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Summary

Objective. ALK, ROS1, NTRK, and RET gene fusions and MET exon 14 skipping altera-
tions represent fundamental predictive biomarkers for advanced non-small cell lung can-
cer (NSCLC) patients to ensure the best treatment choice. In this scenario, RNA-based
NGS approach has emerged as an extremely useful tool for detecting these alterations.
In this study, we report our NGS molecular records on ALK, ROS1, NTRK, and RET gene
fusions and MET exon 14 skipping alterations detected by using a narrow RNA-based NGS
panel, namely SiRe fusion.

Methods. We retrospectively reviewed data on 201 advanced stage NSCLC patients who
were referred to our laboratory for RNA-based molecular evaluation of ALK, ROS7, RET,
NTRK gene rearrangements as well as MET exon 14 skipping.

Results. Overall, 23 (11.4%) positive cases were retrieved. Regarding molecular assess-
ment, 11 (5.5%), 2 (1.0%), 9 (4.5%), and 1 (0.5%) out of 201 harbored an ALK, ROS1, RET
gene rearrangement, or MET exon 14 skipping, respectively.

Conclusions. In this study, we provide real-world experience on RNA-based NGS analy-
sis in patients with advanced stage NSCLC.

Keywords: NSCLC, NGS, predictive molecular pathology, molecular oncology, RNA-
based biomarkers

Introduction

Non-small cell lung cancer (NSCLC) represents the leading cause of
cancer mortality worldwide '. Unfortunately, the vast majority of patients
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(more than 80%) are diagnosed in an advanced stage
of disease, with a significant impact on treatment de-
cision making and overall outcome 2 However, sev-
eral efforts have been spent to improve the quality of
life, progression free survival and overall survival of
these patients through personalized medicine 3. As a
consequence, the number of approved predictive bio-
markers that must be tested has rapidly increased *®.
Among these are point mutations and indels in Epi-
dermal Growth Factor Receptor (EGFR), Erb-B2
Receptor Tyrosine Kinase 2 (ERBB2), V-Raf Murine
Sarcoma Viral Oncogene Homolog B1 (BRAF) exon
15 p.V60OE, Kirsten Rat Sarcoma Viral Oncogene
Homolog (KRAS) exon 2 p.G12C, that can be inves-
tigated at a DNA-level 7. Another important biomarker
is immunohistochemical/immunocytochemical evalu-
ation of the expression levels of Programmed Death-
Ligand 1 (PD-L1) for immune-checkpoint inhibitors
(ICls) administration &''. Beyond DNA-based biomark-
ers and PD-L1 expression evaluation, another group
of biomarkers is represented by Anaplastic Lympho-
ma Kinase (ALK), ROS Proto-Oncogene 1 Recep-
tor Tyrosine Kinase (ROST7), Neurotrophic Receptor
Tyrosine Kinase (NTRK), REarranged during Trans-
fection (RET) gene rearrangements, and MET Proto-
Oncogene, Receptor Tyrosine Kinase (MET) exon 14
skipping, which can be analyzed on RNA 2. Despite
the increasing number of biomarkers, in the vast ma-
jority of advanced NSCLC patients only small tissue
samples are available for morph-molecular analysis .
In this scenario, next generation sequencing (NGS),
able to analyze all biomarkers at lower costs and
turnaround time respect to single-gene testing ap-
proaches ', represents a valid solution. In our referral
Molecular Predictive Pathology Laboratory at the De-
partment of Public Health of the University of Naples
Federico I, we routinely perform IHC/ICC to evaluate
PD-L1 expression "', and we employ a complemen-
tary DNA-based and RNA-based NGS approaches to
evaluate genomic alterations useful for target therapy
administration in advanced stage NSCLC patients >
18

Here, we retrospectively evaluated data collected
from our archives on advanced stage NSCLC patients
tested by our NGS RNA-based approach who were
referred to our laboratory for the evaluation of ALK,
ROS1, NTRK, RET gene rearrangements and MET
exon 14 skipping during two years of diagnostic rou-
tine practice. In addition, in a subset of patients, we
were also able to retrieve information about patients’
medical treatments.

Materials and methods

STUDY DESIGN

We retrospectively retrieved from our electronic ar-
chives advanced stage NSCLC cases tested by our
DNA- and RNA-based NGS approach as well as PD-
L1 expression level evaluation referred to our labora-
tory from December 2020 to December 2022. Data
regarding sex, median age, sample type and subtype,
and diagnosis was also retrieved for ALK, ROS1, RET,
NTRK rearranged and MET exon 14 skipping patients
(Figs. 1-4, Tabs. I-1l). In addition, for a subset of these
patients, information related to the duration of the first
or other line treatments, or until the loss of data for
any causes, was also gathered.

Written informed consent was obtained from all pa-
tients, in accordance with the general authorization to
process personal data for scientific research purpos-
es from “The ltalian Data Protection Authority” (http://
www.garanteprivacy.it/web/guest/home/docweb/-/
docwebdisplay/export/2485392). All information re-
garding human material was managed using anony-
mous numerical codes, and all samples were handled
in compliance with the Declaration of Helsinki (https://
www.wma.net/policies-post/wma-declaration-of-hel-
sinki-ethical-principles-for-medical-research-involv-
ing-human-subjects/).

MOLECULAR TESTING

Molecular testing was carried out as previously de-
scribed 58, Briefly, DNA and RNA were extracted
from formalin-fixed paraffin embedded (FFPE) tissues
and cytological smears by using the AllPrep DNA/
RNA/Protein Mini Kit (Qiagen, Hilden, Germany), ac-
cording to the manufacturer’s instructions. Regarding
RNA analysis, retro-transcription was performed. DNA
and cDNA were analyzed on an lon S5™ System
(Thermo Fisher Scientific, Waltham, MA, USA). Li-
braries were constructed and purified on the lon Chef
Instrument (Thermo Fisher Scientifics, Waltham, MA,
USA) according to the manufacturer’s instructions. Af-
ter preparation, they were loaded onto a 520 chip and
sequenced on the S5 NGS platform (Thermo Fisher
Scientifics). Overall, DNA-based NGS analysis was
performed by using our narrow NGS panel, namely,
SiRe® which is able to cover multiple hotspot gene al-
terations in seven genes (EGFR, KRAS, BRAF, Neu-
roblastoma RAS Viral Oncogene Homolog [NRAS],
KIT Proto-Oncogene, Receptor Tyrosine Kinase
[KIT], Platelet Derived Growth Factor Receptor Alpha
[PDGFRa], and Phosphatidylinositol-4,5-Bisphos-
phate 3-Kinase Catalytic Subunit Alpha [P/IK3CA)),
as previously described *'®. RNA-based NGS analy-
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instance with concomitant PD-L1 250% expression.

*£¥ jn one instance with concomitant PD-L1 1-49% expression.

Figure 1. ALKrearranged cases with clinical variables. This figure was created by using Protein Data Bank (PDB) (https.//www.
rcsh.org/).

ADC: adenocarcinoma; ALK: Anaplastic Lymphoma Receptor Tyrosine Kinase; EML4: Echinoderm Microtubule-Associated
Protein-Like 4; F: female; M: male; MET: MET Proto-Oncogene, Receptor Tyrosine Kinase; n: number; PD-L1: Programmed
death-ligand 1.
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Figure 2. ROST rearranged cases with clinical variables. This figure was created by using Protein Data Bank (PDB) (https://
www.rcsh.org/).

ADC: adenocarcinoma; CD74: CD74 Molecule, Major Histocompatibility Complex, Class Il Invariant Chain; F: female; M: male;
n: number; PD-L1: Programmed death-ligand 1; ROS7: ROS Proto-Oncogene 1, Receptor Tyrosine Kinase.
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two instances with concomitant PD-L1 1-49% expression.
#EEEXX in one instance with concomitant KRAS exon 2 p.G12D; in one
instance with concomitant PD-L1 1-49% expression.

Figure 3. RET rearranged cases with clinical variables. This figure was created by using Protein Data Bank (PDB) (https://
www.rcsh.org/).

ADC: adenocarcinoma; F: female; KIF5B: Kinesin Family Member 5B; KRAS: Kirsten Rat Sarcoma Viral Oncogene Homolog; M:
male; n: number; PD-L1: Programmed death-ligand 1; PIK3CA: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subu-
nit Alpha; RET: Rearranged During Transfection; SqCC: squamous cell carcinoma.

I -
1{100.0)
11 (1000)
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Sample type (n; %) Histological (1, 100.0)

- subtype (n; %) - Biopsy (1, 100.0)
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FAREEEEE with concomitant PD-L1 250% expression.

Figure 4. MET exon 14 skipping case with clinical variables. This figure was created by using Protein Data Bank (PDB)
(https://www.rcsb.org/).

F: female; MET. MET Proto-Oncogene, Receptor Tyrosine Kinase; n: number; NOS: not otherwise specified; PD-L1: Pro-
grammed death-ligand 1.
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Table I. Clinical and molecular findings of the study popula-
tion.

Global

Total (%) 201 (100.0)

Adequate (200, 99.5)

Adequacy rate (n, %) Inadequate (1, 0.5)

RNA-based molecular
alteration (n, %)

Negative (177, 88.5)
Positive (23, 11.5)

ALK (11, 5.5)
RNA-based molecular ROST1 (2, 1.0)
alteration type (n, %) RET (9, 4.5)
MET exon 14 skipping (1, 0.5)
M: 6 (26.1)
o,
Sex (%) F: 17 (73.9)

Median Age (range) 579y (24.0-79.0y)
Histological (16, 69.6)
- Biopsy (13, 81.3)
- Resection (3, 18.7)
Cytological (7, 30.4)
- Cell block (5, 71.4)
- Smear (2, 28.6)
NSCLC ADC (1, 4.3)
NSCLC favor ADC (20, 87.1)
NSCLC NOS (1, 4.3)
NSCLC ADC + SqCC (1, 4.3)
ADC: adenocarcinoma; ALK: Anaplastic Lymphoma Receptor Tyrosine Ki-
nase; F: female; KRAS: Kirsten Rat Sarcoma Viral Oncogene Homolog; M:
male; MET: MET Proto-Oncogene, Receptor Tyrosine Kinase; n: number;
NOS: not otherwise specified; PD-L1: Programmed death-ligand 1; PIK3CA:
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha;
RET: Rearranged During Transfection; ROS1: ROS Proto-Oncogene 1, Re-

Sample type (n; %)
- subtype (n; %)

Diagnosis (n, %)

ceptor Tyrosine Kinase; SqCC: squamous cell carcinoma; y: years.

sis was performed with another narrow NGS panel,
namely, SiRe fusion, able to detect ALK, ROS1, RET,
NTRK gene rearrangements, as well as MET exon 14
skipping alterations, as previously described %8, In
addition, internal controls were built for the purpose
of monitoring the overall quality of the sample and
housekeeping genes were used to assess the RNA
quality, as previously reported %8,

PD-L1 IHC/ICC evaluation was performed by adopt-
ing the companion diagnostic kit sp263 assay (Ven-
tana Medical Systems, Oro Valley, AZ, USA), as pre-
viously described "*''. Briefly, PD-L1 expression was
evaluated by using tumor proportion score (TPS), as
previously reported 10119,

Results

PATIENT AND SAMPLE CHARACTERISTICS

We retrospectively retrieved data on a total of 201 sam-
ples from advanced stage NSCLC patients who were
referred to our laboratory for DNA- and RNA-based
NGS analysis as well as PD-L1 expression level evalu-

ation. Overall, 200 (99.5%) were successfully analyzed
by our NGS SiRe fusion panel. Of note, 23 (11.5%)
SiRe fusion panel positive cases were retrieved. The
vast majority of cases were female (17/23, 73.9%),
with a median age of 59.0 years (ranging from 33 to
78 years); whereas the remaining cases were male
(6/23, 26.1%), with a median age of 54.7 years (rang-
ing from 24 to 79 years). Almost all cases diagnosed
with NSCLC were adenocarcinoma (NSCLC favor
ADC, 21/283, 91.4%), followed by NSCLC adeno-squa-
mous (1/23, 4.3%) and NSCLC not otherwise speci-
fied (NSCLC NOS, 1/283, 4.3%). Considering sample
type, the number of histological samples (16, 69.6%)
was higher than cytological specimens (7, 30.4%).
Histological samples comprised small biopsies (13,
81.3%), and surgical resections (3, 18.7%). As for the
cytological samples, they were mostly made up of cell
blocks (5, 71.4%), whereas the remaining cases were
direct smears (2, 28.6%). Regarding molecular as-
sessment, 11 (5.5%), 2 (1.0%), 9 (4.5%), and 1 (0.5%)
out of 200 cases harbored an ALK, ROS1, RET gene
rearrangement, or MET exon 14 skipping, respectively.
Interestingly, only 2 (22.2%) RET rearranged cases
harbored a concomitant genomic alteration detected
at DNA-level (KRAS exon 2 p.G12D and PIK3CA exon
9 p.E545K). Regarding PD-L1 expression level, about
half (11/23, 47.8%) of patients showed PD-L1 expres-
sion level between 1-49% (4 ALK, and 3 RET) or =
50% (2 ALK, 1 ROS1, and 1 MET exon 14 skipping).

Results are summarized in Figures 1-4 and Tables I-II.

CLINICAL MANAGEMENT

Overall, data on the clinical management of 15 (65.2%)
patients were retrieved. Among these, 8 (53.3%),
1 (6.7%), and 6 (40.0%) showed an ALK, ROST, or
RET rearrangement. A concomitant PD-L1 expression
1-49% was observed in 5 instances (33.3%, 4 ALK,
and 1 RET), whereas an expression level = 50% was
reported i 2 cases (13.3%, 1 ALK, and 1 ROST7). In
only 1 instance (6.7%) a RET rearrangement was as-
sociated with a KRAS exon 2 p.G12D. Overall, about
half of analyzed cases (8, 53.3%) are still undergo-
ing target treatments at the last oncological evaluation
(April 18, 2024).

Results are summarized in Table III.

Discussion

In addition to DNA-based biomarkers, the evaluation
of ALK, ROS1, RET, NTRK gene rearrangements as
well as MET exon 14 skipping is crucial for advanced
stage NSCLC patients clinical management. In this
study, we retrospectively retrieved molecular data of
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Table II. Clinical and molecular findings of the RNA-based positive population.

- Other
N Sex Age Sample type Sample Site Pr|m|t|ve./ Diagnosis Note RNA-based alteration alterations/PD-L1
subtype metastasis i
expression level
1 F 46 Cytological Cell block Lymph node | Metastasis NSCLC EML4(13)::ALK(20) ---
favor ADC
2 F 76 Cytological Cell block Lung Primitive NSCLC EML4(13)::ALK(20) PD-L1 = 50%
favor ADC
3 F 69 Histological Biopsy Lung Primitive NSCLC - EML4(6)::ALK(20) PD-L1 = 50%
favor ADC
4 F 54 Histological Resection Lung Primitive NSCLC ADC | Mucinous, unknown::ALK(20) PD-L1 1-49%
signet
ring cells,
micropapillary
5 M 79 Histological Biopsy Lung Primitive NSCLC G2 unknown::RET(12) KRAS p.G12D
favor ADC
6 F 78 Cytological Smear Lung Primitive NSCLC - KIF5B(15)::RET(12) PIK3CA p.E545K
favor ADC
7 M 52 Histological Biopsy Pleura Metastasis NSCLC - EMLA4(6)::ALK(20) ---
favor ADC
8 F 65 Histological Biopsy Lung Primitive NSCLC G2, solid unknown::ALK(20) -
favor ADC
9 F 65 Cytological Cell Block Lung Primitive NSCLC G3 EML4(20)::ALK(20)
favor ADC
10| M 57 Histological Biopsy Brain Metastasis NSCLC G3 unknown::RET(12) PD-L1 1-49%
favor ADC
1 M 56 Cytological Cell Block Lung Primitive NSCLC - unknown::RET(12)
favor ADC
12 | F 60 Histological Biopsy Lung Primitive NSCLC Acinar, EML4(13)::ALK(20) PD-L1 1-49%
favor ADC papillar
13| M 24 Histological Biopsy Lymph node | Metastasis NSCLC G3, solid CD74(6)::ROS1(34) PD-L1 =50%
favor ADC
14 F 72 Cytological Cell Block Lung Primitive NSCLC KIF5B(15)::RET(12) PD-L1 1-49%
favor ADC
15| F 35 Histological Biopsy Breast Metastasis NSCLC G2 EML4(13)::ALK(20) PD-L1 1-49%
favor ADC
16 | F 71 Histological Resection Lymph node | Metastasis NSCLC G3 CCDC6(1)::RET(12)
favor ADC
17 | F 63 Histological Resection Brain Metastasis NSCLC G3 KIF5B(15)::RET(12)
favor ADC
18 | F 47 Cytological Smear Mediastinum | Metastasis | NSCLC ADC KIF5B(15)::RET(12)
+SqCC
19 F 60 Histological Biopsy Liver Metastasis NSCLC G3, EML4(6)::ALK(20) PD-L1 1-49%
favor ADC trabecular,
solid
20 F 37 Histological Biopsy Lymph node | Metastasis NSCLC Solid EML4(20)::ALK(20)
favor ADC
21 F 72 Histological Biopsy Lung Primitive NSCLC G3 MET exon 14 skipping PD-L1 = 50%
NOS
22 | F 33 Histological Biopsy Lung Primitive NSCLC --- CD74(6)::ROS1(34)
favor ADC
23| M 60 Histological Biopsy Lung Primitive NSCLC Acinar, KIF5B(15)::RET(12) PD-L1 1-49%
favor ADC papillary,
mucinous

ADC: adenocarcinoma; ALK: Anaplastic Lymphoma Receptor Tyrosine Kinase; CD74: CD74 Molecule, Major Histocompatibility Complex, Class Il Invariant
Chain; EML4: Echinoderm Microtubule-Associated Protein-Like 4; F: female; KIF5B: Kinesin Family Member 5B; KRAS: Kirsten Rat Sarcoma Viral Oncogene
Homolog; M: male; MET: MET Proto-Oncogene, Receptor Tyrosine Kinase; n: number; NOS: not otherwise specified; PD-L1: Programmed death-ligand 1;
PIK3CA: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha; RET: Rearranged During Transfection; ROS1: ROS Proto-Oncogene 1,
Receptor Tyrosine Kinase; SqCC: squamous cell carcinoma.
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a total of 201 advanced stage NSCLC patients who
were referred to our referral laboratory for the molecu-
lar evaluation of RNA-based biomarkers. Focusing
the attention on the 23 positive cases in our series,
the vast majority (17/23, 73.9%) of analyzed samples
were represented by small tissue specimens. Over-
all, we confirmed the feasibility of a complementary
DNA- and RNA-based NGS approach with narrow,
custom, gene panels, namely SiRe® and SiRe fu-
sion, to optimize small tissue samples for molecular
analysis respect to the adoption of single gene as-
says 2023, |n our study, 11 (5.5%), 2 (1.0%), 9 (4.5%),
and 1 (0.5%) out of 200 successfully analyzed cases
harbored an ALK, ROS1, RET gene rearrangement,
or MET exon 14 skipping, respectively. Similar with
those reported in the literature, almost all cases were
diagnosed with NSCLC were ADC (21/23, 91.4%) 24
As expected, ALK rearranged cases were most fre-
quent in young (< 65 years, 7/11, 63.6%), female
(10/11, 90.9%) ADC patients (11/11, 100.0%).2% In
almost all instances (9/11, 81.8%) the fusion partner
was Echinoderm Microtubule-Associated Protein-Like
4 (EML4) gene 24, Similarly, the only 2 CD74 Molecule,
Major Histocompatibility Complex, Class Il Invariant
Chain (CD74)::ROS1 rearranged patients were young
patients (22 and 33 years, respectively) with an ADC
morphology 2*. Considering RET rearranged cases,
no significant differences were reported regarding sex
(5 female and 4 male) or age (5 < 65 years and 4 > 65
years) 24, Overall, almost all cases (8/9, 88.9%) were
diagnosed as NSCLC favor ADC 24, As reported in the
literature, the most common fusion partner was Kine-
sin Family Member 5B (KIF5B) gene 2*. Noteworthy, in
2 instances RET rearrangements were identified in as-
sociation with a concomitant DNA-based alteration (1
KRAS exon 2 p.G12D and 1 PIK3CA exon 9 p.E545K).
In addition, only 1 (0.5%) MET exon 14 skipping was
detected. Interestingly, in this case a PD-L1 expres-
sion = 50% was observed. As reported in the IMMU-
NOTARGET registry study, patients harboring a con-
comitant MET exon 14 skipping and PD-L1 expression
> 50% may be sensitive to ICls; in fact, 23.4% of pa-
tients with MET alterations were long-term respond-
ers to ICls, second only to KRAS mutated NSCLC 25,
Regarding PD-L1 expression, in our study other 10
rearranged cases showed a concomitant PD-L1 >
1% ( 6 ALK, 1 ROS1, and 3 RET). However, taking
into account the results of IMMUNOTARGET registry
study, ICls monotherapy is not recommended in these
patients 2.

As for the data on treatment regimens, 8 (53.3%) pa-
tients (#4, #8, #9, #12, #15, #16, #17, #19, Table IIl)
are still in treatment at the last oncological evalua-
tion (April 18, 2024) with a specific target treatment

for the gene rearrangement identified by our SiRe fu-
sion panel. Among these, clinical efficacy of specific
target treatments was observed in 2 ALK rearranged
patients in whom gene rearrangements were identi-
fied without the knowledge of the specific fusion part-
ner (patients #4 and #8 Table lll). In these cases, de-
spite Ambrosini-Spaltro et al. highlighted that patients
with gene fusions with unknown partners showed a
poor response to targeted therapy 2%, our data, albeit
limited, may suggest to further investigate the role of
gene fusions with unknown partners in clinical trials
for target treatment administration. Considering single
gene testing approaches, fluorescence in situ hybrid-
ization (FISH) is still considered the “gold standard”
methodology for gene rearrangement detection and
does not require a previous knowledge of the fusion
partner. Nevertheless, acting at the DNA level, FISH
suffers from “false positive” results (not all the detected
DNA rearrangements determine an expressed fusion
transcript). In addition, break apart probes can miss
small intrachromosomal rearrangements. Of note,
FISH is time consuming, influenced by interobserver
variability and has a limited multiplexing power 2. IHC/
ICC has the advantage to be more familiar to all ana-
tomic pathologists, as well as less time consuming,
automater, less costly, and different clinically validated
antibodies are commercially available. However, it can
be influenced by interobserver variability, has a lim-
ited multiplexing power, and, except for ALK protein
evaluation, requires confirmation by orthogonal tech-
niques Z’. Finally, retro-transcriptase polymerase chain
reaction (RT-PCR), despite the high sensitivity for fu-
sion transcripts at RNA levels, is able to identify only
known gene fusions, missing all the unknown vari-
ants 26, Thus, in this complex scenario, as RNA-based
NGS approach, through its multiplexing power and the
possibility to identify known and unknown variants,
represents a valid solution to overcome all these limi-
tations 27. However, all that glitters is not gold. RNA-
based NGS analysis can be hampered by low RNA
quality and purity. Moreover, since RNA is less stable
than DNA, special care must be taken during the pre-
analytical phase to minimize the risk of false-negative
results. In addition, RNA-based NGS-based analyses
also requires trained personnel and good communica-
tion must be established with clinicians to ensure the
correct interpretation of NGS reports 27. Other limita-
tions are specifically related to the use of a narrow
panel instead of comprehensive genome profile or
whole exome sequencing approaches, including the
risk of overlooking potentially actionable transloca-
tions, such as those involving NTRK2 and -3, as well
as neuregulin 1 (NRG1). This could possibly prevent
some patients from receiving effective treatment, also



318

P. Pisapia et al.

considering that the list of actionable alterations is
constantly expanding, with several novel agents cur-
rently being evaluated in clinical trials (e.g., seriban-
tumab in tumors with NRG1 fusions) 28

In conclusion, in this study we provide a real world
experience on RNA-based NGS analysis in patients
with advanced stage NSCLC. The most significant
limitations of our study were the limited number of
cases and the lack of clinical data in some instances.
Further studies are required to better assess the role
of the complex genomic landscape in advanced stage
NSCLC patients, not only on tissue but also on liquid
biopsy specimens 2°.
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