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Abstract

Background Gene fusions are an important driver of cancer and require rapid and accurate detection to guide
clinical decisions. However, the performance characteristics of whole transcriptome sequencing (WTS) for the
detection of gene fusions have not been thoroughly investigated.

Methods We developed a novel WTS-based assay for the detection of gene fusions, MET exon 14 skipping and EGFR
VIl alterations in clinical samples.

Results We defined a DV200 value >30% as the threshold for RNA degradation, RNA input, fusion expression and
number of mapped reads greater than 100 ng, 40 copies/ng and 80 Mb for optimal sensitivity of the WTS assay.

Our assay successfully identified 62 out of 63 known gene fusions, achieving a sensitivity of 98.4%. The specificity

of the assay was 100%, as no fusions were detected in the 21 fusion-negative samples. Good repeatability and
reproducibility were observed in replicates, except for the TPM3:NTRKT fusion, which was expressed below the
threshold. Of all fusions identified in 101 NSCLC samples, 68.9% (20/29) were potentially actionable, compared to 20%
in pan-cancer samples. In addition to actionable fusions, we also identified many fusions with potential diagnostic
and prognostic value in pan-cancer.

Conclusions We have developed a novel WTS assay with high sensitivity, specificity, repeatability and reproducibility.
This assay can identify potentially actionable gene fusions and provides valuable insights into the fusion landscape in
various cancers, which may help guide treatment decisions and aid in diagnosis and prognosis.
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Introduction

Gene fusions are a hallmark of some cancers. They
result from genomic rearrangements, including chromo-
somal translocations, inversions, interstitial deletions,
or duplications, which lead to the continued activation
of proto-oncogenes and promote tumor initiation and
development [1, 2]. Available data indicate that gene
fusions occur in all malignancies and account for 20% of
human cancer morbidity [3].

Lung cancer has received increasing attention in
recent years, with the highest incidence and mortal-
ity rates of any cancer [4]. As the most common histo-
logical type of lung cancer, non-small cell lung cancer
(NSCLC) accounts for about 85% of all lung cancers [5].
Most patients with NSCLC have actionable fusions (and
splicing variants), including gene fusions in ALK, ROSI,
RET, and NTRK, detected in approximately 5%, 2%, 1%,
and 0.1%, respectively [6, 7]. Although the incidence of
fusion genes is not as high in NSCLC, they can effectively
guide clinical treatment to benefit more patients, espe-
cially with targeted therapies [6, 8—10]. Exon 14 skipping
caused by mutations near the exon 14 splice sequence of
MET has attracted widespread attention as an emerging
therapeutic target in NSCLC [11]. The frequency of MET
exonl4 (MET EX14) skipping is approximately 4% in lung
adenocarcinoma and as high as 22% in lung sarcomatoid
carcinoma [12]. MET EX14 skipping may increase the
stability of MET and cause activation of downstream sig-
naling pathways such as RAS-RAF-MEK-ERK, and PI3K/
AKT to promote the growth and proliferation of tumor
cells [13]. Patients with NSCLC harboring MET EX14
skipping had better responses to MET inhibitors in clini-
cal trials including crizotinib and cabozantinib [11, 12].

Beyond actionable fusions, other fusions hold clini-
cal significance as well. Gene fusions can serve as bio-
markers to distinguish various cancer types [14, 15]. For
example, RELA fusion-positive ependymomas are now a
distinct entity in the WHO classification of CNS tumors,
as this subset of ependymomas tends to be much more
aggressive than other supratentorial ependymomas [16—
18]. Similarly, the EVT6::NTRK3 fusion is defined as a
diagnostic biomarker, found in 92% of human secretory
breast cancers [19]. In addition, specific fusions can diag-
nose sarcomas. For example, the S§18::SSX fusion gene
is a characteristic marker of synovial sarcoma [20], and
COL1AI1:PDGFB is specific to dermatofibrosarcoma pro-
tuberans [21]. Hence, fusion genes are therefore becom-
ing increasingly important as diagnostic and therapeutic
targets in cancer. Rapid and accurate identification of
fusion genes and RNAs is crucial for patients.

Molecular techniques, such as fluorescence in situ
hybridization (FISH), and reverse transcription PCR
(RT-PCR) have been predominantly used for fusion
gene diagnosis [22-24]. However, traditional molecular
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techniques require the genes involved to be known or
suspected, are unable to identify novel fusion gene part-
ners or resolve complex structural rearrangements, and
usually only a few prioritized assays are performed, due
to cost and time constraints [22—25]. The next-generation
sequencing (NGS) approaches, including DNA and RNA
sequencing, have proven effective in the detection of
fusion genes [25]. Several studies have shown that RNA-
based template NGS is significantly superior to DNA
template NGS in the detection of fusions/rearrange-
ments and translocations [26, 27]. RNA sequencing, also
known as whole transcriptome sequencing (WTS), could
provide global and unbiased detection of fusion genes,
identify known and novel fusions within any expressed
gene [14], and provide additional clinical benefits for
tumor patients [28].

To date, more than 20 algorithms for fusion detection
by RNA-sequencing have been published, but the identi-
fication of fusions by RNA-sequencing remains challeng-
ing and a high rate of false positives is common [29-32],
which hinders its clinical application. Poor-quality RNA
will decrease the number and quality of reads, thereby
reducing the likelihood of detecting fusion transcripts.
Therefore, careful assessment of the quality of RNA
quality and fusion calls, as well as appropriate filter-
ing strategies, are required to enable reliable application
of this technology in diagnostics. However, few studies
have evaluated the performance characteristics of WTS
for the detection of gene fusions in a clinical laboratory
setting. Furthermore, while many studies have filtered
the reported extent of gene fusion [1] to improve accu-
racy, few have included information on splicing muta-
tions, such as MET EX14 skipping. Timely and accurate
detection of such skipped exons is critical for informing
clinical treatments. In this study, we evaluated the perfor-
mance characteristics of a designed WTS assay capable
of detecting gene fusions, and exon-skipping variants,
providing valuable insights for clinical application.

Materials and methods
Cohort selection for WTS assay development and
validation
The majority of the development and validation work was
performed using cohort 1, which included four fusion-
positive commercial samples, one fusion-negative com-
mercial sample, one NTRK fusion-positive transfected
cell line, 42 formalin-fixed paraffin-embedded (FFPE)
tumor samples, and 10 normal tissue samples (Table S1
and S2). The 42 tumor samples, consisted of 28 NSCLC,
eight soft tissue sarcomas, three gliomas, two cases of
diffuse large B-cell lymphoma (DLBCL), and one gastric
cancer (Table S1 and S2).

A retrospective cohort (cohort 2) of 191 FFPE samples
was used to assess RNA integrity in this study (Table S1).
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In addition, we also included 156 clinical pan-cancer
samples (cohort 3), including 45 soft tissue sarcomas, 25
colorectal cancers, 19 lung cancers, 12 breast cancers, 12
liver cancers, 22 uterine sarcomas, and 21 others (Table
S1). These 156 samples were used to validate the newly
developed WTS assay to further evaluate the clinical QC
performance, which included RNA vyield, degradation
level, microbiological contamination, and bioinformatic
analysis QC parameters. All experiments in this study
were conducted in accordance with the World Medical
Association’s Code of Ethics (Declaration of Helsinki)
and were approved by the Ethics Committee of Shanghai
Pulmonary Hospital.

RNA extraction, library preparation and sequencing

A previous study demonstrated that compared with the
newly prepared FFPE samples, the RNA extracted from
FFPE samples stored at room temperature or 37°C for
one year was severely degraded whereas the quality of
RNA extracted from FFPE samples stored at 4°C for one
year was relatively complete [33]. In this study, total RNA
was extracted from FFPE samples stored at 4°C for less
than one year using RNeasy FFPE Kit (Qiagen, Germany).
Furthermore, all FFPE samples should meet these crite-
ria: 10 sections of a 5x5 mm? tissue piece, with tumor
content exceeding 20%.

As the initial step, an accurate assessment of RNA
quality determines the type of library preparation and
sequencing parameters are required [34]. Total RNA
was assessed and quantified using the NanoDrop 8000
(Thermo Fisher Scientific, Germany), Qubit 3.0 (life
Invitrogen, USA), and the Agilent 2100 Bioanalyzer sys-
tem (Agilent Technologies, USA). Ribosomal RNA was
then removed using the NEBNext rRNA Depletion Kit
(Human/Mouse/Rat) (NEB, USA).

For RNA samples with a DV200 (percentage of RNA
fragments>200 nucleotides) of 50% or less, the frag-
mentation step was skipped, and the samples proceeded
directly to library preparation. After rRNA depletion and
optional fragmentation, cDNA synthesis and NGS library
preparation were performed using the NEBNext ° Ultra™
II Directional RNA Library Prep Kit (NEB, USA) accord-
ing to the manufacturer’s protocol, except for substituted
adaptor and index primers generated by Gene +seq 2000
(Geneplus-Suzhou, China).

The library was quantified using Qubit 3.0 (Life Tech-
nologies, USA), and quality was assessed using the Lab-
Chip GX Touch (PerkinElmer, USA). Sequencing was
performed on the Gene +seq 2000 instrument, with each
sample generating an average of approximately 25 giga-
bases (Gb) of data, consisting of 100 bp paired-end reads.
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Reportable range

To assist in the filtering of gene fusions of potential diag-
nostic, prognostic, or therapeutic value, we have devel-
oped a list of genes that are considered reportable in this
assay. Initially, we searched the NCCN clinical practice
guidelines, oncology expert consensus, databases such as
FusionGDB [35], ChimerDB [36], and the Geneplus-Bei-
jing Internal Database, and the biomedical literature for
gene fusions identified in both solid tumors and hema-
tological cancers. The selection criteria for reportable
fusions were: (i) fusions detected with high frequency
(=20 occurrences); (ii) all known oncogenes, where new
activating fusions might be discovered; (iii) tumor sup-
pressor genes valuable for diagnosis or prognosis (e.g.,
TP53). Applying these criteria, we narrowed down the
list of reportable genes to 553, reducing the number of
mRNA-encoding genes analyzed in the transcriptome
from approximately 22,000 to 553 (Table S3). This list
includes two gene splicing variants (MET exon 14 skip-
ping and EGFR VIII) and 21 kinase domain duplica-
tions (KDDs) (Table S3). In addition to the above filters,
we restricted fusion partners for most genes to refine
the scope of the report. Among the 553 screened genes,
fusion partners were limited for all except 63 (Table S3),
with specific details in Table S4. This simplified the bio-
informatics analyses, reduced false positives and results
of uncertain clinical significance, and improved detection
performance.

In the WTS assay, a fusion is classified as a “hotspot
fusion” if it has been previously reported in the literature,
NCCN clinical practice guidelines or clinical trials. The
potentially actionable fusion defined in this WTS assay
is functional and supported by A-D level clinical and
experimental evidence as grouped by the Association for
Molecular Pathology.

Bioinformatic analysis of fusion calling based on the WTS
assay

We used Workflow Description Language (WDL) in con-
junction with Docker to construct and manage the entire
bioinformatics analysis workflow. The first step in the
bioinformatics process was to filter the raw data to obtain
clean data. This included the removal of terminal adap-
tor sequences and poor quality data using fastp (version:
0.19.5) [37], followed by the elimination of rRNA reads
by aligning the reads to the rRNA database (downloaded
from NCBI) using Bowtie2 (version:2.2.8) [38]. Clean
reads were then aligned to the reference human genome
(hg19) using STAR (version:2.7.8a) [39].

Haas et al. demonstrated that Arriba was one of the
most accurate pipelines among 23 methods for the detec-
tion of fusion transcripts [29]. In this study, fusions were
detected using Arriba 1.1.0 [40]. We updated Arriba’s
blacklist and adjusted the filter parameters for “known
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fusions” to ensure the detection of specific fusions. We
performed fusion identification in two separate runs
with different parameter settings: In the first run, we
used the default parameter for “-E MAX_E_VALUE” to
identify fusions under standard conditions. In the second
run, we increased “-E MAX_E_VALUE” from its default
value of 0.3 to 1 to retrieve low-frequency variants that
might have been missed in the initial analysis. For fusion
annotation, we selected the most frequently reported or
defined fusion transcript in the NCBI database (Table S5)
as the primary transcript when multiple potential fusion
transcripts were identified for the same fusion pattern.

Skipping variations were detected using an in-
house software tool, FORNA (Chinese Patent No.
CN112164423). This tool can analyze the target rear-
rangement regions in bam files, specifically for EGFR
(NM_005228.3, Exonl:Exon8) and MET (NM_000245.2,
Exonl13:Exonl5), to directly count the split reads and
spanning reads for each region. The final assessment
was then based on a threshold of split reads + spanning
reads>10 and spanning reads = 0.

Quality control (QC) is critical to ensure reliable test
results. Before generating the final clinical report, we cal-
culated several QC parameters to assess both RNA qual-
ity and fusion calling. We use RNA-SeQC assessment
(version:2.3.4) [41] to comprehensively assess the quality
of RNA-seq results to ensure the reliability of subsequent
analyses. The QC metrics include total bases, alignment
and duplication rates; GC bias, rRNA content, alignment
regions (exon, intron and intragenic), continuity of cov-
erage, among others. The cross-contamination rate of
RNA samples was assessed using Conta software (ver-
sion:0.9.23, https://github.com/grailbio/conta/) to ensure
the purity and accuracy of the RNA sample. In addition,
microbiological analysis was performed using Kraken
[42] to identify microorganisms in the samples and to
exclude microbial contamination.

Cohort selection for clinical implementation of the WTS
assay

We conducted a multi-center retrospective cohort
(cohort 4) to detail the distribution of gene fusions across
different cancer types (Table S1). This cohort includes
75 cases of gene fusion-positive soft tissue sarcomas,
63 cases of fusion-positive uterine cancers, 29 cases of
fusion-positive lung cancers, 20 cases of fusion-positive
central nervous system (CNS)/brain cancers, and 41
cases of fusion-positive tumor samples from nine other
cancer types. Additionally, the cohort includes 70 cases
of fusion-negative lung cancer patients, which helps to
accurately depict the positive rate of gene fusions in lung
cancer.
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Statistical analysis

Statistical analysis was performed using R (version 4.1.2).
Positive predictive value (PPV), positive percentage
agreement (PPA), negative percentage agreement (NPA),
and F1 score were calculated as:

positive predictive value (PPV) =100 x % (1)

positive percentage agreement (PPA) = 100 x T}IF% (2)

negative percentage agreement (NPA) =100 x % (3)
_ PPVxPPA
F'1score =2 x PPV DDA (4)

where TP=true positive, TN =true negative, FP =false
positive, and FN = false negative.

Results

The WTS assay is an accurate fusion calling workflow

We developed an analysis pipeline for the detection of
gene fusions, as described in the materials and methods
(Fig. 1A). To assess the accuracy of fusion detection, all
samples from cohort 1 were analyzed using our bioinfor-
matics pipeline. Table S6 shows the fusions detected by
our bioinformatics pipeline for the WTS assay, together
with the fusions detected by the reference method, their
fusion positions and the number of supporting reads for
each fusion. The results from our bioinformatics pipe-
line provide detailed annotated results for each fusion, as
well as an IGV visualization image link to help identify
and check for alignment artifacts (Table S7). The fusion
visualizations also show the fusion partners, orientation,
retained exons in the fusion transcript, and an excerpt of
the sequence around the breakpoint (Fig. 1B).

Figure 1A shows the diagram of the bioinformatics
workflow for fusions calling in WTS assay. Figure 1B is
the example of fusion visualization, which includes the
fusion partners, orientation, retained exons in the fusion
transcript, and an excerpt of the sequence around the
breakpoint.

The results showed that 62 out of 63 known fusions
were identified, giving a PPA (or sensitivity) of 98.4%
(95% CI, 91.5-99.9%, Table S6). No false-positive fusions
were detected, resulting in a PPV (or precision) of 100%
(62/62, 95% CI, 94.2-100%). Thus, the F1 score for our
WTS assay is 99.2%. One false-negative result (p-31, an
EML4::ALK fusion) was observed in a patient with lung
cancer, which had been detected by DNA sequencing
(Table S6). RNA targeted sequencing was subsequently
used to verify the fusion, but it was still not identified.
This failure may be due to the expression of the fusion
being below the detection threshold of this assay or due
to non-productive DNA rearrangements that escape
transcription and translation.
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Fig. 1 Workflow of the WTS assay

To assess the NPA (or specificity) of the WTS assay,
10 normal tissue samples and 11 tumor samples with no
fusion identified by other methods were analyzed (Table
S6). All of these 21 negative control samples passed our
QC criteria, confirming that the lack of detected fusions
was not due to sample quality issues. Thus, the NPA
value of the assay was 100% (95% CI, 84.5-100%) (Table

S6). These samples were also used to determine the limit
of blank (LoB) for this study (Table S2 and Table S6). The
number of false-positive fusions was calculated for differ-
ent supporting read thresholds, and the LoB of the assay
was defined as the supporting reads at which the num-
ber of false-positive fusions across all samples was zero.
Based on these results, the supporting read threshold for
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considering a non-hotspot fusion positive was conserva-
tively set at ten or more supporting reads. For all known
fusions listed in Table S6, we found that no false positives
were introduced when two supporting reads were used
as the positivity threshold. Therefore, we set this value as
the threshold for hotspot fusions with prior information.

To determine the precision of fusion detection, includ-
ing repeatability or reproducibility, one commercial
reference sample with four known fusions, four fusion-
positive clinical samples, and one fusion-negative clinical
sample were evaluated (Table S2 and Table S8). For each
sample, we evaluated the repeatability between intra-run
aliquots (samples run on the same plate under the same
conditions) and the reproducibility across inter-run ali-
quots (samples run on different plates under different
conditions), resulting in a total of 3+1+1=5 replicates.
The results showed that in the fusion-negative clinical
sample, no fusions were detected in any of the replicates,
whereas in the four fusion-positive clinical samples, the
expected fusions were detected in all replicates. For the
reference standard sample (s-01), the TPM3:NTRKI
fusion was not detected in an inter-run aliquot due to
its low expression level. The positive call rate for all eight
fusions analyzed in the four fusion-positive clinical sam-
ples and one commercial reference sample was 39/40
(97.5%, 95% CI 87.1%-99.9%) (Table S8).

DV200 correlates positively with mapping rate

The storage time and conditions of FFPE samples can
affect RNA quality and, consequently, the detection of
gene fusions. RNA integrity, which affects QC pass rate
and fusion gene detection, was assessed by calculating
both the RNA Integrity Number (RIN) and the DV200
score. Retrospective analysis of internal sequencing
data from 191 FFPE samples of varying quality showed
that DV200 was positively correlated with the mapping
rate (Spearman p=0.48, P<0.0001, Fig. 2A), whereas
RIN value showed no correlation with the mapping rate
(Spearman p=0.07, P=0.34, Fig. 2B). These results sug-
gest that DV200 is more reliable than RIN for assessing
the degree of RNA degradation in FFPE samples. When
DV200=30%, the qualification rate was 95%. Therefore,
DV200=30% was set as the threshold for acceptable lev-
els of RNA degradation (Fig. 2C).

Figure 2A, 2B, and 2C illustrate the correlation
between QC parameters and RNA integrity using 191
samples. Figure 2A shows the correlation between the
mapping rate and DV200. Figure 2B displays the corre-
lation between the mapping rate and the RIN value. Fig-
ure 2C presents the qualification rate for samples with
varying RNA integrity, as indicated by different DV200
levels. Figure 2D illustrates the sensitivity of fusion detec-
tion at different RNA expression levels. Figure 2E and
F show the support reads for each fusion (MET EX14
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skipping, CCDC6:RET, ETV6:NTRK3, KIF5B:RET,
SLC34A2:ROS1, and FGFR3:TACC3) across ten rep-
licates, with varying thresholds for mapped reads. Fig-
ure 2G demonstrates fusion detection sensitivity at
different levels of mapped reads. Figure 2H, 2I, and 2]
present the clinical QC performance of the WTS assay,
evaluated using 156 clinical pan-cancer samples. Fig-
ure 2H shows the distribution of DV200 values across
the 156 clinical samples. Figure 2I depicts the QC quali-
fication rate for samples with varying RNA integrity. Fig-
ure 2] shows the fusion-positive rate for different cancer

types.

RNA input and fusion expression assessment

Minimum RNA requirements were established by
measuring assay performance at different input levels
(10-100 ng) in representative samples. One commer-
cial sample and two FFPE clinical samples were evalu-
ated at four different RNA inputs (10, 20, 50 and 100
ng) with five replicates per sample (Table S2 and Table
S9). Sequencing failure rates and positive call rates were
evaluated for each RNA input. A summary of the analyti-
cal performance for each RNA input range is shown in
Table S9. The sequencing success rate was 100% for all
input groups, except for the 10 ng RNA input. For the
10 ng RNA input, the sequencing failure rate was 13.3%
(2/15), and the fusion positive call rate was 63.3% (19/30).
Fusion positive call rates increased with higher RNA
input: 73.3% (22/30) for 20 ng, 93.3% (28/30) for 50 ng,
and 96.7% (29/30) for 100 ng. Based on these results, the
standard RNA input should be 2100 ng. Although lower
amounts are acceptable, they result in lower sensitivity
for fusion detection and a higher failure rate.

The level of fusion expression also affects the sensitiv-
ity of fusion detection. Two commercial samples with
11 fusions were evaluated fusion expression with quan-
titative PCR (qPCR) before (Table S2 and Table S10).
We assessed each fusion with 10 replicates. The results
showed that the positive call rate for fusion detection
increased as the expression level increased (Table S10).
The positive call rate was 10% (1/10) when the expression
level was below 20 copies/ng (Fig. 2D and Table S10). For
expression levels between 20 and 40 copies/ng, the posi-
tive call rate increased to 85% (17/20) (Fig. 2D and Table
S10). When the expression level was between 40 and 60
copies/ng, the positive call rate increased to 95% (19/20)
(Fig. 2D and Table S10), meeting the requirements for
clinical testing. Overall, for all fusions with expres-
sion levels above 40 copies/ng, the detection sensitivity
reached 98.8% (79/80) (Table S10). Therefore, 40 copies/
ng was used as the minimum threshold for fusion detec-
tion sensitivity.



Zhao et al. BMC Cancer (2025) 25:842

Page 7 of 13

A 100+ 100+
b 2 £ - .
“:.'...:.. g F AR : . X
_. 804 o . _. 80 ]
S . . IS 13
;’ o %l o o P .
E 60 . . e, . E 60 o:-
2 > 2 . N=191
c . . = c -’
£ 44 . o N=191 £ 404 o’ _
& . *e K spearman p=0.48 & . ] spearman p=-0.07
s . p value < 0.0001 K] . pyalue=0.34
204 . 20 %
. . . '.0
0 i 0 b
0 20 40 60 80 100 0 2 4 6 8 10
DV 200 (%) RIN value
c 95% D
1905 100 95% 100%  100%
85%
o 804 g 80
g 2
S 60- s
2 46.2% £ 60
[ 2
2 40 - 25% & 40
£
©
& 21 209 10%
0- 0 A
<10 [10, 20) 230 <20 (20,40]  (40,60]  (60,80] >80
DV 200 (%) Expression (Copies/ng)
E 200 Mapped reads >100M F Mapped reads = 80M
607
1504 ..
§ 1001 —a §
e o< &
- 5 30 % .
2 40 5 : g .
S 30 AL g s 2 H
3 3 £ . . @ et
10 :-l 22
0 : : . . —
O S Q Q S [
\(s\’* 4‘\ *:,\ é\\ ENN
& & & & o ¢
C R
0 [ R
«*:‘ & & &
&
H 100 -
100
100 % 98.3%
80 =~
95 91.7% _
S
90 £ g0
85% 8
85 g
80 e a4
30 -
75 20
>100M 80M 60M 40m .
Mapped Reads 5
I
N=156
I J
100 - 93.3% 1007
. 75%
) 804
__ 80 8
g 2 60
£ 604 2 43.8%
3 45% 8 a0 7% 31.6% 31.9%
@
8‘ 404 s 20 16.7% 16.7%
<} 2 8.3%
w
8 204 o
A PN S N S SO SO
KPP P g
0 T & & & & &S O
10,20 & < & =
[10, 20) 230 F & @
DV 200 (%) A N
‘(5\ °°\° Ny
<

Fig. 2 QC threshold in the WTS assay



Zhao et al. BMC Cancer (2025) 25:842

Fusion detection sensitivity is also affected by mapped
reads

Post-analytical QC is essential to ensure reliable test
results. For high quality libraries, mapping rates should
exceed 80% [43]. Additionally, a low percentage of
mapped junction reads—reads that span the junction of
two exons—may indicate excessive RNA degradation or
DNA contamination. A threshold of > 10 million junction
reads per sample has been recommended [1]. However,
few studies have specifically evaluated the exact number
of mapped reads required for accurate fusion detection.
In this study, the mapped reads of a reference standard
(s-02) were down-sampled to 100 Mb, 80 Mb, 60 Mb,
and 40 Mb, respectively, for ten replicates each (Fig. 2E, F
and G). The sensitivity of fusion detection was evaluated
for fusions expressed above 40 copies/ng. The results
showed that the sensitivity of fusion detection increased
as the number of mapped reads increased (Fig. 2G).
When the number of mapped reads exceeded 100 Mb,
the sensitivity reached 100% (60/60) (Fig. 2E). However,
when mapped reads were reduced to 80 Mb, one fusion,
FGFR3:TACC3, was missed, resulting in a sensitivity of
98.3% (59/60) (Fig. 2F). These results suggest that main-
taining mapped reads above 80 Mb is optimal for the
WTS assay.

Clinical QC of the WTS assay

To further validate the clinical utility of the WTS assay,
we evaluated its clinical QC performance using 156
pan-cancer clinical samples (cohort 3). The RNA vyield
(median: 100.565 ng/pl and range 5.76-926.2 ng/ul)
for all samples met the QC criteria. The main causes of
invalid results were RNA degradation and microbio-
logical contamination. The quality of the RNA extracted
from this cohort was variable, with DV200 values rang-
ing from 9 to 93% (Fig. 2H). The RNA extraction quali-
fication rate for all samples was 86.5% (135/156) due to
21 samples with a DV200 value below 30%. Besides the
highly degraded sample with a DV200 value below 10%,
the other 20 samples (DV200 between 10% and 30%) with
unqualified extraction were still tested and sequenced.
The results showed that 45% (9/20) of these unquali-
fied extraction samples also passed QC, while the QC
pass rate for the other 135 qualified samples was 93.3%
(126/135) (Fig. 2I). Thus, for the entire cohort (cohort 3),
the overall QC pass rate for all sequenced samples was
87% (135/155). The fusion positive rate varied across
different cancers (Fig. 2J), with uterine sarcoma having
the highest positive rate at 75%, while lung cancer had a
43.8% positive rate. Since some of the 156 samples were
confirmed to be fusion-positive before analysis based on
the WTS assay, the positive rate of fusion-positive rate of
some tumors in this cohort was significantly higher.
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Actionable fusions in NSCLC

Targeted therapies for NSCLC patients with actionable
fusions have significantly improved clinical outcomes,
offering better survival rates compared to standard che-
motherapy [44, 45]. Identifying patients who may benefit
from targeted therapy is therefore clinically important. In
the evaluable NSCLC cohort of 101 patients (from cohort
4), the WTS assay detected fusions in 28.7% of cases
(n=29), including 19.8% (n=20) samples with actionable
fusions and 8.9% (n=9) samples with other non-action-
able fusions (Fig. 3A). The remaining 71.3% (72/101) of
samples showed no fusions detected (Fig. 3A). Among
the identified fusions, ALK fusions accounted for 9.8%
(n=10), including 9 actionable EML4::ALK fusions and 1
GPCI:ALK fusion (Fig. 3B, C and D). ROSI fusions and
RET fusions were found in 3.92% (n=4), and 2.94% (1 =3)
of the samples, respectively (Fig. 3B and C). Additionally,
NRG1 fusion were identified in 0.98% (n=1) of cases in
this study (Fig. 3B and C). Although NRGI fusions are
rare oncogenic drivers detected in NSCLC, clinical tri-
als such as eNRGy with zenocutuzumab may improve
patient survival [46]. In addition to common actionable
fusions, the WTS assay can also detect rare fusions such
as MET EX14 skipping (Fig. 3C), which indicates a better
prognosis response to MET inhibitors [11, 12].

A total of 101 NSCLC samples from cohort 4 were
used to evaluate the prevalence of fusions in NSCLC,
with a particular focus on actionable fusions. Figure 3A
illustrates the proportion of fusion-negative samples
in NSCLC and the prevalence of both actionable and
other non-actionable fusions. The specific numbers in
parentheses after character “N” represent the number
of samples contained in each group. Figure 3B presents
the prevalence of fusions involving the genes ALK, ROS1,
RET, BRD4, MET, NRG1, and BRAF. Figure 3C shows the
patient counts and prevalence for all identified fusions in
these 101 NSCLC samples. Figure 3D provides a fusion
visualization of EML4::ALK, the most prevalent fusion
in NSCLC, detailing the fusion partners, their orienta-
tion, the retained exons in the fusion transcript, and the
breakpoint.

Pan-cancer fusions landscape

In addition to evaluating the application of the WTS assay
in NSCLC, we further explored its clinical utility in a pan-
cancer cohort (cohort 4). This cohort included 13 cancer
types with a total of 228 fusion-positive patients, repre-
senting 173 unique fusions, of which 35 were actionable
(Fig. 4A). Besides the common ALK and ROSI fusions
in lung cancer [9, 47], actionable fusions also occur in
other tumors. In particular, actionable fusions involving
ALK were also detected in uterine cancer and soft tissue
sarcoma (Fig. 4A and Fig. 4B), although the fusion part-
ners differed among these cancers. ALK inhibitors are
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colorectal cancer [50] (Fig. 4A), they may serve as poten-

patients who progressed on chemotherapy [48]. Recent
studies have also investigated the use of ALK inhibitors in
leiomyosarcoma, a type of soft tissue sarcoma, suggesting
their potential in treating this disease [49]. Furthermore,
though NTRK fusions such as EML4::NTRK3 are rare in

tial markers for targeted therapy [51].

In addition to 35 potentially actionable fusions, the
remaining 138 other fusions don’t currently have thera-
peutic potential or cannot be translated normally. How-
ever, they have other important clinical implications.
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In particular, we observed significant heterogeneity in
fusion gene profiles across different tumor types, high-
lighting the diagnostic potential of these fusions. The
fusion IGFBP5::ALK has been reported as a diagnostic
marker for uterine inflammatory myofibroblastic tumors
[52]. Moreover, fusion genes with diagnostic relevance
have been identified in several other cancer types. The

COL1AI1:PDGFB translocation, which is specific to der-
matofibrosarcoma protuberans, has been found to play a
key role in the diagnosis of this cancer [21]. This fusion is
present in over 90% of dermatofibrosarcoma protuberans
cases [53]. In our study, we identified COLIA1::PDGFB
in three skin cancer samples, all of which were diag-
nosed as dermatofibrosarcoma protuberans (Fig. 4A).
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Additionally, two cases of uterine sarcoma also showed
this fusion (Fig. 4A). COL1AI::PDGFB-positive uterine
sarcomas are rare and share certain clinicopathological
features with soft tissue dermatofibrosarcoma protuber-
ans [54]. In addition to their diagnostic value, fusions
also have potential prognostic value. For instance, the
ZC3H7B:BCOR fusion identified in uterine sarcoma
(Fig. 4C) is associated with poor outcomes and high
recurrence rates [55]. Similarly, PAX3::FOXOI fusion
identified in soft tissue sarcoma (Fig. 4C) has been
reported as an important prognostic molecular marker in
rhabdomyosarcoma [56].

Figure 4A displays all 173 fusions identified in 228
fusion-positive patients across the pan-cancer cohort
(cohort 4). These 173 fusions are categorized into two
groups: actionable fusions (n=35, marked in red on
the left side of the heatmap) and other non-actionable
fusions (7 =138, marked in orange). The cohort includes
patients from 13 different cancer types, with the number
of patients in each cancer type indicated at the bottom.
Figure 4B shows all oncogenic fusions involving ALK and
different fusion partners in this cohort. Figure 4C pres-
ents a list of fusions detected in more than three patients
in the cohort.

Discussion

We have developed a WTS assay capable of detecting
gene fusions, exon skipping events (e.g., MET exon 14
skipping), and EGFR VIII alterations. The assay demon-
strated a sensitivity of 98.4%, and successfully detected
62 out of 63 known fusions identified by other methods,
comparable to targeted RNA sequencing approaches
[57, 58]. The specificity was 100%, with no false-positive
fusions reported. Winters et al. [1] validated RNA-seq for
fusion detection across 571 genes, achieving 93% sensi-
tivity and 100% specificity. Another recent study reported
an 83.3% sensitivity, detecting 10 out of 12 fusions ini-
tially identified by a DNA panel [59]. In contrast, our
assay exhibited higher sensitivity and specificity, while
also covering a wider range of fusion types, including
unique alterations such as MET exon 14 skipping and
EGFR VIIIL The repeatability and reproducibility of the
assay were excellent, consistently detecting the presence
or absence of fusions as well as maintaining consistent
supporting read counts and gene coverage. For all tested
samples, the repeatability was 97.5% (39/40), due to the
low-expression fusion TPM3::NTRKI not detected in an
inter-run aliquot.

We reviewed the fusion results of 228 fusion-positive
clinical pan-cancer samples analyzed using this WTS
assay. Our analysis detected 35 potentially actionable
fusions, such as ALK fusions in lung cancer [47], uterine
cancer [48], soft tissue sarcoma [49], and NTRK fusions
in colorectal cancer [51]. Although most of the fusions
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detected were not actionable, we found that they have
potential diagnostic and prognostic value. For example,
IGFBP5::ALK has been reported as a diagnostic marker
for uterine inflammatory myofibroblastic tumors [52].
The COL1A1:PDGFB translocation plays a key role in
the diagnosis of dermatofibrosarcoma protuberans [21].
Also, the ZC3H7B::BCOR fusion in uterine sarcoma is
associated with poor outcomes and high recurrence rates
[55]. Similarly, the PAX3:FOXOI fusion in soft tissue
sarcoma is a key prognostic molecular marker in rhabdo-
myosarcoma [56]. These results suggest our WTS assay
can detect a broader range of fusions, thereby assisting
clinicians in the diagnosis, prognosis, and recommenda-
tion of targeted therapies for cancer patients.

Identification of fusions using RNA-seq remains chal-
lenging, particularly in older archival samples. Prolonged
storage at room temperature can lead to degradation,
affecting sequencing success and sensitivity of fusion
detection [33]. The WTS assay may be less sensitive than
targeted RNA sequencing for low expression fusions due
to the enrichment capabilities of the latter [25]. Further-
more, substantial bacterial contamination is routinely
observed in existing human-derived RNA-seq datasets,
highlighting the need for stringent sequencing and anal-
ysis protocols [60]. In this study, we found that DV200,
which showed a positive correlation with mapping rate,
was more suitable for assessing RNA degradation in
FFPE samples. We defined DV200>30% as the threshold
for qualifying RNA degradation. The standard RNA input
for the assay should be greater than 100 ng, and fusions
expression greater than 40 copies/ng were associated
with higher sensitivity for fusion detection. To address
contamination, we have incorporated cross-contamina-
tion and microbiological analyses into the WTS assay QC
process. Additionally, mapped reads are valuable for the
detection of non-human contamination, as previously
noted [1, 60, 61]. The QC threshold for mapped reads
was re-evaluated and showed that >80 Mb mapped reads
were optimal for fusion detection in our WTS assay.

In addition to the aforementioned challenges, this
study also has some limitations. First, in cohort 3 and
cohort 4, some clinical samples were pre-tested for indi-
vidual gene fusions during enrollment, leading to higher
fusion positivity rates than other reports, which may not
reflect the true fusion rates of the cancers. Second, for
the false-negative result (p-31, an EML4::ALK fusion),
sample deficiency prevents further experimental valida-
tion of the fusion’s authenticity.

In summary, we have developed a new WTS assay that
can detect gene fusions in 553 genes, providing valuable
insights for the treatment of pan-cancers. The assay dem-
onstrates high sensitivity, specificity, repeatability, and
reproducibility, and can identify potentially actionable
gene fusions that may be missed by other methods, such
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as FISH, IHC, or DNA sequencing. Based on the WTS
assay, we mapped the fusion landscape for pan-cancer
patients. In NSCLC, 66.7% of the fusions identified were
potentially actionable, compared to 20% in pan-cancer.
Beyond potentially actionable fusions, we identified a
large number of fusions with diagnostic and prognosis
value, which can provide prognostic prediction, and help
clinicians diagnose tumors.
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