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ABSTRACT

Introduction: Frequently, patients with locally advanced or
metastatic NSCLC are screened for mutations and fusions.
In most laboratories, molecular workup includes a multi-
tude of tests: immunohistochemistry (ALK, ROS1, and
programmed death-ligand 1 testing), DNA sequencing, in
situ hybridization for fusion, and amplification detection.
With the fast-emerging new drugs targeting specific fusions
and exon-skipping events, this procedure harbors a growing
risk of tissue exhaustion.

Methods: In this study, we evaluated the benefit of
anchored, multiplexed, polymerase chain reaction-based
targeted RNA sequencing (RNA next-generation
sequencing [NGS]) in the identification of gene fusions
and exon-skipping events in patients, in which no patho-
genic driver mutation was found by DNA-based targeted
cancer hotspot NGS (DNA NGS). We analyzed a cohort of
stage IV NSCLC cases from both in-house and referral hos-
pitals, consisting 38.5% cytology samples and 61.5%
microdissected histology samples, mostly core needle bi-
opsies. We compared molecular findings in a parallel
workup (DNA NGS and RNA NGS, cohort 1, n ¼ 198) with a
sequential workup (DNA NGS followed by RNA NGS in
Journal of Thoracic Oncology Vol. 15 No. 6: 1000-1014
selected cases, cohort 2, n ¼ 192). We hypothesized the
sequential workup to be the more efficient procedure.

Results: In both cohorts, a maximum of one oncogenic
driver mutation was found per case. This is in concordance
with large, whole-genome databases and suggests that it is
safe to omit RNA NGS when a clear oncogenic driver is
identified in DNA NGS. In addition, this reduced the number
of necessary RNA NGS to only 53% of all cases. The tumors
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of never smokers, however, were enriched for fusions and
exon-skipping events (32% versus 4% in former and cur-
rent smokers, p ¼ 0.00), and therefore benefited more often
from the shorter median turnaround time of the parallel
approach (15 d versus only 9 d in the parallel workup).

Conclusions: We conclude that sequentially combining
DNA NGS and RNA NGS is the most efficient strategy for
mutation and fusion detection in smoking-associated
NSCLC, whereas for never smokers we recommend a par-
allel approach. This approach was shown to be feasible on
small tissue samples including for cytology tests, can dras-
tically reduce the complexity and cost of molecular workup,
and also provides flexibility in the constantly evolving
landscape of actionable targets in NSCLC.

� 2020 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: NSCLC; Molecular diagnostics; RNA sequencing;
DNA sequencing; Next-generation sequencing
Introduction
The incidence of lung cancer worldwide is high, with

more than two million new cases diagnosed in 2018.1

Most patients present with advanced-stage, unresect-
able disease. The 5-year survival rate in metastatic dis-
ease is only 4.7%, making lung cancer the number one
cause of cancer deaths globally.1,2

In current practice, all patients with locally advanced
or metastatic NSCLC (nonsquamous type) should be
tested for pathogenic driver mutations in EGFR,3,4

BRAF,5-7 ERBB2,8,9 KRAS,10,11 and MET (including exon
14 skipping)12-15; amplifications in EGFR,16,17 ERBB2,
and MET12; fusions in RET,18-20 ALK,21-23 NTRK,24,25 and
ROS126,27; and for programmed death-ligand 1 (PD-L1)
expression.28-31 This is especially important in NSCLC in
nonsmokers, who, as a group, are a distinct molecular
entity harboring different driver mutations.32 In the past
few years, targeted therapy aimed at specific driver
mutations has become possible with increasing fre-
quency, making personalized medicine universally
accepted and greatly improving prognosis in advanced
metastatic disease.33-39

To facilitate the accompanying need for more exten-
sive molecular diagnostics, there have been major and
rapid advances in the field of DNA sequencing. In recent
years, next-generation sequencing (NGS) has become a
typically used method of molecular diagnostics in daily
clinical practice of pathology. Although it is now possible
to analyze tumor DNA and RNA on the basis of cytology,
histology, and even plasma samples, the limited amount
of tissue for NSCLC diagnostics remains a common
problem for molecular pathologists and requires a mo-
lecular workup that covers all potential targets,
including mutations, fusions, and exon-skipping events,
while using as little tissue as possible.

Although many laboratories have switched to DNA
NGS for mutation detection, oncogenic fusion detection
is most often performed by fluorescence in situ hybrid-
ization (FISH) or reverse transcription polymerase chain
reaction (PCR), and is limited to one fusion site per
amplicon or probe. This method often fails to provide
useful information regarding the fusion partner and the
breakpoint; in FISH, it is not possible to identify the
fusion partner, and in reverse transcription PCR, only
known partners can be found.40,41 The identification of
fusion partners is becoming increasingly important
because the partners can influence treatment choices
and can be of prognostic importance.42-45

Archer Anchored Multiplex PCR (Archer) technology
(RNA NGS) was previously found to efficiently find
genomic aberrations, including novel partners, in routine
diagnostics for sarcoma40 and experimentally in chol-
angiocarcinoma, glioblastoma, and thyroid carcinoma.41

In addition, it was noted that RNA NGS was able to
identify both known and novel fusion partners for ALK,46

ROS1,41,47 RET,21,41 and NTRK,26,41 and to identify MET
exon 14 skipping48 in small groups of NSCLC samples.

In a recent study by Benayed et al.,49 it was shown
that additional Archer-based RNA NGS is required to
detect targetable kinase fusions and exon-skipping
events that are otherwise missed in their large hybrid
capture DNA NGS panel (MSK-IMPACT). This study il-
lustrates that even in large hybrid capture panels, not all
fusions and exon-skipping events can be identified
owing to the length of introns and blind spots within the
targeted areas. Combining hybrid capture DNA NGS with
RNA NGS seems the ideal method; however, this pro-
cedure is both expensive and probably not feasible in a
real-world case-mix of ca. 30% to 40% small histology or
cytology samples. Indeed, in this study by Benayed
et al.,49 only 47% of cases had available tissue left for
RNA extraction, suggesting the need for improvement.

In addition, implementing NGS panels in daily prac-
tice can be quite expensive. In large-scale, cost-effec-
tiveness analyses, it has been reported that the mean
total cost of targeted DNA-based NGS is estimated to be
around V607 per patient.50 For RNA-based NGS, large-
scale cost-effectiveness analysis has not been per-
formed yet, and we estimated our own costs at V500 to
V700 per patient.

We herewith present the route to our current mo-
lecular workup of advanced- stage and metastatic
NSCLC, combining DNA-based targeted PCR-based NGS
(DNA NGS) with Archer-based RNA NGS for the detection
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of mutations and genetic translocations in routine di-
agnostics for advanced NSCLC. Our case-mix includes
both in-house cases and cases from referral centers with
both cytology samples and microdissected histology
cases, mostly small core needle biopsies or trans-
bronchial biopsies.
Materials and Methods
Patients and Samples

For this study, we included all NSCLC samples from
March 2018 until January 2019 (n ¼ 390) for which a
molecular NSCLC workup was performed before first-
line treatment at the Leiden University Medical Center.
Cases originated from both in-house and referred pa-
tients. Cases referred with a different diagnostic goal
(e.g., clonality with a second tumor or osimertinib
resistance) were excluded. Both histology and cytology
specimens were included. Squamous cell carcinoma and
large cell neuroendocrine carcinoma were not included.
In some cases, the workup could not be completed owing
to tissue exhaustion. These cases were not excluded
from this study but analyzed separately.

The parallel workup was executed from March 2018
to September 2018 (n ¼ 192). For these cases, we per-
formed both DNA NGS and RNA NGS in addition to
immunohistochemical staining for ALK, ROS1, and PD-L1.
After this 6-month period, we switched from this parallel
approach to a sequential approach, performing RNA NGS
only when no pathogenic driver mutation in KRAS, BRAF,
EGFR, or ERBB2 (including ERBB2 amplification) or MET
exon 14 skipping were found in DNA NGS. The sequen-
tial approach was performed from September 2018 until
January 2019 (n ¼ 198). These cohorts will be hence-
forth referred to as cohort 1 (parallel approach) and
cohort 2 (sequential approach) (Fig. 1).

All samples were isolated from material that had been
formalin-fixed, paraffin embedded (FFPE) and preserved.
For hematoxylin and eosin and immunohistochemistry
(IHC) staining, 1- to 10-mm thick slides were cut using
a Leica RM2255 Automated Microtome. Staining for ALK
fusion (clone D5F3, laboratory-developed test), ROS1
(clone D4D6, laboratory-developed test), and PD-L1 (clo-
ne22C3, laboratory-developed test)was performed using a
Dako Omnis immunostainer and Dako EnVision Flexþ.

The smoking status was extracted from patient re-
cords. Patients who had never smoked or had ceased
smoking more than 1 month earlier and had accumu-
lated fewer than 5 pack-years were included in the
never-smoker category. If they had smoked in the month
before diagnosis, they were included in the current-
smoker category. The patients with more than 5 pack-
years who had not smoked in the month before
diagnosis were included in the former-smoker category.
The turnaround time was measured in molecular
diagnostics time in workdays (MD time), MD-to-sign
time, and received-to-sign time. MD time is the time
from the start of molecular analysis until all the results
from all molecular analyses are returned to
the pathologist. The MD-to-sign time is the time from the
start of molecular analysis until the final report (stating
all molecular testing results) is completed and becomes
available for the clinician. The received-to-sign time is
the time from the receipt of the tissue by the pathology
department until the final report is completed.

RNA and DNA Isolation
To isolate RNA and DNA for NGS, we collected tumor

cells from FFPE blocks by microdissection in cases of
core needle biopsies and cytology cell blocks, or by
punching resection material. Five 10-mm slides were used
for the isolation of total nucleic acids from a single
extraction process using a tissue preparation system robot
(Siemens), as described previously in the literature.51 The
same total nucleic acid sample was used for both the DNA
and RNA NGS assays, and in most cases, was sufficient to
execute the parallel and sequential workflows without
additional isolation. When no tissue block was available or
when the tissue block did not contain enough tumor cells,
tumor cells were scraped off cytology or hematoxylin and
eosin slides. After total nucleic acid isolation, the nucleic
acid solution was stored in a freezer at –20�C for use in
DNA NGS and subsequent RNA NGS. Material that was no
longer needed for molecular diagnostic testing was stored
at –70�C for future use.

DNA Next-Generation Sequencing
DNA NGS was performed with a customized Cancer

Hotspot Panel, covering hotspots in 75 genes, including
ABL1, AKT1, ALK, APC, ARAF, ATM, BRAF, CARD11, CD79A,
CD79B, CDH1, CDK4, CDKN2A, CIC, CSF1R, CTNNB1, EGFR,
EIF1AX, ERBB2, ERBB3, ERBB4, EZH2, FAK (PTK2), FBXW7,
FGFR1, FGFR2, FGFR3, FLT3, FOXL2, GNA11, GNAQ, GNAS,
H3F3A, H3F3B, HNF1A, HRAS, IDH1, IDH2, JAK2, JAK3,
KDR, KIT, KRAS, MAP2K1, MAP2K2, MAP2K4, MAP3K1,
MDM2, MED12, MET, MLH1, MPL, MUTYH, MYC, MYD88,
NOTCH1, NPM1, NRAS, PDGFRA, PDGFRB, PIK3CA, POLE,
PTEN, PTPN11, RB1, RET, SMAD4, SMARCB1, SMO, SRC,
STK11, TP53, and VHL. DNA NGS required 15 ng of input
DNA per reaction.

The unaligned bam files generated by the Ion Torrent
sequencer were mapped against the human reference
genome (GRCh37/hg19) using the TMAP 5.0.7 software
with default parameters (https://github.com/
iontorrent/TS). Subsequently, variant calling was done
using the Ion Torrent specific caller, Torrent Variant
Caller (TVC)-5.0.2, using the recommended Variant Cal-
ler Parameter for Cancer Hotspot Panel version 2.

https://github.com/iontorrent/TS
https://github.com/iontorrent/TS


Cohort 1: Parallel approach Cohort 2: Sequential approach

DNA NGS RNA NGS
No EGFR,

BRAF, KRAS,
ERBB2, MET

RNA NGS

DNA NGS

ALK, ROS1,
PD-L1

ALK, ROS1,
PD-L1

Figure 1. Study design and NSCLC diagnostic workup. Cohort 1 (left): DNA next-generation sequencing (NGS) and RNA NGS in
parallel. Cohort 2 (right): DNA NGS and RNA NGS only when no pathogenic mutations are found in KRAS, EGFR, BRAF, and
ERBB2 and no METexon 14 skipping is found (including ERBB2 and EGFR amplification). In both cohorts, immunohistochemical
staining for ROS1, ALK, and programmed death-ligand 1 (PD-L1) was performed before molecular analyses. Both cytology and
histology samples were eligible. Nucleic acid was isolated from blocks by microdissection or punching or from slides.
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Variant interpretation was done using Genetic Assis-
tant, which assigns functional prediction, conservation
scores, and disease-associated information to each variant
(http://softgenetics.com/GeneticistAssistant_2.php). Once
a pathogenicity classification is assigned to a variant, the
same pathogenicity is automatically attributed the next
time the variant is observed. Integrative Genomics Viewer
was used for visually inspecting variants.52

Chromosomal gains and losses (copy number
changes) were also assessed. In short, the median base
coverage per amplicon was calculated. The amplicon
coverage was then normalized using the median value of
all amplicons in that sample. Low quality samples and
samples with a high coverage variability were removed.
Then, systematic differences among amplicons were
normalized. Copy number gains and losses were identi-
fied using 99% confidence intervals calculated per gene.
The algorithm does not require normal samples to be
included; but to obtain reliable results, multiple tumor
samples should be included for a more robust and ac-
curate normalization, and to make a better estimation of
the 99% confidence intervals per gene. In addition, the
algorithm assumes that each amplicon or gene is gained
or deleted in a minority of the samples. Copy number
analysis, visualization of results, loss of heterozygosity,
and chromosomal imbalances were done using the Next-
Generation Sequencing Expert shiny app (https://git.
lumc.nl/druano/NGSE)

Thedetectionof copynumbervariationbyDNANGSwas
validated by comparing the data from in situ hybridization
and IHC (Fig. 2). Sample-to-data time was 5 days to 7 days.
RNA Next-Generation Sequencing
RNA NGS was performed with the Archer Compre-

hensive Thyroid and Lung panel. This method is capable
of detecting fusions with a novel or unknown fusion
partner using gene-specific primers in conjunction with
molecular barcoded adapters. The RNA NGS panel pro-
duces NGS libraries targeting ALK, AXL, BRAF, CCND1,
EGFR, FGFR1, FGFR2, FGFR3, MET, NTRK1, NTRK2,
NTRK3, NRG1, PPARG, RAF1, RET, ROS1, and THADA,
including detection of MET exon 14 skipping events. In
addition, the RNA NGS panel can detect mutations in
ALK, AKT1, BRAF, CTNNB1, DDR2, EGFR, ERBB2, FGFR1,
GNAS, HRAS, IDH1, IDH2, KRAS, MAP2K1, NRAS, NTRK1,
PIK3CA, RET, and ROS1. Moreover, imbalances in ALK,
NTRK1, NTRK2, NTRK3, RET, and ROS1 can be identified.
RNA NGS required 20 ng to 200 ng nucleic acid per re-
action. Both fresh frozen and FFPE tissue were used. The
generated libraries were sequenced using an Ion Torrent
platform and the produced reads were analyzed using
the Comprehensive Thyroid and Lung Target Region File
and the vendor supplied software (Archer Analysis,
version 5.1.7). The sample-to-data time was 5 days.
Statistical Analysis
Statistical analysis was performed using IBM SPSS

Statistics software, version 25. We defined pathogenic
driver mutations as class 4 or 5 pathogenic mutations in
KRAS, EGFR, BRAF, ERBB2; high amplifications in ERBB2
and EGFR; fusions in ALK, ROS1, RET, NTRK1, 2, and 3,
and FGFR1, 2, and 3; MET exon 14 skipping and BRAF

http://softgenetics.com/GeneticistAssistant_2.php
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Figure 2. Copy number variation analysis for ERBB2 and MET amplification. (A) ERBB2 staining using immunohistochemistry;
(B) ERBB2 silver-stained in situ hybridization; (C) enlargement of (B). (D) MET fluorescence in situ hybridization: green,
centromere SE7 probe on chromosome 7; red, MET probe showing high METamplification with >10 signals per cluster per cell;
(E) DNA next-generation sequencing read count of chromosome 13 to 21, with ERBB2 amplification on chromosome 17 (upper
panel: logarithmic scale, each dot representing the median read count per amplicon, lower panel: normalized read counts);
(F) DNA next-generation sequencing read count of chromosome five to eight, with MET amplification on chromosome 7 and
MYC amplification on chromosome 8 (upper panel: logarithmic scale, each dot representing the median read count per
amplicon, lower panel: normalized read counts).
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exon skipping. Class 3 mutations of unknown pathoge-
nicity were not taken into account.
Ethics
Informed consent was obtained from the patients in

the two illustrated cases. The rest of the data were ob-
tained from routine diagnostic reports and were ano-
nymized before processing.
Results
Case Characteristics

Cases from March 2018 until January 2019 were
included. From March 2018 until September 2018, 192
cases were enrolled in cohort 1 and were evaluated
with the parallel approach (Fig. 1). From September
2018 until January 2019, 198 cases were enrolled
in cohort 2 and were evaluated with the sequential
approach. Both groups had similar characteristics as
outlined in Table 1.

DNA Next-Generation Sequencing
DNA NGS identified mutations in oncogenes in 241 of

the 375 successfully screened cases (64.3%), as also
outlined in Table 2, including: KRAS (33.3%), EGFR
(11.2% mutation and 2.9% amplification), ERBB2 (2.1%
mutation and 1.1% amplification), BRAF (5.1%), PIK3CA
(2.9%), NRAS (1.6%), MAP2K1 (1.1%), MET (0.8% mu-
tation, 1.1% amplification, and 0.3% exon 14 skipping).

Genomic aberrations were also found in tumor sup-
pressor genes, for example, in TP53 (48.8%), STK11
(8.3%), CDKN2A (4.0% mutation and 5.6% homozygous
deletion), CTNNB1 (2.1%), PTEN (1.9%), and RB1 (1.1%
mutation and 0.5% deletion).

MET exon 14 skipping was detected by DNA NGS in
only one case. The ability to detectMET exon 14 skipping



Table 1. Case Characteristics

Characteristic
Cohort 1: Parallel
Approach (n ¼ 192)

Cohort 2: Sequential
Approach (n ¼ 198) p Value

Patient characteristics
Age 67.3 (43–86) 67.5 (31–90) 0.83
Female 82 (43%) 99 (50%) 0.16
Male 110 (57%) 99 (50%) 0.16
Smoking status 0.49
Never smoker 22 (11%) 24 (12%)
Former smoker 73 (38%) 89 (45%)
Current smoker 80 (42%) 71 (36%)
Unknown 17 (9%) 14 (7%)
Tumor type 0.46
Adenocarcinoma 174 (91%) 182 (92%)
NSCLC NOS 14 (7%) 11 (6%)
Adenosquamous 4 (2%) 3 (2%)
Pleiomorphic 0 2 (1%)
Tissue origin 0.61
Primary tumor 63 (33%) 70 (35%)
Lymph node 59 (31%) 68 (34%)
Pleural fluid 22 (11%) 17 (9%)
Distant metastasis 48 (25%) 43 (22%)
Sample type 0.68
Cytology 76 (40%) 74 (37%)
Histology 116 (60%) 124 (63%)
PD-L1 status 0.37
Negative (<1%) 88 (46%) 83 (42%)
Low positivity (1%–49%) 33 (17%) 43 (22%)
High positivity (50%–100%) 47 (25%) 52 (26%)
Insufficient tissue available 6 (3%) 9 (5%)
Unknown (performed elsewhere) 18 (9%) 11 (6%)

In cohort 1, both DNA NGS and RNA NGS were performed on all specimens. In cohort 2, DNA NGS was performed on all specimens, and when no pathogenic driver
mutation in KRAS, BRAF, EGFR, or ERBB2; MET exon 14 skipping; or amplification in EGFR and ERBB2 was found, RNA NGS was performed. The p value for age
was calculated with an unpaired t test, all other p values were calculated with Pearson chi-square test. NOS, not otherwise specified; NGS, next-generation
sequencing; PD-L1, programmed death-ligand 1.

Table 2. Different Characteristics and Outcomes for Never
Smokers Compared with Former and Current Smokers

Characteristic

Never
Smokers
(n ¼ 46)

Former and
Current Smokers
(n ¼ 313)

p
Value

Patient characteristics
Female 26 (61%) 138 (44%) 0.04
Male 18 (39%) 175 (56%) 0.04
Age 67.9 (31–89) 67.5 (43–90) 0.81
DNA NGS 0.01
Driver identified 26 (59%) 175 (58%)
Tumor suppressor or
copy number
variance only

7 (16%) 95 (32%)

No mutations 11 (35%) 32 (11%)
RNA NGS 0.00
Fusion and exon
skipping

10 (32%) 7 (4%)

No fusions 21 (68%) 182 (96%)

DNA NGS was performed successfully in never smokers in 44 cases and in
former and current smokers in 302 cases. RNA NGS was performed suc-
cessfully in never smokers in 31 cases and in former and current smokers in
270 cases. NGS, next-generation sequencing.
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in DNA NGS depends on the location of the splice-
inducing mutation at the splice acceptor site in intron
13 or the splice donor site at intron 14. DNA NGS using
the applied cancer hotspot panel does not cover the
complete splice region involved in MET exon 14 skip-
ping, explaining the four additional cases of MET exon 14
skipping identified with RNA NGS.

When comparing our data with The Cancer Genome
Atlas (TCGA)53 and Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Targets (MSK-
IMPACT)36 datasets, we found that our data were mostly
concordant with data from these databases. The
observed differences were most likely because of the
inclusion in TCGA of a more limited range of TNM stages
and, therefore, include fewer tumor progression-related
mutations. TCGA and MSK-IMPACT included tumors
from patients with more diverse international origins,
whereas we received cases from hospitals in only the
western part of the Netherlands. In addition, we
excluded EGFR tyrosine kinase inhibitor (TKI)-resistant
cases, but the MSK-IMPACT database included tumors
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harboring EGFR T790M mutations, resulting in MSK-
IMPACT having a higher percentage of EGFR mutations
than our dataset. In Figure 3, we provide a chart showing
the most frequently seen and the most therapeutic
relevant pathogenic mutations.

RNA Next-Generation Sequencing
In the sequential approach, additional RNA NGS was

necessary in 105 of 198 cases without a mutagenic
driver (53%), whereas it was performed in all 192 cases
in the parallel approach.

In both cohorts combined, RNA NGS was performed
in 297 cases. Fusions were found in 19 cases, repre-
senting 6.4% of all RNA NGS cases and 4.9% of the total
cohort. ALK fusions were detected in eight cases, of
which EML4 was the most common fusion partner (n ¼
6). In one case, ALK was fused to STRN3, and in another
case to RPTOR. In all EML4 and STRN3 fusion cases, the
ALK breakpoint was at exon 20. In the RPTOR fusion
case, the breakpoint was at ALK exon 10 and the fusion
protein was out of frame, which also explains the ALK-
negative IHC. Because there was no other pathogenic
mutation, this fusion was reported, but it is not certain
if this is an oncogenic driver. Therefore, the patient has
not been treated with TKIs and response data are not
available. KIF5B-RET fusion occurred in two cases,
FGFR3 fusion occurred in two cases (with TACC3 and
0%

5%

10%

15%

20%

25%

30%

35%

KRAS EGFR BRAF PIK3CA ERBB2 MET

LUMC MSK-IMPACT TCGA

Figure 3. Comparison of mutation prevalence in the dataset
from The Cancer Genome Atlas-NSCLC adenocarcinoma,
Memorial Sloan Kettering-Integrated Mutation Profiling of
Actionable Targets, and Leiden University Medical Centre
(both cohorts combined). Y axis: percentage of all cases, x
axis: oncogenic somatic mutation.
WHSC1), MET exon 14 skipping occurred in four
additional cases (one case already identified with DNA
NGS), and CD74-ROS1 fusion occurred in one case
(Fig. 4).

Fusion-positive cases were mutually exclusive with
pathogenic driver mutations in both cohorts, as shown in
Figure 4. We did, however, find co-occurrence of ALK
fusions with CDKN2A and NOTCH1 deletions and MDM2
and CDK4 amplifications. MET exon 14 skipping co-
occurred with CDKN2A deletions, and TP53, APC, and
PTEN mutations, RET fusion with TP53 mutations, and
FGFR3 fusion coincided with TP53 and STK11 mutations.
BRAF exon skipping coincided with non-V600 BRAF
mutations and STK11 mutations. However, the non-V600
BRAF mutation was a very low frequency variant and
was only observed in RNA NGS.
Never-Smoking Status
In this study, 22 never smokers were included in the

parallel cohort and 24 in the sequential cohort. These
patients had significantly different characteristics (more
often female, p ¼ 0.04) and demonstrated a different
outcome from DNA NGS and RNA NGS, compared with
former and current smokers (n ¼ 313), as outlined in
Table 2. Smoking history was unknown in 31 cases,
which were not included in Table 2.

Although a driver mutation was identified by DNA
NGS equally often in never smokers, the types of driver
mutations compared with former and current smokers
were more often EGFR (41% in never smokers versus
7% in former- and current smokers, p ¼ 0.00) and less
often KRAS (9% in never smokers versus 37% in
former- and current smokers, p ¼ 0.00). Furthermore, a
fusion was found more often in never smokers (32%)
versus former and current smokers (4%) (p ¼ 0.00)
(Fig. 5).

In never smokers, DNA NGS failed and a new biopsy
was recommended in two cases. In the cases in which
DNA NGS was successful, an oncogenic driver was
identified in 26 cases (59%). In the 18 cases (41%) in
which no oncogenic driver was found in DNA NGS, an
oncogenic fusion was found in 10 of 13 successfully
analyzed cases (77%). RNA NGS failed in five cases, and
a new biopsy was recommended.

In some of the patients included in the never-smoking
group, we registered smoking-associated mutations, for
example four KRAS mutations. One patient with KRAS
mutation had never smoked, but it was mentioned in the
file that this patient had had frequent exposure to
second-hand smoke. This might also have been the case
in other patients with KRAS mutations; but this was not
always registered extensively in their case file.
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Turnaround Time
In molecular diagnostics for NSCLC, time is an

important factor and a possible disadvantage for the
sequential approach. We have outlined the turnaround
times in Table 3. The median MD time (time from the
start of molecular diagnostics until the results are issued
to the pathologist) was equal in both cohorts: both had 9
working days.

However, in cases in which additional RNA NGS was
required after DNA NGS, the median turnaround time
was longer than in the cases in which only DNA
NGS was required: 15 working days versus 7 working
days.

The never smokers were especially affected. Twenty-
four never smokers were enrolled in the sequential
approach. In 15 cases, RNA NGS was required, and in five
cases, a fusion was identified, whereas RNA NGS failed in
two cases. This resulted in a delay in the time-to-driver
detection in five of the 24 never smokers (21%),
whereas in former- and current smokers, this was the
case in only four of 82 cases (4.9%).
Immunohistochemistry
When performing IHC, we encountered seven sam-

ples that were positive for ALK, four cases positive for
ROS1, and one case positive for both ALK and ROS1
(Fig. 4). In all cases, we performed RNA NGS to identify
the fusion partner and the breakpoint, as these data can
provide valuable information regarding the prognosis
and resistance to crizotinib. We also aimed to confirm
the IHC findings.

ROS1 was strongly positive in one case, in which a
ROS1 fusion was found in RNA NGS (Fig. 4). Four cases
reported ambiguous ROS1 staining, without a fusion
detected in RNA NGS. In eight cases that were positive
for ALK on the basis of IHC, a fusion was found in RNA
NGS in six cases. In the two false-positive IHC results, the
staining was weakly positive, whereas the staining was
always strongly positive in the true-positive cases.

In the sequential approach, when ALK or ROS1 IHC
was positive, RNA NGS was immediately started instead
of waiting for the results of DNA NGS. When ALK IHC
was strongly positive, the clinician was informed, even
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before the DNA NGS or RNA NGS results were confirmed
to start crizotinib therapy without delay.

In one case, insufficient material was available for
IHC, but an ALK fusion was found in RNA NGS performed
on cytology slides. In another case, ALK was negative in
IHC, and a RPTOR-ALK fusion was found in RNA NGS.
However, in this fusion, the ALK breakpoint was in exon
10 instead of in exon 20 or 19, as is usually seen. This
fusion resulted in an inactive protein and therefore did
not lead to ALK overexpression that can be detected by
ALK IHC.
Table 3. Turnaround Time for Each Cohort

Cohort Characteristic

Overall (n ¼ 390) Mean (range)
Median

Parallel cohort (n ¼ 192) Mean (range)
Median

Sequential cohort (n ¼ 198) Mean (range)
Median

Sequential cohort without RNA NGS (n ¼ 90) Mean (range)
Median

Sequential cohort with RNA NGS (n ¼ 108) Mean (range)
Median

MD time: number of workdays from the request for DNA NGS or RNA NGS by the p
time: number of workdays from the request for DNA NGS or RNA NGS by the pa
number of workdays from the arrival of the tissue at the pathology department
mostly owing to late metastasis cases. Outliers in the first and second column are
NGS, next-generation sequencing; MD, molecular diagnostics.
NGS Challenges and the Failure to Complete
Molecular Workups

The overall dropout rate of DNA NGS was lower (4%,
n ¼ 13) than the overall dropout rate of RNA NGS (18%,
n ¼ 54). Of these cases, a driver alteration had already
been identified by DNA NGS in 18 cases (33%). Of the
remaining cases in which no DNA NGS data with driver
mutation and no RNA NGS data could be generated (n ¼
44 [67%, or 11% of the total cohort]), nine cases were
eligible for immunotherapy on the basis of PD-L1
expression. An additional biopsy was recommended
MD Time MD-to-Sign Time Received-to Sign Time

1906 (2–364)
9

21.1 (2–365)
10

33.6 (7–2285)
13

14.3 (5–364)
9

15.7 (6–365)
10

19.7 (7–365)
13

24.7 (2–182)
9

26.3 (2–186)
10

47 (7–2285)
14

7.2 (2–20)
7

9.1 (2–59)
8

16.1 (7–277)
9

39.3 (6–182)
15

40-6 (6–186)
15

72.8 (7–2285)
21

athologist until all data from molecular diagnostics were available. MD-to-sign
thologist until the final report is sent to the clinician. Received-to-sign time:
until the final report is sent to the clinician. Outliers in the third category are
mostly because of late additional RNA NGS in the startup phase of this study.
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Figure 7. Case 1, a 70-year-old man presenting with stage IV
NSCLC with positive pleural and pericardial effusions. (A)
Hematoxylin and eosin staining of hemorrhagic pericardial
fluid with tumor islets that was used for DNA next-generation
sequencing (NGS) and RNA NGS; (B, C) enlarged sections of
(A); (D) RNA NGS readout showing the MET exon 14 splicing
event.
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owing to RNA NGS failure in 35 cases (9% of the total
cohort) (Fig. 6).

Cytology
Among all cytology samples (n ¼ 150), DNA NGS did

not generate reliable data in nine samples (6%) . RNA
NGS could not be executed in 45 samples (30%), mainly
because of the limited number of tumor cells that were
available in the specimen. RNA NGS requires 20 ng to
200 ng of nucleic acid, whereas DNA NGS only requires
15 ng.

Decalcification
RNA NGS failed in 10 cases (45%) of the decalcified

tissues, and six cases (27%) were likewise not suitable
for DNA NGS. This was most likely caused by the
destruction of nucleic acid by conditions encountered
during the decalcification procedure. Fusions detected in
small cytology samples were illustrated by the following
cases:

Case 1. A 70-year-old man presented at the emergency
room with cardiac tamponade and pleural effusion.
Pericardiocentesis was performed and the drained fluid
was analyzed by a pathologist. A thyroid transcription
factor-1-positive adenocarcinoma was discovered in the
pericardial fluid and in the pleural fluid. The adenocar-
cinoma proved to be ALK- and ROS1-negative; the PD-L1
tumor proportion score was 70%. DNA NGS revealed
two pathogenic mutations in TP53 and CDKN2A.



Figure 8. Case 2, a 60-year-old man who had never smoked,
presenting with multiple nodal, osseous, ocular and subcu-
taneous metastases of a thyroid transcription factor-1-posi-
tive NSCLC. (A) Giemsa staining of a lymph node puncture
that was used for the molecular workup, including DNA next-
generation sequencing (NGS) and RNA NGS; (B) enlargement
of (A); (C) cellblock with hematoxylin and eosin staining of a
lymph node puncture that was used for immunohistochem-
istry; (D) enlargement of (C); (E) RNA NGS readout revealing
a KIF5B-RET fusion.
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Subsequent RNA NGS analysis revealed the presence of a
MET exon 14 skipping event. The patient was treated
with pembrolizumab, initially establishing a
progression-free period; but after a few months the
disease progressed, and the patient was included in the
Drug Rediscovery Protocol trial (NCT02925234) to
receive targeted MET exon 14 therapy. Full molecular
workup was successfully performed on cytology sam-
ples with relatively low tumor cell percentage in this
case (Fig. 7).

Case 2. A 60-year-old man presented with loss of vision
in his right eye. An ocular tumor of unknown origin
was discovered. In the workup, a thoracic computed
tomography was performed. Multiple masses in both
lungs, the mediastinum, the kidneys, and subcutis were
seen. The patient had never smoked and had no symp-
toms except mild intermittent back pain. An endobron-
chial ultrasound-guided lymph node puncture was
conducted, and an examination by the pathologist
revealed a thyroid transcription factor-1-positive
adenocarcinoma. ALK and ROS1 were negative, and PD-
L1 was positive in 5% to 10% of the tumor cells. DNA
NGS revealed no class 4 or class 5 pathogenic mutations.
Fusion analysis by RNA NGS revealed a KIF5B-RET
fusion, with the RET breakpoint at exon 12 and the
KIF5B breakpoint at exon 15. Initial chemotherapeutic
and immunotherapeutic regimens did not lead to stable
disease or therapeutic response, and the patient was
included in the Dutch Drug Rediscovery Protocol trial
(NCT02925234) for RET-targeted treatment. Full mo-
lecular workup was successfully performed on a medi-
astinal lymph node fine-needle aspiration (FNA) sample
(Fig. 8).
Discussion
Successful testing for the complex array of molecular

targets in metastatic NSCLC demands careful molecular
workup and judicious use of diagnostic IHC. For many
laboratories, finding a way to navigate the many diag-
nostic options while not exhausting the tumor tissue of
small biopsies or cytology samples remains a challenging
task. To be “lean and mean” in molecular diagnostics and
to become future-proof, laboratories will have to reduce
their number of diagnostic steps in this extensive
workup.

In this study, we present our in-house molecular
workup for NSCLC that uses both DNA NGS and RNA
NGS combined with IHC. To optimize our procedure, we
compared a cohort in which we performed parallel DNA
NGS and RNA NGS to a cohort in which DNA NGS was
followed by RNA NGS only when no driver mutations
were detected by DNA NGS in KRAS, BRAF, EGFR, or
ERBB2 (including EGFR and ERBB2 amplification), or
MET exon 14 skipping. Our results revealed that RNA
NGS is a valuable addition to detect fusions for all rele-
vant target sites (ALK, ROS, RET, MET exon 14 skipping,
BRAF exon skipping, NTRK, and FGFR), especially in
never smokers. We also observed that RNA NGS is able
to identify known fusion partners (e.g., EML4-ALK or
KIF5B-RET) and novel or unusual partners (e.g., RPTOR-
ALK and TACC3-FGFR3).

Additional RNA NGS changed treatment options in
5% of all cases and in 22% for never smokers. These
data were in line with the recent study of Benayed
et al.49 who reported that even in large panels such as
MSK-IMPACT, additional RNA NGS is required to identify
all fusions and exon-skipping events, especially in cases
without a clear driver and with a low tumor mutational
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burden. Their study reported that in 39.4% of all cases in
which the MSK-IMPACT could not identify a driver mu-
tation, sufficient quality and quantity material was left
for RNA NGS.

In concordance with the TCGA data, all detected fu-
sions were mutually exclusive with pathogenic driver
mutations in EGFR, BRAF, KRAS, MET, and ERBB2, sup-
porting the sequential approach, as presented in
Figure 1.53 This sequential approach reduced the num-
ber of RNA NGS analyses by 47.0%.

The sequential approach had a median sample-to-
data time of 9 days, which was the same as the paral-
lel approach. However, in cases in which additional RNA
NGS was required, the median turnaround time in the
sequential approach was 15 days, versus 7 working days
in cases in which this was not required. In our labora-
tory, the alternative of without RNA NGS—that is, DNA
NGS with additional FISH and PCR analysis—would
take approximately 8 days to 12 days.

When we take into account the cost of the parallel
versus the sequential approach, the parallel approach is
approximately twice as expensive. DNA NGS costs are
estimated at V607, and RNA NGS costs at V500 to
V700. Omitting RNA NGS in patients with a clear
oncogenic driver in DNA NGS is possible in 47% of all
cases, which considerably reduces the average costs of
the molecular workup in NSCLC. However, the longer
turnaround time is an important disadvantage of the
sequential approach.

Moreover, in former and current smokers, the yield of
additional RNA NGS is quite low: only seven fusions
were found in 313 patients (2%); and because of the IHC
screening for ALK, the turnaround time can be reduced
in ALK-positive cases. This combination of low RNA NGS
yield, high costs, and limited extension of the turnaround
time justifies a sequential approach in former and cur-
rent smokers.
Never smoker

ALK, PD-L1
DNA NGS
RNA NGS

ALK, PD
ALK +/-

Driver found Driver not found

Targeted
terapy

Immunotherapy
Chemotherapy

ALK + AActionable Not actionable

Figure 9. Proposed diagnostic process coming from data pres
current smokers.
In never smokers, 10 of 46 patients (22%) of all
patients harbor a fusion, which can only be detected by
RNA NGS. In addition, smokers only represent 12% of all
patients presenting with advanced metastatic NSCLC.
The higher yield of RNA NGS in this small group of pa-
tients asks for a parallel approach, and greater cost is not
a sufficient argument to defer to a sequential approach
in these patients. We, therefore, suggest a separate,
parallel approach for never smokers, which is outlined in
Figure 9.

More importantly, the combined DNA NGS and RNA
NGS workup presented in this study is feasible on small
tissue samples and cytology specimens. This is essential
for daily clinical practice because in most laboratories,
approximately 30% of NSCLC is diagnosed with cytology
FNA samples. Our data found that the overall dropout
rate was 4% in DNA NGS and 18% in RNA NGS. Cytology
samples revealed slightly higher failure rates, with 6% in
DNA NGS and 30% in RNA NGS, owing to the higher
nucleic acid input required in RNA NGS (20 ng–200 ng)
versus DNA NGS (only 15 ng). Overall, in 9% of cases, no
driver mutation was found in DNA NGS and insufficient
material was left for RNA NGS. In these cases, an addi-
tional biopsy was advised.

When comparing our method to large hybrid capture
platforms, such as Foundation One, MSK-IMPACT, and
MSK-Fusion, our dropout rate is low, especially when
taking into account the fact that we made extensive use
of cytology samples.49,50 The advantages of large panels
such as Foundation One can only be harvested for cases
with extensive amounts of tissue available. With Foun-
dation One, only 60.9% of all samples of histologic
confirmed NSCLC passed the preanalytical quality con-
trol check and were evaluable by the NGS assay.49

It is important to mention that this workup performs
optimally and is most tissue sparing when working with
total nucleic acid (isolated in one procedure), so that
Former or current smoker

-L1 DNA NGS RNA NGS
ALK +/-

ALK +

Driver not foundDriver found

No driver

Targeted
terapy

Immunotherapy
Chemotherapy

LK + Actionable Not actionable

ented in this article. Left: never smokers; Right: former or
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tissues have to be cut only once. We isolated total nucleic
acid in a single procedure using the tissue preparation
system Siemens robot. Separate isolation of DNA and
RNA would require more tumor material, possibly
resulting in a higher dropout percentage.

As saving tissue is very important in the workup of
advanced NSCLC, we should consider omitting ROS1 IHC.
This is mainly owing to the fact that the false-positive
rate of ROS1 IHC is so high that therapy can never be
started without confirmation by RNA NGS. Thus, the only
benefit would be that when ROS1 IHC is positive, RNA
NGS is started without delay and the ROS1 cases are
diagnosed more rapidly. However, the disadvantages are
considerable, as the number needed to screen is very
high, and in all these cases, valuable tissue is wasted.

A possible disadvantage of our method could be the
lower sensitivity of DNA NGS for the detection of copy
number variance. Detection of amplifications can be
problematic especially in specimens with low tumor cell
percentages. This was probably illustrated in the lower
number of amplifications compared with TCGA and MSK-
IMPACT data, as outlined in Figure 3. In some selected
cases, for example, in the workup of post-EGFR-TKI
resistance (which was not included in this study), addi-
tional ERBB2 or MET FISH might be necessary if no
resistance mutations (T790M and C797S) or other
resistance mechanisms are detected.

We foresee an increasing need for RNA NGS in the
postosimertinib resistance setting, as a wide variety of
resistance mechanisms have been described, including
fusions.45 The ability to work with small sample sizes in
this clinical setting is even more important, as the
diagnostic workup for EGFR-TKI resistance mechanisms
is often based on small core needle biopsies or FNA
samples of growing metastatic sites. Our method, in
which DNA NGS and RNA NGS are combined, could be an
ideal and a practical choice for many laboratories dealing
with this growing patient category.

In the future, we might further narrow the number of
cases in which additional RNA NGS will be required,
because tumors harboring pathogenic mutations in
oncogenic driver genes such as PIK3CA, HRAS, MAP2K1,
MAP2K4, FGFR1, GNAS, or NRAS, do not co-occur with
fusion genes or MET exon 14 skipping, as reported in
this cohort and the recent article by Benayed et al.49

However, because both fusions and these somatic
driver mutations are quite rare, more experience with
molecular diagnostics in NSCLC is needed before we can
be certain about the mutual exclusiveness of these rare
driver mutations.

In conclusion, we have described our optimization
procedure for the molecular workup of advanced-stage
NSCLC through a sequential approach for former and
current smokers using IHC and DNA NGS followed by
RNA NGS in a selected subset of cases without detectable
activating mutations in KRAS, BRAF, EGFR, ERBB2, or
MET exon 14 skipping.

Switching to a sequential approach drastically
reduced the number of unnecessary diagnostic steps and
the accompanying costs, as additional RNA NGS was
necessary in only 53% of all cases. In never smokers
(12% of all patients), we support a parallel approach,
because RNA NGS has a much higher yield. More
importantly, our method is feasible and successful for
small samples, including that of cytologic material,
making it an ideal solution for laboratories that want to
step away from the classical workup for NSCLC, which
combines NGS with multiple FISH analyses, but that do
not work with the large sample sizes necessary for large
(and more expensive) hybrid capture panels or whole-
genome sequencing. In summary, the method pre-
sented in this article may drastically reduce the
complexity and number of diagnostic steps and can also
provide flexibility in the constantly evolving landscape of
actionable targets in NSCLC.
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