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Routine RNA sequencing of formalin-fixed paraffin-embedded
specimens in neuropathology diagnostics identifies diagnostically
and therapeutically relevant gene fusions
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Abstract

Molecular markers have become pivotal in brain tumor diagnostics. Mutational analyses by targeted next-generation sequenc-
ing of DNA and array-based DNA methylation assessment with copy number analyses are increasingly being used in routine
diagnostics. However, the broad variety of gene fusions occurring in brain tumors is marginally covered by these technologies
and often only assessed by targeted assays. Here, we assessed the feasibility and clinical value of investigating gene fusions
in formalin-fixed paraffin-embedded (FFPE) tumor tissues by next-generation mRNA sequencing in a routine diagnostic
setting. After establishment and optimization of a workflow applicable in a routine setting, prospective diagnostic application
in a neuropathology department for 26 months yielded relevant fusions in 66 out of 101 (65%) analyzed cases. In 43 (43%)
cases, the fusions were of decisive diagnostic relevance and in 40 (40%) cases the fusion genes rendered a druggable target.
A major strength of this approach was its ability to detect fusions beyond the canonical alterations for a given entity, and the
unbiased search for any fusion event in cases with uncertain diagnosis and, thus, uncertain spectrum of expected fusions.
This included both rare variants of established fusions which had evaded prior targeted analyses as well as the detection of
previously unreported fusion events. While the impact of fusion detection on diagnostics is highly relevant, it is especially
the detection of “druggable” fusions which will most likely provide direct benefit to the patients. The wider application of
this approach for unbiased fusion identification therefore promises to be a major advance in identifying alterations with
immediate impact on patient care.
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Introduction

Molecular markers are of fundamental importance in neuro-
pathology. The update of the WHO classification reflects this
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paradigmatic shift with the adoption of molecular param-
eters in the definition of entities [12]. Several of these mark-
ers are easily assessed, e.g., IDHIR132H, BRAFV600E,
H3F3AK27M by immunohistochemistry, or other point
mutations by Sanger sequencing. For a more comprehen-
sive profiling, next-generation sequencing (NGS) panels
have proven to be useful, e.g., for the range of mutations
in medulloblastoma or diffuse glioma [9, 15]. Besides the
analysis of the DNA sequence, the assessment of copy num-
ber variations, most prominently 1p/19q, but also EGFR,
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PTEN and others, is frequently needed and performed with
a variety of methods. These include copy number informa-
tion based on fluorescence in situ hybridization (FISH), mul-
tiplex ligation-dependent probe amplification (MLPA), or
derived from array or NGS data. All of these analyses can
be performed on formalin-fixed paraffin-embedded (FFPE)
tissue or DNA extracted thereof.

Still, an emerging area of molecular alterations, particu-
larly relevant for brain tumors, is so far underrepresented
among the targets of established technologies: The wide
variety of fusions that can drive brain tumor formation is
only partially covered by these means. While the majority
of NAB2:STAT®6 fusions can be detected by the nuclear real-
location of STAT6 protein in immunohistochemistry [20],
BRAF fusion assessment depends on FISH or polymerase
chain reaction (PCR) protocols in most laboratories. Par-
ticularly, the PCR approach is only directed against known,
most common variants. Alternatively, structural variations
can be inferred from array data. Our custom neurooncology
NGS panel and some other diagnostically applied targeted
DNA sequencing approaches are also capable of detecting
a selection of the most common fusion events in a large
percentage of cases [9, 19]. However, covering all possible
variants with intronic DNA probes would require a design
that overstretches a reasonable target size and would prevent
efficient application in a routine setting.

Thus, rearrangements are not or only very selectively
assessed in the routine molecular diagnostic work up. RNA
sequencing covers all these structural aberrations. More
recent approaches already employ targeted NGS panels for
RNA sequencing. Sequencing for the entire mRNA, how-
ever, could detect even rare events without the limitations of
a protocol limited to a pre-defined subset of fusions.

We here report on the application of full mRNA sequenc-
ing in FFPE-derived RNA for fusion detection in a diagnos-
tic setting.

Methods

Tissue, DNA methylation analysis, DNA panel
sequencing, and immunohistochemistry

The validation cohort was compiled from archival tissue for
which ethical approval for research use was granted by local
regulations. Selection criteria for samples that underwent
diagnostic fusion detection by RNA sequencing are detailed
below under “Prospective application in neuropathology
diagnostics”. DNA was extracted from tumors employing
the Promega Maxwell 16 device. For DNA methylation
analysis, genome-wide methylation patterns using the Illu-
mina HumanMethylation 450 (450k) BeadChip (Illumina,
San Diego, CA, USA) or the Infinium MethylationEPIC
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(850k) BeadChip (Illumina) array were analyzed. Process-
ing of DNA methylation data was performed as previously
described [6, 10]. For DNA panel sequencing, molecular
barcode-indexed ligation-based sequencing libraries were
constructed using 200 ng of sheared DNA. Libraries were
enriched by hybrid capture with custom biotinylated RNA
oligo pools covering exons of 130 cancer-associated genes
[19]. Paired-end sequencing was performed using the Next-
Seq 500 (Illumina). Sequence data were mapped to the ref-
erence human genome using the Burrows—Wheeler Aligner
and were processed using the publicly available SAM tools.
Fusion calling was performed using deFuse, Arriba and
TopHat (as for RNA sequencing data, see below for details).
Immunohistochemistry for STAT6 was performed according
to the published protocol [20].

RNA sequencing protocol

The protocol for RNA sequencing comprises the follow-
ing steps: from samples with sufficient tumor cell content
(>60% based on H&E inspection), RNA was extracted using
the Maxwell 16 LEV RNA FFPE Kit (catalogue # AS1260,
Promega) on a Maxwell 16 Instrument (AS2000, Promega)
following the manufacturer’s instructions. The RNA con-
centrations were measured on a Fluorometer “FLUOStar
Omega” (BMG Labtech) with the Invitrogen Qubit RNA
BR Assay Kit (Q10210, Thermo Fisher Scientific). The
DV, value (the percentage of fragments > 200 nucleotides)
of each sample was calculated with the Agilent RNA 6000
Nano Kit (catalogue # 5067-1511, Agilent Technologies)
on an Agilent 2100 Bioanalyzer (catalogue # G2939A, Agi-
lent Technologies), since it determines the input amount for
the following steps according to the protocol. Next, librar-
ies were prepared using the TruSeq RNA Library Prep
for Enrichment kit (catalogue # 20020189, Illumina) and
enriched with the TruSeq RNA Enrichment kit (catalogue
# 20020490, Illumina). The 45 Mb spanning Exome Panel
(catalogue # 20020183) was applied. For demultiplexing
index, adapters were added [TruSeq RNA Single Indexes
Set A/Set B (12 Indexes each, catalogue # A: 20020492,
B: 20020493)]. Subsequently, the quality of a library was
controlled on a Agilent 2100 Bioanalyzer (G2939A, Agilent
Technologies) using the Agilent DNA 1000 Kit (5067-1504,
Agilent Technologies) and the Agilent High Sensitivity
DNA Kit (catalogue #5067-4626, Agilent Technologies).
Sequencing was performed on a NextSeq 500 instrument
(Illumina) with 75 bp ‘paired-end’ sequencing technology
employing high-output flow cells. The mean number of
reads per sample and lane in two representative libraries was
6,189,514 (range: 1,911,295-13,212,770). The sequencing
procedure for one library took roughly 18 h and generated
raw data files in binary base call (bcl) format. The pipeline
is schematically depicted in Fig. 1.
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Fig. 1 Workflow for RNA sequencing in neuropathology diagnostics: flow chart of the protocol steps and involved equipment

Bioinformatics specific for RNA sequencing data

After sequencing, the raw data were stored on a “network
attached storage” (NAS) server and for analysis cop-
ied locally to a workstation. First, the bcl files were con-
verted into fastq format using the tool “bcl2fastq” by Illu-
mina, demultiplexed and trimmed to remove index adapter
sequences. To check the quality of the sequencing results,
the fastq files were further processed using the tool fastqc.
The independent tools deFuse [13], TopHat [8] and Arriba
(https://github.com/suhrig/arriba) were applied to the fastq
files to detect fusions in the data. Standard settings were
applied for all three tools and reads were aligned to the
Genome Reference Consortium Human Build 37 (GRCh37).

Results

Diagnostically relevant gene fusions can be
detected from FFPE RNA sequencing data

First, we wanted to test if diagnostically relevant fusions
in FFPE samples can be detected from RNA sequencing
data. We thus first compiled a validation set of 15 cases
with known fusions as detected by other methods before
(Table 1). To develop widely applicable pipelines for fusion
calling, we used the publicly available tools deFuse [13],
TopHat [8] and Arriba (https://github.com/suhrig/arriba)
and compared their performance. The workflow is depicted
in Fig. 1. Among the three tested algorithms, Arriba
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Table 1 Fusion calling of index fusions in validation set

ID Diagnosis Corresponding method Fusion partners Number of reads Arriba  deFuse TopHat
1 Pilocytic astrocytoma WHO grade I 850 k CNP KIAA1549:BRAF 25,922,949 No No No

2 Pilocytic astrocytoma WHO grade 1 850 k CNP KIAA1549:BRAF 15,459,469 No No No

3 Pilocytic astrocytoma WHO grade I 850 k CNP KIAA1549:BRAF 23,120,410 No No No

4 Pilocytic astrocytoma WHO grade 1 850 k CNP KIAA1549:BRAF 31,181,465 Yes (3) No No

5  Pilocytic astrocytoma WHO grade I 850 k CNP KIAA1549:BRAF 29,541,677 Yes (5) No No

6 HGNET MN1 850 k CNP MENI1:BEND2 9,641,586 Yes (3) No Yes (8)
7 HGNET MNI1 850 k CNP MENI1:BEND2 18,678,877 Yes (6) Yes (44) Yes (35)
8 Solitary fibrous tumor/hemangiopericytoma STAT6 staining NAB2:STAT6 22,036,275 Yes (28) No Yes (59)
9  Solitary fibrous tumor/hemangiopericytoma STAT6 staining NAB2:STAT6 2,501,812 Yes (8) Yes (114) Yes (35)
10 Solitary fibrous tumor/hemangiopericytoma STATG6 staining NAB2:STAT6 22,363,680 Yes (13) No Yes (27)
11 Ependymoma RELA positive 850 k CNP cllorf95:RELA 47,266,331 Yes (13) Yes (34) Yes (10)
12 Ependymoma RELA positive 850 k CNP cllorf95:RELA 55,572,246 Yes (5) No No

13 Ependymoma RELA positive 850 k CNP cllorf95:RELA 40,035,859 Yes (2) No No

14 Ependymoma RELA positive 850 k CNP cllorf95:RELA 38,874,441 Yes (2) No No

15 Ependymoma RELA positive 850 k CNP cllorf95:MAML2 20,440,278 Yes (3) No No

Cases in the validation set of samples with established fusion events based on another method as indicated. Three fusion detection algorithms
were used: Arriba, deFuse, and TopHat. The columns “Arriba”, “deFuse”, and “TopHat” indicate whether the fusion event was detected with the
respective tool. CNP: copy number plot, HGNET: high-grade neuroepithelial tumor with MN1 alteration. Total number of reads for the case and

number of supporting reads per tool (in parentheses) are given

Table 2 Sensitivity and computation time

Tool No of called fusions per sample in ~ Average computing
filtered output time per sample (h)
Min Max  Average SD

Arriba 2 90 25.08 2438  0:12

deFuse 1 215 39.16 5396  7:58

TopHat 0 8 1.62 239  6:40

Specifications on average number of proposed fusion calls in a repre-
sentative library and the computation time for the three assessed tools

SD standard deviation, min minimum, max maximum

emerged as the most reliable and efficient tool (Tables 1,
2) and reached a sensitivity of 80% in the validation set.
Intriguingly, the only missed fusion event with Arriba was
KIAA1549:BRAF. However, the algorithms also proposed
numerous additional fusion calls of unknown significance
(Table 2, Fig. 2).

Prospective application in neuropathology
diagnostics

Based on the findings that RNA sequencing from FFPE can
detect a considerable fraction of relevant fusions in brain
tumors, we prospectively applied this method in diagnos-
tics for selected cases. Between June 2016 and October
2018, 101 diagnostic samples were assessed (Fig. 3, Online
Resource 1: Supplementary Table 1). No strict inclusion cri-
teria were applied. Typically, RNA sequencing was triggered
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in two scenarios: first, in cases with an unclear diagnosis,
if a fusion was suspected due to one of the histologically
considered differential diagnoses and/or brain tumor clas-
sifier result [3], and if detection of a fusion was regarded as
potentially useful in finalizing the diagnosis. This pattern to
include particularly challenging cases enriched the cohort
for samples without a clear-cut WHO diagnosis. Second,
RNA sequencing was initiated if the diagnosis was already
rendered but definite detection of a certain associated fusion
had further clinical implications.

Relevant fusions were detected in n=66/101 cases
(65.3%, Fig. 3). Relevance of fusions among the proposed
calls was determined by taking into account (a) the confi-
dence prediction of the Arriba algorithm, (b) whether the
proposed fusion call results in a functional protein based
on the included protein domains and sequence, (c) affected
pathways and biological relevance in the considered differ-
ential diagnoses. Among the cases with identified relevant
fusion, the largest group with 32 samples consisted of cases
that histologically were compatible with the spectrum of
low-grade glial/glioneuronal tumors. In these, however,
no indications for the most prevalent alterations (includ-
ing BRAF mutations or fusions and FGFRI mutations) had
been detected before with panel sequencing and 850 k array.
Additionally, fusions were identified in 18 sarcomas, 11 dif-
fuse high-grade diffuse gliomas, and 5 cases of mixed other
entities. The detected fusions were integrated with the histol-
ogy and other available molecular data (e.g., indications of
breakpoints from 850 k and DNA sequencing data, Online
Resource 1: Supplementary Fig. 1) and yielded diagnostic
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insight in 43/101 cases (42.6%). This mostly applied to
fusions in the MAPK pathway for identification or confir-
mation of suspected pilocytic astrocytoma or pleomorphic
xanthoastrocytoma, or pathognomonic fusions in sarcoma,
e.g., EWSR fusion variants. In 40/101 cases (39.6%), the
detected fusions even provided a target for treatment: MAPK
pathway targets, amenable by MEK inhibitors were most
frequent (19 of 40 therapeutically relevant fusions involving
BRAF, 47.5%, and one involving RAF1), followed by equal
numbers of targets for TRK inhibitors with involvement of
NTRK1/2/3 or ROSI/ALK pathway inhibitors, respectively
(each 8/40, 20%), and FGFR alterations in 4/40 cases (10%).

Three examples are given in Fig. 4: first, a 5-year-old
girl in whom initially a pilomyxoid astrocytoma WHO
grade II (based on the 2007 classification) was diagnosed.
Additional analyses were requested as the tumor progressed
despite radiation. 850 k analysis revealed the methylation
class pilocytic astrocytoma of the midline, but both 850 k
and panel sequencing did not identify the driving alteration.
RNA sequencing detected a QKI:RAF1 fusion (Fig. 2a).

The second case was a 32-year-old man with a pilocytic
astrocytoma WHO grade I diagnosed at the age of 29. The
tumor progressed despite radiation and a second resection
was performed. Since no driver alteration was identified with
850 k and panel sequencing, a RNA sequencing was per-
formed and revealed a DMD:NTRK?2 fusion (Fig. 2b).

Third, a 2-year-old boy was histologically diagnosed with
a glioblastoma IDH wildtype WHO grade IV. DNA methyla-
tion analysis revealed the methylation class infantile hemi-
spheric glioma, an entity included in the Heidelberg brain
tumor classifier but so far not in the WHO classification.
Histologically, these tumors are typically compatible with
glioblastoma. The copy number profile (CNP) derived from
the 850 k analysis suggested several focal deletions. ALK
and ROS1 fusions, both potentially therapeutically relevant,
are frequent in this entity, and the ROS1 locus was among
the altered regions in the CNP. RNA sequencing was per-
formed and revealed an ARCNI:ROS]1 fusion (Fig. 2c¢).

All three examples show that the fusion event is within
the spectrum of pathway activations known for the respec-
tive entity, further substantiating the diagnosis, and provide
actionable targets, in these cases for MEK, NTRK, or ROS
inhibitors, respectively.

Discussion

We here demonstrated the feasibility of RNA sequencing
from FFPE-derived RNA in a diagnostic routine setting.
Collectively, our data show that RNA sequencing has great
potential to inform about diagnostically and therapeutically
relevant alterations in brain tumors. The ability to reliably
perform the analysis on RNA derived from FFPE greatly
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increases the amount of cases which can undergo this
testing.

While the current WHO classification has introduced
many molecular markers, most of them are point mutations
or copy number changes. With the emerging use of RNA and
whole genome sequencing, novel fusions that are pathog-
nomonic for previously only histologically defined, or even
not yet recognized entities have been reported. This includes
fusion events or tandem duplications, respectively, involv-
ing FOXR2, MNI1, BCOR, or CIC in novel entities previ-
ously subsumed under the term “primitive neuroectodermal
tumor” [21], MYB fusions in angiocentric glioma [1, 4], or
FGFR and NTRK fusions in other low-grade glial/glioneu-
ronal tumor [7, 18]. For papillary glioneuronal tumors, a
novel potentially entity-defining recurrent fusion involving
PRKCA has been reported [2, 5, 14, 16]. This technology
now allows the routine assessment of this increasing amount
of diagnostically relevant parameters in a standardized, com-
prehensive manner.

Since this study included diagnostic cases that already
underwent several other analyses before (e.g., reference his-
tology, DNA methylation array, DNA panel sequencing) and
these were inconclusive or even encouraged the search for a
gene fusion in absence of other driving alterations, the rate
of fusion-positive cases is certainly increased compared to
an average cohort of surgical neuropathology specimen.

In our experience, enriching the cases tested for fusions
particularly with those that are diagnostically challenging
may also result in the situation that a clinically relevant
alteration is found, but a clear-cut diagnosis can still not be
rendered since the case may—despite fusion detection—not
be compatible with the diagnostic criteria of any established
entity. Regularly applying this method in otherwise unre-
solvable cases thus holds potential to reveal not only novel,
as of yet unknown, fusion events, but also contribute to the
delineation of further novel tumor classes and subgroups.

However, the approach has also technical limitations. The
detection rate in the validation set was only 80%.

Of note, the KIAA1549:BRAF fusion transcript, which
was the only validation target that accounted for the subop-
timal detection rate, seems to be generally expressed at low
levels (authors’ unpublished data). This was also reported
in a study by Tomic et al. [22], and another study had previ-
ously shown that the fusion transcript itself is expressed at
lower levels than BRAF [11]. In our data, the cases in which
no KIAA1549:BRAF was found had no significantly infe-
rior read count than the other samples with detected BRAF
fusion or other fusions (Table 1). Of note, in two of the three
cases in which the KIAA1549:BRAF fusion was not detected,
a KIAA1549:BRAF fusion could be inferred using the ‘grep’
command to search the fastq files for known breakpoint
sequences (as proposed in [17]). In fact, in these two cases,
the fusion was originally detected by Arriba, however, with



Acta Neuropathologica (2019) 138:827-835

833
Fig.4 Representative cases: a
illustration of exact fusion chromosome 6 chromosome 3
. q26 p25.2
configuration of three repre- (R O L)  CORER R R TR
sentative diagnostic samples. — —
The chromosomal position is 04631 ©6:163899928 3:12641914
depicted and annotated and the g ] :
resulting fusion gene i.llustrated. g 0 | :
protein domains, also included i e ! . »
in the diagnostic reports, TTUREEEEmmL-OKL Tii.oo- RAM
supports interpretation of the TR %ﬂmﬂ’ﬂ{i
relevance
KH domain
QKI RAF1
Protein tyrosine kinase
b chromosome X chromosome 9
521 2 321 .33
% 7686 X:31 1|64408 9:87356807
2 l
2 1
© 0 '
|
Calponin homolog'h (CH) domain
CAMSAP CH dormain
Spectrin repeat
WW domain
EF hand
EF-hand
Zinc finger, ZZ type
DMD NTRK2
Protein tyrosine kinase
C chromosome 11 chromosome 6
423.3 q22.1
Q . .
3582 11.118455359 q.117641193
g | :
Q
8 | \
1 1

Clathrin adaptor complex small chain
{Adaptor complexes medium subunit family

ARCN1 ROS1

Protein tyrosine kinase

@ Springer



834

Acta Neuropathologica (2019) 138:827-835

only one supporting read and thus was discarded from the
results by the algorithm.

The algorithms propose many fusions that have to be
manually inspected for relevance and that due to their
number cannot feasibly be verified or falsified via PCR.
However, cases in which full mRNA fusion assessment is
performed had typically undergone a series of molecular
analyses before allowing integrating the RNA sequencing
data into already available information about possible break-
points from copy number plots (Online Resource 1: Supple-
mentary Fig. 1), or differential sequence coverage of exons
involved in the fusion event vs those not affected, and soft-
clipped reads supporting the rearrangement. Thus, we did
not apply additional FISH or PCR verification of the fusions
presented here, but integrated the RNA sequencing data with
other already available molecular information, and validated
the findings in context of histology and clinical data. If no
supporting information, e.g., about possible breakpoints, is
available, or a particular fusion may even be detected in
an entity for which it is uncommon or even unprecedented,
additional verification is certainly recommendable. With
the emergence of NGS approaches to molecular diagnos-
tics, the application of “directed” methods as FISH or PCR
will, however, probably further decrease. For now, these still
provide a cost-effective alternative if the suspected alteration
is clearly rendered.

In contrast to these technologies, our approach is unbi-
ased in that regard that it does not target a pre-defined set of
genes, thereby also differing from currently emerging RNA
sequencing panels, but is still restricted to those mRNA frag-
ments captured by the included probes.

In summary, we have shown that this comprehensive
mRNA sequencing approach can be routinely applied to
diagnostic FFPE samples. We demonstrated that this analy-
sis can provide substantial insight into the biology of other-
wise diagnostically unresolvable cases and identify imme-
diately “druggable” treatment targets.
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