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of Chemistry Single-cell in situ RNA profiling and multiplexed imaging have transformed our ability to uncover cellular
heterogeneity by resolving distinct gene expression signatures. While established spatial transcriptomics
methods — such as fluorescence in situ hybridization and in situ sequencing—have been widely used to
map RNA profiles, they are inherently limited by the need for cell fixation and permeabilization, providing
only static snapshots. In contrast, recent development of advanced fluorescent probes now enables
multiplexed RNA imaging in living cells, offering a powerful way to monitor RNA localization, interaction,
and concentration changes in real time. These innovations open new avenues for spatiotemporal in situ
RNA profiling, making it possible to track RNA dynamics and unravel temporal relationships among
multiple RNA species - longstanding challenges that remained out of reach with conventional
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1 Introduction

RNAs play essential roles in cells, notably as messengers in
guiding protein synthesis (e.g., mRNAs) or during transcription
or epigenetic processes in regulating gene expression (e.g,
various non-coding RNAs)."” These RNA functions are closely
tied to their spatiotemporal dynamics and subcellular locali-
zation. For example, mRNAs often display tightly controlled
spatiotemporal localization within dendrites, axons, and
organelles such as mitochondria and endoplasmic reticulum
(ER) to enable localized protein synthesis.®> While long non-
coding RNAs are more broadly distributed throughout the
cell, where they exert regulatory functions across multiple
stages of gene expression.*® To study these spatially confined
and dynamic processes, robust imaging techniques need to be
developed to visualize and track RNA molecules within living
systems.

However, most existing imaging approaches have tradition-
ally focused on detecting only a single RNA species at a time,*”
which limits analytical throughput and increases the risk of
false positives and false negatives in applications such as cell
profiling, pathogen detection, and disease diagnostics. In
reality, cellular processes are coordinated by networks of RNAs
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mechanism studies, diagnostics, and therapeutic development.

that act together rather than by individual transcripts. For
instance, cancer is associated with the aberrant expression of
multiple tumor-related genes, many of which can also show
fluctuating expression in healthy cells. Cancer diagnosis relying
on a single biomarker therefore often lacks sufficient specificity.
Multiplexed gene detection offers a way to overcome this chal-
lenge. The multiplexing capability not only enhances the accu-
racy of early cancer diagnosis but also provides deeper insights
into complex gene regulatory networks that drive health and
disease.'*"?

Multiplexed RNA imaging platform is such a system where
multiple RNA species are detected and visualized within the
same cell, ideally simultaneously with single-molecule preci-
sion. By leveraging strategies such as spectrally distinct fluoro-
phores, iterative hybridization cycles, and/or combinatorial
barcodes, multiplexed RNA imaging techniques can now enable
the comprehensive mapping of gene expression patterns with
high spatial resolution. On one hand, multiplexed RNA imaging
in fixed cells or tissues has been dramatically advanced during
the past years, especially with the development of multiplexed
single-molecule fluorescence in situ hybridization (FISH) tech-
niques, such as multiplexed error-robust FISH (MERFISH) and
sequential FISH (seqFISH)."*™* Quantitative detection of indi-
vidual RNA transcripts with subcellular resolution can now be
achieved, enabling transcriptome-wide detection with high
spatial resolution.’®"” In parallel to these imaging techniques,
next-generation sequencing (NGS)-based spatial trans-
criptomics platforms are also gaining maturity. For instance,
10x Genomics Visium can capture RNAs on barcoded arrays,
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which are then sequenced and mapped back to their locations
in the fixed tissues." While in comparison to imaging-based in
situ hybridization and in situ sequencing techniques, these
NGS-based methods typically cannot offer high-resolution
single-cell or subcellular level details regarding their RNA
signatures.’

On the other hand, these fixed cell RNA imaging and
profiling techniques hold several major restrictions. First of all,
fixed-cell imaging or biochemical fractionation can only capture
a single static time point in the cellular RNA lifecycle. These
methods don't allow real-time tracking of RNA localization,
movement, and interactions, offering limited dynamic or
temporal information during real living processes. Meanwhile,
the fixation procedure itself may induce artifacts by altering the
localization and amount of target RNAs.***!

In contrast, live-cell RNA imaging enables real-time analysis
on how RNA behaviors correlate with other RNAs, proteins, or
organelle dynamics. Cell selection and sorting can also be
achieved based on the obtained dynamic gene expression
profiles. Meanwhile, these live-cell tools can facilitate our
understanding of how RNA transport, localization, translation,
and decay will respond to RNA perturbation, cellular changes,
or drug treatment. A growing number of live-cell multiplexed
RNA imaging techniques have emerged recently, including
synthetic oligonucleotide-based probes, bacteriophage-derived
RNA labelling tags, CRISPR-dCas systems, fluorogenic RNA
aptamers, and RNA-stabilized protein tags, as will be discussed
in detail in the following sections. These approaches have
begun to enable simultaneous observation of different RNA
behaviors in living cells, adding a crucial temporal dimension
to RNA studies and providing insights that are inaccessible
through static analyses in fixed cells.

In this perspective, our goal is to provide an overview of
available multiplexed RNA imaging technologies, with a partic-
ular emphasis on recent advances that enable dynamic RNA
studies in living systems. We will trace the evolution from early
single-target FISH methods to the development of highly mul-
tiplexed spatial transcriptomics approaches, and finally to the
emerging platforms capable of visualizing multiple RNA species
in real time within living cells. Our focus is to highlight how
innovative analytical designs have driven these advances,
discuss the current challenges of achieving multiplexing under
physiological conditions, and explore how next-generation live-
cell imaging strategies are poised to transform our ability to
study gene expression dynamics, RNA localization, and cellular
heterogeneity.

2 Advanced techniques for
multiplexed RNA imaging and profiling
in fixed cells and tissues

Our discussion starts with advanced RNA imaging and profiling
technologies in fixed cells and tissues, which have allowed the
detection of RNA localization and quantification at whole-

transcriptome levels. The design principles of these tech-
niques may also be potentially applied to inspire new
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multiplexed RNA imaging approaches for living systems. Here,
we will classify these techniques into three main categories
based on their detection mechanisms: in situ hybridization
(ISH), in situ sequencing (ISS), and non-in situ next-generation
sequencing (NGS).

2.1 In situ hybridization techniques

Fluorescence in situ hybridization (FISH) was first used for RNA
detection in the early 1980s,”> where fluorophore-conjugated
DNA probes were designed for targeting actin mRNA in
chicken muscle cells from tissue culture (Fig. 1a). In 1998, the
emergence of single-molecule FISH (smFISH) really revolu-
tionized RNA imaging by allowing for precise visualization and
quantification of individual RNA molecules.”® In 2002, simul-
taneous detection of over 10 cellular RNA transcripts was ach-
ieved by the Singer group via a combination of labelling probes
with at least two distinct colors for each RNA target (Fig. 1b).**
Such a spectral “barcoding” approach was further combined
with spatially resolved order of labelling fluorophores in super-
resolution microscopy to enable ~30 RNA species to be simul-
taneously analyzed in single yeast cells (Fig. 1¢).>®

Being powerful for studying single-cell RNA profiles, these
early smFISH techniques were still limited in their multiplexing
capability due to constraints in available fluorescence channels
for simultaneous imaging. An important innovation that
significantly increased the scalability of FISH is the incorpora-
tion of a sequential imaging and stripping approach, which
leads to the development of highly multiplexed approaches:
MERFISH and seqFISH.*** In the original seqFISH technique
developed by the Cai group, 12 unique RNA transcripts in
budding yeast were identified by using four-color DNA probes in
two rounds of imaging: each RNA was initially imaged with one
of the four fluorescent probes, and then the probes were
removed by DNA digestion, followed by re-staining with
a second round of four-color probes. Theoretically, this two-
round approach can enable discrimination of 16 individual
RNAs (4* = 16)."

The MERFISH approach, first introduced by the Zhuang
group in 2015, has dramatically improved the throughput of
RNA imaging.”® A major difference between seqFISH and
MERFISH lies in their barcoding strategies to differentiate RNA
species. SeqFISH (and similarly osmFISH*®) uses a dye-labeled
DNA strand to target RNA species directly, while MERFISH
separates the targeting strands from the readout strands by
assigning each RNA molecule to a unique N-bit binary barcode
during N rounds of readout (Fig. 1d). In each round of imaging,
areadout strand is added to reveal whether a specific RNA emits
fluorescence (bit 1) or remains undetected (bit 0). After imaging,
the dye is photobleached, and a new readout probe is then
introduced. With a typical N (~14-16) rounds of such repeated
procedure, a maximum of 2N-1 RNAs (i.e., ~16 000-65 000) can
be detected.

A key feature of MERFISH is the introducing of a Hamming
distance of 2 or 4 that allows error-robust encoding, where =2
or 4 reads must be incorrect to avoid being assigned as a correct
target RNA. As the same dye-labeled readout strand was used to
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Fig. 1

(a) A sample fluorophore-conjugated DNA probe designed for recognizing target messenger RNA. (b) Simultaneous imaging of 10 cellular

RNAs can be achieved via the use of color groups. At least two colors were used for each RNA transcript to reduce the chance of single-color
false positive signals. Reproduced from ref. 24 with permission from the American Association for the Advancement of Science, copyright 2002.
(c) A spectral barcoding method that applies super-resolution imaging techniques to detect ~30 RNA targets. Shown are some sample illus-
trations of colors used for barcoding four mRNA species. (d) Schematic of MERFISH, a multiplexed smFISH method using combinatorial labelling
and error-robust encoding. Encoding probes are designed to contain RNA-binding regions flanked by two readout sequences. A specific
combination of four readout sequences encodes each RNA species. Sequential hybridization rounds with fluorescent readout probes detect

these sequences, with photobleaching between rounds.

simultaneously detect different RNA targets in an imaging
round, the cost of probe synthesis and time required for
hybridization can be dramatically reduced. MERFISH initially
can enable the multiplexed analysis of approximately 100-1000
RNA species,™ which offers a reliable method that paves the way
for further spatial transcriptomic studies in capturing whole-
transcriptome information at distinct cellular states. By inte-
grating MERFISH with expansion microscopy, ~10-fold higher
total density of RNAs have been profiled in a single
experiment.”’

In another critical study, seqFISH+ was developed to allow
transcriptome-wide imaging by enabling the detection of ~10
000 genes in single cultured cells as well as in mouse brain
tissues.”® By using a sparse labelling strategy to lower the RNA

21154 | Chem. Sci,, 2025, 16, 21152-21173

density, only a subset of targets was hybridized and detected in
each round of seqFISH+. Meanwhile, super-resolution micros-
copy in three different fluorescent channels (i.e., a ~60 bit
binary barcode) was employed to spatially resolve these RNA
transcripts and increase throughput of the whole imaging
process.

As the throughput of these in situ hybridization techniques
has been dramatically increased, more efforts have been spent
on enhancing their other analytical properties, including the
detection accuracy, sensitivity, and signal-to-noise ratio. Split-
FISH is such an imaging method for reducing background
noise and false positives in non-cleared tissues.* This strategy
uses a split-probe design, where two adjacent probes hybridize
near each other on the target RNA. A bridge strand is then

© 2025 The Author(s). Published by the Royal Society of Chemistry
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added that can only generate signals upon cooperative binding
with two nearby split probes. Split-FISH have been successfully
used to quantify the spatial distribution and abundance of 317
genes at single-cell resolution in complex tissue samples.*

RNAscope is another widely adopted in situ hybridization
platform that uses adjacent pairs of “double Z” probes to
precisely target RNA molecules.** This arrangement forms
a distinct binding site that initiates a multi-stage signal
amplification process, enhancing both sensitivity and speci-
ficity of RNA detection by reducing background noise. Such
probe design is also suitable for tissue samples and compatible
with automated systems. As another example of smFISH tech-
niques with increased signal-to-noise ratio, DART-FISH employs
padlock probes along with rolling circle amplification (RCA)
and a combinatorial barcoding strategy to detect hundreds to
thousands of genes within tissue sections.** By incorporating
enzyme-free isothermal decoding steps and reducing the
number of imaging cycles, DART-FISH facilitates efficient and
scalable spatial transcriptomic analysis in complex biological
tissues within a more reasonable timeframe, e.g., 121 genes can
be successfully identified across a large (~30 mm) human tissue
sample in <10 hours.

It is worth noting that such in situ hybridization-based
multiplexed RNA imaging techniques have been successfully
commercialized for automated single-cell resolution spatial
transcriptomic profiling in tissue samples, such as that shown
in Vizgen MERSCOPE and NanoString CosMx.**** These
smFISH-based techniques have significantly advanced our
capability of high-resolution subcellular RNA profiling at the
entire transcriptome-level.

2.2 In situ sequencing methods

In situ sequencing (ISS) technologies represent another signifi-
cant evolution in spatial transcriptomics. Unlike smFISH-based
methods that rely on the hybridization of fluorescent probes to
pre-selected RNA targets, ISS offers both targeted and untar-
geted approaches to sequence RNA transcripts directly inside
cells or tissues. ISS can enable nucleotide-resolution transcript
identification with spatial context, expanding the scope and
granularity of cellular RNA profiling.

In targeted ISS that was first demonstrated by the Nilsson
group in 2013, RNAs of interest were first in situ reverse tran-
scribed into complementary DNAs (¢cDNAs), followed by RCA to
produce repeated DNA copies as robust localized amplicons
within the tissues and cells (Fig. 2a).** These amplified
sequences were then decoded through a series of sequencing-
by-ligation steps, during which one of four-color fluorescently
labeled 9-mer random-sequence probes with one fixed A/C/G/T
at a specific position was in situ ligated to an anchor primer.
Each imaging cycle captures the identity of nucleotide at this
position to distinguish different RNA targets. It is worth
mentioning that the original sequencing-by-ligation chemistry
exhibits quite low efficiency (~20-30%). Even by replacing with
a hybridization-based ISS assay,*” the detection efficiency and
throughput of such targeted ISS techniques remain a major
technical concern.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To further enhance the resolution and robustness of ISS,
STARmap (spatially resolved transcript amplicon readout
mapping)*® and BOLORAMIS (barcoded oligonucleotides
ligated on RNA amplified for multiplexed and parallel in situ
analyses)* were developed by the Deisseroth group and Church
group, respectively. STARmap introduced a two-component
logic padlock probe system to reduce non-specific hybridiza-
tion to cellular RNAs and inserted a five-base barcode (4> = 1024
possibility) for identifying particular RNA targets (Fig. 2b).
Acrylic acid-modified DNA probes were used to copolymerize
with acrylamide and embed into hydrogel for optical clearing.
Meanwhile, an error-robust in situ sequencing-by-ligation
chemistry called SEDAL was implemented to read the five-
base barcode for multiplexed RNA localization. In each cycle
of SEDAL, an increasing length of 5'-phosphorylated reading
strand was mixed with fluorophore-labeled decoding strands.
Only when the dinucleotides at the 3’-end of the decoding
strand are fully complementary to the barcode sequence next to
the reading position, a ligation occurred to give out detectable
imaging signals. Afterwards, formamide was added to strip the
probes and prepare for the next cycle. With all these advances,
STARmap can achieve reliable detection of over 1000 genes in
intact brain tissue, at an error rate of ~1.8%.

SEDAL-based in situ sequencing has also been used in
another TEMPOmap technique that can interestingly map
dynamic RNA synthesis, movement, and degradation events
with subcellular precision.*” By pulse-chase metabolic labelling
nascent mRNAs with 5-ethynyl uridine, RNAs of interest can be
selectively amplified and in situ imaged with temporal infor-
mation (Table 1 ).

Another major advancement in ISS was the achievement of
untargeted in situ sequencing. Unlike targeted ISS, methods like
fluorescent in situ sequencing (FISSEQ)*"** uses adapter-fused
random hexamers as primers to convert cellular RNAs into
c¢DNAs without selecting particular genes. These cDNAs were
circularized using enzymes like CircLigase II and amplified in
situ via RCA. Subsequent ISS was then achieved via sequencing
by oligonucleotide ligation and detection, commonly known as
the “SOLiD” technology, yields genome-aligned reads. More
specifically, a sequencing primer that is complementary to the
adapter was ligated to dinucleotide-specific 8-mer fluorescent
probe for imaging. Afterwards, the fluorophore and last three
bases of the probe were cleaved to allow for additional ligation
cycles to interrogate other dinucleotide pairs. While enabling
unbiased transcriptome-wide profiling, FISSEQ faces several
technical challenges, including inefficient RNA-to-cDNA
conversion, optical crowding due to high transcript density,
and the predominance of abundant RNAs like rRNA. As a result,
a low detection efficiency (<0.2%) was often observed in
FISSEQ.™

To address these issues, expansion sequencing (ExSeq) that
integrates FISSEQ with expansion microscopy was developed by
the Boyden group.*® After anchoring RNAs to a hydrogel-based
system, ExSeq physically expanded tissue samples to improve
molecular resolution and reduce crowding, thereby enhancing
both spatial clarity and gene detection in FISSEQ. Without
requiring target amplification, the Wu group introduced

Chem. Sci., 2025, 16, 21152-21173 | 21155
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Fig. 2

(@) Schematic illustration of an in situ sequencing method where RNA transcripts or its corresponding cDNA is used to guide the self-

ligation of barcoded padlock probes. Repeated DNA copies are then produced enzymatically via rolling circle amplification (RCA) with increased
number of localized barcodes. (b) Overview of a STARmap technique where a primer is used to guide the ligation of logic padlock probe. RCA
enzymatically replicated amplicons are then embedded in a hydrogel, in situ sequenced via a SEDAL sequencing-by-ligation approach via
reading a five-base barcode to identify the particular RNA target. In each cycle of SEDAL., a 5'-phosphorylated reading strand is combined with
fluorophore-labeled decoding strands. Ligation and signal detection occurs only when the decoding strand's 3’ dinucleotide perfectly matches
the barcode sequence at the reading position. Sample images were reproduced from ref. 38 with permission from the American Association for
the Advancement of Science, copyright 2018. Scale bar, 2 um. (c) Overview of the barcode strand design and in situ sequencing methods used in
an OligoFISSEQ technique. Top: sequencing-by-ligation approach via ligation of a phosphorylated primer to an 8-mer with fluorophore-coded
dinucleotides. Middle: sequencing-by-synthesis approach that fluorophore-labeled nucleotides were used to identify barcode nucleotides.
Bottom: sequencing-by-hybridization method that bridge oligos recruit barcode-specific probes, enabling full sequence determination in eight

hybridization rounds.

OligoFISSEQ by integrating barcode strands of non-genomic
sequences respectively with three ISS strategies, sequencing-
by-ligation, sequencing-by-synthesis, and sequencing-by-
hybridization (Fig. 2c).** OIligoFISSEQ can also be used
together with single-molecule localization microscopy, such as
OligoSTORM™ for super-resolved RNA detection.

Despite these improvements, the low detection efficiency of
current sequencing chemistry and molecular crowding remain
critical limiting factors for these untargeted ISS techniques. In
contrast, targeted ISS approaches benefit from a more

21156 | Chem. Sci., 2025, 16, 21152-21173

manageable transcript density, as the whole transcriptome can
be divided into subsets of ~1000-2000 genes,*® where each
subset is imaged sequentially using short multi-color barcodes.
Although such a division approach may increase the total
imaging time, it avoids long barcodes to maintain a high
detection efficiency. Targeted ISS approaches can be preferred
for their nice balance of high accuracy, scalability, and
efficiency.”

New in situ sequencing chemistry is highly desired to further
improve the detection efficiency and accuracy of both targeted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and untargeted ISS techniques. Chemical strategies to selec-
tively deplete highly abundant transcripts (e.g., housekeeping
RNAs) can also be helpful. Moreover, emerging computational
tools are capable of inferring genome-wide gene expression
from a targeted set. By integrating spatial data with single-cell
RNA-sequencing profiles,*® such hybrid strategies may offer
a promising path forward in resolving transcriptomic hetero-
geneity across diverse tissue landscapes.

2.3 Non-in situ next-generation sequencing methods

Another frontier in spatial transcriptomics involves the inte-
gration of NGS technologies with spatial barcoding to achieve
high-throughput RNA profiling. In these methods, RNA tran-
scripts are often captured on spatially barcoded surfaces, after
reverse transcription of RNA into cDNA, NGS is then performed
to identify transcript sequences. The spatial origin of these
transcripts can be inferred through pre-assigned barcodes and
computational reconstruction. Unlike ISS or ISH techniques,
which preserve cellular morphology, NGS-based methods
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require physical extraction of RNA from cells. We will only
illustrate the working principles and chemistry of some repre-
sentative NGS systems, with a goal to inspire future techniques
for RNA profiling in living cells.

One pioneering approach in array-based spatial trans-
criptomics was introduced by Stahl et al. in 2016,"® which paved
the foundation for the commercialized 10x Genomics Visium
platform. In such a platform, tissue sections are placed on
a microarray containing ~1000-5000 capture spots arranged
within a ~6.5 x 6.5 mm? area (Fig. 3a). Each spot contains
millions of fixed oligonucleotide probes composed of an Illu-
mina sequencing primer, a spatial barcode, a unique molecular
identifier, and a poly(dT) sequence for hybridization to poly-
adenylated mRNAs. Transcriptome-wide spatial information
can be provided in these conventional array-based spatial
transcriptomics, while a key limitation is its inability to achieve
single-cell resolution detection as each ~50-100 um in diameter
spot may encompass multiple cells, leading to mixed trans-
criptomic signals.*®

DNA barcode probe

---------- Primer )iy
""""" Spatial Poly(dT)
barcode
PCR HOMI _Dral _poR
adapter adapter
P TruSeq Poly(dT) P
HDMI-2  read

cluster

CID,

barcode Poly(dT)

Patterned array of
Stereo-seq DNA nanoballs
chip

Fig. 3

Hybndnzatlon of
capture probes

ﬁ

(a) Schematic illustration of Visium technique. Each capture spot is embedded with millions of oligonucleotide probes engineered with

a spatial barcode, a unique molecular identifier (UMI), an Illumina sequencing primer site, and a poly(dT) tail for selective mRNA binding. Following
tissue permeabilization, polyadenylated mRNAs hybridize to these probes, enabling spatially indexed cDNA to be synthesized by reverse tran-
scription and traced back to its original position within the tissue. (b) Overview of Seq-Scope spatial transcriptomics. The method creates clusters
of oligonucleotides with high-definition map coordinate identifier (HDMI) on a flow cell surface. The structure of the HDMI-oligo library for first-
step sequencing is shown. In situ sequencing defines cluster coordinates, which are modified to expose oligo-dT for RNA capture. Tissue
sections are placed on the array and captured RNAs are reverse transcribed into spatially barcoded cDNA, followed by library preparation and
sequencing. (c) Schematic of the Stereo-seq spatial transcriptomics workflow. The technique uses a patterned chip consisting of DNA nanoballs,
each tagged with a unique coordinate identity (CID) barcode. Oligonucleotide probes containing unique molecular identifiers and poly(dT)
sequences hybridize to the DNA nanoballs for targeted mRNA capture from tissue sections.
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A meaningful approach to address such a limitation was
introduced by Fan et al. as expansion spatial transcriptomics
(Ex-ST).*” By physically enlarging tissue samples via expansion
microscopy, both transcript availability and spatial resolution
of array-based spatial transcriptomics can be enhanced. With
an effective resolution to ~20 um per spot, more precise cell-
level transcript detection was enabled, even their subcellular
localization in specific cell types such as neurons.

Later innovations in NGS-based spatial methods, include
Slide-seq and Slide-seqV2,*** utilize densely packed DNA-
barcoded bead arrays to achieve transcriptome-wide RNA
detection in single cells. Upon transferring mRNAs from tissue
sections onto these beads, the captured transcripts are reverse-
transcribed, amplified, and sequenced. Spatial localization of
these RNA molecules can be achieved by decoding the bead-
specific barcodes. Slide-seq offers a spatial resolution of ~10
um,*® significantly surpassing Visium and Ex-ST. Nearly a 10-
fold increase in RNA capture efficiency and transcript detection
per bead was achieved in the improved version Slide-seqV2,
making it an attractive platform for high-resolution spatial
transcriptomics.*® By incorporating expansion microscopy into
Slide-seqV2, it may hold promise to further enhance resolution
and detection sensitivity beyond current capabilities.

Seq-Scope, developed by the Lee group, is another intriguing
approach to improve the spatial resolution of NGS-based RNA
profiling.* It employs a two-step sequencing strategy, with an
initial round of sequencing to map randomly barcoded oligo-
nucleotide clusters immobilized on an Illumina solid surface
and a second sequencing round to identify transcript sequences
after RNA capture (Fig. 3b). Seq-Scope can achieve an impressive
inter-cluster distance of ~0.5-0.8 um, allowing for near-
subcellular resolution spatial RNA analysis.>*

Another notable platform is Stereo-seq, developed for spatial
transcriptomics across large-scale tissue architectures
including whole embryos.* Stereo-seq utilizes patterned nano-
arrays of DNA nanoballs,” embedded with spatial barcodes and
capture sequences, arranged on a lithographically etched
silicon chip with fields of view ranging from 1 cm” to over 13
em® (Fig. 3c). With submicron size spots and inter-spot
distances, Stereo-seq enables transcriptomic profiling at an
unprecedented spatial scale at single-cell or even subcellular
resolution.

These examples together have underscored the advance-
ments and transformative potential of NGS-based spatial
transcriptomics. Through continued improvements in separa-
tion techniques and surface chemistry, the spatial resolution
and transcript detection efficiency of these platforms can be
further enhanced, providing powerful tools for dissecting
cellular diversity, gene expression heterogeneity, and tissue
organization with great details and high throughput.

We need to mention that many of these above discussed
spatial transcriptomics technologies generate increasingly
complex and high-dimensional datasets, necessitating compu-
tational models for signal decoding, error correction, and bio-
logical interpretation.®® For instance, in DART-FISH, large-scale
RNA imaging was paired with computational deconvolution
and decoding to achieve single-cell resolution gene profiles

© 2025 The Author(s). Published by the Royal Society of Chemistry
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across human tissue.** SEDR integrates spatial and transcrip-
tional data using autoencoders and variational graph embed-
dings to improve clustering and visualization of single-cell
niches.> Graph signal processing methods such as SpaGFT
apply Fourier transforms on tissue graphs to identify spatially
variable genes and enhance domain annotation.” As this review
focuses more on the chemical probe development, we only try to
use these examples to illustrate how computational modelling
can also be a central enabler for scalable, accurate, and inter-
pretable multiplexed RNA imaging. We would like to refer the
audiences who are interested in learning more about these fixed
sample spatial transcriptomics techniques to some recent

excellent reviews elsewhere.>*>°

3 Multiplexed RNA imaging in living
cells

The above-discussed techniques are valuable tools for detecting
transcriptional heterogeneity among isogenic and various cell
populations. However, because these methods require cell
fixation and permeabilization, they cannot capture temporal
changes in RNA levels or dynamic molecular events in real time.
Considering the RNA lifecycle encompasses a series of tightly
regulated and highly interconnected steps in transcription,
processing, transportation, localization, translation, and
degradation, visualizing these RNA molecules in live cells is very
crucial for unravelling the dynamic processes, correlations, and
functional roles of RNAs within the complex intracellular
environment. There is a strong need for live-cell RNA imaging
technologies with high spatial and temporal resolution, and
ideally with high throughput capability. In this section, we will
review key recent advances for multiplexed RNA imaging in
living cells.

3.1 Synthetic oligonucleotide-based probes

Invitro synthesized nucleic acid-based probes are powerful tools
for imaging intracellular RNA distributions. On one hand, RNAs
of interest can be directly synthesized and labeled with fluoro-
phores in vitro, followed by microinjection or delivery into the
cells.®” On the other hand, by simply tuning their sequences,
nucleic acids can also be programmed to recognize specific
endogenous target RNAs through predictable base pairing and
in situ hybridization. These synthetic oligonucleotide probes
can be biocompatible, capable for precise chemical modifica-
tion, and exhibit modular and versatile architectures, which
make them particularly attractive for RNA sensing.
Fluorophore-labeled single-stranded DNA probes, such as
molecular beacons (MBs), mark a simple but capable tool for
such a purpose. MBs are stem-loop-structured oligonucleotides,
labeled with a reporter fluorophore and a quencher. Upon
hybridization with target sequences, the hairpin structure
unfolds, leading to fluorescence generation with minimal
background (Fig. 4a). Since its initial development in 1996,
MBs have been widely used for in vitro and intracellular RNA
detection. By labelling MBs with fluorophores of distinct colors,
simultaneous and real-time visualization of multiple RNA
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species have been achieved inside living cells.®>** However, live-
cell imaging beyond two or three RNA targets remains
a common technical challenge for these MB probes, due to
limitation in available spectrally distinct fluorophores.

The Tang group developed a four-color nanoprobe based on
MBs and gold nanoparticles (AuNPs).** These AuNPs were
functionalized via gold-thiol bonds to anchor four different
MBs, each specific to one cancer-associated mRNA. In the
absence of target mRNAs, the fluorophores remain in close
proximity to the AuNPs, resulting in efficient fluorescence
quenching (Fig. 4b). When the target mRNAs are present, DNA-
RNA hybridization unfolds the hairpin and separates the
fluorophores from the AuNP surface to restore fluorescence
signals. Without requiring additional small-molecule
quenchers and being effectively internalized by the cells, these
AuNPs can also facilitate the cellular delivery of oligonucleotide
probes.

Beside molecular beacons, oligonucleotide probes can also be
engineered to fold into other defined nanostructures for sensitive
and multiplexed RNA imaging in living cells. One such example
is based on self-assembled DNA tetrahedral structures, which can
spontaneously enter the cells and remain intact inside living
cellular environment.®**” Several DNA tetrahedron-based probes

View Article Online
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have been employed for multiplexed live-cell RNA detection. The
Xiang group developed a self-assembled four-strand DNA tetra-
hedral nanostructure, incorporating two hairpin probes.®® Each
hairpin was labeled with a distinct fluorophore-quencher pair
and designed to detect a target microRNA, e.g., miRNA-21 and
miRNA-155. Similarly, the Willner group positioned three hairpin
probes along the edges of DNA tetrahedron, enabling concurrent
cellular imaging of three miRNAs, e.g., miRNA-21, miRNA-221
and miRNA-155.% The vertices of the DNA tetrahedron can also
be fused with duplex extensions for multiplexed RNA detection,
as demonstrated by the Zhang group for simultaneously detect-
ing three tumor-related mRNAs, including ¢-myc, TK1 and Gal-
NAc-T.”

Beyond DNA tetrahedrons, other complex nanostructures,
such as DNA triangular prisms (DTPs), have also been employed
for multiplexed RNA imaging. In one design, two pairs of
metastable catalytic hairpin assembly (CHA) probes, an AS1411
aptamer, and a biotinylated DNA strand were positioned at
distinct vertices of the DTP,”* which components were further
assembled via streptavidin to form multivalent DTPs (SA-DTPs)
for miRNA imaging in MCF-7 cells. Upon binding to a target
miRNA, mono-DTP initiated a localized CHA reaction and
released the target miRNA, which could then be rapidly
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(@) Molecular beacon-based single-stranded oligonucleotide probes that can generate fluorescence signals upon hybridization with

a target RNA sequence. (b) A multi-color molecular beacon-modified gold nanoparticle probe system for the simultaneous detection of multiple
intracellular RNAs. In the absence of target RNA, the fluorophores are near to the surface of gold nanoparticle with a quenched fluorescence
signal, which can be recovered by target RNA-induced extension of the DNA probes. (c) Chemical structures and schematic of biorthogonal
cleavable oligonucleotides for rounds of in situ RNA analysis and imaging. (d) A sample many-to-one Boolean logic AND-gated DNA probes for
detecting the co-existence of two microRNAs inside live cells, via toehold-mediated DNA strand displacement reactions.
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recaptured by adjacent mono-DTPs via spatial confinement
effect, triggering additional CHA cycles with amplified fluores-
cence signals. Dual-color cascade has been further engineered
for simultaneous detection of two types of miRNAs in living
cells.

Various self-assembled nucleic acid nanostructures have
been reported already, including intricate DNA polyhedral and
origami.”>”* For the purpose of RNA imaging, an ideal nano-
structure should self-internalize into the cells and remain stable
for at least several hours. The incorporation of modified
nucleotides, such as locked nucleic acids and phosphorothioate
backbones,”* may be considered. Here, the stability includes
both resistance towards enzymatic degradation and intactness
of self-assembly inside varied cellular environment. Meanwhile,
if the goal is to apply these oligonucleotide-based probes to
image a large variety of RNAs in living cells, stripping of the
probes after one round of imaging may be needed. In this case,
relatively less stable DNA nanostructures or biorthogonal
cleavable oligonucleotides (Fig. 4c)” could be preferred. Similar
to what has been shown in MERFISH or seqFISH, iterative
delivery and hybridization cycles of these functional oligonu-
cleotide probes in living cells potentially can be used for
imaging different RNA species at high throughput.

These DNA probes can also be incorporated with isothermal
enzyme-free DNA circuits, especially the above-mentioned CHA
and hybridization chain reaction (HCR).”*”” However, in terms
of multiplexed RNA imaging, such circuit design must be fine-
tuned to reduce crosstalk among the circuit. One direction is
leveraging many-to-one Boolean logic gates to enhance the
multiplexing capacity of cellular RNA detection. For instance,
two miRNA targets in a simple AND logic gate can induce
a single output fluorescent signal (Fig. 4d).”® As a result, 2-4
spectrally distinct fluorophores could be theoretically applied
for the profiling of =4-8 target RNAs. While the construction of
more robust DNA circuits that function inside cells still is
a technical challenge.

Synthetic bioorthogonal fluorogenic oligonucleotide probes
are another type of powerful tools that allow dynamic, multi-
plexed, and single-molecule-leve]l RNA imaging in living
systems.”®®> Represented by tetrazine-mediated fluorogenic
reactions, target RNAs can function as the template to induce
the close proximity of a caged fluorophore-labeled oligonucle-
otide probe and another tetrazine-modified strand. Tetrazine-
triggered uncaging reactions could then induce a turn-on fluo-
rescence, yielding a wash-free and live-cell-compatible RNA
detection system with minimal background signals.”** Hybrid
strategies that combine nucleic-acid amplification or catalytic
hairpin circuits with fluorogenic bioorthogonal steps have also
been reported, offering enhanced specificity and stronger signal
output for RNA imaging.*® Similarly, approaches that merge
metabolic labelling of nucleosides with fast fluorogenic liga-
tions have also been reported.***® Even though, to the best of
our knowledge, these bioorthogonal fluorogenic oligonucleo-
tide probes have been barely used for multiplexed RNA detec-
tion in living cells, we would like to still highlight these
approaches here as in principle they can indeed expand the
chemical space for multiplexing.
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Lastly, oligonucleotide-based multiplexed RNA imaging
probes can be functionalized on nanomaterials, such as gra-
phene oxide (GO),**®* gold nanoparticles,*** and magnetic
nanoparticles,” etc. Unlike pure DNA-based scaffolds, these
nanomaterials possess additional inherent fluorescence
quenching and adsorption properties or can function as
delivery vehicles to improve the intracellular transportation and
stability of the oligonucleotide probes (Table 2). Another
notable feature of oligonucleotide-nanomaterial complexes is
that beyond RNA detection and imaging, they can also serve as
multi-functional platforms,”™ for example, to achieve targeted
drug delivery and therapeutics in personalized medicine.

3.2 Bacteriophage-derived RNA labelling tags

When using the above-discussed synthetic oligonucleotide
probes for cellular RNA imaging, probes' cellular penetration,
specificity of delivery, spatial and temporal variation in cellular
concentration, and long-term stability are still potential
concerns. In contrast, several genetically encodable fluorescent
probes have been engineered to overcome these challenges.
One popular genetically encoded RNA imaging platform is
based on RNA-binding coat proteins derived from bacterio-
phages. In such a system, RNAs of interest are tagged with
phage RNAs, such as MS2, PP7, and boxB, which can be imaged
inside cells via co-expressed fluorescent protein-fused corre-
sponding RNA-binding proteins, e.g., MS2 coat protein (MCP),
PP7 coat protein (PCP), and AN peptide (Fig. 5a). The first usage
of these tags for dual-color live-cell RNA imaging was reported
by the Jansen group,” where boxB-tagged ASH1 mRNA and
MS2-tagged IST2 mRNA were visualized in yeast via GFP-AN and
RedStar-MCP signals, respectively.

a Fluorescent _

MS2/PP7/boxB proteinagf s

RNA of interest

b

ace- O OO
3xBFP

't

‘ QB mutants x10

MCP-
3xmCherry,

-

MS2 mutants x10

25 um

mCherry channel BFP channel Overlay

Fig. 5 (a) Schematic illustration of bacteriophage-derived RNA
labelling tags for live-cell multiplexed RNA imaging. RNAs of interest
with MS2, PP7, boxB RNA tags can be specifically recognized and
visualized by fluorescent protein-conjugated MS2 coat protein (MCP),
PP7 coat protein (PCP), or boxB coat peptide. (b) Simultaneous RNA
imaging in U20S cells based on an MS2/MCP and QB/QCP orthogonal
pairs. Cell images were reproduced from ref. 96 with permission from
the authors and Springer Nature, copyright 2021.
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A more prevalent MS2/MCP and PP7/PCP system for simul-
taneous visualization of two RNA transcripts was later intro-
duced by the Singer group. By fusing two MDN1 alleles
respectively with 24 copies of MS2 or PP7 RNA hairpins at the 3’
untranslated region (3’ UTR), simultaneous monitoring of two
distinct mRNAs was achieved at the single-molecule level in
living yeast cells.?” The Levine group further demonstrated that
such MS2 or PP7 repeats can also be used in Drosophila
embryos to study the relationship between enhancer-promoter
interactions and transcriptional bursting,”® and the dynamic
expression patterns of the pair-rule genes even-skipped (eve)
and fushi tarazu (ftz) during early embryogenesis.* It is worth
noting that bacteriophage-derived RNA labelling tags have been
continually evolved to improve their properties for live-cell RNA
imaging. As an example, a key improvement to the MS2/MCP
system was achieved by Tutucci et al. for tracking short-lived
mRNAs in living cells,”® which has enabled the dynamic
measurement of the entire mRNA life with minimal
perturbation.

Another bacteriophage-derived QB/QCP (QB coat protein)
RNA/protein pair has also been used for orthogonal and mul-
tiplexed RNA imaging. The Amit group applied a high-
throughput approach that combined oligonucleotide library
screening with machine learning to design RNA cassettes that
specifically bind to MCP, PCP and QCP.*® Such designed
cassettes can enable simultaneous multiplexed RNA imaging in
U20S mammalian cells without cross-reactivity (Fig. 5b). These
high-affinity RNA/coat protein pairs have increased our ability
to develop genetically encodable tools for cellular RNA imaging
and regulation. To enable highly multiplexed RNA detection in
living systems, screening and identification of additional
orthogonal RNA/coat protein pairs is still largely needed.

3.3 CRISPR-dCas systems

Clustered regularly interspaced short palindromic repeats
(CRISPR) and their associated endonucleases (Cas) have been
widely used in gene editing.””*® Catalytically inactive variants,
CRISPR-dCas, can also be repurposed as programmable tools
for nucleic acid tracking and live-cell imaging of specific DNAs
or RNAs.*>'* Unlike the above-mentioned MS2/PP7/Qf tags that
require genetic engineering of the target RNAs, CRISPR-dCas
systems can directly image endogenous RNAs in living cells.
In such system, by fusing dCas with fluorescent proteins or
modifying synthetic dyes onto designed guide RNA (gRNA) or
CRISPR RNA (crRNA), cellular RNAs can be tracked through
sequence-specific recognition. This modular system allows
flexible target switching simply by replacing the gRNA/crRNA,
enabling broad target coverage and facilitating dynamic
studies of RNA localization and function in living cells.
Several studies have applied the CRISPR-dCas13 system for
multi-color and dynamic RNA visualization in living cells. For
instance, the Qi group developed a CRISPR live-cell fluorescent
in situ hybridization (LiveFISH) technique, utilizing fluo-
rescently labeled oligonucleotides for tracking genomic loci and
RNA transcripts across various cell types.'® By integrating
dCas13 with dCas9 systems, LiveFISH enables the simultaneous

© 2025 The Author(s). Published by the Royal Society of Chemistry
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real-time visualization of genomic DNA and its corresponding
RNA transcript in live U20S cells.

The Chen group applied two orthogonal dCas13 variants
(PspCas13b and PguCas13b) to enable dual-color imaging of
two RNA species (e.g., NEAT1 and SatlII)."” Various CRISPR-
Cas13 proteins have also been systematically screened, unfor-
tunately, no additional dCas13 candidates was identified as
suitable for orthogonal RNA labelling.'”® Inspired by the
CRISPRainbow strategy,'* an alternative approach, termed
CRISPRpalette, was further developed by the Chen group to
simultaneously visualize multiple RNAs by integrating each
gRNA sequence with an above-mentioned orthogonal MS2 and
PP7 RNA tag (Fig. 6)."” Triple-color RNA imaging was then
demonstrated in HeLa cells by adding an additional orthogonal
RNA/peptide tag (i.e., pepper/tDeg as explained in details later
in Section 3.5) to enable simultaneous detection of MUC4,
NEAT1_2, and SatIIL

Fluorescent RNA aptamers (will be further discussed in
Section 3.4) have also been embedded within dCas13 gRNAs for
multi-color RNA imaging, for example, as that shown in the so-
called CasFAS system developed by the Zhou group.'® By
embedding B-actin sgRNA with 8 x pepper, MUC4 sgRNA with 2
x broccoli, and NEAT1 sgRNA with 2 x pepper-2 x broccoli,
three RNA targets can be discriminated and imaged together in
living cells. While the CRISPR/dCas13 system is well-suited for
direct imaging of endogenous RNAs, it still faces some key
limitations. Notably, there remains a lack of effective design
rules for dCas13b crRNAs to target arbitrary RNA
sequences,'**'* and the signal-to-noise ratios of the CRISPR/
dCas13b platform is often not high.'*

As an alternative to dCas13, several other Cas proteins have
been adapted for RNA tracking in live cells. For example, with
the aid of a single-guide RNA and PAM-presenting oligonucle-
otide (PAMmer), RNA-targeting dCas9 has been used to image
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- ’\;@w\
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Fig. 6 Schematic illustration of a CRISPR-dCas13 system, CRISP-
Rpalette, for live-cell multiplexed RNA imaging. Simultaneous detec-
tion of MUC4, NEATY, and Satlll RNAs were achieved in living Hela
cells by modifying each corresponding gRNA sequence with a MS2,
PP7, or pepper RNA motifs. Then fluorescent protein-tagged MCP and
PCP, as well as Halo-tagged Tat peptide were used for orthogonal
labelling and multiplexed RNA imaging. Cell images were reproduced
from ref. 103 with permission from the authors and Elsevier, copyright
2022.
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mRNAs in RNA granules.’” In one study, Jiang and colleagues
developed a CRISPR-based light-up RNA stabilizer (LUSTER)
system, which avoids genomic tagging and instead uses dCas9
to stabilize extended guide RNAs that would otherwise undergo
rapid degradation.'® A fluorogenic aptamer is embedded within
the misfolded guide RNA scaffold, which only regains the
proper conformation upon binding target RNAs, thereby
generating a light-up signal. Multiplexed RNA imaging can be
achieved through the incorporation of orthogonal fluorogenic
aptamers. Compared to dCas13, the CRISPR/dCas9 system
normally retains a strong dependence on the protospacer
adjacent motif (PAM) and precise sequence targeting with less
collateral activity. While the effectiveness of dCas9 platform for
visualizing low-abundance RNAs needs further validation. In
addition, potential misfolding of the complex guide RNA scaf-
fold may impair its ability to form functional complexes with
dCas9.

CRISPR/dCas12a has also been used for live-cell RNA
imaging. A notable feature of the dCas12a system is the rela-
tively simple crRNA structure, which enhances the design and
proper folding of the platform. For example, by leveraging two
orthogonal dCas12a variants, LbCas12a and AsCas12a, Yin's
group engineered a dual-RNA imaging platform with high
specificity.® By fusing these two dCas12a variants to distinct
fluorescent proteins (e.g., GFP and OFP), this system enabled
simultaneous visualization of Bcl2 mRNA (a breast cancer-
related transcript) and piR-36026 (a PIWI-interacting small
noncoding RNA) in the same breast cancer cell.

Another CRISPR-based RNA imaging system was recently
developed by the Doudna group based on a Type III RNA-
targeting CRISPR-Csm complex.® In combination with multi-
plexed crRNAs, fluorescently labeled Csm complexes allow
single-molecule imaging of endogenous RNAs in living cells."**
Individual distinct RNA species, such as NOTCH2 and MAP1B
mRNAs can be visualized, highlighting the platform's potential
for multiplexed and high-resolution RNA tracking.

With continuous discoveries of new universal and adaptable
CRISPR-dCas complexes, additional orthogonal Cas systems
can be potentially identified. Different classes/types of Cas
proteins may also be combined to enable highly specific multi-
color imaging of various endogenous RNAs.

3.4 Fluorogenic RNA aptamer-based probes

Fluorogenic RNAs are RNA aptamers that can bind to specific
small-molecule dyes and then activate fluorescence signals at
defined wavelengths.*>'** These RNAs are highly modular and
readily engineerable. Over the past decade, a diverse set of
fluorogenic RNAs, such as spinach, broccoli, corn, mango, SRB-
2, pepper, beetroot, RhoBAST, and squash, etc., have been
developed as genetically encoded fluorescent probes for RNA
detection and imaging in live cells."**® Some major advan-
tages of fluorogenic RNAs include their high signal-to-
background ratio and potential broad choice of synthetic
chemical dyes.

Several orthogonal fluorogenic RNA/dye pairs, such as
broccoli/DFHBI-1T & DNB/TMR-DN, beetroot/DFAME & corn/
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DFHO, broccoli/BI & squash/DFHO, broccoli/DFHBI-IT &
mango I/YO3-B, DNB/RG-DN & SRB-2/SR-DN,"7"*** have been
used for multi-color cellular imaging. For instance, by
leveraging a red-emissive pepper/HBC620 and green-emissive
squash/DFHBI-1T pair as the imaging modules, the Nie group
designed miRNA-induced light-up RNA sensors based on
toehold-mediated strand displacement." Sensitive dual-color
imaging of miRNAs (e.g., miR-21 and miR-122) was achieved
within living cells.

To expand the toolbox of bio-orthogonal fluorogenic RNAs
with distinct spectral properties, a large Stokes shift Clivia/NBSI
RNA/dye pair was recently developed by Yang and colleagues,
which can be combined with pepper/HBC497 to enable an
interesting single-excitation, dual-emission platform for
simultaneous visualization of sgRNAs and genomic loci in
a CRISPR-dCas9 system.'”* Similarly, another single-excitation,
dual-emission RNA imaging platform was recently reported by
harnessing a spectrally red-shifted mSquash/DFHBFPD
complex with broccoli/DFHBI-1T."* By further incorporating
specific photo-removable cages onto the DFHBFPD and DFHBI-
1T chromophores, such a photoactivatable system can be used
for precise spatiotemporal dual-color RNA imaging in living
cells.

Even with a list of orthogonal fluorogenic RNA/dye pairs to
choose from, live-cell imaging beyond two RNA targets remains
a technical challenge, mainly due to the spectral overlap of
these RNA/dye complexes. In addition to the above-mentioned
large-Stokes-shift chromophores, some cyan fluorogenic RNAs
have also been reported. For example, Myosotis, together with
its cognate dye DBT, demonstrates strong compatibility and
orthogonality with pepper/HBC530 and Clivia/NBS1624,'*°
making it a promising tool for three-color fluorescence imaging
of RNA in live bacterial cells.

Inspired by the seqFISH and MERFISH techniques (Section
2.1), our group recently developed a multiplexed sequential
RNA imaging technique, named as seqFRIES, that can function
inside living cells (Fig. 7).**” In seqFRIES, spectrally overlapped
orthogonal fluorogenic RNAs are sequentially visualized
through iterative cycles of imaging and stripping. Noncovalent
reversibly binding fluorogenic RNA/dye pairs are uniquely
suitable for such an approach: RNA aptamers can be genetically
encoded to target endogenous RNAs or as a tag for RNA
tracking, while cell membrane permeable small-molecule dyes
can be easily added or removed for rounds of RNA detections.
Indeed, by using orthogonal broccoli/DFHBI-1T, DNB/TMR-DN,
corn/DFHO, and pepper/HBC620 pairs, multiplexed imaging of
four distinct mRNA targets was achieved via seqFRIES."*”

Considering the potential broad choice of synthetic chemical
dyes, together with powerful SELEX (systematic evolution of
ligands by exponential enrichment) approach for the selection
of new RNA aptamers, many additional orthogonal and func-
tional fluorogenic RNA/dye pairs can be expected. With diverse
photophysical properties in terms of their brightness, excitation
and emission wavelength (e.g., far-red fluorescent probes),
fluorescence lifetime, and anisotropy, etc., these tools may be
further combined with vibrational, spectral, and lifetime
imaging techniques to enable live-cell imaging of even more
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Fig.7 A sequential fluorogenic RNA imaging-enabled sensor (SeqFRIES) system. Upon specific reversible binding, orthogonal fluorogenic RNA/
dye pairs can turn on their fluorescence signals independent from each other. After genetically encoding orthogonal fluorogenic RNAs in living
cells, sequential multiplexed detection can be achieved via rounds of imaging-and-stripping process by adding and removing the cognate
membrane-permeable small-molecule dyes. Shown are the images from HEK293T cell that co-express broccoli, DNB, pepper, and corn
fluorogenic RNAs after a sequential incubation with corresponding DFHBI-1T, TMR-DN, HBC620, and DFHO dyes. Scale bar, 15 um. Reproduced
from ref. 127 with permission from the authors and Oxford University Press, copyright 2024.

target biomolecules. For example, by attaching a cobalamin
quencher to various fluorophores, a bacterial cobalamin
riboswitch-based Riboglow fluorogenic RNA aptamer'”® has
recently been repurposed as fluorescence lifetime-based mul-
tiplexed imaging probes.” In this strategy, cellular RNA targets,
e.g., ACTB and a truncated form of NORAD RNA, were tagged
with Riboglow variants (Ribo4D and Ribo4A) that exhibit
distinct fluorescence lifetimes despite using the same fluoro-
phore, and as a result, allowing orthogonal RNA visualization in
the same living cells.

3.5 RNA-stabilized protein tags

Instead of binding specific chemical dyes that are exogenously
supplied to the cells, another type of fluorogenic RNA tools have
been developed based on RNA-stabilized fluorescent protein
tags. The first example of such fully genetically encodable tags
was reported by the Jaffrey group based on a TAR RNA sequence
(also named as pepper) that can bind and prevent the degra-
dation of a Tat peptide-fused degron sequence domain (tDeg)."*
By appending tDeg to the C-terminus of a fluorescent protein,
minimal fluorescence background was shown due to rapid
degradation of the protein inside cells. While in the presence of
pepper-tagged target RNAs, fluorescent proteins can be

© 2025 The Author(s). Published by the Royal Society of Chemistry

stabilized to generate RNA-specific fluorescence signals,
enabling cellular RNA imaging at the single-molecule level
(Fig. 8a).

Compared to chemical dye-based fluorogenic RNAs, such
fully genetically encoded pepper/tDeg system can be potentially
more useful for in vivo applications, without worrying about
possible issues with the dye delivery, biological distributions,
nonspecific activation or toxicity. On the other hand, compared
to the above-mentioned bacteriophage-derived RNA labelling
tags, like the MS2/MCP system, pepper/tDeg can provide
a much higher signal-to-background ratio due to the removal of
excess unbound fluorescent proteins via rapid cellular degra-
dation. As a result, these RNA-stabilized fluorescent protein tags
can be a powerful tool for sensitive and robust cellular RNA
imaging.

Very recently, three different groups have independently re-
ported new orthogonal RNA-stabilized tags for multiplexed RNA
imaging in living systems. The Wu lab developed two additional
RNA imaging platforms, termed “mDeg” and “pDeg”, based on
the MS2/MCP and PP7/PCP pairs, respectively.’** Similar to the
design of pepper/tDeg, mDeg and pDeg also incorporate a Arg-
Arg-Arg-Gly degron sequence to the MCP and PCP proteins.
While the native C-termini of MCP and PCP were spatially
distant from their RNA-binding sites, circular permutation was
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Fig. 8 (a) Schematic illustration of RNA-stabilized protein tags for live-cell RNA imaging. A protein destabilization degron domain is appended to
the C-terminus of fluorescent protein-tagged Tat peptide or MS2/PP7 coat protein to induce protein degradation. While in the presence of
a cognate pepper, MS2, or PP7 RNA motif, the degron can be shielded and thus stabilize the protein to generate localized fluorescence signals. (b)
Orthogonal imaging of three different RNA species in live U20S cells using MS2-mDeg (degron-appended MCP), PP7-pDeg (degron-appended
PCP) and pepper-tDeg (degron-appended Tat peptide). Scale bar, 20 pm. Reproduced from ref. 131 with permission from the authors, copyright

2024.

employed to reposition the degron proximal to the MS2- and
PP7-binding interface. These newly engineered MS2/mDeg and
PP7/pDeg systems are fully orthogonal, not only to each other
but also to the original pepper/tDeg platform, thereby enabling
three-color RNA imaging in living cells (Fig. 8b).

Quite similarly, through circular permutation and attaching
C-terminal degron, the Ngo group also developed conditionally
stable variants of the MCP and PCP proteins to reduce back-
ground fluorescence in live-cell RNA imaging."** Dual-color
mRNA imaging was also achieved with single-molecule sensi-
tivity. In another work, the Jiang group extended this concept to
additional RNA-binding proteins, including L7Ae that recog-
nizes Box C/D RNA, Cse3 for EcCBS RNA motif, and LIN28A that
recognizes Let7d RNA."* Via the development of these orthog-
onal RNA-stabilized fluorogenic reporters, an impressive four-
color, live-cell multiplexed RNA imaging platform was demon-
strated using fluorogenic Cerulean-fLIN28A, EGFP-fL7Ae,
tdTomato-fMCP, and iRFP670-fCse3. With superior signal-to-
background ratio and high sensitivity, these genetically encod-
able fluorogenic RNA tags can potentially be widely used for
cellular RNA imaging.

4 Applications of multiplexed RNA
imaging tools for understanding RNA
biology and diseases

Advances in multiplexed RNA imaging and spatial trans-

criptomics techniques have greatly increased our abilities for
studying gene expression processes from transcription,

21166 | Chem. Sci,, 2025, 16, 21152-21173

modifications, and translation to various RNA-involving inter-
actions and degradation. For instance, MERFISH and seqFISH+
have been utilized to investigate how 3D genome organization
can influence transcriptional activities. In this case, a modified
version of seqFISH+ was designed to target intronic regions of
>10 000 genes, revealing that nascent transcription sites tend to
localize on chromosome surfaces.”” By combining MERFISH
(for transcriptomic imaging), DNA-MERFISH (for mapping
chromatin structure), and immunofluorescence (for imaging
nuclear components), the Zhuang group simultaneously visu-
alized over 1000 gene loci and their nascent transcripts, indi-
cating the correlations between localized chromatin
compartments and their transcription activities (Fig. 9a).

Multiplexed subcellular RNA imaging techniques also
provide insights into transcriptional regulation and processing.
For example, pooled genomic screening has been paired with
RNA imaging to evaluate the roles of various transcriptional
activators and repressors.”*® The transcription and splicing
processes were also observed together via multi-color imaging
by tagging introns and exons with the MS2/MCP and PP7/PCP
system, revealing an interesting coordination effect governed
by a kinetic competition process (Fig. 9b).”*® Findings from
these imaging tools also demonstrated that splicing can occur
over a wide timescale, ranging from ~20 seconds to several
minutes. Alternative splicing appears to be stochastic at the
single-cell level, varying significantly from one cell to another.**”

Innovative multiplexed live-cell imaging tools have also
contributed for studying translation kinetics and RNA stabili-
ties. The Chao group developed a TRICK probe that utilizes dual

134
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Fig. 9 Highlights of multiplexed RNA imaging usage for exploring RNA biology and diseases. (a) Integrated imaging approaches reveal that
nascent transcription sites localize preferentially on chromosome surfaces (green dots), highlighting correlations between chromatin
compartmentalization and transcriptional activity. (b) Simultaneous imaging of transcription and splicing reveals a coordinated kinetic
competition between two processes. (c) TRICK assay visualizes translation initiation and kinetics on single mRNAs using MS2/MCP and PP7/PCP
dual reporter systems. (d) TREAT biosensor design for monitoring mRNA turnover. By combining MS2 and PP7 stem loops with viral pseudoknot
elements that block degradation, dual-labeled intact transcripts can be distinguished from single-labeled stabilized degradation intermediates in
living cells. (e) Live-cell RNA transport imaging reveals distinct transport pathways such as ER-localized NOTCH2 transcripts and peripheral-
directed MAP1B transcripts. (f) Phase-separated RNA condensates such as stress granules and P-bodies regulate RNA storage, sorting, and decay.
(g) Multiplexed RNA imaging enables real-time tracking of RNA dynamics, providing insights into viral infections, cancer, and neurodegenerative
diseases that are relevant to RNA misregulation and aberrant metabolism.

RNA labelling to enable direct visualization of translation
initiation on individual mRNA molecules (Fig. 9¢)."*®* mRNA
translation was found to initiate rapidly upon RNA export into
the cytoplasm, rather than in the nucleus. To further dissect
mRNA turnover dynamics, another MS2/MCP and PP7/PCP-
based orthogonal RNA imaging approach, called TREAT, was
developed to distinguish between intact and degrading tran-
scripts in real time (Fig. 9d)."** Cellular mRNA degradation was
revealed as a continuous process, not by bursts, and that the
majority of cytoplasmic decay occurs outside of P-bodies.**

Current imaging techniques have also enabled the direct
observation of RNA transport within cells. For example, by
incorporating the CRISPR-Csm system with multiplexed guide
RNAs, single-molecule live-cell fluorescence in situ hybridiza-
tion (smLiveFISH) was applied to visualize individual mRNA
molecules in real time (Fig. 9e).™* Distinct transportation
mechanisms and pathways of different RNAs have been
revealed, including translation-dependent localization of
NOTCH2 mRNA to the endoplasmic reticulum and directional
movement of MAP1B mRNA toward the cell periphery.

Indeed, the spatial organization of RNAs within cells is
a critical determinant of their functional output. For example,

© 2025 The Author(s). Published by the Royal Society of Chemistry

by profiling the localization of transcripts from thousands of
genes, MERFISH revealed that mRNAs encoding secreted
proteins are enriched at the endoplasmic reticulum, and that
nuclear-to-cytoplasmic RNA ratios can serve as indicators of cell
cycle states.' In polarized cells, such as those in the intestinal
epithelium, asymmetric mRNA localization modulates trans-
lational efficiency; while in non-polarized cells, the targeting of
transcripts to specific subcellular regions often depends on
ongoing local translation." Deep tissue multiplexed RNA
imaging methods, such as cycleHCR, further expand these
capabilities by enabling the simultaneous visualization of
numerous RNA targets with high-resolution in thick tissue
samples.**> Mapping of RNA localization and transport in three
dimensions was achieved, providing valuable insights into
spatial gene regulation and RNA movement within complex
biological environments.

Beyond simple localization, RNA molecules can assemble
into phase-separated condensates such as stress granules and
P-bodies, for regulating RNA storage, interaction specificity, and
decay.'® Previous imaging work has challenged the traditional
view that P-bodies are the primary sites of mRNA degradation,
and instead highlighting their roles in RNA sorting and storage
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(Fig. of)."**'%> Moreover, super-resolution multiplexed RNA
imaging approaches have revealed the composition and
dynamics of these condensates. Particular mRNAs are selec-
tively recruited into these condensate structures.'*® These
findings underscore the complexity of post-transcriptional
regulation and indicate that spatial compartmentalization and
condensate formation can contribute to the fine-tuning of gene
expression.”” Further investigations may still require the
incorporation of multiple advanced RNA imaging techniques
with higher throughput and spatiotemporal resolution as di-
scussed in this review.

These emerging multiplexed RNA imaging and spatial
transcriptomics technologies are also transforming our ability
to study RNA-based molecular foundations of diseases.™*'* On
one hand, the spatial context is essential for complex disease
processes as that shown in tumor heterogeneity, tissue
remodelling, and immune cell infiltration.'”**** Spatial trans-
criptomics has been widely applied in diverse disease models,***
especially for mapping cancer heterogeneity at high resolution*®
and for revealing molecular heterogeneity associated with
neurodegenerative disorders (Fig. 9g).*

On the other hand, some spatial transcriptomics techniques
such as TEMPOmap*® have begun to enable time-resolved RNA
profiling. Emerging live-cell multiplexed RNA imaging
approaches further provide real-time dynamic information for
monitoring various RNA molecules in disease processes. For
instance, CRISPR-dCas13-based RNA imaging tools have
enabled real-time visualization of viral RNAs of severe fever with
thrombocytopenia syndrome virus (SFTSV) in live HEK293T
cells, offering potential insights into the pathogenesis of
SFTSV.'® RNA mis-localization and aberrant RNA metabolism
are also known to play a pathogenic role in cancer and
neurodegeneration diseases.'* These live-cell imaging methods
can offer unique abilities to track RNA kinetics, transport, and
other dynamic functions. Integrating spatial transcriptomics
with live cell multiplexed RNA imaging can thus create a holistic
view for identifying spatially restricted RNA signatures and their
dynamic variations during disease progression, which could
potentially translate into improved biomarkers and targeted
therapeutic strategies.

5 Perspective and outlook

During the past decade, we have witnessed the rapid emerging
and maturation of various multiplexed RNA imaging tech-
niques, especially for spatial transcriptomic studies in fixed
cells and tissues. In comparison, live cell multiplexed RNA
imaging is still limited by several technical hurdles. The first
challenge is the limited number of fluorophores that can be
spectrally distinguished and used for simultaneous imaging,
which typically restricts multiplexing to visualize just a few RNA
species at once. A more routine use of spectral imaging and
unmixing can be helpful here to distinguish each fluorophore's
unique spectral fingerprints. Meanwhile, the requirement of
orthogonal tags further reduces the possibility of applying these
multi-color fluorophores in the above-discussed bacteriophage-
derived RNA labelling tag, CRISPR-dCas, fluorogenic RNA
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aptamer, and RNA-stabilized protein tag platforms. A powerful
approach for identifying new orthogonal tags could be achieved
by combining high-throughput screening method with
machine learning and/or bioinformatics, like how high-affinity
QB/QCP pair was identified.”> While sequential imaging and
stripping strategies have recently been demonstrated for mul-
tiplexed live-cell RNA imaging,"”® considering the lengthy
protocol and time requirement, it is still very difficult to apply
these methods to reach the multiplexing capacity beyond
single-digit number of RNAs. Lab-on-a-chip devices that inte-
grate automated fluidic control with imaging and analysis
automation, as that shown in MERFISH and seqFISH, can be
potentially useful to improve the efficiency and precision of
these live-cell sequential imaging techniques.

In addition, critical single-molecule sensitivity and high
spatial resolution features for improving the potential multi-
plexing capabilities of RNA imaging techniques are often more
difficult to achieve in live-cell settings than in fixed samples.
Commonly used fixed sample signal amplification, tissue
clearing, and expansion methods for improving signal-to-noise
ratio and spatial resolution cannot be directly applied for live-
cell RNA imaging. For live cell studies, the choices of chem-
icals and fluorescent probes need to base on their membrane
permeability, toxicity, and perturbation on natural cellular
behaviors. Meanwhile, photobleaching and the speed of
protocol to capture dynamic processes also need to be consid-
ered. Moreover, many live-cell imaging techniques require
genetic tagging or the delivery of synthetic probes, which can be
inefficient or perturb native RNA functions. Some systematic
comparison over the sensitivity, photostability, and resolution
of available RNA imaging tools can be helpful for guiding the
potential choice of probes for multiplexed RNA detections in
living cells.

The physical size of these RNA imaging probes will also
influence their achievable spatial resolution. Large and bulky
fluorescent probes, e.g., those based on fluorescent proteins
versus chemical dyes, can introduce “spatial offsets”, i.e., the
linkage errors between the position of actual RNA molecule and
the fluorescence signal. As a result, for single-RNA tracking and
super-resolution imaging, a small number of short RNA tags
with enough brightness is often preferred. For example, short
synthetic oligonucleotide probes, like those based on locked
nucleic acids, can bring the fluorophores close to the target
RNA, enhancing localization precision and multiplexing accu-
racy. Small-sized imaging probes can also be more easily
delivered or genetically incorporated into the cells. As compared
to miniatured molecular beacon and fluorogenic RNA probes,
the further identification and application of small-sized fluo-
rescent protein-tagged dCas system and bacteriophage-derived
RNA-binding proteins is still highly needed.

Variations in the cellular abundance of the RNA targets will
also affect the choice of imaging techniques. Imaging endoge-
nous low-abundance RNAs without genetic modification
remains a major hurdle. Background signals from unbound
probes and nonspecific binding will reduce the sensitivity of the
imaging approach. Imbalanced probe delivery and expression
complicate quantitative analysis, and there is a persistent need

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for minimally invasive and real-time imaging methods that do
not disrupt cellular physiology. While for large-abundance RNA
targets or in regions with high transcript density, optical
crowding can lead to overlapping signals, making it difficult to
accurately detect and quantify individual RNAs. Additionally,
achieving high-resolution quantitative RNA imaging across
a large-volume biological sample further increases the technical
requirement.

Even with these existing challenges, we expect the future of
multiplexed RNA imaging to be still promising. Integration of
spatial transcriptomic techniques with multiplexed protein and
DNA detection will likely become more routine, allowing multi-
omics analyses that correlate RNA, protein, and genomic
features within the same cell and tissue context. Improvements
in tissue clearing, expansion microscopy, and high-speed
imaging are anticipated to facilitate transcriptomic mapping
in three-dimensional tissues and even in whole organisms,
moving beyond traditional two-dimensional cultures.

We expect many additional systems can be designed for live-
cell multiplexed RNA imaging, such as the modular PUM-HD
(Pumilio Homology Domain) platform that can programmably
recognize specific 8-nucleotide RNA sequences.'*®'** Mean-
while, with the identification of additional orthogonal fluoro-
genic RNA aptamer/dye pairs and other RNA labelling tags,
together with improved sequential imaging and single-
molecule detection protocols, the number of RNA species that
can be tracked in real time in living systems could be signifi-
cantly expanded. To increase the sensitivity of existing RNA
imaging platforms, some recently emerged genetically encod-
able RNA circuits can be incorporated.”*'” In addition, more
effective probe delivery approaches, new in situ dye-labelling
chemistry, as well as the development of biocompatible live-
cell clearing and expansion techniques could all be expected
to allow advanced multiplexed RNA imaging in living systems.

It is also worth mentioning that cellular high-dimensional
molecular signatures obtained via these multiplexed imaging
techniques, if not used properly, could raise significant security,
privacy, and ethical concerns. These RNA signatures may reveal
disease states or identity-linked biomarkers, enable covert bi-
osurveillance or misuse, and produce large datasets vulnerable
to unauthorized access or re-identification.'*® Especially spatial
transcriptomic data from human samples pose additional
challenges for consent and governance, as molecular profiles
may remain traceable to individuals even after de-identifica-
tion.™ In addition, biosafety concerns arise when using
genetically encoded tools such as CRISPR, particularly
regarding their off-target effects, viral delivery, and/or unin-
tended cellular impacts. Standardized frameworks have been
proposed for data and metadata sharing, emphasizing
controlled access and reproducibility while safeguarding
privacy."* Complementary proposals for secure data-sharing
architectures also underscore the importance of preventing
dual-use and misuse of sensitive transcriptomic datasets
through technical obfuscation and tiered access models.**

Ultimately, the field is also moving toward minimally inva-
sive, non-fluorescence, and label-free methods capable of visu-
alizing native RNA molecules in more physiologically relevant
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three-dimensional cultures and in vivo models. These
methods will greatly enhance our ability to study gene profiles
in real time and in complex biological environments. The
development of high-throughput RNA imaging platforms is also
useful for the functional studies of non-coding RNAs and for
potential biomarker screening. Moreover, new approaches
combining live-cell RNA imaging with simultaneous visualiza-
tion of proteins and genomic loci can further provide a more
holistic view of these critical molecular interactions and
dynamics throughout the whole cellular systems.
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