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ABSTRACT

Synthetic riboswitches gain increasing interest for
controlling transgene expression in diverse appli-
cations ranging from synthetic biology, functional
genomics, and pharmaceutical target validation to
potential therapeutic approaches. However, existing
systems often lack the pharmaceutically suited lig-
ands and dynamic responses needed for advanced
applications. Here we present a series of synthetic ri-
boswitches for controlling gene expression through
the regulation of alternative splicing. Placing the 5'-
splice site into a stem structure of a tetracycline-
sensing aptamer allows us to regulate the accessi-
bility of the splice site. In the presence of tetracy-
cline, an exon with a premature termination codon
is skipped and gene expression can occur, whereas
in its absence the exon is included into the cod-
ing sequence, repressing functional protein expres-
sion. We were able to identify RNA switches con-
trolling protein expression in human cells with high
dynamic ranges and different levels of protein ex-
pression. We present minimalistic versions of this
system that circumvent the need to insert an addi-
tional exon. Further, we demonstrate the robustness
of our approach by transferring the devices into the
important research model organism Caenorhabditis
elegans, where high levels of functional protein with
very low background expression could be achieved.

INTRODUCTION

Synthetic devices that allow for conditional control of gene
expression are indispensable for studying different aspects
in cellular or organismal contexts. These synthetic switches
are increasingly interesting for controlling gene expression

in therapeutic applications, and even though a broad range
of inducible systems is already available for work with
prokaryotes, additional options for controlling gene expres-
sion in eukaryotic cells and organisms are in great demand.
One popular choice used in various eukaryotic cell lines and
organisms is the tetracycline-responsive Tet-ON/Tet-OFF
system (1). The system is based on a transcription factor
that originally controls expression of a tetracycline resis-
tance operon in bacteria (1,2). Another example is the Q-
repressible system, which is also based on transcriptional
activators and repressors and has been introduced for gene
regulation in multi-cellular organisms like Caenorhabditis
elegans (3). However, such activator/repressor systems in
eukaryotes rely on the expression of foreign transcription
factors and leave a large genetic footprint within the engi-
neered cell line or used model organism. A more elegant way
to conditionally control gene expression has emerged with
the development of artificial riboswitches. Found mostly in
the 5-UTR of bacterial mRNAs, riboswitches represent ge-
netic control elements consisting solely of RNA. The high
affinity and specific interaction of the RNA with its respec-
tive ligand leads to a change in gene expression on a tran-
scriptional or translational level (4).

Like their natural counterparts, synthetic riboswitches
are composed of two crucial domains: an aptamer domain
that is responsible for binding the small effector molecule
and an expression platform that provides the mechanism for
modulating downstream gene expression. One bottleneck in
creating artificial riboswitches, however, is the limited set of
aptamers available to act as sensory domains. Although ap-
tamers can be created in vitro against potentially any small-
molecule ligand of choice via SELEX, not every aptamer
that exhibits high affinity for its ligand undergoes sufficient
conformational changes to be functional in vivo (5). On the
other hand, if a well-suited aptamer is identified, it can often
be used in many different setups in a very modular fashion.
Suitable expression platforms range from roadblock mech-
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anisms that interfere with ribosomal scanning and occlu-
sion of miRNA target sites to the use of small self-cleaving
ribozymes, which, when inserted into the untranslated re-
gions of an mRNA, impact its stability (6-10). Optimized
connection sequences between the two functional RNA do-
mains need to be identified to couple the ligand-binding
event in the aptamer domain with changes in the expression
platform. Such communication modules can be optimized
by rational design or via screening in vitro and in vivo, as well
as through evolution experiments (11). The relatively few
nucleotides constituting the communication module have
often been shown to greatly impact the gene expression
level and dynamic range of the designed switches. Assem-
bled from these building blocks, synthetic riboswitches can
be used as control devices in diverse cellular contexts. Al-
though several different expression platforms have been de-
scribed so far, such systems still often lack robustness, high
switching performance, or inter-organismal transferability.
In this study, we make use of the widespread mechanism of
alternative splicing in eukaryotes in order to engineer effi-
cient RNA switches. Alternative splicing greatly contributes
to the diversity of the human proteome: >90% of all hu-
man genes are alternatively spliced (12). Controlling alter-
native splicing allows for the creation of different protein
isoforms and thus yields the possibility of generating newly
engineered proteins by inserting or skipping exons.

Aptamer-based splicing control has already been de-
scribed by Siil and coworkers using the tetracycline ap-
tamer. In one case, they obtained efficient inhibition of pre-
mRNA splicing in yeast by inserting the aptamer close to
the 5-splice site (SS) with the consensus sequence of the SS
located within the aptamer stem (13). A more rigid struc-
ture of the aptamer stem, upon ligand binding, led to an
inaccessible SS and thus an altered mRNA. A very similar
setup was later used in a design where the 3’-SS of the first
intron was included in the stem of a tetracycline-binding ap-
tamer (14). With this design it was possible to control exon
skipping in mammalian cells in four different genetic con-
texts, demonstrating the robustness of this expression plat-
form for synthetic riboswitches. However, although the con-
cept in this study is very promising, an improvement of the
dynamic range of these switches would be beneficial for a
more widespread use of such systems in different applica-
tions.

As a starting point for developing novel efficient and ro-
bust RNA switches based on exon skipping, we adapted a
design that has been introduced in a patent (15). A synthetic
construct consisting of an intron-alternative exon-intron
cassette was inserted into the coding frame of the firefly lu-
ciferase (hluc+) (Figure 1A). The alternative exon contains
a premature termination codon (PTC) leading to a mu-
tated mRNA version that becomes susceptible to nonsense-
mediated decay (NMD). In the event, that it escaped the
NMD pathway, the mRNA version would further resultin a
shortened nonfunctional protein (16,17). In order to control
the incorporation of this exon via an external stimulus, the
5'-SS of the second intron was sequestered within the clos-
ing stem of an aptamer. Presence of the respective ligand de-
termines the accessibility of the 5’-SS and thereby controls
splicing of the mRNA. In the absence of the small molecule
effector, the 5'-SS is accessible, and the insertion of the alter-
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native exon leads to an altered mRNA containing the PTC.
However, the effector ligands theophylline and guanine are
not considered well-suited with regard to applications of
such RNA switches in eukaryotic model organisms or for
future therapeutic approaches in patients. Concerning tox-
icity and bioavailability, a more favorable aptamer-ligand
pair represents the in vitro selected aptamer-binding tetracy-
cline (18). Tetracycline shows very good bioavailability and
is a marketed therapeutic with a toxicity profile that is also
acceptable for certain therapeutic approaches (19,20). This
allows for applications in various eukaryotic models like
yeast, human cell culture, and C. elegans (1,13,21). The cor-
responding tetracycline-binding aptamer derived from SE-
LEX experiments by Berens et al. is well characterized and
shows high affinity and specificity for its ligand (18,22,23).
Furthermore, it has been proven to be a suitable sensor do-
main for the development of artificial riboswitches in com-
bination with different expression platforms (8,14,24,25).
Here, we present novel tetracycline-dependent RNA
switches based on exon skipping. We exploited the
tetracycline-binding aptamer to interfere with the accessi-
bility of the 5'-SS. We investigated the influence of the loca-
tion and the thermodynamic stability of the stem structure
containing the splice site on the functionality of the RNA
switches. The best-performing constructs resulting from this
optimization show tight control of gene expression in HeLa
cells. The developed RNA switches were then transferred
to the multicellular model organism C. elegans, which un-
til recently lacked efficient and convenient systems for the
conditional control of gene expression (21). In our study,
the designed switches even demonstrated superior perfor-
mance and could be used to generate a new robust Hunt-
ington’s disease model with a tetracycline inducible forma-
tion of insoluble polyQ protein aggregates. With very lit-
tle to no background expression, this system greatly adds
to the toolbox of genetic devices for the induction of gene
expression in this widely used model organism. Taken to-
gether, we present artificial riboswitches that are triggered
by a pharmaceutically suited small molecule that allows for
potent control of transgene expression in human cell cul-
ture and C. elegans. Importantly, it functions without the
need for additional regulatory proteins, permits the use of
natural promotors, and requires very little coding space.

MATERIALS AND METHODS

Plasmid construction

Luciferase  constructs. The psiCHECK™-2  vector
(Promega) was used for luciferase reporter assays in
HeLa cells. The vector carries a firefly luciferase hluc+
gene, and the Renilla luciferase hRIuc gene serves as an
internal control. The synthetic intron-alternative exon—
intron construct designed by Boyne ef al. was chemically
synthesized (GeneArt) and inserted into the Aluc+ gene
using Apal and Xbal restriction sites (15). Vector and
insert were ligated using the Quick Ligation™ Kit (NEB)
according to the manufacturer’s protocol, resulting in the
plasmid psiCHECK-splice (the sequence is shown in Sup-
plementary Figure S1). Tetracycline aptamers were cloned
downstream of the alternative exon via overhang extension
PCR, resulting in the constructs Tetl_in-Tet9_ex, and
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Figure 1. Schematic representation of the gene regulatory cassette and utilized aptamer sequence. (A) An alternative exon (alt ex) with an adjacent aptamer
and flanking intron sequences is inserted into a split coding region of the gene of interest (boxed exons). The alternative exon carries a stop codon (red
hexagon). In the absence of tetracycline, constitutive splicing incorporates the alternative exon into the mRNA.. In the presence of tetracycline, exon skipping
is triggered, leading to the exclusion of the alternative exon and expression of the functional full-length protein. (B) Sequence of the tetracycline-binding
aptamer. Varying sequences of stem P1 are indicated by dotted lines. An A to U point mutation (circled) renders the aptamer binding deficient.

the following removal of the alternative exon was cloned
via primer extension PCR, resulting in the constructs
Tet10_el-Tet13_el (primer and construct sequences can be
found in Supplementary Figure S2.)

mCherry  constructs. The pCFJ910 plasmid with
aNacp::mCherry::aNacUTR was kindly provided by
the Deuerling lab (University of Konstanz) and was
used for mCherry reporter assays. The alternative exon
sequence with or without the subsequent tetracycline-
binding aptamer as used in cell culture experiments
was inserted 3’ of the first encoded intron using Gibson
Assembly® with the primers 5'gtaactaaaggcggaccattac and
S'ctgaaaatttaaataatcagggttagttag for amplification of the
vector and 5'ctgattatttaaattttcag and 5 aatggtccgectttagttac
for amplification of the respective insert. Ligation of
the PCR fragments was carried out using the Gibson
Assembly® Master Mix (NEB) following the manufac-
turer’s instructions. In a second cloning step an additional
intron (5Int in length) was inserted 3’ of the alternative
exon-aptamer sequence using overhang extension PCR.
(The sequence of the engineered mCherry can be found in
Supplementary Figure S3.)

polyQ constructs. The inducible polyQ-Htt plasmids
were constructed by exchanging mCherry with the
Huntingtin exon 1 encoding sequences from plasmids
pl03QHtt.EGFP-N1 and p25QHtt.EGFP-N1 (kindly
provided by the Deuerling Lab, University of Konstanz)
using the Gibson Assembly® Master Mix (NEB) with
the primers 5'tggacgaactatacaaatagcttgtttcctgatgaccttg
and 5agcttttccagggtcgecattgtttaatgtggtaaceec for amplifi-
cation of the vector and the primers 5'atggcgaccctggaaaag
and Yctatttgtatagttcgtccatge for amplification of the
inserts. The corresponding intron-alternative exon-
intron cassette was subsequently cloned 27 nt down-
stream of the start codon of 103QHtt and 25QHtt,
respectively, using the Gibson Assembly@®) Master Mix
(NEB) with the primers 5'gccttcgagtecctcaaaag and
S'cttcatcagcttttccaggg for amplification of the vector and
S'cectggaaaagetgatgaaggtaagtttaaacatatatatactaactaace
and S'cttttgagggactcgaaggcectgaaaatttaaatatgtatggttagttag
for amplification of the inserts.

Cell culture

Cell culture and cultivation. HeLa cells were cultivated in a
medium consisting of Dulbecco’s modified Eagle’s medium
(Gibco DMEM, Fisher Scientific) supplemented with 10%
(v/v) fetal calf serum and 1 % (v/v) penicillin/streptomycin
(Fisher Scientific) at 37°C and 5% CO; in a humidified at-
mosphere. The cells were passaged every 2-3 days, and no
cells older than passage 40 were used.

Transient transfection. The day prior to transfection, the
cells were seeded into 96-well plates at 15 000 cells/well. The
cells were transfected using Lipofectamine®3000 (Fisher
Scientific) according to the manufacturer’s instructions with
100 ng of respective plasmid DNA per well. After 4-6 h, the
medium was exchanged with fresh medium with or without
50 wM tetracycline (Merck).

Dual luciferase reporter assay. After incubation of tran-
siently transfected cells for 24 h with or without tetracy-
cline, a dual luciferase assay was performed using the Dual-
Luciferase® Reporter Assay System (Promega) according
to the manufacturer’s instructions. For luminescence mea-
surement, a Spark® multimode microplate reader (Tecan)
was used with a settle time of 0 ms and an integration time
of 2000 ms. The ratio between the measured firefly and Re-
nilla luminescence values was calculated for each well. Each
experiment was performed in triplicate, and average val-
ues were set in correlation to the psiCHECK™-2 vector as
100%, which was measured on each plate. Propagation of
errors was included in the given standard deviation.

RT-PCR analysis.  On the day prior to transfection, cells
were seeded into 12-well plates at 150 000 cells/well. The
cells were transfected using Lipofectamine®3000 (Fisher
Scienctific) according to the manufacturer’s instructions,
with 100 ng of respective plasmid DNA per well. After 4
6 h, the medium was exchanged with fresh medium with
or without 50 wM tetracycline (Merck). After incubating
transiently transfected cells for 24 h with or without tetra-
cycline, total RNA was isolated using the RNA isolation
Quick-RNA™ Miniprep Kit (Zymo Research) according to
the manufacturer’s instruction. An additional DNasel di-
gest (Thermo Scientific™) with subsequent RNA purifica-
tion (RNA Clean & Concentrator-100, Zymo Research)
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was performed, and 500 ng of RNA was used for reverse
transcription with random hexamers using the High Capac-
ity cDNA Reverse Transcription Kit (applied Biosystems)
following the accompanying protocol (10 min at 25°C, 120
min at 37°C, Smin at 85°C). 1 ul of cDNA was used for sub-
sequent PCR using Phusion HSII polymerase (New Eng-
land Biolabs, initial denaturation 30 s at 98°C, 10 s at 98°C,
30 s 59°C, 20 s at 72°C, 30 cycles, final elongation 7 min at
72°C), and the product was analyzed on a 2% (w/v) agarose
gel (primers are given in Supplementary Figure S2.)

qPCR analysis. qPCR analysis was performed using the
GoTaq® gPCR Master Mix and the CFX Connect Real-
Time PCR Detection System with 1 pl of cDNA as tem-
plate (prepared as described for RT-PCR). Primers for fire-
fly (hluc+) and Renilla (hRluc) luciferase were originally de-
signed and validated by Beilstein ez al (10). (Primer se-
quences are given in Supplementary Figure S2.) For gPCR
reactions, a 10 wl reaction volume was employed with final
concentrations of 1 x GoTaq® qPCR Master Mix, 250 nM
primers and 1 pl cDNA. PCR conditions were initial de-
naturation at 95°C for 2 min followed by 40 cycles of 95°C
for 15 s and 60°C for 60 s. To ensure qPCR specificity, a
melt curve analysis followed showing single melting peaks,
and gPCR amplicons were visualized as single bands of ex-
pected height on a 2% (w/v) agarose gel. Cq values were
derived from analysis with Bio-Rad CFX Maestro 1.1 soft-
ware. A no-template control was added to each plate, and
each sample was measured in technical duplicates. Samples
were further analyzed via the delta-Cq method with AR/uc
as a reference gene. Mean mRNA abundance was calculated
from three independent experiments.

C. elegans culture

Cultivation and microinjection. In all experiments, C. ele-
gans Bristol strain N2 was used for transformations. Worms
were cultured on NGM agar plates according to standard
techniques with Escherichia coli OP50 as the food source
(26). Transgenic strains were generated using standard mi-
croinjection procedures (27). For each construct, at least
two independent transgenic lines carrying extrachromoso-
mal arrays were obtained and showed comparable results.
In all transformations, the injection mixture comprised 2.5
ng/pl of the plasmid of interest, 10 ng/pl pPD152.79 (dpy-
30p::GFP; gift from Andrew Fire, Addgene plasmid #1704)
as co-injection marker and 90 ng/pl of GeneRuler 1 kb
DNA Ladder (Fisher Scientific). All plasmids and the 1
kb DNA ladder were purified using the QIAprep Spin®
Miniprep Kit (Qiagen). Stable transgenic lines were gener-
ated by X-ray mediated integration of extrachromosomal
arrays (40 gy; X-RAD 225iX).

Tetracycline treatment. Tetracycline was dissolved in
100% ethanol (40 mM stock solution) and added to NGM
plates in a final concentration of 10 wM before pour-
ing. Semi-synchronized worms carrying the tetracycline-
dependent reporters were grown on agar plates with or with-
out 10 wM tetracycline for 3 days from hatch until adult-
hood at 20°C prior to assessment of mCherry and/or GFP
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expression using fluorescence microscopy and immunoblot-
ting.

Fluorescence microscopy. For each strain, five transgenic
worms were placed in a drop of 25 mM levamisole hy-
drochloride in M9-buffer on an empty NGM plate. Images
were recorded using a Leica DM 5500B microscope using a
506505 10x objective and a DFC 365 FX CCD-Microscope
Camera. The exposure time for the mCherry channel was
adjusted to the control for animals that constitutively ex-
press mCherry and was then used for all constructs. Images
were processed in Fiji (ImageJ) using cropping, brightness,
and contrast tools (28). Contrast settings were adjusted for
control animals that constitutively express mCherry and
were then propagated to all other images.

Western blotting. For the detection of mCherry by west-
ern blotting, worms were grown on NGM agar plates with
or without 10 wM tetracycline for 3 days from hatch un-
til adulthood at 20°C. Worms were picked and placed in
SDS-lysis buffer [62.5 mM Tris (pH 6.8), ] mM EDTA
(pH 8.0), 2 % (w/v) SDS, 10 % (w/v) sucrose] containing
1x protease inhibitor cocktail (Roche) and lysed by soni-
cation. Samples were centrifuged and the supernatant was
mixed with 5x SDS loading dye. Samples were applied to a
10 % SDS-bis—Tris gel (1.5 h, 100 V) in 1 x MOPS running
buffer and electroblotted onto a nitrocellulose membrane.
The primary antibodies used in this study are anti-mCherry
monoclonal mouse (Novus Biological, NBP1-96752) and
anti-actin monoclonal mouse (Santa Cruz, sc-47778). Anti-
mouse-IgG monoclonal (Dianova GmbH) coupled to HRP
was used as secondary antibody.

RESULTS
Tetracycline-controlled alternative splicing in HeLa cells

Based on the described engineered hluc+ gene cassette (15),
tetracycline-responsive regulatory devices were generated to
control exon skipping in HeLa cells. The coding frame of
the hluc+ gene is split into two exons by insertion of an
artificial intron-alternative exon-intron cassette (Figure 1).
Each intron flanking the alternative exon has a 5'- and a 3'-
SS. The used alternative exon harbors a PTC. Depending
on the usage of the present SS, either the artificial exon is
included into the coding region, yielding a transcript sus-
ceptible to NMD, or the alternative exon is skipped and
the functional protein can be translated. This exon skipping
process can be controlled by inserting the 5'-SS sequence of
the second intron into the closing stem P1 of the tetracycline
aptamer, thereby interfering with the accessibility of the SS
and the subsequent spliceosome assembly process (29,30).
In the ligand-unbound state, the aptamer is in a loose, open
conformation and the 5'-SS is accessible (13,14). Binding of
tetracycline then results in a more rigid conformation of the
aptamer stem P1 and leads to masking of the 5'-SS. This
prevents the alternative exon from being spliced into the
coding sequence of the hluc+ gene. As a consequence, the
functional protein can be expressed.

We inserted the tetracycline aptamer with the 5'-SS lo-
cated upstream of the ligand-binding pocket (5-SSup),
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Figure 2. Tetracycline-induced exon skipping. (A) Schematic representa-
tion of tetracycline-induced exon skipping. The 5'-SS is placed into the
closing stem of the tetracycline aptamer upstream of the ligand-binding
pocket. In the absence of tetracycline, the alternative exon is included into
the coding region of the gene of interest. The aptamer sequence remains
part of the intron. In the presence of tetracycline (Tet, purple oval), the
5'-SS is masked, the alternative exon is skipped, and the functional protein
is translated. (B) Luciferase activity measurement of splicing constructs.
The ratios between the firefly and Renilla luciferase are shown relative to
the respective control without (light-grey) or with (dark-gray) 50 uM tetra-
cycline, which were set to 100%. Numbers above the bars indicate the dy-
namic range of regulation for each construct. Error bars represent the stan-
dard deviation of the mean values (n = 3). Corresponding sequences of the
closing stem P1 are depicted underneath the graph. (C) Dose-dependent lu-
ciferase activity of the construct Tetl_in. SS, splice site; alt ex, alternative
exon.

leaving the aptamer sequence as part of the intron (Fig-
ure 2). If the exon is skipped, the aptamer sequence is re-
moved with the second intron, and only the alternative exon
is spliced into the coding region. HeL a cells were transiently
transfected with these constructs and incubated with or
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without 50 wM tetracycline for 24 h. Activity of the firefly
luciferase (hluc+) was measured and normalized to the ex-
pression of the Renilla luciferase (7 Rluc), which is encoded
on the same plasmid and serves as internal control. Relative
luciferase expression was then calculated in relation to the
parental, unmodified dual-luciferase vector (psi). This sys-
tem allows for quantification of the dynamic range of the
introduced switches on a protein level. First, a splicing con-
trol was measured that carries the engineered /1/uc+ intron-
alternative exon-intron cassette without any interfering ap-
tamer (Figure 2B). This ‘splice’ control shows no expres-
sion of intact firefly luciferase in the absence or presence of
tetracycline and proves that very tight regulation with no
background expression is possible upon inclusion of the al-
ternative exon. The constructs Tetl_in and Tet2_in (as part
of the intron) differ in their overall stem lengths and stabil-
ity, with an additional GC base pair in the stem of Tet2_in
(Figure 2B). Both constructs show exon skipping activity
and an increase in luciferase activity in the presence of tetra-
cycline. Tet1 _in shows very low background expression, and
luciferase activity can be induced up to 7.3-fold in a dose-
dependent manner (Figure 2B and C). Tet2_in, on the other
hand, shows strong background expression in the absence
of tetracycline, suggesting that the more rigid closing stem
of the aptamer disturbs recognition of the 5'-SS even in the
non-ligand-bound aptamer conformation. To test whether
the change in gene expression is in fact a consequence of
tetracycline binding to its aptamer, a binding-deficient vari-
ant of Tetl_in (Tetl_inA9U) was tested in parallel, and no
change in luciferase activity could be detected in the pres-
ence of tetracycline (Supplementary Figure S3).

Given that the intron sequences that were used have a
GC content of only ~35% and are therefore comparably
unstructured, we hypothesized that highly structured RNA
motives like the tetracycline aptamer might in general inter-
fere with the splicing process due to steric hindrance (31).
As we aimed for gene switches with a very tight off-state,
we changed the system to enhance the level of alternative
splicing events. We therefore placed the 5'-SS into the clos-
ing stem downstream of the aptamer-binding pocket (5'-
SSdw), leaving the aptamer sequence as part of the exon
instead of the intron (Figure 3). To maintain the stabil-
ity of the aptamer stem, we first kept the connection se-
quences between the 5'-SS and the aptamer of Tetl_in and
Tet2_in and placed the 5'-SS downstream of the communi-
cation modules to create the constructs Tet3_ex and Tet4_ex
(as part of the exon). Tet3_ex shows an even lower back-
ground expression than Tetl_in and an increased dynamic
range of the switch to 14.3-fold induction (Figure 3B and
C). The Tet4_ex construct, however, lost its switching abil-
ity completely and the 5'-SS seems not to be addressed in
either condition. We analyzed the generated sequences us-
ing the Human Splicing Finder 3.1 (32,33). Sequence anal-
ysis revealed the formation of an exonic splicing silencer
(ESS: AGGClIntron) that diminishes inclusion of the al-
ternative exon (34,35). Further constructs (Tet5_ex-Tet9_ex)
were then designed with an AGIGUAAUGU ExonlIntron
intersection to avoid generating potent ESS elements (Fig-
ure 3B). The constructs Tet5_ex-Tet9_ex differ in terms
of stem stability and the position of the 5'-SS within the
closing stem. An overview of the stem characteristics is
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were set to 100%. Numbers above the bars indicate the dynamic range of regulation for each construct. Error bars represent the standard deviation of the
mean values (n = 3). Corresponding sequences of the closing stem P1 are depicted underneath the graph. (C) Dose-dependent luciferase activity of the
constructs Tet3_ex and Tet9_ex. SS, splice site; alt ex, alternative exon.
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given in Supplementary Figure S4. All constructs show very
low background expression and exhibit robust tetracycline-
dependent exon skipping. The strongest increase in reporter
gene expression was achieved with construct Tet9_ex (16.1-
fold). Dose-dependence tests indicate that even higher pro-
tein levels can be reached with increased tetracycline con-
centrations (100 wM) (Figure 3C). The data show that exon
skipping can be achieved with the aptamer structure as part
of the alternative exon sequence. This indicates a high flex-
ibility concerning the sequence of the alternative exon that
is used.

Controlling splicing without the need for additional exons

In order to further optimize the design, we aimed to keep the
sequence inserted into the gene of interest as short as pos-
sible and envisioned that the aptamer alone, without an ad-
ditional exon, should be sufficient to regulate gene expres-
sion. Placing the 5'-SS downstream of the aptamer-binding
pocket and thus leaving the aptamer as part of the alterna-
tive exon opens the possibility of using the tetracycline ap-
tamer not only for ligand-induced conformational change
but also as an element that is able to fulfill the function of
the alternative exon containing the PTC. Recognizing a stop
codon (UAA) within the junction site of P1, P2 and P3 of
the aptamer, we reasoned that the presence of the UAA trin-
ucleotide should be sufficient to repress gene expression if
it is placed in frame with the luciferase-encoding ORF. The
stem lengths of the constructs Tet3_ex (9 nt) and Tet9_ex
(12 nt) allow us to use the UAA in frame as a PTC and to
remove the alternative exon sequence to create the splicing
devices Tet10_el and Tetl1_el (exon less). Full sequences of
the aptamers are given in Supplementary Figure S5. The
aptamer itself now embodies the alternative exon with an
in-frame stop codon (Figure 4A and B).

Both constructs exhibit exon skipping activity in the pres-
ence of tetracycline (Figure 4C). Tet10_el shows a rather
strong background expression and a 3-fold induction of
luciferase activity that reaches close to 100% relative lu-
ciferase expression. Although Tet10_el displays one of the
weakest performances of the designed switches regarding
the dynamic range, it is nevertheless remarkable with re-
gard to the absolute expression level in the presence of tetra-
cycline. Such constructs could be of interest for applica-
tions where high protein levels are necessary to exert an ef-
fect and the considerably high background expression in
the un-induced state is not of concern. The second con-
struct, Tet11 _el, is characterized by a more stable stem struc-
ture containing the 5'-SS. It shows reduced overall expres-
sion and an induction of 7.5-fold in the presence of tetracy-
cline with a performance similar to Tetl_in. As already ob-
served with Tet10_el, the Tet11_el construct likewise induces
an overall higher expression level compared to Tet3_ex and
Tet9_ex. Additionally, the switches Tet10_el and Tetl1 el
show a high responsiveness to lower tetracycline concentra-
tions, reaching high protein expression levels already at 25
pM tetracycline (Figure 4D). Based on Tet11 _el, we further
fine-tuned the expression levels in the OFF- and ON-state.
In construct Tet12_el, we decreased the distance between the
aptamer-binding pocket and the splice site by 1 bp while
maintaining the overall stability and stem lengths (Supple-
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mentary Figures S4 and 5). This approach results in an in-
creased dynamic range of 12-fold and a higher expression
level in the presence of tetracycline. In construct Tet13 _el,
we slightly destabilized the closing stem P1 of Tetl1_el by
changing the final GC to an AU base pair. This results in
even less background expression and an induction level of
50% of the control expression with a dynamic range of 16.9-
fold.

To verify that the presented changes in luciferase activ-
ity are a direct consequence of altered mRNA levels, RT-
PCR was performed for the switches Tetl_in, Tet3_ex and
Tetl0_el. Following reverse transcription, PCR was per-
formed with primers binding on exonl and exon 2 of the
split hluc+ coding frame (Figure 4D). Bands representing
the functionally spliced mRNA are observed at 150 bp. The
different constructs show bands for the functional mRNA
with differences in intensity in the absence or presence of
tetracycline. (The complete gel is shown in Supplemen-
tary Figure S6.) For quantification of relative 2luc+ mRNA
abundance, we chose primer pairs that bind to the coding se-
quence upstream of the splicing cassette for qPCR analysis
(Figure 4E). The highest difference in mRNA levels can be
observed in the constructs Tet1 _in and Tet10_el, which show
a 1.9-fold increase in #/uc+ mRNA in the presence of tetra-
cycline. gPCR data of the splice control shows a 2-fold de-
crease in mRNA levels compared to the psi positive control,
while no band for functional mRNA could be detected via
RT-PCR (Figure 4D and E). Since we would also detect un-
spliced und partially spliced RNA in this approach, we ad-
ditionally performed qPCR with exon spanning primers to
target only the mature mRNA. However, RNA levels were
extremely low and hard to quantify. Subsequent analysis
via agarose gel electrophoresis also discloses a side reaction
and the product for alternatively spliced mRNA (Supple-
mentary Figure S6). Nevertheless, all tested switches show a
larger amount of functional mMRNA in the presence of tetra-
cycline.

The data on protein as well as on RNA level show that
the tetracycline aptamer itself can be employed as an alter-
native exon for efficient splicing-based RNA switches. The
approach requires only small sequence elements (~60 bp)
added to the coding region of the gene of interest for strong
absolute gene expression levels to be achieved.

Tetracycline-induced exon skipping in C. elegans

We have shown previously that tetracycline is a suitable
ligand for controlling gene expression via artificial ri-
boswitches in C. elegans (21). With its low toxicity and good
bioavailability, it was used to regulate transgene expression
by controlling a tetracycline-dependent ribozyme that was
inserted into the 3'-UTR of genes of interest. Although the
system proved to be robust and convenient and allowed us
to control expression in a tissue-specific manner, its draw-
back was the rather low dynamic range of maximal 3.8-
fold induction upon tetracycline addition. Since the devel-
oped splicing switches in the above-described experiments
in human cell culture performed significantly better com-
pared to tetracycline-dependent aptazymes, we transferred
them to the nematode C. elegans. The splicing constructs
Tetl_in, Tet3_ex and Tet10_el each present different varia-
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Figure 4. Tetracycline aptamer as alternative exon. (A) Schematic representation of tetracycline-induced exon skipping with the aptamer sequence harbor-
ing an in-frame stop codon (red hexagon). In the absence of tetracycline, the aptamer sequence is spliced into the coding region, whereas in its presence,
the 5'-SS is masked and the functional protein is translated. (B) Luciferase activity measurement of the respective constructs. The ratios between the firefly
and Renilla luciferase are shown relative to the respective control without (light-grey) or with (dark-gray) 50 wM tetracycline, which were set to 100%.
Numbers above the bars indicate the dynamic range of regulation for each construct. Error bars represent the standard deviation of the mean values (n =
3). (C) Dose-dependent luciferase activity of the constructs Tet10_el and Tetl1_el. (D) HeLa cells were transiently transfected with the indicated constructs
and cultivated in the presence or absence of 50 wM tetracycline for 24 h. Total RNA was prepared and used for RT-PCR with primer pairs binding to both
exons of Aluc+. psi: original vector w/o splicing cassette, splice: control construct with the splicing cassette but without aptamer, Tetl_inA9U harbors a
point mutation at position 9 of the aptamer, rendering the aptamer binding deficient. The band at 150 bp, which resembles the functional i/uct+ mRNA, is
shown. (E) Relative i/luc+ mRNA abundance was determined via qPCR for RNA isolated in (D) with primers that bind exclusively to exonl. luc+ mRNA
levels were normalized to 2Rluc values. Error bars represent the standard deviation of the mean values (n = 3).

tions of our design and show great differences in their dy- driven by the icd-2 promotor (21). The reporter gene con-
namic ranges and the overall expression levels. They were sists of 4 exons and 3 synthetic introns, each having a length
therefore considered to be promising candidates for induc- of 51 nt (Supplementary Figure S7). The splicing constructs
tion of gene expression in C. elegans. In general, C. ele- Tetl_in and Tet3_ex, containing the alternative exon, and
gans possesses an intron-rich genome. These introns differ Tet10_¢el, harboring the PTC within the aptamer sequence,
greatly in size from human introns: 56% of C. elegans in- were placed downstream of the first mCherry intron. An ad-
trons are smaller than 100 nt (36). We implemented our sys- ditional intron of 51 nt was inserted downstream of the ap-

tem into a ubiquitously expressed mCherry reporter gene tamer to create the respective splicing systems CeTetl _in,
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CeTet3 ex and CeTetl0_el, which are analogous to their
counterparts in human cell culture experiments (Figure 5).
Transgenic strains were generated carrying the different
mCherry constructs along with a ubiquitously expressed
GFP co-marker driven by the dpy-30 promotor. To rule
out unspecific effects of tetracycline on our reporter, ani-
mals constitutively expressing mCherry served as control.
An additional ‘splice’ control consisting of the alternative
exon and the additional intron was used, but its 5'-SS was
not masked by an aptamer (analogous to the ‘splice’ con-
trol in HeLa cells). This construct shows no detectable ex-
pression in the presence or absence of tetracycline, thus
demonstrating the tight control that is possible with our
system (Supplementary Figure S8). After the incubation of
transgenic worms with or without 10 wM tetracycline for 3
days from hatch until adulthood, 5 respective animals were
picked and the mCherry expression was monitored by flu-
orescence microscopy (Figure 5A). CeTetl _in, carrying the
5'-SS upstream of the tetracycline-binding pocket, shows no
difference in mCherry expression compared to the control
animals, suggesting the alternative exon is always skipped
and gene expression can occur. In contrast, CeTet3_ex and
CeTet10_el show strong expression in the presence of tetra-
cycline, while no mCherry expression is visible in the ab-
sence of tetracycline. The aptamer sequence as part of the
alternative exon instead of the intron seems to favor alterna-
tive splicing events in C. elegans, and immunoblot analysis
confirmed the regulatory effect of the inserted constructs on
mCherry expression (Figure 5B). CeTet3_ex shows strong
induction of mCherry expression, while no background ex-
pression is detectable. A dilution series of samples drawn
from a C. elegans culture carrying CeTet3_ex demonstrates
an over 20-fold induction of mCherry expression in compar-
ison to the uninduced culture (Supplementary Figure S9).

Given the very tight and efficient gene regulation with
the developed CeTet3_ex switch, this construct was sub-
sequently applied to generate a conditional C. elegans
model of human Huntington’s disease. This disease is
caused by the expression of the polyglutamine-expanded
protein Huntingtin (Htt), which is highly aggregation-prone
and neurotoxic above a threshold of 35 glutamines (35Q)
(37,38). Using the CeTet3_ex switch, we generated trans-
genic C. elegans strains that express an Htt-GFP con-
struct containing a pathogenic, aggregation-prone stretch
of 103Q (Htt103Q::GFP). In addition, we constructed con-
trol strains expressing Htt-GFP with a non-pathogenic sol-
uble polyQ repeat of 25Q (Htt25Q::GFP) (Figure 5C).
While both the Htt25Q and Htt103Q::GFP fusion protein
are strongly induced upon tetracycline application, only the
103Q version shows protein aggregate formation, while the
25Q version remains soluble (Figure 5C). RT-PCR analy-
sis confirms the formation of functional mRNA only in the
presence of tetracycline, and follow-up qPCR analysis con-
firms increased mRNA levels (Supplementary Figure S11).
Thus, the CeTet3_ex switch allows for ubiquitous induction
and in vivo investigation of highly toxic protein variants
that would be lethal or cause severe developmental defects
in constitutive expression models. These data demonstrate
that the artificial riboswitch CeTet3_ex is a valuable genetic
tool for inducible gene expression in the widely used model
organism C. elegans.
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DISCUSSION

Engineered systems for conditional control of transgene ex-
pression are very important tools for studying cellular func-
tions, and they hold great promise for controlling trans-
gene expression in future therapeutic applications. In many
cases, synthetic genetic control elements rely on the use of
conditional promotors and regulatory proteins that often
show leaky basal expression and high species specificities
(39). These control elements do create the necessity of in-
troducing additional regulatory proteins that need to be ex-
pressed at defined levels in order to exert the desired con-
trol (39). Moreover, they pose the risk of immunogenic re-
actions to the protein factors that are used. The use of arti-
ficial riboswitches to regulate gene expression on an RNA
level overcomes these limitations of transcription factor-
based systems. The direct interaction of RNA with a small-
molecule ligand allows for tissue-specific gene regulation
with greatly reduced off-target effects in a variety of sys-
tems (40). However, the construction of potent synthetic ri-
boswitches in mammalian systems is still challenging. While
the development of artificial riboswitches in bacteria or
yeast can be achieved via effective and low-cost screening
approaches, these riboswitches proved in many cases to be
untransferable to human cell systems (5,9,41,42). In order
to efficiently identify riboswitches, which are functional in
vivo, we have recently introduced an NGS-based screening
method that allows for sampling diverse libraries of poten-
tial riboswitches (11). However, the development of robust
RNA-based systems for controlling gene expression that
can be optimized easily based on rational designs and test-
ing of relatively few sequence variants is of high importance.
In this regard, the introduced system that relies on aptamer-
based control of alternative splicing represents a significant
step toward the goal of developing universally applicable,
efficient, and robust genetic switches of gene expression.

Given the broad distribution of alternative splicing across
many eukaryotic species, we created artificial riboswitches
based on an exon skipping mechanism for conditional con-
trol of gene expression in HeLa cells and the model organ-
ism C. elegans. The tetracycline aptamer was chosen as the
sensory domain since it has already been successfully cou-
pled to various expression platforms and has been shown to
exhibit gene regulatory activity in many organisms, includ-
ing the nematode C. elegans (8,10,21,25). The conforma-
tional change within the aptamer upon tetracycline binding
leads to a stabilized structure of the closing stem P1, which
is not important for ligand recognition. This opens oppor-
tunities to control the function of sequences embedded in
this P1 stem (14,43,44).

In the presented work, we have focused on the sequestra-
tion of the 5'-SS of an engineered intron-alternative exon-
intron system to control its accessibility for important splic-
ing factors. The 5'-SS of the second intron is included into
the closing stem P1 of the tetracycline aptamer. In its loose,
ligand-unbound state, the SS is accessible and the alterna-
tive exon, which harbors a PTC, is included into the cod-
ing sequence and represses functional protein expression
(16,17). In the presence of tetracycline, the 5'-SS is masked,
the alternative exon is skipped, and the functional, full-
length protein is translated. Varying the stability of stem P1
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Figure 5. Tetracycline mediated gene expression in C. elegans. (A) Fluorescent images of transgenic worms carrying different splicing constructs. For each
construct a stack of 5 worms is shown. Animals were grown in the absence or presence of tetracycline for 3 days from hatch until adulthood. Transgenic
animals were chosen using the GFP body label. Scale bar represents 200 wm. (B) Western blot analysis of mCherry expression is shown in worms carrying
different splicing constructs grown in the absence and presence of 10 M tetracycline. (C) Fluorescent microscope images of worms expressing Huntingtin-
GFP harboring stretches of 25 glutamines (Htt25Q::GFP) or 103 glutamines (Htt103Q::GFP). Animals were grown in the presence or absence of 10 pM
tetracycline for 3 days from hatch until adulthood. Scale bar represents 500 wm. Tet, tetracycline; BF, bright field; mCh, mCherry

allows for fine-tuning of expression levels by rational de-
sign. We present data showing that the position of the ap-
tamer within the splicing constructs influences basal and in-
duced gene expression levels. The aptamer sequence as part
of the intron as seen in constructs Tetl_in and Tet2_in leads
to higher expression levels than in the constructs Tet3_ex-
Tet9_ex, where the aptamer is part of the alternative exon
spliced into the coding region. The removal of the alter-
native exon and usage of an in-frame stop codon within
the aptamer (constructs Tetl0_el and Tetll_el) increases
protein expression in comparison to the constructs carry-
ing the alternative exon. Variations of the closing stem P1
thereby allow fine-tuning of the basal and induced expres-
sion levels as seen in constructs Tet12_el and Tet13_el. The
designed constructs that exhibit exon skipping activity dif-
fer greatly in terms of their dynamic range (2.7-16.9-fold)
and the protein expression level. This broadens the range
of applications for such switches since it opens up the pos-
sibility of using variations of the system regarding differ-
ent needs of absolute protein levels. In addition, we demon-
strate the straightforward transfer of the system to the mul-
ticellular organism C. elegans with a strong induction of
protein expression in the presence of 10 wM tetracycline.
C. elegans is a widely used model organism for which con-
venient inducible gene expression systems with a high dy-
namic range are scarce. As previously shown with ribozyme-

based RNA switches, using tetracycline as ligand allows for
induction in all somatic tissues of the C. elegans worm, in-
cluding muscles and neurons (21). The presented exon skip-
ping constructs of this study show superior performance
even compared to these ribozyme constructs. Given the high
dynamic range (>20-fold; see Supplementary Figure S9),
the CeTet3_ex switch represents a valuable new genetic tool
for conditional gene expression in C. elegans. The applica-
bility of this system in C. elegans is demonstrated by the
robust tetracycline-dependent induction of the metastable
and aggregation-prone Htt103Q::GFP, which forms Htt in-
clusions throughout the body of the worm. Considering the
relatively small genetic modification necessary for introduc-
ing the CeTet3_ex switch and the possibility of applying it to
any gene of interest with retaining natural promoters as well
as 5'- and 3'-UTRs, this tool should be broadly applicable
in C. elegans.

Taken together, we present RNA-based gene regulatory
devices that function robustly and efficiently in two dis-
tantly related eukaryotic species. Given their size, the pre-
sented constructs leave a small genetic footprint, are easy to
apply, and use a ligand that could also be applied in future
therapeutic strategies in humans. This approach can there-
fore be adapted to a variety of applications. A recent appli-
cation of tetracycline-dependent aptazymes in mice demon-
strated efficient (up to 15-fold) induction of gene expression
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with 100 mg/kg administered tetracycline (45-47). In addi-
tion, since the transfer of our system from human cells to
C. elegans was successful, we anticipate that the application
of the presented RNA switches in further animal models
should be feasible.
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