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Background: Targeted treatment modalities for non-small cell lung carcinoma (NSCLC) patients are 
expanding rapidly and demand a constant adaptation of molecular testing strategies. In this regard, broad 
reflex testing via next-generation sequencing (NGS) might have several advantages. However, real-world 
data regarding practical feasibility and clinical relevance are scarce, especially for RNA-based NGS. 
Methods: We performed a retrospective study comparing NGS use in two consecutive years (2019 and 2020). 
In 2019, reflex testing mainly consisted of DNA-based NGS for mutations and immunohistochemistry (IHC) 
for ALK, ROS1, and NTRK fusion products. At the beginning of 2020, our approach has changed, with DNA- 
and RNA-based NGS panels now being simultaneously performed. This change in protocol allowed us to 
retrospectively evaluate if broad molecular reflex testing brings additional value to lung cancer patients.
Results: Within the whole cohort (n=432), both DNA- and RNA-based NGS yielded almost always 
evaluable results. Only in 6 cases, the RNA content was too little for an appropriate analysis. After 
integrating RNA-based NGS in the reflex testing approach, the number of detected fusions increased 
significantly (2.6% vs. 8.2%; P=0.0021), but also more patients received targeted therapies. Furthermore, 
exceedingly rare alterations were more likely to be detected, including the so far undescribed EGFR-NUP160 
fusion.
Conclusions: Our study demonstrates that a comprehensive approach to reflex NGS testing is practically 
feasible and clinically relevant. Including RNA-based panels in the reflex testing approach results in more 
detected fusions and more patients receiving targeted therapies. Additionally, this broad molecular profiling 
strategy identifies patients with emerging biomarkers, underscoring its usefulness in the rapidly evolving 
landscape of targeted therapies.
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Introduction

Lung cancer is the leading cause of cancer death worldwide (1). 
However, treatment modalities for non-small cell lung 
carcinoma (NSCLC) patients are expanding rapidly with 
an ever-increasing number of approved targeted therapies. 
Today, approximately 15 years after applying the first 
EGFR tyrosine kinase inhibitor (TKI) (2,3), targeted 
therapies are an established cornerstone in clinical practice. 
Since detecting the respective molecular alteration is 
a prerequisite for therapy initiation, pure histologic 
classification of lung carcinoma is insufficient. It has to be 
complemented by molecular analyses, providing a complete 
diagnosis, including predictive and prognostic information.

The increasing number of approved targeted therapies 
results in a constant need to adapt molecular testing 
strategies and include more and more genes in testing 
panels, often leading to insufficient molecular testing (4). 
The National Comprehensive Cancer Network (NCCN) 
Guidelines recommend using testing panels that include the 
following genes: EGFR, ALK, ROS1, BRAF, KRAS, MET, 
RET, and NTRK 1/2/3. Furthermore, high-level MET 
amplification and ERBB2 (HER2) mutations are regarded 
as emerging biomarkers for novel therapies (5). From a 
practical point of view, several international guidelines 
are trying to answer the questions of whom, when, and 
which genes to test and which methods to use (6-8). All 
these guidelines agree that EGFR, ALK, ROS1, and BRAF 
should always be included in testing panels. When available, 
extended testing panels should also have KRAS, MET, RET, 
and ERBB2. Different guidelines also agree that the optimal 
diagnostic method is reflex testing and that all advanced 
stage adenocarcinomas should be tested. Of note, there 
has been a recent report of a positive double-blind phase 3 
trial (ADAURA trial) with osimertinib as adjuvant therapy 
in patients with stage IB to IIIA EGFR mutation-positive 
NSCLC (9). This has resulted in a rapid change in NCCN 
Guidelines, now recommending EGFR molecular testing of 
all newly diagnosed carcinomas, regardless of the stage (5). 
National guidelines are in concordance with international 
guidelines but reflect the local situation regarding drugs 
and testing availability [for review, see (10,11)]. The 
2020 recommendations of the Austrian working group 
on lung pathology and oncology for the diagnostic 
workup of NSCLC with a focus on predictive biomarkers 
recommended reflex testing of all newly diagnosed lung 
adenocarcinoma for EGFR, ALK, ROS1, KRAS, BRAF, and 
NTRK 1/2/3 with a recommendation to include also ERBB2, 

MET and RET, preferably using NGS methods (12). 
At our institution (Medical University of Graz, Austria), 

testing strategies have changed over time, especially 
between 2019 and 2020. Until the end of 2019, all newly 
diagnosed lung adenocarcinoma samples were examined 
via reflex testing using a DNA-based NGS panel, including 
EGFR, KRAS, BRAF, and ERBB2 genes. ALK was tested 
using immunohistochemistry (IHC) without additional 
confirmation if clearly and strongly positive staining 
was present. For ROS1 and NTRK, IHC was used as a 
screening method with obligate confirmation via NGS. 
Since January 2020, we have changed our protocol to 
optimize tissue management and provide better molecular 
profiling of tested tumors. All newly diagnosed lung 
adenocarcinomas are since then examined via reflex testing 
using DNA- and RNA-based NGS panels. The DNA-based 
panel (“mutation panel”) comprises 22 genes, among which 
EGFR, KRAS, BRAF, ERBB2, ALK, and MET. The RNA-
based panel (“fusion panel”) encompasses, among other 
genes, ALK, ROS1, NTRK, RET, and MET.

Although reflex testing might have several advantages for 
NSCLC patient management, real-world data regarding 
practical feasibility and clinical relevance are scarce for 
DNA-based NGS (13-15) and non-existent for RNA-
based NGS. Therefore, we performed a retrospective study 
comparing NGS use in two consecutive years (2019 and 
2020), aiming to examine if reflex broad molecular profiling, 
including DNA- and RNA-based NGS, brings additional 
value to lung cancer patients.

We present the following article in accordance with the 
STROBE reporting checklist (available at https://dx.doi.
org/10.21037/tlcr-21-570).

Methods

Patient cohort

All lung cancer patients diagnosed at our University 
Hospital whose tissue specimens were tested via DNA- 
and/or RNA-based next-generation sequencing between 
01.01.2019 and 31.12.2020 were included in the study 
(n=432). Clinical data were retrospectively obtained from 
electronic medical records. All patients signed informed 
consent.

This retrospective study conformed to the principles 
outlined in the Declaration of Helsinki (as revised in 2013). 
It was approved by the Ethics Committee of the of the 
Medical University of Graz (33-066 ex 20/21).

https://dx.doi.org/10.21037/tlcr-21-570
https://dx.doi.org/10.21037/tlcr-21-570
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DNA-based NGS

For each case, 2 to 12 FFPE tissue sections (each 4 μm  
thick)  were  used for  DNA extract ion.  DNA was 
extracted from macrodissected tumor areas of FFPE 
sections. Extraction was performed using the Maxwell 16 
instrument (Promega) and the Maxwell RSC DNA FFPE 
Kit (Promega, CatNr: AS1450). DNA was quantified 
by Picogreen fluorescence, and 10ng DNA was used for 
library preparation. NGS libraries were prepared using 
the AmpliSeq library kit 2.0 (Thermo Fisher Scientific) 
and the Ion Ampliseq Colon and Lung Cancer Research 
Panel v2 primer pool covering hotspot mutations in  
22 genes (KRAS, EGFR, BRAF, PIK3CA, AKT1, ERBB2, 
PTEN, NRAS, STK11, MAP2K1, ALK, DDR2, CTNNB1, 
MET, TP53, SMAD4, FBXW7, FGFR3, NOTCH1, ERBB4, 
FGFR1, FGFR2). Sequencing was performed on an Ion 
S5XL benchtop sequencer (Thermo Fisher Scientific) to 
a length of 200 base pairs.  Initial data analysis was done 
using the Ion Torrent Suite Software Plug-ins (Thermo 
Fisher Scientific, open-source, GPL, https://github.com/
iontorrent/). Briefly, this included base calling, alignment 
to the reference genome (HG19) using the TMAP mapper, 
and variant calling by a modified diBayes approach 
considering the flow space information. Called variants 
were annotated using open source software ANNOVAR (16)  
and SnpEff (17). All coding, nonsynonymous mutations 
were further evaluated and visually inspected in IGV (http://
www.broadinstitute.org/igv/), and variant calls resulting 
from technical read errors or sequence effects were excluded 
from the result.

RNA-based NGS

For each case, five to eight FFPE tissue sections (each 
10 μm thick) were used for RNA-based NGS. After 
microdissection, RNA extraction was performed via the 
Maxwell RSC RNA FFPE kit (Promega, Mannheim, 
Germany). After RNA quantification via ribogreen 
fluorescence on a Qubit fluorometer (Life Tech Austria, 
Vienna, Austria), 250 ng of total RNA were utilized for 
further analyses using the Archer FusionPlex Expanded 
Lung 18090 v1.0 primer pool (ArcherDX, Boulder, CO, 
USA). Sequencing was performed on the S5XL benchtop 
sequencer (Ion Torrent, Thermo Fischer, Waltham, MA) 
using the Ion S5 Sequencing 200 kit (Thermo Fischer, 
Waltham, MA, USA) and Ion 550 chip kit. Acquired 
sequencing data were analyzed via the ArcherDX Analysis 

software Version 5.1.3. (ArcherDX, Boulder, CO, USA). 
Translocations called with more than 10 individual reads 
by the Archer analysis software were included in the final 
reports.

Validation of assays for DNA and RNA-based analyzes

All analyses were performed in the diagnostic context on 
the Ion Torrent platform in conjunction with Ampliseq 
and Archer chemistry, neither is CE-IVD. However, a 
thorough validation of all in-house NGS assays has been 
performed. In detail, assays were tested for specificity, 
sensitivity, the limit of detection, as well as repeatability 
and reproducibility to ascertain concordance to the general 
safety and performance requirements described in Annex 
I of the IVDR (EU 2017/746). For the validation, we used 
a mix of commercial known-truth samples and patient 
samples previously analyzed with alternative technologies 
(qPCR, Pyrosequencing, or FISH) at our Institute. 
Furthermore, our Institute participates regularly in EQA 
schemes for all diagnostic analyses. 

Statistical analyses

Categorical data are reported as absolute frequencies (%), 
numerical data as medians (range). All statistical analyses 
(Fisher’s exact test, Mann Whitney test, Spearman rank 
correlation test, as appropriate) were performed with 
GraphPad Prism version 9.1.0 for Mac, GraphPad Software, 
San Diego, California, USA, www.graphpad.com. Data are 
expressed as box-and-whisker plots indicating a median 
and interquartile range (boxes) as well as minimum and 
maximum (whiskers) unless otherwise specified. P values 
≤0.05 were considered statistically significant. 

Results

Patient characteristics

Within the whole cohort (n=432), the median age was  
66 years (range, 32–88 years), and 194 (44.9%) patients 
were female (Table 1). Most patients were smokers (n=322; 
74.5%), while only 87 (20.1%) were non-smokers. In 
23 (5.3%) patients, the smoking status could not be 
determined. The median number of pack-years was  
30 (range, 0–150). Female gender was associated with lower 
pack-years (r=−0.318; P<0.0001; Figure 1). Histologically, 
the most common subtype was adenocarcinoma (AC) 

https://github.com/iontorrent/
https://github.com/iontorrent/
http://www.broadinstitute.org/igv/
http://www.broadinstitute.org/igv/
http://www.graphpad.com
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Table 1 Patient characteristics of the study cohort

Clinical/pathological characteristics All (n=432) 2019 (n=189) 2020 (n=243) P value 

Basic characteristics

Age - median (range) 66 [32–88] 66 [35–88] 66 [32–87] 0.733

Female gender, n (%) 194 (44.9) 87 (46.0) 107 (44.4) 0.697

Male gender, n (%) 238 (55.1) 102 (54.0) 136 (55.6) 0.697

Smoking status, n (%)

Smoker 322 (74.5) 145 (76.7) 177 (72.8) 0.375

Current smoker 145 (33.6) 61 (32.3) 84 (34.6) 0.681

Former smoker 177 (41.0) 84 (44.4) 93 (38.3) 0.202

Non-smoker 87 (20.1) 34 (18.0) 53 (21.8) 0.336

Smoking status not known 23 (5.3) 10 (5.3) 13 (5.3) >0.9999

Pack-years, median (range) 30 (0–150) 35 (0–150) 30 (0–125) 0.179

Histology, n (%)

Adenocarcinoma 368 (85.2%) 168 (88.9%) 200 (82.3%) 0.058

Squamous cell carcinoma 36 (8.3%) 11 (5.8%) 25 (10.3%) 0.115

Other 28 (6.5%) 10 (5.3%) 18 (7.4%) 0.434

Staging, n (%)

Initial tumor 406 (94.0) 180 (95.2) 226 (93.0) 0.416

UICC 2017 stage 0.411

IA1 15 (3.5) 9 (4.8) 6 (2.5)

IA2 46 (10.6) 24 (12.7) 22 (9.1)

IA3 37 (8.6) 15 (7.9) 22 (9.1)

IB 28 (6.5) 12 (6.3) 16 (6.6)

IIA 13 (3.0) 6 (3.2) 7 (2.9)

IIB 26 (6.0) 10 (5.3) 16 (6.6)

IIIA 42 (9.7) 23 (12.2) 19 (7.8)

IIIB 21 (4.9) 6 (3.2) 15 (6.2)

IIIC 4 (0.9) 2 (1.1) 2 (0.8)

IVA 57 (13.2) 19 (10.1) 38 (15.6)

IVB 117 (27.1) 54 (28.6) 63 (25.9)

Recurrent tumor 26 (6.0) 9 (4.8) 17 (7.0) 0.416

Local recurrence 11 (2.5) 4 (2.1) 7 (2.9) 0.762

Distant recurrence 15 (3.5) 5 (2.6) 10 (4.1) 0.443

(n=368; 85.2%), followed by squamous cell carcinoma (SCC) 
(n=36; 8.3%). The high amount of adenocarcinoma in this 
population is explained by the fact that reflex testing in SCC 

is not officially recommended. Only certain patients are 
tested (e.g., younger patients). SCC histology was associated 
with higher numbers of pack-years (r=0.181; P=0.001) and 
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Figure 1 Correlation matrix of patient characteristics and corresponding NGS data. Positive correlation coefficients are marked red, and 
negative correlation coefficients are observed blue (Spearman rank correlation test). NGS, next-generation sequencing.

was less common in women (r=−0.128; P=0.010). In most 
cases (n=406; 94%), molecular testing was performed on 
the primary tumor at the time of initial diagnosis, while in 
26 (6%) cases, molecular testing was performed on tumors 
that recurred, both locally (n=11; 2.5%) and distantly (n=15; 
3.5%). It is important to note that there were no significant 
differences in these characteristics between 2019 (n=189) 
and 2020 (n=243). 

DNA-based NGS

In all cases where DNA-based NGS was performed (n=407; 
94.2%), also evaluable results could be obtained, although 
in 4 (0.9%) cases, the tumor cell content was <10%. 
Analyzed sample types in 2019 and 2020 included resection 
specimens (31.1% and 34.4%, respectively), biopsies (61.2% 
and 60.3%, respectively) and cytologic samples (7.7% and 
5.4%, respectively). Most of the samples originated from 
the primary tumor in the lung (79.8% and 75.4%, in 2019 

and 2020, respectively) (Table S1). A genetic alteration 
could be detected in 348 (80.6%) cases (Table S1).  
The presence of a detectable mutation was significantly 
associated with higher numbers of pack-years (Figure 2). 
The distribution of detected alterations in our cohort is 
depicted in Figure 2. The most frequent mutations occurred 
within the TP53 gene (n=194; 44.9%), followed by KRAS 
mutations (n=142; 32.9%). The targetable G12C mutation 
accounted for almost half of all KRAS mutations (n=62; 
14.4%). EGFR mutations occurred in 55 (12.7%) cases, with 
exon 19 deletions (n=22; 5.1%) and L858R mutations (n=21; 
4.9%) being by far the most common ones. A T790M 
mutation was detected in 1 (0.2%) patient with recurrence 
of a tumor initially treated with afatinib due to the presence 
of the exon 19 deletion. As depicted in Figure 1, EGFR 
mutations occurred more commonly in women (r=0.199; 
P<0.0001) and were associated with lower numbers of pack-
years (r=0.321; P<0.0001), while TP53 mutations occurred 
less commonly in women (r=−0.129; P=0.009) and were 

https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
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Figure 2 DNA-based NGS results. (A-C) In contrast to age and UICC stage, the number of pack-years is significantly positively correlated 
with the detection of at least one mutation (Mann-Whitney test); (D) Overall distribution of detected mutations; (E) Comparison of detected 
mutations between both subgroups (patients from 2019 and 2020). NGS, next-generation sequencing.
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associated with higher numbers of pack-years (r=0.246; 
P<0.0001). Furthermore, there was a significant negative 
correlation between EGFR and KRAS mutations (r=-0.253; 
P<0.0001), both being well-known driver mutations and 
therefore most often exclusively present. In 23 (5.3%) 
cases, mutations within the BRAF gene could be detected, 
with almost a third of them being V600E mutations (n=7; 
1.6%). In 2 (0.5%) patients with a recurrent tumor, a point 
mutation within the ALK gene was detected, both of them 
concurrently harbored an EML4-ALK fusion, which had 
been treated with a TKI before. In 15 (3.5%) cases with 
SCC histology, DNA-based NGS was performed, and in 14 
(3.2%) cases, a genetic alteration could be detected. Almost 
all tested SCC cases harbored a TP53 mutation (n=13; 3%), 
followed by mutations within FGFR3 (n=2; 0.5%), PTEN 
(n=1; 0.2%), MET (n=1; 0.2%), and EGFR (n=1; 0.2%).

The distribution of described mutations according to 
different years (2019 vs. 2020) is presented in Table S1.

There is a discrepancy between the total number of 
patients tested (189 in 2019 and 243 in 2020) and the 
number of patients with DNA-based NGS performed 
(183 in 2019 and 224 in 2020). The reason is that some 
samples were only tested with an RNA-based panel based 
on clinicians’ wishes or in search of eventual mutation in 

samples already tested for DNA (in previous years).

RNA-based NGS

RNA-based NGS was performed in 269 (62.3%) cases and 
almost always yielded evaluable results (Table S2). Only 
in 6 (1.4%) cases, the RNA content within the sample 
was too low or of poor quality for an appropriate analysis. 
Analyzed sample types in 2019 and 2020 included resection 
specimens (34.2% and 35.9%, respectively), biopsies 
(60.5% and 59.3%, respectively) and cytologic samples 
(5.3% and 4.8%, respectively). Out of 6 “failed” samples, 
two were resection specimens and 4 biopsies. All cytologic 
samples were satisfactory for analysis. Most of the samples 
originated from the primary tumor in the lung (76.3% and 
77.9%, in 2019 and 2020, respectively) (Table S2). A genetic 
alteration could be detected in 25 (5.8%) cases. Contrary to 
DNA-based NGS, the presence of a detectable alteration 
in RNA-based NGS was significantly associated with lower 
numbers of pack years (Figure 3). The introduction of reflex 
testing in 2020 resulted in a significantly higher number 
of detected alterations (Table S2). The distribution of 
detected alterations in our cohort is depicted in Figure 3. 
Overall, the most frequent alterations detected via RNA-

https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
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Figure 3 RNA-based NGS results. (A-C) In contrast to age and UICC stage, the number of pack-years is significantly negatively correlated 
with the detection of a fusion (Mann-Whitney test); (D) Overall distribution of detected fusions; (E) Comparison of detected fusions 
between both subgroups (patients from 2019 and 2020). NGS, next-generation sequencing.
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based NGS were ALK fusions (n=9; 2.1%), with EML4-
ALK fusions being by far the most common ones (n=8; 
1.9%). Rearrangements involving the RET proto-oncogene 
could be detected in 5 (1.2%) cases and its fusion partners 
were CCDC6 (n=3; 0.7%) or KIF5B (n=2; 0.5%). MET exon 
14 (METex14) skipping was detectable in 4 (0.9%) cases 
and was more common in the elderly (r=0.173; P=0.005). 
Fusions involving NRG1 or ROS1 were seen in 3 (0.7%) and 
2 (0.5%) cases, respectively. Furthermore, exceedingly rare 
rearrangements involving otherwise commonly mutated 
genes (BRAF, EGFR) were also observed. RET fusions, 
NRG1 fusions, BRAF fusions, and EGFR fusions could 
only be detected in the year 2020 (Figure 3), demonstrating 
the importance of reflex testing in detecting rare but 
increasingly targetable gene rearrangements. In 30 (6.9%) 
cases with SCC histology, RNA-based NGS was performed, 
and in 2 (0.5%) cases, a genetic alteration could be detected, 
one harboring an ALK-KRT6A, the other an EGFR-
NUP160 fusion.

The distribution of detected fusions according to 
different years (2019 vs. 2020) is presented in Table S2.

There is also a discrepancy between the total number 
of patients tested in 2020 [243] and the number of patients 
with RNA-based NGS performed [231]. The reason is that 
only adenocarcinomas were always tested with both panels, 

while non-adenocarcinoma samples were sometimes not 
tested with RNA-based panel.

Detection of targetable genetic alterations

There are several targeted therapies approved for NSCLC 
patients harboring specific genetic alterations. These 
currently targetable alterations include EGFR mutations, 
ALK fusions, the BRAF V600E mutation, RET fusions, the 
METex14 skipping mutation, ROS1 fusions, and NTRK 
fusions. At least one of these alterations could be detected 
in 82 (19%) patients (Table 2). In 51 (11.8%) of those cases, 
an additional synchronous genetic alteration was observed, 
with 7 (1.6%) of them harboring a second targetable 
alteration. Interestingly, detecting a targetable alteration 
was significantly more likely in patients with lower numbers 
of pack-years but did not significantly correlate with UICC 
tumor stage or age (Figure 4). Two SCC cases (0.5%) 
harbored a targetable genetic alteration, one with an EGFR 
mutation, the other with an ALK-KRT6A fusion.

In addition to well-established biomarkers for already 
approved targeted therapies, many further genetic 
alterations are on the horizon for implementation in 
clinical practice. In a recent comprehensive overview about 
the evolving landscape of biomarker testing in Europe, 

https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
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Table 2 Clinical relevance of detected genetic alterations 

Patients with genetic alterations All, n=432 (%) 2019, n=189 (%) 2020, n=243 (%) P value 

Alteration detected (all) 364 (84.3) 163 (86.2) 201 (82.7) 0.353

Targetable alteration detected 82 (19.0) 35 (18.5) 47 (19.3) 0.902

In early stage (I−IIIA) 36 (8.3) 17 (9) 19 (7.8) 0.727

In late stage (IIIB−IV) 40 (9.3) 16 (8.5) 24 (9.9) 0.738

In recurrent tumor 6 (1.4) 2 (1.1) 4 (1.6) 0.7

With co-alteration (all) 51 (11.8) 26 (13.8) 25 (10.3) 0.294

With targetable co-alteration 7 (1.6) 3 (1.6) 4 (1.6) >0.9999

Targeted therapy received (all) 38 (8.8) 14 (7.4) 24 (9.9) 0.397

In early stage (I−IIIA) 3 (0.7) 2 (1.1) 1 (0.4) 0.584

In late stage (IIIB−IV) 29 (6.7) 10 (5.3) 19 (7.8) 0.337

In recurrent tumor 6 (1.4) 2 (1.1) 4 (1.6) 0.7

Therapy based on detected mutation1 27 (6.3) 12 (6.3) 15 (6.2) >0.9999

Osimertinib 19 (4.4) 9 (4.8) 10 (4.1) 0.815

Afatinib 11 (2.5) 5 (2.6) 6 (2.5) >0.9999

Trametinib/Dabrafenib 4 (0.9) 2 (1.1) 2 (0.8) >0.9999

Gefitinib 2 (0.5) 2 (1.1) 0 (0) 0.191

Mobocertinib 1 (0.2) 0 (0) 1 (0.4) >0.9999

Therapy based on detected fusion/skipping1 11 (2.5) 2 (1.1) 9 (3.7) 0.123

Alectinib 6 (1.4) 0 (0) 6 (2.5) 0.038

Brigatinib 4 (0.9) 0 (0) 4 (1.6) 0.135

Selpercatinib 3 (0.7) 0 (0) 3 (1.2) 0.26

Capmatinib 1 (0.2) 1 (0.5) 0 (0) 0.438

Lorlatinib 1 (0.2) 1 (0.5) 0 (0) 0.438

Emerging biomarker2 detected 72 (16.7) 30 (15.9) 42 (17.3) 0.795

In early stage (I−IIIA) 29 (6.7) 15 (7.9) 14 (5.8) 0.439

In late stage (IIIB−IV) 38 (8.8) 13 (6.9) 25 (10.3) 0.235

In recurrent tumor 5 (1.2) 2 (1.1) 3 (1.2) >0.9999

Results of both subgroups (patients from 2019 and 2020, respectively) were compared using Fisher’s exact test. 1, some patients received 
more than one substance; 2, NRG1 fusion, KRAS G12C, ERBB2, FGFR1 [according to (10)].

Kerr and colleagues regarded ERBB2 mutations, KRAS 
G12C mutations, NRG1 fusions, and FGFR1 mutations as 
emerging biomarkers (10). At least one of these alterations 
could be detected in 72 (16.7%) patients in our cohort, 
laying the groundwork for future targeted therapy in this 
subgroup (Table 2). However, no SCC cases harbored such 
an alteration. 

Of note, both established and emerging biomarkers were 

more frequently detected in 2020 (Table 2 and Figure 4). 

Therapeutic consequences

The detection of a targetable genetic alteration via NGS 
resulted in the application of targeted therapy in 38 (8.8%) 
patients, 14 (7.4%) in 2019, and 24 (9.9%) in 2020. Almost 
all of these patients (n=35; 8.1%) were in late-stage (IIIB-
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Figure 4 Clinical relevance of detected genetic alterations. (A,D) UICC stage significantly correlates with the application of targeted 
therapy, but not with the presence of a targetable alteration (Mann-Whitney test); (B,E) Age significantly negatively correlates with the 
application of targeted therapy, but not with the presence of a targetable alteration (Mann-Whitney test); (C,F) The number of pack-years 
significantly negatively correlates with the presence of a targetable alteration, but not with the application of targeted therapy (Mann-Whitney 
test); (G) Comparison of detected targetable alterations, applied targeted therapy (mutation and fusion specific), and detected emerging 
biomarkers between both subgroups (patients from 2019 and 2020).

A B C

D E F

G

A
ge

, y
A

ge
, y

IV) or in recurrence (Table 2). In addition to patients 
with AC, also one SCC patient harboring an ALK-fusion 
received targeted therapy. Overall, in patients with a 
targetable alteration, consecutive administration of targeted 
therapy was highly associated with an advanced tumor stage 
(Figure 4), reflecting current therapy guidelines. Younger 
patients with a targetable alteration were more likely to 
receive targeted therapy than older patients (Figure 4).  
Furthermore, patients with lower numbers of pack-
years were significantly more likely to harbor a targetable 
alteration, mainly caused by the presence of EGFR mutations 
that are far more common in non-smokers (Figure 1).  

Importantly, the higher frequency of targeted therapies 
in 2020 can be clearly attributed to much higher fusion 
detection rates, as shown in Figure 4. The most commonly 
applied substances were Osimertinib (n=19; 4.4%), Afatinib 
(n=11; 2.5%), Alectinib (n=6; 1.4%), Brigatinib (n=4; 
0.9%), and Trametinib/Dabrafenib (n=4; 0.9%). Especially 
substances targeting a genetic rearrangement were more 
frequently applied in 2020, mirroring the higher fusion 
detection rates after introducing reflex testing via RNA-
based NGS (for comparisons, see Table 2 and Table S2).

Very important issue is also the turnaround time. 
Introducing both NGS panels in 2020 prolonged turnaround 

https://cdn.amegroups.cn/static/public/TLCR-21-570-Supplementary.pdf
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time for 2 working days, from 8 in 2019 to 10 in 2020.

Discussion

Comparing NGS-based NSCLC testing in two consecutive 
years in a real-life setting, we showed that both DNA- and 
RNA-based analysis could be performed in a remarkably 
high number of patients, identifying a plethora of targetable 
genetic alterations, resulting in targeted therapy for many 
patients. More specifically, we demonstrated that RNA-
based analysis, when performed in a reflex manner at 
the same time as DNA-based analysis, reliably identifies 
patients with targetable genetic rearrangements who would 
otherwise be missed. 

However, to have such a high yield, adequate tissue 
management is essential. One of the most fundamental 
challenges in the diagnostic process of NSCLC is 
tissue availability, as more and more biomarkers should 
be examined within small histologic (18) or cytologic 
specimens (19). Therefore, proper tissue handling of 
samples from lung cancer patients is critical. Saving 
tissue is actually one of the major arguments for reflex 
testing. At our institute, we have established a workflow 
that guarantees the economical use of all tiny lung cancer 
specimens. First, a certified pulmonary pathologist evaluates 
if a malignant tumor is present and orders a specific tissue 
re-cutting program for lung cancer specimens if that is 
the case. This means that the paraffin block will be cut 
on the same microtome by the same person, preventing 
the additional “leveling” steps and saving tissue. The 
tumor sample will be cut on up to 15 blank slides. The 
first six have one 4 μm thick slice (primarily reserved for 
immunohistochemistry), and the last nine up to three 4 μm 
thick slices per slide (used mainly for molecular analysis). 
Furthermore, the usage of diagnostic immunohistochemical 
stains (if needed) is restricted to thyroid transcription factor 
1 (TTF1) and deltaNp63 (p40) [as recommended in (20)], 
as well as to programmed death-ligand 1 (PD-L1) for 
predictive purposes [as recommended in (21)]. Since the 
recent introduction of the entity “NSCLC—not otherwise 
specified (NOS)” in biopsy/cytologic specimens, no further 
immunohistochemical staining are required in cases 
where the amount of tumor tissue is small (22), facilitating 
economic tissue handling even more. In other words, if 
there is a very small amount of NSCLC in a sample, for the 
patient it is more important to have an adequate molecular 
profile than the exact histologic diagnosis. 

Our study cohorts, looking at both years separately, 

were well balanced concerning all clinical and histologic 
parameters. Interestingly, although adenocarcinoma was the 
most predominant histologic type, there is still a very high 
proportion of males and smokers. This fact reflects still the 
high number of smokers in the Austrian population, and the 
only recently introduced smoking-ban law in Austria. SCC 
patients have been rarely tested (5.8% and 10% in 2019 and 
2020, respectively), and as previously explained, only on 
the request from clinicians (e.g., for younger patients). The 
increase of tested SCC in 2020 is due to reflex screening 
of all lung carcinomas with the pan-TRK antibody, with 
obligate confirmation of any positive reaction with NGS.

It is known that the frequency of mutations in NSCLC 
is dependent on multiple factors, including ethnicity. For 
example, EGFR mutations are more common in Asians (23),  
while the KRAS G12C mutation is more common in 
Caucasians (24). In our cohort, frequencies of detected 
mutations were mostly comparable with other studies 
examining Caucasian lung cancer patients, although slight 
differences could be encountered (25-28). In comparison to 
the study by Volckmar et al., for example, we detected more 
mutations in MET (5.1% vs. 3%) and DDR2 (6.9% vs. 2%), 
while mutations in ERBB2 (0.7% vs. 3%), STK11 (4.9% vs. 
10%), PIK3CA (2.5% vs. 6%), FGFR3 (1.9% vs. 4%) and 
PTEN (0.5% vs. 2%) were less frequent in our cohort (27). 
Within the SCC subgroup, our NGS results are largely 
consistent with other studies that included SCC cases. For 
example, both in our cohort and in the CRISP study, TP53 
mutations were by far the most frequent alterations in SCC 
(93.3% and 69.1%, respectively) (26). Furthermore, 2 (5.3%) 
of our SCC patients harbored a targetable alteration (EGFR 
mutation and ALK fusion, respectively), with the latter even 
receiving targeted therapy. These findings again correspond 
well to the CRISP study, where targetable alterations could 
also be detected in SCC patients, including 4.4% with an 
EGFR mutation and 0.5% with an ALK fusion (26). 

A major argument for multiple gene testing using DNA- 
and RNA-based NGS is the rapidly evolving landscape 
of targetable alterations in NSCLC. KRAS mutations, for 
example, have long been regarded as strictly undruggable 
and are now in the spotlight of drug development (29). 
Especially drugs targeting the KRAS G12C mutation (e.g., 
Sotrasib and Adagrasib) show promising data in clinical 
trials (30,31). The same is true for targeted therapies against 
MET, RET, and Her2 (32-34). Furthermore, STK11 and 
KEAP mutations are associated with an impaired response 
to anti-PD(L)1 agents, expanding the role of NGS in 
detecting biomarkers for immunotherapy (35). In general, 
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routine testing for emerging biomarkers even before drug 
approval has several advantages. First, characterizing 
clinical and pathological parameters of a patient subgroup 
harboring a specific molecular alteration is paramount for 
upcoming clinical studies and clinical decision-making after 
drug approval. Two recent studies have comprehensively 
done this in large cohorts of lung cancer patients harboring 
the KRAS G12C mutation (36,37), which would not have 
been possible without previous routine testing. This need 
for testing before drug approval also becomes evident when 
looking at the early years of EGFR inhibitors, where their 
clinical benefit in a fraction of patients was attributed to 
factors like gender, smoking status, or histological subtype. 
Only after the correlation of these factors with sequencing 
data, it became clear that they are confounders of EGFR 
mutation status, which subsequently influenced treatment 
indications (38). Another crucial argument for routine 
testing of emerging biomarkers before drug approval is 
that patients with the detected alteration can potentially be 
treated in early access programs and/or immediately after 
drug approval. 

Recently, several papers have investigated the effects 
of reflex testing in NSCLC, most of them confirming 
its benefits (13-15). However, these studies were limited 
to DNA-based NGS, although gene rearrangements in 
NSCLC are increasingly recognized and targetable. In our 
cohort, the inclusion of RNA-based NGS into our reflex 
testing approach led to much higher detection rates of the 
respective gene alterations. The frequencies of detected 
ALK fusions and METex14 skipping increased nearly 
threefold (1.1% to 2.9% and 0.5% to 1.2%, respectively), 
resulting in a concomitant increase of patients receiving 
targeted therapy (0.5% to 2.5%). Furthermore, most other 
detected fusions could only be recognized after introducing 
reflex RNA-based NGS. RET fusions, for example, were 
detected in 2.1% of patients in 2020 (with 1.2% receiving 
targeted therapy), while none was detected in 2019. A very 
peculiar finding is that in both 2019 and 2020, there is an 
unexpectedly low number of samples with ROS1 fusion 
(1.1% and 0%, respectively) compared to the published data 
[ranging from 1–2% (26,27) to 3–5% (25)]. One possible 
explanation could be that in the Austrian population, 
these mutations are lower than in other published data. 
The second possibility is that NGS might not be the ideal 
method for ROS1 fusion detection.

In addition to overall higher numbers of detected fusions, 
the introduction of RNA-based NGS into our reflex testing 
approach also enabled us to recognize exceedingly rare 

alterations. EGFR fusions, for example, do only rarely occur 
but are potentially targetable, with several reports showing 
a clinical benefit for these patients when treated with a TKI 
(39-42). We have also detected the so far unrecognized 
EGFR-NUP160 fusion in an SCC patient and could 
therefore expand the known spectrum of EGFR rearranged 
NSCLC with the help of our comprehensive reflex testing 
approach. 

It is important to stress again that parallel, reflex 
testing with both DNA and RNA based NGS panels 
prolonged turnaround time for only 2 days, which is in our 
opinion very good, and still in the frame of international 
recommendations.

Another very important issue is immunotherapy, 
which is out of the scope of this manuscript. However, 
in a real-life setting, as previously mentioned, it is very 
important to test for PD-L1, and to have it included 
in a reflex protocol. Combination of these results (PD-
L1 immunohistochemistry and NGS) provides better 
information and can help in identification patients that 
could potentially be treated effectively with immunotherapy.

In  conclus ion,  our  s tudy demonstrated that  a 
comprehensive approach to reflex NGS testing in NSCLC 
is practically feasible and clinically relevant. Including 
RNA-based panels in the reflex testing approach results in 
more detected fusions and more patients receiving targeted 
therapies. Additionally, this broad molecular profiling 
strategy identifies patients with emerging biomarkers, 
providing some of them with the possibility of early drug 
access. Furthermore, a pool of patients positive for different 
biomarkers is known, and no additional testing will be needed 
after the new drugs are approved. Finally, with clinical studies 
increasingly using targeted therapy as adjuvant/neoadjuvant 
treatment, our comprehensive reflex testing approach will 
become even more relevant in the future. 
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