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A B S T R A C T

Introduction: ctDNA is a useful tool for NGS molecular profiling in advanced NSCLC patients. Its clinical appli-
cability in patients with gene rearrangements is still limited due to a lower detection rate of these types of al-
terations compared to single SNVs or small indels. To this purpose, we performed a study in two Italian centers to
assess the concordance between tissue and plasma samples in the detection of genes fusions (ALK, ROS, RET) and
METexon14 mutations in advanced NSCLC patients.
Methods: Patients with a histological diagnosis of oncogene addicted (ALK, ROS1, RET positive or METexon14
mutated) advanced NSCLC were enrolled at the time of first line of TKI treatment. Plasma samples were harvested
before the start of TKI treatment and NGS analysis on ctDNA samples using the AVENIO ctDNA Expanded kit was
performed. The Positive Percent Agreement (PPA) between tissue and plasma was calculated.
Results: Fifty-eight rearranged or METexon14 mutated NSCLC patients were included and 57 ctDNA samples were
successfully sequenced. An overall PPA of 37% (21/57) was obtained, with a best performance for RET fusion
(80%), intermediate for METexon14 skipping mutations (40%) and ALK rearranged (36%) and a worst one for
ROS1 rearranged samples (18%). We found TP53, APC and SMAD4 as most prevalent co-mutated genes (21%,
12% and 10% of patients, respectively). Among different factors considered, increased driver detection rate in
patients with extra-thoracic metastases (p ¼ 0.0049) was observed. Significantly shorter survival was observed in
patients harboring co-occurring KRAS/NRAS mutations in ctDNA.
Conclusions: ctDNA testing to detect oncogenic fusions or METexon14 mutations in advanced NSCLC patients is
useful, even if type of gene alterations and clinical characteristics could influence the driver detection rate. Liquid
biopsy represents a complementary tool to tissue genotyping, however more sensitive approaches for gene fusions
and METexon14 detection are needed to implement its strength and reliability.
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1. Introduction

Lung cancer is the first cause of cancer-related death in the
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Abbreviations

(NSCLC) Non-small Cell Lung Cancer
(EGFR) Epidermal Growth Factor Receptor
(BRAF) B-Raf proto-oncogene,
(KRAS) Kirsten Rat Sarcoma Virus
(HER2) Human Epidermal Growth Factor Receptor 2
(MET) exon14 mutations MET proto-oncogene
(ALK) Anaplastic lymphoma kinase
(ROS1) c-ros oncogene 1 receptor tyrosine kinase
(NTRK) neurotrophic tyrosine kinase receptor
(RET) rearrangementsRearranged in transfection;
(PD-L1) Programmed death-ligand 1
(ESMO) European Society for Medical Oncology
(IASLC) International Association for the Study of Lung Cancer
(ctDNA) circulating tumor DNA
(cfDNA) cell-free DNA
(FDA) Food and Drug Administration
(GCP) Good Clinical Practice
(ctRNA) circulating tumor RNA

(TKI) Tyrosine Kinase Inhibitor
(BCL) Binary Base Call
(CNVs) Copy; Number Variations
(rt-PCR) real time-PCR
(PPA) Positive Percent Agreement
(PFS) Progression-Free Survival
(OS) Overall Survival
(ECOG) Eastern Cooperative Oncology Group
(PS) Performance Status
(SRV) Splice Region Variants
(AF) Allele Frequency
(mAF) mean AF
(SNVs) Single Nucleotide Variations
(TP53) Tumor Protein p53
(APC) Adenomatous Polyposis Coli
(SMAD 4) Mothers against decapentaplegic homolog 4
(NRAS) Neuroblastoma RAS viral oncogene
(TF) Tumor Fraction
(cfRNA) cell-free RNA
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industrialized countries [1]. Over the past decade, lung cancer treatment
landscape has substantially evolved due to introduction of immuno-
therapy and target therapy. In order to tailor treatment, increasing mo-
lecular information are necessary in advanced non-small cell lung cancer
(NSCLC) patients. Indeed, European Society for Medical Oncology
(ESMO) guidelines currently recommend testing at least Epidermal
Growth Factor Receptor (EGFR), B-Raf proto-oncogene (BRAF), Kirsten
Rat Sarcoma Virus (KRAS), Human Epidermal Growth Factor Receptor 2
(HER2) and MET proto-oncogene (MET) exon14 mutations, Anaplastic
lymphoma kinase (ALK), The c-ros oncogene 1 receptor tyrosine kinase
(ROS1), neurotrophic tyrosine kinase receptor (NTRK), Rearranged in
transfection (RET) rearrangements and Programmed death-ligand 1
(PD-L1) expression levels in non-squamous advanced NSCLC and in
young and/or never smoker patients with squamous histology [2].

Currently, tissue biopsy is the gold standard for diagnosis and mo-
lecular profiling in lung cancer, even if the material obtained from an
invasive procedure could be inadequate or not sufficient for a complete
molecular characterization. To overcome these limitations, liquid biopsy,
defined as a minimally invasive technique allowing the detection, anal-
ysis and monitoring of cancer from different biofluids, could be a valid
alternative. Plasma circulating tumor DNA (ctDNA), which corresponds
to the tumoral fraction out of the total circulating-free DNA (cfDNA), is
the most exploited analyte as clinical biomarker and its use has shown to
improve the management of advanced NSCLC patients [3,4]. Based on
these considerations, analysis of ctDNA is now recommended by the In-
ternational Association for the Study of Lung Cancer (IASLC) when the
tissue samples are unavailable, insufficient, or inadequate for a complete
molecular profiling [5].

Next generation sequencing (NGS) that allows to simultaneously
investigate the main classes of molecular alterations represents the
standard technique for lung cancer molecular characterization and is
applicable both on tissue and plasma/liquid samples [6,7]. In particular,
in 2020, US Food and Drug Administration (FDA) approved two diag-
nostic Good Clinical Practice (GCP) ctDNA-based NGS tests for clinical
practice: Guardant360® CDx (Guardant Health, Palo Alto, CA, USA) and
FoundationOne® Liquid CDx (Foundation Medicine, Cambridge, MA,
USA) [8,9].

Despite substantially increased NGS testing of ctDNA in advanced
NSCLC, data on its clinical applicability in detection of gene rearrange-
ments are limited. NGS detection of gene rearrangements and
2

METexon14 mutations presents specific technical challenges, in partic-
ular in case of liquid biopsy and with samples with low ctDNA compared
to cfDNA [10]. Considering that rearrangement breakpoints can occur
inside intronic regions, the use of circulating tumor RNA (ctRNA) would
perhaps be more appropriate, but its low amount and quality issues limit
its exploitation in the diagnostics setting.

Considering this context and the growing use of NGS in lung cancer
liquid biopsy in clinical practice, we proposed with this study to inves-
tigate the concordance between tissue and plasma samples in the
detection of ALK, ROS1 and RET rearrangements and METexon14 mu-
tations in advanced NSCLC patients.

2. Materials and methods

2.1. Patients and plasma samples collection

We conducted a study including advanced NSCLC patients harboring
a fusion of ALK, ROS1 or RET genes or METexon14 gene mutations
detected on tumor tissue sample. Patients were prospectively enrolled in
the DYNAMIC and LiMoRe studies performed by University Hospital of
Parma (Parma, Italy) from November 2015 to August 2023 and in the
ARMONY study promoted by Veneto Institute of Oncology (IOV, Padova,
Italy) from December 2019 to July 2023. These studies were designed to
investigate liquid biopsy in advanced NSCLC and, for the present anal-
ysis, the cohorts from the two Italian centers were merged. Eligibility
criteria included confirmed histological diagnosis of advanced NSCLC
with a driver oncogene fusion (ALK, ROS1 and RET) or with aMETexon14
mutations detected in tumor tissue biopsy as per diagnostic routine and
the enrollment at the time of first-line of specific Tyrosine Kinase In-
hibitor (TKI) treatment. Patients’ informed consent was obtained before
enrollment in each study. All studies approved by Ethical Committee
were conducted in accordance with the precepts of the Helsinki
declaration.

Liquid biopsy was obtained for each patient before starting the TKI
treatment and 20 mL of blood were collected into EDTA tubes at Uni-
versity Hospital of Parma or in Cell-Free DNA Blood Collection Tubes
(cfDNA BCT; Streck Corporate, La Vista, NE, USA) at Veneto Institute of
Oncology. Plasma was separated within 2 h from collection for EDTA or
24–72 h for cfDNA BCT tubes and stored at �80 �C until cfDNA
extraction.
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2.2. Extraction of cfDNA and assessment of its quantity and quality

In both centers cfDNA extraction was performed starting from 2.5 to
5 mL of plasma using the AVENIO cfDNA Isolation Kit (Roche Di-
agnostics, Basel, Switzerland), following manufacturer's instructions.
cfDNA concentration was measured using the Qubit dsDNA High Sensi-
tivity Assay Kit with Qubit 4 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA). cfDNA quality was determined using the cfDNA
ScreenTape Assay with the Agilent 4200 TapeStation (Agilent Technol-
ogies, Santa Clara, CA, USA).
Table 1
Patients’ main characteristics.
2.3. cfDNA sequencing with the AVENIO ctDNA expanded kit

NGS libraries were prepared starting from 10 to 50 ng of input cfDNA,
using the AVENIO ctDNA Expanded kit (77 genes; Roche Diagnostics,
Basilea, CHE), as described in the manufacturer's protocol. Final indi-
vidual libraries were quantified with Qubit dsDNA HS Assay kit, and
quality was determined using the Agilent High Sensitivity D1000
ScreenTape Assay with the Agilent 4200 TapeStation system. We pooled
together 4 or 8 libraries and sequencing was performed using the Next-
Seq 500/550Mid Output v2 kit (300 cycles) for a pool of 4 libraries or the
NextSeq High Output kit (300 cycles) for a pool of 8, in paired-end mode
(2 � 151 cycles).
Clinicopathological variables Patients (n ¼ 58) n (%)

Age, years 64 (30–85)
Sex
Male 21 (36.2)
Female 37 (63.8)

Smoking status
Current 7 (12.0)
Former 17 (29.3)
Never 34 (58.7)

ECOG PS
0 24 (41.3)
1 25 (43.1)
2 9 (15.6)

Stage at diagnosis
II 2 (3.4)
III 11 (19.0)
2.4. NGS data analysis

Binary Base Call (BCL) files obtained from sequencing were sorted by
index, aligned to human genome assembly hg38 and gene variants, fu-
sions and copy number variations (CNVs) were called using the AVENIO
ctDNA analysis software 2.0 (Roche Diagnostics). Variants present in the
population database (1000 genomes) with allelic frequency >1%, syn-
onymous variants and intronic variants were filtered out. Remaining
variants were searched manually using Varsome Premium and classified
according to ACGM and AMP score [11]. Only pathogenic, likely path-
ogenic and variants of unknown significance (VUS) were considered for
this study.
IV 45 (77.6)
N. of Metastatic sites involved
�3 34 (58.6)
>3 24 (41.4)

N. of previous lines of therapy
<1 45 (77.6)
� 1 13 (22.4)

Driver alteration
ALK 37 (63.9)
ROS-1 11 (18.9)
RET 5 (8.6)
METexon14 5 (8.6)

Type of Molecular Testing (overall population)
IHC 30 (51.7)
FISH 9 (15.6)
2.5. Molecular diagnosis on tissue specimens

Tissue molecular characterization was performed as per diagnostic
routine at the Pathological.

Anatomy Units of University Hospital of Parma and Veneto Institute
of Oncology (IOV) using different methods such as immunohistochem-
istry, FISH, Sanger Sequencing, NGS and real time PCR (rt-PCR), allowing
to investigate all the clinically relevant molecular alterations including
EGFR, BRAF, KRAS, HER2 and METexon14 mutations, and ALK, ROS1,
NTRK, RET rearrangements.
rtPCR 10 (17.2)
NGS 7 (12.1)
Sanger Sequencing 2 (3.4)

Type of Molecular Testing (by driver alteration)
IHC ALK (28/30); ROS1 (2/30)
FISH ALK (1/9); ROS1 (7/9); RET (1/9)
rtPCR ALK (7/10); RET (1/10); METexon14 (2/10)
NGS ALK (1/7); ROS1 (2/7); RET (3/7);METexon14 (1/7)
Sanger Sequencing METexon14 (2/2)

Drug administered
Alectinib 32 (55.2)
Crizotinib 19 (32.7)
Selpercatinib 3 (5.3)
Entrectinib 2 (3.4)
Pralsetinib 1 (1.7)
Capmatinib 1 (1.7)

ECOG PS: Eastern Cooperative Oncology Group Performance status; IHC,
Immunohistochemistry; FISH, Fluorescence in-situ hybridization; rtPCR, real-
time PCR; NGS, Next Generation Sequencing; TKI, Tyrosine Kinase inhibitor.
2.6. Statistical analysis

Statistical analyses were performed using GraphPad Statistical Soft-
ware Version 9.5.0 (GraphPad Software, Boston, MA, USA) and Jamovi
Statistical Software Version 2.3 (Sydney, Australia). Fisher's exact test
and Mann-Whitney nonparametric test were used to examine the dif-
ferences in categorical variables. Correlations between pre-analytical
factors were calculated through Spearman correlation's test. Positive
percent agreement (PPA) of NGS results between tissue and plasma was
calculated. Median Progression-Free Survival (PFS) and Overall Survival
(OS) were calculated using the Kaplan-Meier method and Cox's propor-
tional hazards model. 95% CI was calculated with the Wald test. Differ-
ences in survival between groups were determined by Log rank test. All p-
values were two sided and p < 0.05 was considered to indicate a statis-
tically significant difference.
3

3. Results

3.1. Patients characteristics

From November 2015 to August 2023 58 patients affected by locally
advanced or metastatic oncogene addicted (ALK, ROS1 or RET positive or
METexon14 mutated) NSCLC were enrolled. Median age was 64 years
(30–85). The majority of patients was female (63.8%) and never smoker
(58.7%). Forty-nine (84.4%) patients had Eastern Cooperative Oncology
Group (ECOG) Performance Status (PS) 0–1. At diagnosis, the stage of
disease was advanced in 45 (77.6%) patients and the number of meta-
static sites was more than three in 24 (41.4%) patients.

The tissue known driver alterations were: ALK rearrangements (37/
58 patients; 63.9%), ROS1 rearrangements (11/58 patients; 18.9%), RET
fusions (5/58 patients; 8.6%), METexon14 mutations (5/58 patients;
8.6%). Most patients (77.6%) received a target therapy as first-line
treatment for advanced disease. ALK positive patients were treated
with Alectinib in 31 cases and Crizotinib in 6; ROS1 positive patients
were treated with Crizotinib in 9 cases and Entrectinib in 2; RET positive
patients were treated with Selpercatinib in 3 cases and Pralsetinib or



M. Verz�e et al. The Journal of Liquid Biopsy 4 (2024) 100143
Alectinib in 2;METexon14mutated patients were treated with Crizotinib
in 4 cases and Capmatinib in 1. More details are summarized in Table 1.

3.2. cfDNA extraction and sequencing performances

All the 58 patients enrolled were included in the NGS analysis for the
determination of the driver mutation detection rate through liquid bi-
opsy. All cfDNA libraries were suitable at qualitative and quantitative
controls evaluation.

cfDNA was extracted from an average volume of 4.3 mL (range
2.5–5 mL) of plasma, allowing to obtain on average 27.1 ng per mL of
concentration (range 4.3–135 ng per mL). The average total isolated
cfDNA mass obtained was 117.2 ng and the average cfDNA input was
43.0 ng (range 9.5–50 ng). We always used the maximum input when
available, in 53% of cases input cfDNA was 50 ng (32/58), in 91% of
cases input was above 20 ng (53/58). On average, 34.5 million reads
were generated from each sample, and the number of reads ranged be-
tween 19 and 53 million. The mean sequencing depth was 12,030 (range
6330–17,980). Reads that mapped on target region, defined as target
rate, was on average 66.9%. Median unique depth, meaning the depth of
unique sequenced DNA fragments, that is, with duplicates removed, was
a mean of 5197 unique reads per sample. Theoretical sensitivity or the
probability of detecting a variant molecule at the limit of detection (0.5%
Allele Frequency) was a mean of 100% across all samples.

3.3. Analysis of positive percent agreement between plasma and tissue
specimens

Since all patients in the study population were positive for an onco-
genic fusion or METexon14 mutation tested on tissue specimens, only
PPA was evaluated. To perform the PPA analysis between plasma and
tissue samples, we sequenced plasma samples obtained from the rear-
ranged or METexone14 mutated patients included in the study. All liquid
biopsy specimens were harvested prior to the administration of the first-
line therapy with a TKI. Fifty-seven out of 58 (98%) samples were suc-
cessfully sequenced and analyzed. Only one sample was excluded from
the analysis because library sequencing failed. Results are summarized in
Table 2.

Considering the overall cohort, we found a PPA of 37% (21 out of 57
samples) between plasma and tissue samples (Fig. 1A). When each gene
was considered, the PPA was 36% (13/36) for ALK-rearranged, 18% (2/
11) for ROS1-rearranged, 80% (4/5) for RET-rearranged tumors and 40%
(2/5) for patients with METexon14 skipping mutations (Fig. 1B).

In our cohort, 47 out of 57 (82%) samples presented at baseline with
at least 1 co-mutation; median number of co-alterations detected was 2
(range 1–9) with a median of 0.27 of allele frequency (AF) percentage.
Neither the presence of co-mutations nor the mean AF (mAF) percentage
differed between detected and not detected groups (p ¼ 0.7300 and
p ¼ 0.4442, respectively; Fig. 2A and B).

The most prevalent co-mutated gene was Tumor Protein p53 (TP53)
(12/57; 21%), followed by Adenomatous Polyposis Coli (APC) (7/57;
12%) and SMAD family member 4 (SMAD4) (6/57; 10%). Samples with
TP53 gene co-mutation belonged mostly to detected group (p ¼ 0.0154;
Fig. 2C).

3.4. Correlations between driver detection performance and pre-analytical
and clinical factors

In order to establish if some of the pre-analytical parameters could
influence the performance of the driver detection, we performed a cor-
relation analysis to verify these hypotheses into our cohort. Firstly, we
speculated that the driver detection rate could be potentially affected by
the total amount of cfDNA used for library preparation, but we did not
see any statistically significant difference (p ¼ 0.056; Fig. 3A).

Furthermore, we assessed whether the timing between plasma sam-
ples storage and NGS analysis had an impact on driver detection
4

performance; to this purpose, we empirically set out a twelve-month cut-
off. Also, this pre-analytical parameter did not seem to influence driver
detection performance (p > 0.9999; Fig. 3B).

Moreover, we also considered some clinical factors such as previous
non-TKI therapy, the best tumor response to TKI, type (lung, liver, bone,
brain) and number (less than 3 or greater than 3) of metastatic sites, the
presence of intra-/extra-thoracic metastasis and evaluated whether they
had an impact on driver detection rate. All statistical analyses are sum-
marized in Table 3. Among these, only the presence of extra-thoracic
disease seemed to have a positive impact on the driver detection
(p ¼ 0.0049. Fig. 3C and D).

No statistically significant differences in PFS and OS were found ac-
cording to driver detection in plasma (Fig. 4A and B).

Among baseline co-alterations, TP53 mutation was associated with a
statistically significant shorter median PFS (TP53 mutation Yes vs No:
14.0 vs. 23.6 months; p¼ 0.047; Fig. 4C) and a trend in median OS (TP53
mutation Yes vs. No: 22.7 vs 72.3 months; p ¼ 0.076; Fig. 4D). Inter-
estingly, we found that co-mutations in KRAS or Neuroblastoma RAS
viral oncogene (NRAS) genes were associated with a shorter median PFS
(median PFS KRAS/NRAS mutations Yes vs No: 2.6 vs. 22.3 months;
p ¼ 0.009; Fig. 4E) and OS (median PFS KRAS/NRAS mutations Yes vs
No: 5.7 vs. 72.3 months; p < 0.001; Fig. 4F).

4. Discussion

Oncogenic fusions of ALK, ROS1 and RET genes and mutations of
METexon14 are actionable alterations in advanced NSCLC and specific
TKIs for these targets are available in clinical practice [12,13].

Liquid biopsy is a safe, easy-to-collect and fast alternative to tissue
sample analysis for both gene mutation as well as gene fusion detection
[5]. Several studies supported the use of liquid biopsy in EGFR mutated
NSCLC, where paired tissue-plasma analysis demonstrated high reli-
ability, expressed in terms of sensitivity and concordance rate [14].
Based on the positive results obtained by liquid biopsy in EGFR mutated
NSCLC also by our groups [15,16], considering the growing use of NGS in
lung cancer liquid biopsy and the limited evidence about the sensitivity
of detection of gene fusions and METexon14 mutations in ctDNA, we
conducted three independent studies in Parma and Padova Oncological
centers (DYNAMIC, LiMoRe and ARMONY, respectively). These studies
aimed to evaluate the PPA between tissue and plasma samples in the
determination of these genetic alterations in advanced NSCLC patients.

We collected plasma samples from 58 tissue confirmed ALK, ROS1 or
RET positive and METexon14 mutated NSCLC patients before the start of
the first TKI treatment. We successfully sequenced 57 out of 58 (98%)
ctDNA samples and the driver alteration was detected in 37% of patients,
with a different performance according gene fusions/mutations. The
worst performance was observed for ROS1 (18%) and the best one for
RET (80%). ROS1-fusions are considered very difficult to capture through
molecular approaches in ctDNA-based liquid biopsy, possibly due to the
genomic coordinate features. In fact, ROS1 fusions involve long intronic
regions or repetitive sequences, limiting the detection power; moreover,
breakpoints often occur in novel sequences brought in by DNA repair
processes. Several strategies were identified in order to enhance the
detection of gene fusion such as the increase of the probe coverage of the
most common fusion partner genes, the inclusion of extensive tiling of
introns and the creation of more optimized bioinformatics pipeline for
calling this fusion [17]. Notably, ctDNA-based NGS results from RET
positive patients revealed a PPA of 80%, which is higher compared to
other fusions. At the best of our knowledge, there are no published data
that confirm the superiority of RET compared to other oncogenic fusions,
in terms of driver detection strength. Interestingly, in our cohort RET
positive patients presented with high disease burden and extra-thoracic
metastasis, at the time of study enrollment, probably resulting in an
increased ctDNA shedding. Given the low frequency of this driver
alteration and the limited number of patients included in our study, no
further conclusions are possible. In patients with ALK rearrangements



Table 2
Plasma NGS results.

Patients ID Driver Alteration Co-mutated genes Coding Change Exon Number Amino Acid Change % Allele Frequency/CNV score*

ALK-1 – SMAD4 c.380G > T 3 p.C127F 0.22%
MSH6 c.4054 A > T 10 p.K1352a 0.16%

ALK-2 ALK (20):EML4 (13) -
ALK-3 – TP53 c.488 A > G 5 p.Y163C 0.15%

PIK3CA c.2974C > T 21 p.R992a 2.66%
MTOR c.7501 A > T 56 p.I2501F 0.15%
BRAF c.1003 T > A 8 p.S335T 0.09%
MAP2K1 c.546G > C 5 p.E182D 0.10%

ALK-4 – APC c.4901C > G 16 p.P1634R 0.41%
FGFR2 c.910G > A 7 p.D304 N 0.17%
RB1 c.2068A > T 20 p.N690Y 0.10%

ALK-5 – -
ALK-6 – MAP2K2 c.158G > A 2 p.R53Q 0.27%

BRCA2 c.6859 A > G 12 p.R2287G 0.29%
ALK-7 ALK (20):EML4 (14) -
ALK-8 ALK (20):EML4 (14) TP53 c.659 A > G 6 p.Y220C 0.29%

GNAS c.605G > A 8 p.R202H 0.59%
ALK-9 ALK (20):EML4 (13) IDH1 c.401C > A 4 p.A134D 0.05%

APC c.1176C > G 10 p.H392Q 51.56%
ALK-10 – KRAS c.38G > A 2 p.G13D 2.86%

MTOR c.5664C > G 40 p.F1888L 0.07%
STK11 c.977 T > C; 8 p.W308a 1.52%
FLT4 c.923G > A 7 p.I326T 0.07%

ALK-12 – -
ALK-13 – NRAS c.35G > A 2 p.G12D 0.18%
ALK-14 – SMAD4 c.1516G > A 12 p.V506 M 0.11%
ALK-15 – PTEN c.388C > G 5 p.R130G 0.21%

BRCA2 c.8351G > A 19 p.R2784Q 42.76%
CCND1 c.161C > G 1 p.P54R 48.01%
KDR c.1052C > A 8 p.P351H 0.08%
MTOR c.6790G > A 48 p.E2264K 0.18%
RET c.122 A > G 2 p.Y41C 0.07%

ALK-16 ALK (20):EML4 (13) TP53 c.1025G > C 10 p.R342P 0.31%
PTEN c.574C > T 6 p.Q192a 4.03%
CDKN2A c.994-1G > C 1 -p.D24Y 0.23%
CCND3 c.70G > T 2 p.A128T 6.79%
BRCA2 c.382G > A 3 p.L152V 46.69%

c.454C > G 25 p.G3153A 0.13%
c.9458G > C 55.27%

ALK-17 – PTEN c.316G > T 5 p.E106a 0.17%
ALK-18 – CCND2 c.377 A > G 2 p.Y126C 1.26%

FGFR2 c.607C > T 5 p.R203C 0.09%
ALK-19 – -
ALK-20 – FLT3 c.2505 T > A 20 p.D835E 0.02%

GNAS c.605G > A 8 p.R202H 0.11%
KIT c.2286G > T 16 p.L762F 0.14%
MET c.3730G > T 19 p.A1244S 0.17%
SMAD4 c.788-2 A > G – 0.08%

ALK-21 ALK (20):EML4 (13) ALK c.3172þ4 A > T 16 -p.A1571Y 0.09%
APC c.4711G > T 7 p.I254F 0.12%
TP53 c.760 A > T 4 p.E152Q 0.08%
CD274 c.454G > C 22 p.D1002Y 47.68%
PDGFRA c.3004G > T 47.27%

ALK-22 ALK (20):EML4 (13) AR c.2134C > G 4 p. Q712E 0.1%
BRCA1 c.2051C > A 10 p. P684Q 0.11%
ROS1 c.5824C > T 36 p.R1942W 46.40%

ALK-23 – SMAD4 c.842C > A 7 p.P281H 0.09%
ALK-24 – TP53 c.748C > T 7 p.P250S 0.15%

PDGFRA c.287G > A 3 p.G96E 0.32%
AR c.1174C > T 1 p.P392S 47.49%

ALK-25 – -
ALK-26 ALK (20):EML4 (13) CDKN2A c.238C > T 2 p.R80a 0.42%

PIK3CA c.3132 T > A 21 p.N1044K 0.05%
PITCH1 c.3080G > T 18 p.W1027L 0.09%
TP53 c.536 A > G 5 p.H179R 0.13%

ALK-27 ALK (20):EML4 (6) AR c.1279C > G 7 p.P427A 0.23%
ABL1 c.1235 A > T 1 p.T412F 0.05%

ALK-28 – KIT c.2347C > G 16 p.L783V 0.03%
ALK-29 – APC c.2701C > T 16 p.Q901a 0.3%

BRAF c.1906C > T 16 p.Q636a 0.36%
CTNNB1 c.110C > T 3 p.S37F 0.07%
MAP2K1 c.479G > A 4 p.R160K 0.43%
MSH2 c.778G > A 4 p.E260K 0.40%
PIK3CA c.842C > T 5 p.E281K 0.21%

(continued on next page)
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Table 2 (continued )

Patients ID Driver Alteration Co-mutated genes Coding Change Exon Number Amino Acid Change % Allele Frequency/CNV score*

SMO c.859G > T 5 p.G287a 0.1%
c.1093G > A 6 p.E365K 0.05%
c.920C > T 4 p.T307I 46.34%

ALK-30 ALK (20):EML4 (6) KIT c.2237C > T 16 p.S746L 0.13%
ALK-31 – CFS1R c.121C > T 3 p.R41a 0.14%

TSC2 c.217G > T 3 p.G73W 0.17%
CCND2 c.316 A > G 2 p.M106V 46.90%
CSF1R c.2760G > C 21 p.E920D 43.72%

ALK-32 ALK (20):EML4 (6) APC c.646C > T 7 p.R216a 0.36%
ALK-33 ALK (20):EML4 (13) APC c.6404 T > A 16 p.I2135 N 0.39%
ALK-34 ALK (20):EML4 (13) ARAF c.949G > A 10 p.G317R 11.33%

RB1 c.764G > A 8 p.R255Q 25.91%
ERBB2 c.931 T > C 8 p.C311R 0.03%
KIT c.2312G > T 16 p.S771I 0.08%
SMAD4 c.770C > G 6 p.P257R 0.05%

ALK-35 – EGFR c.2573 T > G 21 p.L858R 60.87%
BRCA1 -c.3616G > A 10 amplification 8.39
CDK6 c.631G > C 5 p.A1206T 0.55%
JAK3 c.1569G > T 11 p.E211Q 0.13%
NRAS c.191 A > G 3 p.W523C 0.06%
PIK3CA c.35G > A 2 p.Y64C 0.25%
VHL c.1333C > A 8 p.G12D 0.25%

c.626 A > T 3 p.L445I 0.05%
p.Q209L 0.26%

ALK-36 – KRAS c.34G > T 2 p.G12C 0.31%
ALK-37 – NFE2L2 c.85G > A 2 p.D29 N 0.33%

BRCA1 c.2578 A > G 10 p.T860A 0.07%
EGFR c.2996G > A 25 p.R999H 0.08%
APC c.1220 T > G 10 p.L407R 0.08%

ROS-1 – JAK2 c.1849G > T 14 p.V617F 0.34%
CSF1R c.1237G > A 9 p.G413S 47.20%

ROS-2 – PIK3CA c.1088G > C 6 p.G363A 0.16%
ROS-3 ROS1(34):CD74 (6) TP53 c.833C > T 8 p.P278L 3.17%

SMAD4 c.988G > A 9 p.E330K 3.11%
FBXW7 c.529G > A 3 p.E177K 1.86%
CCND2 c.275C > T 2 p.P92L 2.72%
AR c.1904T > C 4 p.L635P 0.60%

ROS-4 – SMO c.2314C > T 12 p.R772C 46.04%
ROS-5 – FLT1 c.3104 T > C 23 p.V1035A 0.07%

BRCA2 c.9976 A > T 27 p.K3326a 47.25%
ROS-6 ROS1(34):CD74 (6) MET c.3082þ2 T > A 14 -p.A344V 0.04%

FGFR2 c.1031C > T 8 0.39%
ROS-7 – BRCA1 c.1718C > T 10 p.S573L 48.54%
ROS-8 – ALK c.3271G > A 20 p.D1091 N 0.06%

FLT1 c.3271G > A 19 p.E865G 0.12%
ROS-9 – -
ROS-10 – MSH2 c.2635-3C > T 8 -p.R280T 1.03%

TP53 c.839G > C 6 p.R213a 0.62%
STK11 c.637C > T 9 p.K319 N 0.94%
ALK c.957G > C 5 p.D207H 0.43%
PTEN c.619G > C 6 -p.H196 N 0.99%

c.1414þ1G > A 0.21%
c.586C > A 0.33%

ROS-11 – CDKN2A c.358G > T 2 p.E120a 0.28%
FGFR1 c.802G > A 7 p.G268S 0.29%
PTEN c.968dupA 8 p.N323fs 0.12%

RET-1 KIF5B(15):RET (12) FBXW7 c.671G > A 4 p.R224Q 0.08%
RET-2 RET (12):ERC1 (8) TP53 c.469G > T 5 p.V157F 16.33%

CDK4 c.71G > T 2 p.R24L 16.24%
RET-3 – -
RET-4 KIF5B(23):RET (12) -
RET-5 KIF5B(15):RET (12) ESR1 c.1712C > T 10 p.A571V 1.01%

FGFR1 c.1397C > T 11 p.A466V 0.70%
TP53 c.524G > A 5 p.R175H 23.24%
RET c.991C > T 9 p.Q331a 23.55%
MSH2 c.2533G > T 14 p.A845S 21.32%
FLT1 c.46G > T 1 p.E16a 24.20%
KEAP1 c.2749C > G 20 p.L917V 19.29%
KIT c.482 T > G 2 p.M161R 33.25%

c.2614G > C 19 p.G872R 31.82%
METex14-1 MET exon 14 p.D1028H MET c.3082G > C 14 p.D1028H 0.06%

PMS2 c.2324 A > G 14 p.N775S 5.43%
METex14-2 – TP53 c.578 A > G 6 p.H193R 0.08%

RB1 c.1597G > T 17 p.E533a 0.17%
CSFR1 c.2320-3C > A – 0.13%

METex14-3 MET exon 14 c.3082þ3 A > G MET c.3082þ3 A > G 14 -p.Y236C 0.35%

(continued on next page)
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Table 2 (continued )

Patients ID Driver Alteration Co-mutated genes Coding Change Exon Number Amino Acid Change % Allele Frequency/CNV score*

TP53 c.707 A > G 7 p.R552a 0.52%
RB1 c.1654C > T 17 p.K447I 0.91%
ESR1 c.1340 A > T 1 -p.E341a 0.13%
PIK3R1 c.*109 T > A 9 – 0.09%
ROS1 c.1021G > T 1 0.56%

c.124-2 A > G 0.07%
METex14-4 – -
METex14-5 – PMS2 c.2324 A > G 14 p.N775S 8.39%

SRV, splice region variant; CNV, copy number variation.
a The CNV score is a statistical summary of a called amplification that takes into account the log2 ratio to normal copy number and the standard error of that estimate.

Fig. 1. PPA between tissue and plasma samples. A) Concordance analysis in the overall cohort. B) Concordance analysis grouped by specific gene. D, driver
alteration detected; ND, driver alteration not detected.

Fig. 2. Impact of co-alterations and allele fre-
quency on driver detection performance. A) Mann-
Whitney test between co-alterations status at baseline
and driver detection performance. B) Mann-Whitney
test between mAF% per sample and driver detection
performance. C) Fisher's exact test considering the
effect of TP53 co-altered gene on driver detection
performance. Significant values are reported when
p < 0.05. D, driver alteration detected; ND, driver
alteration not detected; mAF, mean allele frequency.
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detected through blood-based NGS, encouraging results from the BFAST
study paved the way for the clinical utility of ctDNA-based NGS in
ALK-positive NSCLC patients [18].

Overall, our results are consistent with already published data, in
which detection rate of gene rearrangements is lower (range 0–70.5%) in
ctDNA samples, compared to other DNA-based alterations [17,19–25]. In
order to explain this difference in sensitivity we should look beyond the
shedding status. Indeed, several plasma samples of our cohort displayed
somatic single nucleotide variants (SNVs) in the absence of the oncogenic
7

fusion, suggesting impaired sensitivity, specifically for the oncogenic
fusion and METexon14 mutations and not for DNA point mutations. Our
results are in line with the study of McCoach et al., which identified ALK
resistance mutations without ALK fusion detection, using Guardant 360
NGS panel [26]. As mentioned before, in the context of genetic fusions
hybrid-capture probe design and accurate analytical pipelines are
essential, due to the great variability existing among breakpoint positions
and the fragmented nature of cfDNA.

Furthermore, another aspect to consider explaining the low efficiency



Fig. 3. Impact of pre-analytical and clinical fac-
tors on driver detection performance. A) Mann-
Whitney test between input cfDNA and driver detec-
tion performance. B) Fisher's exact test between NGS
analysis timing and driver detection performance. C)
Fisher's exact test between the presence of intra-
thoracic disease and driver detection performance.
D) Fisher's exact test between the presence of extra-
thoracic disease and driver detection performance.
Significant values are reported when p < 0.05. D,
driver alteration detected; ND, driver alteration not
detected; mts, metastasis.

Table 3
Statistical analysis performed among clinical parameters and driver detection
performance.

Type of Correlation p value

Previous non-TKI therapy vs. driver detection efficiency >0.9999
Best tumor response to TKI vs. driver detection performance 0.4880
Number of mts sites vs. driver detection performance 0.2738
Lung mts vs. driver detection performance 0.4173
Liver mts vs. driver detection performance 0.3267
Bone mts vs. driver detection performance 0.1082
Brain mts vs. driver detection performance 0.4729
Intra-thoracic disease vs. driver detection performance 0.1234
Extra-thoracic disease vs. driver detection performance 0.0049

Mts, metastasis; ns, not statistically significant correlation.
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in fusion detection is the tumor fraction (TF). In the presence of a high TF
(�10%), the probability to have a concordant result between blood and
tissue is very high [27]. In this study, we performed NGS analysis with
the commercially available AVENIO ctDNA Expanded kit, which does not
estimate the TF in extracted cfDNA, unlike the NGS panels Guar-
dant360® CDx and FoundationOne® Liquid CDx. We hypothesize that
some of our plasma samples may lack adequate ctDNA content. Consis-
tent with our hypothesis, recent research dedicated to detection of gene
fusions in liquid biopsy found a more compatible prevalence of gene
fusions in samples with TF � 1% compared to samples with inferior TF
[10]. Indeed, the Avenio panel sensitivity for fusions is certified down to
1%, while, in our experience it has proven to be much more sensitive for
SNV, far below the 0.5% detection limit stated by the manufacturer. We
hypothesize that the relatively low concordance rate in our study is due
to concomitant technical and biological reasons including low level of
ctDNA shedding and limited sensitivity of current DNA-based NGS
technology for fusion detection.

Cell-free RNA (cfRNA) is being investigated as a biomarker in the
detection of gene fusions and rearrangements, as a replacement or as a
complementary tool to cfDNA. RNA-based approaches allow to avoid the
sequencing of intronic regions and led to profile highly expressed tran-
scripts, thus achieving greater sensitivity compared to cfDNA. Data have
already been published in literature and confirm this assumption [24,28,
29]. Despite these encouraging results, cfRNA remains a more difficult
analyte to handle and none of the globally available cfRNA-based ap-
proaches have yet gained FDA-approval for use in clinical molecular
diagnosis. Therefore, where possible it could be desirable to combine the
profiling results of both cfDNA and cfRNA analytes for a more complete
and confident molecular diagnosis.
8

In our study cohort, the genetic co-mutation most frequently detected
involved TP53 gene (21% of patients) followed by APC and SMAD4 (12%
and 10%, respectively). The clinical significance of co-alterations in this
setting is less characterized than DNA SNVs [30,31]. However, it is
known that rearranged NSCLC patients harbor TP53 aberrations less
frequently than NSCLC with point mutations [32,33]. Similarly to EGFR
mutated NSCLC [34], also in our cohort we observed shorter PFS in TP53
blood positive vs. negative patients; moreover, TP53 co-mutations were
predominantly present in the detected samples suggesting a more
aggressive phenotype with a greater probability of releasing ctDNA.
Furthermore, a significantly worst outcome was observed in patients
harboring co-occurring plasmatic KRAS or NRAS point mutations, as
previously reported [35,36].

If main pre-analytical variables did not influence the driver detection
rate, among clinical factors, a significant difference between patients
with intra- or extra-thoracic disease was found, with a higher driver
detection rate in patients with metastasis outside the thorax. This data is
consistent with several studies reporting that different sites of disease,
such as intra-thoracic or central nervous system metastases, could impair
sensitivity of plasma genotyping [17,37–39].

Our study presents some limitations that should be considered.
Firstly, the cohort size was relatively small due to the low frequency of
oncogenic fusion among NSCLC patients. Second, we could not perform
positive and negative predictive value since our cohort included only
patients known to have an oncogenic fusion, hence only PPA could be
assessed. Finally, with regard to TP53 co-mutations, since we did not
analyze matched leucocyte DNA, we cannot rule out that some of them
may derive from clonal hematopoiesis [40]. Larger studies, involving
either RNA or DNA based approaches, are needed to comprehensively
assess the role of liquid biopsy in the molecular diagnosis of NSCLC
patients.

5. Conclusions

In conclusion, our study confirms that ctDNA testing to detect onco-
genic fusions or METexon14 mutations in advanced NSCLC patients is
useful, even if type of gene alterations and clinical characteristics could
influence the driver detection rate. If liquid biopsy represents a com-
plementary tool to tissue genotyping, however, as demonstrated by our
results, more sensitive approaches for gene fusions and METexon14
detection are needed to implement its strength and reliability.



Fig. 4. Kaplan-Meier curves for A) Progression-free survival (PFS) and B) Overall survival (OS) according to driver detection, for C) PFS and D) OS according to TP53
co-mutation at baseline and for E) PFS and F) OS according to KRAS/NRAS co-mutation at baseline.
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