed that a high baseline circulating DNA con-
centration was associated with shorter median overall 
and progression-free survival compared with patients 
with a low baseline circulating DNA concentration  
(fi gure 4, appendix p 9). We also identifi ed an association 
between high baseline circulating DNA concentration 
and reduced median overall survival compared with low 
baseline circulating DNA concentrations when we 
analysed patients in the regorafenib treatment group 
(HR 0·34, 95% CI 0·25–0·47). High baseline KRAS 
mutant allele frequency in circulating DNA 
(appendix p 10) and a high plasma concentration of 
KRAS mutant molecules (appendix p 11) were also 
associated with a shorter median overall survival 
compared with that seen for low baseline KRAS mutant 
allele frequency and plasma concentration in placebo-
treated patients.

Figure 4: Association of baseline plasma DNA concentrations with overall survival (A) and progression-free 
survival (B) in patients who received placebo
HR=hazard ratio.
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We measured the concentrations of 15 proteins 
associated with angiogenesis or colorectal cancer 
pathogenesis in baseline plasma samples from 
611 patients in CORRECT. Univariable analysis identifi ed 
soluble TIE-1 as the only protein for which the HR for 
regorafenib versus placebo diff ered between subgroups 
(appendix pp 12–15); a high concentration of circulating 
TIE-1 was associated with improved overall survival, but 
not progression-free survival, compared with a low 
concentration. This asso ciation was not signifi cant in 
multivariable analyses (data not shown). We identifi ed a 
signifi cant association between TIE-1 concentration and 
the overall survival benefi t of regorafenib in our best-fi t 
and ROC curve analyses (both pinteraction=0.035), but not 
when we used the median cutoff  method (pinteraction=0.248; 
appendix pp 12–15).

Our assessment of the potential prognostic eff ect of the 
plasma concentration of these proteins in placebo 
patients identifi ed an association between protein 
concentration and clinical outcome for interleukin 8 and 
PlGF, both of which retained signifi cance in multivariable 
analysis for overall survival after controlling for various 
clinical factors (appendix pp 16–17). For both of these 
proteins, higher plasma concentrations were associated 
with poorer clinical outcomes compared with those seen 
in patients with lower concentrations (appendix 
pp 16–17). The eff ect of plasma concentration on 
progression-free survival was signifi cant for interleukin 8, 
but not for PlGF (appendix pp 16–17). We also identifi ed 
a prognostic eff ect for overall survival in a univariable 
analysis, but not in a multivariable analysis, for 
angiopoietin 2, soluble TIE-1, interleukin 6, and macro-
phage colony-stimulating factor (appendix pp 16–17).

Discussion
Our analysis shows that regorafenib provides a consistent 
overall and progression-free survival benefi t in a range of 
subgroups of patients with metastatic colorectal cancer 
based on tumour mutation status and plasma protein 
biomarker concentrations. Furthermore, our results 
support the use of circulating tumour DNA to establish 
tumour genotype at the time of treatment.

To our knowledge, this is the largest study published 
so far to address the genetic evolution of metastatic 
colorectal cancer by integrating genomic data from 
tumour specimens obtained at diagnosis and plasma 
specimens collected after patients had received all 
available cytotoxic and targeted agents for the treatment 
of metastatic colorectal cancer. The samples we used 
for our analyses were obtained during a large, 
international, randomised, placebo-controlled phase 3 
trial of a cancer type for which the importance of 
tumour genotyping is well established in clinical 
decision making. Another strength of the study is the 
fact that all analyses were done with the same 
technology (BEAMing), thus providing an opportunity 
to study clonal variation of oncogenes in response to 

treatment. Tumour genotyping using circulating 
plasma-derived DNA off ers potential advantages over 
archival tumour DNA testing, including convenience, 
non-invasive sample collection, and more accurate 
representation of a tumour’s current mutational status. 
Such a method of monitoring tumour genotype could 
be useful to establish a patient’s suitability for a 
particular treatment. For example, the emergence of 
RAS mutations during treatment could provide the 
rationale for a switch to an alternative drug that has 
been shown to be active against colorectal cancer 
tumours with such gene alterations.

The robustness of our genotyping results is supported 
by the 100% concordance between the KRAS mutation 
status detected by BEAMing and the results from next-
generation sequencing of tumour tissue from 
24 patients (appendix p 3 and p 8), and the consistency 
of individual KRAS and PIK3CA mutation frequencies 
we obtained with those reported in COSMIC. 
Additionally, KRAS or PIK3CA mutations identifi ed in 
patient-matched plasma and tumour tissue DNA were 
nearly always identical.

The genes assessed in our study are the most frequently 
mutated proto-oncogenes in colorectal cancer.20–22,36–38 We 
did not assess NRAS mutations because of the low 
frequency of this mutation in colorectal cancer (4% in 
COSMIC),35 which was confi rmed by next-generation 
sequencing of a subset of archival tumour tissue 
specimens from patients in CORRECT (2% NRAS 
mutational frequency).13 The frequency of KRAS mutant 
tumours in CORRECT (59% in archival tumour tissue 
and 69% in plasma DNA) was higher than has previously 
been reported in colorectal cancer (36% in COSMIC).35 
A possible explanation for this high mutation frequency 
is that patients with KRAS-wild-type tumours are eligible 
to receive additional lines of treatment, whereas patients 
with KRAS mutant tumours have fewer therapeutic 
options. By contrast, patients with BRAF mutations 
might have been under-represented because of their poor 
prognoses39 (3·4% in CORRECT vs 10·7% in COSMIC).35 
Furthermore, 220 (29%) of 760 patients in CORRECT 
had rectal tumours,13 which have a low frequency of 
BRAF mutations.40 The frequency of PIK3CA mutations 
in CORRECT (17% via plasma BEAMing) was consistent 
with that usually reported in colorectal cancer (16% in 
COSMIC).35

BEAMing analysis of plasma and tumour DNA from 
patients in the CORRECT trial revealed consistent trends 
toward a clinical benefi t with regorafenib defi ned by 
KRAS and PIK3CA mutational status. These fi ndings 
support and extend previous fi ndings,13,14 with results 
from both trials showing evidence of a trend for 
regorafenib benefi t irrespective of historical KRAS 
mutational status; this is consistent with the 
antiangiogenic mechanism of action of regorafenib.12,41,42

In our study, the concordance of KRAS and 
PIK3CA mutations detected by BEAMing analysis in 
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patient-matched plasma and tumour tissue samples was 
not 100%. This fi nding is not unexpected in view of the 
fact that the plasma samples were obtained at trial entry, 
whereas tumour tissue specimens were archival and 
often several years old. The notion of tumour evolution is 
consistent with the identifi cation of a subgroup of 
patients for whom archival tumour tissue was KRAS 
wild-type, but plasma DNA was KRAS mutant. 
Acquisition of KRAS mutations as a mechanism of 
resistance to anti-EGFR-antibody therapy has been 
previously reported in patients with metastatic colorectal 
cancer;10,11 this hypothesis is further supported by the fact 
that all patients with apparent acquired KRAS mutations 
had received anti-EGFR-antibody treatment before 
enrolment in CORRECT.

We identifi ed a use for circulating DNA beyond 
tumour genotyping: baseline circulating DNA concen-
trations were prognostic for clinical outcome, with 
shorter median survival observed in patients with a 
higher plasma DNA concentration than in patients with 
a lower plasma DNA concentration. We detected this 
association in both the placebo and regorafenib 
treatment groups. Circulating DNA concentrations have 
been reported to be higher in patients with colorectal 
cancer than in healthy people,43,44 which supports a 
working hypothesis whereby the amount of tumour-
derived DNA in the circulation represents the level of 
metastatic burden and associated eff ect on clinical 
outcome. However, the process whereby metastatic 
lesions liberate DNA into the circulation is poorly 
understood, and the eff ect of factors such as tumour 
location is unknown.

Measurement of plasma protein concentrations 
showed that regorafenib had a greater eff ect on overall 
survival in patients who had a high concentration of 
TIE-1 than in patients with a low concentration. 
This fi nding is not unexpected because TIE-1 can interact 
with the TIE-2 angiopoietin receptor, and deletion of TIE-
1 in mice decreases tumour-associated endothelial-cell 
survival and inhibits tumour growth.24 Moreover, TIE-1 is 
expressed by some tumours, including colorectal 
cancer,25 and fi ndings from a previous trial suggested 
that a high concentration of TIE-1 was associated with 
superior regorafenib response.45 Regorafenib has some 
inhibitory activity on both TIE-146 and TIE-212 kinases, and 
we suggest that tumours dependent on these receptors 
will be especially responsive to regorafenib. However, 
this hypothesis remains to be investigated, and whether a 
high concentration of circulating TIE-1 can identify such 
tumours is unknown. Notably, a benefi t was not seen for 
progression-free survival, and the eff ect on overall 
survival was not signifi cant in multivariable analysis. 
Furthermore, although regorafenib had particularly 
robust clinical activity in patients with high circulating 
TIE-1 concentrations, a benefi cial trend was also evident 
in patients with low circulating TIE-1 concentrations 
(appendix p 12). 

High concentrations of interleukin 8 and PlGF were 
prognostic for poor clinical outcome in patients who 
received placebo. Interleukin 8 is a chemokine that might 
function in the growth and progression of colorectal 
cancer,27 and PlGF is a member of the VEGF family of 
ligands.28,47 Consistent with the results of our study, high 
concentrations of these proteins have previously been 
reported to be associated with poor outcome in patients 
with colorectal cancer.27,48

In summary, regorafenib seems to be active in various 
subgroups of patients with metastatic colorectal cancer 
defi ned by genotypic and protein biomarkers, thus 
supporting and extending previous fi ndings from the 
CORRECT trial.13 However, since the CORRECT trial was 
not specifi cally powered to assess the clinical activity of 
regorafenib in biomarker-defi ned subgroups, and 
because we did this analysis retrospectively, the results 
from these analyses should be considered exploratory 
and hypothesis generating. The fi ndings from this 
biomarker study also support BEAMing analysis of 
circulating DNA as a viable approach to obtain real-time 
tumour-associated genotypic information in a non-
invasive way.
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