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A B S T R A C T

Background: Gene fusions and products have been identified as oncogenic drivers in many cancers, making them
attractive diagnostic markers and therapeutic targets. However, the landscape of fusion transcripts in bladder
cancer has not been fully characterized.
Methods: To identify fusion transcripts with potential therapeutic or diagnostic values, TCGA bladder urothelial
carcinoma RNA-sequencing dataset was used. In order to avoid false positives, we applied multiple criteria
including filtering out fusions detected in normal samples from GTEx dataset. We validated a subset of candidate
fusions with a collection of bladder cancer and adjacent normal samples.
Result: We identified 19,547 high confidence fusion genes from 414 bladder cancer samples. After filtering off
M/M fusions, fusions in GTEx normal samples, and occurrence frequency<5, we obtained a list of 271 gene
fusions, 13 of which were novel and specific to cancer samples. Six of those fusions were validated using cell
lines and clinical samples. We discovered that two chimeric RNAs, BCL2L2-PABPN1 and CHFR-GOLGA3, were
detected to be expressed significantly higher in bladder cancer samples compared to adjacent normal samples.
Impressively, the wild-type of the parental genes were not differentially expressed. Mechanistically, we de-
monstrated that these two fusions are generated by cis-splicing between adjacent genes. These two fusions were
detected mainly in the fraction of cell nucleus, suggesting a potential long noncoding RNA role.
Conclusion: Our findings provide a panoramic view of the landscape of chimeric RNAs in bladder cancer. Some
frequent chimeric RNAs are generated by intergenic splicing, and represent a new repertoire for potential bio-
markers.

1. Introduction

Bladder cancer represents the 7th most common malignancy in men
and 11th in both genders worldwide with approximately 549,393 new
cases, and causes 199,922 deaths per year (Bray et al., 2018). The
length of bladder cancer survival is strongly influenced by cancer stage
at diagnosis. During the early stages, 5-year survival is more than 95%,
but when the cancer metastasize, this rate dramatically drops to 4.8%.
Even with the improvement of multiple therapeutic approaches, such as
surgery, chemotherapy and immunotherapy, the mortality rate of
bladder cancer has not decreased significantly over the years (Racioppi
et al., 2012). Therefore, exploitation of new diagnostic and therapeutic
strategy is needed.

Gene fusions in cancers have been known for over half a century.

The oncogenic fusion BCR-ABL1 resulted from t(9,22) translocation in
chronic myeloid leukemia provides a paradigm for cancer diagnosis and
treatment (Rowley, 1973). With the application of high-throughput
sequencing, numerous gene fusions have been identified in hematolo-
gical malignancies, sarcomas and solid cancers. Fusion RNAs and pro-
tein products often play causal roles in tumorigenesis and therefore
represent ideal diagnostic and therapeutic targets. Although a few gene
fusions have been found in bladder cancer, such as HNRNPA1-ALK and
FGFR3-TACC3, and characterized as oncogenic drivers and potential
therapeutic targets (Inamura et al., 2017; Kumar-Sinha et al., 2015;
Lombardi et al., 2017), highly frequent fusions are rare. Recently, we
and others have shown that chimeric fusion RNAs can be found in
various cells and tissues, and some are shown to be the products of
intergenic splicing instead of chromosomal rearrangement (Li et al.,
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2008a; Chase et al., 2010; Yuan et al., 2013; Wu et al., 2014;
Zaphiropoulos, 2012). Here we deep-mined chimeric RNAs from TCGA
muscle-invasive bladder cancer study RNA-seq dataset, and identified
several chimeric RNAs with potential diagnostic value. Importantly,
they are products of cis-splicing between adjacent genes, instead of
canonical chromosomal rearrangement, supporting that intergenically
spliced chimeric RNAs represent a new source of potential biomarkers.

2. Materials and methods

2.1. Cell culture

Bladder cancer cell lines T24, EJ, SV-HUC-1 were purchased from
ATCC (American Type Culture Collection). EJ Cells were cultured in
DMEM (Dulbecco’s modified Eagle’s medium) (Gibco) plus 10%FBS
(Fetal Bovine Serum) (Invitrogen), 1% pen/strep, and 1% L-glutamine.
SV-HUC-1 cells were maintained in F12 K medium (Gibco) containing
10%FBS, and 1% pen/strep. T24 cells were maintained in RPMI1640
medium (Gibco) containing 10%FBS, and 1% pen/strep. The cells were
cultured at 37 °C and 5% CO2.

2.2. Clinical samples

14 pairs of bladder urothelial carcinoma tissues and adjacent
normal tissues were obtained from the Department of Pathology at the
University Hospital of the University of Virginia. The use of the human
clinical samples was approved by the IRB committee of University of
Virginia. 16 additional pairs of bladder urothelial carcinoma tissues and
adjacent normal tissues were obtained from the Sun Yat-sen Memorial
Hospital, Sun Yat-sen University, with patient consent. All samples
were immediately snap-frozen in liquid nitrogen and stored at −80 °C
until required.

2.3. Bioinformatics

Raw sequencing data (RNA-Seq) of 408 bladder cancer patients
(433 samples) was downloaded from TCGA portal (https://portal.gdc.
cancer.gov/). The data consists of 414 cancer samples and 19 matched
normal samples. NGS QC Toolkit (Patel and Jain, 2012) was used with
default parameters to filter the raw reads and the good quality reads
were given to EricScript software (version 0.5.5) (Benelli et al., 2012)
for predicting fusion RNAs for all the 433 samples. EricScript was used

Fig. 1. Discovery of chimeric RNAs in bladder cancer.
(A) The pipeline for the discovery of chimeric RNAs in bladder cancer. TCGA RNA-Sequencing data of 414 bladder urothelial carcinoma samples and 19 relative
adjacent normal samples was analyzed. After filtering out “M/M” fusions, the fusions with a recurrent frequency lower than 5, and the fusions found in the GTEx
normal RNA-seq dataset, we obtained 271 unique chimeric RNAs. (B) Circos plot depicting chimeric RNAs from ten samples as examples. Lines denote the chimeric
RNAs connecting two parental genes. (C) Circos plot depicting all the recurrent non M/M chimeric RNAs identified from the TCGA bladder cancer RNA-seq dataset.
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with default parameters and hg19 genome was used as the reference
genome. Fusion RNAs with EricScore< 0.6 were discarded. Based on
the breakpoint position of the upstream and downstream gene partners,
each fusion RNA was classified into “E/E”, “E/M”, “M/E” or “M/M”
categories where “E” and “M” represents that the breakpoint occurred
at the ends and middle of the exon respectively. End positions of the
exons were considered from within a range of± 2 bp of the actual end
position. The in-frame/frame-shift potential of the fusion RNA was
predicted using python script “predict_frame.py” of the FusionCatcher
software [doi: https://doi.org/10.1101/011650]. For simplicity, the
fusion type categories “Cis” and “intra-chromosomal” from the Eric-
Script software were merged into “INTRA-Others” while “Read-
Through” and “inter-chromosomal” (represented as INTERCHR) were
kept as is.

2.4. RNA extraction, nuclear and cytoplasm extraction, PCR and Real-Time
PCR

Bladder samples were grinded in liquid nitrogen. RNAs were ex-
tracted using TRIzol reagent (Invitrogen) and cDNAs were generated by
cDNA synthesis Kit (Bioline, United States), following the manu-
facturer’s instruction. Nuclear and cytoplasm RNAs extraction was
performed as previously described (Qin et al., 2017). Real-time PCR
was carried out on ABI StepOne Plus real time PCR system (Applied
Biosystems, USA) using SYBR mix kit (Thermo). Primers used in this
study are listed in Supplementary Table S1. Following PCR and gel
electrophoresis, all purified DNA bands were sent for Sanger sequencing
by Eton Bioscience INC.

2.5. Statistical analyses

The quantitative results were presented as the mean ± standard
error of the mean (SEM). Wilcoxon matched-pairs signed rank test was
used to identify statistically significant data, reported as the mean ±
standard error of the mean (SEM). GraphPad Prism 7.0 (GraphPad
Software, Inc., San Diego, CA, USA) was used for statistical analyses.
For all analyses, p < 0.05 was considered statistically significant.

3. Results

3.1. Identification of chimeric RNAs in bladder cancer

An overview of the discovery pipeline of chimeric RNAs is shown in
Fig. 1A. We analyzed a TCGA (The Cancer Genome Atlas) mRNA se-
quencing dataset consisting of 414 bladder urothelial carcinoma sam-
ples and 19 normal adjacent samples (Robertson et al., 2017). A total of
19,547 candidate chimeric transcripts were identified by the bioinfor-
matics software tool, Ericscript (Benelli et al., 2012). To reduce the
false-positive prediction rate, we filtered fusion RNAs according to the

pattern of how two parental genes are connected. The chimeras were
categorized according to the junction position of two parental genes:
both sides being the end of known exon/intron boundaries (E/E), both
sides falling into the middle of exons (M/M), one side being exon/in-
tron boundary and the other not (E/M or M/E). Since we have proved
previously that the M/M type of fusion transcripts have much lower
validation rate compared to the other two types of fusions (Qin et al.,
2015), we filtered off 9992 fusions of the M/M category. We then se-
lected those fusions with recurrent frequency ≥5 and ended up with
778 unique fusion RNAs. Circos plots were used to depict these chi-
meric RNAs in the TCGA study (Fig. 1B and C). Furthermore, we re-
moved fusions overlapping between bladder samples and The Geno-
type-Tissue Expression (GTEx) normal samples (manuscript in
preparation). After applying these filters, 271 unique fusion gene pairs
were found to be only present in the TCGA bladder samples (Fig. 1A).
We went further to compare the occurrence of these fusions in bladder
cancer versus adjacent normal tissues, and discovered 13 fusions only
detectable in bladder cancer samples with recurrent frequency ≥10
(Table 1).

3.2. The landscape of chimeric RNAs and parental genes in bladder cancer

We examined the landscape of the fusion RNAs from three angles,
and at three different levels (Fig. 2A). First, we characterized the fu-
sions according to the chromosomal locations of their parental genes:
parental genes located on different chromosomes (INTERCHR), neigh-
boring genes transcribing the same strand (Read-Through), and other
fusions with parental genes on the same chromosome (INTRA-Others).
For all of the fusions, INTERCHR is the most prominent group (67%),
and Read-Through is the least common group (2%). However, as the M/
M fusions were filtered out, the inter-chromosomal group shrunk
(54%), and Read-Through and INTRA-Others became more abundant
(14% and 32% respectively). The percentage of the Read-Through
group became even larger, when both “non M/M” and “recurrent fu-
sion” filters were applied: it became similar to the size of the INTERCHR
group (37% vs. 43%).

Second, as described above, based on the junction position relative
to the exon of the parental genes, we categorized the chimeric RNAs
into E/E, E/M or M/E, and M/M groups. Among all the fusions, the
biggest category was M/M fusions (51%), E/M and M/E being about 25
and 10% each, and E/E 14% (Fig. 2A). After we filtered out M/M, and
less frequent fusions (< 5), E/E fusions were significantly enriched
(48%).

Lastly, we categorized the fusions according to their 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) (this category includes fusion
RNAs whose junction sequence fall into untranslated region or one or

Table 1
Candidate chimeric RNAs predicted to be only in TCGA bladder cancer samples with an occurrence frequency above 10.

GeneName1 GeneName2 chr1 chr2 Fusion type Cancer (414) Normal (19)

1 EEF1D NAPRT1 8 8 Read-Through 32 0
2 BCL2L2 PABPN1 14 14 Read-Through 19 0
3 CHFR GOLGA3 12 12 Read-Through 12 0
4 CHCHD10 VPREB3 22 22 intra-others 16 0
5 SLC2 A11 MIF 22 22 Read-Through 43 0
6 ACKR2 KRBOX1 3 3 Read-Through 10 0
7 SIRPB2 NSFL1C 20 20 Read-Through 11 0
8 ACKR2 ZNF662 3 3 intra-others 10 0
9 HOXB7 HOXB9 17 17 intra-others 16 0
10 NREP C11orf74 5 11 interchr 15 0
11 SCAMP1 SYT1 5 12 interchr 11 0
12 TTLL11-IT1 TTLL11 9 9 Read-Through 25 0
13 KIAA1984 RABL6 9 9 Read-Through 42 0
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both parental genes is lncRNA). When all the fusions were examined,
the number of NA is the largest (88%). Frame-shift fusions are about the
same frequency as in-frame fusions (5% vs. 7%). After filtering out M/
M fusions, the NA portion became smaller (84%). When both “non-M/
M” and “recurrent” filters were used, the NA fusions were further re-
duced (75%), and the in-frame and frame-shift became more common
(14% and 11%).

We searched gene ontology terms using Gorilla (Eden et al., 2009)
for the parental genes involved in the non-M/M, recurrent fusion RNAs.
The top 20 GO terms for the 5′ gene include histone methylation, and
transportation, whereas the 3′ genes are enriched for localization and
transportation (Fig. 2C). For comparison, we analyzed RNA-Seq from
424 TCGA hepatocellular carcinoma (HCC) and 201 TCGA cervical
cancer (CESC) RNA-Seq datasets. More metabolic-related GO terms
were enriched in HCC, together with viral processing, symbiosis, and
interspecies interaction terms (Fig. S1), whereas more viral processing
terms enriched in CESC datasets (Fig. S2).

3.3. Validation of the highly recurrent chimeric RNAs in bladder cancer

The majority of the chimeric RNAs were identified in one or two
samples (Fig. 2C). We then investigated the correlation between the
fusion RNAs’ occurrence and different clinical parameters, such as
cancer stage, pathological type, and lymphatic metastasis. No obvious
correlation was observed. Among the 13 recurrent chimeric RNAs that
were detected only in bladder cancer samples, but not in the 19

adjacent normal samples, suitable PCR primers covering the fusion
junction site could be designed for nine of them. We then performed
RT-PCR and subsequently Sanger sequencing using mixed cDNA sam-
ples of cancer, normal, and cell lines. Six out of the nine chimeric RNAs
were validated, and confirmed by Sanger sequencing (Fig. 3A and 3B).

3.4. BCL2L2-PABPN1 and CHFR-GOLGA3 were preferentially expressed in
bladder cancer samples

Using 14 pairs of bladder cancer and adjacent normal samples ob-
tained from the University of Virginia Hospital, we compared the ex-
pression of the chimeric RNAs in clinical samples. Among the chimeras,
BCL2L2-PABPN1 (Fig. 4A) was detected in the majority of the tumor
samples, but only in two normal adjacent samples at lower levels
(Fig. 4B). Consistently, Wilcoxon matched-pairs signed rank test re-
vealed statistical significance (P= 0.001). Interestingly, the expression
of the two wild-type parental genes showed no statistical significance
between the tumor and normal samples (Fig. 4C and D).

Another chimera, CHFR-GOLGA3 (Fig. 5A), was also found to be
preferentially expressed in the bladder cancer samples, and only once in
a tumor-matched sample, albeit at a lower level compared to the tumor
(Fig. 5B). Significant difference of the expression was found between
the groups of tumor and normal (P=0.0039). Similar to BCL2L2-
PABPN1, the expression of the two wild-type parental genes of CHFR-
GOLGA3 also had no statistical significance between tumor and normal
groups (Fig. 5C and D).

Fig. 2. The landscape of chimeric RNAs and their parental genes in bladder cancer.
(A) Distributions of chimeric RNAs from the TCGA data set. Chimeric RNAs are categorized based on their fusion junction position, fusion type, and fusion protein
coding potential. When the criteria of “non-M/M”, and “recurrence” applied, more E/E, Read-Through, and in-frame fusions were enriched. (B) Gene ontology
analyses of the 5′ and 3′ parental genes involved in non M/M fusion RNAs in bladder cancer. Plotted are statistical significance (-Log10(p-value)) of the top 20 terms.
(C) The frequency of chimeric fusion RNAs detected in bladder cancer samples.
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All the other four chimeras were found to be not differentially ex-
pressed, thus not pursued further (Fig. S3).

We then obtained another 16 pairs of samples from Sun Yat-sen
Memorial Hospital, and repeated the experiments at Sun Yat-sen
University to validate the above findings. We found similar trend for
BCL2L2-PABPN1 in that it was expressed at significantly higher levels in
tumors than the normal matched samples (p=0.0175). However, both
chimeras were detected in a similar number of normal and tumor
samples, and CHFR-GOLGA3 was not found to be differentially ex-
pressed between the two groups (Fig. S4).

3.5. Both BCL2L2-PABPN1 and CHFR-GOLGA3 are products of cis-
splicing between adjacent genes (cis-SAGe)

Both parental genes of BCL2L2-PABPN1 and CHFR-GOLGA3 are
adjacent to each other on the same chromosome region, so they were
classified as Read-Through. To validate that these two fusions are in-
deed generated by cis-SAGe, where a premature RNA is transcribed
through the gene boundary and exons belonging to two parental genes
are spliced together. We used the following PCR-based assay. DNase-I
was first used to remove potential DNA contamination in the RNA ex-
tracted from two bladder cancer cell lines (EJ and SV-HUC1). We then
used a reverse primer annealing to the downward exon neighboring to
the junction site to perform Reverse Transcription (RT). Primers cov-
ering fragment of 5′ gene was then used for RT-PCR. In the absence of
avian myeloblastosis virus (AMV) reverse transcriptase, no signal was
observed, indicating that DNase-I digestion was complete. We can only
detected signals in the presence of the AMV-RT enzyme with primer
pairs to amplify a fragment of cDNA covering exon15 and intron15 of
BCL2L2, or exon3 and intron3 of CHFR (Fig. 6B and C). This confirms

the presence of a precursor RNA transcribing from exon3 of BCL2L2 to
exon2 of PABPN1, and a precursor RNA transcribing from exon15 of
CHFR to exon2 of GOLGA3. We, therefore, conclude that both chimeric
RNAs are products of cis-SAGe.

3.6. Chimeric RNA BCL2L2-PABPN1 and CHFR-GOLGA3 may function as
non-coding RNAs

In order to gain some insights on the biological function of these two
chimeric RNAs, we examined the expression of these chimeric RNAs in
cell nucleus and cytoplasm fractions. Using a protein coding gene,
GAPDH, and a long non-coding RNA, MALAT1 as reference controls, we
found that both BCL2L2-PABPN1 and CHFR-GOLGA3 were pre-
ferentially detected in the cell nuclear in both T24 and SV-HUC1 cells,
which indicates that these chimeric RNAs may act as non-coding RNAs
(Fig. 6D). In contrast, most of the wild-type parental genes were found
in the cytoplasmic faction.

4. Discussion

Gene fusions generated by chromosomal rearrangements are con-
sidered hallmarks of cancer, thus representing ideal biomarkers and/or
therapeutic targets (Rabbitts, 1994; Heim and Mitelman, 2008). How-
ever, recurrent gene fusions are rare in bladder cancers (Cancer
Genome Atlas Research, N. et al., 2017). On the other hand, recent
work on RNA trans-splicing (Yuan et al., 2013; Li et al., 2008b; Finta
and Zaphiropoulos, 2002) and intergenic cis-splicing (Qin et al., 2015;
Zhang et al., 2012; Kumar-Sinha et al., 2012) supports a new paradigm
for intergenic splicing processes, which can also generate fusion pro-
ducts in the absence of chromosomal rearrangement at the DNA level.

Fig. 3. Validation of the highly recurrent chimeric RNAs in bladder cancer.
(A) Electrophoresis gel images of RT-PCR product of the six candidate chimeric RNAs together with internal control, GAPDH (N: mixture of cDNA products from
normal bladder samples; T: cDNA mixture from bladder tumor samples; C: cDNA mixture of bladder cancer cell lines). (B) Sanger sequencing graphs showing the
verification of some chimeric RNAs. The junction sites were marked by dotted lines.
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We believe that such intergenically spliced chimeric RNAs represent a
new repertoire of cancer biomarkers and/or therapeutic targets. In this
study, we identified six recurrent chimeric RNAs (> 10). Among them,
BCL2L2-PABPN1 and CHFR-GOLGA3 are preferentially detected in
bladder cancers than the normal margin samples. Instead of being a
product of chromosomal rearrangement, both fusion RNAs are products
of cis-SAGe.

We performed analyses on the landscape of bladder cancer chimeric
RNAs on three levels, and from three angles. A large number of the
chimeric RNAs are individualized, or only occurring in a small number
of samples (< 5). These less frequent chimeras also tend to be M/M
fusions, and belong to the category of INTERCHR. Based on our pre-
vious experience, this category of chimeric RNAs tend to have a lower

validation rate (Qin et al., 2015). It is thus possible that a subset of them
are false positives. On the other hand, it is known that many alternative
splicings are individualized (Mele et al., 2015). Because we do not have
access to the original TCGA samples, we cannot formally test them.

Both BCL2L2-PABPN1 and CHFR-GOLGA3 chimeric RNAs were
found to be more preferentially detected in tumor samples collected and
tested at the University of Virginia than in those collected and tested at
Sun Yat-sen University. Several factors may contribute to the dis-
crepancy: 1) different patient population (American vs. Chinese); 2)
different researchers who extracted samples; and 3) different real-time
PCR equipment. In the future, a larger sample size and more uniformed
procedures are needed for direct comparison.

With the development of next generation sequencing and

Fig. 4. BCL2L2-PABPN1, but not the wild-type parental gene transcripts was preferentially detected in bladder cancers.
(A) Structure of the BCL2L2-PABPN1 fusion. The reverse primer was used for Sanger sequencing. (B) The fusion was frequently detected by RT-PCR in bladder tumor
tissues (T), but not in the adjacent normal tissues (N) (left). The quantification of the fusion levels between normal and tumor groups (right). P value was calculated
by Wilcoxon matched-pairs signed rank test. (C) and (D) Such differential expression was not observed with the wild-type parental gene BCL2L2 (C), or PABPN1 (D).
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advancements in bioinformatic tools, the identification of diagnostic
and prognostic biomarkers has been accelerated. These include pro-
teomic, genomic, epigenetic and transcriptomic biomarkers (Cheng and
Iyer, 2018). In terms of gene fusion biomarkers, it has been shown that
urothelial cancer cell lines expressing the FGFR3–TACC3 or FGFR3-
BAIAP2L1 fusion genes are very sensitive to FGFR-selective agents. Also
the detection of the fusions facilitates the selection of patients for FGFR-
targeted therapy (Williams et al., 2013). Another report validated and
characterized four novel gene fusions SEPT90-CYHR, IGF1R-TTC23,
SYT8-TNNI2 and CASZ1-DFFA in bladder cancer (Kekeeva et al., 2016).
Here we showed both BCL2L2-PABPN1 and CHFR-GOLGA3 are pro-
ducts of cis-SAGe, and they were preferentially expressed in bladder
cancer samples. In contrast, the wild-type parental genes of both fusions
were not differentially expressed in bladder cancer versus normal
controls. This phenomenon is reminiscent of another chimeric RNA,
SLC45 A3-ELK4 (e1e2 form) in prostate cancer, whose expression cor-
relates with the clinical Gleason Score. Interestingly, neither wild-type
SLC45 A3 or ELK4 had such a correlation (Zhang et al., 2012). These

findings support the notion that chimeric RNAs represent a new re-
pertoire of biomarkers, which would be missed if only canonical tran-
scripts are considered.
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