
406  |     Neuropathol Appl Neurobiol. 2021;47:406–414.wileyonlinelibrary.com/journal/nan

Received: 10 July 2020  | Revised: 14 October 2020  | Accepted: 13 December 2020

DOI: 10.1111/nan.12683  

O R I G I N A L  A R T I C L E

Accurate calling of KIAA1549-BRAF fusions from DNA of 
human brain tumours using methylation array-based copy 
number and gene panel sequencing data

Damian Stichel1,2 |   Daniel Schrimpf1,2 |   Philipp Sievers1,2 |   Annekathrin Reinhardt1,2 |   
Abigail K. Suwala1,2 |   Martin Sill3,4 |   David E. Reuss1,2 |   Andrey Korshunov1,2,3 |    
Belén M. Casalini1,2 |   Alexander C. Sommerkamp3,5,6 |   Jonas Ecker3,7,8 |   Florian Selt3,7,8 |   
Dominik Sturm3,5,7 |   Astrid Gnekow9 |   Arend Koch10,11 |   Michèle Simon12 |   
Pablo Hernáiz Driever12 |   Ulrich Schüller13,14,15 |   David Capper10,11 |    
Cornelis M. van Tilburg3,7,8 |   Olaf Witt3,7,8 |   Till Milde3,7,8 |   Stefan M. Pfister3,4,7 |    
David T. W. Jones3,5 |   Andreas von Deimling1,2 |   Felix Sahm1,2,3  |    
Annika K. Wefers1,2,3,13,14,15

1Department of Neuropathology, Institute of Pathology, Heidelberg University Hospital, Heidelberg, Germany
2Clinical Cooperation Unit Neuropathology, German Consortium for Translational Cancer Research (DKTK), German Cancer Research Center (DKFZ), 
Heidelberg, Germany
3Hopp Children’s Cancer Center (KiTZ), Heidelberg, Germany
4Division of Pediatric Neurooncology, German Cancer Consortium (DKTK), German Cancer Research Center (DKFZ), Heidelberg, Germany
5Pediatric Glioma Research Group, German Cancer Research Center (DKFZ), Heidelberg, Germany
6Faculty of Biosciences, Heidelberg University, Heidelberg, Germany
7Department of Pediatric Oncology, Hematology, Immunology and Pulmonology, Heidelberg University Hospital, Heidelberg, Germany
8Clinical Cooperation Unit Pediatric Oncology, German Cancer Research Center (DKFZ) and German Cancer Consortium (DKTK), Heidelberg, Germany
9Swabian Children’s Cancer Center, University Hospital Augsburg, Augsburg, Germany
10Department of Neuropathology, Charité-Universitätsmedizin Berlin, Corporate member of Freie Universität Berlin, Humboldt-Universität zu Berlin and Berlin 
Institute of Health, Berlin, Germany
11German Cancer Consortium (DKTK, Partner Site Berlin, German Cancer Research Center (DKFZ, Heidelberg, Germany
12Department of Pediatric Oncology/Hematology and Stem Cell Transplantation, Charité-Universitätsmedizin Berlin, Corporate member of Freie Universität 
Berlin, Humboldt-Universität zu Berlin and Berlin Institute of Health, Berlin, Germany
13Institute of Neuropathology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany
14Department of Pediatric Hematology and Oncology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany
15Research Institute Children’s Cancer Center Hamburg, Hamburg, Germany

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society.

Correspondence
Damian Stichel, Department of 
Neuropathology, Heidelberg University 
Hospital, Im Neuenheimer Feld 224, 
69120 Heidelberg, Germany.
Email: damian.stichel@med.uni-
heidelberg.de

Annika K. Wefers, Institute of 
Neuropathology, University Medical 

Abstract
Aims: KIAA1549-BRAF fusions occur in certain brain tumours and provide druggable tar-
gets due to a constitutive activation of the MAP-kinase pathway. We introduce work-
flows for calling the KIAA1549-BRAF fusion from DNA methylation array-derived copy 
number as well as DNA panel sequencing data.
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INTRODUC TION

A fusion of the genes KIAA1549 and BRAF, generated through a focal 
tandem duplication on 7q34, causes constitutive activation of the 
mitogen-activated protein kinase (MAPK) pathway [1]. It initiates 
cell growth, migration, differentiation and survival, and plays a cru-
cial role in tumour development [2]. Hence, MEK inhibitors may be 
considered as a therapeutic option in the presence of a KIAA1549-
BRAF fusion [3, 4]. The KIAA1549-BRAF fusion is the most common 
genetic alteration in pilocytic astrocytoma [1], but it also occurs in 
other central nervous system (CNS) tumours such as diffuse lep-
tomeningeal glioneuronal tumour (DLGNT) [5, 6] and high-grade as-
trocytoma with piloid features [7].

Several variants of the KIAA1549-BRAF fusion exist, with fu-
sions of exons 16:9 and 15:9 being the most frequent events [1, 8]. 
Calling of KIAA1549-BRAF fusions is commonly performed using flu-
orescence in situ hybridization (FISH) or targeted RT-PCR [1, 9–11]. 
However, these techniques may miss some variants [12]. While RNA 
sequencing is currently becoming the gold standard for detection of 
gene fusions and is increasingly used in diagnostic settings [13–15], 
it is still not universally available and may be challenging from forma-
lin-fixed paraffin-embedded samples (FFPE).

DNA methylation profiling is becoming more widely used in rou-
tine diagnostics of brain tumours [16]. Copy number profiles calculated 
from DNA methylation data may be used for the detection of a focal 
copy number gain on 7q34, resulting from the tandem duplication 
generating the KIAA1549-BRAF fusion. Visual calling of this gain has 

been done in some studies [6, 7, 16]. However, so far it has not been 
validated how reliably this gain can be detected, and how closely such 
an event called visually correlates with the presence of this fusion. 
Furthermore, prior to a visual inspection, an automated algorithm to 
detect focal gains suggesting a KIAA1549-BRAF fusion might be helpful 
for a pre-evaluation for diagnostic purposes, or when screening larger 
cohorts as recently exemplified for YAP1 fusions [17].

In addition to DNA methylation profiling, DNA panel sequencing 
from FFPE tissue is also becoming more widely available in routine 
diagnostics. If intronic sequences of potential fusion partners such 
as KIAA1549 and BRAF are covered in a gene panel, it may be used 
for gene fusion detection. However, few data regarding how reliably 
the KIAA1549-BRAF fusion can be detected from DNA panel data 
and which algorithms are suitable for the analysis are available.

MATERIAL S AND METHODS

Data generation

DNA methylation analysis

DNA was processed using the Illumina HumanMethylation450 or 
EPIC BeadChip array as previously described [18]. The data were 
analysed with the DNA methylation-based brain tumour classifier 
[18]. Samples were regarded classifiable to a DNA methylation class 
if the calibrated classifier score was ≥0.9. A detailed description of 
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Methods: Copy number profiles were analysed by automated screening and visual veri-
fication of a tandem duplication on chromosome 7q34, indicative of the KIAA1549-BRAF 
fusion. Pilocytic astrocytomas of the ICGC cohort with known fusion status were used 
for validation. KIAA1549-BRAF fusions were called from DNA panel sequencing data 
using the fusion callers Manta, Arriba with modified filtering criteria and deFuse. We 
screened DNA methylation and panel sequencing data of 7790 specimens from brain 
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Results: We identified the fusion in 337 brain tumours with both DNA methylation and 
panel sequencing data. Among these, we detected the fusion from copy number data in 
84% and from DNA panel sequencing data in more than 90% using Arriba with modified 
filters. While in 74% the KIAA1549-BRAF fusion was detected from both methylation 
array-derived copy number and panel sequencing data, in 9% it was detected from copy 
number data only and in 16% from panel data only. The fusion was almost exclusively 
found in pilocytic astrocytomas, diffuse leptomeningeal glioneuronal tumours and high-
grade astrocytomas with piloid features.
Conclusions: The KIAA1549-BRAF fusion can be reliably detected from either DNA meth-
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the methylation classes is outlined under https://www.molec ularn 
europ athol ogy.org. The same analysis was done using the sarcoma 
classifier (https://www.molec ulars arcom apath ology.org; Koelsche C 
et al., accepted for publication).

DNA panel sequencing

Gene panel sequencing from FFPE samples was performed and data 
were processed as previously described.[19] The applied brain tumour 
gene panel covers intronic regions of the genes KIAA1549 and BRAF 
(see Table S1 for details on all covered regions on chromosome 7).

RNA sequencing

RNA sequencing of formalin-fixed paraffin-embedded tissue was 
performed as previously described [14]. These data were used as ad-
ditional validation.

RT-PCR

RNA was extracted from FFPE tissue with the Maxwell 16 LEV RNA 
FFPE Kit (Promega, Fitchburg, WI, USA) according to the manufac-
turer's instructions. cDNA was obtained using the SuperScript III 
Reverse Transcriptase (Thermo Fisher). PCRs for the most common 
fusion transcripts of KIAA1549 ex. 15 – BRAF ex. 9, KIAA1549 ex. 
16 – BRAF ex. 9 and KIAA1549 ex. 16 – BRAF ex. 11 were then done 
as described previously [9].

Calling of the KIAA1549-BRAF fusion

Calling of the KIAA1549-BRAF fusion by visual and 
automated inspection of copy number profiles 
calculated from DNA methylation array data

Copy number profiles were computed from the methylation data using 
the R package conumee [20]. Visual inspection indicated a KIAA1549-
BRAF fusion in the copy number profiles if a narrow gain of the 7q34 
region, representing the duplication, was present. In the automated anal-
ysis, evidence of the KIAA1549-BRAF fusion in the copy number profile 
was given if the median intensity of the probes on 7q34, which are in-
volved in the duplication region (range: 7:138.500.000–7:140.500.000, 
GRCh37), was 0.1 higher than the median intensity of all probes on the 
whole chromosome 7q, as well as 0.07 higher than the median intensity 
of all probes on 7q33 and 0.07 higher than the median intensity of all 
probes on 7q35. To avoid false positives, the fusion was not called auto-
matically if one arm of chromosome 7 was split into 10 or more segments 
by the circular binary segmentation algorithm implemented in the R 
package DNAcopy [21]. This may occur in cases with low DNA quality or 
complex rearrangements such as chromothripsis on chromosome 7 [22].

Calling of the KIAA1549-BRAF fusion from DNA panel 
sequencing data

To call KIAA1549-BRAF fusions from fastq files derived from DNA panel 
sequencing, we used the independent tools Manta [23] (version 1.6.0; 
with parameter --rna, all calls with “PASS” in the column “filter” kept), 
deFuse [24] with standard settings and Arriba (https://github.com/suhri 
g/Arriba, version 1.2.0 with STAR aligner [25] version 2.6.1e), initially 
with standard settings. In addition, we searched for KIAA1549-BRAF 
fusions in the ‘discarded’ output of the Arriba analysis for all cases for 
which no KIAA1549-BRAF fusion was indicated by Arriba in the main 
output file. The standard settings of Arriba were developed for analy-
sis of RNA sequencing data. Thus, all fusions with no supporting reads 
overlapping an exon are automatically discarded. As the breakpoints 
on the DNA level are almost exclusively in intronic sequences, we re-
trieved all KIAA1549-BRAF fusions from the original discarded output of 
Arriba that had been discarded by the filters ‘intronic’, ‘mismatches’ or 
‘mismappers’, provided that at least two supporting reads were present. 
If more than one alignment variant of the KIAA1549-BRAF fusion was 
found in similar positions in the discarded output, we chose the one 
with the highest number of split reads.

Calling of the KIAA1549-BRAF fusion from RNA 
sequencing data

We used the independent tools deFuse [24] and Arriba (https://
github.com/suhri g/Arriba, version 1.2.0 with STAR aligner [25] ver-
sion 2.6.1e) with standard settings.

Sample selection

The cohort was compiled from archival tissue for which ethical ap-
proval for research use was granted by local regulations.

Further data analysis

All further analyses were performed in R,[26] version 3.4.4. Plots of 
Figure S3 were created using the script ‘draw_fusions.R’ in R, avail-
able at https://github.com/suhri g/Arriba.

RESULTS

Automated and visual calling of a gain of 7q34, 
indicative of the KIAA1549-BRAF fusion, from copy 
number profiles calculated from DNA methylation 
data show a high correlation

To investigate whether an automated analysis of copy number 
profiles from DNA methylation data can be reliably used for a  
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screening of a 7q34 duplication, we defined criteria for an auto-
mated analysis (see methods). We screened DNA methylation data 
from 19,532 samples (13,617 FFPE, 5,915 fresh frozen), classifiable 
with the brain tumour classifier,[18] for a gain of 7q34. A gain of 
7q34 was detected in 732/19,532 (4%; 545 FFPE, 187 fresh frozen) 
with the automated analysis. An example of a copy number profile 

showing the typical gain is depicted in Figure 1. All cases with evi-
dence of a fusion were independently re-analysed visually by an 
experienced neuropathologist. Comparison to the visual analysis 
showed accordance in the vast majority of cases (673/732, 92%; 
Figure 2A). The majority of discrepancies in cases with a gain in the 
automated analysis related to low DNA quality resulting in noisy 
copy number profiles (33/732 cases (5%) scored ‘not evaluable’, 
26/732 cases (4%) ‘possible gain’ in the visual analysis).

After establishing a protocol for analysis of DNA panel data for 
the KIAA1549-BRAF fusion (see below), we repeated this analysis for 
all cases with FFPE material for which DNA panel data were avail-
able, and for which the KIAA1549-BRAF fusion was detected either 
by visual calling from copy number plots derived from DNA meth-
ylation data, independent of the classifier scores, or from DNA or 
RNA sequencing data, that is, cases in which the KIAA1549-BRAF 
fusion was detected with at least one method used (n = 354, Table 
S2; Figure S1). Again, there was concordance in the majority of cases 

F I G U R E  1  Exemplary copy number profile from a pilocytic 
astrocytoma WHO grade I with a KIAA1549 ex. 16-BRAF ex. 
9 fusion showing a 7q34 gain (arrow) caused by the tandem 
duplication of KIAA1549 and BRAF on the chromosome 7q34 locus
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(n = 301/354, 85%) and we did not observe any case that was fu-
sion positive with the automated analysis but clearly fusion negative 
upon visual inspection. In only 7/343 cases (2%), a KIAA1549-BRAF 
fusion was detected by visual but not by automated analysis.

For validation purposes, we analysed a published ICGC dataset 
of 95 pilocytic astrocytomas with known KIAA1549-BRAF status 
derived from whole-genome sequencing (WGS) [27] (n = 68 fusion 
positive, n = 27 fusion negative). Both with the automated analy-
sis and an independent visual analysis, we received a specificity of 
100% and a sensitivity of 96% in this cohort as compared to WGS 
data (Figure 2B, Table S3). The results of the automated and visual 
analysis differed in nine samples (only one clearly discrepant; two 
“possible” and six "not evaluable" in the visual analysis).

In summary, we found that a gain of 7q34, indicative of a 
KIAA1549-BRAF fusion, can be detected from DNA methylation data 
with high sensitivity and specificity. The automated calling of a gain 
of 7q34 shows a high agreement with a visual analysis.

A gain of 7q34 is almost exclusively detected in a 
few glioma entities known to harbour KIAA1549-
BRAF fusions

To determine in which tumour entities a gain of 7q34, indicative of 
a KIAA1549-BRAF fusion, occurs, we analysed to which methyla-
tion classes (MC) of the brain tumour classifier the 673 tumours be-
longed for which a gain was detected both with the automated and 
visual analysis (Table S4). As expected, most cases were assigned to 
methylation classes of pilocytic astrocytoma (PA; n = 616), diffuse 
leptomeningeal glioneuronal tumour (DLGNT; n = 27) and high-
grade astrocytoma with piloid features (HGAP, previously referred 
to as anaplastic astrocytoma with piloid features, or anaplastic PA; 
n = 21). Four positive cases originally classified as glioblastoma, 
IDH wild type, subclass midline most likely also represent DLGNTs 
according to their copy number profiles and a t-distributed sto-
chastic neighbour embedding analysis (t-SNE). One case was clas-
sified as desmoplastic infantile astrocytoma/ganglioglioma. Single 
cases belonged to methylation classes of control tissue that may 
contain, for example, pilocytic astrocytomas with a low tumour 
cell content. Only 3/673 cases (0.4%) were assigned to methyla-
tion classes for which the presence of a KIAA1549-BRAF fusion 
is unlikely (one case each in methylation class glioblastoma, IDH 
wild type, subclass mesenchymal; methylation class IDH-mutant 
glioma, subclass high-grade astrocytoma; methylation class CNS 
Ewing sarcoma family tumour with CIC alteration). In two of these 
cases, the gain was not entirely prototypical. For the third case, no 
material was left to confirm or exclude the presence of the fusion. 
In summary, all cases but one (1/673, 0.1%) with a gain of 7q34 
were assigned to methylation classes of entities known to harbour 
the KIAA1549-BRAF fusion, that is, mainly pilocytic astrocytoma 
but also DLGNT and HGAP. With the automated analysis alone, a 
small number of additional cases with hints of a KIAA1549-BRAF 
fusion assigned to different methylation classes were detected. 

However, many of these were scored “not evaluable” with a visual 
analysis (Figure 2A; Table S4).

Additionally, we analysed methylation data of n = 3311 tumours 
that were classifiable with the sarcoma classifier (Koelsche C et al., 
accepted for publication) but not the brain tumour classifier, as the 
KIAA1549-BRAF fusion has not been described in sarcomas. The 
automated analysis predicted a gain of 7q34 in only 0.4% of cases 
(n = 14/3311; Table S5). Most of these cases were related to an in-
creased signal-to-noise ratio and scored ‘not evaluable’ (n = 9/14, 
64%) or ‘possible’ (n = 3/14, 21%) in the visual analysis. Only in two 
cases was a gain confirmed in the visual analysis. However, one of 
these cases was a pilocytic astrocytoma that was misclassified by 
the sarcoma classifier due to a high content of inflammatory cells. 
The other one was a chondrosarcoma with a 7q34 gain that was not 
entirely prototypical and, as expected, no KIAA1549-BRAF fusion 
was detected by RNA sequencing.

Thus, we conclude that a gain of 7q34, indicative of a KIAA1549-
BRAF fusion, in copy number profiles calculated from DNA methyla-
tion data is almost exclusively found in the few gliomas/glioneuronal 
tumours known to harbour KIAA1549-BRAF fusions.

The frequency and age distribution of 7q34 gain 
vary in different methylation classes of glial/
glioneuronal tumours

For all methylation classes with frequent gain of 7q34, that is, meth-
ylation classes of PA, DLGNT and HGAP, we calculated the per-
centage of tumours with a gain of 7q34 in an automated analysis. 
In line with earlier publications, a gain was detected in 71% of pilo-
cytic astrocytomas of the posterior fossa (487/682; Figure 2C) and 
about half of pilocytic astrocytomas of the midline (136/275; 49%) 
but was rare in supratentorial tumours (7%; 10/144). Also, the gain 
was detected in about half of DLGNT (27/49; 55%) and in 15% of 
HGAP (21/139). In HGAP and DLGNT, the 7q34 gain occurs in all age 
groups, whereas in pilocytic astrocytomas, it is significantly more 
frequent in younger children (posterior fossa mean age fusion posi-
tive: 8.6 years, mean age fusion negative: 10.7 years, p = 0.03, t-test; 
midline 5.4 vs. 8.4 years, p = 0.05; supratentorial 12.0 vs. 17.7 years, 
p = 0.03; no significant difference in HGAP (39.9 vs. 44.9 years, 
p = 0.3) and DLGNT (18.5 vs. 17.7 years, p = 0.9); Figure 2D).

The KIAA1549-BRAF fusion can be reliably detected 
from DNA panel sequencing data

To evaluate whether the KIAA1549-BRAF fusion can be reliably iden-
tified from DNA panel data, we pre-selected cases from our data-
base for which the fusion had been called in copy number analyses 
from DNA methylation data and for which panel sequencing data 
were available (n = 282, all FFPE). In this set, Arriba with modified 
filter settings detected the KIAA1549-BRAF fusion from panel se-
quencing data in 89% of copy number–positive cases (251/282) as 
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opposed to only 10% with the unmodified Arriba (27/282; data not 
shown).

Next, all panel sequencing data available were analysed for the 
presence of this fusion. Cases for which the fusion had been called 
either in copy number analyses from DNA methylation data or in 
sequencing data with one or several of the fusion callers deFuse, 
Manta or Arriba, and for which panel sequencing data were avail-
able, were selected, that is, all cases with evidence of a KIAA1549-
BRAF fusion (n = 348, Table S2; in addition, the table contains cases 
with RNA-Seq data). deFuse detected the KIAA1549-BRAF fusion in 
about 55% of cases (n = 191/348; Figure 3; Table S2) while Manta 
detected it in 72% of cases (n = 249/348). We achieved the high-
est detection rate of 90% with Arriba with modified filter settings 
(n = 314/348; Figure 3; Table S2). Since only in few cases the fu-
sion was detected with Manta and/or deFuse but not with Arriba, 
use of all three fusion callers combined only slightly increased the 
overall detection rate from 90% with Arriba only to a total of 94% 
(n = 328/348; Figure 3). Thus, in this setting, Arriba with modified 
filter settings is well suited to detect the KIAA1549-BRAF fusion. 
Figure S3 illustrates an exemplary fusion.

To check whether these results are specific, we assigned all clas-
sifiable cases with DNA methylation data to methylation classes 
using the brain tumour classifier. The fusion was again only detected 
in different methylation classes of pilocytic astrocytoma, DLGNT, 
HGAP and control tissue, suggestive of a low tumour cell content 

(integrated diagnoses in Table S2). Thus, we conclude that the algo-
rithm is specific.

In summary, the analysis of DNA panel sequencing data is well 
suited to detect the KIAA1549-BRAF fusion in a diagnostic setting.

The KIAA1549-BRAF fusion is detected in most cases 
by both copy number analyses from DNA methylation 
data and by fusion calling from DNA panel data

To evaluate whether calling of the KIAA1549-BRAF fusion from DNA 
methylation data or from DNA panel sequencing data is more sensi-
tive, we selected cases for which both DNA methylation data and 
data from DNA panel sequencing were available, and in which the 
KIAA1549-BRAF fusion was detected with at least one of the meth-
ods used. Among these, we detected the fusion from DNA methyla-
tion data in 84% of the cases by visual analysis (Fig. S2). From DNA 
panel sequencing data, the fusion was again detected in more than 
90% using Arriba with modified filters (304/337), and in only a fur-
ther 4% when adding deFuse and Manta (13/337). Further compari-
sons of DNA methylation analyses and panel sequencing analyses 
with the modified Arriba indicate that in the vast majority of cases, 
the KIAA1549-BRAF fusion was detected with methylation and panel 
analyses (n = 251/337; 74%; Fig. S2). However, in 9% (31/337), there 
was only evidence of the KIAA1549-BRAF fusion from copy number 
data while in 16% (53/337), the fusion was detected only from DNA 
panel sequencing data.

For an additional validation, we selected all cases from our da-
tabase for which RNA sequencing data from FFPE tissue was avail-
able, and for which the KIAA1549-BRAF fusion was detected either 
by visual calling from copy number plots derived from DNA meth-
ylation data or from any type of sequencing data (n = 30; Table S2). 
In total, we screened RNA sequencing data from 1462 samples of 
various brain tumour and sarcoma entities with deFuse and Arriba 
for a KIAA1549-BRAF fusion. For one of the selected samples, 
only RNA sequencing data were available while for all other cases, 
DNA methylation data and for 23 cases also DNA panel data were 
available.

As published earlier [14], Arriba was much more sensitive than 
deFuse in the detection of gene fusions from RNA-sequencing data 
(Arriba 87% (26/30) vs. deFuse 30% (9/30), Fig. S4). An exemplary 
gene fusion called is illustrated in Figure S3b.

We then compared the detection of the KIAA1549-BRAF fu-
sion in these cases by RNA sequencing to the detection from copy 
number profiles or DNA panel sequencing. For 25/26 cases with 
proven fusions from RNA sequencing data, methylation data were 
available. In 19 of these cases (76%), a gain of 7q34 was detected 
in a visual evaluation of the copy number profiles. In 4/25 cases 
(16%), a gain was possible while in two cases, it was not detected 
(2/25, 8%). In 19/21 cases (90%) with proven fusions from RNA 
sequencing data and with additional DNA panel data, the fusion 
was detected from DNA panel data with Arriba. In 14/23 cases 
(61%) for which DNA methylation and both DNA panel and RNA 

F I G U R E  3  The KIAA1549-BRAF fusion can be reliably detected 
with DNA panel sequencing. Number of called fusions with the 
following fusion callers (from left to right): deFuse, Manta and 
Arriba with modified filter settings, combination of the three 
tools. Included were all cases with panel sequencing data in which 
evidence for a KIAA1549-BRAF fusion was found either in copy 
number profiles from DNA methylation data or in sequencing data 
(n = 348 cases). A version of this figure including RNA sequencing 
data is depicted in Figure S4
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sequencing data were available, the fusion was detected with all 
methods used.

In 3/4 of the cases in which the KIAA1549-BRAF fusion was 
not detected by RNA sequencing, a gain of 7q34 was visible in the 
copy number profile. In two of these four cases (50%), the fusion 
was also detected from panel sequencing data. The presence of the 
fusion in these four cases could be confirmed by identifying a split 
read in the RNA fastq files using the grep command as proposed in 
Panagopoulos, Gorunova [28]. Thus, compared to the RNA sequenc-
ing data as reference, in this set (588 samples with both DNA and 
RNA sequencing data analysed, 1129 samples with both RNA se-
quencing and methylation data analysed) our methods for calling the 
KIAA1549-BRAF fusion from methylation and panel data returned 
no false positives.

Even though the RNA dataset is comparatively small, these data 
show again that while KIAA1549-BRAF fusions are detected with 
several methods in most cases, they may be missed in individual 
cases when using only one method.

Finally, we did exemplary RT-PCRs for KIAA1549-BRAF fusions 
of exons 15 and 9, 16:9 and 16:11 to additionally confirm the results 
from DNA panel sequencing and RNA sequencing. As expected, fu-
sions of exons 15–9 (two samples) and 16–9 (five samples) were de-
tected by RT-PCR, whereas a fusion of exons 15 and 11 was missed 
(two samples; data not shown). In addition, we compared the data 
from whole-genome sequencing and copy number profiles from 
DNA methylation data of the ICGC validation cohort to the results 
of FISH-analyses and RT-PCRs of a subset. Results from the copy 
number analyses are well in line with those from exemplary FISH 
analyses and RT-PCR (Fig. S5). These data confirm that DNA panel 
sequencing and DNA methylation analyses are well suited to detect 
KIAA1549-BRAF fusions, and that even rare fusions may be discov-
ered by DNA panel sequencing.

DISCUSSION

In this study, we compared the performance of different approaches 
for calling the KIAA1549-BRAF fusion from copy number data ob-
tained with DNA methylation arrays and DNA panel sequencing data 
across a large cohort of brain tumour and sarcoma samples. We find 
that the KIAA1549-BRAF fusion can be reliably detected both from 
methylation array data and DNA panel sequencing data. Clinically, 
this is relevant both as a diagnostic/prognostic as well as a therapeu-
tic marker, as patients with tumours harbouring a KIAA1549-BRAF 
fusion may be treated with MEK inhibitors [4].

The techniques most widely used for the detection of the 
KIAA1549-BRAF fusion are FISH analysis and RT-PCR. While FISH 
analysis depends on tissue integrity and thus may be technically 
challenging in some cases, RT-PCR approaches only cover the most 
common fusion combinations of KIAA1549 and BRAF, that is, often 
exons 16:9, 15:9 and 16:11 [1, 12], and they also require suitable 
RNA. RNA sequencing on the other hand has a high sensitivity for 
the detection of all types of fusion transcripts, but it largely depends 

on the RNA quality and thus may be challenging from some FFPE 
samples. Moreover, it is not yet widely available in a diagnostic 
context.

DNA methylation arrays, however, are becoming more and more 
widely used and can be used for computing a classifier diagnosis 
and a copy number profile at the same time [16, 18]. Visual analy-
sis of the copy number profile has a high sensitivity for the detec-
tion of this fusion as validated with the ICGC dataset in our study. 
Moreover, the frequency of a gain of 7q34 and the age distribution in 
different methylation classes of pilocytic astrocytoma, DLGNT and 
HGAP were in line with the frequencies of KIAA1549-BRAF fusions 
reported earlier [6, 7, 9, 12]. The fusion was almost exclusively de-
tected in these tumours, confirming the specificity of the method. 
Interestingly, in our large cohort, we never found a KIAA1549-BRAF 
fusion in gangliogliomas, for which the fusion has been described in 
single cases [29, 30], or dysembryoplastic neuroepithelial tumours.

For use in a clinical setting, we recommend confirming a 
KIAA1549-BRAF fusion as indicated by a gain of 7q34 with a second 
method, for example panel sequencing, in two scenarios. First, in 
cases in which a focal gain of 7q34 is not in line with the histological 
or molecular diagnosis, in order to rule out a different copy number 
alteration resembling a focal gain of 7q34 caused by a KIAA1549-
BRAF tandem duplication. Second, in cases in which no 7q34 gain 
is detected or in which the gain is not the prototypical focal gain of 
7q34, in which, however, the presence of a BRAF fusion might be 
expected. A gain of 7q34 may in exceptional cases be caused by a 
different BRAF fusion. This would also be clinically important, as it 
would also lead to a MAPK activation.

Our data furthermore indicate that automatic evaluation of the 
7q34 tandem duplication from the copy number profiles shows a 
high concordance with visual inspection and is thus suitable for a 
fast automated screening of large datasets or an initial clinical eval-
uation of prospective cases. In the latter situation, however, a visual 
verification is recommended, especially in entities that have not pre-
viously been described to harbour KIAA1549-BRAF fusions. Based 
on these results, a screening of diagnostic cases or large datasets 
of DNA methylation data also for other relevant fusions resulting in 
copy number changes could be established.

Another technique that is becoming increasingly used in the 
diagnostic setting is DNA panel sequencing. The advantage of this 
technique is that if intronic sequences for certain gene fusions are 
included, it may be used to screen for mutations and gene fusions 
at the same time [19]. This is especially helpful for tumours such as 
supratentorial pilocytic astrocytomas that may harbour different 
alterations activating the MAPK pathway [12]. We show here that 
the algorithm Arriba is well suited to detect the KIAA1549-BRAF fu-
sion from DNA panel data after adjusting the filter settings. While 
single extremely rare KIAA1549-BRAF fusions may be missed with 
DNA panel sequencing as it is not feasible to cover all intronic re-
gions of the two genes, the vast majority is detected with the re-
gions covered by the applied panel, that is, many more combinations 
than with RT-PCR. To some extent, the detection rate also depends 
on the DNA quality, although 93% of the fusions could be detected 
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with panel sequencing in our cohort, despite the DNA being derived 
from archival FFPE tissue. In comparison, panel sequencing per-
formed slightly better than the analysis of DNA methylation-based 
copy number profiles (84%). While both have a high specificity and 
in the majority of cases use of one method is sufficient to detect the 
KIAA1549-BRAF fusion, a combination of both methods leads to a 
higher sensitivity. Copy number analyses may miss a gain of 7q34 
due to a poor signal-to-noise ratio, and both copy number analyses 
and panel sequencing may miss the fusion due to a low tumour cell 
content or poor DNA quality. Thus, in cases without evidence of a 
KIAA1549-BRAF fusion with one method, in which, however, the 
presence of a KIAA1549-BRAF fusion is highly likely (e.g. pilocytic 
astrocytoma in the posterior fossa), use of a second method is rec-
ommended. In paediatric studies such as MNP2.0 and PTT2.0 [31], 
both methods are routinely used, increasing the likelihood of the 
detection of this fusion. The modified Arriba algorithm might in the 
future also be used for the detection of different fusion genes for 
which intronic sequences can be included in the DNA panel.

In conclusion, we show that the KIAA1549-BRAF fusion can be 
reliably detected both from copy number profiles generated from 
DNA methylation data and from DNA panel sequencing data in a 
diagnostic setting, and that this fusion is restricted to a handful of 
distinct molecular brain tumour classes.
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