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Abstract

Among the diverse sources of neoantigens (i.e. single-nucleotide variants (SNVs), insertions or deletions (Indels) and fusion genes), fusion
gene-derived neoantigens are generally more immunogenic, have multiple targets per mutation and are more widely distributed across various
cancer types. Therefore, fusion gene-derived neoantigens are a potential source of highly immunogenic neoantigens and hold great promise for
cancer immunotherapy. However, the lack of fusion protein sequence resources and knowledge prevents this application. We introduce ‘Fusion-
NeoAntigen’, a dedicated resource for fusion-specific neoantigens, accessible at https://compbio.uth.edu/FusionNeoAntigen. In this resource,
we provide fusion gene breakpoint crossing neoantigens focused on ~43K fusion proteins of ~16K in-frame fusion genes from FusionGDB2.0.
FusionNeoAntigen provides fusion gene information, corresponding fusion protein sequences, fusion breakpoint peptide sequences, fusion
gene-derived neoantigen prediction, virtual screening between fusion breakpoint peptides having potential fusion neoantigens and human leu-
cocyte antigens (HLAs), fusion breakpoint RNA/protein sequences for developing vaccines, information on samples with fusion-specific neoanti-
gen, potential CAR-T targetable cell-surface fusion proteins and literature curation. FusionNeoAntigen will help to develop fusion gene-based
immunotherapies. We will report all potential fusion-specific neoantigens from all possible open reading frames of ~120K human fusion genes
in future versions.
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Introduction

Tumor neoantigens are products from the cancer-specific mu-
tated genes that are presented by the major histocompati-
bility complex (MHC) proteins and recognized by CD8+ or
CD4+ T cells. Neoantigens derived from single-nucleotide
variants (SNVs) and insertions-deletions (Indels) have been

the most frequently studied. However, gene fusions are also
valuable sources of tumor neoantigens due to their ability to
generate new open reading frames (ORFs). More importantly,
compared to SNV and Indel neoantigens, fusion gene neoanti-
gens are generally more immunogenic, have multiple targets
per mutation and are more widely distributed across various
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cancer types (1,2). As a consequence, they constitute a crucial
type of tumor neoantigen and are increasingly being targeted
for cancer immunotherapies. In addition, fusion gene neoanti-
gens have multiple applications, including serving as prognos-
tic biomarkers of immune checkpoint blockade and in the de-
velopment of tumor vaccines, and adoptive cell therapies.

Neoantigen studies have been increasingly reported since
2015. However, so far, there have been only 56 studies report-
ing on the neoantigens of 33 fusion genes out of 266 man-
ually curated in-frame fusion genes. Information from indi-
vidual studies is listed in Table 1. Compared to studies on the
neoantigens derived from SNVs or Indels, the number of stud-
ies on fusion neoantigens remains limited. This is because of
the lack of fusion protein sequence resources and limited un-
derstanding of this domain. Even though there were several
studies/pipelines for the prediction of fusion gene-derived fu-
sion neoantigens in human cancer, those were only focused on
specific cancer patients or cell lines. Also, no comprehensive
studies were performed on fusion gene-derived neoantigens
due to the lack of a reliable source of human fusion protein
sequences (3-10). Most importantly, those studies lack func-
tional annotation of the consequences resulting from the inhi-
bition of such fusion gene functions when the immune systems
attack those cancer cells with fusion-specific neoantigens (1).
This lack of annotation has reduced interest for and prevented
consensus in the need for further studies of fusion neoanti-
gens. However, many cancers have a high frequency of fu-
sion gene patients (such as rare childhood cancers) for which
there are no efficient targeted therapies developed, and are
still awaiting to have individual fusion-specific targeted ther-
apies. Given this context, there is an imperative need to create
a comprehensive resource of fusion gene-specific neoantigens
for all human cancer types, comprehend the landscape of the
fusion neoantigens, understand the functional effect of fusion
neoantigens on cancer, to select potential immunotherapeutic
targets for the fusion genes lacking targeted therapeutics, and
to facilitate the development of effective cancer vaccine.

To fill this gap, we built the FusionNeoAntigen database,
which provides potential fusion breakpoint-specific neoanti-
gens throughout ~102K human fusion genes. From our pre-
vious study, FusionGDB2 (11), we successfully translated ~
43K fusion protein sequences from ~82K full-length fusion
transcripts based on ~16K in-frame fusion genes. These fusion
protein sequences are currently being imported into UniProt
as the reference source of human fusion protein sequences.
Furthermore, in FusionPDB, we share the 3D structures of
more than 3K fusion proteins. In this study, based on the
~43K fusion protein sequences, we predicted the fusion gene-
derived neoantigens using the HLA binding affinity-based pre-
diction tools (i.e. NetMHCpan and deepHLApan). To provide
the fusion-specific neoantigens, we filtered out the neoantigens
that are not crossed over the fusion protein breakpoint posi-
tion. After filtering based on the output values of those tools,
we finally identified about 10K and 7K fusion breakpoints that
have potential interaction with HLA-Is and HLA-IIs, respec-
tively. In total, we identified ~52K and ~19K fusion-specific
neoantigens that interact with HLA-Is and HLA-IIs, respec-
tively. Each of these fusion breakpoints in the fusion protein
sequences has multiple neoantigens crossing the fusion protein
breakpoints. Taking the fusion breakpoint 14 AA sequence
(since the minimum protein sequence length for prediction of
protein structure is 14 AA in the RoseTTAFold), we predicted
the 3D structures of ~10K fusion breakpoint 14 AA peptides.
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Table 1. Manual curation of fusion genes that have previous studies on
their neoantigens
#

Hgene Tgene PMIDs PMIDs

ACTG1 MITF 15 12906767,27036915,
31883334, 29296522,
35600219, 25477879,
31162138,27319350,
33438345, 15047891,
28114254, 32640516,
33832648,29067023,12362579

BCR ABL1 7 32117272,27181332,
32301049, 11697642, 8289483,
22912393, 28153834

SSX1 SYT N 11559563, 12133991,
15240740, 15647119, 22726592

SSX2 SYT S 11559563, 12133991,
15240740, 15647119, 22726592

CD74 ROS1 4 30417696, 32793490,
26137589, 23160643

ERG TMPRSS2 3 34891161,34527198, 33244314

EWS FLI1 3 18676758, 34385178, 24963049

TMPRSS2  ERG 3 34891161, 34527198, 33244314

BAP1 PBRM1 2 33823006, 32472114

EGFR ACADM 2 26216968, 33627408

EML4 ALK 2 32013991, 29732013

EWS ERG 2 25917459, 24963049

EWS WT1 2 19206012, 11559563

EWSR1 FLI1 2 34385178, 36900411

NUTM1 BRD4 2 343332785, 36753024

PAX3 FKHR 2 18676758, 16452243

AKAP9 BRAF 1 30776432

BRAF AKAP9 1 30776432

CBFB MYH11 1 32831296

CCND1 FGF4 1 35874743

CD46 CDSS5 1 1371073

ERG EWSR1 1 36900411

ETVe ABL1 1 32117272

EWS ATF1 1 11559563

EWSR1 ERG 1 36900411

EWSR1 FEV 1 36900411

EWSR1 WT1 1 36900411

MYB NFIB 1 31011208

NDRG1 ERG 1 31475242

NTRK3 ETVe 1 36753024

PML RARA 1 32117272

PRKART1A RET 1 35587601

SS18 SSX2 1 11559563

For these predicted fusion breakpoint peptide structures, we
performed virtual screening against 25 different HLAs, which
have known 3D structures from PDB. Then, about 85.7% of
interactions were still found in the virtual screening results.
FusionNeoAntigen will help to develop fusion gene-based im-
munotherapies.

FusionNeoAntigen is the only resource that provides the
potential fusion-specific neoantigens derived from all cur-
rently known human cancer fusion genes. FusionNeoAntigen
will facilitate the advancement of immunotherapies for fusion-
positive patients. We believe that information about cancer
fusion neoantigens will grow in both size and importance in
the forthcoming years. This resource will be routinely used
by diverse cancer and drug research communities. In the fu-
ture, we will make all potential ORF-based fusion protein se-
quences including frame-shift fusion genes, and predict the
fusion-specific neoantigens from these all potential ORFs.
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Materials and methods

Fusion gene information and making fusion protein
sequences

We obtained 16146 unique in-frame fusion genes from
FusionGDB2.0 (11) (Supplementary Table S1). For these fu-
sion genes, we have the following information: sample ID or
expressed sequence tag (EST) ID, 5'-gene, chromosome, break-
point, strand and 3’-gene, chromosome, breakpoint, strand
information and full-length fusion transcript sequences. Out
of these, 14 725 in-frame fusion genes could finally make
fusion amino acid sequences based on the GRCh37 human
reference genome from the result of ORFfinder (12). The
methods for using the fusion protein sequences from multiple
genomic breakpoints and multiple gene isoforms are de-
scribed in the FusionGDB2.0 study as follows. Two different
genes can form fusion genes with multiple breakpoints based
on multiple gene isoforms. Therefore, we considered all gene
isoforms at each breakpoint. To help identify and validate
fusion genes, we focused on in-frame fusion genes. For
more reliable fusion genes, we checked the distance between
the two breakpoints in case of intra-chromosomal rear-
rangements and created fusion sequences when those genes
are separated by >100 kb. We also selected fusion genes
when both breakpoints aligned at the exon junction. To call
each exon sequence of the given breakpoints, transcription
start/end sites and CDS start/end sites, we used the nibFrag
utility from UCSC Genome Browser based on ENCODE
hg19 genome structure. Then, we made 83290 full-length
fusion transcript sequences of 16 146 in-frame fusion genes.
If these fusion transcript sequences have ORF annotation
results from ORFfinder, we selected the longest amino acid
sequence as the one for the fusion transcript sequence. As
a result, we have 43K fusion protein sequences (level 1)
(https://compbio.uth.edu/FusionGDB2/combined_tables/
combinedFGDB2genes_chimerkb4_fusiongdb2_AA_seq.txt).
Out of these 16K in-frame fusion genes, we decided to focus
on the recurrent fusion genes, which were expressed in at least
two patients or cell lines. Then, 2300 recurrently expressed
fusion genes were used to make 12 354 possible fusion pro-
teins (level 2). To select more reliable fusion genes, we used
ChimerKB4.0 from ChimerDB 4.0 fusion gene knowledge-
base (13). We obtained 1597 fusion genes with publication
support and experimental evidence. Among these, only 266
fusion genes were in-frame and potentially made 1267 fusion
proteins. We provide the same annotation result per fusion
gene, but we intended to let the user know the importance of
individual fusion genes at these levels.

Functional annotation of fusion proteins

To assign functional or genetic categories, we integrated can-
cer genes, tumor suppressors, epigenetic regulators, DNA
damage repair genes, human essential genes, kinases and tran-
scription factors. In each gene group, we checked the retention
and ORFs of the main protein functional features. There are
13 features belonging to the ‘region’ category, including ‘cal-
cium binding’, ‘coiled coil’, ‘compositional bias’, ‘DNA bind-
ing’, ‘domain’, ‘intramembrane’, ‘motif’, ‘nucleotide binding’,
‘region’, ‘repeat’, ‘topological domain’, ‘transmembrane’ and
‘zinc finger’. To perform the protein functional feature reten-
tion search, we first downloaded the GFF (General Feature
Format) format protein information of 10 651 UniProt acces-
sions from UniProt (14) for 10 619 genes involved in 15 030
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fusion genes. UniProt provides the loci information of 39 pro-
tein features, including six molecule processing features, 13
region features, four site features, six amino acid modifica-
tion features, two natural variation features, five experimen-
tal info features, and three secondary structure features. Since
such feature loci information was based on amino acid se-
quence, the genomic breakpoint information was converted
into amino acid sequences while considering all UniProt pro-
tein accessions, ENST isoforms and multiple breakpoints for
each partner. To map each feature to the human genome se-
quence, we used the GENCODE gene model of human ref-
erence genome v19 (15). For the 5'-partner gene, we consid-
ered the protein feature to be retained in the fusion gene if the
breakpoints occurred on the 3’-end of the protein feature. On
the contrary, if a protein domain was not entirely included in
the fusion amino acid sequence, we reported that such fusion
genes did not retain that protein feature. Similarly, for the 3'-
partner gene, we considered the fusion gene to have retained
the protein feature if the breakpoints occurred on the 5’-end
of the protein feature region.

Identification of the breakpoint in the fusion protein
sequences

Even though we can determine fusion protein sequences from
the full-length fusion mRNA sequences, we do not know the
position of the breakpoint in the fusion protein sequences.
To identify the breakpoint of all fusion protein sequences,
we ran BLAT (16), a pairwise sequence alignment algorithm
with high accuracy for long sequence alignment, by inputting
~43K fusion protein sequences. Then, we selected the break-
points from the two major alignment regions that have more
than 90 percent identity, two longest matched lengths, and the
matched start and end positions are the same as the DNA level
fusion breakpoints of our fusion genes.

Prediction of the fusion-specific neoantigens

For 43 464 fusion protein sequences, we made 12 790 unique
+13 AA fusion breakpoint peptide sequences from the break-
points (Supplementary Table S2) that were identified by run-
ning BLAT. We downloaded the information on the HLA-
I and HLA-II alleles from The Cancer Immunome Atlas
(https:/tcia.at/home) and NetMHClIIpan-4.1 server (https://
services.healthtech.dtu.dk/services/NetMHClIpan-4.1/) (17),
respectively. Then, 12 790 fusion breakpoint peptide se-
quences as well as HLA molecules were queried for peptide-
MHC complex (pMHC) binding affinity using NetMHCpan
4.1 (https://services.healthtech.dtu.dk/services/NetMHCpan-
4.1/) (18) and NetMHClIIpan 4.1. For HLA-I molecules, pep-
tides tagged as strong binders (%rank_EL < 0.5) were re-
tained as the input of deepHLApan (version 1.1) (19). Ac-
cording to the outputs of the deepHLApan model, the candi-
date neoantigens with immunogenic scores >0.5 were further
screened out. For HLA-II alleles, we retained the predicted
neoantigens with %rank_EL <0.5. For these predicted fusion
neoantigens, we chose the neoantigens that cross the fusion
breakpoints so that at least one AA is aligned with one pro-
tein and the left length is aligned with the other protein part.

mRNA sequences of the fusion-specific
neoantigens

Since we generated the full-length transcript sequence based
on the given breakpoint and gene isoforms, we know the
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exact mRNA sequence of the predicted fusion neoantigen pep-
tide. The table in the section ‘Vaccine Design for the Fusion-
NeoAntigens (RNA/protein sequences)’ provides the fusion
neoantigen sequence and their corresponding RNA sequence.
Therefore, our fusion-specific RNA sequence information for
the fusion-specific neoantigens will help the researchers to
generate the optimal DNA sequence more easily without the
codon optimization.

Prediction of the 3D structures of fusion breakpoint
14AA peptides

To check the interaction between the fusion breakpoint pep-
tides and HLAs, we predicted the 3D structures of individ-
ual fusion breakpoint peptides through Al-based RosettaFold
(20). It is a powerful computational method that combines ab
initio modeling, comparative modeling and evolutionary in-
formation to predict protein structures by taking amino acids
as input. RosettaFold has been successful in predicting protein
structures, especially for small to medium-sized proteins. Since
the minimum length required for the accurate predictions of
protein structure through Rose TTAFold, was 14AA, we made
the fusion breakpoint 14AA peptide sequences of ~ 10K fu-
sion breakpoints (Supplementary Table S3) that have the po-
tential fusion neoantigens from running the binding affinity-
based prediction tools. We made the library of 3D structures
of ~10K predicted neoantigens for the neoantigen-HLA dock-
ing interaction study.

Prediction of the interaction between the fusion
breakpoint 14AA peptides and HLAs

We performed molecular docking simulations between the
neoantigens library and HLA to obtain the interaction in-
formation. Grid size represents the volume of a receptor’s
active sites where the small molecule can search for bind-
ing while docking. The grid around the receptor of HLA-A
was generated using the module Receptor Grid Generation
(Schrodinger, LLC, New York, NY, 2021). The dimensions
of the grid were selected by considering the active site in-
formation available in the PDB database. We searched the
known structure of HLA-A and bound to it ligands from
in the PDB database. While making the grid through the
Receptor Grid Generation tool, we consider those residues
which are reported in the PDB database as residues that are
involved in binding interaction. Virtual screening is a com-
putational technique used in the drug discovery process to
select small molecules that are most likely to bind to re-
ceptors or target molecules. In this work, we considered
around ~ 10K neoantigen small molecule libraries. These se-
lected libraries were preprocessed by LigPrep (Schrodinger,
LLC, New York, NY, 2021) module and made available for
virtual screening. Then, finally, we ran the GLIDE (21), a
tool for virtual screening provided by Schrodinger (2021)
against the known 21 HLA 3D structures (Supplementary
Table S4).

Selection of cell surface fusion proteins

We download the cell surface gene list from The Cancer Sur-
faceome Atlas (22). We have 3557 cell surface protein-coding
genes in humans. After overlapping these genes with our
~14K in-frame fusion genes, there were 4297 fusion genes
that have cell surface protein as one of the fusion partners.
For these fusion proteins, we investigated the transmembrane
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domain retention. Then, there were 544 fusion proteins (Sup-
plementary Table S5). To predict the potential of the trans-
membrane localization, we ran DeepLoc, a multi-label sub-
cellular localization prediction using protein language models
(23). Using RoseTTAFold (20), we predicted the 3D structures
of these cell surface fusion proteins.

Manual curation of fusion neoantigen literature

By investigating the open reading frames from 1.5K manually
curated fusion genes from ChimerKB4 (13), we determined
there were only 266 translated fusion genes that could poten-
tially produce fusion proteins. For these 266 fusion genes, we
searched the PMC full-text literature that has previous results
on neoantigen for individual fusion genes using the search
terms, ‘BCR and ABL1 and neoantigen’ (date: July 2023). For
this, we made a Python script to grab the HTML page infor-
mation of the PMC searching results and parsed the number
of studies and PMIDs. Then, we manually checked those pa-
pers on the fusion neoantigens. While we searched the web us-
ing our script, we considered gene synonyms also. Ultimately,
there were only 56 previous studies on fusion neoantigens for
33 fusion genes.

Drug and disease information

For all genes involved in these curated fusion genes, drug—
target interactions (DTIs) were extracted from DrugBank
(January 2021, version 5.1.8) with the duplicated DTI pairs
excluded (24). All drugs were grouped using the Anatomi-
cal Therapeutic Chemical (ATC) classification system codes.
We also searched PubMed literature evidence on the drugs
that were reported as inhibiting or targeting individual fusion
genes using this search expression, ‘((BCR [Title/Abstract])
AND ABLI1 [Title/Abstract]) AND fusion [Title/Abstract])
AND drug [Title/Abstract]’. After a manual review of the
abstracts, we found 45 fusion genes treated by 34 drugs in
36 types of diseases. We also searched the website of My-
CancerGenome of individual 266 fusion genes, we found 34
fusion genes treated by 28 drugs. There were 149 fusion genes
expressed in 108 types of diseases. In total, there were 77 fu-
sion genes were targeted by 62 drugs, and 155 fusion genes
were reported in 107 diseases.

Database architecture

The FusionNeoAntigen system is based on a three-tier archi-
tecture: client, server and database. It includes a user-friendly
web interface, Perl’s DBI module and MySQL database. This
database was developed on MySQL 3.23 with the MyISAM
storage engine.

Results

Overview of FusionNeoAntigen

FusionNeoAntigen provides intensive information on the
fusion-specific neoantigens that can be potentially derived
from 10 320 human fusion genes among ~14K translat-
able fusion genes of ~102K human fusion genes. Figure 1
shows the overview of FusionNeoAntigen annotation. First,
we provide ~13K fusion breakpoint amino acid sequences
with +£13 AA length of ~43K fusion protein sequences
as the input for the prediction of the fusion neoantigens
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Figure 1. Overview of FusionNeoAntigen. (A) Identification of fusion breakpoint amino acid sequences (+13 amino acids (AA) from the breakpoint).
FusionNeoAntigen first annotates the open reading frames of ~ 102K human fusion genes from FusionGDB2.0. For ~ 16 in-frame fusion genes, we
made ~82K fusion full-length transcript sequences considering multiple breakpoints and gene isoforms. Using ORFfinder, we made ~43K fusion amino
acid sequences. By running the BLAT alignment tool, we identified the breakpoint position of the fusion protein sequences. From these fusion protein
breakpoints, we made the £13 AA fusion breakpoint peptide sequences. There were about 13K of unique fusion protein breakpoints that have these
+13 AA fusion breakpoint peptides. This is the material to predict the fusion-specific neoantigens. (B) Prediction of the fusion-specific neoantigens. We
input ~13K fusion breakpoint peptide sequences into NetMHCpan and deepHLApan. After filtering the tools’ criteria and checking the position of the
neoantigens whether it is across the breakpoint, we identified ~500K and 20K fusion-specific neoantigens in ~10K and ~ 7K unique fusion breakpoints
with HLA-Is and HLA-IIs, respectively. To highlight the bindings between the fusion-specific neoantigens and HLAs, we performed the virtual screening
between ~10K predicted fusion neoantigens using RoseTTAFold and 25 HLA-Is that have known 3D structures from the PDB. (C) Identification of the
potential target of CAR-T therapy. FusionNeoAntigen provides not only the fusion-specific neoantigens but also the potential target of CAR-T therapy in
fusion proteins. First, we overlapped ~14K in-frame fusion genes with 4297 cell surface genes. Then, there were 544 fusion proteins that had a cell
surface protein as one of the fusion partner proteins and retained the transmembrane domains. For these, we predicted their potential 3D structures
using RoseTTAFold and also predicted the cellular localization of the fusion proteins using Deeploc.

(Figure 1A). Second, we provide information on the pre-
dicted fusion-specific neoantigens of ~500K interaction pairs
between fusion breakpoint-specific neoantigens and HLAs.
Third, we provide information on the potential cell surface
fusion proteins. The main features of FusionNeoAntigen an-
notations are summarized below.

i. “The Fusion Gene and Fusion Protein Summary’ cate-
gory shows a basic fusion gene summary following mul-
tiple annotations for each fusion partner gene. It pro-
vides the literature curation that has the previous reports
on the fusion neoantigens of individual fusion genes. It
also provides the functional gene groups to assign poten-
tial loss-of-functional effects with ORF annotation and
the breakpoints loci on the gene structures of individual
partners using the UCSC genome browser. To infer the
functional aspect of fusion genes/transcripts/proteins,
we provide the link to our FGviewer.

ii. “The Fusion Amino Acid Sequence’ category provides
the in-frame fusion gene/protein information, coding po-

1il.

iv.

vi.

tential from our deep learning model and fusion amino
acid sequences based on multiple breakpoints and gene
isoforms.

‘Fusion Protein Breakpoint Sequence’ category provides
the +£13 flanking fusion protein breakpoint peptide
sequences.

‘Potential FusionNeoAntigens in HLA-I and HLA-II’
categories provide the predicted fusion gene-derived fu-
sion neoantigens from the fusion protein breakpoint se-
quences. If the neoantigen is not aligned over the break-
point, but aligned on one partner only, then it was filtered
out.

. ‘Fusion Breakpoint 14 AA Peptide Structure’ category

provides the predicted 3D structures of the fusion gene-
derived fusion neoantigens.

‘Filtering FusionNeoAntigens Through Checking the In-
teraction with HLAs in the 3D’ category provides the
virtual screening results between our predicted 3D struc-
tures of fusion neoantigens across 25 HLAs that have
known 3D structures.
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vii. ‘Vaccine Design of the FusionNeoAntigen’ category pro-
vides the multiple-level sequences (fusion breakpoint
RNA /protein sequences) of fusion breakpoints that have
potential fusion neoantigens.

viii. ‘Potential Target of CAR-T therapy development in Fu-
sion Proteins’ category provides the predicted 3D struc-
tures of 544 cell surface fusion proteins and the trans-
membrane retention information as the potential target
of CAR-T therapy development.

ix. ‘Information on the Samples That Have These Potential
Fusion Neoantigens’ category provides information on
the samples that have potential in-frame fusion genes,
fusion proteins and fusion neoantigens.

x. ‘Fusion Protein Targeting Drugs’ and ‘Fusion Protein
Related Diseases’ categories provide the manually cu-
rated results of used drugs targeting 266 curated fusion
genes and reported diseases with these fusion genes from
PubMed literature and MyCancerGenome. There were
77 fusion genes targeted by 62 drugs and 155 fusion
genes were reported in 107 diseases.

Identified fusion neoantigens (52K and 19K fusion
breakpoint-specific neoantigens with HLA-is and
HLA-lIs) from ~43K fusion protein sequences

Table 2 shows the summary statistics of the fusion neoanti-
gen prediction. Out of ~103K fusion genes in our FusionGDB
2.0 database, there were ~ 16K in-frame fusion genes. Out
of these, there were ~14.7K fusion genes that can make po-
tential fusion amino acid sequences. Considering the multi-
ple fusion gene breakpoints and multiple gene isoforms of
~14.7K fusion genes, we could make 83K full-length fusion
transcripts. Inputting these 83K full-length fusion transcripts
into the ORFfinder tool made by NCBI, we had ~43K fu-
sion protein sequences. Out of these unique ~43K fusion pro-
tein sequences, we took £13 amino acids (AAs) from the fu-
sion breakpoint. Because the length of the neoantigens inter-
acting with HLA class I varies as 8-10, 8-11 or 8-13 amino
acids, and neoantigens interacting with HLA class II are 12—
24 or 13-25 amino acids. Therefore, we used 26 AA (+13
AA from the fusion breakpoint) as the input for the predic-
tion of neoantigens derived from the fusion protein sequences.
There were ~ 13K unique fusion breakpoint peptides of +13
AA length. After running NetMHCpan and deepHLApan, we
identified 10 759 and 5895 fusion genes that have potential
interaction with HLA-Is and HLA-IIs, respectively. These fu-
sions have 11 485 and 6184 unique fusion breakpoints, and
~103K and ~20K fusion neoantigens, respectively.
Nonetheless, the aim of FusionNeoAntigen is to provide fu-
sion breakpoint-specific neoantigens. Several fusion neoanti-
gens that were reported in the previous studies from well-
known fusion genes (i.e. BCR-ABL1 and TMPRSS2-ERG) did
not cross the fusion breakpoints but rather aligned to only
one gene part, which can occur with wild type genes also. To
avoid this situation, we chose neoantigens that crossed the fu-
sion breakpoints so that at least one AA is aligned with one
protein and the left length is aligned to the other protein part.
Luckily, 93.1% (10 018 out of 10 759) and 97.7% (5762
out of 5895) fusion genes had the potential fusion neoanti-
gens that are crossing the fusion breakpoints. 10 649 and
6039 unique fusion breakpoints had ~ 52K and ~ 19K fu-
sion neoantigens that crossed the fusion breakpoints and in-
teracted with the HLA-Is and HLA-IIs, respectively. In total,
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Big categories

Categories

Numbers

Fusion gene

Fusion protein

Fusion genes that have
potential fusion
neoantigens

Fusion genes that have
potential fusion
neoantigens across the
breakpoint

Fusion neoantigens

Fusion breakpoint
peptide 3D structures
(14AA) that have
potential fusion
neoantigens

Potential target of CAR-T

# fusion genes

# in-frame fusion genes

# translated fusion genes

# full-length fusion
transcripts

# fusion proteins

# unique fusion breakpoint
+13 AA peptides

# fusion genes that interact
with HLA-Is

# fusion genes that interact
with HLA-IIs

# unique fusion breakpoints
that interact with HLA-Is

# unique fusion breakpoints
that interact with HLA-IIs
# unique fusion neoantigens
that interact with HLA-Is

# unique fusion neoantigens
that interact with HLA-IIs
# fusion genes that interact
with HLA-Is across fusion
breakpoint

# fusion genes that interact
with HLA-IIs across fusion
breakpoint

# unique fusion breakpoints
that interact with HLA-Is
across fusion breakpoint

# unique fusion breakpoints
that interact with HLA-IIs
across fusion breakpoint

# unique fusion neoantigens
that interact with HLA-Is
across fusion breakpoint

# unique fusion neoantigens
that interact with HLA-IIs
across fusion breakpoint

# unique fusion neoantigen
mRNA sequences that
interact with HLA-Is across
fusion breakpoint

# unique fusion neoantigens
mRNA sequences that
interact with HLA-IIs across
fusion breakpoint

# unique fusion breakpoint
14AA peptides

# unique fusion breakpoint
14AA peptides that have
predicted 3D structures

# unique fusion breakpoint
14 AA peptide that interact
with HLA-Is

# fusion genes that have
predicted 3D structures of
fusion breakpoint 14AA
peptides

# cell-surface fusion genes
from the gene group
information

# cell-surface fusion genes
retaining the transmembrane
domains

103 344
16 306
14 725
83 416

43 464
12 790
10 759

5895

11 485

6184

103 730

20 099

10 018

5762

10 649

6039

51856

19 288

51658

19 240

10 879

10 836

10 829

10 017

4297

544
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there were 1 008 363 interactions with HLA-Is and 452 038
interactions with and HLA-IIs. Furthermore, upon checking
the crossing of the breakpoint of all predicted fusion neoanti-
gens, almost half of the fusion neoantigens with potential
interaction with HLA-Is were filtered out. As a result, we
had 493 279 pairs of interactions between 51 856 fusion
breakpoint-specific neoantigen candidates and 351 HLA-I al-
leles. For the HLA-IIs, there were 432 746 pairs of interactions
between 19 223 fusion breakpoint-specific neoantigens candi-
dates and 605 HLA-IIs.

Since the goal of neoantigen prediction is to develop a
cancer vaccine, the annotation page of the FusionNeoAnti-
gen website provides the fusion neoantigen mRNA sequences.
Since we predicted the fusion neoantigen peptide sequences
from fusion transcript sequences, we have the matched fusion
mRNA sequence for the fusion neoantigen sequences. In total,
we have 51 658 HLA-I interacting and 19 240 HLA-II inter-
acting unique mRNA sequences from the fusion neoantigens.
Table 3 shows the most frequent fusion genes that have fusion-
specific neoantigens interacting with 25 known HLA struc-
tures. Even though TMPRSS2-ERG has many sample frequen-
cies of fusion genes, after investigation of the open reading
frames of those fusion gene/transcript sequences, there were
not many in-frame and translational fusion genes, indicating
a limited number of samples have the fusion-specific neoanti-
gens. However, BCR-ABL1 and EML-ALK had many in-frame
fusion genes from multiple breakpoints and had more samples
that have potential fusion-specific neoantigens. Out of these
top 100 most frequent fusion genes that have fusion-specific
neoantigens, only 11 fusion genes had previous records on the
studies of fusion neoantigens.

Filtered fusion neoantigens by performing the
virtual screening between 25 HLA-is that have
known 3D structures and ~10K fusion protein
breakpoint 14AA peptide structures

To further validate the interaction between the potential
fusion protein breakpoint-specific neoantigens and provide
more reliable fusion breakpoint-specific neoantigens, we used
the virtual screening approach between the 3D structures of
the fusion neoantigens and the publicly available 3D struc-
tures of the HLAs. Between 10 836 3D structures of 10 879
unique =7 AA (14 AA) from the fusion breakpoints and 21
known 3D structures of the HLAs, we found that 10 017
fusion genes have interaction using the virtual screening ap-
proach. We first determined the active site of the predicted
structures of 10 879 peptides using SiteMap. Then, we per-
formed the virtual screening of individual pairs using Glide.
This yielded a total of 422872 pairs of interactions between
10 879 peptides and 21 HLA known molecules in 10 017
fusion genes (10 649 fusion breakpoints). Overall, 85.7%
(422 872 out of 493 279) pairs of fusion-specific neoantigens
and HLAs had virtual screening evidence. Figure 2A shows the
example of nine frequent and well-known fusion genes’ com-
plexes in 3D between the HLAs and individual fusion neoanti-
gens. Figure 2B shows their information with the interaction
scores.

FusionNeoAntigen annotation page

Figure 3 shows the major annotation categories in the Fu-
sionNeoAntigen website. First, we show the fusion protein se-
quences of each fusion gene (Figure 3A). Considering multiple
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breakpoints and gene isoforms, each fusion gene can be ex-
pressed as multiple fusion protein sequences. From the given
DNA breakpoints of individual fusion genes, we made full-
length fusion mRNA sequences and checked the open reading
frames. Then, for the in-frame fusion mRNA sequences, we
input to the ORFfinder and chose the longest ORF’s amino
acid sequences. For the well-known fusion genes, we checked
their DNA breakpoints and their fusion amino acid sequences
whether our annotation is right or not. From these fusion
protein sequences, we made +13 AA long peptides from
the breakpoints at the top of Figure 3B. This is the start-
ing material to predict the fusion breakpoint-specific neoanti-
gens. Then, we show the information of the predicted fusion-
specific neoantigens in the table including the breakpoints,
fusion neoantigen peptide sequence, interacting HLA allele
name, binding affinity scores and immunogenic scores. We
also provide the multiple sequence alignment of all predicted
fusion neoantigens crossing the breakpoint per fusion break-
point. To have more reliable fusion neoantigen candidates,
we predicted the 3D structures of the peptide of £7 AA
length from the breakpoints and checked the binding between
these structures and known 3D structures of 21 HLAs. We
show these 3D structures and their docking scores as shown
at the bottom of Figure 3B. In FusionNeoAntigen, we also
provide information on the potential cell surface fusion pro-
teins as the potential source of CAR-T therapy. As shown in
Figure 3C, we show their potential 3D structure, transmem-
brane domain retention information and subcellular localiza-
tion prediction result of the given cell surface fusion protein
sequence.

Clinical usage of FusionNeoAntigen

Current research primarily focuses on neoantigens resulting
from single-nucleotide variants (SNVs) and insertions or dele-
tions (Indels) (25). However, the scope of tumor neoanti-
gens is limited in tumors with high burdens of SNVs or In-
dels. Therefore, expanding the range of tumor neoantigens
is crucial to extend the applicability of neoantigen-based im-
munotherapies to a broader population of cancer patients.
Gene fusions represent a significant form of genetic alteration
in cancer, playing a crucial role in early tumorigenesis and ac-
counting for approximately 20% of global cancer cases (26).
These fusions occur due to structural variations in chromo-
somes (SV) and can result in the creation of new open read-
ing frames (ORFs) (27). Peptides derived from the regions
where two genes fuse differ from self-antigens and serve as
excellent sources of neoantigens. Patients’ T cells can recog-
nize these neoantigens, as observed in cases like BCR-ABL in
chronic myelogenous leukemia and SYT-SSX1 in synovial cell
sarcoma (28). Consequently, neoantigens derived from gene
fusions have the potential to expand the existing repertoire of
tumor neoantigens and offer promising prospects for cancer
immunotherapy. Notably, even in tumors with low tumor mu-
tational burden (TMB) and limited immune cell infiltration,
neoantigens generated by gene fusions can still activate cyto-
toxic T cells (27-29). A study examining fusion neoantigens
from the TCGA data found that fusion genes have the poten-
tial to produce a significantly higher number of novel open
reading frames (ORFs) compared to single-nucleotide vari-
ants (SNVs) and insertions/deletions (INDELS), resulting in a
six-fold increase in neoantigens and an eleven-fold increase in
specific candidate neoantigens. Fusion neoantigens are more
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Table 3. Number of samples that have fusion neoantigens

# cancer
# samples # cancer types # samples types with
# samples with with with neoantigen
# samples with neoantigen neoantigen neoantigen interacting ~ PMIDs of
with fusion in-frame interacting interacting interacting with previous
Fusion genes genes fusion genes with HLA-Is with HLA-Is with HLA-IIs HLA-IIs studies
BCR ABL1 194 16 9 3 8 3 32117272,
27181332,
32301049,
11697642,
8289483,
22912393,
28153834
EML4 ALK 78 21 8 N 7 S 32013991,
29732013
RPS6KB1 VMP1 98 14 7 N 6 4
CCDC6 ANK3 27 11 6 3 5 2
CBFB MYH11 57 10 6 3 1 1 32831296
ARLSB ITPR1 9 6 S 4 3 3
RUNX1 RUNXI1T1 99 8 5 2 2 1
EWSR1 FLI1 90 4 5 3 2 2 34385178,
36900411
REPS2 TXLNG 13 7 N 4 2 2
NCOR2 SCARB1 28 10 4 4 4 4
FLNB SLMAP 14 6 4 4 4 4
PUM1 NKAIN1 13 13 4 4 4 4
KIF5B RET 24 4 4 2 3 1
MPPS GPHN 20 S 4 3 3 2
EWSR1 ATF1 16 3 4 3 3 3
SMARCA4 DNM2 11 6 4 4 3 3
ERC1 RET 10 5 4 3 3 2
SND1 BRAF 10 3 4 3 3 3
ASCC1 MICU1 11 8 4 2 2 2
PLG LPA 16 4 4 1 1 1
WNK2 CENPP N 4 4 3 1 1
LAPTM4B MTDH 8 5 3 3 4 4
ETVeé NTRK3 36 7 3 3 3 3 36753024
CAMKK2 KDM2B 15 8 3 1 3 1
PRRC2B NUP214 14 7 3 3 3 3
LTBP1 BIRC6 13 6 3 3 3 3
TRIM27 RET 7 3 3 3 3 3
AP2A2 TALDO1 6 5 3 3 3 3
CABLES1 RBBP8 6 3 3 1 3 1
IKBKB ANK1 6 4 3 3 3 3
TMPRSS2 ERG 975 18 3 1 2 1 34891161,
34527198,
33244314
EWSR1 ERG 16 S 3 2 2 2 36900411
KAT6A ADAM2 14 6 3 1 2 1
BCAS3 VMP1 13 7 3 3 2 2
CD44 PDHX 12 8 3 3 2 2
RFTN1 DAZL 5 4 3 2 2 2
WWOX VATI1L 4 3 3 3 2 2
ZC3H7A GSPT1 3 3 3 3 2 2
AFF1 KMT2A 45 3 3 2 1 1
PPP1CB PLB1 20 7 3 2 1 1
ERG TMPRSS2 18 10 3 1 1 1 34891161,
34527198,
33244314
BPTF PITPNC1 13 S 3 2 1 1
COMMD10  AP3S1 10 4 3 3 1 1
KDMSA NINJ2 9 9 3 3 1 1
LMBR1 PTPRN2 7 4 3 3 1 1
ZMYNDS EYA2 7 S 3 2 1 1
DLG1 BDHI1 6 4 3 3 1 1
ZMYND8 SULF2 5 5 3 2 1 1
LTBP1 TTC27 4 3 3 2 1 1
SNTB2 TANGO6 4 3 3 3 1 1
BAZ2A PRIM1 3 3 3 3 1 1
PML RARA 102 13 2 2 2 1 32117272
TMPRSS2 ETV4 49 7 2 1 2 1
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Table 3. Continued
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# cancer
# samples # cancer types # samples types with
# samples with with with neoantigen
# samples with neoantigen neoantigen neoantigen interacting ~ PMIDs of
with fusion in-frame interacting interacting interacting with previous
Fusion genes genes fusion genes with HLA-Is with HLA-Is with HLA-IIs HLA-IIs studies

KMT2A MLLT3 32 3 2 2 2 2
MYB NFIB 18 4 2 2 2 2 31011208
KDM2A RHOD 16 3 2 2 2 2
TPX2 HM13 16 2 2 2 2 2
PPP6R3 LRPS 15 S 2 2 2 2
KDM2A C110rf80 14 4 2 2 2 2
QKI PACRG 14 5 2 2 2 2
PRCC TFE3 13 3 2 2 2 2
VTI1A TCF7L2 13 2 2 2 2 2
FUS ERG 12 3 2 2 2 2
SMCHD1 NDC80 12 3 2 2 2 2
PTPN12 CCDC146 11 4 2 2 2 2
ERBB2 PSMB3 10 4 2 1 2 1
TFG ALK 10 3 2 2 2 2
ACO2 ZC3H7B 9 2 2 2 2 2
FGFR2 BICC1 9 7 2 2 2 2
FGFR2 ATE1 9 3 2 2 2 2
SDC4 ROS1 9 3 2 2 2 2
TBCD FOXK2 9 5 2 2 2 2
UBTF MAML3 9 4 2 1 2 1
ERC1 WNK1 8 5 2 2 2 2
EWSR1 WT1 8 2 2 3 2 2 36900411
STRN ALK 8 5 2 2 2 2
TC2N TRIP11 8 3 2 2 2 2
UBE2K LIAS 8 2 2 2 2 2
ESR1 MTHFDI1L 7 2 2 2 2 2
KMT2A EPS15 7 1 2 2 2 2
AGBL4 FAF1 6 2 2 2 2 2
BCR JAK2 6 1 2 3 2 3
EFHD1 EIF4E2 6 4 2 1 2 1
KMT2A AFF3 6 1 2 2 2 2
PPFIA1 SLC39A11 6 3 2 1 2 1
SMARCAD1 GRID2 6 N 2 2 2 2
TAF15 AP2B1 6 3 2 2 2 2
WHSC1L1 ADAM32 6 6 2 1 2 1
MSH2 TTC7A N 3 2 2 2 2
NEMF Cl40rf182 5 2 2 2 2 2
PTPN11 EPYC S 4 2 1 2 1
RAB3GAP1 ACMSD 5 3 2 2 2 2
SEC31A ALK S 1 2 2 2 2
UBR1 TGMS 5 5 2 2 2 2
ATXN2 TRIM37 4 3 2 1 2 1
CTPS1 NFYC 4 3 2 1 2 1
CUX1 RET 4 1 2 2 2 2
DDX10 NUP98 4 2 2 1 2 1
EHMT1 GRIN1 4 3 2 2 2 2

likely to elicit a robust immune response compared to neoanti-
gens generated by SNVs and INDELSs. Similar to the burden
of candidate neoantigens derived from SNVs and INDELs, the
burden of fusion neoantigens is closely associated with the
frequency of fusion mutations, particularly in microsatellite-
stable tumors with a higher fusion mutation burden (1,30).
In an expanded study across 30 different tumor types, it was
observed that 24% of fusion protein-expressing cancers har-
bored neoepitopes resulting from such fusion events, and these
neoantigens were predicted to bind to patient-specific MHC-1
molecules (27,31). In this context, the information provided
in FusionNeoAntigen is useful to develop new immunothera-
peutics for multiple types of human cancer.

Discussion

In FusionNeoAntigen, we provide comprehensive informa-
tion on ~500K and 19k fusion breakpoint-specific neoanti-
gens that interact with HLA-Is and HLA-IIs in ~ 10K and
5.7K human fusion genes in cancer, respectively. Further vir-
tual screening between the fusion breakpoint-specific peptides
of 14 AA length and the known 3D structures of 21 HLAs
identified about 85.7% of interacting pairs kept from almost
all fusion neoantigens that were predicted as interacting with
HLA-Is. We also provide information on the potential cell sur-
face fusion proteins. To predict the structures of the fusion
breakpoint peptides and cell surface fusion proteins, we used
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A

B
; 14 AA fusion breakpoint ; ;

pﬁ;’l‘A 5.gene 3'gene  5-chr 5-breakpoint 3-chr 3-breakpoint HLA allele ngﬂ‘n peptide‘sequenoe?hat D:ggr'gg gg‘:
have fusion neoantigens

a BCR ABL1 chr22 23613779 chr9 133729451 HLA-A24:02 5HGA 4161 KDPTTKNSLEKALQ -7.52403 -7.63743
b CBFB MYH11 chr16 67116211 chr16 15820911 HLA-A24:02 5HGA 8628 SHREEMEAKANLDK -7.52403 -7.63743
c CCDCé RET chr10 61554231 chr10 43612032 HLA-B14:02 3BVN 3178 GTSHGITEDPKWEF  -7.4838 -7.5956
d EML4 ALK chr2 42552694 chr2 29446394 HLA-A24:02 5HGA 1487 DYEILYLYRRKHQE  -7.52403 -7.63743
e EWSR1 FLI1 chr22 29683123 chr11 128675261 HLA-A24:02 5HGA 9079 SSYGQQNPSYDSVR -8.26666 -9.30196
f PML RARA chr15 74325754 chr17 38504567 HLA-B52:01 3W39 590 ASGAGEAAIETQSS -7.72469 -7.73669
g RPS6KB1 VMP1 chr17 57992064 chr17 57886156 HLA-B14:02 3BVN 430 AMKVLKKDFASRAK  -7.9962 -8.1096
h RUNX1 RUNX1T1 chr21 36231771 chr8 92972745 HLA-A11:01 4UQ2 6102 NCRLSLLLVCVCVC -10.0067 -10.1201
i TMPRSS2 ERG chr21 42860320 chr21 39817543 HLA-A11:01 4UQ2 3100 GRTRIGVEALSVVS -10.0067 -10.1201

Figure 2. The 3D complexes of the top nine most frequent fusion genes’ neoantigens and HLA-Is. \We investigated the interaction between the 3D
structures of ~ 10K fusion protein breakpoint peptide (14 AA length), that have the potential fusion breakpoint-specific neoantigens, and known 3D
structures of 21 HLAs. (A) Fusion protein breakpoint peptides and HLA complex in 3D —a, BCR-ABL1; b, CBFB-MYH11; ¢, CCDC6-RET, d, EML4-ALK; e,
EWSR1-FLIT; f, PML-RARA; g, RPS6KB1-VMP1; h, RUNX1-RUNX1T1; I, TMPRSS2-ERG. (B) Detailed information on the interaction between fusion

protein breakpoint peptides and HLAs.

an Al-based protein structure prediction tool, RosettaFold.
However, since RoseTTAFold relies on a database of known
protein structures to make predictions and neoantigens de-
rived from the fusion breakpoints are unique. As they may not
have structurally similar counterparts in the database, we ad-
mit that a lack of training data for fusion proteins can affect
the accuracy of the fusion breakpoint peptide structure pre-
dictions. Even so, about 85.7% of the binding affinity-based
predicted interactions between fusion breakpoint peptides of
14 AA and 21 HLA-Is recurred in the virtual screening results.
These fusion-specific neoantigen candidates can be novel re-
sources for new therapy development in cancer.

In this study, we predicted the fusion-specific neoantigens
that are crossing the breakpoints of all human in-frame fu-
sion genes since our study material, which is the fusion break-
point peptide sequences was made based on our previous
study, FusionGDB2.0. In FusionGDB2.0, we focused on the
in-frame fusion genes only and did not generate frame-shift
fusion protein sequences. This was due to the significance of

the reliably translatable fusion genes and the huge data size
of all open reading frames’ full-length fusion transcript se-
quences considering multiple breakpoints and multiple gene
isoforms of each fusion gene. However, when we checked
the reported fusion neoantigens from previous studies, all the
fusion neoantigens regardless of crossing the breakpoints or
not, the fusion neoantigen sequences of the well-known fu-
sion genes (BCR-ABL1, EWSR1-FLI1, TMPRSS2-ERG and
CBFB-MYHT11) were all from the in-frame fusion genes that
were included in our prediction. Also, we provide the multi-
ple sequence alignment of all predicted neoantigens at each
fusion breakpoint if the neoantigen crosses the breakpoint at
least one residue. Even though focused on the in-frame fu-
sion genes, we have ~500K fusion neoantigens from ~ 14K
in-frame fusion genes, which means there are about 30 fu-
sion neoantigens predicted per fusion gene. Therefore, at this
stage, we think in-frame fusion gene-derived neoantigens still
provide useful information from the unique combination of
two different genes’ degraded peptides. In the future, we will
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Figure 3. Representative annotation categories in FusionNeoAntigen. (A) Fusion protein sequences are provided from the ORF annotation and coding
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CAR-T therapy. For the cell-surface located fusion proteins, we provide the predicted 3D structure, transmembrane domain retention result in the fusion
protein and the predicted location for the given fusion protein sequences.



Nucleic Acids Research, 2024, Vol. 52, Database issue

work to derive fusion protein sequences from all open reading
frames (including frame-shift ORF) and predict all potential
fusion-specific neoantigens in the next version.

We hope FusionNeoAntigen can provide helpful knowledge
on the development of cancer type-specific fusion-specific tar-
geted immune therapies so that fusion gene-induced cancer
patients can have the right personalized therapeutics. We be-
lieve FusionNeoAntigen will be routinely used in diverse re-
search communities, including cancer research, genomic study,
pharmacology study, etc. We will provide guidelines to im-
prove the findability, accessibility, interoperability and reuse
of digital assets (FAIR).

Data availability

All annotation results are available from the FusionNeoAnti-
gen website (https://compbio.uth.edu/FusionNeoAntigen).
Further information and requests should be directed to
Dr. Pora Kim (Pora.kim@uth.tmc.edu).

Supplementary data
Supplementary Data are available at NAR Online.
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