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ABSTRACT

In this study, we have set-up a routine pipeline to evaluate the clinical application
of Oncomine™ Focus Assay, a panel that allows the simultaneous detection of single
nucleotide hotspot mutations in 35 genes, copy nhumber alterations (CNAs) in 19
genes and gene fusions involving 23 genes in cancer samples. For this study we
retrospectively selected 106 patients that were submitted to surgical resection for
lung, gastric, colon or rectal cancer.

We found that 56 patients out of 106 showed at least one alteration (53%), with
47 patients carrying at least one relevant nucleotide variant, 10 patients carrying at
least one CNA and 3 patients carrying one gene fusion. On the basis of the mutational
profiles obtained, we have identified 22 patients (20.7%) that were potentially eligible
for targeted therapy.

The most frequently mutated genes across all tumor types included KRAS (30
patients), PIK3CA (16 patients), BRAF (6 patients), EGFR (5 patients), NRAS (4
patients) and ERBB2 (3 patients) whereas CCND1, ERBB2, EGFR and MYC were the
genes most frequently subjected to copy number gain. Finally, gene fusions were
identified only in lung cancer patients and involved MET [MET(13)-MET(15) fusion]
and FGFR3 [FGFR3(chr 17)-TACC3(chr 11)].

In conclusion, we demonstrate that the analysis with a multi-biomarker panel
of cancer patients after surgery, may present several potential advantages in clinical
daily practice, including the simultaneous detection of different potentially druggable
alterations, reasonable costs, short time of testing and automated interpretation of
results.
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INTRODUCTION

Precision Medicine is a term that is used to describe
how genetic information about patients is used to diagnose
and treat their disease [1, 2]. In oncology, the success of
precision medicine relies on validated biomarkers that
allow accurate prognosis and prediction of response to
therapy [3].

Until recently, the use of genetic biomarkers to
direct therapy of oncological patients has been hampered
by the necessity to analyse one biomarker at a time [4,
5]. For example, predicting the response to trastuzumab
in breast cancer patients is dictated by positivity to HER2
[6-8], sensitivity to the anti-EGFR inhibitor gefitinib in
NSCLC patients is predicted by EGFR mutations [9, 10]
and resistance to the anti-EGFR monoclonal antibody
cetuximab in advanced colorectal cancer patients is
predicted by KRAS mutations [11].

The introduction of Next Generation Sequencing
(NGS) techniques has allowed the development of assays
for the simultaneous analysis of multiple biomarkers [12].
Whole genome and/or exome NGS studies have started to
depict the genetic landscapes of a number of human cancer
types [13, 14]. However, due to the huge amount of data
generated by these type of studies, the identification of
clinically relevant alterations in specific patients is often
doubtful, which has delayed the introduction of NGS in the
clinical setting [15]. In addition, NGS is expensive, time
consuming and presents important technical challenges
including source, quantity and quality of the DNA to be
sequenced [16].

The development of NGS panels containing a
relatively small number of cancer-associated genes has
paved the way to the simultaneous detection of multiple
genetic alterations in tumors, soon after surgical resection,
allowing rapid therapeutic decision [17-19]. Amplicon-
based NGS offers a sensitive, cost-effective approach for
detecting multiple genetic alterations with a minimum
amount of DNA [20, 21] that can be performed on DNA
extracted from formalin-fixed paraffin-embedded (FFPE)
tissues [22—24]. These panels include, among others, the
Ion AmpliSeq™ Cancer Hotspot Panel v2 and the Ion
AmpliSeq Colon and Lung Cancer Panel. The first panel
is used to identify mutations in genomic “hot spot” regions
that are frequently mutated in human cancer genes. It is
designed to cover 2,800 COSMIC mutations from 50
oncogenes and tumor suppressor genes. The second panel
is a multiplex PCR-based method that encompasses 1825
mutational hotspots in 22 genes related to colon and
lung cancer [25-27]. Although these panels have been
successfully used in different validation studies to identify
mutations in KRAS, NRAS and BRAF genes by NGS [27,
28] and have been proposed to be used as routine assays
to genotype cancer patients [25], they present some
limitations, the most important of which is the fact that
they detect only SNVs and/or small indels.

Recently, a panel denoted Oncomine™
Comprehensive Panel (OCP) [29] as well as the smaller
panel denoted Oncomine™ Focus Assay (OFA) were
developed. OFA is a multi-biomarker panel that enables
the simultaneous detection of single nucleotide variants
(SNVs), indels, CNAs and gene fusions in a single
workflow across 52 genes that are relevant to solid tumors
and druggable [30, 31]. OFA and OCP present several
advantages over other conventional panels, including
the necessity of low amount of nucleic acids and the
possibility to use either fresh or FFPE samples.

In this study, we have set up a simple, routinary
pipeline from surgery to the laboratory to evaluate the
clinical application of OFA with the aim of improve
the current characterization of surgically treated cancer
patients. This pipeline comprises: 1) retrospective
selection of patients subjected to surgical resection for
lung (LC), gastric (GC), colon (CC) or rectal (RC) cancer,
ii) retrievement of FFPE specimens and dissection of
the tumor area, iii) molecular analysis of DNA and RNA
extracted from dissected tumors using OFA, iv) selection
of druggable target(s) for each patient and identification of
the corresponding targeted therapy.

RESULTS

Using the Oncomine™ Focus Assay, we have
retrospectively analyzed 4 different cohorts of FFPE tissue
specimens surgically resected from patients affected by
LC, GC, CC and/or RC. Patients accrued for this study
were 106 (106 primary tumors: 28 LC, 22 GC, 31 CC, 25
RC; 6 metastatic lymph nodes). DNA could be properly
analyzed in all cases whereas RNA alterations were
evaluable in 96 samples. It is of note that the 6/10 samples
that could not be analyzed at the RNA level were GC,
which represented the oldest samples in the cohort under
analysis, with some patients dating back to 2004. Samples
that weren’t evaluable (N.E.) in the RNA workflow were
indicated in Tables 1-4. See Supplementary Tables 1-4 for
clinical-pathological features of the patients under study.
Supplementary Figure 1 describes the workflow and
representative pictures of the output of OFA analysis.

DNA and RNA were extracted from primary tumors
(n=106) and metastatic lymph nodes (n=6) and quantified
as described in Materials and Methods. Once checked for
quality, we performed NGS analysis on the lon Torrent
platform with OFA. Results obtained for LC, GC, CC and
RC are summarised in Tables 1-4, respectively. Data for
the lymph node metastasis are summarized in Table 5.

Sanger DNA sequencing was used to confirm SNV,
with different enrichment of the mutant allele. Sanger
DNA sequencing was performed for 20 patients. See
Figure 1 for validation of KRAS (patients CC28, CC25),
BRAF (patients LC12, RC6) and PIK3CA (patients CCS8,
CC7 and G10) mutations. Mutations detected in SMO
(patient G21), MAP2K1 (patient G10) and MET (patient
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Table 1: Alterations detected in NSCLC patients (n=28)

Patient SNV Allele Valldatlf)n CNA
Frequency (Sequencing)

Validation

(RT-PCR) Fusion

LClI

LC2

LC3

LC4

LC5

LC6

LC7

LC8 PIK3CA-G546K 8%

LC9

LC10

LCI1

LCI12 BRAF-V600E 37%
LC13

LC14 PIK3CA-C420R 26%
LC15 NRAS-G61K 40%
LCI16

LC17

LCI8 KRAS-G12D 58%
LCI19
LC20
LC21
LC22
LC23 KRAS-G12D

LC24 EGFR-L858R 25%

EGFR-GLU746_
ALA750DEL

Sanger

Sanger

Sanger

KRAS-G12C 13.5% Sanger

Sanger

LC25 20%

LC26
LC27
LC28

met(13)-met(15)

CCNDI (CN=8.5) Yes
FGFR1 (CN=5.5) Yes

N.E.

ERBB2 (CN=8) Yes N.E.

fgfr3 (17)- tacc3(11)

N.E.

met(13)-met(15)

N.E. — Non Evaluable.

G20-M) were also validated (data not shown). Expectedly,
we found that the Sanger DNA sequencing technique was
much less sensitive in detecting SNVs than OFA. In fact
as shown in the electropherograms of Figure 1 the height
of the peaks detected by DNA sequencing was directly
proportional to the frequency of the alleles. Moreover, in
agreement with several previous studies, the lower limit
of allele frequency that allowed detection by Sanger DNA
sequencing was about 8%.

CNAs were confirmed by qPCR. See Figure 2A for
validation of CNAs in ERBB2 in GC patient G4 by qPCR
and Figure 2B by FISH analysis. See Supplementary
Figure 2 for validation of all remaining CNAs (CDKS6,
CCNDI, MYC and FGFRI1) by real-time PCR.
Immunostaining was also used to determine whether the
detected gene amplification was mirrored into increased
protein expression. In Figure 2C we report a representative
example of ERBB2 protein expression.
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Table 2: Alterations detected in Gastric cancer (GC) patients (n=22)

Allele Validation Validation

Patient SNV Frequency (Sequencing) CNA (RT-PCR) Fusion
Gl ND
ERRB2 (CN=5.29)
G2 ND MYC (CN=8.5) Yes
G3 ND
CDK6 (CN=56.13)
G4 ND ERBB2 (CN=39.92) Yes
CCND1 (CN=7)
G5 KRAS-G12V 21% Sanger N.E.
Go6 ND CCNDI1 (CN=4.88) Yes
G7 ND
G8 ND N.E.
G9 KRAS-G12D 29% Sanger
G10 PIK3CA-E546R 8% Sanger
MAP2K1-L57T 5% !
Gl1 PIK3CA-E545L 6%
G12 ND
PIK3CA-M10431 18% _
G13 ERBB2-R896C 12% Cﬁigl(éiigif) Yes
JAK3-R657G 5% ! '
Gl14 ND N.E.
Gl15 ND ERBB2 (CN=10.62) Yes
Gl6 ND
G17 ND N.E.
G18 ND
G19 EGFR-A289D 9%
ERBB2-R896C 18%
PIK3CA-H1047R 24%
G20 PIK3CA-H1048Y 58%
JAK3-R657G 4% :
PIK3CA-E547K 62% Sanger
KIT-D816N 2% '
G21 SMO-R290H 100% Sanger N.E.
ERBB3-E332K 80%
NRAS-A146T 5%
G22 NRAS-G61L 42% Sanger N.E.
KRAS-G13S 13%
N.E. —Non Evaluable.
* SNV not confirmed Sanger sequencing.
Overall, in OFA DNA analysis reported here, showed no readily identifiable alteration (53/106, 50%).
we found that 53 of the 106 collected samples showed Of the 53 samples that presented positive calls in OFA
at least one alteration (50%). The remaining samples DNA analysis, 26 presented 1 alteration, 19 presented

www.oncotarget.com 22752 Oncotarget



Table 3: Alterations detected in Colon cancer (CC) patients (n=31)

. Allele Validation Validation (RT- .
Patient SNV Frequency (Sequencing) CNA PCR) Fusion
CCl BRAF-V600E 32% Sanger
cca MTOR-T1977K 7,5%

KRAS-G12D 16%
CC3
CC4 KRAS-A146T 8% FGFRI (5) Yes
CCs KRAS-G12C 14%
cCé PIK3CA-E542K 30% Sanger
KRAS-G12V 49% Sanger
PIK3CA-H1047R 23%
cer BRAF-V600E 22.5% Sanger
ccs PIK3CA-G1049C 20% Sanger
BRAF-V600E 19% Sanger
CC9
CCl10
CCl11 KRAS-A146T 44.5%
CCI12 NRAS-G61K 25%
CC13 NGS Panel™
CCl4
CCl15
ccle PIK3CA-H1047Y 16.5%
BRAF-V600E 9%
ccl7 KRAS-G12S 37.5%
PIK3CA-E542K 39%
CCl18 KRAS-G12V 37.5%
CC19 KRAS-A146T 57%
CC20
cc21 NGS Panel
CC22
CC23
KRAS-G12V 31%
ce24 PIK3CA-E545K 39%
CC25 KRAS-G13D 15%
KRAS-G12A 15%
cC26 ERBB3-G332K 5.5%
CcC27
KRAS-G12S 33%
CC28 EGFR-G719D 10% Sanger
NRAS-G61K 38%
KRAS-G13D 31%
ce29 PIK3CA-E545K 36%
RET-A883V 9%
CC30 KRAS-G12D 37%
AKTI-E17K 11%
KRAS-G13D 10%
casl KRAS-A146T 38%

" The NGS Panel used is the Comprehensive Cancer Panel from Thermofisher.
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Table 4: Alterations detected in Rectal cancer (RC) patients (n=25)

Allele

Validation

Validation

Patient SNV Frequency (Sequencing) CNA (RT-PCR) Fusion
RCI ND NGS Panel™
RC2 ND NGS Panel™ FGFRI1 (7.5) Yes
RC3 ND
RC4 ND
RCS5 ND
RC6 BRAF-V600E 10% Sanger
RC7 KRAS-A146P 16%
RC8 KRAS-G12V 41% Sanger
RC9 ND
RC10 ND
RC11 ND
RC12 ND
_ 0
Rer3 ERBDLSIOE 0%
RC14 KRAS-G13D 15.5% Sanger
RCI15 ND
RC16 ND
RC17 ND
KRAS-G12V 27% Sanger
RC18 PIK3CA-E545K 19% Sanger
EGFR-A289D 6% '
- 0

RC19 AKTLEIC 1
RC2 ND
RC21 ND
RC22 KRAS-G12V 38%
RC23 ND
RC24 KRAS-G12S 24% Sanger

PIK3CA-E545K 12% Sanger
RC25 ND

* SNV not confirmed by Sanger sequencing.

** The NGS Panel used is the Comprehensive Cancer Panel from Thermofisher.

2 alterations, 6 presented 3 different alterations and 2
samples presented more than 3 alterations. The most
frequently mutated genes across all tumor types included
KRAS (30 patients), PIK3CA (16 patients), BRAF (6
patients), EGFR (5 patients), NRAS (4 patients), and
ERBB2 (3 patients). Analysis of CN data revealed that
the most frequent copy number gain occurred in the genes
encoding CCND1 and ERBB2 (4 patients, 4%), followed
FGFR (3 patients, 2.8%) and MYC (2 patients, 1.9%).

We identified CNAs in a total of 10 patients. In some
cases (n=4/10), CN gains co-occurred with other relevant
hotspot mutations, whereas in the remaining six cases CN
gains revealed isolated amplifications and no additional
hotspot mutations.

In the OFA RNA analysis 3 of the 106 samples
presented positive calls. A gene fusion involving MET
[denoted MET(13)-MET(15) fusion] was identified
in two LC patients (7.1%) and a gene fusion involving

www.oncotarget.com

22754

Oncotarget



Table 5: Alterations detected in metastatic lymph nodes (n=6) and corresponding primary tumors

Patient SNV (Pg:;:r SNV Allele CNA Validation
(Primary Tumor) Tumor)y (Metastasis) Frequency (Metastasis) (RT-PCR)
CDK6 (CN=56) CDK6 (CN=65) Yes
G4-M ERBB2 (CN=40) ERBB?2 (CN=50) Yes
CCND1 (CN=7) CCND1 (CN=8) Yes
PIK3CA-M10431 PIK3CA-M10431 33%
G13-M ERBB2-R896C CCNDI (CN=5) ERBB2-R896C 14% CCNDI1 (CN=6.5) Yes
JAK3-R657G JAK3-R657G 6%
_ 0
PIK3CA-H1047R PIK3CA-H1047R 24%
PIK3CA-H1048Y 38%
G20-M PIK3CA-H1048Y
TAK3-R657G MET-Y1253C 5%
JAK3-R657G 6%
KRAS-G12S KRAS-G12S 32%
CC28-M EGFR-G719D NRAS-G61K 54%
NRAS-G61K RAF1-T4211 8%
RET-A883V KRAS-G12D 30%
CC30-M KRAS-G12D RET-A883V 9.5%
AKTI-E17K AKTI1-E17K 11%
PIK3CA-E365K 17%
CC31-M Ifﬁﬁssflljé% KRAS-G13D 62.5%
KRAS-A146T 1%

FGFR3 (FGFR3-TACC3) was identified in one LC patient
(3.6%). No gene fusion was identified in GC, CC or RC.
Tumors harbouring gene fusions presented no other
alteration, indicating that the identified fusions could drive
tumorigenesis in the affected patients.

OFA analysis in LC patients

Overall we identified 13 different potentially
druggable molecular alterations (7 different SNVs, 1
small indel, 3 CNAs and 2 gene fusions) in 13/28 LC
patients (47%). Patients that presented gene fusions were
negative for CNAs and/or SNVs. Conversely, patients
that presented CNAs (FGFR1 in LC8, ERBB2 in LC14)
also showed the presence of PIK3CA mutations. See
Figure 3 A for a schematic representation of the results of
OFA analysis in LC and Figure 4A for a summary of the
alterations identified.

Oncogenes activated by somatic SNVs were 5:
KRAS (G12D, G12C) in 3 patients (11%), PIK3CA
(G546K, C420R) in 2 patients (7%), NRAS (G61K) in
1 patient (3.5%), BRAF (V600E) in 1 patient (3.5%) and
EGFR in 1 sample (L858R). EGFR also presented a small
deletion (GLU746_ALA750DEL). CNAs were detected
in 3 samples: 1 patient presenting FGFR1 amplification
(CN= 5.5), 1 patient presenting CCND1 amplification
(CN=8.5) and 1 patient presenting ERBB2 amplification
(CN= 8). In addition, we found 3 patients that presented
gene fusions involving the genes MET (n = 2) and FGFR3

(n =1), respectively. Patients LC1 and LC26 presented an
intragenic fusion in the MET gene [MET(13)-MET(15)
fusion] that was caused by skipping of MET exon 14, due
to an aberrant splicing event that led to link exon 13 to
exon 15. Notably, in the Ion Reporter output, the two LCs
that were reported positive for MET (13)-MET(15) fusion
presented a high number of reads (>15,000) specific for
the fusion. The presence of MET(13)-MET(15) fusion
in patients LC1 and LC26 was validated by performing
RT-PCR followed by Sanger sequencing to identify the
breakpoints (Figure 5A).

The MET(13)-MET(15) fusion has been reported
to occur at low frequency in LC patients [32], leading to a
shorter MET protein lacking exon 14 (47 aminoacids) that
present increased stability and activity [33]. Accordingly,
immunoblot analysis of patient LC26 demonstrated
the presence, in cancer tissue, of an abnormal MET
protein with lower molecular weight that was expressed
at increased levels, compared with the MET protein
expressed in the corresponding normal tissue of the same
patients (Figure 5B).

To identify the molecular alteration(s) on DNA
that were responsible for the skipping of exon 14 in LC
samples reported positive for MET(13)-MET(15) fusion,
we designed a custom NGS panel that covered 1578 base
pairs of the MET genomic region, spanning intron 14,
exon 14 and intron 15 of the MET gene. By sequencing
the genomic DNA of the two patients positive for the
MET(13)-MET(15) fusion, we found a heterozygous
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Figure 1: Validation of SNVs identified by Oncomine™ Focus Assay. Traditional Sanger DNA sequencing of SNVs detected by
the Oncomine™ Focus Assay in BRAF, KRAS and PIK3CA genes.
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mutation in the acceptor site of exon 14 in patient LC1
and a small deletion of 14 bp in intron 13 in patient LC26
that abolished the donor site of exon 13. DNA alterations
in patients LC1 and LC26 were confirmed by Sanger
sequencing and manually visualized on the integrative
genomics viewer (IGV) [34]. See Figure 6A and 6B.

In addition, patient LC19 presented a chromosomal
translocation involving the gene encoding FGFR3 on
chromosome 4 and the gene encoding TACC3 on the
same chromosome [denoted FGFR3(chr 17) — TACC3(chr
11) fusion] presenting 23 reads specific for this fusion
transcript. Subsequently, we performed RT-PCR to
confirm the presence of the FGFR3(chr 17) — TACC3(chr
11) fusion in the mRNA of LC19. However, despite
several attempts we were not able to validate this fusion by
RT-PCR. See Supplementary Figure 3 for a representative
experiment. Notably, no FGFR3(chr 17) — TACC3(chr 11)
fusion was identified in the analysis performed by RT-PCR
on RNA extracted from 69 LC samples that include the 22
samples under study here. These results suggest that the
FGFR3-TACC3 fusion identified in patient LC19 may be
a false positive.

No fusion involving the ALK or the RET genes were
detected in the LC analysed, confirming the relative low
frequency of these alterations.

ERBB2
15+
ok ok @8 PBL

-% —_ @ WT Tumor
14 10 | G4
L 10-
3 G4-M
[S
z
> 57
2
0
(&]

0-

v s &> »
® & o

OFA analysis in GC patients

In the case of GC we identified at least one alteration
in 13 patients (63%) distributed across 13 different genes.
Of the different alterations identified, 18 were SNVs and 4
were CNAs. No gene fusion was detected. See Figures 3B
and 4B, respectively for the results of OFA analysis in GC.
Three patients showed single SNVs, 3 patients showed the
simultaneous presence of 2 SNVs (in EGFR and ERBB2,
in PIK3CA and MAP2k1, in KRAS and NRAS), and 4
patient showed the simultaneous presence of 4 SNVs.

Multiple somatic SNVs were found in PIK3CA
(E545L, ES46R, ES47K, M10431, H1047R, H1048Y) (7
patients, 23%), in JAK3 (R657G) and in KRAS (G12D,
G12V) 2 patients (6.5%). SNVs in MAP2K1 (L57T) and
ERBB2 (R896C) were observed in one patient (3.3%).
Finally, one patient (3.3%) showed the simultaneous
presence of SNVs in EGFR (A289D) and ERBB2
(R896C) whereas another patient showed the simultaneous
presence of SNVs in KIT (D816N), ERBB3 (E322K), and
SMO (R890H) genes.

CNAs were detected in the gene encoding ERBB2
(CN range = 5-40) and CCND1 (CN range = 5-7) in
three patients, in the gene encoding MYC (CN range
= 6-8) in two patients and in the gene encoding CDK6

Figure 2: Validation of gene amplification identified by Oncomine™ Focus Assay. (A) Quantitative real-time PCR in patients
(G4 and G4-M) with amplified ERBB2 gene. PBL, peripheral blood lymphocytes; tumors showing no ERBB2 amplification, statistical
significance indicated by number of stars in each patient when confronted with PBL. (B) FISH analysis of ERBB2 in a patient (G4) with
amplified ERBB2 gene. (C) Immunostaining analysis of amplified ERBB2 protein in patient G4.
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Figure 3: Mutation, amplification and gene fusion profiles of the tumors under analysis. (A) Graphical representation of the
alterations identified in LC patients. Horizontal lines indicate SNVs or CNAs; vertical lines indicate patients. (B) Graphical representation
of the alterations identified in GC patients. Horizontal lines indicate SNVs or CNAs; vertical lines indicate patients. (C) Graphical
representation of the alterations identified in CC patients. horizontal lines indicate SNVs or CNAs; vertical lines indicate patients. (D)
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(CN range = 55) in one patient. Two patients showed
a single CNA, two patients showed the simultaneous
presence of two (MYC and ERBB2, CCND1 and MYC,
respectively) or three (ERBB2, CCND1 and Cdko6)
CNAs. None of the gene fusions present in the panel
was detected in GC.

OFA analysis in CC patients

By analysis of 31 CC patients we identified 19
different molecular alterations in 10 different genes in
20/31 (64.5%) of the patients analyzed. Of these, 18 were
SNVs and 1 was CNA (3%). See Figures 3C and 4C for a
summary of the results obtained in the OFA analysis in CC.

Overall we found somatic SNVs in KRAS (G12D,
Al146T, G12V, G12C, G128, G13D) in 15 patients
(48.4%), in PIK3CA (E542K, E545K, G1049C, H1047R,
H1047Y) in 7 patients (22.6%), in BRAF (V600E) in 4
patients (12.9%), NRAS (G61K) in 2 patients (6.5%) and

KRAS Mut n=3 FGFR1 Amp n=1

ERBB2 Amp n=1

" EGFRMut n=2
CCND1 Amp n=1

BRAF Mut n=1

PIK3CA Mut n=2

NRAS Mut n=1
No Alterations n=15
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AKT1 Mut n=1
/- RET Mut n=1

MTOR Mut n=1

PIK3CA Mut n=7

No Alterations n=11
NRAS Mut n=2

MTOR (T1977K), AKT1 (E17K) and RET (A873V) in
one patient (3.2%).

CNAs were detected only in 1 CC (FGFR1, CN =
5). The amplification of FGFR1 occurred in a sample with
KRAS mutation. Conversely, eight CC patients showed
the presence of single SNVs (KRAS, NRAS, BRAF)
and seven patients showed the simultaneous presence of
multiple SNVs. Whereas mutations in BRAF, KRAS and
NRAS were mutually exclusive, several patients showed
the simultaneous presence of mutations in PIK3CA and
KRAS or BRAF. One CC patient showed the simultaneous
presence of mutations in MTOR and KRAS.

OFA analysis in RC patients

Overall we identified 10 different molecular
alterations in a total of 10 out of 25 RC patients (40%). Of
these, 9 were different SNVs and one was a CNA (4%).

SNVs were detected in KRAS (G12V, A146P,
A146T, G13D, G12S) in 8 patients (32%), PIK3CA

ERBB3 Mut n=1 ERBB2 Amp n=3
JAK3 Mut n=2
ERBB2 Mut n=2
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PIK3CA Mut n=2
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Figure 4: Summary of alterations identified in the tumors under analysis. Pic chart containing absolute numbers of each
specific alteration identified. (A) Summary of the alterations identified in LC patients. (B) Summary of the alterations identified in GC
patients. (C) Summary of the alterations identified in CC patients. (D) Summary of the alterations identified in RC patients.
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(E545K, E542K) in two patients (8%), ERBB2 (S310F),
AKTI (E17K) and BRAF (V600E) in one patient (4%).
See Figures 3D and 4D for the results of OFA analysis
in RC. Similarly to what we had observed in patients
with CC, few RC patients showed CNAs. In fact, gene
amplification of FGFR1 gene (CN=7.5) was observed only
in one RC patient, conversely, 5 RC patients showed single
SNVs (KRAS, ERBB2, BRAF), 2 RC patients showed
the simultaneous presence of mutations in PIK3CA and
KRAS, and one RC patient showed mutations in both
PIK3CA and AKT1. Again, whereas mutations in BRAF
and KRAS were mutually exclusive, RC patients with
PIK3CA mutations showed the simultaneous presence of
other potentially driver mutations as KRAS and AKT]1.

A

Absence of the MET (13) — MET (15) fusion in
CC and RC

By OFA analysis, we found a high number of CC
(n=7) and RC (n=6) that were presumably positive for
MET (13) — MET (15) fusion. Importantly, at difference
with what observed in LC patients, in the CC/RC samples
that were called positive for the MET (13) — MET (15)
fusion, the number of reads specific for the fusion was >
20, a value that was higher than limit set by the system to
call for the fusion, but much smaller in comparison with
the values shown by the fusions reported in the patients
LC1 and LC26.

Exon 13 Exon 15

<

>

AAATTAAAGATCAG T TTTCCTAATTCAT
120

A

LC26

110

LC3

LC1 A549 H596 B

LC26S

LC26

A549  H596

MET

Figure 5: Immunoblot analysis of MET and phospho-MET in NSCLC. (A) NSCLC samples positive (LC1, LC26) and negative
(LC23) for the MET(13)-MET(15) fusion were subjected to semi-quantitative RT-PCR performed on RNA extracted from tumors. The cell
line H596 was used as positive control and Chromatogram from Sanger sequencing of the breakpoint of the MET(13)-MET(15) fusion in
patient LC26. (B) NSCLC sample positive (LC26) and negative (LC25 with normal counterpart) for the MET(13)-MET(15) fusion were
subjected to immunoblot with anti-MET. Protein lysate from A549 cells was used as negative control. Protein lysate from NCI-H596 cells

was used as positive control for the MET(13)-MET(15) fusion.
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Surprisingly, we were unable to validate the
presence of MET exon 14 skipping by RT-PCR in these
samples and to identify the genomic alterations that could
be considered responsible for the MET(13)-MET(15)
fusions in CC and RC, by use of the custom NGS MET
panel comprising the genomic region from intron 13 to
intron 15.

A

- )

p15.3 p15.1 pl142 pl4al pl13 p12.2 pl1.2 qll.l

To confirm that these samples could be considered
false positive we diluted RNA from NCI-H596 NSCLC
cells that were positive for MET exon 14 skipping, into
a RNA extracted from a wild type sample (A549 cells) to
determine the limit of detection of OFA (Supplementary
Figure 4). Even when the RNA of NCI-H596 cells was
diluted 1:1000 (which corresponds to 1 mutant allele
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Figure 6: Genomic alterations that promote MET exon 14 skipping in NSCLC. (A) NGS analysis of the mutations detected
in intron 14 in patients LC26 and LC1 (left and right panels, respectively). (B) Chromatograms from Sanger sequencing of the genomic

mutations in intron 14 of patients LC26 and LC1.
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out of 2000 cells), the assay detected up to 2200 specific
fusion reads.

This led us to conclude that the positive call of the
MET(13)-MET(15) fusion in CC and RC was an artefact
of the panel, possibly being caused by the low number of
specific reads (20) set by the software to call the presence
of the fusion.

Another possible explanation for the detection of
MET(13)-MET(15) fusion in these samples could be
the presence of an incomplete MET transcript identified
in ENSEMBL database as ENST00000454623. This
transcript includes only the sequence of the exons 13
and 15 of full length transcript and skips exon 14, thus
simulating the MET (13)-MET (15) fusion. Although there
is no experimental evidence of the ENST00000454623
transcript expression in intestinal cells, it is possible that
OFA could detect this isoform, thus releasing an output
that includes false positives for the MET(13)-MET(15)
fusion.

On the basis of our experiments, we suggest that the
threshold in OFA panel to call for the MET (13)-MET
(15) fusion should be raised from >20 to >1000 reads.

Metastatic lymph nodes vs primary tumors

We have also analyzed lymph node metastasis
from 3 GC patients (G4-M, G13-M and G20-M) and 3
CC patients (CC29-M, CC32-M and CC33-M). We found
that most patients presented the same mutations both in
the primary tumors and in the corresponding metastatic
lymph nodes, with the exception of patients CC29 and
G20, which suggest that metastasis accumulated novel
mutations. At difference with the corresponding primary
tumors, the metastatic lesion of patient CC29 carries the
RAF-1 T4211 SNV and the metastatic lesion of patient
G20 carries the MET Y 1253C SNV. Finally, the CNAs
detected in the primary tumors from patients G4 and
G13 were also detected in the respective lymph node
metastasis, but with a higher copy number with respect
to the corresponding primary tumors. See Table 5 for the
alterations detected in the lymph node metastasis.

DISCUSSION

In the present study we have performed NGS
analysis by use of OFA to simultaneously detect multiple
molecular alterations that included SNVs, CNAs and gene
fusions in patients subjected to surgery for LC, GC, CC
or RC. Overall, we report that 53% of patients showed
at least one potentially druggable alteration. SNVs were
identified in 47 patients, CNAs were identified in 10
patients and gene fusions were identified in 3 patients.
SNVs were detected in LC, GC, CC and RC; CNAs were
consistently more frequent in GC (27%) than in CC or RC
(3%); gene fusions were detected only in LC.

The most frequently mutated genes across all
tumor types included KRAS, PIK3CA, BRAF, EGFR,

NRAS and ERBB2. The genes that were subjected most
frequently to CN gains were CCND1, ERBB2, FGFR1
and MYC. Frequently, CN gains co-occurred with other
relevant mutations (40% of cases).

LC patients carried activating mutations in EGFR,
KRAS, NRAS, PIK3CA or BRAF and the MET(13)-
MET(15) or FGFR3-TACCS3 fusions. Notably, alterations
detected in LC patients involved a single gene, indicating
that the identified alterations could drive tumorigenesis in
the affected patients. GC patients often carried multiple
genetic alterations, with the simultaneous presence of
SNVs or CNAs in multiple genes. As a rule, SNVs and
CNAs were mutually exclusive in most GC. These results
are in agreement with a recent study showing that tumors
apparently segregate into two major classes, one primarily
dominated by mutations and the other primarily dominated
by copy number alterations [35].

The finding that several GC patients carried gain-of-
function mutations and/or CN gain of ERBB2 indicated
that GC patients may benefit from anti-ERBB2 inhibitors.
On the other hand, the presence of the A289D EGFR
mutation previously associated with glioma [36], is a
novel finding, and suggests potential utility of EGFR
inhibitors in gastric cancer.

At difference with what we had observed in GC,
CC patients preferentially harboured SNVs. Mutations
in BRAF, KRAS and NRAS were mutually exclusive.
However, several patients showed the simultaneous
presence of SNVs in PIK3CA with other genes. It is worth
noting that the A883V RET mutation detected in CC has
been previously reported in head and neck cancer [37],
suggesting a role for RET activation in the development
of CC. Accordingly, we have recently described a gain-
of-function MEN2A-like RET mutation (G533C) in a
different cohort of CC patients (Oliveira et al., submitted).

Also RC patients harboured preferentially SNVs
(KRAS, PIK3CA, ERBB2, AKT1 and BRAF). As in CC
patients, mutations in BRAF and KRAS were mutually
exclusive, whereas patients with PIK3CA mutations
showed the simultaneous presence of other potentially
driver mutations.

Overall we have found RAS mutations in 32% of
patients, in particular in the KRAS and NRAS isoforms.
No mutation in HRAS was identified. In the literature,
RAS mutations have been reported to occur in the range of
9-30% of all tumor samples sequenced, with specific RAS
isoforms generally differing according to cancer type [38].
In agreement with previous studies [39], we found that
the frequency and/or the distribution of RAS mutations
were not uniform. In LC patients, RAS mutations were
detected in 13.5% of patients, predominantly in the
adenocarcinoma histotype. In CC and/or RC patients we
found RAS mutations in in 44.5% of cases, a value close
to the frequency reported in the literature (52%). KRAS
was the predominant mutated isoform. In agreement with
previous studies NRAS mutations were found at low
frequency in CC or RC [40].
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The second most common mutated gene in our
cohorts of patients was PIK3CA, which was distributed
across all tumor types. Moreover, a gain-of-function
mutation of its effector, AKT1, was also identified in CC
and RC. However, it is uncertain whether mutant PIK3CA
or AKT1 are sufficient oncogenic drivers in this context
since they co-existed with additional alterations. Indeed,
the coexistence of mutations in KRAS and PIK3CA is
frequent in CC and RC patients, and it apparently dictates
poor prognosis [41]. On the other hand, while PI3K
inhibitorsbuparlisib and alpelisib apparently show activity
in preclinical models of multiple solid tumors [42] they
have poor efficacy in KRAS-mutant tumors [43].

BRAF was the third most common mutated gene. In
fact, the V60OE mutation was identified in LC, GC, CC
and RC. Expectedly in LC, CC and RC BRAF mutations
were mutually exclusive with KRAS mutations [44].

EGFR mutations were identified not only in LC but
also in GC, CC and RC. It is of note that the A289D EGFR
mutation identified in GC and RC, which represents the
most common site of extracellular EGFR mutation, is
frequent in human glioma [36]. In agreement with the
literature, EGFR mutations in LC patients were detected
in former smoker women diagnosed with adenocarcinoma
at a frequency of 28% [45].

ERBB2 was mutated in GC and RC and subjected
to CN gain in GC and LC. In agreement with previous
studies, the tumor type that most frequently showed
ERBB2 alteration was GC (25% of cases) [46, 47].

In summary, the results obtained by OFA analysis
indicated that on average, 40-70% of patients affected by
common cancers harbour molecular alterations that can
be potentially targeted by drugs. Two LC patients with
EGFR mutant tumors were eligible for treatment with
erlotinib and gefitinib, as established by the International
Association for the Study of Lung Cancer [48]. On
the other hand, at least 5 additional LC patients can be
treated with targeted inhibitors such as crizotinib (MET),
nintedanib (FGFRs), trastuzumab (ERBB2) or buparlisib
(PI3KCA). We have also identified 9 GC, 10 CC and 5 RC
patients who could potentially benefit from targeted drugs
that include trastuzumab (ERBB2), trametinib (MAP2K1),
palbociclib (CDK6), tofacitinib (JAK3) or buparlisib/
CHS5132799 (PI3KCA) dabrafenib/vemurafenib (BRAF),
everolimus (mTOR) or AKT1 inhibitors. Notably, 3 CC
patients could be treated with a combination of BRAF and
PIK3CA inhibitors.

Patients that presented CN gain of CCNDI could
be treated with palbociclib, a highly specific inhibitor of
CDK4 and CDK6 [49] whereas patients that presented
MYC CN gain could be treated with a synthetic double-
stranded RNA that targets the oncogenic MYC protein
[50]. On the other hand, CC/RC patients with mutated
EGFR, ERBB2, ERBB3 and RET that carry simultancous
activating mutations in KRAS, NRAS and/or BRAF
(n=5) are expected to be resistant to tyrosine kinase

inhibitors. Conversely, it is to be determined, however,
whether PIK3CA- or AKT1-mutated tumors that carry
simultaneous mutations in KRAS or NRAS (n=6) are
resistant to PIK3CA inhibitors [41].

On the basis of our experience, OFA presents several
potential advantages in clinical daily practice including the
possibility to detect simultaneously SNVs, CNAs and gene
fusions, the requirement of low amount of input nucleic
acids, the compatibility with FFPE specimens, the easy
detection and interpretation of results. As to the percentage
of enrichment in tumor cells, OFA requires standards
that are similar to other NGS panels. Time around
testing (3 working days with a range of 2—6 days) and
costs calculated on a number of consecutive, unselected
samples were also comparable or even more convenient
in comparison with other methods.

As to the accuracy of mutations detected, all CNAs
were validated by another method, and thus they appear
completely reliable, since neither false positive nor false
negative were detected. In any case, it is to be noted that
CNA detection has an intrinsic limitation due to the poor
biological comprehension of its consequences in the
majority of cases, especially when CN gain is within 2-3
fold.

On the other hand, we found that confirmation of
SNVs by Sanger sequencing was possible only when
the mutated allele was >8% due to poor sensitivity of
the technique. Therefore it appears that OFA presents
such high sensitivity to allow detection of SNVs and/
or small indels even if they are present in rare cellular
subpopulations. Conversely, the most important caveat of
OFA was the difficulty to confirm gene fusions covered
by low number of reads. In fact, we have identified and
confirmed the MET(13)-MET(15) fusion in two LC
patients that presented a high number of reads (>15000)
specific for the fusion transcript but failed to confirm
the fusion in CC/RC samples with low number of reads.
Notably, a recent study, also using OFA analysis, reported
MET(13) — MET(15) fusion in colorectal cancer patients
[30]. However, since authors did not exclude that OFA
had detected the splice variant of MET, it is unclear how
to clinically interpreter their results. The importance of
the issue is underlined by a recent study showing the
limitation of 8 different amplicon-based DNA NGS panels
in the detection of MET(13) — MET(15) fusion [51], in
which authors failed to detect the specific MET(13) —
MET(15) fusion in almost 40% of cases [51]. Accordingly,
the results presented here indicate that the positivity to
the MET(13)-MET(15) fusion in CC/RC patients is an
artefact of the technique, possibly due to the presence and
detection of an alternative mRNA isoform and indicate
a potential method to overcome the problems in the
identification of MET(13) — MET(15) fusion raised by use
of NGS amplicon-based panels.

On the other hand, the inability to confirm the
positivity to FGFR3(17)-TACC3(11) fusion may be due to
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the limited number of cells in which the fusion is present,
as demonstrated by the very low number of reads specific
for the fusion. On the basis of our experiments as well as
published data, we suggest that the threshold in the OFA for
the MET(13)-MET(15) fusion call should be raised from
>20 to >1000 reads. For this reason we have considered
negative all CC/RC patients apparently showing the
MET(13)-MET(15) fusion and not informative the NSCLC
patient showing the FGFR3(17)-TACC3(11) fusion.

In conclusion, by use of OFA, we have identified
several patients that, on the basis of the mutational profiles
or their tumors, are potentially eligible for targeted therapy
and 11 patients that are potentially resistant to therapy
with tyrosine kinase inhibitors, because of simultaneous
mutations in KRAS, NRAS and/or BRAF. In a limited
number of cases a combined treatment with 2 different
inhibitors could be suggested.

MATERIALS AND METHODS

Patients

For the set-up of the OFA workflow, FFPE archive
slides were retrieved from different cohort of patients
subjected to surgical resection for NSCLC (LC, n=
28), gastric (GC, n= 22), colon CC, (n= 31) and rectal
(RC, n= 25) cancer. Patients were recruited at AOU
Monaldi Hospital (Naples, Italy), IRCCS Fondazione
Pascale (Naples, Italy) and/or University Magna Graecia
(Catanzaro, Italy). Patients were considered eligible for
the study if they had not received any chemotherapy or
radiotherapy before they underwent surgery. Metastatic
lesions were also retrieved from six patients included
in the study. All samples were suitable for molecular
analysis. See Supplementary Tables 1-4 for clinical-
pathological characteristics of patients.

Median age of patients diagnosed of NSCLC was
69 years (range 57-80) 19 out of 28 were current or
ex-smokers. Women were 7 and males were 21. Stage
was known for 21 patients: 15 patients had stage IA-IB
disease, 5 patients had IIA-1IB and 1 patients had stage I1I
disease. Grade was known for 15 patients: 11 cases were
G1-G2, 4 cases were G3.

Additional clinical-pathological information is
reported in Supplementary Table 1. As to GC patients,
archive material was retrieved from 22 patients. Median
age of patients was 70 years (range 51-89). Women were
5 and males were 17. Stage was known for all patients: 5
patients had stage IA-IB disease, 6 patients had ITA-IIB
and 4 patients had stage IIIA-IIIB disease and 7 patients
and stage IVA-IVB disease. Grade was also known all
patients: 9 cases were G1-G2 and 13 cases were G3.
Additional clinical-pathological information is reported
in Supplementary Table 2.

Archive material was retrieved from 31 CC patients.
Median age of patients was 70 years (range 28-86).

Women were 14 and males were 19. Grade was known for
29 patients: 21 cases were G1-G2 and 8 cases were G3.
Additional clinical-pathological information is reported in
Supplementary Table 3.

Archive material was retrieved from 25 RC patients.
Median age of patients was 69 years (range 29-81).
Women were 8 and males were 17. Grade was known for
19 patients: 11 cases were G1-G2 and 8 cases were G3.
Additional clinical-pathological information is reported in
Supplementary Table 4.

Isolation of nucleic acids

For each specimen, 3-10 x 8 pum FFPE sections
were microdissected from a single block using scalpel or
Laser Capture. Enrichment in tumor cells was evaluted by
an expert pathologists (C.M.) and was in the range of 70
to 95%. DNA and RNA were isolated using the Qiagen
AllPrep FFPE DNA/RNA Kit (Qiagen, Valencia, CA,
USA) following the manufacturer's instructions. Quality
and quantity of extracted nucleic acids were assessed
using the Qubit Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) and the 2200 Tape Station instrument
(Agilent Technologies, Inc, Santa Clara, CA, USA).

Library preparation

RNA and genomic DNA were subjected to library
preparation prior to sequencing using OFA(Thermo Fisher
Scientific). DNA libraries were generated from 10 ng of
DNA using the Ion PGM Select Library Kit according
to the manufacturer’s instructions. RNA libraries were
generated from 10 ng of RNA per sample using the lon
PGM Select Library Kit according to the manufacturer’s
instructions.

DNA sequencing

OFA allows, in a single workflow that makes use
of the Ion PGM Platform, concurrent analysis of DNA
and RNA, enabling the identification of single nucleotide
hotspot mutations (SNVs) in 35 genes covered by 110
amplicons, copy number alterations (CNAs) in 19 genes
covered by 191 amplicons and 23 fusion genes, all in a
single workflow using the Ion PGM System. For the
different partners involved in the gene fusions detected by
OFA see Supplementary Table 5.

Templates for DNA and RNA libraries were
prepared using the Ion OneTouch™ Select Template Kit on
the Ton One Touch 2 instrument and enriched with the Ion
OneTouch ES instrument according to the manufacturer’s
instructions (Thermo Fisher Scientific).

Sequencing was performed using the Ion PGM™
Select Sequencing Kit on the Ion PGM™ Sequencer
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.
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NGS data analysis

Data analysis was conducted with Torrent Server.
Unaligned binary files (uBAM) were uploaded in the lon
Reporter Software (IR) 5.0 (ThermoFisher Scientific)
to perform sequence alignment and detection of SNVs,
CNVs, 5'-to-3" imbalance and specific gene fusions.

Sequencing data were aligned and mapped to the
human hgl9 reference genome using the Torrent Suite
Server (ver 4.4). Ion Reporter Workflow (version 5.0) was
used to identify variants in DNA libraries and fusions in
RNA libraries. The automated pipeline of IR 5.0 filtered
SNVs for quality, coverage, strand bias and signal shift.
Gene annotation was performed using the Oncomine Panel
vl.l Annotations set. SNVs were considered positive if
they were covered at least 400 fold, with proportion of
reads on target higher than 85%.

Detection of CNAs was performed with IR 5.0 using
the Oncomine Panel v2.0 with Baseline and Oncomine
Variant annotator v2.0 plugin. CNAs were reported as
positive when they presented a MAPD value < 0.4.

For gene fusion detection samples were considered
suitable for analysis if at least 40,000 total reads were
present and if at least 4 out of 5 expression controls were
detected. Tumors were considered positive for a specific
fusion if the number of reads reads for a specific fusion
was >20. See Supplemental methods for more details.

Sanger DNA sequencing

Sanger sequencing was performed using BigDye
terminator v3.1 (Applied Biosystems, Foster City, CA, USA)
with ABI 3100 Genetic Analyzer (Applied Biosystems).

Quantitative real-time PCR

Results obtained with NGS were validated by
quantitative real time PCR (qPCR). GAPDH was used for
normalization. Reactions were performed using SYBR
Green [ PCR Master Mix (Thermofisher Scientific), which
included the internal reference (ROX). Each qPCR reaction
comprised 10 ul 2x SYBR Green PCR Master Mix, forward
and reverse primer at the final concentration of 500 nM.

qPCR reactions were performed using the
Quantstudio 12K Flex (Thermo Fisher Scientific).
The reaction profile was: initial step, 50°C for 2 min,
denaturation, 95°C for 10 min, then 40 cycles of
denaturing at 95°C for 15 sec and combined annealing
and extension at 60°C for 60 sec. Each qPCR experiment
contained triplicates of no-template-controls and patient
samples. On the same reaction plate all DNA samples
were tested with the test and reference primers.

Statistical analysis

RT-PCR data are expressed as mean £SD of at least
three independent experiments conducted in triplicates.

Statistical significance was evaluated by ANOVA One-
way test followed by Dunnett’s multiple comparison test.
Statistical significance was indicated as follows: p< 0.05
(), p<0.01 (°), p< 0.001 (") and p< 0.0001 ().

Reverse transcriptase PCR (RT-PCR)

We used superscript III retro-transcriptase
(ThermoFisher Scentific) to obtain c¢DNAs and
AccuPrime™ Taq DNA Polymerase System (ThermoFisher
Scentific) to perform the polymerase chain reaction. For
sequences of the primers used, see Supplementary methods.

Immunohistochemistry

Immunostaining was performed using the avidin-
biotin-peroxidase method (LSAB kit; DAKO, Glostrup,
Denmark) following standard procedures detailed in
[52]. Briefly, FFPE sections were deparaffinized with
xylene, rehydrated and microwaved for 5 minutes in 10
mM citrate buffer (pH 6.0). Sections were stained as
previously described [53] using anti-HER2 (Signaling
Technology Danvers, MA, USA, #4290) and anti-cyclin
D1 (Agilent Technologies Santa Clara, CA, #M3642)
antibodies. Signal was developed with diaminobenzidine
as chromogen. Sections were counterstained with
haematoxylin, dehydrated and mounted.

Fluorescence in situ hybridization (FISH)

FISH analysis for HER2 was performed on 5 pm
thick slides. Deparaffinization of sections was carried out
with two 10 min immersions in bioclear, followed by three
3 min immersions in ethanol 100, 70 and 50%. Briefly,
according with manufacturer protocol slides were rinsed
in distilled water and immersed in pre-treatment solution
at 80°C for 10 min, and in protease solution (previously
warmed to 37°C) for 10 min, washed with purified water,
air-dried, and dehydrated in ascending grades of alcohol.
The commercially available HER2 pharmDX kit (Agilent
Technologies Santa Clara, CA, USA, #K5331) was used.

Denaturation and hybridization of the tissue sections
were performed using the Thermobrite system (Abbott
Molecular Inc. Des Plaines, IL, USA): 75°C for 5 min for
the denaturation process and 37°C for 15 hours for the
hybridization of the probes. Slides were then washed with
0.4X saline- sodium citrate (SSC) solution at 70°C for 2
min and 2X SSC at room temperature for 3—5 min. Lastly,
10 uL of DAPI was applied on the slides.

Two different investigators that had no previous
knowledge of the genetic, clinical and IHC results
evaluated FISH analysis.

Protein extraction and immunoblot

Protein extracts were prepared with lysis buffer
containing S0mM HEPES pH 7.5, 5SmM EDTA, 250mM
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NaCl, 1 mM dithiothreitol, 0.5% Nonidet P40, 1mM
Na,VO,, ImM NaF supplemented with 10ug of aprotinin/
ml, 10pg of leupeptin/ml, ImM PMSF and a mix of
protease inhibitors (SIGMAFAST protease inhibitor
Tablets for general Use). Lysates were centrifuged at
13,000 rpm for 30 min at 4°C and the supernatants
were collected. Protein concentration was estimated
with a modified Bradford assay (Bio-Rad Laboratories,
Berkeley, CA, USA). Western blot analysis was carried
out by standard methods and revealed by enhanced
chemiluminescence detection using Clarity™ Western
ECL Substrate (Bio-Rad Laboratories, Berkeley, CA,
USA). The antibody used in MET detection (#8198) was
purchased from Signaling Technology (Danvers, MA,
USA)

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This work was supported by PONa3 00239 and
PONO1 02782 to GV.

REFERENCES

1. Meric-Bernstam F, Johnson A, Holla V, Bailey AM, Brusco
L, Chen K, Routbort M, Patel KP, Zeng J, Kopetz S, Davies
MA, Piha-Paul SA, Hong DS, et al. A decision support
framework for genomically informed investigational cancer
therapy. J Natl Cancer Inst. 2015; 107:107. https://doi.
org/10.1093/jnci/djv098.

2. Xue'Y, Wilcox WR. Changing paradigm of cancer therapy:
precision medicine by next-generation sequencing. Cancer
Biol Med. 2016; 13:12—18. https://doi.org/10.20892/;.
issn.2095-3941.2016.0003.

3. Vargas AJ, Harris CC. Biomarker development in the
precision medicine era: lung cancer as a case study. Nat
Rev Cancer. 2016; 16:525-37. https://doi.org/10.1038/
nrc.2016.56.

4. Garraway LA. Genomics-driven oncology: framework for
an emerging paradigm. J Clin Oncol. 2013; 31:1806—14.
https://doi.org/10.1200/JC0O.2012.46.8934.

5. Chen K, Meric-Bernstam F, Zhao H, Zhang Q, Ezzeddine
N, Tang LY, Qi Y, Mao Y, Chen T, Chong Z, Zhou W, Zheng
X, Johnson A, et al. Clinical actionability enhanced through
deep targeted sequencing of solid tumors. Clin Chem. 2015;
61:544-53. https://doi.org/10.1373/clinchem.2014.231100.
6. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton
V, Bajamonde A, Fleming T, Eiermann W, Wolter J,
Pegram M, Baselga J, Norton L. Use of chemotherapy
plus a monoclonal antibody against HER2 for metastatic
breast cancer that overexpresses HER2. N Engl J

10.

11.

12.

13.

14.

15.

16.

17.

Med. 2001;  344:783-92.
NEIM200103153441101.

Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE
Jr, Davidson NE, Tan-Chiu E, Martino S, Paik S, Kaufman
PA, Swain SM, Pisansky TM, Fehrenbacher L, et al.
Trastuzumab plus adjuvant chemotherapy for operable
HER2-positive breast cancer. N Engl J Med. 2005;
353:1673—-84. https://doi.org/10.1056/NEJMo0a052122.

Piccart-Gebhart MJ, Procter M, Leyland-Jones B,
Goldhirsch A, Untch M, Smith I, Gianni L, Baselga J,
Bell R, Jackisch C, Cameron D, Dowsett M, Barrios CH,
et al, and Herceptin Adjuvant (HERA) Trial Study Team.
Trastuzumab after adjuvant chemotherapy in HER2-positive
breast cancer. N Engl ] Med. 2005; 353:1659-72. https://
doi.org/10.1056/NEJM0a052306.

Gazdar AF. Activating and resistance mutations of EGFR

https://doi.org/10.1056/

in non-small-cell lung cancer: role in clinical response to
EGFR tyrosine kinase inhibitors. Oncogene. 2009 (Suppl
1); 28:S24-31. https://doi.org/10.1038/0onc.2009.198.

Linardou H, Dahabreh 1J, Bafaloukos D, Kosmidis P,
Murray S. Somatic EGFR mutations and efficacy of
tyrosine kinase inhibitors in NSCLC. Nat Rev Clin Oncol.
2009; 6:352—66. https://doi.org/10.1038/nrclinonc.2009.62.
Van Cutsem E, Kéhne CH, Hitre E, Zaluski J, Chang Chien
CR, Makhson A, D’Haens G, Pintér T, Lim R, Bodoky
G, Roh JK, Folprecht G, Ruff P, et al. Cetuximab and
chemotherapy as initial treatment for metastatic colorectal
cancer. N Engl J Med. 2009; 360:1408-17. https://doi.
org/10.1056/NEJMo0a0805019.

Metzker ML. Sequencing technologies - the next
generation. Nat Rev Genet. 2010; 11:31-46. https://doi.
org/10.1038/nrg2626.

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S,
Diaz LA Jr, Kinzler KW. Cancer genome landscapes.
Science. 2013; 339:1546-58. https://doi.org/10.1126/
science.1235122.

Chmielecki J, Meyerson M. DNA sequencing of cancer:
what have we learned? Annu Rev Med. 2014; 65:63-79.
https://doi.org/10.1146/annurev-med-060712-200152.
Hegde M, Bale S, Bayrak-Toydemir P, Gibson J,
Bone Jeng LJ, Joseph L, Laser J, Lubin IM, Miller
CE, Ross LF, Rothberg PG, Tanner AK, Vitazka P, et
al. Reporting Incidental Findings in Genomic Scale
Clinical Sequencing-A Clinical Laboratory Perspective:
A Report of the Association for Molecular Pathology. J
Mol Diagn. 2015; 17:107-17. https://doi.org/10.1016/].
jmoldx.2014.10.004.

Dong L, Wang W, Li A, Kansal R, Chen Y, Chen H, Li
X. Clinical Next Generation Sequencing for Precision
Medicine in Cancer. Curr Genomics. 2015; 16:253-63.
https://doi.org/10.2174/1389202915666150511205313.

Singh RR, Patel KP, Routbort MJ, Reddy NG, Barkoh BA,
Handal B, Kanagal-Shamanna R, Greaves WO, Medeiros
LJ, Aldape KD, Luthra R. Clinical validation of a next-
generation sequencing screen for mutational hotspots in

www.oncotarget.com

22766

Oncotarget



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

46 cancer-related genes. J] Mol Diagn. 2013; 15:607-22.
https://doi.org/10.1016/j.jmoldx.2013.05.003.

Kris MG, Johnson BE, Berry LD, Kwiatkowski DJ, lafrate
Al, Wistuba 11, Varella-Garcia M, Franklin WA, Aronson
SL, Su PF, Shyr Y, Camidge DR, Sequist LV, et al. Using
multiplexed assays of oncogenic drivers in lung cancers to
select targeted drugs. JAMA. 2014; 311:1998-2006. https://
doi.org/10.1001/jama.2014.3741.

Tsongalis GJ, Peterson JD, de Abreu FB, Tunkey CD,
Gallagher TL, Strausbaugh LD, Wells WA, Amos CI.
Routine use of the lon Torrent AmpliSeq™ Cancer Hotspot
Panel for identification of clinically actionable somatic
mutations. Clin Chem Lab Med. 2014; 52:707—14. https://
doi.org/10.1515/cclm-2013-0883.

Beadling C, Neff TL, Heinrich MC, Rhodes K, Thornton
M, Leamon J, Andersen M, Corless CL. Combining highly
multiplexed PCR with semiconductor-based sequencing for
rapid cancer genotyping. J Mol Diagn. 2013; 15:171-76.
https://doi.org/10.1016/j.jmoldx.2012.09.003.

Le Mercier M, D’Haene N, De Néve N, Blanchard O,
Degand C, Rorive S, Salmon 1. Next-generation sequencing
improves the diagnosis of thyroid FNA specimens with
indeterminate cytology. Histopathology. 2015; 66:215-24.
https://doi.org/10.1111/his.12461.

Duncavage EJ, Magrini V, Becker N, Armstrong JR,
Demeter RT, Wylie T, Abel HJ, Pfeifer JD. Hybrid capture
and next-generation sequencing identify viral integration
sites from formalin-fixed, paraffin-embedded tissue. J
Mol Diagn. 2011; 13:325-33. https://doi.org/10.1016/j.
jmoldx.2011.01.006.

Adams MD, Veigl ML, Wang Z, Molyneux N, Sun S,
Guda K, Yu X, Markowitz SD, Willis J. Global mutational
profiling of formalin-fixed human colon cancers from a
pathology archive. Modern pathology: an official journal of
the United States and Canadian Academy of Pathology. Inc.
2012; 25:1599-608.

Spencer DH, Sehn JK, Abel HJ, Watson MA, Pfeifer JD,
Duncavage EJ. Comparison of clinical targeted next-
generation sequence data from formalin-fixed and fresh-
frozen tissue specimens. J Mol Diagn. 2013; 15:623-33.
https://doi.org/10.1016/j.jmoldx.2013.05.004.

Malapelle U, Vigliar E, Sgariglia R, Bellevicine C,
Colarossi L, Vitale D, Pallante P, Troncone G. Ion Torrent
next-generation sequencing for routine identification of
clinically relevant mutations in colorectal cancer patients.
J Clin Pathol. 2015; 68:64—68. https://doi.org/10.1136/
jelinpath-2014-202691.

Tops BB, Normanno N, Kurth H, Amato E, Mafficini A,
Rieber N, Le Corre D, Rachiglio AM, Reiman A, Sheils O,
Noppen C, Lacroix L, Cree IA, et al. Development of a semi-
conductor sequencing-based panel for genotyping of colon and
lung cancer by the Onconetwork consortium. BMC Cancer.
2015; 15:26. https://doi.org/10.1186/s12885-015-1015-5.
Normanno N, Rachiglio AM, Lambiase M, Martinelli
E, Fenizia F, Esposito C, Roma C, Troiani T, Rizzi D,

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tatangelo F, Botti G, Maiello E, Colucci G, Ciardiello F,
and CAPRI-GOIM investigators. Heterogeneity of KRAS,
NRAS, BRAF and PIK3CA mutations in metastatic
colorectal cancer and potential effects on therapy in the
CAPRI GOIM trial. Ann Oncol. 2015; 26:1710-14. https://
doi.org/10.1093/annonc/mdv176.

D’Haene N, Le Mercier M, De Néve N, Blanchard
O, Delaunoy M, El Housni H, Dessars B, Heimann P,
Remmelink M, Demetter P, Tejpar S, Salmon 1. Clinical
Validation of Targeted Next Generation Sequencing for
Colon and Lung Cancers. PLoS One. 2015; 10:e0138245.
https://doi.org/10.1371/journal.pone.0138245.

Hovelson DH, McDaniel AS, Cani AK, Johnson B,
Rhodes K, Williams PD, Bandla S, Bien G, Choppa P,
Hyland F, Gottimukkala R, Liu G, Manivannan M, et al.
Development and validation of a scalable next-generation
sequencing system for assessing relevant somatic variants
in solid tumors. Neoplasia. 2015; 17:385-99. https://doi.
org/10.1016/j.ne0.2015.03.004.

Paasinen-Sohns A, Koelzer VH, Frank A, Schafroth
J, Gisler A, Sachs M, Graber A, Rothschild SI, Wicki
A, Cathomas G, Mertz KD. Single-Center Experience
with a Targeted Next Generation Sequencing Assay for
Assessment of Relevant Somatic Alterations in Solid
Tumors. Neoplasia. 2017; 19:196-206. https://doi.
org/10.1016/j.ne0.2017.01.003.

Kim HS, Lee H, Shin SJ, Beom SH, Jung M, Bae S,
Lee EY, Park KH, Choi YY, Son T, Kim HI, Cheong JH,
Hyung WI, et al. Complementary utility of targeted next-
generation sequencing and immunohistochemistry panels as
a screening platform to select targeted therapy for advanced
gastric cancer. Oncotarget. 2017; 8:38389-98. https://doi.
org/10.18632/oncotarget.16409.

Awad MM, Oxnard GR, Jackman DM, Savukoski DO,
Hall D, Shivdasani P, Heng JC, Dahlberg SE, Jéanne PA,
Verma S, Christensen J, Hammerman PS, Sholl LM. MET
Exon 14 Mutations in Non-Small-Cell Lung Cancer Are
Associated With Advanced Age and Stage-Dependent
MET Genomic Amplification and c-Met Overexpression.
J Clin Oncol. 2016; 34:721-30. https://doi.org/10.1200/
JCO.2015.63.4600.

Awad MM. Impaired c-Met Receptor Degradation
Mediated by MET Exon 14 Mutations in Non-Small-Cell
Lung Cancer. J Clin Oncol. 2016; 34:879-81. https://doi.
org/10.1200/JC0O.2015.64.2777.

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman
M, Lander ES, Getz G, Mesirov JP. Integrative genomics
viewer. Nat Biotechnol. 2011; 29:24-26. https://doi.
org/10.1038/nbt.1754.

Ciriello G, Miller ML, Aksoy BA, Senbabaoglu Y, Schultz
N, Sander C. Emerging landscape of oncogenic signatures
across human cancers. Nat Genet. 2013; 45:1127-33.
https://doi.org/10.1038/ng.2762.

Vivanco I, Robins HI, Rohle D, Campos C, Grommes C,
Nghiemphu PL, Kubek S, Oldrini B, Chheda MG, Yannuzzi

www.oncotarget.com

22767

Oncotarget



37.

38.

39.

40.

41.

42.

43.

44,

45.

N, Tao H, Zhu S, Iwanami A, et al. Differential sensitivity
of glioma- versus lung cancer-specific EGFR mutations to
EGFR kinase inhibitors. Cancer Discov. 2012; 2:458-71.
https://doi.org/10.1158/2159-8290.CD-11-0284.

Martin D, Abba MC, Molinolo AA, Vitale-Cross L, Wang Z,
Zaida M, Delic NC, Samuels Y, Lyons JG, Gutkind JS. The
head and neck cancer cell oncogenome: a platform for the
development of precision molecular therapies. Oncotarget.
2014; 5:8906-23. https://doi.org/10.18632/oncotarget.2417.

Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ.
Drugging the undruggable RAS: mission possible? Nat Rev
Drug Discov. 2014; 13:828-51. https://doi.org/10.1038/
nrd4389.

Prior 1A, Lewis PD, Mattos C. A comprehensive survey of
Ras mutations in cancer. Cancer Res. 2012; 72:2457-67.
https://doi.org/10.1158/0008-5472.CAN-11-2612.

Irahara N, Baba Y, Nosho K, Shima K, Yan L, Dias-
Santagata D, lafrate AJ, Fuchs CS, Haigis KM, Ogino S.
NRAS mutations are rare in colorectal cancer. Diagnostic
molecular pathology B. 2010; 19:157-163. https://doi.
org/10.1097/PDM.0b013e3181c93fd1.

Kim A, Lee JE, Lee SS, Kim C, Lee SJ, Jang WS, Park
S. Coexistent mutations of KRAS and PIK3CA affect the
efficacy of NVP-BEZ235, a dual PI3K/MTOR inhibitor, in
regulating the PI3K/MTOR pathway in colorectal cancer.
Int J Cancer. 2013; 133:984-96. https://doi.org/10.1002/
ijc.28073.

Massacesi C, Di Tomaso E, Urban P, Germa C, Quadt C,
Trandafir L, Aimone P, Fretault N, Dharan B, Tavorath R,
Hirawat S. PI3K inhibitors as new cancer therapeutics:
implications for clinical trial design. OncoTargets Ther.
2016; 9:203-10. https://doi.org/10.2147/OTT.S89967.

Belmont PJ, Jiang P, McKee TD, Xie T, Isaacson J, Baryla
NE, Roper J, Sinnamon MJ, Lee NV, Kan JL, Guicherit O,
Wouters BG, O’Brien CA, et al. Resistance to dual blockade
of the kinases PI3K and mTOR in KRAS-mutant colorectal
cancer models results in combined sensitivity to inhibition
of the receptor tyrosine kinase EGFR. Sci Signal. 2014;
7:ral07. https://doi.org/10.1126/scisignal.2005516.

Morkel M, Riemer P, Bldker H, Sers C. Similar but
different: distinct roles for KRAS and BRAF oncogenes
in colorectal cancer development and therapy resistance.
Oncotarget. 2015; 6:20785-800. https://doi.org/10.18632/
oncotarget.4750.

Siegelin MD, Borczuk AC. Epidermal growth factor
in lung adenocarcinoma. Lab
94:129-37.  https://doi.org/10.1038/

mutations
Invest. 2014,
labinvest.2013.147.

receptor

46.

47.

48.

49.

50.

51.

52.

53.

YkW,CfG,TY,ZC,XwZ, Xx L, NIM, Wz Z. Assessment
of ERBB2 and EGFR gene amplification and protein
expression in gastric carcinoma by immunohistochemistry
and fluorescence in situ hybridization. Mol Cytogenet.
2011; 4:14. https://doi.org/10.1186/1755-8166-4-14.
Bayrak M, Olmez OF, Kurt E, Cubukcu E, Evrensel T,
Kanat O, Manavoglu O. Prognostic significance of c-erbB2
overexpression in patients with metastatic gastric cancer.
Clinical & translational oncology. 2013; 15:307-312.
https://doi.org/10.1007/s12094-012-0921-0.

Lindeman NI, Cagle PT, Beasley MB, Chitale DA, Dacic
S, Giaccone G, Jenkins RB, Kwiatkowski DJ, Saldivar
JS, Squire J, Thunnissen E, Ladanyi M, and College of
American Pathologists International Association for the
Study of Lung Cancer and Association for Molecular
Pathology. Molecular testing guideline for selection of
lung cancer patients for EGFR and ALK tyrosine kinase
inhibitors: guideline from the College of American
Pathologists, International Association for the Study of
Lung Cancer, and Association for Molecular Pathology.
J Mol Diagn. 2013; 15:415-53. https://doi.org/10.1016/j.
jmoldx.2013.03.001.

Asghar U, Witkiewicz AK, Turner NC, Knudsen ES. The
history and future of targeting cyclin-dependent kinases in
cancer therapy. Nat Rev Drug Discov. 2015; 14:130-46.
https://doi.org/10.1038/nrd4504.

Chen BJ, Wu YL, Tanaka Y, Zhang W. Small molecules
targeting c-Myc oncogene: promising anti-cancer
therapeutics. Int J Biol Sci. 2014; 10:1084-96. https://doi.
org/10.7150/ijbs.10190.

Poirot B, Doucet L, Benhenda S, Champ J, Meignin V,
Lehmann-Che J. MET Exon 14 Alterations and New
Resistance Mutations to Tyrosine Kinase Inhibitors: Risk
of Inadequate Detection with Current Amplicon-Based NGS
Panels. Journal of thoracic oncology. 2017; 12:1582-1587.
Mignogna C, Staropoli N, Botta C, De Marco C, Rizzuto
A, Morelli M, Di Cello A, Franco R, Camastra C, Presta
I, Malara N, Salvino A, Tassone P, et al. Aurora Kinase
A expression predicts platinum-resistance and adverse
outcome in high-grade serous ovarian carcinoma patients.
J Ovarian Res. 2016; 9:31. https://doi.org/10.1186/
s13048-016-0238-7.

Malanga D, Scrima M, De Marco C, Fabiani F, De Rosa
N, De Gisi S, Malara N, Savino R, Rocco G, Chiappetta G,
Franco R, Tirino V, Pirozzi G, Viglietto G. Activating E17K
mutation in the gene encoding the protein kinase AKT1 in a
subset of squamous cell carcinoma of the lung. Cell Cycle.
2008; 7:665-69. https://doi.org/10.4161/cc.7.5.5485.

www.oncotarget.com

22768

Oncotarget



