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ABSTRACT: A complete understanding of RNA dynamics
requires methods to continuously image transcripts in living sys-
tems. We recently developed a panel of bioluminescent tools for
multiplexed RNA detection, comprising luciferase fragments fused
to RNA-binding proteins (RNA lanterns). The RNA lanterns
assembled a light-emitting luciferase upon binding unique, struc-
tured RNA tags. Different colors of emission were produced via bio-
luminescence resonance energy transfer to fluorescent protein

reduced background RNA-dependent BRET enhanced multiplexing
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fusions. In this work, we systematically optimized the RNA lantern platform for enhanced performance in live cells. A luciferase-
fluorescent protein linkage was identified that enabled improved energy transfer and enhanced photon outputs. The RNA lantern
was further optimized for selective recognition of structured RNA tags. The new RNA lantern-tag combination is orthogonal to exist-
ing probes and enabled the first demonstration of three-color bioluminescent RNA visualization in live cells. Overall, this work
expands the suite of probes for real-time, multiplexed imaging of RNA.

B INTRODUCTION

RNA imaging techniques can provide detailed views of tran-
script localization in live cells. For example, CRISPR-based
technologies harness guide RNAs to target fluorescently labeled
proteins to endogenous transcripts of interest."”> With recently
developed CRISPR methods, it is now possible to capture
RNA movements on the seconds-to-minutes timescale, provid-
ing improved overall resolution.”> Fluorogenic aptamers have
also expanded the capabilities of live-cell RNA imaging. These
tools typically comprise multiple copies of RNA tags that bind
distinct fluorophores, resulting in turn-on signal.® Single-tag
detection is also possible with recent advances in fluorescence
lifetime imaging.” Additionally, several fluorogenic aptamers
are available that span the visible spectrum, enabling numerous
multiplexed applications.*'?

We recently reported a method for live-cell RNA tracking
that builds on classic MS2 and PP7 aptamer tagging. The tech-
nique features single RNA aptamer tags that are incorporated
into transcripts of interest and recruit discrete RNA binding
proteins (RBPs).'*'® The RBPs are fused to fragments of a
split NanoLuc luciferase (NanoBiT).'”*° The resulting fusions
(termed RNA lanterns) are minimally emissive on their own,
but form light-emitting enzymes upon binding to the aptamer
tags. The method does not require excitation light, but rather
a luciferin substrate (furimazine), and can be advantageous for
certain applications in living systems.

We subsequently developed orthogonal RNA tags that pair
MS2 with either PP7, boxB, or a CS2 aptamer.*' " All three
tags feature a Ni-NTA aptamer that rigidifies the structure in
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an optimal conformation for lantern assembly. The Ni-NTA
aptamer further enables transcript retrieval for downstream bio-
chemical analyses.”® Multicolor detection with the orthogonal
tags was possible using engineered RNA lanterns. We fused dif-
ferent fluorescent proteins to the larger (LgBiT) portion of
NanoBiT."”'® Upon aptamer binding and luciferase assembly,
photon emission from the fluorescent acceptors was observed
via bioluminescence resonance energy transfer (BRET).
However, the energy transfer efficiencies were suboptimal.
Residual background signals were also detected in the absence
of the RNA targets, likely due to the small amount of catalytic
activity retained by LgBiT. These features complicated the
detection of low-abundance targets.

We aimed to design new RNA lanterns with both improved
dynamic range and spectral resolution (Figure 1A). Probes with
lower background emission would enhance detection sensitivity.
More spectrally distinct lanterns would also aid multiplexed imag-
ing efforts. We hypothesized that improved optical outputs could
be achieved by fusing the fluorescent protein to the SmBiT
(instead of LgBiT) portion of NanoBiT. SmBiT does not cata-
lyze the bioluminescent reaction, mitigating premature energy
transfer to and emission from the fluorescent protein acceptor.
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Figure 1. Bioluminescence imaging platform for improved RNA detection. (A) Schematic representation of the RNA lantern strategy. In this work,
the two halves of NanoBiT (SmBiT and LgBiT) were fused to RNA binding proteins (L7Ae and Nun, respectively) that selectively bind to orthog-
onal RNA motifs (CS2 and boxB, respectively). A structured RNA tag comprising CS2, boxB, and Ni-NTA aptamers drives luciferase complemen-
tation and bioluminescence emission. A fluorescent protein inserted between the L7Ae and SmBiT shifts emission via bioluminescence resonance
energy transfer (BRET) only upon RNA binding, resulting in brighter emission and improved BRET. (B) RNA lantern design was modeled by align-
ing existing structures using PyMOL, including L7Ae (purple, IRLG), Nun (yellow, 1HJI), a fluorescent protein (gray, SLK4), and NanoLuc (SIBO),

highlighting LgBiT (cyan) and SmBiT (dark blue).

Only upon binding the target RNA would SmBiT-LgBiT com-
plementation be achieved, providing a functional luciferase
donor. BRET in this case would track with the transcript of inter-
est, and any residual activity from uncomplemented LgBiT would
be spectrally distinct from the SmBiT-LgBiT adduct. The SmBiT
fusion could also potentially bring the fluorescent protein accep-
tor into closer proximity to the NanoBiT active site, improving
the overall BRET efficiency and providing distinct colors.*”*°
Red-emitting lanterns are especially desirable, as they emit more
tissue-penetrant light for imaging in heterogeneous biological
samples.®’ Bright, red emission has been historically difficult to
achieve, though, due to dim luciferase donors and the poor spec-
tral overlap with red-shifted fluorescent proteins.

Here we report the development, characterization, and
application of new RNA lanterns for improved RNA imaging.
We prepared a panel of SmBiT-fluorescent protein fusions
with varying linkers. These fusions, along with LgBiT, were
appended to distinct, monomeric RNA binding proteins.
NanoBiT complementation and BRET were measured upon
incubation with target RNA tags. A new lantern was identified
with improved BRET efficiency to multiple fluorescent pro-
teins. Additional tuning of the probe and RNA tag provided
the brightest and most sensitive bioluminescent tools in this
class to date. We further optimized the expression and localiza-
tion of the lantern in live mammalian cells. The new probe and
tag combination were orthogonal to previously reported RNA
lanterns and could be spectrally resolved. We used the new lan-
tern, along with two existing ones, for three-color multiplexed
RNA imaging, the first demonstration of its kind. Collectively,
this work expands the RNA lantern toolkit and sets the stage
for improved RNA imaging capabilities in living systems.

Bl RESULTS AND DISCUSSION
Design of an Improved RNA Lantern

We first aimed to generate an RNA lantern with more efficient
energy transfer and reduced background. We reasoned that

fusion of a fluorescent protein to the SmBiT peptide, which
forms a strand of the barrel structure of NanoLuc, could
enhance BRET efficiency. This arrangement could potentially
increase the proximity of the luciferase active site to the fluores-
cent acceptor or otherwise improve dipole-dipole coupling.*>**
Crude modeling of fluorescent protein fusions to both the
SmBiT and LgBiT portions of NanoLuc supported the
overall design (Figure S1). We further reasoned that the con-
figuration would decrease background in the absence of
RNA-dependent BRET. LgBiT itself can generate some pho-
tons in the presence of the furimazine substrate. The SmBiT
piece, by contrast, emits essentially no luminescence on its
own.'” SmBiT-fluorescent protein fusions were thus expected
to mitigate energy transfer in the absence of lantern assembly,
but provide both a signal increase and color change upon
RNA binding.

We also desired RNA binding proteins (RBPs) that would
enable eflicient luciferase complementation. Our previous work
suggested that a one-to-one ratio of LgBiT and SmBiT bound
to a target RNA results in optimal lantern assembly.'”'® All
probes generated to date, though, feature MS2 and/or PP7 coat
proteins, RBPs that are known to form dimers and higher multi-
mers with their RNA binding partners.”"”>> Aggregation of the
lantern fragments can abrogate binding of the desired RNA
tag and thus reduce bioluminescent outputs. Other RBPs,
including L7Ae and Nun, bind their target RNAs as mono-
mers.”>***»35 17Ae and Nun recognize the CS2 and boxB
RNA motifs, respectively. The two RBPs were previously incor-
porated into RNA lanterns, but were used in combination with
the aggregation-prone MS2 coat protein (MCP).'®232%3435 For
this work, we hypothesized that use of both L7Ae and Nun in a
single lantern would reduce background and enhance RNA-
dependent bioluminescence. The desired lanterns thus com-
prised L7Ae and Nun RNA binding proteins, and a SmBiT-
fluorescent protein fusion (Figure 1A). VenusACI2 was ini-
tially selected as the fluorescent protein acceptor.'”'®
Simple modeling of the desired RNA lantern, generated by
aligning the termini of existing protein structures in PyMOL,
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indicated that the design could accommodate a structured RNA
tag (Figure 1B).%

Optimization of BRET Efficiency

Multiple VenusAC12-SmBiT linkages were examined to deter-
mine the optimal configuration for energy transfer. Variants
were generated with a short, two amino acid linker, as well as
flexible glycine-serine repeats (Figure 2A). For initial measure-
ments, each half of the RNA lantern (L7Ae-VenusAC12-
SmBiT or Nun-LgBiT) was expressed separately in HEK293T
cell lysate. The lysates were then combined and analyzed.
Bioluminescence emission spectra were recorded upon the
addition of exogenous CS2-boxB structured RNA tags. Energy
transfer from NanoBiT to VenusACI12 was observed across
the panel of constructs (Figure 2B), with the two- and five-
amino acid linker variants (AM and G,S) exhibiting the highest
BRET efficiencies (~0.84 and ~0.83, respectively). These
values were also higher than the BRET efficiency measured
for the previously reported inverse design (~0.67), where the
fluorescent protein was attached to LgBiT (“LgBiT fusion”).
Fusion of mScarlet-I to SmBiT also resulted in efficient energy
transfer in the context of the L7Ae-Nun based RNA lantern,
though further optimization would likely improve performance
(Figure S2). The SmBiT-fluorescent protein configuration also
improved BRET for previously reported MCP-PCP and MCP-
L7Ae based RNA lanterns, further validating the strategy
(Figures S3-S6). Fluorescent protein linkages on both the
SmBiT and LgBiT of the same MCP-Nun lantern generated
even more unique spectral outputs, consistent with other
recently developed bioluminescent reporters (Figure S7).*

The VenusAC12-SmBiT RNA lanterns were further evalu-
ated for brightness and RNA sensitivity. We observed that the
G,S-linked variant produced the brightest bioluminescence in
the presence of the target RNA tag (Figure S8). While the
two-amino acid linker demonstrated equally high BRET effi-
ciency compared to the G,S linker, overall brightness was
greatly reduced, potentially due to improper folding or abro-
gated SmBiT/LgBiT binding. In contrast, longer linker variants
(GGS and G,S X 3) facilitated SmBiT/LgBiT complementa-
tion, but at the cost of BRET efficiency (Figure S8). We thus
moved forward with the G,S-linked variant based on its overall
brightness and high BRET efficiency.

Optimization of the RNA Tag

We next aimed to tune the structure of the RNA tag to ensure
efficient lantern assembly. A panel of structured tags was gener-
ated with varying numbers of nucleotides between boxB and
CS2 (C-X-B, where X is the number of nucleotides between
the aptamers). The RNA tags sampled approximately one half
of a helical turn between boxB and CS2 (C-1-B through C-13-
B) with C-11-B having a secondary structure-predicted phase
angle of ~180° between the aptamers. The varied spacers
served to modulate the distance and angle between the RNA
motifs, thereby sampling different configurations for lantern
assembly. We used a similar method to enhance
SmBiT/LgBiT complementation, and therefore biolumines-
cence intensity, with previous lantern designs.'”'*®

The structures were assayed using a mixture of HEK293T
cell lysates expressing either protein component of the RNA
lantern. The RNA tags were transcribed in vitro and added
exogenously to lantern lysate before measuring photon outputs.
The C-11-B tag produced the brightest bioluminescence, with a

nearly 1000-fold signal enhancement over a no-RNA control.
The fold change observed was the highest recorded among
the existing RNA lanterns (Figures 2C and S9). Additional bio-
logical replicates with differing levels of lantern expression
resulted in varying intensity, underscoring the need for careful
optimization of RNA lantern and tag expression to achieve max-
imal intensity. Despite the variance in signal outputs, overall
RNA tag preference remained consistent across experiments
(Figure S10). The high fold changes can be attributed, in part,
to low background signals. The no-RNA samples produced very
little bioluminescence in all cases (Figures 2C, S9 and S10). No
differences were observed in luminescence emission spectra
across the panel of RNA tags, suggesting that any background
signal resulted from complementation in the absence of the
RNA tag (Figure S9). The preference for the C-11-B tag
remained constant across the panel of VenusACI12-SmBiT
linker variants examined (Figure S11).

As the phase angle between CS2 and boxB increased, signal
increased, peaking when the aptamers were predicted to be
out of phase with one another (~180° phase angle). This result
is in contrast to previous RNA lantern designs, where more
compact tags were preferred on the whole.'”'® The variance
in tag preference may be explained by differences in binding
position between the RBPs and the RNA motifs, potentially
orienting the lantern fragments differently upon RNA target
recognition. It is also likely that the large bulk of the fluorescent
protein increased the preferred spacer length between the apta-
mers. In any case, C-11-B was chosen as the optimal RNA tag
for further experiments.

The lanterns also demonstrated RNA-dependent emission.
When increasing amounts of the C-11-B tag were added to cell
lysates containing the lantern components, increased biolumi-
nescence was detected (Figure 2D). We further observed that
decreasing the expression of the RNA lantern, via serial dilution,
resulted in peak luminescence at lower RNA tag concentrations
(Figure S12). Lantern dilution further revealed an RNA-
dependent hook effect, wherein peak luminescence was
observed when the optimal ratio of lantern components to
RNA tag was achieved. The hook effect is a feature of the
three-part RNA lantern system. Large amounts of RNA result
in reduced signal, as the lantern components are bound on sep-
arate transcripts and unable to form a light-emitting complex.

We further evaluated the potential for the RNA lanterns to
assemble in the presence of non-target RNA tags. As a negative
control, a single point mutation was introduced within the boxB
motif to disrupt binding to the Nun peptide. In the presence of
the mutant RNA (C-11-B™), background levels of biolumines-
cence were observed at all concentrations, on par with the no-
RNA controls (Figures 2D and S13). We additionally deter-
mined the L7Ae-Nun RNA lantern to be orthogonal to other
existing lantern designs (MCP-PCP, MCP-Nun, and MCP-
L7Ae)."”"® Luminescence was measured in the presence of
varying orthogonal RNA tag concentrations (0-100 nM) and
no off-target binding was observed in any case (Figure S14).
The L7Ae-Nun lantern is thus orthogonal to existing probe
designs and can be used in tandem with any combination of
the existing set of RNA lanterns.

Optimization of the L7Ae-Nun Lantern for Live-Cell
Imaging

To evaluate the RNA lantern for live cell imaging, we targeted a
model fluorescent protein transcript, TagRFP657 (RFP). The

https://doi.org/10.1021/acschembio.6c00479
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Figure 2. Optimization of the RNA lantern in vitro. (A) Schematic of the RNA lantern highlighting the fluorescent protein-SmBiT linker.
VenusAC12 was selected as a model fluorescent protein and varying linker lengths were assayed for fusion with SmBiT. (B) Normalized biolumines-
cence emission spectra of the various RNA lantern designs. The lantern halves (L7Ae-VenusACI12- SmBiT and Nun-LgBiT) were expressed
in HEK293T cell lysate and mixed together in an equal ratio. Luminescence intensity was measured in the presence of the RNA tag (1 nM)
and normalized to directly compare emission spectra. Results represent the mean of n = 3 technical replicates (AM, GGS, and LgBiT fusion) or
n = 2 biological replicates (G,S and G,S X 3, each comprising 3 technical replicates). (C) RNA tag optimization. The fold change in bioluminescence
intensity over a no RNA tag control was plotted for HEK293T cell lysate expressing the RNA lantern across a panel of RNA tag structures (at 1 nM).
Varying spacer lengths, highlighted in blue below each bar, modulated the distance and phase angles between the CS2 and boxB aptamers.
(D) Evaluation of the lantern at varying RNA tag concentrations. Each half of the lantern was expressed separately in HEK293T cell lysate and mixed
together with either the target RNA tag or a mutant control (0-316 nM). Fold change was calculated over a no RNA tag control. Error bars represent

the standard error of the mean for (C, D) n = 3 technical replicates.

structured RNA tag, C-11-B, was fused to the 3" untranslated
region (UTR) of the transcript where it would, in principle,
facilitate RNA lantern assembly. Expression of the RNA tag
could further be confirmed by RFP fluorescence resulting from
protein translation. DNA expressing each portion of the RNA
lantern was co-transfected with DNA expressing RFP—C-11-B
into HEK293T cells. Samples lacking the target RNA or one
portion of the lantern were included as negative controls, and
bioluminescence and fluorescence imaging were performed
using an ultra-cooled EMCCD camera. Bright bioluminescence
was observed when both halves of the RNA lantern were
expressed together with the RNA tag (Figure S15). Equally
bright emission was also detected, though, in samples lacking
the RNA tag, indicating that background complementation of
the RNA lantern was prevalent in live cells. This result con-
trasted with the low background signal measured in cell lysate.
We hypothesize that co-transfection of the RNA lantern frag-
ments may have enabled more efficient complementation,
because they were transcribed and translated together.

We continued to optimize the lantern expression system to
decrease background and enhance dynamic range in live cell
models. Different configurations of nuclear localization
sequences (NLS) fused to either lantern fragment were

evaluated (Figure S16). We anticipated that spatial separation
of the SmBiT and LgBiT fragments, in either the nucleus or
cytoplasm, would prevent background complementation in
the absence of the RNA tag. We, and others, have previously
implemented this strategy to reduce background signal in
split-reporter assays.'™*® Transcription of a target RNA and
subsequent transport from the nucleus to the cytoplasm would
therefore be expected to result in lantern assembly. RNA lan-
tern configurations tagged with either one or multiple NLS cop-
ies were co-transfected with or without DNA encoding RFP—C-
11-B. Constructs were evaluated for luminescence turn on in
bulk-cell populations and via bioluminescence imaging. Spatial
separation of the lantern components greatly reduced back-
ground and enhanced the dynamic range (Figures S16 and
S17). The largest signal enhancement was achieved with a sin-
gle NLS fused to the SmBiT portion of the lantern, which
was implemented in further experiments.

We also generated a plasmid for bicistronic expression of
both RNA lantern fragments. The design featured the NLS-
fused SmBiT fragment and the LgBiT fragment following an
internal ribosomal entry sequence (IRES). When expressed in
live HEK293T cells, the bicistronic plasmid resulted in slightly
reduced overall signal, but a larger dynamic range, likely due
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Figure 3. Detection of a model RNA transcript in live mammalian cells. (A) Schematic representation of mRNA encoding a TagRFP657 (RFP)
fluorescent protein with a structured RNA tag inserted into the 3’ untranslated region (RFP-C-11-B). Transcription of RFP—C-11-B is expected to
drive lantern complementation and result in bioluminescence emission with high BRET efficiency. (B) HEK293T cells stably expressing the
L7Ae-Nun RNA lantern were transfected with varying amounts of DNA encoding RFP—C-11-B or RFP—C-11-B™ (0~2000 ng). Total biolumines-
cence intensity was measured and plotted. Error bars represent the standard error of the mean for n = 9 total replicates (3 biological replicates, each
comprising 3 technical replicates). (C) Bioluminescence emission spectra were also measured and normalized to the maximum intensity to compare
relative BRET efficiencies. Normalized values represent the mean of n = 9 total replicates (3 biological replicates, each comprising 3 technical rep-
licates). (D) HEK293T cells stably expressing the RNA lantern were transfected with DNA expressing RFP—C-11-B or not transfected (no RNA tag).
Cells were imaged using an ultra-cooled EMCCD camera. Fluorescence from the RFP (red) indicated expression of the RNA tag and fluorescence
from the VenusAC12 (yellow) indicated lantern expression. Scale bars = 100 pm.

to attenuated expression of the LgBiT portion of the lantern
(Figure S18).® Variable light outputs were also observed across
biological replicates due to differing RNA lantern expression
levels. Nonetheless, an RNA-dependent increase in signal was
observed. Based on this result, we also evaluated a PEST tag
for degradation of excess LgBiT proteins and observed similar
bioluminescence turn-on in the presence of the C-11-B tag com-
pared to the bicistronic plasmid (Figure S18).** We therefore
chose to move forward with the bicistronic plasmid as the opti-
mized construct for RNA imaging in live cells for maximum
dynamic range and ease of expression.

The lantern was further evaluated for live-cell RNA detection
in bulk populations. HEK293T cell lines stably expressing the
probe were generated and transfected with varying amounts of
DNA encoding RFP-C-11-B (Figure 3A). Increased lumines-
cence was observed with increasing amounts of transfected
DNA, with maximum signal (~4.8 fold increase over back-
ground) achieved using 100 ng of vector (Figure 3B). The sig-
nal output detected in live cells, though consistent, was notably
reduced compared to in vitro measurements. Further increases
in the concentration of the RNA target resulted in reduced
intensity, potentially explained by the RNA-dependent hook
effect. It is also possible that transfection of high amounts of
plasmid resulted in compromised cell viability and less efficient
RNA expression.”” Additionally, RNA tags with a point muta-
tion in the boxB motif (C-11-B™) produced abrogated signal
in comparison to the target sequence (Figure 3B).

We also observed a color change that correlated with overall
signal intensity (Figures 3C and S18). In the absence of the
RNA tag, the bioluminescence emission spectrum indicated
more blue photons. More yellow photons were observed with
increasing RNA expression, indicating BRET from NanoLuc
to the VenusAC12 fluorescent protein (Figures 3C and S19).
At the highest levels of RNA produced, though, a larger per-
centage of blue photons was observed again as lantern assembly
was disrupted. The RNA-dependent shift in emission validated
the hypothesis that a SmBiT-fused fluorescent protein would
yield a color change upon tag binding. Although more blue
emission was observed in the absence of RNA, some yellow sig-
nal was still evident, indicating background RNA lantern com-
plementation. BRET was also observed in the presence of the
mutant RNA tag (Figure S19). The spectral shift was only
observed in live cells, though, and not detected when the lan-
terns were evaluated in cell lysate. This result can be explained
by spatial separation of the lantern components in live cells. In
lysate, by contrast, the lantern fragments are not spatially sepa-
rated and therefore have a higher chance of complementation in
the absence of the RNA tag.

The optimized lantern construct was next used for RNA
imaging on a single-cell level. HEK293T cells stably expressing
the lantern were transiently transfected with DNA encoding
RFP-C-11-B. Cells were treated with furimazine and imaged
using an ultra-cooled EMCCD camera. RNA tag expression
was confirmed by RFP fluorescence and bright bioluminescence
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was widely detected throughout the cells (Figure 3D).
In comparison, cells that did not express the RNA tag produced
minimal luminescence. Background signal that was detected
corresponded to cells with high lantern expression (indicated
by VenusACI12 fluorescence, Figure 3D). Reduced signal out-
puts on a single-cell basis were observed when using a point
mutant RNA tag as well as a mutant with a scrambled boxB
aptamer sequence (C-11-B™* and C-11-B<“" respectively,
Figure $20). The RNA lantern was also used to image a hybrid
mCherry—f-actin 3UTR transcript. The signal observed matched
the expected cytoplasmic localization for the mRNA of interest
(Figure S21).*' Overall, the optimized RNA lantern enabled
imaging of multiple target transcripts in live mammalian cells.

Three-Colored RNA Imaging Using Bioluminescent Phasor
Analysis

We next turned to multiplexed imaging of the L7Ae-Nun
lantern with existing multicolored RNA lanterns. Multiplexed
bioluminescence is challenging using traditional microscopy
setups, due to broad and overlapping emission spectra that
are characteristic of bioluminescent reporters. To address this
limitation, we recently developed bioluminescent phasor
analysis.*** This technique involves simultaneously imaging
through sine- and cosine-shaped filters referenced to an unfil-
tered channel. An optical Fourier transform is then performed
to calculate spectral phasors at the level of individual pixels.
Bioluminescent phasor analysis was previously employed for
two-color imaging using the RNA lantern platform.'®

We anticipated that the enhanced BRET efficiency of the
newly optimized RNA lantern would provide improved spectral
resolution and more facile multiplexing, enabling three-color
imaging. Toward this end, three RNA lanterns were selected:
the blue and red MCP-PCP RNA lanterns, and the yellow
L7Ae-Nun lantern (Figure 4A). HEK293T cells stably express-
ing each RNA lantern were generated and co-cultured. The cells
were transiently transfected with DNA encoding model mRNAs
with the corresponding tags inserted into the 3' UTR (RFP-M-
3-P and RFP-C-11-B). Bioluminescence imaging was performed
using a custom optical setup, and the emission data were con-
verted to spectral phasors (Figure 4B). Luminescence was
false-colored at each pixel in the mixed cell images, using the
phasor coordinates determined for the individual RNA lanterns
(defined by the cursor regions shown in Figures 4B and S22—
§25). As shown in Figure 4B, cells expressing each lantern were
clearly resolved, demonstrating the utility of the platform for
three-color imaging. Co-cultured cells expressing multiple
RNA lanterns also demonstrated target-specific luminescence
when transfected with orthogonally tagged RNAs, further indi-
cating utility of the lanterns for live-cell multiplexing applica-
tions (Figures S26 and S27). We note that though three-color
imaging was achieved, only two distinct RNA species were illu-
minated. Multiplexed detection was also only achieved by
expressing the components in separate cells. Imaging three
orthogonal RNAs in the same cell is possible, although techni-
cally challenging based on the larger number of components
that must be introduced and the potential for more overlapping
signals.

B CONCLUSIONS

Visualizing RNA dynamics has been complicated by a lack of
tools for long-term tracking in physiological environments.
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Figure 4. Three-colored RNA imaging using bioluminescent phasor
analysis. (A) Schematic of the three RNA lanterns used for multiplexed
imaging. The lanterns (yellow L7Ae-Nun lantern or blue/red
MCP-PCP lanterns) were stably expressed in separate HEK293T cells.
The cells were cocultured and transfected with DNA encoding a model
transcript tagged in the 3UTR (RFP-C-11-B and RFP-M-3-P).
(B) Cells were imaged using a custom-built optical setup for biolumi-
nescent phasor analysis. Cell masks (left) were assigned for single-
cell analysis. Total intensity was measured in arbitrary units (a. u.),
and cells were false-colored (based on their phasor coordinates)
according to the multicolored cursors on the phasor plot. Scale bar =
100 pm.

Conventional fluorescence-based methods require delivery of
excitation light, which can limit applications in living systems.
Bioluminescence does not require external illumination and is
well-suited for continuous imaging in live cells and organisms.
In previous work, we developed bioluminescent RNA imaging
tools which harness split-luciferase fragments fused to RBPs
(RNA lanterns). The lanterns bind corresponding RNA apta-
mer tags, resulting in luciferase complementation and biolumi-
nescence emission. Previously developed tools also employed
fluorescent protein fusions to generate multicolored emission
using BRET. The dynamic range and efficiency of energy trans-
ter, though, were limited with existing tools.

In this work, we developed an optimized lantern for
enhanced RNA detection. The key change in design involved
a fluorescent protein-SmBiT fusion strategy, which improved
BRET efficiency and resulted in a color change upon RNA
binding. More red-shifted emission resulted in greater spectral
resolution from existing probes, and is anticipated to enhance
utility for in vivo applications. The SmBiT fusion approach also
improved BRET efficiency of existing RNA lanterns, further val-
idating the strategy. The new RNA lantern features a unique
combination of RBPs (L7Ae and Nun), resulting in a fourth
orthogonal tool that can be used in tandem with any combina-
tion of existing lanterns. The L7Ae-Nun probe and correspond-
ing tag structure were systematically optimized for sensitive
RNA detection in mammalian cell lysate and in live cells, result-
ing in the brightest RNA-dependent signal achieved thus far.

The enhanced probe design was applied to three-color
RNA imaging in tandem with existing lanterns. For the first
time, blue, yellow, and red RNA lanterns were readily resolved
using bioluminescent phasor analysis. We anticipate that
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the improved lantern strategy can be applied to any number of
fluorescent protein fusions and RBP/aptamer pairs, further
enhancing multiplexing capacity and utility of the probes.
Overall, this work expands the capacity of the RNA lanterns
for multiplexed imaging and will facilitate RNA tracking at
all scales.
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