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Several kinase fusions are established targetable drivers in lung cancers. However, rapid and compre-
hensive detection remains challenging because of diverse partner genes and breakpoints. We assess the
clinical utility and performance of a rapid microfluidic multiplex real-time PCRebased assay for
simultaneous query of fusions involving ALK, ROS1, RET, and NTRK1/2/3, as well as MET exon 14
skipping, using a 3-hour automated process. Dual analytic strategies were utilized: fusion-specific
amplification and 30 to 50 expression imbalance. One-hundred and forty-three independent, formalin-
fixed, paraffin-embedded tumor samples (112 surgical specimens, 31 cytologic cell blocks) were
analyzed: 133 with known kinase gene alterations and 10 negative samples based on clinically validated
next-generation sequencing. Testing was successful in 142 (99%) cases. The assay demonstrated a
sensitivity of 97% (28/29), 100% (31/31), 92% (22/24), 81% (22/27), and 100% (20/20) for ALK, RET,
ROS1, and NTRK1/2/3 rearrangements and MET exon 14 skipping alterations, respectively, with 100%
specificity for all. Concordant results were achieved in specimens aged up to 5 years, with >10% tumor,
and inputs of at least 9 mm2 (surgical specimens) and 9000 cells (cytologic cell blocks). The assay
enables rapid screening for clinically actionable kinase alterations with quicker turnaround and lower
tissue requirements compared with immunohistochemistry and molecular methods, while also circum-
venting the infrastructure dependencies associated with next-generation sequencing and fluorescence
in situ hybridization. (J Mol Diagn 2022, 24: 642e654; https://doi.org/10.1016/j.jmoldx.2022.03.006)
Gene rearrangements affecting several receptor tyrosine
kinases (RTKs) are important targetable oncogenic alter-
ations in lung cancer. Therapeutically actionable gene fu-
sions drive approximately 10% of nonesmall-cell lung
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Ultrarapid Fusion Detection in Lung Cancer
downstream deregulation of cell proliferation and survival.
In other oncogenic fusions, 30 kinase domain overexpression
may result from promoter swapping or loss of autoinhibitory
domain.3 The most common RTK fusions in NSCLC
involve ALK (3.5%), ROS1 (2.7%), and RET (1.7%).4 More
recently, fusions involving the neurotrophic tropomyosin
receptor family of RTKs (NTRK1, NTRK2, and NTRK3)
have been reported in 0.2% of lung adenocarcinomas, while
occurring at high frequency (>90%) in rare tumors, such as
secretory carcinoma.5 Another type of RTK alteration
recently described is MET exon 14 skipping, an intragenic
rearrangement of MET occurring in approximately 3% of
NSCLCs.6 In this case, mutations affecting the splicing
acceptor and donor sites of exon 14 lead to skipping of the
exon and generation of a shorter protein with characteristic
in-frame deletion of the juxtamembrane domain. Of note, up
to 40% of rearrangement-driven lung cancers are diagnosed
at an advanced stage (III to IV),1,2,7 complicated by severe
respiratory distress due to diffuse lung parenchymal
involvement and/or malignant airway obstruction in many
cases.8e11 Fortunately, tyrosine kinase inhibitor therapy
typically induces rapid and profound clinical
improvement.8e12 Timely recognition of these alterations,
particularly in symptomatic patients or in those with an
extensive disease burden, is thus critical in the clinic.

Laboratory detection of rearrangements involving RTKs
may be challenging because of their complex biology. For
MET alterations, both RNA- and DNA-based sequencing
approaches may be used; DNA approaches target the
detection of mutations predicted to lead to exon 14 skipping,
whereas RNA approaches detect the direct fusion of exon 13
and exon 15 transcripts. Detection of kinase fusions is more
complex. Common methods include fluorescence in situ
hybridization (FISH), quantitative real-time PCR, and next-
generation sequencing (NGS), each with intrinsic limitations
and variably long turnaround times (TATs). Alternatively,
protein expression by immunohistochemistry (IHC) may be
used as a surrogate for rapid detection with more favorable
TATs. Commercial IHC antibodies are available for deter-
mining ALK, ROS1, RET, and NTRK (pan-TRK) expres-
sion. However, unlike ALK IHC, which predicts fusion with
sensitivity and specificity of nearly 100%,13,14 other kinase-
based IHC analyses show heterogeneous, partner
geneedependent performance. For example, although Sol-
omon et al5 reported an overall sensitivity and specificity of
88% and 81%, respectively, for pan-TRK IHC in a set of 87
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NTRK fusion-positive tumors, sensitivity was lower in
NTRK3 (79%) compared with NTRK1 (96%) and NTRK2
(100%) fusion-positive tumors. Notably, false pan-TRK
positivity may occur in tumors exhibiting neural or
smooth muscle differentiation.15 Similar heterogeneous
performance with RET IHC was observed by Yang et al,16

reporting sensitivities of 50% to 100%, depending on the
fusion partner, and overall specificity of 82%. Despite a
high sensitivity nearing 100%, ROS1 IHC also demon-
strates variable specificity of as low as 70%, limiting its use
as a reliable rapid screening method.17 FISH, which has
traditionally served as the gold standard for gene rear-
rangement analysis, presents limitations related to low
multiplexing capability and lack of functional resolution,
such as the intactness of kinase domain and translational
reading frames. Moreover, falsely negative break-apart
FISH may occur in fusions generated by short-segment in-
versions (eg, NCOA4::RET16 and BIRC6::ALK18) with
visually undiscernible probe separation.16

In recent years, NGS has become the mainstay for
high-throughput therapeutic target search. Despite a
reduced per-gene analytic cost, most NGS assays require
a TAT of 2 to 3 weeks and may not be broadly available.
In addition, there are underlying genomic and biologic
complexities that can lead to false-negative gene fusion
results. When using DNA-based NGS analysis, the most
common type of NGS testing done for lung cancer, some
fusions may go undetected because of incomplete target-
ing. Concurrent or sequential testing by RNA-based NGS
could be used to enhance detection, but RNA sequencing
has yet to be adopted more broadly in routine clinical
practice. Targeted NGS-based analysis of circulating
tumor DNA typically requires at least 2 weeks of TAT,
particularly when molecular barcoding and advanced
bioinformatics are employed to ensure assay accuracy.
Prior studies have reported heterogeneous pretreatment
sensitivity (54% to 79%19,20) of circulating tumor DNA in
detecting ALK fusions, likely due to variable tumor
shredding.

More recently, the use of 30 to 50 expression imbalance
has attracted scientific attention as a promising fusion
detection method. In kinase fusionedriven tumors, onco-
genic fusion transcripts are highly expressed and contain the
30 kinase domainecoding sequence. As a result, these tu-
mors exhibit 30 to 50 expression imbalance (EI) of the
rearranged kinase gene. EI can be queried using various
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Figure 1 The Idylla GeneFusion assay queries kinase gene rearrangements through quantitative real-time PCR using fusion-specific (FS) and expression
imbalance (EI) primers and probes. A: In normal tissue and nonrearranged tumors, the 30 and 50 EI probes show similar levels of expression, whereas the FS
probes fail to amplify. B: In fusion-driven tumors, overexpression of fusion transcripts causes 30 overexpression and, in cases harboring the targeted fusions
listed in Supplemental Table S1, gives rise to fusion-specific amplicons. Corresponding representative plots for wild type and ALK fusion are seen on the right.

Chu et al
methods, such as direct RNA hybridization-based transcript
enumeration (eg, NanoString nCounter21e26), quantitative
RT-PCR (RT-qPCR),27,28 digital PCR,29 matrix-assisted
laser desorption/ionization time-of-flight analysis,24 and
NGS,30,31 with limited published experience in routine
clinical practice. Some assay designs employ dual testing
strategies to enhance detection, with multiple probe sets
targeting not only the 50 and 30 regions of kinase gene for EI
assessment, but also the most common gene breakpoints for
the tumor type(s) of interest.21,22,24

Regardless of the method used, the complexity of testing
and TAT requirements of molecular approaches have
remained high, such that routine comprehensive, multigene
assessment for fusions is only performed in a low proportion
of cases and, even when performed, results may not be
available in a therapeutically actionable time frame. Overall,
there is an unmet need for a fusion detection method that is
rapid, includes multigene coverage of the most frequent
druggable kinase fusions, and can be easily established in
routine practice across laboratories. This study set out to
validate and determine the clinical utility of the Idylla Gen-
eFusion test, a new microfluidic multiplexed RT-qPCR assay
for concurrent query of ALK, ROS1, RET, NTRK1, NTRK2,
and NTRK3 rearrangements and alterations that result inMET
exon 14 skipping. Testing was performed in a large clinical
sample series previously characterized by NGS. The assay’s
analytic sensitivity, limit of detection, and repeatability were
also assessed using commercially available reference mate-
rial, prequantified by NGS and digital PCR.
644
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Materials and Methods

Sample Identification

Solid tumor cases with known kinase gene rearrangements
involving ALK, ROS1, RET, or NTRK1/2/3, or with MET
splice site alterations, were identified on the basis of results of
routine clinical testing by Memorial Sloan KetteringeInte-
grated Mutation Profiling of Actionable Cancer Targets
(MSK-IMPACT) (hybrid capture-based DNA NGS)32 and
MSK-Fusion (anchored multiplex PCR-based RNA NGS).33

A broad range of samples was selected; positive samples
harbored only one fusion or one MET exon 14 alteration, and
each positive sample served as negative control for the other
alterations. Ten negative cases were also included. All fusion
events were manually reviewed using the Integrative Geno-
mics Viewer34 and JBrowse35 to ensure in-frame coding,
kinase domain intactness, and adequate read support, as
previously described.32 Electronic medical records were
reviewed for tumor characteristics and treatment history.
Formalin-fixed, paraffin-embedded (FFPE) tumor tissue
blocks and corresponding whole-slide scanned images were
retrieved from the Surgical Pathology and Cytopathology
archives at the Memorial Sloan Kettering Cancer Center.
Manual macrodissection for the Idylla assay was performed
to enrich for tumor, when possible. This was guided to select
the same regions previously macrodissected for nucleic
extraction to perform MSK-IMPACT and MSK-fusion
following the markings from the scanned whole-slide
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 1 Clinicopathologic Characteristics of the Samples
(N Z 143)

Characteristic n %

Age at diagnosis, median (range), years 63 (3e87)
Sex, female/male (ratio) 97/46 (2:1)
Primary tumor site
Lung 108 76
Thyroid 17 12

Colon 6 4
Salivary gland 5 3

Soft tissue 4 3
Pancreas 2 1

Brain 1 <1
Distant metastasis (M1) at diagnosis 58 41

Kinase inhibitor therapy 55 38

Kinase gene alterations
ALK fusions 29 22

NTRK1 fusions 12 9
NTRK2 fusion 1 1

NTRK3 fusions 16 12
RET fusions 31 23

ROS1 fusions 24 18
MET exon 14 skipping 20 15

No fusions or MET exon 14 skipping 10 7
Reference methods
MSK-IMPACT alone 101 71
MSK-IMPACT and MSK-Fusion 42 29

Reference method turnaround time,
median (range), days

MSK-IMPACT 20 (10e89)
MSK-Fusion 8 (4e18)

MSK-IMPACT, Memorial Sloan KetteringeIntegrated Mutation Profiling of
Actionable Cancer Targets.

Ultrarapid Fusion Detection in Lung Cancer
images. Tumor purity was assessed by implementing the
FACETS algorithm36 on MSK-IMPACT sequencing output
and correlated with the morphologic assessment by two
board-certified pathologists (Y.H.C. and M.E.A.) based on
hematoxylin and eosin slides. For surgical specimens, total
tissue area of assay input was measured in whole-slide
scanned images using a built-in tool of MSK Slide
Viewer.37 For cytology samples, cellularity was quantified
using the QuPath cell detection tool38 on whole-slide scanned
images of hematoxylin and eosinestained cell block sections
(5 mm thick). Per-slide cellularity was multiplied by the
number of slides used and rounded to the nearest thousand to
estimate the total cellular input.

Comparison Methods

Next-generation sequencing (NGS) assays served as the
reference method, including MSK-IMPACT for all cases
(N Z 143) and MSK-Fusion, performed in a subset of
cases (N Z 42), as previously described.32,33 MSK-
IMPACT is a 505-gene DNA-based, hybrid-capture NGS
panel with coverage of all exons and selected introns (In)
of ALK (In 17 to 19; NM_004304), RET (In7 to 11;
NM_020975), ROS1 (In 30 to 35; NM_002944), NTRK1
(In 3 and 7 to 12; NM_002529), NTRK2 (In 15;
NM_006180), and NTRK3 (NM_001012338) (https://www.
ncbi.nlm.nih.gov/gene, last accessed April 7, 2022). MSK-
Fusion is a targeted RNA-based NGS panel utilizing
anchored multiplex PCR technology and targeting selected
regions of 123 genes, including ALK (exons 19 to 22),
RET (exons 8 to 13), ROS1 (exons 31 to 37), NTRK1
(exons 8 to 13), NTRK2 (exons 11 to 17), and NTRK3
(exons 13 to 16). Both assays were fully validated for
routine clinical diagnostic purposes.32,33

ALK IHC was performed in all cases as part of routine
workup, whereas break-apart FISH was performed on
selected cases to resolve discordant results. For IHC,
immunohistochemical antibodies (clone D5F3, prediluted;
Cell Signaling, Danvers, MA) were applied on FFPE sec-
tions (5 mm thick) and processed by an automated stainer
(Leica, Buffalo Grove, IL). Break-apart FISH was per-
formed using commercial probes for ALK (Abbott Molec-
ular, Des Plaines, IL) on FFPE sections (5 mm thick). At
least 100 valid nuclei were evaluated in each case. Cutoff
for maximal allowable normal variation was 10%.

Idylla GeneFusion Assay

The Idylla GeneFusion assay (Biocartis, Mechelen,
Belgium) is a multiplex RT-qPCR assay designed for con-
current analysis of ALK, ROS1, RET, and NTRK1/2/3 rear-
rangements and MET exon 14 skipping in 3 hours without
pre-extraction. Automation is achieved through integrated
microfluidic, cartridge-based, closed devices where whole
nucleic acid extraction, reverse transcription, amplification,
and detection take place. Each cartridge (single-sample/
The Journal of Molecular Diagnostics - jmdjournal.org
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single-use device) is manually loaded with unextracted
FFPE tissue sections into a lysis chamber and loaded onto
an Idylla instrument, with a technical hands-on time of
approximately 2 minutes. In this study, samples were first
tested using one tissue section (5 mm thick) per surgical case
or five cell block sections per cytology specimen. In cases
with borderline or invalid results (detailed below), testing
was re-attempted with more sections, when available.
Macrodissection was performed, whenever feasible, for
maximal tumor enrichment. Driven by a fully automated
workflow, liquefaction buffers are infused into the lysis
chamber, where heat and high-intensity focused ultrasound
are applied to further facilitate deparaffinization, cell lysis,
and RNA deecross-linking. Whole nucleic acids are puri-
fied using a chaotropic binding chemistry to a silica mem-
brane and then eluted and transferred to five PCR chambers
where multiplex RT-qPCR takes place using TaqMan PCR
chemistry and fluorescence-based detection.

The analysis of gene fusions utilizes two technical mo-
dalities: detection of fusion-specific amplification and 30 to
50 expression imbalance (Figure 1). Fusion-specific (FS)
primers were designed to amplify the flanking sequences of
93%, 97%, and 85% of ALK, ROS1, and RET fusion
breakpoints, respectively, observed in lung
645
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Figure 2 Fusions and MET exon 14 skipping mutations included in the study. A: Fusions with the exon numbers involved in the breakpoints are listed
alongside the transcripts with case numbers specified in parentheses. Transcript identifiers are listed in Supplemental Tables S1 and S2. B: MET exon 14
skipping alterations tested (case numbers, if >1, are indicated in the circles). C: Representative plots of lung adenocarcinomas carrying a nontargeted STRN-
ALK fusion shows expression imbalance with 30 curve alone and a DCq3’-HKG of 2.11 (left); there was no fusion-specific (FS) amplification (right). D: A
CCDC6::RET tumor shows positive FS detection in addition to expression imbalance with 30 curve alone (DCq3’-HKG Z 0.9). E: Idylla detection of NTRK fusions
relies solely on expression imbalance, which was seen in this TPM3::NTRK1 fusion tumor with 30 overexpression. F: Dedicated probe sets for MET exon 14
skipping transcripts produce a clear fluorescent curve in this lung adenocarcinoma carrying MET c.3028 G>A mutation.

Chu et al
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Figure 3 Quality metrics and expression assessment. A: Distribution of CqHKG in the study. With higher cellular inputs, surgical specimens demonstrated
overall lower CqHKG values compared with cytology specimens (P < 0.001). The error bars indicate group-specific 95% CI based on a t-distribution. B: Dis-
tribution of CqHKG of surgical samples and the impact of sample age and overall input. As expected, older samples are associated with lower performance, but
most still provide suitable quality metrics for fusion detection. C: Distribution of DCq5’-HKG (x axis) and DCq3’-HKG (y axis) in cases showing valid 30 and 50

curves. Distinct clustering of fusion-positive and wild-type samples was observed for ALK and RET. Note the comparable 30 and 50 expression levels in most
wild-type samples, which roughly approximated a 45-degree (xz y) line. For ROS1, most wild-type samples showed a high baseline expression with low DCq5’-
HKG and DCq3’-HKG, which obscured the detection of expression imbalance in fusion-positive samples. Samples harboring NTRK1, NTRK2, and NTRK3 showed
variable degrees of 30 overexpression with reduced DCq3’-HKG values compared with wild-type samples. Most of the samples with expression levels near the wild-
type cluster had high tumor content. EI, expression imbalance; FS, fusion specific.

Ultrarapid Fusion Detection in Lung Cancer
adenocarcinomas based on the Catalogue of Somatic Mu-
tations in Cancer database39 while also occurring in other
cancer types (Supplemental Table S140). In addition, both
wild-type and exon 14 skipping variant transcripts of MET
were interrogated with dedicated primer and probe sets,
targeting adjoined regions of exons 13 and 15. EI analysis
was performed to detect NTRK1/2/3 fusions, as well as other
rearrangements in ALK, ROS1, and RET that were not
specifically targeted by FS primers and probes. Multiple
probe sets to determine the 50 and 30 expression levels were
employed, and the levels of expression were compared with
the wild type expression of other samples in the cohort to
establish optimal cutoffs. By design, the assay only iden-
tifies the presence of kinase gene rearrangements but does
not determine the identity of the fusion partner even when
amplified by the FS probes.

The RT-qPCR results were interpreted using the algorithm
described in Supplemental Figure S1. Briefly, only amplifi-
cation curves with a valid sigmoidal shape after fluorescent
signal normalization were analyzed. Analysis began with
The Journal of Molecular Diagnostics - jmdjournal.org
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calculating a quantification cycle (Cq) value for each valid
amplification curve. Overall assay validity was then deter-
mined on the basis of the Cq values of six PCRs targeting two
housekeeping genes (HKGs), TMUB2 and ERCC3, which
were averaged into an overall housekeeping gene Cq (CqHKG).
For samples with acceptable CqHKG, each kinase gene was
then interpreted independently. A positive fusion call was
rendered when at least one of the following criteria was met:

i) Valid FS amplification curve with acceptable Cq
(CqFS), or

ii) Both 30 and 50 curves were valid with evident 30 over-
expression based on the result of Cq3’ minus Cq5’
(DCq3’-5’), or

iii) Only the 30 curve was valid in the absence of 50 curve,
with evident 30 overexpression based on the result of
Cq3’ minus CqHKG (DCq3’-HKG).

The interpretation cutoff values for CqHKG, CqFS, DCq3’-
5’, and DCq3’-HKG are proprietary and not disclosed at the
request of the assay manufacturer.
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Figure 4 Accuracy study. Plot summarizes the results of the 133 positive cases by sample type, cancer type kinase gene, and fusion partner. Results are
correlated with the tumor purity and corresponding CqHKG as a surrogate for RNA quality/quantity. Idylla results are stratified on the basis of consensus results
of the fusion-specific primers and expression imbalance (FS þ EI) and independently by modality (FS or EI). All ALK fusions missed by expression imbalance
were associated with samples of low tumor content or low template (high CqHKG) but rescued by the FS primers because of higher limit of detection of specific
targeting. By contrast, 71% of ROS1 fusions were not detected by EI primarily because of high intrinsic ROS1 expression of the wild-type gene. All targeted
nonesmall-cell lung cancer ROS1 fusions were detected by the FS primers; two ROS1 fusions not detected by the combination of FS þ EI were inflammatory
myofibroblastic tumors (nontargeted TFG partner) with tumor <20%. NTRK fusions, only targeted by EI, had variable expression imbalance regardless of tumor
proportion. All RET fusions and MET exon 14 skipping were detected.

Chu et al
Assessment of Assay Detection Limits

Assessment of limit of detection (LOD) and minimal input
studies were performed using commercially available RNA
reference material as well as previously characterized FFPE
clinical samples.

The Seraseq Fusion RNA Mix version 4 (SeraCare,
Milford, MA) was initially employed to assess overall per-
formance parameters and the detection limits for ALK, RET,
and ROS1 fusions and for MET exon 14 skipping. The
commercially available reference material contains biosyn-
thetic RNA of fusion constructs (18 fusions) at known levels
and RNA from a well-characterized GM24385 cell line as
background wild-type material. Digital PCR-quantitated
transcript concentrations and a list of included fusions are
available from the manufacturer. The manufacturer addi-
tionally provided the transcript concentration of house-
keeping gene GUSB as 15,520 copies per microliter. Of
note, NTRK2 fusions are not included in this reference
material. Moreover, the constructs of its RET, ROS1,
NTRK1, and NTRK3 fusion transcripts did not contain the 30

probe binding sites of the Idylla GeneFusion assay. For
analytic sensitivity determination, the reference material was
serially diluted using RNA from a wild-type cell line (Ser-
aseq TNA WT Mix; SeraCare) to obtain 50%, 25%, 12.5%,
6.25%, and 3% mixtures of the starting material. Similar
sensitivity determination studies were additionally per-
formed using mixtures of FFPE tissue sections (25 mm2, 5
648
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mm thick) from fusion-positive clinical samples with wild-
type tissue from a separate tumor block to achieve tumor
proportions of approximately 50%, 25%, 12.5%, 6.25%,
and 3%. Minimum input studies were also performed using
decreasing amounts of commercial reference RNA (200,
100, 75, 50, 40, 30, 20, 10, and 5 ng) and decreasing FFPE
tissue from clinical cases starting with 1 cm2 (surface area of
10 � 10 mm, 5 mm thick section) down to 6.25 mm2

(surface area of 2.5 � 2.5 mm, 5 mm thick section).
Genomic Data Visualization and Statistical Analysis

Kinase gene fusions and MET exon 14 skipping alterations
were visualized using the ProteinPaint web application41

and R version 4.0.3 (R Foundation for Statistical
Computing; https://www.r-project.org), including package
scatterplot3d.42 Statistical analysis was performed using
Microsoft Excel 2016 (Redmond, WA).
Results

A total of 143 unique patient samples were analyzed (112
surgical and 31 cytologic specimens), including 108
NSCLCs and 35 nonlung tumors to further enrich for rare
fusion partners. Table 1 summarizes the clinicopathologic
characteristics of the 133 positive cases harboring a broad
range of fusions and MET exon 14 skipping alterations
jmdjournal.org - The Journal of Molecular Diagnostics
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(Figure 2), as well as 10 negative NSCLC samples. Tran-
script identifiers are listed in Supplemental Tables S1 and
S2.40 Among the positive cases, 58 had distant metastases at
initial presentation and 55 had received matched targeted
therapy at the time of chart review. Compared with the NGS
platforms, which required a turnaround time of several days
to weeks, the Idylla assay was performed within 3 hours,
including 2 to 3 minutes of hands-on time and without pre-
extraction or batching requirements.

Supplemental Table S3 summarizes the specimen char-
acteristics and impact on the performance of Idylla Gene-
Fusion. Of 143 samples tested, 142 showed valid,
interpretable fluorescent profiles with CqHKG ranging from
23.4 to 35.1 (median, 27.9; distribution displayed in
Figure 3A). One surgical sample failed because of low
amplification and insufficient material for retesting. High
CqHKG values were associated with low tissue input and
increased age of the samples (Figure 3B). Three cytology
cases were repeated with double the input because of high
CqHKG values (>30) on initial testing. However, doubling
the input showed similar results (CqHKG changed from 34.5
to 35.1, from 32.1 to 32.2, and from 32.0 to 31.6). Overall,
the assay was successfully performed in samples aged up to 5
years and with inputs as low as 9 mm2 for surgical specimens,
or with at least 9000 cells from cytologic specimens.
Accuracy Assessment

The accuracy study is summarized in Figure 4 and Table 2.
The overall concordance with IMPACT as the reference
method was 94% (133/142). Concordance was highest for
RET fusions and MET exon 14 skipping alterations (100%),
followed by ALK (99%; 141/142), ROS1 (99%; 140/142),
and NTRK1/2/3 (96%; 136/142) fusions. Detection of fu-
sions by FS and EI, in combination, demonstrated high
specificity (100% for all targets) and sensitivity [97% (28/
29) for ALK, 100% (31/31) for RET, and 92% (22/24) for
ROS1]. Detection of alterations specifically targeted by the
FS primers was also 100% for all targets, and none of the
samples demonstrated nonspecific transcript amplification.
In contrast, assessment by EI alone was associated with
reduced sensitivity of 83% (24/29), 29% (7/24), and 94%
(29/31) for ALK, ROS1, and RET fusions, respectively.
NTRK1/2/3 fusions, assessed only by EI, had the lowest
overall sensitivity of all markers at 79% (22/28) when
compared with MSK-IMPACT.

To further assess gene expression variability, DCq3’-HKG
was plotted against DCq5’-HKG (indicators of normalized
expression levels of 30 and 50 transcripts, respectively) for all
cases with valid 30 and 50 curves (Figure 3C). This produced
distinct clustering of ALK and RET fusionepositive and
wild-type samples. Conversely, ROS1 wild-type samples
generally exhibited high levels of ROS1 expression, which
limited the distinction of ROS1-rearranged tumors by 30 to
50 EI. Samples harboring NTRK fusions showed variable
The Journal of Molecular Diagnostics - jmdjournal.org
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degree of 30 overexpression, limiting detection of EI in a
subset of samples, regardless of tumor content.

A detailed description of all discordances in this study is
presented in Supplemental Table S4. Briefly, one ALK
fusion was not detected by Idylla (nontargeted partner
ZFPM2) and corresponded to a case with marginal ampli-
fication (CqHKG, 34.9) and relatively low tumor fraction
(21%). Corresponding IHC was equivocal, and FISH was
positive; MSK-Fusion failed because of low coverage,
reflecting a low-quality template. Four additional ALK fu-
sions were not detected by EI, primarily associated with low
tumor content (<20%), but were all detected by FS primers
targeting EML4::ALK. Of note, one fusion initially charac-
terized as a RAB5C:ALK (nontargeted partner) based on
DNA testing by MSK-IMPACT was detected by both the
FS and EI primers and further confirmed by MSK-Fusion as
an EML4:ALK fusion. Two ROS1 fusions (nontargeted TFG
partner, inflammatory myofibroblastic tumors) were not
detected by EI, both with tumor content of <20%. Fifteen
additional ROS1 fusion cases (tumor range, 20% to 90%)
were not detected by EI but were all rescued by FS targeting
and detection. Only one of three nontargeted ROS1 fusions
was detected by EI (SDC4::ROS1 exon 5:34). Finally, six
NTRK fusions were not detected by EI despite adequate
amplification, including two cases with low tumor content
(�20%). Among these, one harbored ATP1A2::NTRK1 by
MSK-IMPACT. However, the fusion was not detected at the
RNA level by MSK-Fusion despite high tumor content and
passing quality metrics (Supplemental Figure S2). This
sample also harbored a sensitizing EGFR mutation (exon
19, 15-bp deletion) and the patient responded to osimertinib.
On the basis of this, the fusion was interpreted to represent a
non-productive rearrangement, slightly raising the sensi-
tivity of the assay for NTRK fusions to 81% (22/27).

Reproducibility

Seven clinical FFPE samples were tested in triplicate to
evaluate interassay reproducibility (Supplemental Table S5).
Both FS- and EI-based detection demonstrated satisfactory
precision in terms of indicator values (CqFS and DCq3’-5’)
and the overall assay conclusions. No false positivity was
observed during the reproducibility study.

Analytic Sensitivity

The initial assessment of LOD performed on extracted RNA
from reference material (Seraseq Fusion RNAMix version 4)
is summarized in Supplemental Tables S6 and S7. Using 200
ng of extracted RNA as a fixed input, CqHKG values were
maintained at<30, closely approximating the median CqHKG
values when using unextracted material from one tumor tis-
sue section (5 mm thick) with surface area of 25 mm2. Fusion
detection by FS primers was consistently possible for all
markers down to the 6% dilution and further detectable at 3%
for ROS1 and RET. Detection by EI (for ALK only) was
649
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Table 2 Performance Summary of the Idylla GeneFusion Assay (N Z 142 Cases after Excluding a Case with Assay Failure)

Kinase
gene

MSK-IMPACT Idylla GeneFusion

Pos* Neg Pos Neg CqHKG
y CqFS

z DCq30-5’
y

ALK 29/24 113 28 114 28.1 (23.4 to 34.9)/27.9 (25.3 to 35.1) 28.4

(24.2 to 32.6)

e5.3 (e9.6 to e3.7)/e1.0 (e4.0 to 6.9)

ROS1 24/21 118 22 120 27.8 (25.4 to 33.9)/27.9 (23.4 to 35.1) 26.9

(23.3 to 32.7)

e0.7 (e6.6 to 0.5)/0.3 (e2.0 to 1.1)

RET 31/28 111 31 111 27.9 (25.9 to 35.1)/28.0 (23.4 to 34.9) 27.3

(24.2 to 31.0)

e2.4 (e5.3 to 1.0)/2.0 (0.0 to 3.8)

NTRK1 11/NA 131 8 134 27.6 (25.3 to 31.2)/28.0 (23.4 to 35.1) NA e3.3 (e4.6 to 0.4)/0.3 (e2.5 to 1.3)
NTRK2 1/NA 141 1 141 32.5/27.9 (23.4 to 35.1) NA 0.13/3.7 (1.4 to 5.9)
NTRK3 16/NA 126 13 129 28.3 (25.6 to 32.4)/27.9 (23.4 to 35.1) NA e1.4 (e3.6 to 0.4)/0.6 (e0.2 to 1.4)
MET
Dex14

20/20 122 20 122 27.3 (25.6 to 30.0)/28.1 (23.4 to 35.1) 26.4
(22.0 to 29.2)

NA

*Total number/number harboring fusions targeted by the Idylla FS probes.
yMedian (range) for fusion-positive (boldfaced)/fusion-negative cases.
zMedian (range) values for targeted cases.
Cq, quantification cycle; Dex14, Exon 14 skipping; EI, expression imbalance; FS, fusion specific; HKG, housekeeping gene; NA, not applicable; Neg, negative;

NPV, negative predictive value; Pos, positive; PPV, positive predictive value.

(table continues)

Chu et al
possible for dilutions of�25%. With lower template input of
100 ng (CqHKG values of approximately 31), the LOD of ALK
was markedly affected with FS detection only above the 25%
dilution and EI above 50%. For ROS1, RET, and MET, FS
detection was unaffected. EI was not evaluable because of the
absence of 30 probe binding sites on the constructs included in
the commercial control material.

To further assess the performance of FFPE material, four
previously characterized clinical samples harboring fusions
involving ALK, RET, and ROS and MET exon 14 skipping
were tested. Selected areas of each tumor, 25 mm2 surface
area (5 � 5 mm; 5 mm thick section), were tested, sequen-
tially mixing with FFPE tissue from another block (wild type
for the variant) to reach approximate tumor proportions down
to 3%, as summarized in Supplemental Table S8. Results
demonstrate that using a fixed input of at least 25 mm2, fu-
sions can be effectively detected down to approximately 10%
tumor proportion and even below if targeted by FS primers.
Detection by EI is variably affected when tumor is <20%.

Minimal Input Study

Using extracted RNA from the commercial control at
decreasing total inputs of 200, 100, 75, 50, 40, 30, 20, and
10 ng (Supplemental Table S9) demonstrates the CqHKG
sequentially increases from <30 at 200 ng to approximately
34 at 10 ng, reflecting the increased number of cycles
required for detectable amplification. Testing with 5 ng
yielded a failure across all chambers. In this undiluted
sample with fusion transcripts present at approximately 15%
to 20% (normalized to housekeeping gene GUSB expres-
sion), all fusions and MET exon 14 alterations were
detectable with FS primers down to the 10-ng input, cor-
responding to at least 673, 1112, 1967, and 578 variant
650
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copies of ALK, RET, ROS1 fusions, and MET exon 14
skipping, respectively, based on corresponding digital PCR
assessment. EI for ALK was also detected at all levels but
was not evaluable for other fusions.
Similar studies were performed on FFPE tissue sections

from two clinical cases with tumor content at 50% and 20%,
harboring RET and ALK fusions, respectively. Sequential
decreases in the input (surface of 1 cm2, 50 mm2, 25 mm2,
or 6.5 mm2) showed sequential increases of the CqHKG from
29.9 to 34.8. In both cases, detection by FS primers was
maintained at all inputs except the lowest (6.25 mm2), but
detection of EI was variably compromised as the CqHKG
increased above 31. Detailed results are included in
Supplemental Table S10.
Discussion

This study assessed the clinical utility and performance of
the Idylla GeneFusion assay for rapid detection of targetable
fusions involving ALK, ROS1, RET, and NTRK1/2/3 and
MET exon 14 skipping mutations. This RNA-based
approach delivers results in 3 hours and provides several
practical benefits for both routine and clinical trial
screening. These include swifter triaging of patients with
advanced disease to matched targeted therapies, particularly
those who are symptomatic or whose cancer is extensive,
and the accelerated identification of patients for neoadjuvant
or adjuvant targeted therapies in the nonmetastatic setting.
Compared with IHC, the assay delivers similar robustness

for ALK fusion detection, while providing concurrent
assessment of other relevant fusions in less time and with
higher specificity. In contrast to other routine molecular
methods, which require highly specialized laboratory setups
jmdjournal.org - The Journal of Molecular Diagnostics
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Overall concordance,
% (n/total)

Sensitivity, % (n/total)

Specificity, % PPV, % NPV, %FS EI FS þ EI

100 (25/25) 83 (24/29) 97 (28/29) 100 100 99 99 (141/142)

100 (21/21) 29 (7/24) 92 (22/24) 100 100 98 99 (140/142)

100 (28/28) 94 (29/31) 100 (31/31) 100 100 100 100 (142/142)

NA 73 (8/11) 73 (8/11) 100 100 98 98 (139/142)

NA 100 (1/1) 100 (1/1) 100 100 100 100 (142/142)
NA 81 (13/16) 81 (13/16) 100 100 98 98 (139/142)

100 (20/20) NA 100 (20/20) 100 100 100 100 (142/142)

Table 2. (continued)

Ultrarapid Fusion Detection in Lung Cancer
and a median turnaround time of several days to weeks, an
Idylla microfluidic device automatically completes nucleic
acid extraction, reverse transcription, qPCR, and algorithmic
interpretation of multichannel fluorescent outputs in 3 hours.
Single patient testing can be performed on demand without
the need for batching, facilitating its use at institutions with
low patient volume and flexible operation during weekends
and after hours, ultimately enabling prompt clinical decision
making. Technically, the assay provides highly specific and
sensitive assessment for the intended alterations with similar
success rates as those reported for commonly used
amplicon-based NGS and NanoString assays, which range
from 74% to 99%, depending on the assay.22e26,30,31 By
design, and in contrast to the NGS assays, the specific
partner cannot be ascertained.

A notable advantage of the assay is the minimal tissue
requirements, allowing the concurrent performance of both
DNA and RNA assays in limited samples. Unlike most
other methods that require pre-analysis RNA extraction, the
Idylla cartridges accept direct input of FFPE tissue, mini-
mizing nucleic acid loss associated with standard extraction
processing. A single tissue section with surface area of �9
mm2 (5 mm thick) and �20% tumor can generally pass the
required quality metrics for successful analysis. By contrast,
if RNA was pre-extracted through routine methods, input
requirements would be far greater (several slides, �200 ng)
to reach similar quality parameters. In our hands, older
FFPE samples (up to 5 years old), which would generally
lead to failures by other methods due to partial RNA
degradation and limited effective RNA template, still pro-
vided suitable results, although higher inputs were used
(�48 mm2 for tissue and >20,000 cells for cytologic sam-
ples) compared with recent samples. In clinical practice,
although most samples routinely tested are recent samples
The Journal of Molecular Diagnostics - jmdjournal.org
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for immediate clinical decision making, the success of older
samples attests to the possibility of testing highly degraded
material with acceptable success rate. Testing of old samples
may also be needed in selected cases for staging purposes
and discrimination of recurrences versus new primaries. The
performance of cytology preparations may vary widely
depending on the density of the cell pellets, and several
slides are required. In our experience, for new FFPE ma-
terial, approximately 9000 cells in a maximum of five un-
stained sections were technically sufficient. For scant
samples, additional slides did not improve quality metrics or
detection.

Similar to previously reported RNA hybridization-based
detection (NanoString22), RT-qPCR,21 matrix-assisted laser
desorption/ionization time-of-flight,24 and RNA-based
NGS methods,30,31,43 the Idylla GeneFusion assay queries
kinase gene rearrangements by dual analytic strategies: FS
qPCR and 30 to 50 EI. The Idylla FS probes have been
designed to cover 37 predominant kinase breakpoints in
lung adenocarcinomas (93%, 97%, and 85% of ALK,
ROS1, and RET fusions) (Supplemental Table S140).
Detection by FS primers is particularly tolerant of low
tumor purity and low tissue quantity. In our cohort, FS
probes demonstrated 100% sensitivity and specificity to-
ward targeted rearrangements and all MET exon 14 skip-
ping alterations, even in samples with tumor as low as
14% and with high CqHKG of 35. Detection below this
level is possible, as demonstrated in our LOD study with
detection down to 3% tumor.

The use of expression imbalance is a valuable com-
plement for detection of less common fusions. We
observe, however, that expression can be highly variable
depending on the gene and the fusion product and is also
highly affected by low tumor content compared with
651
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fusion-specific targeting. In this cohort, EI was unde-
tectable in all samples with <20% tumor and was limited
by low template amplification (CqHKG above 30) and was
equally supported by our LOD and minimal input studies.
Therefore, negative results in samples with these char-
acteristics should be interpreted with caution and should
prompt confirmation by an alternate method. At a broader
level, and unlike ALK and RET, which consistently dis-
played low expression in the nonrearranged genes, wild-
type ROS1 demonstrated high endogenous expression,
which precluded the establishment of reliable cutoff
points. Similar findings have been reported by Lira et al22

using the NanoString assay on a cohort of 295 NSCLC
specimens, demonstrating highly sensitive and specific
detection of ALK and RET fusions by EI (sensitivity, 97%
and 100%; specificity, 99% and 100%, respectively),
whereas ROS1 fusions experienced obscured 30 over-
expression in the context of elevated levels of endoge-
nous ROS1 transcript.22 Conversely, NTRK expression
was low in wild-type samples but variable in fusion-
positive samples in our study, which, together with the
absence of FS targeting, contributed to a relatively low
sensitivity of approximately 80%. Our assessment of
NTRK fusions in lung cancer was limited by a low
number of NTRK fusion-positive samples (NTRK2 in
particular; ie, not a common event) and the lack of a 30

binding site in the commercially available control that
was used for our LOD studies. Literature search also
suggests that the utility of EI-based detection of NTRK
fusions remains largely uncharacterized. We identified 12
cases that underwent NanoString nCounter testing with
poor correlation with pan-TRK IHC,44e46 whereas qPCR-
based methods have not been explored. Further studies
are therefore warranted.

Altogether, and despite the described limitations in the
detection of EI, the Idylla fusion assay provides a suitable
solution for rapid screening of relevant fusions and MET
exon 14 skipping alterations in lung cancers and other
tumors, particularly considering the simplicity of imple-
mentation. Because of the low tissue requirements, the
assay may be used in combination with other multiplex or
targeted mutation assays for rapid screening, while still
allowing further NGS testing in negative cases. In pre-
vious reports, we have established the high success rate
of rapid screening for common mutations followed by
NGS in small samples and confirm with this study that
the addition of rapid RNA testing remains a feasible
approach.47,48 We further highlight that the use of an
RNA-based assay for lung cancer patients represents an
important adjunct to any routine DNA-based testing.
Interrogation of DNA alone may experience several un-
derlying genomic complexities that can lead to false-
negative gene fusion results, such as limitations in
tiling introns due to their large size or the presence of
highly repetitive regions. At the same time, novel gene
fusions detected at the DNA level may not be productive
652
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or transcriptionally active. Although full confirmation of
the significance of novel fusions would remain unclear
without functional analysis, rapid RNA-based testing may
be highly valuable to confirm the presence of a fusion
transcript and aid in guiding immediate therapeutic de-
cisions. Similarly, DNA-based screening for MET exon
14 alterations may be challenging in routine practice
because of the high heterogeneity and variable location of
mutations within the intron and because not all lead to
exon 14 skipping. RNA testing markedly simplifies this
assessment as it specifically documents the absence of a
transcribed exon 14 rather than the presence of the
alteration.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.jmoldx.2022.03.006.
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