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Abstract

In metastatic colorectal cancer (mCRC), recent studies have
shown the importance to accurately quantify low-abundance
mutations of the RAS pathway because anti-EGFR therapy may
depend on certainmutation thresholds. We aimed to evaluate the
added predictive value of an extendedRASpanel testing using two
commercial assays and a highly sensitive and quantitative digital
PCR (dPCR). Tumor samples from 583 mCRC patients treated
with anti–EGFR- (n ¼ 255) or bevacizumab- (n ¼ 328) based
therapies from several clinical trials and retrospective series from
the TTD/RTICC Spanish network were analyzed by cobas, ther-
ascreen, and dPCR. We evaluated concordance between techni-
ques using theCohen kappa index. Response rate, progression-free
survival (PFS), and overall survival (OS) were correlated to the
mutational status and the mutant allele fraction (MAF). Concor-

dancebetween techniqueswashighwhenanalyzingRAS andBRAF
(Cohen kappa index around 0.75). We observed an inverse cor-
relation between MAF and response in the anti-EGFR cohort (P <
0.001). Likelihood ratio analysis showed that a fraction of 1% or
higher of anymutated alleles offered the best predictive value. PFS
and OS were significantly longer in RAS/BRAF wild-type patients,
independently of the technique. However, the predictability of
both PFS and OS were higher when we considered a threshold of
1% in the RAS scenario (HR ¼ 1.53; CI 95%, 1.12–2.09 for PFS,
and HR ¼ 1.9; CI 95%, 1.33–2.72 for OS). Although the rate of
mutations observed among techniques is different, RAS and BRAF
mutational analysis improved prediction of response to anti-EGFR
therapy. Additionally, dPCRwith a threshold of 1% outperformed
the other platforms. Mol Cancer Ther; 16(9); 1999–2007. �2017 AACR.

Introduction
In metastatic colorectal cancer (mCRC), antibodies against the

epidermal growth factor receptor (EGFR), cetuximab and pani-
tumumab, vascular endothelial growth factor (VEGF)binding

antibodies or other VEGFtrap therapies, including bevacizumab
and aflibercept, as well as regorafenib, a multiple tyrosine kinase
inhibitor (1–5), have demonstrated to increase survival.However,
the efficacy of these targeted agents in the clinic has been variable
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and limited, adding toxicity and high costs. In this scenario, it is
necessary to identify subgroups of patients more likely to benefit
from these therapies.

Exon2KRASmutationswerefirstly identified asmechanismsof
resistance to cetuximab and panitumumab (6, 7). However,
factors other than exon 2 KRAS mutations (codons 12 and 13)
have been further recognized as mechanisms of intrinsic resis-
tance (8). KRASmutations in exons 3 and 4 (codons 59–61, 117,
and 146) as well as mutations in the same regions of the related
oncogene NRAS have been recognized (9) and validated as
predictive biomarkers to such anti-EGFR therapies (1, 2).

Although Sanger sequencing has been considered the gold
standard in clinical genetic testing, no clearly standardized pro-
cedures for RAS mutational testing have been established. An
increasing number of hotspots targeted qualitative techniques
have been developed with different levels of sensitivity and
specificity (10–12), although only some of them are commer-
cially available (13). Digital PCR is a highly sensitive and quan-
titativemethod that has been recently applied with the purpose of
analyzing the role of minor mutated KRAS/NRAS subclones in
patients with mCRC treated with anti-EGFR drugs (14, 15),
suggesting that a threshold of 1% of mutated subclones is the
optimal cutoff to distinguish patients more likely to benefit from
cetuximab or panitumumab. However, data reported on RAS
mutations analyzed by BEAMing in the KRAS exon 2 wild-type
cohort of patients enrolled in the CRYSTAL trial suggested that
mCRCpatientswith tumors bearingmutations between0.1%and
<5% benefited from the addition of cetuximab to FOLFIRI in the
first-line setting (1). There is therefore a need for identifying a
mutation detection threshold that is clinically relevant to select
patients for anti-EGFR therapy.

We previously reported the mutational profile of the RAS
pathway genes in a series of 102 patients with mCRC treated
with anti-EGFR based therapy in the refractory setting using two
platforms with different analytical sensitivity, a quantitative and
highly sensitive digital PCR (Fluidigm platform) and a conven-
tional real-time PCR (Lightcycler 480, Roche; ref. 14). Digital PCR
identified a higher number of mutations respect to the real-time
PCR, but evenmore interesting, digital PCR helped us to optimize
the selection of patients who had better outcomes after anti-EGFR
treatment. Patients with tumors harboring RAS and BRAF muta-
tions in a fraction of <1% seemed to benefit from cetuximab or
panitumumab. In the present study, we aimed to confirm our
previous results in a larger series of mCRC. Our objectives were to
evaluate and compare the sensitivity to detect point mutations in
KRAS, NRAS, BRAF, and PIK3CA by means of three different
mutational tests and additionally, to evaluate whether a cutoff
point could be defined for optimal patient selection.

Materials and Methods
Patients and samples

We retrospectively analyzed formalin-fixed paraffin-embedded
(FFPE)primary tumorsobtained fromsurgical resections (partial or
complete colectomy) or diagnostic biopsies from583 patientswith
mCRC treatedwith anti-EGFR (n¼ 255)or bevacizumab(n¼ 328)
regimens from retrospective series and several clinical trials
from the TTD/RTICC Spanish network (clinical trial identifiers:
NCT01071655, NCT00958386, NCT00885885, NCT01126112,
andNCT01704703). Patients received treatment between February
2003 and September 2014. Main clinicopathologic characteristics

of the patients are described in Table 1. Three patients were
excluded because of invalid results in the mutational analyses.
Data on KRAS exon 2 mutational status were available before
biological treatment in 135 patients. The therascreen KRAS PCR Kit
(Qiagen), cobas KRAS Mutation Test kit, and digital PCR (in two
cases included in the clinical trial NCT01704703)were used for the
analysis. Pathological diagnosis was verified on the basis of H&E-
stained sections, and carcinomaswere classified according to UICC
TNM classification system. Before DNA extraction, stained slides
were reviewed by a pathologist to estimate overall neoplastic cell
content and aminimum15%of tumor cell contentwas considered
to be a valid sample for analysis. Tumor response was extracted
from medical records evaluated by attending physician, according
to Response Evaluation Criteria in Solid Tumors (RECIST) criteria.
Patients with stable disease (SD) or disease progression (PD) were
defined as nonresponders. Independent ethics committees at each
participating center reviewed and approved the protocol and the
study was carried out according to the principles of the Declaration
of Helsinki. Committees allowed a waiver in individual patient
consent for retrospective biomedical research studieswhich includ-
ed the permission to use patients' samples without informed
consent in case of death.

DNA extraction and primary PCR reactions
DNA from FFPE tissues was extracted using two comparable

methods: the cobas DNA Sample Preparation Kit (Roche Molec-
ular Diagnostics) and the QIAamp DNA Mini Kit (Qiagen)
according to the manufacturer's instructions. DNA quality and
concentration were measured with a NanoPhotometer (Implen
GmbH).

Mutations in KRAS (exons 2/3/4), NRAS (exons 2/3/4), BRAF,
and PIK3CA were detected by two commercial assays (Roche
cobas test and Qiagen therascreen pyrosequencing kit) and by
quantitative nanofluidic dPCR (sensitivity of about 0.05%–0.1%)
of genomic DNA as previously described (18). For the cobas
analysis, DNA extracted by the cobas kit was used, and for
therascreen pyro and dPCR analysis DNA extracted by Qiagen kit
was used.

The cobas KRAS Mutation Test kit, the cobas 4800 BRAF V600
Mutation Test, and the cobas PIK3CAMutation Test were used for
detection of somatic mutations in KRAS, BRAF, and PIK3CA
genes. The cobas KRAS Mutation Test kit is a PCR assay designed
to detect 21 somatic mutations in codons 12, 13 (exon 2), and 61
(exon 3). The cobas 4800 BRAF V600 Mutation Test detects the
BRAF V600E mutation and the cobas PIK3CA Mutation Test
identifies 17 mutations in exons 1, 4, 7, 9, and 20. In brief, 50 ng
of DNA (for KRAS and PIK3CA) or 125 ng of DNA (BRAF) was
amplified as well as a negative and positive control, according to
the manufacturer's instructions. Mutations were detected using
the cobas 4800 System (Roche Molecular Systems Inc.) with
automated result interpretation software.

For somatic mutations in NRAS codons 12–13, 59–61, 117,
and 146 as well as KRAS codons 117 and 146, we used a probe-
based assay, LightMix Kit KRAS-NRAS (TIB MOLBIOL). Six dif-
ferent reactions were performed for each sample. Fifteen micro-
liters of every reactionmix was added to 5 mL of sample or control
DNA for a final reaction volume of 25 mL according to the
manufacturer's instructions. All reactions were performed using
the Roche Diagnostics LigthCycler FastStart DNA Master Hybrid-
ization Probe reaction mix and run on a LigthCycler 480 instru-
ment (Roche Molecular Systems Inc.). The thermocycling
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conditions were as follows: Uracil-DNA glycosylase treatment at
40�C for 20 minutes, denaturation at 95�C for 10 minutes,
amplification of target DNA; 60 cycles at 95�C for 5 seconds,
58�C for 5-second acquisition, 58�C for 10 seconds and 72�C for
15 seconds; melting at 95�C for 20 seconds, 58�C for 20 seconds,
40�C for 20 seconds and then a gradual increase in temperature to
85�C with continuous acquisition before cooling at 40�C. Geno-
type calling based on melting curves was performed using the

LightCycler 480 software release 1.5.1 (Roche), andmutations are
identified by a melting peak only in case of the presence of a
mutation.

The PyroMark Q24 system (Qiagen) was used for pyrosequen-
cing analysis of KRAS, NRAS, and BRAFmutations. In brief, PCR
templates for pyrosequencing were amplified from 10 ng of DNA
using therascreen KRAS, NRAS, RAS, extension and BRAF Pyro Kit
according to the manufacturer's instructions. The biotinylated

Table 1. Clinicopathologic characteristics of the patients included in the efficacy analysis

No. of patients (anti-EGFR þ bev) No. of patients (anti-EGFR) No. of patients (bev)
Variable N ¼ 580 (100%) N ¼ 255 (44%) N ¼ 325 (56%)

Age (years)
Median (range) 65 (21–88) 65 (32–88) 65 (21–86)

Gender
Male/female 382 (65.86)/192 (33.1) 185 (72.55)/70 (27.45) 197 (60.61)/122 (37.54)
Unknown 6 (1.03) 0 (0) 6 (1.85)

Tumor location
Right colon 169 (29.14) 53 (20.78) 116 (35.69)
Left colon 55 (9.48) 25 (9.8) 30 (9.23)
Rectum 217 (37.41) 93 (36.47) 124 (38.15)
Colon unspecified 132 (22.76) 81 (31.76) 51 (15.69)
Unknown 7 (1.2) 3 (1.17) 4 (1.23)

TNM stage
I–II 5 (0.86)/45 (7.76) 3 (1.18)/18 (7.06) 2 (0.62)/27 (8.3)
III–IV 136 (23.45)/381 (65.69) 66 (25.88)/161 (63.13) 70 (21.53)/220 (67.7)
Unknown 13 (2.24) 7 (2.74) 6 (1.85)

Primary tumor resection
Yes/No 459 (79.14)/54 (9.31) 172 (67.45)/18 (7.05) 287 (88.3)/36 (11.07)
Unknown 67 (11.55) 65 (25.5) 2 (0.62)

Metastasis resection
Yes/no 168 (28.97)/342 (58.97) 66 (25.88)/123 (48.24) 102 (31.38)/219 (67.38)
Unknown 70 (12.06) 66 (25.88) 4 (1.23)

Treatment intention
First-line 355 (61.21) 84 (32.94) 271 (83.38)
Second-line 95 (16.38) 68 (26.67) 27 (8.31)
Neoadjuvant 34 (5.86) 28 (10.98) 6 (1.85)
Other 96 (16.55) 75 (29.41) 21 (6.46)

Biological treatment
Cetuximab 120 (20.69) 120 (47.06) —

Panitumumab 135 (23.28) 135 (52.94) —

Bevacizumab 325 (56.03) — 325 (100)
Chemotherapy regimens—clinical trials

NCT01071655 (SETICC) 70 (12.07) — 70 (21.54)
NCT00958386 (SPECTRA) 33 (5.69) 33 (12.94) —

NCT00885885 (PLANET) 42 (7.24) 42 (16.47) —

NCT01126112 (FRAIL) 15 (2.59) 15 (5.88) —

NCT01704703 (ULTRA) 32 (5.52) 32 (12.55) —

Chemotherapy regimens—no clinical trials
FU based chemotherapy þ bevacizumab
1st line/2nd line 201 (34.66)/27 (4.66) — 201 (61.85)/27 (8.31)
3rd line and beyond 12 (2.07) — 12 (3.69)
Other 15 (2.59) — 15 (4.61)

FU based chemotherapy þ cetuximab
1st line/2nd line 36 (6.21)/7 (1.21) 36 (14.12)/7 (2.74) —

3rd line and beyond 2 (0.34) 2 (0.78) —

Other 8 (1.38) 8 (3.14) —

FU based chemotherapy þ panitumumab
1st line/2nd line 7 (1.21)/1 (0.17) 7 (2.74)/1 (0.4) —

Irinotecan þ anti-EGFR
1st line/2nd line 7 (1.21)/23 (3.96) 7 (2.74)/23 (9.02) —

3rd line and beyond 22 (3.79) 22 (8.63) —

Other 2 (0.34) 2 (0.78) —

Anti-EGFR monotherapy 18 (3.1) 18 (7.06) —

Tumor response
Complete response/partial response 27 (4.66)/180 (31.03) 10 (3.92)/80 (31.37) 17 (5.23)/100 (30.77)
Stable disease/progressive disease 216 (37.24)/88 (15.17) 87 (34.12)/46 (18.04) 129 (39.7)/42 (12.92)
Not evaluable 69 (11.9) 32 (12.55) 37 (11.38)

RAS and BRAF genotyping for Anti-EGFR treatment in mCRC
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PCR products were placed in 24-well plates and bound to strep-
tavidin-coated sepharose beads (GE Healthcare). The PCR pro-
ducts were denatured, and the nonbiotinylated fragments were
washed from the beads using the Pyromark Q24 Vacuum Work-
station (Qiagen). The beads were then resuspended in annealing
buffer containing 0.4 pmol/L of the sequencing primer. Raw data
files were imported into Pyromark Q24 software (version 2.0;
Qiagen) for further analysis following pyrosequencing. Formuta-
tions in PIK3CA we used the PI3K Mutation Test Kit (Qiagen), a
real-time PCR assay for the detection of 4 somatic mutations in
exons 9 and 20. The kit uses a real-time PCR assay based on ARMS
PCR technology combined with Scorpions detection technology.
The PI3K Mutation Test Kit includes a control assay and 3
mutation assays to assess the total DNA in a sample and the
presence or absence ofmutated DNA. Twenty nanograms of DNA
were amplified as well as negative and positive controls, using the
LightCycler 480 software release 1.5.1 (Roche) and mutations
were identified calculating DCt (Delta Ct) according to the man-
ufacturer's instructions.

The dPCR analysis methods are described in detail in our
previous study (14), and specific primers and probes are specified
in Supplementary Table S1.

Statistical analysis
We performed a survival analysis using the Cox proportional

regression model and calculated the hazard ratio (HR) for pro-
gression-free survival (PFS) andoverall survival (OS), described in
detail in our previous study (14).

Independently from the survival analysis, in order to evaluate
the best sensitivity threshold for mutations to predict treatment
response in the anti-EGFR cohort, we calculated the likelihood
ratio of positive test analysis. In this analysis, we only included
patients with evaluable radiological response (N¼ 223). In order
to compare the predictive value of different mutational profiles,
we defined three different scenarios for analysis: (i) KRAS (exon
2); (ii) RAS (KRAS exons 2/3/4 and NRAS exons 2/3/4); and (iii)
RAS and BRAF.

The concordance between techniques was calculated with the
Cohen's kappa coefficient. Data were analyzed with statistical
software R version 3.1.2.

Results
Mutational profiling detected by cobas, therascreen pyro, and
highly sensitivity dPCR

We performed mutational analyses of KRAS, NRAS, BRAF, and
PIK3CA through three different platforms. The average time for
testing all genes per 24 samples was 14 hours for cobas, 35 hours
for therascreen pyro, and 65 hours for digital PCR. Mutations in
any of the genes analyzed were detected in 331 tumors (56.77%)
by cobas, in 325 tumors (55.74%) by therascreen, and in 361
tumors (61.92%) by dPCR (Table 2). BRAFmutations were most
frequently in KRAS exon 2 wild-type tumors, although both
mutations were detected in 7.4% tumors by cobas, 8.3% tumors
by therascreen, and 13.3% by dPCR. Specific mutations of indi-
vidual exons in the population of patients are shown in Supple-
mentary Table S2.

In the subset of patients treated with bevacizumab, we did not
detect any mutation in 55 of 328 (16.77%) tumors. No valid
results were obtained in 3 tumors. As expected, the majority of
tumors harboredmutations inKRAS exon 2, independently of the

technique. Extended RAS, BRAF, and PIK3CA analysis increased
the number of mutated tumors as referred in Supplementary
Table S3.

In the cohort of patients treated with cetuximab or panitu-
mumab, no mutations were detected in 102 of 255 (40%)
tumors with none of the three techniques used in the study.
There was an invalid result in the cobas test and two invalid
results in the dPCR test. One hundred and one of 255 (39.6%)
tumors harbored one mutation detected by cobas and 18 of
them showed multiple mutations. One hundred of 255
(39.2%) tumors harbored one mutation detected by therascreen
pyro and 15 of them showed multiple mutations. Mutations
analyzed by both techniques were frequently located in KRAS
followed by PIK3CA, NRAS, and BRAF as described in Supple-
mentary Table S3. Analysis by dPCR increased the number of
patients bearing mutations up to 119 of 255 (46.7%) and
identified multiple additional low-frequency mutant alleles in
34 cases. In this setting, KRAS mutations were further overrep-
resented (81/255; 31.8%) followed by NRAS (33/255; 12.9%),
BRAF (17/255; 6.7%), and PIK3CA (8/255, 3.1%; Supplemen-
tary Table S3). Sixty-four tumors scored as positive with the
three techniques, and the percentage of mutant alleles by
quantitative nanofluidic dPCR ranged from 0.2% to 64.5%
(median, 46.3%). The percentage of mutant alleles in the 57
tumors detected only by dPCR ranged from 0.04% to 41.5%
(median, 2.1%).

The levels of concordance between techniques for mutation
detection are shown in Fig. 1. The concordance was good or very
good between cobas and therascreen pyro and also with dPCR
when mutant allele fraction (MAF) considered is >10%. These
levels decreased slightly considering MAF > 1%. The concordance
is even lower when we compared cobas or therascreen with dPCR
with a threshold of MAF > 0.1%.

Response rate
Radiological tumor response was evaluable in 514 patients

(88%). Complete or partial response occurred in 209 patients
(35.8%). Tumor stabilizationwas observed in 216patients (37%)
and disease progression in 89 patients (15.3%). We then assessed
the response rate according to biological therapy. In the group of

Table 2. Summary of the mutational status of tumors included in the study
population detected by the different techniques

Cobas
Therascreen
Pyro Digital PCR

N (%) N (%) N (%)

KRAS (exon 2)
WT 370 (63.46%) 372 (63.81%) 317 (54.37%)
MUT 209 (35.85%) 208 (35.68%) 261 (44.77%)
NV 4 (0.69%) 3 (0.51%) 5 (0.86%)

RAS (KRAS þ NRAS, exons 2/3/4)
WT 306 (52.49%) 304 (52.14%) 245 (41.95%)
MUT 273 (46.83%) 276 (47.34%) 332 (57.02%)
NV 4 (0.68%) 3 (0.51%) 6 (1.03%)

RAS þ BRAF
WT 283 (48.63%) 275 (47.17%) 223 (38.25%)
MUT 296 (50.68%) 305 (52.32%) 355 (60.89%)
NV 4 (0.69%) 3 (0.51%) 5 (0.86%)

RAS þ BRAF þ PIK3CA
WT 246 (42.2%) 254 (43.57%) 217 (37.22%)
MUT 331 (56.77%) 325 (55.74%) 361 (61.92%)
NV 6 (1.03%) 4 (0.69%) 5 (0.86%)

Abbreviations: WT, wild-type tumor; MUT, mutated tumor; NV, no valid results.
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patients treated with bevacizumab, the response rate was not
associated with RAS/BRAF mutational status.

In the group of patients treated with anti-EGFR therapy, radio-
logical tumor response was evaluable in 223 of the 255 patients.
Regarding the treatment administered in this specific cohort, 30
patients (13.45%) received cetuximab or panitumumab mono-
therapy (23 of them were chemona€�ve for metastatic disease), 75
patients (33.63%) received an irinotecan þ anti-EGFR regimen
and 118 patients (52.91%) were treated with a fluoropyrimidine-
based chemotherapy regimen (78 of them in the first-line or
neoadjuvant/post-metastasectomy setting). Overall response rate
(ORR) in this subgroup of patients was 40.3%. We further
evaluated response rate according to mutational profile (Table
3). KRAS exon 2 wild-type population identified by cobas test
presented anORRof 42.7% [76 responders (89.4%) received anti-
EGFR in combination with chemotherapy—19 and 24 patients in
the neoadjuvant/post-metastasectomy and first-line setting,
respectively—and 9 responders were treated with anti-EGFR
monotherapy). Four of the KRAS exon 2 mutated patients
responded to anti-EGFR regimens [chemotherapy and anti-EGFR
in the neoadjuvant/post-metastasectomy setting (3/4) or in first
line]. Extended RAS identified 16 additional RAS mutant mCRC

patients with tumor response, 10 of them treated with anti-EGFR
in combination with chemotherapy in the neoadjuvant or first-
line setting and 2 of them treated only with panitumumab in first
line. BRAF genotyping identified 8 additional mutated cases, 2 of
them responders (both treated in combination with chemother-
apy in first line). RAS/BRAF analysis by cobas increased the
response rate up to 45.8% and 26.9% in wild-type and mutated
populations, respectively. Analysis of KRAS exon 2 by therascreen
pyro kit identified 24mutated cases, 5 of them responders (one of
them treated with anti-EGFR monotherapy in first line, two of
them treated in combination with chemotherapy in the neoad-
juvant and post-metastasectomy setting, and the other 2 patients
treated in second and third line with chemotherapy). This reclas-
sification translated into an ORR of 42.7% in the KRAS exon 2
wild-type subgroup [73 responders (91.2%) received a combina-
tion of chemotherapy and anti-EGFR—18 and 24 patients in the
neoadjuvant/post-metastasectomy and first-line setting, respec-
tively—and 11 responders received cetuximab or panitumumab
alone]. Extended RAS identified 15 additional mutated tumors
with radiological response (5 and 6 patients treated in first-line
and neoadjuvant/post-metastasectomy setting, respectively).
BRAF genotyping identified 11 additional mutated cases (2 of

Cobas® vs.
Therascreen® pyro

Therascreen® pyro

Cobas® 

Digital PCR

dPCR MAF >10%

12

26

8

4

4

14

54

188

1212 5 5
31

187
1020

31

23
23

40

16

22

11 11

13

25
224

24
59

224

18 18 1710

1020
20

27 36

18
247

20

11 11

18
29

54

25

13

247

27

31

25

227
13

204
12

14 3

3

3

6
171

dPCR MAF >1% dPCR MAF >0.1%

Therascreen® pyro vs. highly sensitive dPCRCobas® vs. highly sensitive dPCR

MAF > 10%

KRAS (exon 2)

A C

D

E

B

0.87 (0.83–0.91)

0.70 (0.64–0.76)

0.64 (0.58–0.70)

0.95 (0.93–0.98)

0.75 (0.7–0.81)

0.75 (0.69–0.80)

Cohen κ

<0.20
0.21–0.4

Poor
Fair

Moderate
Good

Very good

0.41–0.6
0.61–0.8
0.81–1.00

Levels of agreement

0.85 (0.80–0.89)

0.56 (0.50–0.63)

0.54 (0.47–0.61)

0.77 (0.72–0.82)

0.44 (0.37–0.51)

0.40 (0.33–0.48)

0.91 (0.88–0.95)

0.77 (0.71–0.82)

0.73 (0.67–0.78)

0.8 (0.75–0.85)

0.56 (0.49–0.63)

0.50 (0.43–0.57)

0.71 (0.65–0.77)

KRAS

COD 12-13

Only COBAS Concordance COBAS-PYRO Only PYRO

Only COBAS Concordance COBAS-dPCR Only dPCR

Only PYRO Concordance PYRO-dPCR Only dPCR

COD 59-61

COD 117

COD 146

COD 12-13

COD 59-61

COD 117

COD 146

COD 12-13

COD 59-61

COD 117

COD 146

EX15

MAF > 10%
MAF > 1%
MAF > 0.1%

MAF > 10%
MAF > 1%
MAF > 0.1%

COD 12-13

COD 59-61

COD 117

COD 146

COD 12-13

COD 59-61

COD 117

COD 146

EX15

COD 12-13

COD 59-61

COD 117

COD 146

EX15

NRAS

BRAF

KRAS

NRAS

BRAF

KRAS

NRAS

BRAF

0.42 (0.35–0.50)

0.35 (0.27–0.43)

RAS (KRAS + NRAS)

RAS + BRAF

KRAS (exon 2)

RAS (KRAS + NRAS)

RAS + BRAF

MAF > 1% MAF > 0.1% MAF > 10% MAF > 1% MAF > 0.1%

Figure 1.

Concordance of mutation detection by cobas, therascreen pyro, and highly sensitive dPCR. A, Cohen kappa index measures the agreement between
techniques inmutation detection.B,Venndiagram for the results of three tests together.C,Number ofmutations detected by cobas and therascreenpyro.D,Number
of mutations detected by cobas and digital PCR. E, Number of mutations detected by therascreen pyro and digital PCR. MAF, mutant allele fraction.
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them responders and treated in first line). We have to point out
that only one of the RAS/BRAF mutated tumors that responded
was treated with anti-EGFR monotherapy. Extended RAS and
BRAF panel by therascreen increased response rate up to 48.3%
and 25% in wild-type and mutated populations, respectively.
Qualitative dPCR genotyping (limit of detection of the technique,
0.05%–0.1% ofmutant alleles) of KRAS exon 2 translated into an
ORR of 41.7% in the KRAS exon 2 wild-type population. Sixty-
seven KRAS exon 2 wild-type responders (91.8%) received a
combination of anti-EGFR and chemotherapy (38 of them as
neoadjuvant/postmetastasectomy or first-line therapy) and 6
responders received anti-EGFR monotherapy (5 of them in the
first-line setting). The extended RAS genotyping reclassified 39
additional mutated cases. Nine of these patients responded to
treatment (everyone received anti-EGFR monotherapy), that was
administered as first-line or neoadjuvant chemotherapy in 5 of
them. Finally, the BRAF analysis identified 11 additional mutated
cases, 3 of them responders (all of them treated with anti-EGFR in
the first-line setting). The ORR in the RAS/BRAF wild-type subset
increased up to 48.8%, whereas ORR in patients reclassified as
RAS/BRAF mutated by qualitative dPCR was 29.6%. It is note-
worthy that most of the RAS/BRAF-mutated tumors classified as
responders were treated with anti-EGFR and chemotherapy com-
bination (26 out of 29 cases), as described with cobas and
therascreen pyro. Moreover, approximately 90% of the KRAS exon
2 wild-type patients with a partial or complete response received
cetuximab or panitumumab in combination with chemotherapy.

An inverse correlation between the proportion of mutant allele
and anti-EGFR response is shown in Fig. 2 (P < 0.0001). The
median percentage of mutated DNA was 12.5% for responders
(range, 0.1%–50%) and 34.2% for nonresponders (range, 0.3%–

65%) and of note in 10 of 29 responders (34%) that have been
scored as positive considering mutated cases by qualitative dPCR
genotyping, the major MAF was below 1%.

The likelihood ratio of positive test analysis was performed to
estimate the optimal clinically relevant threshold cutoff value of
mutant alleles in the prediction of response. For dPCR, the
categorization of a fraction of 1% or higher for any mutant allele
offered the best likelihood ratio of positive test for all combina-
tions of RAS and BRAF analysis (Supplementary Table S4) deliv-
ering the best balance between sensitivity and specificity. TheORR
using the 1% cutoff in the populationwithKRAS exon 2wild-type
tumors was 43.2%, whereas ORR in patients reclassified as KRAS

exon 2 mutated tumors was 24.2% (Table 3). The extended RAS
genotyping reclassified 37 additionalmutated cases (8 responders
out of 37) which translate into a higher ORR (48.4%) in the RAS
wild-type cases. The ORR among RAS extended mutated reclassi-
fied group was 22.9%. Finally, the BRAF analysis identified 12
additional mutated cases. The ORR in this RAS/BRAF wild-type
subset was 50.4%, whereas ORR in patients reclassified as RAS/
BRAF mutated by qualitative dPCR with 1% cutoff was 23.2%.
When comparedwith qualitative detectionof dPCR, the use of 1%
cutoff reclassified as wild-type 16 patients: 10 responders and 6
nonresponders. Of the 6 nonresponder cases now reclassified as
wild-type, 5 had stable disease while in the remaining 1 disease
progressed. We have also calculated ORR with different cutoffs
(1% to 5%) but the 1% is the best scenario for the ORR compared
with the others (Supplementary Table S5).

Table 3. ORR in the anti-EGFR group (N ¼ 223)

Highly sensitive digital PCR
Cobas Therascreen Pyro Cutoff 0.1% Cutoff 1%

WT RR WT MUT RR MUT WT RR WT MUT RR MUT WT RR WT MUT RR MUT WT RR WT MUT RR MUT

KRAS (exon 2) CR 9 42.7 1 17.4 8 42.7 2 20.8 9 42 1 34 9 43.2 1 24.2
PR 76 3 77 3 65 15 73 7
SD 78 9 78 9 72 15 75 12
PD 36 10 36 10 30 16 33 13

RAS (KRAS ex 2/3/4 þ
NRAS ex 2/3/4)

CR 9 44.8 1 27.1 8 46.3 2 24.6 9 47.1 1 29.9 9 48.4 1 22.9
PR 64 15 67 13 55 25 65 15
SD 63 24 61 26 49 38 54 33
PD 27 19 26 20 23 23 25 21

RAS þ BRAF CR 9 45.8 1 26.9 8 48.3 2 25 8 48.8 2 29.6 8 50.4 2 23.2
PR 62 17 63 17 53 27 63 17
SD 61 26 57 30 46 41 51 36
PD 23 23 19 27 18 28 19 27

NOTE: The improvement in response prediction gained by assessing the mutation status of each gene.
Abbreviations: WT, wild-type tumor; MUT, mutated tumor; RR, response rate; CR, complete response; PR, partial response; SD, stable disease; PD, progressive
disease.
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Figure 2.

Box plot representing the correlation between the proportion of major mutant
alleles and the anti-EGFR response In the y axis: the percentage of major
mutated allele (RASþ BRAF). In the x axis: patients with an evaluable response
(N ¼ 223). CR, complete response; PR, partial response; SD, stable disease;
PD, progressive disease. The mean percentage of mutated alleles in each group
is shown by a line (the percentage ofmutant alleles are shown in Supplementary
Table S3).
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Progression-free survival and overall survival
In the overall study population, OS was significantly shorter in

the subgroup of patients with RAS or RAS/BRAF mutations
assessed by any of the three platforms (Supplementary Table
S6). However, a clear and significant benefit to anti-EGFR treat-
ment in terms of both PFS and OS was observed only in patients
with wild-type tumors (Table 4). Patients with KRAS exon 2
mutated tumors analyzed by cobas had a significantly increased
risk of disease progression and death with anHR of 1.79 (95%CI,
1.12–2.85) and 2.06 (95% CI, 1.27–3.34), respectively. OS was
also associatedwithKRAS exon 2mutation assessed by dPCR. The
risk of disease progression was higher when any mutation
assessed by any of the three different techniques was considered
(HR of 1.50, P¼ 0.009,HR of 1.87, P� 0.001 andHRof 1.54, P¼
0.003 for cobas, therascreen, and dPCR, respectively). This asso-
ciation was maintained in the OS analysis.

Interestingly, when we analyzed survival according to different
cutoffs, patientswithKRAS exon2mutated tumors withmore than
1%ofMAF assessedbyquantitative nanofluidic dPCRpresented an
HR of 1.51 (95% CI, 1.02–2.24) for PFS and 1.76 (95% CI, 1.14–
2.72) forOS, comparedwithwild-typepatientsorwith less than1%
ofmutant allele fraction.Whenweextended the analysis toRASand
BRAF and a threshold of 1%, the 97mutated cases presented anHR
of 1.66 (95%CI, 1.23–2.24) and 2.01 (95%CI, 1.41–2.85) for PFS
and OS, respectively. In concordance with likelihood ratio of
positive test analysis depicting 1% as the best cutoff value, a 5%
cutoff resulted in a poorer discrimination of PFS and OS.

Additionally, we differentiated patients treated with anti-EGFR
in two groups: patients treated with anti-EGFR in first-line setting
andpatients treatedwith anti-EGFR in second-line or beyond, and
evaluated the impact of gene mutations on survival (Supplemen-
tary Table S7). Eighty-three patients (32.6%) received cetuximab
or panitumumab (60 of them in combination with chemother-
apy) asfirst-line treatment andwere defined as "chemosensitives,"
and 99 patients (38.8%) received anti-EGFR drugs after first-line

treatment failure (89 of them in combination with chemother-
apy). KRAS exon 2 mutations had no impact on survival in the
chemosensitive group. Only RAS mutations assessed by dPCR
with a threshold of 1% increased the risk of progression compared
with wild-type tumors or with less than 1% of MAF (HR ¼ 1.79,
95%CI, 1.05–3.05).We observed similar results whenwe extend-
ed the mutational analysis to RAS and BRAF. Once again, the
cutoff of 1% better discriminated patients likely to benefit from
anti-EGFR therapy with an HR of 2.03 (95 % CI, 1.20–3.43). In
terms of OS, RAS and BRAF mutations assessed by cobas, ther-
ascreen, or dPCRwere significantly associated with poor outcome.
Similar results were observed in the group of patients treated with
anti-EGFR drugs after first-line tumor progression, although in
this setting, RAS and BRAF mutations were related to worse PFS,
independently of the technique used.

In the subgroup of patients treated with bevacizumab, only
BRAFmutations detected by therascreen and dPCRwere associated
with shorter overall survival.

Discussion
In this retrospective study, we have analyzed the mutational

status of RAS pathway genes through different techniques to
evaluate and compare the sensitivity of each one. Furthermore,
we have demonstrated that anti-EGFR benefit is more evident in
patients with RAS and BRAF wild-type tumors.

Nowadays, expanded RAS and BRAF analyses should be per-
formed in mCRC patients to establish the best therapeutic strat-
egy. Several commercial platforms are used in clinical practice for
RAS testing, although none of them is considered the standard of
care (13). We have used three different techniques, the commer-
cial cobas and therascreen pyro assays and the digital PCR by
Fluidigm, for the analysis ofmutations inKRAS,NRAS, BRAF, and
PIK3CA, and we then compared the sensitivity and predictive
capability to anti-EGFR- and bevacizumab-based regimens. As

Table 4. Survival analyses according to mutational status through different techniques in the anti-EGFR cohort

Cobas Therascreen

Highly sensitive
dPCR qualitative

detection
Highly sensitive
dPCR cutoff 1%

mut wt mut wt mut wt mut wt

28 226 30 225 56 198 40 214
KRAS (exon 2) PFS months Median (mut/wt) 3.88 7.03 3.88 7.03 5.22 7.03 4.86 7.03

HR (95% CI) 1.79 (1.12–2.85) 1.44 (0.92–2.25) 1.29 (0.91–1.82) 1.51 (1.02–2.24)
P 0.015 0.113 0.157 0.041

OS months Median (mut/wt) 12.55 18.17 12.55 18.1 13.8 18.1 13.3 18.1
HR (95% CI) 2.06 (1.27–3.34) 1.38 (0.87–2.18) 1.52 (1.04–2.22) 1.76 (1.14–2.72)
P 0.003 0.167 0.031 0.011

70 184 72 183 101 152 82 172
RAS (KRAS ex 2/3/4 þ
NRAS ex 2/3/4)

PFS months Median (mut/wt) 4.73 7.19 4.73 7.19 5.22 7.2 4.86 7.2
HR (95% CI) 1.21 (0.87–1.67) 1.37 (0.989–1.896) 1.34 (0.99–1.8) 1.53 (1.12–2.09)
P 0.253 0.059 0.051 0.007

OS months Median (mut/wt) 13.64 18.7 12.59 19.06 13.27 18.7 14.89 18.4
HR (95% CI) 1.72 (1.23–2.40) 1.71 (1.22–2.39) 1.61 (1.16–2.23) 1.9 (1.33–2.72)
P 0.002 0.002 0.004 0.0004

82 172 91 164 115 139 97 157
RAS þ BRAF PFS months Median (mut/wt) 4.43 7.49 4.43 7.62 5.19 7.59 4.38 7.59

HR, (95% CI) 1.50 (1.11–2.04) 1.87 (1.37–2.53) 1.54 (1.15–2.05) 1.66 (1.23–2.24)
P 0.009 �0.001 0.003 0.0008

OS months Median (mut/wt) 13.27 19.19 12.55 20.24 13.8 20.01 13.67 19.72
HR (95% CI) 1.86 (1.34–2.58) 1.90 (1.38–2.62) 1.72 (1.25 -2.39) 2.01 (1.41–2.85)
P �0.001 �0.001 0.001 0.0001

NOTE: Adjusted for age, gender, and chemotherapy lines.
Abbreviations: wt, wild-type tumor; mut, mutated tumor.
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expected, the most common gene mutation was located in KRAS
exon 2. We have to point out that the panel of hotspots analyzed
by each technique was slightly different. In this context, it was
expected that the frequency of gene mutations differed between
techniques. Nevertheless, dPCR identified mutations in approx-
imately 62% tumors compared with 55% of mutated tumors
identified by cobas or therascreen due to its higher analytical
sensitivity. dPCR is a highly sensitive and quantitative method
with a limit of detection or sensitivity < 0.1%. Because of this
higher technical sensitivity, dPCR increased the mutation rate up
to 62%with a range ofMAF between 0.04% and 85.4%.Whenwe
analyzed the concordance between tests, we observed a high
agreement (Cohen's kappa � 0.90) if we considered KRAS exon
2 and a limit of detection of 10%.However, the level of agreement
decreased when we compared cobas and therascreen with dPCR
with a limit of detection of 1%–10% or <1% and is even lower
when we included in the mutational analysis RAS (KRAS exons 3,
4 andNRAS exon, 2, 3, 4) andBRAF. Taking into account that there
was no bias in tumor sample selection because we selected one
paraffin block per patientwith aminimumof tumor cells forDNA
extraction and subsequent DNA mutational analysis by the three
techniques, our results demonstrated that quantitative dPCR is
more sensitive than cobas and therascreen for RAS testing.

From a practical point of view, the average time for DNA
extraction was similar for the two methods used and the amounts
ofDNA required for the three testswere also very similar.However,
we found differences between the three techniques regarding the
turnaround time: Cobas significantly outperformed the others and
the slowest one was the dPCRwhich needs an improvement in the
automation to increase the competitiveness. Finally, costs of the
reagents per case analyzed by the three platformswere very similar.

In termsof treatment efficacy,wehave observed that the clinical
outcomes of patients treated with bevacizumab are independent
of RAS mutational status, as previously reported (16). We have
also confirmed that RASmutational status is associated with anti-
EGFR treatment outcome in the first-line setting and beyond. This
is in line with the results published from different clinical trials in
metastatic disease. Pivotal studies with anti-EGFR drugs have
analyzed the mutational status of RAS by different techniques
(13). The PRIME study used Sanger sequencing and WAVE-based
SURVEYOR Scan Kits from Transgenomic for RAS and BRAF
testing and detected 52% RAS-mutated tumors (2). RAS muta-
tional analysis in the Crystal study was performed by BEAMing
and detected mutations in 43% of tumors (1). Similar RAS
mutation rates are reported in the literature, but it is remarkable
that the analytical sensitivity of the tests is around 5% to 10%.
Highly sensitivemethods such as digital PCR or BEAMing are able
to identifyminormutated sub-clones present in a low proportion
(limit of detection < 0.01%; refs. 17, 18). Both methods have
demonstrated to improve the selection of patients more likely to
benefit from anti-EGFR therapies; however, a discrepancy in the
definition of the optimal cutoff for anti-EGFR treatment was
observed (1, 14, 15). To identify the fraction of mutated allele
that correlates with resistance to anti-EGFR agents is still a chal-
lenge.Our results have confirmed thefindings previously reported
by Laurent-Puig and colleagues and our own group (14, 15). We
have observed thatRASmutational status assessed bydPCRwith a
threshold of 1% identifies candidates for cetuximab or panitu-
mumab with better clinical outcomes in terms of ORR, PFS, and
OS than any of the platforms and sensitivity thresholds, confirm-
ing the results we reported from a smaller series of chemorefrac-

torymCRC (14). Overall, the response rate in theRAS/BRAFwild-
type group of patients increased around 5% in both series when
we compared the dPCR with a cutoff of 1% with a conventional
analytical method (either real-time PCR or cobas). However, we
need to be cautious because a relevant percentage of patients with
mutated tumors (around 20% across different analyses)
responded to anti-EGFR regimens. Recent publications of clinical
randomized trials have reported results on response rate in the
mutated RAS tumors population treated with anti-EGFR and
chemotherapy with ORR of 34% to 15% (1, 19). This can be
explained by the chemotherapy effect inmost of them but not all,
and is a fact that must stimulate continuous research for finding
better prediction models beyond RAS mutational analyses (20).

A number of limitations of our study need to be highlighted.
First, there was no validation cohort to validate themutation rates
for each of the three tests, their concordance, and the prediction of
disease outcome. Second, this is a retrospective and pooled
analysis of a highly heterogeneous series of patients treated with
different chemotherapy regimens and biologicals. Finally, we
have analyzed only patients treated with bevacizumab or anti-
EGFR containing regimens in a nonrandomized fashion.We have
therefore only analyzed clinical outcomes of those patients with
tumors with and without mutations assessed by different meth-
ods. To validate our results, a similar analysis should be per-
formed in prospective and randomized clinical trials (20).
Tumors from patients included in the CAPRI GOIM trial were
tested for RAS, BRAF, and PIK3CA by next-generation sequencing
and suggested that fraction of neoplastic cells carrying a specific
molecular alteration (RAS, BRAF, PIK3CA) could correlate with
the level of resistance to anti-EGFR agents (21). Additionally, we
have recently completed accrual of the prospective TTD ULTRA
clinical trial (clinical trial identifier: NCT01704703) which will
provide relevant information about the utility of highly sensitive
methods in DNA testing for clinical practice.

Disclosure of Potential Conflicts of Interest
B. Massuti has received speakers bureau honoraria from Roche and Merck

and is a consultant/advisory board member for Roche. M. Valladares is a
consultant/advisory board member for Merck Serono. J.M. Vieitez reports
receiving a commercial research grant from Roche and Amgen and is a con-
sultant/advisory board member for Amgen, Roche, Servier, and Shire. J. Taber-
nero is a consultant/advisory board member for Amgen, Bayer, Pfizer, Roche,
Sanofi, Symphogen, Taiho, Takeda, Boehringer-Ingelheim, Celgene, Chugai,
Genentech, Lilly,MSD,Merck Serono, andNovartis.G.Capella reports receiving
a commercial research grantmember for Roche.Nopotential conflicts of interest
were disclosed by the other authors.

Disclaimer
The funders had no role in study design, data collection and analysis,

decision to publish, or preparation of the manuscript.

Authors' Contributions
Conception and design: C. Santos, D. Azuara, E. Aranda, J. Tabernero,
G. Capella, R. Salazar
Development of methodology: C. Santos, D. Azuara, E. Elez, B. Massuti,
J. Tabernero, G. Capella, R. Salazar
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): C. Santos, D. Azuara, R. Garcia-Carbonero, P. Garcia
Alfonso, A. Carrato, E. Elez, A. Gomez, F. Losa, C. Montagut, B. Massuti,
M. Varela, M. Valladares, J.L. Manzano, J.M. Vieitez, X. Sanjuan, J. Tabernero,
R. Salazar
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): C. Santos, D. Azuara, R. Garcia-Carbonero, P. Garcia

Santos et al.

Mol Cancer Ther; 16(9) September 2017 Molecular Cancer Therapeutics2006

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/9/1999/1855842/1999.pdf by guest on 19 M
ay 2023



Alfonso, C. Montagut, B. Massuti, V. Navarro, A. Lopez-Doriga, V. Moreno,
E. Aranda, J. Tabernero, R. Salazar
Writing, review, and/or revision of the manuscript: C. Santos, D. Azuara,
R. Garcia-Carbonero, P. Garcia Alfonso, A. Carrato, E. Elez, F. Losa, B. Massuti,
A. Lopez-Doriga, V. Moreno, M. Valladares, E. Aranda, X. Sanjuan, J. Tabernero,
R. Salazar
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): C. Santos, D. Azuara, F. Losa, R. Salazar
Study supervision: C. Santos, D. Azuara, P. Garcia Alfonso, A. Carrato,
J.M. Vieitez, E. Aranda, J. Tabernero, G. Capella, R. Salazar

Acknowledgments
The authors would also like to thank Inma Ruiz de Mena and Susana

Rodríguez (TTD Data Center) and Dr. Marga Nadal (Research Management
Unit, ICO).

The physicians listed below cared for the patients in this study. The authors
thank them for their cooperation and support:

Study Chairs: Dr. R Salazar and Dr. J. Tabernero (Barcelona). Central Lab:
Dr. G. Capell�a and Dr. D. Azuara. Department of Pathology: Dr. X. Sanju�an
Garriga and Dr. M. Varela

Dr. Salazar and Dr. Santos-ICO. H. Duran i Reynals (Barcelona); Dr. García
Carbonero-H Virgen del Rocío (Sevilla); Dr. García Alfonso-H. Gregorio
Mara~n�on (Madrid); Dr. Carrato and Dr. Guill�en-H. Ram�on y Cajal (Madrid);

Dr. Tabernero and Dr. �Elez-H. Universitari Vall d'Hebr�on (Barcelona);
Dr. Aranda -H. Universitario Reina Sofía (C�ordoba); Dr. Losa-H. Sant Joan
Despí - Mois�es Broggi (Barcelona); Dr. Montagut-H. del Mar (Barcelona);
Dr. Massutí-H. General Universitario (Alicante); Dr. Valladares and
Dr. Reborerdo-C. H. Universitario (La Coru~na); Dr. Manzano and Dr. Layos-
ICO. H. Germans Trias i Pujol (Barcelona); Dr. Vi�eitez-H. Universitario Central

de Asturias; Dr. Gallego-H. General Universitario de Elche (Alicante);
Dr. Robles-H. 12 de Octubre (Madrid); Dra. Safont-H. General Universitario
(Valencia);Dr. Falc�o-H. SonLlatzer (PalmadeMallorca);Dr. AlonsoOrdu~na-H.
Miguel Servet (Zaragoza); Dr. Rem�on-H. de Matar�o (Barcelona); Dr. Escudero-
H. C. Universitario Lozano Blesa (Zaragoza); Dr. L�opez -H. Marqu�es de
Valdecilla (Santander); Dr. Pericay-C. S. Parc Taulí (Barcelona); Dr. Conde and
Dr. Glez Flores-H. Virgen de las Nieves (Granada); Dr. P�aez-H. Santa Creu i Sant
Pau (Barcelona); Dr. Provencio-H. Puerta de Hierro (Madrid); Dr. Salud-H. de
Lleida Arnau de Vilanova (L�erida); Dr. Llanos, Alonso-H. Universitario de
Canarias (Tenerife); Dr. Hern�andez Yag€ue-ICO. H. U. Josep Trueta (Gerona);
Dr. Sastre-H. Universitario Clínico San Carlos (Madrid); Dr. M�endez -H. de
M�ostoles (Madrid); Dr. Vera-C. H. de Navarra.

Grant Support
Roche Diagnostics funded this study. This study was supported by the

Instituto de Salud Carlos III, organismo adscrito al Ministerio de Economía
y Competitividad and "Fondo Europeo de Desarrollo Regional (FEDER), una
manera de hacer Europa" grant (FIS PI12-01589; to R. Salazar); RTICC: Grupo
CancerDigestivo – Instituto de SaludCarlos III, CIBERONC-CIBERESP; Catalan
Health Institute and Autonomous Government of Catalonia DURSI grants
2014SGR1494 (to Ramon Salazar and Josep Tabernero), 2014SGR647 (to
Victor Moreno), 2014SGR338 (to Gabriel Capella).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received February 16, 2017; revised May 3, 2017; accepted June 6, 2017;
published OnlineFirst June 16, 2017.

References
1. Van Cutsem E, Lenz HJ, Kohne CH, Heinemann V, Tejpar S, Melezinek I,

et al. Fluorouracil, leucovorin, and irinotecan plus cetuximab treatment
and RAS mutations in colorectal cancer. J Clin Oncol 2015;33:692–700.

2. Douillard JY, Oliner KS, Siena S, Tabernero J, Burkes R, Barugel M, et al.
Panitumumab-FOLFOX4 treatment and RAS mutations in colorectal can-
cer. N Engl J Med 2013;369:1023–34.

3. Saltz LB, Clarke S, Diaz-Rubio E, Scheithauer W, Figer A, Wong R, et al.
Bevacizumab in combination with oxaliplatin-based chemotherapy as
first-line therapy in metastatic colorectal cancer: a randomized phase III
study. J Clin Oncol 2008;26:2013–9.

4. Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausova J, Macarulla T,
et al. Addition of aflibercept to fluorouracil, leucovorin, and irinotecan
improves survival in a phase III randomized trial in patientswithmetastatic
colorectal cancer previously treated with an oxaliplatin-based regimen. J
Clin Oncol 2012;30:3499–506.

5. 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 international, multicentre, randomised, placebo-
controlled, phase 3 trial. Lancet 2012;381:303–12.

6. Karapetis CS, Khambata-Ford S, Jonker DJ, O'Callaghan CJ, Tu D, Tebbutt
NC, et al. K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N Engl J Med 2008;359:1757–65.

7. Amado RG, Wolf M, Peeters M, Van Cutsem E, Siena S, Freeman DJ, et al.
Wild-type KRAS is required for panitumumab efficacy in patients with
metastatic colorectal cancer. J Clin Oncol 2008;26:1626–34.

8. Misale S, Di Nicolantonio F, Sartore-Bianchi A, Siena S, Bardelli A. Resis-
tance to anti-EGFR therapy in colorectal cancer: from heterogeneity to
convergent evolution. Cancer Discov 2014;4:1269–80.

9. De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzilas G,
et al. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of
cetuximab plus chemotherapy in chemotherapy-refractorymetastatic colorec-
tal cancer: a retrospective consortiumanalysis. LancetOncol 2010;11:753–62.

10. Li J,Wang L,MamonH,KulkeMH, BerbecoR,MakrigiorgosGM.Replacing
PCR with COLD-PCR enriches variant DNA sequences and redefines the
sensitivity of genetic testing. Nat Med 2008;14:579–84.

11. Pekin D, Skhiri Y, Baret JC, Le Corre D, Mazutis L, Salem CB, et al.
Quantitative and sensitive detection of rare mutations using droplet-based
microfluidics. Lab Chip 2011;11:2156–66.

12. Sundstrom M, Edlund K, Lindell M, Glimelius B, Birgisson H, Micke P,
et al. KRAS analysis in colorectal carcinoma: analytical aspects of
Pyrosequencing and allele-specific PCR in clinical practice. BMC Cancer
2010;10:660.

13. Van Krieken JH, Rouleau E, Ligtenberg MJ, Normanno N, Patterson SD,
Jung A. RAS testing in metastatic colorectal cancer: advances in Europe.
Virchows Arch 2016;468:383–96.

14. Azuara D, Santos C, Lopez-Doriga A, Grasselli J, Nadal M, Sanjuan X, et al.
Nanofluidic digital PCR and extended genotyping of RAS and BRAF for
improved selection of metastatic colorectal cancer patients for anti-EGFR
therapies. Mol Cancer Ther 2016;15:1106–12.

15. Laurent-Puig P, Pekin D, Normand C, Kotsopoulos SK, Nizard P, Perez-
Toralla K, et al. Clinical relevance of KRAS-mutated subclones detected
with picodroplet digital PCR in advanced colorectal cancer treated with
anti-EGFR therapy. Clin Cancer Res 2014;21:1087–97.

16. Hurwitz HI, Yi J, Ince W, Novotny WF, Rosen O. The clinical benefit of
bevacizumab in metastatic colorectal cancer is independent of K-ras
mutation status: analysis of a phase III study of bevacizumab with che-
motherapy in previously untreated metastatic colorectal cancer. Oncolo-
gist 2009;14:22–8.

17. Azuara D, Ginesta MM, Gausachs M, Rodriguez-Moranta F, Fabregat J,
Busquets J, et al. Nanofluidic digital PCR for KRAS mutation detection
and quantification in gastrointestinal cancer. Clin Chem 2012;58:
1332–41.

18. Dressman D, Yan H, Traverso G, Kinzler KW, Vogelstein B. Transforming
singleDNAmolecules into fluorescentmagnetic particles for detection and
enumeration of genetic variations. Proc Natl Acad Sci U S A 2003;100:
8817–22.

19. Peeters M, Oliner KS, Price TJ, Cervantes A, Sobrero A, Ducreux M, et al.
Analysis of KRAS/NRAS mutations in a phase III study of panitumumab
with FOLFIRI compared with FOLFIRI alone as second-line treatment for
metastatic colorectal cancer. Clin Cancer Res 2015;21:5469–79.

20. Salazar R, Ciardiello F. Optimizing anti-EGFR therapy in colorectal cancer.
Clin Cancer Res 2015;21:5415–6.

21. Normanno N, Rachiglio AM, Lambiase M,Martinelli E, Fenizia F, Esposito
C, et al. Heterogeneity of KRAS, NRAS, BRAF and PIK3CA mutations in
metastatic colorectal cancer and potential effects on therapy in the CAPRI
GOIM trial. Ann Oncol 2016;26:1710–4.

www.aacrjournals.org Mol Cancer Ther; 16(9) September 2017 2007

RAS and BRAF genotyping for Anti-EGFR treatment in mCRC

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/9/1999/1855842/1999.pdf by guest on 19 M
ay 2023



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

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




