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Abstract 

Background: Juvenile Pilocytic Astrocytomas (JPAs) are one of the most common pediatric brain tumors, and they 
are driven by aberrant activation of the mitogen-activated protein kinase (MAPK) signaling pathway. RAF-fusions are 
the most common genetic alterations identified in JPAs, with the prototypical KIAA1549-BRAF fusion leading to loss of 
BRAF’s auto-inhibitory domain and subsequent constitutive kinase activation. JPAs are highly vascular and show per-
vasive immune infiltration, which can lead to low tumor cell purity in clinical samples. This can result in gene fusions 
that are difficult to detect with conventional omics approaches including RNA-Seq.

Methods: To this effect, we applied RNA-Seq as well as linked-read whole-genome sequencing and in situ Hi-C as 
new approaches to detect and characterize low-frequency gene fusions at the genomic, transcriptomic and spatial 
level.

Results: Integration of these datasets allowed the identification and detailed characterization of two novel BRAF 
fusion partners, PTPRZ1 and TOP2B, in addition to the canonical fusion with partner KIAA1549. Additionally, our Hi-C 
datasets enabled investigations of 3D genome architecture in JPAs which showed a high level of correlation in 3D 
compartment annotations between JPAs compared to other pediatric tumors, and high similarity to normal adult 
astrocytes. We detected interactions between BRAF and its fusion partners exclusively in tumor samples containing 
BRAF fusions.

Conclusions: We demonstrate the power of integrating multi-omic datasets to identify low frequency fusions and 
characterize the JPA genome at high resolution. We suggest that linked-reads and Hi-C could be used in clinic for the 
detection and characterization of JPAs.
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Background
Juvenile Pilocytic Astrocytomas (JPAs) are the most 
common type of pediatric low-grade glioma (pLGG) 
[1]. They are characterized by abnormal activation of 
the mitogen-activated protein kinase (MAPK) pathway 
mediated by various genetic events [2, 3]. Over 60% of 
JPAs contain a tandem duplication leading to a fusion 
between KIAA1549 and BRAF that results in the loss of 
the auto-inhibitory domain of BRAF and the constitu-
tive activation of its kinase domain [2, 4]. Similar fusions 
leading to constitutive activation of both BRAF and RAF1 
(a serine/threonine-specific protein kinase, also part of 
the RAF family) with a variety of 5′ partners have been 
identified over the last few years, steadily increasing the 
RAF fusion partner spectrum in JPAs as well as in mela-
nomas and solid tumors [2, 3, 5–8]. This wide variety of 
fusion partners has complicated the molecular diagnostic 
of JPAs in the clinic, since the classical targeted approach 
(RT-PCR) fails to capture the full spectrum of fusions.

While survival rates for patients with pLGG are 
high (the 10-year survival rate is over 90% [2]), in rare 
instances, they can be challenging to differentiate from 
higher grade gliomas, especially in infants, and in ado-
lescents and young adults. Indeed, in tumours resected 
from infants, proliferation rates higher than what is typi-
cal in JPA (below 5%) can be encountered. Meanwhile, 
in adolescents and young adults, a new entity (anaplastic 
pilocytic astrocytoma) has been recently described which 
shows more aggressive behavior and less favorable prog-
nosis than JPAs. To improve molecular diagnosis and 
spare patients’ unnecessary chemo- and radiotherapy, 
it is imperative that we are able to detect the canonical 
and novel RAF fusions with high sensitivity, particularly 
in cases were high non-tumor content prevents us from 
achieving correct molecular diagnosis using standard 
next-generation sequencing or DNA methylation arrays. 
Additionally, characterizing the spectrum of RAF fusion 
partners in JPAs would help provide better understand-
ing of the underlying molecular mechanisms leading to 
these oncogenic events.

To date, many studies looking at JPAs have focused on 
differential methylation and expression patterns across 
tumor locations [9–14]. These studies were performed 
using array technologies able to detect structural vari-
ants (SVs) caused by tandem duplications, such as the 
KIAA1549-BRAF fusion [4], or large deletions, such as 
the ones causing the recurrent FAM131B-BRAF fusion 
[8], but are not able to detect fusions created by copy 

neutral alterations such as chromosomal translocations 
and inversions. While large consortium studies that use 
whole-genome sequencing (WGS) and RNA sequencing 
(RNA-Seq) have had more success in identifying novel 
somatic events in pLGG [3, 6], both technologies have 
their limitations when used to characterize the complex 
genomic rearrangements giving rise to these fusions. 
Large SVs (typically described as > 30 kb) are difficult to 
detect with typical short read sequencing [15] and the 
low sample purity [9, 10, 16, 17] in some JPAs further 
complicates SV detection by WGS. When perform-
ing RNA-Seq, this limitation may be overcome by high 
expression of the transcript of interest, however, in JPAs 
overexpression of constitutively active BRAF has been 
shown to cause oncogene-induced senescence [18]. Addi-
tionally, the mechanism by which the fusion was created 
cannot be deciphered by RNA-Seq.

One potential solution is the use of linked-read 
sequencing, which tags all reads coming from a single 
piece of high molecular weight DNA with a shared bar-
code also called a unique molecular ID (UMI) [19]. This 
library is then be sequenced using short Illumina reads 
and the UMIs are used to identify reads originating from 
the same long DNA molecule which improves alignment. 
Linked-read technology allows not only the detection of 
much larger structural variants than short read sequenc-
ing alone, but also the generation of haplotype blocks 
that can be leveraged during analysis. Another potential 
approach is Hi-C, which allows us to assess the level of 
the interactions between different genomic regions in 
3D space as well as chromatin compaction throughout 
the genome. Regions of low compaction are transcrip-
tionally active and referred to as type A compartments, 
while type B compartments are highly compacted and 
transcriptionally repressed. Compartments of the same 
type have also been shown to interact with each other to 
a greater extent than those of a different type [20].

To this effect, we applied RNA-Seq to nine JPA samples 
in combination with 10x Genomics’ linked-reads in six 
of these samples to assess its performance in the discov-
ery and detailed characterization of low frequency BRAF 
fusions including two with novel fusion partners PTPRZ1 
and TOP2B. We also generated in situ Hi-C libraries from 
primary JPA tumor samples in order to gain more insight 
into the association between fusion-partner genes and 
nuclear topology. Investigation of the Hi-C data allowed 
us to assess whether the compartments are consistent 
across JPAs, the accessibility of the regions involved in 
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RAF fusions as well as if those regions interact in normal 
cells.

Methods
RNA Sequencing
RNA-Seq data was generated for 9 samples.  Our pipe-
line was build based on the recommendations by Som-
merkamp et  al.  [41]. Reads were aligned with STAR 
(v2.5.3a) [21] to reference GRCh38_gencode_v33_CTAT_
lib_Apr062020 using the following parameters:

--twopassMode Basic --chimSegmentMin 12 --chi-
mOutType WithinBAM.
--alignSplicedMateMapLminOverLmate 0.5 --out-
FilterMultimapNmax 20.
--alignSJoverhangMin 8 --alignMatesGapMax 
200,000 --alignIntronMax 200,000.
--alignSJDBoverhangMin 10 --alignSJstitchMis-
matchNmax 5–1 5 5 --outSAMmultNmax 20.

Fusions were called with three different fusion callers; 
1) STAR-Fusion (v1.2.0) using the Chimeric.out.junc-
tion file from STAR as input [22], 2) Arriba v1.2.0, [23] 
using the Chimeric.out.sam, aligned BAM and the COS-
MIC known Fusion List [24] as input, and 3) InFusion 
(v0.8.1-dev) using a relaxed sets of parameters (−-allow-
intronic --allow-intergenic --allow-non-coding --allow-
all-biotypes) and a more stringent set (−min-split-reads 3 
--min-span-pairs 2 --min-fragments 4) [25].

10x Genomics Linked‑reads
10x Genomics whole-genome linked-read libraries were 
produced for 6 JPAs and corresponding blood samples. 
Tumor DNA was extracted either with Chemagen 10 mg 
Tissue Protocol with overnight external lysis (Perki-
nElmer, Inc., Waltham, Massachusetts, United States, 
cat# CMG-723) followed by size selection using the 
BluePippin PacBio 20 kb cassette or using MagAttract 
HMW DNA kit (Qiagen, Hilden, Germany) as per pro-
tocol (Supplemental Table 4). DNA from the blood was 
extracted using the Qiagen MagAttract HMW DNA kit 
followed by size selection with the SageHLS HighPass 
> 300 kb protocol as needed (Supplemental Table  4). 
DNA yields were measured by Qubit™ dsDNA BR Assay 
Kit (ThermoFisher Scientific, cat# Q32853) and mol-
ecule length was assessed by Femto Pulse (Genomic 
DNA 165 kb Kit, 3 hours run, Agilent Technolo-
gies, Inc., Santa Clara, California, United States, cat# 
FP-1002-0275). Samples were diluted to 1 ng/uL and re-
quantified in triplicate by Qubit™ dsDNA HS Assay Kit 
(ThermoFisher Scientific, cat# Q32854). Library prepa-
ration was done following the Chromium™ Genome 
Reagent Kits v2 User Guide (10x Genomics, Pleasanton, 
California, United States). Final libraries concentrations 

were measure by qPCR (Roche, Basel, Switzerland, 
KAPA Library Quantification Kits - Complete kit (Uni-
versal), cat# 07960140001) and profiles were assessed 
using the Caliper LabChip DNA High Sensitivity assay 
(PerkinElmer, Inc., Waltham, Massachusetts, United 
States). Each library was sequenced using 150PE Illu-
mina reads on a single lane of the HiSeqX. Average mol-
ecule length (as calculated by 10x Genomics’ analysis 
pipeline) ranged from 19 kb–85 kb for tumor samples 
and 42 kb–104 kb for blood samples (Supplementary 
Table 4).

Alignment and variant calling was done using 10x 
Genomics’ pipeline (LongRanger), which uses the bar-
code-aware aligner, Lariat. SVs were also called with 
three other callers designed for linked-reads, GROC-
SV [26], NAIBR [27] and LinkedSV [28] as well as 
SvABA (designed for standard WGS) [29] (Supplemen-
tary Table  3). LongRanger, GROC-SV, and NAIBR were 
run using the exclusion list (blacklist) provided by 10x 
Genomics. All callers were run using default param-
eters with specifications for tumor samples used were 
applicable. Copy number changes were called using the 
TitanCNA 10x workflow [30], the ploidy was selected 
manually and plotting for the circos plots was done 
using the .titan.txt file. All SV and CNA calling was done 
using the Lariat aligned BAM files generated by the Lon-
gRanger pipeline. A custom R script was used to look for 
SVs detected by more than one callers. SVs calls were 
deemed to be the same if both the start and end break-
points fell within ±1000 bp of each other. All SV calls 
large than 10 kb and detected by at least 2 callers were 
manually validated using Loupe.

In situ Hi‑C
In situ Hi-C libraries were generated from 5 million dis-
sociated and fixed cells from  JPAs primary tumor sam-
ples as described in Rao et al. with minor modifications 
[31]. Briefly, cells were cross-linked with formaldehyde 
before the DNA was digested using a 4-cutter restriction 
enzyme (e.g., DpnII) within intact permeabilized nuclei. 
Next, sticky ends were repaired to blunt ends using bioti-
nylated nucleotides, and ligated together. The DNA was 
then sheared and the biotinylated ligation junctions were 
pulled down with streptavidin beads. Library preparation 
was done using these fragments and sequenced using 
paired-end Illumina reads. As quality control (QC) steps, 
we checked for efficient sonication with an agarose DNA 
gel and for appropriate size selection using the Agilent 
Bioanalyzer on final amplified libraries. For the final QC, 
we performed low-depth sequencing on the Illumina 
HiSeq 2500 (~ 40 M reads/sample) to assess quality of 
the libraries using percent of reads passing filter, percent 
of chimeric reads, and percent of forward-reverse pairs 
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before doing further sequencing on the NoveSeq (Sup-
plemental Table 5).

Hi-C files for NPCs, glial cells and neurons were 
downloaded from Rajarajan et  al. [32] (registration 
required; Data Download—Study “iPSC-HiC”). Raw 
data for the spinal and cerebellum astrocytes was 
retrieved from ENCODE [33, 34]. Analysis of Hi-C 
generated and downloaded fastq files was performed 
using Juicer and the associated Juicer Tools [35]. Con-
tact maps were generated using Juicer with the follow-
ing parameters: -s DpnII -g hg38. Map resolution was 
determined by using Juicer’s “calculate_map_resolu-
tion.sh” script. .hic files were converted to cooler files 
for further processing using hic2cool [36, 37]. Karyo-
typic aberration-aware normalization factors were 
then computed using OneD [38] and applied to cooler 
files as balancing weights. Subsequently, compartment 
scores were calculated through the eigs-cis module of 
cooltools [39].

Generation of 4C interaction profiles from Hi‑C matrices
Virtual 4C plots were generated using the sum of inter-
actions with an anchor across the chromosome and 
were processed through a custom normalization. First, 
contacts were binned at a resolution of 10 kb. This reso-
lution, however, was too noisy for accurate virtual 4C 
reconstruction so the bins were then summed to get 
50 kb resolution starting at the BRAF breakpoint such 
that the C-terminal that is kept and the N-terminal 
that is lost were separated into different bins. The two 
anchors considered were the BRAF C-terminal region 
(chr7: 140710000–140,790,000) and the BRAF N-ter-
minal region (chr7: 140790000–140,930,000). A third 
anchor that spawned the complete BRAF region (chr7: 
140710000–140,930,000) was used as “background” 
to normalize the virtual 4C. Thus, the interaction that 
each 50 kb bin made with either of the two BRAF ter-
minals was divided by the total interaction with the full 
BRAF gene, to account for the distance bias between a 
bin and the anchor.

Single‑cell analysis of mouse cerebellum atlas
We used the developing mouse cerebellum atlas [40] 
to inspect the expression of BRAF and its fusion part-
ner genes throughout development and specifically 
at embryonic days 16 and 18 when tumor initiation 
is thought to occur in JPAs (Supplemental Fig.  4). We 
looked at the average expression and the percent-
age of cells expressing BRAF in all cell types present 
at embryonic day 16 and 18 as shown in the barplots 

(Supplemental Fig. 4b-c). The gene expression Dot plot 
was generated using Seurat’s DotPlot() function [9].

Results
A total of 14 samples from 13 patients were used in this 
study (Supplemental Table  1). We generated RNA-Seq 
data for nine patients and 10x Genomics linked-reads for 
6 of these samples. We also generated in situ Hi-C for 10 
patients from 11 JPAs. Two samples processed with the 
linked-reads also had fixed cells available for Hi-C. For 
three samples, we were able to generate both RNA-Seq 
and Hi-C, and 5 samples had only fixed cells for Hi-C 
data available.

Identification of BRAF fusions using RNA‑Seq
We generated RNA-Seq for 9 patients and analyzed 
them using a custom pipeline, in part based on the rec-
ommendations by Sommerkamp et al. [41]. We detected 
a BRAF fusion in all samples, of which 6 contained 
the KIAA1549-BRAF fusion, 1 contained a previously 
described GNAI1-BRAF fusion [3], and two contained 
fusions with novel partners PTPRZ1 and TOP2B (Fig. 1, 
Supplemental Table 1). However, in 5 out of the 9 sam-
ples, the BRAF fusion was detected by only 1 of the three 
fusion callers used out of a total of 429–1296 calls (Sup-
plemental Table 2, Additional file 2).

Identification of BRAF fusions and their underlying 
genomic mechanisms using linked‑reads
Tumor material was available for 6 out of 9 tumors that 
were profiled by RNA-Seq (Supplemental Table  1). We 
generated 10x Genomics linked-read data and devel-
oped a multi-caller analysis approach, which allowed us 
to generate a set of high confidence SVs that could then 
be manually validated as somatic (see Methods, Supple-
mental Table 3). Using this pipeline, we detected SVs in 
all samples which supported the fusions we identified by 
RNA-Seq, including 4 cases of the canonical fusion and 
both novel fusions, by at least 2 callers (Fig. 2a-c, Supple-
mental Fig. 1, Supplemental Table 1, Additional files 3-8).

The canonical fusion between KIAA1549 and BRAF, 
caused by a tandem duplication at 7q34, was first 
described in 2008 using a combination of bespoke micro-
array technologies and iFISH [4]. It has since been found 
in 60–70% of JPAs including 66% of samples in this study 
(Fig.  2a, Supplemental Fig.  1). Each tandem duplication 
was supported by 80–100% of barcodes on the assigned 
haplotype that support the SV (HAP_ALLELIC_FRAC as 
calculated by LongRanger).

While the novel TOP2B-BRAF fusion was first 
detected by RNA-Seq, further investigation with linked-
read data showed a second breakpoint upstream of the 
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first and a duplication on chromosome 3 between the 
two events (Fig.  2b). The SVs were supported by 95.6 
and 96.0% of barcodes on the assigned haplotype (as 
calculated by LongRanger) for the BRAF fusion causing 
SV and downstream SV, respectively. Using the phas-
ing information provided by the linked-reads, we found 
that both breakpoints occurred on the same haplotype 
of chromosome 7, indicating a single event. We hypoth-
esized that a 151-kb segment of chromosome 7, contain-
ing the 5′ end of BRAF, was lost and a 263-kb segment 
of chromosome 3, was inserted in its place using the 
homology directed repair pathway. A 143 kb deletion 
on 7q34 (including BRAF) was detected by array CGH 
at diagnosis, however, the translocation and subsequent 
creation of the TOP2B-BRAF fusion was not detected 
with this array-based method. This sample was initially 
classified as a high-grade glioma based on a Ki-67 of 31% 
and very frequent mitoses however, the patient is still 

alive with no signs of recurrence 5 years later, which, in 
combination with the BRAF fusion, suggests that JPA is 
in fact the correct diagnosis.

JPA_1 was found to have a fusion between PTPRZ1 
and BRAF supported by 90% of barcodes on the assigned 
haplotype that support the SV (HAP_ALLELIC_FRAC as 
calculated by LongRanger, Fig.  2c). It was initially diag-
nosed as a high-grade glioma with a Ki-67 of 18% and 
very frequent mitoses. This patient also shows no signs 
of recurrence 7 years after the initial diagnosis and subse-
quent surgery. While multiple possible breakpoints were 
found by RNA-Seq  (Additional  file  2), the linked-reads 
supported a break in intron 15 of PTPRZ1 and resulting 
in the loss of its transmembrane region and the C-termi-
nal cytoplasmic region that contains two tyrosine-protein 
phosphatase domains (Fig. 1).

Pilocytic astrocytomas (PAs) are typically characterized 
as having quiet genomes, both in terms of somatic point 

Fig. 1 Diagrams representing normal BRAF protein and fusions characterized in this study.

(See figure on next page.)
Fig. 2 Linked-reads data supporting BRAF fusions created by (a) a tandem duplication resulting in the canonical KIAA1549-BRAF fusion in JPA_2, (b) 
an interchromosomal translocation creating a TOP2B-BRAF fusion detected in JPA_3, and (c) a structural variant leading to the PTPRZ1-BRAF fusion 
detected in JPA_1, all visualized in Loupe. d Circos plots for linked-read datasets showing CNV calls made by TitanCNA (outer circle) and manually 
validated somatic SVs detected by at least two linked-read callers (inner circle). Copy number abnormalities are colour coded; structural variants are 
indicated by lines. e Circos plot of chromosome 7 in JPA_2 showing the canonical fusion,   a catastrophic chromosomal event on chromosome 7 in 
JPA_1 and circos plot of chromosomes 3 and 7 with an interchromosomal fusion in JPA_3. Circos plots for linked-read datasets showing CNV calls 
made by TitanCNA (outer circle) and manually validated somatic SVs detected by at least two callers (inner circle). Copy number abnormalities are 
colour coded; BRAF fusions are shown in yellow and all other SVs in grey
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Fig. 2 (See legend on previous page.)
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mutations [42] and structural variants [6]. However, non-
random aneuploidy in PAs has been described in older 
patients (> 14 years old), with the amplification of chro-
mosomes 5, 7, 6, and 11 being the most common [43]. 
Although whole-chromosomal amplifications were not 
detected in samples with the canonical fusion (3–14 years 
old), they were found in both samples with novel BRAF 
fusion partners (Fig.  2d-e). Chromosomes 6, 7 and 10 
were amplified in JPA_3 (17-year-old male) and chromo-
somes 6, 7, 8, 10, 11, 18 and 20 in sample JPA_1 (5-year-
old female) (Fig.  2d-e). Additionally, JPA_1 was found to 
have 156 unique somatic events that were detected and 
manually validated on chromosome 7 in addition to the 
PTPRZ1-BRAF fusion (Fig.  2e). The number of struc-
tural variants detected on chromosome 7 suggests a cata-
strophic genomic event; however, the sample lacks the 
characteristic features of chromothripsis including the 
clustering of breakpoints and the oscillation copy number 
states (Fig. 2e).

Interestingly, the catastrophic event on chromosome 7 
in JPA_1 was also found to contain SVs between known 
BRAF fusions partners. These include one between 
KIAA1549 and STRIP2, were KIAA1549 is the canonical 
fusion partner, one between KIAA1549 and SVOPL, were 
SVOPL was found fused to BRAF in a case of metastatic 
uterus endometrial carcinoma [5], and one between 
TRIM24 and PLXNA4, were TRIM24-BRAF fusions 
were found in two cases of metastatic colorectal cancer, 
one primary case of melanoma and of lung carcinoma 
[5]. The TRIM24-PLXNA4 fusion was also detected by 
Arriba, suggesting that it is expressed in the tumor.

Accessibility of fusion‑partner genes and nuclear topology 
using Hi‑C
In order to test how chromosome compaction influ-
ences the spectrum of BRAF fusion partners seen in 
JPAs, we generated in  situ Hi-C for 8 primary JPA 
tumors (two with linked-read data available), one pri-
mary and relapse tumor from the same patient and 
one cortical pediatric low-grade glioma (Supplemental 
Table 1). We first used the Hi-C data to generate inter-
action matrices to validate the BRAF fusions visually by 
plotting the interaction frequency over chromosome 7 
(Supplemental Fig.  2). We also used the Hi-C data to 
derive the A/B compartment annotations for each chro-
mosome were A compartments are transcriptionally 

active regions of the genome and B compartments are 
repressed [20]. We then compared the compartment 
annotations between the JPAs, in-house Hi-C data from 
other pediatric brain tumor subtypes (2 medulloblasto-
mas and 4 posterior fossa ependymomas, 2 type A and 2 
type B) as well as previously published normal adult and 
developing brain controls. UMAP clustering revealed 
high levels of correlation between compartment annota-
tions for JPAs across the entire genome and even more 
so when only chromosome 7 was considered (Fig. 3a-b, 
Supplemental Fig. 3a-c). The JPAs also clustered closely 
with adult astrocytes of the cerebellum and spinal cord 
[34] showing that the chromosome conformation of 
JPAs is highly reproducible and closely resembles nor-
mal astrocytes (Fig. 3a-b).

To investigate whether open chromatin might play a role 
in the creation of BRAF fusions as suggested for somatic 
mutations and SVs [44, 45], we used the Hi-C data to 
look at the compartment scores for KIAA1549 and BRAF 
across all JPAs (regardless of which fusion it contained) 
and astrocyte controls. This showed that these genes are 
in open chromatin regions in JPAs but not in normal adult 
astrocytes (Fig. 3c). We also used the breakpoints provided 
by the linked-read data to confirm that the SVs occurred 
between type A compartments for the two samples with 
matching Hi-C data (Supplemental Fig.  3d). As an addi-
tional validation, we looked in the single-cell expression 
atlas for the mouse cerebellum and confirmed expression 
of BRAF and its fusion partners in the proposed cell of ori-
gin of JPAs [40], which supports the genes being in open 
chromatin regions (Supplemental Note 2, Supplemental 
Fig. 4).

In order to measure the interaction of BRAF with 
regions further along chromosome 7, we generated a 
virtual 4C profile (see Methods). We hypothesized that 
since the KIAA1549-BRAF fusion occurs so frequently 
in JPA, we would see an interaction between these two 
regions in closely related cell types regardless of fusion 
statues [44]; however, this was not the case. Our analy-
sis revealed that the interaction between BRAF and 
KIAA1549 is exclusive to samples with the canonical 
fusion (Fig. 4a). Further analysis showed that in tumors 
with other fusion partners, the fusion could be detected 
by means of an exclusive interaction between BRAF and 
its fusion partner (PTPRZ1 and GNAI1) in that sample 
(Fig. 4b).

Fig. 3 (a) UMAP clustering of JPAs based on the compartment scores along chromosome 7 (50 kb bins) shows two clusters separating JPAs and 
normal adult astrocytes from other tumor types and normal controls for other brain regions. b Correlation matrix showing hierarchical clustering 
by compartment score along chromosome 7 (50 kb bins) shows two clusters separating JPAs and normal astrocytes from other tumor types and 
normal controls for other brain regions. c Compartment score over KIAA1549 and BRAF showing that both genes are in open chromatin regions in 
JPAs (regardless of fusion) but not in normal adult astrocytes

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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Discussion
In this paper, we used RNA-Seq, linked-read WGS and 
in situ Hi-C to characterize the genomes of 14 JPAs from 
13 patients. We developed a multi-caller RNA-Seq pipeline 
to detect fusions which we then validated and character-
ized with linked-read data. We showed how high-sensitiv-
ity genomic techniques could provide further insight into 
the varied mechanisms that allow the creation of somatic 
structural variants. Additionally, we revealed that 3D 
genome compartmentalization is stable across JPAs and 
most closely resembles that of normal adult astrocyte. We 
also showed that fusions occur between transcriptionally 
active regions and that the interaction between BRAF and 
its fusion partner is exclusive to samples with an onco-
genic fusion.

Our analysis also included the characterization of two 
tumors with novel BRAF fusion partners, PTPRZ1 and 
TOP2B. PTPRZ1 is a member of the receptor protein tyros-
ine phosphatase family that is highly expressed in normal 
brain tissue and is recurrently fused to MET in adult grade 
III astrocytomas and secondary glioblastomas [46]. In vitro 
work on PTPRZ-B knockdown cells showed that the N-ter-
minal extracellular domain was sufficient to induce cellular 
migration (retained in the PTPRZ1-BRAF fusion) while the 
C-terminal is important for glioma proliferation in adults 
[47]. However, this was not the only structural variant 
found in JPA_1. While JPAs genomes are typically quiet, 
analysis of this tumor revealed a chromosome-shattering 
event. Review of the literature allowed the identification of 
another JPA with a highly rearranged genome; a JPA with 
a FYCO1-RAF1 fusion, a ST6GAL1-WHSC1 fusion and 
chromoplexy involving chromosomes 1, 3, 4, 10, 11, 12, 16 
and 22 was identified by Zhang et al using a combination of 
RNA-Seq and WGS [6].

TOP2B is a topoisomerase that eliminates supercoils 
occurring during DNA replication and transcription by 
creating and repairing double-stranded breaks in the DNA 
[48, 49]. There is on-going work to discover anticancer 
drugs that could function as catalytic inhibitors for both 
TOP2A (which is essential to the cell cycle) and TOP2B 
[50]. One such example is T60 which was found to block 
a DNA binding pocket found in both TOP2 proteins. This 
DNA binding pocket is also kept in the TOP2B-BRAF 
fusion. Recent work also has shown that TOP2B interacts 
with CTCF and the cohesin complex, which suggests a role 
for TOP2B in chromatin organization [49]. Unfortunately, 

we could not study the effects of the TOP2B-BRAF fusion 
on chromatin conformation, as tumor tissue from JPA_3 
was not available for Hi-C. Interchromosomal transloca-
tions account for the majority of rare oncogenic fusions 
detected in JPAs by WGS and/or RNA-Seq. These include 
BRAF fusions with RNF130 [3], CLCN6 [3], FXR1 [6], and 
MACF1 [6], RAF1 fusions with QKI [6] and NFIA [51], 
and a QKI-NTRK2 fusion [3]. However, the TOP2B-BRAF 
fusion appears to be the only one caused by the insertion of 
a segment from another chromosome.

To date, most genomic studies regarding JPAs have 
used array technologies [10–14] which do not have the 
sensitivity required to detect balanced or low frequency 
somatic events. While whole-genome and bulk RNA 
sequencing provide more sensitivity than arrays, exten-
sive optimization is required in order to avoid missing 
low frequency events [41]. Linked-reads provide a good 
middle ground in the trade-off between the base calling 
accuracy of second-generation sequencing and the long-
range information provided by third-generation sequenc-
ing. While linked-reads are more costly than RNA-Seq 
mainly due to increased sequencing depth, they require 
a fraction of the starting material (Supplemental Table 6). 
The linked-read protocol’s minimal input requirements 
(1-10 ng range) is an important consideration since JPAs 
requiring additional therapies are typically assessed using 
small size biopsies from regions outside of the cerebel-
lum including the optic pathway and the brain midline. 
Linked-reads also allow the accurate detection of struc-
tural variants and point mutations, and provide haplotype 
information which can help detangle complex rearrange-
ments such as in the case of the TOP2B-BRAF fusion. 
However, currently available linked-read data analysis 
tools need to be further developed in order to increase 
sensitivity and accuracy in automated workflows. It is 
worth noting that although the 10x Genomics linked-read 
technology is now discontinued, alternatives are being 
developed by MGI [52], Universal Sequencing [53] and 
others [54].

Alternatively, since the interaction between BRAF and 
its fusion partner is specific to fusion expressing samples, 
Hi-C could also be used as a diagnostic tool. Work is cur-
rently underway to develop a commercial chromosome 
conformation capture technology for formalin-fixed, par-
affin-embedded (FFPE) samples with the aim of using it to 
detect SVs in fixed solid tumors [55]. While the ability to 

(See figure on next page.)
Fig. 4 (a) Virtual 4C showing that the peak in the interaction between BRAF and KIAA1549 is exclusive to samples with the canonical fusion (50 kb 
resolution). Dotted lines indicate the genomic position were a peak would represent interaction of this region with BRAF. b Virtual 4C showing that 
the peak in the interaction between BRAF and KIAA1549 is exclusive to samples with the canonical fusion and that the samples with a novel fusion 
have a peak in the interaction between BRAF and the other fusion partner which is exclusive to those samples (500 kb resolution). Dotted lines 
indicate the genomic position were a peak would represent interaction of this region with BRAF 



Page 10 of 13Zwaig et al. BMC Cancer         (2022) 22:1297 

Fig. 4 (See legend on previous page.)



Page 11 of 13Zwaig et al. BMC Cancer         (2022) 22:1297  

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 022- 10359-z.

Additional file 1. 

Additional file 2. 

Additional file 3. 

Additional file 4. 

Additional file 5. 

Additional file 6. 

Additional file 7. 

Additional file 8. 

Additional file 9: Supplemental Note 1. Linked-reads - Technical notes

Additional file 10: Supplemental Note 2. Expression in the single-cell 
cerebellum cell atlas

Acknowledgements
Not Applicable.

Authors’ Contributions
MZ, NJa and JR were responsible for study conception and design. Generation and 
analysis of linked-read data, RNA-Seq analysis and first draft of the manuscript was 
done by MZ. Hi-C data analysis was done by AB, BH, and MJ. Single-cell analysis 
was done by HL. EN, DF, and NJu helped with sample selection, data access and 
clinical information. All authors read and approved the final manuscript.

Funding
This work was supported by funding from a large-scale applied research 
project grant from Genome Quebec, Genome Canada, the Government of 
Canada, and the Ministère de l’Économie, de la Science et de l’Innovation du 
Québec with support from the Ontario Institute for Cancer Research through 
funding provided by the Government of Ontario (to N. Jabado, M.D.T., J.M., 
M.B., C.L.K. and J.R.), the CFI project Canada’s Genome Enterprise (CGEn) 35444, 
33408 and 40104, (N.Jabado, J.R.), the Genome Canada Platform grant: McGill 
Applied Genomics Innovation Core (MAGIC) (J.R.), as well as funding from the 
Fondation Charles-Bruneau (to N. Jabado) and from the Canadian Institutes of 
Health Research (to C.L.K.). C.L.K is supported by a salary award from the Fonds 
de Recherche du Québec-Santé (FRQS).

Availability of data and materials
The datasets supporting the conclusions of this article are available in 
the European Genome-Phenome Archive (EGA) repository, under study 
ID EGAS00001006388. Additional Hi-C datasets for 170922, BT2018011, 
BT2019010, HSJ-002 and JPA_2 (also HSJ-170) can be found under study ID 
EGAS00001005476. Custom R scripts for the processing of fusion calls from 
RNA-Seq data and SV calls from linked-read data can be found here https:// 
github. com/ mzwaig/ JPA_ Paper

Declarations

Ethics approval and consent to participate
This study was approved by the ethics committee of the McGill University 
Health Centre (Project number: 2018–4511). Patient samples were collected 
with informed consent from all research participants or their delegates.

Consent for publication
Not Applicable.

Competing interests
The author(s) declare(s) that they have no competing interests

Author details
1 McGill Genome Centre and Department of Human Genetics, McGill 
University, Montreal, Canada. 2 Quantitative Life Sciences and Lady Davis 

process fixed samples is important, for Hi-C to be of clini-
cal use, work still needs to be done to develop tools and 
standard computational pipelines for automatic SV calling 
[55–57]. Additionally, Hi-C is currently the most expen-
sive of the three technologies discussed in this paper so 
costs would need to come down to make it more accessi-
ble (Supplemental Table 6).

Some genomic studies have focused on using gene 
expression of single cells to characterize the subpopula-
tions of cells found within JPAs [17, 40]. While single-cell 
RNA-Seq allows the consequences of BRAF fusions and 
MAPK pathway activation to be elucidated, it is not well 
suited to characterize the fusions themselves. Using the 
SMART-seq2 scRNA-seq protocol alone, which allows 
the sequencing of full transcripts, Reitman et al.  detected 
a BRAF fusion in only 0–0.7% of cells although the addi-
tion of a qPCR step drastically improved the detection 
rate [17]. Recent methodological developments utiliz-
ing long read sequencing to address this deficiency are in 
development, such as scCOLOR-seq [58] and ScNaUmi-
seq [59] which would provide a way to assign the expres-
sion of full-length fusion transcripts to specific cells in the 
near future.

Conclusion
The development of a molecular diagnostic test able 
to detect the full spectrum of BRAF fusions quickly, 
with high precision and at low cost would help with the 
molecular diagnosis of JPAs and patient enrolment in 
clinical trials, when needed. Distinguishing between JPAs 
with the canonical and rare/novel fusions may also play 
an important role in treatment selection, specifically in 
response to one of the multiple different MEK and RAF 
inhibitors that are currently undergoing clinical trials 
for the treatment of tumors with BRAF rearrangements. 
Work done in melanoma cell lines has shown differ-
ent responses to these inhibitors based on the level of 
BRAF fusion expression in the cell lines (controlled by 
the promoter of the 5′ partner) as well as the presence 
of a dimerization domain in the 5′ partner [7]. Both the 
linked-reads and Hi-C technologies have the potential to 
be useful in clinic for different reasons, the linked-reads 
due to the small input requirements and the Hi-C due 
to the ability to process FFPE samples. However, there is 
still important work to be done in developing high accu-
racy SV calling tools for these technologies before they 
may be of clinical relevance.
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