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Manipulation of pre-mRNA processing is a promising
approach toward overcoming disease-causing mutations and
treating human diseases. We show that a combined treatment
applying two splice-manipulating technologies improves ther-
apeutic efficacies to correct mutation-induced splice defects.
Previously, we identified a family affected by retinitis pigmen-
tosa caused by the homozygous BBS1 splice donor site muta-
tion c.479G > A. The mutation leads to both exon 5 skipping
and intron 5 retention. We developed a therapeutic approach
applying lentivirus-mediated gene delivery of engineered U1
small nuclear RNA (U1), which resulted in increased levels of
correctly spliced BBS1. Herein, we show that the therapeutic ef-
fect of the engineered U1 efficiently reverted exon skipping but
failed to reduce the intron retention. To complement the engi-
neered U1 treatment, we identified four different antisense ol-
igonucleotides (AONs) that block intron 5 retention in BBS1
transcripts. A treatment using engineered U1 in combination
with AONs showed the highest therapeutic efficacy and
increased the amount of correctly spliced BBS1 transcripts.
We did not detect elevated levels of apoptotic cell death in
AON-treated cell lines. In conclusion, engineered U1 or
AONs provide efficient therapies with complementary effects
and can be combined to increase efficacy of therapeutic ap-
proaches to correct splice defects.
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INTRODUCTION
The Bardet-Biedl syndrome (BBS, also known as Laurence-Moon-
Bardet-Biedl syndrome) constitutes a rare autosomal recessive disease
that affects several organs. This pleiotropic disease is characterized by
retinal degeneration, kidney dysplasia and dysfunction, polydactyly,
obesity, hypogonadism, and learning difficulties. Clinical variability
is frequently observed in BBS patients. Secondary BBS features
may, among others, include developmental delay, diabetes mellitus,
dental anomalies, congenital heart diseases, and olfactory deficits.

The prevalence of BBS is estimated to be 1:100,000 in North America
and Europe, but may increase in subpopulations or isolated commu-
nities (1:18,000 in Newfoundland, 1:13,500 in Bedouin communities,
and 1:4,000 on the Faroe islands).1–3 Heterogeneity exists among BBS
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genes and until now, 21 genes are known to be associated with BBS.4

These genes include BBS1–BBS20 and NPHP1. Biallelic mutations in
these genes account for approximately 80% of the cases. Interestingly,
several of these genes may also cause other diseases than BBS,
including McKusick-Kaufmann, Alström, and Meckel Gruber syn-
dromes. BBS1, BBS2, and BBS10 are the most frequently mutated
genes in BBS-affected patients.4,5

All BBS-associated gene products influence ciliary properties. Cilia
are finger-like protrusions from the cell surface that can be envisioned
as cellular antennae influencing several signaling cascades. Indeed,
BBS belongs to a group of disorders called ciliopathies in which ciliary
function is disturbed. Because cilia are involved in developmental
processes and are expressed on many cells of the human body, it is
not surprising that the pleiotropic nature of the disease often mani-
fests in BBS patients.

The gene BBS1 was found to cause BBS in 2002.6 It contains 17 exons
and is located at chromosome 11 spanning approximately 23 kb. The
mutation p.Met390Arg is frequently found in BBS1 and the knockin
mouse model of this particular mutation resembles phenotypic as-
pects of the human disease.7 Overall, more than 75 mutations have
been described in BBS1, many of which represent amino acid changes,
splicing mutations, or small deletions (for reference see HGMD data-
base, http://www.hgmd.cf.ac.uk/ac/index.php).

The genetic and clinical heterogeneity in BBS raises challenges in the
treatment of the patients.5 To date, symptomatic treatment is the only
therapeutic option, often involving several medical expertise. Novel
therapeutic approaches are needed to overcome the deleterious con-
sequences of BBS gene mutations, including the development of
genetic therapies that apply the technologies of gene replacement,
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Figure 1. Engineered U1 Was Able to Reduce Exon Skipping, But Failed to

Prevent Intron Retention

Schematic drawings show parts of the pre-mRNA of exon 5-intron 5-exon 6 of

BBS1 and summarize the observed splice variants of BBS1. The splice donor site is

underlined. Capital letters denote exonic bases and small letters represent intronic

bases. The BBS1 gene mutation c.479G > A (red letter) locates to the last base of

exon 5 and causes both exon 5 skipping (220 bp) and intron 5 retention (373 bp) in

BBS1 transcripts. Residual levels of correctly spliced BBS1 transcripts (267 bp)

were detectable in untreated patient-derived fibroblast cells using RT-PCR analyses

and agarose gel electrophoresis. U1 snRNA was engineered to show full comple-

mentarity to the mutated splice donor site in BBS1 (green drawing, complementary

base pairs: GGUcacucu). Upon treatment of the patient-derived fibroblasts with the

engineered U1, exon 5 skipping can be reverted and increased amounts of correctly

spliced BBS1 transcripts were detected (green arrow). In contrast, the intron 5

retention remained unchanged by the U1 treatment. kb, kilo bases; bp, base pairs.
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CRIPSR-Cas, antisense oligonucleotides (AON), or engineered U1
small nuclear RNA (U1) splice factors. All of these technologies
have been demonstrated be able to efficiently correct mutation-
induced defects of a target gene.

Previously, we described a family with a homozygous mutation in
BBS1 leading to a mild phenotype of retinitis pigmentosa.8 This mu-
tation affects the splice donor site of exon 5 and causes both exon 5
skipping and intron 5 retention.We have now developed a novel ther-
apeutic approach that applies a combination of AONs (to block the
intron 5 retention) and an engineered U1 (to correct the exon 5 skip-
ping) with the aim to synergistically improve treatment efficacies.
RESULTS
We previously showed that the homozygous BBS1mutation c.479G >
A leads to both exon 5 skipping and intron 5 retention within the
BBS1 transcript.8 We also demonstrated that U1 can be engineered
to partially correct mutation-induced splice defects in BBS1. As sum-
marized in Figure 1, we verified the previous results and confirmed
that engineered U1 (showing full complementarity to the mutated
splice donor site in BBS1) efficiently reduced the exon skipping events
and simultaneously increased the amount of correctly spliced BBS1
transcripts. In contrast to the therapeutic effect on exon skipping,
the engineered U1 treatment failed to reduce the intron 5 retention
(Figure 1). Using Sanger sequencing, we confirmed skipping of
exon 5 in the lower band (220 bp), the mutation in the correctly
spliced BBS1 transcripts (267 bp), and the retention of intron 5 in
the upper band (373 bp).
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AONs are small oligonucleotides typically around 20 bp in length.
These small pieces of RNA or DNA can interfere with the splicing
mechanism by complementary base pairing with a target sequence,
a process that often hinders splice inhibitors and/or enhancers to in-
fluence splicing of a target transcript. Thereby, AONs show the poten-
tial to correct mis-spliced transcripts.9–14

We hypothesized that intronic splice enhancers may bind to intron 5
of the BBS1 pre-mRNA transcript and thus, promote intron 5 reten-
tion as a consequence of the mutated splice donor site (Figure 2A).
Blocking the binding sides of intronic splice enhancers might even
correct the splice defect seen in the patient-derived cell line (Fig-
ure 2A). To test this hypothesis, we applied an AON generated to spe-
cifically bind to intron 5 of BBS1 and performed a RT-PCR analysis.
We found that this AON (AON_1) strongly decreases the occurrence
of the intron 5 retention band in fibroblasts derived from BBS1 pa-
tients (Figure 2B). Furthermore, we observed that the AON_1 not
only reduced intron retention, but also seemed to facilitate exon skip-
ping of BBS1 exon 5 (Figure 2B). It was less clear whether the AON
treatment also supported the generation of normally spliced BBS1
transcripts in the patient-derived cell line.

In an attempt to optimize the AON_1 effect (Figure 2B), we gener-
ated five additional AONs (AON_2 to AON_6) and compared their
efficacy to reduce the ratio between the intron retaining transcript
and the other two detected BBS1 transcripts in patient-derived cells
homozygous for the BBS1 c.479G > Amutation (Figures 3A and 3B).
Selection of all six AONs was supported by predicted splice factor
binding sites (ESEfinder: http://krainer01.cshl.edu/tools/ESE2/).
The selected AONs showed binding sites within 75 bp from the
exon-intron boundary of BBS1 exon 5 and were up to 22 bp long
(Figure 3A). We tested three different AON concentrations
(AONs were applied to the culture medium without transfection re-
agent) and found that AON_1, AON_2, AON_4, and AON_5
significantly reduced the intron 5 retention seen in the patient cell
line. Figure 3B shows a representative example of these analyses
(of note, due to limited loading capacity Figure 3B shows AON_1
only in the highest concentration tested). In accordance with the
literature, we applied the AONs for 96 h before cell lysis and RT-
PCR analyses.9,15 Concluding from these results, none of the other
AONs were clearly more efficient in reducing the intron 5 retention
in the BBS1 patient cell line compared to AON_1. AON_1 and
AON_2 seemed to show similar capacities to interfere with the
intron 5 retention therefore we decided to continue with AON_1
in the following experiments.

Furthermore, none of the AONs induced mis-splicing of BBS1 tran-
scripts in the control fibroblast cell line (Figure 3C) suggesting that
the treatment with AONs is not interfering with normal splicing of
BBS1. To further evaluate possible side effects of the AONs, we per-
formed an apoptosis assay with three different AON concentrations
(9 nM, 18 nM, and 36 nM). The efficacy of the AON to block the
intron retention was verified after the apoptosis assay (Figure S1).
None of the tested conditions showed a marked increase in
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Figure 2. AON Treatment of Patient-Derived Fibroblasts

(A) Schematic drawing of the hypothesized action of AONs on the transcript pro-

cessing of BBS1. AONs may interfere with binding of intronic splice enhancers

(ISEs), the consequence of which would be increased levels of both exon 5 skipping

and normal splicing of the mutated BBS1 pre-mRNA transcript. Green arrows show

the hypothesized effect of the AON. The red letter A marks the mutated base pair in

BBS1. (B) The patient-derived fibroblast cell line was treated with AON_1 in two

concentrations (20 nM and 200 nM). The treatment resulted in reduced intron 5

retention and increased exon 5 skipping. Whether the amount of correctly spliced

BBS1 transcripts was also increased upon the AON_1 treatment was less clear. The

AONwas applied to the patient-derived cells for 24 h, the cells were harvested, RNA

was isolated, and RT-PCR was performed. CS, correctly spliced transcript; ES,

exon skipping; IR, intron retention; kb, kilo bases.
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apoptotic cell death (Figure 4), a finding that supports the
notion that AONs show little side effects within the applied
concentrations.

Both of the two treatment approaches tested herein (either using
AONs or engineered U1) showed therapeutic potential to reduce
splice defects in the patient-derived cell line homozygous for the
BBS1 c.479G > A mutation. The AON treatment clearly reduced
the mutation-induced intron 5 retention, whereas engineered U1
was efficient to revert the exon 5 skipping. We asked the question
whether the combination of the two promising approaches would
synergistically improve the efficacy of the splice correction in the pa-
tient-derived BBS1 cell line (Figure 5A).

Therefore, we treated the patient-derived fibroblasts simultaneously
with both the AON_1 and the engineered U1. We found that this
treatment improved the efficacy of the splice correction and
increased the amount of correctly spliced BBS1 transcripts compared
to single treatments (Figures 5B and 5C). RT-PCR reactions were
performed under highly comparable conditions. Semiquantitative
measurements of band intensities documented significant differences
between the untreated and treated samples (Figure 5C). We
compared single and combined treatments (Figures 5B and 5C)
and found that the combined treatment generated significantly
more of the correctly spliced BBS1 transcript than the single U1
treatment. Furthermore, we tested the dose dependency of the ther-
apeutic effect by modulating the concentration of AON_1 while
keeping the engineered U1 treatment constant (Figure 5D). The re-
sults suggested that higher AON_1 concentrations were beneficial for
the treatment (Figure 5D).
DISCUSSION
Therapeutic applications to treat genetic diseases develop rapidly. The
urgent need to find efficient and safe approaches to overcome the
deleterious consequences of genetic disorders is driving the develop-
ment of novel gene therapies. A combination of well-established
approaches is an option to further improve limited efficacies of the
existing gene therapies. In the present study, we demonstrate that
the combination of therapeutic applications (AONs and engineered
U1) may complement the treatment of splice defects and improve
the efficacy compared to single treatments.

Splicing is a complex process of pre-mRNA maturation that involves
hundreds of interaction partners.16,17 Despite these complexities, the
basic principles of splicing are well understood and suggest that
several weak interactions between pre-mRNA and splice factors are
required to ensure both high flexibility and precision during
splicing.18 The deeper understanding of the splicing mechanism
has also facilitated the development of technologies to manipulate
splicing processes in order to treat disease-relevant splice defects.19,20

Around 20% of the mutations identified in disease-associated genes
interfere with splicing, an observation that is almost independent
of the disease gene.21–23 The effects of mutations on splicing are mul-
tiple and may include exon skipping and intron retention, as well as
cryptic splice site activation.24,25 We and others have shown that the
U1-based correction of splice defects represents a promising thera-
peutic approach. Highly efficient correction of splice defects was
demonstrated using mutation-adapted (engineered) U1, either per-
forming splice assays in cultured cells or even treating endogenously
expressed transcripts in patient-derived cell lines.8,26–33 Especially,
mutation-induced exon skipping events were successfully treated.
Importantly, the application of engineered U1 in cell lines did not
indicate obvious side effects.28 These studies further initiated the
application of the U1-based treatment to mini-gene-based splice de-
fects in vivo.34 Together, approaches applying mutation-adapted (en-
gineered) U1 provide a promising therapeutic technology to correct
splice defects.

Of note, U1-based approaches may be combined with a second engi-
neered U snRNA that is adapted to the samemutation, demonstrating
that not only therapeutic approaches applying engineered U1 alone
can be used to ameliorate splice defects. Later in the splicing cycle,
U6 snRNA (U6) binds to the splice donor site and replaces U1. We
previously found that engineered U1 in combination with engineered
U6 lead to improved splice corrections. These treatment approaches
applied twomutation-adapted snRNAs, a combination that was more
efficient in correcting exon-skipping events than U1 alone.35

The experiments performed herein further suggest that intron reten-
tion is not efficiently treated using the engineered U1 technology. In
order to overcome these limitations, we tested several AONs to pre-
vent the intron 5 retention induced by the c.479G > A mutation in
BBS1. Out of six tested AONs, four were able to efficiently inhibit
intron 5 retention and thus showed therapeutic potential. Other
studies reported similar efficacies of AONs to block falsely spliced
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Figure 3. Comparison of Six Different AONs

(A) Schematic drawings show the binding sites of six

AONs that bind to different sequences within intron 5 of

BBS1. The mutated base pair (red letter) is located in the

splice donor site of BBS1 (light green letters). (B) Efficacies

to block the intron retention in BBS1 patient-derived

fibroblasts were compared between six AONs (AON_1 to

AON_6). Therefore, different concentrations of the AONs

(9 nM, 18 nM, 36 nM) were incubated for 96 h. Results of

the RT-PCR showed that AON_1, AON_2, AON_4, and

AON_5 were efficient to block intron retention, whereas

AON_3 and AON_6 showed no effect. The size of the

different splice products is shown. (C) Control fibroblasts

were incubated with AON_1 to AON_6 (36 nM) for 96 h to

test for side effects. No splice alteration was detected.

NTC, none template control; Patient, fibroblasts homo-

zygous for the BBS1 mutation c.479G > A; Control,

fibroblasts with BBS1 reference alleles. CS, correctly

spliced transcript; ES, exon skipping; IR, intron retention;

kb, kilo bases.

Molecular Therapy: Nucleic Acids
transcripts.10,12,15,36,37 Nevertheless, it seems surprising that over 50%
of the selected AONs tested in this study (binding sites varied over a
stretch of approximately 60 bp) efficiently blocked the mis-spliced
BBS1 transcripts. This suggests that BBS1 intron 5 requires several
interaction partners to be spliced. Because AON_1, AON_2, and
AON_5 show overlapping binding sites, we speculate that intron 5
of BBS1 requires interaction partners and/or complexes in this region.
A second binding complex can be expected in the binding site of
AON_4 located further downstream in the intron 5 of BBS1.

The AONs tested in this study did not show obvious side effects. We
did not find indications for increased apoptosis induced by the AONs.
Nevertheless, another study has indicated decreased cell viability
following treatment approaches in fibroblasts using higher AON con-
centrations for a different target gene.9 Although AON treatment ap-
proaches are widely considered to be safe approaches, it cannot be
excluded that transfection reagents and AON chemistry and concen-
tration, as well as off-target binding, due to specific AON sequences,
incubation times, and target gene selection determine the risk for
AON-mediated side effects.

Mutations detected in disease-associated genes are often predicted to
affect the encoded protein, although the impact of mutations on the
protein level is not frequently verified by experiments. Consequently,
the interference of mutations on splicing processes may be misjudged
or even overlooked. We have previously identified the BBS1mutation
c.479G > A, which was only predicted to lead to the amino acid
126 Molecular Therapy: Nucleic Acids Vol. 18 December 2019
exchange p.R160Q. In contrast, we showed
that the mutation predominantly leads to splice
defects in BBS1 pre-mRNA transcripts. Residual
levels of the normal BBS1 transcript were de-
tected, which likely lead to reduced levels of
BBS1 proteins in patient cells and in turn might
contribute to a milder phenotype observed in patients. Indeed, a
milder phenotype was observed in the BBS1-affected patients studied
herein. In contrast to the spectrum of phenotypes typically observed
in BBS patients, we solely found a retinal dystrophy without any
further signs of other BBS features.8 The hypomorphic nature of
the mutation was supported by stainings of cilia in patient-derived
nose epithelial cells that did not present with obvious ciliary defects.8

In contrast to our findings, Davis et al. 7 showed that the Bbs1 knockin
mouse model of the prominent p.M390R mutation interferes with
ciliary properties. Similarly, other BBS-associated genes were re-
ported to influence the length of cilia in patient-derived fibro-
blasts.10,38 In conclusion, our observations of the hypomorphic nature
of the BBS1 c.479G > A mutation provided a molecular explanation
for the exceptionally mild phenotype found in the patients studied
herein and have implications toward understanding the enormous
phenotypic spectrum seen in BBS patients.

MATERIALS AND METHODS
Ethical Statement

Research was carried out conforming to the tenets of Declaration of
Helsinki. The collection of human skin biopsies and the use of human
dermal fibroblasts were approved by the local ethics committees
(Hannover Medical School, Germany [2576-2015] and Faculty of
Medicine and Health Sciences at the Carl-von-Ossietzky University
Oldenburg, Germany [2018-097]). Written informed consent was ob-
tained from patients and control individuals participating in the
study.



Figure 4. Evaluation of Side Effects Induced by

AONs

Apoptosis assays were performed to evaluate side effects

induced by the AONs. Five AONs (AON_1 to AON_5) were

tested in three concentrations (9 nM, 18 nM, 36 nM) and

were incubated for 96 h. Apoptosis assays were performed

twice with independently cultured fibroblasts including four

technical replicates. For capacity reasons in the apoptosis

assay, as well as due to the fact that AON_6 was not effi-

cient in reducing intron 5 retention, we did not include

AON_6 in the assay. The graph shows the apoptosis count

detected in patient and control fibroblasts (mean ± SD) after

the treatment. Neither in patient-derived fibroblasts nor in

controls didwe detect a significant (n.s.) increase in apoptotic cell death. Significant differences (*) were detected between untreated cells (negative control) and cells that received

the assay components without including an AON (without AON). The positive control received Camptothecin to induce apoptosis.
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Design of AONs

We used the ESE finder 3.0 program (http://rulai.cshl.edu/cgi-bin/
tools/ESE3/esefinder.cgi?process=home) and the RegRNA program
(http://regrna.mbc.nctu.edu.tw/html/prediction.html) to predict po-
tential binding sites for RNA binding proteins in intron 5 of BBS1.
We designed six different AONs complementary to parts of BBS1
intron 5 (BBS1-AON_1: 50-GAGGGGGGUAUGAAGGGGAAG
G-30; BBS1-AON_2: 50-GAGGGGGGUAUGAAGGGGAA-30; BBS1-
AON_3: 50-GCUCAGAUGGGAUGAAGGAG-30; BBS1-AON_4: 50-
AUGGAAGAAUGGGGCCCUGGG-30; BBS1-AON_5: 50-UGAA
GGAGUGAGGGGGGUAUG-30; BBS1-AON_6: 50-AAUGGGGC
CCUGGGGCUCAG-30). Every AON was modified with a phosphor-
othioate backbone to ensure uptake and stability and a 20-O-methyl
group to further enhance stability.39–43 Synthesis of AONs was per-
formed by Eurogentec (Cologne, Germany) and AONs were dissolved
in phosphate-buffered saline.

Cell Culture of Patient-Derived Fibroblasts and Treatment with

AONs

Human dermal fibroblasts from patient and controls were cultured in
Minimum Essential Medium (Biowest, Renningen, Germany), con-
taining 20% fetal calf serum (Biowest), 1.4% L-glutamine (Biowest),
and 1% Antibiotic-Antimycotic (Biowest) at 37�C and 5% CO2.
One day before treatment, 1.8–2.5 � 105 cells per well were seeded
either in a twelve-well or six-well plate. One of six AONs was added
directly to the medium without using any transfection reagent in
different concentrations. Concentrations varied between 200 nM,
36 nM, 20 nM, 18 nM, and 9 nM. After 20–96 h of incubation at
37�C, the cells were washed with 1 mL of 1�� phosphate-buffered
saline (Biowest), lyzed with 350 ml of lysis buffer RA1 (Macherey
and Nagel, Düren, Germany), and supplemented with 3.5 ml of
b-Mercaptoethanol (b-ME; Serva, Heidelberg, Germany). Lysates
were harvested by pipetting up and down several times, as well as
by scraping with a pipette tip.

RNA Isolation and RT-PCR

Total RNA from fibroblast lysates was purified using the Nucleospin
RNA isolation kit according to the manufacturer’s instructions
(Macherey and Nagel). Synthesis of first-strand cDNAwas performed
with 180–800 ng RNA and random primers (Metabion, Planegg/
Steinkirchen, Germany), according to the manufacturer’s protocol,
with the exception that we used 0.5 ml Superscript III (Supercript
III; Invitrogen, Schwerte, Germany) per reaction. For each sample
in an experiment, the same amount of RNA (normalized to the sam-
ple with the lowest RNA concentration) was used for cDNA synthesis.
We used 1 ml of the cDNA reaction of each sample to allow direct
comparison of RT-PCR results within one experiment. The BBS1
transcript was amplified with the HotFire Taq Polymerase (Solis Bio-
dyne, Tartu, Estonia) using primers located in exon 4 and exon 8
(BBS1-ex4 dn: 50-GCCCCAATTGCCTCCAAATCCT-30 and BBS1-
ex8up: 50-GCATCCTCGTCAGCCAGGTTCTTC-30). PCR products
were analyzed on 2% agarose gels.

Apoptosis Assay

Possible toxic effects of the different AONs were analyzed applying
an apoptosis assay. A day before treatment, fibroblasts derived from
patients and controls were seeded into a 96-well plate (2,250 cells
per well). For apoptosis detection, cells were treated with IncuCyte
Caspase-3/7 Green Reagent (Essen Bioscience, Ann Arbor, MI,
USA) with a final concentration of 5 mM. Cells of one well treated
with 400 nM Camptothecin (Biomol, Hamburg, Germany) served
as a positive control. IncuCyte Caspase-3/7 Green Reagent was
diluted in MEM and Camptothecin was diluted in DMSO (Roth,
Karlsruhe, Germany) as recommended by manufacturer’s protocol
(Essen Bioscience and Biomol). We tested AON_1 to AON_5 in
three different concentrations (36 nM, 18 nM, 9 nM). Untreated fi-
broblasts served as negative control. The plates were incubated for
96 h in an IncuCyte S3 Live-Cell Analysis System installed in an
incubator at 37�C and 5% CO2. Whole-well images were collected
after 96 h in phase-contrast and green fluorescence with a 4� objec-
tive. Immediately after 96 h, cells were washed with 100 ml of 1�
phosphate-buffered saline (Biowest), lyzed with 2 ml of b-ME
(Serva) in 100 ml of lysis buffer RA1 (Macherey and Nagel), and
stored in –80�C until RT-PCR experiments were performed. The
assay was replicated twice with independently cultured cell lines
and each experiment included two technical replicates. Quantifica-
tion of apoptotic counts was performed with the IncuCyte S3
Software.
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Figure 5. Combining the Treatment of AON and Engineered U1 Improved

the Therapeutic Effect

(A) Schematic drawing of the therapeutic approach combining both engineered U1

and AON_1. Engineered U1 binds to the splice donor site and facilitates the

recognition of BBS1 exon 5. In contrast, the AON blocks the recognition of intron 5

during splicing. Compared to the single treatments, the combined treatment of

engineered U1 and AONs further increased the level of correctly spliced BBS1

transcripts. The green arrow highlights the effect of the combined treatment. (B)

RT-PCR analysis of the combined AON_1 and engineered U1 treatment in patient-

derived and control cell lines.Whereas the single treatment with AON_1 reduced the

intron 5 retention, engineered U1 reduced the exon 5 skipping. A combination of
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The AON efficiency during the apoptosis assay was verified by RT-
PCR. RNA was extracted from the cell lysates using the Nucleospin
RNA XS isolation kit (Macherey and Nagel), followed by cDNA syn-
thesis and RT-PCR with 40 ng cDNA per reaction as described above.
Treatment with Engineered U1 snRNA and/or AONs

Productions of engineered U1 and wild-type U1 in lentiviral shuttles
were performed as previously described.8,28 In brief, HpaI restriction
sites of the lentiviral plasmid p.RRLSIN.cPPT.SFFV/GFP.WPRE44,45

were used for cloning of the human U1 small nuclear RNA cassette.46

U1 was fully adapted to themutated splice donor site (exon 5) of BBS1
using site-directed mutagenesis.27 HEK293T cells were cultured in
DMEM (Biowest), supplemented with 10% fetal calf serum (Biowest),
1% L-glutamine (Biowest), and 1% penicillin and streptomycin
(Biowest) at 37�C and 5% CO2. We worked with a highly standard-
ized protocol for lentivirus production: We seeded 7 � 106

HEK293T cells in a 75 cm2
flask, followed by transfection of

HEK293T cells with the two packaging plasmids pSPAX2 (19.5 mg)
and pMD2.G (6 mg) and the expression plasmid containing the fully
adapted U1 cassette (36 mg) using branched polyethyleneimine
(75 mg) (Sigma-Aldrich, Munich, Germany). DMEM was replaced
by MEM after 8. Medium containing the lentiviral shuttles was
collected twice: after 20 h, changed to new MEM and harvested after
20 h again. The lentiviral containing medium was stored at 4�C until
use and was pooled before transduction of fibroblasts. For transduc-
tion of fibroblasts, the virus was added to 2–2.5 � 105 cells in either a
twelve-well or six-well plate. As an indicator of a successful lentiviral
transduction, the fibroblasts were regularly checked for eGFP expres-
sion using fluorescence microscopy (Axio Vert.A1 microscope, Carl
ZEISS AG, Oberkochen, Germany).

After 24 h incubation with the lentiviral shuttles, BBS1-AON_1 was
added in different concentrations (36 nM, 30 nM, 26 nM, 13 nM,
6 nM) to verify the dose dependency of the treatment. Cells were har-
vested after 2, 3, or 4 days after the AON was added to the medium.
Results were analyzed with the RT-PCR described above. Products
both agents showed a synergistic effect and increased the amount of the correctly

spliced BBS1 transcripts. In the control cell line, splice defects were not induced by

AON_1, engineered U1, or the combination of both approaches. Only correctly

spliced BBS1 transcripts were detected in the control cell line. (C and D) Semi-

quantitative evaluation of band intensities of RT-PCR analyses performed under

highly comparable and standardized conditions. (C) Treatments of engineered U1,

AON_1, and the combination of both engineered U1 and AON_1, were compared to

untreated conditions of the patient-derived fibroblasts. The most significant in-

crease of correctly spliced BBS1 transcripts was detected following the combined

treatment with both engineered U1 and AON_1. (D) Different concentrations of

AON_1 were tested for their efficacy to prevent intron 5 retention. With the highest

concentration of AON_1, we detected the highest significant increase of the

correctly spliced BBS1 transcript. Significance was calculated either between intron

5 retention, correctly spliced or exon 5 skipping bands in reference to the untreated

condition (error bars: mean ± SD). Significance levels were calculated with the

Mann-Whitney-U test. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant. N,

number of independent experiments; CS, correctly spliced transcript; ES, exon

skipping; IR, intron retention; kb, kilo bases.
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were verified by Sanger sequencing and were confirmed to be the ex-
pected BBS1 splice products (intron 5 retention, correctly spliced
BBS1 transcripts, or exon 5 skipping). Analyses of agarose gel electro-
phoreses and densitometric measurements of RT-PCR band inten-
sities were performed with an imaging system (ChemiDoc MP imag-
ing system and Image lab 6.0 software, Biorad, Munich, Germany).

Statistical Analysis

Data of all experiments are presented as mean ± SD. Each experiment
was replicated at least three times with independently cultured and
treated cells. Statistical analysis was performed with IBM SPSS Statis-
tics software, version 25. Statistical significance was analyzed using
the nonparametric Mann-Whitney U test.
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