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A B S T R A C T

Chimeric RNAs are transcripts composed of RNA fragments from different genes and are traditionally well-
known cancer-causing genetic events. Recent studies show chimeric RNAs being present in multiple non-neo-
plastic tissues and cells, suggesting that at least some may have roles in normal physiology. However, chimeric
RNAs and their implications in brain development and neural differentiation have not been formally studied.
Here, we firstly characterized the landscape of chimeric RNAs in human infant brain tissues and identified 599
chimeric RNAs. Through a series of filtering, 22 were selected and tested in a neural differentiation process
starting from stem cells. Ten were validated experimentally. One of these ten chimeric RNAs, DUS4L-BCAP29,
dramatically increased when human umbilical mesenchymal stem cells were induced for neural differentiation.
Consistently, we found that overexpressed DUS4L-BCAP29 effectively promoted neural differentiation. Our re-
sults support the important role(s) chimeric RNAs play in neural differentiation, and are consistent with the new
notion that chimeric RNAs also exist in normal physiology, and likely serve biological purposes.

1. Introduction

Chimeric RNAs are transcripts composed of RNA fragments from
different genes (Li et al., 2018). Bioinformatics analyses and second
generation sequencing technologies have facilitate the discovery of
chimeric RNAs, and have led to the rapid expansion of the repertoire of
chimeric RNAs (ADAMS et al., 1991; BENELLI et al., 2012; Carrara
et al., 2013; Chen et al., 2012; Chuang et al., 2016; Davidson et al.,
2015; Francis et al., 2012; Ge et al., 2011; Gorohovski et al., 2017;
Hoffmann et al., 2009; Kim et al., 2007; Kim and Salzberb, 2011; Kong
et al., 2011; Kumar et al., 2016a, b; Langmead et al., 2009; Lee et al.,
2017; Li et al., 2011; Liu et al., 2016; Lu and Matera, 2014; Mcpherson
et al., 2011, 2012; Novo et al., 2007; Prakash et al., 2010; Suhre and
Claverie, 2004; Wang et al., 2015; wu et al., 2014). The widespread

detection of chimeric RNAs has far exceeded previous expectations,
making them a newly popular focus in transcriptomics. Some chimeric
RNAs have been known to contribute to cancer diagnosis and treat-
ment. Prominent examples of this include BCR-ABL1, which is targeted
by Gleevec in chronic myelogenous leukemia (Druker, 2001; Rowley,
1973); EML4-ALK, which has improved patient prognosis when treated
with ALK inhibitors in non-small cell lung cancer patients (Shaw et al.,
2011; Soda et al., 2007); and SLC45A3-ELK4, a potential biomarker in
prostate cancer (Zhang et al., 2012; Rickman et al., 2009). As more and
more chimeric RNAs are being identified in non-cancerous tissues and
cells (Babiceanu et al., 2016; Li et al., 2008; Wu et al., 2014; Yuan et al.,
2013), it is postulated that at least some may play important roles in
normal physiology. Supporting this notion, are two chimeric RNAs,
CTBS-GNG5 and CTNNBIP1-CLSTN1, which have already been
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demonstrated to be involved in regulating normal cell survival, pro-
liferation, and apoptosis (Babiceanu et al., 2016). Studying these chi-
meric RNAs may not only enhance our understanding of the genome
and transcriptome, but also provide novel insights into physiological
processes.

A large number of chimeric RNAs have been detected in 30 different
normal human tissues and cells (Babiceanu et al., 2016). The profiles of
these chimeric RNAs were found to be cell and tissue specific. To
achieve a panoramic view of chimeric RNAs in normal brain develop-
ment, we analysed the RNA-seq data of human infant brain tissues. 599
chimeric RNAs were identified, and the landscape of chimeric RNAs
was characterized. A subset of them were selected and validated in a
neural differentiation system using human umbilical cord-derived me-
senchymal stem cells (hUC-MSCs). We then focused on one chimeric
RNA, DUS4L-BCAP29, and found that its expression dramatically in-
creased during differentiation. Lastly, we provided evidence that
DUS4L-BCAP29 overexpression is sufficient to promote neural differ-
entiation. These results provide a genome level overview of the chi-
meric RNAs in brain development and neural differentiation, and lend
support to the notion that chimeric RNAs are involved in normal phy-
siology.

2. Results

2.1. Identification of chimeric RNAs in human infant brain tissues

Here we used nine paired-end RNA-seq of dorsolateral prefrontal
cortex (DLPFC) from infant brain tissues (Supplementary Table S1) to
uncover normal chimeric RNAs during brain development. The bioin-
formatic software, SOAPfuse (Babiceanu et al., 2016; Kumar et al.,
2016a,b; Qin et al., 2015) was used to uncover a total of 599 chimeric
RNAs. The landscape of the chimeras was illustrated using Circos plots
(Fig. 1A). Chromosome 1 contained the most chimeric RNAs (72 chi-
meric RNAs), while chromosome 18 had the fewest, with only 3 chi-
meric RNAs. The number of chimeric RNAs correlates to the number of
genes on the same chromosome (R=0.8357, p < 0.0001) (Fig. 1B).

We examined gene ontology (GO) terms for the parental genes in-
volved in chimeric RNAs. The predominant functions of upstream
parental genes are protein polymerization and post-translational pro-
tein folding (Fig. 1C). Downstream parental genes are mainly related to
small molecule or protein metabolism, and glutamate secretion
(Fig. 1D).

2.2. Classification of chimeric RNAs in DLPFCs of infant brain tissues

We then used several classifications to categorize these chimeras in
order to explore their potential functions and mechanisms. Chimeric
RNAs were first classified according to the chromosomal location of
their parental genes: parental genes located on different chromosomes
(INTERCHR), neighbouring genes transcribing the same strand (INTR-
ACHR-SS-0GAP) and other fusions with parental genes on the same
chromosome (INTRACHR-OTHER). The proportions of the three types
of chimeric RNAs in this study were 46%, 51% and 3%, respectively
(Fig. 2A). It should be noted that over half of the chimeric RNAs
identified in this study were INTRACHR-SS-0GAP (51%). Such result is
in conformity with a forefather study (Babiceanu et al., 2016). INTR-
ACHR-SS-0GAP chimeric RNAs received more attention due to their
high validation rate (Huang et al., 2017; Kannan et al., 2011; Nacu
et al., 2011; Xie et al., 2016).

The junction position relative to the exon of the parental genes may
be associated with the generating mechanism of the fusion transcripts.
Therefore we categorized the fusions accordingly: both sides being
known exon boundaries (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).
The proportions for these three categories in this study were 36%, 21%
and 43%, respectively (Fig. 2B).

We also subdivided 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′ UTR of the 3′ parental gene, or no known protein coding
sequence for the 3′gene, or the 5′ portion of the fusion will not affect the
CDS of the 3′ gene; a very small population of fusions fell into the ‘both’
category, which could be in-frame or frame-shift depending on the al-
ternative splicing isoforms of the parental genes. The proportions of
these four subcategories in this study were 21%, 15%, 63%, and 1%,
respectively (Fig. 2C). The in-frame fusions may be the candidates that
fulfil functional roles as fusion proteins.

2.3. Validations of selected chimeric RNAs

In order to validate a subset of chimeric RNAs potentially found in
infant brain tissue, we isolated and cultured the most promising me-
senchymal stem cells derived from human umbilical cord (hUC-MSCs)
(Supplementary Fig. S1) and their neural differentiated cells (dhUC-
MSCs) (Supplementary Fig. S2) that most closely match the develop-
mental stage of the infant brain we work with. From the above-men-
tioned analyses, we selected 22 chimeric RNAs that are in both the
INTRACHR-SS-0GAP category and the in-frame category for validation
(Supplementary Table S2). We focused on these neighbouring gene
transcripts because of their potential high validation rate (Kowalski
et al., 1999; Qin et al., 2016a,b), as well as fusion proteins. Ten chi-
meric RNAs were correctly amplified by RT-PCR (Fig. 3) and their se-
quences confirmed via Sanger sequencing (Supplementary Fig. S3).
PBXIP1-PMVK and MLLT6-CISD3 were only found in hUC-MSCs. The
other eight chimeric RNAs were detected in both hUC-MSCs and dif-
ferentiated hUC-MSCs. These findings support the notion that chimeric
RNAs do exist in normal cells.

2.4. Further characterizations of the validated chimeric RNAs

Among the ten validated chimeric RNAs, nine of them involved the
second-to-last exon of their 5′ parental gene fusing to the second exon
of the 3′ parental gene (Supplementary Table S3). This configuration is
consistent with previous reports (Babushok et al., 2007; Akiva et al.,
2006; Kim et al., 2014; Qin et al., 2015; Varley et al., 2014), and further
supports the idea that certain exons are favoured for the formation of
this type of fusion RNA. The distance between the neighbouring genes
involved in these chimeric RNAs were less than the average genomic
distance between adjacent parent genes (Fig. 4A), which is again con-
sistent with the previous findings in other tissues and cells (Qin et al.,
2015; Prakash et al., 2010; Varley et al., 2014). This supports the idea
that more closely arranged adjacent parental genes are more likely to
form this type of fusions.

We compared the relative expression level of the ten validated
chimeric RNAs to their parental genes’ expression by their FKPM
(Fragments Per Kilobase Of Exon Per Million Fragments Mapped). Six
fusions are expressed at relatively high levels (above 10% relative to
their 5′ parental gene expression) (Fig. 4B). Similarly, one fusion is
expressed at a level greater than 10% of its corresponding 3′ parental
genes (Fig. 4C).

2.5. DUS4L-BCAP29 promotes neural differentiation

Among the ten validated chimeric RNAs, DUS4L-BCAP29 was the
only one whose expression was dramatically increased during neural
differentiation. Our previous study proved that this chimeric RNA is a
product of cis-splicing of adjacent genes (cis-SAGe) (Tang et al., 2017).
The results of qRT-PCR further revealed that DUS4L-BCAP29 was highly
expressed in neural differentiated hUC-MSCs when compared to hUC-
MSCs (p < 0.05). In contrast, the expression of parental gene DUS4L
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was hardly changed (BCAP29 was not detected) (Fig. 5).The differ-
entiation brought about a proportional increase in the ratio of DUS4L-
BCAP29 to DUS4L(Supplementary Fig. S4).

To further explore whether this chimeric RNA is involved in neural
differentiation, we constructed a DUS4L-BCAP29 expression vector and
transfected it into hUC-MSCs (Supplementary Fig. S5). Under the neu-
ronal induction conditions (Wang et al., 2016, 2018), the neural dif-
ferentiation efficiency of the DUS4L-BCAP29 overexpression group was
significantly enhanced when compared to the empty vector transfected
control group. Immunofluorescence results demonstrated that the ex-
pression of neural markers, doublecortin (DCX) and neuron-specific
enolase (NSE) were significantly increased (p < 0.05) (Fig. 6A and B).
qRT-PCR results showed that Neurogenin-2 (Ngn2) and mammalian
achaete-scute homologue-1 (Mash1) were significantly increased, while
the expression of Neurogenin1 (Ngn1) was decreased (p < 0.05)
(Fig. 6C). We repeated the experiment using a commercial mesench-
ymal stem cell neurogenic differentiation medium (C-28015, Promo-
Cell), and observed very similar results with these markers by qRT-PCR

(Supplementary Fig. S6).
In a previous study, we performed microarray analyses on gastric

cell line sample transfected with the control siRNA, or siDUS4L-
BCAP29, or siDUS4L (Tang et al., 2017). There were a few unique
changes in signaling pathways in the samples transfected with the si-
DUS4L-BCAP29 (Supplementary Fig. S7). Among them, two signaling
pathways (MAPK and JAK-STAT signaling pathways)are related to
neural differentiation (Zang et al., 2008; Todd et al., 2016). The pre-
vious research of our group has also shown that the JAK2-STAT3 sig-
naling pathway is involved in transformation between neural subtypes
(Chi et al., 2017). Using Western blot analyses, we found that there was
no significant change in phosphorylated p38MAPK expression, while
phosphorylated STAT3 was decreased (p < 0.05) in the DUS4L-
BCAP29 overexpressed group (Fig. 6D and E).

3. Discussion

With the increasing numbers of chimeric RNAs identified in normal

Fig. 1. Identification of chimeric RNAs in infant brain tissue. A: Chimeric RNAs were plotted on Circos plots. The fused transcripts are illustrated here as a line that
connects two parental genes. B: The density of genes participating in fusion formation correlates to the overall gene density on individual chromosomes. C:Gene
ontology terms enriched in 5′ parental genes involved in forming chimeric RNAs. D: Gene ontology terms enriched in 3′ parental genes involved in forming chimeric
RNAs.
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Fig. 2. Three categories of chimeric RNAs in
infant brain tissue. A: Distribution of chimeric
RNAs according to the chromosomal location
of the parental genes. INTERCHR:fusions in-
volving 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 chro-
mosome. B: Distribution of chimeric RNAs ac-
cording to the junction position relative to the
parental exons. E/E: both 5′and 3′using known
exon boundaries; E/M or M/E: one side using
known exon boundary, the other not; M/M:
both sides fall in the middle of known exons. C:
Distribution of the chimeric RNAs according to
their protein-coding potential: the known pro-
tein coding sequence of the 3′gene uses a dif-
ferent 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).

Fig. 3. Validation of the candidate chimeric RNAs. Detection of the candidate chimeric RNAs in hUC-MSCs and neural differentiated cells by RT-PCR and followed by
agarose electrophoresis. GAPDH was used as an internal control.
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tissues and cells, chimeric RNAs are now appreciated to be not unique
to cancer (Yuan et al., 2013; Li et al., 2008; Tang et al., 2017). Chimeric
RNA profiles differ from tissue to tissue. Thus, it is necessary to define
the profiles of chimeric RNAs in specific tissues and cell types. Because
there is currently no panoramic information reported in regards to
chimeric RNAs in human brain development and neural differentiation,
our study focused on infant brain tissues, and validated ten chimeric
RNA candidates in an hUC-MSCs differentiation system. Among them,
DUS4L-BCAP29 was once thought to be prostate and gastric cancer

specific (Kim et al., 2014). We recently showed that DUS4L-BCAP29
expression levels are similar in both normal prostate and gastric tissues,
as well as their cancer counterparts (Tang et al., 2017). In addition, this
chimeric RNA plays a critical role in non-cancer prostate and gastric
epithelial cell lines (Tang et al., 2017). Here we first demonstrated that
its expression is dramatically increased during neural differentiation of
hUC-MSC. We then showed that its overexpression promoted neural
differentiation. These findings suggest the multifaceted function of the
chimera.

Fig. 4. Characteristics of the ten chimeric
RNAs. A: Intergenic distance of the ten chi-
meric RNAs (distance between the end of the 5′
parental gene to the beginning of the 3′ gene).
B: The expression ratios of fusion FKPM versus
the FKPM of corresponding 5′parental gene
were plotted following the order of highest to
lowest. C: The expression ratios of fusion FKPM
versus the FKPM of corresponding 3′parental
gene were plotted following the order of
highest to lowest.

Fig. 5. Detection of DUS4L and DUS4L-
BCAP29 in hUC-MSCs and their neural differ-
entiated counterparts by qRT-PCR. A: Gene
structure diagram of the fusion and parental
genes. Colored blocks represent exons, whereas
lines represent introns and the intergenic re-
gion. The black arrows represent the primers
used for wild type RNAs. The red arrows re-
present the primers are used for fusion RNAs.
B: Relative expression level of DUS4L. C:
Relative expression level of DUS4L-BCAP29.
**: vs. MSCs p < 0.001. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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We noticed that there is at least one possible CTCF binding site in
the intergenic regions of each of the chimeric RNAs (data not shown).
CTCF and its binding to the intergenic region have been shown to
regulate cis-splicing between adjacent genes (cis-SAGe) (Qin et al.,
2015). Whether all the INTRACHR-SS-0GAP chimeras are cis-SAGe
fusions, and whether they are regulated by CTCF require further in-
vestigation.

Even though a large number of chimeric RNAs are being identified
in non-cancer tissues and cells, only a few have been shown to be

functionally relevant. One bottleneck for this new field of research is
determining the role that these chimeras play in normal physiological
conditions. Here, we showed that DUS4L-BCAP29 is expressed in infant
brain tissues and that it is also involved in neural differentiation. These
findings and other evidence support the notion that at least a subset of
chimeric RNAs may have roles in crucial cellular processes and may
expand the functional genome. Future studies involving more in depth
experiments pertaining to the functional mechanisms of chimeric RNAs
in the developing human brain are necessary.

Fig. 6. DUS4L-BCAP29 stimulates neural lineage differentiation of hUC-MSCs. A: Representative immunofluorescence pictures of the expression of DCX and NSE
(Red) in the hUC-MSCs. Nuclei were counterstained with DAPI (blue). Scale bar= 50 μm. B: Percentages of cells positive for specific neural markers (DCX/NSE) vs.
total cells detected by immunofluorescence. C: The relative gene expression of Ngn1, Ngn2 and Mash1 in the different groups, which is normalized to the house-
keeping gene GAPDH. D: Western blot results of the expression of p-STAT3, p-P38MAPK and internal control GAPDH. E: Bar graph of the gray intensity of Western
blot. *：vs. MSCs, p < 0.05. #：vs. dMSCs, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).
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4. Materials and methods

4.1. Bioinformatics analysis

Deep RNA sequencing data from SRA were mapped to Human
genome version hg19 and analyzed using the SOAPfuse software to
identify chimeric RNA. The putative fusions derived from the union of
two parental genes were generated from multiple SOAPfuse runs (Jia
et al., 2013). These fusions were presented using Circos plots. The fused
genes are illustrated as a line that connects the two parental genes.

4.2. Isolation, and culture of hUC-MSCs

The hUC-MSCs were isolated as previously described (Ma et al.,
2014). The hUC-MSCs were labelled with the following antibodies:
CD29-PE (BD Bioscience, USA)、CD45-PE (Bio legend, USA)、HLA-DR-
PE (Bio legend, USA)、CD34-APC (BD Bioscience, USA)、CD73-APC
(Bio legend, USA)、CD105-APC (Bio legend, USA)、CD44-FITC (BD
Bioscience, USA)、CD90-FITC (BD Bioscience, USA) and HLA-ABC-
FITC (BD Bioscience, USA) before being analysed using a BD Accuri™
C6 Flow Cytometer System (Becton-Dickinson, USA).

The cells were cultured in DMEM/F12 media containing 10% fetal
bovine serum (Gibco®, Invitrogen, Carlsbad, CA), 100 units/mL peni-
cillin, and 100 μg/mL streptomycin, at 37 °C in a 5% CO2 humidified
incubator. The hUC-MSCs at passage 4(P4) were used for a typical ex-
periment. The study was approved by the Ethics Committees of the First
affiliated hospital of Zhengzhou University and consent was obtained
from hUC-MSC donors.

4.3. Neural differentiation

Neural differentiation of hUC-MSCs was performed as previously
described (Ma et al., 2014).

4.4. RT-PCR and Sanger sequencing

Total RNA was extracted with RNA Extraction Kit (Beibei Biotech,
China), according to the manufacturer’s instructions. We designed
primers flanking the fusion junction to amplify fusion transcripts
(Supplementary Table S2). Following RT-PCR and gel electrophoresis,
purified DNA bands were sent for Sanger sequencing by Sangon
Biotech.

4.5. Real-time PCR

The qPCR experiments were conducted with an ABI 7500 real time
PCR system (Applied Biosystems, USA) according to the previous pro-
tocols (Yang et al., 2014). The primers used for DUS4L-BCAP29 and
DUS4L are the same as previously described (Tang et al., 2017).

4.6. Lentiviral vectors and mesenchymal stem cell infection

The fragment of human DUS4L–BCAP29 from previous experi-
mentation (Tang et al., 2017) was inserted into EcoRI/XhoI cloning
sites of pEZ-Lv203. The purified lentiviral particles and the empty
control vector were produced by Genecopoeia (Rockville, MD, USA).
The hUC-MSCs were infected with the lentiviral particles or the nega-
tive controls in the presence of polybrene. Cells stably expressing the
transgenes were selected with puromycin. The expression of
DUS4L–BCAP29 in hUC-MSCs was examined by immunofluorescence
and qPCR.

4.7. Immunofluorescence staining

The hUC-MSCs on a 24-well plate were fixed at room temperature
with 4% paraformaldehyde for 30min. Non-specific staining was

blocked by incubation in 10% normal goat serum (Sigma) and 0.2%
Triton X-100 for 10min at room temperature. The cells were then
stained with primary antibodies against Doublecortin (DCX,1:100,
SantaCruz, USA), or Neuron Specific Enolase (NSE, 1:100, Proteintech
Group, China) overnight at 4 °C. After washing with PBS, the cells were
incubated with Cy3-conjugated anti-rabbit anti IgG (1:1,000, Molecular
Probes, USA) for 1 h, followed by DAPI staining (Biotech, China).

4.8. Statistical analysis

The level of statistical significance was set at p < 0.05.
Independent paired t-test and Pearson’s correlation coefficient were
used for different data sets in order to test for group differences.
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