CANCER GENOMICS & PROTEOMICS 19: 711-726 (2022)
doi:10.21873/cgp.20354

Novel TPR::ROS1 Fusion Gene Activates MAPK, PI3K and
JAK/STAT Signaling in an Infant-type Pediatric Glioma

LILY DELAND!2, SIMON KEANE?, THOMAS OLSSON BONTELL*?, HENRIK FAGMANZ*#,
HELENE SJIOGREN!, ANDERS E. LIND®, HELENA CAREN7, MAGNUS TISELLS,
JONAS A. NILSSON?, KATARINA EJESKAR?, MAGNUS SABEL!?-!! and FRIDA ABEL'?

!Department of Clinical Genetics and Genomics, Sahlgrenska University Hospital, Gothenburg, Sweden;
2Department of Laboratory Medicine, Institute of Biomedicine,
Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden;
3STranslational Medicine, School of Health Sciences, University of Skovde, Skovde, Sweden,
“Department of Clinical Pathology, Sahlgrenska University Hospital, Gothenburg, Sweden;
SInstitute of Neuroscience and Physiology, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden;
Clinical Genomics Gothenburg, SciLife Labs, Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden;
’Sahlgrenska Center for Cancer Research, Institute of Biomedicine,
Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden;
8Department of Clinical Neuroscience and Rehabilitation, Sahlgrenska University Hospital, Gothenburg, Sweden;
9Sahlgrenska Center for Cancer Research, Department of Surgery, Institute of Clinical Sciences,
Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden;
10Childhood Cancer Centre, Queen Silvia Children’s Hospital,
Sahlgrenska University Hospital, Gothenburg, Sweden;
Hnstitute of Clinical Sciences, Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden

Abstract. Background/Aim: Although fusion genes involving
the proto-oncogene receptor tyrosine kinase ROSI are rare in
pediatric glioma, targeted therapies with small inhibitors are
increasingly being approved for histology-agnostic fusion-
positive solid tumors. Patient and Methods: Here, we present a
16-month-old boy, with a brain tumor in the third ventricle. The
patient underwent complete resection but relapsed two years
after diagnosis and underwent a second operation. The tumor
was initially classified as a low-grade glioma (WHO grade 2);
however, methylation profiling suggested the newly WHO-
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recognized type: infant-type hemispheric glioma. To further
refine the molecular background, and search for druggable
targets, whole genome (WGS) and whole transcriptome (RNA-
Seq) sequencing was performed. Results: Concomitant WGS and
RNA-Seq analysis revealed several segmental gains and losses
resulting in complex structural rearrangements and fusion genes.
Among the top-candidates was a novel TPR::ROS1 fusion, for
which only the 3 end of ROS1 was expressed in tumor tissue,
indicating that wild type ROS1 is not normally expressed in the
tissue of origin. Functional analysis by Western blot on protein
lysates from transiently transfected HEK293 cells showed the
TPR::ROS! fusion gene to activate the MAPK-, PI3K- and
JAKISTAT- pathways through increased phosphorylation of ERK,
AKT, STAT and S6. The downstream pathway activation was
also confirmed by immunohistochemistry on tumor tissue slides
from the patient. Conclusion: We have mapped the activated
oncogenic pathways of a novel ROS1-fusion gene and broadened
the knowledge of the newly recognized infant-type glioma
subtype. The finding facilitates suitable targeted therapies for the
patient in case of relapse.

The most common solid malignancies of childhood are tumors
of the central nervous system (CNS). Glioma comprises the
largest group of CNS tumors among these patients (40-50%),
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which are divided into pediatric high-grade (pHGG) and low-
grade gliomas (pLGG) (1, 2).

Pediatric low-grade glioma, classified as grade 1 and 2 by
the World Health Organization, accounts for approximately one
third of brain tumors in children (1, 3). Although prognosis for
these patients is generally good (>10-year overall survival
between 70-96%) (2), survivors of pediatric glioma often suffer
psycho-social, cognitive, neurological and endocrine
complications from the tumor and/or therapy (4). New targeted
therapies offer the ability for tumor control with greatly
reduced toxicities, especially for inoperable or progressive
pLGG (5). Pediatric brain tumors often harbor chromosomal
rearrangements leading to fusion genes. The KIAA1549::BRAF
fusion is the most prevalent, found in over a third of all pPLGG
and in 70-80% of pilocytic astrocytomas (grade 1) (5, 6). Other
alterations in pLGG include other BRAF-fusions (7),
BRAFV600E mutations (8), FGFRI1/2 fusions, mutations or
duplications (9, 10), RAFI fusions (11), or MYB/MYBLI
variants (12-14). The oncogenetic alterations in pLGG are
mutually exclusive leading to a common theme of Mitogen-
Activated Protein Kinase (MAPK) pathway activation (15). A
subset of pLGG harbor fusion genes involving other receptor
tyrosine kinases (RTK) e.g., ALK, MET, NTRK1/2/3 and ROS1,
and these are more frequently seen in infantile hemispheric
high-grade glioma (16-18). The RTK-fusions also activate
additional oncogenic pathways, such as phosphoinositide 3-
kinase (PI3K) and Janus kinases (JAK)/STAT. Recent reports
have found that RTK-driven (ALK/MET/NTRK/ROS1) infantile
hemispheric glioma have poorer clinical outcome than those
that are MAPK-driven (BRAF/FGFR-driven) (16). Targeted
therapies for ALK, NTRK or ROSI fusion-driven tumors have
been developed in clinical studies for different forms of solid
tumors, with several approved RTK inhibitors: e.g., crizotinib,
entrectinib, larotrectinib and lorlatinib (19). In this study, we
have characterized the molecular events driving oncogenesis in
a recurrent brain tumor of a young boy with a novel
TPR::ROSI fusion gene. The aim was to map the downstream
pathways of this novel fusion and to identify potential targets
for precision medicine.

Patients and Methods

Ethics approval and consent to participate. The patient’s parents
provided written informed consent for participation and the
publication of this study, and the Medical Ethics Committee of the
Sahlgrenska University Hospital, Gothenburg, Sweden, approved
the study (2013-05-22; Dnr 239-13).

Patient material. The patient material used in this study was fresh
frozen tumor tissue from the first operation in 2018, and formalin
fixed paraffin embedded (FFPE) tumor tissue from the first and the
second operation in 2020.

Clinical routine analyses. Hematoxylin and eosin staining of FFPE
tumor sections were performed for routine pathological examination
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and assessment of tumor cell content. Immunohistochemistry (IHC)
staining with antibodies against GFAP, Ki-67/MIB-1, MAP2, S100,
NeuN, synaptophysin, chromogranin, TTF1, EMA, CD34, vimentin
and Olig2. Ki-67/MIB-1 proliferation index was calculated
manually from four different representative areas from each
operation (1,64 mm? per operation in total, corresponding to 11,075
cells from the primary surgery and 7,352 cells from the second
surgery). BRAF-, and IDH1/IDH?2 mutation status were assessed by
Ion AmpliSeq™ Cancer Hotspot Panel v2 (Thermo Fisher
Scientific, Waltham, MA, USA). H3K27M mutation status was
assessed by IHC with antibody against H3 K27M. BRAF fusion
status was evaluated by RT-PCR of the four most common
KIAA1549::BRAF fusion junctions.

DNA and RNA extraction. Prior to DNA and RNA extraction, fresh
frozen tissue was homogenized with steel bead on TissueLyser LT
(Qiagen) at 30 Hz for 40 s. DNA was then extracted from
approximately 10 mg fresh frozen tumor tissue using Qiagen DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany) according to
manufacturer’s instruction, yielding 16,7 pg of high-quality genomic
DNA (A260/A280 ratio of 1.96; Lunatic spectrophotometer,
Unchained Labs, Pleasanton, CA, USA). RNA was extracted from
approximately 8 mg fresh frozen tumor tissue with SV Total RNA
Isolation System (Promega, Madison, WI, USA) according to
manufacturer’s instruction, yielding 256 ng of high-quality total
RNA [A260/A280 ratio of 2.24; RNA integrity number (RIN) of 8.9;
DeNovix DS-11 Spectrophotometer, DeNovix, Wilmington, DE,
USA and Agilent 2200 TapeStation System, ScreenTape Assay,
Agilent Technologies Inc., Santa Clara, CA, USA, respectively].
RNA from FFPE was extracted from 10x5 pm tumor tissue sections
using RNeasy FFPE kit (Qiagen) according to manufacturer’s
instructions, yielding 5.5 pg (A260/A280 ratio of 1.9; DeNovix
photospectrometer).

Whole genome sequencing. Paired whole genome sequencing
(WGS) was performed starting with 1 pg DNA from fresh frozen
tumor tissue (T; somatic) from the first operation, and 1 ug DNA
from the patient’s normal blood lymphocytes (N; germline) with
TruSeq DNA PCR-Free library preparation according to
manufacturer’s instruction. Samples were sequenced with 2*151 bp
pair-end reads using the S4 std reagent kit (300 cycles) on NovaSeq
6000 (Illumina®, San Diego, CA, USA), resulting in a mean vertical
coverage of 131x for tumor DNA and a mean vertical coverage of
34x for DNA from blood lymphocytes. Reads were mapped to
human reference genome hs37d5/hgl9, and single nucleotide
variants (SNVs) and small insertion/deletions (indels) variant calling
was performed using the Sentieon suite of bioinformatical tool
TNscope [Sentieon Inc, Mountain View, CA, USA (20)] supplying
the normal sample to filter out germline variants. Machine learning
models developed by Sentieon were used to filter out likely artifacts
(Sentieon version: v201911). The filtering of somatic variants was
performed using QIAGEN Clinical Insight Interpret (version
8.1.20210827; https://digitalinsights.qiagen.com) keeping variants
according to the following rules; only non-synonymous and
potential splice-site variant (+/— 10bp from exons), minimum 10%
variant allele frequency (VAF), total read coverage of >10x, present
in gnomAD v2.1.1 (https://gnomad.broadinstitute.org/), 1000
genomes, or the Exome Aggregation Consortium (ExAC)
(Cambridge, MA, USA, http://exac.broadinstitute.org) at an allele
frequency above <1%. Identification of copy number variants was
performed through the Canvas tool [version 1.40.0.1613, Illumina
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(21)], while somatic structural variants (SV) and larger indels were
called using Manta Structural Variant Caller tool [MantaSV, v1.6.0,
Illumina (22)]. The filtering of structural variants was performed
according to the following rules; only SVs that were supported by
both spanning paired reads (PR) and spanning split reads (SR), and
with total supportive reads =3 in the tumor sample (T) was retained,
and SVs with =2 supportive reads in the normal sample (N) were
filtered out. All remaining variants were assessed manually using
the Integrative Genomics Viewer [IGV, igv.org (23)].

Whole transcriptome sequencing. RNA library was prepared from
100 ng total RNA, using the TruSeq Stranded Total RNA kit with
Ribo-Zero Gold, and the Low Sample protocol (15031048 Rev.E,
Illumina Inc) according to manufacturer’s instruction. The library
was sequenced with 2¥100 bp pair-end reads using the S1 reagent
kit (200 cycles) on NovaSeq 6000 (Illumina). Demultiplexed
sequence reads generated 95.7 M read pairs output from the patient
RNA sample. RNA sequencing data was analyzed with
FusionCatcher v.1.20 (24), using default settings and including the
following tools: STAR 2.7.2b, Bowtie v. 1.2.3 and BLAT v.35. The
candidate list of potential fusion transcripts was filtered by
removing any known false positives (“banned”), transcripts which
were out of frame, predicted as intronic, UTR, no-known-CDS, and
transcripts with fusion partners containing short repeats, as
annotated by FusionCatcher. Reference genome for alignment was
GRCh37/hgl19 (Feb.2009), alignments were visualized in IGV.
RNA-sequencing data was remapped to cDNA sequences of
potential fusions and corresponding wild type genes using Bowtie2
(25). RNA-sequencing reads were mapped against all 3 transcripts
(fusion and corresponding wild-type transcripts) at a time. The
alignments were quality filtered (MAPQ > 20) and any duplicate
reads were removed. Supporting spanning reads were counted as
unique pairs mapping to a region +/— Sbp from the fusion
breakpoint/exon-exon junction.

Reverse transcriptase PCR (RT-PCR) and Sanger sequencing. Total
RNA from the first operation, was converted into cDNA using High-
Capacity RNA-to-cDNA Kit Applied Biosystems (Thermo Fisher
Scientific) according to manufacturer’s instruction. Primers targeting
the TPR(4)-ROS(35) fusion junction and the 7PR wild type (wt) gene
were designed from human genome reference transcripts NM_003292.2
(TPR) and NM_002944.2 (ROSI) using ExonPrimer (Helmholtz
Zentrum, Miinchen, Germany). Primers targeting the TPR::ROS1
fusion (forward CTCAACAATCAACTGAAGGCA and reverse
CAATCTCCTCTTGGGTTGGA, expected product length=337 bp),
and primers targeting the TPR  wildtype (forward
CAACAATCAACTGAAGGCACT and reverse TCAACTCTGTA
TTCAGCCATGT, expected product length=350 bp), were ordered
from Life Technologies (Carlsbad, CA, USA). PCR was performed on
3 samples [cDNA from tumor, a negative control cDNA, and non-
template control (¢cDNA omitted)], using MyTaq™ DNA Polymerase
kit Bioline (Meridian Life Science Inc., Memphis, TN, USA) according
to manufacturer’s instructions, and run on a Veriti 96 Well Thermal
Cycler (Applied Biosystems, Thermo Fisher Scientific). PCR products
were inspected using an E-gel® EX 2% agarose using an E-gel® iBase
Power system, bands visualized by SYBR Gold (Invitrogen, Thermo
Fisher Scientific). The gel was photographed and analyzed with Alpha
Imager Mini (v.3.2.2,2011; Alpha Innotech Corporation, San Leandro,
CA, USA). The PCR products were cleaned up with Illustra
ExoProStar 1-step according to manufacturer’s instruction. Sequencing
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reaction was performed using BigDye Terminator v3.1 Cycle
Sequencing Kit according to manufacturer’s instruction. The capillary
electrophoresis was performed on an ABI 3500 Genetic Analyzer
instrument with POP7 polymer, and sequence results were analyzed in
Sequencing Analysis v.6.0 software. All sequencing reagents and
protocols were from Applied Biosystems, Thermo Fisher Scientific.

Targeted open-end RNA-sequencing. Anchored Multiplex PCR
(AMP™)-based next generation sequencing was performed starting
from 250 ng RNA from the first and second operations tumor
(FFPE) using the Archer DX FusionPlex Pan Solid Tumor v.2 panel
(Invitae Corp., San Francisco, CA, USA), according to
manufacturer’s instruction. The library was sequenced with 2*151
bp pair-end reads using the Mid Output 2.5 kit (300 cycles) on an
Illumina NextSeq 550 instrument. Resulting fastq-files were
uploaded and analyzed in Archer Analysis v.6.2. Quality control
statistics: 98% of fragments with complete adapter (for both
samples), 93% and 95% total fragments on target, fusion QC value
was 77.75 and 99.5 (threshold for PASS =10), respectively. Using
Archer Analysis default settings, strong confidence fusions were
filtered for, and only fusions predicted to be in-frame were
considered. Detected fusions were manually inspected in JBrowse
(jbrowse.org).

DNA methylation profiling. Briefly, DNA from tumor FFPE material
from the patient was isolated with the QIAamp® DNA FFPE kit
(Qiagen) according to the supplier’s instructions with the addition of an
extra digestion step with proteinase K overnight. DNA (250-500 ng) was
bisulfite-converted with the EZ DNA methylation kit (D5001, Zymo
Research, Irvine, CA, USA) and the methylation levels of restored
bisulfite-converted DNA was determined with the Infinium Methylation
EPIC BeadChip (Illumina) according to the protocols provided by the
supplier. Methylation data were processed as previously described
(26). Methylation-based classification was performed with the Molecular
neuropathology brain classifier version 11b4 (27), and version 12.5
(MNP, www.molecularneuropathology.org/mnp).

Fluorescent in situ hybridization — FISH. FFPE tumor sections (4
um) were used for interphase FISH analysis of the ROSI gene.
Paraffin sections were pre-treated in line with procedures
recommended by Abbott, Vysis (Vysis Inc., Downers Grove, IL,
USA), hybridized with a ZytoLight® SPEC ROS1 Dual Color Break
Apart Probe (6q22.1) consisting of a 715 kb 3’ green probe
(chr.6:116,912,298-117,627,255) and a 215 kb 5’ orange probe,
(chr.6:117,659,135-117,871,701; GRCh37-hg19; ZytoVision GmbH,
Bremerhaven, Germany). The tissue slides were counterstained with
4’, 6’, -diamidino-2’-phenylindole dihydrochloride (DAPI) and
photographed using a Zeiss Axioplan 2 Imaging fluorescence
microscope. One hundred interphase nuclei were counted by two
independent reviewers (x50 nuclei each). The interpretation of intact
(wild type/normal), and split signals (fusion gene) was based on
accepted international guidelines from the European Cytogeneticists
Association.

Transient transfection and western blot. Human embryonic kidney
cells (HEK293) were obtained from ATCC Cell Line Collection
(Manassas, VA, USA). The cell line was maintained in DMEM
supplemented with 10% FBS, 1% L-Glutamine, 1% HEPES solution
and 1% sodium pyruvate, at 37°C with 5% CO?2. Three different
constructs were generated using the pCMV6-Myc-DDK vector;
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pCMV6-ROS1-Myc-DDK  (ROS1WT), pCMV6-TPR-ROS1-Myc-
DDK (TPR-ROSI fusion) and pCMV6-Myc-DDK (Vector). The wild
type ROS1 (NM_002944.2, 2347 aa, #RC221794) and pCMV6
empty vector (#PS10000) constructs were ordered from Origene
(Origene, Rockville, MD, USA). Vector construct for the TPR(4)-
ROS1(35) fusion transcript (1830 nt) was synthesized, subcloned and
sequenced by Invitrogen GeneArt (Thermo Fisher Scientific).
HEK?293 cells were transfected in 6 well plates (1x105 cells/well)
with 4 pg of DNA complexed with 10 pl of Lipofectamine 2000
according to the transfection protocol (Invitrogen, Thermo Fisher
Scientific). After 48 h from transfection, the cells were harvested,
pelleted and protein was extracted by aspirating the media and
incubating on ice for 5 min then adding ice cold RIPA buffer (Thermo
Fisher Scientific, 89901). Protein lysates (50 pg/sample) were loaded
onto Mini-PROTEAN® TGX™ 8-16% gradient gels (BioRad
Laboratories, Hercules, CA, USA), protein was blotted onto LF-
PVDF membrane (8 min, 25 V and 2.5 A) using a Trans-Blot®
Turbo™ Transfer System (BioRad). Blots were subsequently blocked
for 1 h at room temperature (RT) in Superblock™ T20 (PBS)
blocking buffer as per the manufacturer’s recommendations.
Altogether, 12 antibodies were used; DDK (DYKDDDDK FLAG®
tag, product no. FG4R, Invitrogen, dilution 1:1,000), phosphorylated
(p) ROS1 (Tyr2274, product no. PA5-105915, Invitrogen, dilution
1:1,000), total ROS1 (product no. MA5-26760, Invitrogen, dilution
1:2,000), pERK1/2 (Thr202/Tyr204, product no. 4370, Cell Signaling
Technology Inc., dilution 1:1,000), total ERK1/2 (product no. 4695,
Cell Signaling Technology Inc., dilution 1:1,000), pAKT1/2/3 (Ser
473, product no. sc-514032, Santa Cruz Biotechnology, dilution
1:500), total AKT1 (product no. sc-5298, Santa Cruz Biotechnology,
dilution 1:1,000), pSTAT3 (Ser727, product no. 44-384G, Invitrogen,
dilution 1:1,000), total STAT3 (product no. MA1-13042, Invitrogen,
dilution 1:3,000), S6 (product no. MA5-26760, Invitrogen, dilution
1:2,000), total S6 (product no. 2317S, Cell Signaling Technology Inc.,
dilution 1:1,000), and GAPDH (product no. 12004168, BioRad,
dilution 1:2,500), and they were diluted in PBST (0.1% Tween-20 in
PBS). The membranes were incubated overnight at 4°C with the
primary antibodies, after which they were washed 3x 10 min in TBST
0.1% (0.1% Tween-20 in tris-buffered saline). Secondary antibodies;
Starbright B520 goat anti-rabbit (12005870, 1:5,000, BioRad),
Starbright B700 goat anti-rabbit (12004161, 1:5,000, BioRad)
Starbright B700 goat anti-mouse (12004159, 1:5,000, BioRad) and
goat anti-mouse Alexa790 (A11357, 1:5,000, Invitrogen) were
incubated for 1 h at RT. Transient transfection and Western blot
analyses were performed in quadruplicates as four independent
experiments. Image detection was performed on ChemiDoc MP
(BioRad), and band intensity was quantified using Image lab™ (v.
6.1, BioRad). Protein loading from the different experiments and gels
were normalized against total loaded protein from stain free images.
The relative phosphorylated to total protein quantities were
calculated; pERK/ERK, pAKT/AKT, pSTAT3/STAT3, and pS6/S6.
GAPDH was included as visual loading control.

Immunohistochemistry — IHC. Tumor and non-neoplastic FFPE brain
tissue sections (4 um) were mounted on positively charged slides and
dried in an oven at 56°-60°C for 1 h. Deparaffinization, rehydration
and antigen target retrieval were performed with Dako PT100 Link
instrument using EnVision FLEX+, High pH (Link) reagents (both
from Agilent), according to manufacturer’s instruction. Endogenous
peroxidases were blocked by EnVision FLEX Peroxidase-Blocking
Reagent (Dako) for 5 min incubation at RT. Thereafter, Dako
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Autostainer (Agilent) was used with an incubation of 60 min at RT
with antibodies against ROS1, pSTAT3, pERK, pERK, pAKT. The
antibodies were the same as for the Western blot (see above), and
dilutions used in the IHC experiments were as follows: 1:1,000 for
ROSI, 1:500 for pSTAT3, 1:1,000 for pERK, 1:100 (first operation)
and 1:50 (second operation) for pAKT. Tumor tissue with omitted
primary antibody was used as negative control. Next, the slides were
incubated at RT for 15 min with FLEX+Rabbit (LINKER, Dako
K8009) and FLEX+Mouse (LINKER, Dako K8021) followed by a
20 min incubation with FLEX/HRP (Dako K8002) at RT.
Diaminobenzidine (DAB) + Chromogen and Mayer’s Hematoxylin
from the EnVision FLEX kit, was used for staining according to
manufacturer’s instruction. The THC slides were digitalized at x400
magnification with a NanoZoomer S210 (Hamamatsu Photonics,
Hamamatsu, Japan). Protein expression of GFAP, ROS1, pSTAT3,
PERK, pERK, pAKT was estimated by a semi-quantitative method
using ImageJ Fiji according to Crowe and colleagues (28). IHC image
deconvolution was performed using the “H DAB” vector, separating
the image into hematoxylin staining (image 1) and 3.,3’-
diaminobenzidine (DAB) staining (image 2). Next, the DAB staining
was measured in 4 different areas (450x250 pm, magnification x400)
from each sample/section (corresponding to approximately 450-600
cells from the first operation and 100-300 cells from the second
operation per area). The staining intensity was divided by the number
of nuclei per image, counted from the hematoxylin image. A mean
staining intensity per sample was calculated from the 4 images, and
next a fold change between the second and first operation was
calculated for each antibody.

Statistical analysis. Normalized Western blot data was presented as
a scatter plot of four independent experiments as data points with
the mean thereof. Differences were determined by Ordinary one-
way ANOVA test followed by Dunnett’s multiple comparison test.
Calculated significance; *p<0.05, **p<0.01, ***p<0.001,
*¥#¥%¥p<0.0001. All statistical analyses were conducted using
GraphPad Prism version 9.1.1.

Results

Case presentation. This was a previously healthy boy with
normal development, who started walking at the age of 13
months. In February 2018, at the age of 16 months, he was
referred to the pediatric emergency department due to a
progressive deterioration of balance when walking. At
examination he was alert but had difficulties maintaining his
balance when sitting, and although he could still walk, he
lost his balance and fell over after walking 4-5 steps. There
was also less movement of his right arm. An acute CT-scan
of the brain was performed which showed a 26x28x30 mm
hyperdense, rounded tumor in the third ventricle, blocking
the interventricular foramen (also known as foramen of
Monro), and causing obstructive hydrocephalus. The patient
was admitted to hospital and put on corticosteroids. An MRI
of the brain and spine confirmed a contrast enhancing
rounded tumor in the midline, growing at the roof of the
third ventricle, through the left interventricular foramen into
the septum pellucidum between the lateral ventricles, causing
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Figure 1. MR images and histology. A) T1 weighted contrast MR images in coronal plane, (i) at diagnosis March 2018, (ii) after first total resection
surgery, (iii) prior to second surgery March 2020, where some tumor tissue can be seen on left side of the septum pellucidum and (iv), 15 months
after the second operation, tumor free. B) Histology pictures of formalin fixed paraffin embedded (FFPE) sections areas with high tumor cell
content; from the first operation on the left (approximately 95% tumor cell content), and from the second operation on the right (approximately 90-
95% tumor cell content). (i) Hematoxylin and eosin staining with tumor cells showing neuroepithelial features. Thin arrows show monomorphic
cells, often with clear-cell morphology and round to oval nuclei, and broad arrows show areas with a tendency for pseudorosette formation. (ii)
GFAP immunostaining was of varying degree in tumor sections from the first operation, and more heavily stained in tumor sections from the second
operation. (iii) Ki-67 proliferation labelling index was up to 10% in sections from the first operation and similar in sections from the second

operation. Scale bar represents 100 um.

hydrocephalus (Figure 1Ai). There were no signs of
metastases in the CNS. Neurosurgery was performed in
March 2018; all visible tumor tissue was resected, and a
post-operative MRI showed complete resection (Figure
1Aii). The tumor was diagnosed as a low-grade glioma
(WHO grade 2). The patient’s clinical condition quickly
improved, and his balance was largely normalized within
two weeks. The boy had MRIs every three months following
the operation. Six months post-surgery, a follow up MRI
revealed a thin area of contrast enhancing tissue on the left
side of the septum pellucidum. Over time, the contrast
enhancing tissue very slowly became thicker, indicating a
local tumor relapse (Figure lAiii). Since the suspected
relapse was deemed amenable to local resection, with a good
chance of total resection, another surgery was performed two
years after the first (March 2020), using intraoperative MRI.
Tumor tissue was removed from the left side of the septum
pellucidum and medial wall of the left lateral ventricle. No
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residual tumor tissue was detected by visiual inspection or
by MRI. Follow up since then has not shown any signs of
relapse, with latest MRI performed 15 months post-operation
(Figure 1Aiv). The boy is developing normally.

Clinical routine analyses. Histological examination of the
primary tumor from the first operation (2018) revealed a cell-
rich neuroepithelial tumor consisting of monomorphic cells,
often with clear-cell morphology and round to oval nuclei
(Figure 1Bi). Some mitotic figures were noticed (0-2
mitoses/10 HPF). Convincing vascular proliferation or
necrotic areas were not seen. Atypical ganglion cells,
Rosenthal fibers or eosinophilic granular bodies were not
present. In some areas there was a tendency for pseudorosette
formation. The border between the tumor and the adjacent
parenchyma was diffuse. Immunohistochemistry (IHC)
staining showed strong positivity for MAP2, S100, vimentin
and Olig2. The neuronal markers NeuN, neurofilament,
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Table 1. Methylation profiling results.

Classifier v11b4 v3

Classifier v12.5

Tumor sample Methylation class - name

Calibrated score

Methylation class - name Calibrated score

First op. 2018 Infantile hemispheric gliomab 0.96911

Second op. 2020 No matchd

0.99826
0.99819

Paediatric-type diffuse high-grade gliomas?
MC infant-type hemispheric glioma¢®

No matchd

aSuperfamily; PMethylation class; “Methylation subclass; dMatch score limit of 20.9.

synaptophysin and chromogranin were negative. Tumor cells
were also negative for TTF1, EMA, CD34, whereas ATRX
and H3K27me3 were retained. Glial fibrillary acidic protein
(GFAP) was weakly positive, and mean Ki-67/MIB-1
proliferation index was 4.2% (2.5-5.8%) in the primary tumor
(Figure 1Bii and iii). The fraction of neoplastic cells was
estimated to be 90% in the whole section of the primary
tumor. Routine clinical molecular analysis revealed the tumor
to be negative for the four most common KIAA1549::BRAF
fusions, as well as BRAF-, IDHI-, IDH2- and H3K27M
mutations. The tumor was initially considered to be a low-
grade glioma (WHO grade 2, 2016) but was, after evaluation
at a reference center, classified as a densely cellular glial
tumor compatible with pilocytic astrocytoma (WHO grade 1,
2016) with increased mitotic and proliferative activity. Four
months after the first diagnosis, methylation analysis was
performed and classified the tumor as an infant-type
hemispheric glioma (classifier v11b4, German Cancer
Research Center (DKFZ), Heidelberg, Germany). Later on,
the updated classifier version v12.5 was run, and showed the
same result (Table I). Histological examination of the tumor
from the second operation (2020) showed a 2-fold stronger
positive GFAP staining compared to the first operation
(Figure 1Bii). However, the mean Ki-67/MIB-1 proliferation
index was not higher in sections from the second operation
(mean of 3.1% compared to 4.2%), and in both operations
hot-spot regions with up to 10% positive cells could be seen
(Figure 1Biii). The fraction of neoplastic cells was estimated
to be 70% in the whole section, and the methylation array
failed to classify the tumor from the second operation (neither
v11b4 nor v12.5), probably due to an insufficient content of
neoplastic cells.

Molecular analyses. Paired whole genome sequencing (WGS)
of the primary tumor (first operation) revealed one somatic
non-synonymous variant of unknown clinical significance, 7
structural variants (SVs), and several copy-number changes
(Table II). Ploidy for the whole tumor genome was estimated
to near diploid (1.94), and tumor purity was 82% according
to the Canvas tool. The main segmental gains and losses were

located in chromosome 1, 2, 6, 8, causing breakpoints within
10 genes (Figure 2A; Table II). Complementary whole
transcriptome sequencing (RNA-sequencing) and analysis by
FusionCatcher identified two potential in-frame fusion
transcripts, matching the structural variants identified in the
WGS data; TPR(4)::ROS1(35) (chr. 1q31.1 and chr.6q22.1)
and ING5(7)::NFKBIE(2) (chr. 2q37.1 and chr. 6p21.1). By
remapping the transcriptome data to cDNA sequences of the
fusion genes and corresponding wild type (wt) genes, we
could correctly quantify the number of supportive spanning
reads (Table III). The ING5::NFKBIE fusion transcript was
expressed to a lower extent than its corresponding wild type
transcripts [11 supportive spanning reads compared to 17
(INGS5) and 16 (NFKBIE) wt]. The TPR::ROSI fusion was
highly expressed (17 supportive spanning reads), and while
the TPR wild type gene showed higher expression (29
supportive reads) there were no supporting reads
corresponding to the ROSI wild type transcript (Figure 2D;
Table III). Viewing the transcriptomic breakpoints in
Integrative Genomics Viewer (IGV) showed only the 3’ end
of the ROSI transcript to be expressed (from exon 35 and
onwards; Figure 2B). Hence, we concluded that all ROS1-
reads were originating from the fusion transcript, and no wild
type ROS1 was expressed in the tumor tissue. While ROS!
fusion genes are well-known oncogenic drivers (29, 30), both
ING5 and NFKBIE are mainly reported in cancer context as
tumor suppressor genes (31, 32), directing our attention to the
TPR::ROSI fusion gene for further analysis. The junction
between TPR and ROSI was verified by reverse transcription
PCR (RT-PCR) based Sanger sequencing, leading to a fusion
protein of 625 amino acids with a retained tyrosine kinase
domain from ROS! (Figure 2C). Also, interphase fluorescent
in situ hybridization (FISH) using break apart probes for
ROSI confirmed that ROSI is involved in a fusion
rearrangement in tumor cells (Figure 2E).

After receiving new tumor tissue from the second
operation, we performed targeted open-end RNA-sequencing
(FusionPlex) to verify the TPR::ROSI fusion gene. We found
27 unique reads (representing 93% of reads) spanning the
TPR(4)::ROS1(35) breakpoint (Table I1V). In addition, the
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Table II. Somatic variants called from WGS data.

Variant type? Position® Genes involved® Coding variantd VAF (%) or
Ploidy®

SNV  missense chr17:3844897 ATP2A3 ¢.1597C>T, p.R533C 43%
SV bnd chr1:62595194; chr6:43179782 in:PATJ; in:CUL9 NRGI1(1)::CUL9(27) 22%

bnd chr1:62596860;chr8:32074899 in:PATJ; in:NRG1 NRGI1(1)::CUL9(27) 22%

dup chr1:67095761;chr1:155201558 in:SGIP1;GBAPI 28%

bnd chrl:186,336,971,chr6:117643131 in:TPR; in:ROS1 TPR(4)::ROS1(35) 31%

bnd chr1:190389925;chr2:233649235 in:BRINP3; in:GIGYF2 32%

bnd chr2:27024117;chr8:123867008 CENPA; in:ZHX2 24%

bnd chr2:242663225,chr6:44231807 in:ING5; in:NFKBIE ING5(7)::NFKBIE(2) 20%
CNV loss chrl:pter-67,1mb in:SGIP1 1p-del 1

loss chrl:155,2-186,3mb in:TPR interstitial 1q-del 1

loss chr1:190 4mb-qter in:BRINP3 1q-del 1

loss chr2:pter-27mb 2p-del 1

gain chr2:233,6-242,7mb in:GIGYF2; in:ING5 interstitial 2q-gain 3

gain chr6:43,2-44 2mb in:CUL9, TTBK1, CRIP3, interstitial 6p-gain (1020kb) 3

ZNF318, ABCC10, TJAPI,
POLRIC, POLH, RSPH9, VEGFA,
LINCO02537, LINCO1512,
NR_125865.1, MRPL14,
CAPNI11, MYMX,
SLC29A1, HSP90ABI,
SLC35B2, in:NFKBIE

loss chr6:117,6mb-qter in:ROS1 6q-del 1

gain chr8:pter-32,1mb in:NRG1 8p-gain

gain chr8:123 9mb-qter in: ZHX2 8g-gain 1

aSingle nucleotide variants (SNV), structural variants (SV), and copy number variants (CNV) were called by TNscope, MantaSV, and Canvas, respectively.
Missense: amino acid exchange; bnd: adjacent break ends resulting in translocation or inversion; dup: duplication; loss: loss of material from genomic
region; gain: gain of material from genomic region. PPosition according to Hgl9 [GRCh37]; chr: chromosome; mb: megabases; kb: kilobases. °Gene
symbol of genes affected by the variant, "in:" means that the breakpoint is located within the gene (intron or exon), gene accession numbers as follows:
ATP2A3 (NM_174953.3), NRG1 (NM_013962.3), CUL9 (NM_015089.4), ROS1 (NM_002944.2), TPR (NM_003292.2), ING5 (NM_032329.6), NFKBIE
(NM_004556.3). dVariant effect on genome, cDNA (c) and protein (p) change according to HGVS nomenclature. Brackets indicate exon boundaries involved
in the fusion junction. ®*VAF: Variant allele frequency (%) of reads from alternative allele divided by the total number of reads in the region. For SV the
alternative allele frequency was calculated from the sum of paired read (PR) and split read (SR) coverage. Ploidy (copy number state) is presented for
CNV variants. The impact of the ATP2A3 ¢.1597C>T, p.R533C variant was predicted from the following information: Predicted as: Damaging (SIFT),
benign (PolyPhen-2), present in gnomAD (frequency:0.002), listed in COSMIC (ID:8044088), and dbSNP (ID:772480917) databases.

FusionPlex analysis also revealed a NRGI(1)::CUL9(27)
fusion of unknown function (25 unique reads representing
32% of reads spanning the breakpoint). The breakpoints,
intron 1 in NRGI and intron 26 in CUL9, matched the DNA
breakpoints found by WGS/Manta in the primary tumor, and
the fusion seemed to arise through a complex rearrangement
between chr. 1, 6 and 8 (Table II). However, neither targeted
FusionPlex RNA-sequencing nor whole transcriptome
sequencing of the primary tumor (first operation), found any
evidence for the NRG1::CUL9 fusion (no supportive reads),
probably due to its low expression. Moreover, the fusion part
of NRG1 (exonl) corresponds to the 5° UTR region (before
the ATG start site); hence it is unclear if this fusion leads to
a translated and functional protein.

Functional analyses. As ROS1 is known to be involved in
oncogenic fusion genes and since targeted therapies have
been developed for ROS! driven tumors, we proceeded to
investigate the functional consequence of the TPR::ROS1
fusion gene found in this case. HEK293 cells were
transiently transfected by three pCMV6 cDNA constructs;
TPR(4)::ROS1(35) fusion (TPR::ROS1), ROSI wild type
(ROS1WT), and empty pCMV6 vector (Vector). Western blot
using DDK antibodies (targeting the FLAG Tag) on protein
lysates from the transfected cells, confirmed the expression
of the constructs (a ROS1-DDK band at 200 kDa and a
TPR::ROS1-DDK at 130 kDa; Figure 3A). Four independent
experiments with antibodies targeting ROS1, ERK, AKT,
STAT, S6 and their corresponding active (phosphorylated)
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Figure 2. Molecular analyses. A) Copy number profile from WGS data from the primary tumor visualized in Integrative Genomics Viewer (IGV), where
two segmental losses in chr. 1g22-q31.1 and 6q22.1-gter (red arrows) result in breakpoints in the TPR gene (left) and the ROSI gene (right). The y-
axis shows logarithmic value (log2) of normalized coverage from Canvas (left), and ploidy/copy number state (right). B) RNA-sequencing data visualized
in IGV showing ROSI expression to start at exon 35 and onwards (expression from exon 1-34 are missing). Genomic positions are according to Hgl9
(GRCh37). C) RT-PCR and Sanger sequencing of cDNA from the fusion transcript. (i) PCR- products on agarose gel (left) showing a 337 bp fragment
band of the TPR::ROSI fusion (lane no. 1), and a 350 bp fragment band of the TPR wild type (lane no. 4) as expected, and run with negative control
¢DNA (lane no. 2 and 5) and non-template control (NTC, lane no. 3 and 6) for each PCR reaction, respectively. Sequencing electropherogram (right)
of the TPR::ROS1 fusion PCR product showing a junction between TPR exon 4 at position ¢ 427 (NM_003292.2) and ROS1 exon 35 at position ¢.5642
(NM_002944.2). Amino acid (aa) sequence is shown underneath the electropherogram. (ii) Schematic presentation of native TPR protein (2363 aa;
NP_003283.2 and ROSI (2347 aa; NP_002935.2) with the breakpoint position in TPR (at aa 142) and ROS1 (at aa 1881, dotted line) generate a
putative fusion protein of 625 aa, containing one coiled-coil domain from TPR joined to the tyrosine kinase domain of ROS1. Domains and positions
are according to UniProtKB (http://uniprot.org). D) Spanning reads after remapping of transcriptomic sequencing data from the primary tumor to the
cDNA sequence of the TPR::ROS1 fusion gene (NM_003292.2; NM_002944.2). E) Interphase FISH on primary tumor tissue using a ROSI1 Dual Colour
Break Apart Probe, consisting of a 715 kb 3' green probe and a 215 kb 5' orange probe at the 6¢22.1 locus (not to scale). Tumor cells display a wild
type allele with a merged green/red (yellow) signal and a lone green signal representing the retained 3’-end of the TPR::ROSI fusion, according to
the Merged (left), ZyOrange (middle), and ZyGreen channel (right) of the photo.

Table III. Remapping of whole transcriptome sequencing data to cDNA transcripts.

Transcript Nt position at breakpoint? Transcript accession no. # Spanning reads®
TPR::ROSI fusion 427 NM_003292.2-NM_002944 .2 17
ROSI wt 5641 NM_002944 .2 0
TPR wt 427 NM_003292.2 29
ING5::NFKBIE fusion 680 NM_032329.6-NM_004556.3 11
ING5 wt 680 NM_032329.6 17
NFKBIE wt 365 NM_004556.3 16

Whole transcriptome (RNA-sequencing) data from the first operation. 3Nt (nucleotide) position at breakpoint (exon-exon junction) from ATG start
site. PNumber of unique spanning reads overlapping the breakpoint at least Sbp (spanning reads from pairs are only calculated once).

forms were analyzed to explore the downstream effect of the
MAPK-, PI3K- and JAK/STAT-signaling pathways. Western
blot analysis of the TPR::ROS1 fusion gene constructs
showed a significant 3.5-fold (p<0.01) upregulation of
phosphorylated (p) ROS1/total ROS1, a 6.1-fold (p<0.001)
upregulation of pERK/total ERK, a 2.1-fold (p<0.001)
upregulation of pAKT/total AKT, a 2.4-fold (p<0.01)
upregulation of pSTAT3/total STAT3, and a substantial 9.0-fold
(p<0.0001) upregulation of pS6/total S6 as compared to the
ROSIVT gene constructs (Figure 3A). Moreover, the activation
of the, MAPK-, PI3K- and JAK/STAT-pathways was
confirmed in primary tumor FFPE sections from the first and
second operation by immunohistochemistry of pSTAT3, pAKT
and pERK (Figure 3B). Overall, a strong immunostaining was
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observed in tumor cells from both the first and second
operation for all proteins, as compared to non-neoplastic
brain control tissue. However, protein expression of ROS1
and pSTAT3 was also present in normal tumor brain tissue.
Tumor cells showed cytoplasmic immunopositivity for
ROS1, while pSTAT3, pAKT and pERK mainly showed
nuclear immunostaining. Phosphorylated ERK displayed the
strongest expression, both nuclear and to a lesser extent
cytoplasmic, of all phosphorylated proteins. Comparing the
samples from first and second operation, the relapsed tumor
sample showed a stronger staining intensity for pSTAT3 (2-
fold), pAKT (4-fold) and pERK (2-fold; Figure 3B).
However, these results should be interpreted with caution as
IHC is not a fully quantitative method and there are too few
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Table IV. Targeted RNA sequencing results, FusionPlex panel.

Sample Gene fusion No. reads? % of readsP Breakpoint®

First op. 2018 TPR::ROSI 26 96.30 chr1:186337018, chr6:117642557

Second op. 2020 TPR::ROS1 27 93.10 chr1:186337018, chr6:117642557
NRGI::CULY 25 32.05 chr8:31498245, chr6:43180887

aNumber of unique reads supporting the fusion. PThe percent of reads supporting the fusion (number of unique reads spanning the breakpoints
divided by the total number of unique reads that span either breakpoint). °Breakpoints of the fusion genes, in hg19 [GRCh37] coordinates.

samples (n=2) to calculate significance. Also, there are many
factors that can affect the staining intensity in different tissue
preparations.

Discussion

In this study, we analyzed the tumor tissue of a now 5-year-
old boy, diagnosed with a midline low-grade glioma and
having undergone two total resection surgeries within 2
years. A novel TPR(4)::ROS1(35) fusion gene was identified,
which was further shown to activate the MAPK-, PI3K- and
JAK/STAT- pathways by functional in vitro analyses.

The nucleoprotein TPR, encoded by the TPR gene, is part
of the nuclear pore complexes which are involved in exporting
both RNA and proteins from the nucleus of the cell (33). TPR
contains coiled-coil domains that are retained in the 5’ end of
all TPR fusion variants reported to date (34-40). ROS1 fusion
partners with coiled-coil domains are also frequently found in
non-small-cell lung cancer (NSCLC) (e.g., EZR::ROSI,
TPM3::ROSI, CCDC6::ROSI) and are thought to be
responsible for the activation of the tyrosine kinase domain of
the 3’ fusion partner through homodimerization (41, 42). For
example, the 5 PML partner in a PAXS5::PML fusion in a
pediatric acute lymphocytic leukemia patient, was functionally
demonstrated to mediate dimerization through the coiled-coil
by in vitro studies (43). TPR fusions has previously been
reported in a few pediatric cancers including TPR::NTRKI in
a high-grade undifferentiated sarcoma (44), a mesenchymal
tumor of the small intestine (45), and in a mesenchymal tumor
of the neck region (36), a TPR::RET fusion detected in a
papillary thyroid carcinoma (46), a TPR::ROSI fusion detected
in lipofibromatosis (37). Also, a TPR::ROSI fusion was
recently reported in an adult lung adenocarcinoma case (47).

The ROSI gene encodes a proto-oncogene 1 tyrosine-
protein kinase which is part of the sevenless subfamily of
tyrosine kinase insulin receptor genes. It has structural
similarity to the anaplastic lymphoma kinase (ALK) protein;
approximately 50% homology overall, and 75% homology
at the ATP binding site (30). In adults, ROS1 is mainly
expressed in testis (epididymis) and lung (alveolar cells), and
shows some expression in the brain (cerebellar cortex;
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https://www.proteinatlas.org/ENSG00000047936-
ROS1/tissue), while the main subcellular location of ROS is
in cytoplasmic vesicles (48). The ligand(s) of ROS are still
unknown in humans, however in mice the ligand neural
epidermal growth factor-like like 2 (NELL2) has been
identified (29). Activated ROSI1 further
autophosphorylation recruiting adaptor proteins, in turn
bringing on a cascade of signals via MAPK-, PI3K and JAK-
pathways (49). In this study, we found the activation of these
three pathways to be significantly elevated in cells carrying
the novel TPR::ROS fusion protein by in vitro studies of
HEK?293 cells. Also, expression of phosphorylated
downstream mediators was markedly present in tumor tissue
sections from the patient, with pERK showing the strongest
staining in both the primary and relapsed tumor. The most
elevated activation by phosphorylation in TPR::ROSI-
fusion-transfected-cells was seen for the downstream
mediator S6 (rpS6 or €S6), which probably is due to its
mutual activation of both the MAPK- and the PI3K-
pathways (50). The S6 protein is a component of the 40S
ribosomal subunit and has multiple functions in the cell,
including ribosome biogenesis, regulation of the cell-cycle
and tumorigenesis (51).

Oncogenic ROS! fusion genes in various cancers are
mostly due to chromosomal rearrangement (37, 52, 53).
ROS1 fusions are most commonly detected in NSCLC,
where the most frequent types are CD74::ROSI,
EZR::ROS1, SDC4::ROS1 and SLC34A2::ROSI (54).
Overall, more than 55 different ROS/ fusion genes with
various 5° partners have been detected in different cancer
forms, with the frequency of individual fusion partners
varying between tumor types (29). In pediatric glioma,
GOPC::ROS1, CEPS85L::ROS1 and KLCI::ROSI fusions
have been reported, and similar to the TPR::ROSI fusion
identified in the present study they show retained exon 35-
43 of ROSI, leading to intact, released and upregulated
tyrosine kinase domain (55, 56).

By histopathological examination of the primary tumor,

stimulates

the current case was diagnosed as a low-grade glioma
(WHO grade 1) with increased mitotic and proliferative
activity, and methylation profiling classified it as an
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Figure 3. Functional analyses with Western blot and IHC. A) Western Blot imaging (left) of HEK293 transiently transfected constructs: empty vector (Vector),
ROSI wild type (ROSIWT) and fusion gene (TPR::ROSI), probed with antibodies against DDK (TPR::ROSI1-DDK at 130 kDa and ROSI-DDK at 200+
kDa), Phosphorylated (p) ROS1-Tyr2274 (130 kDa for TPR::ROS1; 200+ kDa for ROSIWT), total ROSI (130 kDa for TPR::ROS1; 200+ kDa for ROSIWT),
PSTAT3-Ser272 (90 kDa), total STAT3 (90 kDa), pAKT-1/2/3 (52 kDa), total AKT (52 kDa), pERK-Thr202/Tyr204 (44/42 kDa), total ERK (44/42 kDa), pS6-
Ser235/236 (32 kDay), total S6 (32 kDa), and GAPDH (37 kDa). Blots show representative bands from one out of four independent experiments. Scatter plot
(right) shows ratio pSTAT3/STAT3, pERK/ERK, pAKT/AKT and pS6/S6 protein quantity from four experiments, calculated as fold change (FC) compared to
the mean of ROSIWT. Significance; *p<0.05, **p<0.01, *¥*¥p<0.001, ***¥p<0.0001, ns: not significant. B) IHC of FFPE sections from the TPR::ROSI
case and normal controls stained with ROS1, pSTAT3, pAKT and pERK antibodies. (i) Tumor tissue from first operation, (ii) tumor tissue from second
operation, (iii) normal cerebellum, (iv) normal cortex tissue (from the second operation). (v) Positive and (vi) negative control tissues were as follows; ROS1
fusion positive lung adenocarcinoma (for ROSI and pSTAT3 staining), normal urothelial tissue (for pAKT staining), and BRAF fusion positive pilocytic
astrocytoma (for pERK staining). Negative controls had no primary antibody. Original magnification x400. Scale bar represents 100 um.
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infantile hemispheric glioma. At that time point, “infantile
hemispheric glioma” was not a defined subtype by WHO
(3). In 2019, Guerreiro Stucklin et al. published a
retrospective study of infant gliomas, and identified three
clinical groups; 1) hemispheric glioma characterized by
genetic alterations in ALK, MET, NTRK and ROSI, 2)
hemispheric glioma characterized by RAS/MAPK
activation, and 3) midline glioma characterized by
RAS/MAPK activation (16). The vast majority of group 1
tumors were HGG, and they were almost exclusively
hemispheric tumors. The survival of group 1 tumors was
heterogeneous. The ROSI fused tumors, comprising about a
third of group 1 (7 cases), had a five-year overall survival
of approximately 25%. The current case was a midline
pLGG with ROS1 fusion, and hence is not fully consistent
with the group 1 category described by Guerreiro Stucklin
et al. However, the authors propose that group 1 tumors
may comprise a spectrum of LGG/HGG with the potential
to transform in both directions. Moreover, young children
with LGG are reported to have worse survival when
compared with older children, and the opposite is suggested
for HGG, indicating that the tumor grading may not be very
decisive for pediatric glioma (16, 57). The methylation class
of infantile hemispheric glioma includes tumors with a
broad morphological spectrum, often with a higher grade,
that are histologically more akin to glioblastoma or
anaplastic astrocytoma (58). In the most recent WHO
classification of CNS tumors, 2021 (18), infant-type
hemispheric glioma is now included as a separate type in
the pediatric-type diffuse high-grade glioma group.
According to the WHO classification of CNS tumors, these
gliomas appear as large masses in the supratentorial
compartment with frequent superficial involvement (59),
which is in contrast with the tumor of the current case
which was located in the interventricular foramen area.
However, since the reported number of ROS-driven
PLGG/pHGG cases are still very few (5, 60), it is difficult
to draw any major conclusions regarding location, staging,
survival probability and progression of these tumor types.

ROS fusions are emerging as clinically important since
they can be targeted by small inhibitors. Hence, it is
becoming crucial to identify ROS-driven tumors by genetic
screening so that the patients may benefit from these
treatments (5, 14, 47, 60-63). Several ROS inhibitors that
have been developed are mainly tested for adult patients
with NSCLC (64). Currently, three are being evaluated for
children; ensartinib, entrectinib and repotrectinib (clinical
open trials: Ensartinib NCT03213652 phase II, Entrectinib
NCT02650401phase I/II, Repotrectinib NCT04094610
phase I/II) (29, 60, 65-68). Hopefully these trials will lead
to ROS-inhibitors approved for clinical use for children with
brain tumors and could help the current patient in case of
relapse.
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Conclusion

A novel TPR::ROS]I fusion gene was identified in a recurrent
case of pediatric low-grade glioma, classified as infantile
hemispheric glioma by methylation profiling. The TPR::ROS1
fusion was shown to activate the downstream oncogenic
pathways MAPK, PI3K and JAK/STAT. The diagnostic
evolution of pediatric CNS tumors is still emerging. This case
report adds to the complexity of subtype division and broadens
the knowledge of new fusion genes and subtype characteristics.
Ongoing clinical trials with targeted therapy for ROS-driven
tumors will hopefully generate new treatment possibilities for
children with these rearrangements.
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