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ABSTRACT

Global transcriptome investigations often result in
the detection of an enormous number of tran-
scripts composed of non-co-linear sequence frag-
ments. Such ‘aberrant’ transcript products may arise
from post-transcriptional events or genetic rear-
rangements, or may otherwise be false positives
(sequencing/alignment errors or in vitro artifacts).
Moreover, post-transcriptionally non-co-linear (‘Pt-
Ncl’) transcripts can arise from trans-splicing or
back-splicing in cis (to generate so-called ‘circular
RNA’). Here, we collected previously-predicted hu-
man non-co-linear RNA candidates, and designed
a validation procedure integrating in silico filters
with multiple experimental validation steps to exam-
ine their authenticity. We showed that >50% of the
tested candidates were in vitro artifacts, even though
some had been previously validated by RT-PCR. Af-
ter excluding the possibility of genetic rearrange-
ments, we distinguished between trans-spliced and
circular RNAs, and confirmed that these two splic-
ing forms can share the same non-co-linear junc-
tion. Importantly, the experimentally-confirmed PtNcl
RNA events and their corresponding PtNcl splicing
types (i.e. trans-splicing, circular RNA, or both shar-
ing the same junction) were all expressed in rhesus
macaque, and some were even expressed in mouse.
Our study thus describes an essential procedure for
confirming PtNcl transcripts, and provides further in-
sight into the evolutionary role of PtNcl RNA events,
opening up this important, but understudied, class of
post-transcriptional events for comprehensive char-
acterization.

INTRODUCTION

Of the post-transcriptional events, non-co-linear (desig-
nated as ‘PtNcl’) transcripts are a relatively less investi-
gated class, which consist of sequence segments that are
topologically inconsistent with their corresponding DNA
sequences in the reference genome (1). PtNcl transcripts
can arise from trans-splicing or back-splicing in cis. The
former joins exons from two or more separate precursor
mRNAs (pre-mRNAs) originating from the same gene (in-
tragenic trans-splicing) or two or more different genes (in-
tergenic trans-splicing) (2,3), whereas the latter joins exons
within a single pre-mRNA, thereby forming circular RNAs
in which the exon order is a circular permutation of that en-
coded by the corresponding genomic sequence (4,5). Trans-
spliced RNAs have been shown to be associated with anti-
apoptoticroles (1,6,7) and prostate cancer (1,8). We recently
reported the important role of trans-splicing in pluripotency
maintenance of human embryonic stem cells (ESCs) (9). On
the other hand, circular RNAs have been reported to be
ubiquitous throughout Eukaryotes (10-12). They may be
important in the regulation of micro RNA activity, suggest-
ing they play a role in neurological disorders and brain tu-
mor development (13-15). Analysis of gene expression data
suggested that over 1% of all human genes may be involved
in the formation of non-co-linear RNAs (16). The EN-
CODE project further revealed that ~65% of their tested
genes may contribute to non-co-linear transcripts (1,17).
The emergence of next-generation sequencing has enabled
the development of several RNA-seq-based bioinformat-
ics methods for global investigation of transcriptomes (18-
24), which have resulted in the detection of hundreds to
thousands of non-co-linear transcript candidates in various
species (25-34).

Identification of PtNcl transcripts is often severely ham-
pered by false positives arising from sequencing errors,
alignment errors, genetic rearrangements and experimen-
tal artifacts (27,30,35,36). Almost no overlap was observed
between non-co-linear RNA candidates obtained using dif-
ferent tools, suggesting that the majority of ab initio pre-
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dicted non-co-linear RNAs are likely to be false posi-
tives (22,37-39). In particular, template switching events,
which are experimental artifacts generated during reverse
transcription (RT) and frequently emerge in cDNA prod-
ucts (40,41), have been reported to be the most significant
challenge in the detection of PtNcl transcripts (9,27,41).
For example, a prominent study using hybrid mRNAs (i.e.
Drosophila melanogaster females versus Drosophila sechellia
males) demonstrated that experimental artifacts are the pre-
dominant source of the observed non-co-linecar RNA prod-
ucts (27). However, it would be impossible to apply such
a system to humans. It should be noted that in vitro arti-
facts, such as those arising from template switching events,
do not occur completely stochastically; as such, these arti-
facts cannot be easily eliminated by increasing the primer
annealing temperature during RT (9,41) (which was earlier
suggested to suppress the occurrence of template switching
(40,42)) or controlling for the depth of supported RNA-
seq reads (9,27). Furthermore, we previously demonstrated
that preparation of two independent cDNA datasets by
RT-PCR with the same RTase was also insufficient to fil-
ter out template switching events (9). Therefore, although
a dramatic (and increasing) number of non-co-linear RNA
products have been detected in human, only a few Pt-
Nl transcripts have been verified or well-documented to
date. It is thus imperative to develop an effective proce-
dure to screen for false positives among nominated non-
co-linear RNAs. Moreover, genetic rearrangements can also
form non-co-linear RNAs (1,35,43), and these are not eas-
ily distinguished from PtNcl transcripts. If the detected
non-co-linear transcript candidates are confirmed to be
post-transcriptionally generated in vivo, a further challenge
emerges in discriminating between trans-spliced and circu-
lar RNAs.

To address these obstacles, we collected non-co-linear
RNA candidates from several well-known datasets, and
designed a pipeline integrating in silico filters with multi-
ple experimental validation steps to further eliminate false
positives (including alignment errors and experimental ar-
tifacts), and to distinguish between trans-spliced RNAs
and circular RNAs. We then asked the following ques-
tions: (1) What is the proportion of in vitro artifacts in the
previously-nominated non-co-linear RNA candidates? (2)
Which of the experimentally-verified PtNcl RNA events are
spliced in trans (trans-spliced RNAs) and which in cis (cir-
cular RNAs)? (3) Are the PtNcl RNA events evolution-
arily conserved? (4) Do trans-spliced and circular RNAs
share the same non-co-linear junction site? (5) If so, are the
PtNcl splicing forms (i.e. trans-splicing, circular RNA or
both sharing the same junction) evolutionarily conserved?
Our results revealed that over 50% of the experimentally-
tested non-co-linear RNA candidates were RT artifacts,
even though some of these had been previously reported to
pass preliminarily experimental validations. After excluding
the possibility of genetic rearrangements, we further dis-
tinguished between trans-spliced and circular RNAs, and
found that these two splicing types can share the same non-
co-linear junction sites. Through comparative analysis of
multiple ESC lines of human, rhesus macaque and mouse,
we confirmed that six PtNcl RNA events were conserved
across primates and four were even conserved across mam-
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mals. Importantly, the corresponding PtNcl splicing types
(trans-splicing RNA, circular RNA or both types sharing
the same junction) of all of these events were also conserved
across species, further supporting their potential biological
significance.

MATERIALS AND METHODS
Data retrieval and availability

The non-co-linear RNA candidates were collected from
four well-known datasets: that of Li et al. (44), ChimerDB
2.0 (25) (http://ercsb.ewha.ac.kr/fusiongene), ChiTaRS (43)
(http://chitars.bioinfo.cnio.es/) and the PTES dataset (34).
The human genomic sequences (hgl9 or GRCh37) were
downloaded from the UCSC Genome Browser at http://
genome.ucsc.edu/. The BLAT package was downloaded
from the Ensembl Genome Browser at http://www.ensembl.
org/. The 40 non-co-linear RNA candidates extracted by
our in silico filters (see Figure 1) are shown in Supplemen-
tary Dataset S1. The RT-PCR /qRT-PCR primers used in
this study are listed in Supplementary Dataset S2. The ex-
ome sequence data generated by this study have been de-
posited into the National Center Biotechnology Informa-
tion (NCBI) Sequence Read Archive, under accession num-
ber SRR1284284.

Removing possible co-linear RNA events from the collected
non-co-linear RNA candidates

Different BLAT parameters may generate different align-
ment results; therefore, the use of BLAT-alignments with
a single set of parameters is insufficient to detect all
possible co-linear explanations of an expressed sequence
(EST/mRNA/RNA-seq). As such, we aligned the extracted
candidates (Figure 1) against the reference genome with
two sets of BLAT parameters: (1) —stepSize = 5 and
—repMatch = 2253 (default parameters of the Web-based
version of BLAT); and (2) —stepSize = 11 and —repMatch
= 1024 (default parameters of the stand-alone version of
BLAT). A candidate was not considered if it exhibited an
alternative co-linear explanation within a single gene in any
one of the two BLAT alignments.

RNA extraction and RT-PCR

Total RNA was extracted using TRI reagent (Ambion)
according to the manufacturer’s instructions, and treated
with DNase I to remove genomic DNA contamination.
The cDNA libraries generated using MMLV-derived RTase
(Superscript  III, Invitrogen) and AMV-derived RTase
(Promega) were primed with random hexamers, and reverse
transcribed at 50°C for 2 h in buffers provided by the man-
ufacturers. Random hexamer primers consist of a mixture
of oligonucleotides, which represent all possible combina-
tions of hexamer sequences; therefore, random hexamers
can recognize all sequences, including any given region of
PtNcl transcripts. PtNcl transcripts may arise from either
trans-spliced isoforms with poly-A tails or cis-spliced circu-
lar isoforms without poly-A tails; random hexamer primers
were used in order to simultaneously prime both types of
PtNcl transcripts, without requiring prior knowledge of
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Figure 1. Flowchart of the designed pipeline, including in silico filters and multiple experimental validation steps, for removing in vitro artifacts from
previously-annotated non-co-linear RNA candidates. SHS: short homologous sequences. RPKM: reads per kilobase per million mapped reads.

the sequences. polymerase chain reaction (PCR) amplifica-
tion (32 cycles) of chimeric transcripts in cDNA libraries
was performed using GoTag Green Master Mix (Promega).
Primer sequences are listed in Supplementary Dataset 2.

Probe generation and RNase protection assay

In accordance with the instructions provided for the MAX-
Iscript In Vitro Transcription Kit (Ambion), cDNA frag-
ments containing chimeric junctions for probe synthesis
were tagged with SP6- (antisense strand) and T7- (sense
strand) targeting sequences by PCR. SP6 or T7 polymerase
was added to generate 3*P-UTP labeled antisense tran-
scripts or non-labeled sense transcripts, respectively. The
32P_UTP labeled antisense transcripts were used as protec-
tive probes in RNase protection assay (RPA). RPA was per-
formed using the RPA III kit (Ambion). In brief, 10 g total
RNA and 100 ng antisense probes were hybridized at 56°C
for 16 h, and non-hybridized fragments were then digested
by RNase A and T1. The protected fragments were sepa-
rated on a 5% denaturing (8 M Urea) polyacrylamide gel,
and signals were developed by exposure on X-OMAT blue
films (Kodak).

Embryonic stem cell culture and normal human adult tissues

To generate feeder cells to support ESCs, mouse embry-
onic fibroblasts (MEFs) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS, Level), 1 x non-essential amino acids

(NEAA, Invitrogen), and 2 mM L-glutamine (Invitrogen),
and treated with Mitomycin C. All primate ESCs (human:
NTUIL, H1, H9 (WiCell Bank); rhesus macaque: ORMESG6,
ORMESS) were grown on Mitomycin C-treated MEF feed-
ers (2 x 10* cells/cm?) in DMEM/F12 media plus 20%
Knockout Serum Replacement (Invitrogen) and 4 ng/ml
bFGF (Sigma-Aldrich). Primate ESC colonies were man-
ually expanded to new feeder cells every four days (9,45).
Mouse ESC D3 and K1 derived from C57BL/6 x ICR
embryos were cultured in DMEM containing 15% FBS
(level), 1x NEAA, 2 mM L-glutamine (Invitrogen) and 103
units/ml of leukemia inhibitory factor (Millipore) on Mit-
omycin C-treated MEF feeders (5 x 10* cells/cm?). Mouse
ESCs were expanded to new feeder cells with 0.1% trypsin
treatment every three days. Total RNA samples from nor-
mal human adult tissues (brain, breast, colon, heart, kid-
ney, liver, lung, muscle, pancreas and testis) were purchased
from BioChain, and treated with DNase I to remove possi-
ble genomic contamination.

Tagging template switching events

To generate sequence-verified DNA templates, the 3’ part-
ner genes of PtNcl transcripts were amplified from cDNA
libraries and cloned into vector pPCMV-Tag 4B, in which the
FLAG sequence is fused to the 3’ terminus of the partner
gene. The FLAG-tagged RNAs were then transcribed with
T7 RNA polymerase. Since high copies of a single transcript
may induce template switching, we diluted (1:1000) the in
vitro transcripts (41) within human ESC total RNA, to (i)
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Figure 2. Comparisons of two different RTase products (AMV- and MMLV-derived) derived from 13 experimentally-verifiable non-co-linear RNA candi-
dates (Figure 1) in 10 normal human tissues (brain, breast, colon, heart, kidney, liver, lung, muscle, pancreas and testis) and human ESCs, under identical
conditions: (A) AMV-RTase-dependent, (B) MMLV-RTase-dependent and (C) RTase-independent candidates. Non-co-linear transcripts with shuffled
exons are described from the 5’ to the 3’ terminus. All primers used in RT-PCR validation are listed in Supplementary Dataset 2. M: MMLV; A: AMV.
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Figure 4. Discrimination between frans-spliced and circular RNAs for the six confirmed PtNcl RNA events. (A) RT-PCR results and (B) expression
fold changes (as determined by qRT-PCR) for the six PtNcl RNA events in the indicated human ESC lines, before and after RNase R treatment. (C)
Compearisons of the expression fold changes for the six PtNcl RNA events in poly-A tailed RNAs (purified mRNAs) and poly-A tailed RNAs treated with
RNase R in the indicated human ESC lines. Error bars represent the mean =+ standard deviation. P-values were estimated by the two-sample, two-tailed
t-test. Significance: ***P < 0.001. NS: not significant.



9416 Nucleic Acids Research, 2014, Vol. 42, No. 14

A C190rf2 UBAP2 LARP1B MAN1A2 PFAAP5 CDR1as
AMV MMLV ~AMV MMLV AMV MMLV ~ AMV MMLV AMV MMLV AMV MMLV
ORMES6
(Rhesus macaque)
i pmm— ‘
’” ‘I H*\ " ‘\ b \ ‘h T Mt I \J“‘H\-“»‘-M Mty o1 o e I ‘\ i {\’ ‘,‘“pm i
““’AJAALA&-A-J L‘u‘AJ._LLA.JLAJJAL f_J_A_Lu.A‘LL.LL LIV 1 ‘ WAMTTVO AEVT TRV
C190rf2 UBAP2 LARP1B MAN1A2 PFAAP5 CDR1as
AMV_ MMLV ~AMV _MMLV ~AMV_MMLV  AMV MMLV AMV MMLV AMV MMLV
D3

(Mus musculus)

il
I J‘ | ﬂ” ‘ Il

rynw(lk\“« 4;

\f
J“ A

LARP1B

MAN1A2

PFAAP5

CDR1as

<
[&]
o
=
['4
[7]
1723
@
z
3
o~
o
(<]
'}
A2 O] orRMESE
[B] oRMESS
-14
D ] @ ©
5 8 So &n Sm
< 8§s 3% mw U
] O W i 33 a i
-0 T
-1
2
(2
g 3
s 4
@
g 5
2
g
‘;.‘, -7
- 8 [Oos
(Y

Fold change after oligo-dT pull down

-

Fold change after oligo-dT pull down

GAPDH

wkh

GAPDH

C19orf2
E10-E3

C19orf2
E10-E3

'4

O ORMES6
[0 ORMES6+RNaseR
@ ORMES8
0O ORMES8+RNaseR

Hjj ‘ NS NS
T

&N o 7o) %)
[} S - a ]
g 3 &Y IO &
SL =i I8 a8 o

m D3
™ O D3+RNaseR
Rk -K1

0O K1+RNaseR

dn HRk

] i) ol
i gl W
sy 33 o

Figure 5. Examination of the evolutionary conservation of six human PtNcl RNA events and their corresponding splicing forms (i.e. trans-spliced and/or
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mimic the endogenous concentration of spliced transcripts
and (ii) ensure that template switching was not induced by
high concentrations of tagged RNA transcripts. Finally, re-
verse transcription was performed from the FLAG adap-
tor using AMV- and MMLV-derived RTases. The template
switching experiments were repeated three times. Mixtures
containing the same number of tagged mRNA transcripts
were used for both the RT-dependent and RT-independent
samples.

RNase R treatment

DNase-treated total RNA (2 pg) or purified mRNA (100
ng) were incubated for 30 min at 37°C with or without
RNase R (3U/pg, Epicentre Biotechnologies). RNA was
subsequently purified by phenol-chloroform extraction, re-
verse transcribed with the indicated RTases according to the
manufacturer’s protocol, and used as template in PCR and
qRT-PCR.

Purification of mRNAs from total RNA

The mRNAs were purified using the Oligotex mRNA Min
Kit (QIAGEN), according to the manufacturer’s instruc-
tions. After DNase treatment, 20 pg of total RNA were
heated at 70°C for 3 min to disrupt RNA secondary struc-
ture; the RNA was then incubated with Oligotex suspension
at 30°C for 10 min. Oligotex-bound mRNAs were then cen-
trifuged, washed and eluted with buffers provided in the kit.

RESULTS

Extraction of experimentally-verifiable non-co-linear RNA
candidates

To determine the authenticity of previously-nominated
non-co-linear RNA candidates in human, we first col-
lected non-co-linear RNA candidates from four well-known
datasets: that of Li et al. (44), ChimerDB 2.0 (25), ChiTaRS
(43) and the post-transcriptional exon shuffling (PTES)
dataset (34). These candidates were derived from varied
types of expressed data. The PTES dataset was derived from
RNA-seq reads, including long Roche 454 reads and short
Illumina reads. The other three datasets were initially pre-
dicted based on EST/mRNA sequences, which were gath-
ered from a wide variety of samples. The candidates within
the ChimerDB 2.0 and ChiTaRS datasets were also inferred
from RNA-seq reads. For accuracy, different in silico filters
were applied to different datasets according to the avail-
able information. As shown in Figure 1, the candidates se-
lected from these four datasets must be supported by >3
ESTs (for the Li dataset), both ESTs/mRNAs and RNA-
seq data (for the ChimerDB 2.0 and ChiTaRS datasets) or
RT-PCR experimental validation (for the PTES dataset). It
should be noted that a non-co-linear RNA candidate may
be misidentified due to gene duplications in the genome. To
minimize such false positive events, we aligned the candi-
dates against the reference genome with two different sets
of BLAT parameters (‘Materials and Methods’ section). We
eliminated all candidates with alternative co-linear expla-
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nations in one or both BLAT alignments. Next, we filtered
out the non-co-linear RNA candidates containing short ho-
mologous sequences (SHSs) or gaps at non-co-linear junc-
tion sites, because such candidates were likely to be arti-
facts arising from temple switching (9,27). The ChiTaRS
and PTES datasets provide information on expression lev-
els and primer sequences, respectively; as such, we exploited
this information to further increase the verifiability of the
non-co-linear RNA candidates by selecting only those Chi-
TaRS candidates with a high expression level (RPKM >
1) (43) and PTES candidates with available primer infor-
mation (34). After the multiple in silico screening steps, the
number of candidates was dramatically reduced from >40
000 to 40 (Figure 1). Considering potential tissue-/sample-
specificity, we performed RT-PCR with MMLV (Moloney
Murine Leukemia Virus)- and AMV (Avian Myeloblastosis
Virus)-derived RTase with primers against these 40 candi-
dates in multiple tissues/cell lines, including 10 normal hu-
man tissues and one human ESC line, H9 (‘Materials and
Methods’ section). Candidates detected by at least one of
these two types of RTase-based experiments were defined
as experimentally-verifiable PtNcl candidates. In this way,
we extracted 13 experimentally-verifiable PtNcl candidates
(Figure 1) and subjected them to the analyses and valida-
tions described below. As these 13 candidates were readily
detected in multiple tissues/cell lines (Figure 2), they are
highly unlikely to have arisen from genetic rearrangement
events.

Over 50% of experimentally-verifiable candidates are in vitro
artifacts

We proceeded to determine whether the 13 experimentally-
verifiable PtNcl candidates were truly generated in vivo. Ac-
cording to the findings of the RTase-based experiments, the
13 PtNcl candidates can be classified into three groups:
AMV-RTase-dependent candidates (i.e. RHOA-RHOC,
FLJ39739-PDE4DIP and PDE4DIP-FLJ39739; Figure
2A), MMLV-RTase-dependent candidates (i.e. CNTNL ES-
E3, PHC3 E6-E5, RERE E3-E3 and CDYL E4-E4; Figure
2B) and RTase-independent candidates (i.e. LARPIB E4-
E2, UBAP2 E10-E5, C190rf2 E10-E3, CDRIas, MANIA2
ES-E2 and PFAAP5 E6-E3; Figure 2C). RTase-dependent
candidates were specifically detected in experiments us-
ing the indicated RTase, whereas RTase-independent can-
didates were detected in both types of RTase experiment.
We suspected that the seven AMV- or MMLV-RTase-
dependent candidates have been RT-based artifacts. To con-
trol for such artifacts, we subjected the 13 candidates to
the RNase protection assay (RPA; ‘Materials and Meth-
ods’ section), a non-RTase-based assay (46), using total
RNA from human H9 ESCs. RPA directly detects non-
co-linear RNA products using complementary probes, as
only the RNA duplex of true PtNcl-probe hybrids are pro-
tected from RNase A and RNase T1 degradation. In other
words, RT-based artifact probes would be degraded in this
assay, as no authentic PtNcl RNA products would form a
RNA duplex with the probes. We observed that the probes
of the seven RTase-dependent candidates were degraded
(Supplementary Figures S1A and B), whereas those of the
six RTase-independent ones were not (Supplementary Fig-

ure S1C). Sequence chromatograms of amplicons contain-
ing non-co-linear junctions and their corresponding flank-
ing sequences for the six RTase-independent candidates are
shown in Supplementary Figure S2 and Table S1. These
experiments thus confirm that the RTase-dependent RNA
products are indeed RT-based artifacts, indicating that the
examined non-co-linear datasets exhibit a high false posi-
tive rate (53.8%). This result also confirms that comparing
the products of different RTases is effective at confirming
the authenticity of PtNcl RNA events.

It has been previously reported that spurious splicing
frequently arises from template switching by RT (41). We
therefore designed an experiment to determine whether the
detected RT-based artifacts arose from template switching
events (‘Materials and Methods’ section). As RT processes
from the 3’ to 5’ terminus of RNA, we cloned the 3’ part-
ner gene (with a FLAG tag at its 3’-most exon) into an ex-
pression vector (e.g. pre-mRNA-B’ in Figure 3A). The ex-
pression vector was then transcribed in vitro to generate
an RNA product carrying a FLAG-tag (Figure 3A). The
tagged transcript was mixed with total RNA from human
ESCs at a low molar ratio (1:1000), to serve as templates
for RT and prevent template switching induced by the pres-
ence of high copies of a single transcript (41). The mixture
was then reverse transcribed from the FLAG sequence us-
ing both AMV- and MMLV-based RTases. FLAG-primed
RT should only generate cDNA from our FLAG-tagged
transcripts, and therefore, any PtNcl RNA candidates de-
tected using FLAG-primed RT will be a consequence of
template switching events (Figure 3A). Indeed, we observed
that AMV- and MMLV-RTase-dependent transcripts were
specifically induced by their corresponding RTase (Figure
3B), whereas the RTase-independent candidates were in-
duced by neither RTase (Figure 3C). Crucially, we excluded
the possibility that the FLAG sequence induced template
switching by performing FLAG-primed RT-PCR in the
absence of FLAG-tagged transcripts (Figure 3B). No Pt-
Ncl events were detected under such conditions, indicating
that the FLAG sequence did not induce template switch-
ing events. For example, the AMV-RTase-dependent PtNcl
event, AU126261 RHOA-RHOC, was only detected when
using FLAG-tagged transcripts as template in AM V-based
FLAG-primed RT-PCR. Taken together, we have demon-
strated that the seven RTase-dependent candidates were
RT artifacts arising from template switching events, while
the six RTase-independent cases are genuine PtNcl RNA
events.

Trans-spliced and circular RNAs can share the same non-co-
linear junction sites

We subsequently investigated whether the observed PtNcl
transcripts arose from trams-splicing or back-splicing in
cis (circular RNAs); in addition, we asked whether it is
possible for trans-spliced and circular RNAs to share the
same non-co-linear junction sites. To answer these ques-
tions, we treated total RNA from human ESCs with RNase
R, which degrades linear RNA with free terminal ends.
Circular RNAs, which have no free terminal ends, are re-
sistant to RNase R degradation (‘Materials and Meth-
ods’ section). Subsequent RT-PCR and gqRT-PCR showed



that C19o0rf2 E10-E3 and UBAP2 E10-E5 were degraded
by RNase R treatment, while the other four transcripts
(CDRIlas, LARPIB E4-E2, MANI1A2 E5-E2 and PFAAPS
E6-E3) were unaffected (Figures 4A and 5B). These re-
sults indicate that the latter are circular RNAs, whereas
C190rf2 E10-E3 and UBAP2 E10-ES5 are not. However, it
remains possible that these four circular RNA events share
non-co-linear junction sites with trans-splicing events. We
proceeded to perform qRT-PCR analyses of the six PtNcl
RNA events using purified mRNAs with poly-A tails as
template; we detected signals for all PtNcl RNA events ex-
cept for CDRIas (Figure 4C). Potential contamination by
circular RNAs upon purification was prevented, as puri-
fied mRNAs are degraded by RNase R treatment. These
results indicate that CDRIas RNA exists in a circular, but
not trans-spliced, form in human ESCs. On the other hand,
LARPIBE4-E2, MANI1A2 E5-E2 and PFAAPS5 E6-E3 can
exist as both circular (Figure 4A and B) and poly-A tailed
RNAs (Figure 4C), indicating that these two PtNcl splicing
types (i.e. trans-spliced and circular RNAs) can share the
same non-co-linear junction sites. Therefore, the observed
PtNcl events may manifest as (1) trans-spliced RNAs only
(i.e. C190rf2 E10-E3 and UBAP2 E10-EY); (2) both trans-
spliced and circular RNAs (i.e. LARPIB E4-E2, MAN1A42
E5-E2 and PFAAPS5 E6-E3); or (3) circular RNAs only (i.e.
CDRIas). Of note, the splicing types of the six PtNcl RNA
events were readily observed in multiple human ESC lines
(H1, H9 and NTUI; Figure 4A-C), indicating that these
PtNcl RNA events were not generated by chance. This also
implies that these events may play a role in the biological
processes associated with human pluripotent stem cells.

The PtNcl RNA events and their splicing types are evolution-
arily conserved

As conservation of exonic structures across species is often
believed to imply conservation of biological function, we ex-
amined whether the six confirmed PtNcl RNA events are
also present in non-human mammals. Through compara-
tive analysis of human, rhesus macaque and mouse ESCs,
we observed that all six PtNcl RNA events were RTase-
independent in rhesus macaque ESCs, and four of these
events (LARPIB E4-E2, Cl19orf2 E10-E3, MANIA2 E5-
E2 and PFAAPS5 E6-E3) were RTase-independent in mouse
ESCs. The identity of the non-co-linear junction sites was
validated by sequencing the RT-PCR amplicons (Figure
5A). These results demonstrate that the studied PtNcl RNA
events are also present in non-human mammals. Interest-
ingly, UBAP2 E10-E5 and CDRIas were observed in human
and rhesus macaque but not in mouse, suggesting that they
may be primate-specific PtNcl RNA events. Next, we exam-
ined the splicing types of the PtNcl RNA events (i.e. trans-
splicing, circular RNA or both sharing the same junction) in
rhesus macaque and mouse ESCs, using the same validation
steps described above (i.e. RNase R treatment and mRNA
purification; see also Figure 4). We observed that these Pt-
Ncl RNA events in both rhesus macaque and mouse ESCs
exhibited the same PtNcl splicing types (Figure 5SB-F) as
in human ESCs (Figure 4A-C). Importantly, the splicing
types of the four mammalian PtNcl RNA events and two
primate-specific PtNcl RNA events were observed in multi-
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ple ESC lines of rhesus macaque (ORMES6 and ORMESS)
and mouse (D3 and K1) (Figure 5B-F). The observed evo-
lutionary conservation of these PtNcl RNA events and their
corresponding splicing types in multiple ESC lines of hu-
man, rhesus macaque and mouse indicate that these events
may play an important role in primate/mammalian ESCs.

DISCUSSION

Reverse transcriptases can be error prone, and frequently
generate splicing artifacts in vitro (40,41,47). It remains a
considerable challenge to systematically eliminate such RT-
based artifacts while detecting non-co-linear RNAs. Al-
though a considerable number of non-co-linear candidates
have been identified in the human, mouse, fly and rice tran-
scriptomes (25-31,33-35,44,48), control experiments to ef-
fectively eliminate potential in vitro artifacts were not per-
formed. Several studies have made use of certain prelimi-
nary screens to eliminate apparent false positives from the
identified non-co-linear RNA candidates. For example, an
integrative approach based on the comparison of different
types of expressed sequence data has been used to dramati-
cally filter out false positives (>95% of the total candidates)
(9,30). In addition, RT-PCR based on a single RTase has of-
ten been applied to validate the non-co-linear RNA events
(30,33,34). However, we demonstrate here that even non-
co-linear RNA candidates passing these criteria may still be
false positives. By collecting non-co-linear RNA candidates
previously identified in four well-known datasets (Figure 1),
we extracted experimentally-verifiable candidates and de-
signed a validation procedure to identify genuine non-co-
linear RNA events. The validation results, which are sum-
marized in Table 1, showed that over 50% (7/13) of the
tested candidates were in vitro artifacts. Therefore, experi-
mental artifacts comprised a considerable number of each
of the four non-co-linear RNA datasets, even those that
were supported by multiple types of expressed sequence
data (Figure 1 and Table 1). Furthermore, a high percent-
age of candidates that had been previously validated by RT-
PCR were still derived from in vitro artifacts (Figure 1); this
casts considerable doubt on the authenticity of in silico pre-
dicted candidates that have not undergone any experimen-
tal validations. We thus emphasize the necessity of carefully
confirming whether non-co-linear RNA candidates are gen-
uine through control experiments to eliminate experimental
artifacts.

Previously, the presence of (i) canonical splicing signals
at non-co-linear junction sites and (ii) fusion boundaries
that match the well-annotated exon boundaries was of-
ten regarded as measures of confidence for non-co-linear
RNAs (25,34,40). However, we have demonstrated that
these properties do not guarantee that a PtNcl RNA can-
didate is genuine. We found that >70% (5/7) of candi-
dates derived from RT-based artifacts contain both canon-
ical splicing signals at their non-co-linear junction sites
and fusion boundaries matching the well-annotated exon
boundaries (Table 1). On the other hand, although most of
the experimentally-verified PtNcl RNA events possess the
aforementioned properties, the fusion boundary of one gen-
uine PtNcl (CDRIas) does not match the well-annotated
exon boundary (Table 1). These results underscore the ef-
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Table 1. Validation of the experimentally-verifiable non-co-linear RNA candidates

Type of supported Annotated
expressed data Canonical splicing exon-intron
PtNcl RNA event (dataset) site boundary Fusion type Experimental validation
PDE4DIP-FJL39739  EST/mRNA, short No No Intergenic in vitro
Illumina RNA-seq
read (ChiTaRS)
FJL39739-PDE4DIP  EST/mRNA, short No No Intergenic in vitro
Illumina RNA-seq
read (ChiTaRS)
RHOA-RHOC EST/mRNA, short Yes Yes Intergenic in vitro
Illumina RNA-seq
read (ChimerDB 2.0)
RERE E3-E3 Long 454 and short Yes Yes Intragenic in vitro
Illumina RNA-seq
reads, RT-PCR
(PTES)
CNTNL E5-E3 Long 454 and short Yes Yes Intragenic in vitro
Illumina RNA-seq
reads, RT-PCR
(PTES)
PHC3 E6-ES Long 454 and short Yes Yes Intragenic in vitro
Illumina RNA-seq
reads, RT-PCR
(PTES)
CDYL E4-E4 EST/mRNA (Li) Yes Yes Intragenic in vitro
C19orf2 E10-E3 Long 454 and short Yes Yes Intragenic in vivo (trans-splicing
[llumina RNA-seq event)
reads, RT-PCR
(PTES)
UBAP2 E10-E5 Long 454 and short Yes Yes Intragenic in vivo (trans-splicing
Illumina RNA-seq event)
reads, RT-PCR
(PTES)
MANIA2 ES-E2 EST/mRNA (Li) Yes Yes Intragenic in vivo (trans-splicing and
circular RNA events)
LARPIBE4-E2 Long 454 and short Yes Yes Intragenic in vivo (trans-splicing and
Illumina RNA-seq circular RNA events)
reads, RT-PCR
(PTES)
PFAAPS E6-E3 EST/mRNA (Li) Yes Yes Intragenic in vivo (trans-splicing and
circular RNA events)
CDRIlas EST/mRNA, short Yes No Intragenic in vivo (circular RNA

Illumina RNA-seq
read (ChiTaRS)

event)

fectiveness of our validation pipeline, suggesting that the
pipeline is an essential procedure for screening out in vitro
artifacts when detecting PtNcl RNAs.

Another interesting finding is that a gene transcript can
manifest as both trans-splicing and circular forms, and these
can arise from the same non-co-linear junction site. Thus,
all PtNcl transcripts can be divided into three categories:
those that result from trans-splicing events alone; those that
result from both trans-splicing and circular RNA events;
and those that result from circular RNA events alone. It
is worth noting that the splicing types of the PtNcl RNA
events described here were not only conserved in multiple
human ESC lines (Figure 4), but also in multiple rhesus
macaque and mouse ESC lines (Figure 5). The observed
conservation of PtNcl splicing forms across species suggests
that the trans-splicing and circular forms of a gene may have
differential roles in pluripotent stem cells.

Moreover, of the six experimentally-confirmed PtNcl
RNA events, four are evolutionarily conserved across mam-
mals (human, rhesus macaque and mouse) and two are
present in primates only (human and rhesus macaque).

Alignment of the six events against the entire NCBI EST
database revealed that PFAAPS E6-E3 and LARP1B E4-E2
are further supported by both sheep and dog ESTs (Supple-
mentary Figure S3). These results suggest that PtNcl RNA
events may play a lineage-specific role in primate/mammal
transcriptome evolution. It has also been shown that non-
co-linear forms may differ functionally from their corre-
sponding co-linear forms, even if the latter is just a source
for the former (9), suggesting that such a PtNcl splicing
strategy is biologically advantageous. The PtNcl splicing
strategy may provide an evolutionary advantage to com-
plex organisms by introducing additional regulators of gene
expression (e.g. CDRIas can act as a microRNA sponge
(14,15)), so as to increase the plasticity of transcriptome.
In addition, a striking example of trans-splicing, JAZFI-
JJAZI, was previously suggested to be a precondition for
genetic rearrangement (1,49); this implies that PtNcl splic-
ing may also enable the generation of variants at a relatively
low evolutionary cost, as the source gene is retained in the
wider population.



All six validated PtNcl RNA events were verified not
only in multiple tissues/cell lines of human (including 10
types of human normal tissue and three types of human
ESC line; see Figures 2 and 4), but also in rhesus macaque
and mouse (multiple types of rhesus macaque and mouse
ESC line; Figure 5). It seems unlikely that somatic recom-
bination events would simultaneously occur in multiple bi-
ological samples and across different species (27), and we
thus propose that these six non-co-linear transcripts are
not the product of genomic rearrangements. To confirm
this hypothesis, we captured and sequenced the exonic re-
gions of human ESC line H9, and measured the read depths
of the non-co-linear exon pairs of the PtNcl RNA events.
CDRIlas has been previously confirmed to be a circular
RNA event (13-15); we therefore examined the possibil-
ity of genomic rearrangement origins for the five other Pt-
Ncl RNA events (i.e. C19orf2 E10-E3, UBAP2 E10-ES,
MANI1A2 E5-E2, LARPI1B E4-E2 and PFAAPS E6-E3) by
comparing read depths between their corresponding non-
co-linear exon pairs. If an observed non-co-linear exon
pair is subject to a genomic rearrangement event, the rel-
ative ratio of read-depth of 3’ end exon to that of 5" end
exon (e.g. the ratio of read-depth of Exon 3 to that of
Exon 10 for C190rf2 E10-E3) should correspond to a 2-
fold change. However, the relative ratios of the exon pairs
for the five non-co-linear transcript events are all consider-
ably <2 (Supplementary Table S2), further supporting that
these events are not genomic rearrangements.

It is also important to note that C/90rf2 E10-E3, which
was confirmed to exist in only a trans-splicing form in hu-
man, rhesus macaque and mouse ESCs in this study (Fig-
ures 4 and 5), was predicted in silico to be a circular RNA
in HEK 293 cells in a previous study (14). Two possible sce-
narios may account for this discrepancy. First, the splic-
ing type of CIl9orf2 E10-E3 may be cell type-dependent.
Second, the in silico prediction may be incorrect, and the
non-co-linear RNA product may indeed be derived from a
trans-splicing event. We addressed this question by show-
ing that C/90rf2 E10-E3 RNA from HEK?293 cells was de-
graded by RNase R treatment (Supplementary Figure S4),
eliminating the possibility that C/9orf2 E10-E3 exists in
a circular form in the HEK293 line. In addition, C/9orf2
E10-E3 has been previously confirmed to be polyadenly-
ated through sequencing from oligo-dT primed templates
(34). We thus conclude that the second possibility is more
likely. The above results also indicate that an observed in-
tragenic PtNcl RNA product may arise from trans-splicing
and/or back-splicing in cis, highlighting the importance of
distinguishing between these two PtNcl splicing forms.

Although trans-splicing can occur within a single gene
or between different genes (1,50), we did not experimen-
tally verify any trans-spliced RNAs transcribed from mul-
tiple genes in this study (Table 1). This is consistent with
the earlier reports that intragenic splicing is more common
than intergenic splicing, and that the majority of observed
intergenic trans-splicing candidates are, in fact, experimen-
tal artifacts (9,27). A possible explanation is that intragenic
splicing within a single gene results in a higher local con-
centration of transcripts than intergenic splicing between
different genes. Therefore, trans-splicing, which couples dif-
ferent pre-mRNAs, is more likely to occur within the same
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gene than between two or more separate genes. In this study,
we focused purely on PtNcl transcripts arising from trans-
splicing or back-splicing in cis. However, trans-splicing can
also occur in a co-linear fashion, with frans-spliced RNAs
being generated from different alleles or opposite strands
of the same gene; the best-known examples of this type
are lola and mod(mdg4) in Drosophila (51,52). Therefore,
there are four possible types of intragenic splicing: (1) cis-
splicing in a co-linear form; (2) cis-splicing in a non-co-
linear form; (3) trans-splicing in a co-linear form and (4)
trans-splicing in a non-co-linear form (examples are pro-
vided in Figure 6; Cases 1-4, respectively). Although the
co-linearly cis-splicing form (Case 1) is generally regarded
as the main path of RNA processing from primary to ma-
ture RNA molecules (1), the other three types of splicing
(Cases 2-4) provide a higher level of flexibility for segmenta-
tion of genomic information in an RNA context. These var-
ied types of splicing thus provide an alternative way to in-
crease the complexity of transcriptomes (or even proteomes
(53-57)) and processing machinery, and appear to be more
complicated than previously anticipated.
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