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Saverio Simonelli . Antonella Maffè . Paola Francia di Celle . Tiziana Venesio . Maria Scatolini .

Enrico Grosso . Sara Orecchia . Matteo Fassan . Mariangela Balistreri . Elisabetta Zulato .

Daniela Reghellin . Elena Lazzari . Maria Santacatterina . Maria Liliana Piredda . Manuela Riccardi .

Licia Laurino . Elena Roz . Domenico Longo . Daniela Petronilla Romeo . Carmine Fazzari .

Andrea Moreno-Manuel . Giuseppe Diego Puglia . Andrey D. Prjibelski . Daria Shafranskaya .

Luisella Righi . Angela Listı̀ . Domenico Vitale . Antonino Iaccarino . Umberto Malapelle .

Giancarlo Troncone

Received: September 8, 2023 /Accepted: November 2, 2023 / Published online: January 11, 2024
� The Author(s) 2024

ABSTRACT

Introduction: Biomarker testing is mandatory
for the clinical management of patients with

advanced non-small cell lung cancer (NSCLC).
Myriads of technical platforms are now avail-
able for biomarker analysis with differences in
terms of multiplexing capability, analytical
sensitivity, and turnaround time (TAT). We
evaluated the technical performance of the
diagnostic workflows of 24 representative Ital-
ian institutions performing molecular tests on a
series of artificial reference specimens built to
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mimic routine diagnostic samples.
Methods: Sample sets of eight slides from cell
blocks of artificial reference specimens harbor-
ing exon 19 EGFR (epidermal growth factor
receptor) p.E746_AT50del, exon 2 KRAS (Kirsten
rat sarcoma viral oncogene homologue)
p.G12C, ROS1 (c-ros oncogene 1)-unknown
gene fusion, and MET (MET proto-oncogene,
receptor tyrosine kinase) D exon 14 skipping
were distributed to each participating institu-
tion. Two independent cell block specimens
were validated by the University of Naples
Federico II before shipment. Methodological
and molecular data from reference specimens
were annotated.
Results: Overall, a median DNA concentration
of 3.3 ng/lL (range 0.1–10.0 ng/lL) and
13.4 ng/lL (range 2.0–45.8 ng/lL) were

obtained with automated and manual technical
procedures, respectively. RNA concentrations of
5.7 ng/lL (range 0.2–11.9 ng/lL) and 9.3 ng/lL
(range 0.5–18.0 ng/lL) were also detected. KRAS
exon 2 p.G12C, EGFR exon 19 p.E736_A750del
hotspot mutations, and ROS1 aberrant tran-
scripts were identified in all tested cases,
whereas 15 out of 16 (93.7%) centers detected
MET exon 14 skipping mutation.
Conclusions: Optimized technical workflows
are crucial in the decision-making strategy of
patients with NSCLC. Artificial reference speci-
mens enable optimization of diagnostic work-
flows for predictive molecular analysis in
routine clinical practice.

Keywords: Lung; Molecular pathology; Tumor
biomarker
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Key Summary Points

Lung cancer still represents one of the
most leading causes of death worldwide.
In the last decades, target therapy has
radically shifted clinical paradigm for
Non-Small Cell Lung Cancer (NSCLC)
implementing a clinically approved
mandatory testing gene panel able to
identify patients with NSCLC
administrable with target drugs.

A wide series of diagnostic routine samples
(small biopsy, surgical resection, direct
smear, cell-block)arediagnosticallyavailable
for molecular analysis. In this scenario,
‘‘scant’’ diagnostic specimens often
represents theonlysourceofnucleic acids for
molecular testing. As a consequence,
diagnostic testing strategy should be
technically optimized in accordance with
routinely available biological source.

In this heterogeneous scenario, harmonized
proceduresmay support testing strategies of
clinically relevant predictive biomarkers in
clinical practice. As regards, in this
multicentre trial an artificial reference slide
set, mimicking diagnostic samples, was
distributed to each participating
institutions evaluating concordance rate
and inter-laboratory reproducibility.

Among n=24 participating institutions,
manual and fully automatized analytical
procedures highlighted comparable results
in terms of technical performance on
nucleic acids extraction and molecular
analysis. Particularly, DNA based hotspot
mutations (KRAS (Kirsten Rat Sarcoma Viral
Oncogene Homologue) exon 2 p.G12C,
EGFR (Epidermal Growth Factor Receptor)
exon 19 p.E746_A750del) and ROS1 (c-ros
Oncogene 1) aberrant transcripts were
successfully detected in all instances
whereas MET (MET proto-oncogene,
receptor tyrosine kinase) exon 14 skipping
mutation was identified in 93.7% of
institutions approaching this test.

RNA management still represents a hardly
managing target in terms of quantity and
quality. Optimized pre-analytical and
analytical procedures are recommended to
improve successful rate of molecular
testing on this analyte.

Harmonized ring trials based on artificial
samples mimicking diagnostic specimens
may represent a key weapon to optimize
diagnostic workflow in predictive
molecular laboratories.
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INTRODUCTION

Lung cancer still remains one of the leading
causes of death worldwide [1]. Over the past two
decades, precision medicine has revolutionized
the clinical management of patients with
advanced lung cancer through the identifica-
tion of clinically relevant predictive biomarkers
[2–4]. In this scenario, an ever-increasing num-
ber of predictive biomarkers have emerged as
novel targets for molecular analysis [3, 5].
Indeed, biomarkers testing is now highly rec-
ommended for the management of patients
with non-small cell lung cancer (NSCLC). In
this regard, the College of American Patholo-
gists (CAP), the International Association for
the Study of Lung Cancer (IASCL), and the
Association for Molecular Pathology (AMP)
have established a panel of ‘‘mandatory test
genes’’ [6]. This panel covers DNA -based hot-
spot mutations including epidermal grow factor
receptor (EGFR) and v-Raf murine sarcoma viral
oncogene homolog B (BRAF), as well as RNA-
based aberrant transcripts including anaplastic
lymphoma kinase (ALK), proto-oncogene 1

(ROS1), proto-oncogene tyrosine-protein kinase
receptor Ret (RET) and MET proto-oncogene,
receptor tyrosine kinase (MET) D exon 14 skip-
ping. In addition, KRAS (Kirsten rat sarcoma
viral oncogene homologue) exon 2 p.G12C
mutation has recently been approved as a novel
molecular target for the selection of targeted
treatments [7–9]. In view of this heterogeneous
scenario, next-generation sequencing (NGS)
platforms are increasingly being used and rec-
ommended in routine clinical practice to com-
prehensively analyze all clinically approved
predictive biomarkers [10, 11].

Although singleplex technologies have a lower
mutation detection coverage than multiplex
technologies, most Italian molecular diagnostics
laboratories still use real-time reverse transcrip-
tase-polymerase chain reaction (RT-PCR)-based
assays in their diagnostic workflows [12–14]. In
the setting of NSCLC, a wide range of diagnostic
specimens are routinely analyzed to detect hot-
spot mutations in predictive biomarkers. This
procedure is highly complex because each sample
type possesses distinct technical features requiring
tailored approaches for accurate molecular
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analysis. Moreover, a significant proportion of
cases rely on limited diagnostic material, an
additional complexity that underscores the need
for optimized protocols to maximize diagnostic
yield [15–17]. Hence, many institutions con-
ducting molecular tests should optimize their
own diagnostic workflows for the analysis of
clinically relevant predictive biomarkers on the
basis of the available diagnostic specimen. Not
surprisingly, different technical approaches have
been observed across laboratories, giving rise to
variations in success rates, turnaround time
(TAT), and accuracy of molecular analysis [18].
Undeniably, developing harmonized procedures
based on interlaboratory concordance across dif-
ferent institutions represents an open challenge
that must be addressed to overcome the technical
limitations in routine diagnostic practice.
Accordingly, to evaluate the technical perfor-
mance of these approaches we conducted a mul-
ticenter trial involving 24 representative Italian
institutions for molecular testing. Each partici-
pating institution analyzed artificial reference
slides built on engineered cell lines harboring
representative clinically relevant mutations in
approved biomarkers for patients with NSCLC.

Then, concordance rates and interlaboratory
reproducibility were determined by comparing
the molecular data reported by each participating
institution.

METHODS

Study Design

Each participating institution received a set of
reference specimens from the coordinating
center. The artificial control was built by mixing
four engineered cell lines harboring clinically
relevant mutations found in patients with
NSCLC (Supplementary Table 1). Before ship-
ment, each cell line was previously analyzed
and validated by the laboratories of Federico II
University. In brief, nucleic acids were first
evaluated on the pellet samples from each cell
line (Supplementary Fig. 1). Owing to the chal-
lenging management of ‘‘scant’’ RNA samples
and heterogeneous technical approaches avail-
able for RNA testing, RNA-based biomarkers
were additionally tested with an ultra-deep,
long-read third-generation NGS platform (ONT-
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Nanopore, Oxford UK) (Supplementary Mate-
rial). Then, cell block specimens were created
from each cell line by generating formalin-fixed
paraffin-embedded (FFPE) specimens [19]. This
hybrid sampling approach, consisting of histo-
logical and cytological preparations, proved to
be technically feasible and reproducible for this
project. Nucleic acid evaluation was also asses-
sed on cell blocks to verify the impact of sample
preparation on the integrity of nucleic acids. In
addition, molecular analysis was carried out
with our own internal diagnostic workflow.
Next, two independent cell block specimens
were generated from mixed cell lines harboring
all the referenced molecular alterations. A rep-
resentative set of reference specimens from two
independent batches were then internally vali-
dated before shipment to other institutions.
Similarly, nucleic acid purification was carried
out with our internal diagnostic workflow. NGS
analysis was carried out with both semiauto-
mated (Ion S5 system, Thermo Fisher Scien-
tifics) and fully automated NGS platforms
(Genexus, Thermo Fisher Scientifics). Overall,
eight slides (four for DNA and RNA-based

biomarkers, respectively) were distributed to
each participating institution. After that,
molecular analysis was carried out by each par-
ticipating institution according to its internal
diagnostic workflow. Finally, molecular alter-
ations, DNA/RNA quantity (when technically
available), and data reporting were shared with
the coordinating center (Fig. 1).

This study was performed in accordance with
the Helsinki Declaration of 1964 and its later
amendments. Biological material was managed
under the authorization of the Department of
Public Health at the University of Naples Fed-
erico II, Naples. The cell lines used in this study
were reference specimens and were not
obtained from patients at the institutions. As
such, patient informed consent was not appli-
cable for this research. Institutional review
board approval for this type of study on artificial
samples is not required following the specifica-
tion reported by The Italian Data Protection
Authority and the Helsinki Declaration.
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Standard Sample Generation
and Validation

Cell Culture
Four cell lines harboring clinically relevant
molecular alterations found in patients with
NSCLC (Supplementary Table 1) were engi-
neered to create artificial sample slides. In brief,
HCC827 (Cat# CRL-2868) and H358 (Cat# CRL-
5807) cell lines were purchased from the
American Type Culture Collection (ATCC);
HCC78 (Cat# ACC 563) was purchased from the
Leibniz Institute DSMZ—German Collection of
Microorganisms and Cell Cultures GmbH; H596
cell line was kindly provided by Dr. Miguel
Angel Molina-Vila (Laboratory of Oncology,
Pangaea Oncology, Spain). All cell lines were
cultured in RPMI-1640 medium (Cat# 30-2001,
ATCC) supplemented with 10% of inactivated
FBS (fetal bovine serum) (Cat# 30-2020, ATCC),
2 mM glutamine (Cat# TCL012, HiMedia),
100 IU/mL of penicillin (100 IU/mL), and
100 lg/mL of streptomycin (Cat#A001, HiMe-
dia) and maintained within a 5% CO2 incubator
at 37 �C. All cell lines were validated morpho-
logically and routinely tested for the presence of
mycoplasma. Every 2–3 days, cells were split

with trypsin–EDTA solution (Cat# TCL139,
HiMedia) at a recommended splitting ratio. They
were then washed twice in PBS (phosphate buf-
fered saline), harvested via mechanical detach-
ment, and counted in a cell counting chamber
(Bürke). In particular, cells were gently detached
with a rubber scraper. After harvest, all cell ali-
quots were washed in PBS once; then 10 lL of cell
suspension was placed in a cell count chamber;
afterwards, cells were counted in each of the three
large squares. At the end of the procedure, the
average number of viable cells and overall cell
concentration were calculated according to the
following standardized formula:

Cells/ml½ � ¼
X

cells counted in 3 large square=3
h i

� dilution factorð Þ�1�104

DNA and RNA Extraction
DNA was isolated and purified from HCC827
(exon 19 EGFR p.E746_AT50del), H358 (exon 2
KRAS p.G12C), and cell blocks of mixed cell lines
with the QIAamp DNA Mini Kit (Qiagen GmbH,
Hilden, Germany) according to the manufac-
turer’s instructions. In brief, after nucleic acid
extraction and purification, DNA was resus-
pended at - 80 �C until molecular analysis.
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RNA was instead extracted from HCC78
(ROS1-unknown gene fusion), H596 (MET D
exon 14 skipping), and cell blocks of mixed cell
lines by using the All-prep DNA/RNA mini kit
(Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions; then, RNA
extracts were resuspended in 30 lL of nuclease-
free water. The quantity and quality of nucleic
acids were assessed with an automated elec-
trophoresis system (TapeStation 4200, Agilent
Technologies, Santa Clara, California, USA).

Molecular Analysis
After evaluation of nucleic acids, SiReTM and
SiRe fusion panels were applied to Ion S5TM plus
(Thermo Fisher Scientifics) to assess the muta-
tional status on the first cell block according to
the manufacturer’s procedures [20–22].

An independent series of eight slides from a
second cell block was analyzed on a fully auto-
mated NGS platform (Genexus, Thermo Fisher
Scientifics) with the Oncomine Precision Assay
(OPA) panel (Thermo Fisher Scientifics); this
assay covers all the actionable genes in patients
with NSCLC.

RESULTS

Standard Sample Generation
and Validation

Nucleic Acid Extraction
Overall, DNA quantification highlighted com-
parable levels between cell pellet (HCC827
8.9 ng/lL, H358 115.0 ng/lL) and cell block
(HCC827 7.5 ng/lL, H358 145.0 ng/lL) prepa-
rations from corresponding cell lines. In addi-
tion, the DNA integrity number (DIN) of cell
pellet preparations was similar to those of
HCC827-derived and H358-derived cell block
samples (6.9 and 7.9 vs 6.9 and 8.9, respec-
tively). RNA evaluation from HCC78 and H596
samples on TapeStation 4200 (Agilent) revealed
that cell block sampling, but not cell pellet
preparations, affected RNA yield (HCC78,
12.5 ng/lL vs 15.3 ng/lL; H596, 6.3 ng/lL vs
9.5 ng/lL, respectively) and index fragmenta-
tion (2.6 vs 4.0 and 1.6 vs 3.9). Hence, nucleic
acid extraction and qualification of cell block
specimens from mixed engineered cell lines
were conducted. As expected, DNA and RNA

Fig. 1 Schematic representation of study design. Briefly,
after internal validation of standard reference sample at
University of Naples Federico II, a set of eight slides were
distributed to each center. Here, own diagnostic workflow
(from nucleic acid extraction to molecular data

interpretation) was applied. Data were shared with the
coordinating center. MET MET proto-oncogene, receptor
tyrosine kinase, ROS1 c-ros oncogene 1, SLC34A2 solute
carrier family 34 member 2
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yields were consistent with previous data:
[(DNA 8.2 ng/lL, DIN 2.0; RNA 37.2 ng/lL, RIN
1.0) block 1; (DNA 6.1 ng/lL, DIN 2.9; RNA
25.4 ng/lL, RIN 1.0) block 2] (Supplementary
Fig. 2).

Molecular Analysis
NGS analysis was successfully carried out in all
instances. Briefly, adequate technical parame-
ters of DNA and RNA samples were obtained
from semiautomated NGS systems [DNA sam-
ple: number of reads 566,693, mean read length
146, number of mapped reads 565,956, percent
reads on target 99.6%, average reads per
amplicon 13,415, uniformity of amplicon cov-
erage 97.6%); RNA sample: number of reads
365,350, mean read length 117, mapped reads
for SLC34A2(4)-OS1(32) 45,651, mapped reads
for MET D exon 14 3066)]. Likewise, adequate
parameters of DNA and RNA samples were
obtained from fully automated NGS systems
[DNA sample: number of reads 1,966,288, mean
read length 97, number of mapped reads
1,951,334, percent reads on target 95.3%, aver-
age reads per amplicon 6828, uniformity of
amplicon coverage 95.8%; RNA sample: number
of reads 1,591,464, mean read length 101,
mapped reads for SLC34A2(4)-OS1(32) 3327,
mapped reads for MET D exon 14 349] (Table 1).

NGS analysis on two independent cell blocks
from mixed engineered cell lines confirmed all
the molecular alterations found in single-cell
populations, showing no differences between
semiautomated and fully automated NGS plat-
forms (Supplementary Fig. 3A, 3B).

Standard Sample Analysis
Overall, series of eight reference 5-lm slide sets,
generated from previously validated cell block
samples, were successfully shared with all par-
ticipating institutions. Molecular results were
shared with the coordinating institution within
30 working days, as recommended by the study
protocol. Regarding the geographical distribu-
tion of the centers, 14 out of 24 (58.4%) were
located in Northern Italy, 5 out of 24 (20.8%) in
Central Italy, and 5 out of 24 (20.8%) in
Southern Italy. Only one participating institu-
tion (ID#22) (4.2%) was unable to perform the

molecular analysis and to convey the results to
the coordinating center.

Regarding nucleic acids extraction, 21 out of
23 (91.3%) centers successfully carried out DNA
purification, whereas 17 out of 23 (73.9%) par-
ticipating centers successfully performed RNA
extraction. Moreover, DNA and RNA purifica-
tion was performed with manual strategies in 9
out of 21 (42.8%) and in 6 out of 17 (35.3%)
institutions and with automated platforms in
12 out of 21 (57.2%) and in 11 out of 17 (64.7%)
institutions. In a single case, neither DNA nor
RNA purification was performed (ID#23).
Owing to some technical issues, DNA purifica-
tion failed in one automated test-based center.
Furthermore, DNA and RNA quantification was
performed by 20 out of 21 (95.2%) and 15 out of
17 (88.2%) participating institutions. In partic-
ular, a median DNA concentration of 3.3 ng/lL
(range 0.1–10.0 ng/lL) was inspected with
automated systems, whereas a median of
13.4 ng/lL (range 2.0–45.8 ng/lL) was inspected
with manual procedures. Moreover, RNA con-
centrations of 5.7 ng/lL (range 0.2–11.9 ng/lL)
and 9.3 ng/lL (range 0.5–18.0 ng/lL) were
detected in the same settings (Table 2, Fig. 2).

As shown in Fig. 2, manual procedures yiel-
ded higher concentrations than automated
procedures. Center ID#20 yielded higher DNA
concentrations probably because it used all the
available input slides for DNA isolation. More-
over, a comparative analysis between the DNA
and RNA yields obtained either by automated or
manual procedures suggested once more that
manual extraction yields higher DNA concen-
trations (p = 0.038) than automated systems
(Table 3).

However, no statistically significant differ-
ence was observed for RNA extraction (Table 4).

Overall, DNA-based biomarker analysis was
successfully carried out by 22 out of 23 (95.6%)
participating institutions, whereas RNA-based
molecular analysis was achieved in 18 out of 19
(94.7%) centers equipped with all the necessary
technical support; of note, RNA molecular
analysis was successfully carried by ID#13 by
using a fully automated platform without pre-
vious RNA extraction.
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Testing Strategies and Molecular Analysis
For the molecular analyses, participating cen-
ters adopted their own routine diagnostic
method. For DNA-related biomarker testing,
NGS, RT-PCR, and MassArray-based systems
were employed in 14 out of 22 (63.6%), 5 out of
22 (22.8%), and 1 out of 22 (4.6%) institutions,
respectively. Moreover, DNA-based biomarkers
were tested with NGS plus RT-PCR platforms
and pyrosequencing plus RT-PCR in two insti-
tutions (ID#8 and ID#20, respectively). Among
the centers that adopted GS, one institution
(ID#6) used two different NGS systems (hy-
bridization and amplicon-based platforms) to
validate the molecular results, whereas another
institution (ID#5) used a commercially available
NGS panel plus a customized NGS assay. Over-
all, hybridization-based and amplicon-based
NGS systems were adopted in 12 out of 14
(85.7%) and 2 out of 14 (14.3%) participating
centers, respectively. Among the institutions
that implemented RT-PCR-based systems, 3 out
of 5 (60.0%) adopted a semiautomated lyophi-
lized system, whereas 2 out of 5 (40.0%) adop-
ted a fully automated system. Concerning RNA-
based biomarker testing, 7 out of 18 (38.9%)
and 9 out of 18 (50.0%) participating institu-
tions reported using NGS-based and RT-PCR-
based solutions, respectively. Interestingly, two
centers adopted a hybridization-based NGS
system plus a semiautomated RT-PCR platform
either to confirm their molecular results (ID#18)
or to repeat their molecular analysis after failing
with NGS (ID#17) (11.2%). As with DNA-based

biomarkers, one participating laboratory
employed two independent NGS systems (hy-
bridization and amplicon-based platforms) to
carry out RNA-based molecular analysis (ID#6).
Overall, hybridization-based (5 out of 7, 71.4%)
and amplicon-based strategies (2 out of 7,
28.6%) were assessed in the NGS group. More-
over, 2 out of 9 (22.2%) and 7 out of 9 (77.8%)
fully automated and semiautomated automa-
tized lyophilized RT-PCR systems were reported,
respectively (Table 5).

Data Analysis
Overall, KRAS exon 2 p.G12C and EGFR exon 19
p.E746_A750del hotspot mutations were suc-
cessfully detected by all participating institu-
tions. Interestingly, for the detection of KRAS
exon 2 p.G12C, 14 out of 21 (66.6%), 4 out of
21 (19.0%), 1 out of 21 (4.8%), 1 out of 21
(4.8%), and 1 out of 21 (4.8%) institutions
adopted NGS, RT-PCR, NGS plus RT-PCR, Mas-
sArray, and pyrosequencing systems, respec-
tively; instead, for the detection of EGFR
exon 19 p.E746_A750del, 14 out of 22 (63.7%),
6 out of 22 (27.3%), 1 out of 22 (4.5%), and 1
out of 22 (4.5%) adopted NGS, RT-PCR, NGS
plus RT-PCR, and MassArray systems, respec-
tively (Fig. 3). In this regard, the sequencing
platforms yielded median mutant allelic frac-
tion (MAF) values of 29.5% (range 14.0–52.0%)
and 80.3% (range 61.0–92.0%) for KRAS p.G12C
and EGFR p.E746_A750del mutations, respec-
tively. Similarly, RT-PCR-based technologies
yielded a median Ct of 29.9 (range 27.4–35.1)

Table 1 Validation step

Sample Platform Reads Mean
read
length

Number
of mapped
reads

Percent
reads on
target

Average
reads per
amplicon

Uniformity
of amplicon
coverage

Total
mapped
fusion panel
reads

CB_1_DNA S5plus 566,693 146 565,956 99.6% 13,415 97.6% NA

CB_1_RNA S5plus 365,350 117 NA NA NA NA 128,762

CB_2_DNA GENEXUS 1,966,288 97 1,951,334 95.3% 6828 95.8% NA

CB_2_RNA GENEXUS 1,591,464 101 NA NA NA NA NA

Technical parameters from NGS analysis performed on two different platforms at University of Naples Federico II
CB cell block, NA not available
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Table 2 List of DNA and RNA extraction kits used by participating institutions and matched nucleic acids quantification
data

Center
ID

DNA extraction kit DNA
quantification
Yes/No

DNA
ng/
lL

RNA extraction kit RNA
quantification
Yes/No

RNA
ng/
lL

1 Qiaamp DNA Mini kit

(Qiagen)

Yes 3.2 MagCore Total RNA FFPE

One-Step Kit (Diatech

Pharmacogenetics)

Yes 0.5

2 RecoverAllTM Total Nucleic

Acid Isolation Kit for

FFPE. ThermoFisher

Scientific

Yes 2.1 RecoverAllTM Total Nucleic

Acid Isolation Kit for

FFPE. ThermoFisher

Scientific

Yes 7.8

3 EasyPGX Extraction Kit No N/A N/A No RNA

extracted

N/A

4 QIAamp DNA FFPE Tissue

Kit

Yes 2.5 High Pure FFPET RNA

Isolation Kit

Yes 0.6

5 Maxwell RSC DNA FFPE

Kit (Promega)

Yes 1.5 Maxwell RSC RNA FFPE

Kit (Promega)

Yes 10.0

6 Maxwell RSC DNA FFPE

kit_Promega

Yes 1.6 Maxwell RSC RNA FFPE

kit_Promega

Yes 11.9

7 MagCore Genomic DNA

FFPE One-Step Kit

Yes 1.5 MagCore Total RNA FFPE

One-Step Kit

No N/A

8 Maxwell CSC DNA FFPE

kit (estrazione di acidi

nucleici totali)

Yes 2.0 Maxwell CSC DNA FFPE

kit (estrazione di acidi

nucleici totali)

Yes 2.9

9 QIACUBE No DNA

extracted

N/A QIACUBE Yes 8.8

10 Promega Maxwell RSC

DNA FFPE kit

Yes 0.9 Promega Maxwell RSC

RNA FFPE kit

Yes 6.3

11 QIAamp DNA FFPE Tissue

Kit

Yes 8.1 N/A No RNA

extracted

N/A

12 Maxwell CSC System

Promega. kit Maxwell

CSC RNA FFPE

Yes 10.0 Maxwell CSC System

Promega. kit Maxwell

CSC RNA FFPE

Yes 7.6

13 MagCore Genomic DNA

FFPE One-Step Kit

Yes 0.4 N/A No RNA

extracted

N/A

14 Maxwell RSC DNA FFPE

Kit (Promega)

Yes 9.3 Maxwell RSC RNA FFPE

Kit (Promega)

Yes 9.0

15 Maxwell RSC DNA FFPE

Kit (Promega)

Yes 5.4 Maxwell RSC RNA FFPE

Kit (Promega)

Yes 0.4
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and 26.0 (range 24.9–27.5) for the same genetic
alterations. For RNA-related molecular results,
15 out of 16 (93.7%) participating institutions
detected MET exon 14 skipping mutation,
whereas all institutions detected ROS1 gene
fusion using RT-PCR. In addition, 13 out of 18
(72.2%) centers successfully detected both ROS1
rearrangements and MET D exon 14 skipping
alterations. Overall, 7 out of 16 (43.8%), 8 out of
16 (50.0%), 1 out of 16 (6.2%), 5 out of 15
(33.3%), 8 out of 15 (53.4%), and 2 out of 15
(13.3%) institutions adopted NGS, RT-PCR, and
NGS plus RT-PCR systems for the detection of
ROS1 aberrant transcript and MET D exon 14
skipping molecular alterations (Fig. 4). In addi-
tion, in ID#17, RT-PCR was used after NGS
failed to detect MET D exon 14 skipping
molecular alterations. In this regard, NGS

platforms generated median readcounts of
48,647.6 (range 84.0–138,166.0) and 2981.2
(range 37.0–8340.0) for ROS-1 rearrangement
and MET exon 14 skipping, respectively. Simi-
larly, RT-PCR based systems generated a median
Ct of 28.6 (range 25.5–31.1) and 31.8 (range
27.8–35.0) for ROS-1 rearrangement and MET D
exon 14 skipping alterations, respectively.
Moreover, 13 out of 18 (72.2%) institutions also
evaluated MET D exon 14 skipping molecular
alteration on DNA samples. Interestingly, 2 out
13 (15.4%) suggested DNA-based molecular
analysis as an alternative to the RNA testing
strategy (Fig. 5). Of note, 11 centers successfully
detected MET D exon 14 skipping molecular
alteration using both DNA- and RNA-based
detection strategies. In a single case (ID#11),
ROS1 rearrangement was successfully detected

Table 2 continued

Center
ID

DNA extraction kit DNA
quantification
Yes/No

DNA
ng/
lL

RNA extraction kit RNA
quantification
Yes/No

RNA
ng/
lL

16 GeneReadDNA FFPE KIT

QIAGEN

Yes 27.0 Roche FFPET RNA

Isolation Kit

Yes 12.5

17 Qiagen QIAamp DNA

FFPE Advanced UNG

Kit

Yes 9.0 Qiagen RNeasy FFPE kit Yes 18.0

18 MaGCore Nucleic Acid

Extraction Kit

Yes 0.4 MaGCore Nucleic Acid

Extraction Kit

Yes 0.2

19 QIAamp DNA FFPE Tissue

Kit QIAGEN

Yes 9.7 RNA: Rneasy FFPE Kit

QIAGEN

No N/A

20 Mini amp kit FFPE qiagen Yes 45.8 N/A No RNA

extracted

N/A

21 Maxwell RSC FFPE Plus

DNA kit

Yes 0.1 N/A No RNA

extracted

N/A

22 – – – – – –

23 N/D No N/A N/D No N/A

24 MagCore� Genomic DNA

FFPE One-Step Kit

(Codice cartuccia 405)

Yes 6.5 High Pure FFPET kit RNA

Isolation Kit-Roche�
Yes 7.8

N/A not assessed, N/D not defined, FFPE formalin-fixed paraffin-embedded
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without previous RNA-based molecular analy-
sis. A list of additional molecular alterations
reported by the participating institutions is
provided in Supplementary Table 2.

DISCUSSION

Today, biomarker testing plays a pivotal role in
guiding therapy choices for patients with solid
tumors, including NSCLC [23]. However, two

Fig. 2 DNA and RNA concentration by participating center. Scatterplots showing a DNA and b RNA concentration
obtained by each participating center, colored by the extraction method (red, automatic procedure; blue, manual procedure)

Table 3 DNA concentration according to the extraction procedure (automatic or manual)

DNA Automatic (N = 12) Manual (N = 7) Total (N = 19) p value

Median 1.565 8.060 2.490 0.038

Q1, Q3 0.739, 5.675 2.855, 9.355 1.490, 8.530

Range 0.050–0.000 2.049–27.000 0.050–27.000

Table shows median, quartile 1, quartile 3, and range of each category. p value was obtained using Mann–Whitney U test
Q1 quartile 1, Q3 quartile 3, N number

Table 4 RNA concentration according to the extraction procedure (automatic or manual)

RNA Automatic (N = 10) Manual (N = 5) Total (N = 15) p value

Median 6.950 7.800 7.800 0.244

Q1, Q3 1.080, 8.950 7.800, 12.500 1.700, 9.500

Range 0.200–11.900 0.550–18.000 0.200–18.000

Table shows median, quartile 1, quartile 3, and range of each category. p value was obtained using Mann–Whitney U test
Q1 quartile 1, Q3 quartile 3, N number
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Table 5 List of technical platforms and molecular results for each participating institution

Center
ID

DNA analysis DNA mutations MAF% or
Ct

RNA
analysis

RNA mutations Reads count
or Ct

1 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

36.3%

72.2%

22.8%

NGS ROS1 SLC34A2-ROS1

S4:R32

3277 reads

2 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

18.0%

86.5%

5.6%

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

31.9 Ct

29.8 Ct

3 RealTime EGFR Del Ex19 27.5 Ct N/A N/A N/A

4 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

33.3%

84.4%

28.1%

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

32.0 Ct

27.6 Ct

5 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

17.8%

92.0%

6.4%

NGS ROS1 SLC34A2-ROS1

S4:R32

74,380 reads

6 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

15.0%

88.0%

8.0%

NGS MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

8340 reads

138,166 reads

7 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

50.3%

85.8%

8.1%

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

32.5 Ct

27.9 Ct

8 NGS/

RealTime

KRAS p.G12C

EGFR
p.E746_A750del

42.9%/35.2

Ct

72.4%/26.8

Ct

NGS MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

468 reads

6101 reads
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Table 5 continued

Center
ID

DNA analysis DNA mutations MAF% or
Ct

RNA
analysis

RNA mutations Reads count
or Ct

9 N/A N/A N/A RealTime Analysis failed Analysis failed

10 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

14.0%

85.0%

9.0%

NGS MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

5966 reads

96,702 reads

11 NGS KRAS p.G12C

EGFR
p.E746_A750del

ROS1 SLC34A2-

ROS1

16.2%

78.5%

21.0%

N/A N/A N/A

12 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

37.0%

73.6%

24.2%

NGS MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

37 reads

84 reads

13 RealTime KRAS p.G12C

EGFR Del Ex19

29.1 Ct

25.5 Ct

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

30.5 Ct

31.1 Ct

14 RealTime KRAS p.G12C

EGFR Del Ex19

27.4 Ct

24.9 Ct

RealTime ROS1 SLC34A2-ROS1

S4:R32

29.7 Ct

15 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

15.7%

84.3%

6.4%

NGS MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

95 reads

21,823 reads

16 Mass array KRAS p.G12C

EGFR
p.E746_A750del

45.0%

61.0%

RealTime MET D ex14 35.0 Ct

17 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

37.6%

73.6%

22.1%

NGS/

RealTime

MET D ex14 33.3 Ct
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main critical issues hinder the widespread
adoption of biomarker testing in routine clini-
cal practice. A primary limitation is that in a
substantial number of advanced cases of
NSCLC, the diagnostic material is oftentimes
insufficient for molecular testing. A secondary
but equally limiting issue is the considerable
heterogeneity among laboratories in managing
the pre-analytical steps. This factor contributes
to reducing even further the already scarce

availability of diagnostic samples for the iden-
tification of DNA and RNA-based biomarkers
[25, 26]. In this scenario, harmonization of the
analytical procedures is key to achieving timely
and accurate analysis of clinically relevant
biomarkers starting from very challenging
diagnostic specimens [27]. In the present study,
we strove to evaluate interlaboratory perfor-
mance and reproducibility between 24 Italian
laboratories by using a standard reference

Table 5 continued

Center
ID

DNA analysis DNA mutations MAF% or
Ct

RNA
analysis

RNA mutations Reads count
or Ct

18 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

52.0%

86.0%

7.0%

NGS/

RealTime

MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

30.5 Ct

29.0 Ct

19 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

35.4%

72.0%

24.3%

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

33.4 Ct

29.1 Ct

20 PyroSeq/

RealTime

KRAS p.G12C

EGFR Del Ex19

20.0%

N/D

N/A N/A N/A

21 RealTime KRAS p.G12C

EGFR Del Ex19

27.8 Ct

25.2 Ct

N/A N/A N/A

22 – – – – – –

23 RealTime KRAS p.G12C

EGFR Del Ex19

N/D

N/D

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

27.8 Ct

25.5 Ct

24 NGS KRAS p.G12C

EGFR
p.E746_A750del

MET
c.3082 ? 1G[T

14.7%

89.7%

10.3%

RealTime MET D ex14

ROS1 SLC34A2-ROS1

S4:R32

30.8 Ct

27.7 Ct

Ct cycle threshold, KRAS Kirsten rat sarcoma virus, MAF minor allele frequency, MET mesenchymal epithelial transition
factor, N/A not assessed, N/D not defined, NGS next-generation sequencing, RET rearranged during transfection, ROS1
c-ros oncogene 1
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Fig. 3 Pie charts showing the different techniques used for
analysis of DNA a KRAS and b EGFR hotspot mutations.
NGS next-generation sequencing, PyroSeq pyrosequencing,

KRAS Kirsten rat sarcoma viral oncogene homologue,
EGFR epidermal growth factor receptor

Fig. 4 Pie charts showing the different techniques used for
analysis of RNA a ROS1 gene fusions and b MET exon 14
skipping. NGS next-generation sequencing, MET MET

proto-oncogene, receptor tyrosine kinase, ROS1 c-ros
oncogene 1
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specimen built ad hoc for this study. Overall, we
observed no sharp distinction between the
molecular testing approaches employed by the
various participating institutions. In fact, RNA
analysis was feasible in 19 out of 23 institutions,
albeit technically equipped for DNA-based
molecular testing. However, RNA-based molec-
ular analyses appeared to be quite complex
owing to RNA pre-analytical and analytical
procedures, suggesting that well-trained per-
sonnel and technically equipped laboratories
are indispensable to optimize the application of
molecular testing in routine clinical practice.

As regards, purification of nucleic acids is
another crucial factor to ensure accurate iden-
tification of predictive biomarkers [26]. Of note,
we observed that a comparable number of
institutions adopted manual and automated
technical procedures for DNA and RNA purifi-
cation. Regarding extraction efficiency, our
analysis revealed a statistically significant dif-
ference between manual and automated
extraction procedures for DNA-based biomark-
ers (p = 0.038) but not for RNA-based biomark-
ers. These findings highlight that scant and not
easily manageable samples from diagnostic
routine practice could benefit from manual
procedures built on specific technical

parameters. Moreover, we observed no statisti-
cally significant results for RNA-derived
biomarkers owing to the low and non-compa-
rable number of institutions adopting manual
and automated procedures in the RNA analysis
scenario. Interestingly, DNA purification failed
in one institution adopting an automated
purification platform. Accordingly, some stud-
ies suggest that establishing tailored pre-ana-
lytical diagnostic procedures for challenging
samples can improve sample adequacy for
molecular testing [28].

Given the critical limitations of NSCLC
diagnostic specimens, we advance the hypoth-
esis that automated extraction platforms seem
less adaptable to scant diagnostic sample.
Indeed, our findings evidenced that manual
extraction procedures improved DNA/RNA
yields from scant diagnostic specimens (13.4 vs
3.3 ng/lL DNA, 9.3 vs 5.7 ng/lL RNA).

Regarding the types of technical platforms
employed, NGS and RT-PCR platforms were
most commonly used (63.6% vs 22.8% and
56.2–60.0%) for DNA and RNA-derived
biomarkers, respectively. In terms of reference
range, all RT-PCR based institutions (6 out of
22) named EGFR deletion ‘‘delex19’’ in accor-
dance with RT-PCR proprietary software
assignments. To date, identifying and evaluat-
ing the different types of EGFR clinically rele-
vant mutations is crucial as clinical responses to
EGFR tyrosine kinase inhibitors may vary
depending on the type of activating mutation
[29].

Another case in point is the recent approval
of KRAS exon 2 p.G12C hotspot mutation.
Indeed, patients harboring this mutation can
now benefit from p.G12 C-targeted therapies
[30]. However, because of the ever-increasing
number of predictive biomarkers, some tech-
nologies may present some limitations owing to
the small-sized input material available in most
NSCLC cases. For instance, the RT-PCR testing
strategy may fail because of the sequential
analytical procedures required to cover all the
clinically approved biomarkers. For this reason,
in some cases, a ‘‘selection’’ of biomarker tests is
necessary to circumvent the issue of inadequate
amounts of nucleic acids, oftentimes too scarce
to cover all the diagnostically relevant genes

Fig. 5 Bar chart showing the percentage of cases in which
MET exon 14 skipping was detected using DNA-based
technologies, RNA-based technologies, or both. MET
MET proto-oncogene, receptor tyrosine kinase
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[24]. In this context, the implementation of
NGS platforms has proven useful to overcome
these limitations as they can analyze all drug-
gable tumor-specific mutations simultaneously.
Remarkably, another major advantage of this
high-throughput sequencing technology is that
it can successfully analyze molecular biomark-
ers starting from very low concentrations of
nucleic acids, as demonstrated in this study
(ID#9). Interestingly, 14 out of 23 participating
institutions adopting NGS platforms identified
molecular alterations that were not included in
this project. Despite such outstanding analyti-
cal performance, some cases were not ade-
quately profiled. Specifically, these cases were
characterized by limited yields of tumor-derived
nucleic acids (ID#11). Thus, an integrated
diagnostic approach combining RT-PCR and
NGS platforms may represent a robust technical
strategy to identify molecular targets in scant
diagnostic specimens [10]. Accordingly,
orthogonal technologies are required as confir-
matory testing approaches for samples charac-
terized by a low percentage of tumor cells [31].
Similarly, integrating biological matrices in
diagnostic algorithms may help to overcome
clinical limitations (insufficient diagnostic
material) and analytical issues (low sensitive
molecular testing platforms and critical pre-an-
alytical managing steps) [32]. Regarding MET D
exon 14 skipping mutations, studies have
shown that both DNA- and RNA-based approa-
ches can be used to detect these variants in
patients who could benefit from selective MET
inhibitors [33, 34]. Of note, in ID#1 and in five
other institutions, MET D exon 14 skipping was
successfully detected in DNA input material. On
the other hand, RNA was not sequenced
because of the lack of sufficient material; inter-
estingly, the institutions that used both DNA-
and RNA-based approaches reported no statis-
tically significant difference in MET detection
rates (Fig. 5 and Table 5). Of note, in line with
Davies et al.’s results, our findings suggest
implementing DNA as input starting material
when RNA procedures fail owing to poor-qual-
ity RNA. In addition, we found no statistically
significant differences in MET detection rates
between NGS and RTqPCR. This finding should,
however, be further confirmed in larger studies,

as it could have derived from the limited sample
size.

CONCLUSION

Although a limitation of this study is the partial
representation of clinically approved biomark-
ers for the management of patients with
NSCLC, it does provide a brief but informative
overview of the molecular testing strategies
implemented in Italy. Notably, our present
findings suggest that optimizing diagnostic
algorithms by integrating technical platforms
for molecular testing may improve the success
rates of molecular analysis. Moreover, given
that molecular testing procedures may vary
across different laboratories, this study also
suggests that the implementation of artificial
controls in harmonized ring trials could be a
valid tool for evaluating the technical efficiency
of diagnostic workflows across molecular diag-
nostic laboratories. Indeed, our engineered cell
lines harboring known genomic alterations
could be instrumental in validating an ever-
growing number of available molecular plat-
forms both on DNA-based and RNA-based
biomarkers. Finally, further investigation is
warranted to evaluate how pre-analytical and
analytical factors, as well as data analysis, can
influence the molecular analysis of diagnostic
routine samples.
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