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Abstract

Developing engineered genetic switches that can respond to specific stimuli in mammalian systems has great potential to advance next-
generation therapies. This study introduces a novel tetracycline-inducible artificial riboswitch that regulates gene expression at the translational
level via a modified —1 programmed ribosomal frameshifting (—1 PRF) platform. Our dose-response analysis reveals an ECsg of 0.41 uM, indi-
cating exceptional sensitivity compared to other tetracycline-dependent artificial riboswitches developed for mammalian applications. By varying
the precise spacing and composition of the tetracycline aptamer as the stimulatory structure on the —1 PRF platform, a series of switches
has been constructed that enable robust induction of gene expression upon ligand addition. To attain a translational gene control platform with
broader applicability, we developed a concept that allows it to be integrated upstream of a gene of interest (GOI), enabling precise control with-
out requiring extensive re-engineering and expressing the GOl as a fusion protein. We validate the platform’s effectiveness in several genetic
contexts, confirming its modularity. As optimization efforts continue to develop artificial riboswitches with optimized properties in mammalian
systems, our findings contribute to the development of highly sensitive and efficient regulatory devices with beneficial characteristics, such as
reversibility, modularity, and compatibility with RNA-based delivery therapies.

Graphical abstract

Introduction control over the therapeutic gene expression. Yet most dis-

In recent years, gene and cell therapies have had a substan-
tial impact on the clinical field by targeting the genetic and
molecular drivers of diseases that were previously consid-
ered incurable. These treatments have predominantly centered
on enhancing and optimizing delivery mechanisms, demon-
strating notable clinical efficacy in cases of chronic leukemia
[1], spinal muscular atrophy [2], hemophilia [3], cerebral
adrenoleukodystrophy [4], p-Thalassemia [5], and inherited
retinal dystrophy [6]. Early gene therapy strategies used rela-
tively simple approaches that did not require spatiotemporal

eases are complex and dynamic, and most proteins have a
narrow therapeutic window [7]. As more complex illnesses
are addressed, it is vital to include additional components to
regulate the degree and timing of transgene expression in gene
therapies. In addition, the ability to regulate both the quantity
and timing of the therapeutic cargo would not only promote
the broader acceptance of cell and gene treatments but also
address the safety and efficacy concerns associated with pre-
vious therapies [8-10]. Synthetic gene regulation processes are
also extensively utilized in fundamental research to examine
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gene function and signaling networks, as well as to alter gene
expression in cellular models in real time [11, 12].

The majority of recent advancements in gene regulation
systems that address this gap principally rely on the regula-
tion of transcription utilizing transcriptional effectors. While
these systems have been extensively employed in cell culture
and animal models due to their excellent dynamic range [13,
14], no approved clinical gene therapies employ foreign pro-
teins as regulatory elements due to the risk of triggering cel-
lular and humoral immune responses and plummeting target
gene expression in the long term [15, 16]. In addition to oc-
cupying valuable vector genome space, transcription factor-
based systems are subject to imperfect regulation and exhibit
“leakiness.” These issues are particularly pronounced in con-
texts involving high copy numbers, such as high-titer viral
transduction strategies or during replication of oncolytic vi-
ral genomes [17-19]. In this aspect, numerous RNA-based
regulation systems, such as artificial riboswitches that modu-
late gene expression as cis-regulatory elements, have been de-
veloped [20-24]. Riboswitches are allosterically active RNA
structures that govern co- and/or post-transcriptional mecha-
nisms by binding to specific ligands via their aptamer domain,
which leads to a conformational change in their expression
platform [25]. The exploitation of the modular and compact
nature of these tools, which are predominantly bacterial in
origin, has led to the development of artificial riboswitches
that control various co- and/or post-transcriptional mecha-
nisms in mammalian [26-34]. Considerable progress has been
achieved, including validation in preclinical models and proof
of principle in high-copy contexts, such as self-replicating vi-
ral or RNA systems, as demonstrated in studies by Ketzer
et al. [35, 36]. Nonetheless, transforming these systems into
clinical applications remains challenging due to high noise-
to-signal ratios and narrow dynamic ranges. Another limita-
tion is the difficulty in achieving effective concentrations of
the small molecules to activate the developed switches in vivo
[37, 38], which is often due to issues such as toxicity or poor
bioavailability in most tissues [39, 40].

The development of more sensitive and efficient small
molecule-responsive artificial riboswitches faces challenges
due to the narrow range of appropriate ligands and the lack
of systems refined for medical applications. Despite these ob-
stacles, the tetracycline aptamer has emerged as a notable ex-
ception. Initially identified through SELEX in 2001 [41], the
tetracycline aptamer has been one of the most extensively em-
ployed sensory domains in artificial riboswitches due to its
particular promise in addressing these issues. Tetracycline, a
small-molecule pharmaceutical, is generally regarded as rela-
tively non-toxic and cell-permeable [42]. The affinity of the
tetracycline aptamer for this ligand is remarkable, with a dis-
sociation constant (Ky) of 0.8 nM [43]. Furthermore, the func-
tionality of the developed tetracycline riboswitches has been
demonstrated in various organisms [29, 44]. For instance,
a recent report by Luo et al. [30] describes a tetracycline-
responsive system based on polyA signal modulation and al-
ternative splicing in the 5’-UTR. The developed switches Y362
and Y387, with ECsq values of ~0.7 and 0.5 pg/ml [30], re-
spectively, are reported to be suitable for the FDA-approved
range of 1 to 5 ug/ml of tetracycline, which is reached after
oral dosing at 500 pg twice daily [45].

Artificial riboswitch platforms, such as those that regulate
splicing, require themselves and their triggers to be trans-
ported into the nucleus. This necessity excludes application

opportunities in therapies primarily targeting the cytoplasm,
including options that employ RNA viruses [46, 47]. Further
constraints arise from the range of inducer signals that cross
the nuclear envelope, limiting the suitable choices of induc-
ers [48]. In contrast, artificial riboswitches that utilize expres-
sion platforms operating at the translational level are not con-
strained by such limitations and offer a more rapid response
to external stimuli [49]. Typically, artificial riboswitches that
regulate translation in mammalian cells focus on the initi-
ation step, similar to their bacterial counterparts; however,
they have not yet achieved the same efficacy [50]. This dis-
crepancy arises from the fact that the level of regulation on
eukaryotic translation is more complex and requires cooper-
ation from a large set of initiation factors [51]. Instead, we
sought to exploit one of the well-studied translational recod-
ing mechanisms, programmed ribosomal frameshifting (PRF),
since these mechanisms primarily rely on recognizing con-
served cis-acting messenger RNA (mRNA) signals or struc-
tures to reprogram the ribosome’s behavior [52].

As a form of non-canonical translation, PRF enables the
production of alternative proteins from a single mRNA by
allowing ribosomes to deviate from the original translation
frame [53]. Triggered by a variety of cues on the nascent
mRNA chain [54, 55], PRF most commonly requires a hep-
tameric “slippery” sequence and a stimulatory secondary
structure, generally in the form of a pseudoknot positioned
downstream [56-58]. During translation, the increased dwell
time required to unwind the stimulatory secondary structure
halts the ribosome at the slippery sequence, allowing for the
rearrangement of codon-anticodon base pairs in the A and
P sites of the ribosome, which shifts the reading frame by 1
or 2 nt [57, 59, 60]. The fact that this process can precisely
regulate target gene expression at the translational level by al-
tering the reading frame makes —1 PRF an attractive expres-
sion platform for artificial riboswitches. Several attempts have
established that pseudoknot-forming aptamers, such as the S-
adenosylhomocysteine aptamer [61] and the 7-aminomethyl-
7-deazaguanine (preQ1) aptamer [34], can be employed to
stimulate frameshifting in a ligand-dependent manner. The lat-
ter studies have built upon this foundation by integrating ap-
tamers that control the folding of attenuator hairpins or stim-
ulatory structures [38, 62]. Moreover, stimulatory structures
of —1 PRF were modified to be targetable by specific synthetic
molecules [63].

Although the ligand-bound form of the tetracycline ap-
tamer contains a non-canonical pseudoknot in its binding
pocket [64], no studies have examined its potential as an in-
ducible stimulatory element for —1 PRE Furthermore, there
are still limitations in achieving efficient induction levels and
wide dynamic ranges for inducible —1 PRF systems. More-
over, the broad applicability across different genetic contexts
may be constrained by the inherent properties of the —1 PRF
mechanism, and the lack of small-molecule triggers optimized
for clinical use, which present challenges in this regard [38,
65, 66]. Therefore, while advancements have been made in
ligand-inducible PRF systems, the aforementioned challenges
must be overcome to enable their use in next-generation ther-
apies.

This study presents a novel mammalian riboswitch plat-
form that is modularly attachable upstream of any gene of
interest (GOI). Considering potential applications in patients,
treatment efficacy, and safety, we chose tetracycline and its
aptamer for developing ligand-inducible —1 PRF platforms
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[45, 67, 68]. We show that the tetracycline-inducible —1 PRF
platform has improved characteristics at ligand concentra-
tions that fall into the clinically approved window [45, 69],
spans a wide dynamic range, and shows higher performance
in its ON state. The inducible —1 PRF platform’s modular de-
sign provides a more streamlined and effective approach to
gene regulation at the translational level. The engineered plat-
form addresses the issue of co-expressing the GOI as a fusion
protein by utilizing cleavage elements. Moreover, a degrada-
tion domain (DD) integrated into the platform prevents the
accumulation of translational byproducts, including elements
of the switch itself. Our findings should prove useful for so-
phisticated genetic engineering applications in research and
medicine where precise control over gene expression is cru-
cial.

Materials and methods

Plasmid construction

psiCHECK™-2 vector (Promega) was used for the dual lu-
ciferase reporter assays. This vector carries a firefly luciferase
(hluc+) gene and a Renilla luciferase (hRluc) gene. DNA se-
quence encoding for the single-chain murine interleukin-12
(mIL-12) was constructed by linking complementary DNA
(cDNA) sequences of the p35 and p40 subunits with a flex-
ible linker (Gly4 Ser); sequence described by Veinalde et al.
(2017) and kindly provided by Prof. Guy Ungerechts [70]. The
DD (UbVR) sequence described by Chassin et al. (2019) [71]
was synthesized by TwistBiosciences (US). The DD-TMEV-
RS-2A and the DD-TMEV-INFC-2A modules were inserted
upstream of EGFP on the pcDNAS-EGFP-mCherry reporter
plasmid via Gibson Assembly for the fluorescence reporter as-
says. The constructs were created using overhang extension
polymerase chain reaction (PCR), followed by ligation with
the Quick Ligation™ Kit (NEB) or the Gibson assembly of
PCR-amplified vector backbones and inserts in 2x Gibson As-
sembly Master Mix (NEB). All oligonucleotides were ordered
from Sigma-Aldrich. Plasmids were purified using a Zyppy
Plasmid Miniprep kit (Zymo Research). Plasmids were veri-
fied by sequencing (Eurofins Geomic GmbH or Azenta). All
nucleotide sequences that correspond to the —1 PRF platform
elements and variants, as described in the main text, are listed
in Supplementary Table S1.

Cell culture, transient transfection, and
dual-luciferase reporter assay

HelLa, HEK293T, and H1299 cells were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco DMEM,
Fisher Scientific) supplemented with 10% (v/v) fetal calf serum
and 1% (v/v) penicillin/streptomycin (Fisher Scientific). Cells
were maintained at 37°C in a humidified atmosphere with 5%
CO;. Cells were passaged every 2-3 days, and cells older than
passage 40 were not used in experiments.

One day before transfection, cells were seeded into 96-well
plates at a density of 8 x 103 cells per well. Transfection was
performed using Lipofectamine® 3000 (Thermo Fisher Sci-
entific) following the manufacturer’s protocol with 100 ng of
plasmid DNA per well. After a 4-6 h incubation, the medium
was replaced with fresh DMEM, with or without the indi-
cated amount of tetracycline (Merck). For the time-dependent
response measurements, incubation was extended overnight.

A highly sensitive cytosolic riboswitch platform 3

Eighteen hours after medium replacement, luciferase activ-
ity was measured using the Dual-Luciferase® Reporter Assay
System (Promega) according to the manufacturer’s instruc-
tions. Luminescence was quantified using a Spark® multi-
mode microplate reader (Tecan), with a settling time of 0 ms
and an integration time of 2000 ms. The luciferase expres-
sion from the unmodified transcription unit was used as the
internal control for calculating the normalized luciferase gene
expression. The relative luciferase activities were calculated
following normalization and stated as a percentage of the lu-
ciferase activity measured in the unmodified psiCHECK™-2
vector. Similarly, —1 PRF efficiencies were calculated follow-
ing normalization and stated as a percentage of the luciferase
activity measured in the in-frame control (INFC) of the respec-
tive —1 PRF module. Luciferase activities were measured as
described at the indicated time points for the time-dependent
response measurements. Results were reported as mean values
with standard deviations of three independent measurements.
Unless otherwise stated, all dual-luciferase assays were con-
ducted in HeLa cells.

Fluorescence reporter assay

Transient transfection and tetracycline induction steps were
performed in HeLla cells as described. After an 18-h incu-
bation period following the medium change, the cells were
rinsed with phosphate buffered saline (PBS), and each well
was filled with 100 pl of fresh PBS. Fluorescence readouts
were performed using a Spark® multimode microplate reader
(Tecan). EGFP fluorescence was detected at an excitation of
478 nm and an emission of 524 nm, with a bandwidth of 20
nm, whereas mCherry was measured at an excitation of 568
nm and an emission of 620 nm, with a bandwidth of 20 nm.
To account for background fluorescence, the measured values
from non-transfected cells were subtracted from both EGFP
and mCherry values. To compensate for variations in transfec-
tion efficiency and cell number, the unmodified transcription
unit expressing mCherry was used as the internal control for
calculating the normalized EGFP gene expression. The relative
fluorescence intensities were calculated following normaliza-
tion and stated as a percentage of the fluorescence intensity
measured in the unmodified pcDNAS-EGFP-mCherry vector.
The reported data represent the mean of three independent
experiments with standard deviation.

ELISA

HeLa cells were seeded at 8 x 10 cells per well in 96-well
plates 1 day before transfection. Transfection and induction
with tetracycline were carried out as described earlier. After
22 h, culture supernatants were harvested, and the concentra-
tion of mIL-12 was determined by sandwich ELISA, accord-
ing to the manufacturer’s instructions (Catalog Number: 88-
7121-88, Thermo Fisher Scientific). While the samples were
transferred to a 96-well plate precoated with anti-mouse IL-12
antibody and subsequently blocked, the positive control and
test samples were diluted in PBS (1:40 and 1:5, respectively).
The color reaction was stopped with 100 ul of 2N H;SO4, and
the optical densities at 450 and 570 nm were quantified using
a Spark® multimode microplate reader (Tecan). The values at
570 nm were subtracted from those at 450 nm prior to data
analysis. Three technical replicates for each tested tetracycline
concentration were assessed in each biologic replicate. Techni-
cal replicates with signal levels lower than those of the blank
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wells were set to zero. A total of two replicates (one techni-
cal replicate of 0 uM tetracycline and one technical replicate
of 0.4 uM of tetracycline) were set to zero. Results were re-
ported as mean values with standard deviations of the three
independent measurements.

Data analysis

The normalized data were analyzed with two-way analysis
of variance in GraphPad Prism software (version 8.3, Graph-
Pad Software, San Diego, CA, USA) (P < .05, P < .01, P <
.001, and P < .0001 were shown as “x”, “sx”, “x%%”, and
“sxxx” ) respectively). Dose-response curves were plotted us-
ing GraphPad Prism software (version 8.3, GraphPad Soft-
ware, San Diego, CA, USA). The data were fitted to a sigmoidal
dose-response curve using the “[Agonist] versus response —
Three parameters” equation. This model assumes a standard
Hill slope of 1.0 and fits the following equation:

Ymax — Ymin

Y = Ymi X
min + * EC50+X

The concentration of agonist that produces a response
halfway between the bottom and top values was calculated
from the fitted curves and is reported as ECsy.

Results

The ligand-bound form of tetracycline aptamer
stimulates —1 PRF in a dual reporter system

To test whether the unique formation of the binding pocket
of the tetracycline aptamer can be utilized as a stimulatory
secondary structure of -1 PRE we first adapted the dual-
luciferase reporter system of the psiCHECK™-2 vector to fa-
cilitate analysis of recoding signals [72, 73]. First, the firefly
luciferase gene (hluc+) was cloned downstream of the Renilla
luciferase gene (hRIuc) in —1-frame relative to the start codon
of hRluc. Next, the respective —1 PRF modules were posi-
tioned between the two luciferase genes, with the stop codon
for the hRIuc positioned in the spacer region of the —1 PRF
module or marginally downstream in the 0-frame (Fig. 1A).
The —1 PRF modules, consisting of a stimulatory signal and a
slippery sequence upstream, result in the kinetic partitioning
of translating ribosomes, allowing them to continue in differ-
ent frames at a fixed ratio. Therefore, in this setup, it was ex-
pected that ribosomes that undergo a frameshift would yield
an entire translated unit, hereafter referred to as a translon,
carrying both luciferases as a fusion protein; in contrast, those
that do not undergo a frameshift would terminate translation
at the stop codon in the spacer region and result in a translon
carrying only in hRluc.

First, we examined several well-characterized —1 PRF mod-
ules in their native setting, i.e. without the tetracycline ap-
tamer (Fig. 1A, upper scheme). The mouse mammary tu-
mor virus (MMTYV) [63] and the severe acute respiratory
syndrome-related coronavirus 2 (SARS-CoV-2) [74] utilize a
pseudoknot (PK) structure as their stimulatory RNA. We also
examined Theiler’s murine encephalomyelitis virus (TMEV),
which uses a trans-acting 2A protein that interacts with a
hairpin (HP) structure on the —1 PRF module to stimulate
frameshifting [75]. Additionally, we examined human immun-
odeficiency virus (HIV), which uses an HP structure as its
stimulatory RNA, though evidence suggests that it can adopt
more elaborate configurations [76-78, 79]. We determined the

translation efficiency in the alternative frame relative to the
normalized hluc+ activities measured in cells that carry the
unmodified psiCHECK™-2 vector. As different viruses have
unique —1 PRF modules to fine-tune the specific ratio of their
key viral proteins, the frameshifting efficiencies can vary sig-
nificantly for each module [80]. Hence, we observed a range
between 8.5% and 47% of hluc+ activity from the different
WT —1 PRF modules (Fig. 1B). Since we did not recombi-
nantly express the aforementioned 2A protein in our system
[75], we did not observe any frameshifting activity for the WT
—1 PRF module of TMEV. Our analysis showed the highest
—1 PREF efficiency for SARS-CoV-2-PK, closely followed by
HIV-HP.

Subsequently, we developed tetracycline-inducible —1 PRF
modules, in which the WT stimulatory secondary structures
were substituted with the tetracycline aptamer (Fig. 1A, lower
scheme). To compare the —1 PRF efficiencies, we designed
all =1 PRF modules to carry a tetracycline aptamer 6 nt
downstream of the slippery sequence. This spacer length falls
into the typical range observed for native —1 PRF modules
with stimulatory pseudoknot structures [81]. Moreover, we
restricted the p1 stem of the aptamer to 11 bp for all —1
PRF modules. SARS-CoV-2-RS-6 had the most substantial dy-
namic range of 6.6-fold. The MMTV-RS-6 also exhibited a
similar switching profile, with a slightly lower ON state of
10.5% and a dynamic range of 6.4-fold. Interestingly, this con-
struct exhibited higher —1 PRF activity in its ON state com-
pared to the WT MMTV-PK. Although TMEV-RS-6 had a
modest dynamic range of 2.4-fold, the modified spacer length
surprisingly resulted in PRF activity induced by tetracycline,
even without recombinant 2A protein expression. Notably,
this construct exhibits the highest ON-state, at 33.6% (Fig.
1B).

Next, to demonstrate that the rise in hluc+ levels is due
to tetracycline-activated —1 PRE, we designed constructs
with impaired —1 PRF elements using TMEV-RS-6 as a
representative model and measured their hluc+ levels. In
the first construct, we disrupted the slippery sequence of
the tetracycline-inducible TMEV —1 PRF platform to cre-
ate TMEV-RS-mutSS. Specifically, we replaced the slippery se-
quence “G-GUU-UUU” with the non-functional sequence “G-
AAG-AAG” (Fig. 1C, bottom left panel). The sequence “G-
AAG-AAG” does not meet the criteria to be a functional slip-
pery sequence in mammalian cells; therefore, —1 PRF activ-
ity is abolished [82]. In a second construct, an “A19U” mu-
tation was introduced in the binding pocket of the tetracy-
cline aptamer to significantly reduce its affinity for tetracy-
cline (Fig. 1C, bottom right panel) [29, 64]. Finally, to measure
maximum hluc+ activity in this setup and calculate the rela-
tive —1 PRF efficiencies, we designed a third INFC that has
both the mutated slippery sequence and the mutated tetracy-
cline aptamer and positioned the hluc+ gene in the 0-frame
by inserting 1 nt in the spacer region (Fig. 1C, top right
panel). Our results showed that mutating the slippery se-
quence abolished frameshifting, regardless of the presence of
tetracycline. Similarly, the mutated tetracycline aptamer did
not increase hluc+ levels in response to tetracycline adminis-
tration (Fig. 1D). On the contrary, INFC showed higher hluc+
activity to the unmodified control, indicating that the activ-
ity does not get severely affected by the fusion design or the
presence of translated —1 PRF elements. The variety in the
hluc+ activities between INFC and the unmodified control
psiCHECK™-2 vector could be attributed to their expression
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Figure 1. Tetracycline aptamer stimulates —1 PRF when bound to its ligand. (A) Top a general scheme of wild-type (WT) —1 PRF modules tested in a
dual-luciferase context—bottom tetracycline-inducible —1 PRF platform design where the native stimulatory signal is replaced with a tetracycline
aptamer. The stop codon in the O-frame is shown in red. (B) Dual-luciferase assay showing the relative hluc+ activity with no (grey) or 50 uM (blue)
tetracycline. MMTV-PK, SARS-CoV-2-PK, HIV-HP, and TMEV-HP represent the natural —1 PRF modules, and MMTV-RS-6, SARS-CoV-2-RS-6, HIV-RS-6,
and TMEV-RS-6 represent the tetracycline-inducible —1 PRF modules with a spacer length of 6 nt in the dual-luciferase context. Columns represent the
mean =+ s.d. of three independent experiments (each with three technical replicates). (C) Schematic representation of the constructs used to characterize
the tetracycline-inducible —1 PRF platform. TMEV-RS-6 demonstrates the functional tetracycline-inducible TMEV-1 PRF platform. TMEV-RS-mutSS
features a mutated slippery sequence, and TMEV-RS-mutapt has a mutated tetracycline aptamer. The INFC is designed to serve as a positive control,
carrying a nucleotide insertion at the spacer region and mutated —1 PRF elements. The slippery sequence is in italics; the stop codon is in red; the
mutated slippery sequence and the A-U mutation in the tetracycline aptamer are in gray. The inserted nucleotide for the INFC is shown in blue. (D)
Dual-luciferase assay showing that the relative hluc+ activity depends on the functionality of the tetracycline-inducible —1 PRF elements. The values
above the bars indicate the dynamic range for each respective construct. Columns represent the mean + s.d. of three independent experiments (each

with three technical replicates).

from different transcriptional units. Therefore, the hluc+ ac-
tivity of INFC was used to calculate the relative —1 PRF effi-
ciencies in further setups.

In conclusion, the characterization of our initial designs
of tetracycline-inducible —1 PRF switches provided promis-
ing results, indicating that the translational recoding platform
can be an effective alternative to reported artificial riboswitch-
controlled gene expression platforms in mammalian cells. We
observed switching activities in all tetracycline-inducible —1
PRF modules except HIV-RS-6. In the next chapter, we devel-
oped a new approach to fine-tune these activities.

Effects of stability and position of the tetracycline
aptamer on —1 PRF efficiency

While the main components of —1 PRF are the slip-
pery sequence and the stimulatory RNA structure, optimal
frameshifting also depends on the spacing between these el-
ements. This idea arises from the “tandem-slippage” mech-
anism of ribosome-bound peptidyl- and aminoacyl-tRNAs
when the ribosome reaches the stimulatory RNA structure.
At this moment, if the intrinsic activity of the ribosome fails
to unwind the stimulatory RNA structure, tension is created
in the mRNA. This tension is then released by uncoupling the
codon:anticodon complexes and causes an occasional realign-
ment in the —1 frame. As a result, the precise length of the

spacer plays a vital role in frameshifting efficiency since it af-
fects the time at which the pseudoknot base is encountered by
the active site of the ribosomal helicase to allow frameshifting
[81].

Given the impact of the distance between the slippery se-
quence and the stimulatory RNA structure on modulating
translational frameshifting, we next examined a range of al-
ternative designs with the aptamer positioned at various dis-
tances from the slippery sequence to determine the most effec-
tive layout to increase the number of successful frameshifting
events. As variations in spacer length could disrupt the read-
ing frame downstream, we varied the p1 stem length of the
aptamer to maintain the downstream —1-frame while avoid-
ing the introduction of premature stop codons through nu-
cleotide substitutions. We started our investigation on the
tetracycline-inducible MMTV —1 PRF platform. We varied
the length of the spacer from 5 to 8 nt, and the pl stem
lengths of the aptamers span a range of 12-9 bp, respectively
(Supplementary Fig. S1). We paid additional attention to the
commonly observed spacer lengths of 6 and 7 nt. For these
distance alterations, we further examined p1 stem lengths ad-
justed by £3 bp, resulting in stem lengths of 8, 11, and 14 bp
for the 6-nt spacer and 7, 10, and 13 bp for the 7-nt spacer.
This refined approach allowed us to identify changes in the —1
PREF efficiency attributable to adjustments in the stem length
of the tetracycline aptamer (Supplementary Fig. S1).
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Our results revealed a substantial range in the dynamic
ranges of the MMTV-RS module, with observed dynamic
ranges spanning from 1.3- to 6.3-fold changes in expression
upon addition of tetracycline. Some spacer and stem length
combinations resulted in the complete abolition of frameshift-
ing, underscoring the critical importance of precise spacing
and stem configuration for functional —1 PRF activity. Addi-
tionally, the relative ON states of the riboswitches exhibited
significant variability. The relative hluc+ activities exhibited a
range between 1.4% and 10.7%, indicating that specific con-
figurations did not only differ in their dynamic range but also
in their absolute expression levels (Supplementary Fig. STA).
Our comparative analysis between different spacer lengths
and pl stems suggests a possible need for a certain level of
thermodynamic stability to create resistance to the helicase
activity of ribosomes and to induce —1 PRE. However, even
though some extended p1 stems favored higher —1 PRF effi-
ciencies, this trend was not universal. In our analysis, the 6-nt
spacer with an 11-bp stem exhibited the highest —1 PRF effi-
ciency, followed by the 7-nt spacer with a 10-bp stem. At both
spacer lengths, shorter p1 stems have shown six times worse
frameshifting efficiency, suggesting higher stability is required
for the elevated —1 PREF efficiencies. Still, the longer p1 stems
at these fixed spacer lengths did not perform better than their
shorter versions. In fact, besides eliminating the dynamic range
to negligible levels, longer p1 stem configurations drastically
reduced frameshifting efficiency for both ON and OFF states
(Supplementary Fig. STA). Our results highlight the complex-
ity of the interplay between spacer length and stem stability
for efficient —1 PRF activity [81, 83]. These findings are con-
sistent with a recent report that proposed the global stabil-
ity of the stimulatory structure is not directly correlated with
frameshifting efficiency, despite its role as a thermodynamic
block to translocation [84].

Next, we aimed to improve the tetracycline-inducible
TMEV —1 PRF platform by varying the length of the spacer
region between the slippery sequence and the downstream
tetracycline aptamer (Fig. 2A). Again, we tested varying spacer
lengths of 5, 6, and 7 nt to identify the most effective config-
uration for —1 PRF efficiency. Furthermore, we focused our
optimization efforts on modifying the GC content and posi-
tioning of G-C base pairs within the p1 stem. The GC con-
tent modifications were tested in TMEV-RS-6, which features
a 6-nt spacer and an 11-bp p1 stem, and yielded promising
initial results. The changes in GC content were designed to
fine-tune the stability to improve the structural integrity re-
quired for effective frameshifting. These optimization efforts
demonstrated that such alterations result in dynamic ranges
varying from 2.4 to 9.6-fold change (Fig. 2A). For instance,
TMEV-RS-6.1, which had a single G-C to A-U substitution
compared to TMEV-RS-6, exhibited the most extensive dy-
namic range of 9.6-fold. Notably, a single base-pair substi-
tution (G-C to A-U) between variants TMEV-RS-6.1 and
TMEV-RS-6.2 resulted in signal levels differing by >90% in
the ON state (Fig. 2A). These results suggest that the stem
composition and the stability of the base pairs at the en-
trance channel of the pl stem of the tetracycline aptamer,
where the ribosome encounters first, can significantly impact
the —1 PRF efficiency. Moreover, TMEV-RS-6.3, which had
the same GC composition as TMEV-RS-6, with one G-C base-
pair moved toward the closing end of the joining region of the
aptamer, showed the highest ON-state levels. However, it also
showed a narrower dynamic range compared to TMEV-RS-

6.1, with around five-fold due to its higher background levels
(Fig. 2A).

Finally, for the SARS-CoV2-RS, we narrowed our ap-
proach. We continued our investigation by specifically vary-
ing only the number of G-C base pairs and their positions
on the pl stem of the tetracycline aptamer, without alter-
ing the lengths of the p1 stem or spacer. Here, our modifi-
cation efforts resulted in the construct SARS-CoV2-RS-6.2,
which showed hluc+ activity of ~15% with a 7.8-fold dy-
namic range (Supplementary Fig. S1B). These findings con-
tinue to underscore the importance of not only the length of
the spacer region but also the precise arrangement and com-
position of the stem structure in optimizing —1 PRF efficiency.
By systematically varying these parameters, we identified con-
figurations that maximize the dynamic range and enhance the
absolute —1 PREF efficiency levels.

Although our results do not support such an effect, previous
studies have reported that changes in spacer length can alter
the —1/—2 frameshifting balance [85]. This aspect should be
considered when modifying —1 PRF elements.

To evaluate the robustness and versatility of our platform,
we also assessed the performance of the TMEV-RS variants in
HEK293T and H1299 cell lines. The data indicated that the
dynamic ranges of the switches were largely preserved across
different cell lines, particularly those with high overall expres-
sion levels (Fig. 2A and Supplementary Fig. S2). Though the
switches demonstrated consistent dynamic ranges across the
tested cell lines, considerable variability was observed in their
expression levels, which is consistent with previous reports
[86]. The highest and lowest overall expression levels were
observed in H1299 and HeLa cells, respectively. The lowest
dynamic ranges were observed in HEK293T cells. Notably,
TMEV-RS-6.1 exhibited the highest dynamic range across all
cell lines, reaching 6.1 in HEK293T cells, 8.6-fold in H1299
cells, and 9.6-fold in Hela cells. Additionally, TMEV-RS-6.3
demonstrated the highest expression levels in H1299 cells, ex-
ceeding 50% ON-state (Supplementary Fig. S2). However, as
detailed below, the high-expression phenotype of TMEV-RS-
6.3 largely disappeared when implemented in the autonomous
design. This indicates that the apparent “high expression” de-
pends heavily on the specific fusion setup rather than being an
intrinsic property of the module itself. Depending on the spe-
cific application requirements, the desired TMEV-RS variant
in the desired cell line can be utilized.

Increased tetracycline sensitivity of the —1 PRF
switch

To evaluate the operational range of the developed trans-
lational recoding system, we examined the concentration-
dependent induction of gene expression by tetracycline in
HeLa cells for TMEV-RS-6.1. This analysis revealed an ex-
ceptionally low ECsy of 0.41 uM (Fig. 2B). This level of
sensitivity is noteworthy among previously developed artifi-
cial riboswitches operating in mammalian systems [27-29].
In summary, our findings demonstrate the high responsive-
ness and tunability of the tetracycline-inducible —1 PRF plat-
form, highlighting its potential for translation into practical,
real-world applications, including therapeutic contexts such
as controlling and dosing targeted cancer therapies, and re-
generative medicines. Following the performance evaluation
and optimization studies on the tetracycline-inducible —1 PRF
platform, the variant TMEV-RS-6.1 was selected for all subse-
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Figure 2. The p1 stem stability and the position of tetracycline aptamer affect the —1 PRF efficiency. (A) Dual-luciferase assay showing the effects of
spacer/p1 stem variations in the tetracycline-inducible —1 PRF platform with no (grey) or 50 uM (blue) tetracycline. The values above the bars indicate
the dynamic range for each respective construct. The corresponding sequences of the p1 stem are presented below the plot, and the spacer length is
specified in the construct names (e.g. TMEV-RS-5 indicates a spacer length of 5 nt). Sequential differences between the constructs with the same stem
and spacer length are shown in blue. Columns represent the mean +s.d. of three independent experiments (each with three technical replicates). (B)
Dose-dependent —1 PRF efficiency of the construct TMEV-RS-6.1. The curve is plotted relative to the INFC expression levels. The concentration
corresponding to the half-maximal response (ECsgg) is indicated on the graph. The data represented show three independent experiments (each with

three technical replicates).

quent experiments on the basis of its superior dynamic range,
unless specifically stated otherwise.

Autonomous transgene expression controlled by
tetracycline-inducible —1 PRF platform

—1 PRF and other translational recoding mechanisms occur
during the elongation phase of translation. Consequently, the

functionality of these mechanisms is contingent upon the ex-
pression of an upstream ORF. Moreover, when the —1 PRF is
activated, the translon is expressed as a fusion with the up-
stream region. In such configurations, the genomic context
surrounding the platform and the platform itself can influence
each other. This complex behavior challenges the straightfor-
ward incorporation of inducible —1 PRF platforms for mod-
ular and universal applications regulating transgene expres-

920z AInr 20 uo Jesn yayjoljqigiesiusz zM-4a Aq £6/2298/9z70exb/6/yG/elonle/ieu/woo dno-ojwepeoe//:sdiy wolj pepeojumod



8 Kose et al.

sion, irrespective of the chosen gene, in different cell types or
settings. To refine the final translon, we introduced cleavage
elements between the —1 PRF platform and the GOI.

In this regard, 2A peptides were considered the primary op-
tion [87]. 2A peptides exert their function by impeding the
formation of a glycyl-prolyl peptide bond at their C-terminus
while maintaining the integrity of the downstream ribosomal
elongation process. This unique skipping mechanism results in
two separate polypeptide chains where the downstream prod-
uct only carries an additional proline residue at its N-terminus
[88]. We chose 2A peptides due to their compact structure,
high cleavage efficiency, and extensive applications in the co-
expression of proteins in research and biotechnology settings.
Furthermore, by not relying on a trans-acting element and
displaying a high cleavage efficiency, 2A peptides are ideally
suited for developing a versatile, modular platform that can
be utilized in different settings.

As a first step, the 2A peptide from the equine rhinitis A
virus (E2A) was integrated between TMEV-RS-6.1 and the
hluc+ gene in the —1 frame [87] (Fig. 3A). In a second config-
uration, the foot-and-mouth disease virus 2A peptide (F2A)
was added downstream of the hRluc gene to facilitate the
release of both luciferases [89]. Our results show that the
tetracycline-inducible —1 PRF platform retained its switch-
ing capacity following the integration of 2A peptides, produc-
ing similar results to those achieved with the fusion design
(Fig. 3B). Notably, incorporating the E2A peptide increased
the overall levels of hluc+ activity and showed an increase of
up to 26.7% in the ON state. However, the increase in expres-
sion was accompanied by a slight reduction in the dynamic
range due to the higher elevation rates observed in the OFF
state. Conversely, introducing the secondary 2A peptide up-
stream of the tetracycline-inducible —1 PRF platform resulted
in a lower ON state and narrower dynamic range compared
to the construct carrying a single 2A peptide. The increased
number of ribosomal fall-off events during translation is a pre-
viously reported drawback of the ribosomal skipping mecha-
nism, which could be a potential outcome with the inclusion
of two 2A peptides on a single mRNA [87, 90].

As a next step, we explored the fusion of ubiquitin (Ub) as
an alternative cleavage element. Although ubiquitin is a less
well-known alternative to 2A peptides, previous studies have
demonstrated its effectiveness as a cleavage element when
linked to the N-terminus of a protein of interest (POI) This
process relies on the recognition of the C-terminal isopepti-
dase site of the N-linked ubiquitin residue and its subsequent
cleavage by deubiquitinating enzymes, thereby leaving the N-
terminus of the downstream protein unaltered [91, 92]. In par-
allel with the 2A peptide-integrated versions, a modified L48R
ubiquitin domain, which has been modified to prevent polyu-
biquitination [93], was directly fused in the —1-frame to the
N-terminal region of the hluc+ gene to assess its impact on
switching capacity. Our findings indicate that Ub is a viable
alternative as a cleavage element and shows no interference
with the switching activity of the platform (Fig. 3B). While
the dynamic range is slightly narrower than the fusion con-
struct, the results show even a higher ON state of 33.1%, and
the element offers the advantage of producing a more native
version of POL

In summary, the use of these specific cleavage elements en-
hances the modularity of our system by yielding POI as a sep-
arate protein. The higher levels of —1 PRF efficiency observed
in constructs that carry cleavage elements also suggest that

this approach could be more effective in accurately quantify-
ing the —1 PREF efficiency. Prior studies have shown that fused
reporters may compromise the reliability of signal measure-
ments by affecting the activity of the downstream reporter.
Cleavage elements have been recommended when studying
translational recoding elements [94, 95].

Controlling the expression of different genes by
tetracycline-inducible —1 PRF platform

To achieve a fully autonomous tetracycline-inducible —1 PRF
platform that does not rely on the production of the up-
stream (O-frame) product, we substituted the upstream gene
with an N-terminal DD (Fig. 4A). The rationale behind this
selection was to employ it as a “stuffer” fragment to main-
tain the translational context for frameshifting and mitigate
the accumulated translated byproducts of the platform. We se-
lected a modified ubiquitin domain (UbVR) with mutations at
its C-terminus to inhibit cleavage by isopeptidases [71]. With
this tetracycline-inducible PRF setup, the DD-linked 0-frame-
encoded translon is always subject to targeted proteasomal
degradation, as it is translated irrespective of ligand presence.
Conversely, with successful —1 PRF induced by tetracycline,
the cleavage element (e.g. 2A or Ub, see above) separates the
target protein from the translated byproduct, thereby prevent-
ing its degradation.

To assess the modularity of our newly autonomous design,
we integrated the autonomous tetracycline-inducible —1 PRF
platform based on TMEV-RS-6.1 into the upstream region of
the hluc+ and hRluc transcription units. As each luciferase
serves as a distinct reporter within its circuit in the dual-
luciferase system, this allowed us to evaluate the operational
characteristics of the platform in each transcription unit. Ini-
tially, both versions of the platform carrying a 2A peptide or
Ub were tested upstream of hluc+, positioned downstream
of the HSV-TK promoter. Subsequently, both versions with
different cleavage elements were also cloned upstream of the
hRluc gene, directed by the SV40 early enhancer/promoter in
the psiCHECK™-2 vector. Our results showed moderate vari-
ation in switch performance between these two distinct ge-
netic setups. Specifically, when the platform was used to reg-
ulate hRIuc expression, its performance was superior to the
case where it controlled hluc+ expression.

When regulating ARluc expression, the autonomous
tetracycline-inducible —1 PRF platform with the Ub domain
yielded the highest dynamic range of 11.1-fold (Fig. 4B, right
panel). Here, the platform with the 2A peptide showed the
highest ON-state and a dynamic range of around 8.2-fold.
Conversely, when regulating hluc+ expression, the platform
with 2A peptide showed its highest ON-state and the dynamic
range of six-fold (Fig. 4B, left panel). While this comparative
analysis revealed that the autonomous tetracycline-inducible
—1 PRF platform maintained its overall switching capabilities
in different configurations, it also underscores the importance
of the transcriptional machinery and its influence on the over-
all efficacy of artificial gene regulation systems. Factors such
as promoter compatibility can influence the levels and the sta-
bility of the transcribed mRNAs. Understanding these inter-
actions would provide critical insights into tailoring the —1
PRF platforms for specific applications based on the inherent
characteristics of the transcriptional unit involved.

To test if the high ON-state levels of the TMEV-RS-6.3
variant generalize to the autonomous design, we inserted the
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TMEV-RS-6.3 module, carrying a 2A peptide, downstream
of the SV40 early enhancer/promoter that drives hRluc ex-
pression. In this setting, the TMEV-RS-6.3 module no longer
exhibited elevated expression; rather, it fell within the range
of TMEV-RS-6.1, with a comparably lower dynamic range
(Supplementary Fig. S3). This result underscores the context-
dependence of its performance in the fusion setting as pointed
out in previous studies [94, 95].

Further analysis was conducted to assess whether the
functional mechanism or the sensitivity of the tetracycline-
inducible —1 PRF platform was affected in the autonomous
setting. First, the effect of the N-terminus DD on the expres-
sion levels in the autonomous tetracycline-inducible —1 PRF
platform was analyzed. Without a cleavage element present, a
drop of around 80% was observed in the overall expression
levels (Supplementary Fig. S4). Next, the mutational analysis
of the —1 PRF components was conducted using the same ap-
proach described in Fig. 1B. It was shown that the impaired
—1 PRF elements abolish the platform’s switching activity,
regardless of the presence of tetracycline (Fig. 4C). More-
over, the dose-response measurements indicated that the ECsg
of the autonomous tetracycline-inducible —1 PRF platform
remained consistently low, exhibiting only modest variation
from TMEV-RS-6.1 (Fig. 4D).

To further evaluate the broad utility of our autonomous
tetracycline-inducible —1 PRF platform across various ge-
netic environments, we aimed to regulate the expression of
the EGFP gene driven by the CMV promoter (Supplementary
Fig. S5A). In the fluorescence context, the autonomous
tetracycline-inducible —1 PRF platform exhibited marginally
elevated expression levels, with a more constrained dynamic
range of 6.3-fold in comparison to the luciferase context (Fig.
4C and Supplementary Fig. S5B). Despite the heterogeneity in
genetic context and assay characteristics, the platform demon-
strated consistent response profiles across both reporters, sug-
gesting that its sensitivity remained unaltered. Specifically,
the platform achieved a 3.9-fold increase at 0.4 uM tetracy-
cline, which is similar to its 3.2-fold increase observed with
0.39 puM tetracycline in the luciferase context (Fig. 4D and
Supplementary Fig. S5B). However, the percentage of rela-
tive expression levels determined relative to the INFC con-
struct was notably lower in the EGFP context, with 58%,
compared to the luciferase context (over 80%, Fig. 4C and
Supplementary Fig. S5B).

Previous comparative analyses of genetic reporter systems
have demonstrated that luciferase signals can plateau earlier
than fluorescence signals at higher protein expression levels
[96]. Therefore, the lower percentage of relative expression
levels observed for INFC in the EGFP context can be at-
tributed to the variability in the absolute reporter activity lev-
els measured in the unmodified vectors. Moreover, the lower
background and greater fold induction of the platform ob-
served in the luciferase context were potentially due to the
suitability of bioluminescence assays for more precise quan-
tification of gene expression [97]. In conclusion, we observed
robust switching performances with both reporters.

To test the therapeutic applicability of the autonomous
tetracycline-inducible —1 PRF platform in different genetic
contexts, we next sought to control the production of the
immunostimulatory cytokine, interleukin 12 (IL-12). IL-12
is a potent inducer of T-cell activity. It exhibits significant
anticancer properties through its critical role in modulating
early non-specific innate resistance and adaptive type 1 T cell-

mediated immunity [98, 99]. IL-12 enhances the cytotoxic ac-
tivities of NK and T cells by promoting their proliferation and
the production of IFN-y, which is central to orchestrating the
TH1 immune response [100, 101]. However, the systematic
delivery of IL-12 poses a serious challenge due to its severe
toxic effects [102]. Therefore, the controlled release of IL-12
is an attractive strategy to minimize associated side effects and
enhance local immune responses in the tumor microenviron-
ment in cancer immunotherapy applications [103-105].
First, we replaced the hluc+ gene of the psiCHECK™-
2 vector with the single-chain mIL-12 coding sequence, re-
sulting in a positive control construct that constitutively ex-
presses mIL-12 downstream of the HSV-TK promoter. Then,
to achieve mIL-12 expression under the control of the au-
tonomous tetracycline-inducible —1 PRF platform, we inte-
grated the DD-TMEV-RS-2A module upstream of the mIL-12
CDS (Fig. 5A). We performed ELISA assays to quantify se-
creted mIL-12 levels from the cells transfected with the de-
scribed constructs. To evaluate whether the timing and mag-
nitude of the therapeutic payload could be regulated with
our platform, we performed inductions with varying concen-
trations of tetracycline. The findings demonstrated that the
tetracycline-inducible —1 PRF platform maintained its dy-
namic range and relative ON/OFF states, aligning closely with
results obtained from luciferase assays (Fig. 5B). The back-
ground mIL-12 expression level of the tetracycline-inducible
—1 PRF platform was remarkably low at ~0.5% of the posi-
tive control. Notably, the switching activity exhibited a dose-
dependent increase, reaching expression levels of 1.6% at 0.4
uM tetracycline and 7.4% at 50 uM tetracycline. These re-
sults highlight the modularity of the tetracycline-inducible —1
PRF platform and affirm its potential as a valuable tool for
precise gene regulation in clinical and research settings.

External elements can optimize the
tetracycline-inducible —1 PRF platform

Despite its advances, the —1 PRF systems are constrained be-
cause only a fraction of ribosomes adopt the alternative frame,
even in the WT —1 PRF setups. Therefore, the expression lev-
els of the tetracycline-inducible —1 PRF platform in the ON
state could be suboptimal for specific therapeutic applications.
To enhance system performance in the ON state by boost-
ing mRNA half-life and thereby increasing the absolute target
protein levels from repeated translation events, we integrated
an mRNA-stabilizing element,a MALAT1 element for nuclear
expression (ENE), into our system (Supplementary Fig. S6A).
This distinctive triple-helix structure, present at the 3’ ends
of MALAT1 long noncoding RNAs (IncRNAs), protects the
3’ end of RNA from 3/-5" exonucleases, even in the absence
of poly(A) tails [106]. To emulate this shielding effect on the
mRNA from rapid degradation and extend its half-life, we in-
corporated the MALAT1 ENE triplex [107], followed by an
HDV ribozyme [108], into the 3’ untranslated region of our
GOL. By adding a ribozyme that cleaves itself, the MALAT1
ENE triplex can accurately form its unique structure without
relying on the natural processing of MALAT1 in cells [109,
110]. This improvement in the target mRNA stability en-
hanced signal levels of the autonomous tetracycline-inducible
—1 PRF platform, ~13.7-fold and 20.1% of expression in
the ON state (Supplementary Fig. S6B). Moreover, the dy-
namic range was increased by approximately two-fold. Con-
sequently, by incorporating different expression-boosting el-
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ements with the tetracycline-inducible —1 PRF platform, we
showed that it is possible to increase the production of the
PO], thereby fulfilling the specific therapeutic requirements of
various diseases when needed.

Finally, DLA assays were performed at several designated
time points following the addition of tetracycline to eval-
uate the temporal gene expression of our optimized au-
tonomous tetracycline-inducible —1 PRF platform. A previ-
ously reported alternative splicing-based tetracycline switch,
Tet9_ex [29], was tested alongside our platform in these as-
says. The results demonstrated that the optimized tetracycline-
inducible —1 PRF platform achieved a consistently higher
mean fold change with 10 uM tetracycline and exhibited
a more rapid increase over time than Tet9_ex. Remarkably,
the optimized tetracycline-inducible —1 PRF platform showed
a two-fold increase as early as 1 h post-tetracycline addi-
tion, and this effect amplified to reach a 9.1-fold increase af-
ter 8 h (Supplementary Fig. S7). These results highlight the
rapid response times of our inducible translational reprogram-
ming platform and confirm the robust responsiveness of post-
transcriptional gene regulation platforms that act on mature
mRNAs [40]. Overall, the presented findings demonstrate that
the developed autonomous —1 PRF platform is a modular,
versatile, RNA-only tool for conditional control of gene ex-
pression. This modularity ensures that the developed platform
should be adaptable for diverse applications, potentially pro-
viding reliable control over gene expression in various exper-
imental and therapeutic contexts.

Discussion

Translational recoding, particularly —1 PRE, is widely ex-
ploited by viruses for gene expression regulation [111, 112].
The use of translational recoding signals as basic circuit com-
ponents in synthetic biology was previously discussed [113]
and —1 PRF has become a valuable tool for synthetic con-
trol of gene expression in eukaryotic systems [114, 115]. In
this study, we sought to expand this toolbox by developing

a tetracycline-inducible mammalian riboswitch that controls
gene expression at the translational level. By adapting —1
PRF modules from various viruses and utilizing components
from the synthetic biology toolkit, we engineered a modular
platform that can be integrated into diverse genetic and cel-
lular environments. Natural and artificial riboswitches typ-
ically regulate gene expression by modifying the accessibil-
ity of essential gene sequences through metabolite-induced al-
ternative conformations, influencing processes such as tran-
scription termination, translation initiation, and splicing via
their expression platform [29, 32, 116]. The formation of
these alternative secondary structures depends on how the ap-
tamer domain’s occupancy status is transferred to the expres-
sion platform, a process that is currently poorly understood
[117]. Conversely, in our system, metabolite binding induces
pseudoknot formation and structural stabilization of the ap-
tamer domain directly, rather than masking or exposing se-
quences. This structural stabilization is necessary to trigger
the switch, effectively merging the aptamer domain with the
expression platform into a unified functional unit. While it
remains to be fully determined whether operating as a sin-
gle entity or another mechanism results in improved sensitiv-
ity, our dose-response analysis showed that the tetracycline-
inducible —1 PRF platform can respond effectively within the
clinically relevant ECsy range of the ligand. These findings
suggest that the platform ensures efficacy at reduced concen-
trations of the effector molecule, likely decreasing the poten-
tial toxicity associated with high-concentration requirements.
Our findings provide preliminary evidence of a direct, robust
regulatory capability inherent in the platform that boosts its
sensitivity.

In the pharmacokinetic study conducted by Strobel et al.,
peak plasma concentrations of 42 uM and residual levels of
3.3 uM at the eighth hour were measured following a single
intraperitoneal administration of tetracycline at 54 mg/kg in
C57Bl/6 mice. Furthermore, exposure levels in various murine
organs were evaluated 2 h after tetracycline administration,
which revealed total concentrations of 16.4 uM in plasma,
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5.7 uM in the lung, 7.8 uM in muscle, 8.0 uM in the heart,
27.2 uM in the kidney, 149 uM in the liver, 0.42 uM in
the brain, and 0.88 uM in eyes [40]. In our cellular assays,
a tetracycline concentration of 0.39 uM, similar to the con-
centration measured in the brain, induced a 4.1-fold increase
in signal levels with the autonomous tetracycline-inducible
—1PRF platform (Fig. 4D). While doses that work in cellu-
lar assays may not directly translate to effective doses in vivo,
the high sensitivity observed in our platform is potentially
compatible with therapeutic applications targeting various
tissues.

Considering that differences in the transcriptional and
translational machinery occur in different cell types, the per-
formance of synthetic gene-regulatory tools can show het-
erogeneity when operating in other cell lines. Higher switch
performance in H1299 and HeLa cells may indicate that
the tetracycline-inducible —1 PRF platform exhibits better
performance in cancerous cell lines. Nevertheless, further
analysis, such as testing additional cell lines, primary can-
cer cell models, and animal tumor models, is necessary to
determine how universally the switches can be applied or
which switch variant is most suitable in each context. For
instance, trials conducted with TMEV-RS variants in HeLa
cells exhibited lower noise signals. In contrast, in H1299 cells,
TMEV-RS variants demonstrated much higher overall signal
levels.

To further optimize the system toward applicability, we
aimed to make the inducible —1 PRF platform modular by
introducing an upstream DD and a cleavage element. This
autonomous platform prevents the accumulation of trans-
lated byproducts and releases the target protein from the
byproducts when activated. This design of our system sets
it apart from previous inducible —1 PRF platforms, enhanc-
ing its adaptability and ease of use in diverse applications.
Indeed, our results are consistent with this notion, demon-
strating the precise modulation of all four tested target genes,
including cytoplasmic and secreted proteins, such as mlIL-
12. Furthermore, the system remains functional with promot-
ers of varying strengths, allowing for adaptation to different
genes or therapeutic needs. Our system’s low background and
dose-dependent response demonstrate its potential to fine-
tune the production of a proof-of-concept therapeutic pay-
load, which is critical for many adaptive therapies targeting
complex diseases such as cancer and autoimmune disorders
[118, 119].

Additionally, the system’s dynamic range is enhanced by
modifications to the —1 PRF switch modules, allowing it to
regulate gene expression over a broad range of tetracycline
concentrations. This flexibility ensures that the system can be
tuned to achieve desired protein expression levels tailored to
specific therapeutic needs. However, the system is not without
limitations. It has been observed that the maximum ON-state
achieved in many setups reaches only 30% of the reference ex-
pression levels. The lower expression levels may be attributed
to the inherent characteristics of —1 PRE, as the stimulatory
structure element does not result in the complete adoption of
the alternative frame. To address this, introducing or replacing
regulatory elements that enhance the mRNA stability could
improve overall translation efficiency and expression levels,
as demonstrated by the incorporation of the MALAT1 ENE
triplex into the 3’ UTR (Supplementary Fig. S6).

The implications of this work are significant, as it advances
targeted therapies by precisely controlling gene expression in

response to external triggers. In general, synthetic tools that
rely on nuclear processes, such as transcriptional effector or
splice switches, are not feasible for specific therapeutic strate-
gies, particularly those involving RNA delivery. However, the
inducible —1 PRF platform functions in the cytoplasm, mak-
ing it particularly relevant. Additionally, it maintains its struc-
tural integrity during switching, unlike aptazyme switches, al-
lowing for the dynamic modulation of gene expression over
extended periods. Although the maximal expression induced
by our PRF switches is generally lower than that reported for
mammalian aptazymes, their dynamic range falls in a sim-
ilar range while avoiding the high basal background often
reported for aptazymes [27, 28, 31, 120-124]. Furthermore,
our PRF switches respond at markedly lower ligand concen-
trations than aptazyme systems, which often require an in-
ducer concentration of >10-100 uM for full regulation [27,
28,120-124]. In conclusion, compared with previously devel-
oped artificial riboswitches, the present system offers a mod-
ular tool with reversible and rapid response to its specific cue
at the translational level, rendering it a promising instrument
for applications in research and medicine.
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