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Evolutionary hotspots of structural variation drive
inter-individual differences in the expression of fusion
transcripts in the human brain
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Abstract

Alternative splicing is a well-known contributor to transcriptomic diversity between individuals. Less explored are intergene splicing events,
which generate fusion transcripts—RNA molecules combining exons from two or more distinct genes. In cancer, fusion transcripts frequently
result from somatic structural rearrangements, yet it remains unclear to what extent germline structural variants in non-cancer tissues contribute
to fusion transcript formation and interindividual variability. We conducted a genome-wide fusion transcript analysis in post-mortem human
brain tissues from 312 individuals, identifying 1458 distinct fusion transcripts in temporal cortex and cerebellum. We showed that many fusion
transcripts have protein coding potential, further supported by ribosome profiling data. Fusion transcripts that were present in only part of
the human population were predominantly located within segmental duplication (SD) ‘hotspots,” highly copy numbervariable genomic regions
that are frequently linked to neurodevelopmental and neurodegenerative disorders. None of these variable fusion transcripts were present
in chimpanzees or rhesus macaques, suggesting they are human-specific. Our study reveals that interindividual variation in fusion transcript
expression is a largely underappreciated source of genetic and transcriptomic diversity. Variable fusion transcripts originating from disease-
associated SD hotspots in our genome may have yet unexplored functional consequences for physiological and pathophysiological processes in
each individual.
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can produce novel transcript variants and protein isoforms,

Comparative genomics has revealed multiple ways in which
genome evolution gives rise to species-specific gene expres-
sion profiles [1]. Genomic changes can impact spatial and tem-
poral dynamics of gene expression, while alternative splicing

even in genes well-conserved at the exon level [2-5]. Addition-
ally, entire genes can be lost or gained throughout evolution,
potentially disrupting or innovating important gene expres-
sion networks [6]. A special form of alternative splicing can

Received: February 26, 2025. Revised: October 27, 2025. Accepted: November 3, 2025

© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact

journals.permissions@oup.com.

920z Aleniga g| Uo Jash weplajswy UeA JId)SIaAIuN Aq G80Z018/1L9¢E LieXb/zz/cG/al01e /eu/wod dno-olwapede//:sdiy woly papeojumoq


https://doi.org/10.1093/nar/gkaf1361
https://orcid.org/0000-0002-7302-7277
https://orcid.org/0000-0003-4423-1479
mailto:f.m.j.jacobs@uva.nl
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

2 Moses et al.

generate fusion transcripts, where exons from two or more
distinct genes are combined [7, 8]. These are often the result
of ‘readthrough transcription’ of adjacent or nearby genes on
the same strand, a process whereby both genes are transcribed
into a single pre-mRNA (Fig. 1A). Splicing then leads to a ma-
ture transcript composed of exons originating from multiple
genes. While readthrough transcription usually occurs at low
levels, some fusion transcripts arising from this phenomenon
are highly expressed and generate functional fusion proteins
[7-10].

More sporadically, fusion transcripts can arise as a result of
genomic rearrangements such as inversions, insertions, dele-
tions, and duplications [11]. These rearrangements can bring
into proximity previously disparate genes or exons, causing
them to be transcribed together into a single RNA molecule
(Fig. 1B). Certain human genome regions are inherently ge-
netically unstable due to the accumulation of segmental du-
plications (SDs) in the last 14-18 million years, resulting in
a highly complex and repetitive genomic structure [12-14].
Ongoing copy number variations (CNVs) at these locations
often cause neurological disorders such as autism spectrum
disorder, developmental delay, intellectual disability, and other
neurodevelopmental conditions [15-20]. Regions rich in seg-
mental duplications may be prone to generating fusion tran-
scripts by the accidental combination of two or more func-
tionally unrelated partial gene copies in the locus. In addition,
partial segmental duplication of genes can lead to the emer-
gence of truncated transcripts and proteins, which can adopt
novel functions, often by competing or interacting with the
parental protein [18, 21, 22].

Fusion transcripts, whether they arise from transcriptional
readthrough or novel chromosomal rearrangements, increase
the diversity of the transcriptome. Some possess different
expression patterns than their parental genes and give rise to
novel protein isoforms with specific functions [7-9, 23-25].
For instance, a fusion transcript formed from the CTNNBIP1
and CLSTNI genes was recently implicated in the prolifer-
ation of neuronal progenitors during human corticogenesis
[26]. This transcript is specifically enriched in outer radial
glia, absent in mice, and its downregulation leads to preco-
cious neuronal differentiation, suggesting a role in human
brain development and evolution. Other examples of fusion
genes with known functions include the chemokine receptor
CCL14-CCL15, the luteinizing hormone receptor SBLF-ALF,
and the drug-metabolizing enzyme CYP2C18-CYP2C19 [27-
29]. A recent study identified the SUZ12P1-CRLF3 fusion in
individuals of African ancestry, which was linked to a com-
plex structural rearrangement and may be associated with
clinical phenotypes [30]. The latter example highlights how
fusion transcripts can serve as markers of population-
specific structural variants with potential functional
relevance.

Fusion transcripts are well-studied in cancer, where ge-
nomic instability promotes their formation [31],[32], but they
are also present in healthy tissues. Several studies have cat-
alogued fusion transcripts in non-cancerous human tissues
using RNA sequencing and computational approaches [26,
30, 32, 33]. These studies have primarily focused on identi-
fying fusion transcripts across tissues, often attributing them
to transcriptional readthrough, cis- or trans-splicing events.
While some work has begun to link individual fusion tran-
scripts to structural variants in a population-specific context
[30], investigations into the relationship between fusion tran-

script expression, underlying structural variation, and inter-
individual diversity remain limited.

Here, we hypothesize that fusion transcript formation is
not merely a byproduct of transcriptional noise or alternative
splicing, but may reflect structural variation in the genome,
particularly in regions enriched for segmental duplications.
Inter-gene fusion events have contributed to the formation of
modern multi-domain proteins over evolutionary time [34],
and we propose that this mechanism continues to shape hu-
man transcriptomic and proteomic diversity today. We set
out to identify and characterize fusion transcript expression
across hundreds of individuals in post-mortem brain tissues
to create a genome-wide catalogue of transcriptional fusion
events and assess inter-individual variation in fusion transcript
expression. Our work reveals that fusion transcripts can arise
in highly duplicated loci as a direct result of evolutionary ge-
nomic rearrangements so recent that they are present in some
but not all individuals in the human population. Given that
these loci are inherently prone to both pathological and be-
nign copy number variations, the presence or absence of fu-
sion transcripts may vary widely, with implications for both
normal physiological diversity and disease susceptibility.

Materials and methods

Samples and data sources

Human RNA-seq data for the genome-wide fusion tran-
script analysis were obtained from the Mayo RNA-
seq Study (University of Florida, Mayo Clinic, Institute
for Systems Biology, Emory University). Post-mortem tis-
sue from the temporal cortex (n = 276) and cerebel-
lum (n = 275) of 312 North American Caucasian sub-
jects was analysed. Two hundred forty individuals pro-
vided both temporal cortex and cerebellum tissue. Data
were accessed via Synapse (synapse.org; SynID syn8612096).
To validate fusion transcripts using PacBio long-read se-
quencing, data from six individuals were accessed from
three publicly available datasets (Supplementary Table S1)
[35, 36] (downloads.pacbcloud.com/public/dataset/Kinnex-
full-length-RNA/). Available data from three healthy donors
and three unrelated patients with familial Parkinson’s dis-
ease were used for ribosome profiling analysis (Supplementary
Table S2) [37]. RNA-seq data from chimpanzee and rhe-
sus macaque brains were analysed to compare fusion tran-
script expression between human and other primate species
(Supplementary Table S3). To compare fusion transcript ex-
pression with structural variant haplotypes in the human
population, RNA-seq and whole-genome sequencing (WGS)
data from the Human Induced Pluripotent Stem Cell Ini-
tiative [38, 39] (HipSci) were accessed via the European
Nucleotide Archive (ENA). Human iPSC lines (HPSI1113i-
uofv_1, HPSI1113i-hayt_3, HPSI0913i-eika_2, HPSI1014i-
nosn_6, HPSI0114i-zapk_3, HPSI0114i-zoxy_3, HPSI0414i-
oikd_2,HPSI1013i-wopl_1, HPSI0314i-bubh_1) from HipSci
were accessed via the European Bank for induced pluripotent
Stem Cells (EBiSC) and used for RT-PCR validation of fusion
transcripts. Metadata for these samples are available in the
HipSci Cell Lines and Data Browser at hipsci.org/#/lines.

Short-read fusion transcript analysis

Fusion transcript detection in Illumina short-read RNA-seq
data was performed using FusionCatcher [40]. FusionCatcher
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Figure 1. Fusion transcript formation and detection. (A): Fusion transcripts can form between adjacent genes on the same strand by the process of
transcriptional readthrough. Transcription starts in the upstream gene and, instead of terminating at the end of the gene, continues through the
intergenic region and into the downstream gene. The pre-mRNA is then spliced, resulting in a fusion MRNA containing exons from both original genes.
(B): Fusion transcripts can also arise as a result of genomic rearrangements, such as insertions, deletions, inversions, and translocations. In one
individual, two genes may be located in disparate parts of the genome. However, a genomic rearrangement in another individual can place genetic
elements in proximity to one another. This then allows a fusion transcript to form through the transcriptional readthrough mechanism. (C): Fusion
transcripts are detected in short-read RNA sequencing data by identifying reads or read pairs that map simultaneously to more than one annotated gene.

identifies reads and read pairs that map onto more than one
annotated gene using several aligners, including Bowtie, BLAT,
and STAR. FusionCatcher (version 1.33) was installed via
conda and used with the in-built human reference genome
hg38. FusionCatcher typically flags known fusions found in
normal tissue databases; however, we did not remove these
from our results. We performed additional filtering of the Fu-
sionCatcher results, excluding those flagged as similar reads,
duplicates, short repeats, long repeats, pairs of pseudogenes,
paralogs, ambiguous, and those with a high number of com-
mon mapping reads between parental genes, indicating se-
quence similarity. We also excluded fusions where the junction
overlapped with the hg38 RepeatMasker track.

The combined list of all fusion transcripts discovered in all
individuals from the Mayo human RNA-seq dataset is pro-
vided in Supplementary Table S4. We only considered fusion

transcripts detected in two or more individuals in Fusion-
Catcher analysis. The fusion junction sequences from each
transcript, consisting of 43 nucleotides immediately upstream
and 43 nucleotides downstream of the junction splice site,
were used to construct a custom reference (Supplementary
Table S5). Fastq reads were aligned against this custom ref-
erence using bowtie2 to discover additional fusion-supporting
reads not identified by standard FusionCatcher analysis. Score
settings for bowtie2 alignment are provided in Supplementary
Table S6. Data from FusionCatcher and bowtie2 alignment
were further analysed in R, using karyoplotR and circlize
packages to visualize intrachromosomal and interchromoso-
mal fusion locations, respectively. We compared which fusion
transcripts were located within segmental duplications (SD lo-
cations were obtained from the Duplications of >1000 Bases
of Non-RepeatMasked Sequence track via the UCSC Genome
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Browser [41, 42]). All scripts used throughout the study
along with a workflow overview and required dependencies
are documented online at github.com/Frankjacobslab/fusion-
transcripts.

Long-read fusion transcript analysis

Of the three PacBio long-read sequencing datasets used for
validation of fusions from short-read sequencing data, the
first (downloads.pacbcloud.com/public/dataset/Kinnex-full-
length-RNA/) and second [35] were used to validate fusion
transcripts found in short-read RNA-seq data, while the
third [36] was used solely to validate the full-length structure
of KANSL1-ARL17A/B, KANSL1-LRRC37A3, NAIPP4-
OCLNP1, and NSFP1-LRRC37A2 fusion transcripts.
Analyses were performed on full-length, non-concatemer
(FLNC) reads. For the PacBio Kinnex full-length RNA
dataset  (downloads.pacbcloud.com/public/dataset/Kinnex-
full-length-RNA/), FLNC reads were available directly. For
the second dataset [35], FLNC reads were generated from CCS
reads using the Iso-Seq pipeline (https://isoseq.how/). Briefly,
HiFi reads (predicted accuracy >Q20) were first extracted
from the CCS reads of each sample using extracthifi, primers
were removed using lima, and isoseq refine was used for
trimming polyA tails and concatemer removal. For the third
dataset [36], HiFi reads were generated from subreads.bam
files using the ccs tool (github.com/PacificBiosciences/ccs),
and FLNC reads were then generated using lima and isoseq
refine Iso-Seq tools as described for the second dataset. After
all FLNC files were obtained, minimap2 was used to index
and map the FLNC long reads onto the fusion transcript
junction sequences, consisting of 43 nucleotides immediately
upstream and 43 nucleotides downstream of the junction
splice site (Supplementary Table S5). For mapping, a maxi-
mum of three mismatches was allowed in each fusion junction
sequence of 86 nucleotides.

De novo fusion transcript detection in Iso-Seq HiFi
data was subsequently performed on the samples of the
first and second datasets using pbfusion (github.com/
pacificBiosciences/pbfusion/). Iso-Seq HiFi reads (FLNC) were
first aligned to the human genome (GRCh38.p13.genome.fa)
with pbmm2 (github.com/PacificBiosciences/pbmm?2). Then
pbfusion was run on aligned reads, allowing the emission of
both medium- and low-quality fusions. Results of fusion tran-
scripts identified in the de novo pbfusion analysis and the val-
idation of short-read data using minimap2 are provided in
Supplementary Tables S7 and S8.

Protein-coding potential of fusion transcripts

To visualize the in silico protein-coding potential of the fusion
transcript dataset (as predicted by FusionCatcher), we used
the Python package Matplotlib. The fusion junctions of up-
stream and downstream fusion genes were classified as falling
within the UTR (untranslated region), CDS (coding DNA se-
quence), exonic (no-known-CDS), or intronic. Fusion tran-
scripts where both upstream and downstream fusion junc-
tions fell within a CDS were further classified as in-frame or
out-of-frame. All categories are based on the coding potential
and reading frame of the annotated parental genes; however,
it is possible that fusion transcripts may contain novel open
reading frames that are not present in the parental genes, even
when one or both of the parental genes are non-coding. Seven
fusion transcripts were excluded from visualization as Fusion-

Catcher was unable to classify the protein-coding potential of
their sequences. Conserved domains in the predicted protein
structures were identified using the NCBI conserved domains
search tool (ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

To collect evidence for the translation of fusion tran-
scripts, we analysed Ribo-seq data from three healthy donors
and three unrelated patients with familial Parkinson’s dis-
ease (Supplementary Table S2) [37]. SRA files (GEO acces-
sion numbers GSM2402496, GSM2402497, GSM2402498,
GSM2402499, GSM2402500, GSM2402501) were down-
loaded and converted to fastQ format using the SRA Toolkit
packages prefetch and fastq-dump [43], followed by trim-
ming with Trim Galore! (www.bioinformatics.babraham.
ac.uk/projects/trim_galore/) and quality control checks us-
ing FastQC (www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Only reads longer than 16 bp were retained. The
same custom reference used for bowtie2 alignment of RNA-
seq reads, consisting of 43 nucleotides immediately upstream
and 43 nucleotides downstream of the junction splice site
(Supplementary Table S5), was used to align Ribo-seq reads
mapping to the fusion junctions. Bowtie2 [44] was used to
index the fusion transcript sequences and map the Ribo-seq
reads onto the custom reference. Zero mismatches were al-
lowed within a 16 bp seeding sequence, and only Ribo-seq
reads spanning at least 5 bp upstream and 5 bp downstream of
the fusion junction were retained. To exclude Ribo-seq reads
that might map to multiple different transcripts, a BlastN
[45] analysis was performed against the transcriptome (GEN-
CODE v44). Ribo-seq reads that matched other known tran-
scripts with 100% coverage were discarded. The set of control
transcript junctions was generated from all exon junctions in
GENCODE v44 (including only those where the exonic se-
quence on each side of the junction extended for at least 43 nu-
cleotides). Three sets of 717 control exon junction-spanning
sequences were randomly selected and analysed in the same
way as the 717 fusion transcript junctions (control junction
sequences are provided in Supplementary Table S9). For the
control set, Ribo-seq reads that matched known transcripts
(other than the intended transcript) with 100% coverage were

discarded.

Cross-species fusion transcript analysis

To assess whether variable fusion transcripts were specific to
humans, we compared RNA-seq data from the Mayo dataset
of 276 human individuals to brain tissue of 20 chimpanzee
and 13 rhesus macaque samples. Accession numbers, tissue
types, and associated literature for these samples are displayed
in Supplementary Table S3. Multiple tissue types from dif-
ferent studies were used, including superior temporal cor-
tex, prefrontal cortex, frontal cortex, dorsolateral prefrontal
cortex, and unspecified brain tissue. Fastq files from chim-
panzees and rhesus macaques were aligned using bowtie2
against the custom reference of fusion junctions detected by
FusionCatcher in the human Mayo RNA-seq temporal cor-
tex dataset (Supplementary Table S5). To accommodate evo-
lutionary divergence between species, our previous bowtie2
score settings that had been optimized for human data were
adjusted to tolerate a greater number of mismatches in the
non-human datasets. Specifically, we began with the param-
eters used for mapping human reads and reduced mismatch
penalties and increased the number of allowed mismatches
for chimpanzee and rhesus macaque reads. These adjustments
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were guided by the estimated sequence divergence between
species (~1.2% between human and chimpanzee, and ~6%—
7% between human and rhesus macaque [46, 47]) as well as
by the typical read lengths in each dataset, since longer reads
can tolerate more mismatches without compromising align-
ment quality. The adjusted score settings, number of allowed
mismatches, and sequence similarity cutoffs for each species
and dataset are provided in Supplementary Table S6. We then
performed a Fisher’s exact test with FDR correction to identify
fusion transcripts significantly enriched in humans and not de-
tected in chimpanzees or rhesus macaques. These transcripts
are listed in Supplementary Table S10.

Locus diagrams

Data shown in the locus schematics for chr5q13.2 and
chr17g21.31 were obtained via the UCSC Genome Browser
[41, 42, 48]. WGS data were obtained from HipSci [38] (hip-
sci.org) and mapped to hg38 using BWA-MEM. SAM files
were converted to BAM, sorted, and indexed using samtools.
BigWig coverage files were generated using bamCoverage and
visualized against the UCSC Genome Browser, genome ver-
sion hg38.

RT-PCR validation of fusion transcripts

Reverse transcription polymerase chain reaction (RT-PCR)
was conducted in nine HipSci iPSC lines generated from nine
different individuals [38, 39]. PCR primers were designed in
the exons up- and downstream of the fusion junction us-
ing NCBI Primer Blast (ncbi.nlm.nih.gov/tools/primer-blast/)
to validate that primers did not amplify other known tran-
scripts in the Human Nucleotide Set. RNA was extracted
by phenol-chloroform extraction using TRIzol Reagent (In-
vitrogen). DNase treatment was performed using DNase I
(Roche) and samples were cleaned up using the RNA Clean
& Concentrator-5 Kit (Zymo). Two micrograms of total RNA
were converted to cDNA using SuperScript II Reverse Tran-
scriptase (Thermo Fisher Scientific) according to the First-
Strand ¢cDNA Synthesis Using SuperScript II RT protocol
(Pub. No. MANO0001342). PCR was carried out using Phusion
High-Fidelity DNA Polymerase (New England Biolabs) with
GC buffer and standard reaction conditions. Products were vi-
sualized on agarose gel alongside MassRuler Low Range DNA
ladder (Thermo Fisher Scientific). Primer sequences, anneal-
ing temperatures, and predicted product sizes are displayed in
Supplementary Table S11.

Variable fusion transcript expression and structural
variant genotyping

Publicly available RNA-seq and WGS data from iPSC lines
from the HipSci project [38, 39] were used to establish
structural variants causing variable fusion transcript expres-
sion. Bowtie2 mapping of fastq files against fusion junc-
tion sequences (43 nucleotides either side of the splice site,
Supplementary Table S12) was used to establish the number of
supporting reads for variable fusion transcripts. Reference se-
quences of the corresponding full-length parental genes at the
same exon junction were generated for each fusion transcript
as controls for normalization (Supplementary Table $12).
HipSci WGS data (already mapped to GRCh37/hg19) were
used to establish each individual’s copy number in structurally
variable regions. Relevant regions of aligned reads in hgl9
were retrieved using samtools view. The coverage of copy

number variable regions relative to nearby single copy re-
gions was quantified using bedtools multicov. For distinguish-
ing the 17q21.31 inversion, the H1/H2 discriminating SNP
rs8070723 was used, which is in linkage disequilibrium with
the H1 orientation [49, 50]. The frequency of this SNP in each
individual was determined using bcftools mpileup at the co-
ordinate chr17:44 081064 (hg19).

Variable fusion transcript isoform discovery

Isoform structure of variable fusion transcripts was deter-
mined using a combination of PacBio and Oxford Nanopore
Technologies (ONT) long-read sequencing. PacBio sequenc-
ing data from the same sources as described in the sec-
tion above were analysed, and reads supporting KANSL1-
ARL17A/B, KANSL1-LRRC37A3, NSFP1-LRRC37A2, and
NAIPP4-OCLNP1 fusion transcripts were saved to fasta files.
Fasta files for each fusion transcript were used to identify
transcript isoforms using Isoquant [51] with human refer-
ence genome hg38. Isoform output GTF files were visualized
on the UCSC Genome Browser and used to construct tran-
script diagrams in Adobe Illustrator. To further experimen-
tally validate the presence of full-length KANSL1-LRRC37A3
fusion transcripts and their associated splice variants, RT-
PCR was conducted to amplify the whole length of the fu-
sion transcript using Phusion High-Fidelity DNA Polymerase
(New England Biolabs). Primer sequences and annealing tem-
peratures are displayed in Supplementary Table S13. PCR
products were run on agarose gel and purified using the
QIAEX II Gel Extraction Kit (QIAGEN). Purified products
were quantified following the Qubit dsDNA BR Assay Kit
(Pub. No. MANO000232) or the Qubit 1x dsDNA HS As-
say Kits (Pub. No. MANO0017455). ONT libraries were gen-
erated according to the protocol ‘Ligation sequencing ampli-
cons — native barcoding (SQK-LSK109 with EXP-NBD104
and EXP-NBD114),” with the EXP-NBD103 kit used for bar-
coding. Sequencing was performed on the MinlON (FLO-
MIN106R9). Transcript isoform discovery was performed us-
ing Isoquant (github.com/ablab/IsoQuant) based on reference
genome hg38.

Evaluation of fusion detection tool performance

To assess the performance of alternate fusion detection tools
for identifying variable fusion transcripts, we compared Fu-
sionCatcher with STAR-Fusion [52] and Arriba [53] using
short-read RNA-seq data from three HipSci iPSC lines. These
cell lines were chosen because they exhibited known inter-
individual variation in specific fusion transcripts, previously
validated by RT-PCR, and had matched WGS data for geno-
typing. FusionCatcher successfully detected several validated
fusion transcripts in these individuals, while STAR-Fusion and
Arriba failed to identify these events (Supplementary Table
S$14). While our evaluation was limited to a small number of
biologically validated examples, it provided practical evidence
of tool performance for the goals of this study.

Data analysis and availability

Analysis was performed on the University of Amsterdam Fac-
ulty of Science compute cluster. Associated code, workflow
overview, and required dependencies are fully documented on-
line at github.com/Frankjacobslab/fusion-transcripts. Scripts
were written and executed in RStudio version 2022.02.2 and
Bash version 4.2.46(2)-release. Bash jobs were executed by
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workload manager Slurm version 18.08.8. The raw data un-
derlying this article were accessed from their original sources,
described in the ‘Samples and data sources’ section earlier, and
in Supplementary Tables S1-S3. The derived data generated in
this research will be shared on reasonable request to the cor-
responding author.

Results

Fusion transcripts are widely expressed in the
human brain and highly variable between
individuals

We set out to analyse fusion transcript expression in human
brain tissue, as many genes that reside within genomic re-
arrangement hotspots have previously been shown to play
critical roles in nervous system development and functioning
[54]. To identify fusion transcripts genome-wide, we analysed
and compared transcriptome data from post-mortem tempo-
ral cortex tissue of 276 individuals (those from whom these
data were available, out of the 312 individuals in the Mayo
RNA-seq Study) [55]. We used the program FusionCatcher
[40] to search for transcripts based on short-read RNA se-
quencing (RNA-seq) reads and read pairs that map simulta-
neously to more than a single annotated gene (Fig. 1C). Fu-
sion transcripts that were previously identified in healthy tis-
sue databases were not discarded. After filtering, 717 fusion
transcripts remained, of which 94% were intrachromosomal
(Fig. 2A; Supplementary Fig. S1A). After identifying this set
of fusion transcripts with FusionCatcher, we used bowtie2 to
map reads directly to the fusion junction sequences. This tar-
geted approach was able to capture a greater number of sup-
porting reads than standard FusionCatcher analysis alone.

There was a high degree of variation in the number of indi-
viduals expressing each fusion transcript (Fig. 2B). Some tran-
scripts were expressed in almost all individuals, while most
were detected in <20% of individuals (Fig. 2C). On aver-
age, each individual showed expression of 20% (142/717)
of fusion transcripts (Supplementary Fig. S1B). The median
splicing distance between the fusion points of the upstream
and downstream parental genes was 47.7 kilobases (Fig. 2D).
Seventy percent (502/717) of fusions occurred between im-
mediately adjacent genes, and of these, 98% (492/502) oc-
curred in the direction that would be predicted from stan-
dard readthrough transcription of nearby genes. However,
there was a substantial number of candidate fusions oc-
curring between very distant genes or contrary to the ex-
pected direction of transcriptional readthrough, suggesting
that these transcripts were arising from genomic rearrange-
ments, trans-splicing events, or from sequences that were not
annotated correctly in the human reference genome (Fig. 2A;
Supplementary Fig. ST1A).

We repeated this analysis for cerebellum samples from 275
individuals from the Mayo dataset (240 of which had also
provided temporal cortex tissue) and identified 1132 fusion
transcripts (Supplementary Fig. S3 and Supplementary Fig.
S4). Of these, 391 (34.5%) were also detected in temporal cor-
tex (Fig. 2E). We also examined fusion transcript expression
in each individual, to see how many transcripts were unique
to temporal cortex or cerebellum or expressed in both tis-
sues, and found a mix of unique and shared fusions (Fig. 2F).
Of the 1458 total fusion transcripts we identified in tempo-
ral cortex and/or cerebellum, 495 (34.0%) were previously

described in a large-scale fusion transcript analysis of GTEx
data across multiple non-diseased tissues by Singh et al. [33]
(Supplementary Table S15). An additional 177 of our fu-
sion transcripts involved the same gene pair as a transcript
identified by Singh et al., but differed in the precise loca-
tion of the fusion junction. Among the shared fusion tran-
scripts, 409 (82.3%) were annotated as brain-expressed in
the GTEx dataset, confirming the neuronal source of our
transcriptomic datasets. Some were annotated in only one
tissue, while others were observed across many tissue types
(Supplementary Fig. S5).

We further validated the 717 fusion transcripts detected
in temporal cortex in long-read RNA-seq data from six in-
dividuals [335, 36] (Supplementary Fig. S6). While long-read
data are only available for fewer individuals, this technique
provides more detailed insight into the full-length structures
and genomic locations of fusion transcripts. Seventy-four per-
cent (527/717) of fusion transcripts we previously identi-
fied in temporal cortex in short-read RNA-seq were vali-
dated by corresponding long reads mapping to the fusion
transcript junction in one or more individuals. This assess-
ment supports that the majority of the 717 identified fu-
sion transcripts are genuine fusions, rather than false pos-
itives arising from mapping errors or other artefacts from
short-read data. Long-read sequencing revealed that on aver-
age, each individual expressed 39% (281/717) of fusion tran-
scripts that had originally been identified in the short-read
dataset (Supplementary Fig. S6A). Of the fusion transcripts
detected, most were observed in only one individual; how-
ever, a substantial proportion were found in multiple individ-
uals, with some present in all six (Supplementary Fig. S6B).
It should be noted that because only six long-read datasets
were used to verify fusion transcripts detected in 276 individ-
uals, the actual proportion of the 717 fusion transcripts that
could be validated by long-read sequencing may be higher if
more transcriptomes are analysed in the future. Four individ-
uals had long-read sequencing data available from three brain
regions—cerebellum, hypothalamus, and temporal cortex. For
these four individuals, we compared fusion expression across
tissues (Supplementary Fig. S6C), and observed both shared
and tissue-specific fusion transcripts, consistent with the re-
gional specificity seen in our short-read RNA-seq data.

Fusion transcripts potentially encode novel protein
isoforms

We next determined what proportion of fusion transcripts
could potentially code for fusion proteins. The ability of a
fusion transcript to produce a functional fusion protein de-
pends on several factors, including whether the fusion in-
volves protein-coding or non-coding genes and the precise lo-
cation of the fusion junction between the upstream and down-
stream partners. Examples of different fusion configurations
are shown in Fig. 3A-H. Fusion transcripts joining the coding
sequences (CDS) of two protein-coding genes can be either
in-frame or out-of-frame, potentially generating a full-length
fusion protein or a truncated protein, respectively (Fig. 3A).
Some fusions that do not directly involve two CDS regions
may still retain open reading frames. For example, the CDS
of an upstream gene may fuse to the 5’ untranslated region
(UTR) of a downstream gene and continue in-frame into its
CDS (Fig. 3B). Alternatively, the 5* UTR of an upstream gene
may splice to the 5" UTR or CDS of a downstream gene,
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Figure 2. Genome-wide fusion transcript analysis in human brain. (A): Representation of 717 fusion transcripts detected in two or more individuals in
postmortem human temporal cortex RNA-seq data from 276 individuals. Each blue arc connects the upstream and downstream fusion points of a single
detected fusion transcript. For fusion transcripts where the upstream and downstream transcripts are a short distance apart, the arc appears as a
vertical line. The depth of colour of each arc corresponds to the percentage of individuals in which the fusion transcript was detected. Centromeres are
depicted in orange. Only intrachromosomal fusions are shown; interchromosomal fusions are displayed in Supplementary Fig. STA. (B): Heatmaps
displaying fusion transcripts detected per individual on each chromosome (three representative chromosomes are shown; remaining chromosomes are
shown in Supplementary Fig. S2). Rows represent different fusion transcripts, and columns represent individuals. Depth of colour is proportional to the
number of RNA-seq reads supporting the fusion. (C): Percent of fusion transcripts detected in differing numbers of individuals. (D): Percent of fusion
transcripts with different splice distances. Splice distance refers to the genomic distance between upstream and downstream fusion points. Median
splice distance is shown with a dotted line. (E): Total number of fusion transcripts detected in temporal cortex and cerebellum RNA-seq datasets. (F):
Number of fusion transcripts detected in temporal cortex only, cerebellum only, or in both tissues, for each individual (n = 240). Note that each individual
expresses only ~20%-35% of the full set of fusion transcripts, as indicated in Supplementary Figs S1B and S2E.
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Figure 3. Fusion transcripts encode potentially functional proteins and are detected in ribosome profiling data. (A-H): Examples of common types of
fusion transcripts formed from fusions at various locations within the upstream and downstream genes. CDS: coding sequence; UTR: untranslated
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preserving either all or part of the downstream CDS (Fig. 3C
and D). Fusion transcripts involving long non-coding RNAs
(IncRNAs) can also occur in various configurations, includ-
ing with protein-coding genes (Fig. 3E-G) or other IncRNAs
(Fig. 3H). Whether or not these transcripts have coding po-
tential, the fusion event may introduce novel 5’ regulatory se-
quences or disrupt normal transcript architecture, potentially
altering gene expression or translation.

We characterized the set of 717 fusion transcripts detected
in temporal cortex based on the nature of the upstream and
downstream fusion genes and found that 38% (273/717) of
fusion events resulted in CDS/CDS merging (Fig. 31). Of the
CDS/CDS fusions, 55% (151/273) fused in-frame. These tran-
scripts have the potential to be translated into a fusion pro-
tein that is a chimera of the two parental proteins. The re-
maining 45% (122/273) produced out-of-frame transcripts,
likely encoding truncated proteins. Other highly represented
categories were fusions between the CDS of the upstream
gene and the UTR of a downstream protein-coding gene
(15% of total, 110/717) or an exon of a downstream non-
coding gene (9% of total, 66/717). These categories could
lead to truncated or novel proteins, depending on the specific
case.

To determine whether any fusion transcripts showed ev-
idence of active protein translation, we analysed ribosome
profiling (Ribo-seq) data from iPSC-derived neurons from six
different donors [37]. It should be noted that even for nor-
mal genes, detection in Ribo-seq is limited by low coverage
and short read length. Detection of fusion transcripts is even
more challenging because Ribo-seq reads can only unambigu-
ously support fusion transcripts if they span the specific exon—
exon fusion junction, rather than any location along the tran-
script. Despite these technical limitations, 7% of fusion tran-
scripts (51/717) showed expression in ribosome footprints
from one individual genetic background, compared to 31%
(219/717) of randomly selected control genes from GEN-
CODEv44 (Fig. 3]; analysis for the other five individuals is
shown in Supplementary Table S2). While 7% of Ribo-seq-
confirmed fusion transcripts may seem like a small fraction, it
is relevant that any given individual expresses only a subset of
all 717 fusion transcripts [20% based on short-read sequenc-
ing data (Fig. 2C)]. In addition, for the control set of annotated
genes, expected to be much more stably expressed across the
population than fusion transcripts, only 31% of exon-exon
junctions were identified in Ribo-seq, highlighting the inher-
ent limitations of ribosome-transcript interactions and the ri-
bosome profiling technique. A closer examination of specific
fusion transcripts detected in Ribo-seq revealed their poten-
tial to generate novel chimeric or truncated proteins (Fig. 3K).
Overall, these findings suggest that some fusion transcripts are
actively translated, and many others may go undetected due to
technical challenges in identifying fusion junction sequences in
Ribo-seq data.

Some fusion transcripts exhibit pronounced
inter-individual variation, while others are
readthrough events common to most or all
individuals

We next assessed whether the fusion transcripts identified
through our bioinformatic pipeline could be validated in inde-
pendent RNA samples. We selected induced pluripotent stem
cell lines from nine individuals in the Hipsci database [38],

for which both high-coverage RNA-seq and WGS data are
available. We performed RT-PCR for 20 selected fusion tran-
scripts and cross-referenced these results with the expected ex-
pression from FusionCatcher analysis performed on RNA-seq
data from the same cell lines. We successfully validated 18/20
of these fusions by RT-PCR (Fig. 4; Supplementary Fig. S7).
Among the validated fusion transcripts were those arising
from adjacent genes, as well as from genes located far apart
in the reference genome. Four fusion transcripts showed dif-
ferential expression between individuals, all of which arose
from distant genes in the reference genome (Fig. 4A). These
transcripts (NAIP-OCLN, KANSL1-ARL17A/B, KANSL1-
LRRC37A3, and NSF-LRRC37A3) were located within
known alternate haplotype regions of the human genome, sug-
gesting they arose from diverse genomic structural arrange-
ments in the nine individuals profiled. In contrast, fusion tran-
scripts that arose from readthrough transcription of adjacent
genes were expressed in all individuals based on RT-PCR, even
when they had not been detected in all individuals by RNA-
seq (Fig. 4B; Supplementary Fig. S7). This implies that the
sensitivity of FusionCatcher detection of fusion transcripts in
RNA-seq data is suboptimal, and in particular the set of tran-
scriptional readthrough-derived fusion transcripts may be ex-
pressed more widely in the human population than what is
predicted based on the bioinformatic approaches used in this
study.

Variable fusion transcripts are located in highly
duplicated regions of the genome associated with
neurodevelopmental and neurodegenerative
phenotypes

To elucidate the underlying genetics of fusion transcripts with
clear inter-individual variations, we examined the location of
fusion transcript junctions more closely. Among the fusions
we examined by RT-PCR, those exhibiting presence/absence
variations were located within genome regions 5q13.2 (Fig. 5)
and 17q21.31 (Fig. 6). These loci are enriched with segmen-
tal duplications, and structural variations in these regions
have been associated with neurodevelopmental and neuro-
muscular disorders [56-58]. Due to the high density of seg-
mental duplications, these loci show considerable variation
within the healthy human population. Notably, all of the
variable fusion transcripts were frequently detected in the
human population and not detected in RNA-seq data from
chimpanzees or rhesus macaques (P < .03, Fisher’s exact test
with FDR correction; Supplementary Fig. S8), although this
comparative analysis was limited by the smaller sample size
available for the non-human primates (# = 33), which may
limit detection sensitivity. As such, some observed absences
in non-human primates may reflect limited statistical power
rather than true species specificity. The variable fusion tran-
scripts were also significantly more likely to be detected in
both temporal cortex and cerebellum in our original dataset
of post-mortem human brain tissue samples, in compari-
son to the set of all fusion transcripts detected genome-wide
(Supplementary Fig. S9).

One of the variable fusion transcripts, NAIP-OCLN, origi-
nated from the 5q13.2 locus, which exhibits substantial ge-
netic diversity and structural complexity (Fig. SA and B).
Population studies have identified multiple distinct structural
haplotypes and segmental duplications at 5q13.2 (Fig. SA
and C). The region harbours the SMN1 and SMN2 genes

920z Aleniga g| Uo Jash weplajswy UeA JId)SIaAIuN Aq G80Z018/1L9¢E LieXb/zz/cG/al01e /eu/wod dno-olwapede//:sdiy woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1361#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1361#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1361#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1361#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1361#supplementary-data

10  Moses et al.
KANSL1-ARL17A/B KANSL1-LRRC37A3 NAIP-OCLN
. 53 nte ' ntc '
500— = - 500— == ‘ - = pr -
400— - 400— == 300_ -4
300 - 300— (8 - . eemmw- -
200— weww < 200— s 8 - < 20 <
100— 100— 100- - - - - -
| HEER SEERRENS L[
NSF-LRRC37A3 NSF-LRRC37A3 SMG1-NPIPB5
ntc ntc ' ! ntc
! - o e = - :
400— . 400— | = 00— -
300— 300— - -
00— .. =l - - 200— 200— !', .'.'!' 4
100— - - - < 100— 100—
RNAseq [ — :—- -_
‘ . | . | =CrEm—mT

SERF1A-SMN1

ntc
500— I - l

PBXIP1-PMVK

ntc

CHCHD10-VPREB3

ntc
! !
—

500—
S e  ---—- <]

500—
_ - '
400— == - - - 400— -

S e s - 20 e -] e

- - <] -
100— 100— 100—
- e e S
e | [EEEHC NN | L
HSPE1-MOB4 CTNNBIP1-CLSTN1 JAK3-INSL3
ntc ntc ntc
500 l l g l ’I g !
_ _ — |-

g = — e = o=

200 300— - 300— -

o L L L < 200— Sesd 4 200— - <]

— _ - - .- —
LA B R L ] 100 100
-
e | LERECELE HNENECEE EEEEEEEE
Supporting RNAseq reads
GAPDH

ntc

-—
500—
400—

300—
200—

————l L

<

0 (log scale) 22

Figure 4. Fusion transcripts exhibit present/absent variation between individuals. Gel electrophoresis analysis of RT-PCR amplified fusion transcripts
from nine individuals, for genes in distant locations (A) and adjacent genes (B) in the reference genome. Heatmaps below each gel image show the
expression level of each fusion transcript based on RNA-seq analysis of the same individual. Multiple boxes in the heatmap indicate different transcript
variants of the same parental genes giving rise to the fusion transcript. RT-PCR for the GAPDH housekeeping gene in the same samples is displayed in
panel (C). Arrows at the right of gel images indicate expected RT-PCR product(s). NTC: no template control.
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(SMA). (A): Chromosome band, hg38 coordinate, and location of alternate haplotypes. (B): Variable fusion transcript locations. Arcs connect the
upstream and downstream fusion points of a single detected fusion transcript from short-read RNA-seq analysis. More than one arc joining the same
two genes indicates multiple fusion transcripts were detected, fusing at different locations within the gene(s). (C): Segmental duplication locations. (D):
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(DGV). Both the density and a selection of curated variants found in multiple studies in the DGV are shown. (F): Read density of WGS data from nine
healthy individuals (human iPSC lines) mapped to hg38, indicating copy number variability in the region.

(Fig. 5D), with mutations or deletions in these genes leading to
Spinal Muscular Atrophy (SMA), a severe neurodegenerative
disorder marked by progressive muscle wasting and weak-
ness [58-60]. While variations in SMN1 or SMN2 are the
cause of the condition, SMA is also associated with varia-
tions in the copy number of NAIP [61-63]. The complex
genomic architecture of 5q13.2 includes polymorphic inver-
sions, deletions, and duplications that create a dynamic land-
scape for gene expression regulation (Fig. SE). These varia-
tions in genome structure are common both within the healthy
population (Fig. 5F) and in SMA, where they can contribute
to the diverse clinical presentations of the disease [64-66]. Ad-
ditionally, CNVs in this region are associated with other con-
ditions, such as susceptibility to infections and inflammatory

responses, due to the involvement of the NAIP gene in im-
mune pathways [67, 68].

The other variable fusion transcripts originated from genes
in the 17921.31 locus (Fig. 6A and B), one of the most vari-
able and complex regions of the human genome, which has
also undergone dramatic reorganization during recent human
evolution [69-71]. We observed fusion events occurring be-
tween several genes in the locus, all originating from within
segmental duplications (Fig. 6B and C). 17q21.31 contains
the MAPT gene, as well as CRHR 1, NSF, KANSL1, and mem-
bers of the LRRC37 gene family, all of which have neural
functions (Fig. 6D) [72-80]. The region is known for its ge-
nomic instability, and frequent CNVs and complex rearrange-
ments contribute to a high degree of inter-individual variabil-
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Figure 6. Variable fusion transcripts are located in the highly duplicated, copy-number variable locus 17g21.31, associated with neurodevelopmental and
neurodegenerative disorders. (A): Chromosome band, hg38 coordinate, and location of alternate haplotypes. (B): Variable fusion transcript locations.
Arcs connect the upstream and downstream fusion points of a single detected fusion transcript from short-read RNA-seq analysis. More than one arc
joining the same two genes indicates multiple fusion transcripts were detected, fusing at different locations within the gene(s). (C): Segmental
duplication locations. (D): Selected genes (GENCODE v44). (E): Structural variants (deletions and duplications) found in healthy individuals from the
Database of Genomic Variants (DGV). Both the density and a selection of curated variants found in multiple studies in the DGV are shown. (F): Read
density of WGS data from nine healthy individuals (human iPSC lines) mapped to hg38, indicating copy number variability in the region.

ity (Fig. 6E and F). One specific recurrent copy number vari-
ation, 17q21.31 microdeletion, causes the neurodevelopmen-
tal disorder Koolen-de Vries syndrome [56, 57]. Eight struc-
tural sub-haplotypes exist within the normal human popu-
lation [69, 70]. Certain sub-haplotypes have been repeatedly
associated with an increased risk of Parkinson’s disease (PD)
and progressive supranuclear palsy (PSP) in genome-wide as-
sociation studies (GWAS), while others are thought to confer
a protective effect [81-84] (Supplementary Fig. S10). Having
established the location of variable fusion transcripts within
these highly duplicated, copy number-variable regions, we hy-
pothesized that the expression of specific fusion transcripts is
tightly linked to genomic haplotypes that exist for these loci.

Fusion transcripts occur as a result of different
genomic structural haplotypes

We next determined whether the presence or absence of
variable fusion transcripts was indeed caused by differ-
ent genomic structural arrangements in the human popula-
tion. We focused on those fusion transcripts that exhibited
clear presence/absence distinctions and were located in the
17g21.31 and 5q13.2 regions. We determined the full struc-
ture of KANSL1-ARL17A/B, KANSL1-LRRC37A3, NSF-
LRRC37A3, and NAIP-OCLN fusion transcripts using a
combination of short-read RNA-seq, long-read PacBio RNA-
seq, and RT-PCR of the full transcript structure followed
by long-read Oxford Nanopore Technologies sequencing
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Figure 7. Variation in fusion transcript expression arises from different genomic structural haplotypes. (A—C): Structure of KANSL1-LRRC37A3,
KANSL1-ARL17A/B, and NSFP1-LRRC37A2 fusion transcripts, constructed based on lllumina, PacBio, and Oxford Nanopore Technologies sequencing
data. Not all fusion transcript splice variants are depicted here; additional transcript variants are displayed in Supplementary Fig. S11. (D-F): Expression
level of fusion transcripts based on genomic copy number of relevant segmental duplication (determined by WGS coverage ratio). Fusion transcript
expression is normalized relative to the non-duplicated parental control transcript expression level. Corresponding results for NAIPP4-OCLNP1 and
non-duplicated parental control transcripts are shown in Supplementary Fig. S13. n = 191 individuals; *P < .05, xxP < .01, xxxP < .001 (Kruskall-Wallis
test and Dunn'’s post-hoc test with Bonferroni correction for multiple comparisons). (G): Structure of 17g21.31 genome region indicating proposed
location of genes generating fusion transcripts. Coloured boxes represent segmental duplications containing partially duplicated genes KANSL 7 and
NSFP1. Duplicated genes causing the fusion event are shown in colour. Organization of all structural sub-haplotypes is displayed in

Supplementary Fig. S11.

(Fig. 7A-C; Supplementary Fig. S11). Our analysis showed
that the genes giving rise to these fusion transcripts were all
located within segmental duplication regions and were par-
tial duplications of full-length genes (KANSL1, NSF, NAIP,
and OCLN) located elsewhere in the locus. The fusion tran-
script identified by FusionCatcher as NAIP-OCLN actually
arose from the highly similar genes NAIPP4 and OCLNPI.
Similarly, NSF-LRRC37A3 likely arose from the fusion of
NSFEP1 and LRRC37A2 genes, and the KANSL1 fusion genes
originated from partially duplicated, unannotated copies of
KANSLI1, rather than the full-length annotated KANSL1
gene.

To analyse if structural genetic variation was directly as-
sociated with the expression of fusion transcripts from the
17g21.31 and 5q13.2 loci, we analysed WGS data from 191
individuals from the Hipsci database. We quantified genome
coverage in the region of the genes involved in fusion tran-
script formation, all located within segmental duplications.
We found that for the region containing the KANSL1 par-
tial duplication, all individuals displayed a coverage ratio
clustered around 1.0, 1.5, or 2.0, relative to a neighbour-
ing single-copy genome region. This indicated inter-individual
differences in the number of copies of this segmental du-
plication in the locus (Supplementary Fig. S12). Similarly,
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individuals’ WGS coverage for the regions containing the
NSFP1 and OCLNP1 duplications also clustered around
discrete ratios relative to corresponding single-copy regions
(Supplementary Fig. S12). Using these WGS coverage ratios,
we classified individuals into coverage ratio groups and com-
pared this genotype information to expression of the rele-
vant fusion transcript in short-read RNA-seq data (Fig. 7D-
F; Supplementary Fig. S13). Our analysis confirmed that the
presence and level of fusion transcript expression was a di-
rect result of variations in copy number at the correspond-
ing genome region. Expression of the KANSL1 fusion tran-
scripts was completely absent or extremely rare in individu-
als with a coverage ratio of 1.0, who presumably lack any
segmental duplication of the KANSL1 region (Fig. 7D and
E). Fusion transcript expression increased proportionally with
genomic copy number in individuals with coverage ratios of
1.5 or 2.0, indicative of the presence of a heterozygous or ho-
mozygous KANSL1 duplication, respectively. Expression was
also clearly linked to the genomic coverage ratio group for
the NSFP1-LRRC37A2 and NAIPP4-OCLNP1 fusion tran-
scripts (Fig. 7F; Supplementary Fig. S13). We also examined
the parental, full-length genes which were the original source
of the partially duplicated genes generating these fusion tran-
scripts, and found no difference in expression between geno-
type groups (Supplementary Fig. S13).

The pattern of fusion transcript expression we observed
is consistent with the established structural sub-haplotypes
of the 17q21.31 locus (Fig. 7G; Supplementary Fig. S11)
[69, 70]. Particular sub-haplotypes give rise to KANSLI-
ARL17A/B and KANSL1-LRRC37A3 due to the positioning
of a partial KANSL1 duplication upstream of LRRC37A3 or
an ARL17-like sequence, respectively. Fusion transcripts are
initiated at the KANSLI partial duplication and continue via
transcriptional readthrough into the downstream gene. Simi-
larly, certain sub-haplotypes generate NSFP1-LRRC37A2 fu-
sions due to the positioning of a segmental duplication con-
taining NSFP1 upstream of LRRC37A2. We detected sup-
porting Ribo-seq reads for KANSL1-ARL17A/B and NSFP1-
LRRC37A2 in one individual, indicating these fusions may
be actively translated (Supplementary Fig. S14). Both of
these transcripts are fused out-of-frame and encode truncated
versions of the full-length KANSL1 or NSF proteins. No-
tably, full-length in-frame KANSL1-LRRC37A3 transcripts
were present in PacBio and Oxford Nanopore long-read se-
quencing data, and these transcripts would have the po-
tential to produce a chimeric KANSL1-LRRC37A3 protein
(Supplementary Fig. S14). The 17q21.31 sub-haplotype that
generates KANSLI-LRRC37A3 fusion transcripts has been
repeatedly linked with decreased risk of multiple diseases, in-
cluding PD and PSP [81-84]. While this warrants further in-
vestigation, the 17q21.31 locus is an example of the presence
or absence of a particular fusion transcript correlating almost
perfectly with extremely well-established risk associations for
several neurodegenerative diseases.

In summary, we demonstrated that many fusion events oc-
cur in the healthy human population, and a large number of
these may have the potential to produce functional proteins.
Some fusion transcripts exhibit pronounced inter-individual
variation and are generated from human-specific segmental
duplications that vary in copy number in the modern popula-
tion. We elucidated how specific structural variants give rise to
different fusion transcripts by characterizing the association
between sub-haplotypes in the 17q21.31 and 5q13.2 regions

and the variability in fusion transcript formation, illustrating
the genomic diversity that contributes to these patterns.

Discussion

This study provides novel insights into the extent of fusion
transcript expression in the human population and how vari-
ations in fusion expression can be driven by different ge-
nomic structural haplotypes. We identified hundreds of dis-
tinct fusion events occurring in non-cancerous human brain
tissue. Most fusion transcripts were detected in only a few
individuals, but some were very frequently expressed within
the population. Our analysis revealed that certain fusion tran-
scripts exhibited pronounced presence/absence differences in
expression between individuals. All of these variable fusions
were located in highly duplicated and unstable regions of our
genome, associated with benign and pathogenic CNVs and
harbouring genes involved in neurodevelopment and neurode-
generation. Additionally, we detected many fusion transcripts
arising from transcriptional readthrough of nearby genes in
single-copy genome regions that do not commonly exhibit
structural variation. Unlike the variable fusion transcripts,
these readthrough transcripts showed evidence of expression
in most or all individuals, albeit at highly variable levels.

We further demonstrated that fusion transcripts with inter-
individual differences in expression often arose from loci rich
in human-specific segmental duplications. Most of these loci
are genetically unstable and display a high level of copy num-
ber variation in the human population. The highly variable
structure of these loci illustrates how segmental duplications
can lead to the formation of novel fusion transcripts, pro-
viding a new source of transcriptomic diversity and evolu-
tionary innovation in the human population. Intriguingly, the
structural haplotype at 17q21.31 that gives rise to KANSL1-
LRRC37A3 fusion transcripts has been repeatedly associated
with decreased risk of multiple diseases, including PD and
PSP, in GWAS [81-85]. Conversely, a group of 17q21.31 sub-
haplotypes, including the one that gives rise to the KANSL1-
ARL17A/B fusion transcripts, has been repeatedly associ-
ated with an increased risk for these diseases. As such, the
17q21.31 locus represents a case where fusion transcripts seg-
regate almost perfectly with GWAS risk haplotypes. While the
causal variants in the 17q21.31 locus remain elusive, the fu-
sion transcripts identified in this study should be considered
as candidates underlying these differences in predisposition to
17q21.31-associated neurological disorders.

While our study focused on inter-individual variation in fu-
sion transcript expression, the cohort analysed consisted pre-
dominantly of individuals of European ancestry. Several of
the genomic regions giving rise to the identified fusion tran-
scripts are known to vary in structure and frequency across
different ancestral populations. For example, segmental dupli-
cations involving KANSL1 are more common in individuals
of European descent, whereas NSF duplications are more fre-
quently observed in individuals of Asian ancestry [69, 70, 85].
Accordingly, the fusion transcripts we observed arising from
KANSLI1 duplications may be less prevalent, or even absent,
in other populations. Conversely, additional fusion transcripts
may exist in other ancestry groups that were not captured in
this dataset. Future studies in ancestrally diverse populations
will be important to fully characterize the global landscape of
fusion transcript variability.
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A significant proportion of the fusion transcripts we identi-
fied bioinformatically resulted from the fusion of two protein-
coding regions, suggesting they may have protein-coding po-
tential. Among these CDS-CDS fusions, the majority occurred
in-frame, indicating their capacity to generate novel chimeric
proteins. Typically, transcripts encoding out-of-frame CDS-
CDS variants, as well as other fusion categories predicted to
produce a frameshift, may be expected to be cleared by NMD.
This may explain, at least in part, the enrichment of in-frame
CDS-CDS variants we observed. However, we did identify
some out-of-frame fusion transcripts expressed at high levels,
including KANSL1-ARL17A/B, which also showed evidence
of translation in Ribo-seq. This suggests that NMD does not
always effectively downregulate out-of-frame transcripts. If
such fusion transcripts persist, they could potentially produce
truncated proteins with novel functions.

An unresolved question is whether fusion transcripts of in-
terest, either in-frame or out-of-frame, are translated into sta-
ble proteins. In this study, we found evidence of active trans-
lation using Ribo-seq data. However, detecting a fusion tran-
script in ribosome profiling data does not confirm the sta-
bility of the translated fusion protein product, and the ex-
pression and stability of fusion protein isoforms require fur-
ther validation. Validation could involve targeted mass spec-
trometry techniques such as multiple reaction monitoring to
sensitively detect specific peptides spanning the fusion junc-
tion, as well as overexpression of tagged fusion transcripts.
Such studies could confirm whether fusion transcripts are not
only translated, but also result in stable and functional protein
products. Although this goes beyond the scope of our current
study, it is essential for uncovering the evolutionary impact
of these fusion transcripts and understanding how variation
in their expression could underlie certain individual-specific
traits. Intriguingly, even non-protein coding fusion transcripts
may have a physiological impact, such as the long non-coding
chimeric RNA SL.C45A3-ELK4, which regulates cell prolifer-
ation by its transcript, not via a translated protein [86].

Our findings demonstrate that fusion transcripts are com-
monly expressed in non-cancerous tissues. Surprisingly, sev-
eral of the fusion transcripts we identified in healthy hu-
man brain tissue and iPSCs have previously been reported
as cancer-associated or proposed as cancer biomarkers, in-
cluding KANSL1-ARL17A/B [87]. While we do not rule out
the possibility that some of these fusions may play a role in
oncogenesis, many of these claims are based on limited evi-
dence, such as apparent enrichment in tumour samples drawn
from different individuals than the controls, often without
proper statistical significance or population-scale validation.
Our data suggest that some fusion transcripts may be rela-
tively common in healthy individuals and could appear en-
riched in tumours due to underlying genetic variation. These
observations underscore the need for caution when interpret-
ing the diagnostic or oncogenic significance of fusion tran-
scripts and highlight the importance of including healthy pop-
ulation data in such analyses.

In summary, our study demonstrates the existence of many
previously unannotated fusion transcripts in human brain tis-
sues, highlighting their presence/absence across different indi-
viduals or significant inter-individual variation in their expres-
sion. We reveal that these fusion transcripts often arise from
recent human-specific genomic rearrangements, particularly
in regions enriched with segmental duplications, contributing
to substantial inter-individual variability. This phenomenon

may represent an untapped source of evolutionary innovation
and genetic diversity. Fusion transcripts can bring together ex-
ons from unrelated genes to generate chimeric proteins con-
taining novel combinations of protein domains. While many
genes in our genome originated from similar fusion events in
our evolutionary past [34], it is intriguing to consider that
this process may continue in the human species today. Fusion
events between adjacent genes, often resulting from transcrip-
tional readthrough, provide evolutionary flexibility, enabling
the creation of new proteins with potentially adaptive func-
tions and the development of new gene structures.

We further demonstrate that genetically unstable loci, par-
ticularly those affected by waves of segmental duplication dur-
ing primate evolution, are key sources of new fusion genes,
transcripts, and proteins. Some of these fusions are present
in only a subset of the human population. Perhaps not co-
incidentally, many of these segmental duplication-rich loci
contain critical neuronal genes, with variations in their ge-
nomic organization linked to various neurological disorders
[54]. Although gene paralogs resulting from segmental dupli-
cations are frequently annotated as pseudogenes, our findings
show that they can be expressed as part of fusion transcripts,
which may produce functional proteins. Thus, our study un-
derscores the importance of investigating pseudogenes in seg-
mental duplication-rich regions to assess their expression and
protein-coding potential as components of the fusion tran-
scripts identified here. This is essential because, even in cases
where a causal factor for a disease-associated locus is known,
the penetrance and phenotypic expression of the associated
disorders often vary widely among affected individuals. This
suggests that other genetic elements within such loci likely
contribute to the onset, severity, or progression of the disor-
ders. We propose that fusion transcripts and the proteins they
encode are promising candidates for explaining part of this
inter-individual variation, as they may play critical roles in
both health and disease, influencing physiological processes
and disease susceptibility.
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