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Messenger RNA (mRNA) is an essential component of cell development and growth. However, the
detection of endogenous mRNA in living cells is currently limited. To address this issue, we have
developed a novel strategy that comprises split-aptamer and split fluorescent protein dual-color, “turn-
on" probes that specifically target mMRNA with complementary sequences. Our split-aptamer and split-
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Introduction

The visualization of RNA distribution and dynamics provides
important information about RNA localization and cellular
trafficking, which affect gene expression and regulation.
Understanding the temporal dynamics and spatial localization
of mRNA is therefore essential to understanding gene expres-
sion regulation. For a long time, it was believed that bacterial
cells had randomly distributed mRNAs due to their lack of
organization. However, recent studies have shown that they do
exhibit spatial mRNA organization."” Such localized mRNAs can
also be found in both prokaryotic and eukaryotic cells, where
they regulate gene expression involved in developmental phys-
iology and cellular activity. Consequently, there has been
a growing need to visualize endogenous mRNA and other types
of RNA in living cells for a better understanding of the mecha-
nisms underlying various RNA functions and dynamics, as well
as for addressing biologically relevant questions to develop
diagnostic and therapeutic applications.

Efforts have been made to develop probes and strategies for
detecting RNA molecules within live cells. Various approaches
implement organic fluorophores, fluorescence protein (FP), or
split fluorescence protein as reporters.*” Single-stranded
oligonucleotide RNA fluorescence in situ hybridization (FISH),®
molecular beacon (MB)”® or fluorescence resonance energy
transfer (FRET)® probes, which hybridize to complementary
target RNA strands, are utilized for organic probe targeting.
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fluorescence complementation

(SAPIFC) approach for live-cell imaging has

demonstrated selectivity, stability, and capability for targeting various mRNAs.

Additionally, FPs' fusion to RNA binding proteins, such as
bacterial phage coat proteins MS2 or PP7,'>' AN,"” dCas9, or
dCas13 (ref. 13 and 14) within the CRISPR system, is frequently
utilized. Similarly, nascent chains are labeled by fluorescent
antibody-based probes such as SunTags, FLAG and influenza
hemagglutinin (HA) epitopes; either single-chain variable frag-
ments (scFv) or fragmented antibodies (Fab).* These proteins
fused to the N-terminus bind to their RNA-interacting
sequences of interest. Unlike more traditional fluorescent
fusion tags such as GFP, which take minutes to fold and fluo-
resce," the use of FPs, instead of organic fluorophores, has the
advantage of delivering molecules into living cells with
minimum disruption or probe degradation."” However, the high
background from unbound probes restricts the use of FISH or
FP probes in imaging. Recently, hybridization chain reactions
(HCR),*®* click chemistry-based amplification (clampFISH),*
and signal amplification by exchange reaction (SABER)*"** have
been combined with in situ amplification approaches for
imaging RNA molecules in living cells. The sensitivity and effi-
ciency of FISH have been greatly enhanced using these
methods. However, these approaches require the delivery and
multistep washing of fluorophore-modified synthetic oligonu-
cleotides, making them mostly suitable for fixed-cell
imaging only.

A more recent technique involves the use of fluorogen-
activating RNA aptamers that have an affinity for pro-
fluorescent chromophores and can enhance their quantum
yield.>*>* These RNA aptamers are typically situated at the 3’
end of the target RNA. Only when the fluorophore complexes
with the RNA aptamer can fluorescence be detected, thus
reducing background signals caused by unbound fluorophores
in the cytosol during live-cell imaging.*® Herein, we developed
new recognition RNA transcripts based on split-aptamer and
split-protein-initiated fluorescence complementation (sAPiFC)
dual-color for use in living cells. The turn-on fluorophore
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binding RNA aptamers were generated by splitting them into
two complementary segments consisting of MS2 and Boxb
aptamers, each attached to a unique recognition segment.
When the two divided mCherry are brought into proximity, the
MCP protein fusion N-mCherry and AN protein fusion C-
mCherry allow the mCherry reporter to refold into its native
conformation and emit a fluorescence signal (Scheme 1).272®
This genetically encoded sAPiFC method does not necessitate
prior modifications of RNA transcripts and can selectively target
any RNA sequence of interest, opening up new avenues for
accurate in situ RNA imaging.

Experimental
Reagents

DNAs utilized in this study were synthesized and HPLC purified
by Sangon Biotechnology Co., Ltd. (Shanghai, China). The DNA
sequences are listed in Table S1.f The stock solution of each
DNA (100 pM) was prepared with TE buffer containing 10 mM
Tris-HCl, 1 mM EDTA, and 12.5 mM MgCl, (pH 7.4). The 40%
acrylamide mix solution, ammonium persulfate (APS), 1,2-
bis(dimethylamino)- ethane (TEMED), and DNA ladder were
acquired from Sangon Biotechnology Co., Ltd. (Shanghai,
China). All the chemicals were of analytical grade and utilized as
received without further purification. All oligonucleotides were
purchased from Sangon Biotechnology Co., Ltd. (Shanghai,
China). All sequencing experiments were performed at Sangon
Biotechnology Co., Ltd. (Shanghai, China). DFHBI-1 T (Med-
ChemExpress) and BI were synthesized by our laboratory, SDS-
PAGE gel preparation kit, DAPI, and agarose were obtained from
Beyotime (Shanghai, China). The HeLa cells (human cervical
carcinoma cell line), and CHO cells (Chinese Hamster Ovary)
were purchased from Procell, Inc.

Equipment

The Leica TCS SP8 laser confocal microscope (Leica Micro-
systems Inc., Exton, PA), 20 mm glass-bottom dish (Cellvis,
Shanghai), Thermo Scientific™ Varioskan™ LUX (Thermo
Scientific), and the UV-Vis absorption spectra were recorded on
a UV-Vis spectrometer UV-3600 (Shimadzu, Japan).
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Scheme 1 Design and expression of a dual-color recognition system:
split-aptamer with split-fluorescent protein for live-cell RNA tran-
scripts imaging.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

RNA transcription

All RNA sequences for in vitro assays were transcribed in vitro
using DNA templates that contained a T7 promoter. The DNA
template sequences can be found in Table S1.f In vitro tran-
scription was carried out following the instructions provided by
the transcription kit. The transcription reaction contained T7
RNA polymerase, in vitro transcription buffer (20 mM Tris-HCl
pH 7.5, 15 mM MgCl,, 5 mM DTT, and 2 mM spermidine), and
2 mM of each ATP, CTP, GTP, and UTP was used in the tran-
scription procedures (New England Biolabs). The reaction was
incubated at 37 °C for at least 4 hours, followed by stopping
with RNA loading solution (95% formamide and 5 mM EDTA,
with trace amounts of Xylene Cyanol FF and Bromophenol
Blue). RNA purification was carried out using denaturing poly-
acrylamide gel electrophoresis (0.75 mm 6% TBE-PAGE, 8 M
urea), and the bands corresponding to the expected product size
were extracted and eluted by tumbling overnight in 300 mM
Sodium Acetate pH 5.4. The elutes were precipitated in ethanol,
resuspended in buffer (1 mM EDTA, 10 mM Tris-HCI pH 8.0),
and the purified RNA was diluted to 50 uM and stored at —20 °C
for further use.

In vitro assays

For in vitro assembly reactions on ice, a buffer (1 mM MgCl,,
100 mM KCl, 40 mM HEPES pH 7.5) of 50 pL was prepared.
Purified RNA products were also prepared on ice in the same
buffer (1 mM MgCl,, 100 mM KCl, 40 mM HEPES pH 7.5)
containing BI at 10 pM. The fluorescence spectrum of the RNA
products was compared to the fluorophore alone using
a Multimode plate reader (ex = 472 nm). The samples were then
preincubated at 37 °C before being analyzed for fluorescence (ex
= 472 nm, em = 490-700 nm or ex = 472 nm, em = 507 nm)
using a Multimode plate reader at room temperature. Addi-
tional information regarding FISH probe sequences can be
found in Table S2.}

The purification of in vitro transcribed RNA was carried out
using Trizol reagent, following the instructions provided by the
manufacturer. 100 ng RNA was placed into a well of precast 10%
TBE-Urea Gel and run at 300 V in 1 x TBE buffer. Following
electrophoresis, the gel was rinsed three times for five minutes
with water before being stained with 50 uM BI solution con-
taining 1 mM MgCl,, 100 mM KCl, and 40 mM HEPES pH 7.5.
Visualization of the RNA was performed using a ChemiDoc MP
(Bio-Rad) with excitation at 470 + 15 nm and emission at 532 £
14 nm. Subsequently, the gel was imaged using the SYBR Green
channel (497 nm excitation and 520 + 55 nm emission) on the
same instrument.

Plasmid construction

The plasmid that expresses sAPiFC probes is obtained from the
pSilence 2,1-U6 and contains a U6 promoter and pcDNA3.1+
plasmid. Before plasmid extraction and subsequent experi-
ments, all constructs are accurately sequenced by Sangon
Biotechnology Co., Ltd. (Shanghai, China), as documented in
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the Recombinant Vector Construction Information presented in
Table S2.}

Cell culture

Plasmid transfection and expression were carried out in HeLa or
CHO cells at 37 °C in a humidified incubator with 5% CO,. Cells
were cultured in MEM medium (Gibco), supplemented with 100
unit per mL penicillin, 100 g mL~" streptomycin sulfate, 2 mM
L-glutamine, and 10% (v/v) fetal bovine serum (Invitrogen). Cells
used for imaging analysis should be no more than 10 passages
old. When cells reached 70-80% confluence, they were har-
vested by washing with 1 x PBS buffer and incubated with 1 mL
of Trypsin-EDTA (0.25%) for 3-5 minutes at 37 °C. The cells
were then resuspended in 2 mL pre-warmed media and seeded
in 12-well plates at a density of 8 x 10> cells per mL. After 24
hours of incubation, the cells should be 50% confluent.

Staining assay

On day 0, the cells were seeded into 12-well plates at a density of
1.0 x 10’ cells per mL. On day 1, the cells were transfected with
two vectors encoding sAPiFC probes. On day 2, the cells were
detached with 0.25% trypsin and re-seeded at 1.5-3.0 x 10°
cells per dishes, precoated with fibronectin solution in PBS (50
ug mL ") in the complete growth medium, and then incubated
at 37 °C for 10 min in a humidified 5% CO, incubator. Cy3-DNA
probes were co-transfected into cells, and target gene informa-
tion is presented in Table S3,1 while Table S31 contains the
sequence for Cy3-DNA probe information. After attaching the
cells to the plate, they were stained with BI (final concentration:
10 uM), either with 10 uM BI with or without 10 uM DAPI (final
concentration: 1 pg mL™", Life Technologies) by simply adding
1 from a stock solution in DMSO (1 mM) and DAPI from a stock
solution in H,0 (1 mg mL™"), growth medium (60 uL), and
incubated at 37 °C for 10 min in a humidified 5% CO, incu-
bator, and subsequently imaged on a Leica TCS SP8 confocal
microscope (Leica Microsystems Inc., Exton, PA).

Observation of fluorescence using confocal laser scanning
microscope (CLSM)

To stabilize the microscope, activate the temperature control
system of the incubation chamber at least 30 minutes before
imaging. Before imaging with the final imaging solution, which
may consist of PBS buffer or MEM supplemented with 1 mM
MgCl,, 100 mM KCl, and 40 mM HEPES pH 7.5, cells should be
incubated for 10 minutes. The imaging solution should include
10 uM BI, with or without 10 uM DAPI (Life Technologies).
Images should be captured at 37 °C using a laser confocal
microscope, specifically a Leica TCS SP8 fitted with a HyD CCD
camera with a 40 oil objective. The Green channel (ex: 470 +
15 nm; em: 510 &+ 20 nm) is utilized to activate the reassembled
aptamer, with an exposure duration of 500 ms. The Red channel
(ex: 579 £+ 12 nm; em: 599 + 20 nm), exposure time (100 ms);
Blue channel (ex: 358 &+ 15 nm; em: 461 + 20 nm), exposure
time: 50 ms. To avoid overexposure, the laser light intensity
should be set to 10-15%. Cells should be seeded and trans-
fected with plasmid in a glass-bottom dish for 24 hours before
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the UHRF1 or survivin mRNA imaging experiment (refer to Table

54%).

Results

Design and optimization of the split-aptamer for RNA
detection in vitro

From a variety of fluorogen-activating aptamers (FLAP), we
selected split-Broccoli as the model system due to its shorter
probe length (49 nt) and is free of undesirable intramolecular
structures.” In order to investigate whether the split-aptamer
can efficiently and stably recombine into a functioning folded
fluorophore binding unit in vitro, we utilized Split-Broccoli-A to
connect MS2 and Split-Broccoli-B to connect BoxB, while the
recognition sequence served as the complementary link to the
target RNA. In the presence of the target sequence (as shown in
Fig. 1A), we observed the efficient and proper folding of the
split-aptamer into a functioning fluorophore binding unit. The
findings indicate that even when there is an excess of fluo-
rophore, the two probe pairs generate minimal fluorescence
signals, demonstrating a low background. The fluorophore BI
(benzo[d] imidazole-3,5-difluoro-4-hydroxy benzylidene imida-
zolinone), an improved version of DFHBI-1T, resulted in
approximately a 4.4-fold increase in cellular imaging
(Fig. S17),>** and the experiment was analyzed using a Multi-
mode plate reader. Green fluorescence was only detected in the
presence of the target RNA. The fluorescence signal-to-
background ratio (S/B) of MS2-splitA and BoxB-splitB reached
5, respectively, when an equivalent molar amount of target RNA
was added to the system (Fig. 1B and S2}). PAGE (Poly-
acrylamide gel electrophoresis) was utilized to assess the
assembly of the two RNA probes in vitro, which demonstrated
the creation of a single band with a slowed migration rate in the
presence of target RNA and BI, revealing the formation of
a complex structure (Fig. 1B). Conversely, in the absence of the
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Fig. 1 Design and in vitro characterization of a split-aptamer sensor.
(A) Schematic representation of the split-aptamer sensor for RNA
transcript imaging. (B) (Left) fluorescence intensity measurements of
the split-aptamer (1 uM) with 10 uM fluorophore (Bl), in the presence or
absence of 1 uM target RNA. (Right) PAGE gel (15%) electrophoresis
analysis of the split-aptamer sensor, with and without target sequence.
A fluorescent structure (green frame) of 1 uM split-aptamer probe is
generated in the presence of equal molar target RNA.
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target RNA, the combination of probes MS2-splitA and BoxB-
splitB exhibited a rate of movement equivalent to that of
a single probe. Consequently, the target RNA was able to
effectively bring the two split aptamer fragments into proximity
(Fig. 1B).

We conducted further research on the impact of two base
mismatches on the sAPiFC system. Two mutation sites were
introduced to the recognition target probes. Our findings reveal
that the punctate fluorescence observed in the mutant group
was significantly reduced compared with the group that
exhibited fully complementary to the target RNA (Fig. 2). These
results indicated that the sAPiFC system possesses a high
degree of sequence selectivity in targeting substrate
nucleotides.

RNA imaging with split-aptamer sensors in mammalian cells

The present study investigated the ability of Split-probes to
detect endogenous mRNA in mammalian cells. A pair of split-
aptamer probes were designed with complementary targeting
sequences for human @-actin mRNA. Individual recognition
split probes were generated in vitro and co-transfected into
HelLa cells. Fluorescence signals were observed using a confocal
microscope in the presence of BI fluorophore (Fig. 3A). The

Target:
AAGUACUCCGUGUGGAUCGGCGGCUCCAUC
two base mismatch Target:
AAGUACUCAGUGAGUAUCGGCGGCUCCAUC
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— sAPiFC+mismatch target
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Fig. 2 Fluorescence intensities of 1 uM sAPIFC in the presence of 10
puM Bl and either the correct or mismatched target RNA (indicated in
green and red, respectively). Sites of mismatched are labeled in red.
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Fig. 3 RNA imaging in mammalian cells using split-aptamer sensors.
(A) Confocalimages of split-aptamer sensors (green) co-localized with
Cy3-labeled DNA probes (red), targeting 8-actin mRNA in Hela cells.
The green channel represents split-aptamer transaction or control,
while the red channel displays Cy3-DNA probe, and the blue channel
shows DAPI staining. The merged channel displays the overlap
between green and red signals in yellow. Scale bars: 10 pm. (B)
Normalized fluorescence intensity profiles of regions of interest (white
line in left panels).

cytoplasm of split-probe transfectants displayed high fluores-
cence signals, while untransfected control cells demonstrated
negligible background fluorescence. To determine the speci-
ficity of the sAPiFC probe target -actin mRNA, a Cy3-labeled
DNA probe complementary to a different sequence but target-
ing B-actin mRNA was employed (Fig. 3A). The green and red
signals were found to co-localize well, thus confirming the
identity of the observed signals as $-actin mRNA. Notably, the
fluorescence intensity profiles indicated synchronization across
the cell (Fig. 3B). These findings suggest that split-aptamer
technologies may be effectively used to image mRNA in
mammalian cells.

RNA imaging with split-aptamer and split-protein initiated
fluorescence complementation dual-color methods in living
cells

Next, we investigated the use of the genetically encoded sAPiFC
method for imaging endogenous mRNAs within living cells. We
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Fig. 4 Design and optimization of expression vectors for sAPiFC
probes. (A) Multiple sAPIFC plasmids were constructed, driven by
either the U6 or CMV promoters. The original vector is shown below.
(B) Illustration of control vector, NC (negative control did not express
the target RNA) vector or sAPiFC vector with confocal images of Hela
cells expressing sAPIFC, respectively. Blue channel (DAPI). Scale bars:
10 um. (C) Fluorescence emission was measured in 1 x 10° total cells
transfected with the two plasmids encoding sAPIFC, respectively. 10
uM Bl was added for the measurement, with red representing red
signals, green representing green signals, and gray representing BI.
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Fig. 5 Imaging of endogenous heterologous mRNA in living cells.
Visualization of the endogenous mRNAs (UHRF1, and survivin) in Hela
or CHO cells using corresponding sAPiFC probes and Cy3-labeled
DNA probe (red). Scale bars: 10 pm.

established a technique allowing for high expression of two
probes and two fusion proteins (Fig. 4A) and then generated two
plasmids encoding two split-aptamers, with the other plasmid
encoding two fusion proteins. These plasmids were co-
transfected in equal amounts into HeLa cells, which were
subsequently treated with BI and monitored using live cell
imaging after 48 hours (Fig. 4B). Although untransfected cells
showed negligible fluorescence signals, cells transfected with
SAPiFC plasmids exhibited clear fluorescence (Fig. 4B). To
confirm the increase in fluorescence within cells, a multimode
plate reader was utilized (Fig. 4C).

The sAPiFC strategy's general applicability was then inves-
tigated. The target sequences were changed to complement
additional endogenous mRNAs, including ubiquitin-like with
PHD and ring finger domains 1 (UHRF1) and baculoviral
inhibitor of apoptosis repeat-containing 5 (survivin), which are
crucial cancer biomarkers. Upon transfection with corre-
sponding sAPiFC systems, fluorescence signals were observed
in the cytoplasm, demonstrating the versatility of the sAPiFC
strategy (Fig. 5). The performance of the sAPiFC strategy in CHO
cells was also investigated. Three pairs of sAPiFC probes
produced fluorescence signals equivalent to those used in HeLa
cells. These results indicated that the sAPiFC strategy may be
suitable for imaging various endogenous mRNAs in both
human and non-human cells (Fig. 5A). Indeed, these results
indicated that the sAPiFC dual-color system can be employed
for target mRNA imaging in mammalian cells, achieve more
precise localization and semi-quantitative detection analysis.

Conclusions

In summary, we developed and evaluated a dual-color system-
based fluorescence “turn-on” probe for mRNA imaging by
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combining a split aptamer with the target's complementary
sequences and split fluorescent protein in live cells. The selec-
tivity and robustness of these fluorescent “turn-on” probes for
various mRNA targets have been demonstrated. The sAPiFC
strategy can be genetically encoded and directly transcribed for
endogenous mRNA targeting, live-cell compatibility, minimal
background from the unbound probe, and dual-color fluores-
cence colocalization. In addition to cellular imaging, this
genetically encoded sAPiFC method has the potential to detect
intracellular RNA for programmable regulation of cellular
activities.

Our study's results revealed interesting findings on target
mRNA distribution and abundance. We observed a predomi-
nant localization of these specific mRNAs around the nucleus,
indicating their involvement in critical cellular processes such
as transcription and translation. This spatial arrangement
emphasizes their significance in regulating gene expression.
Additionally, compared to housekeeping mRNAs involved in
basic cellular functions, the target mRNAs were relatively less
abundant, implying their specialized roles within the cell,
possibly participating in more specific and regulated pathways.
These findings illuminate the intricate mechanisms underlying
gene regulation and emphasize the importance of under-
standing mRNA localization patterns to decipher cellular
processes. Further research is warranted to explore the func-
tional implications of this distinct distribution pattern and its
impact on various biological phenomena.

By utilizing genetically encoded plasmids for cellular
expression, invasive probe delivery is avoided. However, due to
the relatively diminished fluorescence intensity of cytoplasmic
fluorescent RNA aptamers, direct visualization of low-copy
number mRNA is compensated by accurate co-localization
analysis using fluorescent proteins. We have successfully
demonstrated the qualitative observation of mRNA in living
cells using sAPiFC; however, quantification of mRNA solely
through sAPiFC imaging remains a challenge. We have noted
that the arrangement of targeting sequence pairs does not
necessarily require a direct connection between complementary
sequences on the target RNA molecule and can effectively
accommodate a certain level of spatial separation. As a result, it
should be feasible to expand the potential applications of this
technique to visualize functional and regulatory RNA/RNA
interactions in vivo. Therefore, we anticipate that this sAPiFC
method will be widely used for sensing intracellular RNA of
interest. The logical design of sAPiFC probes could also prove
effective in regulating metabolic pathways and cellular activity.
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