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Sensing intracellular signatures with synthetic mRNAs
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ABSTRACT
The bottom-up assembly of biological components in synthetic biology has contributed to a better 
understanding of natural phenomena and the development of new technologies for practical applica
tions. Over the past few decades, basic RNA research has unveiled the regulatory roles of RNAs under
lying gene regulatory networks; while advances in RNA biology, in turn, have highlighted the potential 
of a wide variety of RNA elements as building blocks to construct artificial systems. In particular, 
synthetic mRNA-based translational regulators, which respond to signals in cells and regulate the 
production of encoded output proteins, are gaining attention with the recent rise of mRNA therapeutics. 
In this Review, we discuss recent progress in RNA synthetic biology, mainly focusing on emerging 
technologies for sensing intracellular protein and RNA molecules and controlling translation.
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Introduction to RNA synthetic biology

Synthetic biology is a constructive approach to studying bio
logical phenomena, built upon a broad range of scientific 
disciplines, including biology, physics, chemistry, and engi
neering. Synthetic biologists seek to (1) synthesize artificial 
living matters and (2) redesign and assemble natural, pre- 
existing biological components for the generation of fabri
cated systems [1]. Not only does synthetic biology help us 
achieve a greater understanding of biological systems in 
a manner distinct from classical analytical biology, but it 
also has enormous potential for practical applications bene
ficial to humankind [2], ranging from healthcare [3–5], agri
culture [6], and energy supply [7] to biomanufacturing [8].

Two trailblazing studies published in 2000 mark the rise of 
synthetic biology research [9,10]. In these papers, biological 
components (transcription repressors and corresponding 
repressible promoters) were combined to create two artificial 
systems using E. coli as a chassis: (1) an oscillating function 
that periodically expresses genes [9] and (2) a genetic toggle 
switch that can generate a bi-stable pattern of gene expression 
between ON and OFF states [10]. Following these reports, 
early studies have constructed various synthetic gene circuits 
using transcriptional regulators to program gene expression 
[11–13], inspired by Boolean algebra, electronic engineering, 
and computer science.

The central dogma of molecular biology – the flow of 
genetic information from DNA to protein – illustrates RNA 
as a template for protein synthesis, but it is crystal clear from 
our current knowledge that its role goes far beyond function
ing as mere intermediate messages. There are myriads of RNA 
elements in nature, and recent studies have shown many of 
them to play important roles in gene expression control 
[14,15]. RNA sequences fold into secondary and further as 

tertiary structures. Similar to proteins, structured RNAs can 
bind to specific ligands [16], catalyse various chemical reac
tions [17], and regulate transcription and translation through 
interaction with ligands [18]. In addition, the functional prop
erties of RNA molecules as both storage of genetic informa
tion and for catalysis suggest the possibility that an RNA- 
centric primitive life-like system had existed during evolu
tionary history [19]. It is therefore not surprising that pio
neering synthetic biologists recognized the potential of 
engineering these functional RNA elements to create artificial 
systems [20]. By utilizing such RNA elements as building 
blocks, it is possible, for example, to construct gene switches 
that tweak gene expression on and off in a ligand-dependent 
manner.

Therapeutic applications of mRNA unexpectedly attracted 
tremendous public attention following the outbreak of SARS- 
CoV-2 at the end of 2019. In recent years, mRNA vaccines 
and therapeutics have made remarkable progress, and several 
bio-ventures and pharmaceutical companies, including 
Moderna and BioNTech, are conducting clinical trials of 
mRNA-based therapies [21,22]. Important characteristics of 
mRNA therapeutics, composed of in vitro synthesized mRNA 
administered to the body, are: (1) transgenes are delivered 
into cells virtually without any risk of harmful genomic inte
gration; (2) transgenes are rapidly expressed because they are 
delivered to the cytosol, where translation primarily occurs, 
without ever entering the nucleus; and (3) mRNAs are trans
lated in both non-dividing and actively dividing cells [23]. 
However, since simple (over)expression of transgenes in off- 
target cells might cause unexpected adverse effects, research
ers are currently taking advantage of synthetic biology 
approaches for sophisticated gene expression control to 
develop ‘smarter’ mRNA therapeutics.
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In this Review, we aim to introduce recent progress in 
RNA synthetic biology, especially focusing on emerging 
mRNA-based technologies to post-transcriptionally regulate 
gene expressions by sensing cellular proteins and RNA mole
cules. We also discuss recent advances in related technologies 
which may contribute to the further development of RNA 
synthetic biology.

Protein sensors

Proteins are responsible for a wide range of biological phe
nomena within cells. Variations in protein expression underlie 
cellular states and identities. Therefore, sensors that detect 
proteins and generate measurable outputs are helpful tools 
for cellular engineering applications. mRNA-based technolo
gies that convert the information of cellular proteins or other 
inputs (e.g. small molecules, and light) to transgene expres
sion through RNA – protein interaction are summarized in 
Table 1.

One classic example of an RNA-based protein sensor is an 
mRNA that contains an aptamer in the untranslated region 
(UTR) (Figure 1A). An aptamer is an RNA molecule that 
specifically binds to a ligand. Our group has previously devel
oped a translational control system, called protein-responsive 
mRNA switches, based on the interaction between RNA apta
mers and RNA-binding proteins (RBPs) [24–30]. In the 
absence of a specific target protein, the protein-responsive 
mRNA switch is translated; while in its presence, a complex 
of the target protein and the aptamer strategically inserted 
into the 5’-UTR of the mRNA probably serves as a roadblock 
for scanning ribosomes, thereby repressing translation. There 
are several mRNA switches that are designed to sense specific 
RBPs. For example, the archaeal RBP L7Ae [24,25], RNA- 
binding capsid proteins derived from bacteriophages MS2 
[30,31] and PP7 [29], tetracycline-responsive repressors 
(TetR) [32–34], the mammalian spliceosomal protein U1A 
[28], an RBP highly expressed in pluripotent stem cells 
(LIN28A) [28], and clustered regularly interspaced short 
palindromic repeats (CRISPR) and CRISPR-associated (Cas) 
proteins [35–37].

L7Ae is an RBP and one of the most frequently used 
triggers for protein-responsive mRNA switches because of 
its strong translational repression ability. Aimed at condi
tional regulation of translation, Ron Weiss and his group 
engineered L7Ae to control its stability in a small molecule- 
dependent manner (Figure 1B). They fused L7Ae with 
a destabilization domain (DD) [34], thus creating a fusion 
protein that undergoes proteasomal degradation unless 
a stabilizing ligand (Trimethoprim; TMP) is added. Another 
example of L7Ae engineering is to regulate translation in 
a target protein-dependent manner (Figure 1C) [38]. In this 
system, a cleavage site (CS) of tobacco etch virus protease 
(TEVp) is inserted into L7Ae. TEVp disrupts L7Ae function 
by cleaving at the CS. Next, TEVp and L7Ae are fused to two 
single-chain variable fragments (scFv162 and scFv35, respec
tively). Both scFvs recognize the same viral protein NS3 but 
via distinct epitopes. In the presence of NS3, it serves as 
a scaffold for the assembly of TEVp-scFv162:NS3:scFv35- 
L7Ae and enhances TEVp cleavage to de-repress translation.

Several mRNA switches can also sense endogenous pro
teins to distinguish specific cell types. For example, LIN28A is 
an RBP involved in stem cell-related gene regulatory networks 
[39]. The LIN28A-responsive switch has been proven to dis
tinguish differentiated cells and human induced pluripotent 
stem cells (iPSCs) based on differences in LIN28A expression 
levels between the two cell types [28]. Recently, several groups 
have reported translational regulators with CRISPR/Cas pro
teins by leveraging their RNA-binding abilities [35–37]. Cas 
proteins are recently being discovered not only in microbial 
genomes [40,41] but also in bacteriophages [42,43], and are 
thus promising RBPs to significantly expand the repertoire of 
translational regulators.

Protein-responsive mRNA switches described above are 
generally OFF-type systems in which gene expression is sup
pressed in the presence of a target protein. In contrast, ON- 
type systems that induce gene expression in the presence of 
a target are also possible to design and could have vast 
applications. One strategy to activate translation is to utilize 
a chimera of an aptamer and a self-cleaving ribozyme 
(Figure 2A) [44,45]. In two independent studies by 
Ausländer et al. and Kennedy et al. in 2014, self-cleaving 
ribozymes were engineered to switch between active and 
inactive conformations in response to an RNA-binding 
N-peptide from λ bacteriophage and an RNA-recognition 
domain derived from U1A (U1Ap) [44], or a bacteriophage- 
derived RBP (coat protein of bacteriophage MS2, MS2CP) 
[45], respectively. As an alternative strategy to making ON- 
type systems, a study utilized the nonsense-mediated mRNA 
decay (NMD) pathway [46], a natural mRNA surveillance 
pathway for degrading mRNAs with premature termination 
codons [47]. This ON-type system employs a bicistronic 
mRNA that encodes two open reading frames (ORFs): (1) 
the one upstream contains premature termination codons 
(PTCs) to trigger translation termination and NMD to 
degrade the mRNAs and (2) the one downstream operates 
under the control of an internal ribosome entry site (IRES) to 
produce an output signal. An aptamer is placed within the 5’- 
UTR, and the RBP – aptamer interaction represses the pio
neer round of translation of the upstream ORF, thereby pre
venting mRNA degradation by NMD and allowing IRES- 
dependent output expression.

In a more recent study, a virus-derived protein, VPg (viral 
protein genome-linked), was used to activate translation 
(Figure 2B) [48]. VPg is a protein that binds to translation 
initiation factors and acts as a substitute for the 5’-cap struc
ture [49], which is necessary for efficient initiation of transla
tion. This system, named CaVT (Caliciviral VPg-based 
Translational activator), consists of two components: (1) 
a fusion protein of VPg and an RBP (MS2CP); and (2) an 
mRNA with a 5’-UTR that contains an MS2CP aptamer and 
a noncanonical 5’-cap structure (A-cap) that is incompetent 
for efficient translational initiation. When VPg is recruited to 
the 5’-UTR of the mRNA via MS2CP-aptamer interaction, 
VPg interacts with translation initiation factors to activate 
mRNA translation.

The CaVT-based approach has been expanded to drug- 
dependent translational activation. In this system, drug- 
inducible heterodimerization domains (DmrA and DmrC)
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and an inducer A/C Heterodimerizer ligand are used [48]. 
DmrC and DmrA are fused with VPg and MS2CP, respec
tively (Figure 2C). In the presence of the A/C Heterodimerizer 
ligand, the DmrA – DmrC heterodimerization occurs and 
tethers VPg to the mRNA, resulting in VPg-mediated transla
tional activation. Furthermore, light-activated translation was 
also demonstrated recently by using a light-responsive small 
molecule to trigger the interaction between VPg and MS2CP 
(Figure 2D) [50]. Another application of CaVT is to sense 
a target protein [51], similar to the L7Ae-based system 
described above (Figure 2E). For the CaVT-based intracellular 
protein sensor, MS2CP is split into two fragments, with two 
nanobodies against distinct epitopes of a single target protein 
fused to each fragment. In addition, split inteins, which med
iate protein trans-splicing events, are also fused to each 
MS2CP fragment. VPg is fused with the fusion protein of 
the nanobody, the C-terminal intein (C-intein), and the 
C-terminal MS2CP fragment. Only when both CaVT compo
nent proteins and the target protein are present does the 
target protein act as a hub to bring the separated CaVT 
components into proximity to facilitate protein trans- 
splicing and reconstitute full-length CaVT. The reconstituted 
CaVT protein, in turn activates target mRNA translation. 
Such control systems induced by drugs, light, and intracellular 

proteins are useful tools for regulating translation in 
a spatiotemporal or cell type-specific manner.

Next, we will discuss the development of technologies that 
paved the way to further expand the toolbox of mRNA-based 
protein sensors. In 1990, two pioneering studies reported 
methods to obtain RNA aptamers with high specificity and 
affinity to ligands [52,53], now widely recognized as in vitro 
selection (evolution) or ‘systematic evolution of ligands by 
exponential enrichment’ (SELEX) (Figure 3A) [52]. SELEX 
mimics natural processes of evolution: variation, selection, 
and replication. A pool of stretches of random RNA bases, 
some of which contain specific sequences that can bind to 
a specific ligand, is subjected to selection for binding to 
a ligand of interest by using ligand-immobilized columns, 
membranes, or microbeads, for example. Selected RNAs are 
reverse-transcribed, PCR amplified, and in vitro transcribed. 
The recovered RNA pool is subjected to consecutive rounds of 
selection, gradually enriching high-affinity RNAs in the pool, 
and aptamers are finally identified through Sanger sequencing 
or massively parallel sequencing.

One example of a novel RNA – protein pair identified via 
SELEX for the engineering of RNA-based devices is an RNA 
aptamer specific for TetR [54]. TetR is a well-characterized 
transcriptional factor that binds to cognate tetO operator

Figure 1. Protein-responsive OFF-type translational regulators.
(A) Aptamers are RNA elements that can interact with specific ligands. In protein-responsive mRNA switches, aptamers that interact with RNA-binding proteins (RBPs) 
are inserted into the 5’-UTR of mRNAs (left). In the absence of the target RBP, L7Ae, an mRNA harbouring the BoxC/D motif (L7Ae aptamer) is translated, while the 
L7Ae−BoxC/D interaction represses the translation (right). CDS: coding sequence. (B) A drug-dependent translation regulator using the drug-inducible stabilization of 
L7Ae. TMP: trimethoprim. DD: destabilization domain. (C) An L7Ae-based protein sensor. TEVp: TEV protease. CS: cleavage site of TEVp. scFv: single-chain variable 
fragment.
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Figure 2. Protein-responsive ON-type translational regulators.
(A) Schematic illustration of protein-responsive riboswitches. A chimera of an aptamer (nutR-boxB hairpin) and a hammerhead ribozyme (HHR) is inserted into the 3’- 
UTR of mRNA. In the absence of the trigger RNA-binding protein, N-peptide, HHR undergoes self-cleavage, and the mRNA is degraded (translation OFF, top right). In 
the presence of N-peptide, the binding to nutR-boxB prevents the self-cleavage activity of HHR, resulting in stabilization and translation of the mRNA (translation ON, 
bottom right). CDS: coding sequence. (B) Schematic illustration of CaVT (Caliciviral VPg-based Translational activator). VPg is capable of interacting with eIF4F to 
initiate translation. MS2CP fused with VPg interacts with MS2 aptamer inserted into the 5’-UTR of an A-capped target mRNA, recruiting eIF4F proximal to the target 
mRNA to initiate translation. (C) Schematic illustration of drug-controllable CaVT. A/C heterodimerizer induces the heterodimerization of DmrA and DmrC to tether 
VPg to the target mRNA for translational initiation. (D) Schematic illustration of light-inducible CaVT. Before light irradiation, photocaged TMP-HL cannot bind to 
MS2CP-eDHFR. Light irradiation removes the photocage, and a ternary complex of MS2CP-eDHFR, TMP-HL, and HaloTag-VPg activates target mRNA translation. (E) 
CaVT-based protein sensor. Target proteins act as a molecular hub for MS2CP (N-terminal fragment)-intein nanobody and nanobody-intein-MS2CP (C-terminal 
fragment)-VPg and enhance intein-mediated protein trans-splicing between these proximal proteins, resulting in reconstitution of full-length MS2CP-VPg.
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DNA and represses transcription in the presence of ligand, 
tetracycline (Tc), or its derivatives (e.g. doxycycline: Dox). 
Upon the addition of Tc, TetR is unbound from tetO, and 
gene expression is activated. In 2009, Suess and colleagues 
identified TetR-binding RNA aptamers and demonstrated 
that the aptamers, instead of Tc, can release TetR from 
tetO to induce gene expression in E. coli [54]. In 
a subsequent study, the TetR aptamer was utilized for con
ditional control of miRNA biogenesis in mammalian cells 
[55]. To regulate TetR-dependent miRNA biogenesis, the 
TetR aptamer was inserted into the terminal loop of 

precursor miRNAs (pre-miRNAs). If TetR is absent or 
both TetR and Tc are present, miRNA-processing enzyme 
Dicer cleaves the pre-miRNAs to generate mature miRNA. 
If TetR is present and Tc is absent, TetR binds to the 
aptamer and impairs cleavage by Dicer. Another example 
of TetR aptamer applications is the TetR-dependent regula
tion of alternative mRNA splicing, named TetR Splicing 
Device (TSD) [56]. In TSD, the TetR aptamer was inserted 
into an intron close to a 5’ splice site (5’SS) such that TetR- 
aptamer binding inhibits spliceosome assembly, conse
quently leading to intron retention. A more recent study

Figure 3. Methods to obtain aptamers and expand the number of RNA – RBP pairs.
(A) Overview of SELEX (systematic evolution of ligands by exponential enrichment) to obtain aptamers. (B) Overview of PD-SELEX (phage display coupled with SELEX) 
for co-evolution of RNA – RBP pairs by screening through protein and RNA libraries.
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employed the TetR aptamer to control switching between 
two alternative splice isoforms depending on the binding of 
TetR to the aptamer [57]. In this system, an intron harbours 
two 3’ splices sites (3’SSs), and TetR binding to the aptamer 
in the intron alters 3’SSs selection.

Another interesting work is a study in which Möglich and 
colleagues employed SELEX to discover aptamers that interact 
with a bacterial light-oxygen-voltage (LOV) receptor, PAL, for 
light-activated RNA-protein interaction [58]. PAL switches 
between light- and dark-adapted states depending on the pre
sence or absence of blue light, respectively. To select aptamers 
that bind to light-adapted PAL but not dark-adapted PAL, an 
RNA library was first subjected to PAL binding in the presence 
of blue light and eluted the RNA in the dark during the selec
tion. They successfully identified aptamers with high affinity 
for PAL (KD ~20 nM) under blue light and low affinity (KD >1  
µM) without. Finally, they demonstrated light-dependent con
trol of translation in mammalian cells by placing the PAL 
aptamer in the 5’-UTR of mRNA. Collectively, these studies 
highlight the power of SELEX to engineer RNA-based devices.

Further expansion of the repertoire of orthogonal RNA – 
RBP pairs – RBPs specifically binding to cognate RNAs – is 
a helpful tool for various applications (e.g. construction of 
synthetic gene circuits based on protein-responsive mRNA 
switches [30,59,60], transcriptional regulation with CRISPR/ 
Cas systems coupled with RNPs [61,62], and imaging of RNAs 
with multiple RNPs [63–65], however, the limited number of 
RNA – RBP pairs hinders multiplexing with RNPs. To over
come this limitation, creating novel RNA – RBP pairs by 
redesigning existing pairs was thought to be a reasonable 
strategy. One recently established method by Fukunaga and 
Yokobayashi, PD-SELEX, combined SELEX with phage dis
play (PD), an in vitro screening method to identify ligands for 
proteins displayed on phage particles [66–68], for the sys
tematic co-evolution of RNA – RBP pairs (Figure 3B) [69]. 
In addition to a random RNA library, they generated a library 
of randomly mutated L7Ae (Figure 1). A single cycle of PD- 
SELEX consists of five steps: (1) immobilizing a library of 
phage particles displaying L7Ae mutants onto magnetic beads 
and allowing the RNA pool to bind to the displayed protein 
library; (2) removing unbound RNA and releasing the phage 
particles from the beads; (3) capturing the phage-bound 
RNAs with DNA oligos, which is complementary to a part 
of the RNA library and immobilized on beads to enrich 
complexes of RNAs and proteins; (4) eluting RNAs and 
phage-displayed proteins from the collected beads through 
heating and RNase H treatment, respectively; and (5) building 
the RNA and protein libraries via reverse transcription and 
cDNA amplification by PCR, and in vitro transcription and 
amplification of the phage pools in E. coli, respectively. 
Through steps (1)-(3), the RNA and protein libraries are 
subjected to selective pressure, and interacting RNA – RBP 
pairs are refined. From an astronomical number of combina
tions of RNAs and proteins – the theoretical diversity of the 
RNA library is 1.1 × 1012 molecules, while the practical diver
sity of the protein library was estimated to be 4 × 108 mole
cules – favourable RNA – RBP pairs (CS1 RNA – LS4 protein 
and CS2 RNA – LS12 protein) were selected after six rounds 
of PD-SELEX and deconvolution of RNA – protein pairs. 

Importantly, the dissociation constant of CS1 RNA and LS4 
protein was 4,030- and 218-fold lower than those of CS1 
RNA – LS12 and CS1–L7Ae, indicating the ultra-selective 
binding of CS1 to LS4 over LS12 and the parental L7Ae. 
Applying PD-SELEX to redesign other RNA – RBP pairs 
(e.g. a stem-loop RNA motif of bacteriophage MS2 and its 
binding partner, MS2CP) might be beneficial because MS2CP, 
aside from L7Ae, is one of most frequently used RBPs in 
synthetic biology applications in mammalian cells and may 
therefore be suitable as a parental protein for generating novel 
RNA – RBP pairs to work in mammalian cells. One potential 
application of orthogonal RNA – RBP pairs is constructing 
synthetic gene circuits by assembling multiple protein- 
responsive mRNA switches [30,59]. Because of the strong 
translational repression ability of L7Ae and MS2CP, the cur
rent generation of circuits heavily relies on these proteins. 
However, if PD-SELEX could expand the repertoire of strong 
and orthogonal translational repressors, it would be possible 
to further expand the complexity of synthetic gene circuits. 
Collectively, PD-SELEX has the potential to generate novel 
orthogonal RNA – RBP pairs derived from existing pairs for 
expanding the toolbox available for various synthetic biology 
applications.

RNA sensors

As recent advances in single-cell transcriptome analysis 
clearly illustrate, the diversity of transcripts underlies cellular 
identity. In addition to protein sensors, RNA sensing systems 
would not only help to identify specific cell types but enable 
us to manipulate cell fate in a cell type-specific manner. 
Table 2 summarizes mRNA-based technologies to sense cel
lular transcripts, including microRNAs (miRNAs) and 
mRNAs.

miRNA sensors

miRNA is a group of short (around 22-nt) non-coding RNAs 
responsible for the post-transcriptional regulation of gene 
expression [70]. After processing from primary transcripts 
and precursor miRNAs, mature miRNAs are loaded onto 
the protein Argonaute (Ago) and guide the resulting 
miRNA – protein complex to target mRNAs for translational 
repression and degradation. More than 2,600 miRNAs are 
encoded in the human genome [71,72], and miRNA isoforms 
further diversify the regulatory network of miRNAs [73]. 
Since different types of tissues and cells have different 
miRNA signatures [74–77], miRNAs can also be used as 
markers to identify different cell types [78–83]. Although 
target sequences of miRNAs are usually observed in the 3’- 
UTR of mRNAs in nature, we have previously demonstrated 
that inserting miRNA target sites into the 5’-UTR can greatly 
improve the performance of miRNA-regulated translation 
(Figure 4A) [84]. By controlling drug resistance genes, suicide 
genes, and a membrane protein in a miRNA-dependent man
ner, we have reported miRNA-based systems to specifically 
select target cells from heterogeneous cell populations [84– 
86]. In addition, miRNA-controlled expression of CRISPR/ 
Cas proteins enables cell type-specific genome editing [87].
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Such systems will likely be vital to future medical applications 
such as regenerative medicine and cell therapy.

Since miRNAs usually repress the translation of target 
mRNAs, the translation of artificial mRNAs containing 
miRNA target sites is generally inhibited by the presence of 
target miRNAs (Figure 4B). Although these miRNA- 
controlled translational repressors (OFF switches) have pro
ven to be useful for cell type-specific control of gene expres
sion and cell fate, miRNA-responsive translational activators 
(ON switches) would also have great utility. A recent study 

reported a miRNA-responsive ON switch in which mRNA 
translation is activated by the presence of target miRNAs 
(Figure 4C) [88]. In this system, an additional sequence fol
lowing the miRNA target site was added downstream of the 
poly(A) tail to repress translation in the absence of trigger 
miRNAs. Whereas the 3’ ends of naturally-occurring mRNAs 
usually end with poly(A) tails, it is possible to add extra 
sequences downstream of the poly(A) tails of artificial 
mRNAs synthesized in vitro. Surprisingly, the added down
stream sequence inhibited translation, which could be

Figure 4. mRNA-based miRNA sensors.
(A) MicroRNA (miRNA) usually binds to target sequences in the 3’-UTR of target mRNAs with imperfect miRNA – mRNA complementarity (top). miRNA-loaded RISC 
(RNA-induced silencing complex) recognizes target mRNAs and represses their translation. For miRNA switches, target sequences complementary to miRNAs are 
inserted into the 5’-UTR (bottom). CDS: coding sequence. 
(B) Distinguishing different cell types based on miRNA activities. (C) Schematic illustration of miRNA-responsive ON-type switches. (D) Combinatorial use of miRNA- 
responsive OFF-type switch and ON-type switch for efficient elimination of undesired cells. (E) IsomiRs and modifications in miRNA diversify the regulatory roles of 
miRNAs. Further studies are needed to elucidate the relationship between these alterations, cellular identity, and diseases. 
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derepressed by target miRNAs, probably due to miRNA- 
mediated cleavage and removal of the extra downstream 
sequence. With this miRNA-responsive ON switch, the 
expression level of reporter proteins is ~ 3-fold higher in 
HeLa cells compared with cells with inhibited miRNA activity. 
Although further studies are required to elucidate the mole
cular mechanism of translational repression by such extra 
sequences following poly(A) tails, it may provide new clues 
to better our understanding of translational regulation in 
nature.

Turning on the expression of suicide genes in specific 
subfractions of a heterogeneous cell population is 
a promising strategy for mitigating contamination by 
unwanted cells for cell therapy and eliminating tumour cells 
while keeping normal cells alive [25,59,89]. To trigger cell 
death, pro-apoptotic proteins in the Bcl-2 family (e.g. hBax 
and Bim) have been frequently used in synthetic biology 
applications [25,59,89]. Although miRNAs can repress the 
translation of a suicide gene to prevent cell death when 
there is sufficient miRNA activity, the application of miRNA- 
responsive OFF switches alone to eliminate specific cell types 
often suffers from the leaky expression of suicide genes caused 
by insufficient translational repression by miRNAs, resulting 
in a loss of the desired cells. In addition, the efficiency in 
mRNA delivery to cells is not 100%, and the expression levels 
of mRNA-encoded proteins vary from cell to cell, together 
making it difficult to eliminate non-transfected, low output- 
expressing, undesired cells. To overcome these issues, it has 
been shown that the combined use of both miRNA-responsive 
ON and OFF switches could increase the purity of desired 
cells by fine-tuning the balance between activators and inhi
bitors of cell death [88]. Figure 4D illustrates the elimination 
of HeLa cells from a mixed culture of HeLa and iPS cells using 
this system. It consists of two miR-302a-5p-responsive 
switches and an mRNA for the elimination of non- 
transfected cells: (1) an OFF switch that encodes 
a ribonuclease lethal to cells, Barnase (Bn) [90]; (2) an ON 
switch encoding a protein inhibitor of Bn, Barstar (Bs); and 
(3) an mRNA that encodes a drug-resistance gene (e.g. 
Blasticidin-resistance gene) for positive selection. When 
these three mRNAs are introduced into a co-culture of HeLa 
(low miR-302a-5p activity) and iPS cells (high miR-302a-5p 
activity), the translation of Bn is inhibited such that if it leaks, 
the activated expression of Bs shuts off the activity of Bn in 
iPS cells, resulting in strong inhibition of cell death. In con
trast, there is inadequate miR-302a-5p activity in HeLa cells to 
suppress Bn expression nor activate Bs expression. Thus, cell 
death is induced because Bn expression far exceeds the 
amount of Bs. In addition, non-transfected cells are elimi
nated by blasticidin treatment. By utilizing this system, it is 
now possible to purify cells without needing expensive equip
ment such as fluorescence-activated cell sorters (FACSs). 
Indeed, it has been shown that cardiomyocytes induced 
from human iPS cells could be enriched to near-purity. This 
RNA-based strategy could be adopted widely as an easy and 
scalable cell purification technology for regenerative medicine 
applications.

When considering the purification of a specific cell type of 
interest from a heterogeneous cell population using a miRNA- 

based system, a critical question is how miRNA markers 
should be selected. In many studies, medium- and high- 
throughput techniques like RT-qPCR array, microarray, and 
massively parallel sequencing have greatly contributed to the 
identification of cell type-specific miRNA signatures and the 
elucidation of the roles of miRNAs in complex gene regula
tory networks. However, selecting miRNAs solely based on 
their abundance might overlook suitable miRNAs as markers 
because of the low correlation between miRNA abundance 
and their translational repression efficiencies, as measured by 
miRNA-sensing exogenous reporters [91]. Although the rea
sons for this low correlation have not been fully elucidated, it 
may be partly explained by the competitive binding of intra
cellular miRNAs to their endogenous targets and the exogen
ous miRNA-sensing constructs [92–94]. In addition, growing 
evidence from recent studies indicates that isoforms of 
miRNAs (isomiRs) and position-specific modifications of 
miRNAs vastly diversify the modes of target recognition and 
regulation by miRNAs (Figure 4E) [95–98]. IsomiRs vary 
from canonical miRNA sequences, which are catalogued in 
miRBase 22 [71,72], by base alterations or nucleotide addi
tions or deletions at the 5’ and/or 3’ ends. Recent advances in 
deep sequencing of small RNAs have enabled in-depth char
acterization of sequence variations in miRNAs together with 
quantitative measurements. According to the current model, 
nucleotides 2 to 8 on the 5’ end of miRNA are mainly 
responsible for target recognition by miRNAs [70]. As such, 
the addition or deletion of nucleotides at the 5’ end of 
miRNAs shifts the seed regions, thereby altering target recog
nition [95,96]. One example of position-specific modifications 
of miRNA is oxidized guanine by reactive oxygen species 
(ROS). ROS causes oxidative modifications in protein, DNA, 
and RNA, with RNA being notably more vulnerable to oxida
tive modifications than protein and DNA [99,100]. Since 
oxidized guanine can pair with either cytosine or adenine, 
oxidized guanine in DNA is mutagenic. Interestingly, oxidized 
guanine in miRNA has been reported to alter the mode of 
target recognition through mispairing between oxidized gua
nine and adenine [92,93]. In a study reported in 2015, oxi
dized miR-184 (but not its unmodified native form) promotes 
apoptosis by reducing the levels of anti-apoptotic proteins, 
Bcl-xL and Bcl-w, due to base pairing between oxidized gua
nine in the miR-184 seed region and adenine in the targets. In 
addition, oxidized miR-139-3p and miR-204-3p were sug
gested to switch their targets [97]. A more recent study also 
reported target alteration in miR-1 in a rat model of cardiac 
hypertrophy [98]. In this study, the authors developed o
8 G-miSeq, in which small RNAs are immunoprecipitated 
with an antibody that recognizes 8-oxoguanine (o8G) and 
are deep-sequenced to identify oxidized bases in miRNAs. 
Collectively, an important implication from these studies is 
that there is a need to search for miRNA variants related to 
cellular states and diseases, not simply rely on differences in 
the abundance of canonical miRNAs because of the afore
mentioned low correlation between (canonical) miRNA 
expression levels and their measured activities. This may be 
vital to dissecting cellular heterogeneity using miRNA-sensing 
RNA technology. The development of novel technologies for 
high-throughput analysis of base modifications on miRNAs
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and RNA-based technologies to sense them will be instru
mental in attaining further insights into the roles of miRNAs.

Sensors for longer RNAs

The ability to sense RNA molecules, regardless of whether they 
appear to have specific regulatory functions, is of great impor
tance. A milestone study in 2014 reported the ‘Toehold switch’ 
system in bacterial cells to control translational initiation based 
on strand displacement (Figure 5A) [101]. The toehold switch 
consists of two components: (1) a ‘switch RNA’ that encodes an 
arbitrary output protein and (2) a ‘trigger RNA’ that is required 
for activating switch RNA translation. In the switch RNA, 
a stem-loop motif is located upstream of the protein-coding 
sequence. A ribosome binding site (RBS), which facilitates trans
lational initiation, is inserted into the single-stranded loop 
region, and the start codon is embedded in the partially single- 
stranded region of the RNA duplex. When the trigger RNA is 
absent, the region surrounding the RBS and start codon are 
sequestered, so ribosomes cannot initiate translation. The trigger 
RNA uses the single-stranded region upstream of the stem-loop 

sequence as a ‘toehold’ to unwind the duplex and expose the RBS 
to initiate translation. The toehold switch works not only in 
bacterial cells but also in cell-free systems on paper [102–104], 
which relies on bacterial components for translation.

However, implementing such a system in eukaryotic cells 
has lagged until very recently because of large differences in 
the mechanisms of translational initiation between eukaryotes 
and prokaryotes. In eukaryotic cells, it has been a challenge to 
artificially regulate translational initiation using a short 
sequence like RBS. In 2021, James Collins and his group 
reported a eukaryotic version of the toehold switch, 
‘eToehold’, that works in mammalian cells (Figure 5B) 
[105]. eToehold uses an IRES, an RNA element derived 
from viruses that can initiate translation independently of 
the 5’ cap structure of mRNAs. The translational control 
activity of IRESs depends on the higher-order structure. In 
eToehold, the structure required for translational initiation is 
disrupted by the insertion of long (40–50-nt-long) and short 
(6–15-nt-long) complementary RNA segments to form a new 
intramolecular interaction, which is displaced via sense – 
antisense RNA interactions in the presence of a trigger

Figure 5. mRNA-based longer RNA sensors.
(A) Schematic illustration of bacterial toehold switches. In the absence of trigger RNA, ribosome binding site (RBS) and AUG initiation codon are sequestered. 
Interaction between a’ on the trigger RNA and a toehold sequence (a) on the toehold switch initiates RNA – RNA strand displacement interactions. The extended 
single-stranded sequence on the trigger RNA unwinds the hairpin structure through the b – b’ interaction, thereby initiating translation. (B) Schematic illustration of 
the eukaryotic version of toehold switch, eToehold. Short (red) and long (blue) RNA segments inserted into IRES (internal ribosome entry site) disrupt the functional 
structure of IRES. The trigger RNA – eToehold interaction (A – A’) restores the functional IRES structure and activates translation. (C) Schematic illustration of ADAR- 
mediated RNA sensors. In the absence of trigger RNA, translation terminates at the stop codon upstream of the CDS of an output gene. In the presence of trigger 
RNA, the RNA duplex surrounding the UAG stop codon recruits ADAR. ADAR-mediated A-to-I editing converts the UAG stop codon to the UIG codon for tryptophan, 
resulting in the translation of the downstream output CDS. The T2A peptide induces ribosome skipping to translate the output protein and the upstream CDS 
separately.
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RNA, thereby restoring IRES functionality. After optimizing 
the design to reduce leaky expression, eToehold switches were 
shown to sense Zika virus infection and endogenous heat 
shock protein mRNAs in mammalian cells.

In 2022, three groups leveraged an RNA-editing enzyme, 
ADAR (Adenosine Deaminase Acting on RNA), as a new 
RNA-sensing technology: CellREADR (Cell access through 
RNA sensing by Endogenous ADAR) [106], RADAR (RNA 
sensing using ADAR) [107], and RADARS 
(Reprogrammable ADAR Sensors) (Figure 5C) [108]. 
ADAR is an A-to-I RNA editing enzyme that converts 
adenosine in the double-stranded region of RNA – through 
a hydrolytic deamination reaction – to inosine [109–111], 
which is then recognized as guanosine. A common 
mechanism of action for these three sensors is that: (1) in 
the sensor RNA, UAG stop codons are placed upstream of 
the coding region of an output gene (e.g. fluorescent pro
tein) to block its translation in the absence of a trigger 
RNA; (2) sequences flanking the stop codon in the sensor 
RNA (sensor sequences) are reverse complementary to the 
trigger RNA, but designed to have a mismatched C to 
create a bubble at the UAG stop codon that enhances 
ADAR-mediated adenosine deamination (e.g. 5’- UAG −3’ 
in the sensor RNA and 3’- ACC −5’ in the trigger); and (3) 
ADAR recognizes the trigger-sensor duplex and converts 
adenosine to inosine to generate a UIG (recognized as 
a UGG and codes for tryptophan) upon binding between 
trigger and sensor RNAs, thereby allowing the translation 
of the downstream sequence. The length of sensor 
sequences required to efficiently turn on output gene trans
lation is different for each system, probably due to differ
ences in sensor and trigger RNA designs, but > 50-bp 
double-stranded RNA seems to be capable of activating 
the translation of ADAR-based RNA sensors. All three 
systems succeeded in detecting endogenous RNA tran
scripts. In addition, by placing sensor RNA sequences for 
different triggers in tandem, 2-input AND-like behaviour, 
where the output gene is only expressed in the presence of 
both input triggers, was achieved. Future work may focus 
on further improvement of the specificity, sensitivity, and 
reliability of ADAR-based RNA sensors by optimizing the 
design of the sensor RNAs (e.g. the length and sequences of 
sensors, position of the stop codon) and choice of the 
trigger RNA sequences, as well as engineering of the RNA- 
editing enzymes themselves.

An important property of eToehold and ADAR-based 
sensors is that they can detect RNAs, such as mRNAs, 
through simple base pairing but do not require specific 
regulatory functions (e.g. translational repression ability of 
miRNAs) from the target transcripts. The transcriptome is 
a critical piece of information that defines the type and 
state of the cell. With the emergence of deep sequencing, 
transcriptome analysis at the single-cell resolution is 
becoming more accessible. RNA-sensing systems like 
eToehold and ADAR-based sensors are compatible with 
transcriptome analysis and will likely be further developed 
in the future to meet the increasing demand for specific 
control of gene expression and cell fate using synthetic 
mRNAs.

Conclusion and perspective

In this review, we highlighted emerging technologies in RNA- 
based sensors for cellular RNA and protein. RNA engineering 
and its medical application are gaining momentum with the 
rise of mRNA therapeutics. RNA-based sensors will contri
bute significantly to precision diagnostics and medicine in the 
future. For example, mRNA-based medicine, in theory, can 
sense cancer-related signatures to eliminate tumour cells 
specifically.

As discussed above, various RNA-based sensors in 
development leverage a wide range of molecular mechan
isms to detect intracellular molecules and regulate transla
tion. Nonetheless, there remains room to significantly 
improve the performance of such systems (e.g. sensitivity 
and specificity) before they are ready for practical applica
tions. As deep learning has recently made remarkable pro
gress in designing new proteins [112] and predicting 
protein structure [113], advances in RNA engineering will 
be similarly aided using machine learning techniques. To 
achieve this, accumulating large collections of open-source 
data on RNA – experimentally validated secondary and 
tertiary structures and functional properties, preferably 
with the cellular contexts – will be necessary. Another 
potential challenge is the use of non-human proteins in 
some sensors (e.g. L7Ae, MS2CP, VPg, and CRISPR-Cas 
proteins) because these non-self-proteins might trigger 
immune responses once expressed in the hosts. Indeed, it 
has been documented that there is a pre-existing humoral 
and cellular immunity against Cas9 nucleases in humans 
[114,115]. The immunogenicity of these proteins in 
humans remains largely unknown, but this should be 
a matter requiring careful consideration when utilizing 
them in vivo . Perhaps there is a need to develop sensors 
that utilize improved or novel proteins with reduced 
immunogenicity in humans.

In the past two decades, synthetic biology and RNA science 
have made momentous progress. We hope that scientists from 
diverse backgrounds will join this field and boost the development 
of novel technologies for practical applications in the next two 
decades.
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