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Retinitis pigmentosa (RP) is a disease that primarily
affects the peripheral retina and ultimately causes visual
impairment. X-chromosomal forms of RP are frequently
caused by mutations in the retinitis pigmentosa GTPase
regulator (RPGR) gene. We show that the novel splice
donor site (SDS) mutation ¢.1245+3A>T in intron 10 of
RPGR cosegregates with RP in a five-generation Cauca-
sian family. The mutation causes in-frame skipping of
exon 10 from RPGRtranscripts in patient-derived primary
fibroblasts. To correct the splice defect, we developed
a gene therapeutic approach using mutation-adapted
U1 small nuclear RNA (U1). U1 is required for SDS rec-
ognition of pre-mRNAs and initiates the splice process.
The mutation described herein interferes with the rec-
ognition of the SDS by U1. To overcome the deleterious
effects of the mutation, we generated four U1 isoforms
with increasing complementarity to the SDS. Lentiviral
particles were used to transduce patient-derived fibro-
blasts with these U1 variants. Full complementarity of
U1 corrects the splice defect partially and increases
recognition of the mutant SDS. The therapeutic effect
is UT-concentration dependent as we show for endog-
enously expressed RPGR transcripts in patient-derived
cells. U1-based gene therapeutic approaches constitute
promising technologies to treat SDS mutations in inher-
ited diseases including X-linked RP.
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INTRODUCTION

The term retinitis pigmentosa (RP) denotes a subgroup of retinal
degenerations that is clinically characterized by night blindness,
concentric constriction of the visual field, pigment deposits in
the retinal periphery, and thinning of retinal vessels. The phe-
notype is caused by rod photoreceptor dysfunction and progres-
sive photoreceptor cell death, which starts at the periphery of the
retina. In later stages, the disease may cause complete blindness,
involving the death of cone photoreceptors. The prevalence of RP
is currently estimated at one in 3,500 individuals. Mutations in

>40 genes have been associated with the disorder (for review see
ref. (1) or RetNet http://www.sph.uth.tmc.edu/retnet/).

X-linked forms of RP often show an early disease onset and
rapid progression. Up to 80% of all X-linked forms of RP cases are
caused by mutations in the retinitis pigmentosa GTPase regula-
tor (RPGR) gene.”* RPGR contains 23 exons of which several dif-
ferent transcript isoforms are generated.” Approximately 50% of
RPGR mutations locate to the alternatively spliced, tissue—specific
exon ORF15.2%!! Pathogenic sequence alterations also occur in
exons 1-15, whereas mutations in exons 16-19 have not been
described. Interestingly, ~20% of all mutations in exon 1-15 affect
splice sites (for reference see the Human Gene Mutation Database
Professional 2010.3) and thus are likely to generate aberrant splice
products. Although alterations in the splicing of RPGR transcripts
often cause the disease, they can also act as a modifier of the
phenotype.’

Natural occurring splice variants of RPGR are mostly found
at the 3’ region of the transcript and are predicted to change the
C-terminal part of the protein. These RPGR isoforms are not
altered between exons 2 and 11, a region that encodes the RCC1
homologous domain of RPGR. It has been described that this
domain mediates interactions to several binding partners includ-
ing RPGRIP1, SMC1 and 3, and PDE64.'*"" The majority of RPGR-
binding partners have been associated with retinal disorders.

Here, we show that a novel mutation in the splice donor
site (SDS) of RPGR exon 10 interferes with normal splicing. We
observed skipping of exon 10, which can be corrected by treatment
with mutation-adapted U1 small nuclear RNA (U1). Endogenously
expressed RPGR transcripts of a patient-derived cell line are suc-
cessfully treated by this gene therapeutic approach.

Ul is a splice factor required for recognition of SDS in pre-
mRNAs. The 5" part of U1 binds to the SDS by Watson-Crick base
pairing.'® This step initializes the splice process and leads to the
recruitment of several spliceosomal components that are essential
for the recognition of exons and the removal of introns (reviewed
by '7). Aberrant splicing is often the result of disturbed U1 binding
to mutated SDS."*% Increased complementarity of Ul with the
target can lead to a highly efficient correction of splice defects in
eye diseases.?! This technique holds great promises for the treat-
ment of inherited diseases caused by SDS mutations.
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Figure 1 Pedigree of index patient 70423 (indicated by an arrow)
showing a X-chromosomal inheritance pattern. Retinitis pigmentosa
segregates in four generations of the family. Squares represent males,
circles represent females. Filled symbols show affected males. Individuals
included in cosegregation analysis of the mutation and phenotype are
indicated by a horizontal bar. Only females who are confirmed carriers
of the mutation are shown with a dot in the circle. Of note, additional
carriers are likely to exist in this family.

RESULTS

Family pedigree and molecular genetic analysis

The Caucasian family described herein shows a classic X-linked
inheritance pattern (Figure 1). The index patient was clinically
diagnosed with RP, including pigmentary deposits in the retina,
concentric constriction of the visual field and abolished scotopic
electroretinogram (data not shown). The index patient described
his first signs of the disease to start at childhood with night blind-
ness, followed by clearly noticeable visual problems in his thir-
ties. The five-generation pedigree documents that only males are
affected, whereas obligate female carriers are asymptomatic. In
total, nine males in four generations of the family are affected
by RP.

Two genes, RPGR and RP2, have been associated with X-linked
RP#7* Routine diagnostic testing of the complete coding region
of RPGR and RP2 identified the sequence alteration c.1245+3A>T
in RPGR (reference sequence NM_000328). This sequence change
affects the SDS of exon 10 at the third position of the intron 10
(Figure 2a,b). Analysis of eight family members in three genera-
tions revealed cosegregation of c.1245+3A>T with the phenotype
of RP. Together, these data strongly suggest that the detected
sequence alteration in RPGR is disease causing.

Analysis of RPGR splicing

Primary skin fibroblasts were cultured from the index patient
(IV:11). To analyze the effect of the mutation c.1245+3A>T
on RPGR splicing, we performed reverse transcription-PCR
(RT-PCR) using RNA from these patient-derived cells. We ana-
lyzed splicing of RPGR exons 1 through 19 and detected skip-
ping of exon 10 exclusively in the patient sample (Figure 2¢). In
contrast, the control cell line showed normal splicing including
exon 10 into the transcript (Figure 2c). These results document
that the mutation ¢.1245+3A>T interferes with splicing of RPGR
and causes exon skipping from its pre-mRNA. Exon 10 skipping
leads to an in-frame deletion of 186 bp and is predicted to remove
62 amino acid residues from the RCC1 homologous region of
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Figure 2 DNA and RNA analyses of RPGR mutation c.1245+3A>T.
(a) Parts of the gene structure of RPGR are shown in a schematic draw-
ing. The position of the mutation is indicated by an arrow. Horizontal
bars represent reverse transcription-PCR (RT-PCR) primers. Skipping of
RPGR exon 10 during splicing leads to a 186 base pair deletion in the
transcript. (b) Sequencing electropherograms of family members V:2,
IV:11, 111:9. The arrow indicates the nucleotide position which is mutated.
Sequencing profiles are shown for the splice donor site of RPGR exon 10:
the first three nucleotides are of exonic origin, whereas the last six nucle-
otides are part of intron 10. (¢) RT-PCR products of RPGR exons 1-19.
RNA from control (C) or patient (P) fibroblasts were analyzed for splice
alterations. The only difference in splicing was detected by amplification
of exons 9-11. Sequencing confirmed that exon 10 skipping occurred
in the RPGR transcript of the patient cell line. RPGR, retinitis pigmentosa
GTPase regulator gene.

RPGR, a domain that is required for interaction with several
binding partners.

Bioinformatic splice donor site analysis in RPGR

We analyzed the wild-type SDS of exon 10 using splice site predic-
tion tools and found that its conservation is low compared to other
RPGR exons (Table 1). Only one of four prediction tools was able
to identify the SDS using the recommended threshold. Moreover,
the calculated MaxEntScan splicing score of 1.91 for RPGR exon
10 was the lowest among 18 RPGR SDSs. On average, the splicing
score of exons 1-18 was 8.35 with a standard deviation of 1.73.
These data suggest that the SDS of exon 10 is weak.

Gene therapeutic correction of the splice defect

It has been described that U1 recognizes a SDS by complementary
base pairing'® with nine nucleotides at the exon-intron border.
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Figure 3 Gene therapeutic approach to correct splice defects in patient-derived cells. (@) UT small nuclear RNA (U1) annealing to the splice
donor site of RPGR exon 10, predominantly including nine base pairs. Upper case letters show exonic nucleotides, whereas the lower case letters
denote intronic nucleotides. Only four nucleotides of the splice donor site of RPGR exon 10 build Watson-Crick base pairs with the U1 as indicated
by vertical lines. (b) Strategy to increase complementarity of the U1 with the mutated splice donor site of RPGR. In addition to wild-type U1 (UT-wt),
three U1 adaptations were tested. U1 complementarity was increased stepwise by adaptation to the mutation (UT-mut), or to the wild-type splice
donor site of RPGR exon 10 (UT-RPGR_wt), or to the mutant splice donor site of RPGR exon 10 (U1-RPGR_mut). Bold letters either mark the mutation
or adapted nucleotides in U1. (c) Correction of the mutation-induced splice defect in RPGR. Reverse transcription-PCR (RT-PCR) was performed from
patient-derived fibroblasts that have been transduced with lentiviral particles containing the different U1 isoforms. Fully adapted U1 resulted in a
correction of RPGR exon 10 skipping exclusively in the patient cell line. Neither the control fibroblast cell line, nor less than completely adapted U1
showed an effect on splicing of exon 10. Sequencing results of all RT-PCR products are illustrated by schematic drawings. RPGR, retinitis pigmentosa
GTPase regulator gene.

The last three base pairs of the exon and the first six base pairs of  full sequence-complementarity to the mutant SDS did not reveal
the intron are predominately recognized by this mechanism. In  therapeutic effects on RPGR splicing.
the case of RPGR exon 10, only four of nine nucleotides match In parallel to the patient cell line, we treated control fibroblast
the Ul wild type sequence (Figure 3a). Such low complemen-  cells. Only correctly spliced transcripts were detected (441bp frag-
tarity with the Ul consensus sequence is in agreement with the = ment) (Figure 3c). None of the Ul variants induced alterations in
findings of the bioinformatic splice site prediction and further = RPGR splicing in the control, suggesting a highly specific therapeu-
supports that this SDS is weak. It also explains why mutations in tic effect of the U1 adaptation on the mutated SDS. Furthermore,
this SDS are not tolerated by the splicing machinery and lead to  to test the effect of the U1 treatment on nontarget transcripts, we
splice defects. analyzed splicing of five RP-associated genes that contain potential
In order to overcome the deleterious effect of the mutation,  binding sites to the fully adapted U1l. We did not find events of mis-
we generated U1 variants with increased complementarity to the  splicing, supporting our above described observation that the virus-
mutated SDS of exon 10. These mutation-specific adaptations  mediated U1 treatment does not lead to massive alteration of splice
resulted in four different U1 variants: (i) the wild-type U1; (ii) Ul patterns of nontarget transcripts (Supplementary Figure S1).
adapted only to the mutation; (iii) U1 matching all nucleotides of
the wild-type exon 10 SDS; (iv) U1l matching all nucleotides of =~ Concentration dependence of the U1 treatment
the patient exon 10 SDS including the mutation (Figure 3a,b). We  To evaluate whether the therapeutic effect is dose dependent, we
used lentiviral particles expressing the Ul variants to transduce  treated the patient and control cell lines with increasing amounts
primary fibroblasts of the patient and of a control. of viral particles containing the different U1 isoforms. Specifically
RT-PCR analysis of RPGR transcripts showed a correction  for fully adapted Ul, an increasing concentration of viral par-
of the mutation-induced splice defect in the patient-derived cell  ticles resulted in higher levels of corrected RPGR transcripts
line. Treatment with the fully adapted Ul isoform resulted in a  (Figure 4). Similar concentration gradients with mock and wild-
strong reduction in exon skipping (255bp fragment) and a sig-  type Ul isoforms did not influence the splicing of RPGR in the
nificant increase in correctly spliced RPGR (441bp fragment)  patient cell line (Figure 4). Comparably, no effect on the control
(Figure 3c). We also observed two additional splice products  cell line was detected, thus confirming that the U1 adaptations,
(421bp and 330bp fragments) where cryptic splice sites in exon  independent of the concentration, did not interfere with normal
10 or 11 were used. Treatment with U1 isoforms showing less than  splicing of RPGR.
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Table 1 Bioinformatic prediction of splice donor sites in retinitis
pigmentosa GTPase regulator

splice site Splice Site

prediction tool  Finder-like MaxEntScan NNSPLICE GeneSplicer
score range (0-100) (0-12) (0-1) (0-15)
Threshold =270 =20 =0.4 =0
RPGR exon 1 86.72 10.9 0.96 13.76
RPGR exon 2 81.21 6.1 0.99 nd
RPGR exon 3 74.63 5.28 nd nd
RPGR exon 4 72.66 8.73 0.89 nd
RPGR exon 5 81.8 7.54 0.95 nd
RPGR exon 6 82.54 7.61 0.92 0.59
RPGR exon 7 80.87 8.79 0.96 5.99
RPGR exon 8 84.81 9.99 0.99 nd
RPGR exon 9 82.34 8.92 0.99 nd
RPGR exon 10 nd 1.91 nd nd
RPGR exon 11 81.98 8.88 0.93 4.96
RPGR exon 12 73.77 5.46 0.91 nd
RPGR exon 13 72.04 7.08 0.88 0.47
RPGR exon 14 78.46 7.57 nd nd
RPGR exon 15 92.58 10.03 0.99 9.71
RPGR exon 16 84.19 9.11 0.96 0.63
RPGR exon 17 84.19 9.11 0.98 nd
RPGR exon 18 99.69 11 1 7.39
Average of exon 82.02 8.35 0.95 na
1-9and 11-15

Standard 7.01 1.72 0.039 na
Deviation

Values for exon 10 are italicized. nd, not detected; na, not analyzed; RPGR, retinitis
pigmentosa GTPase regulator.
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Figure 4 The therapeutic efficiency of the U1 approach is dose depen-
dent. Increasing concentrations of the fully adapted U1 (U1-RPGR_mut)
result in increased levels of correctly spliced RPGR transcripts in the
patient cell line. In contrast, similar treatments of the patient and control
fibroblasts with wild type U1 (UT-wt) and mock (lentiviral particles with-
out UT isoforms) have no detectable influence on RPGR exon 10 splicing.
RPGR, retinitis pigmentosa GTPase regulator gene.

DISCUSSION

The eye is an ideal target organ for gene therapeutic interventions.
Its easy accessibility and transparency constitute advantages for
the application of therapeutics and the follow up of therapeu-
tic effects in vivo. Especially the retina shows an interconnected
system of spatially well organized cell types, which facilitates the
application of therapeutics to the target cells. Moreover, the eye

Molecular Therapy vol. 19 no. 5 may 2011

Gene therapeutic approach to treat splice defects

has an efficient blood-retina barrier that prevents exchange of
most therapeutics with other organs and thus reduces side effects
and therapy-provoked immune responses. This is best illustrated
by the finding that systemic virus particles have not been detected
following gene replacement therapy in the human eye.

Previous studies have demonstrated that retinal diseases
in human can be successfully treated with gene therapeutic
approaches.”* These clinical trials have studied gene replace-
ment for RPE65, a gene that is associated with autosomal reces-
sive, early-onset RP or Leber congenital amaurosis. In addition,
several other genes causing retinal diseases have been replaced
successfully in animal models.?*%

Despite these encouraging results, the heterogeneity of reti-
nal diseases is an unsolved problem. To develop and evaluate
therapeutic approaches for each of the at least 170 genes associ-
ated with retinal diseases' will require enormous resources and
time. Furthermore, the treatment of autosomal dominant reti-
nal disorders is more challenging than recessively inherited dis-
eases, because gain of function effects may complicate treatment
approaches.®

Genetic diseases are caused by alterations of the nucleotide
composition within the genome of affected patients and their rela-
tives. Most frequently, point mutations are causative of the dis-
ease and the majority of them (~85%) are reported as missense
or nonsense mutations. Several possibilities exist for how these
mutations interfere with the function of the disease gene. Often it
is speculated that the mutation affects the protein composition as
a consequence of mRNA translation. In recent years, the impact
of point mutations on splicing received more attention. It has been
shown that about 20% of the mutations cause mis-splicing of the
pre-mRNA rather than only affecting the protein composition.*-*
Of note, even disease-associated repeat expansions were shown
to be involved in pathogenic splice alterations.”® In summary,
mis-splicing is among the most frequent pathogenic mechanisms
underlying genetic diseases.

Therapeutic approaches to correct mutation-induced mis-
splicing will be independent from the disease gene and applicable
to ~20% of the patients with inherited diseases. These strategies
aim to modify the splice pattern of a particular gene in order to
overcome the pathogenic process leading to the disease. Different
treatment approaches for various diseases have been investigated:
small-molecule drugs, antisense oligonucleotides, trans-splicing
approaches, and RNA interference.’***** In addition, isoform-
specific antibodies can elicit similar effects.

Ul-based strategies provide an alternative technique to correct
splice defects which cause either recessive or dominant diseases.
An advantage of the U1 technique compared to gene replacement
strategies is that it corrects the endogenously expressed transcript
and thus is independent from the selection of appropriate promot-
ers needed to drive the expression of a transgene. Furthermore, it
has the potential to rescue the normal splice pattern and conse-
quently reduce the amount of mutated proteins, a process particu-
larly relevant for the treatment of dominant diseases with gain of
function mutations. Using minigene assays, we previously showed
that over 90% of the mis-spliced transcripts can be corrected for
rhodopsin, one of the most frequently mutated genes in autosomal
dominant RP?' Nevertheless, it will be important to establish the
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technique for several cases and systematically compare its effi-
ciency to correct individual SDS mutations. Furthermore, side
effects of the treatment need to be evaluated in detail, including
the possibility that nontarget transcripts are influenced by the Ul
adaptations. Although we have not observed such side effects in
patient-derived cell lines, in vivo studies using animal models are
required to assess the balance between benefits of the treatment
and severity of possible side effects.

In this report, we analyzed adapted Ul isoforms to correct a
splice defectin RPGR, agene frequently mutated in X-chromosomal
RP patients. We show that the treatment with mutation-adapted
U1 can be applied successfully to correct splice defects of RPGR
transcripts that are endogenously expressed in patient-derived cell
lines. This treatment resulted in an increase of correctly spliced
RPGR and a significant reduction of exon skipping, thus confirm-
ing the therapeutic potential of the technique. We speculate that
a comparable gene therapeutic intervention in retinal cells might
result in a delayed onset and/or decreased progression rate of the
disease. Of note, the lentivirus shows limited ability to infect pho-
toreceptors. Pseudotyped lenti- or adeno-associated virus parti-
cles might be used to transduce retinal cells.*’

The Ul-induced correction of RPGR transcripts also gener-
ated aberrant splice variants using cryptic splice sites in exons
10 and 11. Although increased complementarity of Ul leads to
clearly improved recognition of the mutated exon 10, it seems that
nearby cryptic SDS complicate an unambiguous selection of the
correct exon-intron border. This is in agreement with the finding
that the conservation of the SDS of RPGR exon 10 is low, making
alternative splice variants more likely. Interestingly, a different
mutation (c.1245+3A>G) at the same position in RPGR has also
been reported to result in the recognition of cryptic splice sites.
In contrast to the mutation described herein (c.1245+3A>T), the
¢.1245+3A>G nucleotide exchange*' leads to a reduced amount
of normal splice products in addition to a single aberrant splice
variant. This aberrant splice product resulted from usage of the
same cryptic splice sites in exons 10 and 11 as found in this study.
Since the A to T exchange resulted exclusively in exon skipping
without normal splice products, it can be assumed that this muta-
tion more strongly disturbs the splice site selection compared to
the A to G transition. This observation is in agreement with the
conservation of SDSs across the genome, where position +3 is
most frequently an A or G, whereas T and C are clearly under-
represented.” Consequently, an A to G mutation is more likely
tolerated by the splicing machinery than an A to T. It can be
speculated that the Ul approach is more effective to correct an
A to G exchange at position +3 of RPGR exon 10 compared to an
A to T exchange.

RPGR shows several splice variants, some of which are tissue-
specifically expressed. ORF15 isoforms are mostly found in neu-
ronal tissues, but additional variants have been described.>”* Even
sub-populations of neuronal cells may generate specific RPGR vari-
ants, e.g., exon 9a isoforms, which were detected predominantly in
cone photoreceptors of the retina.® Although this complex expres-
sion pattern of RPGR complicates conclusions on the functional
relevance of the identified mutation, it seems likely that the RCC1
homologous domain in the N-terminal part of RPGR is disturbed
by the exon 10 skipping event. The RCC1 homologous domain
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includes amino acids encoded by exons 2 through 11. It builds a
seven bladed propeller-like structure,>** with which several bind-
ing partners, also implicated in retinal diseases, interact.!*~'>*
The deletion of exon 10 encoded amino acids is likely to interfere
with the generation or maintenance of this “RPGR interactome.”
Furthermore, RPGR has been located to the connecting cilium of
photoreceptors, where protein transport between inner and outer
photoreceptor segments takes place. It is plausible that altered
transport properties through the connecting cilium can cause pho-
toreceptor degeneration as found in RP.

In conclusion, skipping of RPGR exon 10, a pathogenic process
that causes X-chromosomal RP, might be treatable with adapted
U1. It will be important to study animal models of retinal diseases
and test this promising gene therapeutic technique in vivo.

MATERIALS AND METHODS

Patients and mutation screening. Prior to interview and blood sampling,
the nature and consequences of this study were explained to the patient
and healthy controls. Informed consent for clinical diagnostic testing and
research applications were obtained before samples were collected. The
study followed the Declaration of Helsinki protocols. Genomic DNA was
extracted from EDTA blood samples as previously described® and subjected
to molecular genetic analysis. To verify the mutation in intron 10 of RPGR
in different family members, exon 10 and flanking intronic sequences were
amplified by PCR using HotFire Taq Polymerase (Solis Biodyne, Tartu,
Estonia) and sequenced. PCR conditions are given in the Supplementary
Table S1. Sequencing profiles were compared with the RPGR reference
sequence NM_000328 (SeqScape software, ver 2.0, Applied Biosystems,
Rotkreuz, Switzerland). Sequence alterations are annotated as recom-
mended by the Human Genome Variation Society (http://www.hgvs.org/
mutnomen).

Bioinformatic splice donor site evaluation. Splice site prediction tools were
used as included in the Alamut mutation interpretation software (ver 1.53,
Interactive Biosoftware, Rouen, France). Recommended thresholds were
applied to calculate the splice score of four different prediction tools: Splice
Site Finder-like (as included in the Alamut software), MaxEntScan (http://
genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html), NNSplice
(http://www.fruitfly.org/seq_tools/splice.html), and GeneSplicer (http://
www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml).

RT-PCR analysis. Total RNA was extracted from cultured fibroblasts
using NucleoSpin RNA kits (Macherey-Nagel, Oensingen, Switzerland).
Reverse transcription to ¢cDNA with random primers was performed
according to the manufacturer’s instructions (Superscript IIT; Invitrogen,
Basel, Switzerland). RT-PCR reactions were performed using HotFire
Taq Polymerase. RT-PCR conditions are summarized in Supplementary
Table S1. PCR products were analyzed on either an agarose gel or the 2100
Bioanalyser (Agilent Technologies AG, Basel, Switzerland). All RT-PCR
products were verified by sequencing.

Cell culture and lentiviral transduction. Patient-derived primary skin
fibroblasts of the index patient and control were prepared and cultured
as previously described.” In brief, a standard skin biopsy was cut in small
pieces and transferred to a sterile culture flask. After the explants were
attached to the flask bottom by air drying, fibroblast culture medium
(minimal essential medium with 20% fetal bovine serum, 1.3% L-glu-
tamine, 0.8% antibiotic, and antimycotic solution) was added and incu-
bated at 37 °C and 5% CO, for 5-10 days. Fibroblasts were harvested and
transferred to a 75 cm? flask for propagation and analysis.

The human Ul small nuclear RNA expression cassette* was cloned
into the lentivirus plasmid p.RRLSIN.cPPT.SFFV/GFP.WPRE"* using
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Hpal restriction sites. Mutagenesis of Ul was performed as previously
described.”» HEK293T cells (6 x 10° cells were seeded the day before
transfection in a 75 cm? flask) were cotransfected with the two packaging
plasmids pSPAX2 (6.5pg) and pMD2.G (2pg) and the Ul containing
lentiviral plasmid (12pg). For each transfection, 37.5pg branched
polyethyleneimine (Sigma-Aldrich, Steinheim, Germany) was used. The
secreted virus was harvested in 20 ml culture medium and added to 1 x 10°
fibroblasts for transduction in a six-well plate format. All virus particles
were produced in parallel using identical conditions. Patient and control
fibroblasts were treated with either 1, 3, 6, or 9ml of the virus-containing
culture medium to analyze the dose dependency of the therapeutic effect.
Transduced fibroblasts were harvested after 2-4 days in culture.

SUPPLEMENTARY MATERIAL

Supplementary Table $1. PCR conditions included standard puffer
composition.

Supplementary Figure S1. Analysis of side effects in patient-
derived fibroblasts after U1 treatment.
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