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The status and challenges of optogenetic tools for precise
spatiotemporal control of RNAmetabolism and function
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RNA is the cornerstone of biology’s central dogma, which
was initially thought to serve only as an intermediate
between DNA and protein. Decades of research, in par-
ticular the discovery of new classes of non-coding RNAs
(ncRNAs), have unveiled a plethora of activities that RNAs
can fulfil besides coding for proteins, ranging from cataly-
sis over scaffolding to regulatory functions. These ncRNAs
not only play important roles in healthy individuals, but
also are implicated in a wide range of diseases, includ-
ing cancers, cardiovascular and neurological diseases,
which have been demonstrated in several clinical studies.1
For this reason, the study of RNA metabolism, includ-
ing transcription, pre-mRNA processing, mRNA export,
RNA trafficking and translation, represents a crucial mile-
stone for understanding the biology of cells and molecular
pathology of disease. However, when compared to our
knowledge of proteins and genomes, our understanding
of RNA’s diverse biological roles is significantly lacking,
in part because of the transient and complex dynamics of
RNA and the challenges associated with precisely manip-
ulating RNA metabolism from synthesis to degradation.
While methods so far developed have made a signifi-
cant impact in shedding light on the mysteries of RNA,
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tools that allow precise spatiotemporal control of RNA
metabolismare still urgently needed for deeper insight into
the diverse physiological functions of RNA.
Compared to classical genetic or pharmacologic per-

turbations, light is a very attractive actuator that can
be used to manipulate cellular function and intracellu-
lar signalling pathways with millisecond and submicron
resolutions.2 The use of light to control heterologously
expressed proteins that are designed to be light responsive
is generally termed optogenetics. Previously, a number of
optogenetic systems based on the light-induced dimeriza-
tion or signalling cascade have been developed to allow
spatiotemporal control of RNA synthesis and gene expres-
sion in diverse organisms.3 These light-controlled gene
transcription systems provide valuable tools for a variety
of biotechnological and biomedical applications, ranging
from in vitro basic research to in vivo gene- and cell-based
therapies.
Unlike the extensive studies on developing optogenetic

tools for transcriptional control, reports on optogenetic
control of post-transcriptional RNA metabolism are much
fewer. Cao et al. developed optogenetic systems that
can activate mRNA translation in mammalian cells in
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F IGURE 1 LicV-based photoswitchable effectors for spatiotemporal control of RNA metabolism. The synthetic photoswitchable RNA
binding protein LicV is fused to various functional domains, including transcriptional activation domain (i), splicing modulatory domain (ii),
subcellular localization signal (iii), translation initiation factor (iv), endonuclease domain (v) and other effector domains (vi), for
spatiotemporal control of RNA synthesis, splicing, localization, translation, stability and other RNA metabolism, respectively

a light-dependent manner. In these systems, blue light
induces the reconstitution of an RNA binding domain
and a translation initiation domain, thereby activating
the translation of target mRNA downstream of the bind-
ing sites.4,5 Moreover, Kim et al. engineered the mRNA
LARIAT (mRNA light-activated reversible inactivation by
assembled trap) system, in which the LARIAT system is
combined with RNA-binding protein (RBP)-based mRNA
visualization modules to trap specific mRNAs in protein
clusters using light.6 Such sequestration of mRNAs can
restrict their accessibility to ribosomes and thus markedly
reduce translation efficiency. The mRNA LARIAT sys-
tem allows precise manipulation of the localization and
translation of both exogenous and endogenous unmodified
mRNAs. While as promising as they appear to be, uptake
of these tools by biologists has been minimal, probably
because of technical complexities or limitations.
In eukaryotic cells, RBPs are key components in RNA

metabolism, regulating the temporal, spatial and func-
tional dynamics of RNAs. Thus, the engineering of
light-switchable RBPs would provide an easier and more
straightforward way to control the post-transcriptional
metabolism of RNA.Weber et al. selected an RNA aptamer
that can specifically bind a natural blue light receptor,
termed PAL, in a light-dependent manner. PAL allows
optogenetic control of mRNA translation both in bacteria
and mammalian cells.7 Very recently, Liu et al. engi-

neered the LicV, a synthetic photoswitchable RBP that
binds to a specific RNA sequence in response to light
irradiation.8 Blue light can induce the dimerization of LicV
and enhance its binding to the RAT RNA sequence, and
removal of the light results in gradual dissociation of the
dimers and RNA dissociation. As a consequence, upon
blue light exposure, LicV binds RAT with a low dissocia-
tion constant (Kd) of 92 nM, but in the dark, the binding
is>40-fold weaker with a Kd of 3793 nM. LicV can serve as
an excellent scaffold for the development of photoswitch-
able RNA effectors that allow spatiotemporal control of the
localization, splicing, translation and stability of the target
RNAs, by simplify fusing LicV to RNA effectors with the
corresponding functionalities. Furthermore, LicV-based
RNA effectors can be combined with CRISPR-Cas system
for highly efficient and tunable regulation of RNA syn-
thesis from both exogenous and endogenous genes (see
Figure 1). Given the favourable photoinducible properties
of the LicV, the LicV-based optogenetic tools will provide
particularly attractive ways for spatiotemporal control of
post-transcriptional RNA metabolism.
Today, scientists’ interests in the contribution of RNA to

the genesis and progression of human disorders are boom-
ing, but the functions of the vast majority of ncRNAs are
still mysterious, and further studies are highly warranted
to uncover their biological roles and the mechanisms by
which ncRNAs exert their pathological effects. Light may
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be useful for precisely controlling the expression levels or
subcellular localization of RNAs, thereby enabling scien-
tists to link changes in cellular functions with changes
in the intracellular availability of these RNAs. Despite
the significant progress in developing RNA optogenetic
tools, significant challenges still need to be overcome to
expand the toolbox of RNA optogenetic tools for unlocking
the deeper mysteries of RNA. First, previously developed
optogenetic tools permit spatiotemporal control of a sin-
gle RNA each time. However, many biological processes
require the concerted action of multiple RNAs, for exam-
ple, RNA splicing and ribosome assembly. To enable the
precise control of these processes, it is necessary to engi-
neer orthogonal and multichromatic optogenetic tools for
simultaneous control of multiple RNAs. Second, most of
the existing RNA optogenetic tools utilize blue light as the
actuator, engineering of optogenetic tools that respond to
red or infrared light would be more relevant for trigger-
ing RNA molecules in vivo, as light in this range is less
toxic to cells and can penetrate tissues more efficiently
than blue light. Third, optogenetic tools for the control of
RNA epigenetics may also be engineered by fusing LicV
to write or erase the functionalities of RNA methylation,
as well as control of site-directed RNA editing by fusing
LicV to the deaminase domains. The combination of these
optogenetic tools will provide an opportunity to control
the functions of different RNAs differentially and orthog-
onally, which may be particularly useful for the study of
RNAs with antagonistic or synergetic functions.
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