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Small RNAs, big potential: Engineering L)
microRNA-based synthetic gene circuits
and Roman Jerala

Archismita Kundu'-%2

MicroRNAs (miRs) are small non-coding RNAs that regulate
gene expression. Their dysregulation is closely associated
with various diseases, positioning them as biomarkers of
cellular state. Synthetic biology has leveraged these proper-
ties to engineer miR-based genetic circuits capable of sensing
and interpreting endogenous miR levels. Early miR-OFF
systems relied on reporter gene repression but were limited by
ambiguous signal interpretation. Subsequent advances intro-
duced miR-ON architectures, logic-based classifiers inte-
grating multiple miRs, and layered regulatory strategies
combining transcriptional, translational, and cleavage-based
modules to enhance sensitivity and specificity. Recent in-
novations include CRISPR-associated miR-responsive sys-
tems and incoherent feed-forward loop (iFFL) architectures
that stabilize gene expression amid cellular variability, shifting
applications from passive sensing to therapeutic intervention.
Despite challenges such as leakage, cellular resource re-
sources, and delivery, progress in orthogonal miR toolkits,
computational modeling, and RNA-based delivery platforms is
rapidly driving miR-based circuits toward diagnostic and
therapeutic applications.
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Introduction

miRs are small, non-coding RNA of approximately
18—25 nucleotides in length. They play a central role in
post-transcriptional gene regulation by modulating the
stability of the mRNA. Dysregulation of miR expression
is strongly associated with a wide range of pathological
conditions, including cancer, where altered miR profiles
disrupt gene regulatory networks and cellular homeo-
stasis. As a result, miR expression patterns inside the
cell provide an informative snapshot of the cellular state.
They can be formed in cells either in the canonical way,
where they are transcribed as primary RNA transcripts
with a size of about 150 nt, which is then processed into
mature miR by a series of exoribonucleases, or can be
synthesized as miRtrons, where the miRs are extracted
from the intragenic segments or the introns of coding
genes [1]. While wvarious genetic and biochemical
studies have shown that miRs act in most cases as
suppressive modulators in the overall flow of genetic
circuits [1—3], numerous studies have also highlighted
their role as inducers of gene transcription [4—7].

As our understanding of miRs deepens over time, it is
clear that they provide essential information about
cellular health and can serve as potential biomarkers for
a wide range of cellular conditions, particularly diseases
[8—10]Synthetic biologists have leveraged this property
by designing miR-based synthetic circuits that sense the
cellular state by incorporating miR targeting sites within
the genetic circuits, enabling understanding of the dy-
namic information about miR regulation.

In this review, we describe how miR-based synthetic
sensor circuits have evolved, what limitations have been
encountered in the development of these circuits, and
how they are addressed in the next generation
of circuits.

Architecture of the miR-based synthetic
circuits

As the role of miRs have been primarily recognised as
key regulators of gene silencing, most of the early syn-
thetic circuits leveraged their repressive function for
detecting their presence. The circuits were typically
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2 Synthetic Biology (2025)

designed so that a reporter gene contains completely
complementary miR target sites in its 3’ untranslated
region (3’ UTR), effectively placing the reporter under
the control of miR regulation [11—16]. In the presence
of miRs in the cell, and depending on the number of
target sites, the miRs bind to these sites and repress
reporter expression either by mRNA degradation or
mRNA deadenylation [1,17]. Another way of designing
these circuits is the incorporation of miR target sites in
the 5 UTR positioned immediately adjacent to the
AUG start codon. In this design, reporter expression is
repressed either by endonucleolytic cleavage mediated
by the RISC complex or by sterically blocking the
ribosome from accessing the initiating site for trans-
lation [17,18]. As a result, these architectures were
termed as miR-OFF systems, as the signal from the
reporter is downregulated due to the presence of miR
[13—16] (Fig. 1a).

The problem arising from these types of reporters is the
indirect correlation of miR expression through a loss of
optical signal, which increases the likelihood of false
positives. A decrease in reporter expression can not be
confidently attributed to a direct correlation of miR
dynamics, as it may also be caused by other unrelated
factors, such as cell death, promoter inefficiency,
epigenetic silencing, low imaging sensitivity, or equip-
ment malfunction [19—21]. These variables cause an
ambiguity in determining the reliability of the results.
To overcome some of these limitations, circuit archi-
tectures have been designed that rely on the expression
of the reporter in a direct correlation with the miR ac-
tivity. These designs utilise a regulatory module under
the negative influence of miR, which in turn positively
activates the reporter gene in the presence of miRs, thus
providing a direct correlation of the miR activity inside
the cell by giving a positive optical output. Further, this
system offers a spatio-temporal resolution of the miR
dynamics at the single-cell level with a sensitivity that
has never been confidently achieved in the miR-OFF
systems [19,20,22,23]. These designs also enable the
selection and segregation of target miR-positive cells for
monitoring the “live” miR dynamics at a single-cell level
[21]. Such circuits are called miR-ON systems,
emphasizing their ability to produce a signal not only
when the miR is expressed but also when it is func-
tionally active (Fig. 1b).

While the miR-ON circuit provides a measurable output
for assessing the miR activity, it is important to under-
stand the layers of regulation employed by these designs.
Similar to all other synthetic circuits, their regulations
can be either post-transcriptional-based, post-trans-
lational-based, or based on the cleavage of either RNA or
protein. The architecture can be designed either as a two
construct system, as a bicistronic system, a bidirectional
promoter system, a fusion protein system, or with a dual
promoter strategy (Fig. 1c).

Post-transcriptional regulation-based
architecture

For transcription-based miR-ON systems, a lot of
inspiration has been drawn from the prokaryotic
repressor-based operons such as the Cumate gene
switch inducible operon [20], the Tet R [23], Tet-Krab
[21], or, in some cases, the yeast Gal4 binding domain
[24]. These operons were successfully repurposed by
placing their repressor proteins under the control of
miRs, enabling miR-dependent transcriptional dere-
pression resulting in activation (Fig. 2a). However,
adapting prokaryotic modulators to mammalian systems
requires careful optimisation, as uncontrolled dosing can
significantly perturb the host transcriptome m-vitro
[25], and similar concerns also arise regardng the risk of
eliciting immunogenic responses in immunocompetent
in-vivo models [26—29]. Incorporating KRAB-based re-
porters further introduces the risk of epigenetic
silencing of over several tens of kilobases, potentially
altering local chromatin states, along with the concern of
inactivating endogenous genes flanking the reporter
integration site in gene therapy applications [30,31]. In
addition, another persistent limitation associated with
these regulators is the leaky expression of reporters in
the absence of target miR, often driven by promoter
dysfunction and tissue-independent vari-
ability [19—21].

Among transcriptional-level miR regulators, the delivery
strategy most often relies on DNA-based vectors, either
for transient expression using plasmid DNA (pDNA) or
for stable expression delivered through viral vectors
[23,32]. However, viral vectors raise important safety
concerns due to their potential for genomic integration,
which can disrupt host genes or regulatory elements. A
safer alternative is to deliver the genetic payload as
mRNA rather than DNA, since mRNA remains cyto-
plasmic and therefore eliminates the risk of insertional
mutagenesis [33]. To overcome such limitations, syn-
thetic RNA-based, RNA replicon-based, and modified
RNA (modRNAs)-based synthetic circuits have been
designed [34—38]. These systems maintain similar
expression levels compared to pDNA and offer a safer
alternative. One such design encodes the RNA-binding
proteins (RBPs), LL7Ae and MS2-CNO'T7 that cross-
repress each other in a siRNA-dependent manner,
enabling bistable switching and feedback regulation
[*36]. L7Ae binds to the K-turn repeats present on the
3’ UTR of the MS2-CNOT?7 in a siRNA-dependent
manner, whereas MS2-CNOT7 inhibits the expression
of L7Ae by binding to its target sites on the 5" UTR of
L7Ae and deadenylating its mRNA, thereby destabilis-
ing it (Fig. 2b). Further, additional RBP-based logic gates
have also been engineered to demonstrate the applica-
tion of these RNNA-based miR sensors as cell-type clas-
sifiers [37], toggle switch designs combining TetR as
small-molecule-responsive RBP along with L7Ae to
generate dual-output regulatory switches [38].
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Figure 1

a. miR-OFF system

£\
— T

miRTS

c. Delivery construct architecture

Multiple construct architecture

Repression of reporter Bicistronic architecture

b. miR-ON system

Modulator IRES Reporter
Bidirectional architecture
Negative
I Fusion gene architecture
Modulator Reporter

\/ Dual promoter architecture
- /
Modulator pA '

Current Opinion in Chemical Biology

Expression of reporter

Major design principles underlying miR-based synthetic circuits and the different construct architectures used to implement them.

a. miR-OFF system: This panel illustrates how the miR-OFF construct is organized at the DNA level. The blue arrow represents the promoter, the yellow
box denotes the reporter gene, and the red elements depict the tandem miR target sites (miR-TS) that are incorporated downstream of the reporter
within the 3'UTR. Although these target sites are encoded in DNA, they become functional only at the RNA transcript level, where they form active miR-
binding sites. When the cognate miR is present, it binds to these target sites and recruits the RISC, resulting in transcript degradation or translational
repression of the reporter mRNA. This architecture therefore functions as a loss-of-signal or “miR-OFF” sensor, where reporter output inversely cor-
relates with intracellular miR levels.

b. miR-ON system: This panel illustrates the DNA-level construct design used to achieve miR-dependent activation of the reporter. The blue arrow in the
first construct represents the promoter that drives expression of a negative regulator gene (gray box). Downstream of this negative regulator, multiple
miR-TS (red colour) are incorporated into its 3" UTR. When the construct is transcribed, these miR-TS sequences become active binding sites for the
cognate miR. In the absence of the target miR, the negative regulator is expressed and represses the reporter expression. However, in the presence of
the cognate miR, the miR binds to the miR-TS on the negative regulator transcript, leading to its degradation or translational repression. As a result, the
repression on the reporter is lifted. This indirect regulatory logic enables selective reporter expression in miR-positive cells, thereby functioning as an
“miR-ON” sensor.

This configuration therefore converts miR activity into a gain-of-signal response.

c. Construct architectures for implementing miR-based sensors:

Various expression designs can be used, to co-express the modulator (e.g., repressor or regulator) and reporter components of the miR sensors: The
blue and green arrows show promoter for individual DNA constructs.

1. Multiple construct architecture: The modulator with the miR-TS and the reporter are placed on separate vectors or genomic constructs. This offers
flexibility in expression levels and delivery strategies but may introduce variability due to differences in copy number or transfection efficiency [23].
2. Bicistronic architecture: Both the modulator and the reporter are encoded on a single transcript, separated by an internal ribosome entry site (IRES).
This ensures coordinated transcription while enabling independent translation of both proteins [76].

3. Bidirectional architecture: A bidirectional promoter or two promoters placed opposite to each other drives transcription outward in two directions,
allowing simultaneous yet distinct expression of the modulator and reporter from the same locus [17]

4. Fusion gene architecture: The modulator and reporter are expressed as a continuous open reading frame, yielding a fusion protein. In the absence of
miRs, the reporter is expressed, however, in its presence, the miR binds to the target sites, and the RISC complex cleaves the transcript, rendering it
dysfunctional. [77].

5. Dual promoter architecture: A single construct contains two independent promoters, one regulating the modulator and one the reporter, allowing
separate but co-localized expression modules [20].

Post-translational regulation-based
architecture

As we climb the hierarchy of regulation of our reporter
expression, architectures based on post-translational
regulation emerged as a fascinating frontier, offering
fine-tuning of the outputs. Existing single-input RNA
switches that have been discussed often fail to achieve

sufficient cell-type specificity because they suffer from
two major limitations: leaky translational control
[19—21], which causes undesired protein expression in
the OFF state, and the lack of uniquely distinguishing
biomarkers that can reliably separate target from non-
target cells [39]. Although multi-input RNA switches
can address the marker limitation, their increased
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Figure 2
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Detailed schematic representation of transcriptional, translational, and post-translational regulation used in miR-based synthetic circuits.
Black arrows in the circuit represent promoters, and asterisks (*) denote the specific sites where the regulatory protein acts.

a. Transcriptional regulation: A transcriptional repressor is placed under miR control. In the absence of the cognate miR, the repressor protein is
expressed and binds to its operator sequence adjacent to the promoter, blocking transcriptional initiation through steric hindrance or active repression. In
the presence of miR, the repressor transcript is degraded or translationally suppressed, relieving promoter blockage and enabling reporter transcription.
[20,21,23,24].

b. Translational regulation: The RNA-binding proteins (RBPs) L7Ae and MS2—-CNOT7 are expressed from two separate promoter-driven constructs.
L7Ae recognises and binds the K-turn RNA motifs placed in the 5’ UTR of the MS2—CNOT?7 transcript and interferes with ribosomal loading, while
MS2-CNOT?7 binds MS2 hairpin structures engineered into the 3’ UTR of the L7Ae transcript and recruits the CNOT7 deadenylase complex, thereby
destabilising the mRNA and repressing translation. By placing each RBP under miR control, only cells expressing the target miR reduce RBP levels,
breaking this mutual inhibition and permitting translation of the corresponding partner protein [36].

c. Post-translational regulation: Intein-based miR-sensors operate at the level of protein assembly. The ON and OFF modules each contain split reporter
fragments fused to inteins, expressed from promoters. The OFF module resembles a conventional miR-OFF system in which miR target sites are placed
in the 5’ UTR of the transcript, causing RISC-mediated repression in the presence of the cognate miR. The OFF module expresses a dominant-negative
split inactive reporter fused to one half of the split intein. The ON module contains the N-terminal fragment of the reporter fused to the complementary
split intein. This transcript also includes an additional sequence located downstream of the poly(A) tail, which is selectively removed in the presence of

Current Opinion in Chemical Biology 2026, 90:102652 www.sciencedirect.com



complexity often introduces noise and reduces the ON/
OFFratio [36,37,39]. One particularly clever design that
tries to overcome this challenge uses splicing-based
regulation to generate reporter activity. This design
utilises miRs to assemble split inteins and to assemble a
functional reporter protein, resulting in improved
sensitivity. The circuit is divided into two complemen-
tary modules — the OFF and ON modules. The OFF
module resembles the typical miR-OFF system, where
the reporter transcript carries miR target sites on its 5
UTR and is repressed in the presence of the cognate
miR. However, instead of a full reporter, this module
expresses a dominant negative version of the C-terminal
fragment of the reporter fused to a split intein. The ON
module contains a fusion of the remaining split intein
along with the active split reporter protein, but flanked
by an extra sequence downstream from the poly A tail,
which gets cleaved in the presence of miR, allowing
expression of the functional protein fragment. The split-
intein NpuDnakE is fused to the N-terminal of the split
reporter in one module, followed by the complementary
intein fused to the dominant negative C-terminal OFF
module as well as the functional C-terminal ON
module, which in the presence of miR provides a func-
tional correlation of the activity of miRs [**40] (Fig. Zc).
This split-RNA switch system thus promises a sharp,
multi-input RNA-based gene regulation capable of
simultaneously sensing the combinations of different
miRs and proteins. The original design was developed
without incorporating RBPs, given that overexpression
of L7Ae in mammalian cells has been associated with
reduced growth rates and potential cytotoxicity. [38,41].
Finally, the design remains compatible with RNNA-based
delivery, further supporting its potential for modular and
programmable gene-control applications.

While the split-RNA switch system provides a possibil-
ity to combine RBPs along with split inteins, however
their regulation is still limited to a single layer. Another
design to overcome the problem of leakiness is the
introduction of a dual regulation, i.e., at both the tran-
scriptional and translational levels as a fail-safe mecha-
nism. In this approach, miR target sites are incorporated
into the 5 and 3’ UTRs of the transcriptional repressor
Lacl and the translational repressor, RBP L.7Ae,
respectively, where both genes are expressed from a
single operon. As the Lacl produces stronger transcrip-
tional repression, L7Ae maintains the translational
repression, and while both of them are under the same
miR, the system remains tight and without background
activity. 'This double-layered repression reduces
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leakiness and sharpens the fold change of reporter ac-
tivity by improving a quantitative estimation of miR
dynamics [42].

Beyond improving repression strength and reducing
leakiness using dual regulation, miR-regulated modules
can be further combined into higher-order circuits that
perform multi-signal integration for complex decision-
making. These advanced miR-based circuits, called
cell classifiers, have been developed for discriminating
between different cellular states based on miR profiles.
Classifiers combine multiple endogenous miR target
sites to compute logical operations like AND, OR, NOT,
and AND NOT based on the presence or absence of
specific endogenous miR. The double-inversion module
design implements a two-layer repression strategy that
enables output expression only when the miR is present
at or above its characteristic level in HelLa cells, while
efficiently repressing output when miR levels are low. In
this design, the miR represses an activator of a down-
stream repressor protein, which is itself regulated by the
same miR, thereby permitting expression only under the
appropriate miR context. More advanced classifiers
further integrate multiple endogenous “high” and “low”
miRs to create cell-specific circuits, enabling precise
distinction between different cellular identities and
disease states [43—45] (Fig. 3a).

Cleavage-based regulation architecture
Another level of control, whose regulatory action is in-
dependent of participating in the competition of
utilising endogenous resouces, are the cleavage-based
systems, where regulation of modulators is indepen-
dent of the host transcriptional or translational load and
promise an orthogonal mammalian-compatible control.
One prominent example is harnessing of a Csy4 bacterial
endonuclease for targeted cleavage of the reporter RNA.
When Csy4 is kept under the miR control, the presence
of miRs indirectly allows the reporter expression [46],
which is restricted by Csy4 in the absence of miR.
Beyond RNA endonucleases, proteases can be similarly
wired under miR control to regulate circuit behavior
through conditional protein cleavage. Rather, they can
be coupled with RBPs to obtain an orthogonal output in
a siRNA dependent manner [47].

Another interesting design leverages the endor-
ibonuclease activity of the miRISC to separate the steric
inhibitory CopT-CopA RNA complex from the reporter
transcript. The CopT-CopA RNA complex in the

the target miR. miR-dependent cleavage eliminates this inhibitory region, enabling proper expression and folding of the functional N-terminal reporter
fragment. When both intein halves are present, NpuDnaE—-mediated protein splicing reconstitutes the full reporter protein. In the absence of miR, the
OFF-module dominant-negative fragment remains abundant and pairs with the ON-module fragment, yielding an inactive product. In the presence of
miR, repression of the OFF module combined with activation of the ON module allows productive intein splicing that restores the full, functional reporter,
thereby creating a post-translational output that correlates with miR activity [**40].
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Figure 3
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Schematic overview of advanced miR-based synthetic circuit architectures used for cell-type classification and gene therapeutics.

a. Multi-input cell classifier implementing a NOT—AND logic gate: This design integrates multiple endogenous miRNA inputs to distinguish cancer cells
from normal cells based on their characteristic miRNA expression signatures. In cancer cells, high levels of cancer-specific miRNAs simultaneously
repress both (i) the repressor and (ii) the upstream activator that normally enhances repressor expression. Because both the repressor and its activator
are silenced, repression of the reporter is relieved, enabling reporter gene expression. In contrast, in normal cells that express normal-cell-specific
miRNAs, these miRNAs target and suppress the reporter directly, keeping reporter output OFF despite the absence of cancer-specific miRNAs. The
circuit therefore behaves as a NOT—-AND gate, activating only when the cancer-specific miRNA pattern is present and normal cell specific miR are low.
[44].

b. miRISC-mediated cleavage architecture using CopT—CopA translational repression: The CopT::CopA inhibits the translation of the gene present
between them by forming a stable secondary hairpin structure, thereby sterically inhibiting the ribosome. However, with the presence of miR sites at the
3'UTR of the gene, miRISC complex cleaves the RNA at the target site and disrupts the inhibitory CopT—CopA RNA structure, relieving translational
blockade and enabling downstream gene translation. Thus, reporter output becomes high only in the presence of the corresponding miRNA [**48].
c. Endoribonuclease-mediated cleavage-based architecture: A bidirectional promoter expresses (i) an endoribonuclease, Csy4 with 3'UTR miR target
sites on one side and (i) a reporter transcript containing a specific Csy4 cleavage site on the other side. In the absence of miR, Csy4 binds and cleaves
the reporter mRNA at its cognate sequence, preventing reporter accumulation. However, in the presence of miR, Csy4 gets repressed and is unable to
cleave the reporter [46]

d. iFFL-based miR circuit: This architecture is expressed from a single transcriptional unit that produces both (i) a synthetic miRNA and (ii) a reporter
gene bearing complementary synthetic miRNA target sites in its 3'UTR. The synthetic miRNA represses the reporter post-transcriptionally while both
components are co-expressed from the same promoter. This creates an iFFL motif in which the transcript activates reporter production at the tran-
scriptional level but simultaneously represses it via miRNA targeting. The iFFL architecture is frequently used to attenuate noise, sharpen response
thresholds, and improve robustness to fluctuations in expression levels [**69—71].

absence of miR forms a steric block of its functional  bacterial RNAs can activate innate immune receptors
genes, present between the CopT and CopA, which  such as TLR7/8 or RIG-I when delivered exogenously,
hinders the translation of Gal4-VP16, resulting in further studies n immunocompetent mouse models are
silencing of the reporter. This design exploits both the  required to fully assess the safety profile of this design
transcriptional and translational regulation without [49—51] (Fig. 3b).

expression of any exogenous proteins or transcriptional

repressors. It relies on the stability of bacterial-derived  In the evolving story of miR-based synthetic circuits,
RNA secondary structures ensuring high biocompati-  CRISPR-associated tools have also stepped beyond their
bility with no observed toxicity [*48]. Although certain  traditional roles, opening new avenues for engineering
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miR-responsive gene circuits. Cas9, which is a well-
known programmable endoribonuclease widely known
for its precise DNA targeting and cleavage, is now
engineered to regulate gene expression in a miR-
dependent manner. Alongside Cas9 [52,53] and
sgRINA [54], AcrlIA4, a natural inhibitor of Cas9 [55,56],
provides an additional layer of control by modulating
Cas9 activity, enabling sophisticated logic circuits
(Fig. 3c). CRISPR-specific endoribonucleases (ERNs)
under the control of miRs have been utilised to sense
cell state transitions and guide cell-type-specific dif-
ferentiation [57].

Iffl-based loops — posttranscriptional
regulations

With the above-discussed synthetic circuits, we under-
stand how the field of miR-based synthetic circuits has
been developed for the detection of endogenous miRs
for cell classification or cell state identification. These
circuits operating as “smart identifiers”, passively report
cellular identity through reporter proteins or through
coupled functional outputs like apoptotic cell death
[44]. Eventually, as the field matured, the focus has
reshifted from passive detection to active intervention,
particularly for gene therapy. The reliance on the
endogenous miRs sensing suffices when we want to
identify a particular cell state, but it may not be suffi-
cient for theranostic gene therapeutics because of the
variable endogenous miR levels.

In terms of gene therapy, a recurring challenge has been
unintended background activity arising from promoters
behaving differently across cell types and the differ-
ences in output variability due to competition between
endogenous resources, such as transcriptional and
translational machinery components. Any synthetic cir-
cuit that relies on transcriptional and translational
regulation inevitably competes for the available endog-
enous resources to obtain an output [17,58,59], leading
to a unprecedented and counterintuitive behaviour
[60]. For these reasons, such synthetic circuits cannot
function as “plug and play” modules. This need gave rise
to the implementation of a feed-forward loop (FFL)
within the circuits, which allows various advantages over
the traditional sensors, i) tight control of the expression
of the gene despite fluctuations in the cellular envi-
ronment [61], ii) maintains constant expression levels
regardless of plasmid or vector copy number also called
dosage compensation [61—63] iii) mitigate burden and
improve robustness of gene expression by supressing
biological noise [63—68] 1v) allows tunable programming
of the fully induced expression of the gene of interest
[66,69] Among current architectures, iFFL-based cir-
cuits uniquely satisfy the combined requirements of
dosage compensation, robustness, and therapeutic
safetyby integrating a synthetic miR scaffold within a
single transcriptional unit expressing the reporter gene

microRNA-based synthetic gene circuits Kundu and Jerala 7

containing complementary target sites for the corre-
sponding miR (Fig. 3d).

A recent design has successfully combined all of these
advantages into a single compact circuit, providing a
standardized sequences and architectural rules for
achieving precise, tunable, and dosage-invariant
expression. This system supports multiplexing of inde-
pendent regulatory modules within the same cell,
functions robustly across diverse cell types and delivery
modalities, and provides durable control in vivo, making
it suitable for gene therapy applications [**69]. Further
they also validated DIMMER for treating disorders with
the “Goldilocks” constraints, where gene levels must be
tightly maintained within a narrow optimal range. In the
context of Rett syndrome, this synthetic circuit limited
ectopic Mecp2 expression, buffered expression vari-
ability, and reduced mRNA levels -viwvo to values
comparable to endogenous Mecp2. When delivered via
an AAV vector, the regulated circuit significantly
outperformed unregulated gene therapy, improving
behavioral deficits over 24 weeks and demonstrating
durable therapeutic benefit. The miR-based IFFL cir-
cuit compensates for fluctuations in viral copy number
and other sources of expression variability, ensuring that
total mRNA and protein levels remain within a defined
therapeutic window. Overall, the simplicity, compact-
ness, and robustness of the miR-based IFFL architec-
ture make it broadly applicable to other AAV-based
therapies that require tight dosage control. By enabling
higher initial vector doses without risking over-
expression toxicity, such circuits may also enhance the
longevity of gene therapy in dividing tissues [**70].
These findings highlight the value of integrating miR-
based synthetic gene circuits into therapeutic designs
to improve safety, precision, and long-term efficacy
across a wide range of genetic diseases. In addition,
advances in orthogonal synthetic miR toolbox and
computational modelling paved the road for stream-
lining the design and validation process of the iFFI-
based miR synthetic circuits. This made the design of
these circuits much easier, as well as very relevant to
correcting disease pathologies [70—72].

Current consensus in the field suggests that
transcription-only miR sensors are insufficient for ther-
apeutic deployment due to variability, leakiness, and
resource coupling. RNA-based and iFFL architectures
now represent the most robust and clinically realistic
solutions, although challenges remain in delivery, long-
term stability, and miR network perturbation.

Discussion

The engineering of miR synthetic circuits originally
started with identifying cellular conditions and diseases
where a known miR already served as a biomarker.
Building on toolkits from synthetic biology, these miR
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circuits exploit the regulatory properties of miRs to
generate a correlative, context-specific, and tuned
output. Over the years, iterative design and under-
standing of these circuits have taught us key principles
essential for their optimization and for their incorpora-
tion in therapeutics (Table 1).

miR-based synthetic circuits have evolved from simple
miR-OFF [11—16] reporters that passively reflect
endogenous miR levels into sophisticated, multi-layered
regulatory systems capable of robust sensing, decision-
making, and therapeutic intervention. Early architec-
tures suffered from indirect readouts, prompting the
development of miR-ON systems [19—23], with RBP-
driven designs [36—38,41,42] and split-inteins [**40],
and CRISPR-integrated modules [52—57] that offered
direct optical readouts, sharper signal fidelity, orthogo-
nality, and improved safety. The introduction of multi-
input classifiers expanded circuit capability from
sensing to cell-state discrimination [43—45], while the
emergence of miR-based incoherent feedforward loops
(iIFFLs) [61—72] addressed fundamental challenges
such as dosage variability, resource competition, and
promoter heterogeneity by providing intrinsic noise
buffering, dosage compensation, and tunable output
control. iFFL platforms now demonstrate therapeutic-
grade precision in vivo, enabling tightly regulated gene
expression suitable for diseases requiring narrow
expression windows [70—72].

Table 1

An important lesson across generations of synthetic
circuits is the necessity of fine-tuning dosage at three
levels: input, expression of the circuit components, and
the phenotypic output. For input, regulator selection
influences most of the circuit performance, safety, and
translational potential. While transcriptional repressors
are traditional modules for downregulation [20,21,23],
careful optimisation of dosage should be kept in mind,
keeping the safety profile of using prokaryotic modula-
tors in the circuits [25—29]. Similarly, the integration of
KRAB domains poses a risk of long-term epigenetic
silencing in the flanking regions of the genomic inte-
gration sites [30,31] and integration of prokaryotic
endonuclease Csy4 within the genomic backbone can
affect the overall transcriptome profile [73], potentially
due to the endogenous cleavage sites within the
host transcriptome.

With respect to expression of the circuit components,
and the phenotypic output of the circuits, it is quite
usual that any synthetic circuit imposes a burden on the
host cell by competing for endogenous machineries and
limited cellular resources during the processing of the
circuit [47,58,59]. That is why, it is essential to titrate
the circuit dosage under various cell settings and mul-
tiple cell lines. The second optimisation is the config-
uration of target sites, which directly influences the
strength of repression. Depending on that, either a
single complementary sequence or multiple partially

List of reported genetic miR sensors and their regulatory components.

Name of sensor Modulator Design of construct Mode of regulation Reference
1. RILES Cumate gene switch Single construct - Transcriptional [20]
Subsequent dual repression
promoter
2. Self-contained miR-ON iTR-KRAB Single construct - Transcriptional [21]
system Bidirectional promoter repression
3. Lenti RILES Tet R Two vector system Transcriptional - steric [23]
hindrance
4. Gal4DB circuit Gal4 DB Single construct - Transcriptional [24]
Subsequent dual repression
promoter
5. Cell classifier rtTA-Lacl Multiple vector system Transcriptional [44,45]
repression
6. RNA-only multi-input L7Ae and MS2 Multiple replicon Translational repression [36*]
cell classifier plasmids
7. Split RNA switches NpuDnaE split intein Multiple mRNA circuits Post-translational — [40*7]
splicing
8. miR-ON-D Lacl, L7Ae Multiple vector system Double regulation — [42]
Transcriptional,
translational
9. Csy4-miR-ON Csy4 Single construct — RNA Cleavage [46]
Bidirectional promoter
10. miCU sensor CopA-CopT-based Single construct — RNA cleavage [48*]
Gal4-VP16 single promoter
11. CRISPR-based sensor Cas9, sgRNA, AcrllA4, Multiple vectors RNA cleavage [52-57]
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complementary sites can be incorporated. These
choices determine whether the regulation is stringent or
permissive [20,21,74,75]. However, incorporating an
increasing number of target sites requires caution, as
long-term expression of these circuits risks the potential
scavenging of endogenous miRs in the cells, perturbing
native regulatory networks [20,21,75]. Further, when
multiple miRs are incorporated for logic-based sensing,
it becomes vital to design orthogonal synthetic miR
systems to minimise the crosstalk and ensure specificity,
which can now be mitigated with the recent advances in
computational modelling and orthogonal synthetic miR
toolkits [44,69].

While modern synthetic circuits increasingly focus on
therapeutics, it’s worth remembering that even earlier
generations often employed functional genes like Bax
[44] or p21 [42], enabling classification to be tightly
coupled with the action, such as killing cancerous cells,
halting proliferation, or sensitizing cells to prodrugs. Yet,
as applications grew more clinically relevant, the chal-
lenge shifted toward precision control, ensuring reliable,
tunable expression across variable cellular environ-
ments. We now observe how the circuits have developed
from sensors to cell state correctors, where the synthetic
circuits have also competed against endogenous gene
expressions and have delivered a similar output required
for correcting various genetic conditions [70]. Finally,
significant advances have also been made in addressing
delivery challenges. Although DNA-based delivery re-
mains prevalent, RNA-based approaches are gaining
popularity for their transient expression profiles and
reduced risk of genomic integration, a crucial consider-
ation for clinical safety[34—38]. Altogether, miR syn-
thetic circuits are evolving into sophisticated,
therapeutically relevant tools capable of precise gene
regulation with growing translational potential.
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