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Abstract

Kinase fusions are considered oncogenic drivers in numerous types of cancer. In

lung adenocarcinoma 5–10% of patients harbor kinase fusions. The most frequently

detected kinase fusion involves the Anaplastic Lymphoma Kinase (ALK) and Echin-

oderm Microtubule-associated protein-Like 4 (EML4). In addition, oncogenic kinase

fusions involving the tyrosine kinases RET and ROS1 are found in smaller subsets of

patients. In this study, we employed quantitative mass spectrometry-based phospho-

proteomics to define the cellular tyrosine phosphorylation patterns induced by differ-

ent oncogenic kinase fusions identified inpatientswith lungadenocarcinoma.Weshow

that exogenous expression of the kinase fusions inHEK293T cells leads towidespread

tyrosine phosphorylation. Direct comparison of different kinase fusions demonstrates

that the kinase part and not the fusion partner primarily defines the phosphorylation

pattern. The tyrosine phosphorylation patterns differed between ALK, ROS1, and RET

fusions, suggesting thatoncogenic signaling inducedby thesekinases involves themod-

ulation of different cellular processes.
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1 INTRODUCTION

In the last decade, advances in high-throughput sequencing technolo-

gies have enabled in-depth genetic characterization of tumors such as

lung cancer and led to the discovery of numerous oncogenic drivers

[1,2]. Gene fusions involving tyrosine kinases are found in diverse

hematological and solid malignancies including acute lymphoblastic

leukemia, chronic myeloid leukemia, lung cancer, and thyroid can-

cer [3–7]. Tyrosine kinase fusions result from genomic rearrange-

ments such as chromosomal inversions or translocations and lead to

expression of kinases that are constitutively activated through loss
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of inhibitory domains or artificial dimerization. Importantly, oncogenic

tyrosine kinase fusions are an attractive target for cancer therapy and

multiple kinase inhibitors have been approved for the treatment of

patients harboring specific kinase fusions [8].

Approximately 5–10% patients with lung adenocarcinoma (LADC)

harbor oncogenic tyrosine kinase fusions. Oncogenic tyrosine kinase

fusions are primarily detected in young never-smokers and rarely co-

occurwith other knowndrivers such as pathogenic EGFRorKRASvari-

ants [9]. Kinase fusions involving Anaplastic Lymphoma Kinase (ALK)

are found in 3–6%of LADCpatients and represent themost frequently

identified kinase fusions in LADC. In themajority of cases, ALK is fused
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C-terminally to the Echinoderm Microtubule-associated protein-Like

4 (EML4). A number of different breakpoints have been reported but,

in all cases, the EML4 part retains its coil-coiled domain that mediates

dimerization of the EML4-ALK protein and thereby leads to constitu-

tive activation of the kinase [10]. In rare cases, fusions of ALK with

anothermicrotubule-associated proteinKinesin-1 heavy chain (KIF5B)

have been reported. As in case of EML4-ALK, the coiled-coil domain of

KIF5Bmediates dimerization and leads to constitutive activationof the

KIF5B-ALK fusion protein [11].

In addition to ALK fusions, fusions of the tyrosine kinases Proto-

oncogene tyrosine protein kinase receptor Ret and Proto-oncogene

tyrosine kinase ROS1 have been described in LADC [12, 13]. KIF5B-

RET fusions have been identified in 1–2%of LADC patients. Functional

investigations suggest that the kinase domain of RET is constitutively

activated by artificial dimerization as in case of EML4- and KIF5B-ALK.

More recently, fusion proteins involving ROS1 have been described

in LADC. Kinase fusions involving ROS1 can be identified in 1–2% of

patients LADC. In most cases ROS1 is C-terminally fused to the trans-

membrane protein CD74. However, a number of other fusion partners

including SDC4, EZR, CCDC6, and SLC34A2 have been identified [14].

The activationmechanismof ROS1 kinase fusions is not yet completely

understood, but it is likely that the kinase activation occurs through

artificial dimerization. Targeted therapies against constitutively active

tyrosine kinase fusions involving ALK, ROS1, and RET have proven

effective for the treatment of LADC [15–19].

Mass spectrometry (MS)-based proteomics is a powerful approach

to study phosphorylation-dependent cellular signaling in physiology

and disease [20]. Large scale identification of tyrosine phosphoryla-

tion sites can be achieved by enrichment of tyrosine phosphorylated

peptides using specific antibodies followed by their identification using

high performance liquid chromatography tandem mass spectrometry

(HPLC-MS/MS) [21–23]. Previous MS-based proteomics studies have

delivered important insights into tyrosine phosphorylation-dependent

signaling after growth factor stimulation. In addition, phosphopro-

teomics combined with kinase inhibition revealed protein substrates

of kinases functioning in diverse cellular processes [24–29]. Rikova

et al. reported in 2007 a comprehensive phosphoproteomic profiling

of 41 NSCLC cell lines and over 150 NSCLC tumors expressing differ-

ent oncogenic kinases [30]. However, to date a systematic, quantita-

tive and comparative proteomic analysis of the phosphorylation sig-

naling induced by different oncogenic tyrosine kinase fusions in a con-

trolled cellular model system has not been performed. In this study,

we employed quantitative phosphoproteomics based on stable iso-

tope labelling with amino acids in cell culture (SILAC) to characterize

tyrosine phosphorylation-dependent signaling that is induced down-

stream of oncogenic kinase fusions. To this end, kinase fusions involv-

ing ALK, ROS1, and RET frequently found in LADC were investigated.

We found that exogenous expressionofALK, ROS1, andREToncogenic

fusions in HEK 293T cells results in widespread tyrosine phosphoryla-

tion. Quantitative comparison of the signaling downstreamof different

kinases and their fusion partners demonstrated that the kinase and not

the fusion partner primarily defines to the observed phosphorylation

patterns. Tyrosine phosphorylation patterns differed between ALK,

Significance Statement

Kinase fusions are oncogenic drivers in lung adenocarcinoma

and specific inhibition of kinase fusions by small molecules

has proven effective for treatment. Despite this impor-

tance, the phosphorylation patterns induced by different

oncogenic kinase fusions were not systematically investi-

gated. In this study,we employed quantitativeMS-based pro-

teomics to comparatively analyze the phosphorylation pat-

terns induced by exogenous expression of the oncogenic

tyrosine kinase fusions EML4-ALK, KIF5B-ALK, KIF5B-RET,

CD74-ROS1, and SDC4-ROS1 that are frequently found in

patientswith LADC.Our analyses demonstrate that all inves-

tigated kinase fusions induce widespread tyrosine phospho-

rylation and reveal that the kinase part primarily defines the

induced phosphorylation patterns. However, we could also

identify phosphorylation events that are likely specific to the

fusion partner andmight contribute to the subtle phenotypi-

cal differences observed in clinical trials. The acquired phos-

phoproteomics dataset might serve as a useful resource for

future studies focused on the effects of kinase fusions in lung

adenocarcinoma.

ROS1, and RET fusions, suggesting that oncogenic signaling induced

by these kinases involves the modulation of different cellular signaling

processes.

2 MATERIAL AND METHODS

2.1 Cell culture

Human embryonic kidney (HEK-293T) cells were obtained from ATCC

and cultured in D-MEM medium supplemented with 10% fetal bovine

serum, L-glutamine, penicillin, and streptomycin. For SILAC labeling,

cells were cultured in media containing either L-arginine and L-lysine,

L-arginine (13C6), and L-lysine (2H4) or L-arginine (13C6 15N4) and

L-lysine (13C6 15N2) (Cambridge Isotope Laboratories) as described

previously [31]. All cells were cultured at 37◦C in a humidified incuba-

tor containing 5%CO2.

2.2 Cell lysis

Cellswerewashedwith ice-cold phosphate buffered saline and lysed in

modified RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA,

1% NP-40, 0.1% sodium deoxycholate) supplemented with protease

inhibitors (Protease inhibitor cocktail, Sigma), 1 mM sodium ortho-

vanadate, 5 mM β-glycerophosphate, 5 mM sodium fluoride. Lysates

were cleared by centrifugation at 16,000 × g for 15 min and pro-
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tein concentrationswere estimated usingQuickStart Bradford Protein

assay (BioRad).

2.3 MS sample preparation

Proteins were precipitated in fourfold excess of ice-cold acetone

and subsequently redissolved in denaturation buffer (6 M urea, 2

M thiourea in 10 mM HEPES pH 8.0). Cysteines were reduced with

1 mM dithiothreitol and alkylated with 5.5 mM chloroacetamide. Pro-

teins were digested with endoproteinase Lys-C (Wako Chemicals) and

sequencing grade modified trypsin (Sigma). Protease digestion was

stopped by addition of TFA to 0.5% and precipitates were removed

by centrifugation. Peptides were purified using reversed-phase Sep-

Pak C18 cartridges (Waters) and eluted in 50% acetonitrile. For the

enrichment of tyrosine phosphorylated peptides, 5 mg of peptides

were concentrated and redissolved in immunoprecipitation buffer (10

mM sodium phosphate, 50 mM sodium chloride in 50 mM MOPS pH

7.2). Precipitates were removed by centrifugation. Modified peptides

were enriched using phosphotyrosine antibody resin (P-Tyr-1000, Cell

Signaling Technology). Peptideswere incubatedwith the antibodies for

4 h at 4 ◦C on a rotation wheel. Beads were washed three times in ice-

cold immunoprecipitation buffer followed by three washes in water.

The enriched peptides were eluted with 0.15% trifluoroacetic acid in

water, fractionated in four fractions using micro-column-based SCX

and desalted on reversed phase C18 StageTips [32].

2.4 MS analysis

Peptide fractions were analyzed on a quadrupole Orbitrap mass spec-

trometer (Q Exactive Plus, Thermo Scientific) equipped with a UHPLC

system (EASY-nLC 1000, Thermo Scientific) as described [33]. Pep-

tide samples were loaded onto C18 reversed phase columns (15 cm

length, 75 μm inner diameter, 1.9 μm bead size) and eluted with a lin-

ear gradient from 8 to 40% acetonitrile containing 0.1% formic acid

in 2 h. The mass spectrometer was operated in data dependent mode,

automatically switching betweenMS andMS2 acquisition. Survey full-

scan MS spectra (m/z 300–1650) were acquired in the Orbitrap. The

ten most intense ions were sequentially isolated and fragmented by

higher energy C-trap dissociation (HCD) [34]. Peptides with unas-

signed charge states, as well as with charge states less than +2 were

excluded from fragmentation. Fragment spectra were acquired in the

Orbitrapmass analyzer.

2.5 Peptide identification

Raw data files were analyzed using MaxQuant (development version

1.5.2.8) [35]. Parent ion and MS2 spectra were searched against a

database containing 88,473 human protein sequences obtained from

the UniProtKB released in December 2016 using Andromeda search

engine [36]. Spectra were searched with a mass tolerance of 6 ppm

in MS mode, 20 ppm in HCD MS2 mode, strict trypsin specificity

and allowing up to three miscleavages. Cysteine carbamidomethyla-

tion was searched as a fixed modification, whereas protein N-terminal

acetylation, methionine oxidation, and phosphorylation of serine, thre-

onine, and tyrosine were searched as variablemodifications. Site local-

ization probabilities were determined by MaxQuant using the PTM

scoring algorithm as described previously [35, 37]. The dataset was fil-

tered based on posterior error probability to arrive at a false discovery

rate (FDR) below 1% estimated using a target-decoy approach [38].

2.6 Data analysis

Statistical analysis was performed using the R software environment.

To identify significantly regulated phosphorylation sites a moderated

T test (limma) was employed [39]. Only sites with a FDR-adjusted p

value ≤ 0.01 were considered regulated. Kinase activities were esti-

mated using the KSEA algorithm [40] and the R implementation of

the KSEA App [41]. Kinase-Substrate annotations were obtained from

PhosphoSitePlus (PSP) [42] and from the NetworKIN database [43].

The analysis was performedwith aminimumNetworKIN score of 5 for

upregulated and downregulated phosphorylation sites with a p value

≤ 0.05. Phosphosite-specific signature analysis was performed using

PTM-SEA [44]. As input data p values generated during statistical anal-

ysis were transformed and multiplied by the sign of the averaged log2-

transformed fold changes. As identifier for the phosphorylation sites

the flanking sequence (+/- 7 amino acids) was used. PTM-SEA analysis

was performed in R. ‘PTM site-specific phosphorylation signatures of

kinases, perturbations and signaling pathways’ (PTMsigDB) was used

as reference database. Minimal overlap between reference data and

input data was set to 3.

2.7 SDS-PAGE and Western blotting

Proteins were resolved on 4–12% gradient SDS-PAGE gels (NuPAGE

Bis-Tris Precast Gels, Life Technologies) and transferred onto nitrocel-

lulose membranes. Membranes were blocked using 10% skimmedmilk

solution in PBS supplemented with 0.1% Tween-20. For detection of

FLAG-tagged kinase fusion anti-FLAG clone M2 (Sigma Aldrich) was

used. Secondary antibodies coupled to horseradish peroxidase (Jack-

son ImmunoResearch Laboratories) were used for immunodetection.

The detection was performed with SuperSignal West Pico Chemilumi-

nescent Substrate (Thermo Scientific).

2.8 Immunofluorescence and confocal microscopy

Cells were washed three times with PBS before fixation using 4%

PFA solution in PBS containing Hoechst dye (5 μg/mL) for 15 min.

After blocking and permeabilization in 0.2% BSA, 0.1% Triton X-100

in PBS for 15 min, cells were stained with anti-FLAG clone M2 (Sigma

Aldrich) antibody for 1 h. Cells were then incubated with Alexa Fluor
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TABLE 1 Oncogenic tyrosine kinase fusions investigated in this study

Name

Fusion

partner

Last

exon Kinase part

First

exon

Samples with

exact same

fusion

Samples with

same fusion

partner/kinase

Detection

frequency in

lung cancer

Detection

frequency in

other cancers

EML4-ALK r.1_1751 13 r.4080_6220 20 175 711 7.19% 1.76% (Thyroid)

KIF5B-ALK r.1_3219 24 r.4080_6220 20 4 10 0.48%

KIF5B-RET r.1_2183 15 r.2369_5659 12 36 62 1.52% 2.63% (Skin)

CD74-ROS1 r.1_627 6 r.5757_7435 34 33 39 2.32%

SDC4-ROS1 r.1_239 2 r.5448_7435 32 3 5 0.76%

For fusion partner and kinase part the involved regions are indicated. In addition, the frequency of the detection in lung cancer and other cancer types is

indicated. The data provided here was extracted from the COSMIC database. The following reference sequences were used: ENST00000389048.7(ALK),

ENST00000355710.7(RET), ENST00000368508.7(ROS1), ENST00000318522.9(EML4), ENST00000302418.4(KIF5B), ENST00000009530.11 (CD74),

ENST00000372733.3 (SDC4).

488 goat anti-mouse IgG (1:1000 dilution in 1% BSA, Life Technolo-

gies) and mounted with fluorescent mounting medium (Dako). Images

were acquired with a TCS SP5 confocal microscope (Leica) using a 63×

oil objective (NA 1.4), fluorescence excitation with an argon-ion laser

(488 nm) and constant imaging and detection settings.

3 RESULTS AND DISCUSSION

3.1 Cloning and expression of ALK, RET, and
ROS1 kinase fusions

Oncogenic kinase fusions involving ALK, RET, and ROS1 are frequently

found in patients with LADC. We employed the COSMIC database

[45] to identify the most frequently observed fusion partners and

breakpoints of the tyrosine kinases ALK, RET, and ROS1 (Figure 1A

and Table 1). DNA sequences encoding kinases and fusion partners

were obtained, relevant sequences were amplified by PCR and assem-

bled into the pENTR1A vector using homology-based cloning. After

sequence verification, the coding sequences of all kinase fusions were

transferred into a custom Gateway compatible mammalian expression

vector including an N-terminal FLAG-Strep tag for detection by west-

ern blotting. We transfected all DNA constructs into HEK 293T cells

and analyzed their expression by western blotting with FLAG anti-

bodies which confirmed that all kinase fusions were expressed and

migrated at the expected size (Figure 1B).

To verify that the expressed kinase fusions are active in vivo we

detected tyrosine phosphorylation using specific antibodies (pY-1000)

in control cells transfected with the empty vector and in cells express-

ing the kinase fusions. We could observe a strong signal only in cells

expressing the kinase fusions, indicating that the kinase fusions are

active (Figure 1C).

It has been previously reported that the kinase fusions investigated

in this study localize to different cellular compartments [9, 11, 46,

47]. To verify that the generated constructs retain these properties in

our cellular system, we assessed the localization of the kinase fusions

by immunofluorescence. We observed a cytoplasmic staining in case

of EML4-ALK, KIF5B-ALK, and KIF5B-RET. The ROS1 fusions CD74-

ROS1 and SDC4-ROS1 localized at the plasma membrane. These find-

ings are in line with previous studies that have reported a distinct

subcellular localization of ROS1 fusions compared to ALK and RET

tyrosine kinase fusions in cancer samples and indicate that exogenous

expression does not interfere with the localization (Figure 1D).

3.2 Oncogenic kinase fusions induce widespread
tyrosine phosphorylation

To investigate the effect of the oncogenic kinase fusions on the cellular

phosphorylation patterns, we employed quantitative mass spectrome-

try (MS)-based proteomics. To this end, HEK 293T cells were metabol-

ically labeled using SILAC. Subsequently, the labeled cells were trans-

fected with the DNA constructs encoding the kinase fusions. After 48

h, cells were harvested and lysed to extract cellular proteins. Proteins

were digested into peptides and peptides phosphorylated on tyrosine

residues were specifically enriched using phosphotyrosine antibodies.

The enriched peptide fractions were fractionated using strong cation

exchange chromatography and analyzed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS). Raw data was analyzed with

the MaxQuant software package. All experiments were carried out in

triplicate to achieve robust quantificationand topermit statistical anal-

ysis (Figure 2A and B). In total, we quantified 4634 tyrosine phospho-

rylation sites in these experiments (Figure S1A). Out of these tyrosine

phosphorylation sites, 635 were quantified in at least two replicates

across all experiments (Figure S1B). Similarity analysis and clustering

of the normalized ratios confirmed a good reproducibility across bio-

logical replicates (Figure S1C).

To assess how the expression of the oncogenic fusions affects cellu-

lar tyrosine phosphorylation, we plotted the SILAC ratio distribution

for each investigated kinase fusion. The analysis showed an increase

in tyrosine phosphorylation that affected a large fraction of all quan-

tified phosphorylation sites, demonstrating that expression of onco-

genic fusions globally perturbs cellular signaling. The mean log2 SILAC

ratio was nearly identical for all kinase fusions and ranged between

3.08 and 3.16 (Figure 2C). To identify significantly upregulated phos-

phorylation sites, we applied a moderated T test (limma algorithm) to

the phosphorylation site dataset. Sites with a FDR-adjusted p value

≤ 0.01 were considered regulated. The fraction of upregulated sites
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F IGURE 1 Oncogenic tyrosine kinase fusions investigated in this study. (A) Schematic representation of the domains of the investigated
oncogenic tyrosine kinase fusions. (B) Validation of the kinase fusion expression bywestern blotting. HEK 293T cells were transfected with
indicated kinase fusions and protein lysates were prepared 48 h after transfection. Proteins were separated by SDS-PAGE and kinase fusions were
detected using FLAG antibodies. (C) Expression of kinase fusions leads to tyrosine phosphorylation of cellular proteins. HEK 293T cells were
transfected with indicated kinase fusions and protein lysates were prepared 48 h after transfection. Proteins were separated by SDS-PAGE and
tyrosine phosphorylation was detected by western blotting. (D) Subcellular localization of kinase fusions. HEK 293T cells were transfected with
indicated kinase fusions and fixed 48 h after transfection. Localization of kinase fusions wasmonitored by immunofluorescence and confocal
microscopy
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F IGURE 2 Expression of oncogenic tyrosine kinase fusions induces widespread tyrosine phosphorylation. (A) Schematic overview of the
SILAC-based experimental setup used to compare tyrosine phosphorylation patterns in cells expressing different kinase fusions. Each experiment
was performed in biological triplicate. (B) Schematic overview of the workflow used for enrichment and fractionation of tyrosine phosphorylated
peptides from cells expressing kinase fusions. (C) SILAC ratio distribution of all quantified tyrosine phosphorylation sites. Expression of oncogenic
tyrosine kinase fusions leads to increased phosphorylation of almost all quantified tyrosine phosphorylation sites. (D) The bar plot shows the
fraction of upregulated and downregulated phosphorylation sites quantified from cells expressing different kinase fusions

ranged from 34.8% (for KIF5B-ALK) to 42.9% (for CD74-ROS1). Only

few sites showed a significant downregulation upon overexpression of

the kinase fusions (Figure 2D).

3.3 Cellular phosphorylation patterns are
primarily determined by the kinase in the fusion
protein

To investigate the differences/similarities between the phosphoryla-

tion patterns induced by the kinase fusions, we performed multidi-

mensional scaling based on the SILAC ratios. The analysis showed a

clear separation of the fusion proteins comprising the kinases ALK,

RET, and ROS1 (Figure 3A). In case of ALK, the analysis also allowed

to distinguish between the different fusion partners EML4 and KIF5B,

suggesting an impact of the fusion partner EML4 and KIF5B on the

induced tyrosine phosphorylation patterns. The ROS1 fusions CD74-

ROS1 and SDC4-ROS1 induced nearly identical phosphorylation pat-

terns (Figure 3A). Hierarchical clustering of the phosphoproteomics

data showed a similar result with oncogenic kinases containing ALK,

ROS1orRETclustering together irrespectiveof the investigated fusion

partner (Figure 3B). Kinase-Substrate Enrichment Analysis (KSEA)

confirmed prominent activation of the exogenously expressed kinases

in the cells. Notably, we could also observe strong activation of sev-

eral other kinases (PDGFRA, MST1R, FLT3, ERBB3, ERBB4, JAK2, and

MET) in cells expressing KIF5B-RET and to a lower extend in cells

expressing EML4−ALK and CD74−ROS1 (Figure 3C).

3.4 ALK, RET, and ROS1 fusions activate different
cellular signaling pathways

We subsequently performed annotation enrichment analysis to iden-

tify biological processes that are regulated by phosphorylation after

overexpression of the investigated fusion kinases as well as to define

the affected cellular compartments. To this end, annotations from the

GO Ontology and the Reactome pathway database were employed.

The analysis revealed that phosphorylation induced by all investi-
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F IGURE 3 The kinase part primarily contributes to the cellular phosphorylation patterns induced by different kinase fusions. (A)
Multidimensional scaling based on the SILAC ratios shows clear separation of fusion proteins containing different tyrosine kinases ROS1, ALK, and
RET. (B) Hierarchical clustering of the phosphoproteomics data also allows separation of kinase fusions containing ROS1, ALK, and RET. (C)
Kinase-Substrate Enrichment Analysis (KSEA) shows activation of the respective kinases in cells expressing KIF5B-RET, EML4−ALK, and
CD74−ROS1

gated oncogenic kinases regulates RNA metabolism including mRNA

splicing and translation initiation complex formation (Figure 4A, B, and

C). In addition, expression of all kinases led to phosphorylation of pro-

teins involved in cell cycle progression (“Regulation of PLK1 activity

at G2/M transition”). Interestingly, a number of biological processes

were regulated by only a specific kinase fusion either involving ALK,

ROS1, or RET, suggesting that different fusions also regulate specific

pathways (Figure 4A, B and C). For instance, expression of RET fusions

led to specific phosphorylation of proteins involved in MHC class II

antigen presentation (Figure 4A). Expression of ROS1 fusions led to

the phosphorylation of proteins involved in RNA processing including

‘Processing of Capped Intron-Containing Pre-mRNA’ and ‘Nonsense

Mediated Decay enhanced by the Exon Junction Complex’ as well as

‘RHO GTPases Activate Formins’ (Figure 4C, Figure S2B). In addition,

the fusion partner showed an effect on the signaling activated down-

stream of ROS1: expression of SDC4-ROS1 resulted in phosphoryla-

tion of proteins involved in ‘Prefoldin mediated transfer of substrate

to CCT/TriC’ (Figure S2B). In case of the KIF5B fusions KIF5B-ALK and

KIF5B-RET, the Reactome term ‘Kinesins’ was significantly enriched,

demonstrating that these kinase fusions lead to increased phosphory-

lation of KIF5B and other kinesins (Figure 4A). PTM Signature Enrich-

ment Analysis (PTM-SEA) did not yield significantly enriched terms

(Figure 4D).

3.5 Kinase fusions lead to phosphorylation of
fusion partners and interacting proteins

The annotation enrichment analysis suggested that kinase fusions

comprising KIF5B induce tyrosine phosphorylation of KIF5B itself and
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F IGURE 4 Biological processes regulated by different kinase fusions. (A) GeneOntology (GO) terms significantly enriched among proteins
with significantly upregulated tyrosine phosphorylation sites in cells expressing KIF5B-RET. The significance of the enrichment of a specific term
was determined using Fisher’s exact test. p values were corrected formultiple hypotheses testing using the Benjamini andHochberg FDR. (B) Gene
Ontology (GO) terms significantly enriched among proteins with significantly upregulated tyrosine phosphorylation sites in cells expressing
EML4-ALK. (C) GeneOntology (GO) terms significantly enriched among proteins with significantly upregulated tyrosine phosphorylation sites in
cells expressing CD74-ROS1. (D) PTM Signature Enrichment Analysis (PTM-SEA)

possibly other kinesins. To investigate this finding in detail, we plotted

the SILAC ratio of all phosphorylation sites on kinesin proteins. Indeed,

we could confirm that multiple sites on KIF5B as well as on KIF5C

were significantly phosphorylated after expression of KIF5B contain-

ing fusions, whichwas not observed in case of kinase fusionswith other

fusionpartners. In addition toKIF5B,wealso foundan increase inphos-

phorylationof several other factors such asNEFMexclusively in case of

KIF5B fusions (Figure 5A).

3.6 ALK, RET, and ROS1 kinase fusions activate
STAT signaling

The STAT signaling pathway has been previously identified as one of

the signaling pathways mediating the oncogenic effect of ALK [48],

RET [49], and ROS1 [50], fusion proteins. To gain further insights into

the activation of the STAT transcription factors in cells expressing

different kinase fusions, we investigated the phosphorylation of STAT
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F IGURE 5 Phosphorylation of downstream effectors. (A) Line plots show the logarithmized SILAC ratios quantified for indicated tyrosine
phosphorylated peptides in cells expressing different kinase fusions. (B) Line plots show the logarithmized SILAC ratios quantified for indicated
tyrosine phosphorylated peptides in cells expressing different kinase fusions. (C) Expression of kinase fusions leads to tyrosine phosphorylation of
STAT proteins. HEK 293T cells were transfected with indicated kinase fusions and protein lysates were prepared 48 h after transfection. Proteins
were separated by SDS-PAGE and tyrosine phosphorylation was detected using the indicated antibodies

proteins. Our data shows a strong phosphorylation of STAT1Y701 that

is induced by all investigated kinases (Figure 5B and C). STAT1 Y701 is

known to be phosphorylated in cells upon interferon stimulation and

promotes dimerization and subsequent translocation to the nucleus

[51, 52]. We also identified an increase in phosphorylation of Y705

on STAT3 in all kinase fusions (Figure 5B and C). Phosphorylation of

this site was demonstrated to increase the transcriptional activity of

STAT3 [52].

3.7 Concluding remarks

MS-based proteomics is a powerful tool for investigation of cellu-

lar phosphorylation patterns. Rikova et al. reported in 2007 a com-

prehensive proteomic profiling of 41 NSCLC cell lines and over 150

NSCLC tumors expressing different oncogenic kinases. This landmark

study established the role of phosphorylation signaling and oncogenic

kinase fusions in lung cancer. Genomic investigations that have been

performed in the last 15 years confirmed their findings and identi-

fied oncogenic kinase fusions in approximately 5–10% of patients with

LADC. Rapid translation of these findings has since then led to the

approval of specific kinase inhibitors that are effective for treatment

of patients with tumors harboring kinase fusions.

Despite this importance, the phosphorylation patterns induced by

different oncogenic kinase fusions were not systematically investi-

gated in a controlled cellular model system. In this study, we employed

quantitativeMS-based proteomics to comparatively analyze the phos-

phorylation patterns induced by exogenous expression of the onco-

genic tyrosine kinase fusions EML4-ALK, KIF5B-ALK, KIF5B-RET,

CD74-ROS1, and SDC4-ROS1 that are frequently found in patients

with LADC. Our analyses demonstrate that all investigated kinase

fusion induce widespread tyrosine phosphorylation and reveal that

the kinase part primarily defines the induced phosphorylation pat-

terns. However, we could also identify phosphorylation events that

are likely specific to the fusion partner and might contribute to the

subtle phenotypical differences observed in the clinic. The acquired

phosphoproteomics dataset might serve as a useful resource for

future studies focused on the effects of the kinase fusions in lung

adenocarcinoma.
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