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Background: Patients with non-small cell lung cancer (NSCLC) harboring a ROS proto-oncogene
1 (ROS1)-rearrangement respond to treatment with ROSI inhibitors. To distinguish these rare cases,
screening with immunohistochemistry (IHC) for ROS1 protein expression has been suggested. However,
the reliability of such an assay and the comparability of the antibody clones has been debated. Therefore
we evaluated the diagnostic performance of current detection strategies for ROS1-rearrangement in two
NSCLC-patient cohorts.

Methods: Resected tissue samples, retrospectively collected from consecutive NSCLC-patients
surgically treated at Uppsala University Hospital were incorporated into tissue microarrays [all n=676,
adenocarcinomas (AC) n=401, squamous cell carcinomas (SCC) n=213, other NSCLC n=62]. ROS1-
rearrangements were detected using fluorescence in situ hybridization (FISH) (Abbott Molecular;
ZytoVision). In parallel, ROS1 protein expression was detected using IHC with three antibody clones (D4D6,
SP384, EPMGHR2) and accuracy, sensitivity, and specificity were determined. Gene expression microarray
data (Affymetrix) and RNA-sequencing data were available for a subset of patients. NanoString analyses were
performed for samples with positive or ambiguous results (n=21).

Results: Using FISH, 2/630 (0.3% all NSCLC; 0.5% non-squamous NSCLC) cases were positive for
ROSI fusion. Additionally, nine cases demonstrated ambiguous FISH results. Using IHC, ROS1 protein
expression was detected in 24/665 (3.6% all NSCLC; 5.1% non-squamous NSCLC) cases with clone D4DG6,
in 18/639 (2.8% all NSCLC; 3.9% non-squamous NSCLC) cases with clone SP384, and in 1/593 (0.2%
all NSCLC; 0.3% non-squamous NSCLC) case with clone EPMGHR?2. Elevated RNA-levels were seen in
197369 (5.1%) cases (Affymetrix and RNA-sequencing combined). The overlap of positive results between
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the assays was poor. Only one of the FISH-positive cases was positive with all antibodies and demonstrated

high RNA-expression. This rearrangement was confirmed in the NanoString-assay and also in the RINA-

sequencing data. Other cases with high protein/RNA-expression or ambiguous FISH were negative in the

NanoString-assay.

Conclusions: The occurrence of ROS1 fusions is low in our cohorts. The IHC assays detected the fusions,

but the accuracy varied depending on the clone. The presumably false-positive and uncertain FISH results

questions this method for detection of ROS1-rearrangements. Thus, when IHC is used for screening,

transcript-based assays are preferable for validation in clinical diagnostics.
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Introduction

Targeted therapy is a cornerstone of lung cancer treatment,
with high response rates in subsets of non-small cell lung
cancer (NSCLC) patients harboring an activating genomic
aberration in tyrosine kinase receptors (T’ KRs). However,
aside from the prototypic molecular subset of EGFR
mutations that is detected in 10-50% of patients (1,2), most
TKR aberrations, including ALK, RET, NTRK, and ROS
proto-oncogene 1 (ROS1) fusions, are rare (3). Incidences
range from <1% to 13% (4-12). ROS1-rearrangements
were discovered in 2007, and the incidence in NSCLC
patients is reported to be 1-2% (8-11). ROS1, located
on the 6q22 chromosome, encodes a TKR that is closely
related to the tyrosine kinase insulin receptor family (13-16).
In ROS1-rearrangements, a split at the 5' end of exon 32,
34, 35, or 36 causes the 3' end, which encodes the protein’s
kinase domain, to fuse with a new 5' partner, leading to
constitutive activation of the ROS1 kinase. The most
common ROSI1 fusion partner is CD74; however, other
fusion partners have been identified, such as EZR, TPM3,
SDC4, and SCL34A2 (17,18).

Currently, two targeted drugs are approved by the USA
Food and Drug Administration (FDA) for the treatment
of patients with ROSI fusion. The first is crizotinib, which
was primarily developed for treating ALK-fusion-positive
NSCLC patients. Due to the homology between ROS1 and
ALK, crizotinib has demonstrated efficacy also in ROSI1-
fusion-positive patients, with response rates around 77.6%
reported in a large meta-analysis (19). The second approved
drug is the second-generation multikinase inhibitor
entrectinib. It has shown an overall response rate of 67.1%
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for ROSI1 fusion-positive patients, including patients with
brain metastasis (20). These two drugs have also been
approved by the European Medicines Agency (EMA), with
the requirement of a validated assay for detection of ROS1
fusion before treatment (21,22). Therefore, the accurate
detection of ROS1-positive NSCLC patients is of great
importance.

Fluorescence in situ hybridization (FISH) has long been
regarded as the gold standard technique for the detection of
ROS1-rearrangements (17). Most commonly, a split (break
apart) probe is used for diagnostic purposes. FISH can be
used to identify fusions regardless of the fusion partner and
is considered a sensitive and specific method. However,
FISH is time-consuming, relatively expensive, requires
training, and needs special equipment (17).

Since fusions of ROS1 are often associated with high
expression of the corresponding fusion protein (17,23),
the use of immunohistochemistry (IHC) as a diagnostic
screening tool has been suggested. In the case of positive
protein expression, which is indicative of the presence of a
fusion transcript, FISH or a molecular analysis is required
for confirmation (24,25). To date, there are two commonly
used commercially available ROS1 antibody clones: clone
D4D6 from Cell Signaling and clone SP384 from Ventana
Medical Systems. The latter is also part of the first in vitro
diagnostic (IVD)/US class I ROS1 THC assay. Recently,
another commercially available clone, EPMGHR?2 from
Zytomed Systems, was introduced. Naturally, the use of
different clones and assay protocols results in different
staining patterns. Furthermore, evaluation is subjective
as it is based on the pathologist’s interpretation, and the
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choice of the cut-off value used to define a positive result
is crucial for any screening approach. Therefore, the aim
of this study was to evaluate the diagnostic performance of
current detection strategies for ROS1-rearrangement in
two large Swedish NSCLC patient cohorts. We present the
following article in accordance with the STARD reporting
checklist (available at https://tlcr.amegroups.com/article/
view/10.21037/tler-22-504/rc).

Methods
Study population and clinical characteristics

The study population consisted of two large retrospective
NSCLC patient cohorts, a total of 676 patients consecutively
surgically resected at Uppsala University Hospital between
1995 and 2010 (Tables S1,S2).

The first cohort (Uppsala I) included 358 patients
operated on between 1995 and 2005. Formalin-fixed paraffin
embedded (FFPE) tissue blocks were available for 352 of
these patients, and cores from these blocks were included in
a tissue microarray (T'MA) as previously described (26,27).
Fresh frozen tissue was available for 187 of these patients,
and RNA was extracted from these tissue blocks and used
in an Affymetrix gene expression microarray analysis. Fresh
frozen tissue and Affymetrix gene expression microarray data
were also available for six additional patients; however, due
to a lack of FFPE material for these patients, they were not
included in the study population.

The second cohort (Uppsala II) included 324 NSCLC
patients operated on between 2006 and 2010 (28-30). FFPE
tissue blocks were available from all of these patients, and
cores from these tissue blocks were included in a TMA.
Fresh frozen tissue was available for 182 of these patients,
and RNA was extracted from these tissue blocks and used
for Illumina RNA-sequencing analysis (31).

Information regarding the patients’ clinical parameters
(i.e., age at diagnosis, smoking history, gender, tumor
histology, tumor stage, performance status according to
WHO) and overall survival time was obtained from the
records of the population-based Regional Lung Cancer
Register (Tables S1,52). The study was conducted in
accordance with the Swedish Biobank legislation, performed
in adherence with the Declaration of Helsinki (as revised
in 2013), and approved by the Uppsala Regional Ethical
Review Board (Uppsala I: 2006/325; Uppsala II: 2012/532)
and individual consent for this retrospective analysis was
waived.
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Tissue microarray (TMA) construction

TMAs were constructed from FFPE tissue blocks. All tissue
specimens were reviewed by pathologists [Uppsala I (PM)
and Uppsala II (HB, PM)], and representative tumor areas
were identified and encircled on hematoxylin-eosin-stained
slides. Tissue cores were punched from the encircled areas
using a manual tissue arrayer (MTA-1, Beecher Instruments,
Sun Prairie, CA, USA). All tumors were included in
duplicate (2 x 1 mm tissue cores) (26-29). Four micrometer-
thick sections were taken from the blocks, mounted on
adhesive slides (SuperFrost Ultra Plus, Thermo Fisher
Scientific, Fermont, CA, USA), and used in the subsequent
analyses.

Fluorescence in situ hybridization (FISH)

ROS1-rearrangement status was assessed by performing
FISH on tissue of both NSCLC cohorts (Uppsala I and
Uppsala II) that were represented by two sets of TMAs
(each TMA included two different tissue cores from each
tumor). In the first round, the Vysis 6q22 ROS1 Break
Apart FISH Probe Kit (RUO) (08N29-020) (Abbott
Molecular, Des Plaines, IL, USA) was used and analyzed
at the Orebro Laboratory. Due to the detachment of
some cores during the process, or because some cores
did not include sufficient tumor cells, we repeated the
FISH hybridization. Since the hybridization this time was
performed in the Borstel Laboratory, a locally established
FISH assay was used (ZytoMation ROS1 Dual Color
Break Apart FISH Probe (Z-2298), ZytoVision GmbH,
Bremerhaven, Germany).

The Vysis 6q22 ROS1 Break Apart FISH Probe Kit
(RUO) (08N29-020) was used with the Vysis Paraffin
Pretreatment IV & Post-Hybridization Wash Buffer
Kit (CE) (0IN31-005) according to the manufacturer’s
instructions. The TMA slides were baked at 60 °C for
1 h, followed by deparaffinization and rehydration.
Pretreatment was performed at 80 °C for 35 min, followed
by protease treatment at 37 °C for 40 min. The slides were
then dehydrated, and denaturation of DNA was performed
at 73 °C for 3 min, followed by probe hybridization at 37 °C
overnight. Post-hybridization wash was performed at
75 °C for 3 min, and the slides were then mounted using
ProLong® Gold Antifade Mountant with 4',6-diamidino-2-
phenylindole (DAPI) (Thermo Fisher Scientific, Waltham,
MA, USA). Analysis of the slides was performed under an
oil immersion objective (x60 to x100) using an Olympus
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BX-61 fluorescence microscope (Center Valley, PA, USA)
equipped with filters to visualize the different wavelengths
associated with the fluorescent probes.

The ZytoMation ROS1 Dual Color Break Apart FISH
Probe (Z-2298) was used according to the manufacturer’s
instructions. The slides were baked at 60 °C for 1 h,
followed by deparaffinization and rehydration. Pretreatment
was performed for 15 min at 97 °C in citrate buffer (pH=06).
Afterward, the slides were cooled down, rinsed in water,
and dried at room temperature on a drying rack. Enzymatic
digestion was performed with pepsin; each slide was
covered with a coverslip and incubated for 3 min at 37 °C
in a humid chamber. The slides were rinsed in 2x saline-
sodium citrate (SSC) buffer for 5 min and then dehydrated
by immersion in 70%, 80%, 90%, and 100% ethanol for
I min each. The slides were dried at room temperature.
Then, 15 pL of ROS 1 Dual Color Break Apart FISH
Probe (Z-2298) was applied under a coverslip sealed with
adhesive. The slides were incubated at 75 °C for 10 min
and then at 37 °C in a humid chamber overnight. The
slides were rinsed once with 1x wash buffer, twice for §
min each with 1x wash buffer, and dehydrated in 70%,
80%, 90%, and 100% alcohol for 1 min each. The slides
were dried at room temperature on a drying rack and then
mounted using a drop of DAPI solution, and a coverslip
was added with nail polish used for sealing. FISH was
evaluated using a Nikon Eclipse 80i microscope (Nikon,
Melville, NY, USA) equipped with a Plan Apo VC 60xlens
using oil immersion. Images were taken using a Leica
DFC 450c camera system and Fix Foto software (Joachim
Koopmann Software, Germany).

Annotation for the FISH analysis

A tumor sample was considered positive for ROS1-
rearrangement when at least 15% of 50 analyzed tumor
cells displayed split probe signals or isolated 3' (green)
signals (24). Only cases with at least 50 evaluable tumor
cells were included in the analysis. The FISH evaluation
was performed by two independent evaluators (T'G and
JSMM) without knowledge of the IHC results for ROS1

protein expression.

Immunobistochemical staining

Clone D4D6 from Cell Signaling
Immunohistochemical (IHC) staining was performed on
TMA sections. The slides were baked for 45 min at 60 °C,
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followed by deparaffinization and heat-induced epitope
retrieval with targeted retrieval solution (high pH) (Dako,
Santa Clara, CA, USA). The slides were then treated with
3% hydrogen peroxide for 20 min to block endogenous
peroxidase activity, and then incubated with the primary
monoclonal rabbit anti-ROS1 antibody (clone D4D6, 1:100,
Cell Signaling Technology, Danvers, MA, USA) at 4 °C
overnight. The staining reactivity was then detected using
the EnVision-FLEX+ (Dako, Santa Clara, CA, USA).

Clone SP384 from Ventana Medical Systems

The TMA sections were baked for 45 min at 60 °C. Antigen
retrieval was performed using Ventana’s CC1 buffer at
95 °C for 36 min. This was followed by incubation with
the primary monoclonal rabbit anti-ROS1 antibody (clone
SP384, RT'U, Ventana Medical Systems, Tucson, AZ, USA)
at 32 °C for 20 min at the BenchMark Ultra instrument
(Ventana Medical Systems Inc.) in combination with the
UltraView DAB THC Detection kit, according to the
manufacturer’s instructions.

Clone EPMGHR? from Zytomed Systems

The TMA sections were baked for 45 min at 60 °C.
Following baking, deparaffinization, rehydration, and heat-
induced epitope retrieval (pH 9) was performed at the PT
Link Module (Dako, Santa Clara, CA, USA). The slides
were then stained according to the EnvisonFlex+ Rabbit
protocol, high pH (Dako, Santa Clara, CA, USA), using
the primary rabbit anti-ROS1 monoclonal antibody (clone
EPMGHR2, 1:75, Zytomed Systems, Berlin, Germany)
at ambient temperature for 30 min in a Dako Autostainer
Link48 (Dako, Santa Clara, CA, USA).

Scanning and viewing

Slides stained with clone D4D6 (Cell Signaling) and clone
SP384 (Ventana Medical Systems) were scanned at 20x
magnification using an Aperio ScanScope XT (Aperio
Technologies Inc., Vista, CA, USA) whole slide scanner
to obtain high-resolution digital images. The images were
viewed in the freely available ImageScope software (Aperio
"Technologies Inc., Vista, CA, USA).

Slides stained with clone EPMGHR?2 (Zytomed Systems)
were scanned at 20x magnification using a NanoZoomer
S60 whole slide scanner (Hamamatsu Photonics K.K.,
Japan) to obtain high-resolution digital images. The images
were viewed using the freely available NDP.view2 software
(Hamamatsu Photonics K.K., Japan).
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Annotation and cut-off values for the immunobistochemical
staining

Protein expression was manually and independently annotated
by two observers (VI and JSMM). The staining intensity
for the three antibodies was graded using a four-point
scale: negative [0], weak [1], moderate [2], and strong [3].
Only the strongest staining in the sample was taken into
account. The fraction of stained tumor cells was evaluated
as follows: 0% stained cells [0], 1-10% [1], 11-20% [2],
21-30% [3], 31-40% [4], 41-50% [5], 51-60% [6],
61=70% [7], 71-80% [8], 81-90% [9], and 91-100% [10].
The staining intensity of the strongest staining in the sample
and fraction of stained cells were multiplied to obtain an
overall score that ranged from 0 to 30. The samples were
dichotomized in negative (score 0—12) or positive cases (score
14-30), that is, cases that showed moderate staining in at least
61% of the tumor cells or strong staining in at least 41%
of the tumor cells were regarded as positive. Nonspecific
staining in macrophages, giant cells, and type 1I pneumocytes
was disregarded (17). When clone EPMGHR2 was used,
several cores showed artifactual border staining, which was
disregarded.

Gene expression analysis

For a subset of patients, gene expression data were available.
RNA from fresh frozen tumor tissue from 187 of the
Uppsala I cohort patients had previously been subjected
to gene expression microarray analysis on the Affymetrix
HG U133 Plus 2.0 arrays (54675 probe sets, Affymetrix,
Santa Clara, CA, USA), as previously described (32,33).
This Uppsala I microarray dataset is available in the Gene
Expression Omnibus (GEO) data repository (GSE37745).
Two ROSI probe sets (207569 _at; 244363 _at) were present
in the Affymetrix U133 Plus 2.0 chip set. The mean of all
samples, plus two standard deviations, was defined as the
cut-off, and the samples were dichotomized into high- and
low- expression groups at a cut-off of 7.0.

RNA from fresh frozen tissue from 182 of the Uppsala
II cohort patients had previously been subjected to RNA-
sequencing (RNAseq), as previously described (31). Briefly,
the Illumina TruSeq RNA Sample Prep Kit v2 with
polyA selection was used to prepare the RNA samples for
sequencing. Multiplex sequencing was performed with
five samples per lane on Illumina HiSeq2500 instruments
(Illumina, San Diego, USA), using the standard Illumina
RNAseq protocol with a read length of 2x100 bases.
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The raw data has been uploaded, together with clinical
information, to the GEO with accession number GSE81089
(http://www.ncbi.nlm.nih.gov/geo/). The mean of all
samples, plus two standard deviations, was defined as the
cut-off based on fragments per kilobase of transcript per
million mapped reads (FPKM)-values. The samples were
divided into groups with high- and low- expression values at

the cut-off of 62.6.

NanoString fusion analysis

NanoString fusion analysis was performed when a sample
showed a clear or possible positive FISH results, elevated
protein expression in the IHC assay, or elevated RNA (n=21)
(Tible 1).

FFPE tissue sections (10 pm thick) were used for total
RNA extraction using the RNeasy® FFPE kit (Qiagen,
Hilden, Germany). This was followed by assessment
of RNA quantity and quality (DV200) using an RNA
Screen Tape on a 4200 TapeStation system (Agilent,
Santa Clara, CA, USA). A custom-designed fusion gene
assay, based on Lira er al. (34), was used to perform the
NanoString digital counting. The probe sets were designed
by NanoString Technologies (Seattle, WA, USA) and
synthesized by Integrated DNA Technologies (Leuven,
Belgium). Total RNA (250 ng of FFPE-derived RNA,
and 100 ng of Horizon Discovery RNA fusion reference
standard) was hybridized to a multiplexed mixture of
reporter and capture probes complementary to the target
sequences. Hybridization, clean-up, imaging and counting
were performed using an nCounter FLEX Analysis
System (NanoString Technologies), following the the
manufacturer’s instructions. Fusion prediction was made
based on both the specific fusion probe expression and 3'/5'
expression ratio, according to Lira ez a/l. (34) (Table S3).

Detection of fusion gene transcripts in the RNAseq data set

The RNAseq data of 182 patients from the Uppsala
II cohort were analyzed using the STAR-Fusion gene
detection method (version STAR-2.7.8a) (35) to detect gene
fusions based on pair-end reads. For the analysis, default
parameters were used as well as the reference database
GRCh38_gencode_v37_CTAT _lib_Mar012021.

Statistical analysis

The sensitivity, specificity, and accuracy of the ROS1 THC
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Table 1 (continued)

IHC clone D4D6 IHC Clone SP384 IHC clone EPMGHR2

FISH

Mucinous

NanoString

Affymetrix RNAseq

(FPKM)

Intensity Quantity Score Intensity Quantity Score Intensity Quantity Score (AV)

. - Final
Vysis ZytoVision
result

Smoking

histology

Gender Histology

ID

39.1479

141

Neg

Neg Neg

Female AC Yes Never

L828

11.3418

16" 10

Neg

Neg

Female AC No Current Neg

L831

69.3393"

Neg

Neg Neg

Former

No

Female

L832

Neg

28.557

20"

10

30"

10

Neg

No Current Neg n/a

AC

Female

L865

Neg

91.2207"

12

Neg

Neg

Female AC No Current Neg

L874

Neg

88.5403"

Neg*

Neg

Female  AC No  Former Neg*

L413 T1

T, sample defined as positive according to the cut-off; *, ambiguous FISH-result, but the sample was regarded as negative; %, This protein expression annotation
was performed on whole sections; 111, no tissue on TMA; 999, no cancer on TMA. FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; RNAseq,
RNA-sequencing; Neg and Pos, negative and positive; n/a, not applicable; AC, adenocarcinoma; SCC, squamous cell carcinoma; LC, large cell carcinoma; AdSq,

adenosquamous carcinoma; LCNEC, large cell neuroendocrine carcinoma; TMA, tissue microarray.
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and ROS1 FISH methods for predicting ROSI status
were calculated using the online MedCalc Software Ltd.
Diagnostic test evaluation calculator (36). P values <0.05
were considered statistically significant.

Results
Patient characteristics

ROS1 status was assessed in a total of 676 NSCLC patients
distributed over two independent cohorts, Uppsala I and
Uppsala II. The patients’ characteristics are shown in
Tables S1,S2.

ROS]1 status evaluated by FISH

It was possible to assess ROS1 status using FISH for
630 of the 676 (93.2%) cases represented on the TMAs
(Tables S1,S2). In the non-assessable cases, the tissue cores
were either missing on the TMAs, the tissue cores did
not contain any tumor material, or the hybridization was
insufficient for reliable evaluation. ROS1-rearrangement was
identified in tumor samples from two (2/630=0.3%) patients,
both were of adenocarcinoma histology (non-squamous
NSCLC: 2/425=0.5%). In nine cases, the FISH result was
considered to be ambiguous (Zable 1). This was due to poor
tissue quality or borderline results with clear split events in
less than 15% of the tumor cells. However, since these cases
did not fulfill the criteria for a positive FISH result, they were
regarded as negative.

ROS1 status evaluated using immunobistochemistry (IHC)

ROS1 protein expression was evaluated using automated
IHC with three different anti-ROS1 antibody clones:
D4D6, SP384, and EPMGHR2. As the TMAs were
sectioned between the staining procedures, some tumor
material and tissue cores on the TMAs were lost over time.
Therefore, different numbers of cases were available for
evaluation with each antibody clone (Tables S1,52).

Using clone D4D6, ROSI status was evaluated in 665
(665/676=98.4%) cases. A positive result was defined as a
sample with an immunohistochemical score of 14 or higher;
that is, cases that showed moderate staining in at least 61%
of the tumor cells or strong staining in at least 41% of the
tumor cells were regarded as positive. With clone D4D6,
positive results were found in 24 tumors (24/665=3.6%):
22 adenocarcinomas, one squamous cell cancer, and one
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Figure 1 Venn diagram of the positive ROS proto-oncogene 1
(ROS]1) staining based on the three antibody clones. The positive
staining results of the anti-ROS1 antibody clones are compared.
The cut-off for a positive result was set at a score 14, and cases

with a lower score were regarded as negative.

large cell neuroendocrine carcinoma [non-squamous
NSCLC: 23/454=5.1%; squamous cell carcinoma (SSC):
1/211=0.5%]. Of the ROSI1- positive tumors, eight cases
displayed strong homogeneous staining in 41% or more
of the tumor cells, while the remaining 16 cases displayed
moderate staining in at least 61% of the tumor cells.

Using clone SP384, ROSI status was assessed in
639 patients (639/676=94.5%). Among these cases, 18
tumors (18/639=2.8%) returned positive results: 17
adenocarcinomas and one squamous cell cancer (non-
squamous NSCLC: 17/432=3.9%; SCC: 1/207=0.5%). Of
the ROS1-positive tumors, eight cases displayed strong
homogeneous staining in more than 41% of the cells, while
the remaining 10 tumors displayed moderate staining in
more than 61% of the cells.

Using clone EPMGHR2, ROS1 status was assessed
in 593/676 (87.7%) cases. One tumor (1/593=0.2%)
was scored positive for ROS1, an adenocarcinoma (non-
squamous NSCLC: 1/396=0.3%). The staining was strong
and homogeneous in at least 71% of the tumor cells.

Immunohistochemical staining of whole tissue sections
was performed for two cases with tissue missing from the
TMA. One case returned a positive FISH result (L567), and
the other showed an ambiguous FISH result and variable
immunohistochemical staining (1.493).

© Translational Lung Cancer Research. All rights reserved.
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Comparison of the three anti-ROS1 antibody clones

Altogether, 586 (586/676=86.7%) cases were assessed with
all three clones, and the immunohistochemical staining
results were compared (Figure I).

A total of 25 cases (4.3 %) displayed positive staining with
at least one antibody clone. Within this group, eight cases
(1.4%) exhibited positive staining with two antibody clones
(D4D6 and SP384), while only one case (0.2%; L567)
displayed positive staining with all three clones. This was
the only case considered to be positive for staining with clone
EPMGHR2. However, it should be noted that the cases
that were positively stained with one clone only showed
focal staining with the other clones; however, this was
regarded as negative based on the predefined cut-off value
(Table 1). Five of the cases that displayed positive staining
with only clone D4D6 were mucinous adenocarcinomas. It
should be noted that tissues with mucinous histology may
show positivity without ROS1-rearrangement (37). None of
these five mucinous cases showed a ROSI-rearrangement

with FISH.

Comparison of the FISH results and the IHC results

Concordance between the FISH and IHC results for
detection of ROSI1-rearrangements is of high importance,
since IHC-based methods have been suggested as screening
methods for this patient subset.

In our study, 626 tumors were evaluated with both
FISH and IHC clone D4D6, 606 tumors with both FISH
and THC clone SP384, and 583 tumors with both FISH
and IHC clone EPMGHR?2 (Figure 2). Of the two FISH-
positive tumors, one was found to stain positive with all
IHC clones (L567) (Figure 3). This case showed moderate
staining in more than 81% of the tumor cells with clone
D4D6, moderate staining in more than 71% of the tumor
cells with clone SP384, and strong staining in more than
71% of the tumor cells with clone EPMGHR2. The
other FISH-positive case (L80) (Figure 3) was negative for
staining with clones D4D6 and SP384; however, with clone
EPMGHR?2, strong staining was present in 1-10% of the
tumor cells, although, this staining did not reach the cut-
off value. Considering FISH as the reference method, the
sensitivity of the D4D6 clone was 50% with a specificity of
97.1% and an accuracy of 97%, the sensitivity of the SP384
clone was 50% with a specificity of 97.3% and an accuracy
of 97%, and the sensitivity of the EPMGHR?2 clone was
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D Clone D4D6

n=576

L 3

Clone SP384

Clone EPMGHR2

Figure 2 Venn diagram of the detection of ROS proto-oncogene 1 (ROS1) using different analytical methods. (A) Samples with positive
fluorescence in situ hybridization (FISH) results were compared to samples that showed positive protein expression with the D4D6
immunohistochemistry (IHC) clone. Considering FISH as the reference method, the sensitivity of the D4D6 clone was 50%, with a
specificity of 97.1% and an accuracy of 97%. (B) Samples with positive FISH results were compared to samples that showed positive protein
expression with the SP384 THC clone. Considering FISH as the reference method, the sensitivity of the SP384 clone was 50%, with a
specificity of 97.3% and an accuracy of 97%. (C) Samples with positive FISH results were compared to samples that showed positive protein
expression with the IHC clone EPMGHR?2. Considering FISH as the reference method, the sensitivity of the EPMGHR2 clone was 50%,
with a specificity of 100% and an accuracy of 99.8%. (D) Samples that stained positive with clones D4D6, SP384, and EPMGHR2 and had

positive FISH results were compared.

50% with a specificity of 100% and an accuracy of 99.8%
(Figure 2).

ROS]1 gene expression

Fresh frozen tissue samples from 187 patients of the Uppsala
I cohort (187/352=53.1%) were analyzed by Affymetrix gene
expression microarray for ROS1 expression. When the cut-
off of 7 AU was applied, 10 samples (10/187=5.3%) were
considered to be positive; nine were of adenocarcinoma
histology while one was a large cell carcinoma (non-squamous
NSCLC: 10/125=8.0%). Among these 10 samples, only
one sample returned a positive result with another assay (ID
302); in the IHC assay, it was stained with both clones D4D6
and SP384, while staining with clone EPMGHR2 was not

© Translational Lung Cancer Research. All rights reserved.

evaluable (Figure 4A4).

For 182 patients (182/324=56.2%) of the Uppsala
IT cohort, gene expression data based on RNAseq were
available. Gene expression in normal lung tissue samples
was in the range of 23-46 FPKM. While most of the tumor
tissue samples displayed lower RNA-expression levels than
those found in the normal lung tissue samples, nine samples
(9/182=4.9%) had higher ROS1 RNA-levels and were
considered positive according to our cut-off value. Of these
nine samples, eight were of adenocarcinoma histology while
one sample was of adenosquamous histology (non-squamous
NSCLC: 9/121=7.4%). In particular, two cases expressed
substantially higher FPKM values (L567 and L511)
compared to the other tumor samples. One of these cases
(L567) returned positive results in the FISH, NanoString,
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Figure 3 Visualization of the fluorescence in situ hybridization (FISH) and immunohistochemical (IHC) staining results. Case L567 showed

a positive FISH result and positive staining with all three antibody clones. *Annotation of protein expression was performed on whole

sections for clones SP384 and EPMGHR?2. Case L80 showed a positive FISH result and negative staining with all three antibody clones.

It should be noted that this case has previously shown immunoreactivity with other IHC stainings, and is therefore not regarded as a false
ROS proto-oncogene 1 (ROS1) IHC negative case. Case 1511 is included as an example of a case in which the FISH and clone EPMGHR2

results were negative, but staining with clones D4D6 and SP384 was positive. This case also displayed high gene expression levels based on

RINA-sequencing. Scale bar represents 100 pm.

and IHC (with all three clones) assays, while the second case
(L511) returned a positive result in only the IHC assay (with
clones D4D6 and SP384) and did not show a molecular
translocation (Figure 4B).

NanoString fusion analysis

The inconsistencies within and between the FISH and IHC

assay results prompted us to conduct an orthogonal analysis

© Translational Lung Cancer Research. All rights reserved.

on equivocal cases. For this, we selected cases that had at least
one of the following attributes: (I) a positive FISH result, (II)
an ambiguous FISH result, (III) elevated RNA-expression, or
(IV) high protein expression detected with one of the clones.
These cases (n=21) were subjected to a fusion gene assay
based on the NanoString technique (Zable I).

Only one sample (L567) was confirmed as harboring

a ROS1-rearrangement based on specific fusion probe
expression (SLC34A2-ROS1, S13del2046:R32) and on the
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Figure 4 ROS proto-oncogene 1 (ROSI) gene expression detected using Affymetrix gene expression microarray and RNA-sequencing. (A)
The histogram shows the mean values of the Affymetrix gene expression probe sets 207569_at and 244363 _at from 187 non-small cell lung
cancer (NSCLC) patients in the Uppsala I cohort. Gene expression signals are displayed as arbitrary units (AU). Samples determined to be
positive according to our cut-off value are denoted in red. Samples with the highest gene expression levels are shown in the magnification.
The results from the other assays are indicated for the case with the highest gene expression (ID 12) and for case ID 302, since this was the
only case with a positive result in another assay of all the positive cases according to our gene expression cut-off value. (B) ROS1 RNA-
expression from RNA-sequencing analysis of tumor tissue (n=182) and normal tissue (n=19) from 182 NSCLC patients included in the
Uppsala II cohort. Normal expression is denoted in green, and tumor expression is denoted in blue. Samples determined to be positive
according to our cut-off value are marked in red. The results from the other assays are indicated for the two cases with the highest RNA
expression: L567 and L511. These two cases were the only ones that returned positive results in other assays. Gene expression signals are

displayed as fragments per kilobase of transcript per million mapped reads (FPKM)-values. TMA, tissue microarray.

3'/5" expression imbalance. No other sample showed an harbor a ROS1 fusion. With this knowledge, the overall
indication of ROS1-rearrangement either by the specific frequency of ROS1-rearrangements was found to be even
fusion probes or 3'/5" expression imbalance (Table I). Of the lower than that presumed using FISH, with a prevalence of
two FISH-positive cases, only one was considered to actually 0.2% (1/630=0.2%) in these two large Swedish cohorts.
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Detection of gene fusion transcripts in the RNAseq data set

The RNAseq data of 182 NSCLC patients were mapped
to the human reference genome to identify discordantly
mapping reads indicating potential somatic fusion genes
using the STAR-Fusion gene detection method. This
method also identified the FISH- and NanoString-positive
case (L567) to contain the rearrangement SLC34A2-
ROSI. In addition, an indication of fusion was found in
sample L635. This fusion occurred between ROS1 and
the long non-coding RNA (IncRNA) AL139042.1. In this
case, ROSI is the 5' partner, and not the 3' partner. For
these reasons, this transcript most likely does not lead to
the transcription of a functional protein. Sample L635 was
negative with all three IHC antibody clones well as with
FISH. In the FISH analysis, a pattern of isolated red signals
was detected; however, this is not considered a criterion for
rearrangement.

Discussion

In this study, we conducted one of the largest and most
comprehensive characterizations of ROSI status in NSCLC
patients using three different detection strategies. We found
that the incidence of ROSI fusions in our study population
was 0.2%, which is considerably lower than previously
reported. As a screening tool for ROS1 protein expression,
the IHC method was found to have a variable, possibly
high false- positive rate. In addition, the reliability of the
FISH method was found to be limited by technical and
interpretational aspects.

In most previous studies, higher frequencies of ROS1-
rearrangements have been reported. In perhaps the largest
study of its kind (38), samples from 6,066 unselected
Chinese NSCLC patients were analyzed using a real-time
PCR approach, and 2.6% of the cases were determined to
be harboring a ROS1 fusion. Also, Bergethon ez a/. (11)
reported an incidence of 1.7% of ROSI fusion-positive
cases when they evaluated 1,073 unselected, mostly non-
Asian NSCLC patients using FISH. In a Japanese study (8),
a frequency of 0.9% was reported for rearranged cases
detected among 1,476 NSCLC patients. Many smaller
studies have reported the prevalence to be 2-4% in patients
with both adenocarcinomas and squamous cell carcinomas,
although squamous cell carcinomas rarely harbor ROS1
fusions (39-42). We found a considerably lower frequency
of ROS1-rearrangements in our study (0.2%). A reason for
this might be that ROS1-rearrangements are more frequent
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in advanced cancer patients (stages III-IV). This was
suggested by the findings of a large meta-analysis conducted
by Zhu er al. (43), which included 9,898 NSCLC patients
from 18 studies. Whereas, our study primarily included
patients with localized tumors who were surgically treated.
Another reason for the low frequency in our cohort may be
the relatively high proportion of squamous cell carcinomas
(213/676=31.5%) as well as the low number of never-
smokers in this cohort (10.2%).

Nevertheless, we believe that the low frequency found in
our study population reflects the real incidence in Nordic
countries and, more generally, in a European population.
Similar findings were reported from an independent
survey of a large advanced Swedish NSCLC patient
cohort that used IHC and FISH for detection (44) and
from an independent study of an Austrian NSCLC patient
population (45). Low frequencies have also been reported
for other gene rearrangements, such as ALK, RET, and
NTRK (8,46,47).

The rearranged case in our study was detected by FISH
and all three IHC antibody clones. However, the FISH
also identified a second case as positive and several cases as
ambiguous for ROS1-rearrangement. This second FISH-
positive case (I) did not return a positive result with any of
the IHC antibody clones, (II) displayed low ROS1 gene
expression levels, and (IIT) did not show any imbalance in
the NanoString analysis. Therefore, we regarded this case
as a false-positive FISH result. This is problematic, because
break-apart FISH has been the gold standard assay for the
detection of ROS1-rearrangements, as the assay was used in
early studies to determine the prevalence of ROS1 fusions
as well as in the initial trials of crizotinib (11,48). It is worth
noting that several limitations of this method have been
described. The quality of FISH results depends on pre-
analytical factors (e.g., fixation medium and fixation-time) as
well as the storage of the FFPE-tissue blocks and the length
of storage after cutting the sections. Also, the hybridization
process can be crucial (24). Perhaps the most difficult step
is the interpretation of the results, which can lead to both
false-negative and false-positive results. The latter may be
due to non-functional ROS1 fusions or to post-transcription
and post-translation phenomena that inactivate the fusion
product (24). Furthermore, aberrant probe hybridization
has been reported (49,50). In addition, sectioning artifacts
may lead to the occurrence of split signals as well as false
single-red/single-green signals. Other limitations of the
FISH approach include the lack of ability to identify the
fusion partner (49,50). The existence of a false-positive and
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several ambiguous FISH results in our study does not favor
the use of FISH as a screening method or as a reference
method for the detection of ROSI1 fusion.

The effectiveness of IHC in the detection of ROS1
fusion products was also examined in this study. Some
of the major advantages of using IHC to determine
biomarker status are the ease, speed, and relatively low
cost of performing and interpreting an IHC assay (51).
These features are particularly important for the detection
of low-prevalence biomarkers in NSCLC patients, such
as RET, NTRK, ALK, and ROS1. However, there are
no universally established immunostaining interpretative
criteria for predicting gene rearrangement and no standard
cut-off values for the definitive identification of ROS1
fusion products. The monoclonal antibodies D4D6 and
EPMGHR?2 are categorized as research-use-only (RUO)
and used in assays with various protocols, visualization
systems, and staining platforms, which leads to variation in
staining and interpretation. The Ventana SP384 clone is
part of the only approved in vitro diagnostic IHC assay for
ROSI and is used in conjunction with Ventana’s staining
instruments. They recommend setting the cut-off value as
that at which there is moderate intensity in at least 30%
of the total tumor cells (52,53). If we had applied this cut-
off for the Ventana clone SP384 in our study, 16 additional
cases (18+16=34, 34/639=5.3%) would have been considered
positive. Thus, the false-positive rate would have been
considerably higher.

In our study, the only confirmed ROSI fusion case
was detected by all three antibody clones; however, the
accuracy varied depending on the clone used. The clone
EPMGHR? did not show any false-positives and thus
provided a sensitivity and specificity of 100%. This optimal
performance should still be interpreted with caution and
confirmed in a cohort with more positive cases.

Nevertheless, both ROS1 protein and mRNA may be
expressed in tumors that lack ROS1 fusions (24). False-
positive IHC staining may also occur in ERBB2- and
EGFR-mutated lung tumors (10,54-56), as well as in tumors
with mucinous, lepidic, and/or acinar histologies (37,56,57).
As a result, nonspecific ROS1 protein expression may be
detected in ROS1-negative tumors, ranging from weak and
patchy to strong and widespread (24,58). We also observed
high RNA-expression levels in a number of cases that were
not associated with ROS1 fusion.

Therefore, we recommend that the detection of ROS1
fusion by IHC is confirmed by either FISH or, preferably,
at the transcript level. We used the NanoString system to
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detect the most common known fusion gene transcripts and
to determine the ROS1 5' and 3' expression, where the 3'/5'
expression ratio would generally indicate a ROS1 fusion.
This assay has previously demonstrated strong concordance
with the FISH and IHC assays, and a benefit of this
approach is that it can be used to evaluate multiple fusion
genes simultaneously (34,59).

It should be noted that transcript analysis is now often
integrated in the NGS workflow, for example, in the
TruSight Oncology 500 assay. When such comprehensive
NGS assays are implemented for the routine analysis of
NSCLC, screening approaches obviously become obsolete.
"This is in line with the latest guidelines of the ASCO (25,60),
which recommend the use of a broad analytic strategy.
In reality, in the near future, this scenario will only be
achievable in larger cancer centers.

The major strengths with our study are the parallel and
independent analysis with IHC and FISH on this real-
world NSCLC patient population. There are also some
limitations that should be considered when interpreting our
results. First, we did not test all samples with the lung fusion
panel from NanoString. Primarily, we focused on samples
with positive IHC results and positive or ambiguous FISH
results. As a result, we cannot be entirely sure that we
captured all ROS1-rearranged cases in our cohorts. Second,
the NanoString-specific probes only detect known fusion
gene transcripts; thus, new fusions with unknown partners
might have been missed. Therefore, the FISH-positive
case (L80) that was negative in the NanoString analysis
may be the case of a less common fusion. Third, since the
ROS1 IHC and FISH assays were performed on TMAs,
we potentially did not capture tumors with focal ROS1
expression. However, tumors with ROS1-rearrangements
are most commonly diffusely positive, generally in a
homogeneous fashion, with cytoplasmic staining ranging
from weak to strong. Heterogeneity may be observed
within a tumor; however, this is possibly a result of variable
fixation in resected specimens (24). Indeed, TMAs with
small tissue cores reflect the small sample size of biopsies
most commonly used in routine diagnostics (61), and thus
the clinical situation.

In conclusion, our findings indicate that the occurrence
of ROSI fusions is exceedingly low in resected NSCLC
tissue samples. IHC assays can be used to detect these
fusions with varying accuracy. Based on our experience,
we do not favor the use of FISH as either a screening or
reference method for the detection of ROS1-rearrangement
in NSCLC. Thus, when IHC protocols are used for
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screening, transcript-based assays are preferable for
validation in clinical diagnostics.
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