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Background: Extended RAS analysis is mandatory in metastatic colorectal cancer (mCRC) patients. The optimal threshold of
RAS mutated subclones to identify patients most likely to benefit from antiepidermal growth factor receptor (EGFR) therapy is
controversial. Our aim was to assess the clinical impact of detecting mutations in RAS, BRAF, PIK3CA and EGFRS492R in basal tissue
tumour samples by using a highly sensitive next-generation sequencing (NGS) technology in mCRC patients treated with
chemotherapy plus anti-EGFR or anti-vascular endothelial growth factor.

Patients and methods: Five hundred and eighty-one tumour samples from untreated mCRC patients from 7 clinical studies
were collected. Mutational analysis was carried out by standard-of-care (therascreen pyro) with a sensitivity detection of 5%
mutant allele fraction (MAF), and compared with NGS technology using 454GS Junior platform (Roche Applied Science,
Germany) with a sensitivity of 1%. Molecular results were correlated with clinical outcomes.

Results: After quality assessment, 380 samples were evaluable for molecular analysis. Standard-of-care mutational analysis
detected RAS, BRAFV600E or PIK3CA mutations in 56.05% of samples compared with 69.21% by NGS (P¼ 0.00018). NGS identified
coexistence of multiple low-frequency mutant alleles in 96 of the 263 mutated cases (36.5%; range 2–7). Response rate (RR),
progression-free survival (PFS) and overall survival (OS) were increasingly improved in patients with RAS wild-type, RAS/BRAF
wild-type or quadruple (KRAS/NRAS/BRAF/PIK3CA) wild-type tumours treated with anti-EGFR, assessed by standard-of-care. No
additional benefit in RR, PFS or OS was observed by increasing the detection threshold to 1% by NGS. An inverse correlation
between the MAF of the most prevalent mutation detected by NGS and anti-EGFR response was observed (P¼ 0.039). EGFRS492R

mutation was not detected in untreated samples.
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Conclusions: No improvement in the selection of patients for anti-EGFR therapy was obtained by adjusting the mutation
detection threshold in tissue samples from 5% to 1% MAF. Response to anti-EGFR was significantly better in patients with
quadruple wild-type tumours.
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Introduction

The addition of targeted biological therapies to conventional

chemotherapy for metastatic colorectal cancer (mCRC) resulted in

a significant improvement in efficacy results. Thus, monoclonal

antibodies (mAbs) that inhibit the activation of the epidermal

growth factor receptor (EGFR)—cetuximab and panitumumab—

and the vascular endothelial growth factor—bevacizumab—are

currently part of the standard treatment of mCRC. Extended RAS

analysis is mandatory in mCRC patients to refine the most appro-

priate population to be treated with anti-EGFR therapy [1].

Despite biomarker selection of patients for these therapies, the

efficacy of cetuximab or panitumumab in routine clinical practice

has demonstrated to be variable and limited. Therefore, other po-

tential strategies to increase the benefit from anti-EGFR therapies

are needed. One of these strategies is based on the validation of

other predictive biomarkers of response beyond RAS such as

BRAF, PIK3CA and EGFR extracellular domain (ECD). Currently,

the mutational status of BRAF is recommended as prognostic bio-

marker [2] but conflicting data exist regarding whether genomic

alterations in BRAF are true biomarkers for anti-EGFR resistance.

Previous studies indicate that PIK3CA mutations can be related

with primary resistance to anti-EGFR mAbs [3]. Taken together, a

higher response rate (RR) to anti-EGFR treatment has been shown

in RAS, BRAF and PIK3CA wild-type tumours [4, 5]. However,

results are contradictory and PIK3CA mutations have not been

introduced in routine clinical practice. Finally, mutations in the

EGFR ECD have been described as a mechanism of acquired resist-

ance to anti-EGFR therapy [6, 7] but its role in primary resistance

has not been ascertained yet [8].

Another strategy to improve patients’ selection to anti-EGFR

treatment is the use of highly sensitive methods able to detect the

presence of DNA mutations even when they are uncommon.

Pyrosequencing is nowadays widely used for the determination

of RAS mutations in the clinics with a cut-off sensitivity between

2.3% and 5% [9] but alternative techniques with a higher sensi-

tivity such as next-generation sequencing (NGS) are available.

There is a need to establish the optimal threshold of RAS mutant

allele fraction (MAF) to identify mCRC patients most likely to

benefit from anti-EGFR treatment.

The aim of the present study was to assess the clinical relevance

of highly sensitive NGS to detect point mutations in KRAS (exons

2, 3 and 4), NRAS (exons 2, 3 and 4), BRAFV600E, EGFRS492R and

PIK3CA in tissue tumour samples from mCRC patients.

Materials and methods

Study design

A retrospective analysis was carried out with formalin-fixed paraffin-
embedded untreated tumour samples at diagnosis from mCRC patients

from five Spanish clinical trials and two Spanish retrospective series treated
with anti-EGFR therapy or bevacizumab recruited between February
2003 and September 2014 (see clinical trials identifiers and regulatory
aspects in supplementary material, available at Annals of Oncology online).

Tumour tissue analysis and mutational assessment

DNA from tumour tissue was extracted from two sections of 15 lm using
the QIAamp DNA Mini kit (Qiagen). The cases in which no fragments
larger than 200 bp were obtained were considered of insufficient quality
to perform NGS analysis.

Mutations in exons 2, 3 and 4 from KRAS and NRAS, PIK3CA and exon
12 of EGFR were analysed by NGS in a 454 GS Junior platform (Roche
Applied Science) (details in supplementary material, available at Annals of
Oncology online). Therascreen pyro sequencing was carried out according
to the manufacturer’s instructions (Qiagen, Hilden, Germany).

Statistical analysis

Chi-square or Fisher’s exact tests were used to compare the overall RR
(ORR) between wild-type and mutated patients and other comparisons
done for categorical variables. MAF levels according to overall response
were compared using Kruskal–Wallis test for non-parametric data. Cox pro-
portional regression models were used to compare progression-free survival
(PFS) and overall survival (OS) according to mutational status evaluated
through different techniques adjusting for age, gender and chemotherapy
line. Data analysis was carried out using IBM SPSS Statistics v.21.

Results

Patient clinical and treatment characteristics

As a whole, treatment naı̈ve tumour samples of 581 patients were

collected from 7 studies. Tumour specimens were analysed for

RAS/BRAF/PIK3CA mutations by therascreen pyro as standard-of-

care. Among 581 samples, 443 DNA samples had adequate quality

to be assessed by NGS. Sufficient coverage to evaluate the muta-

tional RAS/BRAF/PIK3CA status was obtained in 380 patients

(supplementary Figure S1, available at Annals of Oncology online):

161 treated with anti-EGFR and 215 patients treated with bevacizu-

mab. Mutations in EGFRS492R were also analysed by NGS. Baseline

clinical and treatment characteristics of the assessable population

(N¼ 380) was broadly similar to those of the subset of patients

treated with an anti-EGFR based therapy (Table 1).

Mutational profiling of tumour samples

In the assessable population, there were significant differences in

the proportion of patients with an RAS, BRAFV600E or PIK3CA

mutated tumour detected through both sequencing platforms

(P¼ 0.00018). Using standard-of-care therascreen pyro sequenc-

ing technique, mutations in RAS, BRAFV600E or PIK3CA were

detected in 213 of the 380 samples (56.05%). Analysis by NGS

increased the number of detected mutations up to 263 (69.21%)

(supplementary Figure S2, available at Annals of Oncology
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online). NGS identified multiple additional low-frequency mu-

tant alleles in the same sample in 96 of the 263 mutated cases

(36.5%; range 2–7) (see Clinical characteristics and treatment

outcome in supplementary Table S3, available at Annals of

Oncology online). In four BRAFV600E mutant cases, coexistence of

low-frequency RAS mutations (MAF<5%) were detected; two of

them harboured three RAS concomitant mutations (KRASG13D,

NRASQ61R and NRASQ61K in one case, KRASG12D, NRASG12D and

NRASG13S in the other case).

The percentage of mutant alleles of the most prevalent muta-

tion in each patient by NGS ranged from 1.06% to 78.25%, and

varied according to each specific mutation. KRAS exon 2 muta-

tions showed the highest median MAF (23.88%, range 1.06%–

73.40%), followed by mutations in KRAS exons 3–4 (19.2%,

range 1.48%–78.25%), BRAFV600E (18.88%, range 2.48%–

44.69%), NRAS [14.3% (range 1.37%–41.88%) and 15.5% (range

1.23%–54.50%) for exon 2 and exons 3 and 4, respectively], and

PIK3CA with the lowest MAF (3.7%, range 1.28%–26.12%) (sup-

plementary Figure S3, available at Annals of Oncology online). No

mutations were detected by NGS in EGFRS492R.

RR according to the mutational profile

Radiological tumour response was evaluable in 137 out of 161

patients treated with anti-EGFR therapy (85.09%). Complete

response (CR) or partial response (PR) occurred in 51 (31.68%)

patients (4 CRs, 47 PRs). Stable disease (SD) and progressive dis-

ease (PD) were observed in 55 (40.15%) and 31 (22.63%)

patients, respectively.

RR to anti-EGFR treatment was evaluated according to muta-

tional status profile as identified by standard-of-care therascreen

pyro test (Table 2). KRAS exon 2 wild-type population presented an

RR of 34.8% versus 5.9% for KRAS exon 2 mutant population

(P¼ 0.014). Determination of mutations in all RAS (KRAS and

NRAS exons 2–4) and all RAS/BRAFV600E increased the RR up to

37.5% and 40.6% in wild-type [versus 18.4% (P¼ 0.016) and

16.7% (P¼ 0.002) for population with mutated tumours], respect-

ively. When considering all mutations (allRAS/BRAFV600E/

PIK3CA), RR was 41.5% in quadruple wild-type tumour patients

versus 17.9% in the population with mutated samples (P¼ 0.004).

On the other hand, highly sensitive NGS analysis detected 30

additional KRAS exon2 mutated cases (16 of which responded to

anti-EGFR), one extended RAS mutated tumour and one

PIK3CA mutated sample in tumours treated with anti-EGFR

therapy. However, RR of patients treated with anti-EGFR was not

significantly different in wild-type versus KRAS exon 2, all RAS or

all RAS/BRAFV600E mutated tumour as detected by NGS analysis.

Differences in RR reached significance in quadruple wild-type

tumours by NGS sequencing (42.4% quadruple wild-type versus

24.2% mutated; P¼ 0.015) (Table 2).

Table 1. Demographic and clinical data

Total population
N 5 581

Assessable patients
N 5 380

Patients treated with
anti-EGFR N 5 161

Age, median [range] 65 [21–88] 65 [32–88] 64 [32–88]
Gender, male, n (%) 383 (65.9) 243 (63.9) 114 (70.8)
Tumour location, n (%)

Right 123 (21.1) 81 (21.4) 29 (18.0)
Left 55 (9.4) 36 (9.4) 19 (11.8)
Transversal 46 (7.9) 27 (7.1) 6 (3.7)
Rectum 218 (37.5) 140 (36.8) 56 (34.8)
Not specified 139 (23.9) 95 (25) 51 (31.7)

Stage, n (%)
I þ II 50 (8.6) 31 (8.2) 17 (10.5)
III 137 (23.6) 89 (23.4) 37 (23.0)
IV 381 (65.6) 253 (66.6) 103 (64.0)
Unknown 13 (2.3) 7 (1.8) 4 (2.5)

Location M1, n (%)
Liver 390 (67.1) 256 (67.4) 107 (66.5)
Lymph node 97 (16.7) 67 (17.6) 31 (19.3)
Peritoneum 97 (16.9) 63 (16.6) 26 (16.1)
Lung 193 (33.2) 128 (33.7) 44 (27.3)
Others 87 (15) 57 (15) 23 (14.3)

Treatment line, n (%)
First line 390 (67.2) 257 (67.6) 71 (44.1)
Second line 98 (16.9) 60 (15.8) 44 (27.3)
�Third line 50 (8.6) 37 (9.7) 21 (13.0)
Unknown 43 (7.4) 26 (6.8) 25 (13.0)

Biological treatment, n (%)
Anti-EGFR 253 (43.5) 161 (42.4) 161 (100–0)
Bevacizumab 324 (55.8) 215 (56.6) –
Other 4 (0.7) 4 (1) –
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An inverse correlation between the MAF of the most prevalent

mutation as detected by NGS and anti-EGFR response was

observed (P¼ 0.039). The median MAF for responders (CR or

PR) was 0.55% and 0.77%, respectively. In patients with SD, the

median MAF was slightly higher (median MAF 2.20%), and it

significantly increased in patients with PD (median MAF

11.29%) (Figure 1).

RR was also evaluable in 193 of the 215 patients treated with

bevacizumab (89.77%). CR or PR occurred in 84 (43.52%)

patients (10 CR, 74 PR). SD and PD were observed in 82

(42.49%) and 27 (13.99%) patients, respectively. In patients

treated with bevacizumab, the RR was not associated with RAS,

BRAF, and/or PIK3CA mutational status and neither with the

MAF of the most prevalent mutation detected by NGS

(P¼ 0.474) (Figure 1 and supplementary Table S1, available at

Annals of Oncology online).

PFS and OS according to the mutational profile

A significant benefit in both PFS and OS was observed in patients

treated with anti-EGFR therapy and wild-type tumours as

assessed by standard-of-care therascreen pyro, except when

considering KRAS exon 2 mutations alone in the analysis

(Table 3 and Figure 2).

As for NGS analysis, the risk of disease progression and death

were significantly lower in the wild-type population only for

patients with quadruple-negative tumours (HR ¼0.67, P¼ 0.033

for PFS; HR¼0.59, P¼ 0.023 for OS) (Table 3 and Figure 2). No

significant differences were found when KRAS exon 2, all RAS or

RAS/BRAFV600E mutations were taken into consideration

(P¼ 0.540, 0.315, 0.204 for PFS; P¼ 0.902, 0.085, 0.163 for OS,

respectively). An inverse correlation between the MAF of the

most prevalent mutation as detected by NGS and anti-EGFR PFS

was observed (HR: 1.013, 95% CI 1.001–1.024; P¼ 0.031) (sup-

plementary Figure S4, available at Annals of Oncology online).

In patients treated with bevacizumab, mutations in RAS,

BRAFV600E or PIK3CA were not associated with PFS, independ-

ently of therascreen pyro or NGS analysis. However, patients

with KRAS exon2 wild-type tumours, allRAS wild-type, allRAS/

BRAFV600E wild-type and quadruple wild-type by therascreen

pyro had higher OS when treated with bevacizumab compared

with mutant tumour patients [HR¼ 0.67 (95% CI 0.49–0.91),

P¼ 0.011; HR¼ 0.68 (95% CI 0.49–0.95), P¼ 0.022; HR¼ 0.61

(95% CI 0.43–0.85), P¼ 0.004; HR¼ 0.58 (95% CI 0.41–0.82),

Table 2. Overall response rate in patients treated with anti-EGFR therapy (n 5 161)

Therascreen pyro NGS 454 GS junior

WT MUT WT MUT

n ORR % n ORR % n ORR % n ORR %

KRAS 2 CR 4 34.8 0 5.9 4 31.3 0 32.7
PR 46 1 31 16
SD 49 6 38 17
PD 26 5 22 9
Unk 19 5 17 7
P 0.014 0.860

All RAS CR 4 37.5 0 18.4 3 35.4 1 28.1
PR 38 9 25 22
SD 35 20 25 30
PD 18 13 12 19
Unk 17 7 14 10
P 0.016 0.313

All RAS or BRAF CR 4 40.6 0 16.7 3 37.8 1 26.4
PR 37 10 25 22
SD 33 22 24 31
PD 14 17 9 22
Unk 13 11 13 11
P 0.002 0.121

All RAS or BRAF
or PiK3CA

CR 4 41.5 0 17.9 3 42.4 1 24.2
PR 35 12 25 22
SD 30 25 20 35
PD 13 18 6 25
Unk 12 12 12 12
P 0.004 0.015

WT, wild-type; MUT, mutated; n, number of patients for each subgroup; ORR, overall response rate; CR, complete response; PR, partial response; SD, stable
disease; PD, progression disease; Unk, unknown.
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P¼ 0.002, respectively]. No significant differences in OS were

found in wild-type versus mutated tumours as assessed by NGS

in patients treated with bevacizumab (supplementary Table S2,

available at Annals of Oncology online).

Discussion

In this work, we aimed to determine the optimal cut-off of mu-

tant detection in untreated tissue samples to predict response to

anti-EGFR therapy in mCRC patients.

The molecular profiling of CRC tumours analysed by ther-

ascreen pyro reported in the present study is similar to the litera-

ture and public databases [10]. As expected, higher rates of

mutated tumours were detected by NGS, identifying additional

mutations in 13.16% of samples. A major advantage of NGS over

traditional mutation detection methods is the ability to simultan-

eously screen for a panel of mutations. In our study, NGS was

able to detect multiple low-frequency mutant alleles in 36.5% of

the mutated samples, and identified concomitant low MAF RAS

and BRAFV600E mutations in four cases. Traditionally, RAS and

BRAF mutations are considered to be mutually exclusive in un-

treated samples [10], and coexistence of multiple mutations has

been described in the setting of acquired resistance to anti-EGFR

therapy [7]. Our finding is consistent with the concept of tumour

heterogeneity and the coexistence of several sub-clones within

the same tumour lesion.

Clinical validation of the predictive value of other EGFR down-

stream effectors, including BRAF and PIK3CA mutations, has

shown controversial results. In the current study, the best clinical

benefit to anti-EGFR therapy was observed in the subgroup of

patients with quadruple wild-type tumours. In this molecularly

defined population, RR was doubled (41% versus 18%) and the

risk of progression and death was significantly decreased to half

compared with patients with allRAS/BRAFV600E/PIK3CA

mutated tumours (HR 0.52 and 0.39 for PFS and OS,

respectively). Notably, clinical outcomes were very similar in all

RAS/BRAFV600E wild-type tumours without taking into consider-

ation PI3KCA mutations, suggesting a marginal predictive and

prognostic role for PIK3CA mutations.

Important efforts have been made to define the best MAF cut-

off to predict response to anti-EGFR therapy, delivering the best

balance between sensitivity and specificity. RAS mutational sta-

tus post hoc analysis of pivotal clinical anti-EGFR trials used

sequencing technologies with a sensitivity of 5%–10%. In

patients treated with first-line panitumumab plus FOLFOX, an

HR for PFS of 0.72 (P¼ 0.004) was detected in RAS wild-type

tumours by Sanger sequencing and WAVE-based Surveyor Scan

Kits (Transgenomic) [11]. In patients treated with first-line

cetuximab plus FOLFIRI, analysis of RAS mutations by

BEAMing with a 5% cut-off showed an HR for PFS of 0.56

(P< 0.001) in patients with RAS wild-type tumours [12].

Recently, two studies explored the role of dPCR to establish the

lower limit of detection of mutations [13, 14]. Laurent-Puig

et al. analysed KRAS and BRAF status from 136 wild-type

tumours and identified a threshold of 1% of mutant sub-clones

as the best predictive value of response. Similar results were

obtained by Santos et al. in a cohort of 255 patients treated with

anti-EGFR therapy analysed by extended RAS and BRAFV600E.

In our study, 50 samples previously classified as RAS/BRAF/

PIK3CA wild-type were switched to mutant by increasing the

threshold of sensitivity detection from 5% to 1% with NGS

technology. Contrary to previous results, this did not result in a

better prediction of response, and suggests that low abundance

of RAS mutant alleles does not lead to resistance to anti-EGFR

treatment. Interestingly, we observed an inverse correlation be-

tween the proportion of mutated DNA alleles and response to

anti-EGFR therapy. This supports that cancer does not display a

uniform biological mutational pattern and suggests that

tumours harbouring low-frequency mutations may respond to

anti-EGFR therapy.
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Figure 1. Correlation between MAF detected by NGS and RR to treatment. Box plot representing the correlation between the proportion of
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Of note, the benefit of anti-EGFR treatment was lower than pre-

viously reported in the pivotal studies of first-line chemotherapy

plus panitumumab or cetuximab [11, 12]. A potential explanation

is that only 44.1% of patients in the current study received anti-

EGFR mAbs in a first-line setting. Moreover, 13 frail elderly

patients treated with single-agent panitumumab were included.

It has been previously reported that bevacizumab efficacy is in-

dependent of RAS and PIK3CA mutations [15, 16]. We con-

firmed that the mutational status of RAS, BRAF or PIK3CA is not

a predictor of response to bevacizumab, but is a prognostic factor

with an HR for OS of 0.58 [95% CI, (0.41–0.82), P¼ 0.002] in

patients with quadruple wild-type tumours.
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Figure 2. Progression-free survival (PFS) and overall survival (OS) in patients treated with anti-EGFR according to mutational status analysed
by therascreen pyro and NGS (N¼ 161). Kaplan–Meier analysis for PFS and OS of patients treated with anti-EGFR therapy adjusted for age,
gender and chemotherapy line. (A) PFS in wild-type versus RAS/BRAFV600E/PIK3CA-mutated populations analysed by therascreen pyro. (B) PFS
in wild-type versus RAS/BRAFV600E/PIK3CA-mutated populations analysed by NGS. (C) Overall survival in wild-type versus RAS/BRAFV600E/
PIK3CA-mutated populations analysed by therascreen pyro. (D) Overall survival in wild-type versus RAS/BRAFV600E/PIK3CA-mutated populations
analysed by NGS. CI, confidence interval; HR, hazard ratio; mut, mutated; wt, wild-type.
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We also aimed to explore EGFRS492R mutations as a predictive

biomarker for anti-EGFR response. EGFR ECD mutations have

been described as an acquired mechanism of resistance to anti-

EGFR treatment [6, 7], and there is clinical evidence that molecu-

lar factors driving secondary resistance may emerge from a selec-

tion of a pre-existing sub-population of mutant cells [17]. This

study confirms previous results that EGFRS492R mutation is not

detected in the tumour before treatment at least when employing

1% sensitivity [6, 8].

Overall, the results of this study show that increasing the

threshold of RAS/BRAFV600E testing up to 1% by NGS

technique does not improve patient selection for anti-EGFR

therapy in mCRC. These data support the use of a 5% MAF

cut-off in tumour tissue samples as the standard-of-care in

mCRC.
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