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mRNA trans-splicing in gene
therapy for genetic diseases
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Spliceosome-mediated RNA trans-splicing, or SMaRT, is a promising strategy to
design innovative gene therapy solutions for currently intractable genetic diseases.
SMaRT relies on the correction of mutations at the post-transcriptional level by
modifying the mRNA sequence. To achieve this, an exogenous RNA is introduced
into the target cell, usually by means of gene transfer, to induce a splice event in
trans between the exogenous RNA and the target endogenous pre-mRNA. This pro-
duces a chimeric mRNA composed partly of exons of the latter, and partly of exons
of the former, encoding a sequence free of mutations. The principal challenge of
SMaRT technology is to achieve a reaction as complete as possible, i.e., resulting in
100% repairing of the endogenous mRNA target. The proof of concept of SMaRT
feasibility has already been established in several models of genetic diseases caused
by recessive mutations. In such cases, in fact, the repair of only a portion of the
mutant mRNA pool may be sufficient to obtain a significant therapeutic effect. How-
ever in the case of dominant mutations, the target cell must be freed from the major-
ity of mutant mRNA copies, requiring a highly efficient trans-splicing reaction. This
likely explains why only a few examples of SMaRT approaches targeting dominant
mutations are reported in the literature. In this review, we explain in details the
mechanism of trans-splicing, review the different strategies that are under evaluation
to lead to efficient trans-splicing, and discuss the advantages and limitations of
SMaRT. © 2016 The Authors. WIREs RNA published by Wiley Periodicals, Inc.
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INTRODUCTION

Following a fluctuating development during the
1990's and the first decade of the 21st century,

gene therapy is now enjoying a renewed interest both
in the pharmaceutical industry and academic labora-
tories engaged in translational research. We are now
witnessing the emergence of new techniques in medi-
cine that are a direct consequence of the progress in
biotechnology and genetic engineering.1 A large num-
ber of gene therapy modalities have been devised to
address specific different pathologies. The techniques
range from the simplest, such as gene supplementa-
tion, to the more complex, such as genome editing
using the CRISPR/Cas9 technology.2 However, there
remain cases where existing tools are either not appli-
cable, or not effective enough, to expect a significant
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therapeutic effect. This is true for the example of
recessive genetic diseases, in which the size of the
cDNA that would correct the phenotype is not com-
patible with the currently available gene transfer vec-
tors. In this case, one would need a technology
allowing to introduce into the vector only the part of
the mutant transcript that need to be corrected. We
may also evoke dominant genetic diseases where a
tight regulation of healthy gene expression is essen-
tial, disqualifying the only use of mRNA silencing,
and causing a suppression of the expression of the
mutant allele or both alleles. It would be interesting
to repair the mutant transcripts to make clean copies
without altering expression level. In addition, in case
of multiple dominant mutations of the same gene,
development of a specific therapeutic vector for each
of them can be hardly feasible from a logistical per-
spective. In other scenarios, the appropriate strategy
would be to express an exogenous factor, by taking
advantage of the regulation of the expression of an
endogenous gene. For example, it would be useful to
specifically express a toxin in tumor cells, or in the
case of neurodegenerative diseases, to express on
demand a trophic factor during inflammatory epi-
sodes when up-regulation of inflammatory genes
occurs in glial cells.

One sees that in all these cases, intervention by
genetic engineering to modify a given transcript in
the target cell population could be beneficial. This is
what proposes the technology of spliceosome-
mediated RNA trans-splicing by diverting the spliceo-
some machinery to modify part of the exons of an
endogenous transcript, using an artificial RNA
brought by gene transfer into the cells to be cor-
rected. In this review, we will return to the theory
and the principles of operation of trans-splicing, we
will present the latest techniques that allow its imple-
mentation using selected examples in the literature,
and finally, we will discuss its main limitations.

PRINCIPLE, ADVANTAGES, AND
APPLICATIONS OF SPLICEOSOME-
MEDIATED RNA-TRANS-SPLICING

Splicing, a reaction occurring in the nucleus of eukar-
yotic cells, is catalyzed by the spliceosome, one of the
largest ribonucleoproteic complex of the cell, and
results in the elimination of intronic sequences from
pre-mRNA. Splicing requires several cis-acting ele-
ments on the pre-mRNA: (1) 50 donor and 30 accep-
tor splice site consensus sequences that constitute the
exon–intron boundaries; (2) a branch point, consist-
ing of an adenosine, located in a consensus sequence

of the intron, 18–40 nucleotides upstream of the 30

acceptor splice site, and (3) a polypyrimidine-rich
sequence (PPT for polypyrimidine tract), just before
the 30 splice site, often composed of an uracil repeti-
tion. Progressively as it is transcribed in the nucleus,
the pre-mRNA is handled by the spliceosome
machinery and spliced.3 To summarize the process,
presplicing complexes composed of ribonucleopro-
teins are sequentially assembled on the pre-mRNA to
form the active final spliceosome, a complex of about
12 MDa. Then, a sequence of two trans-
esterifications occurs. The first one, involving the 50

donor site and the branch point, leads to the forma-
tion of a lariat and the release of a 30-OH free
extremity at the end of the upstream exon. The sec-
ond one involves this 30-OH free extremity and the 30

acceptor site, leading to the joining of the two exons
and the release of the lariat. This reaction, universally
present in eukaryotes, is called splicing, or more pre-
cisely cis-splicing as it involves a donor site, a branch
point, and an acceptor site located on the same RNA
molecule (Figure 1(a)).

The spliceosome can also catalyze a trans-
splicing reaction. Unlike the above-defined cis-
splicing reaction, trans-splicing occurs between two
different RNA molecules. The molecular process is
exactly the same, except that the final mRNA is com-
posed of the first exon(s) from one of the pre-mRNA
and the following(s) exon(s) of the other one, creat-
ing a chimeric molecule. Although anecdotic when
compared to cis-splicing, the occurrence of trans-
splicing was initially described in the mid 80’s using
recombinant mRNAs in in vitro cell-free systems,4,5

and it was quickly shown that this reaction was of
physiological relevance among different lower eukar-
yotes, in particular the trypanosome.6,7 Thereafter,
evidence of trans-splicing has also been shown in
mammals, with the demonstration that carnitine
octanoyltransferase mRNAs are subject to trans-
splicing in rat hepatocytes,8 as are transcripts from
the human estrogen receptor gene.9 Moreover, recent
refinements of RNAseq analysis helped to unambigu-
ously identify physiologic trans-splicing events in
human embryonic stem cells and demonstrated the
role of a trans-spliced transcript in the maintenance
of pluripotency.10 It is thus established that trans-
splicing exists naturally in a wide variety of organ-
isms, but its physiological value remains to be eluci-
dated. One possibility, suggested by Dixon et al.,11 is
that trans-splicing is at the origin of the exon-
repetition phenomenon, which results in the tandem
repeat of exons on a mRNA, in the absence of such
repetition at the genomic level. In a 2007 study, these
authors identified the existence of complementary
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sequences in introns flanking the exons subjected to
repetition, suggesting that exon-repetition occurs
after trans-splicing between two pre-mRNA of the
same gene, whose proximity is favored during tran-
scription by the complementarity of intron sequences.
This hypothesis is reinforced by the fact that exon-
repetition operates strictly between transcripts
encoded by the same allele,12 and suggests that to
promote trans-splicing between two pre-mRNA, it
may be necessary to promote their closeness with
complementary sequences allowing them to
hybridize.

The discovery of these physiological mechan-
isms has prompted the use of trans-splicing for bioen-
gineering purposes. Accordingly in 1999, using cell
culture experiments, Puttaraju et al. demonstrated
the feasibility of diverting trans-splicing for inducing
the repair of an endogenous mRNA using exon
exchange mediated by an artificial RNA capable of
inducing trans-splicing.13 Subsequently, they also
showed the feasibility of using this strategy in vivo,
leading to functional restoration of mutant cystic
fibrosis trans-membrane conductance regulator
(CFTR) in a human bronchial xenograft model sys-
tem.14 These studies paved the way for the use of
spliceosome-mediated RNA trans-splicing, or
SMaRT, as a gene therapy strategy. In this case, an
artificial RNA, called pre-mRNA trans-splicing mole-
cule (PTM), is engineered to specifically target an

endogenous pre-mRNA expressed in the target cell
(Figure 1(b)–(d)). To be successful, the PTM must
bind the target pre-mRNA and induce the trans-
splicing reaction more efficiently than the cis-splicing
one. For this purpose, a typical PTM is composed of:
(1) a binding domain able to recognize the target
intron on the endogenous pre-mRNA by base pair-
ing, (2) an artificial intron to catalyze the splicing
reaction, and (3) the cDNA containing the coding
sequence of substitution (Figure 2). The precise order
of these three elements in the PTM will depend on
the location of the exon(s) to be replaced in the target
mRNA, either in 50 position or 30 position (Figure 1
(b) and (c)). Replacement of an internal exon is also
theoritically possible, although it relies on the occur-
rence of two trans-splicing events within the same
pre-mRNA (Figure 1(d)). From its mode of action,
the SMaRT technology presents several valuable ben-
efits when considering gene therapy application:

• When targeting the first intron of the pre-
mRNA and hence replacing all the subsequent
sequence (depending of course of the cDNA
size), only one PTM is necessary to repair
numerous mutations. For allele-specific knock-
down or silencing of dominant mutations, this
unique PTM has a large benefit over CRISPR
technology, ASO or shRNA molecules, which
can target only one specific mutation at a time.
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FIGURE 1 | Different modes of action of trans-splicing. (a) The classical splicing mechanism, or cis-splicing occurs within a single pre-mRNA
molecule and leads to the elimination of the intronic sequences. (b, d) On the contrary, trans-splicing occurs between two splice sites located on
two different pre-mRNAs. In SMaRT technology, an exogenous RNA, called pre-mRNA trans-splicing molecule (PTM) is used to replace one or
several exons of an endogenous pre-mRNA. Depending of the orientation of the PTM, it is possible to replace 30-exon(s) (b), 50 exon(s) (c), or even
internal exon(s) (d). Ex n: exon n; *: point mutation.
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• The preservation in time, space and quantity of
the endogenous regulation of the target mRNA
expression. As the PTM is in theory inert except
for the trans-splicing reaction, the regulation of
expression of the chimeric RNA is thus totally
dependent on the natural regulation of the tar-
geted pre-mRNA. This information is crucial in
gene therapy, where the expression of a gene
has to be constrained to a strict spatiotemporal
pattern, and kept at a physiologic level in the
case of dominant diseases.

• The dual capacity of the PTM to reduce
mutated protein synthesis and to simultaneously
promote the normal one in a single reaction. In
contrast to most of other approaches that
require the delivery of two molecules, trans-
splicing only requires the delivery of the engi-
neered PTM, the two other components of the
reaction (targeted pre-mRNA and spliceosome)
being naturally present in the target cell.

• As the PTM includes only a part of the cDNA
sequence needed for repair, SMaRT technology
relies on a small-sized restorative molecule
while other gene therapy systems require full-
length cDNA. This facilitates the choice of a
viral vector for PTM delivery in targeted cells.
The size of transgenic cassette is indeed often a
major limitation in the choice of a viral vector
leading for example to the inability of using
AAV vectors. SMaRT technology could there-
fore enlarge viral vector choice for diseases
involving genes that are usually considered too
large to be included in an AAV vector.

After an initial study leading to the proof of
concept that SMaRT can efficiently promote a func-
tional protein in vitro,15 trans-splicing has been
developed using different strategies, which can be
roughly classified in two groups of applications, the
first one being the repair of mutations at the mRNA
level, and the second one, the expression of a thera-
peutic factor under the regulation of an endogenous
gene. Although the latter case has not been exten-
sively explored, we should mention here the study by
Wang et al. that demonstrates the possibility to use
partial trans-splicing of an abundant mRNA to
express a therapeutic factor in the target cell.16 How-
ever, the most common use of SMaRT concerns the
RNA repair strategy for genetic diseases and is sum-
marized in Table 1. In the case of a recessive disease,
it is likely that correcting only part of the mRNA will
result in therapeutic benefit, because one ends up in
the scenario of a heterozygous individual who pre-
sents no phenotype. SMaRT technology has thus
been evaluated for a significant number of recessive
pathologies, such as cystic fibrosis,14,19,30 hemophilia
A,26 dysferlinopathies and titinopathies,27 X-linked
immunodeficiency with hyper-IgM,25 spinal muscular
atrophy,17,18 severe combined immune deficiency,21

Duchenne muscular dystrophy,22,31 and epidermoly-
sis bullosa.20,24,32 All these studies have shown that
it is possible to partially correct the cellular pool of
mutated mRNA. However, when compared with
each other, they also show that there is no consensus
on how to orientate PTM design to reach a signifi-
cant trans-splicing efficiency, nor to lead to a thera-
peutic effect, or even the way to test the PTM
efficiency. Still, a characteristic that does emerge is
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FIGURE 2 | Design of a PTM for 30 trans-splicing. To achieve a 30 replacement by trans-splicing, the PTM must be composed of, from 50 to 30:
a binding domain, an artificial intron containing a polypyrimidine tract (PPT), a branch point, a 30 acceptor site (30 SS), and the replacement cDNA
which contains the coding sequence of the exon(s) to be corrected. The necessary 50 donor site (5’ SS) for the splice reaction is given by the
endogenous pre-mRNA.
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the partial nature of trans-splicing. In the best case,
the reported efficacy is approximately 20–40%,
meaning that only 20–40% of the mutant mRNA
pool of the target cell is converted to wild-type
mRNA. This is probably why there are far fewer
studies reporting application of trans-splicing for
dominant mutations. In this context, it is necessary
to reach a significant percentage of efficiency to
expect a therapeutic effect. To our knowledge, there
are only four studies that reported the implementa-
tion of trans-splicing in the case of a dominant muta-
tion (Table 1). In 2009, Chen et al. reported the
correction of DMPK pre-mRNA, the gene responsi-
ble for dystrophia myotonica type 1, with an effi-
ciency ranging from approximately 1.5 to 8%.33 In
2012, Rindt et al. demonstrated in cellular models
of Huntington’s disease that the mutated exon
can be eliminated by 50 replacement from the Hun-
tingtin encoding mRNA.23 Recently, Monjaret
et al. described trans-splicing of the Titin pre-mRNA,
whose mutations lead to muscular dystrophies.27 In
this study, the trans-spliced product was not accu-
rately quantified and appeared clearly minor. Thus,
the trans-splicing rate achieved in these studies, by
the order of only a few percent, will likely not lead to

a therapeutic threshold in patients affected by these
dominant conditions to be reached. Our team has
recently reported a rate of trans-splicing of about
40% in a cell-line expressing a dominant mutation of
rhodopsin, the gene responsible for retinitis pigmen-
tosa.34 Although encouraging, this rate is probably
still insufficient for the point mutations that cause the
most aggressive cases of retinitis pigmentosa. This
highlights the fact that, to achieve successful SMaRT
applications for dominant mutations, it is necessary
to implement rational means for optimizing design
and characterization of an effective PTM.

DESIGN OF HIGHLY EFFICIENT PTM

The first step in designing powerful PTMs is the
implementation of methods for accurate and repro-
ducible quantification of trans-splicing efficiency.
These methods can be divided into two main cate-
gories, i.e., direct and indirect approaches. The
former consist of direct quantification of cis and/or
trans-splicing products detected either at the mRNA
or the protein level. Spliced mRNAs are usually
quantified using end-point or quantitative RT-PCR

TABLE 1 | Summary of the Main Publications Reporting the Implementation of a Trans-Splicing Strategy for Gene Therapy of Genetic Diseases

Disease
Target
Gene Mutation Authors

Models
Vitro/Vivo Efficiency

Cystic fibrosis CFTR Recessive Mansfield et al.15, Liu
et al.11,14

Vitro 12%151

16%112

14.2%142

Duchenne muscular dystrophy MDX Recessive Lorain et al.17,18 Vitro + vivo 29.6%181

Dysferlinopathies/Titinopathies DYSF/TTN Dominant/
recessive

Monjaret et al.19 Vitro + vivo NA

Dystrophia myotonica type 1 DMPK Dominant Chen et al.20 Vitro 7.4%1

Epidermolysis bullosa simplex COL7A1,
K14

Recessive Wally et al.21,
Murauer et al.22,

Vitro 15.5%211

Frontotemporal dementia with
parkinsonsm linked to chromosome 17

MAPT Recessive Rodriguez-Martin et al.23 Vitro 34%1

Hemophilia A FVIII Recessive Chao et al.16 Vitro 13%2

6.3%1

Huntington’s disease HTT Dominant Rindt et al.24 Vitro 5.4%1

Retinitis pigmentosa RHO Dominant Berger et al.24 Vitro + vivo 40%

Severe combined immune deficiency DNA-PKcs Recessive Zayed et al.25 Vitro 15%2

Spinal muscular atrophy SMN2 Recessive Coady et al.26–28,
Shababi et al.29

Vitro + vivo NA

X-linked immunodeficiency with hyper-IgM CD40L Recessive Tahara et al.25 Vivo 10.4%1

NA, data not available.
1 trans-Splicing efficiency determined by quantification of corrected mRNA or protein and expressed as percentage of normal level (direct quantification
approach).

2 trans-Splicing efficiency determined by quantification of the activity of the converted protein and expressed as percentage of normal level (indirect quantifica-
tion approach).
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with specific primers and probes to discriminate cis-
and trans-spliced products. This kind of method
estimates the relative amount of repaired mRNAs
establishing proof that trans-splicing occurs while
assessing PTM activity.14,24,26,30,32,35–39 An alterna-
tive approach of quantification at the mRNA level
consists in the addition of a silent mutation in the
replacement cDNA of the PTM in order to produce
different restriction profiles between cis and trans-
spliced mRNAs. Thus, amplification of cis- and
trans-spliced products is achieved in a single RT-PCR
reaction using the same primer set, and precise quan-
tification of PTM activity is accomplished by restric-
tion analysis of the amplicon.23,34 The essential
advantage of this approach is to avoid the bias of
comparing two different PCR amplifications, one for
the cis-spliced product, and one for the trans-spliced,
reflecting respective level of cis- and trans-spliced
events. For trans-splicing assessment at the protein
level, western-blot analysis is the most frequently
used technique, and quantification is performed by
measuring level of normal protein expression
alone or compared with mutated proteins with size
discrimination parameters,24,30 or using specific
antibodies.14,37 Another direct way to quantify trans-
splicing is to use an artificial reporter system. In this
case, the target intron is introduced into the open
reading frame of a reporter gene, which can encode a
functional reporter protein only after trans-splicing.
The first systems described were based on the use of
the LacZ gene and measuring the ß-galactosidase
activity generated by trans-splicing.28,35 More
recently, the team of J. Bauer described a reporter
system based on fluorescent proteins, which allows
the efficient pre-screening of the PTM target on the
intron to be trans-spliced.29 Trans-splicing efficiency
may also be measured indirectly. For instance, as
trans-splicing gene therapy aims to provide pheno-
type improvements, PTM activity may be assessed by
measuring therapeutic indexes in in vitro or in vivo
models. Several methods have been used for that pur-
pose, such as immunofluorescence assay enabling for
example the assessment of normal protein localiza-
tion34 or expression24, cell death measurement in the
case of anti-tumor trans-splicing,39,40 and functional
assessment of ion channel by electrophysiology for
CFTR repair.14,19

Effective trans-splicing requires to favor trans-
splicing over cis-splicing. That can be achieved by a
fine-tuning of the PTM design. In their initial study,
Puttaraju et al. demonstrated that trans-splicing
requires the presence of several motifs in the PTM
molecule, such as a functional branch point, a PPT
and the AG consensus motif as splice acceptor site at

the 30 end for a 30 replacement strategy (Figure 2).
Other factors are potentially important for triggering
an efficient trans-splicing reaction, their influence on
the trans-splicing rate was therefore investigated by
different teams. Firstly, the localization of the PTM
binding domain on the target intron plays a signifi-
cant role in this challenge and could be determinant
when targeting sequences involved in splicing. For
instance, Murauer et al. tried to block cis-splicing by
designing a binding domain complementary to the
acceptor site located just downstream the target
intron.29 They described that blocking the endoge-
nous 30 splice site led to an increase of trans-splicing
efficiency, although this is not a general rule.34 Sec-
ondly, the choice of the target intron is likely to mod-
ulate the rate of trans-splicing event and in particular
the potency of 50 and 30 splice site. Exon and intron
definition models, which depict the recognition, bind-
ing and stability pattern of spliceosome first step
assembly, might be of importance.41,42 It is known
that eukaryotic genes are characterized by short
exons and long introns, preventing recognition across
introns in favor of the exons. Accordingly, Philippi
et al. tested whether the strength of 30 splice sites is a
parameter to take into account to favor the trans-
splicing reaction.38 This strength can be estimated by
calculation of the MaxEnt (maximum entropy) score,
which assigns a score to the splicing sites based on
their homology to the canonical sequence.43 50 and 30

splice sites have consensus motifs, which in theory
modulate splicing efficiencies based on their capacity
to bind splicing factors. Thus, the splice site strength
is highly relevant in the choice of the target intron, as
it represents the splicing dynamic in terms of splicing
factor interaction. Strong splice sites associated with
high MaxEnt scores should promote splicing more
efficiently than weak splice sites associated with low
MaxEnt scores. Applied to trans-splicing, this
assumption underlies that weak 30 splice site in the
target intron tends to enhance trans-splicing events
since this splice site is in competition with a stronger
PTM splice site.38 Third, Coady et al.44 and Shababi
et al.45 have demonstrated that the combination of
PTM with antisense oligonucleotides (ASO) capable
of blocking the splice-site targeted by the PTM
increases the trans-splicing rate, most likely by inhibi-
tion of cis-splicing by the ASO. Coady
et al. developed a single vector for ASO and PTM
delivery and showed its efficiency in vivo in a mouse
model of spinal muscular atrophy.17 Similarly, Wang
et al. suggested that splicing efficiency is correlated to
the time of intron synthesis.46 This mechanism is cer-
tainly due to the competition between cis-splicing,
which requires the synthesis of both endogenous
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splice sites, and trans-splicing which only needs the
endogenous 50 splice site. Fourthly, another way to
increase trans-splicing efficiency is to insert an intron
in the replacement cDNA of the PTM.22,28,34 In this
case, the addition of intronic splicing enhancer (ISE)
in the PTM sequence may promote trans-splicing
events. It is currently difficult to predict the effect of
an ISE according to its sequence, its location related
to which exon to include, and its potential to recruit
splicing enhancer factors. However, new methods are
currently being developed to better locate ISEs as
well as splicing repressor sequences and should be
useful to increase PTM efficiency.47,48 Splicing is
highly dependent on RNA/protein interactions which
promote or prevent pre-mRNA availability to the
spliceosome.49 This is true also for PTMs which have
to reach the target intron despite complex pre-mRNA
conformations resulting from RNA/protein interac-
tions. These interactions are a clue for PTM optimi-
zation and better knowledge of this aspect is needed
to understand its real impact on trans-splicing.
Finally, to maximize trans-splicing efficiency, the
delivery mode of the PTM has to be taken into
account. We have shown that this efficiency is
directly correlated to the amount of PTM molecules
available in the target cell.34 For in vivo applications,
it will thus be important to use the most efficient
gene transfer vector to transduce target cells.

To summarize, several aspects of the PTM’s
design, target, environment and delivery can be
modulated and are constantly improved leading to
better understanding. However, an obvious clue in
PTM design is that a great part of the success
remains in the binding domain. Most of the groups
working on trans-splicing have tried to modify the
size and the location of this sequence with direct con-
sequences on trans-splicing efficiency and specific-
ity.15,20,28,34,50 The presence of trans-splicing
hotspots in the target intron has been demonstrated.
In these hotspots, a shift on the target intron of about
30 base pairs (bp) applied to a 150-bp long binding
domain can lead to significant variability in PTM
efficiency.34 Nevertheless, predicting an effective
binding domain is hard to achieve. Even if bioinfor-
matics analyses based on secondary structures of
PTMs and their targets are used to perform a splice
site availability prediction, the process still needs to
be improved, as some aspects of splicing sequence
remain unclear.

Therefore, screening strategies are needed to
select effective binding domains. To date, very few
binding domains have been tested for each PTM
reported in the literature, because the techniques of
PTM synthesis and efficiency assessment are

cumbersome, thus limiting the discovery of highly
efficient PTMs. For this reason, a larger PTM screen-
ing and efficient reporter system suitable for auto-
mated analysis needs to be implemented. The team of
J. Bauer has described a PTM screening system in
which trans-splicing of an artificial minigene gener-
ates a fluorescent protein, thus enabling an easy and
fast detection of trans-splicing events.29,51 To achieve
this, the target introns are introduced into a mini-
gene, suitable for testing every kind of trans-splicing
orientation. This system consists of two elements.
The first is a reporter minigene including the target
intron flanked by two exons, one of which is the par-
tial ORF of a fluorescent protein, placed upstream or
downstream of the intron depending on whether one
wishes to promote 50 or 30 trans-splicing. The second
one is a library of PTMs that differ only in the bind-
ing domain to the target intron and whose cDNA
can reconstruct the complete ORF of the fluorescent
protein, allowing the detection of trans-splicing. For
generating a high diversity of binding domain, it is
possible to proceed by fragmentation of the target
intron using one or more high-frequency cutting
restriction enzymes. In this case, however, the frag-
ments are not generated in a totally random manner,
and parts of the intron, such as GC-rich or repeti-
tions containing regions can escape fragmentation.
Alternatively, the use of physical methods may allow
higher fragment diversity. Thanks to the rise of next
generation sequencing, sonication-based DNA frag-
mentation methods that can generate reproducibly
fragments of specific lengths are now available. For
generating the library of PTMs once the target intron
has been fragmented, it is cloned into a vector con-
taining the unvarying part of the PTM. This library
can then be screened by cotransfection with the mini-
gene that generates a fluorescent protein following
trans-splicing. Although attractive, this screening
strategy requires changing the genomic environment:
the target intron is no longer surrounded by endoge-
nous exons but by artificial ones and this change
may affect the PTM activity. Thus, in a recent experi-
ment we aimed to assess the reliability of this fluores-
cent reporter system to isolate efficient binding
domains regardless of the genomic context of the tar-
get intron. We constructed a mini-gene encoding
fluorescent proteins and containing the first intron of
the human rhodopsin gene. Using this system, we
showed that binding domains previously character-
ized on the full-length human rhodopsin gene induce
the same rate of trans-splicing on the mini-gene
(Figure 3), demonstrating that the genomic environ-
ment of the target intron has no major influence on
the binding domain efficiency.
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DRAWBACKS AND LIMITATIONS OF
THE SMART TECHNOLOGY

One of the main limitations in the development of
SMaRT technology is linked to the lack of informa-
tion regarding the mechanism involved in trans-spli-
cing. While the cis-splicing mechanism is now largely
understood and documented in the literature, trans-
splicing as a natural event in human has raised only
a few publications and most of the iceberg remains
subsurface.9,10,52,53 This lack of data is undoubtedly
due to the difficulty to isolate trans-splicing products
compared to those of cis-splicing, chromosomal rear-
rangements or technical artifacts. Because the trans-
splicing reaction mechanism still presents some black
holes, it is currently difficult or impossible to predict
the efficiency of a given PTM. Notably the impor-
tance of the 3D-structure of both target and PTM
RNA are to date insufficiently taken into considera-
tion. Despite several tools developed to predict the
secondary structures of pre-mRNA (ViennaRNA
Packagea; RNAfoldb; mfoldc…), it remains quite dif-
ficult to estimate the final shape of RNA and thus to
design binding sequences based on this information.
Interestingly, a recent report suggests that it is also
important to consider the sequence of the target
intron, and particularly the homology of the splice
sites to the consensus sequences.38 Based on this
characteristic, the authors showed that it is possible
to rank the different introns of a target pre-mRNA to
determine which are the most likely to lead to an effi-
cient trans-splicing reaction. To progress on this pur-
pose, we can count on progress of bioinformatic
tools in terms of 3D structure prediction, and, as dis-
cussed above, PTM screening using randomly-
generated libraries. In addition to this specific limita-
tion, like all molecular mechanisms used to modify
gene expression, SMaRT technology still presents
some demonstrated or theoretical drawbacks, which
are covered below.

The main drawback of SMaRT technology is
common to most nucleic acids-targeting engineering
tools: the specificity of the molecule. One cannot
imagine the PTM, generated to replace a mutated
sequence, as a source of production of aberrant pro-
teins due to off-target trans-splicing with random
pre-mRNAs. Although these potential hybrid
mRNAs should be processed by nonsense mediated
decay or nonstop decay,54 it is essential to validate
the specificity of the PTM for the target sequence and
limit nonspecific events. Several approaches should
be considered for this purpose. (1) One must
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FIGURE 3 | Assessment of a fluorescent reporter system for
PTM screening. (a) A fluorescent system was adapted to intron
1 of the rhodopsin gene (RHO), and the EaeI restriction site
allowed quantifying trans-splicing using the same methodology
described in Berger et al.34 To that aim, RHO intron 1 was
subcloned between sequences coding respectively the N-terminal
part of CFP (CFP-Nter) and the C-terminal part of YFP (YFP-Cter),
while the PTM contained the C-terminal part of CFP (CFP-Cter).
With this system, cis-splicing leads to an mRNA encoding a
chimeric protein fluorescing minimally in green, and trans-splicing
leads to full-length CFP, characterized by a bright blue fluorescence.
(b) Three binding domains, previously characterized in the context
of the full rhodopsin pre-mRNA (for details, see Berger et al.34),
were tested with the fluorescent reporter system using the end-point
PCR amplification followed by enzymatic restriction method,
and led to the same trans-splicing rate, thus showing that trans-
splicing efficiency is independent of the genomic context of
the binding domain. PTM0: negative control without binding
domain. Location of binding domains of PTM1, 6, and 12 on
RHO intron 1 have been described previously.32 Bars
represent mean � SD; n = 6 for fluorescent reporter system; for
full-length rhodopsin, n = 9 for PTM0 and 1, and n = 3 for PTM6
and 12.
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determine the right size of the binding site that might
limit off-target binding. Puttaraju et al. showed that
increasing the length of the binding domain sequence
up to 153 bases significantly enhanced the efficiency
of the PTM.15 A binding sequence of approximately
150 bases dramatically decreases the probability of
finding the entire and exact corresponding sequence
in a human genome, thus ensuring in theory a highly
specific homology of the designed sequence. How-
ever, long binding sequences may only partially bind
to nonspecific targets, decreasing the specificity of the
molecule. The design of the PTM has to take in con-
sideration these parameters and find a balance to
obtain a good trans-splicing efficiency with a high
specificity. (2) Take into account the importance of
the 30 splice site, which can induce more or less off-
target trans-splicing depending on its potency.50

(3) Increase the specificity of the PTM delivery to the
targeted cells. By using an AAV vector for example,
the adjustment in the capsid choice is crucial to intro-
duce the PTM in the right cells, thus limiting poten-
tial nonspecific trans-splicing in cells that do not
express the target pre-mRNA. (4) Similarly, take into
consideration the expression level of the targeted
mRNA, and adapt the PTM expression appropri-
ately. We have shown that this efficiency is directly
correlated to the amount of PTM molecules available
in the target cell,34 but an overproduction of
PTM would be useless, and could potentially increase
the off-target effect, or even be potentially toxic for
the cell as can be overexpression of exogenous small
RNA.55,56

The issue of binding domain specificity also
raises the following question: what happens if the
PTM does not bind to the specific sequence? Unfortu-
nately, the production of truncated proteins due to the
translation of PTM designed for 30-replacement has
already been observed in the absence of trans-splicing
events.15,27 Although 30-replacement PTMs do not
possess the first exon(s) of the endogenous mRNA,
they are transcribed in the cell by a RNA polymerase
II, and thus will be naturally capped and stabilized.57

They are therefore likely to possess all the necessary
elements for promoting translation, i.e., a 50-cap, an
alternative AUG start codons and a poly-adenylation
sequence. Moreover, while the great majority of tran-
scripts are translated from the first AUG of the
KOZAK sequence, a secondary AUG can also be used
to initiate translation. Although to our knowledge,
there are no data available in the literature, this prob-
lem may be avoided in 50-replacement PTMs for which
the poly-adenylation signal is missing. In this case, this
signal is given by the target pre-mRNA and is therefore
excluded from the PTM design.

The last main drawback of SMaRT technology
is inevitably linked to the efficiency of the reaction.
In the context of an aggressive dominant disease, the
level of mutated protein synthetized is determinant
for the evolution of the disease. Even a low level of
expression of a protein which leads to a dominant-
negative effect will induce the disease. However, to
date, nobody has been able to reach a 100% trans-
splicing efficiency. Besides playing with the design of
the PTM, the reaction efficiency could be ameliorated
by increasing the likelihood of the target pre-mRNA
coming into contact with the PTM, promoting more
trans- than cis-splicing events. One major obstacle to
achieve this goal is the coupling of mRNA transcrip-
tion and splicing. Although this coupling is not
required for the splice event to take place, the recruit-
ment of elements making up the splicing machinery
by the carboxy-terminal domain of the RNA poly-
merase II often makes the two processes simultane-
ous. Because it appears difficult to play on the
transcription mechanism, the only way to intervene
before cis-splicing is by accelerating the speed of
action of the PTM, playing on its availability and its
proximity with the target pre-mRNA. This availabil-
ity will be defined by the quantity of PTM. As previ-
ously discussed, it is necessary to find a balance
between providing enough PTM molecules, and
avoiding a potential toxicity. Regarding the proxim-
ity of the two molecules, the reaction involves a
closed localization of the PTM to the transcription
site of the target, to bind and trans-splice the pre-
mRNA before cis-splicing occurs. For now the PTM
is simply delivered by conventional gene transfer
means, either transfection for in vitro studies, or
viral-mediated gene transfer in vivo, and lost in the
huge pool of nucleic acids of the nucleus of the target
cell. Increasing the likelihood of PTM and target pre-
mRNA meeting could thus dramatically change the
reaction efficiency. To that end, we could imagine
the future development of a viral vector that allows
targeted integration in the chromatin of the target
cell (recently reviewed by Ott de Bruin et al.58). This
development would be useful to introduce the PTM
sequence near its target gene, or even in an intron of
the target gene, ensuring proximity between the two
RNA during and/or after transcription.

CONCLUSION

In the vast arena of human genetic diseases, advances
in screening and sequencing technologies has allowed
the identification of numerous genes which, when
mutated, induce a specific condition. In both
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recessive and dominant diseases, gene therapy is one
of the most promising treatments for now, by cDNA
supplementation in the first case and selective inhibi-
tion of the mutated form in the second one. In both
cases, trans-splicing can bring a valuable alternative
when technological barriers prohibit the use of more
conventional approaches. In the context of cDNA
supplementation for recessive conditions, the main
limitation is the size of the expression cassette that
needs to be introduced in the appropriate gene trans-
fer vector. Trans-splicing overcomes this limit by
allowing only a portion of the cDNA to be included
in the vector: the PTM can target any of the intronic
sequences of a given gene, thereby permitting the
adaptation of the cDNA size to the capacity of the
vector. In case of a very long pre-mRNA with a
mutation in the middle, the internal trans-splicing
approach can even be considered. Finally, this advan-
tage facilitates the choice of the gene transfer vector,
which can thus be dictated only by its tropism for the
target cell. In the case of a dominant disease, despite
the impressive progress made in the development of
molecular tools in this field, including RNAi,
nucleases and CRISPR systems, no technology is cur-
rently able to provide a universal solution, with
broad application, high efficiency and no side-effect.
The SMaRT technology could bring the answer to
many if not all of these obstacles. Multiple advan-
tages of SMaRT technology, that are unique to it
and make it a major competitor for the other molecu-
lar tools, include: the requirement of only one exoge-
nous RNA (the other components, i.e., the
spliceosome, being provided by the cell), the possibil-
ity to use the same PTM for multiple mutations in
the same gene, the reduction/inhibition of the
mutated protein synthesis, the promotion of the

normal protein synthesis at the same time, and finally
the preservation of the endogenous gene expression
regulation. Nevertheless, trans-splicing has not been
widely developed so far, and still needs to be explored
and better understood, allowing the development of
more powerful PTMs. One of the main lacks concerns
the prediction of the 3D structures of both target pre-
mRNA and PTM, which are most likely determinant
for trans-splicing efficiency. We and others have
already shown that any change in the sequence of the
PTM, not only in the binding domain but also in the
cDNA replacement sequence, can dramatically modify
this reaction efficiency. Despite this common observa-
tion, there are no clear and strict rules to define how
to design the perfect PTM. All recommendations are
based on each personal experience, and the best way
to select an efficient PTM is for now to screen as many
molecules as possible. In addition to complete all unex-
plored and unknown trans-splicing natural events that
occur in all species including humans, a detailed and
profound study on trans-splicing mechanism should
enlighten us on the design of the PTM. This idea opens
a door regarding the potential of trans-splicing for
gene therapy. The knowledge to define the rules to
achieve 100% reaction efficiency, while ensuring the
absence of off-target effects, would make of the
SMaRT technology an incredibly effective and power-
ful gene therapy tool.

NOTES
a http://www.tbi.univie.ac.at/RNA/
b http://nhjy.hzau.edu.cn/kech/swxxx/jakj/dianzi/Bioinf4/
miRNA/miRNA1.htm
c http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form
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