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ABSTRACT: Photoactivatable fluorescent proteins enable precise
analysis of subcellular protein dynamics, but a comparable approach
for photoactivated tagging subcellular RNA remains lacking. Here,
we develop PA-Broccoli, a photoactivatable fluorescent RNA tag
that mimics photoactivatable green fluorescent proteins (PA-GFP).
Similar to PA-GFP, PA-Broccoli is initially nonfluorescent but emits
intense green fluorescence after ultraviolet light irradiation.
Notably, complete photoactivation of PA-Broccoli results in a
6000-fold fluorescence enhancement with a rapid activation (t,,, =
~3 s), outperforming PA-GFP in sensitivity and speed by 1-2
orders of magnitude. Using PA-Broccoli, we first uncovered that
cytoplasmic RNAs display restricted mobility compared to proteins.
In addition, we revealed that circular RNAs undergo Ran-GTP-
dependent nuclear export and slower cytoplasmic accumulation than linear mRNAs. Third, real-time imaging of mRNA within stress
granules indicates that mRNA exchange throughout these granules is energy-dependent. These findings establish PA-Broccoli as a
transformative tool for live-cell RNA tracking, offering unprecedented insights into RNA dynamics and regulatory mechanisms.
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B INTRODUCTION

Genetically encoded fluorescent tags combined with advanced
optical imaging have emerged as powerful tools for

would fill a critical gap in studying subcellular RNA
localization, transport, and other dynamic processes. However,
such photoactivatable RNA tools for subcellular RNA imaging

spatiotemporal monitoring of cellular biomolecules. Notably,
fluorescent protein-based tags have been widely used for
protein imaging since the discovery of green fluorescent
protein (GFP)." However, traditional fluorescent protein tags
suffer from continuous fluorescence, which is a significant
limitation for tracking proteins in specific subcellular compart-
ments. This fundamental limitation spurred the development
of photoactivatable fluorescent proteins that can be selectively
“switched on” by light irradiation.” Among these, photo-
activatable GFP (PA-GFP) enables precise spatiotemporal
labeling of protein subpopulations, revolutionizing studies of
protein trafficking and organelle interactions” "’

Like proteins, RNA plays crucial roles in cellular processes.
This has motivated the development of fluorescent RNA tags
for RNA imaging in live cells. Fluorescent RNAs are RNA
sequences that bind and activate otherwise nonfluorescent
small molecule fluorophores. By fusing an RNA with a
fluorescent RNA, fluorescence can be genetically encoded
into the RNA. To date, fluorescent RNAs have been used for
elucidating RNA function, including monitoring noncoding
RNA transcription rates, imaging single RNA or RNA
aggregates, and tracking RNA-protein interactions.''~'*
While fluorescent RNAs have advanced live-cell RNA imaging,
they share the same limitation of constitutive fluorescent
protein tags. The development of photoactivatable RNA tags
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remain undeveloped, creating a critical technological gap in
RNA biology research.

To address this critical need, we present a photoactivatable
fluorescent RNA tag designed for subcellular RNA imaging.
Here, we used Broccoli as fluorescent RNA tags, an RNA
sequence that binds and activates GEP-like fluorophores.'"'*'
Therefore, Broccoli is an RNA mimic of GFP. By designing
and optimizing a photocaged group on the GFP-like
fluorophore, we constructed a photoactivatable Broccoli (PA-
Broccoli) RNA tag. Similar to PA-GFP, PA-Broccoli exhibits
minimal fluorescence until activated by UV irradiation,
resulting in high fluorescence levels. Remarkably, PA-Broccoli
outperforms PA-GFP with substantially higher photoactivation
(~6000-fold versus ~15-fold photoactivation) and faster
activation kinetics (t,,, of ~3 s versus ~S0 s). Thus, PA-
Broccoli mimics the optical behavior of PA-GFP with
improved sensitivity and kinetics.
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Table 1. Photophysical and Binding Properties of Different FLAPs in Vitro

preactivation postactivation
extinction
excitation  emission coefflcient_ge) quantum ) € ) photoactivation

(nm) (nm) M tem™] yield (¢) brightness® [M™.cm™] ) brightness fold
Rhodamine 6G 525 547 116,000 0.95 100
BI 425 500 42,500 0.0004 0.02
Broccoli:BI'® 470 505 33,600 0.88 29.78
PA3-BI 470 505 23,100 0.00017 0.004 42,500 0.0004 0.02 4.3-fold
Broccoli:PA3-BI (PA-Broccoli) 470 505 23,750 0.0002 0.00S 33,600 0.88 29.78 6224-fold
PA-GFP 475 517 14,280 0.09 1.29 23,260 0.76 17.8 13.8-fold

“The brightness (extinction coefficient X quantum yield) of each fluorophore or complex is relative to Rhodamine 6G.
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Figure 1. Development of a photoactivatable fluorescent RNA tag with Broccoli. (A) Design principle of photoactivatable Broccoli RNA tag. A
bulky photoactivatable substituent (magenta lock) conjugated to the hydroxyl group of BI sterically blocks fluorophore binding to the Broccoli
aptamer, resulting in little fluorescence. Upon UV irradiation (purple lightening), the photoactivatable substituent detaches, allowing BI to bind and
activate Broccoli fluorescence. (B) Chemical structure of photoactivatable BI derivatives. BI was modified with three different photoactivatable
groups—ortho-nitrobenzyl (PA1),>® 4,5-methylenedioxy-2-nitrobenzyl (PA2),”* and 3,4-(methylenedioxy)-6-nitrophenylethoxycarbonyl (PA3)*®
groups, respectively. (C) Broccoli binds BI rather than PA-Bls before photoactivation. Fluorescence titration assays (50 nM Broccoli, 1—500 nM
fluorophores) revealed Broccoli selectively binds unmodified BI (Ex = 470 nm, Em = 505 nm). Photoactivatable variants (PA1-BI, PA2-BI, PA3-
BI) showed no binding, confirming the caging groups block aptamer recognition. Data represent mean values + s.d. for n = 3 independent
experiments. (D) In vitro photoactivation of Broccoli:PA-Bls. PA1-, PA2- and PA3-BI (1 M) were incubated with Broccoli (10 M) and irradiated
using a UV lamp (7 mW/cm?) for 30 min. Then, Broccoli fluorescence (Ex = 470 nm, Em = 505 nm) was measured with a spectrometer. Before
UV irradiation, all Broccoli:PA-Bls showed minimal fluorescence. After 30 min of irradiation, PAl-, PA2- and PA3-BI showed completed
fluorescence activation in the presence of Broccoli, reaching the overall fluorescence to that of Broccoli:BI. Data represent mean values =+ s.d. for n
= 3 independent experiments. (E) Broccoli:PA3-BI (PA-Broccoli) exhibits a fast photoactivation rate. UV irradiation (7 mW/cm?) of Broccoli:PA-
BI complexes (1 uM:10 M) showed PA3-BI achieved 90% activation in 3 min, compared to S min (PA2-BI) and 10 min (PA1-BI). PA3-BI was
therefore designated PA-Broccoli. Data represent mean values + s.d. for n = 3 independent experiments.

The high fluorescence sensitivity and fast activation kinetics
of PA-Broccoli enabled precise spatiotemporal photolabeling
of subcellular RNA. To explore the application of PA-Broccoli
tags, we dynamically tracked the nuclear export of circular
RNAs and linear mRNAs, and found that circular RNAs are
exported from the nucleus via a Ran-GTP-dependent pathway
and accumulate slowly in the cytoplasm compared to linear
mRNAs. Moreover, we used PA-Broccoli to spatiotemporally

track mRNA dynamics within stress granules, revealing the
ATP dependency of mRNA export. These findings highlight
the photoactivatable fluorescent RNA tag as a valuable tool for
spatiotemporal RNA imaging in living cells.

B RESULTS

Generation and Optimization of a Photoactivatable
Fluorescent RNA Tag PA-Broccoli. To develop photo-
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Figure 2. PA-Broccoli shows significantly higher and faster photoactivation compared to PA-GFP. (A) PA-Broccoli exhibits a faster activation rate
compared with PA-GFP. We photoactivated PA-Broccoli and PA-GFP for different time points and measured their fluorescence (PA-Broccoli: Ex =
470 nm, Em = 505 nm. PA-GFP: Ex = 475 nm, Em = 517 nm. UV irradiation power: 7 mW/cm?). PA-Broccoli reached saturation in 5 min versus
7 h for PA-GFP. Data represent mean values + s.d. for n = 3 independent experiments. (B) PA-Broccoli shows markedly higher fluorescent
enhancement than PA-GFP upon photoactivation. To determine the fluorescent enhancement after irradiation, both PA-Broccoli (1 M) and PA-
GFP (1 uM) were irradiated with a UV lamp (7 mW/cm?) until fully photoactivated. PA-Broccoli exhibited a ~6000-fold increase in peak emission
fluorescence, a stark contrast to the ~13-fold enhancement observed with PA-GFP after photoactivation. (C) PA-Broccoli is rapidly photoactivated
compared to PA-GFP in living cells. To photoactivate PA-Broccoli in living cells, we incubated Broccoli-expressing HEK293T cells with PA3-BI
(10 uM) and continuously irradiated with a 405 nm laser (0.2 W/cm?). As a control, cells expressing PA-GFP were subjected to the same laser
conditions. PA-Broccoli and PA-GFP fluorescence were imaged with 488 nm laser excitation (0.25 W/cm?), and a bandpass emission filter that
transmits 525 + 25 nm light. PA-Broccoli exhibited rapid fluorescence activation during the irradiation, with a t,,, of ~3 s. In contrast, PA-GFP
fluorescence exhibits a t,,, of ~40 s of irradiation. We then calculated the photoactivation rate as the initial fluorescence increase per unit time
(slope), which was ~17.2 for PA-Broccoli compared to 0.017 for PA-GFP, indicating that PA-Broccoli activates approximately 1000 times faster
than PA-GFP in living cells. Scale bar, 20 pm. The fluorescence activation curve was collected from n = 10 cells from three independent
experiments. (D) Schematic representation of local irradiation of a subcellular region of interest (ROI) in a single cell. Using laser scanning
confocal microscopy, a defined ROI (purple circle) was able to be irradiated within a single live cell to locally photoactivate PA-Broccoli (green
circle). (E) Cellular RNA fused with PA-Broccoli diffused rapidly compared to cellular protein fused with PA-GFP tag. We locally irradiated a 2 ym
diameter ROI (yellow circle) in Broccoli-expressing HEK293T cells with a 405 nm laser (5 W/cm?) and subsequently imaged the entire cell. As a
control, we locally photoactivated PA-GFP in HEK293T cells under the same conditions. Both PA-Broccoli- and PA-GFP-expressing cells exhibited
immediate fluorescence enhancement in the irradiated area. PA-GFP fluorescence in the ROI reached a plateau after ~40 s, slightly above the initial
value, with a t,, of ~13 s. In contrast, the fluorescence of locally activated PA-Broccoli RNA remained, showing minimal diffusion even after 60 s.
These results suggest that RNA dynamics are more constrained compared to protein diffusion in the cytoplasm. Both PA-Broccoli and PA-GFP
fluorescence were imaged with 488 nm laser excitation, and a bandpass emission filter that transmits 525 & 25 nm light. Data represent n = 10 cells
from three independent experiments. Scale bar, 20 ym.
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activatable RNA imaging tools, we used Broccoli as the
fluorescent RNA reporter.''>'® Broccoli is an RNA sequence
that can bind and activate the fluorescence of otherwise
nonfluorescent DFHBI (3,5-difluoro-4-hydroxybenzylidene
imidazolinone), a small molecule fluorophore mimic of GFP.
In addition to DFHBI, several other GFP-like fluorophores,
including DFHBI-1T(3,5-difluoro-4-hydroxybenzylidene imi-
dazolinone-1-triftuoromethyl),'” BI (3,5-difluoro-4-hydroxy-
benzylidene imidazolinone-1-benzoimidazole)'® and TBI(3,5-
difluoro-4-hydroxybenzylidene-2-thioxoimidazolidin-1-benzoi-
midazole)'® also bind and light up Broccoli in vitro and in cells.
Among these fluorophores, BI induced significantly high
cellular Broccoli fluorescence (Ex = 470 nm, Em = 505 nm,
@ = 0.88, £ = 33,600 M~'.cm™!, Table 1)."° In addition, BI
fluorophores show low cellular background at 10 uM (¢ =
0.0004, & = 42,500 M~"-cm™!, Table 1)."° This is likely due to
its minimal nonspecific binding to cellular components'® and
free intramolecular rotation in the unbound state. Once the
intramolecular rotation is restricted by binding to Broccoli or
in viscous environments like a high fraction of glycerol, BI
fluorescence is markedly increased (Table 1, Figure $1).2°
Thus, BI exhibits aggregation-induced emission (AIE)-like
features.”' Consequently, we chose the Broccoli:BI system to
design a photoactivatable RNA tag.

We next sought to convert Broccoli:BI into a photo-
activatable fluorescent RNA tag. According to Broccoli/
Spinach RNA crystal structure,' the hydroxyl group in BI
faces a confined space within the Broccoli fluorophore-binding
pocket. Thus, we hypothesized that introducing a bulky
photoactivatable group to the hydroxyl of BI would prevent its
binding to Broccoli (Figure 1A).”” Therefore, the photocaged
BI could not pair with Broccoli to produce RNA fluorescence.
However, upon photoactivation, the photocaged BI could
release the bulky photoactivatable group, allowing it to bind
and activate Broccoli fluorescence (Figure 1A).

To explore this concept, we caged the hydroxyl group of BI
with three different photoactivatable moieties: ortho-nitro-
benzyl (PA1),” 4,5-methylenedioxy-2-nitrobenzyl (PA2),”*
3,4-(methylenedioxy)-6-nitrophenylethoxycarbonyl (PA3),>
respectively (Figure 1B). We synthesized PA1-BI by attaching
an ortho-nitrobenzyl group (PA1)***° to BL This group is
released under UV irradiation, allowing photoactivation.
Considering that adding an electron-donating moiety to PAl
group may accelerate photoactivation rates,26 we next
synthesized PA2-BI (with a 4,5-methylenedioxy group in
PA1) and PA3-BI (with a methylenedioxy group in PA1).”**®
These PA-BIs could be photoactivated by UV irradiation and
then bind Broccoli to emit fluorescence.

We next asked if these PA-BIs were unable to bind Broccoli
before photoactivation. We measured the fluorescence
intensity and binding affinity for Broccoli:PA-BIs and
Broccoli:BI. We first incubated PA1-, PA2-, PA3-BI or BI (1
uM) with Broccoli RNA (10 uM) and measured the
fluorescence with 470 nm excitation wavelength, which is the
maximum excitation wavelength of Broccoli:BL"> Compared to
highly fluorescent Broccoli:BI (¢ = 0.88, £ = 33,600 M 1tem™
Table 1), all three Broccoli:PA-Bls exhibited minimal
fluorescence (@ = 0.0002, € = 23,750 M~ '-cm™!, Table 1)
before photoactivation. Moreover, we determined the dis-
sociation constant (Kp) of Broccoli:PA-Bls and Broccoli:BI by
measuring the fluorescence of Broccoli (50 nM) with various
concentrations of PA-BIs or BI (0—500 nM). PA1-, PA2-, and
PA3-BI all exhibit >1000-fold lower binding affinity (K, > 10

uM) for Broccoli than BI (Kp = $6 nM) (Figure 1C). These
results suggest that PA-BIs cannot be complexed with Broccoli
and fluorescent prior to photoactivation.

We next photoactivated Broccoli:PA-BIs in vitro. To do this,
we irradiated Broccoli:PA-BIs with UV light (365 nm) for 30
min and measured Broccoli fluorescence. Under these
irradiation conditions, the photoactivatable moieties on PA-
Bls are expected to be fully photoactivated,” > allowing
nearly complete conversion of PA-BIs to BI. As anticipated, all
Broccoli:PA-Bls displayed extremely low fluorescence before
irradiation (¢ = 0.0002, £ = 23,750 M~'.cm™" Table 1), even
lower than free BI (¢ = 0.0004, £ = 42,500 M~'-cm™, Table
1). This is likely due to the nitrobenzyl group hindering
electron donation, causing little background.1 ASI2T After 30
min of UV irradiation, these Broccoli:PA-BIs reached a similar
overall fluorescence (¢ = 0.88) comparable to Broccoli:BI
(Table 1). Notably, all three Broccoli:PA-BIs exhibited ~6000-
fold fluorescence activation at 505 nm peak emission
postirradiation (Figure 1C,D). These data suggest that
Broccoli:PA-BIs have an exceptionally low background, but
can be completely photoactivated to produce equivalent
brightness to Broccoli:BI, making it the highest-contrast
photoactivatable fluorescent tag described to date.

To optimize Broccoli-based photoactivatable fluorescent
RNA tags, we evaluated the photoactivation rates of three
Broccoli:PA-Bls. We irradiated PAl-, PA2- and PA3-BI (1
uM) with Broccoli (10 uM) and measured the fluorescence at
various intervals. Among these three pairs, Broccoli:PA3-BI
exhibited the fastest photoactivation rate, reaching approx-
imately 90% fluorescence within 3 min (Figure 1E). In
contrast, Broccoli:PA2-BI and Broccoli:PA1-BI required S and
10 min, respectively, to achieve the same level of activation
(Figure 1E). In addition, high-performance liquid chromatog-
raphy—mass spectrometry (HPLC-MS) analysis confirmed
that PA3-BI lost the PA-group and formed BI most rapidly
(Figure S2). Therefore, we used Broccoli:PA3-BI system for
subsequent experiments and termed the system PA-Broccoli.

PA-Broccoli Exhibits Outstandingly High and Fast
Photoactivation Compared to PA-GFP. PA-Broccoli is
derived from Broccoli which resembles GFP, and shows
photoactivation properties similar to PA-GFP, therefore PA-
Broccoli is the RNA mimic of PA-GFP. We then compared the
photoactivation ability of PA-Broccoli with PA-GFP, a
commonly used genetically encoded photoactivatable fluo-
rescent tag.” PA-GFP can be activated from a nonfluorescent
to a fluorescent state using UV irradiation, allowing selected
subpopulations of the PA-GFP-fusion protein to be labeled
and their movement tracked in living cells.

To compare PA-Broccoli with PA-GFP, we irradiated the
purified PA-GFP protein and PA-Broccoli under the identical
UV light source and recorded the fluorescence at different time
points. Prior to irradiation, both photoactivated tags exhibited
low fluorescence (Figure 2A). However, PA-Broccoli demon-
strated a rapid fluorescence increase, achieving 90% activation
within 3 min, while PA-GFP required approximately 7 h to
reach the same level (Figure 2A). Notably, the ~6000-fold
fluorescence activation of Broccoli:PA-BIs is markedly higher
than the ~13-fold activation observed with PA-GFP (Figure
2B).” These findings indicate that PA-Broccoli can be rapidly
photoactivated with a far greater fold increase in fluorescence
compared to PA-GFP.

We next asked whether PA-Broccoli fluorescence can be
photoactivated in living cells. To do this, we expressed Broccoli
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RNA in HEK293T cells using the Tornado-expressing
system.”® Then, we incubated the Broccoli-expressing cells
with PA3-BI (10 M) to form PA-Broccoli, and irradiated the
cells with a UV laser (0.2 W/cm?). As a control we expressed
PA-GFP in cells in identical conditions. We observed an
immediate increase in Broccoli fluorescence after the initial
irradiation and the fluorescence reached 50% of its maximum
value within ~3 s (Figure 2C). In contrast, PA-GFP displayed
a much slower activation rate, reaching 50% fluorescence after
~40 s of irradiation (Figure 2C). Notably, the UV irradiation
caused no detectable phototoxicity within 60 s exposure
(Figure S3). In addition, PA-Broccoli can also be efficiently
photoactivated in BL21 Escherichia coli (E. coli) cells with UV
irradiation (Figure S3). These results confirm that PA-Broccoli
can be efficiently photoactivated in living human and bacterial
cells.

We next evaluated the photostability of PA-Broccoli. To do
this, we continuously imaged cells expressing either PA-
Broccoli or PA-GFP for 5 min under 488 nm laser excitation
after UV photoactivation. PA-Broccoli retained ~60% of its
initial fluorescence, while PA-GFP retained only ~40% after
continuous excitation (Figure SS). This improved photo-
stability of PA-Broccoli over PA-GFP is due to different
photophysical mechanisms. After UV photoactivation, PA-BI
fluorophores in PA-Broccoli can be converted into BI, which
binds and lights up Broccoli through noncovalent inter-
actions."> When a BI molecule is photobleached by 488 nm
excitation, it can dissociate from Broccoli and be replaced by
free BI in the cytoplasm. This dynamic exchange mechanism
contributes to the high photostability of PA-Broccoli. In
contrast, PA-GFP relies on an irreversibly bleachable internal
chromophore that cannot be replenished, leading to faster
fluorescence decay photobleaching.” Thus, the replaceable
nature of BI in PA-Broccoli contributes to its improved
performance over PA-GFP under prolonged illumination.

We next asked if this photoactivate strategy could be applied
to other fluorogenic RNA:fluorophore systems in addition to
Broccoli. To do this, we developed a PA-RhoBAST system,
where RhoBAST binds and activates the small fluorophore
tetramethylrhodamine-dinitroaniline (TMR-DN), a fluoro-
phore-quencher conjugate.’®™** By incorporating the PA3
group into TMR-DN, we assessed its fluorescence activation
upon UV irradiation (Figure S6A,B). PA-RhoBAST exhibited
low fluorescence prior toirradiation, and modest ~15-fold
fluorescence enhancement after photoactivation (Figure S6C),
indicating a slower activation rate compared to PA-Broccoli
(Figure S6D,E). This slower rate is likely due to the inductive
effect of the carboxyl group on the TMR-DN, leading to slow
dissociation of the photocaged group.”® These results suggest
that the PA group-caging strategy is broadly applied to
construct diverse photoactivatable fluorescent RNA tags, with
PA-Broccoli optimized as the highly sensitive photoactivatable
tag.

We next sought to construct near-infrared (NIR)-activated
PA-Broccoli to reduce phototoxicity during cell imaging. To do
this, we installed the NIR-activated Cy-NN (cyanine dye IR-
793 with N,N’-dimethylethylenediamine) group in BI to
generate NIR-activated PA-Broccoli (Figure S7A).>* When
irradiated with a 680 nm NIR lamp (7 mW/cm?), the NIR-
activated PA-Broccoli showed significant fluorescence en-
hancement after 180 min (Figure S7B,C). In Broccoli-
expressing cells treated with 10 yM of Cy-NN-BI, we observed
noticeable fluorescence enhancement following 300 s of 685

nm laser irradiation, with minimal changes in cell morphology
(Figure S7D,E). Compared with UV-activated PA-Broccol,
NIR-activated PA-Broccoli exhibited a slower activation rate
both in vitro and in cells. These results suggest that we can
construct NIR-activated PA-Broccoli by altering the photo-
caging moiety, though with slower activation kinetics
compared to UV-activated PA-Broccoli.

Subcellular Photolabeling of RNA Using PA-Broccoli
in Live Cells. We next photoactivated Broccoli-expressing
cells in a region of interest (ROI). Previously reported
photoactivatable fluorescent tags were used for tracking
specific cell types in multicellular tissues by irradiating the
indicated cell populations.6 Therefore, we hypothesized that
PA-Broccoli could similarly be utilized to label designated cell
populations. To do this, we defined an ROI in a field of view
and irradiated PA-Broccoli-expressing HEK293T cells within
this region using a UV laser (5 W/cm?) (Figure S8A). After
irradiation, we observed increased fluorescence specificity in
the ROI or defined patterns (Figure S8B,C). The fluorescence
remained spatially confined within the ROI for at least 15 min,
exhibiting minimal observable diffusion (Figure S8B,D). To
further test whether photoactivated PA3-BI diffuses between
cells, we photoactivated one of two adjacent Broccoli-
expressing HEK293T cells. A strong fluorescence increase
was detected in the photoactivated cell, whereas the
neighboring cell showed only minimal fluorescence change
over 15 min (Figure S9). Together, these results illustrate our
ability to photolabel and track subpopulations of cells using
PA-Broccoli.

We next asked if we could precisely photoactivate PA-
Broccoli fusion RNA in a subcellular region to track RNA
diffusion and migration in living cells. To accomplish this, we
used scanning laser confocal microscopy to achieve pixel-wise
illumination of localized subcellular ROIs (Figure 2D). We
irradiated a locally defined spot in the cytoplasm of Broccoli-
expressing cells with a focused 405 nm laser beam (5§ W/cm?)
for 200 ms before imaging the entire cell. Right after
photoactivation, we immediately observed the fluorescent
locus (Figure 2E). We then recorded the fluorescence of the
irradiated area, and compared it with the locally activated PA-
GFP. Interestingly, while PA-GFP quickly diffused throughout
the cytoplasm shortly after activation, PA-Broccoli exhibited a
slower diffusion rate (Figure 2E). These observations suggest
that cellular RNA likely exhibits slower molecular dynamics
compared to proteins in the cytoplasm. This result is in
agreement with the previous reports,”* >’ hi%hlighting RNA
propensity to interact with various proteins.34" o3

To further confirm that the fluorescence diffusion is caused
by Broccoli-fused RNA movement rather than fluorophore
diffusion, we compared PA-Broccoli fluorescence spread in
fixed and live cells. We expressed Broccoli in HEK293T cells
and fixed the cells with polyoxymethylene. Then, we incubated
the cells with PA3-BI and photoactivated a small region in the
cytoplasm, and monitored fluorescence across the whole cell.
In fixed cells, the Broccoli signal remained tightly localized
throughout the 10 min imaging period, indicating that most
photoactivated fluorophores diffuse slowly in 10 min within
the irradiated subcellular region. In contrast, live cells showed
rapid fluorescence spreading throughout the cytoplasm within
3 min (Figure S10). These results suggest that the fluorescence
spreading was primarily driven by RNA movement, rather than
fluorophore diffusion.
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Figure 3. Distinct nuclear export mechanisms of circRNAs and mRNAs revealed by live subcellular imaging of PA-Broccoli. (A) Schematic of
circRNA nuclear export dynamics monitored by PA-Broccoli in living cells. PA-Broccoli enables real-time visualization of circRNA nuclear export
through nuclear pores (brown) via Ran-GTP-dependent transport (orange) mechanisms. Following local nuclear irradiation of PA-Broccoli-fused
circRNAs, cytoplasmic Broccoli fluorescence accumulation rates were quantified to determine export kinetics. (B) Ran-GTP inhibition slows
circRNA nuclear export imaged by PA-Broccoli. U20S cells expressing Tornado-generated circular Broccoli RNA showed rapid fluorescence
enhancement in both the nucleus and cytoplasm after local irradiation (405 nm laser, yellow circles) in the presence of PA3-BI (10 yM). The
cytoplasmic Broccoli fluorescence of vehicle (DMSO)-treated cells increased rapidly with a t;,, of ~22 s (right). In contrast, the cytoplasmic
fluorescence of sorbitol-treated cells showed a slower increase following nuclear light activation, with a ¢/, of ~32 s (right). This indicates that
sorbitol effectively inhibits the nuclear export of circular RNA. Data represent n = 10 cells from three independent experiments. Scale bar, 10 ym.
The yellow arrow runs through the cell to produce the plot-profile in (C) (C) Inhibition of Ran-GTP leads to nuclear retention in circRNAs.
Fluorescence intensity was quantified along the yellow line shown in (B). The resulting line profile revealed higher nuclear PA-Broccoli
fluorescence in sorbitol-treated cells (red line) compared to vehicle-treated cells (gray line), indicating that sorbitol treatment impairs nuclear
export of circRNAs. Similar RNA distribution patterns were observed in five independent cells. (D) Sorbitol does not affect mRNA nuclear export.
We expressed 24xBroccoli tagged mRNA in U20S cells, and irradiated the indicated nuclear regions (yellow circles, 405 nm laser) in the presence
or absence of sorbitol (400 mM). In both conditions, cells showed rapid fluorescence enhancement in the nucleus and cytoplasm, with mRNA
export kinetics and nuclear retention levels remaining unaffected by sorbitol treatment. This is in stark contrast to the behavior of circular RNA,
where sorbitol treatment significantly impacts nuclear export. Quantification revealed that cytoplasmic Broccoli fluorescence of both vehicle and
sorbitol-treated cells increased comparably, with a ¢/, of ~3.7 s and no significant difference between groups (p > 0.05) (right). These results
confirm that sorbitol specifically inhibits circRNA but not mRNA nuclear export. Data represent n = 10 cells from three independent experiments.
Scale bar, 10 um. The yellow arrow runs through the cell to produce the plot-profile in (E). (E) mRNA distribution is Ran-GTP-independent.
Fluorescence intensity was quantified along the yellow lines shown in (D). Line profiles showed comparable nuclear and cytoplasmic fluorescence
distributions in sorbitol-treated (red line) and vehicle-treated (gray line) cells, indicating that mRNA localization is not affected by Ran-GTP
inhibition. Similar RNA-distribution patterns were observed in S independent cells.

We next sought to photolabel small noncoding RNA To localize Cajal bodies, we simultaneously coexpressed iRFP-
(ncRNA) tagged with PA-Broccoli tag in living cells. Certain fused SART?3, a protein marker for Cajal bodies.”® After local
small ncRNAs have specific subcellular localizations, for irradiation of the SART3-localized Cajal bodies, we observed
example, U6 RNA is localized in Cajal bodies.”® We thus enhanced green fluorescence colocalized with SART3-iRFP,
expressed the Broccoli-tagged U6 RNA in cells (Figure S11). indicating that the PA-Broccoli-tagged U6 RNA in the Cajal
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Figure 4. mRNA in stress granule exhibits energy-dependent exchange dynamics. (A) Schematic for monitoring ATP-dependent mRNA exchange
dynamics in stress granules using PA-Broccoli. (B) Stress granule mRNA exportation is dependent on ATP. ACTB-Broccoli expressing U20S cells
were treated with NaAsO, (500 uM, 1 h) to induce stress granules, followed by ATP depletion (2DG + CCCP, 30 min, upper left). A single
granule was photoactivated (405 nm laser, S W/cm? 2 um spot) and imaged (Ex = 488 nm, Em = 525 + 25 nm) for 180 s at § s intervals. Control
cells without ATP depletion showed Broccoli fluorescence decay (t,,, & 26 s, right), while ATP-depleted cells exhibited slower decay (t,, ~ 60 s,
right). These results indicate that ATP depletion reduces the mRNA export rate from stress granules. Data represent n = 10 cells from three
independent experiments. Scale bar, 10 ym (left), 2 um (inset). (C) ATP-dependent G3BP1 export from stress granules imaged by PA-GFP.
U20S cells expressing PA-GFP-G3BP1 were treated as in (B). Photoactivated PA-GFP-G3BP1 in control cells treated with vehicle decayed rapidly
(t1/, ™ S2 s, right), while ATP-depleted cells treated with 2DG and CCCP showed slow decay (t,,, > 180 s, right). These results suggest that in
addition to mRNA, ATP depletion also reduces G3BP1 export rate.”" Data represent n = 10 cells from three independent experiments. Scale bar, 10
um (left), 2 ym (inset).

bodies was photoactivated (Figure S11). These results suggest
that we can photolabel the specific ncRNAs at the subcellular
level using PA-Broccoli.

We next spatiotemporally photoactivated subcellular DNA
loci with PA-Broccoli. Previous work has shown that
fluorogenic RNAs can be fused with small guide RNAs
(sgRNA), which can then bind to deactivated Cas9 nuclease
(dCas9), and be used to image chromosome loci in living
cells.”*' To selectively label the gene of interest, we designed
Broccoli-tagged sgRNA targeting a repetitive region of
endogenous chromosome 3 (Chr3q29) (Figure SI12A).
Following the coexpression of the Broccoli-tagged sgRNA
and dCas9-mCherry in U20S cells, we localized three distinct
loci of chromosome 3 trisomy, consistent with previous reports

of chromosomal aneuploidy in U20S cells.""™* We then
performed local irradiations sequentially, with each irradiation
targeting a different locus. After each irradiation, we imaged
the entire cell to monitor the activation of PA-Broccoli
fluorescence (Figure S12B). We observed that the three green
fluorescent puncta were sequentially photoactivated. This
selective activation allows precise tracking of a specific genomic
locus without interference from its homologous alleles.**™*
Together, these data indicate that PA-Broccoli system allows
sequential tracking of individual genomic loci.

Visualization of RNA Nuclear Export Dynamics via
PA-Broccoli. To demonstrate the wide application of PA-
Broccoli, we explored its use in visualizing circular RNA
(circRNA) nuclear export. CircRNA biosynthesis begins with
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transcription in the nucleus to produce linear RNAprecursors,
and then circularization through intramolecular ligation
mediated by ribozymes or back-splicing.”**® Since this RNA
circularization process occurs exclusively in the nucleus, the
resulting mature circRNAs must be exported from the nucleus
to the cytoplasm.*®*” Recent studies identified the key
molecular components involved in circRNA export, including
the Ran-GTP complex, which operates independently of
mRNA export.*® However, real-time kinetics and spatiotem-
poral regulation of circRNA export remain poorly understood.

To dynamically image circRNA nuclear exportation, we
expressed circular Broccoli RNA®® in PA3-Bl-treated live
U208 cells (Figure 3A). Then, we locally irradiated the
indicated regions in the nucleus with a 405 nm laser in the
presence or absence of sorbitol-a known inhibitor of natural
circRNA nuclear export due to its reduction of nuclear Ran
levels."® By monitoring subsequent Broccoli fluorescence
increase in the cytoplasm after irradiation, we were able to
evaluate the efficiency and dynamics of circRNA export
(Figure 3A). Our observations revealed that sorbitol-treated
cells exhibited delayed cytoplasmic fluorescence accumulation,
requiring ~32 s to reach half-maximal intensity (t,,,). In
contrast, untreated control cells exhibited a ¢, of ~22 s
(Figure 3B). Moreover, we found that circRNA signal
primarily localized to the nucleus in sorbitol-treated cells,
whereas untreated cells showed stronger fluorescence in the
cytoplasm (Figure 3C). These results indicate that Ran-GTP
inhibition caused nuclear retention of circular RNA.

We also measured the Broccoli-tagged mRNA exportation in
living cells in the presence or absence of sorbitol. In contrast to
circRNA, mRNA exportation dynamics and distribution are
not affected by sorbitol, with a t,/, of ~3.7 s (Figure 3D,E).
Additionally, cells expressing Broccoli-tagged mRNA exhibited
faster cytoplasmic fluorescence growth compared to circRNA-
expressing cells, indicating that mRNA may have a faster
exportation rate from the nucleus.”™° These findings
highlight the differential export kinetics between circRNA
and mRNA, and underscore the efficacy of PA-Broccoli in
dissecting RNA export mechanisms in live cells.

mRNA Exchange Throughout Stress Granules is
Energy-Dependent. We next sought to investigate RNA
exchange dynamics across stress granules. Stress granules
(SGs) are membrane-less cytoplasmic mRNA-protein (RNP)
granules composed of translationally stalled mRNAs in
response to various stresses” or diseases, including chemical
stress, viral infections, cancer, and neurodegeneration.s1_54
The movement of mRNA entry and export from stress
granules during stress regulates mRNA translation, mRNA
storage and stabilization, and cell signaling.’"*>*° Rapid
mRNA exchange may prevent the complete stall of essential
protein translation, while slow mRNA exchange could protect
mRNA from degradation during prolonged stress.”>* There-
fore, understanding the dynamics of mRNA exchange within
stress granules, and how these dynamics are regulated, is
crucial for elucidating how cells manage mRNA under stress
conditions.

Since stress granule assembly includes the involvement of
ATP-dependent RNA helicase,”">* we reasoned that the RNA
exchange in stress granules could be ATP-dependent. To test
this, we treated the cells expressing 24xBroccoli-tagged ACTB
mRNA with sodium arsenite (NaAsO,) for 1 h to induce stress
granule formation (Figure 4A). Then, we incubated the cells
with glycolysis inhibitor 2-deoxyglucose (2DG) and the

oxidative phosphorylation uncoupler carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) to deplete intracellular
ATP. We next locally irradiated G3BPl-localized stress
granules and continuously recorded fluorescence in the
irradiated regions (Figure 4A). In the absence of 2DG and
CCCP, photoactivated granules displayed a rapid decay of
Broccoli fluorescence intensity, with a median ¢, , of ~26 s. On
the contrary, ATP-depleted cells exhibited slower Broccoli
fluorescence decay in photoactivated granules with a t;, of
~60 s (Figure 4B). Since ATP depletion does not affect the
diffusion dynamics of the photoactivated BI fluorophore alone
within the stress granule (Figure S13A,B), the observed slower
fluorescence decay in ATP-depleted cells likely reflects reduced
exchange rates of RNA exit dynamics. This suggests that ATP
plays a role in regulating the exchange of mRNA within stress
granules, potentially through the activity of ATP-dependent
RNA helicases.””**’

We also investigated the dynamics of PA-GFP-tagged
G3BP1 protein under ATP depletion. Previous reports show
that proteins in stress granules undergo reversible, continuous
ATP-dependent movement from the stress granule.”’ To
examine this, we locally irradiated a single stress granule in
cells treated with or without 2DG and CCCP. As expected,
PA-GFP-tagged G3BP1 diffused rapidly into the cytoplasm in
untreated live U20S cells, whereas G3BP1 was retained in the
stress granule following ATP depletion (Figure 4C). Together,
these results, combined with the observed changes in mRNA
dynamics, suggest that ATP depletion affects both RNA and
protein dynamics within stress granules, likely reducing their
export rates.

B CONCLUSION

Here, we developed an approach to design and optimize
photoactivatable RNA tags for subcellular RNA imaging. Upon
UV irradiation, these nonfluorescent tags were rapidly
photoactivated, becoming highly fluorescent and enabling
precise spatiotemporal labeling of subcellular RNA in living
mammalian cells. Among these tags, PA-Broccoli demonstrates
superior photoactivation characteristics compared to other
photoactivatable RNA tags. Notably, PA-Broccoli achieves a
remarkable ~6000-fold fluorescence enhancement with a rapid
activation rate, exhibiting a t,,, of ~3 s. In contrast, its protein
counterpart PA-GFP only shows a modest ~15-fold
fluorescence increase and exhibits a t;,, of ~40 s. This high
activation speed and fluorescence enhancement make PA-
Broccoli ideal for tracking the subcellular RNA localization,
movement, and interactions of RNA molecules in live cells.
Using PA-Broccoli, we visualized that cytoplasmic RNAs
diffuse more slowly and show more restricted movement
compared to proteins. This limited mobility may result from
interactions with RNA-binding proteins, anchoring to
cytoskeletal structures, or retention within organelle-associated
compartments. These constraints suggest that cells actively
regulate RNA positioning to control where and when RNAs
are translated or degraded. By enabling direct localized
photoactivation in living cells, PA-Broccoli provides a sensitive
and precise tool for investigating RNA behavior.
Additionally, we employed PA-Broccoli to dynamically
visualize circular RNA exportation from the nucleus. We
found that circular RNA undergoes an export pathway that is
different from linear mRNAs, with significantly slower kinetics.
The export rate may indicate the functional fate of circRNAs:
those designed for protein translation must efficiently reach the
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cytoplasm, while regulatory circRNAs may need to be retained
in the nucleus to perform gene silencing or transcriptional
control. Our observations provide direct spatiotemporal
evidence for differential transport behavior between linear
and circular RNAs.

Moreover, we tracked mRNA dynamics through stress
granules with PA-Broccoli, revealing the ATP dependency of
mRNA export. Stress granules play a crucial role in regulating
RNA fate during cellular stress. Previous studies showed that
ATP is essential for protein dynamics within stress granules.”'
Our findings extend this to RNA, demonstrating that ATP is
required for efficient mRNA export. Under physiological ATP
conditions, mRNA in stress granules exhibits rapid exchange,
which may facilitate translation reinitiation once stress
subsides. In contrast, ATP depletion slows mRNA export,
potentially stabilizing transcripts within stress granules to
protect them from degradation during prolonged stress.”>®

In addition to Broccoli:BI system, the photoactivated
approach can be extended to other fluorogenic RNA
systems.’>*?7°" Using this strategy, we constructed a PA-
RhoBAST system, which could also be photoactivated by UV
irradiation but showed limited fluorescence enhancement
compared to PA-Broccoli. This reduced performance may
result from the electronic effects of the carboxyl group on
TMR-DN, which could stabilize the photocaged structure and
slow its dissociation.”® Nevertheless, the general photo-
activated approach remains applicable to other fluorogenic
RNA systems.””>®® For example, Nie lab developed a
photoactivated Squash RNA system for cell-specific RNA
labeling in live cells.” This flexibility in design allows for the
development of orthogonal activation methods, enabling the
tracking of different RNA populations in distinct subcellular
compartments.

Furthermore, we developed NIR-activated PA-Broccoli by
installing a Cy-NN caging group onto BI. However, compared
to UV-activated PA-Broccoli, NIR-activated PA-Broccoli
exhibited a lower activation fold and required prolonged
exposure (Figure S7). These limitations are likely because of
the lower photon energy of NIR light, which makes it more
difficult to photoactivate Cy-NN-caged BL* Despite the
modest performance of NIR-activated PA-Broccoli, our results
provide proof-of-concept for NIR-activated fluorescent RNA
and highlight its potential for in vivo applications in the future.

In summary, photoactivatable fluorescent RNA, exemplified
by PA-Broccoli, represents a transformative breakthrough in
studying RNA dynamics across organelles and membranes. By
enabling precise spatiotemporal control over RNA labeling,
photoactivatable fluorescent RNA allows for dynamic tracking
of RNA movements and detailed observation of their
localization changes during cellular processes such as RNA
transport and stress response. This approach bridges the gap
between RNA real-time localization dynamics and its function,
offering a powerful tool to dissect the molecular intricacies of
RNA biology. Beyond fundamental research, the approach
shows promising clinical potential for applications ranging
from tumor-specific RNA visualization to surgical guid-
ance.””® These advancements deepen our understanding of
RNA biology and hold significant potential for uncovering
mechanisms, underlying cellular homeostasis, stress adaptation,
and disease pathogenesis, and may also enable future clinical
diagnostics and therapeutic strategies.
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