
Introduction

ROS1 gene rearrangements define a rare but clinically 
important subset of non-small-cell lung cancer (NSCLC). 
The ROS1 oncogene encodes an orphan receptor tyrosine 
kinase (RTK) related to the anaplastic lymphoma receptor 
tyrosine kinase (ALK) [1]. Genomic rearrangements of 
ROS1 with one of 12 fusion partners create fusion proteins 
with a constitutively active kinase domain of ROS1 driving 
cellular proliferation [2-4]. In lung adenocarcinoma cells, 
signaling of the activated tyrosine kinase can effectively be 
inhibited by the small molecule inhibitor crizotinib [5, 6]. 
Accordingly, crizotinib showed marked antitumor activity 
in patients with ROS1-rearranged NSCLC [7]. 

ROS1 rearrangements occur in approximately 1% of 
patients with NSCLC, and reliable pre-selection by clinical 
or histopathological criteria is not effective so far [8]. A 
rapid screening for the identification of those few NSCLC 
patients with ROS1 rearrangements is desirable. Thus, 
the development of robust and reliable, but also rapid 
and cost-effective laboratory tests is of importance. 
Currently, fluorescence in situ hybridization (FISH) is the 
approved diagnostic test to detect ROS1 rearrangement 
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Abstract

Successful treatment of lung cancer (NSCLC) patients with ROS1 inhibitors depends on the accurate diagnosis of ROS1 gene rearrangements. 
The approved FISH tests are low-throughput assays difficult to use in daily diagnostic practice. Immunohistochemistry is currently 
discussed as screening test. We aimed to devise an alternative, sensitive diagnostic test for the rearrangement of ROS1 and to investigate 
upregulated ROS1 gene expression as potential target in NSCLC. We developed a qRT-PCR assay adapted to RNA isolated from FFPE 
material and applied it to 695 NSCLC specimens. The reliability to detect ROS1 rearrangements was evidenced by comparison with FISH 
and immunohistochemistry. qRT-PCR analysis detected unbalanced ROS1 expression indicative of gene rearrangement in 5 (0.7%) and 
expression of non-rearranged ROS1 transcripts in 65 (9.6%) of 680 interpretable tumors. In comparison with FISH, qRT-PCR accurately 
typed 99% of 5 rearranged and 121 non-rearranged tumors. Immunohistochemistry detected ROS1 protein expression in 7/8 tumors with 
gene fusions and 6/35 NSCLC with transcriptional upregulation. To elucidate RNA processing, 12 NSCLC were examined by systematic 
RT-PCR and sequence analysis. In all 12 NSCLC analyzed, up-regulated gene expression independent of translocation was associated with 
aberrant expression of fetal transcript isoforms identified here. We conclude that our qRT-PCR assay reliably diagnoses and distinguishes 
ROS1 rearrangements and expression of non-rearranged transcripts. Immunostaining is a suitable screening tool, but re-examination of 
ROS1 protein expressing cases by qRT-PCR/FISH is compulsory. The expression of ROS1 splice isoforms – shown here for the first time - 
may be relevant for ROS1 inhibitor therapy in NSCLC.
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which, however, requires specialized technical equipment, 
expertise and generally is a low-throughput approach. 
Immunohistochemistry (IHC) - rapid and perfectly adapted 
for routine pathology practice - has been proposed as an 
alternative. Immunostaining of the ROS1 protein detects 
ROS1 rearrangement with high sensitivity [9-14]; however, 
protein expression was also observed in the absence of 
gene fusion in 4-30% NSCLC [9, 10, 13, 15]. Although the 
function of ROS1 gene fusions is understood to some extent, 
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to date, the molecular mechanisms and pathogenetical 
implications of the expression of non-rearranged ROS1 
are fairly unknown.

Recently, we have developed a sensitive and robust routine 
diagnostic test that uses quantitative reverse transcription 
PCR (qRT-PCR) to identify ALK rearrangements by detecting 
unbalanced ALK transcript expression [16]. The aim of the 
present study was to devise an equivalent diagnostic assay 
for the detection of ROS1 rearrangements in formalin-fixed 
paraffin-embedded (FFPE) samples based on qRT-PCR. 
This approach was applied to a large cohort of routine 
lung cancer specimens (i). to determine the reliability of 
the assay to detect ROS1 rearrangements in comparison 
with FISH and IHC, and (ii). to quantify the prevalence of 
transcriptional upregulation of ROS1 in NSCLC in relation 
to copy number gains and protein expression patterns.

Materials and methods

Specimen collection
FFPE diagnostic biopsies or resection specimens from 
739 patients diagnosed with NSCLC according to the 
WHO classification for lung tumors [17] - enriched for 
cases with good RNA quality determined in a previous 
qRT-PCR study [16] - and mRNA isolated from fetal lung 
(BioCat, Heidelberg, Germany) were included in this study. 
The study was approved by the Ethics Committee of the 
University Hospital, Eberhard-Karls-Universität Tübingen, 
Germany (299/2012BO2). Glioblastoma cell lines U-118MG 
and U-343MG (CLS, Eppelheim, Germany) were used as 
positive controls for the expression of FIG-ROS1 and full-
length ROS1 transcripts, respectively. 

RNA and DNA preparation
Total RNA and genomic DNA were isolated from FFPE 
tissue samples by using the AllPrep DNA/RNA FFPE Kit as 
described by the manufacturer (Qiagen, Hilden, Germany). 
This extraction method was optimized by the manufacturer 
to reverse formaldehyde modification without further RNA 
degradation. Total RNA and genomic DNA were isolated 
from cell lines by using the AllPrep DNA/RNA Mini Kit 
(Qiagen).

Quantitative reverse transcription PCR
For each sample, 1 g total RNA was reversely transcribed 
using random hexamers and the SuperScript-First strand 
synthesis system for RT-PCR (Life Technologies, Darmstadt, 
Germany). Primers for quantitative RT-PCR (qRT-PCR) 
targeting the 5’ and the 3’ portions of the ROS1 transcript 
(exons 15/16, 17/18, and 40/41) were designed based on 
published sequence data (NM_002944.2; Supplementary 
Table 1). qRT-PCR was carried out in a 7900HT Fast Real-
Time PCR system by using the SYBR Green PCR kit (Life 
Technologies) as described earlier [16]. ROS1 expression 
was normalized to the expression of PGK1 (CT calculation), 
which had been proven to represent a suitable internal 
control for normalizing NSCLC samples. 

PCR and DNA sequence analysis
The ROS1 kinase domain (exons 36-42) and exon 43 were 
searched for mutations by direct sequencing of PCR 
products amplified from genomic DNA, the 5’ portion of 

ROS1 transcripts by sequence analysis of RT-PCR products 
using standard PCR conditions and cycle sequencing with 
ABI PRISM BigDye Terminator chemistry (Perkin Elmer, 
Rodgau, Germany) [16]. Primer sequences are shown in 
Supplementary Table 1. 		   

Fluorescence in situ hybridization
FISH was done on 4-m thick FFPE tissue sections 
according to published protocols [18]. Experiments were 
evaluated using an epifluorescence microscope (Leica 
DMRA, Wetzlar, Germany). Images were captured using an 
Isis workstation (Version 5.4, Metasystems, Altlussheim, 
Germany). ROS1 rearrangements were analyzed using the 
ZytoLight ROS1 Dual Color Break Apart Probe (ZytoVision 
GmbH, Bremerhaven, Germany). Signal evaluation was 
performed on at least 100 nuclei. Cases were regarded 
as FISH-positive if (i) separated green and orange signals 
(translocation) or (ii) single green signals (translocation 
and deletion of the ROS1 5’ portion) were identified in at 
least 15% tumor cells.

Immunohistochemistry
IHC was accomplished on 3-m thick FFPE tissue sections 
(tissue microarrays consisting of triplicate 0.6 mm cores; 
full tissue sections) using the Leica BOND MAX system 
(Menarini Diagnostics, Berlin, Germany) with conventional 
DAB staining. After heat-induced epitope retrieval at pH 
9.0 rabbit monoclonal ROS1 antibody D4D6 (1:250; cell 
signaling Danvers, USA) was incubated for 30 min, followed 
by washing and detection according to the manufacturer’s 
protocol. ROS1 IHC was scored by estimating the intensity 
of cytoplasmic staining: 0/negative, no staining; 1, weak; 
2, moderate; 3, strong staining intensity in at least 10% 
tumor cells.

EGFR and ALK status
ALK rearrangement status was determined by qRT-PCR 
and confirmed by break-apart FISH as described earlier 
[16]. EGFR sequence analysis was performed as reported 
using the therascreen EGFR RGQ PCR Kit (Qiagen) [19, 20].

Statistical analysis and prediction programs
For all calculations, Analyse-it software (Leeds, United 
Kingdom) for Microsoft Excel was used. Prediction of 
translation initiation sites was performed using the 
algorithms ATGpr_sim (http://atgpr.dbcls.jp/) [21] and 
NetStart 1.0 (http://www.cbs.dtu.dk/services/NetStart/) 
[22].

Results

Establishment of the ROS1 qRT-PCR assay
Rearrangement of ROS1 results in the expression of the 3’ 
part of ROS1 encoding the kinase domain (exons 36-42), 
while the ROS1 5’ portion (exons 1-31) remains quiescent. 
We developed a qRT-PCR assay consisting of two amplicons 
targeting the 5’ portion (5’-A1: exons 15/16, 5’-A2: exons 
17/18) and one amplicon specific for the 3’ part of the ROS1 
transcript (3’: exons 40/41; Figure 1). To overcome the 
technical problems associated with the use of fragmented 
FFPE RNA small amplicons (71-81 bp in size) and an RNA 
isolation method optimized to reverse formaldehyde 
modification without further RNA degradation were 
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employed. The functional capability of the ROS1 assay 
was assessed by studying cell line U-118MG harboring 
a FIG-ROS1 translocation in comparison with U-343MG 
expressing full-length ROS1 transcripts. While both 5’ 

Figure 1 ROS1 mRNA expression in NSCLC. (a) Genomic structure of ROS1 according to NM_002944.2. Amplicons of the qRT-PCR assay detecting the 5’ and 3’ 
portion of ROS1 separately are indicated by boxes: Light grey and grey boxes, ROS1 5’ portion (two amplicons); dark grey box, ROS1 3’ amplicon. (b) qRT-PCR 
analysis of ROS1 was performed relative to the PGK1 housekeeping gene. The horizontal dashed line indicates the cut-off value for altered ROS1 expression 
(0.3); light grey and grey bars, ROS1 5’ portion; dark grey bars, ROS1 3’ portion. The asterisks point to tumors expressing ROS1 protein.

and 3’ exons were expressed in U-343MG, an unbalanced 
ROS1 transcript expression was seen in U-118MG with 
expression of the 3’ exons while the 5’ exons were not 
expressed (not shown).

Screening for ROS1 rearrangements by qRT-PCR and 
correlation with FISH
The ROS1 qRT-PCR assay was applied to bronchoscopic 
biopsies and resection specimens from 695 NSCLC 
patients to screen for ROS1 rearrangements. 680 cases 
(98%) were interpretable. Tumor cell content was 15-70%. 
Upregulated gene expression was detected in 70 cases 
(10.3%): 50 tumors (7.4%) showed a balanced expression 
of the non-rearranged ROS1 transcript. In 15 cases (2.2%) 
a partial amplification of the 5' portion was observed 
(i.e. balanced amplification of one and unbalanced, low 
amplification of the second 5’ amplicon). The expression 
of the 3’ part ranged from 0.30 to 3.6 in the two groups. 
In a third group, 5/680 tumors (0.7%), an unbalanced 
ROS1 expression indicative of a gene rearrangement was 
observed: expression of the ROS1 3’ portion (range: 0.32-
23.4), while the 5’ portion was not expressed (NSCLC #60, 

#701, #63, #64, #67) (Table 1, Figure 1). ROS1 was not 
expressed or at marginal levels in 610 samples (89.7%). 

In order to relate ROS1 expression to ROS1 gene 
rearrangements, 127 samples characterized by qRT-PCR 
were subjected to FISH analysis. ROS1 break-apart FISH 
was interpretable in 99% (126/127) tumors including 4/5 
tumors with unbalanced ROS1 expression. Of the latter, all 
four cases were confirmed to be ROS1 rearranged (Table 
1, Figures 1 and 2). Of 14 tumors with partial amplification 
of the 5’ portion, 13 were not rearranged by FISH, whereas 
one case (#65) was rearranged. Although tumor #65 
showed unbalanced, i.e. diminished amplification of both 
5’ amplicons, only the 3’/5’-A1 ratio reached the threshold 
of unbalanced amplification of 3.5 (Table 1). Twenty 
tumors with balanced expression of non-rearranged 
ROS1 transcript and 88 qRT-PCR negative tumors were 
all negative for genomic ROS1 rearrangements. The qRT-
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Table 1 NSCLC cases positive for ROS1 expression and/or FISH, molecular data.

Case # Tumor cells [%] EGFR statusa ALK statusb

ROS1 qRT-PCRc FISHd IHC
Tanscript 
variantse

Kinase 
domain

ROS1 3‘ ROS1 
5’-A1

ROS1 
5’-A2

ratio 
3’/5’-A1

ratio 
3’/5’-A2

ROS1 break-
apart probe ROS1

60 50 negative negative 23.38 0.00 0.00 36040.1 8641.9 Translocation 0 n.d. n.d.

701 70 negative negative 0.99 0.10 0.11 9.8 9.2 Translocation 3+ n.d. n.d.

63 60 negative negative 0.70 0.00 0.00 2190.9 533.9 Translocation 2+ n.d. n.d.

64 15 negative negative 0.32 0.03 0.10 11.6 3.3 Translocation 1+ n.d. n.d.

67 40 negative negative 0.53 0.04 0.02 12.9 25.5 n.a. 1+ n.d. n.d.

65 30 negative n.d. 0.98 0.28 0.52 3.5 1.9 Translocation 2+ n.d. n.d.

374 70 n.d. n.d. n.a. n.a. n.a. n.a. n.a. Translocation 2+ n.d. n.d.

873 90 negative negative n.a. n.a. n.a. n.a. n.a. Translocation 3+ n.d. n.d.

70 40 ex19 del negative 1.60 0.19 0.67 8.6 2.4 wildtype 0 n.d. wildtype

69 10 negative negative 1.41 0.22 0.59 6.5 2.4 wildtype 0 1, 5 n.d.

68 35 negative negative 1.08 0.20 0.87 5.5 1.2 wildtype 0 1, 3, 4, 5 n.d.

84 80 n.d. negative 1.05 0.32 0.30 3.3 3.5 wildtype 0 5 wildtype

71 10 negative negative 0.98 0.08 1.15 12.4 0.9 wildtype 0 1, 5 n.d.

72 35 ex19 del negative 0.82 0.16 1.42 5.1 0.6 wildtype 0 n.d. wildtype

73 40 negative negative 0.80 0.11 0.72 7.1 1.1 wildtype 0 n.d. wildtype

74 10 negative negative 0.77 0.06 0.37 13.5 2.1 wildtype 0 n.d. n.d.

79 40 negative negative 0.74 0.13 0.45 5.8 1.6 wildtype 0 1, 2, 4, 5 n.d.

75 40 negative negative 0.60 0.15 0.43 4.1 1.4 wildtype 0 n.d. n.d.

77 50 negative negative 0.57 0.10 0.32 5.7 1.8 wildtype 0 1, 5 n.d.

76 10 negative n.d. 0.54 0.10 0.39 5.4 1.4 wildtype 0 n.d. n.d.

965 60 negative positive 0.48 0.12 0.20 4.1 2.4 n.d. 0 n.d. n.d.

78 60 L861Q negative 0.37 0.03 0.20 12.4 1.9 wildtype 0 n.d. n.d.

9 70 negative positive 0.27 0.11 0.05 2.6 5.4 wildtype 1+ 4, 5 wildtype

979 60 L858R negative 3.61 1.22 2.14 3.0 1.7 wildtype 2+ 4, 5 wildtype

970 30 negative positive 1.84 0.67 0.96 2.8 1.9 wildtype 1+ 5 wildtype

981 20 G719X, S768I negative 1.12 0.34 0.58 3.3 1.9 wildtype 2+ 4, 5 wildtype

91 25 n.d. negative 0.54 0.22 0.49 2.4 1.1 wildtype 1+ 1, 5 wildtype

980 50 n.d. negative 0.44 0.15 0.29 2.9 1.5 wildtype 2+ 4, 5, 6 wildtype

81 70 n.d. n.d. 2.01 0.76 1.12 2.7 1.8 wildtype 0 n.d. wildtype

82 50 negative negative 1.12 1.00 1.48 1.1 0.8 wildtype 0 n.d. wildtype

83 30 L858R negative 1.06 0.40 1.42 2.7 0.7 wildtype 0 n.d. wildtype

93 40 negative negative 0.51 0.18 0.45 2.8 1.1 wildtype 0 n.d. wildtype

41 70 n.d. negative 0.41 0.89 0.84 0.5 0.6 wildtype 0 n.d. wildtype

Abbreviations: n.d. = not determined; n.a. = data not analyzable; aEGFR status was determined by DNA sequence analysis of exons 18, 19, 21; bPositive refers 
to ALK rearrangement indicated by unbalanced ALK transcript expression and separated green and orange signals or single orange signals upon FISH; cROS1 
transcript expression was measured by qRT-PCR amplification of the ROS1 5’ and 3’ portion: 3’ = 3’ amplicon exons 40/41; 5’-A1 = 5’ amplicon exons 15/16; 
5’-A2 = 5’ amplicon exons 17/18; unbalanced expression 3’/5’-A1: ratio 3’/5’-A1 ≥3.5; unbalanced expression 3’/5’-A2: ratio 3’/5’-A2 ≥3.3; dTranslocation = ROS1 
rearrangement indicated by separated green and orange signals or single green signals; eROS1 transcript variants: 1 = Del. Ex.8-16; 2= Del. Ex.13-17; 3 = Del. 
Ex.15-16; 4 = Del. Ex.18; 5 = r.2597-2598insCAG; 6 = r.1759del42; The table includes all NSCLC cases with ROS1 rearrangement, ROS1 protein expression and/
or unbalanced ROS1 transcript expression (3’ expression >0.3), and 10/50 NSCLC with balanced transcript expression (3’ expression >0.3).
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PCR assay, therefore, accurately typed 99% (125/126) of 
tumors. In addition, it strongly suggested rearrangement 
of ROS1 in one tumor with unavailable FISH data (#67). In 

Figure 2 Comparative analysis of ROS1 by qRT-PCR measuring the expression of the 5’ and the 3’ portion of ROS1 transcripts (left), FISH using probes 
flanking the ROS1 gene (middle) and immunostaining for ROS1 protein (right). (a-c) ROS1-rearranged tumors expressing only the ROS1 3’ portion; (d-f) tumors 
expressing non-rearranged ROS1 transcript. Light grey and grey bars, ROS1 5’ portion (two amplicons); dark grey bars, ROS1 3’ portion; red arrows, split FISH 
signals characteristic of a ROS1 rearrangement; yellow arrows, fusion FISH signals indicating wildtype ROS1; scale bar, 50 m.

two cases with ROS1 rearrangement (#374, #873) detected 
by FISH screening of 44 further tumors qRT-PCR analysis 
was not interpretable due to poor RNA quality. 

In seven tumors expressing non-rearranged ROS1, 
additional gene copies (3-4 ROS1 copies per cell) were 
detected in 22-30% tumor cells. A comparable genomic 
constellation, however, was observed in 10% of the 88 FISH 
negative cases without detectable expression of ROS1: 3-4 
gene copies in 20-37% cells. More than four gene copies or 
gene amplification were not observed.

ROS1 protein expression in ROS1 rearranged vs. non-
rearranged tumors
In total, 260 NSCLC were assessed for ROS1 protein 
expression. Immunostaining using the D4D6 antibody 
detected ROS1 protein overexpression in all but one of 
eight samples harboring a ROS1 rearrangement (Tables 
1 and 2, Figure 2). Two ROS1 rearranged lung tumors 
showed strong immunostaining of the tumor cells, three 
cases were moderately positive, and two cases showed 
weak cytoplasmic staining. Of note, no ROS1 protein was 
detectable in the rearranged tumor with the by far highest 
expression of the 3’ portion of the ROS1 transcript (#60: 
23.4), even if the fivefold concentration of antibody was 
employed. Of 35 samples with upregulated expression of 
non-rearranged ROS1 transcripts analyzed, ROS1 protein 
expression was detected in six tumors: three cases showed 
moderate and three tumors weak cytoplasmic staining 
(Tables 1 and 2, Figure 2). Expression levels of the ROS1 3’ 
portion did not necessarily correlate with the intensity of 
the immunohistochemical staining. Of importance, all 217 
ROS1-negative tumors (non-rearranged tumors without 

ROS1 transcription) showed no staining with the ROS1 
antibody. 

Table 2 Summary of immunohistochemical staining results for 260 
adenocarcinoma cases.

ROS1 Status FISH qRT-PCRb n
Immuno-

histochemistry

Positivec Negative

Rearranged Positivea 
/n.d.

Unbalanced 
Expression 
both 5‘-
Amplicons

5 4 1

Positivea Partial 5’ 
Amplification 

1 1 0

Positivea n.a. 2 2 0

Non-
rearranged

Negative/
n.d.

Partial 5’ 
Amplification

15 1d 14

Negative Balanced 
Expression

20 5 15

Negative/
n.d.

Low/No 
Expression

217 0 217

Total 260 13 247

Abbreviations: n.d. = not determined; n.a. = data not analyzable; aPositive 
refers to ROS1 rearrangement indicated by separated green and orange 
signals or single green signals; bROS1 transcript expression was measured 
by qRT-PCR amplification of two ROS1 5’ amplicons (5’-A1; 5’-A2) and one 3’ 
amplicon: unbalanced expression both 5’ amplicons = ratios 3’/5’-A1 ≥3.5 
and 3’/5’-A2 ≥3.3; partial 5’ amplification = 3’/5’-A1 ≥3.5 or 3’/5’-A2 ≥3.3; 
balanced expression = 3’/5’-A1 <3.5 and 3’/5’-A2 <3.3; low/no expression 
= 3’ <0.3. cPositive refers to weak, moderate or strong IHC staining in at 
least 10% tumor cells. dNSCLC #9: 3’ = 0.27, all other tumors with partial 5’ 
amplification: 3’>0.3

Kalla C et al., J Mod Hum Pathol. 2016, 1(3):25-34
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Mutation analysis of the kinase region and the antibody 
binding epitope

ROS1 protein was not detectable by immunohistochemistry 
in one tumor harboring a gene rearrangement (#60) and in 
80% NSCLC expressing non-rearranged ROS1. Therefore, 
we examined the recognition epitope of D4D6 (exon 43) 
for mutations in NSCLC #60 and six IHC negative cases 
with significant balanced transcript expression (#68, #73, 
#81, #82, #83, #93). In addition, we investigated the ROS1 
kinase domain (exons 36-42) for activating mutations in 
15 tumors with upregulated balanced gene expression, 
among them all six cases with ROS1 protein expression. 

Figure 3 ROS1 splice variants expressed in lung cancer. (a) Exon structure of ROS1 with relative locations encoding the extracellular domain, the transmembrane 
domain (TMD) and kinase domain indicated (NM_002944.2). Start and stop codons are located at the indicated positions. (b) ROS1 splice variants. ROS1-1 to 
ROS1-4: skipping of one to nine exons leads to frame-shift and C-terminal isoforms. The use of alternative initiation codons in exons 21, 23, and 30 may result 
in N-terminal isoforms containing the kinase domain. ROS1-5: 3-nucleotide insertion at the exon17/18 junction leading to the insertion of one amino acid. 
ROS1-6: skipping of 42 bp from exon 13 leads to the loss of 14 amino acids. (c) Nucleotide sequence around the novel ROS1 splice junctions. Horizontal arrows, 
oligonucleotide sets used for RT-PCR amplification; bold lined boxes, exons verified by direct sequencing of RT-PCR products.

However, point mutations were neither found in the kinase 
domain nor in the antibody recognition epitope (Table 1). 

ROS1 transcript isoforms
Our observation of a partial VRT-PCR amplification of the 
ROS1 5’ portion in 15 cases raised the question about the 
expression of differentially spliced ROS1 isoforms in NSCLC 
tumor cells. As illustrated in Figure 3, systematic RT-PCR 
and sequence analysis of the ROS1 5’ portion (exons 1-18) 
identified six novel ROS1 isoforms expressed in NSCLC 
(LC119066-LC119071). With the exception of ROS1-3, all 
novel isoforms were found to be expressed in fetal lung, 
but not in non-malignant lung cells of adults.

In splice variants ROS1-1 to ROS1-4 alternative splicing 
removed one to nine exons from the ROS1 5’ portion, which 
leads to frame-shift and premature translation truncation. 
The C-terminally truncated proteins simply contain the 

first 260-865 amino acids of the extracellular domain. 
Translational re-initiation or leaky scanning could mediate 
initiation at downstream AUGs [23, 24]. Concordantly, two 
independent algorithms (ATGpr_sim [21], NetStart 1.0 
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[22]) predicted four alternative translation initiation sites 
in exons 21, 23 and 30: AUG2, AUG3, AUG4, and AUG5 
were in a good Kozak consensus, and the prediction scores 
were comparable to the conventional initiation site AUG1 
in exon 1 (Table 3). In any case, alternative initiation may 
result in truncated proteins containing a small part of the 
extracellular region, the transmembrane region and the 
kinase domain. Note that the prediction of alternative 
initiation sites is based on our data integrated into the 
reference sequence (NM_002944.2); the characterization 
of full-length transcripts expressed in NSCLC cells was not 
possible, because this study was restricted to FFPE-derived 
RNA. Transcript ROS1-5 has an insertion at the exon 17 
- exon 18 junction, which results in the insertion of one 
amino acid (p.Ser866_Thr867insSer). In ROS1-6 skipping of 
42 bp from exon 13 leads to the loss of 14 amino acids 
from the extracellular region (p. Asn587Ser, Val588_
Gly601del). ROS1 protein expression was observed in the 
cytoplasm of six tumors expressing alternatively spliced 
transcripts ROS1-1, ROS1-4, ROS1-5, and/or ROS1-6 (Table 
1, Figure 2). The C-terminal antibody D4D6, however, could 
not discriminate between translation products of these 
variants and of canonical ROS1 transcripts.

Table 3 Alternative ROS1 translation initiation sites, according to 
prediction algorithms.

AUG ROS1 
Exon

Position in 
NM_002944.2

Identity to 
Kozak Rule 
A/GXXATGG

Reliability 
score 

ATGpr_sim

Prediction 
score 

NetStart 1.0

AUG1 1 200 GXXATGa 0.25 0.420

AUG2 21 3.551 GXXATGa 0.22 0.583

AUG3 23 3.704 GXXATGG 0.16 0.690

AUG4 30 5.126 GXXATGt 0.20 0.540

AUG5 30 5.162 GXXATGt 0.16 0.519

AUG1 is known as the conventional initiation site for ROS1 translation; 
AUG2, AUG3, AUG4, and AUG5 were predicted by ATGpr_sim and NetStart 
1.0.

In all twelve tumors analyzed, diminished qRT-PCR 
amplification of one or both 5’ amplicons was attributable 
to expression of transcripts ROS1-1 to ROS1-5: Six tumors 
with unbalanced 3’/5’-A1 amplification expressed ROS1-1, 
ROS-2, and/or ROS1-3, which all lack the binding sites 
for 5’-A1 in exons 15/16 (Table 1). ROS1-4 and ROS1-5 
impede amplification of 5’-A2, especially in cases #9 and 
#84. ROS1-5 was detected in all twelve tumors, but in only 
10-30% of ROS1 transcripts, and thus had only limited 
influence on 5’-A2 amplification. 

Molecular analysis of other RTK
As detailed in Table 1, all ROS1-rearranged tumors 
analyzed were wildtype for EGFR and ALK. Upregulation 
of ROS1 transcription recurrently occurred in conjunction 
with EGFR or ALK activation (EGFR mutation in 6/20 
NSCLC, ALK rearrangement in 3/23 NSCLC). Altogether, 
4/6 NSCLC expressing ROS1 protein independent of gene 
rearrangement harbored coexisting EGFR mutation or ALK 
translocation. 

Discussion

Genomic rearrangements of ROS1 lead to overexpression 
of the 3’ part of the gene encoding the kinase domain, 

while the ROS1 5’ portion remains unexpressed. We 
constructed a diagnostic test that reliably detected 
ROS1 rearrangements in FFPE tissues by recognizing an 
unbalanced ROS1 transcript expression independent of 
the fusion partner. 

The qRT-PCR assay identified ROS1 rearrangement in 
0.7% of 680 NSCLC and upregulated balanced transcript 
expression in 9.6% tumors. The qRT-PCR accurately typed 
99% of the tumors (four ROS1-rearranged and 121 non-
rearranged cases) and strongly suggested rearrangement 
in one case with insufficient FISH results. The only 
discrepant case was positive on FISH and IHC, but judged 
negative by qRT-PCR: despite diminished amplification 
of both 5’ amplicons only one reached the threshold of 
unbalanced amplification. Obviously, expression of non-
rearranged ROS1 in addition to the fusion gene gave rise 
to a significant amount of transcripts containing the ROS1 
5’ portion. While tumors expressing only fusion transcripts 
are identified without doubt by lack of expression of both 
5’ amplicons, simultaneous expression of rearranged 
and non-rearranged transcripts bears the risk of false-
negative results which, however, would be minimized by 
re-examination of critical cases with low ratios (3’/5’-A1, 
3’/5’-A2: 1.5-4.0) – 17/680 cases (2.5%) in our series - by 
alternative assays such as FISH. 

FISH is the approved diagnostic test to detect ROS1 
translocation. However, the labor-intensive, low-throughput 
nature of FISH makes screening for fusion genes in large 
cohorts cumbersome and drives the search for more 
efficient diagnostic approaches, such as transcript-based 
methods. Recent reports have highlighted the principal 
potential of 3 overexpression strategies to detect ALK, 
ROS1 and RET rearrangements. Most of these approaches, 
however, are of limited utility in routine diagnostics using 
FFPE material. The qRT-PCR assay developed by Wang 
and colleagues detected rearrangements in frozen tissue 
samples with excellent sensitivity, but had not been adapted 
to FFPE specimens [25]. Alternative technologies, based on 
exon array analyses or NanoString nCounter technology 
are highly sensitive for the detection of fusion transcripts, 
but are not readily available in diagnostic laboratories 
[26-28]. In contrast, our approach is an inexpensive, rapid 
and relatively high-throughput technique with easy-to-use 
protocols. In addition, small biopsy fragments of low tumor 
cell content will suffice for diagnosis: ROS1 expression 
was reliably detected in resection specimens as well as 
in biopsies with as few as 15% tumor cells. ALK [16] and 
ROS1 qRT-PCR testing can be perfectly combined; and by 
employing the extraction method used here RNA and DNA 
can be isolated simultaneously from the same specimen, 
which opens up the possibility to perform DNA mutation 
analysis in parallel to optimize tissue processing. 

The sensitivity of ROS1 immunostaining for rearrange-
ments was reported to be 100% [9-14] and, as such, IHC 
was suggested as an effective screening tool in NSCLC. 
However, ROS1 is more often expressed in NSCLC 
without concomitant translocation (4-30% NSCLC) [9, 
10, 13, 15]. Accordingly, ROS1 protein expression was 
restricted to tumors that harbored ROS1 rearrangements 
or overexpressed non-rearranged ROS1 transcripts in 
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our study. Screening for ROS1 protein expressing cases, 
therefore, will have to be complemented by qRT-PCR or 
FISH.

Paradoxically, ROS1 protein was not detected in one 
rearranged tumor with the by far highest expression of the 
3’ portion of the ROS1 transcript. As direct cause, mutation 
of the recognition epitope of D4D6 could be excluded, while 
fusion to a rare partner with tightly regulated translation 
is possible. Whether the absence of ROS1 fusion protein 
impedes treatment with the kinase inhibitor remains 
unsolved. Our index patient did not undergo crizotinib 
therapy.

Upregulated ROS1 transcript expression independent of 
translocation was observed in 9.6% of NSCLC specimens. 
This is in line with previous studies, which demonstrated 
that ROS1 is aberrantly expressed in 20-30% of NSCLC 
[29, 30], but also in 33-56% of glioblastomas, up to 55% 
of meningiomas [1] and 70% of chronic myelomonocytic 
leukemia (CMML) [31]. Increasing evidence shows that 
deregulated expression of ROS1 is of importance in cancer 
development. First, ROS1 expression has been shown to 
have transforming activity and to reduce cell adhesion and 
apoptosis via downstream signaling in cancer associated 
pathways involving protein kinases ERK1/2, PI3K, AKT, 
and STAT3 and VAV3 signaling pathways [1]. Second, in 
carcinogen-induced murine lung adenocarcinoma and 
rat stomach cancer ROS1 expression was induced upon 
carcinogen treatment and persisted long after chemical 
exposure, leading the authors to suggest that this persistent 
change was one of the drivers of tumorigenesis [32, 33]. 
Third, elevated ROS1 expression was observed in NSCLC in 
an oncogenic KRAS initiated mouse model, suggesting that 
in these tumors ROS1 may work in concert with activated 
KRAS to establish signaling pathways with transforming 
activities [34].

Very recently, gene amplification was discussed as a 
further mechanism of ROS1 gene activation in lung cancer 
by Jin et al., who reported on gains of at least four copies 
per nucleus in 4.8% NSCLC [10]. In our series, ROS1 was 
present in up to four gene copies making gene amplification 
an unlikely event to account for the observed aberrant 
expression. Ectopic protein expression may rather be 
caused by epigenetic changes as recently observed for 
ROS1 in NSCLC cells by Lee et al. [15].

It is well known that an altered balance of splice isoforms 
or expression of aberrant oncogenic splice variants 
contributes to tumorigenesis in a wide range of cancers 
[35, 36]. Alternative splicing was recently shown to be 
involved in the regulation of the Ras-MAPK and PI3K-mTOR 
signaling pathways: EGFR, FGFR, INSR, VEGFR, MET, RON 
can be alternatively spliced to generate soluble truncated 
isoforms which act in a dominant-negative manner or 
constitutively active RTKs which are active regardless of 
ligand binding [37]. Here, we demonstrate for the first time 
that upregulated ROS1 transcription is associated with 
alternative splicing. We identified six alternatively spliced 
transcripts in NSCLC cells, which with only one exception 
(ROS1-3) all were also expressed in fetal lung, but not in 

non-malignant adult lung cells. The aberrant expression of 
fetal transcripts in tumor cells likely confers tumorigenic 
activity by creating N-terminal and C-terminal ROS1 
isoforms and ROS1 with modified extracellular domains: 
(i) Two transcript variants lead to structural modification 
of the extracellular domain: In-frame insertion of one 
serine (ROS1-5) or deletion of 42 amino acids (ROS1-6). 
Comparable to ROS1-6, isoforms of EGFR (de4EGFR, exon 
4 skipped) and RON (deltaRon, exon 11 skipped) lack a 
portion of the extracellular ligand-binding domain. Both 
isoforms undergo ligand-independent activation involved 
in tumorigenesis: de4EGFR induces transformation and 
promotes metastasis [37, 38], deltaRon confers increased 
motility [39]. Similarly, ROS1 isoforms with modified 
extracellular domains likely act tumorigenic via ligand-
independent ROS1 activation. (ii) In four ROS1 variants 
(ROS1-1 to ROS1-4), skipping of one to nine exons from 
the ROS1 5’ portion resulted in frame-shift and premature 
translation truncation. The C-terminal isoforms lack 
the anchoring transmembrane domain and the kinase 
domain and may inactivate co-expressed wildtype ROS1. 
Comparable truncated isoforms of EGFR [40] and VEGFR2 
[41], also containing only the extracellular domain, act as 
dominant-negative regulators in several human cancers 
by titrating out the ligand or by trapping the wildtype 
receptors in nonfunctional heterodimers. (iii) Alternatively, 
ROS1-1 to ROS1-4 transcripts may give rise to N-terminal 
proteins via alternative translation initiation at downstream 
AUGs - as shown for N-terminal TP53 splice variants (D133-
p53, D40-p53) expressed in melanoma and breast cancer 
[35]. Two independent algorithms predicted alternative 
translation initiation sites in ROS1 exons 21, 23 and 30. 
In any case, the predicted N-terminal ROS1 isoforms 
contain a small part of the extracellular region, the 
transmembrane and the kinase domain. These isoforms 
resemble the tumor-specific EGFR variant EGFRvIII which 
lacks a portion of the extracellular ligand-binding domain 
due to an inframe deletion of exons 2-7 [42]. EGFRvIII is 
constitutively active in a ligand-independent manner and 
confers growth advantage to cancer cells [37,38]. Deletion 
of the extracellular domain leading to ligand-independent 
activation may be an important event in the oncogenic 
activation of ROS1: In contrast to all other RTKs, ROS1 
creates oncogenic fusion proteins with partners that do 
not contain protein dimerization domains [1], indicating 
that not homodimerization but rather decoupling from 
ligand control promotes constitutive ROS1 activation.

ROS1 protein was observed in 6/35 tumors with 
upregulated gene expression, all of them expressing 
alternatively spliced transcripts: ROS1-1, ROS1-4, ROS1-5, 
and/or ROS1-6. The C-terminal antibody D4D6 detected 
ROS1 molecules containing the kinase domain; it could 
not discriminate between N-terminal isoforms (ROS1-1N, 
ROS1-4N), isoforms with modified extracellular domains 
(ROS1-5, ROS1-6) and canonical ROS1. In addition, D4D6 
was not able to detect C-terminal isoforms. Therefore, 
we cannot presently assess the relative impact of isoform 
expression on ROS1 function. We provide first evidence, 
however, for alternatively spliced ROS1 transcripts, while 
the contribution of ROS1 splicing in human disease remains 
to be fully explored.
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In 4/6 cases, ROS1 protein from a non-rearranged gene 
was co-expressed with mutant EGFR or rearranged 
ALK, thus possibly contributing to the development of 
tumors that are predominately addicted to EGFR and ALK 
signaling. Given a responsiveness of ROS1 overexpressing 
tumors to inhibitors such as crizotinib, we speculate that 
(i) lung cancer patients with simultaneous ROS1 and EGFR 
activation may profit from combined therapy. In this regard, 
a recent study [43] showed that ROS1 overexpression 
mediated resistance to gefitinib in glioblastoma cells, 
but that combined treatment with gefitinib and a ROS1 
inhibitor induced massive cell death by apoptosis. (ii) In 
cases with simultaneous ALK/ROS1 activation, treatment 
with mono ALK next-generation inhibitors instead of the 
dual ALK/ROS1 inhibitor crizotinib may decrease treatment 
efficiency. 

Conclusion

The main findings of this study are that (i) a subgroup of 
NSCLC expresses alternatively spliced ROS1 transcripts 
which may be relevant for ROS1 inhibitor therapy; (ii) IHC is 
a suitable screening tool for selecting ROS1 positive NSCLC, 
but unless the role of upregulated ROS1 expression for 
inhibitor therapy is solved, re-examination of ROS1 protein 
expressing cases by qRT-PCR or FISH is compulsory; (iii) the 
qRT-PCR approach presented here reliably detects ROS1-
rearranged tumors independent of the fusion partner 
and also identifies cases with non-rearranged transcript 
expression not detectable by FISH. Thus, qRT-PCR is a 
sensitive technique suitable for the routine diagnosis of 
ROS1 activation not only in lung cancer, but also in other 
tumor entities where rearrangements with alternative 
fusion partners (glioblastoma, cancers of stomach, liver, 
kidney, colon) or transcriptional upregulation of ROS1 
(meningioma, CMML) are prevalent.
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