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BACKGROUND: Primary tumor location is a critical prognostic factor that also impacts the efficacy of anti-epidermal
growth factor receptor (EGFR) therapy in wild-type RAS (KRAS/NRAS) metastatic colorectal cancer (CRC). However,
the association between the incidence of BRAF and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha (PIK3CA) mutations and primary tumor location remains unclear. METHODS: We prospectively collected
tumor samples and clinical data of patients from 15 hospitals between August 2014 and April 2016 to investigate
RAS, BRAF, and PIK3CAmutations using a polymerase chain reaction-based assay. According to the primary tumor lo-
cation, patients were classified to right-sided (from cecum to splenic flexure) and left-sided (from descending colon to
rectum) tumor groups.RESULTS: In total, 577 patients with CRCwere investigated, 331 patients (57%) had CRCwith
wild-typeRAS; of these 331 patients, 10.5%, 4.8%, and 5.9%patients harboredBRAFV600E,BRAFnon-V600E, and PIK3CA
mutations, respectively. BRAF/PIK3CA mutations were more frequent in females, patients with right-sided tumors,
and patients with peritoneal metastasis cases and less frequent in patients with liver metastases. The prevalence
rates of BRAFV600E and PIK3CA mutations were higher in patients with right-sided tumors than in those with left-
sided tumors (32.3% vs. 4.8% and 17.2% vs. 3.6%, respectively). CONCLUSIONS: More than half of the patients
with right-sided CRC and wild-type RAS harbored BRAF/PIK3CAmutations, including BRAFnon-V600E, which may con-
tribute to the difference in the anti-EGFR efficacy between the right- and left-sided CRC.
© 2020 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Colorectal carcinoma (CRC) is the third most common cancer and the
third most common cause of cancer-related deaths worldwide [1,2]; CRC
is also the most frequent cancer in Japan with approximately 135,000
cases per year. Approximately 25% of patients have distant metastases at
the time of diagnosis, and the most common site of metastasis, which
develops in 50% of patients with CRC, is liver. The poor prognosis of
metastatic CRC has been the driving force for the ongoing efforts to
develop treatment approaches that can improve patient outcomes.
Fluoropyrimidines have been the backbone of chemotherapy for CRC
for more than 40 years; however, considerable progress has been
achieved during the last 10 years, which led to a median overall sur-
vival (OS) of 30 months [3,4]. This improvement was due to the devel-
opment of new cytotoxic agents such as oxaliplatin and irinotecan.
Moreover, targeted therapies including the monoclonal antibodies
against vascular endothelial growth factor (VEGF) and epidermal
growth factor receptor (EGFR) have shown favorable efficacy in meta-
static CRC [5].

Cetuximab, a human-mouse chimeric monoclonal IgG1 antibody
targeting EGFR, has significantly improved the survival of patients with
metastatic CRC refractory to standard therapies with irinotecan,
oxaliplatin, and fluoropyrimidines when compared to the best supportive
care [6]. Furthermore, treatment with cetuximab plus irinotecan was
shown to result in a higher response rate than cetuximab alone in the
BOND-1 study [7]. Panitumumab, a fully human monoclonal IgG2 anti-
body that targets EGFR, also led to a significantly prolonged survival with
manageable toxicity compared to the best supportive care in patients with
CRC refractory to standard care [8].

KRAS mutations are the first validated negative predictive markers
for the outcomes of anti-EGFR therapy in patients with metastatic CRC.
Oncogenic KRAS mutations are found most frequently in codons
12 and 13 and occur in approximately 30%–45% of the tumors. The
CRISTAL study, which assessed the efficacy of cetuximab plus
FOLFIRI compared to FOLFIRI alone as first-line treatment revealed
that cetuximab prolonged the progression-free survival (PFS) and OS
compared to FOLFIRI alone in metastatic CRC; however, the benefit
of adding cetuximab was limited to tumors with wild-type KRAS
exon 2 [9]. This finding was subsequently confirmed by the prospec-
tive analysis of other randomized phase III trials which evaluated
the efficacy of adding anti-EGFR therapies including cetuximab or
panitumumab.

More recent analyses indicated that additional activating mutations in
exons 3 and 4 of KRAS and exons 2, 3, and 4 of NRAS, another member
of the RAS family, were negative predictive markers for the efficacy of
anti-EGFR therapies [10]. These mutations have been identified in 10%–
15% of tumors with wild-type KRAS exon 2. The PRIME study, which com-
pared FOLFOX4 plus panitumumab as the first-line treatment to FOLFOX4
alone showed a significant survival benefit in patients with tumors harbor-
ing wild-typeKRAS andNRAS [11]. In addition, the objective response rate
and PFS were also favorable in tumors with wild-type RAS based on other
phase III studies that assessed anti-EGFR therapy as any treatment line
and conducted extended RAS analyses. The RAS testing is widely used in
daily practice to guide treatment decisions regarding anti-EGFR therapy.

Moreover, clinical trials report that the primary tumor location plays an
important prognostic role in CRC, particularly in patients with wild-type
RAS who are treated with anti-EGFR antibodies; the studies have showed
improved survival outcomes in patients with left-sided tumors [12,13].
Conversely, right sidedness is a negative prognostic factor in the efficacy
of anti-EGFR therapy and may predict resistance. Therefore, primary CRC
location is also recognized as a key factor in the treatment of metastatic
CRC with wild-type RAS.

Other current predictive biomarker candidates for anti-EGFR therapy
include microsatellite instability and BRAFV600E and phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) mutations.
The prevalence of these biomarkers was also reported to be different
2

between patients with right-sided and left-sided primary tumors [14,15].
The aim of the study was to present our institutional experience with pa-
tients with CRC who underwent clinical mutation profiling in Japan. We
also evaluated the differences in the patient characteristics with BRAFV600E

and BRAFnon-V600E mutations.

Materials and Methods

Patients

Patients with CRC who received any treatment between August 2014
and April 2016 at one of the 15 study hospitals that participated in the
Aichi Cancer Network Project were included in this prospective observa-
tional study. Tumor and nodal staging were performed according to the
TNM Classification of Malignant Tumors (7th edition). The study was per-
formed according to the ethical principles of the Declaration of Helsinki,
and the study protocol was approved by the Institutional Review Boards
of the participating institutions (registry number at Aichi Cancer Center
Hospital; 2014–3-194). All patients provided written informed consent
for participating in the study before enrollment.

PCR-Based Multiplex Assay

Genomic DNA was isolated from formalin-fixed, paraffin-embedded
surgical or biopsy specimens obtained from patients with CRC. Extracted
DNA samples were diluted to an approximate concentration of 10–20 ng/
μLwith sterile TE buffer (1mmol/L Tris–HCL pH8.0, 0.1mmol/L ethylene-
diaminetetraacetic acid). Assays were performed according to themanufac-
turer's protocol using the Luminex xMAP bead-based multiplex
immunoassay system (Luminex). Briefly, a 5-μL sample templatewas conju-
gated with 20 μL master mix including Taq DNA polymerase, uracil-DNA-
glycosylase, and primers. For PCR, the samples were heated at 40 °C for 5
minutes and at 95 °C for 2 minutes, followed by 10 cycles of 20 seconds
at 94 °C and 30 seconds at 62 °C; 45 cycles of 90 °C for 20 seconds, 60 °C
for 30 seconds, and 72 °C for 30 seconds; 72 °C for 1, and 94 °C for 10 mi-
nutes. Approximately 5 μl of the products and 45 μl of the hybridization so-
lution containing probe-coupled beads were hybridized for 2 minutes at 95
°C, followed by incubation for 30 minutes at 55 °C. The complexes were
washed and incubated with streptavidin-phycoerythrin for 15 minutes at
52 °C. The median fluorescence intensities were determined for the color-
coded beads and PE using the Luminex 100/200 system (Luminex, Austin,
TX) to determine the mutation types and their signal intensities.

Between August 2014 and June 2015, themutations inKRAS codons 12
and 13 (G12A, G12D, G12C, G12S, G12R, G12V, and G13D) were detected
using the MEBGEN KRASmutation detection kit (MBL, Japan) [16,17]. We
also used Genosearch™ Mu-Pack™, which detects mutations in KRAS co-
dons 61 (Q61K, Q61E, Q61L, Q61P, Q61R, and Q61H) and 146 (A146T,
A146S, A146P, A146E, A146V, and A146G); NRAS codons 12 (G12A,
G12D, G12C, G12S, G12R, and G12V), 13 (G13A, G13D, G13C, G13S,
G13R, and G13V), and 61 (Q61K, Q61E, Q61L, Q61P, Q61R, and Q61H);
PIK3CA codons 542 (E542K), 545 (E545K), 546 (E546K), and 1047
(H1047R and H1047L); and BRAF V600 (V600E, V600K, V600D, and
V600R) [25]. Starting in July 2015, we used Genosearch™ BRAF kit to de-
tect BRAFmutations other than V600, including mutations in exon 11 such
as codons 464 (G464E, G464V, and G464R), 466 (G466R, G466V, and
G466E), 467 (S467L), 469 (G469A, G469A, G469V, G469R, and G469E),
and 485 (L485F). Thismultiplex kit was also used to detect other BRAFmu-
tations in codons 524 (Q524L), 525 (L525R), 581(N581S, N581I, and
N581T), 594 (D594N and D594G), 596 (D596R), 597 (L597R, L597S,
L597V, L597Q, and L597P), 598 (A598T), 599 (T599_600insT), and 601
(V601E and V601N) [18].

Data Collection

All data were analyzed after reviewing the medical records. The follow-
ing information was collected: age, sex, primary tumor location, pathology,
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and clinical stage. Right-sided primary tumors were defined as those in the
splenic flexure, transvers colon, ascending colon, and cecum. Left-sided
primary tumors were defined as those in the descending colon, sigmoid
colon, and rectum.

Statistical Analysis

The primary endpoint was comparison of themutation statuses for RAS,
BRAF, and PIK3CA between the right- and left-sided tumors. Fisher's exact
probability test was used to analyze the differences between the groups. All
reported P values were based on two-sided tests, and a P< .05 was consid-
ered to indicate statistical significance. All statistical analyses were per-
formed with EZR (Saitama Medical Center, Jichi Medical University),
which is a graphical user interface for R (The R Foundation for Statistical
Computing).

Results

Mutation Frequencies and Distributions

The current prospective cohort study enrolled 577 patients with co-
lorectal cancer who underwent RAS mutation analysis between August
2014 and August 2016. After excluding patients with RAS-mutant tu-
mors (n = 235, 41%) and those with unknown RAS status (n = 11,
2%), 331 patients with wild-type RAS tumors were included in the
subsequent analyses (Figure 1). The BRAF and PI3KCA mutations iden-
tified in the study cohort are summarized in Figure 1. Briefly, among
the 325 patients who underwent testing for BRAFV600E, 34 patients
(10.5%) harbored the BRAFV600E mutation. Among the 187 patients
who underwent testing for BRAFnon-V600E mutations, 9 patients
(4.8%) harbored BRAF mutations other than V600E, including seven
(3.7%) patients with mutations in exon 15 (K601E, K601N, V600R,
T599_V600insT, D594G, and N581T) and two (1.1%) patients with
mutations in exon 11 (G466E and G469A) of BRAF. Among the 152 pa-
tients tested for PIK3CA mutations, 9 patients (5.9%) harbored PIK3CA
mutations, including 5 (3.3%) and 4 (2.6%) patients with mutations in
exons 9 (E542K, E545K, and E546K) and 20 (H1047R and H1047L) of
PIK3CA, respectively. BRAF and PIK3CA mutations were mutually
exclusive in our cohort.

Patient Characteristics

We compared the characteristics of the patients who were wild-type for
RAS/BRAFV600E (wild-type group) and those harboring mutations in either
BRAF or PIK3CA (mutation group). As summarized in Table 1, the frequen-
cies of occurrence of RAS/BRAFV600E over either BRAF or PIK3CA were
Figure 1. Study
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higher for female sex (62% vs. 36%), right-sided primary tumors (57% vs.
11%), differentiated histology (20% vs. 9%), and peritoneal metastasis
(35% vs. 15%) in the mutation group compared with the wild-type group,
whereas the frequency of liver metastases was lower in the mutation
group compared with the wild-type group (37% vs. 66%).

Mutation Prevalence According to Tumor Sidedness

The study patients were categorized into the right-sided and left-sided
tumor groups based on the primary tumor site. After excluding five patients
with unknown primary tumor sites, the remaining cohort included 68 and
258 patients with right- and left-sided tumors, respectively. As shown in
Table 2, the BRAFV600E and PIK3CA mutations were found in 32.3% and
17.2% of the patients with right-sided CRC, respectively. These rates were
significantly higher than those in the patients with left-sided CRC. Con-
versely, the BRAFnon-V600E mutation rates were not different between the
right- and left-sided primary tumor groups (8.3% and 4.8%, respectively).
The detailedmutational status of the patients with the BRAFnon-V600E muta-
tions is presented in Table 3.

Discussion

In the current prospective cohort study, we compared the BRAF/
PIK3CA mutations and the clinical characteristics between the left- and
right-sided tumors in patientswith CRC harboringwild-typeRAS. Our anal-
yses revealed different genetic alterations associated with neoplastic trans-
formation in CRC based on the primary tumor sidedness. Specifically, we
found that the BRAF and PIK3CA mutations were more frequent in the
right-sided tumors compared with the left-sided tumors, implicating that
these genetic pathways might have potential roles in the mechanisms
underlying differences in the clinical characteristics, survival outcomes,
and anti-EGFR efficacy between the patients with right- and left-sided CRC.

BRAFV600E, which comprises more than 90% of all BRAFmutations, is a
well-established marker indicating extremely poor prognosis in CRC; this
mutation is associated with right-sided and poorly differentiated tumors.
Studies previously demonstrated that the prevalence of BRAF mutations
was relatively lower in East Asian patients (around 5%) compared to Cau-
casian patients with CRC (approximately 10%) [19,20]. In the present
study, we also found that the BRAF mutation frequencies in the entire
cohort and in thosewithwild-typeRASwere 5.9% and 10.5%, respectively.
Notably, we detected BRAF mutations in more than 30% of the patients
with right-sided CRC harboring wild-type RAS, which was quite high. The
clinical practice guidelines recommend the RAS and BRAFV600E testing be-
fore the initiation of first-line chemotherapy for metastatic CRC [21,22].
Anti-EGFR therapy for patients with the BRAFV600E mutation remains un-
certain, becausemeta-analyses demonstrated that evidencewas insufficient
population.



Table 1
Patient characteristics

RAS WT
BRAF V600E
WT (n = 291)

RAS WT
BRAF or PIK3CA
MT (n = 52)

P⁎⁎

Median (range) age, years
Mean ± SD

66 (30–90)
64 ± 11

65 (40–88)
63 ± 13

.66

Sex Male
Female

64%
36%

38%
62%

<.001

Primary
tumor site

Right-colon
Left-colon
Rectum

11%
34%
55%

57%
12%
31%

<.001

Stage Localized
Metastatic

19%
81%

12%
88%

.24

Histology* Tub
Por/Muc/Sig

91%
9%

80%
20%

.043

Metastatic
tumor site

Liver
Lung
Lymph node
Peritoneum

66%
32%
25%
15%

37%
17%
39%
35%

<.001
.051
.069
.003

Abbreviations: WT, wild-type;MT, mutant; SD, standard deviation; Tub, tubular ad-
enocarcinoma; Por, poorly differentiated adenocarcinoma; Muc, mucinous adeno-
carcinoma; Sig, signet ring cell carcinoma. * Japanese Classification of Colorectal
Carcinoma-Second English Edition. **Fisher's exact test.
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to definitively confirm that individuals with the BRAFV600E mutation
attained improved treatment benefits with anti-EGFR therapy [23,24].
Conversely, in patients with right-sided tumors harboring wild-type RAS/
BRAF, anti-EGFR therapy as first-line therapy is a treatment option if
tumor shrinkage is needed. Considering the high BRAFV600Emutation prev-
alence in the current study, testing for RAS as well as BRAFmutations is es-
sential for patients with metastatic CRC to determine appropriate
chemotherapeutic agents, especially for those with right-sided tumors. Re-
cently, the BEACON CRC trial and SWOG1406 trial demonstrated novel
regimens including Braf inhibitor and anti-EGFR therapy resulted in signif-
icantly longer OS and a higher response rate than the standard therapy
[25,26], and recommended as standard of care in pretreated metastatic co-
lorectal cancer with BRAFV600E mutation. Therefore, the BRAFV600E analy-
sis informs treatment choice beyond anti-EGFR therapy.

In the current study, we detected BRAFnon-V600E mutations in 4.8% of
the patients with wild-type RAS, which was consistent with previous
Table 2
Tumor sidedness according to mutations

Right (n = 68) Left (n = 258) P⁎

BRAFV600E

mutation
32.3%
(22/68)

4.8%
(12/252)

<.001

BRAFnon-V600E

mutation
8.3%
(3/39)

4.8%
(6/148)

.40

PIK3CA
mutation

17.2%
(5/29)

3.6%
(4/118)

.015

⁎ Fisher's exact test.

Table 3
Characteristics of the patients with BRAFnon-V600E mutations

Age Sex Primary site Stage Metas

67 Female Rectum Localized -
74 Male Rectum Localized -
55 Female Rectum Metastatic Lymp
39 Female Rectum Metastatic Liver,
74 Male Rectum Metastatic Liver,
68 Female Ascending Metastatic Liver
68 Female Ascending Metastatic Lymp
79 Female Ascending Metastatic Perito
44 Male Rectum Metastatic Lung

Abbreviations: WT, wild-type; Tub, tubular adenocarcinoma.
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reports. Cremolini et al. reported the clinical, pathological, and molecular
features of metastatic CRC with BRAF mutations in codons 594 and 596
vs. those with the BRAFV600E mutation, demonstrating that the BRAFmuta-
tions other than V600E were more frequent in the rectum, exhibited differ-
entiated histology, and were associated with better prognosis [27]. The
present study results also demonstrated that tubular adenocarcinoma and
rectum were more frequent as the primary tumor location in the patients
with BRAFnon-V600E mutations, suggesting that CRCs with BRAFnon-V600E

mutations might be a distinct entity fromCRCswith BRAFV600E. Some stud-
ies reported that anti-EGFR therapy was effective for some patients with
BRAFnon-V600E mutations [28], whereas others reported contradictory
results [29]. Given that CRC with BRAFnon-V600E is a small fraction of all
CRCs, more studies with larger cohorts are needed for confirmation.

PIK3CA is another relevant mutation in CRC,with an approximate prev-
alence of 15%. In the current study, we detected PIK3CAmutations in 5.9%
of the patients with wild-type RAS, which was lower than the previously
reported rates. There are two potential explanations for this discrepancy.
First, the polymerase chain reaction (PCR)-based assay used in the current
study covers only five of the mutations. Kawazoe et al. utilized the same
assay to report that the prevalence of PIK3CA mutations was 6.4% in met-
astatic CRC, a rate comparable to that in the present study [30]. Second,
in the current study, we focused on the patients with wild-type RAS who
were previously reported to have lower incidence of PIK3CA mutations
compared to patients with mutant RAS. In fact, we found that the patients
with PIK3CA- as well asRAS-mutant CRC comprised 8.5% of the current co-
hort (data not shown). Several studies provide evidence that PIK3CAmuta-
tions, especially those in exon 20, can confer resistance to anti-EGFR
therapy [31,32]. Considering the high prevalence of PIK3CA mutations in
right-sided tumors with wild-type RAS, which was more than 15% in the
current study, PIK3CA testing may also be recommended for patients with
metastatic CRC, especially for those with right-sided primary tumors.

There are several limitations in the current study. First, the cohort size
was small; therefore, the incidence of gene mutations, especially that of
BRAFnon-V600E mutations, was not confirmative. Second, we used PCR-
based and not sequencing-based assays, whereas next-generation sequenc-
ing allow for more frequent detection of BRAFnon-V600E and PIK3CA muta-
tions. However, PCR-based assays used in the current study are relatively
cheap, simple, and quality-guaranteed methods. Third, the present study
did not evaluate the microsatellite instability status, a known key genetic
factor in CRC. Deficient mismatch repair (MMR) status is relatively high
incidence in right-sided tumors and an independent prognostic factor for fa-
vorable prognosis especially for resected colon cancer. BRAFnon-V600E muta-
tion is also known to be observed more in deficient MMR CRC, and since it
is not a prognostic in the deficient MMR CRC. During study period, MMR
status was not routinely tested in many clinical institutions and we cannot
discuss the status in this study. Finally, information regarding the efficacy
of anti-EGFR therapy in the study cohort was not available.

Conclusions

The current prospective observational study demonstrated that more
than half of the patients with right-sided CRC harboring wild-type RAS
tasis site Histology RAS status BRAF status

Tub WT G466E
Tub WT G469A

h node Tub WT N581T
pleura Tub WT D594G
peritoneum Tub WT D594G

Tub WT T599_V600insT
h node Tub WT V600R
neum Tub WT K601N

Tub WT K601E



H. Taniguchi et al. Translational Oncology 13 (2020) 100786
had BRAF or PIK3CAmutations, which might partially contribute to the
previously reported resistance to anti-EGFR therapy observed in right-
sided CRC. Therefore, testing for RAS as well as BRAF and PIK3CA
mutations should be recommended for patients with metastatic CRC
before the initiation of first-line chemotherapy for improved treatment
approaches.

Declaration of Competing Interests

The authors have declared that no competing interest exists.

Acknowledgments

We thank the patients, investigators, and institutions involved in this
study. This study was supported by the nonprofit Aichi Cancer Network.
We also would like to thank Enago (www.Enago.jp) for the English lan-
guage review.

Funding

This study was also funded by Aichi Cancer Research Foundation.

References

[1] [Internet] WHO: Geneva, Switzerland. GLOBOCAN, Estimated cancer incidence, mor-
tality and prevalence worldwide in 2012, IARC fact sheet http://globocan.iarc.fr/
Pages/fact_sheets_cancer.aspx 2012.

[2] [Internet] WHO: Geneva, Switzerland, Cancer fact sheet, http://www.who.int/
mediacentre/factsheets/fs297/en/.

[3] V. Heinemann, L.F. von Weikersthal, T.T. Decker, A. Kiani, U. Vehling-Kaiser, S.E. Al-
Batran, T. Heintges, C. Lerchenmüller, C. Kahl, G. Seipelt, et al., FOLFIRI plus cetuximab
versus FOLFIRI plus bevacizumab as first-line treatment for patients with metastatic co-
lorectal cancer (FIRE-3): a randomised, open-label, phase 3 trial, Lancet Oncol. 15
(2014) 1065–1075.

[4] A.P. Venook, D. Niedzwiecki, H.J. Lenz, F. Innocenti, B. Fruth, J.A. Meyerhardt, D.
Schrag, C. Greene, B.H. O'Neil, J.N. Atkins, et al., Effect of first-line chemotherapy com-
bined with cetuximab or bevacizumab on overall survival in patients with KRAS wild-
type advanced or metastatic colorectal cancer: a randomized clinical trial, JAMA 317
(2017) 2392–2401.

[5] C. Cremolini, M. Schirripa, C. Antoniotti, R. Moretto, L. Salvatore, G. Masi, A. Falcone,
F. Loupakis, First-line chemotherapy for mCRC—a review and evidence-based algo-
rithm, Nat. Rev. Clin. Oncol. 12 (2015) 607–619.

[6] D.J. Jonker, C.J. O'Callaghan, C.S. Karapetis, J.R. Zalcberg, D. Tu, H.J. Au, S.R. Berry,
M. Krahn, T. Price, R.J. Simes, et al., Cetuximab for the treatment of colorectal cancer,
N. Engl. J. Med. 357 (2007) 2040–2048.

[7] D. Cunningham, Y. Humblet, S. Siena, D. Khayat, H. Bleiberg, A. Santoro, D. Bets, M.
Mueser, A. Harstrick, C. Verslype, et al., Cetuximab monotherapy and cetuximab plus
irinotecan in irinotecan-refractory metastatic colorectal cancer, N. Engl. J. Med. 351
(2004) 337–345.

[8] E. Van Cutsem, M. Peeters, S. Siena, Y. Humblet, A. Hendlisz, B. Neyns, J.L. Canon, J.L.
Van Laethem, J.Maurel, G. Richardson, et al., Open-label phase III trial of panitumumab
plus best supportive care compared with best supportive care alone in patients with che-
motherapy-refractory metastatic colorectal cancer, J. Clin. Oncol. 25 (2007)
1658–1664.

[9] E. Van Cutsem, C.H. Köhne, E. Hitre, J. Zaluski, C.R. Chang Chien, A. Makhson, G.
D'Haens, T. Pintér, R. Lim, G. Bodoky, et al., Cetuximab and chemotherapy as initial
treatment for metastatic colorectal cancer, N. Engl. J. Med. 360 (2009) 1408–1417.

[10] M.J. Sorich, M.D. Wiese, A. Rowland, G. Kichenadasse, R.A. McKinnon, C.S. Karapetis,
Extended RAS mutations and anti-EGFR monoclonal antibody survival benefit in meta-
static colorectal cancer: a meta-analysis of randomized, controlled trials, Ann. Oncol. 26
(2015) 13–21.

[11] J.Y. Douillard, K.S. Oliner, S. Siena, J. Tabernero, R. Burkes, M. Barugel, Y. Humblet, G.
Bodoky, D. Cunningham, J. Jassem, et al., Panitumumab-FOLFOX4 treatment and RAS
mutations in colorectal cancer, N. Engl. J. Med. 369 (2013) 1023–1034.

[12] D. Arnold, B. Lueza, J.Y. Douillard, M. Peeters, H.J. Lenz, A. Venook, V. Heinemann, E.
Van Cutsem, J.P. Pignon, J. Tabernero, et al., Prognostic and predictive value of primary
tumour side in patients with RAS wild-type metastatic colorectal cancer treated with
chemotherapy and EGFR directed antibodies in six randomized trials, Ann. Oncol. 28
(2017) 1713–1729.

[13] S. Tejpar, S. Stintzing, F. Ciardiello, J. Tabernero, E. Van Cutsem, F. Beier, R. Esser, H.J.
Lenz, V. Heinemann, Prognostic and predictive relevance of primary tumor location in
5

patients with RAS wild-type metastatic colorectal cancer: retrospective analyses of the
CRYSTAL and FIRE-3 trials, JAMA Oncol. 3 (2017) 194–201.

[14] S. Bisht, F. Ahmad, S. Sawaimoon, S. Bhatia, B.R. Das, Molecular spectrum of KRAS,
BRAF, and PIK3CA gene mutation: determination of frequency, distribution pattern in
Indian colorectal carcinoma, Med. Oncol. 31 (2014) 124.

[15] J.M. Loree, A.A.L. Pereira, M. Lam, A.N. Willauer, K. Raghav, A. Dasari, V.K. Morris, S.
Advani, D.G. Menter, C. Eng, et al., Classifying colorectal cancer by tumor location
rather than sidedness highlights a continuum inmutation profiles and consensus molec-
ular subtypes, Clin. Cancer Res. 24 (2018) 1062–1072.

[16] T. Yoshino, K. Muro, K. Yamaguchi, T. Nishina, T. Denda, T. Kudo, W. Okamoto, H.
Taniguchi, K. Akagi, T. Kajiwara, et al., Clinical validation of a multiplex kit for ras mu-
tations in colorectal cancer: results of the RASKET (RAS KEy Testing) prospective, mul-
ticenter study, EBioMedicine. 2 (2015) 317–323.

[17] H. Taniguchi, W. Okamoto, K. Muro, K. Akagi, H. Hara, T. Nishina, T. Kajiwara, T.
Denda, S. Hironaka, T. Kudo, et al., Clinical validation of newly developed multiplex
kit using luminex xMAP technology for detecting simultaneous RAS and BRAF muta-
tions in colorectal cancer: results of the RASKET-B study, Neoplasia 20 (2018)
1219–1226.

[18] H. Osumi, E. Shinozaki, T. Wakatsuki, M. Suenaga, T. Ichimura, M. Ogura, D. Takahari,
A. Ooki, T. Suzuki, Y. Ota, et al. Non-V600E BRAF mutations and EGFR signaling path-
way in colorectal cancer. Int. J. Cancer; in press.

[19] B. Tran, S. Kopetz, J. Tie, P. Gibbs, Z.Q. Jiang, C.H. Lieu, A. Agarwal, D.M. Maru, O.
Sieber, J. Desai, Impact of BRAF mutation and microsatellite instability on the pattern
of metastatic spread and prognosis in metastatic colorectal cancer, Cancer 117 (2011)
4623–4632.

[20] D. Chen, J.F. Huang, K. Liu, L.Q. Zhang, Z. Yang, Z.R. Chuai, Y.X. Wang, D.C. Shi, Q.
Huang, W.L. Fu, BRAFV600E mutation and its association with clinicopathological fea-
tures of colorectal cancer: a systematic review and meta-analysis, PLoS One 9 (2014),
e90607. .

[21] E. Van Cutsem, A. Cervantes, R. Adam, A. Sobrero, J.H. Van Krieken, D. Aderka, E.
Aranda Aguilar, A. Bardelli, A. Benson, G. Bodoky, et al., ESMO consensus guidelines
for the management of patients with metastatic colorectal cancer, Ann. Oncol. 27
(2016) 1386–1422.

[22] T. Yoshino, D. Arnold, H. Taniguchi, G. Pentheroudakis, K. Yamazaki, R.H. Xu, T.W.
Kim, F. Ismail, I.B. Tan, K.H. Yeh, et al., Pan-Asian adapted ESMO consensus guidelines
for the management of patients with metastatic colorectal cancer: a JSMO-ESMO initia-
tive endorsed by CSCO, KACO, MOS, SSO and TOS, Ann Oncol. 29 (2018) 44–70.

[23] F. Pietrantonio, F. Petrelli, A. Coinu, M. Di Bartolomeo, K. Borgonovo, C. Maggi, M.
Cabiddu, R. Iacovelli, I. Bossi, V. Lonati, et al., Predictive role of BRAF mutations in pa-
tients with advanced colorectal cancer receiving cetuximab and panitumumab: a meta-
analysis, Eur. J. Cancer 51 (2015) 587–594.

[24] A. Rowland, M.M. Dias, M.D. Wiese, G. Kichenadasse, R.A. McKinnon, C.S. Karapetis,
M.J. Sorich, Meta-analysis of BRAF mutation as a predictive biomarker of benefit
from anti-EGFR monoclonal antibody therapy for RAS wild-type metastatic colorectal
cancer, Br. J. Cancer 112 (2015) 1888–1894.

[25] C. Cremolini, M. Di Bartolomeo, A. Amatu, C. Antoniotti, R. Moretto, R. Berenato, F.
Perrone, E. Tamborini, G. Aprile, S. Lonardi, et al., BRAF codons 594 and 596 mutations
identify a new molecular subtype of metastatic colorectal cancer at favorable prognosis,
Ann. Oncol. 26 (2015) 2092–2097.

[26] S. Kopetz, A. Grothey, R. Yaeger, E. Van Cutsem, J. Desai, T. Yoshino, H. Wasan, F.
Ciardiello, F. Loupakis, Y.S. Hong, et al., Encorafenib, Binimetinib, and Cetuximab in
BRAF V600E-Mutated Colorectal Cancer, N. Engl. J. Med. 381 (2019) 1632–1643.

[27] S. Kopetz, S.L. McDonough, V.K. Morris, H.J. Lenz, A.M. Magliocco, C.E. Atreya, L.A.
Diaz, C.J. Allegra, S.E. Wang, C.H. Lieu, et al., Randomized trial of irinotecan and
cetuximab with or without vemurafenib in BRAF-mutant metastatic colorectal cancer
(SWOG 1406), J. Clin. Oncol. 35 (4_suppl) (2017) 520 (February 01, 2017).

[28] Z. Yao, R. Yaeger, V.S. Rodrik-Outmezguine, A. Tao, N.M. Torres, M.T. Chang, M.
Drosten, H. Zhao, F. Cecchi, T. Hembrough, et al., Tumours with class 3 BRAF mutants
are sensitive to the inhibition of activated RAS, Nature 548 (2017) 234–238.

[29] E. Shinozaki, T. Yoshino, K. Yamazaki, K. Muro, K. Yamaguchi, T. Nishina, S. Yuki, K.
Shitara, H. Bando, S. Mimaki, et al., Clinical significance of BRAF non-V600E mutations
on the therapeutic effects of anti-EGFR monoclonal antibody treatment in patients with
pretreated metastatic colorectal cancer: the Biomarker Research for anti-EGFR mono-
clonal Antibodies by Comprehensive Cancer genomics (BREAC) study, Br. J. Cancer
117 (2017) 1450–1458.

[30] A. Kawazoe, K. Shitara, S. Fukuoka, Y. Kuboki, H. Bando, W. Okamoto, T. Kojima, N.
Fuse, T. Yamanaka, T. Doi, et al., A retrospective observational study of clinicopatholog-
ical features of KRAS, NRAS, BRAF and PIK3CA mutations in Japanese patients with
metastatic colorectal cancer, BMC Cancer 15 (2015) 258.

[31] C. Therkildsen, T.K. Bergmann, T. Henrichsen-Schnack, S. Ladelund, M. Nilbert, The
predictive value of KRAS, NRAS, BRAF, PIK3CA and PTEN for anti-EGFR treatment in
metastatic colorectal cancer: a systematic review and meta-analysis, Acta Oncol. 53
(2014) 852–864.

[32] C. Mao, Z.Y. Yang, X.F. Hu, Q. Chen, J.L. Tang, PIK3CA exon 20 mutations as a potential
biomarker for resistance to anti-EGFR monoclonal antibodies in KRAS wild-type meta-
static colorectal cancer: a systematic review and meta-analysis, Ann. Oncol. 23 (2012)
1518–1525.

http://www.enago.jp
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://www.who.int/mediacentre/factsheets/fs297/en/
http://www.who.int/mediacentre/factsheets/fs297/en/
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0015
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0015
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0015
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0015
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0015
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0020
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0020
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0020
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0020
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0020
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0025
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0025
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0025
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0030
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0030
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0030
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0035
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0035
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0035
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0035
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0040
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0040
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0040
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0040
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0040
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0045
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0045
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0045
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0050
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0050
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0050
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0050
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0055
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0055
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0055
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0060
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0060
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0060
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0060
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0060
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0065
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0065
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0065
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0065
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0070
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0070
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0070
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0075
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0075
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0075
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0075
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0080
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0080
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0080
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0080
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0085
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0085
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0085
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0085
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0085
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0090
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0090
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0090
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0090
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0095
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0095
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0095
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0095
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0100
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0100
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0100
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0100
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0105
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0105
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0105
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0105
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0110
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0110
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0110
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0110
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0115
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0115
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0115
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0115
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0120
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0120
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0120
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0120
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0125
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0125
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0125
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0130
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0130
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0130
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0130
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0135
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0135
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0135
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0140
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0140
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0140
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0140
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0140
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0140
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0145
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0145
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0145
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0145
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0150
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0150
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0150
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0150
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0155
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0155
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0155
http://refhub.elsevier.com/S1936-5233(20)30052-8/rf0155

	Tumor Location Is Associated With the Prevalence of Braf And Pik3ca Mutations in Patients with Wild-�Type Ras Colorectal Ca...
	Introduction
	Materials and Methods
	Patients
	PCR-Based Multiplex Assay
	Data Collection
	Statistical Analysis

	Results
	Mutation Frequencies and Distributions
	Patient Characteristics
	Mutation Prevalence According to Tumor Sidedness

	Discussion
	Conclusions
	Declaration of Competing Interests
	section14
	Acknowledgments
	Funding
	References




