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ABSTRACT: Dynamics are intrinsic to both RNA function and structure. Yet, the available means to precisely provide RNA-
based processes with spatiotemporal resolution are scarce. Here, our work pioneers a reversible approach to regulate
RNA splicing within primary patient-derived cells by synthetic photoswitches. Our small molecule enables conditional real-time
control at mRNA and protein levels. NMR experiments, together with theoretical calculations, photochemical characterization,
fluorescence polar-dependent exon inclusion as well as an increase in the target functional protein. Therefore, we first demonstrated
the potential of photopharmacology modulation in splicing, tweaking the current optochemical toolkit. The timeliness on the
consolidation of RNA research as the driving force toward therapeutical innovation holds the promise that our approach will

contribute to redrawing the vision of RNA.

B INTRODUCTION

Technological advances over the last decades led to the general
acceptance that RNA is more than the messenger in charge of
transferring the flow of genetic information from DNA to
proteins. Indeed, RNA is a pivotal molecule of life. Now, it has
become clear that the versatile RNA family, together with its
regulatory machinery, are responsible for the optimal
orchestration that determines human health.' ™ Thus, a new
paradigm focused on RNA manipulation has risen to expand
druggability opportunities by addressing biological mecha-
nisms as it has never been possible before. Such programmable
action will ultimately correct or inhibit disease phenotypes. For
instance, the breakthrough of mRNA vaccines against COVID-
19 reasserts the prominent role of RNA for therapeutic
intervention ranging from infectious to neurodegenerative
diseases and even cancer.*

RNA executes complex functions at specific times and
localizations; therefore, precise control over RNA dynamics is
in high demand not only for deciphering the molecular
mechanism underneath RNA-regulated systems but also for
pharmacological application or diagnosis.”® For this purpose,
light-mediated approaches are invaluable because of their
intrinsic spatiotemporal resolution with minimal invasive
action. Although recent years have witnessed a growing
fascination with using these tools to interrogate biological
processes,””” the toolkit for RNA photocontrol remains vastly
underexplored.”” In this context, modified oligonucleotides

with either photoswitches'® '® or photocages'®™'® have been

effective; however, they require alterations in the native
structure and suffer from metabolic degradation as well as
uptake issues, above all, for crossing the blood—brain barrier.
There are also a few examples of riboswitches or RNA
aplzmersﬁ capable of selectively interacting with a conformer of
a photoswitchable ligand'”*® or photoreceptors.”’ Recently,
this latter approach has evolved into entirely genetically
encodable ones.”””* However, the emergence of small
molecules as efficient RNA binders provides a timely starting
point for developing optochemical tools that take full
advantage of the small-molecule photoswitches.

Among the different RNA processes, splicing attracted our
attention due to its potential for fine-tuning gene expression.
As the last step of mRNA biosynthesis, splicing is responsible
for the generation of different protein isoforms, which
increases proteome diversity but can also lead to malfunction-
ing proteins or even prevent their production. Consequently,
these undesirable events may, in turn, result in severe health
disorders. Thus, deliberate manipulation of RNA processing
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Figure 1. Precedents and photoisomerization studies. (A) Previous related structures. (B) Retrosynthesis of our novel compound 4. (C)
Photoisomerization of 4. (D) Selected aromatic region of the '"H NMR spectra (500 MHz) of a 100 M solution of 4, without irradiation (green)
and upon 365 nm irradiation for 1 min (purple) in phosphate buffer (10 mM NaH,PO,/Na,HPO,, 50 mM NaCl, 0.1 mM EDTA, at approximately
pH 6.7 in H,0/D,0 9:1 with 5% of DMSO-d;). (E) HPLC chromatogram of a 100 zM solution of 4 in ultrapure H,0/MeCN (1:1), without
irradiation (green) and upon 365 nm irradiation for 1 min (purple). (F) UV—vis spectra in an aqueous solution of 4 (50 #M) without and after
irradiation at 365 nm for 1 min, reaching the photostationary state (PSS) in phosphate buffer (140 mM NaCl, 10 mM Na,HPO,, 2.7 mM K(CI, 1.8
mM KH,PO,, pH 7.4). (G) Reversible cis:frans switching between photoisomers by alternating illumination at 365 (purple)/520 (green) nm for 1

min and 30 s, respectively, in phosphate buffer (140 mM NaCl, 10 mM Na,HPO,, 2.7 mM KCl, 1.8 mM KH,PO,, pH 7.4).

represents a powerful platform capable of controlling cellular
homeostasis and restoring function in disease states. Since
spatiotemporal regulation of splicing determines fundamental
biological processes,”* providing such a control layer for actual
applicability is essential. Along these lines, the precise
photocontrol of splicing to trigger phenotypic traits systemati-
cally will not only open unprecedented venues for the
elucidation of the complex mechanisms underneath splicing
but also induce noncanonical genetic outputs in a light-
dependent manner. Notably, light-activated approaches toward
reversible control of RNA splicing have not been explored,
following the general tendency. Indeed, to our knowledge,
previous research has only been limited to photocaged splice-
switching oligonucleotides™ and optogenetics using encoded
splicing factors such as the arginine/serine-rich (RS) domain
of SRS7 or the glycine-rich one or hnRNP-A1.2* However, the
field of photocontrol of molecular activity has evolved and
recently placed photopharmacology’®”’ at its core.”™”’

Synthetic photoswitches can control functional responses in
unmodified biological targets, bypassing the delivery of genes
into target cells.'"" Therefore, this strategy holds promise to
minimize off-target effects and resistance by on-demand
therapeutic action. So, photoswitches have enabled reversible
modulation of vision,”’ membrane transport,’* in wvivo
enzymatic activity,”” and cytoskeleton dynamics,”* among
others.”*” However, despite these advantages, there are no
examples of photoswitches in the context of RNA editing nor
in RNA splicing.

Herein, we first introduce photoswitchable RNA binders (K
in the M range) for reprogramming splicing under irradiation
in living cells. Our photoswitchable splicing modifier enables
switch-like responses at the mRNA level as well as the
translational one. Moreover, we demonstrated that this
methodology based on orally bioavailable molecules works
even with primary patient fibroblasts. Importantly, our proof-
of-concept sets the scene for game-changing technologies
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Figure 2. Computational results on the ligand 4 and NMR data on direct interactions of the ligand with dsRNA. (A) Molecular structures of trans
and cis conformations and definitions of the dihedral angles d,—d, of the ligand 4 (see also Tables 522 and 524). (B) Molecular orbitals that make
major contributions to the lowest three singlet electronic transitions (S1—S3) of the ligand 4 (see also Table 523). (C) Overlay of '°F spectra of
titrations of either a 100 uM solution of trans-4 (left) or cis-4 (right) with increasing concentrations of target dsRNA in phosphate buffer (10 mM
NaH,PO,/Na,HPO,, 50 mM NaCl, 0.1 mM EDTA, at approximately pH 6.7 in H,0/D,0 9:1 with 5% of DMSO-d,). The spectra are colored

according to 4:target dsRNA ratios indicated in the

panel. (D) Plot of the '°F chemical shift perturbation (CSP) observed for trans-4 (green) and

cis-4 (purple) on target dsRNA (U1 snRNA: AUAC ¥ WUACCUG/E7 §' ss: GGAGUAAGUCU; Y¥': pseudouridine) and trans-4 on ssRNA E7 §'
ss (black) as a function of the RNA concentrations. Mean data points and standard deviations are derived from two independent experiments.

based on RNA-mediated processes’ toward precise light-
inducible delivery of any phenotypic response in living
organisms, which will provide unprecedented opportunities
in gene therapy.

B RESULTS AND DISCUSSION

Design and Photochemical Evaluation. Inspired by the
approval of the oral splicing modifier risdiplam™ (1,
commercialized under the name Evrysdi, Figure 1A) for the
treatment of spinal muscular atrophy (SMA) in 2020, we
envisioned exerting light-controllable manipulation in RNA
splicing to modulate survival motor neuron (SMN) protein
levels, which is the molecular target of SMA. SMA is an
incurable neuromuscular disease where the C-to-U transition
on exon 7 of the gene SMN2 causes exon skipping and,
consequently, an aberrant variant.”’ Less than 10 years ago,
different laboratories reported small molecules capable of
specifically including 7 exon and restorin ng the healthy levels of
SMN. In particular, the derivatives 2°° and 3°” called our
attention (Figure 1A). Thus, the exchange of the fused bicyclic
scaffolds by a fluorobenzamide group minimized toxic side
effects while retaining potency. Importantly, the fluorine atom
locks the quasi planar active conformation via an intra-
molecular hydrogen bond. The fact that the planarity is
essential for the activity suggests a plausible foundation for

achieving azobenzene-induced RNA splicing. Generally speak-
ing, ortho-fluorine functionalization of azobenzene retains the
difference in planarity between isomers while it surpasses the
photochemical properties of classical azobenzenes.*’ Further-
more, amide bonds are well suited to :r_oologization.41 Taking
all together, we designed the azobenzene derivative 4, which
contains the presumable photoswitching 2,6-difluorophenyl-
diazenyl group. This molecule can be straightforwardly
synthesized in two steps, ie., the classical Baeyer—Mills
reaction between 2-methyl-6-amino-benzoxazole and 4-
bromo-2,6-difluoro-nitrosobenzene followed by a Suzuki—
Miyaura coupling of the azo-derivative with the corresponding
boronic acid pinacol ester for functionalization.

Once the compound was synthesized, we evaluated its
photochemical performance. As in the classical unsubstituted
azobenzenes,”” the trans-isomer is the thermodynamically most
stable. The maximum amount of the frans-isomer (>99%) was
directly obtained with a freshly prepared sample in the dark
(Figures 1D,E and S14), whose UV—vis spectrum displayed
the characteristic high-energy band assigned to the 7 — 7*
transition, with 4,,,, = 349 nm (Figure 1F). The wavelength
dependency of the photostationary ratios was investigated in
detail (Table S13 and Figure S9). Notably, irradiation at 36S
nm surpassed the cis:trans ratio of classical azobenzenes,
reaching 90%, or more, of the cis-isomer in phosphate buffer
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pH 6.7 or pH 7.4, according to NMR (Figure 1D) and HPLC
(Figure S14) measurements at the photostationary state (PSS),
respectively. While the NMR buffer refroduced the one used
with pseudouridine-containing dsRNA,** the latter one mimics
physiological conditions in an attempt to have transferable
results for possible biological experiments. The cis-to-trans
backswitching was less efficient, reaching approximately 55% at
520 nm (58% at 455 nm) of the trans-isomer in a 1:1 mixture
of ultrapure H,0/MeCN (Figure S9). However, both its half-
life and photoswitching reversibility were excellent; that is,
minimal isomerization changes were detected by NMR (Figure
S13) as well as HPLC (Figure S14). Rapid photoswitching was
monitored up to 20 cycles without signs of degradation (Figure
1G). Furthermore, the cis-isomer was stable to thermal
relaxation: 74% of the cis-isomer in phosphate buffer (pH
6.7) after 2 days and 77% after 24 h (pH 7.4) (Figures S13 and
S14).

After the demonstration of the switching properties of 4, we
performed quantum chemical calculations (Tables $22—524)
to explore photoinduced molecular changes by simulating
molecular structures of frans- and cis-isomers. The molecular
geometry of the ligand 4 is described by the dihedral angle
(Figure 2A) d, (C1=C2—C3=C4) that determines orienta-
tion of the N-methyl-tetrahydropyridine with respect to the
difluorophenyl group and d, (C5=C6—N7=N8) that
determines orientation of the difluorophenyl with respect to
the azo group (N7=N8). The dihedral angle d; (C6—N7=
N8—C9) defines cis and trans conformations of the ligand 4.
Finally, the dihedral angle d, (N7=N8—C9=C10) deter-
mines the orientation of the benzoxazole with respect to the
azo group. After the geometry optimization, it was found that
both cis (d3 = —7°) and trans (d; = —179°) conformers of the
ligand 4 have four rotamers that differ in mutual orientations of
the N-methyl-tetrahydropyridine and benzoxazole groups
(Table S22). In both cis and trans conformations, the N-
methyl-tetrahydropyridine and difluorophenyl group are al-
most in plane with each other within 30° based on the values
of the d; dihedral angle. Difluorophenyl and azo groups are out

of plane by up to 23° (dihedral d,), and benzoxazole and azo
groups are out of plane only by 3° (dihedral d,) in the trans
conformation of the ligand 4. Thus, one can conclude the
overall planarity of the frans conformation. On the contrary,
the cis conformation is substantially nonplanar (Figure 2A,
Table S24). Additionally, benzoxazole is out of plane with
respect to the azo group by 47—54° (dihedral d,). The
thermochemical calculations show that in the electronic
ground state the planar trans conformation is more stable by
8 kcal/mol as compared to the nonplanar cis conformation for
all considered rotamers (Table S$22). Therefore, our
calculations suggested that the twisted cis-isomer is likely not
present in the equilibrium mixture, whereas a more stable
trans-analogue is dominating in the equilibrium mixture. The
trans-isomer is also more likely to interact with RNA due to its
nearly planar geometry.

Mechanisms of photoisomerization of azobenzene and its
derivatives were a subject of numerous studies.™>' It was
previously shown that the trans — cis photoisomerization upon
UV irradiation proceeds via torsional, inversion photo-
isomerization pathways or their combinations and is depend-
ent on the wavelength of the radiation.*’ In the present study,
the irradiation with UV light (365 nm) is likely leading to the
excitation of the trans-isomer to the S, excited state. Our
calculations (Table S$23) suggest that the S, state corresponds
to the # - 7* HOMO—-LUMO transition (Figure 2B) with
the vertical excitation energy 335 nm (which is close to that
experimentally measured). The absorption of UV light is also
likely leading to the excitation of the S, state due to large
oscillator strength (1.5) of the Sy — S, transition as compared
to other considered transitions. Then, the S, relaxes to a lower
lying S, n — #* state and subsequently decays through the S,/
S, conical intersection®” to the ground state S,. The decay to
the ground state occurs along the d; dihedral angle rotation
(torsional pathway) close to ~90.0°.**”°" The high yield
(929%) of the cis form in this process suggests that this torsional
pathway is dominating over the in-plane inversion pathways
that usually produce lower yields of the cis form.”* In our



study, the cis — trans back isomerization upon irradiation at
520 nm green light resulted in only 55% of the trans-isomer
formed. The photochemical mechanism of this back isomer-
ization is not completely clear. It is possible that initial
excitation of the §; n — 7* state (at 433 nm calculated and
430 nm experimentally measured) of the cis form with a
subsequent torsional 1somenzat10n and potential decay via S,/
S, conical intersection.”””” Thus, we speculate that in both
cases of the trans — cis and back isomerization there is an
apparent difference from the isomerization mechanism of
azobenzene,” which is likely due to partial or complete
unavailability of the inversion pathway in the ligand 4.
Light-Dependent RNA Binding. Mechanistic studies for
the parental compounds demonstrated two separated binding
sites (1 and 2) in exon 7 of the SMN2 pre-mRNA.*” Thus, one
of the modes of action involves dsRNA recognition (binding
site 1).”"7°° Here, exon 7 inclusion is achieved by the
stabilization of the double-stranded (ds)RNA formed by the §'
splice site (SS) of the SMN2 exon 7, and the Ul snRNA,
together with induced conformational changes upon binding,
was suggested.”* ** Of note, the terminal stem- -loop 2 (TLS2)
sequesters the 5'SS of exon 7 in SMN2.”” Using the same
binding target (Figure 2C) we investigated if our photo-
switchable molecules retain the parental binding capacities and
if the azologization provides RNA interaction in a light-
controlled manner. We monitored the direct binding of both
isomers to the RNA duplex using '’F NMR spectroscopy. The
stepwise addition of the target dsRNA to the trans-4 displaced
its '"F signal to downfield shift, which corroborated the
interaction and enabled the determination of its affinity (Ky =
65 + 8 uM). Importantly, under the same conditions, the '°F
signal of the cis-isomer was imperturbable, and, consequently,
no binding to dsRNA was detectable. As expected from the
precedents of the risdiplam derivatives, dsSRNA was necessary
for recognition that involves the binding site 1 (Figure 2D).
Next, molecular docking and molecular dynamic (MD)
simulations were used to shed light on the binding of 4 to
the dsRNA (Figure 3) Molecular docking calculations with the
previously published structure of the dsRNA:SMN-CS
complex (PDB ID: 6HMO)** were utilized for initial
predictions of the binding modes of 4. Further refinement of
the predicted binding modes, together with assessment of
dynamics of the dsRNA:4 complexes, was performed by the
means of MD simulations. Root mean square deviation
(RMSD) analysis of obtained trajectories for apo dsRNA,
dsRNA:SMN-CS, and dsRNA:trans-4 indicated well stabilized
systems during the course of simulation (Figure S40), while
visual analysis of dsRNA:SMN-C5 and dsRNA:trans-4
trajectories indicated resemblance of the trans-4 predicted
binding mode to the binding mode of SMN-CS$ (5) (Figure 3).
The positively charged tetrahydropyridyl group of trans-4
displayed the same electrostatic interactions with the
phosphate group of Cg as the positively charged pyperazine
group in SMN-CS (5) (Figure 3). However, the absence of the
pyridopyrimidinone core in our photoswitchable ligand
prevented the H-bond between the carbonyl oxygen of
SMN-CS (5) and the bulged adenine at the exon—intron
junction (A_,), which were considered key for the proposed
SMN-CS$ binding mechanism. Instead of hydrogen bonding,
the benzoxazole moiety of trans-4 achieved numerous 7—7
stacking interactions with A_,, G_,, and G, at the exon—intron
junction (Figure 3). Principal component analysis (PCA)
showed a conformational difference between the apo dsRNA

and studied holo systems, while suggesting the similar
conformational behavior of dsRNA:SMN-C5 and dsRNA:-
trans-4 systems (Figure S41). Analysis of conformational
differences between apo and holo structures indicated
particular changes in the G_; G_,, A_,/G,,, Uy, and C,
segment of dsRNA, which was in accordance with the
literature data (Figure S41).** This was further corroborated
by H-bond analysis of dsRNA, which indicated an increased
number of H-bonds in of the G_;, G_,, A_,/G,;, Uy, G
segment upon SMN-CS and frans-4 binding (Figures S43—
$45).

The binding site 2 belongs to the exonic splicing enhancer
(ESE) 2.°° This single-stranded (ss)RNA sequence is a purine-
rich one located approximately 24 nucleotides upstream of the
5§’ §S. Previous fluorescence polarization (FP) measurements
of the compound SMN-C2 (6) in magnesium-containing
HEPES buffer indicated preference for the synthetic ssRNA
that contains the putative sequence 5'-AGGAAG-3' (K, = 24.3
+ 2.31 uM for ssRNAgg, s, Figure $37).% By competitive FP
experiments, we demonstrated that our trans-4 can efficiently
displace the coumarin derivative 6 with an apparent K; of 8.24
+ 0.73 uM, while the cis-4 cannot (Figure 4). As reported for

== PSSat 520 nm K = 8.24+0.73 pM
—a PSSat 365 nm K = ~645uM
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Figure 4. Competitive fluorescence polarization assays. Left:
Schematic representation of the experiment. Right: Dose—response
curve of 4 at different photostationary states in the presence of 200
nM SMN-C2 (6) and 25 M ssRNA binding site 2A (ssRNAgs4): 3'-
AGAAGGAAGGUGCUC-5' in 100 mM HEPES, 300 mM NaCl, 8
mM MgCl,, pH = 7.4. Mean data points and standard deviation are
derived from three independent experiments.

SMN-C2 (6),” our compound could also bind to the 5'SS
exon with a similar sequence (5-AAGGAG-3') to the target
one, i.e., ssSRNAgg, (Table S21). Once again, the interaction
depended on the PSS (Figure S38). Of note, the FP
polarization procedure did not affect the photoisomerization
ratio (Figure S39).

Taken all together, we propose that our light-controllable
RNA binder 4 shares the dual recognition mode of risdiplam.
On the one hand, both NMR and calculations suggest that
stabilization of the bulged adenine A_, occurs upon binding of
the trans-4. Notably, all our attempts to simulate the cis-4
bound to the target dsRNA failed in the determination of a
stable binding pose, identifying this isomer of 4 as a weak
binder (Figure S42). Consequently, these results are in
concordance with our NMR experiments. On the other
hand, competitive FP experiments showed a direct binding
to the GA-rich sequence of the ESE. Although we used two
different techniques to determine the affinity, ie, FP and
NMR chemical shift assays, the obtained K values for trans-4
are generally consistent with the reported values for SMN
splicing modifiers. In particular, Campagne et al.’* determined
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Figure 5. Light-dependent exon inclusion experiments. (A) Schematic representation of the transfected SMN2 reporter construct in HEK293T
cells and mechanism of action of 4. The firefly luciferase gene is highlighted in yellow (B) Dose—response curve of 4 at different photostationary
(PSS) states in HEK293T cells and SMN-C2 (6). The luciferase assay was performed 6 h after incubation of the corresponding PSS of 4 and SMN-
C2 (6). Mean data points and standard deviations are derived from three independent experiments; ****p < 0.0001, **p < 0.01, n = 3.
Concentration-dependence data were fitted to a Hill equation. (C) HTRF analysis of SMN protein in GM03813 primary patient fibroblasts after 48
h of treatment with different concentrations of frans-4 (green) and cis-4 (purple). Mean data points and standard deviations are derived from three
independent experiments; *p < 0.05, **p < 0.01, ns = nonstatistically significant, n = 3. (D) RT-qPCR quantification of relative SMNA7 mRNA
expression levels in SMA type I patient fibroblasts (GM03813) after 6 h of incubation with the corresponding PSS of 4 at different concentrations
and standardized to the endogenous GAPDH control. Mean data points and standard deviations are derived from three independent experiments;
**p < 0.01, n = 3. Concentration-dependence data were fitted to a Hill equation. (E) Effect of in sifu photoisomerization of 4 after 6 h of incubation
in GM03813, including in situ irradiation (60 s at 365 nm for the PSS at 520 nm and 180 s at 525 nm for the PSS at 365 nm) in the middle of
incubation (3 h) on SMNA?7 transcript levels by RT-qPCR analysis at 111 and 37 nM. Mean data points and standard deviations are derived from
three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, ns = nonstatistically significant, n = 3. CMV: human cytomegalovirus
promotor; bp: base pair.

the affinity of SMN-CS (5) to the same dsRNA (binding site While the equimolar presence of the target ssRNA hardly

1) as K4 = 28 uM by '"F NMR chemical shift assays. SPR
assays with an ssRNA containing the binding site 2 (§'-
AAGAAGGAAGGUGC-3') showed a value of 8.0 uM,
according to Tang et al.”> Other splicing modifiers such as
SMN-CX and SMN-CY displayed K, values of 74 and 60 uM,
respectively, to the dsRNA binding site 1 by NMR chemical
shift assays.”® As mention before, the coumarin derivative
SMN-C2 (6) showed K; values of 24 uM to the ssRNA
binding site 2°° and 60 uM to the dsRNA binding site 1.°*
Finally, other coumarin analogues presented affinities from
18.5 uM up to >100 M in the presence of an ssRNA, which
contains one single mismatch in the binding site 2 (5'-
AAAAGAAGGAGGGTGCTC-3').%* Therefore, our data are
in agreement with the literature and indicated a stronger
interaction for the binding site 2 than 1.

Environment can affect photoisomerization.éo Consequently,
once the RNA binding was confirmed, we performed in vitro
photoswitching experiments in the presence of the ssRNAgg, .

affected both photoisomerization ratios (Figures S14 and S15)
and the thermal lifetime for cis-4 (Figures S14 and S15), the
quantum yields clearly decreased upon RNA addition
(Pranc—cis = 0425 + 0.014 without RNA versus 0.205 +
0.007 with RNA; @, . = 0319 + 0.015 without RNA
versus 0.142 + 0.007 with RNA). Along these lines,
photoisomerization rate is slower with RNA. Thus, in the
absence of RNA 40 and 20 s are enough for reaching the PSS
either at 365 nm or at 520 nm, respectively. However, in the
presence of RNA the same time is necessary with less than half
of the concentration (Figures S10 and S11).

Luciferase Reporter Assays and RT-qPCR in Primary
Fibroblasts Reveal SMN2 Exon 7 Inclusion. The direct
RNA interaction of trans-4 and the in vitro differences in the
RNA binding capacities between isomers encouraged the
assessment of SMN2 exon 7 inclusion activity in a cellular
setting. Toward this end, we established a luciferase reporter
gene-based assay in HEK293T cells (Figure 5A). In our design
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three independent measurements with corresponding standard deviations. (B) Effect of reversible photoisomerization of 4 after 6 h of incubation
with in situ irradiation (60 s at 365 nm for the PSS at 520 nm and 180 s at 525 nm for the PSS at 365 nm) in the middle of incubation (3 h) on FL-
SMN transcript levels in HEK293T-SMN2-NLucP cells determined by RT-qPCR analysis. Mean data points and standard deviations are derived
from three independent experiments; **p < 0.01, nonstatistically significant n = 3.

the reporter is only in-frame when exon 7 is included because
of a described single-point mutation.®’ Thus, we constructed
an SMN2 minigene (SMN2-Luc) comprised of the exon
sequences: 6 to 8 fused to the red firefly luciferase one at the 3’
end of the exon 8 reading frame. Depending on the behavior of
the exon 7 during splicing, two mRNA isoforms can be
generated (Figure SA): (1) the exon 7-skipped transcript
(SMNA7) when exon 6 is spliced onto exon 8 with the out-of-
frame luciferase gene and (2) the full-length transcript (FL-
SMN) when exon 7 is included. Translation of the latter
transcript (FL-SMN) provides the luciferase fusion protein,
whose activity is, therefore, proportional to the exon 7
inclusion activity. The treatment of the stable transfected
SMN2-Luc HEK293T cells with 4 led to a luminescence
increase in a dose—response fashion (Figure SB), despite its
moderate RNA affinity. Indeed, it is also possible that our
molecule 4 impacts RNA:protein interactions as it was
described for SMN-C2 (6) and hnRNP G/FUBP1/
KHSRP,*® or even different ones. However, these further
mechanistic studies to elucidate the complete mode of action
of our photoswitchable splicing modifier are beyond the scope
this work. Importantly, the protein increase was significantly
(***, p < 0.001) higher for the trans-4 without affecting the
cell viability (Figure S19). These observations are in
concordance with the in vitro experiments as well as the
calculations. Comparing SMN2 induction of trans-4 to other
splicing modifiers such as SMN-C2 (6) (Figure 5B) and the
commercially available branaplam (7, also known as NVS-SM1
and LMI070; Figure $24)°* and risdiplam (1, Figure $24),%
the protein increase is higher for those compounds with a dual
recognition mode of action, i.e., risdiplam (1), SMN-C2 (6),
and trans-4. Except for risdiplam (1), our trans-4 caused the
highest protein increment among the tested compounds whose
ECy, of 899 + 87 nM is comparable to the one for SMN-C2
(6) (Figure SB and Table S15).

To ensure that the observed signal comes from the 4-
mediated exon 7 inclusion, we conducted homogeneous time-
resolved fluorescence (HTRF)G“ and quantified mRNA
transcript levels by quantitative reverse transcription polymer-
ase chain reaction (RT-qPCR) in a primary SMA-patient

fibroblast cell line (GM03813). These primary fibroblasts carry
no functional SMN1 gene and only two copies of the SMN2
gene derived from patients who suffered the most severe case
of SMA (SMA type I); consequently, they are an excellent
proof to test if our molecule is able to alter alternative splicing
levels and protein translation in a disease-relevant phenotype.
Our compound induced an increase of SMN protein levels in
primary fibroblast cells in a dose-dependent manner (Figure
5C). Of note, differences between isomers were observed, and
trans-4 was, once again, the isomer that generated the highest
amount of SMN.

Regarding mRNA, gratifyingly, SMNA7 levels decreased
while FL-SMN ones concomitantly increased with increment-
ing amounts of 4. Importantly, we detected distinct differences
in the transcript quantification of both mRNA (Figures SD and
S31) depending on the isomer; trans-4 was the most potent
splicing modulator. As expected,”® isomer-dependent differ-
ences were more significant for the relative decrease of
SMNA7 (Figure SD versus Figure S31). In particular, while
trans-4 achieved a 75% decrease in SMNA7 relative expression
at 111 nM in comparison with nontreated cells using the
housekeeping gene GAPDH as reference, the cis analogue
reached only 40% (Figure 5D).

Having a photoswitchable splicing modulator enables
reversible control of mRNA levels. For this purpose, once
the 4 isomers reached the corresponding PSS, these solutions
were added to the fibroblasts (Figure SE) followed by a brief in
situ photoisomerization step, which means 60 s at 365 nm for
the PSS at 520 nm and 180 s at 525 nm for the PSS at 365 nm
in the middle point (3 h) of the total incubation (6 h).
According to our in vitro experiments, we expected that this in
situ irradiation is enough to change the PSSs (Figures S10 and
S11) without hardly affecting cell viability (Figures SE and
S21). Importantly, a clear switching of the amount of mRNA
was detected (Figures SE and S31) as a consequence of 4
treatment.

Conditional Real-Time Temporal Control at both
mRNA and Protein Levels. After demonstrating light-
switching exon-inclusion activity at the mRNA level, we tested
the applicability of our system in a scenario suitable for live-cell



kinetics (Figure 6). Thus, we designed an analogous reporter-
gene assay where the red firefly luciferase was exchanged by the
engineered NanoLuc luciferase® appended to a human protein
degradation signal PEST (NLucP).%® The inclusion of the
PEST sequence should facilitate enzyme destabilization®” and,
therefore, shorten its half-life. First, we validated the activity of
the assays with the addition of the commercial branaplam (7),
which demonstrated clear inducibility upon branaplam
addition in both cases (Figures $29 and S30). Besides, in
these comparative experiments the new version, NLucP,
increased the rate of destabilization of the reported protein
(half-life time: ~7 h for the firefly luciferase versus ~2 h for the
NanoLuc one (Figures $29 and S$30)) under conditions of
translation arrest with cycloheximide. In contrast, without the
cycloheximide pretreatment no signal decrease was detected
for at least 14 h. Next, we investigated if our compounds could
offer temporal resolution in both transcription and translation.
We monitored the time-course of the exon inclusion at
different concentrations of our isomers measuring the
intracellular luminescence derived from the NLucP enzyme.
After 5 h of stimulation with trans-4, a persistent luminescence
increased over at least 16 h, while the cis-4-induced signal was
always lower (Figures 6A and $26). This kinetic behavior was
consistent in all concentration—response measurements
(Figure S27), having the largest induced increase at 313 nM
of 4-trans (Figure 6A). To ascertain whether the here-observed
induction of luminescence reflects mRNA transcriptional
activity, we farther conducted RT-qPCR experiments. These
confirmed higher levels of the FL-SMN transcript in the
presence of the trans-isomer (Figure 6B). Importantly, in sifu
irradiation enabled activity switching of 4 depending on PSSs.
A significant switch of the expression level of FL-SMN mRNA
in HEK293T cells was observed. These results are consistent
with the ones on primary cells.

B CONCLUSIONS

Light-responsive molecular technologies for RNA control
remain in their infancy. Along these lines, photoswitches are
mainly used in the context of protein function. Inspired by the
drug risdiplam, here we introduce the first small molecule
capable of achieving reversible photocontrol of RNA splicing
to our knowledge. Our photoswitchable splicing modifier
represents a useful tool for the control of both transcription
and translation with high temporal resolution, even in the
authentic scenario of primary patient cells. Cellular changes
with temporal resolution were demonstrated too. With our
proof-of-concept work in place, our toolkit could be easily
implementable to other systems and become a universal switch
element for fine-tuned gene regulation in a straightforward and
quantitative fashion. In fact, conditional control of splicing is
key for innovative therapeutic intervention,"*®” and further
applications based on our approach are expected. Con-
sequently, we believe that our results open a new wave in
the field of RNA chemistry, where the emergence of small
molecules as efficient RNA binders, together with techno-
logical advances, will enable us to exploit uncharted territories
in the field of chemistry and photopharmacology.
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