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Abstract

Splicing defects represent a significant class of human genetic disorders, yet strategies to directly
correct aberrant splice-site recognition remain limited. The small nuclear RNA U1 plays a critical role
in pre-messenger RNA splicing by base-pairing with the conserved 5’ splice-site ‘GU’ dinucleotide.
Disruption of this interaction can lead to abnormal splicing or frameshift mutations, contributing to
disease pathology. Extracellular vesicles (EVs) can transport small, essential molecules to a cell for
therapeutic applications. Thus, EVs were transfected with a Ul small nuclear RNA expression
construct, resulting in approximately 120 nm diameter vesicles whose identity and purity were
confirmed by the expression of several exosomal markers. When applied to HeLa cells expressing a
[-globin minigene bearing a B-thalassaemia-like 5 splice-site mutation, Ul-enriched EVs corrected
up to sixty percent of normal exon-intron junction recognition in a dose-dependent manner.
Recovery was abolished by heat or RNase treatment, confirming that intact vesicular RNA cargo was
essential for activity. These findings provide the first demonstration that EVs can transport
spliceosomal small nuclear RNAs capable of reconstituting splice-site recognition in recipient cells
and introduce a new class of RNA-based therapeutics that exploit the natural cargo-shuttling capacity
of EVs to correct splicing defects associated with genetic disease.

Keywords: extracellular vesicles; Ul snRNA; RNA splicing; -globin; splice-site mutation; RNA
therapeutics; 3-thalassaemia

1. Introduction

Precise and efficient pre-messenger RNA (pre-mRNA) splicing is essential for eukaryotic gene
expression, ensuring that introns are accurately excised and exons correctly joined to form mature
mRNA (Pan et al,, 2008; Sakharkar et al., 2004). This process is catalysed by the spliceosome, a
dynamic ribonucleoprotein complex composed of five small nuclear ribonucleoproteins (snRNPs);
U1, U2, U4, U5 and U6, together with more than 300 auxiliary splicing factors (Pokorna et al., 2025;
Zhang et al., 2017). The spliceosome, its role in alternative splicing and human disease have been
under investigation since the 1900’s and are covered frequently in recent reviews (Deutsch et al., 2025;
Pasteris et al., 2025; Soares et al., 2025). It has long been understood that among the snRNPs, U1 plays
a pivotal role in the early stages of spliceosome assembly by recognising and base-pairing at the exon—
intron boundary via the conserved ‘GU’ 5’ splice-site motif (Furlong, 2018; Lerner et al., 1980). This
recognition event defines the correct site for intron removal and is critical for maintaining the
integrity of coding sequences.

Mutations that disrupt canonical ‘GU’ splice-site motifs or interfere with the Ul snRNA-5'
splice-site interaction are a major cause of inherited human diseases. More than 15% of all disease-
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associated mutations are predicted to affect RNA splicing, often resulting in exon skipping, intron
retention or the generation of aberrant transcripts (Krawczak et al.,, 1992, 2007). Notably, single-
nucleotide substitutions within the 5’ splice-site of the 3-globin gene (HBB) pre-mRNA can impair or
abolish Ul snRNP binding, which leads to abnormal pre-mRNA processing and a deficiency of
functional 3-globin chains, the hallmark of (3-thalassaemia (Treisman et al., 1983). Therapies for this
dysfunctional splice sites in (3-thalassaemia are still being developed recently (Lu et al., 2024), so there
is still a gap in knowledge to find the optimal therapeutic method. Similar defective splice-site
recognition mutations also contribute to the pathogenesis of diverse diseases (Scotti & Swanson, 2016)
including neurodegenerative disorders (Deutsch et al., 2025; Nava et al., 2025; Nik & Bowman, 2019),
muscular dystrophies (Ottesen et al., 2024), and cancers (Bradley & Anczukéw, 2023; Lv et al., 2025;
Urbanski et al.,, 2018). So a novel approach to treating defective 5 splice site recognition could
possibly be applied extensively.

Therapeutic correction of splicing defects has traditionally relied on antisense oligonucleotides
(ASOs) which are designed to modulate splice-site usage or exon inclusion; a topic that has been
widely reviewed (Chen et al., 2024; Havens & Hastings, 2016; Lv et al., 2025; Wai et al., 2024). Some
ASO-based therapies have proven clinically successful, such as nusinersen for spinal muscular
atrophy (Cebulla et al., 2025; Finkel et al.,, 2017), and there remains much hope for future ASO
theraputics (Wijnant et al., 2025). However, issues remain, including dosage accuracy, toxicity
(Sabrina Haque et al., 2024), and targeted cellular uptake (Gagliardi & Ashizawa, 2021; Raguraman
et al,, 2021). Therefore, an optimised delivery mechanism is essential to mitigate most of these
problems (Hammond et al., 2021; Lauffer et al., 2024). Furthermore, ASOs act by steric hindrance,
correcting downstream splicing outcomes but do not fix the underlying genetic defect or restore the
natural spliceosome-mediated recognition of splice-sites, hence they treat the symptoms but not the
cause so require continuous dosing (Havens & Hastings, 2016; Lauffer et al., 2024; Qiu et al., 2022). In
contrast, direct delivery of functional snRNAs offers the potential to reinstate normal splice-site
pairing, thereby achieving a more physiological repair of pre-mRNA processing (Hatch et al., 2022;
Zhuang & Weiner, 1986). In fact, engineered Ul snRNAs have already shown promise in preclinical
settings for various diseases (Breuel et al., 2019; Fernandez Alanis et al., 2012; Peruzzo et al., 2025;
Sonmezler et al., 2024); although, delivery remains technically challenging as snRNAs must reach the
nucleus and integrate with the complex endogenous snRNP machinery (Gongalves et al., 2023)

Many of these past Ul-based therapeutic strategies have applied lentiviral vectors (Breuel et al.,
2019; Gongalves et al., 2023; Schmid et al., 2011), which have been constantly improved through recent
years but still must be specifically engineered and produced for transduction efficiency and
specificity and run the risk of oncogenicity (due to off-target effects), toxicity, and immunogenicity
(due to viral origin) (Dong & Kantor, 2021; Hammond et al., 2021; Milone & O’Doherty, 2018). On the
other hand, extracellular vesicles (EVs) have emerged as promising vectors for RNA delivery owing
to their endogenous origin, stability in biological fluids, and intrinsic capacity to transfer functional
nucleic acids (mRNAs, microRNAs and long non-coding RNAs) between cells (Kalluri & LeBleu,
2020; Théry et al., 2018; Valadi et al., 2007). EVs encompass a heterogeneous population of membrane-
bound vesicles, including exosomes (30-150 nm) and microvesicles (100-1000 nm), which are
released through distinct biogenesis pathways (El Andaloussi et al., 2013; Théry et al., 2018).
Membrane proteins that contribute to vesicle formation and cargo selection are enriched in exosomes;
like the endosomal sorting complex protein TSG101 and Tetraspanins including CD9, CD63, and
CD81 (Andreu & Yanez-Mo, 2014; Théry et al., 2018). Their natural capacity for targeted intracellular
delivery has stimulated interest in exploiting EV's as therapeutic carriers for RNA-based interventions
(El Andaloussi et al., 2013; Goo et al., 2024; Kalluri & LeBleu, 2020; Liang et al., 2025). Indeed, recent
studies have demonstrated that EVs have potential to transfer functional RNA species capable of
modulating gene expression, regulating translation, and altering cellular phenotypes (Alqurashi et
al.,, 2023; Liang et al., 2025). They are typically less efficient than lentiviral vectors as their cargo is
often episomal rather than integrating into the genome; but are safer, with less oncogenicity and
immunogenicity (Di Ianni et al., 2025; Van Delen et al., 2024). Despite the benefits of EVs as delivery
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vectors and U1l snRNA for splicing restoration, the use of EVs to deliver spliceosomal components
such as U1l snRNA has not been previously reported.

The Ul snRNA has a relatively small, stable, and well-defined structure, making it an ideal
candidate for encapsulation and intercellular delivery (Gongalves et al., 2023; Kondo et al., 2015).
Hence, we investigated whether engineered EVs can carry Ul snRNA to recipient cells for
intracellular uptake and reassembly into fully functional snRNP complexes in vitro in order to rescue
defective 5’ splice site recognition in target pre-mRNA substrates. EVs were isolated from HEK293T
donor cells, transfected with a Ul snRNA expression plasmid, then characterised by both
nanoparticle tracking analysis (NTA) and canonical marker-based Western blotting. EVs were then
applied to HeLa cells that mimic {3-thalassaemia disease as they expressed a {3-globin minigene
harbouring a -thalassaemia-like 5" splice-site mutation. Measuring the stability, dose-dependence,
and RNA dependency of the observed effect revealed for the first time, that EV-delivered Ul snRNA
can reconstitute splice-site recognition and partially rescue normal (3-globin pre-mRNA processing
in recipient cells.

We introduce a new framework for using EVs as natural carriers for splicecosomal RNAs, thereby
expanding the scope of possibility for RNA-based therapeutics to include the direct restoration of
pre-mRNA splicing fidelity. Beyond its proof-of-concept nature, this approach holds potential for
future treatments including a broad range of genetic disorders arising from splice-site mutations and
sets the stage for future development of EV-mediated snRNA delivery platforms.

2. Materials and Methods
2.1. Cell Culture

HEK293T and HelLa cells were obtained from authenticated laboratory stocks and routinely
confirmed to be mycoplasma-free. Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, Thermo Fisher Scientific) supplemented with 10% foetal bovine serum (FBS; Sigma-
Aldrich), 100 U/mL penicillin, and 100 pg/mL streptomycin. To prevent contamination of
extracellular vesicle (EV) preparations with bovine-derived vesicles, FBS was pre-depleted of EVs by
ultracentrifugation at 100,000 x g for 16 h at 4 °C using a Beckman Coulter Type 45 Ti rotor. All cell
cultures were maintained at 37 °C in a humidified incubator with 5% CO; and passaged using 0.05%
trypsin—-EDTA at 70-80% confluence. Experiments were conducted using cells at passages below 20
to ensure phenotypic stability.

2.2. Construction of p-Globin Minigene Reporters

Human 3-globin minigenes encompassing exons 1-3 and their intervening introns (~2.2 kb) were
amplified from human genomic DNA and cloned into the pcDNA3.1(+) vector downstream of the
CMV promoter using standard restriction-ligation cloning. The (3-thalassaemia-like mutant construct
was generated by introducing a G—A substitution at the +1 position of intron 2, disrupting the
canonical 5’ splice-site ‘GU’ dinucleotide. Mutations were introduced using the QuikChange II Site-
Directed Mutagenesis Kit (Agilent Technologies) and confirmed by Sanger sequencing. Plasmids
were propagated in DH5a E. coli and purified using the EndoFree Plasmid Maxi Kit (Qiagen)
according to the manufacturer’s instructions.

2.3. U1 snRNA Expression Construct

A human U1 snRNA transcriptional cassette, including its native promoter, coding region, and
3' regulatory elements, was synthesised (Integrated DNA Technologies) and cloned into pcDNA3.1.
The construct was designed to preserve the endogenous Ul secondary structure required for
spliceosomal assembly. An empty pcDNA3.1 vector served as a negative control. Transient
transfections into HEK293T cells were performed using Lipofectamine 3000 (Thermo Fisher
Scientific) following the manufacturer’s instructions. Cells were used for EV isolation 48 h post-
transfection.
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2.4. Extracellular Vesicle Isolation

EVs were purified using differential ultracentrifugation. Conditioned medium was collected,
centrifuged at 300 x g for 10 min to remove cells, then 2,000 x g for 20 min to remove debris, followed
by centrifugation at 10,000 x g for 30 min to eliminate large vesicles and apoptotic bodies. The
resulting supernatant was filtered through a 0.22 um filter and ultracentrifuged at 100,000 x g for 70
min at 4 °C. Pellets were washed in PBS and ultracentrifuged again at 100,000 x g for 70 min. Final
EV pellets were resuspended in sterile PBS and stored at -80 °C for short-term use. All steps were
performed at 4 °C.

2.5. Nanoparticle Tracking Analysis (NTA)

EV size and concentration were measured using a NanoSight NS300 system (Malvern
Instruments). EV preparations were diluted 1:100-1:500 in PBS to reach optimal particle
concentrations (~1 x 108 particles/mL). For each sample, five 60-second videos were acquired with
identical camera settings across 3 biological replicates. Data were processed using NTA software to
calculate modal diameter and particle concentration, then displayed in Microsoft Excel where T. test
statistics were calculated (Supplementary data). NanoSight NS300 system settings were kept as
similar between readings as possible: 24 °C, 100 shutter, 30 fps, and 80 camera sensitivity
(Supplementary data).

2.6. Western Blot Analysis of EV Markers

Three biological replicates of EVs and their corresponding donor-cell lysates were lysed in RIPA
buffer supplemented with protease inhibitors (Roche). Equal protein amounts were resolved on SDS—
PAGE gels and transferred to PVDF membranes. Membranes were probed with primary antibodies
against CD9, CD63, TSG101 (canonical EV markers) and calnexin (negative control marker for
endoplasmic reticulum contamination). Binding was visualized using secondary antibodies and
enhanced chemiluminescence (ECL; GE Healthcare). Blots were quantified using Image] software,
sample of interest relative to control analysis was calculated and plotted in Microsoft Excel
(Supplementary data).

2.7. RNA Extraction from EVs

EV RNA was extracted using TRIzol LS reagent (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Glycogen (Thermo Fisher Scientific) was used as a carrier to enhance yield.
RNA quantity and purity were assessed via NanoDrop spectrophotometry.

2.8. B-.Globin Minigene Transfection and EV Treatment

HelLa cells were seeded in 12-well plates at 1 x 105 cells per well in three biological replicates.
After 24 h, cells were transfected with 500 ng of wild-type or mutant 3-globin minigene plasmids
using Lipofectamine 3000. Six hours post-transfection, cells were treated with U1-EVs or control EVs.
EVs were added directly to the culture medium without transfection agents. Cells were harvested 48
h after EV addition.

2.9. RT-PCR Splicing Analysis

Total RNA from HeLa cells was isolated using the RNeasy Mini Kit (Qiagen). cDNA synthesis
was performed with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). -
Globin transcripts were amplified using primers located in exon 1 (forward) and exon 3 (reverse).
PCR cycles were optimized to remain within the linear amplification range. Products were resolved
on 2% agarose gels, visualized with ethidium bromide. Spliced and unspliced bands were gel-excised
and sequenced for verification.
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2.10. Quantitative RT-PCR

Isoform-specific qPCR assays were designed to detect either the correctly spliced transcript or
the intron-retaining species. Reactions were performed with Power SYBR Green Master Mix (Applied
Biosystems) on a QuantStudio 5 real-time PCR system. Spliced U1 gene expression was normalized
to GAPDH or U6 snRNA and then Ul-containing EVs were shown relative to empty EVs. Fold
changes were calculated using the 2"AACt method in Microsoft Excel (Supplementary data). All
reactions were performed in triplicate.

2.11. Statistical Analysis

All experiments included at least two biological replicates. Data are presented as mean or
median + standard deviation (SD). Statistical analyses were performed using Microsoft Excel. One or
two-tailed Welch’s t-tests were used for significance comparisons. p-values < 0.05 were considered
statistically significant.2. Materials and Methods

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies that require ethical
approval, must list the authority that provided approval and the corresponding ethical approval
code.

3. Results
3.1. Characterisation of Ul-Enriched Extracellular Vesicles

To assess whether EVs can serve as carriers for small nuclear RNA delivery, HEK293T cells were
transfected with a U1 snRNA expression construct or an empty vector as a control. Cells were grown
and EVs were isolated from the conditioned medium by sequential centrifugation followed by
filtration and ultracentrifugation at 100,000 xg (Figure 1A). Nanoparticle tracking analysis (NTA)
revealed a size distribution centred around 120 nm with a span of approximately 0.8 for all
measurements, consistent with the expected exosomal range, suggesting consistent preparation
quality and particle heterogeneity during EV extractions (Figure 1B, Supplementary data). There was
no significant difference in the size of U1 vs U2 containing EVs (p=0.56), or any substantial difference
from the empty control (Figure 1C). The total particle yield for Ul-containing EVs averaged 5.6 x 1012
particles per millilitre of culture supernatant, again with no significant difference between U1 or U2
control-transfected samples (p=0.63) (Figure 1D). Additionally, there were more total particles in the
empty control EV sample, but more particles at the peak diameters for Ul and U2-containing EVs,
suggesting slightly smaller but suitable and very consistent yields of snRNA-containing EVs (Figure
1E).
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Figure 1. EV isolation and classification by nanoparticle tracking analysis (NTA). A) Schematic representation
of the NTA analysis method. A native human Ul snRNP expression cassette was cloned into the pcDNA3.1
plasmid (top left). This plasmid was transfected into HEK293T cells which were grown in OptiMEM (middle
left). Cells were collected by differential centrifugation (middle right). The supernatant was filtered through and
ultracentrifuged to pellet EVs (middle bottom). Pellets were washed and resuspended in PBS for size and
concentration was measured with a NanoSight NS300 system. B) Size distribution analysis comparing U1 (light
grey) and, U2 (dark grey) snRNA-containing EVs to empty control EVs (red). Error bars represent standard
deviation between 2 biological replicates (n=2). C-E) Median diameter and average overall or peak size yields of
isolated control EVs (white), Ul-containing EVs (light grey) and U2-containing EVs (dark grey). Error bars show
standard deviation between 2-3 biological replicates (n=2-3). Significance values are calculated with a two tailed
Welch's T. test.

Western blot analysis confirmed the presence of canonical exosomal markers CD9, CD63, and
TSG101, while cellular contaminants such as calnexin were undetectable, indicating high purity of
the preparations (Figure 2). Together, these data confirm that Ul-expressing donor cells produce
bona fide exosome-like vesicles suitable for downstream delivery experiments.
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Figure 2. EV validation by Western blot analysis. A+B) EV positive markers displayed in blots in biological
triplicates (n=3) and quantified below in bar graphs with error bars showing the standard deviation. A) TSG101
and Cd9 markers; B) CD63 and CD9. CD63 size is approximate and has two bands due to post-translational
modifications.

3.2. Detection of U1 snRNA Within Isolated EV's

To verify the successful loading of Ul snRNA into EVs, total RNA was extracted from an equal
number of vesicles isolated from control Hek293 cells (transfected with empty pcDNA3.1) or Ul-
overexpression Hek293 cells (transfected with pcDNA3.1 containing the Ul snRNA transcriptional
cassette). Reverse transcription followed by quantitative reverse transcriptase PCR (RT-qPCR) using
Ul-specific primers revealed a significant enrichment of Ul transcripts within EVs from Ul-
overexpressing cells (p=0.009), compared to vector controls (Figure 3A). The relative U1 content was
normalised to small RN A U6, which served as an internal reference.
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Figure 3. Identification and validation of Ul snRNA within EVs isolated from Ul overexpression HEK293
cells. A) RT-qPCR highlights inclusion of Ul snRNA within EVs from control HEK293 cells (white) and EVs
isolated from U1 overexpression cells (grey). Expression is relative to U6 snRNA reference (2*ACt). B) RT-qPCR
displaying Ul snRNA content from Ul overexpression HEK293 cells, relative to U6 snRNA and control cell
isolated EVs (2*-AACt), upon treatment with RNAseA only (grey) or RNAseA with detergent (dark grey). A+B)
Error bars show standard deviation between 3 biological replicates (n=3). Significance is determined by one-
tailed Welch’s T. tests.
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The presence of Ul snRNA within EVs was further validated by RNase protection assay.
Treatment of intact EVs with RNase A did not reduce the detectable U1 signal, whereas detergent-
disrupted vesicles exhibited substantial degradation of Ul RNA (Figure 3B). This indicates that Ul
snRNA is encapsulated within the vesicular lumen rather than externally associated with the vesicle
surface. These findings collectively demonstrate that donor cell overexpression leads to efficient
packaging of U1l snRNA into secreted EVs.

3.3. Restoration of p-Globin Pre-mRNA Splicing by U1-Containing EV's

To determine whether EV-delivered Ul snRNA can restore accurate pre-mRNA splicing, HeLa
cells were transfected with a [3-globin minigene bearing a -thalassaemia-like 5’ splice-site mutation
(G—A substitution at position +1). This mutation disrupts the canonical Ul snRNA binding site,
resulting in aberrant splicing and the appearance of an intron-retained transcript (Figure 4A). Cells
were then treated with increasing concentrations of Ul-enriched EVs for 24 hours. RT-PCR analysis
of B-globin transcripts revealed a significant restoration of the correctly spliced mRNA isoform
dependent on the dose (1e7 (p=0.096), 1e8 (p= 0.015), or 1e9 (p=0.004)); with up to 60% correction at
the highest vesicle dose tested (Figure 4B). That represents 48% more splicing correction than
background observed in cells treated with control empty EVs lacking Ul RNA. Notably, this
correction efficiency correlated with the amount of Ul expression in EV transfected mutant (3-globin
HeLa cells measured by qPCR (Figure 4C). This indicates a direct relationship between vesicular Ul
content and splicing restoration.
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Figure 4. B-thalassemia-like B-globin pre-mRNA splicing can be rescued by Ul-containing EVs. A) Schematic
representation of the splicing mechanism. Top shows a canonical representation of a section of the WT 3-globin
pre-mRNA consisting of a 5" exon in red, an intron to be spliced out in black and a second exon on the 3’ end in
green. Several critical members of the spliceosome are shown including U1 (purple) along with various auxiliary
splicing factors. When the wildtype ‘GU’ dinucleotide is available, U1 base pairs here to initiate splicing (top).
Without this association, in the mutant (3-globin system (bottom), U1 cannot bind, causing intron retention and
dysfunctional (3-globin production. B) Representative RT-PCR displaying expression of spliced and unspliced
B-globin pre-mRNA after transfection with empty EVs (1), or 1077,10"8 or 10"9 EVs containing U1l snRNA (2-4).
Quantifications represent averages across 2 biological replicates (n=2). C) Plot displaying the correlation between
U1 snRNA-containing EV amount and splicing recovery in mutant 3-globin HeLa cells. D) Representative RT-
PCR (top) highlighting the expression of spliced or unspliced (3-globin pre-mRNA isoforms in 3-globin mutant
cells transfected with EVs containing an empty control (1), or Ul snRNAs (2-5). Prior to transfection lane (2/3)
technical replicates were RN Ase treated, while lane 4/5 technical replicates were heat inactivated. Bands were
quantified (bottom) in three biological replicates (n=3) each with two technical replicates. Significance calculated
with one-tailed Welch's T. tests; *P=<0.05, NS p=>0.05, not significant.

To confirm that the observed rescue was mediated by intact RNA cargo, Ul-EVs were pre-
treated with RNase or heat-inactivated before addition to cells. Both RNAse and heat controls
significantly reduced splicing recovery even compared to 1le7 treatment (p=<0.05) and no longer
showed significant differences to the empty EV control with p=0.28 and p=0.12 respectively.
Therefore, the corrective effect was abolished, confirming that functional Ul RNA encapsulated
within EVs is essential for restoring splicing fidelity (Figure 4D).

3.4. Functional Validation and Specificity of U1-Mediated Correction

To assess the specificity of Ul-dependent splicing rescue, EVs enriched in unrelated small RN As
(U2 snRNA or miR-16) were prepared and applied to the mutant (3-globin system. These alternative
RNA-loaded vesicles restored significantly less normal splicing than 1e9 Ul snRNA (p<0.06),
underscoring the specificity of U1 snRNA for 5’ splice-site recognition (Figure 5).

ur Yt
1 kb U2 miR-16 WT 1e9 1e8 Empty Transfected EVs
600 b— ' .
500 b— — i —— waw Unspliced B-globin
400 b— ' .
300 b— Spliced B-globin
1 M @ ©) @ 6 (6)
0.8 | . NS
06 |~

Spliced relative to
unspliced B-globin

04
0.2 I |:|
0 L l—l_l E_I =
Figure 5. Validation of Ul-mediated splicing recovery. RT-PCR expression example (top) and quantification
(bottom) of spliced or unspliced B-globin pre-mRNA isoforms (n=2-3). Transfected EVs contained U2 snRNA
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control (1, light grey), miR-16 control (2, light grey), U1 snRNA (3, black), U1 snRNA at 1e9 or 1e8 concentrations
(4/5, dark grey), or empty EV control (6, white). Each was transfected into mutant (3-globin cells except the lane
(3, black) control where Ul snRNA was transfected into wild-type (WT) B-globin cells. Significance calculated
with one-tailed Welch’s T. tests; *P=<0.05, NS p=>0.05, not significant.

Furthermore, when wild-type [-globin reporter cells were treated with Ul-enriched EVs, there
was no substantial change in the WT splicing pattern or significant difference between the WT and
mutant (3-globin, Ul 1e9 treated cells (p>0.1). This suggests that the treatment does not perturb
normal splicing in unaffected contexts and brings splicing levels closer to WT levels (Figure 5).

Collectively, these results demonstrate that EV-mediated delivery of Ul snRNA specifically
reconstitutes splice-site recognition in defective pre-mRNA and represents a targeted, functional
correction of splicing defects in vitro.

4. Discussion
4.1. EVs as Vehicles for Functional RNA Transfer

Extracellular vesicles have emerged as powerful mediators of intercellular communication,
capable of transferring proteins, lipids and nucleic acids between cells (Goo et al., 2024; Liang et al.,
2025). Numerous studies have described EV-mediated transfer of microRNAs, mRNAs and long non-
coding RNAs that influence gene expression and cellular phenotype. However, the delivery of
spliceosomal small nuclear RNAs has not previously been reported. Our data demonstrates that Ul
snRNA can be selectively incorporated into EVs upon donor cell overexpression and that these
vesicles retain the molecular integrity and activity of the RNA cargo. Importantly, we observed that
Ul-containing EVs maintain the typical size and marker profile of exosomes, indicating that snRNA
loading does not disrupt vesicle biogenesis. This suggests that small nuclear RNAs may follow
similar loading pathways to other small RNAs, possibly involving RNA-binding proteins such as
hnRNPA2B1 (Villarroya-Beltri et al., 2013) or SYNCRIP (Santangelo et al., 2016), which have been
implicated in the selective enrichment of RNA motifs within EVs.

Other viral or non-viral vectors are available for the delivery of small biological molecules to
cells and are commonplace in gene theraputics. The pros and cons of each vector and their recent
developments are extensively reviewed (Geng et al., 2025; Volodina & Smirnikhina, 2025). However
extracellular vesicles are often overlooked due to large-scale production difficulties (Cecchin et al.,
2023), despite offering several intrinsic advantages for in vivo delivery. They are stable in circulation
and can be modified for tissue-specific targeting, even across the blood-brain barrier which other
vectors struggle with (Kojima et al., 2018). Moreover, because EVs originate from endogenous
membranes, they are less likely to induce adverse immune reactions compared with synthetic
nanoparticles (Goo et al., 2024). Hence, the ability to load and deliver small, structured RNAs such
as U1 through EVs opens possibilities for designing precision RNA therapeutics that restore splice-
site recognition in affected tissues.

4.2. Considerations for U1-Mediated Splicing Rescue

The correction of B-globin splicing defects by Ul-enriched EVs demonstrates that vesicle-
delivered U1 RNA is not only internalised but remains functional after transfer and incorporates into
the recipient cell’s spliceosomal machinery, engaging directly with pre-mRNA substrates. These
findings suggest that EV-mediated RNA transfer can extend beyond regulatory microRNAs to
include core components of the splicing machinery itself. However, the precise intracellular fate of
the transferred RNA remains to be elucidated, yet several possibilities can be considered. After
uptake via endocytosis, vesicles may release their cargo into the cytoplasm (Mulcahy et al., 2014),
from where Ul snRNA could enter the nucleus through the canonical importin-mediated pathway
used by endogenous snRNPs (Matera & Wang, 2014). Alternatively, EVs might fuse with the plasma
membrane or endosomal compartments to directly release their contents into the nucleocytoplasmic
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space (Joshi et al., 2020). The observed dependence on intact RNA cargo—as shown by the loss of
function after RNase or heat treatment— confirms that the restorative effect arises from genuine RNA
activity rather than co-transferred proteins or secondary signals. Furthermore, the absence of off-
target effects on wild-type splicing indicates that Ul-mediated correction is both sequence-specific
and context-dependent, consistent with the well-characterised base-pairing interaction between the
5"end of Ul snRNA and the mutated donor splice-site sequence. Here, only wildtype Ul snRNA was
applied to cells, however previous studies have applied engineered Ul snRNAs to improve splicing.
In these cases, the sequence of Ul snRNA was adapted to increase its complementarity specifically
to the mutated splice site donor (Fernandez Alanis et al., 2012; Schmid et al., 2011). This offers the
possibility of further increasing the efficiency of splice site correction in the future, possibly to achieve
more than the 60% restoration identified here, which may be necessary if applying the treatment in
vivo. However, our method with EV’s is beneficial in its simplicity, in displaying the first use of
naturally derived Ul snRNA within EVs.

4.3. Comparison with Existing RNA Therapeutic Approaches

Current molecular strategies for correcting splicing defects include antisense oligonucleotides
(ASOs), small molecules and gene-editing techniques. While ASOs have achieved clinical translation,
particularly for disorders such as spinal muscular atrophy and Duchenne muscular dystrophy, they
rely on repeated administration and often exhibit limited tissue penetration (Gagliardi & Ashizawa,
2021). In contrast, EV-based delivery offers a naturally biocompatible and potentially self-targeting
system with prolonged bioavailability. Unlike ASOs, which modulate splicing by steric blocking, U1
snRNA acts through restoration of native spliceosome recognition, thereby reinstating physiological
processing of pre-mRNA (Balestra et al., 2014; Hatch et al., 2022). Our findings thus highlight an
important conceptual distinction: whereas ASOs compensate for defective splicing by redirecting the
spliceosome, EV-delivered U1 directly reconstitutes a missing component of the splicing machinery.
This approach could, in principle, complement or even surpass antisense therapies in specific
contexts, particularly where the primary defect lies in impaired snRNA-splice-site pairing rather
than regulatory mis-splicing. It is worth noting, that these therapies have been suggested to improve
efficacy when used in tandem, whereby ASO delivery can block intron retention while U1 delivery
can reconstitute correct splicing (Breuel et al., 2019). Therefore in more complicated splicing-related
disease EV’s could be used to deliver both ASOs and snRNAs.

5. Conclusion

The present study provides the first experimental evidence that naturally derived extracellular
vesicles (EVs) can mediate the intercellular transfer of spliceosomal small nuclear RNAs and restore
defective pre-mRNA splicing in human cells. Using a (3-globin minigene model harbouring a (-
thalassaemia-like 5’ splice-site mutation, we demonstrate that donor cells overexpressing Ul snRNA
encapsulate functional Ul molecules, which when delivered via engineered EVs, are capable of re-
establishing canonical splice-site recognition. This finding expands the known functional repertoire
of EV cargo and introduce a new RNA-based strategy for the correction of splicing-related genetic
disorders including (-thalassaemia, a range of neurodegenerative and muscular disorders and
cancers. Current challenges of applying EVs in theraputics include loading, targeting, and dosage
efficiencies; so future work will need to investigate scalable EV production systems, improved RNA
loading strategies, and tissue-specific targeting methods in vivo.

6. Future Perspectives

Although this research offers exciting potential for the use of EVs to treat many monogenic and
display tissue-specific genetic disorders in humans caused by splice-site mutations, our experiments
were only performed in cultured cells using a model B-globin system. Therefore, several other
fundamental questions require answers before theraputics with Ul snRNA EVs could be considered.
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Firstly, how can encapsulation efficiency be improved? To improve EV encapsulation efficiency,
future studies could aim to identify RNA-protein interactions that govern Ul packaging and
engineering of RNA binding protein carriers (Liang et al., 2025; Yim et al., 2016). Ul snRNA
overexpression followed by immunoprecipitation, mass spectrometry, and RNA sequencing could
identify binding partners, binding motifs and sequence elements or secondary structures in the Ul
snRNA important in Ul snRNA encapsulation (Nechay & Kleiner, 2020). This information could
enable rational design of snRNA motifs, or co-overexpression of factors that initiate encapsulation,
to enhance loading and enable up-scaled EV production. Alternatively overexpression systems as
used here can improve EV encapsulation (Yim et al., 2016). Secondly, how can dosage efficiency be
improved? Typically through the use of hydrogels for slow release (Guo et al., 2025; Liu & Chen,
2024). Finally, to enable in vivo clinical applications, EV’s also require engineering for targeting
precision, so how can EVs be targeted to specific cells if used in vivo? This has previously been done
by the inclusion of antibodies or peptides on the EV surface How can EVs be targeted to specific cells
if used in vivo? Previously done by the inclusion of antibodies or peptides on the EV surface (Alvarez-
Erviti et al., 2011; Kojima et al., 2018), so could be applied to snRNA delivery too. Beyond U1, this
platform could be extended to other snRNAs, small nucleolar RNAs, or engineered RNA molecules
designed to correct or modulate pre-mRNA processing. Such approaches might ultimately yield a
new class of RNA therapeutics that operate at the level of the spliceosome itself.
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