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ABSTRACT

Gene fusions and their products (RNA and protein)

were once thought to be unique features to cancer.

However, chimeric RNAs can also be found in nor-

mal cells. Here, we performed, curated and analyzed

nearly 300 RNA-Seq libraries covering 30 different

non-neoplastic human tissues and cells as well as

15 mouse tissues. A large number of fusion tran-

scripts were found. Most fusions were detected only

once, while 291 were seen in more than one sam-

ple. We focused on the recurrent fusions and per-

formed RNA and protein level validations on a sub-

set. We characterized these fusions based on vari-

ous features of the fusions, and their parental genes.

They tend to be expressed at higher levels relative

to their parental genes than the non-recurrent ones.

Over half of the recurrent fusions involve neighbor-

ing genes transcribing in the same direction. A few

sequence motifs were found enriched close to the

fusion junction sites. We performed functional anal-

yses on a few widely expressed fusions, and found

that silencing them resulted in dramatic reduction

in normal cell growth and/or motility. Most chimeras

use canonical splicing sites, thus are likely products

of ‘intergenic splicing’. We also explored the impli-

cations of these non-pathological fusions in cancer

and in evolution.

INTRODUCTION

Genes and their encoded products (RNAs and proteins),
are not expected to intermingle except in pathological situ-
ations, i.e. cancer. This conventional wisdom is further sup-
ported by a group of fusion genes that have been success-
fully used as cancer diagnostic markers and therapeutic tar-

gets (1,2). On the other hand, RNA-Sequencing analyses
from normalmargins of cancer patients revealed that fusion
RNAs can also exist in histologically non-neoplasia tissues
(3–6). However, because of the nature of the samples, it is
not clear whether the detected fusion RNAs truly exist in
non-cancer patients. A few isolated studies have reported
the existence of fusionRNAs in non-pathological situations
(3,7–9). Recently, a database is established to incorporate 29
000 chimeric RNAs data-mined from Genbank and other
RNA collections. However, the validation for the vast num-
ber of fusions is limited to RNA-Seq reads for only a few
cell lines (10). Due to the lack of validation and functional
relevance, the chimeras in non-cancer situations have been
viewed largely as ‘junks’, or transcription noise. In fact,
some other studies have also attributed many chimeras to
template switching by reverse transcriptase during cDNA
preparation in vitro (11,12), raising questions about whether
these chimeras are truly real.
We performed, curated and analyzed around 300 RNA

sequencing libraries covering 27 different non-neoplastic
human tissues, 15 mouse tissues, human embryonic stem
cells, mesenchymal stem cells induced for muscle differen-
tiation andMCF10A breast epithelial cells. Over 10 000 fu-
sion events involving 9778 fusions were found in these non-
cancer samples. The majority of the fusions are seen in only
one tissue/cell sample. To minimize false discoveries due to
library construction and sequencing errors, and to uncover
recurrent fusion RNAs, we focused on the group of fusions
that are present in more than one tissue/cell line. A total of
291 recurrent fusions involving 238 gene pairs were found.
We used several approaches to validate sub-populations of
the fusions at RNA and protein levels. Fusions are then
characterized according to their parental genes’ chromoso-
mal location, junction position relative to exons, expression
level, 3′ UTR size and the fusions’ protein-coding poten-
tial. A few fusions that are widely expressed seem to serve
basic cell maintenance roles. Most of the recurrent fusions
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use canonical splicing sites, are thus likely to be products
of cis-splicing between neighboring genes or RNA trans-
splicing. When focused on evolutionarily conserved recur-
rent fusions, we found only a small overlap between the fu-
sion RNA pro�les of human and mouse, suggesting that
forming chimeric fusion RNAs may be a way to expand
functional genome. We also found some overlaps between
the normal fusion pool and documented fusions in cancer,
raising questions about their cancer-speci�city.

MATERIALS AND METHODS

Cell lines and culture conditions

Mesenchymal stem cells were obtained from the Tulane
University Center for Gene Therapy. They were maintained
inMEMalphamediumwith 20% fetal bovine serum (FBS).
RWPE1 cells were maintained in RPMI 1640 medium con-
taining 10% of FBS. Primary endometrial stromal �brob-
lasts and foreskin �broblasts were maintained in DMEM
with 10% FBS. Immortalized astrocytes were maintained
in DMEM/F12 with 10% FBS, and supplemented with
glucose. All the above media were supplemented with 1%
of pen-strep and 1% of L-Glutamine. MCF10A cells were
grown in DMEM/F12 supplemented with 5% horse serum,
EGF, hydrocortisone, cholera toxin and insulin, as de-
scribed before (13). For wound healing assay, cells trans-
fected with si-negative control, or siRNAs against tested fu-
sions were cultured for 3 days to obtain 80–90% monolayer
con�uency. A wound was created by scraping the cells us-
ing a 10 �l plastic pipette tip, and the medium was replaced
with fresh medium. Images were captured immediately af-
ter the scratch and 6 h later. Cell migration was qualitatively
assessed by the size of the wounds at the end of the experi-
ment.

Clinical samples

Different tissues from non-cancer donors were collected un-
der approved IRB protocol through the Biorepository and
Tissue Research Facility at the University of Virginia, USA.

RNA extraction and sequencing

Different primary tissues were �rst homogenized with
mortar-pestle grinding in the presence of liquid N2. RNAs
were extracted with TRIzol reagent (Life Technologies) fol-
lowing the manufacturer’s instruction. mRNA from total
RNA was used as template for the subsequent validation
processes. To assure the high quality RNA for next gen-
eration sequencing, RNAs were further cleaned using the
RNeasy kit (Qiagen). mRNA in total RNA was converted
into a library of template molecules suitable for subsequent
cluster generation using the reagents provided in the Illu-
mina TruSeq TM RNA Sample Preparation Kit. Millions
of unique clusters on �ow cells were loaded into the Hiseq
2000 platform and processed for RNA sequencing. RNA
sequencing was performed by Axeq of Macrogen.

RT-PCR and Sanger sequencing

The presence of fusions candidates generated by the SOAP-
fuse algorithm from analyzed RNA-Seq data were con-

�rmed by RT-PCR. All of the RNA samples used in this
study were treated with DNase I (NEB, M0303), followed
by standard Reverse Transcription using AMV RT (NEB,
M0277). Real-time PCR experiment was performed using
the ABI StepOne Plus system (Life Technologies) with Ab-
solue Blue QPCR mix (Thermal Fisher, AB-4322). Follow-
ing RT-PCR and gel electrophoresis, all puri�ed bands were
submitted for sequencing.

RNAi

siRNAs were synthesized by Life Technology. Their
targeting sequences are: si-negative, CGTACGCGGAAT-
ACTTCGA; siCTNNBIP1, GGAAGAGTCCGGAGGA-
GAT; siCTNNBIP1-CLSTN1, TGCTTGTTAACCTG-
GTCGA; and siCTBS-GNG5, ATAACTATAAAGTTTC-
CCA.

Bioinformatics analysis

Chimeric RNA identi�cation: Deep sequencing data were
mapped to Human genome version hg19 and analyzed us-
ing software SOAPfuse (14). The output generated from
multiple SOAPfuse running is represented by putative fu-
sions lists derived from the union of two parental genes.
These fusions were analyzed either in the context of one tis-
sue or, per assemble, for the whole human organism. The fu-
sion landscapes, by tissue, were presented using Circos gen-
erated plots (15).

Chimeric peptide identi�cation: The �les containing pu-
tative nucleotide fusion sequences generated through each
RNA-Seq data analysis were uni�ed and the three-frame
translation of the sequences was created. The amino acid se-
quences underwent further processing by performing an in
silico tryptic digestion. Out of all pieces generated through
digestion only the pieces that position over the bridge be-
tween the two parental genes, and with a length longer than
20 amino acids on each side were retained. These were our
input for the MS identi�cation.
Motif �nding: The MEME motif discovery tool,

GLAM2 was run on four sets of data in total, cate-
gorized by the following distinctions: 5′/3′ genes, and
upstream/downstream of fusion junction. The motifs
presented are the highest scoring for each data set.

Mass spectrometry identi�cation/validation for chimeric
peptides

For MCF10A LCMS validation, the protein extract was
denatured with urea (8 M), reduced with DTT (4.5 mM,
1 h, 60◦C), diluted 1:10 with NH4HCO3 (50 mM) and
digested with trypsin at a substrate:enzyme ratio of 50:1
w/w (24 h, 37◦C). The digest was quenched with glacial
acetic acid and subjected to C-18/SCX clean-up for salt
removal. Ultimately, the protein digest was re-suspended
in CH3CN/H2O/TFA (5:95:0.01) at a concentration of 2
�g/�l, and subjected to liquid chromatography (LC)-mass
spectrometry (MS) analysis using an Agilent 1100 micro-
LC system (Palo Alto, CA, USA) interfaced to a Thermo
LTQ mass spectrometer (San Jose, CA, USA). LC separa-
tions were performed on nano-LC columns (100 �m i.d.
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× 12 cm, 5 �m Zorbax SB-C18 particles) fabricated in-
house using a 3 h long LC gradient (0–100% B) at 180
nL/min. Solvent A was H2O:CH3CN:TFA (95:5:0.01 v/v)
and solvent B was H2O:CH3CN:TFA 20:80:0.01 v/v (16).
The LTQ-MS was operated using a data-dependent acqui-
sition method, each MS scan being followed by zoom/MS2

scans on the �ve most intense peaks. The Discoverer 1.4
software package (Thermo) was used for the interpretation
of tandem mass spectra using a UniProt database down-
loaded on Jan 15, 2015 (∼21 000 entries) appended with
MCF10A fusion in silico translated sequences. Only fully
tryptic fragments were allowed in the search (maximum two
missed tryptic cleavages), usingmass tolerances of 2 Da and
1 Da, at the MS and MS2 levels, respectively. False Discov-
eryRates (FDRs) (<3%)were evaluated by using a forward-
reverse human protein database.

Visualization

For the heat map generation and clustering, MultiExper-
imentViewer (MeV) software, a component of the TM4
suite, was used.MeV is an open source Java application and
is hosted at SourceForge (17). The method used was hierar-
chical clustering with complete linkage as the agglomera-
tion rule. Pearson correlation coef�cient was used to mea-
sure the similarities between gene pro�les and Spearman
rank to measure the similarity between samples.

Statistical analysis

The level of statistical signi�cance was set at P < 0.05. In-
dependent paired t-test and Pearson’s correlation coef�cient
were used for different data sets to test for group differences.
Fisher’s Exact test was used for calculating statistical signi�-
cance between the differences of in-frame versus frame-shift
chimeric peptides.

Data access

The accession numbers of the 27 normal tissues, ESC,MSC,
MCF10A and mouse tissue data sets from different donors
are listed in Supplementary Table S1.

RESULTS

Chimeric transcriptome

We attempted to capture chimeric fusion RNAs in various
non-cancer samples. We also wanted to uncover ‘normal’
chimeric RNAs that were reported before in cancer samples.
Suspecting that some of the chimeras may be developmen-
tally transient events, we included data sets from embryonic
stem cells, and from time points along the mesenchymal
stem cell differentiation process. Finally, for the ease of MS
validation, we included a non-malignant breast epithelial
cell line, MCF10A (Supplementary Table S1). For human,
we used the SOAPfuse software (14) to analyze 210 paired-
end RNA sequencing libraries from 171 non-neoplastic tis-
sue samples covering 27 different tissues (18), embryonic
stem cells (19), our own libraries of four muscle differen-
tiation time points starting from human mesenchymal stem
cells and MCF10A sequencing from different labs (20–22)

(Figure 1A). Contradictory to the conventional wisdom
that chimeric RNAs are rare events in non-cancer samples,
a total of 11 531 candidate chimeric RNA fusion events, and
9778 candidate fusion transcripts were uncovered (Table 1)
(Supplementary Table S2). This involves 4408 gene pairs,
1536 genes as the 5′ portion of the fusions, 1578 as the 3′

portion.
Fusion RNA pro�les in each tissue or cell type were very

different, with some tissues having only a few events (adi-
pose tissue), and some having hundreds (pancreas and sali-
vary gland) (Figure 1B). The majority of the fusions were
seen once, while about 10% of fusions were seen in more
than one sample (Supplementary Figure S1). To minimize
false discoveries due to library construction and sequencing
errors, and to uncover recurrent fusion RNAs, we decided
to focus on the fusions that are detected in more than one
sample. In total, there are 291 recurrent fusions involving
238 gene pairs. A total of 433 genes participate in forming
these fusion transcripts (Figure 1C) (Supplementary Table
S3). Out of the 238 gene pairs in the recurrent group, 51
were found in more than 5 tissues (Supplementary Figure
S1 and Table S4). For instance, CTBS-GNG5 was found
in 70 samples from 15 different tissues and cell lines by
RNA-Sequencing.TIMM23B-LINC00843was observed in
26 different tissues and cell lines.

Validation

Candidate fusions unique to one tissue or cell type had
lower validation rates, presumably due to the difference in
sample source, heterogeneity of tissues and variable fac-
tors involved in cell culture. Nonetheless, many tissue spe-
ci�c fusions were validated in various types of tissues by
RT-PCR and Sanger sequencing (two examples in Fig-
ure 2A). We also used the same RNA samples that were
processed for sequencing MSC muscle differentiation time
points, randomly selected 40 candidate fusion transcripts
and successfully validated 30 fusions by RT-PCR and tra-
ditional Sanger sequencing (two examples in Figure 2B).
We reasoned that the fusion candidates found in multiple
tissue/cell types should have a higher chance of being de-
tected when a different samples were used for validation.
Indeed, 30 out of 35 randomly selected such fusions were
con�rmed by RT-PCR and Sanger sequencing (four exam-
ples in Figure 2C).

To provide more support for the existence of the chimeric
RNA and potential protein products, we performed in sil-
ico translation around the fusion junction sequence in three
reading frames. We then �ltered off the putative peptides,
if either side of the junction reached a stop codon, result-
ing peptides with less than 20 amino acids. Since most MS
experiments were conducted with samples digested with
trypsin, we performed an in silico tryptic digestion of the
putative fusion peptides to the nearest Lysine (K) or Argi-
nine (R) from the junction points (Supplementary Figure
S2). We then used LCMS to validate the predicted recur-
rent chimeric fusion peptides in MCF10A cells. Out of the
list of 291 recurrent fusion RNAs, 40 were also found in
MCF10A. LC-MS analysis enabled the identi�cation of
matches to 8 chimeric peptide sequences that span across
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Figure 1. Identi�cation of chimeric fusion RNAs in various tissues and cell types. (A) The sample sources include 27 different adult tissues on a human
body map, ES cells, four time points collected along MSC muscle differentiation process, and MCF10A cells. (B) Distribution of fusions among different
tissues/cells. Number of fusions in each sample type is also annotated. Upper: all the fusions; Lower: recurrent fusions. (C) Recurrent fusions were shown
by a Circos plot. The fused genes are illustrated here as a line that connects two parental genes.
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Figure 2. Validation of the fusions. (A) Sanger sequencing of RT-PCR products for two tissue-speci�c fusions. LHFPL3-RN7SL8P in lung (M/E) and
CKLF-CMTM in testis (E/E). Red dotted lines indicate the fusion junction. (B) Sanger sequencing of RT-PCR product for two fusions identi�ed during
MSCmuscle differentiation process. (C) RT-PCRand Sanger sequencing for four recurrent fusions.TBCEL-TECTAwere detected in endometrium (endo.),
testis, kidney and placenta (E/E, INTRACHR-SS-0GAP), GKAP1-KIF27 in endometrium, testis and placenta (E/E, INTRA-OTHERS), C15ORF57-
CBX3 in tonsil, bladder, heart, ovary (E/M, INTERCHR) andNOTCH2NL-NBPF10 in endometrium, and tonsil (E/M, INTRACHR-SS-0GAP fusion).
Red arrows point to the correct PCR product. (D) Two examples of chimeric peptides supported by LCMS in MCF10A cells. The superscripts ‘o’ and
‘*’ represent H2O and NH3 losses, respectively. (E) Western blot analyses using a CTBS antibody, and two GNG5 antibodies detecting CTBS-GNG5
protein. (F) qRT-PCR of CTNNBIP1-CLSTN1 normalized against GAPDH. Human foreskin �broblast cells were transfected with si-negative control,
siCTNNBIP1 and siCTNNBIP1-CLSTN1. (G) Western blot analyses of protein extracts from the same three samples as above. Upper: CLSTN1 antibody.
Lower: GAPDH antibody.
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Table 1. Summary of fusion events, fusions and parental gene pairs in all and recurrent (more than one sample) groups

Total Recurrent

fusion events 11531 1399
fusions 9778 291
parental gene pairs 4408 238

A fusion event refers to the detection of a particular fusion RNA in certain sample. A fusion is a unique fusion RNA. Note that same parental gene pairs
can have multiple fusions due to different junction positions.

fusion junctions (FDR ≤ 3%), (Supplementary Table S5).
Two of the best hits are shown in Figure 2D.

We also used traditional Western blot analyses to con-
�rm two fusions that were predicted to generate in-frame
fusion proteins. For CTBS-GNG5, we were able to ob-
tain one antibody against the N-terminal of CTBS, and
two antibodies against the C-terminal of GNG5. In all
three Western blots, we found the same band that was the
correct predicted size for the fusion protein (Figure 2E).
For CTNNBIP1-CLSTN1, only the antibody against C-
terminal CLSTN1 is available.We thus designed one siRNA
targeting the CTNNBIP1 5′ part which silenced both the
wild-type CTNNBIP1 and the CTNNBIP1-CLSTN1 fu-
sion transcripts, and one siRNA targeting the fusion (Fig-
ure 2F). Consistent with the reduction of the fusion tran-
script, the signal at the predicted protein size inWestern blot
analysis was also reduced when cells were transfected with
these two siRNAs (Figure 2G).

Characterizing the recurrent fusion RNAs

We then characterized the fusions according to the chro-
mosomal locations of their parental genes: parental genes
located on different chromosomes (INTERCHR), neigh-
boring genes transcribing the same strand (INTRACHR-
SS-0GAP) and other fusions with parental genes on the
same chromosome (INTRACHR-OTHER). INTRACHR-
SS-0GAP is the biggest group (58%) in these recurrent fu-
sions (Figure 3A).

The overall distribution of fusion-forming genes to indi-
vidual chromosome correlated with the total gene numbers
on each chromosome (Pearson’s correlation r(22) = 0.82, P
< 0.001 (Figure 3B). The correlation became even stronger
(Pearson’s correlation r(22) = 0.93, P < 0.001 0.93), when
we examined the density of fusion parental genes against the
density of genes on each chromosome (Supplementary Fig-
ure S3). This observation suggests that the fusion-forming
genes are distributed throughout the genome similarly to
other genes.
We examined the expression levels of the fusion RNAs

against those of parental genes. When we looked at all the
9778 candidate fusions, we found that they tend to be ex-
pressed at lower levels relative to their parental genes (Fig-
ure 3C). Less than 20%of fusions were expressed above 10%
of the level of their parental genes. However, when we fo-
cused on the recurrent fusions, they are expressed at a sig-
ni�cantly higher levels. Around 40% (relative to 5′ parental)
or 30% (relative to 3′ parental) were expressed above 50% of
the level of their parental genes.
Sincemost fusions will result in replacement of 3′ UTRof

the upstream parental gene with the downstream parental
gene, we wondered whether the fusion formation could be

a mechanism to escape, or acquire additional regulation
by microRNAs (mRNAs). We used the length of 3′ UTR
as a proxy. Overall, no statistical difference was observed
between 5′ genes and 3′ genes (P = 0.23). However, both
groups had signi�cantly shorter 3′ UTR than an average
gene in the genome (5′ versus hg19, P = 2.3E-23; 3′ versus
hg19, p = 1.4E-39) (Figure 3D).

We searched gene ontology terms for the parental genes
using Gorilla (23). In contrast to the tissue-speci�c fusions,
where we found over 300 enriched GO terms (P < 0.001),
around 20 GO terms were found for both 5′ and 3′ parental
genes of the recurrent fusions (Figure 3E) (Supplementary
Table S6). A few terms related to ‘response to cold’ and ‘cell
movement’ are found unique to the recurrent fusions.
To probe into the generating mechanism of the fusion

RNAs, we subdivided the fusions according to the junction
position relative to the exon of the parental genes (Supple-
mentary Figure S4): both sides being known exon bound-
aries (E/E); one side being exon boundary, the other not
(E/M or M/E); both sides falling into the middle of exons
(M/M). Consistent with an intergenic splicing mechanism,
the biggest portion in these recurrent fusions are E/E fu-
sions (Figure 4A). For theM/Mfusions not using canonical
splicing sites, it is possible that they are artifacts due to tem-
plate switching during reverse transcription and sequenc-
ing steps mediated by short homologous sequences (SHS)
(24).We searched for such homologous sequences shared by
the fragments of parental genes around the junction sites in
the 61 M/M fusions. Twenty percent of the fusions have no
such SHS at the junction, thus potentially are true fusions
utilizing non-canonical splicing sites. Forty two percent of
the M/M fusions have SHS over 5 base pairs long. Thirty
eight percent have 1–5 bp homologous sequences between
the two fragments (Supplementary Figure S5). Considering
the potential false positives associated with M/M fusions,
we reexamined some of characterizations of the fusions. The
3′ UTR size difference between the parental genes and the
whole genome as well as the enrichedGO terms, still persist,
even when we eliminated the M/M fusions.

We obtained 200 bp sequences upstreamand downstream
of fusion junction sites of both 5′ and 3′ parental genes. We
then use the MEME motif discovery tool, Gapped Local
Alignment, to look for sequence motifs enriched in these
fragments.We didn’t include theM/Mfusions for this anal-
ysis to avoid potential in�uence of homologous recombina-
tion. The motifs presented in Figure 4B are the ones with
the highest scoring for each data set. We then used the Tom-
tommotif comparison tool to search for RNA-binding pro-
tein motifs reported in RBP compendium (25). Using P =
0.001 as cut off, we found one RNA-binding motif similar
to the 5′ upstream motif (SRSF9), and �ve similar to the
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Figure 3. Characteristics of the recurrent fusions. (A) Distribution of fusions according to the chromosomal location of the parental genes. INTERCHR:
fusions involving parental genes located on different chromosomes; INTRACHR-SS-0GAP: fusions involving neighboring genes transcribing the same
strand; and INTRACHR-OTHER: other fusions with parental genes on the same chromosome. (B) The density of genes participating in fusion formation
correlates to the overall gene density on individual chromosomes. (C) Cumulative frequency of the relative expression of the fusion transcripts to their
parental genes. Left: all the candidate fusions. Right: recurrent fusions. The parental gene expression was based on FPKM. The fusion RNA expression
was converted into FPKM from the sum of junction and split reads number. (D) Box plot depicting the comparison between the 3′ UTR size for the
parental 5′ and 3′ genes involved in fusions, and all genes known to date in hg19. (E) Gene ontology terms enriched in 5′ parental genes and 3′ parental
genes involved in recurrent fusions. Plotted are statistical signi�cance (-Log10(P value)) of each term.
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Figure 4. Further characterization of the recurrent fusions. (A) Distribution of fusions according to the junction position relative to the parental exons.
E/E: both 5′ and 3′ using known exon boundaries; E/MorM/E: one side using known exon boundary, the other not; M/M: both sides fall into the middle
of known exons. (B) Motif scanning using sequences 200 bp immediately upstream or downstream to the fusion junction site of both 5′ genes and 3′ genes.
Shown are the motifs found having the highest GLAM2 scores. (C) Known RNA-binding motifs matching the motifs found through MEME. Using P =

0.001 as cutoff, one known RNA-binding motif was found similar to the 5′ gene downstream motif. Five RNA-binding motifs were found similar to the
3′ gene downstream motif.
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3′ downstream motif (Tv 0257, Tb 0253, PTBP1, SART3
and PABPC1) (Figure 4C). Among theseRNAbinding pro-
teins, SRSF9 is known to play a role in exon inclusion
(26). Polypyrimidine tract-binding protein (PTBP1), also
known as heterogeneous nuclear ribonucleoprotein type I
(hnRNP I), has been implicated in pre-mRNA splicing (27).
SART3, also known as TIP110, has been found to interact
with U6 and U6/U4 snRNPs (28). PABPC1 is a poly(A)-
binding protein (PABP). It is found complexed to the 3-
prime poly(A) tail of eukaryotic mRNA, and is required
for poly(A) shortening and translation initiation (29). How
these factors may contribute to potential intergenic splicing
is not clear. We also searched for known sequence motifs in
the JASPARVertebrates andUniPROBEMouse databases.
Five known motifs similar to the 5′ downstream motif
(PPARG::RXRA, ESR2, NR3C1, LEF1 and ASCL2), and
one known motif similar to the 3′ upstream motif (MTF1)
were found (Supplementary Figure S6).

Functional relevance

We categorized the fusions according to the reading frames:
the known protein coding sequence of the 3′ gene uses a
different reading frame than the 5′ gene (frame-shift); the
known reading frame of the 3′ gene is the same as the 5′ gene
(in-frame); no effect on the reading frame of the parental
genes (NA). NA could occur when the fusion junction falls
into the 3′ UTRof the 3′ parental gene, or no known protein
coding sequence for the 3′ gene, or the 5′ part of the fusion
will not affect the CDS of the 3′ gene; a very small popula-
tion of fusions fell into the ‘both’ category, which could be
in-frame or frame-shift depending on the alternative splic-
ing isoforms of the parental genes. About 70% of all the
fusions fell into the NA category (Figure 5A).

The fact that some of the fusions were found in multiple
tissues and cell types, supports the possibility that they may
play some basic cellular maintenance roles. We chose two
such candidates that belong to the ‘in-frame’ category for
further functional study. Using RT-PCR, we could detect
CTBS-GNG5 in nearly all of the tissues and cell lines we
tested (Figure 5B). It was also found by RNA-Sequencing
of cancer cells and seems to be conserved in mouse (30–32).
CTBS encodes chitobiase; GNG5 encodes the di-N- acetyl-
binding and guanine-nucleotide-binding proteins. The fu-
sion creates an in-frame chimeric protein, which contains
the chitinase catalytic domain from CTBS and most of the
C-terminal GNG5, including its G�-binding interface. We
designed an siRNA that speci�cally silenced the fusion tran-
script (Figure 5C and E). In two non-neoplastic cell lines we
tested, we observed a signi�cant reduction in cell growth
and motility (Figure 5D and F).

Similarly, CTNNBIP1-CLSTN1 was detected in 9 out of
14 samples we tested. CTNNBIP1 encodes Beta-Catenin-
Interacting Protein I. CLSTN1, also called Cadherin-
Related FamilyMember 12, encodes Calsyntenin 1. The fu-
sion contains the �rst 62 amino acids of the ICAT domain
from CTNNBIP1, and the majority of CLSTN1 proteins.
Transfection of an siRNA targeting speci�cally the fusion in
immortalized astrocyte cells (wild-typeCLSTN1was unde-
tectable) (Figure 5G) also resulted in signi�cant reduction
in cell growth and cell motility (Figure 5H).

Conservation and cancer implications

We then obtained 81RNA-Sequencing libraries covering 15
different mouse tissue types. Using the same pipeline, we
found 210 recurrent fusions, involving 111 pairs of mouse
genes. The distribution of the fusions is similar to that in
humans, with 41% of fusions being INTRACHR-SS-0GAP
(Figure 6A). The percent of E/E fusions was less than that
in human, only 19% (Figure 6B). Of interest, only three re-
current fusions were found in both human and mouse sam-
ples by RNA-Sequencing (Figure 6C) (Supplementary Ta-
ble S7).
Given that many cancers arise by the dysregulated reca-

pitulation of processes in normal development, we hypoth-
esized that comparable chimeric fusions may exist in nor-
mal cells. At the time this manuscript was prepared, there
were 2276 fusions documented in theMitelmanDatabase of
Chromosome Aberrations and Gene Fusions in Cancer in
the CancerGenomeAnatomy Project (33). Thirteen fusions
were common to this list and the list of fusions we found in
normal tissues/cells, including ADCK4-NUMBL, CTSC-
RAB38, PBXIP1-PMVK and SCNN1A-TNFRSF1A re-
ported in glioblastoma (34), HARS2-ZMAT2, HERC3-
FAM13A-AS1, KANSL1-ARL17B, PPCS-CCDC30 and
CTSC-RAB38 in leukemia (35,36), ADCK4-NUMBL,
AZGP1-GJC3 and DUS4L-BCAP29 in prostate cancer
(31,37) (Figure 6D) (Supplementary Table S8). The fact that
these fusions are present in non-neoplastic samples raised
concerns for their potential as biomarkers. Of note, all of
these 13 fusions were recently discovered through deep-
sequencing approaches, and none are signature fusions that
have been experimentally validated as cancer-driving events
(3). However, that is not to say that ‘cancer-signature’ fusion
do not exist in normal cells. Such fusions may be tissue/cell
lineage speci�c, and may only be transiently expressed dur-
ing development, as demonstrated before (8).

We also performed gene ontology term analysis for the
parental genes using Gorilla (23). For this analysis, we
grouped parental genes that are only involved in ‘non-
cancer’ fusion, genes that are only involved in ‘cancer’ fu-
sions listed on theMitelman list, and genes involved in both
(Supplementary Table S9). Interestingly, the top GO terms
for ‘non-cancer’ fusion genes are related to protein target-
ing, top terms for ‘cancer’ fusions are positive regulations
related to cell proliferation and top terms for ‘both’ are
more related to basic cell process.

DISCUSSION

Pro�ling fusion RNAs in normal tissues and cells have
important implications in basic biology, evolution, cancer
diagnosis and treatment. Human and other primates are
known to have about twice as much alternative splicing as
mice (38). We also found many more chimeric RNAs in hu-
mans than in mice, and the two species share only a few
common fusions. Given the over 95% similarity between
mouse and human genome, forming chimeric transcripts
may be another way to expand functional genome, in ad-
dition to alternative splicing.
Gene fusions generated by recurrent chromosomal rear-

rangement is considered one of the hallmarks of neopla-
sia. Like �ngerprints, the fusions and their products are of-
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Figure 5. Functional relevance of the fusions. (A)Distribution of the fusions according to their protein-coding potential: the knownprotein coding sequence
of the 3′ gene uses a different reading frame than the 5′ gene (frame-shift); the known reading frame of the 3′ gene is the same as the 5′ gene (in-frame);
no effect on the reading frame of the parental genes (NA). (B) CTBS-GNG5 and CTNNBIP1-CLSTN1 are widely expressed among tissues and cell lines.
(C) An siRNA targeting CTBS-GNG5 resulted in signi�cant reduction of the fusion transcript in immortalized astrocytes. (D) Knocking down CTBS-
GNG5 using the fusion-targeting siRNA resulted in signi�cance growth suppression and reduction in cell motility. (E) The siRNA also speci�cally silenced
CTBS-GNG5 fusion transcript in RWPE-1 cells. (F) Knocking down CTBS-GNG5 in RWPE cells also resulted in reduced cell growth and motility. (G) An
siRNA targetingCTNNBIP1-CLSTN1 resulted in signi�cant reduction of the fusion transcript, but not wild-typeCTNNBIP1 in immortalized astrocytes.
Wild-type CLSTN1 was undetectable in these cells. (H) Knocking down CTNNBIP1-CLSTN1 in these astrocyte cells resulted in reduced cell growth and
motility. **P < 0.005. ***P < 0.001.
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Figure 6. Conservation and cancer implications. (A) Fusion RNAs of 81 samples from 15 mouse tissues. Similar to that in human, INTRACHR-SS-0GAP
also constituted the biggest portion. (B) Distribution of fusions according to the junction position relative to the parental exon. (C) Venn diagram showing
the similarities/differences of fusions in Homo sapiens versus Mus musculus. (D) Venn diagram showing the common fusions in the normal tissues/cells
versus the Mitelman Database of Chromosome Aberrations and Gene Fusions in Cancer. Thirteen common fusions are listed.
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ten the signatures of distinctive types of tumors and tend
to be also driver mutations for those tumors (1–2,39–41).
Ever since the discovery of Philadelphia chromosome and
BCR-ABL fusion, gene fusions have been heavily sought af-
ter. With many efforts devoted to data mining the Cancer
Genome Atlas and other large cancer data sets, the fusion
RNAs we identi�ed in the normal samples should be con-
sidered ‘background’ and subtracted for cancer-speci�c fu-
sion discovery. On the �ip side, it is likely that at least some
previously believed cancer-speci�c fusions do happen dur-
ing development or speci�c physiological conditions, but
may be products of intergenic splicing instead of chromo-
somal rearrangement. Indeed, certain cancer-signature fu-
sions have been identi�ed transiently during stem cell dif-
ferentiation (8).

The pool of fusions identi�ed through current RNA-Seq
is far from saturation. In addition, the majority of fusions
tend to exist in unique tissues and cell types, and are ex-
pressed at relatively low levels. SOAPfuse software was se-
lected in this study because of its high validation rate (42).
This choice is further supported by a recent study, when
15 popular fusion-mining tools were compared (43). How-
ever, none of the current software tools is inclusive. In fact,
we found small overlaps between six most commonly used
tools (manuscript under review). All of these factors will
lead to an underestimate of the total number of fusions ex-
isting in various types of tissues and cells. Many more fu-
sions may be uncovered by deeper sequencing reads, more
sensitive fusion-mining software, enrichment of target cells
and unbiased collection of time points throughout devel-
opmental processes. On the other hand, we cannot com-
pletely �lter out the false positives generated during the pro-
cess of cDNA library construction, sequencing and data
mining. In this study, we purposely selected recurrent fu-
sions to minimize false discoveries. However, we should
not ignore all the ‘rare’ fusions. In fact, a large number of
individualized fusions are consistent with a recent GTEx
study, where many alternative splicing variants were ob-
served inter-individually (44).
Instead of being ‘junk’ or ‘transcriptional noise’, at least

a subset of the chimeric RNAs are functional. Some will
translate into chimeric proteins, evidenced byMS andWest-
ern blot analyses. The further use of sensitive, high mass-
accuracy instrumentation could lead to discovery of more
chimeric proteins and more unambiguous assignment of
matched sequences. Besides the in-frame fusions, a large
population of fusions may function as non-coding RNAs.
Supporting this idea, a recent study identi�ed over 58 000
transcripts as long non-coding RNAs (45). Furthermore,
a large portion of fusions will have no new function, but
only affect parental gene expression. High throughput ap-
proaches are needed to study the functions of this large
number of fusions.
A subpopulation of M/M fusions could be artifacts pro-

duced by short homologous sequences, but they could also
be the products of non-allelic homologous recombination
happening at the DNA level, as maybe in the case of globin
genes (46). The INTRACHR-SS-0GAP fusions are most
likely the products of read through/cis-SAGe (cis-splicing
between adjacent genes) (31,42,47). We suspect that the rest
of interchromosomal and other intrachromosomal fusions

are the products of RNA trans-splicing (48–50). They are
unlikely the products of chromosomal rearrangement, since
the samples are all non-neoplastic tissues or cells. However,
each fusion has to be examined individually to formally rule
out the possibility of chromosomal rearrangement.
In conclusion, fusion RNAs in non-cancer tissues and

cells are widely spread. They are not unique features of can-
cer. At least some of the fusions are functional. Evolution-
ally, human and mouse share a few common fusions, sug-
gesting that forming fusion RNAs may be means to expand
the repertoire of functional genome. Some fusions previ-
ously reported in cancer are not cancer-speci�c. More ef-
forts are needed to study the functions and mechanisms of
these physiological fusion transcripts.
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