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Pre-mRNA splicing, the process of removing introns from pre-
mRNA and the arrangement of exons to produce mature tran-
scripts, is a crucial step in the expression of most eukaryote
genes. However, the splicing kinetics remain poorly character-
ized in living cells, mainly because current methods cannot
provide the dynamic information of splicing events. Here, we
developed a genetically encoded bioluminescence reporter for
real-time imaging of the pre-mRNA splicing process in living
subjects. We showed that the bioluminescence reporter is
able to visualize the pre-mRNA aberrant splicing process in
living cells in a dose- and time-dependent manner. Moreover,
this reporter could provide quantitative and longitudinal infor-
mation of splicing activity in response to exogenous splicing in-
hibitors in living animals. Our data suggest that this activatable
reporter could serve as a promising tool for the high-
throughput screening of splicing modulators, which would
facilitate the drug development for human diseases caused by
the abnormal splicing of mRNA.

INTRODUCTION
PrecursormessengerRNA(pre-mRNA) splicing is a pivotal step ingene
expression, by which introns are removed from the initial transcribed
sequence and flanking exons are ligated to form a continuous RNA
molecule. Pre-mRNA splicing follows the GU-AG rule, which depen-
dents on the short conserved splice sites at the intron-exon junctions.1

A small nuclear ribonucleoprotein (snRNP)complex called spliceosome
participates in the splicing process. The spliceosome is a large ribonu-
cleic acid protein complex consisting of small nuclear RNAs (snRNAs)
and over 100 proteins.2–4 Intron structure is very conserved in the evo-
lution of life processes. It contains the 50 and 30 splicing boundaries, as
well as branching point sequences.5 ThemechanismofRNAsplicing re-
quires cis-acting elements and trans-acting factors by which to facilitate
splicing or recruitment of the spliceosome.6,7 Genes undergoing aber-
rant splicing would alter the amino acid sequence of the polypeptide
chain when expressed, thereby altering the structure and function of
the protein and affecting various biological processes such as differenti-
ation, development, and tumorigenesis.8,9

Currently, detection of splicing at the mRNA level is primarily per-
formed by reverse transcription polymerase chain reaction (RT-
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PCR), northern blot, or primer extension analysis.10 However, these
methods are laborious and time consuming. Most importantly, they
require cell lysis and thus cannot repeatedly visualize pre-mRNA
splicing activity in living cells, which is critical to acquire the dynamic
information of spliced or unsplicedmRNA. One of the approaches for
gene imaging at mRNA levels refers to radiolabeled antisense oligo-
nucleotides (RASONs).11,12 RASONs are involved in pairing with
the mRNAs of interest and therefore could target any specific se-
quences of mRNAs, providing a more direct means of mRNA imag-
ing. However, their application was greatly hindered due to the high
background activity, low specificity of localization, and limited deliv-
ery of probe.13 In contrast, the employment of reporter genes to quan-
tify mRNA molecules shows several advantages: low background due
to rapid clearance, highly specific localization through the local trap-
ping of a unique enzyme of reporter product, and simplified reporter
probe delivery due to higher cell membrane permeability.14 Several
studies have designed fluorescent proteins or luciferase as splicing re-
porters to evaluate the mRNA that constitute splicing or alternative
splicing events.15–19 Although these reporter systems were able to suc-
cessfully detect that the pre-mRNA splicing process responded to
extracellular splicing modulators, some of the reporters were negative
systems in nature, and people could not distinguish whether the
reduced signal is attributed to cell death or endogenous splicing
induced by the splicing compound. In addition, most of the splicing
reporters exhibited poor dynamic range or fail to distinguish changes
in compound-affected splicing from changes in mRNA transcription
or translation.

In the present study, to overcome the above drawback, we designed an
activatable bioluminescent reporter for imaging pre-mRNA aberrant
splicing in living subjects. This reporter gene, Rluc-SMN, was de-
signed by inserting a human survival motor neuron 2 (SMN2) mini-
gene upstream of the renilla luciferase (Rluc) so that only the
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Figure 1. Scheme of the Rluc-SMN Reporter

Rluc-SMN reporter consists of the SMN2 minigene (exon

6-partial intron 6/7-exon 8) upstream of the renilla lucif-

erase (Rluc) gene. The start codon is in exon 6. When the

intron is normally spliced from pre-mRNA, the codon is

disrupted by the inserted base, and it results in a frame-

shift mutation of Rluc. Thus, Rluc is inactivated and fails to

produce bioluminescence signal. When splicing is in-

hibited by a compound such as isoginkgetin, Rluc is in

frame in the unspliced mRNA, and the translation of Rluc

initiates from the AUG start codon. The bioluminescence

signal could be detected with the addition of the substrate

coelenterazine.
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unspliced mRNA translates active luciferase protein. We proved that
the dynamics of splicing activity was measured in real-time and quan-
titatively with this splicing reporter. Our study may offer a promising
tool for in vivo visualizing of pre-mRNA splicing and the high-
throughput screening of splicing regulators, which would benefit
the treatment of human diseases induced by aberrant splicing of
pre-mRNA.

RESULTS
Design of the Rluc-SMN Reporter

To obtain a reporter appropriate for monitoring pre-mRNA
splicing, the Rluc-SMN construct was designed by fusing a
SMN2 minigene upstream of the open reading frame of the Rluc
gene. Meanwhile, all the in-frame stop codons in the intron were
removed, and one base was inserted at the 30 end of exon 6 of
SMN2 minigene (Figure 1). When the intron is spliced out from
pre-mRNA under the mediation of spliceosome, the triplet codons
are disrupted by the inserted base, which would result in frameshift
mutation in the Rluc. Thus, Rluc fails to express and produces little
bioluminescence signal. Conversely, when the splicing is inhibited
by the compounds such as isoginkgetin (ISO), the intron is retained
and in frame with Rluc. Thus, Rluc is translated from the start
codon and generates bioluminescence signal. Therefore, the Rluc
is in frame when the intron is reserved but is out of frame in the
spliced transcript. Luciferase is activated only from the unspliced
pre-mRNA version.

Characterization of the Rluc-SMN Reporter

We constructed three reporters for the detection of the splicing
pattern. The Rluc-SMN reporter consists of the human SMN2
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exon 6-intron6/7-exon 8 cassette upstream
of the Rluc gene. The conserved spliced se-
quences of pre-mRNA are GT at the 50

splice site and AG at the 30 splice site,
which are at both ends of intron. We also
created a mutational reporter (Rluc mutant),
which is the same with the Rluc-SMN
except for containing the mutated 50 and
30 splicing sites. An intronless Rluc gene
with no SMN2 minigene but that can ex-
press Rluc continuously was also constructed, which is desig-
nated as the Rluc-control reporter (Figure 2A).

To characterize the splicing reporters, the three reporters were trans-
fected into 293 cells. Then the luciferase expression was measured us-
ing a luciferase reporter assay. As shown in Figure 2B, the luciferase
intensity from Rluc-SMN was remarkably lower than that from
Rluc-control or Rluc mutant, suggesting that Rluc is out of frame
and inactivated in the Rluc-SMN reporter. To further verify the nat-
ural splicing activity of these reporters, RT-PCR was conducted to
examine the total RNA from the cells transfected with equal amounts
of Rluc reporters. The RT-PCR analysis confirmed that pre-mRNA
from Rluc-SMN were mostly spliced, whereas those from Rluc
mutant were not (Figure 2C). Therefore, the constructed splicing re-
porters could be further utilized to monitor RNA splicing patterns.

Measuring Splicing Activity upon Extrinsic Stimuli

To exclude the effect of the splicing reporters on cell viability,
different concentrations (0, 0.25, 0.5, 1, and 2 mg/mL) of Rluc-SMN
or Rluc mutant constructs were transfected into 293 cells, and the
cell viability was further examined by CCK-8 assay. With the concen-
tration increasing, Rluc-SMN had no effect on cell viability after 12 h
(Figure 3A) or 24 h transfection (Figure 3B). We observed a similar
phenomenon in Rluc-mutant-transfected cells (Figures 3C and 3D).
These results suggested that the splicing reporters had no influence
on cell viability.

To further validate the efficiency of the Rluc-SMN reporter for
sensing splicing change upon extrinsic stimulation, 293 cells were
transfected with the three reporters and then were treated with
Clinical Development Vol. 17 June 2020 905
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Figure 2. Characterization of the Splicing Reporters

(A) Schematic diagram of the Rluc-control, Rluc-SMN,

and Rluc mutant. GT and AG represent the 50 and 30

splice site, respectively. The red letters indicate the

mutated bases in Rluc mutant. (B) Rluc-control, Rluc-

SMN, and Rluc mutant plasmids were transfected into

cells, respectively. Mock indicates that the cells were only

added with transfection reagent. The luciferase assay

was performed for luciferase activity. (C) RT-PCR assay

was performed for the analysis of total RNA from the

above transfected cells in (B). Data are shown asmeans ±

SD. **p < 0.01.
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40 mM ISO or DMSO. ISO was proved to be a general inhibitor of pre-
mRNA splicing by blocking the recruitment of U4/U5/U6 snRNPs.20

As shown in Figure 4A, the luciferase intensity from Rluc-SMN group
increased obviously after ISO treatment, whereas the luciferase signals
from Rluc-control or Rluc mutant reporter had no obvious change.
To validate that the luciferase change was caused by splicing inhibi-
tion, RT-PCR assay was conducted to measure the total RNA from
cells treated with ISO or DMSO. Compared to DMSO treatment,
the exposure to ISO resulted in a significant increase in Rluc-SMN
906 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
pre-mRNA accumulation but not in the Rluc mutant group (Fig-
ure 4B). These results suggest that the Rluc-SMN reporter successfully
responded to extrinsic splicing compounds.

Quantitative and Real-Time Imaging of Splicing Activity with the

Rluc-SMN Reporter

To test whether Rluc-SMN responded to ISO stimulation in a concen-
tration dependent manner, Rluc-SMN was transfected into cells, and
then they were treated with an increased dose of ISO (10 mM, 20 mM,
Figure 3. The Effect of the SplicingReporters onCell

Viability

(A–D) Different concentrations (0, 0.25, 0.5, 1, 2 mg/mL) of

Rluc-SMN (A and B) or Rluc mutant (C and D) plasmids

were transfected into 293 cells. After 12 h or 24 h trans-

fection, the cell viability was determined by CCK-8 assay.

Error bars represent the standard deviations for three

independent experiments.
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Figure 4. Detecting Splicing Activity Responded to

Splicing Inhibitor

(A) The Rluc-control, Rluc-SMN, and Rluc mutant plas-

mids were transfected into 293 cells. 24 h later, the cells

were treated with ISO (40 mM) or DMSO for 24 h. Then the

luciferase activities were measured. (B) RT-PCR was

carried out to measure the reporter mRNAs from cells

treated as in (A). Data are shown as means ± SD. ***p <

0.001.
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40 mM). As shown in Figure 5A, the luciferase intensity was increased
according to the increased dose of ISO. Consistent with the luciferase
assay results, the RT-PCR analysis demonstrated that ISO treatment
led to an increased accumulation in unspliced pre-mRNA (Figure 5B).
In contrast, ISO had little influence on the luciferase activity (Fig-
ure 5C) or pre-mRNA expression (Figure 5D) in Rluc mutant-trans-
fected cells, as evidenced by luciferase assay or RT-PCR assay. To
further assess the feasibility of the reporter genes for in vitro biolumi-
nescence imaging, the Rluc-SMN or Rluc mutant-transfected cells
were treated with different doses of ISO. The bioluminescence signals
were observed to be increased with increased concentrations of ISO in
Figure 5. Measuring Splicing Activity after Different Doses of ISO Treatment

(A) The Rluc-SMN transfected cells were treated with DMSO or different doses of ISO (10

performed to analyze the total RNA isolated from the Rluc-SMN-transfected cells, whic

were treated as in (A). The luciferase activities were measured. (D) RT-PCR was perform

were treated as in (B). Error bars represent the standard deviations for three independe

Molecul
Rluc-SMN-transfected cells (Figures 6A and 6B), but not in the Rluc-
mutant-transfected group (Figures 6C and 6D).

To further examine the performance of Rluc-SMN in detecting
splicing patterns in real time, Rluc-SMN-transfected cells were
treated with 40 mM ISO at different time points (0, 2, 4, 6, 8, 10 h).
The luciferase activity was consistently increased with the increase
of exposure time to ISO (Figure 7A). To evaluate whether there exists
a maximum signal after treatment with splicing inhibitors, the Rluc-
SMN-transfected cells were stimulated with ISO for an extended
period of time (0, 20, 24, 42, 48, 72 h). Unexpectedly, the luciferase
, 20, 40 mM) for 24 h. Then the luciferase activities were measured. (B) RT-PCR was

h were treated with the different doses of ISO. (C) The Rluc mutant transfected cells

ed to analyze the total RNA isolated from the Rluc-mutant-transfected cells, which

nt experiments. ***p < 0.001.
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Figure 6. In Vitro Bioluminescence Imaging of

Splicing Activity

(A and C) The Rluc-SMN (A) and Rluc mutant (C) were

transfected into 293 cells. 24 h later, the cells were

treated with different concentrations of ISO (10, 20,

40 mM). Then an in vitro bioluminescence imaging assay

was performed. (B and D) The quantitative analysis of

bioluminescence intensities in the region of interest (ROI)

for (B) Rluc-SMN or (D) Rluc-mutant-transfected cells

were performed. Data are shown as means ± SD. *p <

0.05, **p < 0.01.
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signal reached a maximum at the 42-h time point and then gradually
decreased (Figure 7B). Taken together, these results indicated that the
Rluc-SMN reporter could successfully monitor the splicing activity in
a dose- and time-dependent manner.

In Vivo Imaging of Splicing with Rluc-SMN

To assess the efficacy of the Rluc-SMN reporter for in vivo imaging
of splicing activity, the Rluc-SMN-transfected SGC7901 cells were
implanted in the right flank of nude mice (n = 5). The image was
acquired at different time points (0, 4, 8, 12, 24 h) after intraper-
itoneal injection of 10 mg/kg ISO into mice. We observed that the
bioluminescence signal gradually increased and reached the
maximum at the 8-h time point (Figure 8A). Then the signal
decreased afterward. A quantitative analysis of the region of inter-
est (ROI) revealed that the luminescence intensity first increased,
followed by a decreasing trend after 8 h (Figure 8B). Therefore,
these data indicated that the Rluc-SMN reporter is capable of
908 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
monitoring pre-mRNA splicing patterns in vivo upon stimulation
with exogenous splicing regulators.

DISCUSSION
In the present study, we designed an activatable reporter system,
Rluc-SMN, for continuous and noninvasive imaging of pre-
mRNA splicing patterns in vivo. The principle of this reporter
gene is that the aberrant splicing by exogenous splicing inhibitors
would result in an easily detectable positive signal, such as the acti-
vation of luciferase readout in our case. We demonstrated the effi-
ciency of Rluc-SMN reporter, and it was able to provide in vivo
quantitative information of pre-mRNA splicing in real time and
in a dose-dependent manner. The reporter system worked through
transient transfection in our study. When this construct is inte-
grated into a stable cell line, the reporter system is well fit for
high-throughput screening of small molecules that modulate
splicing.
Figure 7. In Vitro Real-Time Monitor Splicing

Activity Induced by ISO

(A) Luciferase activity for Rluc-SMN-transfected cells

treated with 40 mM of ISO at different time points (0, 2, 4,

6, 8, 10 h). (B) Luciferase activity for Rluc-SMN-trans-

fected cells treated with 40 mM of ISO for prolonged time

points (0, 20, 24, 42, 48, 72 h).
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Figure 8. In Vivo Imaging of Splicing Stimulated by

ISO

(A) The nude mice were implanted with Rluc-SMN-

transfected SGC7901 cells and intraperitoneally injected

with 10 mg/kg ISO. The bioluminescence imaging was

performed before ISO treatment or at different time points

after treatment with ISO (0, 4, 8, 12, 24 h). (B) The

quantification of the bioluminescence signals from the

region of interest in mice at different time point. Data are

shown as means ± SD.
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The detection of the splicing process has attracted great interest because
it involves many important biological processes. pre-mRNA splicing is
a key mechanism of transcriptome modification, and its dysregulation
is the root cause of many human diseases.21 However, it remains a chal-
lenge to noninvasively monitor a splicing event in living subjects. The
open reading frame of a gene with a frameshift mutation can result in a
genomic abnormality, in which the triplet codon is disrupted by the in-
serted base or deleted base. This may affect pre-mRNA splicing, result-
ing in a protein frameshift mutation.22–24 Therefore, we constructed
the Rluc-SMN luciferase reporter in which a single base was inserted
at the 30 end of exon 6 of SMN2minigene. Since the intron is normally
spliced out from pre-mRNA, the luciferase is out of frame in the spliced
transcript and thus inactivated by a single-nucleotide insertion. Only
the intron retained transcript can generate a luminescence signal.
With this reporter, the splicing patterns under physiological conditions
or external stimuli were visualized noninvasively and repeatedly in
living cells and animals.

RNA splicing is traditionally measured by RT-PCR, northern blot, or
primer extension analysis.10 These biochemical methods could not
reflect the dynamic changes of pre-mRNA splicing during cellular
processes. Some reporter systems were described to monitor normal
or alternative splicing in cells via fluorescent or luciferase protein ac-
tivity readout. For instance, Nasim et al.25 developed a dual reporter
system consisting of a luciferase and a b-galactosidase gene for detect-
ing the ratio change in spliced and unspliced mRNA in mammalian
cells. A two-color fluorescent reporter was developed by Peter Stoilov
et al. to monitor the alternative splicing process and screen the com-
pounds that affect the splicing of microtubule-associated protein tau
(MAPT) exon 10.26 These reporter-based minigene systems, however,
can detect only normally spliced products but not aberrant splicing
products, which are usually generated by frameshift mutation or
cryptic splice-site activation. Comparing it with the aforementioned
reporter systems, our Rluc-SMN reporter was designed by placing a
SMN2 minigene upstream of the Rluc gene. Due to the insertion of
a single nucleotide into the exon, only the aberrant splicing transcript
Molecular Therapy: Methods &
can yield luminescence signal. By employing the
Rluc-SMN reporter, we observed that the Rluc
intensity was responsive to the treatment of
splicing inhibitors. The in vivo bioluminescence
signals were acquired repeatedly in one mouse
for as long as 24 h, providing the dynamic infor-
mation of the splicing process. With the splicing inhibitor-responsive
Rluc-SMN reporter, aberrant splicing associated with frameshift mu-
tation was quantitatively visualized by measuring the luciferase activ-
ity without protein blotting. We believe that such a signal-on reporter
can be also utilized to high-throughput screening of small compounds
that regulate pre-mRNA splicing.

CONCLUSIONS
In summary, we have established a cell-based reporter, Rluc-SMN, for
in vivo real-time monitoring of the aberrant pre-mRNA splicing pat-
terns upon extrinsic stimulation. In principle, this reporter can be
potentially applied in the noninvasive visualization of splicing-depen-
dent processes and the high-throughput screening of splicing modu-
lators in cells. This would be a critical advancement in the fields of
splicing-related drug development and gene therapy by regulation
of splicing with chemical compounds.

MATERIALS AND METHODS
Plasmid Construction

In order to generate the reporter gene Rluc-SMN, the exon 6-intron 6/
7-exon 8 of the human SMN2 minigene27 was inserted into the up-
stream of the Rluc of a psiCHECK-1 vector (Promega). All the stop
codons in the intron were removed, and a base was added at the 30

end of exon 6 using the site-directed mutagenesis technology. We
also designed a mutant construct (Rluc mutant) by introducing a mu-
tation at both the 50 and 30 splice sites of SMN2 minigene. The empty
vector psiCHECK-1, which has no SMN2 gene, was used as a control
reporter (Rluc-control).

Cells Culture and Transfection

Human gastric cancer cell line SGC7901 and human HEK293 cells
were cultured in DMEM medium (HyClone) supplemented with
penicillin/streptomycin antibiotics (100 U/mL penicillin, 100 g/mL
streptomycin, Gibco) and fetal bovine serum (FBS; 10% v/v, Gibco)
at 37�C in an incubator with 5% CO2. Cell transfection with the plas-
mids was performed using Lipofectamine 2000 (Invitrogen, Carlsbad,
Clinical Development Vol. 17 June 2020 909
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CA, USA) following the manufacturer’s instructions. 4–6 h after
transfection, the medium was changed, and the cells were incubated
for another 24 h before analysis.

Luciferase Assay

For drug intervention experiment, the transfected cells were treated
with different doses of ISO (Chembest, China). 24 h later, the cells
were collected and lysed, and then the luciferase activity was
measured using Glomax-20/20 Luminometer (Promega).

RT-PCR

The total RNAwas isolated using Trizol reagents (Invitrogen) accord-
ing to themanufacturer’s instructions. Then cDNA synthesis was per-
formed using a cDNA synthesis kit (Thermo Fisher) from 2 mg of total
RNA. The cDNA product was then used for PCR reaction. The
primer sequences are as follows: Rluc-SMN forward, 50-GAT TCT
CTT GAT GAT GCT GA-30; Rluc-SMN reverse, 50-TCT TTA GTG
GTG TCA TTT AGT-30. The primers are located at both ends of
the exon of the minigene, and the expected size of the PCR product
is 166 bp.

CCK-8 Assay

The cells were transfected with Rluc-SMN and Rluc mutant plasmids
in 96-well plates. After incubating at 37�C for 12 h or 24 h, the cells
were added with CCK-8 reagents (10 mL/well, Beyotime Biotech-
nology, China) and were incubated at 37�C for another 4 h. The
absorbance values at 450 nm were measured for each sample. All ex-
periments were performed in triplicate.

In Vitro Bioluminescence Imaging Assay

The Rluc-SMN or Rluc mutant plasmids were transfected into 293
cells. After transfection for 24 h, the cells were washed with PBS,
and coelenterazine substrate (Shanghai YEASEN, China) was added.
Then the bioluminescence signals from cells were acquired by a Xeno-
gen Lumina P system (Caliper Life Sciences). The bioluminescence
intensity in the ROI was quantified and shown as average values (p/
s/cm2/sr).

In Vivo Bioluminescence Imaging in Nude Mice

The animal experiments were conducted according to the Guidance
for the Care and Use of Laboratory Animals approved by Xidian Uni-
versity. SGC7901 cells were transfected with Rluc-SMN plasmids.
24 h later, the cells (1 � 108) were counted and resuspended in PBS
(100 mL). Then the cells were subcutaneously implanted into the right
flank of nude mice (6 weeks, n = 5, SPF Biotechnology, Beijing,
China). ISO (10 mg/kg) was injected intraperitoneally (i.p.) into the
mouse model. In vivo imaging system Lumina II (Xenogen) was em-
ployed to capture the bioluminescence signals. At 0, 4, 8, 12, and 24 h
after ISO treatment, 2% isoflurane was used to anaesthetize the mice,
and coelenterazine (0.1 mg) was i.p. injected into mice to get the
bioluminescence images. By using the living imaging software 4.1
(Xenogen), the luminescence intensity in the ROI was analyzed,
and the luminescence intensity values were shown as p/s/cm2/sr.
910 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
Statistical Analysis

All data are shown as means ± SD from triple biological replicates.
The Student’s t test was used to assess p values. p values under 0.05
were considered statistically significant.

AUTHOR CONTRIBUTIONS
J.X. performed most of the experiments. H.Z. analyzed the data. S.C.,
X.S., and W.M. helped to perform the experiments. J.X. and H.Z.
wrote the manuscript draft. F.W. conceived and designed the exper-
iments, analyzed the data, and finalized the manuscript.

CONFLICTS OF INTEREST
The authors declare no competing interests.

ACKNOWLEDGMENTS
This work was supported by the National Natural Science Foundation
of China (no. 81772010) and the National Key Research and Devel-
opment Program of China (973 Program) (grant no.
2017YFA0205202).

REFERENCES
1. McGuire, A.M., Pearson, M.D., Neafsey, D.E., and Galagan, J.E. (2008). Cross-

kingdom patterns of alternative splicing and splice recognition. Genome Biol. 9, R50.

2. Cooper, T.A., Wan, L., and Dreyfuss, G. (2009). RNA and disease. Cell 136, 777–793.

3. Rino, J., and Carmo-Fonseca, M. (2009). The spliceosome: a self-organized macro-
molecular machine in the nucleus? Trends Cell Biol. 19, 375–384.

4. Wahl, M.C., Will, C.L., and Lührmann, R. (2009). The spliceosome: design principles
of a dynamic RNP machine. Cell 136, 701–718.

5. Wilkinson, M.E., Fica, S.M., Galej, W.P., Norman, C.M., Newman, A.J., and Nagai, K.
(2017). Postcatalytic spliceosome structure reveals mechanism of 30-splice site selec-
tion. Science 358, 1283–1288.

6. Sperling, J., Azubel, M., and Sperling, R. (2008). Structure and function of the Pre-
mRNA splicing machine. Structure 16, 1605–1615.

7. Ward, A.J., and Cooper, T.A. (2010). The pathobiology of splicing. J. Pathol. 220,
152–163.

8. Royal, P., Andres-Bilbe, A., Ávalos Prado, P., Verkest, C., Wdziekonski, B., Schaub, S.,
Baron, A., Lesage, F., Gasull, X., Levitz, J., and Sandoz, G. (2019). Migraine-
Associated TRESK Mutations Increase Neuronal Excitability through Alternative
Translation Initiation and Inhibition of TREK. Neuron 101, 232–245.e6.

9. Gudikote, J.P., Imam, J.S., Garcia, R.F., and Wilkinson, M.F. (2005). RNA splicing
promotes translation and RNA surveillance. Nat. Struct. Mol. Biol. 12, 801–809.

10. Wai, H., Douglas, A.G.L., and Baralle, D. (2019). RNA splicing analysis in genomic
medicine. Int. J. Biochem. Cell Biol. 108, 61–71.

11. Liu, M., Wang, R.F., Zhang, C.L., Yan, P., Yu, M.M., Di, L.J., Liu, H.J., and Guo, F.Q.
(2007). Noninvasive imaging of human telomerase reverse transcriptase (hTERT)
messenger RNA with 99mTc-radiolabeled antisense probes in malignant tumors.
J. Nucl. Med. 48, 2028–2036.

12. Qin, G., Zhang, Y., Cao, W., An, R., Gao, Z., Li, G., Xu, W., Zhang, K., and Li, S.
(2005). Molecular imaging of atherosclerotic plaques with technetium-99m-labelled
antisense oligonucleotides. Eur. J. Nucl. Med. Mol. Imaging 32, 6–14.

13. Gauchez, A.S., DuMoulinet D’Hardemare, A., Lunardi, J., Vuillez, J.P., and Fagret, D.
(1999). Potential use of radiolabeled antisense oligonucleotides in oncology.
Anticancer Res. 19 (6B), 4989–4997.

14. Ponomarev, V. (2008). Imaging regulation of endogenous gene expression using spli-
ceosome-mediated trans-splicing. J. Nucl. Med. 49, 1035–1037.

15. Hong, S.H., Jeong, J.S., Lee, Y.J., Jung, H.I., Kim, K.T., Kim, Y.H., Lee, Y.S., Lee, S.W.,
Bae, C.D., Park, J., and Kim, I.H. (2007). Molecular imaging of endogenous mRNA
020

http://refhub.elsevier.com/S2329-0501(20)30067-X/sref1
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref1
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref2
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref3
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref3
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref4
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref4
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref5
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref5
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref5
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref5
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref6
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref6
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref7
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref7
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref8
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref8
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref8
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref8
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref9
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref9
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref10
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref10
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref11
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref11
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref11
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref11
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref12
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref12
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref12
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref13
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref13
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref13
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref14
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref14
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref15
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref15


www.moleculartherapy.org
expression in a mouse tumor model by adenovirus harboring trans-splicing ribo-
zyme. FEBS Lett. 581, 5396–5400.

16. Younis, I., Berg, M., Kaida, D., Dittmar, K., Wang, C., and Dreyfuss, G. (2010). Rapid-
response splicing reporter screens identify differential regulators of constitutive and
alternative splicing. Mol. Cell. Biol. 30, 1718–1728.

17. Oshima, K., Nagase, T., Imai, K., Nonoyama, S., Obara, M., Mizukami, T., Nunoi, H.,
Kanegane, H., Kuribayashi, F., Amemiya, S., and Ohara, O. (2012). A Dual Reporter
Splicing Assay Using HaloTag-containing Proteins. Curr. Chem. Genomics 6, 27–37.

18. Arslan, A.D., He, X., Wang, M., Rumschlag-Booms, E., Rong, L., and Beck, W.T.
(2013). A high-throughput assay to identify small-molecule modulators of alternative
pre-mRNA splicing. J. Biomol. Screen. 18, 180–190.

19. Shi, Y., Liu, W., Zheng, H., Li, Z., Shi, X., Cai, S., Jiao, Z., Mao, W., Xie, J., Tian, J., and
Wang, F. (2018). Imaging of pre-mRNA splicing in living subjects using a genetically
encoded luciferase reporter. Biomed. Opt. Express 9, 518–528.

20. O’Brien, K., Matlin, A.J., Lowell, A.M., and Moore, M.J. (2008). The biflavonoid iso-
ginkgetin is a general inhibitor of Pre-mRNA splicing. J. Biol. Chem. 283, 33147–
33154.
Molecul
21. Kerr, T.A., and Davidson, N.O. (2010). Therapeutic RNA manipulation in liver dis-
ease. Hepatology 51, 1055–1061.

22. Ibba, M., and Söll, D. (1999). Quality control mechanisms during translation. Science
286, 1893–1897.

23. Kosiol, C., Holmes, I., and Goldman, N. (2007). An empirical codon model for pro-
tein sequence evolution. Mol. Biol. Evol. 24, 1464–1479.

24. Wernegreen, J.J., Kauppinen, S.N., and Degnan, P.H. (2010). Slip into something
more functional: selection maintains ancient frameshifts in homopolymeric se-
quences. Mol. Biol. Evol. 27, 833–839.

25. Nasim, M.T., Chowdhury, H.M., and Eperon, I.C. (2002). A double reporter assay for
detecting changes in the ratio of spliced and unspliced mRNA in mammalian cells.
Nucleic Acids Res. 30, e109.

26. Stoilov, P., Lin, C.H., Damoiseaux, R., Nikolic, J., and Black, D.L. (2008). A high-
throughput screening strategy identifies cardiotonic steroids as alternative splicing
modulators. Proc. Natl. Acad. Sci. USA 105, 11218–11223.

27. Liu, W., Zhou, Y., Hu, Z., Sun, T., Denise, A., Fu, X.D., and Zhang, Y. (2010).
Regulation of splicing enhancer activities by RNA secondary structures. FEBS Lett.
584, 4401–4407.
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 911

http://refhub.elsevier.com/S2329-0501(20)30067-X/sref15
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref15
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref16
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref16
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref16
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref17
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref17
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref17
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref18
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref18
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref18
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref19
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref19
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref19
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref20
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref20
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref20
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref21
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref21
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref22
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref22
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref23
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref23
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref24
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref24
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref24
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref25
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref25
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref25
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref26
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref26
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref26
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref27
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref27
http://refhub.elsevier.com/S2329-0501(20)30067-X/sref27
http://www.moleculartherapy.org

	Rational Design of an Activatable Reporter for Quantitative Imaging of RNA Aberrant Splicing In Vivo
	Introduction
	Results
	Design of the Rluc-SMN Reporter
	Characterization of the Rluc-SMN Reporter
	Measuring Splicing Activity upon Extrinsic Stimuli
	Quantitative and Real-Time Imaging of Splicing Activity with the Rluc-SMN Reporter
	In Vivo Imaging of Splicing with Rluc-SMN

	Discussion
	Conclusions
	Materials and Methods
	Plasmid Construction
	Cells Culture and Transfection
	Luciferase Assay
	RT-PCR
	CCK-8 Assay
	In Vitro Bioluminescence Imaging Assay
	In Vivo Bioluminescence Imaging in Nude Mice
	Statistical Analysis

	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References


