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Abstract

Familial dysautonomia (FD) is a rare genetic disease with no treatment, caused by an intronic point mutation (c.2204+6T>C)
that negatively affects the definition of exon 20 in the elongator complex protein 1 gene (ELP1 also known as IKBKAP). This
substitution modifies the 5 splice site and, in combination with regulatory splicing factors, induces different levels of exon
20 skipping, in various tissues. Here, we evaluated the therapeutic potential of a novel class of U1 snRNA molecules, exon-
specific Uls (ExSpeU1s), in correcting ELP1 exon 20 recognition. Lentivirus-mediated expression of ELP1-ExSpeU1 in FD fibro-
blasts improved ELP1 splicing and protein levels. We next focused on a transgenic mouse model that recapitulates the same
tissue-specific mis-splicing seen in FD patients. Intraperitoneal delivery of ELP1-ExSpeUls-adeno-associated virus particles
successfully increased the production of full-length human ELP1 transcript and protein. This splice-switching class of mole-
cules is the first to specifically correct the ELP1 exon 20 splicing defect. Our data provide proof of principle of ExSpeU1ls-
adeno-associated virus particles as a novel therapeutic strategy for FD.
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Introduction

Familial dysautonomia (FD, OMIM 223900) is a rare autosomal
recessive disorder characterized by progressive degeneration of
the sensory and autonomic nervous system (1,2). This disease
affects mainly the Ashkenazi Jew population with a carrier fre-
quency of 1in 27 and 1 in 18 in Ashkenazi Jewish of Polish de-
scent (3). The severely compromised autonomic and sensory
nervous system leads to multiple symptoms, such as cardiac in-
stability, gastrointestinal dysfunction, pneumonia, postural hy-
potension, defective tear production and reduced pain
sensitivity. There is also ataxia and progressive atrophy of the
optic nerve that eventually leads to vision loss (2,4,5). More than
99% of FD patients are homozygous for the c.2204 + 6T > C
intronic splice site mutation in the ELP1 gene (6,7). This gene, lo-
cated on chromosome 9qg31, is 66.60 kb long and has 37 exons
(8,9). The ELP1 mRNA is ~5.9 kb long and encodes a 150 kDa pro-
tein of 1332 amino acids, called elongator complex protein 1
(ELP1) (6,10). This protein, also known as the I kappa B kinase
complex-associated protein (IKAP), has been implicated in
various cellular processes including cell migration, Jun
N-terminal kinases (JNK) signaling, exocytosis and t-RNA modi-
fication (11-14). FD patients have lowered ELP1 protein in sev-
eral tissues, particularly in the central and peripheral nervous
systems (15). It remains unclear how ELP1 loss leads to neurode-
generative disease.

The c.2204 + 6T > C intronic ELP1 mutation is located at posi-
tion +6 of the 5 splice site where it induces various degrees of
skipping of exon 20. Transcripts without exon 20 have a prema-
ture termination codon in exon 21 and are targeted by non-
sense-mediated decay, decreasing the total amount of ELP1
protein (16). The mutation reduces the recruitment of the Ul
small nuclear ribonucleoprotein (snRNP) particle to the 5 splice
site to different degrees in different tissues (17), doing so most
strongly in neuronal tissues (15).

The process of exon definition requires both the canonical
sequences (splice sites, polypyrimidine tract and branch site) as
well as exonic and intronic cis-acting regulatory elements with
both enhancer or silencer functions, the exonic and intronic
splicing enhancers and silencers (18-20). These sequences are
bound by splicing factors and the ultimate inclusion or exclu-
sion rates of the exon relies on the complex interaction between
these positive and negative elements. In the context of ELP1
exon 20, the regulatory splicing factors are largely unknown
(21), particularly those that induce exon 20 skipping.

Exon-specific Uls (ExSpeUls) are a novel therapeutic strat-
egy to promote recognition of defective exons (22). ExSpeUls
are Ul snRNP-like particles that bind by complementarity to
intronic regions downstream of the 5' splice site of skipped
exons. Even if they bind to intronic sequences they do not seem
to be acting as antisense molecules as they facilitate exon rec-
ognition by recruiting the spliceosomal components (22-28).
ExSpeUls can be used to correct exon skipping caused muta-
tions at the consensus 5’ splice site (other than at the invariant
GT dinucleotide), the polypyrimidine tract or at exonic regula-
tory elements. ExSpeUls have successfully restored splicing
in various genetic-disorder-genes including hemophilia B,
cystic fibrosis, Netherton syndrome and spinal muscular atro-
phy (22-27). Recently, we have also demonstrated the efficacy
and safety of ExSpeUls in a severe spinal muscular atrophy
mouse model where, the transgenic expression of the ExSpeU1
corrected the exon skipping defect and resulted in a strong phe-
notypic improvement (28). Moreover, consistent with the fact
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that ExSpeU1s bind at non-conserved intronic sequences, they
resulted in very few off target events (28).

The currently available treatments for FD are only support-
ive and based on the attenuation of the symptoms (4,5).
Furthermore, the large size of the ELP1 mRNA (~5.9 kb) makes a
classical gene therapy approach with adeno-associated virus
(AAV) vectors difficult, where it has been successfully exploited
for several other smaller-gene disorders (29-32). Several general
splicing fidelity compounds can correct ELP1 splicing (33-38).
The plant cytokinin, kinetin, rescues ELP1 splicing in FD cell
lines (15,34,39) and in vivo in both a transgenic mouse model
(16) and in FD patients (33). A kinetin analog, rectifier of aberrant
splicing also improves ELP1 splicing in FD cells (38), as does the
glycoside digoxin. The latter is thought to act by down-
regulating the general splicing factor SRSF3 (35). As these com-
pounds do not specifically target the ELP1 exon 20, it is clear
that more specifically targeted approaches would be preferable.
Here, we identify ExSpeUls molecules that efficiently promote
ELP1 exon 20 inclusion by counteracting the negative effect of
inhibitory splicing factors.

Results

ExSpeU1s rescue the aberrant splicing of ELP1
C.2204 + 6T > C in a minigene assay

To identify a panel of ExSpeU1s that rescue ELP1 exon 20 splic-
ing of the C.2204 + 6T > C mutation, we took advantage of a
minigene system expressing the wild-type and the mutant
sequences of the genomic ELPI region spanning from intron
18 to 21 (Fig. 1A). We transfected the C.2204 + 6T > C construct
transfected into neuronal SH-SYS5Y cells and evaluated the
splicing rescue activity of eleven ExSpeUls that bind intronic
regions between position +4 and position +123 downstream of
the 5 splice site of ELP1 exon 20 (Fig. 1B). The mutant RNA had
the typical aberrant splicing caused by the intronic point muta-
tion (~25% exon 20 inclusion) whereas the wild-type minigene
was correctly processed (Fig. 1C). To evaluate their effect on
ELP1 splicing, we co-transfected the ExSpeU1l-coding plasmids
with the ELP1 mutant minigene. Seven of the ExSpeUls span-
ning the intronic region from position +4 through +81 (ExSpeU1
Ik4-72) induced a significant rescue of the splicing defect, im-
proving the percentage of exon inclusion to ~90-100% (Fig. 1C,
lanes 4-10). In contrast, ExSpeU1s that bind to further down-
stream sequences (Fig. 1C, lanes 11-13) and the wild-type U1l
snRNA (Fig. 1C, lane 3) were ineffective. Finally we used differ-
ent doses of four active ExSpeU1s (ik10, ik15, ik46 and ik57) to
evaluate how ExSpeU1 efficacy depends on proximity of the tar-
geted sequence to the 5 splice site. As shown in Supplementary
Material, Figure S1, increasing the distance from the 5’ splice
site progressively reduces splicing rescue efficiency.

The most effective ExSpeU1s promote exon definition
counteracting the activity of inhibitory splicing factors
and do not act as antisense molecules

To select the most active ExSpeUls for subsequent in vivo
experiments, we tested their ability to promote exon 20 inclu-
sion more in detail. We reasoned that the most active molecule
should be able to counteract the activity of splicing factors that
reduce the exon recognition by the spliceosome. In order to
identify the inhibitory splicing factors, we evaluated various
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Figure 1. ExSpeU1s correct the FD splicing defect in an in vitro splicing assay.
(A) Schematic representation of the ELP1 minigenes. Boxes represent exons and
lines introns. The intronic C.2204+6T>C mutation is indicated. Arrows indicate
the locations of the primers used for analysis of splicing products. The two alter-
native transcripts are indicated below. (B) Schematic representation of the ELP1-
ExSpeUls binding regions in the intronic sequence downstream of the ELP1
exon 20 5’ splice site. Exonic and intronic sequences are in upper and lower
cases, respectively. (C) Results of co-transfection, of ELP1 minigenes along with
ELP1-ExSpeU1s, in SH-SYSY cells. The upper band of 349 bp corresponds to tran-
scripts including the exon 20; the lower band of 275 bp to exon 20 skipping.
Wild-type ELP1 (wt), mutant (C.2204+6T>C) and ExSpeUls (Ik4-123) are indi-
cated. A schematic representation of the splicing pattern is on the right of the
RT-PCR gel analysis. The graph represents the percentage of exon 20 inclusion
and data are expressed as mean+SD of three independent experiments.

splicing factors in co-transfection experiments, including SR
proteins, heterogeneous ribonuclear particles (hnRNPs), pro-
teins involved in U2 recognition, and tissue-specific splicing fac-
tors. For a more sensitive readout of splicing inhibition, we
overexpressed these splicing factors in Hek293T cells, in which
~40% of the mutant exon 20 is included. Four splicing factors
(SRSF3, hnRNP A1, U2AF1 and FUS) reduced exon 20 inclusion
(Supplementary Material, Fig. S2). Consistently, siRNA against
hnRNP A1, SRSF3 and FUS significantly increased exon inclusion
(Supplementary Material, Fig. S3). We therefore tested if the pre-
viously identified ExSpeU1s could rescue the C.2204 + 6T > C
ELP1 exon 20 inclusion in the presence of these three inhibitory
splicing factors. The results shown in Figure 2 showed that k10
and Ik15 were the most effective.

Next, we sought to clarify whether these ExSpeUls work as
antisense molecules masking a putative intronic splicing silencer.
For this, we prepared an U7 snRNA (U7-1k10) that binds to the
same targeting sequence of the ExSpeU1 1k10 (Fig. 3A). U7 snRNA
derivatives have been extensively used to target RNA splicing
regulatory elements with an antisense mechanism (40-42). In
contrast to the positive effect of ExSpeU1 1k10, transfection of the

U7-1k10 induced complete exon 20 skipping, suggesting that the
intronic sequence between+10 and+24 mainly function as a
splicing enhancer (Fig. 3B, lane 5). We then tested if the ExSpeU1s
could rescue the inclusion of C.2204 + 6T > C ELP1 exon 20 in the
presence of this U7 antisense molecule. Co-transfection experi-
ments with equal amounts of plasmids showed that ExSpeUls
k10 and Ik15 counteracted the U7-1k10 splicing inhibition (Fig. 3B,
lanes 6 and 7). Consistent with a reduced splicing rescue activity
of more distal ExSpeUls (Supplementary Material, Fig. S1),
ExSpeU1 lk46 had a small effect on U7-1k10 splicing inhibition
(Fig. 3B, lane 8) whereas k57 and Ik72 located more downstream
were inactive (lanes 9 and 10). To better clarify the relationship
between ExSpeU1s 1k10 and U7-1k10 we also performed competi-
tion experiments by co-transfecting different amounts of plas-
mids. ExSpeU1 1k10 was at least ~10 times more efficient than the
U7-1k10 antisense in promoting exon inclusion (Supplementary
Material, Fig. S4). This effect might be due to the fact that, unlike
U7, ExSpeU1 is structurally similar to the endogenous UlsnRNP
(28), and thus probably directly recruited into the spliceosome on
the defective exon. However, different expression levels of the
ExSpeU1 versus the U7 might be the reason, as ExSpeU1 and U7
have polymerase II and III promoters, respectively. Overall these
results indicate that Ik10 and Ik15 do not act as antisense mole-
cules and that the region they target is mainly acting as an
intronic splicing enhancer.

Lentiviral transduction of FD fibroblasts with ExSpeU1
1k10 restores ELP1 protein levels

Next, we evaluated the effect of ExSpeU1s splicing of the endog-
enous ELP1 gene in primary fibroblasts from FD patients. We
used lentivirus to transduce various concentrations of the most
potent ExSpeUl 1k10, using a lentivirus with wild-type Ul
snRNA as a control (Fig. 4). Increasing multiplicities of infection
of Lentivirus-Ik10 induced dose-dependent expression of the
corresponding snRNA in the transduced fibroblasts, as detected
by specific RT-PCR (Supplementary Material, Fig. S5) and
Lentivirus-Ik10 significantly rescued ELP1 splicing in FD cells.
Transduction of FD fibroblasts with multiplicities of infection 1,
10 and 20 increased the percentage of exon 20 inclusion to
54 +4.7,95 *+ 3.9 and 99 * 1.4, respectively, and the control had
no effect (Fig. 4A). Quantitative analysis by real-time PCR con-
firmed a respective increase in the full-length ELP1 transcript of
~3, 16 and 15-fold, and, the levels of transcript lacking exon
20 (ELP1 A20) went down concomitant with increased lentiviral
load (Fig. 4B). To evaluate whether the increase of ELP1 full-
length transcripts was exclusively due to splicing correction, we
also analyzed the total amount of ELP1 mRNAs by qPCR (Fig. 4B).
There was an ~3-fold increase of the total ELP1 mRNA in cells
treated with ExSpeU1 Ik10 multiplicities of infection 10 and 20,
whereas multiplicity of infection=1 and the control had no ef-
fect (Fig. 4B). Finally, we evaluated the effect of ExSpeU1 on ELP1
protein levels by western. Consistent with the RNA analysis we
found ELP1 protein expression recovered in FD fibroblasts
treated with just the two highest doses of ExSpeU1 k10 (Fig. 4C).
Compared to normal fibroblasts, the ExSpeU1’s treatment of the
FD fibroblasts recovers ~80% of the protein level (Fig. 4C).

AAV9 delivery of ExSpeU1s rescues ELP1 splicing and
protein levels in vivo

To evaluate ExSpeU1ls in vivo, we used an AAV vector serotype
9 (AAVY) carrying the two most active ExSpeU1s, k10 and Ik15
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Figure 2. ExSpeU1s counteract the effect of inhibitory splicing factors. ELP1 mutant minigene was co-transfected with different ExSpeU1s (Ik4-72) along with plasmids
coding for the indicated inhibitory splicing factors in Hek293T cells: hnRNP A1, FUS and SRSF3. The exon 20 inclusion and exon 20 skipping bands are indicated. The
upper band of 349 bp corresponds to transcripts including exon 20; the lower band of 275 bp to exon 20 skipping. The PCR products were separated on a 2% agarose gel
and the intensity of the bands were measured with ImageJ software. The percentage of exon 20 inclusion expressed as mean=+SD of three independent experiments is
indicated.
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Figure 3. ExSpeU1s do not act as antisense molecules. (A) Schematic representation of ExSpeU1 and U7 snRNAs along with their binding region in ELP1 intron 20.
Exonic and intronic sequences are in upper and lower case, respectively. The recently described intronic splicing enhancer (48) is indicated. (B) Co-transfection experi-
ment of ELP1 minigenes with ExSpeU1s (1k10-72) and modified-U7 snRNA (U7-1k10) in Hek293T cells. The exon 20 inclusion and exon 20 skipping bands are indicated.
PCR products were separated on a 2% agarose gel. Exon 20 inclusion is quantified in the histograms. Data are expressed as mean=SD of three independent
experiments.

in TgFD9 transgenic model mice that carry the entire human postnatal days 0 and 2 with k10 and k15 AAV9-ExSpeU1s or sa-
ELP1 C.2204 + 6T > C mutant gene (43). Importantly, this mouse line solution. Mice were sacrificed at 7 days after birth for splic-
recapitulates the same tissue-specific ELP1 splicing pattern ob- ing analysis in brain, liver, heart, muscle, brain, kidney and
served in FD patients. We injected newborn FD mice at spinal cord. The splicing of the human transgene ELP1 was
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of FD-treated fibroblasts was referred to normal fibroblasts.

evaluated by quantitative and endpoint RT-PCR (Fig. 5).
Strikingly, the AAV-ExSpeU1ls improved ELP1 splicing in liver,
heart and muscle (Fig. SA-C). In liver, exon 20 inclusion in-
creased from 60 to 97% and wild-type ELP1 transcripts increased
around 5-fold (Fig. 5A). Similarly in the heart, exon inclusion in-
creased from ~65 to 90% and full-length ELP1 transcripts in-
creased ~3-fold and muscle splicing improved from ~52 to 75%
and transcripts increased ~1.8-fold (Fig. 5B and C). ELP1
splicing was largely unaffected in brain, kidney and spinal cord
(Fig. 5D-F). The slight increase in spinal cord samples was not
statistically significant. Although our analysis includes male
and female mice we do not expect any significant sex-
dependent difference. In the previously described SMA trans-
genic mice that overexpress ExSpeUls (28) we did not observe
any sex-related difference in the ExSpeUl rescue activity
(unpublished data). In addition, there is no evidence of any sex-
dependent splicing difference in FD mice (43) or in humans
(2,4,5).

Finally, we analyzed total protein lysates from liver and
heart by western blot. ExSpeU1l 1k10 increased ELP1 protein
~3-fold in liver and heart, and ExSpeU1 Ik15 treatment nearly
doubled the amount of ELP1 protein (Fig. 6A and B).

Discussion

FD is a lethal disease with no available treatment that targets
the underlying molecular defect. Here we propose for the first
time a novel splice-switching strategy based on an ExSpeU1l.
These are small RNA molecules that specifically correct the
splicing defect by targeting complementary intronic sequences
downstream of ELP1 exon 20. In FD cellular and mouse models,
the ExSpeUl-mediated splicing correction significantly rescues
ELP1 protein levels. These results, coupled with the fact that

AAV vectors are actively explored for efficient gene delivery in
clinical trials, establish ELP1-ExSpeUl as a highly promising
strategy for FD.

To select the most potent splice-switching molecule for the
in vivo studies we first evaluated splice-regulating protein factors
that have a negative effect on exon 20 incorporation. As ExSpeUls
mainly act on exon definition, we reasoned that the most potent
molecules for subsequent preclinical development should be able
to overcome the negative effect of these splicing regulators. We
found that hnRNPA1/A2, SRSF3 and FUS induce exon 20 skipping
in mutant (Fig. 2B). SRSF3 has been previously implicated in exon
20 regulation as its digoxin-mediated reduction was shown to
induce exon 20 inclusion (35). The other two factors have not
been implicated in exon 20 regulation. hnRNPA1/A2 is a well-
established negative splicing factor that inhibits many exons
(44,45). FUS is a splicing factor that binds along the whole length
of nascent RNA, with a preference for single stranded RNA
just upstream of structured guanine-cytosine-rich regions, espe-
cially in introns near repressed exons (46). Cytoplasmic accumula-
tion, aggregation and nuclear clearance of FUS, have been
observed in a subset of neurodegenerative diseases, including
amyotrophic lateral sclerosis and frontotemporal dementia
(46,47). Future studies will establish exactly how these three inhib-
itory splicing factors affect the tissue-specificity of the FD splicing
defect.

As the two most active ExSpeU1s bind to the intronic region
10-29 nucleotides downstream of the ELP1 exon 20 5 splice site,
we evaluated an antisense U7 RNA that binds to the same se-
quence. In contrast to ExSpeU1, the U7 RNA induced exon skip-
ping. This evidence suggests that the ExSpeUl does not have
antisense activity and that the intronic sequence is mainly a
splicing enhancer. Indeed, a very recent report identified a splic-
ing enhancer in this region (from position 13 to 29) that binds
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Figure 5. AAV9-mediated delivery of ExSpeUls Ik10 and Ik15 rescues the hELP1 splicing defect in FD mouse model. (A-F) Endpoint (gels) and quantitative (histogram)
PCR analysis of hELP1 mRNA isoforms in tissues of transgenic FD mice treated with 3.55x10"? and 2.65x10"* viral genomes/mouse of AAV9-ExSpeU1 Ik10 (U1 1k10) and
AAV9-ExSpeU1 1k15 (U1 1k15), respectively. The upper band of 202 bp corresponds to exon 20 inclusion and the lower band of 128 bp corresponds to exon 20 skipping.
The percentage of exon inclusion is expressed as mean=SD of groups of four animals per condition. The histograms on the right represent the fold change of ELP1
mRNAs’ isoforms (total ELP1, ELP1 full-length and ELP1 A20) compared to four control animals per condition. Statistical analysis was performed by two-way ANOVA

(**P<0.0001, **P<0.001, *P<0.01; ns, not significant).

RBM24 and promotes Ul snRNP recognition of the defective 5’
splice site (48). We speculate that binding of the ExSpeU1 parti-
cle in this critical position efficiently substitutes the missing U1
snRNP at the nearby 5’ splice site. However, more detailed stud-
ies are required to better define the composition of this intronic
regulatory element and splicing mechanism.

Importantly, ExSpeUls not only improve the FD splicing
pattern but also increase the total amount of hELP1 mRNA
transcript. In fibroblasts and in some AAV-treated tissues, IK-
ExSpeUls increase the total amount of hELP1 transcripts 3 and
2-3 fold, respectively (Figs 4B and 5A and B). As the exon-
skipped transcript is frame-shifted and contains premature
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Figure 6. ExSpeU1s 1k10 and Ik15 increase ELP1 protein levels in liver and heart of FD mice. (A and B) ELP1 western blots (left) and densitometric analysis (right) of two
liver and heart samples of FD mice treated with saline, 3.55x10"* viral genomes/mouse of AAV9-ExSpeU1 1k10 (U1 1k10) and 2.65x 10" viral genomes/mouse of AAV9-
ExSpeU1 Ik15 (U1 1k15). a-tubulin was used as reference for internal normalization. Each group includes two animals and data are expressed as mean+SD. Statistical

analysis was performed by two-way ANOVA (***P<0.0001).

stop codons, the increase in hELP1 transcripts could be due to
rescued full-length transcript avoiding nonsense-mediated de-
cay. However, ExSpeU1ls might also have a direct effect on hELP1
pre-mRNA stability, as we previously reported to be the case for
SMN2 (24).

AAV vectors are a safe and effective delivery system used for
classical substitutive gene replacement therapies actively ex-
plored in several diseases and clinical trials (29-32). The AAV strat-
egy had not been previously considered for FD as the AAV
particles cannot easily accommodate the large size of the ELP1
reading frame and associated regulatory elements. In contrast,
the very short length of the ExSpeU1 coding gene (~700 bp includ-
ing regulatory elements) can be easily accommodated into AAV
particles and in this paper, we show that the ExSpeU1 molecules
can be delivered in vivo by these vectors. We evaluate the thera-
peutic potential of the ELP1-ExSpeU1s in vivo with the previously
described TgFD9 transgenic mouse carrying the entire human
ELP1 gene with the major FD splicing mutation (43). This FD
mouse model, carrying the endogenous elp gene does not have
any phenotypic abnormality, but displays the same tissue-
specificity of exon skipping observed in FD patients. AAV ExSpeU1
corrects the ELP1 exon 20 skipping and increases the ELP1 protein
in several mouse tissues. This finding strongly suggests that our
approach will be an effective therapeutic option for FD.

FD symptoms are already visible in newborn babies and neu-
rodegeneration worsens throughout life (49). Therefore, potential
treatments should start as soon as possible and a small improve-
ment in the amount of ELP1 might be sufficient to reduce the de-
generative processes (5). AAV vectors are currently used to target
different tissues and evidence from animal models and clinical
trials indicate that they can potentially reach the most important
target tissues affected in FD, including dorsal root ganglion, brain
and retina (31,50,51). Experiments in symptomatic mouse models
are required to evaluate whether the small and not significant
improvement that we observed in neuronal tissues will be

sufficient to improve the pathology. It will also likely be useful to
evaluate a more specific delivery system (intracerebral or sys-
temic) and different AAV serotypes (52). A mouse model that
recapitulates the FD splicing defect and FD symptoms has been
elusive due to embryonic lethality of the endogenous elp1 knock-
out (53). Very recently however, we have developed a humanized
mouse that does have both mis-splicing and FD symptoms (54).
This mouse model will be invaluable to test the efficacy and
safety of the selected ExSpeUl1s, providing the necessary preclini-
cal evidence for therapeutic development.

FD is a neurodevelopmental and neurodegenerative disor-
der, whose main therapeutic targets are the afferent neurons in
dorsal root ganglia, cranial nerve ganglia and retina (4,5). Recent
studies have highlighted retinal dysfunction in the onset of
blindness in FD (55,56) and FD patients’ retinas have thinner
nerve fibers due to loss of retinal ganglion cells (55,56). ExSpeU1
will likely be efficiently delivered in the eye by AAV.

In  conclusion, our results, demonstrating that
ELP1-ExSpeU1ls delivered by AAV are active on ELP1 transcripts
and ELP1 protein in vivo, represent a proof of principle of the
therapeutic potential of these molecules for FD treatment.
Moreover, the ExSpeU1 platform can be applied for the correc-
tion of similar splicing defects in other human pathologies.

Material and Methods

Creation of expression vectors

ELP1 hybrid minigenes were created by cloning the genomic re-
gion spanning intron 18-21 into the previously described
pTB-Ndel minigene (57). The intronic C.2204 + 6T > C mutation
was inserted by site-directed mutagenesis using the
QuikChange Site-directed Mutagenesis Kit II (Agilent, Santa
Clara, USA). Constructs were validated by sequence analysis.
ExSpeUl snRNAs were created by replacing the sequence



between the Bcll and BglII sites with oligonucleotides as previ-
ously reported (22). The oligonucleotide sequences are in
Supplementary Material, Table S1. Modified U7 snRNAs were
created by PCR amplification of the U7SmOPT vector using spe-
cific primers, U7Ik10F and SP6R, as previously described (22).
Lentiviral vectors were created by cloning the Ul expression
cassettes into pRRL human immunodeficiency virus-derived
backbone at the BamHI and Pstl sites (Supplementary Material,
Fig. S6A). Lentiviral vectors expressing the snRNAs (Ul wt, Ul
1k10) were prepared as previously described (58). Virus preps
were titered as previously described (58), yielding 7.8x10% and
1.1x10° IG/ml infectious genomes per ml (IG/ml) for U1-1k10 and
U1 wt, respectively.

Cell cultures, transfections and lentiviral transduction

Hek293T cells were grown in Dulbecco’s modified eagle medium
with Glutamax I (ThermoFisher, Waltham, MA USA) supple-
mented with nonessential amino acids, 125 U/ml penicillin,
125 pg/ml streptomycin and 10% fetal bovine serum. Cells were
maintained at 37°C with 5% CO,. Transfection experiments
were carried out in 6-well plates using Lipofectamine 2000
(ThermoFisher) according to manufacturer’s instructions using
1 pg of each plasmid. Human FD fibroblasts were purchased
from the Coriell Institute (GM04959, GM04899) and maintained
as suggested by the supplier. At day 0, FD fibroblasts were
seeded at a density of 6x10* cells/well. At day 1, the cells were
transduced with lentiviral ExSpeU1 1k10 and lentiviral Ul wild-
type with increasing concentrations (multiplicities of infection,
0-20). Polybrene (Sigma, St. Louis, MO USA) was used at a con-
centration of 10 pg/ml to reduce the electronegativity between
cells and viruses’ surfaces. Samples were harvested at 72 h
post-transduction for RNA and protein analysis.

RNA isolation and ELP1 splicing analysis

Total RNA was extracted with TRIzol (ThermoFisher) following
the manufacturer’s instructions. Reverse-transcription was per-
formed using 1 pg of total RNA and Superscript Vilo MasterMix
(ThermoFisher). ELP1 minigene splicing was analyzed by end-
point PCR using specific primers, alpha 2, 3 F and ELP1Ex21 R
(Supplementary Material, Table S1). PCR conditions were 94° C
for 5 min, 40 cycles at 94° C for 30 s, 56°C for 30 s, 72° for 40 sfol-
lowed by 72°C for 10 min. PCR products were analyzed by elec-
trophoresis on a 2% agarose gel and the intensity of the bands
was quantified with Image] Software (NIH). Endpoint PCR analy-
sis of human ELP1 splicing was performed with human-specific
ELP1 primers ELP1Ex19 F and ELP1Ex21 R. Quantitative PCR was
performed with iQ-SYBR Green Supermix using human-specific
ELP1 primers: ELP1FLF and ELP1FLR for the full-length ELP1 tran-
scripts, ELP1A20F and ELP1A20 R for transcripts lacking the exon
20. Total ELP1 mRNA was quantified with human-specific pri-
mers TotELP1-F and TotELP1-R. Quantitative PCR conditions
were: 1 cycle at 95°C for 3 min; 40 cycles at 95°C for 10 s and at
59°C for 45 s. GAPDH was used as control in human and mouse
samples (named hGAPDH-F/hGAPDH-R or mGAPDH-F/
mMGAPDH-R, respectively). Primers’ sequences are in supple-
mentary material (Supplementary Material, Table S1).

Protein isolation and western blot analysis

Protein samples were obtained by tissue lysis with ice-cold RIPA
buffer (Sigma) and Proteinase Inhibitor Cocktail (Roche). Only
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50 pg of total protein was separated on NuPAGE 4-12% Bis-Tris
precast gels (ThermoFisher) and transferred to nitrocellulose
membranes. The membranes were blocked for 1 h in 5% non-fat
milk and successively blotted overnight at +4°C in 5% milk with
a primary antibody against ELP1 (1:500; Anaspec) and a primary
antibody against a-tubulin (1:5000; Santa Cruz Biotechnology).
Membranes were washed and incubated with specific second-
ary antibodies for 1 h at room temperature (anti-Rabbit 1:2000
and anti-mouse 1:5000). Protein bands were detected with ECL
western blotting substrate (ThermoFisher) followed by exposure
to X-ray film (Kodak).

AAV9 production and titration

AAV vectors were created by cloning the Ul expression cas-
settes into the AAV9 backbone using the Xbal site and prepared
as previously described (59) (Supplementary Material, Fig. S6B).
Genome-containing vectors were produced in roller bottles by a
triple-transfection protocol including a cesium chloride gradi-
ent purification step (59). Titers of AAV vector stocks were deter-
mined by qPCR. The determined titers were of 7.10x10" VG/ml
for the AAV9-ExSpeU1 Ik10 and of 5.30x10'? VG/ml for the
AAV9-ExSpeU1 Ik15.

In vivo analysis in FD mouse model

The transgenic FD mouse model TgFD9 has been previously de-
scribed by Hims et al. (43). Mice were housed and handled
according to institutional guidelines, and experimental proce-
dures approved by the International Centre for Genetic
Engineering and Biotechnology board. All in vivo experimental
procedures were approved by the competent Italian competent
authorities and Ethics Committees according to the European
Directive 2010/63/EU.

Newborn mice were intraperitoneally injected at two differ-
ent post-natal days (0 and 2). Four TgFD9 mice (two males and
two females) were treated with AAV9-ExSpeU1 1k10, four TgFD9
mice (one male and three females) with AAV9-ExSpeU1 k15
and four TgFD9 mice (two males and two females) with saline.
Injections with a final volume of 25 ul were performed with a
micro-syringe (Hamilton) with a 33-gauge removable needle.
Mice were sacrificed at post-natal day 7 to collect tissues and
organs (brain, liver, heart, kidney, muscle and spinal cord). RNA
and protein extraction was performed as described in RNA iso-
lation and protein isolation paragraphs.

Statistical analysis

Data are represented as mean=SD of triplicate experiments.
Data were analyzed by two-way ANOVA followed by a
Bonferroni correction for false discovery rate with Prism soft-
ware (GraphPad Software, La Jolla, CA).
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Supplementary Material is available at HMG online.
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