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SUMMARY

Splicing of pre-mRNA is a crucial regulatory stage in the pathway of gene
expression. The majority of human genes that encode proteins undergo alternative
splicing, being now known that mutations affecting splicing are more prevalent than
previously thought. According to some estimates up to 50-60% of all pathogenic
mutations may affect splicing in some way. Thus, the development of therapeutic
strategies targeting RNA represents an important opportunity to correct faulty splicing,
opening the prospects of treatment for numerous genetic disorders. The vast majority
of RNA-based approaches have exploited, in vitro and in vivo, antisense
oligonucleotide sequences to either block the use of natural or new splice sites,
inducing the skipping of defective exons, or blocking the newly generated cryptic sites
to favour the use of the canonical ones. On the other hand, the use of Ul snRNA
complementary to the mutated site has been described as a potentially therapeutic
strategy to correct 5’ splice donor site (SDS) defects dependent on U1 binding.

Following the rule, many splicing mutations have been identified in cohorts of
patients with Lysosomal Storage Disorders (LSDs), a group of approximately 50
inherited metabolic diseases, usually associated with severe and progressive
phenotypic manifestations due to specific lysosomal dysfunctions. Some treatment
strategies are already available for conventional LSDs, but yet with some limitations.
Therefore, in the case of LSDs, therapeutics directed to splicing mutations might
represent a crucial option or an important adjunct of other treatments.

In this work attention was focused on the analysis of mechanisms disrupting
splicing in a set of mutations involved in the pathogenesis of LSDs, and on the design
and development of RNA-based therapies for the correction of the effects of some of
those mutations.

The IDS gene encodes iduronate-2-sulphatase, an enzyme deficient in the X-
linked lysosomal storage disorder - Mucopolysaccharidosis type Il (MPS II). For the
three nucleotide changes in the IDS gene associated with disease; the missense
mutation ¢.257C>T, the nonsense ¢.241C>T (both in exon 3) and the synonymous
€.1122C>T (exon 8), transcript analysis and minigene functional assays revealed that
the first two cause the pathogenic activation of a 3’ cryptic splice site in exon 3,
whereas ¢.1122C>T leads to the creation of a new 5’ splice site in exon 8. The cryptic
splice site activation in exon 3 suggests that the use of its 3’ constitutive splice site
requires the interaction of several auxiliary trans-acting factors whose cis-binding
motifs were changed by the mutations. Given these findings, an in silico analysis was

performed to search for mutation-induced alterations in auxiliary elements located in



IDS exon 3. The elimination of a binding motif for the SRSF2 and hnRNP E1 and E2
splicing factors and the creation of one for the SRSF1 protein was predicted for the
missense mutation, ¢.257C>T. The overexpression of the SRSF2 and hnRNP E1
proteins along with the mutant minigene, as well as an assay with other minigene
presenting the deletion of a 6-base pair sequence which comprises the predicted cis-
acting motifs for the binding of these proteins showed that they may be involved in the
use and repression of the constitutive 3’ splice site of exon 3, respectively.

For the synonymous mutation ¢.1122C>T which creates a new 5 splice site
within exon 8 causing the deletion of its last 60 base pairs, we investigated the
applicability of antisense therapy to correct the splicing defect. Yet, transfection of three
antisense morpholino oligonucleotides (AMO) and one locked nucleic acid (LNA) in
patient fibroblasts did not abolish the abnormal transcript, resulting in addition in the
production of a new aberrant splicing product. Also, the antisense oligonucleotides
transfection in control fibroblasts produced the same aberrant transcript detected in
patient cells following treatment, evidencing that the oligonucleotides are masking
important cis-acting elements for the 5’ splice site regulation of exon 8. These results
pointed out that the development of antisense therapies remains a challenge in genes
under fine splicing regulation, as appears to be IDS.

In this work we also explored the use of different modified U1 snRNAs to correct
three SDS mutations (c.234+1G>A, ¢.633+1G>A and c.1542+4dupA) reported in
patients with Mucopolysaccharidosis type 1IC (MPS 1lIC), a LSD caused by mutations
in the HGSNAT, which encodes the enzyme acetyl CoA: a-glucosaminide
acetyltransferase. The partial correction (almost 50%) of ¢.234+1G>A (intron 2) was
achieved in patients fibroblasts with a modified U1 snRNA matching all the nucleotides
of the mutated SDS. In the case of the other mutations, no rescue was observed after
the modified U1 snRNAs overexpression.

Finally, we developed antisense oligonucleotide and Ul snRNA-mediated
therapeutic strategies for the correction of a SDS mutation in the CSTB gene, which
encodes cystatin B, a key protein in the protection against the proteinases leaking from
lysosomes, whose deficiency is associated with the most common form of progressive
myoclonic epilepsy: Unverricht-Lundborg disease (ULD). The synonymous mutation
here studied, c.66G>A, located in the last nucleotide of the exon 1, causes the partial
inclusion of intron 1 due to the activation of a cryptic splice site inside the intron. A
specific LNA oligonucleotide designed to block the 5 cryptic splice site allowed to
recover the normal splicing pattern in patient cells, although the therapeutic effect was
shown to be dose-dependent. Concerning the Ul approach, the transfection of different

adapted U1 vectors failed to restore correct splicing. A careful analysis of the wild-type



and mutant exon 1 SDS suggested that splicing regulation around this exon depends
not only on the U1l snRNA binding but also on other splicing factors that could interact
with the CSTB pre-mRNA compromising the success of the therapy.

Globally, the results obtained in this work allowed to clarify some aspects of the
basic molecular mechanisms underlying the pre-mRNA splicing and its dysregulation in
the presence of splicing mutations, further contributing to pave the way for innovative
RNA-based therapeutic strategies that could ultimately result in patient-tailored

correction of splicing mutations.

KEY WORDS: Lysosomal Storage Disorders (LSDs), Splicing regulation, Antisense

oligonucleotide therapy, U1 snRNA-mediated therapy






RESUMO

O splicing do pré-mRNA é um processo fundamental para a regulacdo da
expressao génica. A maioria dos genes humanos codificadores de proteinas apresenta
splicing alternativo, sabendo-se hoje que mutacdes que interferem com o splicing
conduzindo a producédo de proteinas anormais e/ou deficientes sdo mais frequentes do
que inicialmente previsto. De acordo com algumas estimativas, cerca de 50 a 60% de
todas as mutacdes patogénicas descritas afetam de alguma forma o processo. Assim,
o desenvolvimento de terapias que tém por alvo o RNA representa uma importante
oportunidade de correcdo direcionada de erros de splicing, abrindo perspetivas de
tratamento a um grande niumero de doengas genéticas.

A grande maioria destas abordagens tem explorado in vitro ou in vivo, 0 uso de
oligonucledtidos antisense com o objetivo de bloquear locais de splicing constitutivos
ou criados de novo, induzindo desta forma o skipping de exdes que apresentam
mutagcdes patogénicas ou o bloqueio de locais aberrantes de splicing promovendo a
utilizacdo dos locais convencionais. Por outro lado, o uso de vetores Ul snRNA com
diferentes complementaridades de ligacdo ao local mutado na regido 5 do splicing,
tem sido considerado uma promissora abordagem terapéutica para a correcdo de
mutacdes que afetam a ligacdo do Ul snRNA.

Nao fugindo a regra, mutacbes que alteram o processo de splicing também se
encontram em doentes diagnosticados com Doencas Lisossomais de Sobrecarga
(DLS). As DLS sdo um grupo de cerca de 50 doencas hereditarias do metabolismo
geralmente caracterizadas pela apresentacdo de um fendtipo grave e progressivo
devido a uma disfuncéo lisossomal especifica. Atualmente estdo disponiveis algumas
estratégias de tratamento, mas dirigidas a um pequeno numero de DLS e sempre
associadas a sérias limitagcdes. Assim, no caso destas patologias, o desenvolvimento
de abordagens terapéuticas baseadas na correcdo do splicing pode constituir uma
opcado de maior relevancia, quer individualmente, quer como adjuvante de tratamento.

Este trabalho teve como objetivos principais: 1) analisar os mecanismos de
splicing e sua desregulacdo na presenca de mutacdes envolvidas na patogénese
lisossomal, e 2) contribuir para o desenvolvimento de abordagens terapéuticas
baseadas na correcéo dos efeitos causados por algumas dessas mutacoes.

O gene IDS codifica a enzima iduronato-2-sulfatase, cujo défice causa a
Mucopolissacaridose tipo Il (MPS 1), uma DLS com modo de transmissao ligado ao X.
Relativamente a trés alterac6es nucleotidicas no gene IDS associadas a doenca - a
mutacdo missense ¢.257C>T, a nonsense ¢.241C>T (ambas localizadas no exao 3) e

a mutacao sinénima ¢.1122C>T (exao 8) - a caracterizacdo dos respetivos transcritos



e a analise funcional através de minigenes permitiram verificar que as mutacdes
€.257C>T e ¢.241C>T causavam a ativacao patogénica de um local de splicing criptico
localizado na extremidade 3’ do exdo 3, e que a alteracdo c.1122C>T estava na
origem da criagdo de um novo local de splicing na regido 5’ do exao 8. A ativagao do
local criptico no exdo 3 sugere que o uso do local de splicing constitutivo a 3’ requer a
interagdo de varios elementos cis-acting e fatores trans-acting que devem ter sido
alterados pela presenca destas mutacdes. Foi entdo efetuada uma andlise in silico
para as duas mutagdes do exdo 3, permitindo prever que a eliminacdo de um motivo
de ligacao para os fatores de splicing SRSF2 e hnRNP E1 e E2, assim como a criacdo
de um motivo de ligagdo para o fator SRSF1 ocorreriam na presenca da mutacdo
€.257C>T. Os resultados tanto da sobrexpresséo das proteinas SRSF2 e hnRNP E1
em co-transfecdo com um minigene que continha a sequéncia mutada, como de um
ensaio com um minigene onde foi efetuada a delecdo de uma sequéncia de 6 pares de
bases que inclui os motivos cis-acting previstos para a ligacdo destas proteinas,
indicaram que ambas as proteinas poderdo estar envolvidas respetivamente, no uso e
repressao do local de splicing constitutivo a 3' do exao 3.

No caso da mutacado sinénima c¢.1122C>T, que origina um novo local de splicing
a 5 no exdo 8 causando a delecdo dos seus Ultimos 60 pares de bases, a
aplicabilidade da terapia antisense foi investigada com o objetivo de corrigir o defeito
de splicing. Contudo, a transfecdo de fibroblastos de um doente com trés
oligonucledtidos antisense do tipo morpholino e de um oligonucle6tido do tipo locked
nucleic acid (LNA) ndo permitiu a eliminacdo do transcrito anormal, resultando até na
producdo de um novo transcrito aberrante. Para além disso, a transfe¢cdo dos mesmos
oligonucledtidos em fibroblastos de um controlo originou 0 mesmo transcrito aberrante
observado nas células do doente apdés o tratamento, demonstrando que o0s
oligonucledtidos ocultaram importantes motivos cis-acting envolvidos na regulagdo do
local 5’ de splicing do ex&o 8. Estes resultados evidenciam n&o sé a complexidade da
regulagéo do splicing no gene IDS, como a dificuldade em desenvolver com sucesso,
em casos deste tipo, terapéuticas dirigidas a correcao de anomalias no processo.

Neste trabalho também foi explorado o uso de diferentes vetores Ul snRNA
modificados para a correcdo de trés mutacbes que afetam o local 5’ de splicing
(c.234+1G>A, <c.633+1G>A e cc.1542+4dupA) presentes em doentes com
Mucopolissacaridose tipo [IC (MPS IIIC), um tipo de DLS causada por mutacdes no
gene HGSNAT que codifica a enzima Acetil-CoA: a-glicosamina-N-acetiltransferase. A
correcdo parcial (cerca de 50%) da mutacéo c¢.234+1G>A (intrdo 2) foi conseguida em
fibroblastos de um doente com a utilizacdo de um vetor UL snRNA modificado que

emparelhava na totalidade com o local 5 de splicing mutado. Para as restantes



mutacdes, apis a sobrexpressao de diferentes vetores U1 snRNA ndo se observou a
reversao do padréo de splicing aberrante.

Por fim, ensaiou-se a correcdo de uma mutacdo que afeta um local 5’ de splicing
no gene CSTB, codificador da proteina cistatina B que desempenha um papel
importante na protecdo celular contra a agdo de proteases lisossomais. O défice desta
proteina encontra-se associado a forma mais comum de epilepsia mioclénica
progressiva, a doenca de Unverricht-Lundborg. A alteracdo sin6nima alvo deste
estudo, ¢.66G>A localiza-se no ultimo nucleétido do exdo 1 do gene CSTB e a sua
presenca leva a inclusédo parcial do intrdo 1 devido a ativagdo de um local de splicing
criptico a 5. Um oligonucle6tido do tipo LNA especificamente desenhado para
bloguear o local criptico a 5’ permitiu recuperar o normal padrdo de splicing nas
células de um doente, embora o efeito terapéutico fosse dependente da dose de
oligonucledtido. Recorreu-se também a outra abordagem com vetores Ul snRNA
modificados, que apds transfecdo ndo permitiram obter qualquer correcao do splicing
aberrante. A analise detalhada dos locais 5’ de splicing wild-type e mutado do exéao 1
revelou que a regulacdo do splicing envolvendo este exdo depende ndo sé da ligacéo
do U1l snRNA, como também de outros fatores de splicing que poderéo interagir com o
pré-mRNA do gene CSTB comprometendo assim o0 sucesso da terapia com estes
vetores.

Globalmente, os resultados obtidos com a realizac&o deste trabalho permitiram
clarificar alguns aspetos do mecanismo molecular subjacente ao processo de splicing
e sua desregulacdo na presenca de mutagbes, assim como avancar no caminho
inovador do desenvolvimento de abordagens terapéuticas baseadas na corre¢do do
splicing que poderéo ser aplicadas de forma personalizada em doentes portadores de

mutacdes de splicing.

PALAVRAS -CHAVE: Doencas Lisossomais de Sobrecarga (DLS), Regulacdo do splicing,

Terapia com oligonucledétidos antisense, Terapia mediada por vetores U1 snRNA.
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1.1 Regulation of gene expression and the splicing

process

Since in the late 1950s it was stated that DNA makes RNA and RNA makes
proteins (Crick, 1958; Crick, 1970), much research was done to uncover how each step
in the sequential transfer of information from nucleic acids to protein works (Gottlieb,
2003). The understanding of gene structure, expression and function has provided
fundamental insights into the molecular biology of cells. Over the time it has become
clear that cell behaviour is determined not only by the genes, but importantly, also by
which of them are expressed at any given time. Expression of eukaryotic genes is a
multistep process that includes transcription of the gene, 5’ -end capping and 3’ -end
polyadenylation of the primary transcript, splicing and transport of the fully processed
messenger RNA (mMRNA) to the cytoplasm, where it can be translated into protein.
Regulation of gene expression allows cells to adapt to changes in their environments
and is responsible for the distinct activities of the multiple differentiated cell types that
make up complex plants and animals (Cooper & Hausman, 2013; Singer & Green,
1997).

One of the most important stages in the chain of processes from DNA to protein
is pre-mRNA splicing. Firstly identified in the late 1970s with the discovery of introns
(Berget et al., 1977; Chow et al., 1977), pre-mRNA splicing is a highly regulated step-
wise process in which intron sequences are removed and exons are joined together to
generate a mature protein-coding mRNA transcript (the so-called constitutive splicing).
Splicing reactions can be alternative, since exons and introns can be excised or
included in variable ways in the final mRNA product. Alternative splicing (AS) is
predicted to occur in the vast majority of mammalian genes, being a primary
mechanism through which complex organisms can regulate protein expression and
generate a diverse proteome from a relatively limited genome (De Conti et al., 2013;
House & Lynch, 2008; Kelemen et al., 2013).

1.1.1 Core splicing signals and spliceosome assembl vy

The splicing reaction is carried out by the spliceosome, a dynamic molecular
machine, which consists of five small nuclear ribonucleoprotein complexes (SNRNPs)
Ul, U2, U4, U5 and U6, and up to 300 different structural proteins. Two of the main
functions of the spliceosomal snRNPs are to recognise and interact with specific

sequence elements (splicing signals) at the exon/intron boundaries such as the 5’ and
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3’ splice sites (ss), branch point sequence (BPS) and polypyrimidine tract (PPT)
(Figure 1.1A), and to engage the spliceosomal complex to catalyze an efficient splicing
reaction. Spliceosome assembly (Figure 1.1B) begins with the recognition of the 5' ss
by the U1 snRNP and the binding of splicing factor 1 (SF1) to the branch point and of
the U2 auxiliary factor heterodimer (U2AF65/35) to the polypyrimidine tract and 3'
terminal AG. This assembly is ATP-independent and results in the formation of the E
complex, which is converted into the ATP-dependent, pre-spliceosomal A complex
after the replacement of SF1 by the U2 snRNP at the branch point. Further recruitment
of the U4/U6+U5 tri-snRNP leads to the formation of the B complex. This is followed by
extensive conformational changes and remodelling, including the loss of Ul and U4
SnNRNPs, ultimately resulting in the formation of the C complex, which is the active
spliceosome capable of catalyzing the transesterification chemistry required for exon
ligation and lariat release (Chen & Manley, 2009; De Conti et al., 2013; Matera &
Wang, 2014). Although the spliceosome catalyzes RNA cleavage and ligation with high
fidelity, the inherent flexibility of this enzymatic complex allows it to be highly sensitive
to regulation. Such flexibility has played a fundamental role in the evolution of higher
organisms by promoting proteome expansion and helping to regulate gene expression
(De Conti et al., 2013; House & Lynch, 2008).
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Figure 1.1: A) The architecture of a pre-mRNA and the important cis-acting sequence elements that direct the splicing

reaction. The consensus sequences at the 5’ ss, BPS and 3’ ss are as indicated, where N is any nucleotide, R is a
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purine and Y is a pyrimidine. The polypyrimidine tract (Py) is a pyrimidine-rich stretch located between the BPS and the
3’ ss. B) Schematic representation of spliceosome assembly and the splicing of a pre-mRNA. The first step in
spliceosome assembly is the formation of early (E) or commitment complex in which the 5" ss is bound by the Ul
snRNP and the splicing factors SF1 and U2AF cooperatively recognise the BPS, the Py and the 3’ ss. This pairing is
stabilized by addition of ATP, which allows binding of the U2 snRNP to the BPS to form the A complex. The U4/U6-U5
tri-snRNP then joins as a single unit to form the B complex. Multiple ATP-dependent rearrangements result in the
release of the U1 and U4 snRNPs and formation of the C complex, which catalyzes excision of the intron as a lariat and
ligation of the exon sequences. Adapted from Hartmann et al., 2008; Rymond, 2007; Wabhl et al., 2009

1.1.2 Exon recognition — a key multifactorial step in splicing

regulation

A critical challenge to the spliceosome is to correctly identify exons within the pre-
MRNA. Exons make up only one-tenth of the typical pre-mRNA and therefore must be
identified within a sea of introns. Despite the splicing mechanism has been determined
in great detail, it is not yet fully understood how splice sites are selected. The major
problem is the degeneracy of splicing regulatory sequences, such as the 5, 3’ ss,
branch point and exonic/intronic sequence elements. These can only be described as
consensus sequences that are necessary but not sufficient for defining intron-exon
junctions (Hertel, 2008; Stamm et al., 2005; Ward & Cooper, 2010). Thus, the accurate
mechanism of exon recognition in vivo is now believed to be the result of a complex
combinatorial control depending on multiple parameters such as splice site strength,
the presence or absence of splicing regulators (silencer or enhancer sequences), the
exon/intron architecture, RNA secondary structures, transcriptional processivity by
RNA polymerase Il (pol Il), nucleosome positioning and histone modifications at the
chromatin level. Depending on local contexts, all these factors will act either
antagonistically or synergistically to decide the exon/intron fate of any given RNA
sequence (De Conti et al., 2013; Hertel, 2008; Kornblihtt et al., 2013; Wang & Burge,
2008). The factors that present greater relevance for this work will be considered in

more detail in the following sections.

1.1.2.1 Splice site strength and gene architecture roles in exon-
intron definition

The adjacent nucleotides at each splice site comprise two easily distinguished
consensus sequences: the 5’ ss junction defined by a single element of 9 bases and
the 3’ ss loosely defined by three sequence elements (branch point sequence,
polypyrimidine tract and the 3’ exon/intron junction), which may extend 40 nucleotides

into the intron, upstream to the 3’ exon/intron junction (Reed, 1996). The initial
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recognition of exon/intron junctions is based on the relative strength of the splice sites
(i.e., how near to consensus is their sequence) that play a major role in determining
whether the basic snRNP factors will be able to interact and bind. Because the
sequence specificity of the splice site/snRNP binding is driven by their interaction level
and the U2 auxiliary factor binding preference for polypyrimidines, splice sites are
classified by their complementarity to U1 snRNA (small nuclear RNA) (5’ ss) and the
extent of the polypyrimidine tract (3’ ss). Greater complementarity with U1 snRNA and
longer polypyrimidine tracts translate into higher affinity binding sites for these
spliceosomal components and thus more efficient exon recognition (De Conti et al.,
2013; Hertel, 2008).

Most human genes contain relatively short exons (typically, 50-250 base pairs in
length) separated by much larger introns (frequently hundreds to thousands of base
pairs) that on average account for >90% of the primary transcript (Chen & Manley,
2009; Wang & Burge, 2008). This relative length of introns and exons — exon/intron
architecture — has also been shown to have an influence on splice site recognition
(Berget, 1995). Early experiments aimed to investigate the influence of exon and intron
sizes in vertebrate pre-mRNA processing showed that enlarged exons lead to exon
skipping, but if the flanking introns are short, the enlarged exon is included (Sterner et
al., 1996). Therefore, splice site recognition seems to be more efficient when introns or
exons are small. These observations suggested that splice sites are recognised across
an optimal nucleotide length, meaning thus that intron length might significantly
influence the efficiency of pre-mRNA splicing and alternative splice site choice. On this
ground, two models were proposed for the mechanism of exon and intron selection:
“intron definition” and “exon definition”. The “intron definition” model posits that
interactions occur first across the intron between factors recognizing the 5’ ss and the
downstream 3’ ss, whereas the alternative model, “exon definition”, sustains that the
splice sites flanking the exon are initially recognised and subsequently paired (Berget,
1995). The higher GC content in exons relative to their flanking introns is presumed to
be the signal that allows exons to be identified (Keren et al., 2010). Considering that in
the human genome the vast majority of the exons are short and introns are long it is
likely that most of the human splice sites are recognised across the exon (Sakharkar et
al., 2005). In fact, coevolution analyses of the 5" and 3’ ss have detected predominant
cross-exon interactions in human and mouse, but cross-intron interactions in
invertebrates, plants, and fungi, supporting the primacy of exon definition in mammals
and intron definition in most other metazoans (Xiao et al., 2007). On a practical level,
however, it is important to bear in mind that there is no mechanistic difference in

spliceosomal complex assembly over exons or introns and that both exon definition
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and intron definition may occur in different parts of the same pre-mRNA (De Conti et
al., 2013).

With the increasing knowledge on the process, several bioinformatic algorithmic
models have been developed to calculate the splice site consensus values (i.e. to
predict the splice site strength). Presently, there are several online tools that analyse
the strengths of splice sites and the changes induced by different sequence variations
(e.g. mutations). The more widely wused are: GENSCAN, available at
http://genes.mit.edu/GENSCAN.htm| (Burge & Karlin, 1997), Splice Site Prediction by
Neural Network, available at http://www.fruitfly.org/seq_tools/splice.html| (Reese et al.,
1997), MaxEntScan, available at http://genes.mit.edu/burgelab/maxent/Xmaxentscan
_scoreseq.html (Yeo & Burge, 2004), and Human Splicing Finder, available at
http://www.umd.be/HSF/ (Desmet et al., 2009).

1.1.2.2 The role of cis-acting elements and trans-acting factors
in exon-intron definition

Besides the core splicing signals, additional sequences are needed in exons and
introns to increase the overall fidelity of the splicing reaction. Indeed, it is now widely
accepted that the majority of pre-mRNA molecules contains a myriad of auxiliary cis-
acting regulatory elements that either enhance or inhibit exon-intron recognition. These
elements are conventionally classified as exonic splicing enhancers (ESES) or
silencers (ESSs) if from an exonic location they function to promote or inhibit inclusion
of the exon they reside in, and as intronic splicing enhancers (ISEs) or silencers (ISSs)
if they enhance or inhibit usage of adjacent splice sites or exons from an intronic
location (Figure 1.2) (Chen & Manley, 2009; De Conti et al., 2013; Kornblihtt et al.,
2013; Wang & Burge, 2008). In general, these splicing regulatory elements (SRES)
share several common features: they are small (6-8 nucleotides), individually weak,
and present in multiple copies. They are often conserved between species and
perhaps between similarly regulated genes, but they contain degenerate sequence
motifs, making it difficult to identify them (Hartmann et al., 2008; Jensen et al., 2009;
Ladd & Cooper, 2002). Enhancers and silencers are involved in both constitutive and
alternative splicing and function by recruiting trans-acting splicing factors that activate
or supress splice site recognition or spliceosome assembly by various mechanisms (De
Conti et al., 2013; Wang & Burge, 2008). The ESE motifs are usually recognised by
members of the SR (serine/arginine) protein family that act as positive regulators
promoting exon inclusion. These trans-acting proteins are characterized by having one

or more RNA recognition motifs (RRMs) as well as an RS (arginine/serine-rich) domain
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responsible for protein—protein interactions (Busch & Hertel, 2012; De Conti et al.,
2013; Jensen et al., 2009; Risso et al., 2012; Shepard & Hertel, 2009). Unlike ESEs,
the proteins that mediate the effect of ISEs are less well characterized although several
tissue-specific proteins, such as NOVA (Jelen et al., 2007; Ule et al., 2006) and FOX2
(Yeo et al., 2009) have been shown to bind ISEs and to stimulate splicing.

On the other hand, negative regulation of exon recognition by ESS and ISS
elements is carried out by the heterogeneous nuclear ribonucleoprotein protein
(hnRNP) protein family. Similar to SR proteins, hnRNPs direct their influence on pre-
MRNA splicing through site-specific binding mediated by a RRM, with the exception of
hnRNPs E/K, which interact with RNA via the K homology (KH) domain. Most hnRNPs
also harbor auxiliary Arginine-Glycine-Glycine (RGG) boxes and glycine-patch domains
that are often involved in protein—protein interactions (Busch & Hertel, 2012;
Chaudhury et al., 2010; De Conti et al., 2013; Jensen et al., 2009). Although much
remains to be learned about how these factors function, they can repress splicing
either by sterical hindrance or by promoting the formation of inhibitory RNA secondary
structures (De Conti et al., 2013).
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Figure 1.2: Schematic diagram of key pre-mRNA splicing regulatory elements. Splice site choice is regulated not only
by the core cis-sequence elements (5’ and 3’ ss) and associated 3' sequences (polypyrimidine tract, Py; and branch
point sequence, A) but also by additional enhancer and silencer elements in exons and introns (ESE/ESS: exonic
splicing enhancers/silencers; ISE/ISS: intronic splicing enhancers/silencers) and by two main families of trans-acting
splicing factors, Ser/Arg-rich proteins (SRs) and heterogeneous nuclear ribonucleoproteins (hnRNPs). These regulatory
proteins as other trans-acting factors bind to enhancers and silencers and interact with spliceosomal components
(shown in green) that associate with both the 5 and the 3' ss flanking the alternative exon and can have either
activating (yellow arrow) or inhibitory (blue arrow) effects on the recognition and use of that site. Based in Jensen et al.,
2009; McManus & Graveley, 2011; Wang & Burge, 2008

Frequently, the binding of SR proteins to enhancer motifs and hnRNPs to silencer

elements promote the inclusion or exclusion of an exon, respectively. However, it
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should be noted that the same sequence motif can act as an enhancer or as a silencer,
depending on its position with respect to the splice sites (Hartmann et al., 2008; Zhou &
Fu, 2013). The activities of cis-acting elements were shown to be context-specific and
there is compelling evidence that SR proteins (e.g. SRSF1, SRSF2, SRSF7) can
suppress splicing when bound to sequences located within the intron. There are also
examples of members of the hnRNPs (e.g. hnRNP F/H, TIA-1) exhibiting stimulating
effects on splicing (Dauksaite & Akusjarvi, 2002; Dembowski et al., 2012; Erkelenz et
al., 2013; Schaub et al., 2007). Additionally, the overall affinity, frequency and
concentration ratio of the different protein family members can also influence the final
decision of whether an exon is constitutively or alternatively included in the mature
MRNA transcript (Busch & Hertel, 2012; Chen & Manley, 2009; Jensen et al., 2009).
Globally, the sum of SRs and hnRNPs activities to enhance or repress cis-acting
elements contributes to the overall recognition of an exon or to the overall binding
affinity for the spliceosome.

In the post-genomic era, research into the mechanisms of splice site selection is
leading toward the establishment of rules that will allow splice patterns to be predicted
on the basis of sequence information. Computational methods combined with
laboratory experiments have already generated algorithm programs that predict
sequence motifs of SREs (Hertel, 2008; Wang & Burge, 2008) as for example
ESEfinder, available at http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=
home (Cartegni et al., 2003), ESRsearch, available at http:/ibis.tau.ac.il/ssat/ESR.htm
(Goren et al.,, 2006) and RESCUE-ESE, available at http://genes.mit.edu/burge
lab/rescue-ese/ (Fairbrother et al., 2002; Yeo et al., 2004). These programs are useful
tools that help to predict specific cis-acting elements and the respective trans-acting
binding proteins in particular genes. However, they still often fail to identify these
elements accurately and to make exact predictions of the effect of a given genomic
mutation on the splicing process. Therefore, experimental analysis should be always

considered to validate “dry-lab” predictions.

The relative contributions of each of these factors, account to control how
efficiently splice sites are recognised and flanking introns are removed. Therefore, the
splicing process can be viewed as a series of checkpoints that allow the spliceosome
to “examine” different choices and to adjust splicing decisions according to local
dictates and cellular requirements. Such flexibility and control ultimately provide for the
extent of alternative splicing that is now recognised to be pervasive in higher
eukaryotes and essential for the functional diversity required in complex organisms
(Hertel, 2008; House & Lynch, 2008).
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1.1.3 Alternative splicing: from one gene to many p  roteins

In humans, a myriad of proteins is needed to guarantee cellular functionality. This
repertoire of different proteins can be largely explained by the occurrence of AS, a
crucial mechanism for gene regulation that allows the production of several structurally
and functionally different proteins from a single gene (Chen et al., 2012; Nilsen &
Graveley, 2010). With the progressive generation of deep sequencing methodologies, it
has been estimated that up to 95% of human multi-exon genes undergo AS (Pan et al.,
2008; Wang et al., 2008), leading to an estimated 90,000 protein species in humans,
despite there being only roughly 25,000 genes (Consortium, 2004; Kim et al., 2007).
Because many AS events occur in translated regions of mRNAs, they can affect the
sequence of the encoded proteins. Therefore, changes in the primary structure can
impact several aspects of protein biological function and properties such as subcellular
localization, stability/expression, enzymatic activity, molecular interactions, binding
properties and posttranslational modifications. Consequently, AS seems to be a major
factor in coordinating physiologically meaningful changes in protein isoform expression
and is a key mechanism to generate the complex proteome of multicellular organisms
(Kelemen et al., 2013; Stamm et al., 2005).

The potential to generate variability is enormous. Not only the majority of genes
encode pre-mRNAs that are alternatively spliced but also the number of mRNA
isoforms encoded by a single gene can vary from two to several thousands. For
instance, the human neurexin-3 (NRXN3) gene can potentially form 1728 transcripts
due to AS at four different sites (Tabuchi & Stdhof, 2002) and in Drosophila, the Down
syndrome cell adhesion molecule (Dscam) gene can potentially generate 38 016
distinct mRNA isoforms, a number far in excess of the total number of genes (~14,500)
in the organism (Schmucker et al., 2000). The significance of AS extends beyond the
ability to generate different protein isoforms to the ability to modulate the levels of those
isoforms. The proportions of different splice forms produced by AS may vary in different
cell contexts, such as by cell or tissue type, developmental stage, gender, apoptosis,
disease state or in response to external stimuli (Kelemen et al., 2013; Pajares et al.,
2007; Stamm et al., 2005).

AS can be regulated at different steps of spliceosome assembly by different
splicing factors and by many mechanisms that rely on cis-acting elements (Chen &
Manley, 2009; House & Lynch, 2008). Correct AS also depends on the stoichiometry
and interactions of positive and negative regulatory proteins (SR and hnRNPS).
Therefore, differences in the activities or amounts of general splicing factors and/or

gene-specific splicing regulators during development or in different tissues can cause
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the differential patterns of splicing observed between different cell types (Chen &
Manley, 2009; Caceres & Kornblihtt, 2002; Hertel, 2008; Kalsotra & Cooper, 2011). The
production of several isoforms from the same transcription unit by various types of AS
(Figure 1.3) is a very common event in mammalian cells, and makes the already
formidable task of correctly identifying splice sites even more complex (Cartegni et al.,
2002). Currently, there are several different types of AS events, which can be classified
into four main subgroups. The first type is exon skipping, in which a type of exon known
as a cassette exon is spliced out of the transcript together with its flanking introns
(Figure 1.3A). The second and third types are alternative 5’ ss and 3’ ss selection.
These types of AS events occur when two or more splice sites are recognised at one
end of an exon (Figure 1.3B and 1.3C). The fourth type is intron retention, whereby an
intron is retained in the resultant mature transcript (Figure 1.3D). Other classes of more
complex events that give rise to alternative transcript variants include mutually
exclusive exons (Figure 1.3E), alternative promoter usage (Figure 1.3F) and alternative
polyadenylation sites (Figure 1.3G) (Chen et al., 2012; Gamazon & Stranger, 2014;
Keren et al., 2010; Roy et al., 2013). Prevalence of each type of AS has been found to
vary between different taxa. Several studies have shown that exon skipping is common
in metazoan genomes (Alekseyenko et al., 2007; Kim et al., 2007; Sugnet et al., 2004)
whereas intron retention is the most common type of AS among plants (Wang &
Brendel, 2006) and fungi (Kim et al., 2008).
Globally, the flexibility of AS contributes not only to expand protein diversity but

also to the clockwork functioning of human biology.
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Alternative promoters Alternative poly-A sites
E : j ‘ Poly-A

Poly-A
Figure 1.3: Representation of the major forms of alternative splicing. Through alternative use of exons, introns,
promoters and polyadenylation sites, alternative splicing acts to greatly increase the diversity of mMRNA transcripts. A)
Cassette exon or exon skipping; B) Alternative 5’ ss; C) Alternative 3' ss; D) Intron retention; E) Mutually exclusive

exons; F) Alternative promoters; G) Alternative poly-A sites. Adapted from Li et al., 2007

1.1.4 Splicing and disease

Given the widespread functions of splicing, it is not surprising that mutations in
either alternatively or constitutively spliced genes can trigger aberrant splicing, which
can lead to human disease (Douglas & Wood, 2011; Kelemen et al., 2013).

Splicing defects constitute approximately 9% of all human pathogenic mutations
(HGMD®Professional Release 2015.3) according to an estimate based on mutations at
highly conserved splice sites. However, a growing understanding of cis splicing codes
at locations other than splice sites has suggested that more than 50-60% of mutations
that cause disease do so by disrupting splicing (Douglas & Wood, 2011,
Lewandowska, 2013; Lopez-Bigas et al., 2005).

Alterations in splicing can cause disease directly, modify the severity of the
disease phenotype or be linked with disease susceptibility. In each case, the
mechanisms causing altered splicing involve disruption of either cis-acting elements
within the affected gene or trans-acting factors that are required for splicing regulation.
Disruption of cis-acting sequence elements have a direct impact on the expression of
only one gene, whereas alterations in trans-acting factors such as a component of the
splicing machinery or a splicing regulator might affect the expression of multiple genes
(Kornblihtt et al., 2013; Wang & Cooper, 2007; Ward & Cooper, 2010). Most of the
known splicing mutations occur mainly in the canonical nucleotides GT and AG at the
5" and 3’ ss, respectively, but can also disrupt other conserved splicing signals at the
exon-intron junctions like the branch point and polypyrimidine tract sequences, and
also auxiliary exonic or intronic splicing regulatory elements (Cartegni et al., 2002;
Havens et al., 2013; Lewandowska, 2013; Tazi et al., 2005). The presence of such
mutations can have different outcomes such as the complete or partial skipping of an
exon, intron retention, introduction of a new splice site within an exon or intron or the
activation of cryptic splice sites (Havens et al., 2013; Jensen et al., 2009). Mutations

occurring deep within introns can also create or activate novel donor and acceptor
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splice sites resulting in the inappropriate inclusion of intronic sequences, usually known
as pseudoexons (Dhir & Buratti, 2010). In general, the use of unnatural splice sites or
intron retention can origin non-functional proteins through the generation of out-of-
frame transcripts which can lead to premature termination codons (PTCs) into the
MRNA, typically resulting in degradation of the transcripts by nonsense-mediated
MRNA decay (NMD) and loss of function of the mutated allele (Faustino & Cooper,
2003; Jensen et al., 2009).

The pathogenicity of exonic mutations is generally assumed to result from the
predicted effect on the reading frame and protein function. However, it is likely that the
primary pathogenic effect for many exonic mutations is at the level of splicing (Havens
et al., 2013; Wang & Cooper, 2007). For example, a single nucleotide change that does
not change the encoded amino acid of a protein (a synonymous or silent mutation)
might be misclassified as a neutral polymorphism when in fact it causes disruption of a
crucial ESE and is a disease-causing mutation. Similarly, base changes that would
result in premature stop codons (that is, nonsense mutations) or in amino acid changes
(that is, missense mutations) might not only be acting at the level of the encoded
protein but also at the pre-mRNA level by affecting the fate of splicing events
(Kornblihtt et al., 2013). Therefore, to better understand the impact of every mutation at
MRNA level, the study of splicing patterns by cDNA analysis and/or by functional
assays using minigenes as a splicing model system is often necessary (Baralle &
Baralle, 2005; Céceres & Kornblihtt, 2002). Minigenes are splice reporter vectors (also
known as exon-trapping vectors) which consist of exonic portions of a gene with
functional 5’ and 3’ ss separated by an intronic sequence where a polylinker (i.e. a
multiple cloning site into which a fragment of sample DNA can be inserted) is located.
Any genomic region of interest, for example, an exon with part of its intronic flanking
regions, can be amplified from normal or affected individuals and cloned into the
minigene. The resultant constructs are then transiently transfected into an appropriate
cell line and the vector splicing patterns are analysed allowing to disclose or confirm
the mutations’ effect on the splicing process (Baralle et al., 2009; Desviat et al., 2012).
In the last decade, minigenes have been widely used as a model system to study
splicing mutations in several diseases as Spinal muscular atrophy (SMN1 and SMN2
genes) (Cartegni et al., 2006), Familial adenomatous polyposis (APC gene) (Goncalves
et al., 2009), Congenital disorder of glycosylation type IA (PMM2 gene) (Vega et al.,
2009) and Duchenne muscular dystrophy (DMD gene) (Disset et al., 2006), having
often allowed to identify the cis and trans-acting elements involved in the disease
mechanism, thus adding to the understanding of the observed pathogenic splicing

alterations. In general, the use of minigene vectors for splicing assays is essential not
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only for diagnostic purposes but also for unravelling novel splicing regulatory
mechanisms and monitor therapeutic interventions aimed at modulating splicing or at

correcting splicing defects (Desviat et al., 2012).

1.2 Lysosomal Storage Disorders: a brief overview

and the burden of splicing mutations

Lysosomes are membrane-enclosed compartments within the cytosol of most cell
types, involved in the degradation of certain lipids, sugars, proteins, and nucleic acids,
as well as foreign substrates, such as substances and pathogens, which enter cells
from the extracellular milieu. This function is enabled by acidic hydrolytic enzymes
working in concert with small activator molecules within the lysosomal lumen. Also
important for lysosomal function are transport proteins and ion pumps in the lysosomal
membrane, which maintain a harsh acidic environment in this organelle (Sabatini &
Adesnik, 2001). Inherited deficiency of any component of the lysosomal system leads
to a group of rare diseases designated Lysosomal Storage Disorders (LSDs). LSDs are
a large group of more than 50 different Inherited Metabolic Diseases (IMDs) which, in
the great majority of cases, result from the defective function of specific lysosomal
enzymes and, in few cases, from defects in lysosomal membrane proteins, non-
enzymatic lysosomal proteins or non-lysosomal proteins involved in lysosomal
biogenesis and vesicular traffic (Boustany, 2013; Filocamo & Morrone, 2011). The
biochemical hallmark of these diseases is the accumulation of undegraded metabolites
in the lysosome. This accumulation results in generalized cell and tissue dysfunction
which can cause a chain of secondary disruptions to other biochemical and cellular
functions, leading to multi-systemic pathology (Filocamo & Morrone, 2011; Parkinson-
Lawrence et al., 2010; Platt et al., 2012). Storage may begin during early embryonic
development, and the clinical presentation for LSDs can vary from an early and severe
phenotype with rapid progressive neurological manifestations to late-onset mild
disease (Filocamo & Morrone, 2011; Hopwood, 2012). LSDs can affect all systems of
the body, with potential consequences in the skeleton and major organs, as well as the
blood-forming and immune systems. Most of the diseases also affect the brain (Cox,
2012).

LSDs can be grouped according to various classifications. While, initially, they
were classified according to the nature of the accumulated substrate(s), the more
recent trend is to classify them on the basis of the molecular defect. Some LSDs are

still referred to by the early class defined by the storage products as is the case of the
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group of Mucopolysaccharidoses (MPSs) (accumulation of glycosaminoglycans also
called mucopolysaccharides), Sphingolipidoses (storage of sphingolipids),
Oligosaccharidoses also known as Glycoproteinoses (mostly characterized by the
accumulation of oligosaccharides) and so on (Boustany, 2013; Filocamo & Morrone,
2011; Winchester, 2012). However, some other lysosomal disorders did not fitted easily
into this classification scheme and only the elucidation of their molecular basis has
permitted a new classification based on the nature of the molecular defect in the
lysosomal system, which includes groups of disorders due to: (i) non-enzymatic
lysosomal protein defects; (ii) integral membrane protein defects (transporters and
structural proteins); (iii) lysosomal enzyme protection defects; (iv) post-translational
processing defects of lysosomal enzymes; (v) trafficking defects in lysosomal enzymes;
and (vi) polypeptide degradation defects. There is also another group that includes the
neuronal ceroid lipofuscinoses (NCLs), which are considered to be lysosomal
disorders, even though distinct characteristics exist (Table 1.1) (Filocamo & Morrone,
2011).

Table 1.1: Classification of Lysosomal Storage Disorders

Adapted from Boustany, 2013; Filocamo & Morrone, 2011; Winchester, 2012

Defective enzyme Main storage Gene

Disease : .
or protein materials symbol

Sphingolipidoses

Galactosylated

Fabry a-Galactosidase A e GLA
glycolipids
Farber Acid ceramidase Ceramide ASAH1
Gaucher . )
(Types I, Il and 1) B-Glucosidase Glucosylceramide GBA
Niemann-Pick . . . .
(Types A and B) Sphingomyelinase Sphingomyelin SMPD1
ggffilé?gr?élﬁld-actlvator Sphingolipid activator Glycolipids PSAP
Lo GM1 ganglioside,
S_Mlega}nﬂ“gs('jdﬂf‘)'s B-Galactosidase Keratan sulfate, oligos, GLB1
ypes 1, glycolipids
o GM2 ganglioside,
((?I_l\élz_gggﬁg;)&doss B-Hexosaminidase A oligos, globoside, HEXA
Y glycolipids
GM2 gangliosidosis B-Hexosaminidase A and B GMZ ganglioside, HEXB
(Sandhoff) oligos
Krabbe disease . .
(Globoid cell leukodystrophy) B-Galactosylceramidase Galactosylceramide GALC
Metachromatic Arylsulfatase A Sulfatides ARSA

leukodystrophy
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Mucopolysaccharidoses (MPS)

MPS | (Hurler, Scheie,

Dermatan sulfate,

Hurler/Scheie) a-L-lduronidase heparan sulfate IDUA
MPS Il (Hunter) Iduronate-2-sulfatase Dermatan sulfate, IDS
heparan sulfate
- Heparan-N-sulfatase
MPS IlIA (Sanfilippo A) (sulfamidase) Heparan sulfate SGSH
MPS IlIB (Sanfilippo B) N-Acetyl-a-glucosaminidase Heparan sulfate NAGLU
MPS IlIC (Sanfilippo C) Acetyl-CoA:a-glucosaminide Heparan sulfate HGSNAT
N-acetyltransferase
MPS I1ID (Sanfilippo D) N-Acetylglucosamine-6- Heparan sulfate GNS
sulfatase
MPS IVA (Morquio A) N-Acetylgalactosamine-6- Keratan .s.ulfate, GALNS
sulfatase chondroitin-6-sulfate
MPS IVB (Morquio B) B-Galactosidase Keratan sulfate GLB1
MPS VI (Maroteaux-Lamy) N-Acetylgalactosamine-4- Dermatan sulfate ARSB
sulfatase (arylsulfatase B)
Dermatan sulfate,
MPS VII (Sly) B-Glucuronidase heparan sulfate,
I GUSB
chondroitin-6-sulfate
MPS IX (Natowicz) Hyaluronidase Hyaluronan HYAL1
Oligosaccharidoses (Glycoproteinoses)
. o Aspartylglucosaminidase )
Aspartylglicosaminuria (Glycosylasparaginase) Aspartylglucosamine AGA
Glycoproteins,
Fucosidosis a-L-Fucosidase glycolipids, Fucoside- FUCAl1
rich oligos
a-Mannosidosis a-D-Mannosidase Mgnnose-rlch MAN2B1
oligosaccharides
B-Mannosidosis B-D-Mannosidase Man (31—4) GInNAc MANBA
S S Neuraminidase . :
Sialidosis (Mucolipidosis 1) (Sialidase 1) Oligos, glycopeptides NEU1
Schindler/Kanzaki a-N-Acetylgalactosaminidase Slalylated/a5|alc.)gllyco- NAGA
peptides, glycolipids
Glycogenoses
Pompe . .
(Glycogenosis type Il) a-1,4-glucosidase Glycogen, oligos GAA
Lipidoses
Wolman, cholesterol ester .
storage disease (CESD) Acid lipase Cholesterol esters LIPA
Non-enzymatic lysosomal protein defects
GM2 gangliosidosis GM2 activator protein GM2 ganglioside, GM2A

(GM2 activator deficiency)

oligos
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Metachromatic

leukodystrophy Saposin B Sulfatides PSAP
Krabbe disease, atypical Saposin A Galactosylceramide PSAP
Gaucher, atypical Saposin C Glucosylceramide PSAP
Integral membrane protein defects
Transporters
Cystinosis Cystinosin (cystine Cystine CTNS
transporter)
Sialic acid storage disease;
infantile form (ISSD) and Sialin (sialic acid transporter) Sialic and uronic acids SLC17A5
adult form (Salla)
Niemann-Pick type C1 Nlemann-Elck type C1 protein Cho_leste_r(_)l and NPC1
(proton-driven transporter) sphingolipids
Niemann-Pick type C2 Nlemann-Elck type C2 protein Chqlestgrql and NPC2
(proton-driven transporter) sphingolipids
Structural proteins
. Lysosome-associated Cytoplasmic debris and
Danon disease membrane protein 2 (LAMP-2)  glycogen LAMP2
Mucolipidosis IV Mucolipin Lipids MCOLN1
Lysosomal enzyme protection defects
o Protective protein cathepsin A Sialyloligosaccharides
Galactosialidosis (PPCA) and glycopeptides CTSA
Post-translational processing defects
. - Formylglycine generating Sulfatides, GAGs,
Multiple sulfatase deficiency enzyme (SUMF1) glycolipids SUMF1
Trafficking defects in lysosomal enzymes
Mucolipidosis Il a/
(ML 11 or I-cell) N-acetylglucosamine-1-
Mucolipidosis 11l a/ phosphotransferase — a/ Oligos, GAGs, lipids GNPTAB
(ML 111A or pseudo-Hurler subunit
polydystrophy)
Mucolividosis Iil N-acetylglucosamine-1-
pido v phosphotransferase —y Oligos, GAGs, lipids GNPTG
(ML 111 variant) .
subunit
Polypeptide degradation defects
Pycnodysostosis Cathepsin K gollagen a_nd other CTSK
one proteins
Neuronal ceroid lipofuscinoses (NCLS)
Palmitoyl protein thioesterase Lipofuscin, Saposins A
NCL 1 1 (PPT1) and D PPT1
. . . Lipofuscin, Subunit ¢ of
NCL 2 Tripeptidyl peptidase 1 (TPP1) ATP synthase TPP1
NCL 3 CLN3, lysosomal and/or Golgi  Lipofuscin, Subunit ¢ of CLN3

transmembrane protein

ATP synthase
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DnaJ homologue subfamily C Lipofuscin, Subunit ¢ of

NCL 4 member 5 ATP synthase DNAJCS
NCL 5 CLNS5, soluble lysosomal Lipofuscin, Subunit ¢ of CLN5
protein ATP synthase
CLNS6, transmembrane protein  Lipofuscin, Subunit ¢ of
NCL 6 in endoplasmic reticulum ATP synthase CLNG
CLN7/MFSD8 (major facilitator Lipofuscin. Subunit ¢ of
NCL 7 superfamily domain-containing A‘FIEP S nth’ase MFSD8
protein 8), transporter y
CLN8, transmembrane protein  Lipofuscin, Subunit ¢ of
NCL 8 in endoplasmic reticulum ATP synthase CLN8
NCL 10 Cathepsin D E';'rf’(;’g‘sc'”’ Saposins A orgpy
NCL 11 Progranulin * GRN
NCL 12 P type ATPase * ATP13A2
NCL 13 Cathepsin F * CTSF

Potassium channel
NCL 14 tetramerization domain- * KCTD7
containing protein 7

*The underlying genes of these four (NCL 11 — 14) variants have already been identified; however, data on their associated storage
materials is still scarce.

The frequency of LSDs varies across populations and geographical regions.
Although individually rare, the prevalence of LSDs is significant when the group is
considered as a whole, varying from one case in every 4000 to 8000 births across
different studies (Fuller et al., 2006; Meikle et al., 1999; Pinto et al., 2004; Poorthuis et
al., 1999; Poupetova et al., 2010). Comparatively to other IMDs, the class of LSDs is
relatively frequent in the Portuguese population, presenting a prevalence of 1:4000 live
births (Pinto et al., 2004).

Most LSDs are autosomal recessive diseases, with the exception of Hunter
syndrome (MPS II) and Fabry disease which are X-linked recessive; Danon disease,
which shows X-linked dominant inheritance and the Parry disease (a variant type of
adult NCL4), which is autosomal dominant (Boustany, 2013; Hopwood, 2012).
Although being monogenic diseases, for most LSDs, humerous mutations have been
described for the same gene in different patients. These mutations include missense,
nonsense and splice site mutations, partial deletions and insertions (Futerman & van
Meer, 2004). In general, mutations resulting in null or very low residual enzyme activity
cause the most severe early onset forms of the diseases. In contrast, higher residual
enzyme activity delays disease onset. However, no obvious genotype—phenotype
correlation has been found for most LSDs and prediction of the clinical course of the
disease cannot usually be made only on the basis of mutational analysis (Futerman &

van Meer, 2004; Hopwood, 2012). Different epigenetic factors, genetic variability in the
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synthesis of the stored substrate, and the overall functional efficiency and control of an
individual patient's endosome-lysosome-network are other factors that may influence
clinical outcome (Hopwood, 2012).

As mentioned before, splicing mutations are only one of the underlying causes of
LSDs, even though having been identified in many patients. Specifically for a group of
well-known lysosomal diseases (Fabry, Gaucher, Pompe, Niemann-Pick type C,
Gangliosidosis GM1 and GM2, MPSs and NCLs) splicing mutations account for ~9% of
all described mutations (HGMD®Professional Release 2015.3). This figure may likely
be an underestimate given that only genomic DNA analysis is routinely performed in
the diagnostic setting, uncovering the real impact that many silent, missense and
nonsense mutations may have on the splicing process.

Great strides have been made in the characterization of biochemical and
molecular basis of most LSDs, which naturally generated excitement and anticipation
regarding direct approaches to therapy. However, despite the accumulated knowledge
about disease mechanisms and much biopharmacological investment, for most LSDs,
no curative therapy is available, although a number of specific treatment strategies do
exist for some, aiming to improve quality of life (Boustany, 2013; Cox, 2012).
Essentially, the primary aim of treatment is the preservation or restoration of organ
function, which can be achieved by preventing or reducing tissue substrate build up.
Clinically proven approaches include the restoration of intracellular activity through
cross-correction, by transplanting healthy donor cells (bone marrow or umbilical cord
blood as a source of haematopoietic stem cells) or infusion of the relevant exogenous
enzyme (enzyme replacement therapy — ERT), and by substrate synthesis inhibition
(substrate reduction therapy — SRT). Haematopoietic stem cells transplantation (HSCT)
have the potential to supply complementing enzyme activity over the long-term and has
led to good results in some cases (MPS | and VI; Metachromatic leukodystrophy;
Krabbe disease and a-Mannosidosis), but only if the procedure is performed at an early
phase of disease progression. Also, it is limited by the availability of compatible donors
and by procedural complications with significant morbidity and mortality (Cox, 2012;
Lachmann, 2010; Pastores, 2010). ERT on the other hand, uses recombinant versions
of the deficient enzymes to overcome the cellular defect. This approach is only
available for a restrict number of LSDs (Gaucher type |, Fabry, Pompe and MPS 1, I,
IVA and VI), even though it will probably be extended to others for which clinical trials
are already in course (a-Mannosidosis, Wolman disease and Niemann-Pick type B).
ERT has generally shown to be effective in treating systemic symptoms and slowing
down the disease progression in later onset or milder variants of LSDs. Unfortunately,

ERT cannot treat the neurological manifestations present in patients affected by the
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more severe types of LSDs, given the inability of recombinant enzymes to cross the
blood brain barrier (BBB) and reach the brain (Boustany, 2013; Cox, 2012; Cox, 2015).
Concerning the SRT strategy, whose principle is to reduce the biosynthesis of new
storage material, it is currently available for Gaucher disease and Niemann-Pick type
C, and being evaluated for some other lysosomal disorders (MPS, Fabry, late onset
GM2 Gangliosidosis and Sandhoff disease) (Cox, 2012; Cox, 2015; Pastores, 2010;
Platt & Jeyakumar, 2008).The ineffectiveness of ERT and, in some cases of bone
marrow transplantation (BMT) and SRT, to overcome neurological symptoms is one of
the main reasons prompting research on additional therapeutic approaches to address
the needs of the more severe types. Other strategies presently under study include
pharmacological chaperones, gene therapy and stop-codon read-through technology
(Boustany, 2013; Cox, 2015; Pastores, 2010; Tomanin et al., 2012). Still, if early
diagnosis of these disorders before the onset of irreversible pathologies is already
crucial to obtain better outcomes for current therapies, it certainly will continue to be for

the innovate medicines that hopefully will appear in the next years.

1.3 RNA-based therapies

A strong conviction is being formed that as diagnostic approaches become
individualized through whole genome sequencing as well as transcriptome and
epigenetic profiling, the fraction of the detected disease-causing mutations and single
nucleotide polymorphisms (SNPs) predisposing to disease or modulating disease
severity that affect splicing will increase (Cooper et al., 2009; Singh & Cooper, 2012).
The continuous discovery of new disease-causing mutations in RNAs is yielding a
wealth of new therapeutic targets, and the growing understanding of RNA biology and
chemistry is also providing new tools that can be exploited in the development of RNA-
based therapeutics (Cooper et al., 2009; Douglas & Wood, 2011; Singh & Cooper,
2012). Concerning approaches to manipulate splicing for therapy, significant advances
have been achieved by now. Splicing can be manipulated with a number of tools
including antisense oligonucleotides (AOs), overexpression or silencing of specific
splicing factors, modified Ul snRNAs, spliceosome-mediated RNA trans-splicing
(SMaRT) and using small molecule compounds (e.g. pentamidine, sodium butyrate,
kinetin and tetracycline derivatives), all of them applied to increase specific alternatively
spliced isoforms or to correct aberrant gene expression resulting from gene mutations
that alter splicing (Arechavala-Gomeza et al., 2014; Douglas & Wood, 2011; Havens et
al., 2013; Pérez et al., 2012; Rigo et al., 2014; Wally et al., 2012). Since the AOs and
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the modified U1 snRNA therapeutic approaches were the two options selected for this

work, they will be the focus of the next sections.

1.3.1 Antisense oligonucleotides technology

Antisense oligonucleotide-based therapy covers a range of methods for
modifying gene expression, which have the potential to revolutionize the development
of therapeutics and biomedical practice (Magen & Hornstein, 2014). The modification of
gene expression, using a synthetic single stranded DNA, resulting in inhibition of
MRNA translation was demonstrated for the first time by Paterson and colleagues in
1977 in a cell-free system (Paterson et al., 1977). Aimost a year later, Zamecnik and
Stephenson showed that in chicken fibroblast tissue culture containing Rous Sarcoma
virus, the addition of a synthetic 13-mer oligonucleotide complementary to the 3’ end of
the virus, could inhibit its replication and transformation of fibroblasts into sarcoma cells
(Zamecnik & Stephenson, 1978). Since then, remarkable progress has been made in
oligonucleotide drug development and currently antisense technology is a powerful tool
that can be used for target validation and to correct or alter RNA expression for
therapeutic benefit (Bennett & Swayze, 2010; Evers et al., 2015; Havens et al., 2013;
Rigo et al., 2014).

AOs are short, synthetic, and modified nucleic acids that are able to bind to
MRNA or pre-mRNA with high specificity via base-pairing and to interfere in its function
through a variety of post-binding events (Bennett & Swayze, 2010; Rigo et al., 2014).
Depending on the chemistry and target site, AOs are able to perform their function
through different mechanisms, being important to distinguish between those that
knockdown gene expression by degrading the target RNA via enzymes such as RNase
H, or Argonaute 2 (RNA interference), and those that act in splicing modulation without
promoting RNA degradation as the splice switching oligonucleotides (SSOs). SSOs are
single stranded AOs typically 15-25 nucleotides long which direct pre-mRNA splicing to
a new pathway by binding sequence elements and sterically blocking access to the
transcript by the spliceosome and other splicing factors (Bauman et al., 2009; Bennett
& Swayze, 2010; Kole et al., 2012; Rigo et al., 2014).

1.3.2 Antisense oligonucleotides chemistry

To be suitable for therapeutic application, AOs ideally require a number of
intrinsic properties. To start off with, the AO should bind in a sequence specific manner

to the target RNA transcript; the higher the specificity, the less the chance of unwanted
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off-target effects. Secondly, the AO should be of a chemistry that facilitates cellular
uptake and activity in the appropriate intracellular compartment (e.g. nucleus or
cytoplasm). Thirdly, because of the plethora of nucleases present in vivo, a well-
designed AO should be resistant to nuclease degradation in order to allow it to reach
its desired target intact and to maximize its potential duration of action once there.
Fourthly, as with any drug, the ideal AO should have favorable pharmacokinetics (PK)
and pharmacodynamics (PD). Linked to this is, of course, the prerequisite that the AO
should not be a toxic compound. Finally, the design of the AO must allow its effective
delivery to the target tissues, whether that be a localized area such as a specific organ
or a body-wide systemic delivery (Bennett & Swayze, 2010; Douglas & Wood, 2013;
Geary et al., 2015; Mansoor & Melendez, 2008; Rigo et al., 2014). To try to cope with
these desired AO properties, several chemical modifications have been made to the
backbone and sugar component of AOs allowing the development of different
oligonucleotide chemistries with features that make them potential therapeutic tools
(Bennett & Swayze, 2010; Mansoor & Melendez, 2008; Rigo et al., 2014).

1.3.2.1 ‘First generation oligonucleotides’: the PS backbone

modification

The precise positioning of chemical modifications within an AO fundamentally
determines its mechanism of action. One of the first successful modifications, which
remains widely used in antisense therapeutics, is the phosphorothioate (PS) backbone
(Figure 1.4). Termed the first generation of oligonucleotide modifications, the PS
backbone is accomplished by replacement of one of the non-bridging oxygen atoms of
the natural phosphodiester linkage in the backbone with a sulfur atom. This simple
chemical modification improves resistance to nucleolytic degradation, elicits RNase H-
mediated cleavage of the target mRNA, carries negative charges that facilitate their cell
delivery in vitro an in vivo, and increases affinity for plasma proteins leading to reduced
renal clearance and an increased circulation time of the AO (Bennett & Swayze, 2010;
Evers et al., 2015; Kurreck, 2003; Mansoor & Melendez, 2008; Rigo et al., 2014).
However, the binding of PS AOs not restrictively to serum proteins can also be a
disadvantage due to the production of undesirable side effects such as nonspecific
activation of the immune system (Evers et al., 2015; Rigo et al., 2014). The first AO
drug approved for clinical use, the intravitreous Fomivirsen® (Vitravene) was a first
generation PS-modified oligonucleotide used for repression of cytomegalovirus mRNA
translation. It gained United States Food and Drug Administration (U.S. FDA) approval

for intraocular treatment of Cytomegalovirus retinitis in immunosuppressed patients in
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1998 (Roehr, 1998) and was discontinued later due to commercial considerations
(Magen & Hornstein, 2014).

Backbone modifications

Phosphorothioate (PS) Phosphorodiamidate morpholino
DNA* oligomer (PMO)

Unmodified b
DNA and RNA —\TLQ‘Base K[OTBase

m\é‘m o Mb
R’ o l@‘mse o 0. Base
g 7

h. < g\
° Base
*Supports RNaseH activity
\)

o T® 2'-Sugar ring modifications
? 2'-O-Methyl 2'-0O-Methoxyethyl Locked nucleic
DNA R=H (2"-OMe) (2'-MOE) acid (LNA)

RNA R=OH mo/\QABase «1. O\ «Base
SNCY

Figure 1.4: Antisense oligonucleotides chemical structures. Schematic representation of unmodified DNA/RNA base
pair (left). Different backbone modifications that can be applied (top row) and different 2’-sugar modifications that can be
used (bottom row) to increase nuclease resistance and RNA binding affinity of the antisense oligonucleotide. Deviations
from the original unmodified DNA/RNA are highlighted by circles. Adapted from DeVos & Miller, 2013

1.3.2.2 ‘Second generation oligonucleotides’: the s  ugar group

modifications

Another class of oligonucleotide modifications includes those made at the 2’
position of the sugar ring, which in combination with the PS backbone has highly
improved oligonucleotide safety and pharmacologic properties. The class represents
the second generation of oligonucleotides, whose most successful members are the 2'-
O-methyl (2-OMe) and 2'-O-methoxyethyl (2'-MOE) modifications (Figure 1.4). They
have improved the PS backbone oligonucleotides, with enhancements in nuclease
resistance and RNA-binding affinity, better tissue uptake, longer in vivo half-life and
reduction of nonspecific protein binding, which in turn, contributed to reduce the AO
toxicity profile (Bennett & Swayze, 2010; Chan et al., 2006; Evers et al., 2015; Kurreck,
2003; Mansoor & Melendez, 2008).

These desirable properties are, however, counterbalanced by the fact that 2’-O-
alkyl fully modified oligonucleotides cannot induce RNase H cleavage of a target RNA

51
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(RNase H requires a free 2'-oxygen), which restricts the use of 2’ modifications for
antisense downregulation purposes (Bennett & Swayze, 2010; Evers et al., 2015;
Kurreck, 2003). This limitation has been minimized with the development of “gapmer”
structures where 2’ sugar-modified residues are present on either side of a central
“gap” region comprising 8-10 PS-modified nucleotides. The external sugar modified
residues thus increase affinity and nuclease resistance, while the internal “gap” region
allows RNase H-mediated cleavage of the target RNA (Bennett & Swayze, 2010; Kole
et al., 2012; Monia et al., 1993; Rigo et al., 2014).

Recently, a systemically administered AO of the 2-MOE gapmer type -
Kynamro®, which targets apolipoprotein B (APOB) transcripts, was approved by the
U.S. FDA for the treatment of Familial hypercholesterolemia (Crooke & Geary, 2013).
Also, the phase | clinical trials were recently concluded for another 2’-MOE gapmer
oligonucleotide (I1SIS-333611) targeting the exon 1 of SOD1 gene mutated in
Amyotrophic lateral sclerosis (ALS) disease (Miller et al., 2013).

1.3.2.3 ‘Second and third generation oligonucleotid es’

designing AOs for splicing modulation

For splicing modulation, oligonucleotides were developed that do not induce
RNase H-mediated cleavage of RNA but instead act by blocking a specific site in the
targeted RNA without inducing its degradation. The most commonly used splice-
switching oligonucleotide chemistries include the second generation PS-modified 2'-
OMe and 2'-MOE AOs and also the phosphorodiamidate morpholino oligomer (PMO)
and locked nucleic acid (LNA) designs which are part of a third generation class of AOs
(Figure 1.4) (Aartsma-Rus & van Ommen, 2007; Bauman et al., 2009; DeVos & Miller,
2013; Rigo et al., 2014). This third class was developed mainly by chemical
modifications of the furanose ring of the nucleotide, along with modifications of
phosphate linkages aiming to further enhance nuclease stability, target affinity,
pharmacokinetic and toxicology profiles of the AOs (Chan et al., 2006; Evers et al.,
2015; Mansoor & Melendez, 2008).

The PMOs represent a successful modification in which the ribose sugar is
replaced by a six-membered morpholine ring and the negatively charged
phosphodiester backbone is replaced with a neutral phosphorodiamidate backbone
(Figure 1.4) (Summerton & Weller, 1993; Summerton, 2007). Morpholinos are usually
constituted by a 25 nucleotide chain which presents high target specificity and affinity,
good solubility in aqueous solution, high resistance to nucleases and do not activate

RNase H, being used primarily in splicing modulation and translational interference
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through steric hindrance of the ribosomal machinery (Bennett & Swayze, 2010;
Summerton, 1999; Summerton, 2007).

Unlike PS oligonucleotides, PMOs have no net electrical charge and, therefore,
do not tend to interact with nucleic acid-binding proteins. On the one hand, this reduces
the chance of side effects, but on the other hand, poor protein binding causes the drug
to be rapidly cleared from the body and high doses of the oligonucleotide are required
to elicit a pharmacological response (Mansoor & Melendez, 2008; Rigo et al., 2014).
Also, their electrostatically neutral backbones at physiological pH make difficult the
cellular uptake. For this reason their delivery into tissue cell culture can be improved by
non-toxic endocytosis-assisted delivery reagents like ethoxylated polyethylenimine
(EPEI) (Morcos, 2001) and Endo-Porter® (Summerton, 2005) as also by the scrape
delivery method (Partridge et al., 1996). As expected, these antisense molecules also
do not readily cross cell membranes in vivo without delivery techniques. To overcome
this problem, another chemical modification was made to allow the oligonucleotides to
more easily penetrate cell membranes and to improve their PK properties (Evers et al.,
2015; Lee & Yokota, 2013; Moulton & Jiang, 2009). The first effective chemically-
mediated method for systemic delivery of morpholino antisense was based on
covalently linking the oligonucleotides to arginine-rich (arg-rich) cell-penetrating
peptides (CPPs), resulting in the peptide-linked phosphorodiamidate morpholino
oligomers, or PPMO (Figure 1.5A) (Moulton et al., 2003). The presence of positively
charged guanidinium moieties as part of the arginine chains in this conjugated
oligonucleotides is responsible for its increased cellular uptake (Moulton & Moulton,
2004; Wender et al., 2000).

Another interesting conjugated PMO, which exhibits superior performance in
transporting morpholino oligomers across biological barriers is the vivo-morpholino
(vPMO) (Figure 1.5B). vPMOs are morpholino oligonucleotides covalently linked to a
dendrimer scaffold which carries eight guanidinium head groups that enable delivery
into cells (Li & Morcos, 2008; Morcos et al., 2008). This molecular transporter showed
efficient delivery of coupled morpholino oligomers to a wide spectrum of tissues without
evidence of toxicity after its intravenous injection in transgenic mice (Morcos et al.,
2008) and in a dystrophic mdx mouse model (Aoki et al., 2012). However, other recent
studies targeting the SMN2 (Zhou et al., 2013) and PAH (Gallego-Villar et al., 2014)
genes have reported severe toxicity after the systemic administration of v-PMOs in

mice, even though an effective splicing modulation has also been observed.
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Figure 1.5: Chemical structure of a peptide-linked phosphorodiamidate morpholino (PPMO) and a vivo-morpholino
(vPMO). A) Representation of the PMO subunits linked to the arginine-rich peptide in the PPMO structure. R — arginine;
X — 6-aminohexanoic acid, B — B-alanine; Base — A, C, G or T. B) Representation of a v-PMO structure. Shown are two
3" end PMO subunits (top portion) linked to the molecular transporter with eight guanidinium head groups (bottom
portion). B — base. Adapted from Goyenvalle & Davies, 2011; Morcos et al., 2008

LNA oligonucleotides constitute a class of chemically modified RNA nucleotides
that has been also widely used seeking therapeutic applications. LNAs contain a
methylene bridge connecting the 2’-O with the 4’-C position in the furanose ring, which
enables it to form a strictly N-type conformation that offers to the nucleic acid an
unprecedented binding affinity and excellent specificity toward complementary RNA or
DNA (Figure 1.4) (Obika et al., 1997; Singh et al., 1998; Vester & Wengel, 2004). LNAs
show structural resemblance with RNA, high resistance to nucleolytic degradation with
consequent high bio-stability, good aqueous solubility, great thermal stability of the
duplexes and are easy to synthesize (Kaur et al., 2007; Veedu & Wengel, 2009; Vester
& Wengel, 2004). Furthermore, the charged phosphate backbone of LNAs allows their
ready delivery into cells using standard cationic transfection agents (Kaur et al., 2007).

The high RNA binding affinity and potency of LNAs was demonstrated in vivo
without evidence of toxicity after systemic administration in mice (Gupta et al., 2010;
Roberts et al., 2006) or when applied directly in rat brain (Wahlestedt et al., 2000).
However, profound levels of hepatotoxicity were reported in mice after intraperitoneal

delivery (Swayze et al., 2007). As interestingly revealed in a recent work of Burdick and
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colleagues (2014), the hepatotoxicity observed after LNA administration in mice seems
to be strongly associated with the presence of specific trinucleotide sequence motifs in
the oligonucleotide. AOs containing these sequence motifs tend to exhibit higher
binding to mouse liver proteins, which results in the activation of transcription factors
that trigger specific stress pathways leading to hepatotoxicity. This finding suggests
that in silico approaches can be used to evaluate structure—toxicity relationships of
LNA-modified AOs aimed at decreasing the likelihood of hepatotoxicity in preclinical
testing (Burdick et al., 2014).

1.3.3 Factors influencing antisense oligonucleotide S activity

All antisense mechanisms have in common the binding of the oligonucleotide to
the targeted RNA. What happens after the oligonucleotide binding is dictated not only
by the oligonucleotide chemistry but also by additional factors that may influence its
activity. Among them are the oligonucleotide length, the melting temperature (Tm), the
guanine-cytosine content, the presence of secondary or tertiary structures formed by
RNA that can compromise the accessibility of the AO to the target, or sequence motifs
for the binding of auxiliary factors like RNA-binding proteins, as well as the local in the
cell (nucleus or cytoplasm) where the AO binds to the RNA. To design an AO all these
aspects should be taken into account and every option should firstly be screened for
activity in cell culture. This step is essential to find the most effective oligonucleotide(s)
for a particular antisense mechanism, which can subsequently be tested in vivo
(Aartsma-Rus, 2012; Aartsma-Rus et al., 2009; Rigo et al., 2014).

1.3.4 The use of antisense oligonucleotides for spl icing

modulation

The ultimate goal in the development of many AO-based therapies is to block the
production of a toxic form of a protein or to restore i) the production of a protein that is
not translated, or ii) the activity of a nonfunctional protein. For this, SSOs are designed
to base-pair to pre-mRNA, in order to influence splicing through the alteration of the
protein-coding mMRNA (Havens et al., 2013). The first demonstration of the ability of a
SSO to correct a splicing mutation appeared two decades ago for the B-globin gene,
where SSOs were successfully used to mask the activated intronic cryptic splice sites
leading to abnormal splicing and causing B-thalassemia (Dominski & Kole, 1993).
Since then, SSOs have been fruitfully employed in humerous applications targeting

many disease-relevant genes including a number coding for IMDs (Arechavala-
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Gomeza et al., 2014; Bauman & Kole, 2011; Lee & Yokota, 2013; Pérez et al., 2010;
Pérez et al., 2012; Siva et al., 2014; Veltrop & Aartsma-Rus, 2014).

Splicing modulation can be achieved through different approaches depending on
the nature of the mutation to correct. For instance, SSOs can be used to block cryptic,
new, or pseudo splice sites in the pre-mRNA (Figure 1.6A), as was already done to
efficiently neutralize aberrant splice sites in cells of patients with Ataxia-telangiectasia
(Du et al., 2007; Nakamura et al., 2012), Pyridoxine-dependent epilepsy (Pérez et al.,
2013), Hypomyelinating leukodystrophy (Regis et al., 2013), Congenital disorders of
glycosylation (Vega et al., 2009; Yuste-Checa et al., 2015) and Niemann-Pick C
disease (Rodriguez-Pascau et al., 2009) or in animal models of Hutchinson-Gilford
progeria syndrome (Osorio et al., 2011) and Usher syndrome (Lentz et al., 2013).
SSOs can also be used to promote the inclusion of an exon by targeting splicing
regulatory sequences (Figure 1.6B). A case of success is illustrated by Spinal muscular
atrophy (SMA), the leading genetic cause of mortality in infants under the age of 2
years, in which SSOs were used to block an ISS promoting exon inclusion (Hua et al.,
2010; Hua et al., 2008). For this disease, SSOs antisense therapy is now in phase Il
clinical trials (ISIS-SMNRXx; 2'-MOE; ClinicalTrials.gov), showing potential to become a
treatment for SMA patients (Rigo et al., 2012; Zanetta et al., 2014). Another approach
is based on the use of SSOs to remove exons either to eliminate a nonsense mutation
or to restore the reading frame around a genomic deletion (Figure 1.6C). It was the
strategy applied in Duchenne muscular dystrophy, an early onset, severe
neuromuscular disorder caused in the majority of patients by deletions or duplications
of one or more exons that result in disruption of the open reading frame (ORF) and
deficit of its encoded protein, dystrophin (Muntoni et al., 2003). In a model of “exon
skipping”, SSOs were used to “mask” specific exons to the splicing machinery,
restoring the ORF with consequent production of internally deleted but partially
functional proteins for DMD patients. The developments in the use of SSOs as a
potential therapeutic agent in DMD have been fast since the early proof of concept
experiments (Alter et al., 2006; Lu et al., 2003; van Deutekom et al., 2001; Yokota et
al., 2009) to the phase Il (Eteplirsen (AVI-4658); PMO; targeting exon 51) and llI
(Drisapersen; 2’-OMe; targeting exons 51, 44, 45 and 53) clinical trials that are
currently underway revealing encouraging results (Aartsma-Rus, 2014; Cirak et al.,
2011; Goemans et al.,, 2011; Mendell et al., 2013). However, AO-mediated exon-
skipping for DMD still faces major hurdles such as extremely low efficacy in the cardiac
muscle, no crossing of the BBB, poor cellular uptake and relatively rapid clearance
from circulation. Therefore, to overcome these limitations new modifications and

chemistries are being explored in pre-clinical tests, including for dystrophin exon
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skipping. One such example is the recent study of Betts and colleagues (2012), where
the development of novel Pip (PMO internalization peptide) transduction peptides,
termed Pip6-PMOs, led in a DMD mouse model to efficient exon skipping and
dystrophin restoration in multiple muscle groups (Betts et al., 2012). In another study,
Goyenvalle and co-workers (2015) used a new class of conformationally constrained
DNA analogues: the tricyclo-DNAs (tc-DNAs), which displayed unprecedented uptake
after systemic administration and induced efficient exon skipping in a DMD mouse,
promoting a high degree of dystrophin rescue in several tissues including the brain
(Goyenvalle et al., 2015). This makes tc-DNA AO chemistry particularly attractive as a
potential future therapy for patients with DMD or with other diseases that are eligible for
exon-skipping approaches requiring whole-body treatment. The exon-skipping process
of splicing modulation was also applied with success in cells from patients suffering
from dysferlinopathies (Aartsma-Rus et al., 2010; Wein et al., 2010). SSOs can also be
applied to manipulate alternative splicing from one splice variant to another (Figure
1.6D) as was demonstrated in Fronto-temporal dementia and Parkinsonism linked to
chromosome 17 (FTDP-17) (Kalbfuss et al.,, 2001; Peacey et al.,, 2012), in some
cancers (Bauman et al.,, 2010; Wan et al.,, 2009; Zammarchi et al., 2011), and in
inflammatory disorders (Graziewicz et al., 2008; Vickers et al., 2006).

In addition to splicing modulation, AOs have been used to disrupt interactions
between a protein splicing factor and a toxic repeat-containing RNA in myotonic
dystrophy (Leger et al., 2013; Wheeler et al., 2009), to inhibit translation in Huntington,
Machado Joseph (Evers et al.,, 2011; Gagnon et al.,, 2010; Hu et al., 2009) and
Alzheimer (Erickson et al., 2012; Kumar et al., 2000) diseases as well as to inhibit the
viability of bacteria (Geller et al., 2005) and virus (Warren et al., 2010). AOs of the
PMO class have been extensively used in studies of gene function and development in
a variety of organisms like frog, zebrafish, chicken, mouse and sea urchin (Eisen &
Smith, 2008; Ferguson et al., 2013) as in the generation of disease models, mainly in
mouse and zebrafish (Cline et al., 2012; Gallego-Villar et al., 2014; Mahmood et al.,
2013; Moro et al., 2010).
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Figure 1.6: Methods of AO-mediated modification of mutation-generated aberrant splicing. AOs have been used to
revert aberrant splicing of activated cryptic splice sites, new splice sites or pseudoexons (A), to promote the inclusion of
an exon by targeting splicing regulatory sequences (B), to exclude an exonic sequence to either eliminate a nonsense
mutation or restore the reading frame caused by a frameshift deletion (C), or to force the exclusion of an alternative
exon or the selection of an alternative splice site (D). Based on Hammond & Wood, 2011; Pérez et al., 2010; Siva et al.,
2014

1.3.5 U1 snRNA basic principles

Since its discovery in the early days of splicing research, U1 snRNA has been
recognised as a crucial player in the first stages of the splicing process (Lerner et al.,
1980; Mount et al., 1983; Rogers & Wall, 1980). U1 snRNA is a 164 nucleotides long
molecule with a well-defined structure consisting of four stem—loops, which primarily
exerts its function in the form of an ribonucleoprotein (RNP) complex (termed Ul
snRNP) containing seven Sm proteins and three Ul-specific proteins U1A, U1C and
U1-70k (West, 2012) (Figure 1.7A). It is now well-established that U1 snRNP initiates

spliceosome assembly by binding to the 5' splice donor site (SDS) through base pairing
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between the single stranded terminal sequence of the Ul snRNA molecule and the
moderately conserved stretch of nucleotides at the 5' SDS (CAG/GURAGU; R-purine)
marking the exon-intron boundary (Buratti & Baralle, 2010). However, not all base pairs
at different 5° ss positions are equally important, and their contribution to splicing
roughly correlates with their conservation (Figure 1.7B). In the 9 nucleotides consensus
sequence (which sometimes is expanded to include 11 base pairs), the most
conserved 5’ ss positions lie at the first two intronic nucleotides (+1 and +2), which
determine the 5’ ss subtype. The GU subtype, with Watson-Crick complementarity with
A7 and C8 in Ul, accounts for 99% of 5’ ss. The minor subtypes have a mismatch to
U1 at either +1 or +2 and include the GC (0.9%) and the very rare AU 5’ ss recognised
by the spliceosome. The next most conserved 5’ ss positions (>75% in humans) are -
1G (the last exonic nucleotide) and +5G, which form strong G-C base pairs with U1,
with three hydrogen bonds. Consensus nucleotides -2A, +3A, +4A, and +6U are also
conserved but have a lesser although important contribution to 5’ ss strength because
their base pairing to U1 involves only the formation of two hydrogen bonds. The 5’ ss
positions +7 and +8 do not exhibit substantial conservation in humans, yet several lines
of evidence indicate that these positions can base-pair to U1 and contribute to splicing
(Roca et al., 2013). Once the donor site does not always conform to the consensus
sequence, but can instead have a degenerate pattern feature, it is understandable that
many other additional elements such as splicing silencer and enhancer motifs, the
presence of alternative splice sites, secondary structures and regulatory proteins can
influence the splice site selection (Figure 1.7A) (Raponi & Baralle, 2008; Roca et al.,
2013).

Ul snRNA is classically known for its role in pre-mRNA splicing events. However,
the finding that U1 snRNA levels far exceed other spliceosomal associated snRNA
levels led to the notion that it may have additional roles in the cell apart from splicing
regulation (Guiro & O'Reilly, 2015; West, 2012). Indeed, emerging evidence suggests
that U1 snRNA plays a key role in transcription initiation and in the protection of pre-
MRNAs from degradation, as also has a regulatory function in the 3'-end formation,
protecting pre-mRNA transcripts against premature polyadenylation and contributing to
the regulation of alternative polyadenylation (Guiro & O'Reilly, 2015; Spraggon &
Cartegni, 2013; Valadkhan & Gunawardane, 2013; West, 2012). Furthermore, the
binding of U1 snRNA to 5’ ss like sequences present in the 3’ untranslated region
(UTR) of some mRNA sequences (eg. viral mMRNA), can lead to the suppression of the
polyadenylation process, resulting in mRNA degradation (Buratti & Baralle, 2010;
Valadkhan & Gunawardane, 2013; West, 2012).
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Figure 1.7: A) Role of U1 snRNP in splicing. The 5" end of U1 snRNA base pairs to the 5’ ss, to define the functional
SDS. The process is positively and negatively modulated by splicing factors binding to exonic and intronic splicing
enhancer and silencers motifs (ESE, ISE, ESS, and ISS, respectively). B) The 5’ ss motif. The height of each nucleotide
corresponds to its conservation at the corresponding position (-3 to -1 are exonic positions and +1 to +8 corresponds to
intronic positions). Adapted from Roca et al., 2013; Spraggon & Cartegni, 2013

1.3.6 Ul snRNA-mediated therapy

Splicing mutations at the 5’ SDS, which are frequent among defects that cause
human disease, compromise Ul snRNA binding and can prevent spliceosome
assembly and subsequent splicing, which results in exon skipping, intron retention or
activation of cryptic splice sites (Buratti et al., 2007; Roca et al., 2013). The most
deleterious mutations at a 5’ ss are those affecting the nearly invariant GU dinucleotide
at the positions +1 and +2. For the remaining nine positions the effects on splicing and
consequently the possibility of causing disease are less clear. In fact, nucleotide
substitutions affecting the less conserved positions can cause splicing defects in some
but not all 5’ ss, suggesting that the remaining 5’ ss positions and/or the overall context
dictate the extent to which splicing is disrupted (Roca et al., 2013; Roca et al., 2008).

As donor splice site mutations disrupt the complementarity of the donor site with
the endogenous Ul snRNA, restoring the complementarity through engineered
modification of the U1 snRNA represents a valuable approach. For this purpose, the
normal 5 end sequence of the Ul snRNA cloned in a vector is substituted with a
sequence complementary to the target mutated region, and the modified U1 snRNA
gene is tested in appropriate splicing assays in an attempt to correct the splicing defect
(Figure 1.8) (Havens et al., 2013; Pinotti et al., 2011).
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Figure 1.8: Modified U1 snRNA compensation of 5’ ss mutations. Exogenous U1 snRNA with a compensatory mutation
(black) allows for base-pairing with the 5’ ss and the restoration of exon recognition and inclusion. Based in Havens et
al., 2013

Once the U1 snRNA approach acts on the pre-mRNA level, it has the advantage
of maintaining the expression regulation of the targeted gene in the normal
chromosomal context. Also, given that the Ul snRNA gene used for splicing rescue
includes promoter and regulatory sequences, it has the capability of guaranteeing long
term correction of the genetic defect (Pinotti et al., 2011).

In common with other rescue strategies based on targeting RNA by
complementarity (e.g. AOs), modified U1 snRNAs have to deal with potential off-target
effects that might affect splicing of other genes. This could be dangerous for modified
Ul snRNAs that have only one base change from the natural Ul snRNA, and thus
might activate normally silent cryptic donor splice sites and induce aberrant splicing in
other genes (Pinotti et al., 2011). The consequences of such unwanted side reactions
are hard to predict and depend on the gene function of the spliced transcript. However,
screening and mapping of the binding site sequence against the human genome to
exclude sequence homologies should widely reduce nonspecific events even though
their complete elimination cannot be guaranteed. Therefore, experimental analysis
should be performed whenever possible to test the effect of the Ul treatment on
nontarget transcripts. In a mutation-adapted U1 snRNA approach to correct a 5
splicing defect in Retinitis pigmentosa (RP) this type of test was performed to search
for the presence of unwanted side effects. The splicing pattern of five RP-associated
genes containing potential binding sites to a fully adapted Ul was analysed after Ul
treatment and no missplicing events were found in the nontarget transcripts (Glaus et
al., 2011).
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Additionally, to reduce the possible interaction of modified U1 snRNAs with non-
target 5’ SDSs, an interesting model of an adapted U1 snRNA called Exon-Specific U1
(ExSpeU1l) was developed. The ExSpeUls have engineered 5’ tails that direct their
loading onto non-conserved intronic regions downstream of the SDS of a specific exon,
and are expected to improve specificity and reduce potential off-target effects
(Fernandez Alanis et al., 2012; Pinotti et al., 2011). This novel strategy has been
applied successfully in different studies allowing an efficient rescue of exon skipping
due to different types of splicing mutations associated with defective exon definition,
constituting therefore a possible approach for correction of 5’ splicing defects with less
probable unwanted side effects (Dal Mas et al., 2015a; Dal Mas et al., 2015b;
Fernandez Alanis et al., 2012).

In the Ul-mediated approach, the Ul snRNA gene must be incorporated into an
expression vector and delivered to cells. In tissue culture experiments, the plasmid
vector is usually delivered using cationic lipids as transfection agents (Sanchez-Alcudia
et al., 2011), but the Ul snRNA gene can also be inserted in lentivirus and adeno-
associated virus (AAV) vectors to be delivered effectively into in vitro cell culture or in
vivo animal models (Balestra et al., 2014; Schmid et al., 2011). However, the potential
for antiviral immunity is still a major limitation of using viral vectors for therapy. Possible
alternatives to viruses are exosomes, liposomes and nanoparticle delivery (Hammond
& Wood, 2011).

1.3.6.1 The use of Ul snRNA-mediated therapy to cor rect 5
splice site defects

Since the original observation that engineered Ul snRNA mutations can
suppress 5' ss mutations (Zhuang & Weiner, 1986), modified U1 snRNAs have been
assayed as a possible therapy for numerous diseases caused by 5 ss mutations
affecting different positions of the donor site. The great majority of the approaches was
successfully performed using different modified-Ul’s co-transfected along with
minigenes or directly delivered into patients’ cells in diseases like Cystic fibrosis,
Haemophilia B, SMA (Fernandez Alanis et al., 2012), Retinitis pigmentosa (Glaus et
al., 2011; Tanner et al., 2009), Fanconi anemia (Hartmann et al., 2010; Mattioli et al.,
2014), Propionic acidemia (Sanchez-Alcudia et al., 2011), Bardet-Biedl syndrome
(Schmid et al., 2011; Schmid et al., 2013) and Netherton syndrome (Dal Mas et al.,
2015a). Modified Ul's also allowed to rescue splicing at mutated 5’ ss in mouse
models of DMD (Denti et al., 2006), SMA (Dal Mas et al., 2015b) and Human
coagulation factor VII (hFVII) deficiency (Balestra et al., 2014). Most of the Ul
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therapeutic reports did not comprise toxicity studies. However, in the study of Dal Mas
and colleagues for SMA (Dal Mas et al., 2015b), the U1 (ExSpeU1) therapeutic effects
were also tested in different cellular models and no toxicity was observed. Yet, in the
recent in vivo study for hFVIl (Balestra et al., 2014), the authors reported that the
expression of a modified U1 snRNA was associated with hepatotoxicity in a dose-
dependent manner, which probably arose due to the binding of the engineered U1l to

similar consensus 5’ ss in other genes.

We must recognise that so far the extent of rescue of expression levels obtained
with strategies targeting the RNA level has been only moderate. Moreover, the in vivo
application of AOs and modified U1 snRNA depends on a safe and efficient delivery of
oligonucleotides and expression cassettes. However, in the case of LSDs it can be
argued that even a very low increase in enzymatic activity of lysosomal enzymes,
would result in a significant amelioration of the patients’ clinical phenotype. Therefore,
for these disorders, RNA-based therapeutic studies aimed at demonstrating their

clinical translatability have been greatly encouraged.

1.4. Challenges for delivery and the future of

antisense therapy

Despite the significant progresses achieved in the field of RNA-based therapies,
their clinical application to rare genetic disorders such as IMDs remains limited due to a
number of important constrains that still need to be overcome. Improvements in
different fields of antisense technology will be fundamental to achieve a safe and
effective systemic delivery of antisense agents to target tissues in different organs,
ensuring prolonged therapeutic effects and absence of drug-induced toxicities. The
establishment of proof of concept efficacy in IMD animal models of disease will be also
mandatory to make possible the translation of antisense-mediated splicing modulation
therapies to the clinical realm (Du & Gatti, 2009; Pérez et al., 2010; Pérez et al., 2014).

As in several other IMDs, most LSDs include a clinical variant characterized by
primary central nervous system (CNS) involvement. At present, control of the CNS
manifestations remains a major challenge because of the inability to deliver therapeutic
agents of large molecular weight across the intact BBB (Pastores, 2010). One way to
solve this problem that was already used in animal models, is by the local injection in
the desired brain region or by injections in the cerebrospinal fluid if broad distribution in

the brain is deemed more important (Zalachoras et al., 2011). However, given the
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invasive character of this methodology and since the treatment of neurodegenerative
disorders with antisense drugs may require life-long repeated dosing, it would be highly
preferable to be able to administer such agents systemically. Strategies to improve
brain uptake after peripheral delivery are being assayed, including increasing the
permeability of the BBB, complexing or conjugating to cationic nanoparticles or CPPs,
encapsulation in liposomes conjugated to monoclonal antibodies, or use of exosomes,
constituting a promise for the delivery of antisense molecules to CNS tissues (Douglas
& Wood, 2013; Pérez et al., 2014). Nevertheless, more studies are needed to optimize
these strategies or find new others that in a near future could allow not only the
transport of different antisense drugs across the BBB as also their body-wide
distribution through noninvasive systemic delivery protocols. Clearly, systemic delivery
would be the choice for diseases involving multiorgan pathology as is the case of the
majority of LSDs and several other IMDs.

Another hurdle that is delaying the recognition of antisense drugs as effective
therapeutics is related to the number of affected patients necessary to conduct robust
clinical trials. If in several pre-mRNA processing diseases there is a sufficient number
of affected patients (Rigo, 2014), in rare genetic disorders like IMDs, the mutations
found in clinical practice, including those affecting splicing, are largely “private”
mutations present in only one or few patients, which in some cases may compromise
the development of clinical trials (Douglas & Wood, 2011; Pérez et al.,, 2014).
Additionally, if every new antisense designed sequence is classed as a novel
therapeutic agent, it will be unfeasible to subject each one individually to all the
rigorous drug development tests and trials used in current pharmaceutical practice.
These are two of the major challenges facing personalized medicine that must be soon
resolved to derive the full benefit promised by AO-based therapies (Douglas & Wood,
2011). To achieve that, concerted efforts must be fostered and the drug regulatory
processes must also be adapted to encompass these new medicines. A possibility that
is being discussed is to treat all AOs as a unique drug class, rather than considering
the specific sequences for each case, which would help to eliminate an important
obstacle in the current pipeline of the development of antisense drugs (Douglas &
Wood, 2013; Lee & Yokota, 2013; Pérez et al., 2010).
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With the recognition of the importance of splicing defects in human disease has
come the realization that constitutive and regulated splicing reactions are potential
therapeutic targets. This is stimulating the development of new therapeutic approaches
to modify or eliminate an mRNA bearing a disease-causing mutation. Therefore, in
many rare genetic disorders for which there is to date no effective treatment, the
emergence of RNA-based approaches constitutes a powerful alternative or adjunct
therapeutic strategy.

Also, an understanding of the mechanisms through which splicing mutations are
associated to disease together with the increase of the knowledge about the
mechanisms that underlie pre-mRNA splicing regulation is being crucial to disclose

new therapeutic targets and approaches.

In this context, the present work had, as major goals, the genetic analysis and
splicing mechanisms comprehension of a panel of gene mutations involved in the
pathogenesis of LSDs as well as the design and application of splicing therapeutic

approaches.

More specifically the following objectives were set:

1. To refine the knowledge on the genetic mechanisms disrupted by a number of LSDs

splicing mutations previously selected for study.

2. To identify the cis and trans-acting factors altered in the presence of the splicing
mutations under study, applying both in silico bioinformatic analyses and in vitro
functional studies, thus contributing to a better understanding of the role of specific

sequences and proteins in the regulation of the splicing process in general.

3. To design and develop splicing therapeutic approaches (antisense-Ul snRNAs and
antisense oligonucleotides) for the selected LSDs splicing mutations and to provide the
in vitro proof of concept that exploring such strategies would result in splicing

correction.
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Synopsis

Background and motivation for the study

For the last years our group has been working on the genetic characterization of
several LSDs. One of the various studies performed focused on a group of patients
with MPS Il, a LSD caused by mutations in the IDS gene, which led to the identification
of a considerable number of mutations that impair the normal splicing process of the
gene. A wide range of splicing alterations was observed in the presence of the different
mutations. Some occurred at the conventional 5 and 3’ ss, having a rather quite
predictable outcome, but others had an exonic location (like missense and nonsense
mutations) and were further proven to be less typical splicing mutations since they
affected the normal splicing pattern due to the creation or disruption of cis-acting
sequence elements. These observations in addition to the fact that for the IDS gene
several alternative transcripts are annotated in Vega Genome Browser (http://vega.sa
nger.ac.uk/) pointed to a complex regulation of the splicing of some regions of this
gene that probably required the interaction of several auxiliary SREs. The IDS gene
seemed therefore to be a good model to deepen the analysis of disrupted splicing
mechanisms and its disease-related phenotypes. Indeed, a substantial part of the
knowledge on the molecular mechanisms that regulate splicing has been provided by
functional studies of specific mutations, as they represent an important field on
observation to clarify which elements are disturbed by their presence, ultimately
contributing to a better knowledge of the splicing process in general.

Under these grounds, we decided to analyse two mutations in IDS exon 3. A
missense mutation (c.257C>T; p.P86L) for which the impact on splicing was already
known (Alves et al., 2006) and a nonsense mutation (c.241C>T, p.Q81X) that we also
suspected to be implicated in the deregulation of the IDS exon 3 splicing. The main
gquestions we wanted to address were why and how was the splicing affected by these
mutations.

We additionally studied another IDS gene mutation, a synonymous mutation
located in exon 8 (c.1122C>T) whose pathogenicity was previously associated with a
splicing alteration. The ¢.1122C>T leads to the creation of a new 5’ ss inside exon 8
with a higher score than the normal 5’ ss. Regarding this mutation, our main interest
was to develop a splicing therapeutic strategy using AOs to neutralize the use of the

new splice site and restore the normal splicing of exon 8.
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Study design and methods overview

- Evaluation of the splicing mechanism of each disease-causing mutation through
cDNA analysis and minigene reporter vector functional studies.

- In silico identification of the cis-acting elements and trans-acting splicing factor
proteins that were altered in the presence of the mutations in exon 3.

- Elaboration of depletion (RNA interference) and overexpression assays of specific
predicted SR and hnRNP proteins to analyse if their binding to cis-acting motifs
correlated with the ability to affect splicing of the IDS exon 3.

- Design and construction, by site-directed mutagenesis, of an IDS minigene construct
appropriate to assess if the specific cis-acting motifs found in silico were related to the
splicing pattern alteration on exon 3.

- Exploration of AOs therapy (AMO and LNA oligonucleotide) to correct the splicing
defect caused by the synonymous mutation on exon 8 of IDS gene in patient

fibroblasts.

Major results

We have achieved a better comprehension about the molecular mechanisms
regulating IDS gene splicing. Additionally, a hypothetical model for the regulation of the
constitutive splicing mechanism around the 3’ ss of IDS exon 3 was proposed.

The application of the antisense therapeutic strategy to correct the splicing defect
caused by the exonic mutation ¢.1122C>T was not successful. Besides the need of
additional experiments, the results so far obtained indicate that the application of this
type of therapies may be particularly difficult for mutations located in gene regions

under complex splicing regulation.
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Mucopolysaccharidosis II is a lysosomal storage disorder caused by mutations in the IDS gene, including exonic
alterations associated with aberrant splicing. In the present work, cell-based splicing assays were performed to
study the effects of two splicing mutations in exon 3 of IDS, i.e., ¢.241C>T and ¢.257C>T, whose presence activates
a cryptic splice site in exon 3 and one in exon 8, i.e, ¢.1122C>T that despite being a synonymous mutation is re-
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minigene analysis and overexpression assays revealed that SRSF2 and hnRNP E1 might be involved in the use
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IDS gene apy to correct the splicing defect was explored, but transfection of patient fibroblasts with antisense morpholino

oligonucleotides (n = 3) and a locked nucleic acid failed to abolish the abnormal transcript; indeed, it resulted in
the appearance of yet another aberrant splicing product. Interestingly, the oligonucleotides transfection in con-
trol fibroblasts led to the appearance of the aberrant transcript observed in patients’ cells after treatment,
which shows that the oligonucleotides are masking an important cis-acting element for 5’ splice site regulation
of exon 8. These results highlight the importance of functional studies for understanding the pathogenic conse-
quences of mis-splicing and highlight the difficulty in developing antisense therapies involving gene regions
under complex splicing regulation,
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1. Introduction the enzyme iduronate-2-sulfatase (IDS, EC 3.1.6.13), which is required
for the degradation of the glycosaminoglycans dermatan and heparan

Mucopolysaccharidosis type II (MPS II, Hunter syndrome, OMIM# sulfate. The progressive abnormal storage of these compounds within

309900) is an X-linked, recessive, lysosomal storage disorder (LSD)
caused by mutations in the IDS gene (OMIM* 300823). IDS codes for
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the lysosomes leads to the eventual malfunction of different organs
and systems [1]. Although two clinical forms, mild and severe, are
generally recognized in MPS I, they are just the ends of a wide spectrum
of clinical severity, likely related to the diversity of mutations affecting
the IDS gene [1].

IDS is located on chromosome Xq28 and spans nine exons [2]. About
20 kb telomeric to the functional gene lies a functional pseudogene
showing homology with exons 2 and 3 and introns 2, 3 and 7 [3-5].
More than 500 MPS II causal mutations have been reported in IDS, of
which around 9% are single nucleotide substitutions that affect splice
site signals (www.hgmd.org; [6]). However, this figure is probably an
underestimate since the direct analysis of mRNA is not routinely per-
formed in the diagnostic setting. Thus, the impact of missense, nonsense
and synonymous mutations involved in the downregulation of splicing
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mechanisms may remain unknown,; this is especially plausible for genes
with a fine balance between constitutive and cryptic splice sites such as
IDS, which requires the interaction of several auxiliary cis-acting ele-
ments for proper splicing to occur [7-9].

Splicing mutations can interfere with accurate pre-mRNA splicing if
they affect nucleotides at (or in the vicinity of} acceptor (AG} or donor
(GT) splice sites (detectable at the genomic DNA level). Correct consen-
sus sequence recognition also relies on so-called exonic and intronic
splicing enhancers (ESE and ISE} or silencers (ESS and ISS). These are
usually bound by arginine—serine (SR} proteins and heterogeneous
nuclear ribonucleoproteins (hnRNP) respectively. Regardless of their
type (nonsense, missense or synonymous), single nucleotide mutations
can interfere with all these internal splicing regulatory elements,
causing partial or total exon skipping, intron retention, the creation of
ectopic splice sites, and the activation of cryptic sites [7,10,11]. None
of these effects can be deduced from the analysis of genomic DNA.

The understanding of basic splicing mechanisms is importantif ther-
apeutic strategies that might correct splicing defects are to be designed.
Several studies have explored the potential of targeting aberrant pre-
mRNA resulting from splicing mutations. These include the use of
small molecule compounds that modulate alternative splicing, the over-
expression or silencing of splice factors, trans-splicing approaches
(spliceosome-mediated RNA trans-splicing, SMaRT}, use of adapted U1l
snRNAs complementary to the mutated site and antisense oligonucleo-
tides used to correct mutation-induced aberrant splicing (Splice-
switching oligonucleotides) or to redirect splicing to knock-down
gene expression [12,13]. One of the most promising genetic therapies
of this kind is pre-mRNA targeting by antisense oligonucleotides
(A0s). These have been used to mask abnormal or cryptic splice sites
and regulatory regions away from the mutated site aiming to restore
pre-mRNA processing. AOs hybridize to a selected site in the pre-
mRNA, and thus sterically hinder the recognition of a specific region
by the spliceosomal machinery. The usage of the natural splice
site(s) is thus promoted, recovering the production of normally spliced
transcripts [14,15].

The modification of splicing by AOs has been shown effective in
3-thalassemia (HBB gene) [16], ataxia-telangiectasia (ATM gene)
[17,18], pyridoxine-dependent epilepsy (ALDH7A! gene} [19],
hypomyelinating leukodystrophy (PLP? gene)} [20], Niemann-Pick
disease (NPCT gene) [21] and organic acidemias (PCCA, PCCB and MUT
genes) [22,23]. AOs have also been used to modify alternative splicing
in spinal muscular atrophy (SMN2 gene) [24], and to target the pre-
mRNA of genes involved in cancer such as Bel-x [25] and C-myc [26,
27]. Phenotypic improvements have been achieved using AOs in vitro
and in animal models of Duchenne muscular dystrophy for which anti-
sense therapy is now in the early phases of clinical trials [14,28].

In a previous study [29] involving Portuguese patients with MPS
II, we detected several splicing mutations, some of which gave rise
to alternative transcripts. Some involved exon 3 of IDS; the pre-
mRNA region of this exon is particularly vulnerable to defects in
splicing regulation. In the present work, functional analysis based
on reporter minigenes was performed for two exon 3 nucleotide
changes, ¢.257C>T [29-31] and ¢.241C>T [32], which confirmed
these to be involved in exon 3 splicing dysregulation. Further, mu-
tant minigene analysis and overexpression assays revealed that the
SRSF2 (formerly 5C35) and hnRNP E1 proteins might be involved in
the use and repression of the constitutive 3’ splice site of exon 3
respectively.

Although enzyme replacement therapy is already available for MPS
11, it has some serious limitations, justifying, therefore, the development
of novel therapies for this disease. Hence, for MPS Il patients’ affected
by splicing mutations, splicing therapeutics is a potential alternative or
an adjunct therapeutic strategy. With this aim, tests were also per-
formed to see whether AOs could be used to circumvent the effect of
¢.1122C>T [29,33], an exonic nucleotide change that creates a new 5'
splice site inside exon 8. The transfection of three antisense morpholino

oligonucleotides (AMOs} and one locked nucleic acid {(LNA} in patient
fibroblasts did not abolish the abnormal transcript

2. Material and methods
2.1. Patients and healthy individuals

Fibroblasts were obtained {during routine genetic analysis and
under informed consent) from three male Portuguese patients - all
carriers of one known mutation (Table 1) - with a biochemical diagnosis
of MPS II, and from anonymous healthy donors. The confidentiality of
personal data was respected at all times.

2.2. Cell culture and cycloheximide treatment of patients’ fibroblasts

Fibroblasts, used as a source of mRNA and genomic DNA, were
cultured following standard procedures in DMEM medium (Gibco
Invitrogen, Carlsbad, USA) with 10% FBS and 1% kanamycin at 37 °Cin
a 5% €O, atmosphere.

To petform the nonsense-mediated mRNA decay (NMD) assays,
fibroblast cells from Patient 1 (¢.241C>T) and 2 (c.257C=T} were cul-
tured in the presence of three different concentrations of cycloheximide
(0.75,1 and 2 mg/ml)} for 6 h. Total RNA was then isolated and reverse-
transcribed as described above. RT-PCR was performed using specific
primerts for exons 2 and 3 (Table I in [34]).

2.3. Molecular investigation

For molecular genetic analysis, genomic DNA was extracted
automatically using a Bio Robot EZ1® system and the EZ1 DNA Tissue
Extraction Kit (Qiagen, Hilden, Germany)}, following the manufacturer’s
instructions. Specific primers were used to amplify DNA fragments con-
taining the nine exons of the [S gene and their intronic flanking regions
[29]. Total mRNA was isolated using the High Pure RNA Isolation Kit
(Roche Applied Science, Indianapolis, USA) and reverse-transcribed
using the “Ready-To-Go You-Prime First-Strand Beads” Kit (GE
Healthcare, Buckinghamshire, UK}, following the manufacturer’s
protocol. For RT-PCR, the specific primers shown in Table [ [34] were de-
signed using the Fnsembl database (www.ensembl.org; Transcript: IDS-
001 ENSTO0000340855). cDNA amplifications were performed in a
total volume of 25 ul using the Hot-Start PCR Mastermix Immomix
Red Kit (Bioline, London, UK}, following the manufacturer’s instruc-
tions, employing 0.2 WM of each primer and an annealing temperature
of 60°C (35 cycles). All PCR products were purified directly with llustra
ExoStar 1-Step™ (GE Healthcare, Buckinghamshire, UK}, or after gel ex-
traction using the Wizard® SV Gel and PCR Clean-Up System (Promega,
Madison, USA}. Sequencing reactions were then performed in an ABI
Prism 3130x]1 genetic analyzer (Applied Biosystems, Foster City, USA}).
Sequencing profiles were compared with the IDS reference sequence
ENSGO0000010404 (www.ensembl.org) using the ClustalWw?2 bioinfor-
matic tool (www.ebi.ac.uly/Tools/msa/clustalw2/).

2.4 Mutation nomenclature

The sequence used as reference for numbering the residues was the
Ensembl sequence ENSGOO000010404, and the mutation nomenclature
was done in accordance with the recommendations of the Human
Genome Variation Society (www.hgvs.org/mutnomen/).

2.5. Bioinformatic analysis

Prediction of the splicing scores for the natural, cryptic donor and
acceptor splice sites was obtained using the MaxEntScan software:
Maximum Entropy Model with ideal MaxEnt splice site scores of 11.81
for 5' splice site and 13.59 for 3' splice site (http://genes.mit.edu/
burgelab/maxent/Xmaxentscan_scoreseq.html) [35]. Modeling of the



2714

Table 1

FCUP | 79

Splicing therapeutics for patients affected by lysosomal storage disorders

L. Matos et al. / Biochimica et Biophysica Acta 1852 (2015) 2712-2721

Genotype and in silico analysis of genomic changes in the studied patients with mucopolysaccharidosis type Il (MPS II).

. c¢DNA Protein . 1i b
Patient change® change® Mutation type In silico effect of gDNA change Reference
1 c241C>T  p.Q81X (CAA-TAA) Nonsense/splicing  Reduction in splicing score for 3’ splice site (8.78 to 8.13) Brusius-Facchin et al. [32] and present study
5 . . Creates an SRSF1 binding site and eliminates the hnRNP E1, Bunge et al. [30], Flomen et al. [31] and Alves
2 ¢.257C>T  p.P86L (CCG-CTG) Missense/splicing hnRNP E2 and SRSF2 binding sites et al. [29]
Synonymous/ . L I -
3 c1122C>T  p.G374G (GGC-GGT) splicing Increase in splicing score for 5’ splice site (7.46 to 9.22) Popowska et al. [33] and Alves et al. [29]

2 The mutation nomenclature is that recommended by HGVS. cDNA and protein numbering is based on the reference sequence in Ensembl (Ensembl sequence ENSG00000010404),

taking nucleotide +1 as the A of the ATG translation initiation.
b Insilico effect analyzed by Splicing Rainbow and ESEfinder 3.0 software.

alterations in exonic splicing enhancer or silencer sequences was
performed using ESEfinder 3.0 (http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi?process=home) [36,37] and Splicing Rainbow
(http://www.ebi.ac.uk/asd) [38] software.

2.6. Minigene construction

For the in vitro splicing analysis of the variants ¢.241C>T and
¢.257C>T in IDS exon 3, the respective regions of patient and healthy
control genomic DNA were amplified. Since an IDS pseudogene [3-5] ex-
ists that shows high homology with the IDS gene in the region corre-
sponding to exons 2, 3 and introns 2 and 3, primers for these
amplifications were designed to anneal at intron 1 and 3 in such a
way that the amplified fragment matched the corresponding gene and
not the pseudogene. A BamHI (Forward primer - Intron 1 BamHI
F) and Xhol (Reverse primer - Intron 3 Xhol R) restriction enzyme cleav-
age site tail was added to each oligonucleotide (Table I in [34]). The PCR
conditions were as described above. The fresh products were then
subcloned into the TOPO vector (Invitrogen, Carlsbad, USA) following

the manufacturer’s protocol. The inserts were cut with BamHI and
Xhol, and purified after gel excision. Using the Rapid Ligation Kit
(Roche Applied Science, Indianapolis, USA) they were also cloned into
pcDNA3.1-myc, a modified plasmid vector (Invitrogen, Carlsbad, USA)
that contains the sequence for the Myc epitope (to be used as a se-
quence tag) upstream of the multiple cloning site (Fig. 1A in [34]).

To validate the in silico predicted changes in the splicing factors
SRSF2 (formerly SC35), hnRNP E1 and hnRNP E2 (also known as a-
CP1 or PCBP1 and a-CP2 or PCBP2) in the presence of the ¢.257C>T
mutation, a mutant minigene was designed containing a small deletion
(GCCCCGAGCC) in the mutated region which comprises the predicted
cis-acting motifs for the binding of both mentioned trans-acting factors.
The wild-type (WT) exon 3 minigene was used as template and the mu-
tated minigene (ex3 del ESE/ESS motifs) was ordered from Nzytech
(Lisbon, Portugal).

To functionally investigate the splicing defects caused by ¢.1122C>T
in exon 8, wild-type and mutant minigenes were constructed in vector
pSPL3 (Exon Trapping System, Life Technologies, Gibco, NY, USA), a
specific vector for splicing analysis in which the multiple cloning site
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2
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Fig. 1. Agarose gel showing the IDS transcripts observed in the three MPS II patients together with schematic views of each transcript's constitution. Sequencing analysis identified the
structure of each amplified fragment. The diagrams show the position of the three splicing mutations and its effects on splicing. The splicing scores calculated using MaxEntScan software
are shown in colored boxes above the corresponding 5’ and 3’ splice sites. A) Negative control (NC); healthy control (C) and Patients 1 (P1) and 2 (P2). Agarose gel electrophoresis after RT-
PCR showed one band for the control fibroblasts and two for those of Patients 1 and 2.In both patients the upper band revealed a sequence with exons 2 and 3, with the nucleotide changes
¢241C>T (P1) and ¢.257C>T (P2) in exon 3. The lower band reveals the deletion of the first 44 bp of exon 3 in both patients. B) Negative and healthy control, and Patient 3 (P3). RT-PCR
amplification of patient mRNA between exons 7 and 9 revealed an aberrant transcript lacking the last 60 bp of exon 8.
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is flanked by functional splice donor and acceptor sites. For this, gene
fragments comprising exon 8 and its intronic flanking regions were
amplified {rom the DNA of both control and patient fibroblasts using
the primers shown in Table I [34], employing the PCR conditions
described above. After subcloning into the TOPO vector, each insert
was excised with EcoRl, purified, and cloned into the pSPL3 final vector
(Fig. 1Cin [34]). All clones were verified by DNA sequencing.

2.7. In vitro splicing assays

The in vitro splicing assays were performed in COS-7 and Hep3B cell
lines to investigate which one best reproduces the endogenous splicing
pattern observed in patients. For that, cells from both lines (4 = 10°)
were grown in 6-well plates and transfected with WT or mutant
minigenes (2 ug) using 4 pl of Lipofectamine 2000 (Invitrogen, Carlsbad,
USA} according to the manufacturer’s instructions ( performed in tripli-
cate). Following the same conditions the mutant minigene {ex3 del ESE/
ESS motifs) was transfected in Hep3B cells. At 24 h post-transfection,
total RNA was extracted from the cells and used as a template for
cDNA synthesis. RT-PCR was then performed as described above,
using vector specific pcdDNA3.1-myc (K-myc-Bam and pfGHrl) or
DPSPL3 (SD6 and SAZ) primers (Table I in [34]}. The amplified products
were separated by agarose gel electrophoresis. Following band excision
and purification they were subjected to direct sequencing using an ABI
Prism 3130xl genetic analyzer (Applied Biosystems, Foster City, USA).

2.8. Overexpression and depletion of splicing factors

To confirm the predicted changes in the splicing factors SRSF2,
hnRNP E1 and hnRNP E2, overexpression and depletion studies
were performed using plasmids coding for them (kindly provided by
Dr. B. Andersen and Dr. S. Liebhaber) and siRNA molecules respectively.
Some 4 » 10° Hep3B cells grown in 6-well plates were co-transfected
with plasmids encoding the SRSF2, hnRNP E1 or E2 trans-acting factors
{using 1.5-3.5 ug of each minigene}, plus 2 pg of WT or mutant
minigenes. All transfections were performed using Lipofectamine
2000 reagent. The amount of plasmid DNA was adjusted as necessary
using empty vector (ie, without any insert). At 48 h post-
cotransfection, the cells were harvested and the transcript pattern
analyzed by RT-PCR as described above.

Depletion studies were also performed in the Hep3B cell line. Cells at
30-40% confluence were transfected (using Lipofectamine 2000} with
siRNA (200 uM) targeting the mRNA of SRSF1 (formerly ASF/SF2} and
luciferase (control). These cells were then transfected with the WT or
mutant minigene (¢.257C>T) 24 hlater. RT-PCR analysis was performed
48 h later. All siRNA oligos came from MWG Biotech (Ebersberg,
Germany}; the sequences are described in Table I [34].

The overexpression of SRSF2 and hnRNP E1 and hnRNP E2Z was con-
firmed in whole cell lysates by quantitative Real-Time PCR (qRT-PCR).
Briefly, 1.5 ug of total RNA was reverse-transcribed using NOT [-d(T)¢
bifunctional primer with first-strand mix beads from the Ready-To-Go
You-Prime First-Strand Beads Kit {GE Healthcare, Buckinghamshire,
UK} according to the manufacturer’s protocol. Relative levels of gene
expression were analyzed using TagMan Universal PCR Master
Mix 1x (Applied Biosystems} and the TagMan Gene Expression Kit
{which includes primers and probes for each specific splicing factor
gene -Table [ in [34]), following the recommended PCR conditions.

The relative mRNA levels of target genes were calculated using
standard curves (values ranging from 0.05 ng to 50 ng of RNA converted
into cDNA). A standard curve was constructed for each target gene
relating Ct values (the fractional cycle number at which the amount of
amplified target reached a fixed threshold} to log RNA quantities. The
normalization of expression was given by the ratio between the RNA
concentrations of each target gene and the endogenous gene PGK1.
The relative amount of RNA was determined via the ratio of the normal-
ized expressions of the target and control samples.

Depletion of SRSF1 was confirmed in whole cell lysates through a
gRT-PCR assay as described above and also by Western blotting. For
protein analysis, samples were boiled for 10 min and resolved in a
12% SDS-PAGE mini-gel. After electrophoresis, proteins were trans-
ferred to a polyvinylidene difluoride membrane using a Mini Trans-
Blot cell (Bio-Rad). Immunodetection was carried out using the primary
antibodies mouse anti-SF2/ASF clone 96 from Zymed (San Francisco,
CA} and anti-ee-tubulin from Sigma-Aldrich (Switzerland).

2.9. Antisense oligonucleotide treatment and analysis

AMOs were designed to target the new 5’ splice site created in the
presence of the mutation ¢.1122C>T in exon 8. AMOs were synthesized
and purified by Gene Tools (Philomath, OR}. A standard 25-mer
morpholino control oligonucleotide (also provided by Gene Tools)
was used as a negative control (Table I in [34]). Endo-Porter Reagent
(Gene Tools} was used as the peptide delivery system, following the
manufacturer’'s recommendations. For the AMO treatment, between 3
and 4 » 107 fibroblasts from control and patient were grown in 6-well
plates and after overnight culture different concentrations of each
AMO were added with 9 pl/ml of Endo-Porter. The scrape delivery
method was also used to help cells incorporate AMOs [39].

To target and block the new 5’ splice site in exon 8, an LNA was
designed and synthesized by Exiqon (Vedbaek, Denmark} (Table I in
[34]). For LNA exposure, {ibroblasts from control and patient were
plated under the same conditions as described for AMO treatment.
After overnight incubation, different concentrations of LNA were
added to cells using Lipofectamine LTX or 2000 (Invitrogen, Carlsbad,
USA} as delivery reagents.

After 24 h and 48 h treatment with the different AMOs and LNA, cells
were harvested, total mRNA isolated, and RT-PCR performed as
described above using the forward and reverse primers for exon 7 and
9 respectively (Table Iin [34]).

3. Results
3.1. Genetic analysis of patient-derived fibroblasts

Table 1 shows the genetic defects carried by the patients. Patient 1
was hemizygous for a nucleotide change in exon 3, c241C>T
(p.Q81X) already erroneously reported as p.Q80R by Brusius-Facchin
et al. [32]. A detailed analysis of the codon in the HGMD database (Pro-
fessional 2014.3 Release} showed the mutation reported by these au-
thors was, in fact, Q81X. The impact of this change at the RNA level
and its effects on [DS pre-mRNA splicing is here addressed for the {irst
time.

Transcriptional analysis of DS cDNA from Patient 1 revealed two
transcripts, one corresponding to a normal splicing product with the
C>T change in the first nucleotide of exon 3 (predicted to introduce
an early stop codon at position 81 [p.Q81X]}, and the other correspond-
ing to an aberrant transcript lacking the first 44 bp of exon 3 (predicted
to code for a truncated protein with only 83 amino acids} (Fig. 1A}. This
additional transcript suggests that this point mutation interferes with
splicing. Further, since both transcripts bear a premature STOP codon,
they are likely targets for nonsense-mediated mRNA decay (NMD),
with no protein being produced. When patients’ cells were treated
with cycloheximide, an inhibitor of the NMD mechanism, a clear in-
crease in the intensity of the band which corresponds to the transcript
bearing the nonsense mutation Q81X (Fig. 2} was observed, meaning
that this transcript is targeted by NMD. Regarding the abnormal splicing
product (with the absence of 44 bp}, despite being a potential target for
NMD (once leads to a truncated protein, p.Q81EfsX2}, no significant
changes were observed in the intensity of the corresponding band.
The classical NMD pathway is thought to be trigged during the pioneer
round of translation when the first ribosome translates the processed
mRNA and stalls at a PTC that is located more than 50-55 nucleotides
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The change in ¢.1122C>T was shown to be associated with the acti-
P2 Pl vation of a new 5’ splice site in exon 8, which returned a higher splicing
(c.257C>T) (c241C>T) score (9.22) than the original splice site (7.46) (Fig. 1B).
Marker NC c 0 1.0 0 1.0 Since the MaxEntScan-estimated splicing scores did not completely
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Fig. 2. Cycloheximide treatment. RT-PCR amplification of RNA extracted from
mucopolysaccharidosis 1I patients with the nonsense ¢.241C>T (P1) and missense
¢.257C>T (P2) mutations untreated (0 mg/ml) or treated with cycloheximide (1.0 mg/ml)
for 6 h. The same results were obtained with 0.75 and 2.0 mg/ml (data not shown). The
amplification of a wild-type sample (C) is also presented. NC — negative control; C — control;
P — patient; CHX — cycloheximide.

upstream of the last EJC (Exon Junction Complex) [40]. However, there
is growing evidence that mutation, codon, gene, cell and tissue-specific
differences in NMD efficiency can alter the underlying disease patholo-
gy. Moreover, inter-individual variation in NMD efficiency among pa-
tients carrying identical mutations have also been reported [41,42].
The differences in the NMD mechanism activation here observed be-
tween two transcripts having PTCs could be explained by this recent
data.

cDNA analysis was performed for fibroblasts from Patients 2 and 3,
who carried mutations already described and previously analyzed in
our group [29]. The transcript pattern for Patient 2, who carried the
nucleotide change ¢.257C>T in exon 3, was similar to that observed
for Patient 1 (Fig. 1A). Cycloheximide experiments were also performed
in this case and, as described for Patient 1, no significant changes in the
intensity of the band corresponding to the transcript lacking the 44 bp
were observed (Fig. 2). The nucleotide change ¢.1122C>T carried by
Patient 3 (Fig. 1B) was expected to be synonymous in terms of amino
acid coding [p.G374G (GGC-GGT)], but the cDNA analysis revealed the
presence of a transcript lacking the last 60 bp of exon 8. As previously
described [29,30], the normal transcript was also present but in lower
quantities. The presence of this transcript even in lower quantities is
responsible for the mild phenotype of this patient. In our previous
study [29] we have determined patients’ enzymatic activities and for
this patient we have observed a relatively higher IDS enzymatic activity,
in comparison with other MPS II cases.

3.2. Bioinformatic analysis

Splicing scores for the splice site junctions were found compatible
with the splicing changes observed in ¢cDNA. For the mutation
¢.241C>T, in silico analysis predicted a reduction in the 3’ splice site
score value from 8.78 to 8.13. Under these circumstances the constitu-
tive splice site continued to be used, but the regulation of splicing in
this region was perturbed and a downstream cryptic splice site (8.89)
was also used, producing a second transcript without the first 44 bp of
exon 3 (Fig. 1A). In contrast to what we have observed before [29] for
two other IDS mutations (¢.241—2A>G and ¢.241 —1G>A) which
affect the same splice site, in the case of the ¢.241C>T change the
presence of a transcript with the total skipping of the exon 3 was not
detected. In fact, the two other mutations affect the 3’ invariable splice
site sequence, being responsible for a drastic reduction of the splice
site score. That is not the case of ¢.214C>T change, once this mutation
alters the first base of the exon 3, causing only a slightly decrease in
the 3’ splice site score (from 8.78 to 8.13) which might explain the
aberrant splicing pattern differences observed.

For the ¢.257C>T mutation, in silico analysis returned a higher splic-
ing score for the 3’ cryptic splice site in exon 3 (8.89) than for its consti-
tutive counterpart (8.78) (Fig. 1A).

account for the perturbation in constitutive splicing, further bioinfor-
matic tools were used to search for differences in exonic splicing regula-
tory elements between the WT and mutated sequences of exon 3. For
the nucleotide change ¢.241C>T, neither the Splicing Rainbow [38] nor
the ESEfinder 3.0 [36,37] software’s predicted alterations in any exonic
splicing regulatory element. In the presence of the ¢.257C>T nucleotide
change, analysis with Splicing Rainbow software predicted the elimina-
tion of a binding motif for the hnRNP E1 and hnRNP E2 silencing pro-
teins, and the creation of an SRSF1 (formerly ASF/SF2) recognition
motif (Fig. 2A in [34]). Analysis with ESEfinder 3.0 software indicated
the recognition motif for SRSF1 would be slightly altered, and that a
binding site for SRSF2 (formerly SC35) would no longer be recognized
in the presence of the mutation (Fig. 2B in [34]).

3.3. Functional analysis of IDS gene splicing mutations

To further study the effect of the three exonic changes on splicing
patterns, minigene assays were performed using constructs generated
with WT or mutant exons (plus their respective intronic flanking
regions) in the pcDNA3.1-myc or pSPL3 vectors (Fig. 1A and C in [34]).
Fig. 1B and 1D [34] shows the results of RT-PCR splicing analysis after
the transfection of COS-7 and Hep3B cells: the amplified transcripts
derived from the WT and mutant minigenes are shown in 1B) for the
nucleotide changes in exon 3, and in 1D) for the mutation in exon 8.

The transcript patterns for the three IDS mutations were similar in
both the Hep3B and COS-7 cells, although slight qualitative differences
in expression were detected in the minigene assays.

34. Splicing regulatory elements analysis

To validate the predictions for the trans-acting factor proteins in-
volved in the 3’ splice site choice of IDS exon 3, they were either
overexpressed or silenced in Hep3B cells transfected with either WT
or mutant minigenes constructed for ¢.257C>T. cDNA analysis after
overexpression of the SRSF2 protein in Hep3B cells with the mutant
¢.257C>T minigene revealed the rescue of the normal transcript and
the disappearance of the aberrant form lacking the first 44 nucleotides
of exon 3 (Fig. 3B). This strongly suggests that the choice of the 3’ con-
stitutive splice site of IDS exon 3 may be dependent on an ESE site
recognized by SRSF2. This recognition is compromised by the mutation
¢257C>T.

The ¢.257C>T mutation was further predicted to eliminate a binding
motif for the splicing silencers hnRNP E1 and hnRNP E2. The overex-
pression of hnRNP E1 with the mutant (¢.257C>T) minigene resulted
in a substantially increased production of the aberrant transcript, show-
ing that the cryptic splice site activated downstream was preferentially
chosen (Fig. 3C). This suggests the involvement of hnRNP E1 in the
repression of the 3’ constitutive splice site of exon 3. When hnRNP E2
was overexpressed with the mutant (¢.257C>T) minigene, no alteration
in the mutant splicing pattern was seen (Fig. 3C). Individual co-
transfection of SRSF2, hnRNP E1 or hnRNP E2 plus the WT minigene
did not modify the WT splicing pattern (Fig. 3A).

Finally, to determine whether the ¢.257C>T change interfered with
the recognition of the splicing enhancer SRSF1, as bioinformatically
predicted, endogenous protein in the Hep3B cells was depleted through
RNA interference. The cells were then transfected with WT or mutant
minigenes. No changes were detected in the transcriptional profiles of
either the WT or mutant sequences (Fig. 3D).

The degree of overexpression or suppression achieved for each
splicing factor was analyzed by qRT-PCR using specific probes, and by
Western blotting in the case of SRSF1 depletion (see Material and
Methods). The relative quantification of each RNA, via the ratio of the
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Fig. 3. Analysis of the involvement of specific SR and hnRNP trans-acting factors in the regulation of the 3 splice site of exon 3. The results of RT-PCR analysis using vector-specific primers
are shown along with a diagram of the transcripts obtained in Hep3B cells after 24 h or 48 h of incubation. A) Co-transfection of the wild-type exon 3 minigene (2 pig) with each trans-acting
factor (3.5 pg). B) Overexpression of SRSF2 (formerly SC35) (3.5 pg) after transfection with the ¢257C>T mutant minigene (2 pg). C) RT-PCR analysis of processed transcripts after co-
transfection with hnRNP E1 or hnRNP E2 (3.5 pg) plus the mutant minigene c.257C>T (2 pg). D) Splicing pattern of the minigene reporter transcripts following depletion of endogenous
SRSF1 (formerly ASF/SF2) and luciferase (control). For the silencing of both proteins, 200 uM of each siRNA were used. Note that only the SRSF2 and hnRNP E1 trans-acting proteins had an
effect (respectively) on the constitutive and alternative splicing of IDS exon 3. The same results were obtained when between 1.5 g and 3 g of the trans-acting factors were overexpressed.
E) Transcript pattern obtained after expression of 2 ug of the exon 3 mutant minigene (ex3 del ESE/ESS motifs) with the deletion of 6 bp (GCCCCGAGCC) of predicted exonic motifs with
overlapping sequences for the binding of SRSF2 and hnRNP E1 and hnRNP E2 proteins. NC — negative control; V — vector sequence; siRNA — small interfering RNA.

normalized expressions of the target and control samples, confirmed
the efficacy of SRSF2, hnRNP E1 and hnRNP E2 overexpression, as well
as SRSF1 depletion (Table II in [34]). SRSF1 depletion was also con-
firmed by immunodetection (Fig. 3 in [34]).

The expression in Hep3B cells of the mutant minigene (ex3 del ESE/
ESS motifs) containing the deletion of 6 bp (GCCCCGAGCC) of the pre-
dicted cis-acting motifs for the binding of SRSF2 and hnRNP E1 and E2
showed the aberrant splicing pattern observed in the presence of the
¢.257C>T mutation (Fig. 3E). This result, as the ones obtained with
the overexpression of SRSF2 and hnRNP E1 proteins, points to the
involvement of these two trans-acting factors in the regulation of
the 3’ constitutive splice site of IDS exon 3.

3.5. Antisense oligonucleotide studies in control and patient fibroblasts with
the mutation ¢.1122C>T in IDS gene: a therapeutic approach

Given that the mutation ¢.1122C>T in exon 8 has a silent effect on
the amino acid sequence, the possibility of redirecting transcript pro-
cessing using modified antisense oligonucleotides of two different
types was examined. Three AMOs and one LNA complementary to the
region of the newly created 5’ splice site (Fig. 4A) were designed in an
attempt to block the access of the splicing machinery to the mutant
pre-mRNA, and consequently circumvent the formation of the aberrant-
ly spliced transcript. cDNA analysis was performed 24 h and 48 h after
transfection of the patient and control fibroblasts. In patients’ fibro-
blasts, under none of conditions tested (30 or 50 uM of each AMO, and
1, 5, 25, 50 or 100 nM of LNA) was the abnormally spliced mRNA ever
abolished. The RT-PCR results (Fig. 4B and C) also showed a transcript
skipping exon 8 in the presence of the different AOs, alongside the

abnormal transcript showing partial skipping of exon 8. In control fibro-
blasts transfected with 50 uM of each AMO, the RT-PCR results revealed
three different transcripts: one of normal molecular weight, one lacking
the last 60 bp of exon 8 and one with the total skipping of exon 8. On the
other hand, the transfection of 50 and 100 nM of LNA lead to the appear-
ance of one aberrant transcript presenting the total skipping of exon 8
(Fig. 4D).

The AMO treatment proved to be sequence-specific since an AMO
with a scrambled sequence had no effect on the exon 8 splicing pattern
in patient fibroblasts (data not shown).

4. Discussion

A number of diseases have been linked to mutations that disrupt the
splicing process, which leads to abnormal and/or deficient protein
production [9,43]. Splicing defects represent more than 9% of all
currently published mutations [6], although this figure might well be
underestimated since our knowledge on the regulatory elements that
influence splicing in many genes is far from complete. Genomic DNA
and ¢DNA analyses (including functional studies addressing the effect
of specific mutations on splicing) are needed if we are to develop
therapeutic strategies for correcting molecular defects. In the present
work, one of the mutations causing aberrant splicing was a synonymous
substitution. This led us to explore the possible use of antisense oligonu-
cleotide therapy for redirecting abnormal pre-mRNA splicing.

Under physiological conditions, the IDS gene is associated with at
least 8 transcripts produced by alternative splicing (Vega Genome
Browser; VEGA: http://vega.sanger.ac.uk/), four of them are protein
coding, two are thought to undergo NMD and the last two are processed
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Fig. 4. Antisense oligonucleotide treatment of control and patient fibroblasts. A) [llustration of the IDS exon 8 region where the nucleotide change ¢.1122C>T is located (T change marked in
bold gray). The underlined sequences represent each blocking AMO or LNA. B) RT-PCR analysis of mRNA from untreated control cells (C) and from Patient 3 (P3) fibroblasts (0 uM), as well
as from P3 cells treated for 24 h with 50 uM of AMO 1, 2 or 3 targeting the new 5’ splice site. C) Same analysis as in B but performed for P3 cells treated for 24 h with 50 and 100 nM of the
specific LNA. D) cDNA analysis of control fibroblasts after treatment with 50 uM of AMOs or 50 and 100 nM of LNA. Samples of untreated control (C) and P3 fibroblasts are also presented.
The same results were obtained after 48 h of treatment with the three AMOs and LNA (data not shown). NC — negative control.

transcripts that do not have an ORF. This number of transcripts suggests
a complex underlying regulatory mechanism that probably requires the
interaction of multiple splicing factors. This, of course, also renders this
system sensitive to mutations that disrupt splicing. Regulatory
sequence elements act in vivo as binding sites for specific SR and
hnRNP trans-acting factors that, respectively, promote and inhibit splice
site recognition and spliceosome assembly around a given exon.
hnRNPs can disturb the protein-protein interactions of SR proteins,
and thus compete with them in splice site recognition [11,44].

For the three disease-causing mutations analyzed in the present
work, the in vitro splicing analysis of specific minigenes closely
reproduced the pattern seen in patient fibroblasts. Therefore, the cis
and trans-acting elements involved in exon 3 splicing regulation were
examined in further studies.

The ¢.257C>T mutation seemed to abolish the exonic splicing
enhancer (ESE) for the SRSF2 (formerly SC35) protein, which is predict-
ed to be necessary for the constitutive transcription of exon 3 in the WT
context. The overexpression of this SR protein along with the mutant
minigene compensated for the aberrant splicing by favoring the
selection of the constitutive 3’ splice site by the splicing machinery. In
agreement, the MaxEntScan splicing score for the 3’ constitutive splice
site (8.78) was lower than for the cryptic site situated downstream
(8.89). All these findings are consistent with the documented model
for ESE function, in which ESE-bound SR proteins are thought to activate
weak 3’ splice sites by increasing the recruitment of U2AF®*3 and
improving its binding stabilization via protein-protein interactions
between the SR protein and the U2AF*> RS domains [45,46).

The ¢.257C>T mutation was further predicted to eliminate a binding
site for the splicing silencers hnRNP E1 and hnRNP E2; this site overlaps
with the interrupted sequence motif for SRSF2 recognition (Fig. 2A
in [34]). Overexpression of the hnRNP E1 factor with the mutant
minigene resulted in the increased expression of the aberrant transcript,
showing that this trans-acting factor, which has been reported as a
splicing regulator [47-49], may indeed inhibit the recognition of the 3’
constitutive splice site, thus favoring abnormal alternative splicing.
Moreover, the transfection of Hep3B cells with a mutant minigene
(ex3 del ESE/ESS motifs) presenting the deletion of a 6 bp sequence
(CCCGAG) which comprises the predicted cis-acting motifs for the bind-
ing of SRSF2 and hnRNP E1 lead also to the appearance of the aberrant
splicing product with the absence of the 44 bp. This observation further
supports the hypothesis that this region contains important cis-acting
elements for the regulation of the 3’ splice site of exon 3.

The in vitro expression or silencing of splicing factors can modulate
splicing patterns, revealing that precise combinations and relative ratios
of factors dictate regulatory decisions [10,50]. Overall, the present re-
sults suggest that the binding of hnRNP E1 to exon 3 can modulate the
interaction of SRSF2 with an overlapping site (Fig. 5). The mutant
minigene analysis together with the overexpression data for both pro-
teins indicate that SRSF2 binding to the ESE seems to be important for
splicing of the upstream intron, and that it might depend on changes
in the concentration ratio between the SR protein and hnRNP E1. Fur-
ther, and notably, the overexpression of hnRNP E1 via the WT minigene
showed no alteration of the normal splicing pattern; thus, an excess of
hnRNP E1 may be insufficient to antagonize the binding of SRSF2 and
disturb constitutive splicing. This suggests that differences in the con-
centrations of these RNA-binding proteins may be required for exon 3
to be silenced by hnRNP E1. A similar occlusion model involving the
hnRNP A1 and SRSF2 protein splicing factors has been described in
which the function of hnRNP in tat exon 2 splicing was to inhibit the
binding of SRSF2 to an overlapping site [51,52]. The ability of hnRNPs
to interfere with the binding of SR proteins has also been described in
other pre-mRNAs [53-55].

hnRNP E1 and hnRNP E2 are highly homologous proteins, with 89%
amino acid similarity [56]. Nonetheless, the overexpression of hnRNP E2
with the WT and mutant constructs did not alter the splicing pattern.
This shows that, despite being very alike, they may recognize different
sequence motifs. Distinct functions for these proteins have been report-
ed by other authors [49,57].

As a whole, these findings contribute towards our better under-
standing of the molecular splicing mechanism of IDS. The results, like
others reported for disease-related mutations [58-61], are of
importance for clarifying the basic mechanisms underlying IDS-
associated splicing, but improve our knowledge of the splicing process
in general. This is a prerequisite for the design of new gene-specific
therapeutic strategies.

This study also examined whether the aberrant splicing effect
produced by the synonymous mutation ¢.1122C>T in IDS exon 8 could
be neutralized via the use of specific antisense oligonucleotides. In
patient cells, assays were performed with different AMOs and an LNA
designed to bind to different sites around the new donor splice site.
However, the abnormal transcript was still produced, and a new tran-
script skipping exon 8 was induced. This total absence of exon 8 led to
the in-frame loss of 58 amino acids instead of the 20 lost through the ab-
sence of the last 60 nucleotides of exon 8. In addition, the skipping of
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Fig. 5. Hypothetical model for the regulation of the constitutive splicing mechanism around the 3’ splice site of IDS exon 3. Exon 3 contains an exonic splicing silencer (ESS) motif recog-
nized by hnRNP E1 that overlaps with an exonic splicing enhancer (ESE) element bound by SRSF2 (formerly SC35). Both the ESE and ESS motifs are eliminated by the ¢257C>T mutation.
SRSF2 overexpression can rescue the use of the 3’ splice site while hnRNP E1 overexpression increases the use of the downstream cryptic splice site.

exon 8 (recorded at the cDNA level) has been reported to be disease-
causing in one patient [62]. Thus, the induction of this transcript
would be of no therapeutic use.

Although the tested AOs fulfilled most of the criteria for efficacy,
none of them directed exon 8 splicing towards correction. This shows
that even though an AO strategy may be appropriately designed, there
is no guarantee of success. Negative results have been obtained for
50% (17 of 34) of the AOs designed to inhibit [CAM-1 expression [63],
and 33% (52 of 156) of a series of exon-internal AOs designed to induce
exon skipping in the dystrophin gene [64] failed to have the desired ef-
fect. Problems of target accessibility caused by the secondary or tertiary
mRNA structure, and/or by proteins bound to it, might account for some
failures of oligonucleotides [65]. Further, short LNA oligonucleotides
(16-mer or even 12-mer) are known to be more specific and effective.
The size of the LNA used (20-mer) in the present work, might, therefore
explain (at least partly) its lack of effectiveness. It was not possible to
use a shorter oligonucleotide to specifically block the region of the
new “gt” donor splice site due to the lack of gene specificity of <20-
mer sequences; this would certainly derail any attempt at therapy.

It might be thought that the different oligonucleotides obstruct the
access of specific SR proteins to their respective ESE binding motifs,
thus promoting the skipping of exon 8 [66]. Such a scenario is also pre-
dicted by the insilico analysis results (summarized in Table 2), which in-
dicate exon 8 to contain a region where AO binding occurs, in which
distinct binding motifs are likely present at different positions. This pre-
diction is supported by the results of the AMOs and LNA transfection in
control fibroblasts wherein the splicing pattern is changed towards to
aberrant forms (including exon 8 skipping), pointing to an important
role of the predicted exonic binding motifs in the 5/ splice site regulation
of exon 8. In addition, since two of the alternative IDS transcripts lack
exon 8 (www.ensembl.org), regulation around this exon may be rather
complex, compromising the efficacy of the AOs assayed. Studies are re-
quired to explore the use of oligonucleotides designed to bind to other
regions of exon 8; an oligonucleotide distant from the mutation might
have a positive effect on the retention of exon 8, helping more effective
solutions for exon 8 recovery to be designed. Until then we should be
careful in consider definitively that an antisense therapeutic strategy

Table 2

In silico prediction of the effect of exonic splicing enhancer (ESE) binding motifs on the
IDS exon 8 mutant sequence (c.1122C>T) using ESRsearch (http://ibis.tau.ac.il/ssat/
ESRhtm) [69], RESCUE-ESE (http://genes.mit.edu/burgelab/rescue-ese/) [70] and
ESEfinder 3.0 (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home)
[36,37] software. Each column shows the ESE binding motifs present in the mutant exon
8 region where antisense oligonucleotides (AOs) binding occurs. Number of base pairs
of exon 8 = 174 bp. The AO binding region lies between nucleotides 97 and 134. Numbers
in brackets refer to the first nucleotide position of the predicted binding motif.

DS exon 8 ESRsearch RESCUE-ESE ESEfinder 3.0
sequence
TTCCGG (103)
SR protein binding  TGAGMGCTT (116)  TGAGAA (116)
iy TGAGAAGC (116)  GAGAAG (117)  GGCAGGT (110)
GAGAAG (117) AGAAGC (118)

TACCTC (132)

is not applicable to the splicing rescue of this mutation. Nevertheless,
and as is highlighted by the present study, one such approach may be
particularly challenging for this region of the IDS gene.

Since antisense therapy is mutation-targeted, and the target defects
usually involve ‘private’ mutations (i.e., they affect only one person and
his or her family members), it can be understood as personalized
medicine. Efforts are currently underway to allow AOs to be regarded
as a single drug class; this could dramatically accelerate progress in
the development of antisense drug therapies for RNA mis-splicing
diseases [67,68].

To our knowledge this is the first attempt to modulate an MPS II-
causing splicing mutation using antisense oligonucleotides. Although
little success was enjoyed, the results raise new questions regarding
the use of antisense therapy in diseases involving finely regulated
gene systems.
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methodology applied to correct one of them can be found in

“Functional analysis of splicing mutations in the IDS gene and the

use of antisense oligonucleotides to exploit an alternative therapy
for MPS II” Matos et al. (2015) [1].

® 2015 The Authors. Published by Elsevier Inc. This is an open

access article under the CC BY license

{http: /fcreativecommons.org/licenses/by/4.0/).

Specifications table

Subject area Biology

More specific sub- Melecular genetics
ject area

Type of data Text, figures, tables and graphs

How data was Agarose gel images, quantitative real-time PCR, western bloiting, in silico
acquired analyses (Splicing rainbow and ESEfinder 3.0 software)

Data format Raw, analyzed

Experimental Cell lines (Hep3B and COS-7) treated with different minigenes
factors

Experimental Wild-type and mutant minigenes were transfected in COS-7 and Hep38 cell lines
features and the splicing patterns analysed by RT-PCR. SRSF1 (formerly ASF/SF2) siRNAs

and plasmids coding for SRSF2 (formerly SC35), hnRNP E1 and hnRNP E2 spli-
cing factors were transfected in Hep3B cells and the experimenis analysed by
quantitative real-time PCR and/or Western blotting. In silico predictions were
done using Splicing rainbow and ESEfinder 3.0 software.
Data source INSA, Porto, Portugal
location
Data accessibility Al data provided within the article

Value of the data

Data show the methodology for the analysis of the effect of three exonic mutations on splicing.
Experimental and in silico data are presented.
The data may be valuable for future studies addressing the impact of mutations in splicing.

1. Data, materials and methods

The IDS gene encodes the lysosomal hydrolase iduronate-2-sulphatase, the enzyme that is defi-
cient in the X-Linked Iysosomal Storage Disease; Mucopolysaccharidosis type IT [2].

Here, we performed cell-hased functional splicing assays to deeper analyze the effects of two
splicing mutations located in exon 3 of DS, ¢.241C =T and ¢.257C>T and one in exon 8, ¢.1122C>T
that were also studied in Matos et al. [1]. The pathogenic effects of these mutations are shown in
Fig. 1. Also, all the data relative to oligonucleotides sequences used in the work are depicted in
Table 1. Furthermore, to identify the putative SR proteins involved in the splicing regulation we have
undertaken bioinformatic predictions of splicing regulatory elements (SREs) in the IDS exon 3 {where
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the mutations ¢.241C > T and ¢.257C > T are located)} using ESEfinder 3.0 and Splicing Rainbow soft-
ware (Fig. 2 and 3). Finally, we have conducted RNAi and overexpression experiments that were
quantified by Real time PCR and Western blot {Tables 1, 2 and Fig. 4).

1.1. Oligonucleotides sequences

See Table 1.

1.2. Minigenes construction and in vitro functional splicing analysis

For the in vitro splicing analysis of the variants ¢.257C>T and ¢.241C>T in IDS exon 3, the
respective regions of patient and healthy control genomic DNA were amplified and cloned into
pcDNA3.1-myc, a modified plasmid vector {Invitrogen, Carlshad, USA} (Table 1 and Fig. 1A}.

Also, to functionally investigate the splicing defects caused by c1122C T in exon 8, wild-type
{WT) and mutant minigenes were constructed in vector pSPL3 (Exon Trapping System, Life Tech-
nologies, Gibco, NY, USA) (Table 1 and Fig. 1C). To perform the functional splicing assays, Hep3B and
COS-7 cell lines {4 x 10°) were grown in 6-well plates and transfacted with WT or mutant minigenes
(2 pg} using 4 pl of Lipofectamine 2000 (Invitrogen, Carlsbad, USA). At 24 h post-transfection, total
RNA was extracted from the cells and used as a template for cDNA synthesis. RT-PCR was then per-
formed using vector specific primers (Table 1} and the amplified products were separated by agarose
gel electrophoresis (Fig. 1B and D).

1.3. Bioinformatic analysis of SREs in IDS exon 3;

In silico predictions for alterations in exonic splicing enhancer or silencer sequences (splicing
regulatory elements — SREs) in the presence or ahsence of .257C> T and ¢.241C > T mutations in IDS
exon 3 were performed using ESEfinder 3.0 (http://rulaicshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?
process=home) | 3,4|, and Splicing Rainbow {http://www.ebiacukfasd)} [5] software (Figs. 2 and 3).

14. Quantitative Real time PCR and Western blot assays to confirm overexpression and depletion of
splicing factors

To confirm the predicted changes in the splicing factors SRSF2 {formerly SC35}, hnRNP E1 and
hnRNP E2, overexpression studies were performed using plasmids coding for them which were co-
transfected in Hep3B cells with WT or mutant ¢.257C > T minigenes. All transfections were performed
using Lipofectamine 2000 reagent. At 48 h post-cotransfection, the cells were harvested and the
transcript pattern analyzed by RT-PCR. Depletion studies were also performed to verify the predicted
changes for the SRSF1 (formerly ASF{5F2) splicing factor. Hep3B cells were firstly transfected with
siRMNAs targeting the mRNA of SRSF1 and luciferase {control) and 24 h later transfected with the WT

Fig. 1. Splicing assays for the wild-type (WT) and mutant minigenes corresponding to the IDS nucleotide changes ¢.257C=T
and ¢.241C =T in exon 3, and ¢.1122C= T in exon 8. (A, C) Diagrams of the reporter minigenes used in the functicnal splicing
experiments. Normal and mutated gencmic [DS sequences were cloned inte the pcDNA3.1-miyc or p5SPL3 vectors to generate
the indicated minigenes. Exons are shown by boxes and introns by straight lines. For all exenic alterations, the WT and mutant
regions are shown and the specific changes marked by an arrow. (B, D) Wild-type and mutant minigenes were transfected into
C05-7 and Hep3B cells and the splicing pattern analyzed by RT-PCR using the indicated vector-specific primers (arrows in
diagrams A and C). Minigene expressien of the splicing mutations in exon 3 (c257C=T and ¢.241C= T} revealed two tran-
scripts, a predominant one with exen 2 and a mutated exon 3, and a miner transcript of smaller size in which the first 44
nucleotides of exen 3 were missing. The WT minigene preduced a single transcript of normal size (B). For the synonymous
¢.1122C = T change in exon 8, the mutant minigene showed a single transcript lacking the last 60bp of exen 8. The WT construct
produced twe bands, cne correspending to the transcript with exen 8 inserted, the other to a transcript resulting from an
expected splicing event between the vector splice sites (D). A diagram of the bands characterized by sequence analysis is alse
provided. NC - negative control; V - vector sequence.



FCUP
Splicing therapeutics for patients affected by lysosomal storage disorders

814 L. Matos et al. / Data in Brief 5 (2015) 810-817

A

\WVIILBWV.I-B hnRNP.E1E2 : CAAGCAGTGTGCGCCCCGAGCCGCGTTTC..//...

(VML hnRNP.E1E2 : CAAGCAGTGTGCGCCCIGAGCCGCGTTTC..//...

B

WIHLRAH SRSF1: CAAGCAGTGTGCGCCCCGAGCCGCGTTTC..//...

\INehidM SRSF1: CAAGCAGTGTG AGCCGCGTTTC..//...

Fig. 2. Bioinformatic predictions of splicing regulatory sequence elements in IDS exon 3 using the Splicing Rainbow software.
For the mutation ¢.241C > T, no alterations were predicted. In the presence of the ¢.257C > T mutation, no hnRNP E1 or hnRNP
E2 silencer motif is recognized (A) and a SRSF1 (formerly ASF/SF2) motif is created (B). The mutated nucleotide is marked in
red.

or mutant ¢.257C > T minigenes. RT-PCR analysis was performed 48 h later. The sequences of all
siRNAs are described in Table 1.

To confirm the overexpression of SRSF2, hnRNP E1 and hnRNP E2 as also the depletion of SRSF1 in
whole cell lysates, quantitative Real-Time PCR (qRT-PCR) assays were performed. Relative levels of
gene expression were analyzed using Tagman Universal PCR Master Mix 1x (Applied Biosystems) and
the Tagman Gene Expression Kit (which includes primers and probes for each specific splicing factor
gene - Table 1). The relative mRNA levels of target genes were calculated using standard curves
(values ranging from 0.05 ng to 50 ng of RNA converted into cDNA). A standard curve was constructed
for each target gene relating Ct values to log RNA quantities. The normalization of expression was
given by the ratio between the RNA concentrations of each target gene and the endogenous gene

Wild-type Mutant

Graphical results Graphical results

3 3

SRSF1 SREF1 |

SRSF2 | SRsF2 |
Fig. 3. Bioinformatic predictions of splicing regulatory sequence elements in IDS exon 3 using the ESEfinder 3.0 software. For
the mutation ¢.241C > T, no alterations were predicted. In the presence of the ¢.257C > T mutation, a putative binding motif for

SRSF1 (formerly ASF/SF2) is slightly altered (red square) and a binding motif for SRSF2 (formerly SC35) is eliminated (blue
square).
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Table 1
Description of the different sequences used in the work: primers for PCR amplifications®; small interfering RNA's for silencing
of specific genes; probes used for real-time quantitative PCR; antisense cligonucleotide sequences.

Oligonucleotide

Sequence (5 to 3')

Cloning fragments

Intren 1 BamHI F

Intron 3 Xhol R

Intren 7 IDS F

Intren 8 IDS R

RT-PCR fragments

Exon 2 IDS F

Exon 3 IDS R

Exon 7 IDS F

Exon 9 IDS R

Plasmid vector primers
K-myc-Bam F

pfGHr1 R

SD6 F

SA2 R

Small interfering RNA's
siSRSF1(formerly ASF/SF2}-a
siSRSF1 (formerly ASFJSF2)-b
siLUC (control)

TaqMan gene expression assays
SRSF2 (formerly 5C35)
SRSF1 (formerly ASF/SE2)
hnRNP E1 (PCBP1)

hnRNP E2 (PCBP2)
Antisense Oligonucleotides
AMO 1 IDS

AMO 2 IDS

AMO 3 IDS

AMO Standard

LNA IDS

ATATATGGATCCTCCAGCCTTGGGCCTCTT
ATATATCTCGAGGAATGCT GGATTCAGACA
TATCTCGAGGAACCGCCACAGAGTCCT
TATGGATCCGCACCTGTTCCTITGTCC

TCATCATCGTGGATGACCTG
AAAGACTTTTCCCACCGACA
GGAAAATCCGCCAGAGCTAC
GATCTCCACCTTGGGAATCA

TACCGCCACCATGGAGCAGAA
TTTATTAGGAAAGGACAGTGGG
TCTGAGTCACCTGGACAACC
ATCTCAGTGGTATTITGTGAGC

AGAAGAUAUGACCUAUGCA
GCAGGUGAUGUAUGUUAUG
CGUACGCGGAAUACUUCGA

Hs 00427515_g1 (Applied Biosystems)
Hs 00199471_m1 (Applied Bicsystems)
Hs 00362410_s1 (Applied Biosysterns)
Hs 01590472_mH {Applied Biosystermns)

GTAAGGGAAAAGCTTCTCACCTGCC
TTCTCACCTGCCTCCGGAAGTGAAG
AAAGCTTCTCACCTGCCTCCGGAAG
CCTCTTACCTCAGTTACAATTTATA
AAAGCTTCTCACCTGCCTCC

* Primers were designed accerding to the sequence described in the ENSEMBL database (www.ensemblorg;

ENSGO0000010404). F — Forward; R — Reverse.

PGK1. The relative amount of RNA was determined via the ratio of the normalized expressions of the

target and control samples (Table 2).

The depletion of the SRSF1 splicing factor was also confirmed through Western blotting analysis.
The immunedetection was carried out using the primary antibodies mouse anti-SF2JASF clone 96
from Zymed (San Francisco, CA} and ant-«a-tubulin from Sigma-Aldrich (Switzerland) (Fig. 4).
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Table 2

Quantification and normalization ratio for PGK1, SRSF2 (formerly SC35), hnRNP E1, hnRNP E2 and SRSF1 (formerly ASF/SF2)
expression levels obtained through quantitative real-time PCR. Calculations of relative amounts of each target and endogenous
reference RNA were determined using the appropriate standard curve.

Sample Amount of PGK1 Amount of trans-acting Normalized amount Ratio
RNA (ng) factor RNA (ng) of trans-acting factor
RNA (ng)
SRSF2 overexpression
WT ex3 minigene + Empty vector 1.2 14 1.2 1
¢.257C > T mut+Empty vector 13 1.8 13 1
WT ex3 minigene + SRSF2 15 14.6 9.7 8.1
¢257C > T mut+SRSF2 1.2 17.9 146 11.2
hnRNP E1 overexpression
WT ex3 minigene + Empty vector 0.45 02 045 1
¢.257C > T mut+Empty vector 0.9 0.95 1.06 1
WT ex3 minigene +hnRNP E1 0.68 6.34 9.32 20.71
¢.257C>T mut+hnRNP E1 0.46 8.73 18.98 17.91
hnRNP E2 overexpression
WT ex3 minigene + Empty vector 0.76 0.22 0.29 1
¢.257C > T mut+Empty vector 1.03 0.78 0.76 1
WT ex3 minigene + hnRNP E2 0.96 204 213 7.34
¢.257C > T mut+hnRNP E2 0.76 3.89 512 6.74
SRSF1 silencing
siLUC+WT ex3 minigene 0.58 0.55 085 1
siLUC+¢.257C> T mut 0.99 0.77 0.78 1
siSRSF1+ WT ex3 minigene 1.16 0.15 013 0.14
siSRSF1+¢.257C > T mut 0.56 0.08 0.14 0.18
.<»'iL}T (& .siS}iSFl
" g N ™~
s 5
§ & § &
§ & 8¢
N
= < = <
- m - Anti-o-tubulin
-— e - Anti-SRSF1 (ASF/SF2)

Fig. 4. Western blot analysis of the degree of depletion achieved after transfection of siRNAs for luciferase (control) and SRSF1
(formerly ASF/SF2) plus the WT exon 3 or ¢.257C>T mutation minigenes. The immunoblot shows the suppression of the
endogenous SRSF1 when silencing was performed using 200 uM of the siRNA pool. a-tubulin was used as a loading control.
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Synopsis

Background and motivation for the study

This study involved the development of innovative therapeutic strategies for
Sanfilippo C splicing mutations. Sanfilippo C or MPS 1lIC is a very rare LSD caused by
mutations in the HGSNAT, a gene that was cloned in 2006 (Hrebicek et al., 2006).
Since then, many molecular defects associated to MPS IIIC have been reported
worldwide. The Portuguese MPS IlIC patients were molecularly characterised by our
group and two splicing mutations were reported: ¢.372-2A>G (Coutinho et al., 2008)
and c.234+1G>A (unpublished data). In this work two distinct therapeutic approaches
were developed for different splicing mutations in the HGSNAT gene, one potentially
able to correct effects at the RNA level (using modified U1 snRNAS) and the other one
at the protein level (using chaperones). Therefore, the target mutations were previously
evaluated in terms of those that could be corrected at RNA level and those whose
effect could be ameliorated at protein level. The first group included three nucleotide
changes affecting distinct 5’ SDSs (¢.234+1G>A, ¢.633+1G>A and c.1542+4dupA) and
the second group only had one mutation affecting a 3’ acceptor splice site (c.372-
2A>G).

The study was performed in collaboration with two research groups also working
in MPS 1lIC, the group of Professor Daniel Grinberg from the University of Barcelona,
Spain and the group of Professor Alexey Pshezhetsky from the University of Montreal,
Canada. Our group together with the group of Professor Daniel Grinberg was
dedicated to the application of modified U1l snRNAs therapeutic approaches for the
correction of the mutations ¢.234+1G>A, ¢.633+1G>A and c.1542+4dupA. The group
of Professor Alexey Pshezhetsky was involved in the use of a pharmacological
chaperone (glucosamine) to correct the aberrant folding of a mutant HGSNAT protein
lacking 4 amino acids that was encoded from an abnormal splicing transcript originated

in the presence of the mutation ¢.372-2A>G.

Study design and methods overview

- Construction of minigene reporter vectors for each donor site mutation under study
and their transfection in COS-7 cells (Portuguese and Spanish groups).
- Construction through site-directed mutagenesis of different UL snRNA vectors

adapted to each mutated SDS under study (Portuguese group).
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- Development of U1 snRNA therapeutic approaches for the correction of the different
5’ SDS mutations in HGSNAT, both through the transfection of the different adapted U1
vectors along with the mutation-disease minigenes in COS-7 cells as well as directly in
control and patients’ fibroblasts (Portuguese and Spanish groups).

- Assessment of the effect of a pharmacological chaperone in the correction of the

aberrant folding of a mutant protein with the loss of four amino acids (Canadian group).

Major results

A partial correction of the splicing pattern (almost 50%) was achieved for the
€.234+1G>A mutation with the application of a modified U1 snRNA that completely
matched the mutant SDS in fibroblasts of patients carrying this mutation, which is one
of the most prevalent MPS |lIC causing mutations in Spanish and Portuguese patients.
For the mutations ¢.633+1G>A and c.1542+4dupA, no rescue was observed after the
modified U1 snRNAs overexpression in patients’ cells.

Moreover, the glucosamine treatment resulted in an increase in the enzymatic
activity, indicating a partial recovery of the correct folding. Nevertheless, as this part of
the study goes beyond the scope of this thesis, the obtained results will not be

mentioned or discussed in the other sections of this thesis.
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Abstract

Background: Mutations affecting RNA splicing represent more than 209 of the mutant alleles in Sanfilippo
syndrome type C, a rare lysosomal storage disorder that causes severe neurodegeneration. Many of these mutations
are localized in the conserved danor or acceptor splice sites, while few are found in the nearby nucleotides.

Methods: In this study we tested several therapeutic approaches specifically designed for different splicing
mutations depending on how the mutations affect mRNA processing. For three mutations that affect the donor site
€234+ 1G> A, c633+ 1G> A and ¢.1542 + 4duph), different modified UT snRNAs recagnizing the mutated donor
sites, have been developed in an attempt to rescue the normal splicing process. For another mutation that affects
an acceptor splice site (€.372-2A > G) and gives rise to a protein lacking four amino acids, a competitive inhibitor of
the HGSNAT protein, glucosamine, was tested as a pharmacological chaperone to correct the aberrant folding and
to restore the normal trafficking of the protein to the lysosome.

Results: Partial correction of ¢.234 4+ 1G » A mutation was achieved with a modified U1 snRNA that completely
matches the splice donor site suggesting that these molecules may have a therapeutic potential for some splicing
rutations. Furthermore, the importance of the splice site sequence context is highlighted as a key factor in the
success of this type of therapy. Additionally, glucosamine treatrent resulted in an increase in the enzymatic

99

activity, indicating a partial recovery of the correct folding.

Condusions: We have assayed two therapeutic strategies for different splicing mutations with promising results for
the future applications.

Keywards: Splicing mutations, Modified U1 snRNAs, Glucosamine, Sanfilippa C syndrome, Lysasemal storage disorder
¥

Background

Sanfilippo syndrome or Mucopolysaccharidosis III
(MPS III), is a group of autosomal recessive lysosomal
storage disorders caused by mutations in genes enco-
ding enzymes responsible for heparan sulfate degradation
[1]- There are four types of the disease, depending on the
gene affected. They all present similar clinical symptoms,
including severe central nervous system degeneration ac-
companied by mild somatic manifestations [2]. Sanfilippo

* Correspondence: dgrinberg@ub.edu
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() BioMed Centra

syndrome type C (MPS IIIC) is caused by mutations in
the HGSNAT gene. This gene codes for the acetyl-CoA:
a-glucosaminide N-acetyltransferase (EC 2.3.1.78), a pro-
tein localized in the lysosomal membrane which catalyses
the acetylation of the terminal glucosamine residues of
heparan sulphate prior to their hydrolysis by a-N-acetyl
glucosaminidase [3]. The HGSNAT gene, identified by
two independent groups in 2006 [4,5], is located at the
chromosome 8 (8p11.1) and contains 18 exons. The
cDNA encodes a polypeptide of either 635 or 663 amino
acids, since there is a controversy concerning the real ini-
tiation codon [6,7]. To date, 64 mutations have been re-
ported, 16 of which (25%) involve splicing alterations: 13
are described as splicing mutations and three as small

© 2014 Matos et al; licensee BioMed Ceritral. This is an Open Access article distributed under the terms of the Creative
Commans Attribution License thitpu/creativecormnmons.org/licenses/by/4.0y, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly aredited, The Creative Cornmons Public Dormain

Dedication walver (http//creativecommons.org/publicdomairyzero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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deletions and duplications that affect the splicing process
(HGMD"Professional Spring 2014.1 Release).

Splicing is an essential step for the expression of most
of human genes, in which the 5 and 3’ splice sites (ss),
the branch paint sequence and the polypyrimidine tract
(both the last two within 50 nuclectides upstream of the
3 ss) play a fundamental role. These sites present se-
quence variability throughout the human genome. The
splicing process is conducted by the splicecsome, which
is formed of five small nuclear RNAs (snRNAs) and
more than 200 different proteins (reviewed in [8]). The
Ul snRNA, which presents a partially complementary
sequence to the 5 ss, is essential for the recognition of
the 5’ ss consensus motif (CAG/GTRAGT, exon/intron,
R = purine). The Ul snRNP is composed of a 164-nt
long Ul snRNA and several protein factors. The 5 re-
gion of the Ul snRNA is involved in the recognition of
the 5’ ss, with the C8 nucleotide being the one that binds
the first nuclectide (G) of the intron (reviewed in [9]).
Application of modified Ul snRNAs to improve recog-
nition of mutated 5’ ss represents a new strategy for re-
covering the normal splicing process. They have been
assayed as a therapeutic approach for different diseases
and splicing mutations affecting different positions of
the 5’ ss with variation in the efficacy of the treatment
[10-19]. Recently, assays correcting an exogenous
injected construct have been performed using modified
Ul snRNAs in mice as a treatment for severe human
factor VII deficiency [20].

In some cases, alternative splicing caused by specific
mutations can give rise to misfolded proteins, which may
be prone to rapid intracellular degradation (reviewed in
[21]). Molecular chaperones are proteins that act on the
correct folding of other polypeptides in cells. Pharmaco-
logical and chemical chapercnes are small compounds
that can be used, in a similar way, to avoid the misfolding
of mutant proteins. They are principally potent enzyme
inhibitors which interact specifically with their active sites
to restore the correct folding and to increase stability [22].
In the case of lysosomal storage disorders, once in the
lysosome, the enzyme substrate replaces the chaperone,
thereby completing restoration of enzyme activity [23].
Aminosugars and iminosugars are the most common
pharmacological chaperones used in enzyme enhance-
ment therapy (EET) for lysosomal disorders. EET have
been reported for several of these diseases including Fabry
disease, Gy-gangliosidosis, Morquic B disease, Pompe
disease, Gaucher disease, Krabbe disease, Niemann-Pick
A/B and C diseases; as well as for many other types of
disorders such as retinitis pigmentosa, cystic fibrosis,
Parkinson’s disease, Alzheimer’s disease and cancer (re-
viewed in Ref. [21]). In the case of Sanfilippo syndreme
type C, glucosamine, a competitive HGSNAT inhibitor,
has been shown to increase residual enzyme activity in
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cultured skin fibroblasts from patients affected with a
number of missense mutations [24].

In this work we focus on HGSNAT mutations that
affect the splicing process. Three previously described
splicing mutations [5,25,26] were the object of the study
with different modified Ul snRNAs to improve recogni-
tion of the donor ss and enhance the correct splicing
process. The studies were performed using cells trans-
fected with minigene constructs bearing the specific
mutation as well as cultured patients’ skin fibroblasts.
Mutations include the most frequent change in Moroccan
patients (c.234 + 1G > A), a mutation found in Spanish pa-
tients (c.633 + 1G > A) and a mutation found in a French
patient (c.1542 + 4dupA). Furthermore, EET approach,
was tested for a splicing mutation ¢.372-2A > G. This mu-
tation is the most prevalent in Spanish and Portuguese pa-
tients [25,27] and affects the acceptor site at the end of
the 4™ intron of the HGSNAT gene [27], thereby altering
the splicing process. The use of a downstream alternative
cryptic ss generates an mRNA with an in-frame deletion
that codes for a protein with the loss of four amino acids
(p. [L125_R128del]). Here, we show the effect of this mu-
tation, which reduces enzyme activity, and the recovery of
a part of that activity through treatment with glucosamine
as a chaperone.

Our results show that, depending on the context of
the mutated donor site, modified Ul snRNAs can be a
promising therapeutic tool. The use of glucesamine as a
chaperone improved enzyme activity, suggesting a thera-
peutic effect of this compound for Sanfilippo C patients.

Methods

Mutation analysis of the HGSNAT gene

This study included five MPS IIIC patients: three previ-
ously described, two Spanish and one Moroccan [25]; and
two recently diagnosed, one French and one Portuguese,
carrying mutations already reported by us [25,26] (Table 1).
Studies were approved by the authors’ Institutional Ethics
Committee and conducted under the Declaration of
Helsinki. Patients were encoded to protect their confi-
dentiality. Genetic analysis was performed using control
and patients’ fibroblast cell lines as the source of RNA
and genomic DNA whenever necessary. Total RNA was

Table 1 Genotype and origin of MPS IlIC affected patients

Patient  Origin Allele 17 Allele 2¢ Reference
SFCP Portugal C234+ 1G> A c234+1G>A  This study
SFC3 Morocco 234+ 1G> A C234+1G>A [25]
SFC6 Spain CEIZ+1G=A C1334T> C [25]
SFC7 Spain c372-2A>G c372-2A>G [25]
SFC13 France 1542+ 4dupA c150C=T This study

*Mutation nomenclature is based on ¢cDNA sequence (NM_152419.2), with
nucleotide +1 corresponding to the A of the ATG translation initiation codon.
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extracted using High Pure RNA Isclation Kit (Roche,
Basel, Switzerland) and converted into ¢cDNA using
High-Capacity ¢cDNA Reverse Transcription Kit (Life
Technologies, Carlsbad, CA) following the manufac-
turers’ instructions. The RT-PCR amplifications were per-
formed using the primers described in Additional file 1:
Table 81 and information regarding specific conditions for
each ¢cDNA amplification and sequence analysis is avail-
able upon request.

Minigene cloning and U1 snRNA expression constructs
For the in vifro splicing approaches, wild type (WT) and
mutant minigenes were constructed for each mutation
under study. A gene fragment including exon 2 and the
flanking intrenic regions was amplified from the DNA of
the ¢234 +1G> A patient’s fibroblast cells using the
primers described in Additional file 1: Table S1, and
cloned into the TOPQO vector (Life Technologies). The
insert was excised with EcoRI, purified using Wizard®
SV Gel and PCR clean-up system (Promega, Madison, WIJ,
and subsequently cloned into the pSPL3 vector (Exen
Trapping System, Life Technologies; kindly provided by Dr.
B. Andresen) using the Rapid Ligation Kit (Roche Applied
Science, Mannheim, Germany). Theclone containing the
desired mutant insert in the correct erientation was
identified by restriction enzyme analysis and DNA
sequencing. The exon 6 (c.633 + 1G> A) and exon 15
(c.1542 + 4dupA), together with their intronic flanking
sequences, were also cloned in the pSPL3 vector. These mu-
tated minigenes were ordered from GenScript (Piscataway,
NJ). In all cases, the WT minigenes were obtained by
site-directed mutagenesis using the QuikChange 1T XL
site-directed Kit (Agilent Technologies, Santa Clara, CA)
following the manufacturer’s instructions and nuclectide
changes were confirmed by sequencing analysis. The
primers used are listed in Additional file 1: Table S1.

To express WT Ul snRNA (U1-WT), we used the vec-
tor pG3U1, which includes the sequence coding for hu-
man Ul ([28]; kindly provided by Dr. F. Pagani). The
different Ul vectors adapted to the donor ss of HGSNAT
exon 2, exon 6 and exon 15 were cbtained by site-directed
mutagenesis using the QuikChange II XL site-directed Kit
(Agilent Technologies). For each construct (U1 suppressor
1 to 9) the PCR reaction was performed with the specific
primers shown in Additional file 1: Table S1. The desired
mutations were confirmed by sequence analysis.

Cell culture and U1 transfection experiments

To perform the splicing assays, COS-7 cells and fibro-
blasts were grown in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 10%
fetal bovine serum (Life Technologies) and 1% PenStrep
(Life Technologies) at 37°C with 5% CO, For co-
transfection experiments, COS-7 cells at 90% of confluence
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were transfected in 6 or 12-well plates with either 1 or
2 pg of each WT or mutant minigene and 1 to 4 pg of each
different mutation adapted Ul snRNA vector, using Lipo-
fectamine 2000 (Life Technologies) according to the manu-
facturer’s protocol. When required, the amount of DNA
was adjusted with the pSPL3 empty vector. For splicing
analysis of the endogenous HGSNAT transcripts, healthy
control and patients’ fibroblasts at 90% of confluence were
transfected in 6-well plates with 1, 2.5 or 3.5 pg of each
modified Ul snRNA vecter using either Lipofectamine
2000 or LTX (Life Technologies) according to the manu-
facturer’s instructions. To estimate transfection efficiency,
healthy control and patients’ cells were transfected with a
control plasmid enceding either GFP or RFP and fluores-
cent cells were monitored by microscopy.

RT-PCR transcript analysis after transfection of modified
U1 snRNAs

Cells were harvested 24 or 48 h after transfection. Total
RNA was extracted using High Pure RNA Isolation Kit
(Roche Applied Science) and converted into ¢cDNA using
High-Capacity ¢DNA Reverse Transcription Kit (Life
Technologies). The RT-PCR splicing analysis for minigene
transfections was performed using the typical pSPL3
primers SD6 and SA2 (Additional file 1: Table S1). For the
endogenous experiments, RT-PCRs were performed using
the following primers: HGSNAT-Exon 2F/HGSNAT-
Exon 3R for mutation ¢.234 + 1G > A, HGSNAT-Exon
5F/HGSNAT-Exon 13R for ¢.633+1G>A/c.1334T »>C
and HGSNAT-Exon 12F/HGSNAT-Exon 16R for the
¢.1542 + 4dupA/c.1150C > T mutation. In the case of
the ¢.234 + 1G > A mutation, the forward primer was
designed to anneal in the middle of exen 2 to amplify
only the transcripts in which the correct splicing
process was recovered. For the other mutations, the last
nucleotide of one of the primers corresponded to the
point mutation of the other allele (but with the WT nu-
cleotide) to favour that only the ¢cDNA from the splice-
mutation allele was amplified. The RT-PCR products
were sequenced to confirm their identity. All the
primers used are listed in Additional file 1: Table S1
and information regarding the amplification conditicns
is available upon request.

Expression of recombinant human mutant and wild type
HGSNAT in COS-7 cells

COS-7 cells cultured in Eagle’s minimal essential medium
supplemented with 10% fetal bovine serum to 70%
confluence were transfected with the pcTAP-HGSNAT
plasmid and mutant pcDNA-HGSNAT-L125 R128del
plasmid as previously described [24]. 48 h after trans-
fection the cells were harvested and analysed for
N-acetyltransferase enzymatic activity or by Western
blot.
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Glucosamine-mediated refolding of mutant HGSNAT
Twenty-four h after transfection with pcTAP-HGSNAT or
mutant pcDNA-HGSNAT-1.125_R128del plasmids, COS-7
cells were grown for 72 h in Eagles minimal essential
medium supplemented with 10% fetal bovine serum con-
taining 10 mM glucosamine in 6-well plates. Then the cells
were kept for another 24 h in the normal culture medium
without glucosamine. The cells were harvested, lysed by
freeze-thaw in 750 pl of water and assayed for HGSNAT
activity. Three independent experiments (each with 2 cell
plates) were performed on 3 different occasions.

Confluent primary cultures of skin fibroblasts of the
MPS TIIC patient homezygous for the ¢.372-2A > G mu-
tation and healthy control fibreblasts (n = 5) were grown
in 6-well plates for 72 h in Dulbecco’s minimal essential
medium supplemented with 10% fetal bovine serum
containing 10 mM glucesamine. Then the cells were
kept for another 24 h in the medium without gluco-
samine, harvested, lysed in 500 pl of water and assayed
for HGSNAT activity. Three independent experiments
(each with 2 cell plates) were performed on 3 different
occasions.

Enzyme assay

HGSNAT N-acetyltransferase enzymatic activity was mea-
sured using the fluorogenic substrate 4-methylumbelliferyl
B-D-glucosaminide (4MU-B-GleN; Moscerdam, Oegstgeest,
Netherlands) as previously described [24]. The protein
concentration was measured according to the methed of
Bradford using a commercially available reagent (BicRad,
Hercules, CA).

Statistical analysis

Statistical analysis of the data has been performed by
two-tailed unpaired t-test using the Prism GraphPad
software.

Waestern blotting

Cell lysates from 3 independent transfections (20 pg of
total protein each) were analysed by Western blot as
previously described [24] using rabbit polyclonal anti-
bedies raised against human HGSNAT Q52-N156 peptide
(Sigma-Aldrich HPA029578, dilution 1:5000, incubaticn
overnight at 4°C). Detection was performed with an anti-
rabbit IgG antibodies-HRP conjugate (ref. 7074S, Cell
Signalling, Beverly, MA), and the enhanced chemilumi-
nescence reagent (ref. 32106, Thermo Scientific, Waltham,

MA).

Results

Mutation analysis in MPS IlIC patients’ fibroblasts

This study involved four splicing mutations found in five
different patients: SFCP and SFC3 (both homozygous
for ¢.234 + 1G> A), SFC6 (compound heterozygous for
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c.633 + 1G> A and the missense mutation ¢.1334T > C;
p.L445P), SFC13 (compound heterozygous for ¢.1542 +
4dupA and the nonsense mutation c.1150C > T; p.R384%)
and SFC7 (homozygous for ¢.372-2A > G) (see Table 1).
For patients SFC3 (previously reported [25]) and SFCP
{(novel patient), the RT-PCR analysis of ¢cDNA with pri-
mers in exon 1 and 3 revealed a fragment skipping exon
2 (252 bp) due to the presence of the ¢.234 + 1G > A mu-
tation in homozygosity (Figure 1A). For patient SFC6
(previously described [25]) the ¢DNA analysis with
primers in exons 5 and 7 showed two transcripts: one of
a normal length of 172 bp arising from the missense
mutation allele (c.1334T > C; p.L445P); and a second
one resulting from the skipping of exon 6 (102 bp), due
to the splicing alteration ¢.633 + 1G> A in the other
allele (Figure 1B). For a novel patient, SFC13, bearing
the intron 15 mutation c.1542 + 4dupA in compound
heterozygosity with the ¢.1150C > T nonsense change in
exon 11, the RT-PCR analysis with primers in exons 11
and 16 revealed two aberrant transcripts. The first one
showed the skipping of exon 15 (395 bp), and in the se-
cond, exon 15 was extended for the first 5 nucleotides of
intron 15 (478 bp) due to the presence of a cryptic ss in
the beginning of this intron (Figure 1C). For the fifth
patient, SFC7 (previously reported [25]), whe is homozy-
gous for the ¢.372-2A > G mutation, the transcript analysis
using primers in exons 3 and 5 revealed the presence of
two transcripts: one of lower size (79 bp) in which exon 4
was skipped; and the other of higher size (189 bp) cor-
responding to a fragment with the deletion of the first 12
nucleotides of exen 4 due to the use of a cryptic 3’ ss loca-
lized downstream of the constitutive one (Figure 1D),
which gives rise to the p.[L125 R128del] mutant protein.

Development of splicing therapy approaches for HGSNAT
gene mutations: minigene assays with modified U1

snRNA vectors

To reproduce the splicing defects in a cellular model that
could be used to test Ul snRNA overexpression as a
therapeutic strategy we constructed several mutant mini-
genes in the pSPL3 vector and expressed them in COS-7
cells. Each of the minigenes bore either one of the three
mutations that affect the donor ss or the WT allele. The
post-transfection cDNA analysis and sequencing revealed
the skipping of exon 2 and exon 6 in the cases of the
234 +1G > A and ¢633 + 1G > A mutant minigenes, re-
spectively (Figure 2C,F). For the ¢.1542 + 4dupA minigene,
the ¢cDNA showed a band that corresponded to the skip-
ping of exen 15 and ancther band that correspended to
the inclusion of this exon plus the first five nucleotides of
intron 15 (Figure 2I). Meanwhile, the constructs with the
WT sequences (relative to each mutation) revealed a sin-
gle transcript for each of the three cases with the inclusion
of exon 2, exon 6 or exon 15, respectively. These results
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Figure 1 Analysis of alternative HGSNAT transcripts from the mRNA of five MPS IlIC patients by RT-PCR. RT-PCR amplification of mutations
C234+1G> A (A), 633+ 1G> A (B), .1542 +4dupA (C), and c372-2A> G (D), and of the WT allele, using the primers indicated in the schemes
by arrows. The different splicing patterns are depicted in the schemes (right), in which the mutations are indicated by black circles. M: marker,
C-: negative control, SFCP, =3, — 6, —13, —7: patients. Boxes in the schemes correspond to exons.

show that the minigene-derived splicing patterns closely
resemble the patterns observed in control and patients’
c¢DNAs obtained from fibroblasts. Thus, the minigenes are
reliable tools to test and optimize the overexpression of
modified Ul snRNAs in our attempts to correct the spli-
cing defect.

To evaluate the efficiency of different Uls for correcting
missplicing of the HGSNAT exons 2, 6 and 15, several
constructs, with different degrees of complementarity to
each mutated donor ss, were generated (Figure 2A,D,G).
For each specific case, the WT and mutant splicing re-
porter constructs were co-transfected with the different
Ul snRNAs into COS-7 cells for 24 and 48 h. RT-PCR
analysis was then performed and showed that U1-WT and
the different Ul snRNA modifications do not interfere
with the splicing pattern of any WT minigene (Figure 2B,
EH).

In the case of the mutant minigenes, different splicing
patterns were observed after overexpression of the diffe-
rent Ul snRNAs. In the case of the mutant ¢.234 + 1G> A
minigene, the cDNA analysis revealed no change in spli-
cing after co-expression with the Ul-WT and Ul-supl
(+1T) constructs. With the remaining modified Uls
[Ul-sup2 (-1G+1T); Ul-sup3 (-1G+4A); Ul-sup4d
(-1G + 1T +4A)], a band of the size of 376 bp, expected
for the normal splicing, was observed. However, sequence

analysis showed that the fragment included exon 2 and
the first four base pairs of intron 2 (ATAT), due to the use
of an alternative donor site with the canonical “gt” in
positions +5 and +6. A very faint band corresponding to
exon 2 skipping was still observed when Ul-sup2 and Ul-
sup3 were overexpressed (Figure 2C).

For the mutant c.633 + 1G> A minigene, the splicing
pattern was not altered after overexpression of U1-WT and
Ul-sup5 (+ 1T), while an apparently normal band was de-
tected with the Ul matching all the nucleotides of the mu-
tated donor ss [Ul-sup6 (- 1A-2G-3A+1T +7A +8T)].
Sequencing of this band demonstrated aberrant splicing
which includes, apart from exon 6, the first four nucleo-
tides (ATAA) of intron 6. Again, this was due to the pre-
sence of an alternative donor site with the canonical “gt” in
positions +5 and +6. A band of low molecular weight,
which corresponded to the skipping of exon 6 was also de-
tected upon Ul-sup6 treatment (Figure 2F).

In the ¢.1542 +4dupA mutant minigene, the co-
transfection of the totally complementary Ul [Ul-sup9
(-1A-2A +5T +6C + 7A)] induced the appearance of a
single band of the predicted normal size. Sequence ana-
lysis revealed an abnormal fragment including exon 15
and the first five base pairs (GTAAA) of intron 15. As in
the two previous cases, this was due to the presence of a
“gt” in positions +6 and +7 (the duplication of an A in
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snRNAs used for each mutated 5" ss of HGSNAT (designated as UT-sup, for suppressor) are also shown. The U1 sequence changes are illustrated in
bold. (B), (C), (E), (F), (H) and (1) RT-PCR analysis of COS-7 cells in which splicing reporter minigenes for each mutation were co-transfected with
the different modified U1 constructs as appropriate. Neither the UT-WT nor the various adapted U1s showed an effect on the splicing of exon 2,
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(F); Ul-sup7, 8 and 9 {I)] changed the splicing pattern, not to the correct one, but mainly towards an alternative pattern using a “gt” 5’ ss immediately
downstream of the constitutive one. Importantly, the wild type minigene for exon 2 (Mini WT ex2) shows an extra lower band due to the amount of
empty vector added to adjust the total gquantity of DNA. Sequencing results for all RT-PCR products are illustrated by schematic drawings. M: molecular

weight marker; NT: non-treated cells; C-: negative control.

this mutant allele moved the “gt” from the original +5
and +6 positions). This band was also observed in the
untreated mutant minigene. The overexpression of Ul-
sup7 (-1A-2A) produced an increase in intensity of the
band that corresponded to the use of the alternative site;
while no effect of Ul-sup8 (+ 5T + 6C + 7A) or Ul-WT
was detected (Figure 2I).

Development of splicing therapy approaches for HGSNAT
gene mutations: treatment of patients’ cells with

modified U1 snRNA vectors

Despite the data of minigene assays showing that the
three ss defects were not corrected by the expression of

the different modified Ul vectors, we explored the feasi-
bility of this approach to correct the endogenously mis-
spliced HGSNAT transcripts through transfection of the
same U1 variants in patients’ derived cell lines. The spliced
transcripts obtained after transfection of each fibroblast
cell line were analysed by RT-PCR (Figure 3A-F).
Interestingly, for patients SFCP and SFC3, homozygous
for the ¢.234 + 1G > A mutation, treatment with different
quantities of fully adapted Ul [Ul-sup4 (-1G + 1T + 4A)]
resulted in a partial recovery from the splicing defect. Se-
quence analysis revealed two different sequences: one with
the normal splicing; and the other which included the first
four base pairs of intron 2 (Figure 3B and Additional file
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Figure 3 Analysis by RT-PCR of the endogenous splicing pattern of control and patients SFCP, SFC3, SFC6 and SFC13 derived fibroblasts
after transfection with different U1 isoforms. (A), (C) and (E) The constitutive splicing of exons 2, 6 and 15 of the HGSNAT gene was not altered in
control fibroblasts after overexpression of UT-WT or any of the modified UT constructs. (B) In the patients SFCP and SFC3, bearing the homozygous
mutation ¢234+ 1G> A, only the fully adapted U1 (2.5 ug of UT-supd) resulted in partial correction of exon 2 skipping. The same result was obtained
with 1 or 35 ug of the UT-sup4 construct (data not shown). (D) and (F) For patients SFC6 and SFC13, bearing genotypes c633 + 1G >A/c.1334T > C
and 1542 + 4dupA/c1150C > T, respectively, the transfection of 2.5 or 3.5 g of UT-WT or any generated U1 suppressor vector did not produced any
change in the endogenous aberrant splicing pattern. Sequending results for all RT-PCR products are illustrated by schematic drawings. M: molecular
welight marker; NT: non-treated cells; C- negative control; RFP: red fluorescent protein.

2: Figure S1), as detected in the minigene approaches in
COS-7 cells (Figure 2C). To estimate the levels of correct
splicing, the obtained PCR product was cloned in a
pUCI19 vector and amounts of around 50% were detected
for the correct sequence (10 out of 22 clones with the
correct spliced fragment). Due to this partial correction
obtained, an experiment to measure the enzymatic activity
in patients cells after Ul-sup4 transfection was carried
out. However, no improvement in enzyme activity was ob-
served. The values obtained for both patients, without
treatment and using 2.5 pg Ulsup4, were negligible and
far below the normal range of controls (1.95-13.4 nmol/
17 h/mg). The expression of the remaining Ul modifica-
tions had no detectable effect on exon 2 splicing.

In the case of the patients SFC6 (c.633+ 1G> A/
¢1334T >C) and SFC13 (c.1542 + 4dupA/c.1150C > T),
the RT-PCR analysis showed no effect of any modified Ul
snRNA on the endogenous splicing process (Figure 3D,F).

Similarly, WT HGSNAT gene splicing was not affected by
any of the U1 isoforms (Figure 3A,CE).

To rule out the possibility of the negative results being
due to poor fibroblast transfection efficiency, fluo-
rescence expression GFP/RFP vectors were used; effi-
cient acquisition of the vectors was observed (data not
shown). The uptake of the Ul snRNA was confirmed by
PCR (Additional file 3: Figure S2). Moreover, the electro-
poration technique was also tried but no improvement
in transfection efficiency was achieved (data not shown).

Analysis of the protein encoded by the mutant HGSNAT
cDNA with 12 nucleotides deleted

In order to test whether mutant ¢DNA with a 12-
nucleotide in-frame deletion (encoding p.[L125_R128del])
produces a stable protein and, if so, whether it is enzyma-
tically active, we transfected cultured COS-7 cells with a
corresponding pcDNA-HGSNAT-L125_R128del plasmid
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and measured N-acetyltransferase activity in the cell hom-
ogenate. Cells transfected with an empty plasmid or those
transfected with the pcTAP-HGSNAT plasmid described
previously [6] encoding WT human HGSNAT were used
as positive and negative controls, respectively. Our data
(Figure 4A) showed a small but significant increase of
N-acetyltransferase activity in the cells transfected with
the mutant HGSNAT compared to that in the cells trans-
fected with the empty plasmid. The activity in the cells
transfected with WT pcTAP-HGSNAT increased about
10-fold (Figure 4A).

We further analysed cell homogenates by Western blot
and detected a cross-reacting band in the cells trans-
fected with both WT and mutant plasmids (Figure 4B).
The amount of 160 kDa dimer of the HGSNAT pre-
cursor was comparable in both homogenates, but the
amount of 44 kDa and 25 kDa enzymatically cleaved
mature HGSNAT chains was reduced in the cells trans-
fected with the pcDNA-HGSNAT-L125_R128del plas-
mid. Since the enzymatic cleavage of the HGSNAT
precursor into the 2-chain form occurs in the lysosome
[6], this result is consistent with misfolding of the majo-
rity of the HGSNAT-L125_R128del mutant and its re-
tention in the endoplasmic reticulum (ER), as previously
demonstrated for most HGSNAT mutants with amino
acid substitutions [24].
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Partial recovery of the enzyme activity of
p.[L125_R128del] by glucosamine as a pharmacological
chaperone

Our previous data demonstrated that the treatment of
cultured cells of MPS IIIC patients bearing missense
mutations with the competitive HGSNAT inhibitor
(Ki=0.28 mM) glucosamine, significantly increased the
level of the residual N-acetyltransferase activity [24]. In
order to determine whether glucosamine can also re-
store the folding and activity of the p.[L125_R128del]
mutant protein, we treated COS-7 cells transfected with
the pcDNA-HGSNAT-L125 R128del plasmid and cul-
tured primary fibroblasts of the patient homozygous for
the ¢.372-2A > G mutation with 10 mM glucosamine.
Our data (Figure 4C) show that glucosamine significantly
increases residual N-acetyltransferase activity in both
COS-7 cells transfected with the pcDNA-HGSNAT-
L125 R128del plasmid and in the patient’s fibroblasts.
This suggests that the active conformation of the mutant
HGSNAT can be stabilized by glucosamine, resulting in
part of the mutant enzyme pool being properly processed
and targeted at the lysosomes.

Discussion
In this study we describe two therapeutic approaches
specific for several splicing mutations in the HGSNAT

>
=

259

Fkk
204

Specific activity (nmol/mg/h)
a3

-
-
34
*k
24
14
) > & F e
\‘o" q?b Q\Qe' &< ‘&b
N S\\b @b &
,‘:,/ &/
v

Figure 4 Enzymatic activity of mutant HGSNAT-L125_R128del protein can be partially restored by the pharmacological chaperone,
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glucosamine. (A) N-acetyltransferase activity of COS-7 cells transfected with the pcDNA-HGSNAT-L125_R128del plasmid is significantly increased
compared to that of cells transfected with the empty pcDNA plasmid (mock). The data show means (+S.0) of individual measurements. Three
transfections (each in duplicate) were performed on separate occasions** and ***: statistically different from mock-transfected cells (p <001 and
p < 0.001, respectively) according to unpaired t-test. (B) COS-7 cells transfected with the pcDNA-HGSNAT-L125_R128del plasmid produce 160 kDa
dimmers and 78 kDa monomers of HGSNAT precursor protein but show drastically reduced amounts of 44 kDa and 25 kDa mature HGSNAT
chains produced by intra-lysosomal enzymatic cleavage. Panel shows representative data of 3 independent transfections. (C) N-acetyltransferase
activity of COS-7 cells transfected with the pcDNA-HGSNAT-L125_R128del plasmid and of cultured primary fibroblasts of the patient homozygous
for the ¢372-2A > G mutation is significantly increased after treating the cells in culture with 10 mM glucosamine for 72 h (+GA). The data show
means (+S.0.) of individual measurements. Three independent experiments measurements were performed each of them with 2 cell plates. * and

*#*: statistically different from untreated cells (p < 0.05 and p < 0.01, respectively) by unpaired t-test.
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gene that lead to defects in mRNA processing in five
Sanfilippo C patients, each carrying at least one splicing
mutation. To our knowledge, this is the first attempt to
treat Sanfilippo syndrome type C splicing mutations with
medified Ul snRNAs. The chaperone treatment, the
second therapeutic strategy examined in the present
work, was previously tested in vitro for several missense
Sanfilippo C syndrome mutations with promising results
[24] and it is applied here for the treatment of a mutant
protein lacking four amino acids.

For patients carrying mutations in the donor ss (SFCP,
SFC3, SFC6 and SFC13), modified Ul snRNAs have
been tested as a therapeutic tool to recover the normal
splicing process. This approach has previously been tes-
ted for different mutations in several disorders showing
different efficiencies at rescuing the normal transcripts
[10-19]. A total of 9 different Uls have been developed,
as well as the U1-WT. None of them affected the nor-
mal splicing process in WT minigenes or healthy control
fibroblasts when overexpressed.

Few assays to correct a +1 5" ss mutation have been re-
ported. In some of those, the efficiency of modified Ul
snRNAs for splicing mutations in canonical positions +1
and +2 has been shown to be inexistent [10,13]. However,
Hartmann ef al. [19] showed a partial correction of a +1
mutation in a case in which some degree of normal spli-
cing was conserved in the mutant allele and the alternative
donor site with a “gt” dinuclectide in positions +5 and +6
presented a low score according to different predictors. In
this report, we present three cases with splicing mutations
at position +1, two homozygous patients with the ¢.234 +
1G > A mutation (SFCP and SFC3) and one heterozygous
patient with the ¢.633 + 1G> A mutation (SFC6). When
we analysed the treatment efficiency of different modified
Ul snRNAs in minigene constructicns carrying these
mutations, we were not able to detect restoration of the
normal splicing process. Instead, we detected alternative
splicing patterns due to the use of highly conserved “gt”
nucleotides at positions +5 and +6 as a donor site, giving
rise to a transcript that includes 4 intronic nucleotides.
This result was obtained using three of the four modified
Ul snRNAs for the ¢.234 + 1G > A mutaticn and the total
complementary Ul snRNA for the c.633 + 1G > A muta-
tion. Due to the presence of these “gt” dinuclectides at
position +5 and +6 in many introns, it is important to se-
quence putative rescued transcripts to check whether this
alternative site was used.

Despite these results, and taking into account that mini-
genes only included partial intronic sequences which could
lack some splicing regulatory sites and that they were
assayed in non-human cells, modified Ul snRNAs were
tested on patients’ fibroblasts. Partial rescue (almost 50%)
of the normal splicing for the ¢.234 + 1G > A mutation was
observed in patients SFCP and SFC3 overexpressing the
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Ul-sup4. In the case of the ¢.633 + 1G > A mutation (pa-
tient SFC6), no rescue was observed after the modified Ul
snRNAs overexpression. Analysis of the ss sequences using
the Human Splicing Finder predictor [29], indicated that
the alternative site of patient SFC6 had a high score
(68.17/100), while that of patients SFCP and SFC3 had a
null score. This could explain the difference in the rescue
results between these twe “+1” mutations: the mutant al-
lele of patient SFC6 would efficiently use the alternative
site and, thus, would not be rescued.

The molecular reasen why the modified Ul promotes,
in general, a new splicing process using the +5 + 6 “gt”
donor site when its sequence perfectly matches the mu-
tated +1 + 2 site remains unclear. One explanation could
be the involvement of U6 snRNA complementarity, in
additien to that of Ul, in the cheice of alternative ss in
proximity to the normal one, which has been previously
described [30,31].

The rescue of the splicing mutation shown here is one
of the few positive results for a “+1” mutation using a
modified Ul snRNA and the first one performed on an
allele that did not produce any of the correctly spliced
mRNAs when untreated. It is important to note that a
few natural U2-type 5’ss that present “au” instead of the
normal “gu” at the first two nucleotides of the intron
have been described [32,33]. These intrens present “ac”
instead of “ag” at the last two nuclectides. Thus, one
could think that mutated “au” sites could promote an al-
ternative splicing using an “ac” acceptor site. However,
for this +1 mutation the “au-ac” alternative splicing type
was not observed. On the contrary, we found that the
“au” 5" ss correctly paired with the normal “ag” and not
with a possible cryptic “ac” 3’ss, restoring the normal
splicing of intren 2.

Further studies are needed to improve the efficacy and
to test the toxicity and side effects of Ul overexpression
in order to confirm the feasibility of the use of this
modified Ul snRNAs in therapy. Overexpression of Ul
snRNA vectors introduced with adeno-associated virus
into mice liver has been shown to be toxic at high viral
doses but safe at low doses, suggesting the viability of
this treatment when low amounts of Ul snRNA viral
particles are injected [20].

In the case of the ¢.1542 + 4dupA mutation (patient
SFC13), it is important to note that the canonical “gt” site
is not affected by the mutation. However, in this case there
is also another “gt” dinuclectide in positions +6 and +7
(one nucleotide downstream due to the duplication). The
minigene analysis showed that the splicing that uses the
alternative donor site occurs, even without treatment,
together with that causing exon 15 skipping. This alterna-
tive splicing is slightly enhanced with Ul-sup7 and greatly
enhanced with Ul-sup9. Many different ss predictors were
used in crder te estimate the score for each donor site in
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this case (Additional file 4: Table 52). Clearly, in the ab-
sence of mutation, the scores of both sites are similar; but
when the mutation is present, the normal site presents a
lower score while the alternative site increases its score.
This is consistent with the fact that in the presence of the
mutation the alternative “gt” site is the only one used (see
Figure 2I). As it was previously discussed, it remains un-
clear why the modified Ul snRNAs, designed to perfectly
match the mutated site, enhance the splicing using the al-
ternative site. When the modified Ul snRNAs were tested
on patient’s fibroblasts, no rescue was detected: either for
the normal mRNA or for the one including the five in-
tronic nucleotides. The latter was detected without any
treatment, indicating that it takes place in normal condi-
tions in the patient’s cells. In any case, the alternative tran-
script would not restore the enzyme activity since it does
not keep the frame, so it could not have any therapeutic
use. Many different mutatiens in the +3 to +6 positions
have been partially or totally rescued using Ul snRNAs
[10-13,15,17,18], while one +5 mutation was not corrected
[15]. Qur current results point to the importance of the
presence of an additional “gt” dinucleotide in the region
which, depending on the sequence context, may be used
as an alternative donor site. In previous reports where
mutations have been partially or totally corrected and the
“gt” dinucleotide was present at positions +5 and +6
[15,19], the alternative site presented a low score in ac-
cordance with different predictors, in contrast to the cases
described here.

Finally, we attempted to rescue the ¢.372-2G > A mu-
tation (present in SFC7), using molecular chaperone.
This mutation gives rise to two different splicing pro-
cesses in fibroblasts: one causing exon 4 skipping; the
other using an alternative acceptor site, 12 nucleotides
downstream of the normal site and producing a tran-
script with an in-frame deletion. We showed that this
alternative splicing produces a protein lacking 4 amine
acids p. [L125 R128del] that has some residual activity
but the majority of the protein does not reach the lyso-
some, remaining in the ER due to its misfolding.

In order to restore the correct protein folding, cells
transfected with the plasmid carrying the mutant protein
and the patient’s fibroblasts were treated with glucosamine
chaperone, which resulted in a significant increase in the
residual HGSNAT activity. This indicates the feasibility of
this therapeutic approach for patients carrying this splicing
mutation. Different chaperones assays for lysosomal disor-
ders have been performed before and some have been
tested in humans, showing their safety and potential as a
therapeutic tool (reviewed in Ref. [21]).

Conclusions
In conclusion, the results of two therapeutic approaches
for different splicing mutations varied depending cn the
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nature of the mutation. For the treatment of donor ss
mutations, Ul snRNAs could represent a feasible option.
This would depend on the presence of alternative donor
sites close to the normal site that could interfere with
the correction process and, thus, with the success of the
therapy. This is important since many introns present a
“gt” in positions +5 and +6. In the present study, we
have shown that it is possible to partially recover the
normal splicing process for +1 mutations, which was re-
ported only once before. Additicnally, a chaperone treat-
ment using glucesamine for a mutant protein with a loss
of 4 amino acids, caused by an acceptor ss mutation, has
been shown to result in a significant increase in the en-
zyme activity. These premising results encourage further
research into the therapeutic use of Ul snRNAs and
chaperones to treat Sanfilippo syndrome type C patients.
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Oligonucleotide

Sequence (5’ to 3')

RT-PCR fragments’

HGSNAT-Exon 1F GCAGCGGGCAGGCAAGGGCGG
HGSNAT-Exon 2F ACATGCAGAGCTGAAGATGGA
HGSNAT-Exon 3R GATAGATCCGTGCTGGGTG
HGSNAT-Exon 4F AGCTGAACGACACCTTGGAA

HGSNAT-Exon 4R

CAATGATGACAGCAAGACCAA

HGSNAT-Exon 8F

TGCATTCCTTATTGGTCTTGC

HGSNAT-Exon 8R ATCACCATCGAGAGGGTCTG
c.1542+4dupA F ACCTGTGCCTGAACATTGTG
c.1542+4dupA R CAGAAACCTTCGTCAGAGCA
HGSNAT-Exon 5F CCTTTCTGAGGCTCTTGTTG
HGSNAT-Exon 12F AGGAGCTGCCTTTCTCTTC
HGSNAT-Exon 13R TGATCGTCTCCCAGCAGCA
HGSNAT-Exon 16R ACCTTCGTCAGAGCAACAG

DNA fragments’

HGSNAT Exon 4 F

TTATTCTGCCTCCATGATATTAGC

HGSNAT Exon 4 R

CTACAGAAAGCGTCATGGACTGC

Cloning fragments’

Intron 1 F GCAAAAGGAGACCTGTGTGTG
Intron 3R TCATCCCTGAGAACTGGCTTT
Plasmid Vectors

SDs F TCTGAGTCACCTGGACAACC
SAZ2R ATCTCAGTGGTATTITGTGAGC
pGEMQ ATCGAAATTAATACGACTCA
U1-QR CTGGGAAAACCACCTTCGT

Site-directed mutagenesis

pSPL3 WT minigenes

Exon 2 F

GGAAATCTGAATGCTGTTATCACATATGTATCAGTTCACACTCAG

Exon 2 R CTGAGTGTGAACTGATACATATGTGATAACAGCATTCAGATTTCC
Exon6 F CTGATCGCCTCATCAATTCTGTAAGTTATGAGATGCATAGTG
Exon6 R CACTATGCATCTCATAACTTACAGAATTGATGAGGCGATCAG
Exon 15F GGTGTTGTATTCTTGTAAGTAAGCAGCATTCCTCGC
Exon 16 R GCGAGGAATGCTGCTTACTTACAAGAATACAACACC

U1snRNA vectors

U1 suppressor 1 F

GATCTCATACTTATCTGGCAGGGGAGATAC

U1 suppressor 1 R

GTATCTCCCCTGCCAGATAAGTATGAGATC

U1 suppressor 2 F

GATCTCATACTTATGTGGCAGGGGAGATAC

U1 suppressor 2 R

GTATCTCCCCTGCCACATAAGTATGAGATC

U1 suppressor 3 F

CAAGATCTCATACATACGTGGCAGGGGAGATAC

U1 suppressor 3 R

GTATCTCCCCTGCCACGTATGTATGAGATCTTG

U1 suppressor 4 F

CAAGATCTCATACATATGTGGCAGGGGAG

U1 suppressor 4 R

CTCCCCTGCCACATATGTATGAGATCTTG

U1 suppressor 5 F

GATCTCATACTTATCTGGCAGGGGAGATAC

U1 suppressor 5 R

GTATCTCCCCTGCCAGATAAGTATGAGATC

U1 suppressor 8 F

GAGGCCCAAGATCTCTAACTTATAGAGCAGGGGAGATACCATG

U1 suppressor 6 R

CATGGTATCTCCCCTGCTCTATAAGTTAGAGATCTTGGGCCTC

U1 suppressor 7 F

AGGCCCAAGATCTCATACTTACAAGGCAGGGGAGATACC

U1 suppressor 7 R

GGTATCTCCCCTGCCTTGTAAGTATGAGATCTTGGGCCT

U1 suppressor 8 F

GCAGAGGCCCAAGATCTCAACTTTACCTGGCAGGGGAGATA

U1 suppressor 8 R

TATCTCCCCTGCCAGGTAAAGTTGAGATCTTGGGCCTCTGC

U1 suppressor 8 F

GTGTCGGGGCAGAGGCCCAAGATCTCAACTTTACAAGGCAGGGGAGATAC

U1 suppressor 9 R

GTATCTCCCCTGCCTTGTAAAGTTGAGATCTTGGGCCTCTGCCCCGACAC

* Primers were designed according to the sequence described in the ENSEMBL database
(www.ensembl.org; ENSG00000165102). F — Forward; R — Reverse
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Additional file 2: Figure S1

A)
Wild-type sequence
Exon2  Exon3
L N N N N N NNy
TGTTAT CAC T GCTTGTTTCAGGTTCT GGTAAACGT TCCTCAG
50 70 80 90
< | >
Normal exon 2 — exon 3 sequence ... TATCACTGCTTGTTTCAGGTTCTGGTAAACGTTCCTCAG...
B)

¢.234+1G>A sequence after Ul sup 4 treatment

Exon 2

Two sequences:

Normal exon 2 — exon 3 sequence ... TATCACTGCTTGTTTCAGGTTCTGGTAAACGTTCCTCAG...
Aberrant exon 2 — exon 3 sequence... TATCACatatTGCTTGTTTCAGGTTCTGGTAAACGTTCCTCAG...
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Additional file 3: Figure S2

M NT

Modified Ul snRNA

2.5ug

35ug

C-

Ul snRNA vector

HGSNAT exon 4
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Additional file 4: Table S2

Predictor Normal Alternative gz::::; A::’:Irt':::e
CTT/gtaagt taa/gtaage | CTT/gtaaag | aaa‘gtaagc
Splice site score calculation (Max = 12.6)’ 6.9 6.2 2 7.6
Analyzer splice tool (Max = 100)° 78.94 78.17 61.92 81.99
Splice site pret(ll:lcl:;;:): :))y[;;]uronal network 0.95 0 0 0.97
MaxEntScan (Max = 12) [30] 8 5.66 -3 7.31
Human splicing finder (Max = 100) [31] 84.38 85.27 70.28 86.29

1. http://rulai.cshl.edu/new_alt_exon_db2/HTM
2. http://ibis.tau.ac.il/ssat/SpliceSiteFrame.htm

L/score.html
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Synopsis

Background and motivation for the study

Our therapeutic target in this study was the c.66G>A mutation present in the
CSTB gene, which encodes the protein cystatin B. Cystatin B is an inhibitor of several
papain-family cysteine proteases, cathepsins, which have a key role as lysosomal
enzymes (Merwick et al., 2012). The main function of cathepsins is the non-selective
degradation of intracellular proteins, but they also participate in antigen processing and
apoptosis (Lehesjoki & Gardiner, 2012).

Mutations in the CSTB gene are responsible for the Unverricht-Lundborg disease
(ULD), an autosomal recessive neurodegenerative disorder also known as progressive
myoclonic epilepsy type 1 (EPM1) (Joensuu et al., 2008).

Some of the symptoms presented by ULD patients, such as myoclonus, epilepsy
and progressive neurologic deterioration are also observed in some LSDs like the
NCL'’s, Sialidosis type | and Neuronopathic Gaucher disease, which explains the
classification as lysosome-related progressive myoclonic epilepsies (Ramachandran et
al., 2009). This means that, whilst screening for LSDs in patients with that sort of
symptoms, we may come across cases of different aetiology. The case that caught our
attention was an ULD patient homozygous for a hew synonymous mutation (c.66G>A,
p.Q22Q) located at the last nucleotide of CSTB exon 1. It affects the 5’ SDS of exon 1,
as was evidenced by cDNA analysis that allowed the identification of two splice
variants, one of normal size with the G>A change and other with partial inclusion of
intron 1 due to the activation of a cryptic splice site inside the intronic sequence. Since
this mutation is a synonymous change that impairs normal splicing, it appeared to be a
good candidate for correction through RNA therapeutic approaches, having been
therefore considered for splicing correction in the scope of this study. Two different
RNA-based therapeutic strategies were tested: mutation-adapted U1l constructs with
increased complementarity to the mutated SDS of exon 1 and AOs (LNA
oligonucleotide) specifically designed to block the activated cryptic splice site in CSTB

intron 1.

Study design and methods overview

- Design and construction through site-directed mutagenesis of the different U1 snRNA

vectors adapted to the mutated SDS of exon 1.
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- Test the efficacy on splicing pattern correction of the different mutation-adapted U1l
snRNA vectors through their transfection in patient fibroblasts.

- Test the efficacy on splicing pattern correction of the LNA oligonucleotide designed to
block the activated cryptic splice site in CSTB intron 1 through its transfection in patient

fibroblasts.

Major results

A successful correction of the aberrant splicing pattern using a LNA
oligonucleotide that blocked the use of the cryptic intronic splice site was achieved.
Using adapted U1l vectors with increased complementarity to the mutated splice

site, no correction of the aberrant splicing pattern was observed.
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Abstract

Unverricht-Lundborg disease (ULD) is a common form of progressive myoclonic
epilepsy caused by mutations in the cystatin B gene (CSTB) that encodes an inhibitor of
several lysosomal cathepsins. Presently, only pharmacological treatment and psychosocial
support is available for ULD patients. Although the dodecamer expansion in the promoter
region of the CSTB gene is the most common cause associated to ULD, a patient without
the expansion mutation but homozygous for a unique splice defect was identified in
Portugal. This case seemed to provide a good model for testing the feasibility of splicing
correction. Therefore, to overcome the effect of the CSTB splicing mutation c.66G>A (exon
1), we investigated two strategies for the correction of the defect in patient's cells. One
attempt relied on the use of U1 snRNA mediated correction and involved the generation of
three constructs with increasing complementarity to the splice donor site of CSTB exon 1.
In the other strategy used, a specific locked nucleic acid (LNA) antisense oligonucleotide
was designed to block a cryptic 5 splice site in intron 1. This latter LNA oligonucleotide
approach allowed the restoration of the normal splicing pattern and the recovery was
sequence and dose-specific. The failure of the U1 snRNA therapeutic approach may rely
on the scarce knowledge on how the correct splicing in the exon 1 of CSTB occurs,
evidence has suggested that it depends not only on the Ul complementarity, but probably
also on enhancer splicing factors.

This work constitutes a proof of concept for correcting a CSTB RNA defect involved
in ULD with a mutation-specific antisense approach. It contributes to the growing evidence
on the feasibility of this type of potential therapy. The insights here obtained make
mutation-based correction a candidate for personalized treatment of patients with this type

of mutation, encouraging similar investigations in other genetic diseases.

Graphical Abstract

LNA oligonucleotide
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Efficient correction of the aberrant splicing pattern in the fibroblasts of a patient with Unverricht-Lundborg

disease using a locked nucleic acid oligonucleotide.
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Introduction

Unverricht-Lundborg disease (ULD), also known as progressive myoclonic
epilepsy type 1 (EPM1), is an autosomal recessive neurodegenerative disorder
characterized by young-onset stimulus sensitive myoclonus and tonic-clonic seizures.
Although occurring worldwide, it shows the highest prevalence in Finland, North Africa
and the Western Mediterranean region.? Presently, symptomatic pharmacologic and
rehabilitative management are the mainstay of patient care.??

ULD is caused by mutations in the CSTB gene, localized on chromosome
21g22.3* which encodes cystatin B, a protease inhibitor that in vitro has shown the
ability to inhibit several lysosomal cysteine proteases, known as cathepsins, by tight
reversible binding.®

Up to now, thirteen CSTB mutations have been described as causal of EPM1
(HGMD®Professional 2015.3 Release), the most common of which is an unstable
expansion of a dodecamer repeat in the promoter region® that down-regulates CSTB
mRNA levels.” The remaining mutations are missense, nonsense, frameshift and splice
site (ss) mutations that lead to abnormal RNA processing (HGMD®Professional 2015.3
Release).

The increasing knowledge of RNA biology is stimulating the development of new
approaches relying on RNA-based strategies to modify or eliminate mRNA bearing
disease-causing mutations. On one hand, the use of U1 snRNA complementary to the
mutated splice-site has become an attractive strategy to correct 5'ss defects in Ul
binding, as shown for the PCCA®, RPGR® and BBS1' genes. On the other hand,
oligonucleotide-based approaches are also emerging as efficient alternatives that can
be employed in the future as new treatments for a number of diseases. Currently,
several strategies are already under investigation for many conditions, including
Duchenne muscular dystrophy™, spinal muscular atrophy*?, B-Thalassaemia™ and
pyridoxine dependent epilepsy**, as well as for Alzheimer®, Parkinson'®, Huntington®’
and other neurodegenerative diseases.®

Recently, our group described a Portuguese ULD patient who is homozygous for
a hew synonymous mutation (c.66G>A; p.Q22Q; r.[66g>a,65_ 66ins66+354pb]) which
leads to missplicing of CSTB pre-mRNA.* Two transcripts were found in the patient-
derived fibroblasts, a normal transcript with the synonymous G>A change at the last
nucleotide of exon 1 and a mutant one including 354 bp of intron 1 due to the activation
of a cryptic 5’ splice site, which predicts an abnormal peptide with a premature
truncation. Nevertheless, in terms of protein, no abnormal peptide was previously

described as being detected. Although the presence of the normal and aberrant

121



122

FCUP

Splicing therapeutics for patients affected by lysosomal storage disorders

transcripts is consistent, only the decreased amount of normal protein was established,
and if an abnormal peptide does exists its level may be below resolution limits. In this
work, we have explored both antisense oligonucleotide and Ul snRNA mediated
strategies in an attempt to correct the splice defect associated with the c.66G>A splice
donor site mutation in patient’s cells. We report that the use of a specific locked nucleic
acid (LNA) antisense oligonucleotide, designed to block the activated cryptic splice site
in intron 1, succeeded to restore the normal splicing pattern since only the normal
transcript was then produced.

Although most ULD patients have the dodecamer expansion, and would not be
candidates for this approach, the experiment here described demonstrates the
feasibility of LNA correction in the particular case under study and may provide
evidence for its potential use in other cases with similar mutations. As far as we know
this is the first report of a patient-tailored genetic lesion correction in cells from an
individual with ULD.

Material and methods

Biological material

A Portuguese patient with a clinical diagnosis of ULD was previously reported to
be homozygous for the c.66G>A change in the CSTB gene, in a study where the
mutation effects at mMRNA and protein levels were also analyzed.'® Skin fibroblasts
were obtained from the patient and one healthy control with appropriate informed
consent. For all the samples confidentiality of personal data were protected. Both
fibroblast cells were cultured and expanded following standard procedures in DMEM
medium (Gibco Invitrogen, Carlsbad, USA) with 10% FBS and 1% kanamycin at 37°C
and 5% CO,. Average cell viability and proliferation was assessed at each passage,

and at each experimental treatment, by the trypan blue vital dye exclusion test.

Cycloheximide treatment of control and patient fibr oblasts

To perform the nonsense-mediated mMRNA decay (NMD) assays, both fibroblast
cells were cultured in the presence of two different concentrations of cycloheximide
(100 and 600 pg/ml) for 8 hours. Total RNA was then isolated using the High Pure RNA
Isolation kit (Roche Applied Science, Indianapolis, USA) and reverse-transcribed using
the “Ready-To-Go You-prime first-strand beads” kit (GE Healthcare, Buckinghamshire,

UK) following the manufacturer's protocols. Specific primers for exon 1 (Fw: 5'-
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GCCGAGACCCAGCACATC-3’) and exon 2 (Rv: 5-TGACACGGCCTTAAACACAG-3)
were used to amplify cDNA fragments encompassing the wild-type (WT) and the
mutation region where the CSTB gene splicing was altered as described in Pinto et
al..'® After RT-PCR amplification and electrophoretic separation, the obtained bands
were cut and purified using the Wizard® SV Gel and PCR clean-up system (Promega,

Madison, USA) and then sequenced.

U1l snRNA constructs treatment and analysis

The pG3U1 vector, which includes the sequence coding for human U1?° (kindly
provided by Dr. F. Pagani) was used to express the wild-type U1 snRNA (U1-WT). The
different mutant U1 constructs (U1-CSTB-mut; U1-CSTB-wt and U1-CSTB-tc) adapted
to the mutant splice donor site (SDS) of CSTB exon 1 were generated by site direct
mutagenesis using the QuikChange® Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA) according to the manufacturer’'s instructions. PCR
reactions were performed with specific primers for each construct. The U1-CSTB-mut
construct was obtained using primers Ul-mut-F (5-GATCTCATACTTACTTGGCAGG
GGAGATAC-3") and Ul-mut-R (5-GTATCTCCCCTGCCAAGTAAGTATGAGATC-3),
the U1-CSTB-wt was generated with the primers Ul-wt-F (5-GATCTCCCACCCACCT
GGCAGGGGAGATAC-3) and Ul-wt-R (5-GTATCTCCCCTGCCAGGTGGGTGGGA
GATC-3) and for the U1l-CSTB-tc construct we used the primers Ul-tc-F (5-
GAGGCCCAAGATCTCCCACCCACTTGGCAGGGGAG-3’) and U1l-tc-R (5'-CTCCCC
TGCCAAGTGGGTGGGAGATCTTGGGCCTC-3). The presence of the mutation under
investigation (Figure 2A) was confirmed by sequence analysis.

To perform the Ul snRNA treatment, both healthy control and patient fibroblast
cells at 90% of confluence were transfected in 6-well plates with 2.5, 3.5 or 4.5 ug of
each modified Ul snRNA using either Lipofectamine 2000 or LTX (Invitrogen,
Carlsbad, USA) according to the manufacturer’'s instructions. The electroporation
technique with the 4D-Nucleofector kit (Lonza, Basel, Switzerland) was also employed.
In parallel, to estimate transfection efficiency, healthy control and patient cells were
transfected with a control plasmid encoding GFP and fluorescent cells were monitored
by microscopy. After 24 h or 48 h of transfection cells were harvested and total RNA
was isolated using the High Pure RNA Isolation kit (Roche Applied Science,
Indianapolis, USA). Conversion into cDNA and RT-PCR analysis was done as

mentioned above.
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Antisense oligonucleotide treatment and analysis

The antisense locked nucleic acid (LNA) oligonucleotide targeted to the donor
cryptic splice site in the CSTB intron 1 was designed, synthesized and purified by
Exiqgon (Vedbaek, Denmark). The sequence of the LNA used is: %
AGCCGGCTGCTCACCTGCGCCATCGCCG 3, as shown in Figure 3A. For the LNA
treatment, between 2.5 and 3.5x10° fibroblast cells were grown in 6-well plates and
after 16 h treated with different concentrations of LNA (5, 25, 50 and 100 nM) using
Lipofectamine LTX (Invitrogen, Carlsbad, USA) as delivery reagent. Cells were
harvested 24 h later, total RNA was isolated and cDNA synthesized as described
above. The RT-PCR analysis of the patient derived transcripts was performed using

the primers described above.

CSTB Protein Immunodetection

For Western Blot analysis, between 1.4 and 1.6x10° patient fibroblast cells grown
in 75 cm? flasks were transfected with 100 nM of LNA using Lipofectamine LTX
(Invitrogen, Carlsbad, USA) and harvested after 24 h. Total protein extracts, obtained
from patient fibroblasts with and without LNA treatment, as well as from a healthy
control sample without treatment, were homogenized in a lysis buffer solution
(supplemented with a protease inhibitor cocktail) and ruptured by three cycles of 5
minute freeze thawing and then briefly centrifuged. Protein concentration was
determined measuring the absorbance at 280 nm in a NanoDrop® ND-1000
Spectrophotometer. Equal amounts of total protein crude extracts were loaded on a 4-
12% NuPAGE® Novex® Bis-Tris precast gel (Invitrogen, Carlsbad, USA). After
electrophoresis, proteins were transferred to a nitrocellulose membrane in a semi-dry
transfer system for 2 h at 150 mA. Ponceau staining was used to monitor equal loading
of protein. Immunodetection was carried out using anti-Stefin B antibody (mouse
monoclonal 1gG1 reacting with human Stefin B: ab54566 from Abcam — Cambridge
Science Park, UK) followed by an incubation with goat anti-mouse 1gG-HRP as the
secondary antibody (sc-2005, Santa Cruz Biotechnology, CA). Total amount of protein
loaded was controlled by incubation with monoclonal anti-a-tubulin antibody (T6199 —
Sigma-Aldrich, St.Gallen, Switzerland). The protein signal was developed using the

Enhanced Chemiluminescence System (GE Healthcare, Buckinghamshire, UK).
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Results:

The CSTB ¢.66G>A mutation generates one aberrant transcript in ULD

patient

The CSTB transcription profile was obtained by RT-PCR and showed an aberrant
transcript present in patient but not in control fibroblasts. To determine whether the
expression level of this or other aberrant transcripts were altered by NMD, healthy
control and patient fibroblasts were treated with two concentrations of cycloheximide
(100 or 600 pg/ml) for a period of eight hours. As shown in Figure 1, no extra band or
increased expression was observed in addition to the previously described transcripts.
Direct sequencing of the bands confirmed the sequence pattern originally described in
Pinto et al..'® These experiments indicated that the CSTB ¢.66G>A mutation generates
one aberrant transcript that is not degraded by NMD.

S hours

HC P
M NC 0 100 600 0 100 600

Figure 1: RT-PCR amplification of RNA extracted from control and patient fibroblasts untreated and treated with two
different concentrations of cycloheximide (100 and 600 pg/ml) for 8 hours. M — molecular marker; NC — negative control;
HC — healthy control; P — patient.

U1 snRNA therapeutic approach in patient cells

Since the recognition of the splice donor site occurs essentially through Ul
snRNA complementary base pairing to the 5’ splice site?*, any mutation in the SDS can
disturb the U1l binding and consequently induce aberrant splicing. Here, we were
dealing with exon 1 of the CSTB gene, wherein its 5 splice site is complementary to
the 5’end of the Ul snRNA in 7 out of the 9 consensus positions at the exon-intron
border (Figure 2A). Mutation ¢.66G>A introduces a mismatch in the consensus G
position at -1 of the exon, thus lowering the complementarity to U1 snRNA. Given

these features, we sought to restore normal CSTB splicing through the generation of
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mutant U1l expression constructs with increased complementarity to the mutated SDS
of exon 1. Three different mutation-specific Ul adaptations were generated (Figure
2A): U1-CSTB-mut, which compensates only for the ¢.66G>A mutation; U1-CSTB-wt,
which matches all 11 nucleotides of the wild-type CSTB SDS of exon 1; and U1-CSTB-
tc engineered to match all 11 nucleotides of the mutated SDS. To control for the effect
of the adaptations, the UL-WT expression construct was also used (Figure 2A).

After 24 h or 48 h of transfection with the different Ul constructs, RT-PCR
analysis showed that in the case of the ULD patient cells, no changes occurred in the
endogenous CSTB splicing pattern regardless of the types and concentrations of Ul
isoforms tested. Also, in the control cell line none of the Ul variants concentrations
tested induced alterations in normal CSTB splicing and only correctly spliced
transcripts were detected (Figure 2B). The identity of the amplified bands was
confirmed by sequencing analysis.

To discard the hypothesis of poor fibroblasts transfection efficiency as a possible
cause for the negative results achieved, a fluorescence GFP vector was transfected in
parallel and an efficient acquisition of the vector was observed. Furthermore, the
electroporation technique was also tried but no improvement in transfection efficiency

was achieved and the same results were obtained (data not shown).
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Figure 2: Ul snRNA-mediated Gene Therapeutic Approach in ULD patient-derived fibroblasts. A) Molecular base-
pairing between the 5’ end of the different U1 constructs and the wild-type and mutant splice donor sites of CSTB exon
1. The position of the mutation c.66G>A is highlighted in dark grey. Additionally to the construct expressing the U1-WT,
the three different Ul variants generated: U1-CSTB-mut (-1T), U1-CSTB-wt (+3C;+4C;+7C;+8C) and U1-CTSB-tc (-
1T;+3C;+4C;+7C;+8C) are represented. The U1 snRNA sequence changes are illustrated in bold. B) RT-PCR analysis
of control and ULD patient cells untreated and after treatment with 2.5 pg of the different U1 constructs. Neither the U1-
WT construct nor the three Ul variants tested showed any effect on CSTB exon 1 splicing. The same result was
observed when overexpression of 3.5 or 4.5 yg of each adapted Ul was performed (data not shown). The healthy
control normal splicing pattern was not altered after transfection of the various U1 adaptations. M — molecular marker;
NC — negative control; NT — no treatment; mut — mutant; wt — wild-type; tc — totally complementary.
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Correction of CSTB mutation-induced missplicing using a LNA

oligonucleotide in patient-derived fibroblasts

As an alternative approach to correct CSTB exon 1 splicing, a specific 28-mer
locked nucleic acid (LNA) oligonucleotide was used to block the activated cryptic 5’
splice site within intron 1 (Figure 3A). Different quantities of the LNA were transfected
in patient fibroblasts and then the endogenously spliced CSTB transcripts from 24 h
treated cells were submitted to RT-PCR. The cDNA pattern showed that treatment with
increasing amounts of LNA abolished the aberrantly spliced transcript with the insertion
of 354 bp of intron 1 in a dose-dependent manner, with total correction being achieved
at 100 nM of LNA (Figure 3B).

In order to analyze whether the observed splicing correction led to alteration of
cystatin B protein levels, the protein was detected by Western blot in untreated control
fibroblasts and in patient fibroblasts treated with 100 nM of the specific LNA. The
Western blot protein analysis (Figure 3C) revealed the presence of a band with 11 kDa,
which corresponds to the normal CSTB protein in control (untreated with LNA) and
patient fibroblasts (treated and untreated with LNA). The treatment seems therefore not
to interfere with CSTB protein expression. The abnormal truncated protein was not
detected in patient fibroblasts, suggesting low amounts of protein below the detection
limit of the antibody.

A)
ON
’/’ ,’ \\ S AGCCGGCTGCTCACCTGCGCCATCGCCGY
I" l’ \\
o fe—<
Exonl Intron 1 Exon2
354bp
N~\~\\ ”¢f
~~~~ -~
Correct splicing
B) O)
TLD Eatient(L.\'.-\ n\)
M NCHC 0 & 25 30 100 Control ULDPatient
. (LNAnM) (LNAnM)
S00bp Intronl
-_—> - 0 0 100
50kD - — Anti - ¢-Tubulin
100 bp

11kD - - W% Anti- Cystatin B

Figure 3: Antisense locked nucleic acid (LNA) therapeutic approach in ULD patient-derived fibroblasts. A) Schematic
representation of the splicing downregulation observed in the presence of the c.66G>A CSTB mutation. The sequence
of the LNA complementary to the cryptic donor site activated by the mutation and used in order to block the recognition
of the intronic alternative 5’ splice site in fibroblasts from the patient is shown. B) Transcriptional profile obtained for
healthy control (HC) and patient fibroblasts untreated (0 nM) and treated with quantities between 5 to 100 nM of LNA
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oligonucleotide. The RT-PCR analysis showed the disappearance of the aberrantly spliced transcript (451 bp) when
cells were treated with 100 nM of the LNA oligonucleotide. Correctly spliced mRNA was obtained 24 h after transfection
in a dose-dependent manner. C) CSTB protein expression in control and patient fibroblasts untreated (0 nM) and
treated with 100 nM of the LNA. The Alfa-tubulin protein was used as loading control. M — molecular marker; NC —

negative control; HC — healthy control.

Discussion

RNA missplicing diseases account for up to 15% of all inherited diseases,
including neurological, myogenic and metabolic disorders.?

Mutations affecting splicing have been often neglected, either because they
appear to be silent synonymous changes with no effect on amino acid sequence, or
due to their misleadingly innocent intronic location. However, with the increasing
knowledge arising from fine cDNA analysis and genomic sequencing of patients
suffering from a wide range of diseases, the number of known exonic or intronic
mutations that affect splicing has increased to 50-60% of all annotated disease-causing
mutations.?® It is therefore understandable that during the last decade, genetic therapy
directed toward correction of RNA missplicing has progressed from theoretical work in
cultured cells to promising clinical trials.?

In this work, in order to mitigate the splice defect present in a ULD Portuguese
patient, we have developed and tested both antisense oligonucleotide and U1l snRNA
mediated therapeutic strategies. Endogenous U1l snRNA is a major component of the
spliceosome which targets 5’ splice site introns within poly (A) pre-mRNAs in a
sequence-specific manner recruiting the splicing machinery. The modification of Ul
snRNA to increase complementarity affinities to mutated splice donor sites is being
explored to correct 5’ splice site defects dependent on Ul binding. In parallel, modified
Antisense Oligonucleotides (AOs) that hybridize by complementarity to a selected site
in the pre-mRNA have been also used to redirect splicing allowing restoration of the
gene function.?*?®

The ULD patient here addressed was homozygous for c.66G>A, a mutation that
does not alter the coding amino acid sequence (p.Q22Q), but instead activates a
cryptic splice site downstream in CSTB intron 1, probably because its presence
weakens the recognition of the normal splice donor site by the Ul. An aberrant
transcript with the inclusion of 354 bp of intron 1 is produced and was found to escape
nonsense-mediated mMRNA decay since, as shown in figure 1, upon treatment with
cycloheximide, the intensity of the expressed transcript did not increased. Since the
transcript is not degraded, it is predictable that it will give rise to a truncated protein

with only 36 amino acids, 13 of them not present in the normal CSTB protein that is
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made up of 98 residues. At least in the patient fibroblasts, the normal transcript is also
generated and normal CSTB protein is expressed although at lower levels than in
control cells (Figure 3C). This raises the possibility that the cause of the disease in the
patient can be the combined effect of the reduced levels of the normal CSTB protein
and the production of a truncated protein that possibly exerts a toxic or dominant
negative role, as it was evidenced for other CSTB mutant proteins.”®*’ Recent data
indicated that EPM1 mutants that affect protein sequence are prone to aggregate in
cells, without being clear whether the proteins misfolding and aggregation are
responsible for augmenting progression of the disease and neurodegenerative
changes or whether it is the lack of the protein’s function, or a combination of both.?® It
was also found that in ULD patients who are compound heterozygous bearing the
dodecamer expansion in the promoter region together with a point or indel mutation,
the clinical features are more severe than in patients homozygous for the dodecamer
expansion, a genotype simply associated with low CSTB protein levels.?®*° This finding
further reinforces that mutant EPM1 proteins can indeed modulate disease phenotype

627 which, as a plausible hypothesis, may happen with the

by a toxic gain of function,
aberrant protein associated with the mutation ¢c.66G>A. In any case, our reasoning was
that the elimination of the aberrant transcript and consequently of the abnormal protein
would represent a key step toward a personalized therapeutic correction for this
patient. Furthermore, since transcript splicing patterns in other cell types may differ
from the pattern observed in fibroblasts, the possibility of a different ratio of normal
versus truncated transcript still remains as a plausible explanation for the disease and
a target amenable by this type of approach.

The first attempt here report relied on the Ul strategy and failed to correct the
aberrant transcript. Since the rescue of splicing mutations in the last base of the exon

1030 the lack of success in the case of

has been achieved using U1 construct isoforms
€.66G>A suggests that the mutation might affect splicing through mechanisms that are
not only dependent of the U1 complementarity. This interpretation gains support from

previous studies®"*?

where mutations affecting the 5’ splice site of TCIRG1 and BBS1
genes were demonstrated to have different rescue efficiencies after treatment with Ul
mutant vectors, providing evidence that mutations close to the GT donor sites are
mechanistically different. Symptomatically, according to the in silico predictions before
performed® in the WT context of CSTB exon 1, the constitutive 5’ splice site presented
a lower score value (0.78) than the downstream cryptic splice site (0.98) only used in
the presence of the G>A change. This observation suggests that the constitutive splice
donor site recognition depends not only on the U1l snRNA binding, but also on other

splicing factors that could interact with the CSTB pre-mRNA privileging the 5’ canonical
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use. In fact, the analysis of the exon 1 sequence by the ESEfinder and ESRsearch
software’s®*** predicted the presence of ESE binding motifs (CGACCAG or GACCAG)
in the WT terminal region of exon 1 that were no longer recognized when the G>A
change is present, also pointing to an involvement of specific SR proteins in the
recognition of the WT exon 1 donor site. Therefore, the failure of the Ul snRNA
therapeutic approach in neutralizing the effect of c.66G>A may be explained by the
complexity of the CSTB exon 1 donor site splicing regulation, which might depend not
only on the U1 complementarity, but also on the presence of enhancer splicing factors
that were disturbed by the mutation.

As an alternative strategy to suppress the splicing defect, we used a specific LNA
oligonucleotide to block the activated cryptic splice site in intron 1, which effectively
abolished the aberrant splicing process of CSTB pre-mRNA in patient-derived cells.
The normal splicing pattern leading to a single transcript with the synonymous change
G>A was successfully rescued and so the therapeutic effect was expected to be
achieved. Furthermore, the recovery was sequence and dose-specific (Figure 3B). In
this way, this work adds evidence on the feasibility of antisense therapy, joining the
many studies that are paving the way for translating the technology into the clinical
practice.®*%

In conclusion, this work points to the promising in vitro correction of a CSTB
protein defect causing ULD with a mutation-specific antisense therapy. Further studies
are needed to assess the therapeutic potential of AOs, including how they could be
delivered to specific organs and tissues without limitations. Even so, the insights
obtained from this study make mutation-based therapy a clear candidate for
personalized treatment of ULD patients encouraging similar investigations in other

genetic diseases.
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3.5 Ongoing work

Development of U1 snRNA-mediated therapeutic strate  gies to
correct 5’ splice site defects in Mucopolysaccharid osis | and

Mucolipidosis Il alpha/beta

In the context of this work, we have begun to explore the use of antisense Ul
snRNA-mediated therapeutic strategies to correct two 5 ss mutations reported in
patients with MPS | and Mucolipidosis type Ill alpha/beta (ML Il alpha/beta). The
selected mutations were ¢.1650+5G>A (IDUA gene) and c.3335+6T>G (GNPTAB
gene), which affect the 5’ ss positions +5 and +6, respectively, and were considered
good candidates for the application of this type of therapeutic approach.

MPS | is an autosomal recessive disease caused by the deficiency of the enzyme
a-L-iduronidase that can result in a wide range of phenotypic involvement, usually
classified in three major clinical entities: Hurler (OMIM# 607014), Hurler-Scheie
(OMIM# 607015), and Scheie (OMIM# 607016) syndromes. All of them are caused by
mutations in the IDUA gene (Neufeld & Muenzer, 2001). Currently, HSCT and ERT
using laronidase (Aldurazyme®) are the two available therapeutic options for MPS |
that, however, still present some limitations (Coutinho et al., 2012; Cox, 2012).

ML Il alpha/beta (OMIM# 252600) is an autosomal recessive disease caused by
mutations in the GNPTAB gene. This gene encodes the a-and B-subunits of the N-
acetylglucosamine (GIcNAc)-1-phosphotransferase, an enzyme that plays a key role in
the formation of mannose-6-phosphate residues on lysosomal enzymes required for
efficient transport to lysosomes (Kornfeld & Sly, 2001). Mutations in the GNPTAB gene
can also cause a more severe form of mucolipidosis, the ML Il alpha/beta (OMIM#
252500), whilst mutations in the GNPTG gene, which encodes another subunit of the
same enzyme (y subunit), are associated with the milder ML Il gamma (OMIM#
252605) (Raas-Rothschild et al., 2000; Tiede et al., 2005). Both types of mucolipidoses
are rare LSDs which share similar clinical features, including skeletal abnormalities.
Since to date, no causal therapies are available for the treatment of patients, the
management of the disease is essentially symptomatic (Raas-Rothschild et al., 2012).

According to the information contained in the Human Gene Mutation Database
(HGMD® Professional 2015.3), splicing mutations are frequent genetic defects in MPS
I and ML Il and IIl alpha/beta amounting to ~ 16 % and 10 %, respectively. From these,
~ 64 % in MPS | and 47 % in ML Il and 1l alpha/beta correspond to 5' SDS mutations,
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thus constituting a vast target repertory for mutation specific Ul snRNA-mediated
therapeutic approaches.

The mutations addressed in this work, ¢.1650+5G>A in the IDUA gene and
€.3335+6T>G in the GNPTAB gene, were found in a MPS | and ML Ill alpha/beta
patient's respectively. Both mutations were already described as well as was
deciphered their impact in splicing (Kudo et al., 2006; Venturi et al., 2002).

Fibroblast samples from the two patients were obtained from the biobank of
Institute G. Gaslini, in the scope of a collaborative work with Doctor Mirella Filocamo
(Genova — ltaly). The MPS | patient is a compound heterozygous for a nonsense
mutation (c.1205G>A; p.W402X) and the 5’ ss mutation ¢.1650+5G>A in intron 11 of
IDUA responsible for the skipping of exon 11. The ML Il alpha/beta patient is also a
compound heterozygous for a missense mutation (¢c.2864C>T; p.A955V) and the 5" ss
mutation ¢.3335+6T>G in the intron 17 of GNPTAB whose presence leads to the
skipping of the exon 17 (Table 3.1; Figure 3.1 A and B).

Table 3.1: Genotypes of the MPS | and ML Il alpha/beta affected patients.

Patient Allele 1 Allele 2 Location Reference
€.1205G>A (Venturi et al., 2002) /
P1 (MPSI) €.1650+5G>A (P.W402X) Intron 11/Exon 9 (Scott et al., 1992)
(Kudo et al., 2006) /
P2 (ML Ill alpha/beta) ¢.3335+6T>G ?pziggg\j; Intron 17/Exon 14  (Zarghooni & Dittakavi,
) 2009)

P1 — patient 1; P2 — patient 2

_ Exon .
Exon [13]14]15[16] 17] 18]
[ 9 [10] 11[ 12} [13[1415[16[ 18]
<€—Heteroduplex
[ 9| 10]12]

Figure 3.1: Agarose gel showing the transcripts observed in control (C) and in patients (P1 and P2) together with
schematic views of each transcript's constitution. A) Patient P1 (MPS 1) carries a 5’ ss mutation located on intron 11 of
the IDUA gene (c.1650+5G>A) and a nonsense change on exon 9 (c.1205G>A; p.W402X). IDUA transcripts were
amplified between exons 9 and 12 and the transcriptional pattern showed three bands: one corresponding to the
skipping of exon 11 transcribed from the allele bearing the donor site change ¢.1650+5G>A (lower band), a normal band
arising from the allele with the nonsense mutation (p.W402X) (upper band) and an heteroduplex extra product
(intermediate band — black arrow). The healthy control showed a single amplified band of normal molecular weight. B)
Patient P2 (ML Il alpha/beta) carries a donor site mutation located on intron 17 of the GNPTAB gene (c.3335+6T>G)

and a missense mutation (pA955V) on exon 14. For the amplification of the GNPTAB transcripts primers for exons 13
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and 18 were used and the RT-PCR pattern showed a smaller band with the skipping of exon 17 resulting from the 5’ ss
change ¢.3335+6T>G, and a larger one with normal molecular weight from the allele bearing the missense change. The
healthy control showed a single amplified band of normal molecular weight. Sequencing results of the obtained
products are illustrated by schematic drawings. M — molecular marker; NC — negative control; C — control; P1 and P2 —

patient 1 and 2 respectively.

To proceed with the development of the antisense-snRNA therapeutic strategies
for both mutations, an analysis was performed to identify the specific base pairing
between the U1 snRNA cDNA sequence and the wild-type (WT) and mutant 5’ ss of
IDUA exon 11/intron 11 and GNPTAB exon 17/intron 17. (Figure 3.2 Al and B1).
Subsequently, to construct the different U1 snRNA mutation-adapted vectors, to bind
specifically to both mutant SDSs, the pG3U1l vector (Lund & Dahlberg, 1984) was
modified through mutagenesis. For the IDUA mutation three different U1 variants were
constructed (U1 IDUA mut 1 — complementary to +5; U1 IDUA mut 2 — complementary
to +2; Ul IDUA mut 3 — totally complementary to the SDS) (Figure 3.2 A2) and for
GNPTAB mutation two U1l mutant vectors were constructed (UL GNPTAB mut 1 —
complementary to +6; U1 GNPTAB mut 2 — totally complementary to the SDS) (Figure
3.2 B2).

Al
0 (
{‘ﬁf:] {‘ﬁ‘(\::]
3’—51—" — GUCcauucaua 3,_51_,' —GUCcauucaua
5 Exon 11 CAGgcaagugg... 5 Exon 11 CAGgcaaaugg...
—_ WT —_ mutant

A2

a) b) ©)

mutant 5'...CAGgcaaauqq... mutant 5'...CAGgcaaauqd... mutant 5'...CAGgcaaauqg...
ULIDUA 5 ClcCcauutaua... Ul IDUA Ul IDUA

3'...GUCcguucaua... 3'...GUCcguuLace..

> Increased complementarity to the SDS :>
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B1
{*;If_‘b {*:'l‘f_‘il
3'—51—" ~— GUCcauucaua 3,_51_; ~—GUCcauucaua
5 Exon 17 UAGguaaguag... 5 Exon 17 UAGguaaggag...
WT mutant
B2
a) b)
mutant 5’...UA(§quaaqqaq... mutant 5’...L_JA(_3c1uaaqqaq...
UL GNPTAB 3..GUCcauuccua... UL GNPTAB 3'...AUCcauuceuc. .

> Increased complementarity to the SDS

Figure 3.2: Al and B1) Schematic representation of base-pair interactions between the U1 snRNA and the WT and
mutant SDSs of exon 11 and exon 17 of IDUA and GNPTAB genes, respectively. A2 and B2) lllustration of the strategy
followed to increase the complementarity of UL snRNA with the mutated SDS of IDUA and GNPTAB genes. Ul
complementarity was increased stepwise, and to try to compensate for the IDUA mutation at position +5, three different
Ul-adaptations were designed [U1 IDUA mut 1 (+5T) — A2a; U1 IDUA mut 2 (+2G) — A2b and U1l IDUA mut 3 (+2G;
+5T; +7C; +8C) — A2c], whereas for the GNPTAB mutation at position +6, two different Ul-adaptations were engineered
[U1 GNPTAB mut 1 (+6C) — B2a and U1 GNPTAB mut 2 (-3A; +6C; +8C) — B2b]. Upper case letters show exonic
nucleotides, whereas the lower case letters denote intronic nucleotides. Base-pairing is indicated by vertical lines and its
loss by an X. The mutant nucleotide is highlighted in red and the changed nucleotides in the U1 sequence are illustrated

in green.

Finally, to achieve therapeutic functional rescue of the mutations under study,
different amounts (between 2.5 pug and 4.5 pg) of the U1 WT vector (as control) and of
the different mutation-adapted U1 vectors were transfected using Lipofectamine LTX
(Invitrogen) into control, MPS | and ML Il alpha/beta patients’ fibroblasts for 24 h or 48
h. After transfection, the RT-PCR analysis of control samples for both cases revealed
that the WT splicing pattern was not affected by any of the U1 isoforms (Figure 3.3 Al
and B1). For patient samples, the skipping of exon 11 (Figure 3.3 Al) and of exon 17
(Figure 3.3 B1) generated by the mutated allele in the SDS positions +5 and +6
respectively, was still observed. Additionally, in both cases the gel band corresponding
to the transcript with the normal length was excised, purified and sequenced, in order
to check if in the nucleotide positions where the nonsense (IDUA) and missense

(GNPTAB) mutations occur, the WT bases were also present. Their presence would
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point to a partial correction of the alleles carrying the SDS mutations. However, no
such peaks were detected (Figure 3.3 A2 and B2) allowing to conclude that no
correction of exon 11 or exon 17 skipping was achieved after treatment with the

different U1-modified vectors.

A1
Wild-type control Patient 1

Exon
—

(_Heteroduplex

A2
c.1205G>A
GAGCAGCTCT(AAGGCCGAAGT
160 @170
B1
Wild-type
control Patient 2

. Exon -
[13[14]15[16] 17] 18]
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B2

c.2864C>T

Figure 3.3: A1 and B1) Splicing pattern of WT control fibroblasts and MPS | and ML Ill alpha/beta patients’ cells
untransfected and after transfection of the different U1 vectors. The RT-PCR amplification of endogenous transcripts
was performed with primers for exons 9 and 12 of the IDUA gene [WT control (C) and MPS | patient (P1)] and with
primers for exons 13 and 18 of the GNPTAB gene [WT control (C) and ML Il alpha/beta patient (P2)]. The constitutive
splicing of exon 11 of the IDUA gene (A1) and of exon 17 of GNPTAB gene (B1) was not altered in control fibroblasts
after overexpression of U1 WT or any of the modified U1 constructs. For patients P1 (A1) and P2 (B1) the transfection
of 2.5 yg of U1 WT or any generated U1 adapted vector for 24 h did not produced any change in the endogenous
aberrant splicing pattern. The same results were obtained with 3.5 or 4.5 ug of the different U1 modified constructs as
well as in the 48 h treatment (data not shown). Band identity is illustrated by schematic drawings on the right of the gels.
A2 and B2) Electropherograms of the high molecular weight band obtained in RT-PCR after transfection of the U1 IDUA
mut 3 and of the U1 GNPTAB mut 2 in the MPS | patient bearing the genotype c.1650+5G>A/c.1205G>A and in the ML
Ill alpha/beta patient bearing the genotype c.3335+6T>G/c.2864C>T respectively. The region of the nonsense
(c.1205G>A) (A2) and missense (c.2864C>T) (B2) mutations is specifically represented. In these regions no
heterozygous peak was observed, showing that not even the partial correction of the alleles carrying the SDS mutations

has occurred.

It is well established that the 5° SDS does not always conform to the consensus
sequence (CAG/GURAGU; R-purine), but can instead have a degenerate pattern
feature (Raponi & Baralle, 2008; Valadkhan & Gunawardane, 2013). Therefore, not all
positions of the SDS are equally important to enable the recognition by U1 and to
ensure correct splicing. Furthermore, various base-pair combinations within the SDS
show increased binding to U1, indicating mutual relationships between specific
nucleotides of the SDS (Schmid et al., 2013). These findings highlight the importance
of the 5 ss sequence context as a key factor to influence not only the donor site
recognition by U1 but also the success of a U1 snRNA-mediated therapy.

Some U1 snRNA therapeutic interventions, targeting SDS mutations at position
+5, have been performed showing partial (Schmid et al., 2013) or complete correction
of aberrant splicing (Pinotti et al., 2009; Pinotti et al., 2008). However, in a study
comprising a +5 mutation in the TCIRG1 gene (Susani et al., 2004), the application of a
mutant U1 snRNA engineered to bind specifically at the mutant donor site did not
correct aberrant splicing, but in turn induced an increase in intron retention. These
results suggest that 5’ ss mutations at this position could affect splicing with different

mechanisms and that this may compromise the success of the U1-based therapy.
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To the best of our knowledge, there is no successful report of Ul snRNA
therapeutic approaches for mutations at position +6. However, it is important to
mention that in a study of Schmid and coworkers (Schmid et al., 2013) an attempt was
carried out to investigate the effect on splicing of a +6 mutation and its possible
correction through Ul-based therapy. To evaluate the effect of different sequence
alterations on splicing of the exon 5 SDS of BBS1 gene, minigenes mutated at nine
positions (between -3 and +6) were generated. Specifically, for the +6 mutation no
alteration in the normal splicing pattern was observed after the expression of the
mutated minigene. Despite this result, the authors performed the co-transfection of the
+6 mutant minigene along with two different modified Ul's, though, as expected, no
effect on splicing was observed.

In the current work the transfection of different Ul adaptations in patients’
fibroblasts with the ¢.1650+5G>A (IDUA gene) and c.3335+6T>G (GNPTAB gene)
mutations did not rescued the induced aberrant splicing patterns. It is of note that the
Ul's transfection was associated with a high level of cell death, which could be due to
the presence of the modified Ul's, but we cannot rule out that it may also have arisen
due to the cells contact with the chemical reagent Lipofectamine used for transfection.
This observation led us to hypothesize that low transfection efficiency may have
occurred compromising an efficient acquisition of the different U1's by the cells.

In order to understand if the absence of aberrant splicing correction was indeed
related with low transfection efficiency, we intend to perform further investigations. At
first, we plan to co-transfect the different U1 modifications with WT and +5 and +6
mutant minigenes (already constructed) into an established continuous cell line (e.g.
COS-7). Since these cells generally allow good transfection efficacy, its use could help
to disclose easily possible splicing pattern changes due to the Ul’'s adaptations. In a
further approach, we pretend to implement in our laboratory the viral transduction
technique in order to test the mutation therapeutic rescue through the AAV or lentiviral
treatment of patients’ fibroblasts with the different Ul variants. Viral vectors are
considered more efficient and less toxic than other delivery systems, minimizing cell
death and side effects that usually come along with transfection due to the use of
chemical reagents. The viral transduction of U1 constructs in patients’ fibroblasts was
applied successfully in some diseases allowing the total or partial recovery of
misspliced transcripts (Glaus et al., 2011; Hartmann et al., 2010; Schmid et al., 2011).

Additionally, it would be interesting to test the effects of the U6 snRNA in a similar
way to the one tested for the U1 snRNA. The U6 has been described as essential for
an accurate splicing process. After U1 dissociation, the correct recognition of the exon

at 5’ ss is assured through the interaction of the U6 snRNA with nucleotides at
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positions +4 to +6 of the SDSs (Kandels-Lewis & Séraphin, 1993; Lesser & Guthrie,
1993). In the recent study of Schmid et al. (Schmid et al., 2013), involving a mutation
affecting the +5 position of the donor site, the partial correction of aberrant splicing was
only achieved using modified U1 vectors. The authors evaluated the effect of several
adaptations of the U6 snRNA sequence for its correction, having found out that only a
co-application of adapted U1l and U6 isoforms corrected the splice defect caused by
the mutation at SDS position +5. The sequence complementarity between U6 and the
three SDS positions (+4, +5, and +6) showed to be relevant for the outcome of the
therapy.
Extrapolating these results for the mutations at positions +5 and +6 that we are
studying, it would be important to also test the effect of mutation-adapted U6 isoforms
in the correction of the splicing defects, given its importance in the interaction with the

affected donor site positions during the splicing process.
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CONCLUSIONS AND FUTURE PERSPECTIVES
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4.1 Functional analysis and splicing mechanisms

comprehension of exonic variants on  IDS gene

Exonic point mutations can create or disrupt cis-acting sequence elements (e.g.
ESEs or ESSs) thus affecting splicing. A significant proportion of these mutations may
consequently have a wide range of effects, which, however, are very difficult to predict.

In this study, the analysis of IDS splicing patterns in the presence of the mutation
€.241C>T, previously classified as a conventional nonsense mutation (Brusius-Facchin
et al., 2014), allowed us to verify that this mutation also affects the normal splicing
process of the IDS gene. Furthermore, the functional analysis of reporter minigenes for
this mutation and for two other exonic mutations on IDS gene, c¢.257C>T and
€.1122C>T, previously characterized at the cDNA level, further confirmed its
involvement on the deregulation of splicing in the IDS gene. Therefore, an accurate
characterization of genetic mutations able to clarify the link between genotype and
phenotype cannot be restricted to the examination of gDNA. Unless cDNA analysis is
also conducted, simple classifications as synonymous, missense or nonsense
mutations can mitigate the fact that a mutation may also generate severe,
unconventional splicing alterations. In this way, the results obtained in this study
reinforce the importance of analysing all exonic variations that predictably can induce
any effect on splicing, not only through cDNA analysis but also through other analytical
tools such as the use of minigenes.

In addition, exonic mutations that cause defective splicing can give important
lessons for understanding exon-identity determinants and AS mechanisms. In this
study, the in silico analysis of the splicing mutation ¢.257C>T located on IDS exon 3
allowed to identify changes in putative binding motifs for some SR and hnRNP trans-
acting proteins. The functional analysis through protein splicing factors overexpression
or depletion assays and through cis-acting motifs loss of function minigene studies
validated the bioinformatic predictions, confirming that the detected changes in cis-
acting motifs are related to the splicing pattern alterations observed. Further, the
functional experiments also demonstrated that the SRSF2 and hnRNP E1 proteins are
involved in the use and repression of the constitutive 3’ ss of exon 3, respectively.

Globally, this study contributed to a deeper understanding of the molecular basis
of IDS gene splicing regulation through the identification of critical SREs with effects on
splicing, as also provided the basis to propose an explanatory model for the splicing

regulation around the IDS exon 3 region. This kind of exploratory studies encourages
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similar approaches in other genes, which hopefully will further increase the knowledge

about the pre-mRNA splicing.

4.2 Development of antisense oligonucleotides and

U1l snRNA-mediated therapeutic strategies

Synonymous mutations that alter splicing are suitable targets for AO therapy
given that once corrected the splicing defect the restored transcript will allow normal
protein production. In this work, for the synonymous mutations ¢.1122C>T and
€.66G>A that impair the normal splicing process of IDS and CSTB genes respectively,
we have investigated the applicability of RNA-based therapies to revert the caused
splicing defects.

For the ¢.1122C>T change present in a MPS Il patient, which creates a new 5’ ss
within exon 8 giving rise to a transcript shorter than usual, the use of four different AOs
(three AMOs and one LNA) did not correct the aberrant splicing in patient cells.
Instead, it led to the production of a new abnormal splicing product with the total
skipping of exon 8. Given this result, we reasoned that the AOs could be masking
some exonic motifs potentially involved in the inclusion of exon 8 in the mature
transcript. In fact, an in silico analysis predicted the existence of several putative cis-
binding motifs for trans-acting proteins in the mutated region. Additionally, AOs
transfection experiments performed in control fibroblasts resulted in a change of the
normal splicing pattern towards aberrant forms, including the exon 8 skipping observed
in patient cells after treatment, further demonstrating that the AOs are indeed masking
relevant motifs for the 5’ ss regulation of exon 8. Altogether these observations support
the conclusion that the efficacy of AO therapy greatly depends on the genomic
environment.

Given the “silent” effect of this splicing mutation and the potential of AOs for the
correction of this kind of variants, it will be important to continue the search for an
optimal AO that effectively corrects the aberrant splicing. A suitable approach to find
that AO involves the design of an AO microwalk at a single nucleotide resolution along
the entire length of IDS exon 8, with the subsequent test of all resulting AOs in patient
fibroblasts. If the correction is successfully achieved at RNA and protein levels, the
further development of in vivo studies using an animal model will also be mandatory for
the translation of this approach into the clinic.

The ¢.66G>A mutation was described in CSTB gene in a patient with ULD. ULD
is a lysosome-related progressive myoclonic epilepsy for which the pathophysiologic

mechanism is still not completely understood, even though it might be underlain by loss
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or gain of function mechanisms (Lehtinen et al., 2009; Polajnar et al., 2012). This
synonymous mutation, leads to missplicing of CSTB pre-mRNA, generating a normal
transcript with the synonymous G>A change at the last nucleotide of exon 1 and a
mutant one with a partial inclusion of intron 1, due to the activation of a cryptic 5’ ss.
This aberrant transcript does not seem to be a target of the NMD mechanism as shown
by cycloheximide experiments, indicating that a truncated protein may be produced.
So, in this case the disease can result from the reduced expression of the normal
CSTB protein in combination with the presence of a mutant truncated protein with a
possible toxic role. To try to overcome the consequences of this splicing defect, we
used a specific LNA oligonucleotide that effectively blocked the activated cryptic splice
site in intron 1, resulting in the recovery of the normal splicing pattern of a single
transcript with the synonymous change G>A. Hence, this work represents the in vitro
proof of concept that AOs can be used to overcome the effect of this CSTB splicing
mutation. Currently, only symptomatic pharmacologic and rehabilitative management
are available for the treatment of ULD patients. So, a therapy based on mRNA
correction would be a desirable alternative, although only applicable to a small number
of patients, because, despite the high frequency (~31%) of splicing mutations
described in CSTB (HGMD® professional release 2015.3), only two of the reported
mutations, including the one here studied (Kagitani-Shimono et al., 2002; Pinto et al.,
2012), would profit from AOs mutation-based therapy, since the others affect canonical
splice sites. It is possible that more research on innovative therapeutic options, as well
as more reports on in vitro/in vivo studies to overcome this pathology, help draw further
attention to ULD, encouraging clinicians to refer additional cases of epilepsies of
unknown aetiology to be screened for CSTB defects, potentially increasing the number
of diagnosed mutations suitable for correction through this kind of therapy.

Having been here demonstrated the mutation correction at the RNA level, future
studies addressing the clarification of its impact at protein level will be fundamental.
The use of an antibody specifically designed for the detection of the mutant CSTB
protein will lead to a more accurate analysis of the CSTB protein profile before and
after the AO treatment, which certainly would afford a more comprehensive picture
about the effect of the c.66G>A mutation at the protein level, and, consequently, about
the effect of the treatment strategy. Again, for the effective development of the therapy
it will also be essential to conduct in vivo studies.

Another major issue in this work was to explore the potential of U1 snRNA-
mediated therapies. Once this approach had been previously used to rescue splicing
mutations in the last base of an exon, we also tried to apply it to the just before

mentioned ¢.66G>A in CSTB, given its location in the last nucleotide of exon 1 of the
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gene. Still, in this case, the correction of the abnormal transcript in the patient cells was
not achieved. The data obtained from the in silico analyses actually explains this
negative result once it showed that the 5’ canonical splice site presents a lower score
than the 5’ downstream cryptic splice site and the predicted ESE binding motifs at the
end region of the WT exon 1 were altered in the presence of the ¢c.66G>A mutation.
These predictions support the hypothesis that the proper recognition of the CSTB exon
1 may depend, not only from the Ul complementarity but also from other splicing
factors interacting with the pre-mRNA, which probably compromised the success of the
U1 approach for this mutation.

Modified U1 snRNAs were also used as an effort to correct donor site splicing
defects in HGSNAT, namely those which concerned the 5’ ss mutations ¢.234+1G>A,
€.633+1G>A and c.1542+4dupA affecting four different MPS IIIC patients.

In a first optimization approach where the effect of the overexpression of different
designed U1l snRNAs on the splicing process was tested on minigenes bearing each
specific donor site mutation, no correction of the aberrant splicing was observed. In
fact, despite the skipping of each respective exon was corrected, the transcript
generated after treatment was still aberrant due to the use of cryptic “gt” donor sites
situated at intronic positions +5 and +6 (c.234+1G>A and c.633+1G>A mutations) or
+6 and +7 (c.1542+4dupA mutation) which was promoted, partially or completely, by
some adapted Ul snRNAs. Despite the absence of correction, and given that
minigenes do not entirely reproduce the human cellular environment, the different Ul
variants were also tested directly into patients’ fibroblasts. In the case of the
€.633+1G>A and c.1542+4dupA mutations, the normal endogenous splicing process
was not recovered after the overexpression of the different modified U1 snRNAs. For
the ¢.234+1G>A mutation present in homozygosity in two patients, the overexpression
of a modified U1 that completely matched the mutated 5’ ss allowed to achieve a partial
recovery (almost 50%) of the splicing process, together with the use of the cryptic “gt”
site at intronic positions + 5 and +6. This was an unexpected and surprising positive
result, since the majority of the mutations localized in the high conserved nucleotide
positions +1 and +2 of the SDS that were submitted to correction with modified Ul
snRNAs were not successfully rescued (Fernandez Alanis et al., 2012; Schmid et al.,
2013). To the best of our knowledge, the partial rescue of a +1 splice site mutation was
reported only once, but in a case in which the mutated allele already produced some
degree of the normal spliced transcript before treatment (Hartmann et al., 2010). So, in
our study, we present the first case where a partial recovery of the normal splicing was
achieved for a +1 mutation that did not produce any WT spliced mRNA when

untreated. In this case, given the partial recovery of the correctly spliced mRNA, a
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measurement of the enzymatic activity in patients’ cells after treatment was performed

to analyse the effect of the partial splicing correction in protein function. However, no

increase in enzyme activity level was observed, indicating that possibly a higher level
of recovery of the splicing process is required to enhance the enzymatic activity.

Whilst in this study we have added evidence that modified U1 snRNAs hold the
potential to be used in the treatment of +1 donor site mutations, the results also pointed
out that the success of the therapy would depend on the presence of other “gt”
dinucleotides in the donor site region which, depending on the context, may be used as
an alternative splice site interfering with the correction of the splicing process.

Concerning the c.234+1G>A mutation, given that the overexpression of a totally
complementary Ul snRNA promoted the utilization of an alternative splice site at
positions +5 and +6, and taking into account the role of U6 snRNA in the recognition of
the 5’ ss, in the near future it would be interesting to check whether the effect of
modified U6 snRNAs alone or in combination with modified Ul snRNAs could
specifically improve the use of the mutated site and not the alternative one, allowing
the total correction of the 5’ ss defect. Once this is achieved, in vivo approaches should
be designed. Recently, Balestra and colleagues (Balestra et al., 2014) described a
novel methodology to generate mice expressing a 5 ss defect for the coagulation
factor VII, through liver-directed expression by plasmid or recombinant AAV vector
administration. For those mice, subsequent injection of a modified Ul vector allowed
the correction of an exogenous mutant construct. Thus, for this HGSNAT mutation it
should be analysed the possibility of developing a similar approach in order to provide
an in vivo proof of concept that this kind of therapy may be used for the correction of
this MPS IIIC donor site splicing defect.

Finally, we also have begun the development of Ul snRNA therapeutic
approaches to correct two other mutations that affect the recognition of the 5’ ss, the
€.1650+5G>A in the IDUA gene and ¢.3335+6T>G in the GNPTAB gene, causing MPS
I and ML Il alpha/beta, respectively. Different modified U1 snRNAs were transfected in
patients’ fibroblasts, but no rescue of the normal splicing process was observed.
Despite these preliminary results, this study is still ongoing and further experiments
such as the co-transfection of the different U1 modifications with WT and +5 and +6
mutant minigenes, the transduction in patients’ cells of the Ul variants using viral
vectors as well as the study of the effect of different U6 snRNA modifications are
already planned to find out the potential of antisense-U1snRNA therapy for these donor

site mutations.
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The implementation in our laboratory of the methodologies for the correction of
splicing mutations using RNA-based therapies was also one of the important
achievements of this work, once it opens the possibility of their application in future
studies.

Overall, this work allowed the identification of specific SREs involved in the
splicing regulation of a particular region of the IDS gene, contributing not only to extend
the knowledge about the mechanisms underlying the splicing of this gene but also of
the splicing process in general. Additionally, the in vitro development of specific
antisense therapeutic strategies to correct different splicing defects in LSDs was
successfully achieved, leading to a better understanding of mutation-based therapies,
and pointing them out as a feasible way to reach the personalized treatment of LSDs
patients. These findings further encourage the investigation of similar approaches in
other rare genetic diseases.

To conclude, we would like to remember that science is a constant step-by-step
construction. Our hope is that studies like this might seed the grounds to others that
taking advantage on small lessons can proceed to in vivo approaches and use
additional analytical methods to gain a comprehensive picture of the potential

application of splicing therapeutics not only to LSDs but also to other genetic disorders.
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Lysosomal storage disorders {ISDs) are a group of rare genetic diseases, generally caused by a deficiency of
specific lysosomal enzymes, which results in abnormal accumulation of undegraded substrates. The first clinical
reports describing what were later shown to be LSDs were published more than a hundred years ago. In general,
the history and pathophysiology of LSDs has impacted on our current knowledge of lysosomal biology.
Classically, depending on the nature of the substrates, [SDs can be divided into different subgroups. The
mucopolysaccharidoses (MPSs) are those caused by impaired degradation of glycosaminoglycans (GAGs).
Amongst [SDs, the MPSs are a major group of pathologies with crucial historical relevance, since their study
has revealed important biological pathways and highlighted interconnecting pathological cascades which are
still being unveiled nowadays. Here we review the major historical discoveries in the field of LSDs and their im-
pact on basic cellular knowledge and practical applications. Attention will be focused on the MPSs, with occasion-
al references to other LSDs. We will show as studies on the metabolic basis of this group of diseases have
increased our knowledge of the complex degradative pathways associated with the lysosome and established
the basis to the development of specific therapeutic approaches aiming at correcting or, at least ameliorating
their associated phenotypes.
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1. Introduction

The first clinical reports describing what were later shown to be Ly-
sosomal Storage Disorders (LSDs) were published around a hundred
years ago (Tay, 1881; Gaucher, 1882; Fabry, 1898; Niemann, 1914;
Hunter, 1917}. The lysosome itself, however, was only discovered five
decades later, by Christian de Duve. The designation ‘lysosome’ is de-
rived {rom the Greek words ‘lysis’ {destruction} and ‘soma’ { body),
and was chosen to reflect its role as the major intracellular site for enzy-
matic degradation of macromolecules {de Duve et al., 1955). Another
ten years were needed for the concept of LSD to be first proposed by
H.G. Hers, who suggested that Pompe disease, a glycogen storage disor-
der, was due to deficiency of a lysosomal enzyme (acid maltase defi-
ciency; Hers, 1963). Soon after the idea of enzymatic deficiency was

Abbreviations: AD, Alzheimer's disease; ARSG, arylsulfatase G: AV, autophagic vacuole;
CNS, central nervous system; CMA, chaperone-mediated autophagy; CS, chondroitin sul-
fate; DS, dermatan sulfate; EE, early endosome; ER, endoplasmic reticulum; ERT, enzyme re-
placement therapy; GD, Gaucher disease; GAGs, glycosaminoglycans; HS, heparan sulfate;
KS, keratan sulfate; LE, late endosome; LSDs, lysosomal storage disorders; MPRs, mannose
6-phosphate receptors; MPSs, mucopolysaccharidoses; RE, recycling endosome; TGN,
trans-Golgi network; UPS, ubiquitin-proteasome system; GCase, p-glucocerebrosidase.
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established, several metabolic disorders that had been previously de-
scribed by clinicians were catalogued as LSDs, and classified according
to the storage material accumnulated intralysosomally. Thus, disorders
in which glycosaminoglycan (GAG, also called mucopolysaccharides)
accurnulation prevailed were classified as mucopolysaccharidoses; those
dominated by lipid storage were called lipidoses; the ones in which
the accumulation of sphingolipids prevailed were sphingolipidoses;
those mostly characterized by the storage of oligosaccharides were
oligosaccharidoses (Schultz et al,, 2011).

By the same time, the concept of ‘cross correction’, first formulated
by de Duve in 1964, was demonstrated by Elizabeth Neufeld and her
group, who discovered that co-cultured fibroblasts derived from two
patients with different lysosomal storage disorders mutually corrected
each other, established the basis of ‘enzyme replacement therapy’
(ERT}) (Barton et al, 1990; Brady, 2006). Then, all efforts turned to de-
veloping effective ERT for LSDs, starting with Gaucher disease (GD},
the most common of these pathologies. Several teams centered efforts
in purifying [3-glucocerebrosidase (GCase) to supply GD patients with
the enzyme in which they were deficient, in order to evaluate whether
clinical advantage came from that therapeutic approach. Because of its
high hydrophobicity, and of the lack of experience in its handling, it
was extremely hard to get useful quantities of the requisite enzyme.
Eventually, a small amount of sufficiently purified GCase was obtained
and administered to two GD patients (Brady et al,, 1974) leading toa re-
duction of GCase in the liver of both patients, together with a striking
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reduction in the quantity of GCase associated with circulating erythro-
cytes in the recipients. Nevertheless, alongway had to be walked before
consistent clinical benefit of ERT was demonstrated in a cohort of pa-
tients with GD (Barton et al., 1991} and an even longest period was
needed for the first therapies of such kind to reach the market and be-
come commercially available.

Here we review the major historical discoveries in the field of LSDs
and their impact on basic cellular knowledge and practical applications
(Fig. 1}. Attention will be focused on the MPSs, with occasional refer-
ences to other LSDs. We will show as studies on the metabolic basis of
this group of diseases have increased our knowledge of the complex
degradative pathways associated with the lysosome and established
the basis to the development of specific therapeutic approaches aiming
at correcting or, at least ameliorating their associated phenotypes.

2._ Early clinical descriptions: the Hurler and Hunter syndromes

Tofind, in the literature, the first medical report of a MPS, we have to
go back in time until 1917. In that year, Charles Hunter provided the sci-
entific community with a detailed description and radiological imaging
of two brothers, aged 10 and 8 years, with multiple skeletal and somatic
abnormalities, who were proposed to suffer from an endocrine distur-
bance. The two children were full-term and were normally delivered.
Both were breast-fed and no digestive disturbances were observed in
infancy; both were walking at the age of 17 months. The elder began
to talk when aged around 1 year and had normal intelligence. The youn-
ger brother, however, was somewhat late in learning to talk and was
making slow progresses at school by the time the original paper was
published. Apart from throat trouble, both children were reported to
have been healthy in every way. Both were operated on for tonsils

and adenoids; both had hearing deficiencies. The brothers were de-
scribed as “undersized” having “extremely large” heads, “curiously
shaped, with very marked bulging of the squamous portion of the tem-
poral bone and of the frontal bones; the hair of the head rather thin and
very harsh (...)." Other features included “saddle nose, with large thick
nostrils; (...} very large tongue; very short neck, with slight enlarge-
ment of right lobe of thyroid (...); knees (...} slightly flexed; [thick]
knees and ankles (...} [and] hands [which could] not be clenched”.
Also common to both children’s clinical course was the fact that their
condition progressively deteriorated over time (Hunter, 1917). These
early observations were later confirmed by the discovery of other pa-
tients harboring similar physical deformities, and the typical features
of the severe form of this syndrome were established: coarse faclal fea-
tures, short stature, skeletal deformities, joint stiffness and mental retar-
dation. A milder form of the same disorder was also recognized, with
preservation of intelligence and survival into late adult life. Even though
still presenting with an obvious somatic involvement, similar to the one
observed in severely affected Hunter patients, this subtype of the dis-
ease presents later in life and with a much slower progression
(Neufeld and Muenzer, 2001).

Two years later, in 1919, Pfaunder reported two cases to the Medical
Society in Munich that were described in detail by his assistant Hurler,
who at once suspected to be in the presence of another new syndrome.
The patients displayed the following combination of congenital abnor-
malities: “clouding of the corneae, (...} oxycephaly, disproportionate
dwarfism strongly resembling that of hypothyroidism and associated
with some of the usual signs of that condition, [such as] saddle nose,
mental defect, dry skin, inguinal and umbilical hernia, crura valga,
pedes valgi”. In addition, the patients presented “a contraction of the
fingers, limitation of movement in other joints (shoulders, elbows,

Early clinical ef“;';;egttm Concept:
descriptions deficiencies ERT

FUTURE:

{ Novel therapies?

Disease cascades
explanation?
MPS IIIE?
Concept:
2
endosomal- et

lysosomal system

Fig. 1. Timeline for discoveries on lysosomal storage diseases and their impact on cell biology. Overview of the major discoveries concerning MPSs in particular, highlighting their impacton
the establishment of some ofthe most important concepts on the LSD field: i) enzymatic deficiencies as the basisof disease; ii) enzyme replacement as a possible therapeutic approach and
iii) the lysosome as central coordinator of a remarkably dynamic system, the endosomal-lysosomal system.
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knees) and defective hearing, to mention only the most striking fea-
tures”. The syndrome was named after the clinicians who originally re-
ported it, as Pfaundler-Hurler, but nowadays it is usually referred to as
Hurler syndrome. Once again, this initial report was confirmed by the
description and annotation of other patients with similar symptoms,
later shown to harbor the same metabolic defect. Since this initial re-
port, and throughout the following two decades, twenty two more
cases showing the same combination of abnormalities were reported
in Britain, USA, Germany and China (Engel, 1939). Presently, hallmark
features of this syndrome include coarse facies, short stature, corneal
clouding, joint stiffening, umbilical hernia, dysostosis multiplex and
hepatosplenomegaly. Depending on the cases, it may or may not include
mental retardation. Typically, the most severe cases have anearly onset
of symptoms, while the mild ones appear later in life. Severely affected
patients usually present some degree of intellectual dysfunction associ-
ated with the above referred somatic features (Neufeld and Muenzer,
2001). As observed in several other LSDs, this wide range of phenotypic
involvement is generally divided into three major clinical entities,
established in accordance with the degree of severity and age of onset
of the symptoms: Hurler (MPS IH; MIM#607014}, Hurler-Scheie
(MPS IH/S; MIM#607015), and Scheie (MPS IS; MIM#607016) syn-
dromes. Hurler and Scheie syndromes represent phenotypes at the se-
vere and mild ends of the MPS I dinical spectrum, respectively; and
the Hurler-Scheie syndrome is intermediate in phenotypic expression
(reviewed in Neufeld and Muenzer, 2001; Coutinho et al.,, 2012}.

These were the first reports recognizing the clinical presentation of
MPSs and considering the whole phenotype as a disease, even though
having an unknown etiology at that time. The particularly severe skele-
tal deformation that led to an easily recognizable physical deficiency
and facial dysmorphism, however, had not gone unnoticed until the be-
ginning of the 20th century. In fact, it is believed that some of the early
representations of ‘gargoyles’ were actually inspired on the observation
of MPS patients by the artists who first designed those sculptures, since
some of them do perfectly mimic the hallmark features of this group of
diseases. When first reported, these syndromes were actually designat-
ed ‘gargoylism’ (Norman et al., 1959; Van Pelt, 1960; Koskenoja and
Suvanto, 1959; Scheie et al., 1962). Apparently, several characters
spread in both literature and oral tradition also seem to have been in-
spired on the observation of people with that same phenotype. One ex-
ample is “Rip Van Winkle”, a well known short story from the American
author Washington Irving, published in 1819 and that had actually been
borrowed from the folklore of Europe and rewritten with a distinct
American sensibility. Van Winkle was a farmer living in a pleasant vil-
lage, at the foot of New York's Catskill Mountains who, being fed up
with his querulous wife, runs away into the wilderness where he finds
himself surrounded by a large group of ‘gargoyles’: short, strange-
looking people in ancient Dutch clothing. Irving’s original description
of these strange men was, in almost every way, consistent with our
present notion of the typical MPS phenotype and its associated
dysmorphism: “short, square-built (...} with thick bushy hair (...}
odd-looking personages (...}. Their visages, too, were peculiar; one
had a large head, broad face, and small piggish eyes”.

3. Establishment of the concept: MPSs as enzymatic deficiencies

‘When these two disorders were first described, no clue existed on
their underlying defects. Therefore, apart from some obvious phenotyp-
ic similarity, no one guessed that both conditions result from defects
in the same metabolic pathway and would later be recognized as
clinical entities belonging to the same family of diseases: the
mucopolysaccharidoses (MPSs). The term MPS was only suggested in
1952, after the identification of excessive amounts of GAGs in samples
from patients with Hurler syndrome (Brante, 1952; Dorfman and
Lorincz, 1957). GAGs are unbranched polysaccharide chains composed
of repeating disaccharide units. They are so called because one of the
two sugars in the repeating disaccharide is always an amino sugar

(either N-acetylglucosamine or N-acetylgalactosamine)}, which, in
most cases, is sulfated. Four main groups of GAGs are distinguished ac-
cording to their sugars, the type of linkage between them, and the num-
ber and location of sulfate groups: (1)} hyaluronan, (2) chondroitin
sulfate (CS} and dermatan sulfate (DS}, (3} heparan sulfate (HS} and
(4) keratan sulfate (KS) (Alberts et al., 2002). The recognition that dif-
ferent patients, with slightly different symptoms had also different rel-
ative amounts of HS, DS, K5 or CS in urine, confirmed the existence of
multiple syndromes in addition to Hurler and Hunter (Harris, 1961;
Lorincz, 1958; Maroteaux et al., 1963; Sanfilipo et al., 1963). Neverthe-
less, even then, the MPSs were thought to result from an overproduction
of GAGs, other than from a defective degradation of those products.
Only in 1964 did the concept of MPSs as enzymatic deficiencies appear,
when van Hoof and Hers proposed that these disorders were analogous
to Pompe disease and therefore, due to specific lysosomal hydrolase de-
ficiencies. Supporting this idea were the results from these two authors,
who observed dramatically enlarged lysosommes in Hurler hepatocytes
(Van Hoof and Hers, 1964 and, four years later, the studies conducted
by Fratantoni and co-workers, who analyzed 3°S0, uptake on Hurler fi-
broblasts. Together, these experiments have demonstrated impaired
GAG degradation (Fratantoni et al., 1968). Similar impairments were
detected in patients with other MPSs and, gradually, the different syn-
dromes were annotated and the diagnosis of each one established on
the basis of increased urinary excretion of GAGs, taking into account
the relative amounts of each one (see Table 1}. From then on, re-
searchers have focused their attention on identifying the enzyme defi-
ciencies underlying each of the MPS syndromes. Most of them were
discovered in the 1970s, thanks to the efforts of several different
teams (Maroteaux et al, 1963; Kresse et al., 1971; Kresse and Neufeld,
1972; McKusiclk, 1972; Sly et al, 1973; Kresse et al., 1976; Kresse
et al., 1980; Gitzelmann et al., 1987; Nelson et al., 1988; Natowicz
etal,, 1996). Then, interest turned to purification of the normal enzymes
(Rome et al., 1978; Clements et al., 1985a; Clements et al., 1985b;
Ohshita et al, 1989; Schuchman et al., 1984a; Schuchman et al.,
1984b; Stoltzfus et al., 1992: Stahl and Touster, 1971; Himeno
Mnishimura et al., 1976; Brot et al.,, 1978; Wasteson and Neufeld,
1982; Di Natale and Daniele, 1985; Bielicki et al., 1990; McGovern
et al, 1982; Gibson et al., 1987; von Figura, 1977; Sasali et al., 1991;
Freeman and Hopwood, 1986; Freeman et al, 1987; Freeman et al.,
1983; Bame and Rome, 1987; Distler and Jourdian, 1978; Gldssl et al.,
1979; Masue et al., 1991} and elucidation of their synthesis and trans-
port to the lysosomes (Hanai et al,, 1971; Hickman and Neufeld, 1972;
Hickman et al., 1974, Hasilik and Neufeld, 1980; Varki and Kornfeld,
1980; Fischer et al., 1980; Kornfeld, 1990). Better understanding of the
primary structure of the enzyme proteins and subsequent modifications
also came from cloning and characterization of their coding genes (Scott
et al., 1992; Wilson et al., 1993; Scott et al., 1995; Zhao et al,, 1996; Fan
et al,, 2006; Hrebicek et al., 2006; Mok et al., 2003; Nakashima et al.,
1994; Morris et al., 1994; Oshima et al., 1988; Karageorgos et al,
2007; Miller et al., 1990; Triggs-Raine et al., 1999).

Our current understanding of the normal pathways of the GAG ca-
tabolism has been closely tied to the elucidation of enzyme deficiencies
in the MPSs. In fact, the role of many of those enzymes became apparent
only through the consequences of their absence (Neufeld and Muenzer,
2001). Nowadays, the MPSs group comprises 11 different conditions
(see Table 1), all of them caused by deficiency of enzymes catalyzing
the stepwise degradation of GAGs. As a whole, MPSs are characterized
by intralysosomal accumulation and increased excretionin urine of par-
tially degraded GAGs, which ultimately results in cell, tissue, and organ
dysfunction (Neufeld and Muenzer, 2001; Winchester, 2012a;
Giugliani, 2012). In general terms, it is possible to say that MPSs are
characterized by a chronic and progressive course, with different veloc-
ities of progression depending on the severity of each one. Typical
symptoms include those already reported on the first descriptions of
Hurler and Hunter patients: organomegaly, dysostosis multiplex, and
a characteristic abnormal facies. Hearing, vision, and cardiovascular
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Table 1
Summary table of mucopolysaccharidoses.
Pathology Subtype Increased GAGs  Enzyme deficiency Gene (localization)  ERT
MPS 1 Hurler (H) DS + HS o-L-Iduronidase IDUA 4p16.3 _
Hurler-Scheie (H/S) DS + HS o-t-Iduronidase Aldurazyme®
Scheie (S) DS + HS o-t-Iduronidase Aldurazyme®
MPS II (Hunter) DS + HS Iduronate sulfatase DSXq28 Elaprase®
MPS III (Sanfilippo) mA HS Heparan-N-sulfatase SGSH 17925.3 _
B HS o-N-acetylglucosaminidase NAGLU 17q21.2 _
mc HS Heparan acetyl-CoA:o-glucosaminide N-acetyltransferase  HGSNAT8p11.21 _
mp HS N-acetylglucosamine 6-sulfatase GNS 12q14.3 _
MPS IV (Morquio) WA KS + ¢S Galactose 6-sulfatase GAINS 16q24.3 _
VB KS P-Galactosidase GLB13p223 _
MPS VI (Maroteaux-Lamy) DS Arylsulfatase B (N-acetylglucosamine 4-sulfatase) ARSB5q14.1 Naglazyme®
IMIPS VII (Shy) DS 4+ KS + (S B-Glucuronidase GUSB 7q11.21 _
MPS IX (Natowicz) Hyaluronan Hyaluronidase 1 HYAL 3p21.31 _

function may also be affected. Additionally, joint mobility may also be
compromised (reviewed in Neufeld and Muenzer, 2001; Coutinho
et al,, 2012). With the exception of MPS II, which is X-linked, all other
MPSs are inherited in an autosomal recessive fashion. Nevertheless, all
MPSs, including the X-linked syndrome, are true recessive diseases,
with no detectable manifestations in carriers. A clinical suspicion of
MPS is usually followed by a series of laboratory tests in both urine
and blood samples that, ultimately, allow a proper and definitive diag-
nosis (Fig. 2). Initial suspicions are checked by a screening test for
GAGs in a urine sample. If the test is positive, the same sample may be

used for a quantitative and/or qualitative assay of urinary GAGs. It is
the qualitative pattern of urinary GAGs, together with the clinical pre-
sentation, that provides a deeper insight to the MPS diagnosis. Taking
those results into account, blood samples are retrieved and used to per-
form specific enzyme assays, confirming the diagnosis and assigning the
specific MPS type. Finally, the blood sample may also be used to identify
the underlying genetic defect (see Table 1; Filocamo and Morrone,
2011; Winchester, 2012b; Giugliani, 2012; Hopwood, 2012).
Altogether, these studies provided the background for understand-
ing the effects of disease-causing mutations and, as we will present in

Clinical presentation

(suspected LSD)

Samples to specialist laboratory

Preliminary screen in urine or blood

Defects in lysosomal

enzyme activity
(assays)

Defects in non-
enzymatic proteins

Population screening

Genetic counseling

__________________ 3

DIAGNOSIS

DNA analysis
Prenatal diagnosis

Treatment/Management

Fig. 2. Scheme for the laboratory diagnosis of lysosomal storage diseases”. To route to a definitive diagnosis is based upon clinical presentation and a panel of laboratory tests on blood and
urine. Once the initial diagnosis is achieved, DNA analyses are performed to identify the genetic defect underlying pathology. This allows genetic counseling to the affected families and
prenatal diagnosis, whenever necessary. In some particular cases, screening may be performed in targeted populations (e.g. screening for Krabbe disease in New York State). *Based on an

original schematic diagram by Winchester, 2012h.
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the next section, for designing the concept of enzymatic cross correc-
tion, which ultimately led in the development of several therapeutic ap-
proaches, not only for MPSs, but for LSDs in general (Neufeld and
Muenzer, 2001).

4. Cross correction of MPSs: the enzyme as a drug?

The notion that 1SDs could be treated by replacing the defective en-
zymes with their normal counterparts is almost as old as the lysosome
itself, having been first suggested by Christian de Duve in 1964, with
the following brief explanation: “In our pathogenic speculations and
in our therapeutic attempts, it may be well to keep in mind that any sub-
stance which is taken up intracellularly in an endocytic process is likely
to end up within lysosomes. This obviously opens up many possibilities
for interaction, including replacement therapy” (de Duve, 1964). Actual
evidences of this process, however, came from the pivotal studies of
Elizabeth Neufeld's lab, a few years later. This group reported cross cor-
rection phenomena between cultured fibroblasts from patients with
different MPSs, pulse-labeled with 335 _sulfate. “The aberrant metabo-
lism of Hurler cells [was corrected] by the secretions of fibroblasts of ge-
notype other than Hurler and, similarly, the defect of Hunter cells
[could] be corrected by secretions of fibroblasts of genotype other
than Hunter. The active factors in these secretions, which [were] heat la-
bile and associated with macromolecules” were designated as “correc-
tive factors” and proposed to be the enzymes which were deficient in
each MPS (Fratantoni et al., 1969}. Subsequent experiments demon-
strated that there was no need to have the genetically distinct cells in
contact with each other to reach correction. In fact, when the appropri-
ate active enzyme was added to the media of enzyme-deficient cultured
fibroblasts from individuals with specific LSDs, the exogenous enzyme
gained access to the lysosomes and degraded the accumulated sub-
strates (Cantz and Kresse, 1974; O'Brien et al,, 1973; Porter et al,,
1971}. A remarkable observation that came from these early studies
was the recognition that, sometimes, values as low as 1%-5% of normal
intracellular enzyme activity were enough to correct the metabolic de-
fects in the enzyme-deficient cells {Desnick et al., 1973; Hasilik et al.,
2009; von Figura, 1991).

The subsequent discovery that lysosomal enzymes are targeted to
the lysosome by the mannose 6-phosphate receptor-mediated pathway
(Hanai et al., 1971; Hickman and Neufeld, 1972; Sando and Neufeld,
1977; Kaplan et al., 1977; reviewed in Desnick et al., 1973; von Figura,
1991; Hasilik et al., 2009), along with the discovery that the mannose
6-phosphate receptors (MPRs) on the plasma membranes of cells medi-
ate the cellular uptake and delivery of the intravencously administered
normal enzymes to the lysosomes (Kaplan et al., 1977; reviewed in
Dahms et al., 1989; Kornfeld, 1992; Ludwig et al., 1995; Ghosh et al,,
2003), provided further rationale for the treatment of nonneural LSDs
by ERT. Finally, the fact that most LSDs have significantly milder sub-
types, which were typically associated with low levels of residual enzy-
matic activity, also indicated that it was not necessary to restore full
activity, or even heterozygous levels of activity in the treated individuals
to reach correction, provided that the enzyme effectively reached the
proper sites of pathology.

Altogether, these studies established the grounds for clinical studies
of ERT for LSDs and the features that the exogenous lysosomal enzyme
needed to have to be safe and therapeutically useful: not only would it
have to be of human origin, highly purified and available in adequate
quantity, but it would also have to carry the recognition signal for the
targeted cells (reviewed in Neufeld, 2006).

ERT pilot clinical studies in several LSDs (Fabry, Gaucher, Pompe, and
Sandhoff diseases) began in the early 1970s, by intravenous infusion of
the respective normal human enzyme. In each case, the partially puri-
fied enzyme wasrapidly cleared from the circulation even though clear-
ance of the respective accumulated substrate(s] was observed
(reviewed in Desnick et al., 1973, 1976). Nevertheless, only after a
deeper understanding of the basic science underlying receptor-

mediated endocytosis and trafficking of the defective enzymes was
achieved, was it really possible to design and establish effective and
safe ERT approaches. The whole process from the concept of enzyme re-
placement to the commercial development of the first recombinant en-
zyme (GCase as a pharmaceutical for GD) tock nearly three decades,
and another ten years were needed for the commercial development
of other enzymes presently available for ERT (reviewed in Neufeld,
2006).

Presently, ERTs are available for GD, Fabry disease, Pompe disease
and several MPSs: MPS I (Aldurazyme®, recombinant human o-r-
iduronidase produced by Genzyme and commerdialized since 2003),
MPS 1I (Elaprase®, recombinant iduronate sulfatase produced by
Shire, available since 2005) and MPS VI {Naglazyme®, recombinant
arylsulfatase B, produced by BioMarin and approved since 2006). Before
the introduction of ERT, treatment of LSDs was essentially palliative and
aimed at alleviating specific symptoms, without targeting the underly-
ing pathological condition.

It is important to stress, though, that ERT is not the only therapeutic
approach for LSDs (Fig. 3). It is, in general, more effective on later onset
or milder forms, since the recombinant enzyme is unable to cross the
blood brain barrier to reach the brain. Therefore, additional therapeutic
approaches are being investigated for LSDs in general and MPSs in par-
ticular. Substrate Reduction Therapy (SRT), for example, is currently
being evaluated for some of these diseases (e.g. MPS I, IL, IlIA and IIIB).
Also under evaluation are chaperone therapy, which holds the potential
to stabilize the defective enzymes produced by patients; and/or gene
enhancement and gene therapy techniques in which specific viral
vectors may be used to directly transduce central nervous system
(CNS) cells thatwould thus become an endogenous source of high levels
of functional enzyme (Becls, 2010; Gritti, 2011).

5. A broader perspective: the lysosome is (much) more than a bag of
enzymes

Since the discovery of the lysosome in 1955 (de Duve et al., 1955),
several advances have been made to understand the key roles and func-
tions of this organelle. Its finding led to many new questions. The most
critical one was: what is the physiological function of this “bag” of
enzymes?

Even before the identification of the lysosome as an individual or-
ganelle, the first clue to one of its main functions came from the work
of Werner Straus, who deserves the credit for undertaking studies
which would almost certainly have led to an independent discovery of
lysosomes. By 1954, he had already succeeded in subfractionating
what he called “droplet” fractions from kidney homogenates of normal
rats and showed them to be rich in acid phosphatase and proteolytic en-
zymes (Straus, 1954). In a subsequent study using the same kidney ho-
mogenates of rats, which had received an intra-peritoneal injection of
egg white protein, he observed that the isolated droplets contained, in
addition to the enzymes, relatively high concentrations of the injected
foreign proteins, obtaining good evidence that the droplets were a site
of storage and breakdown of reabsorbed proteins (Straus, 1957). This
early work provided the first clear link between lysosomal digestion
and endocytotic uptake of extracellular materials. Despite these clues,
the lysosome itself was only described as a membrane-limited compo-
nent containing hydrolytic enzymes that functions as a “digestive
body”, in a worl of de Duve and co-workers with liver cells in 1955
(de Duve et al,, 1955).

As more cell lines were studied and the ubiquitous distribution of ly-
sosomes in mammalian cells was recognized, it became clear that the ly-
sosome is not actually only a “body”, but the central coordinator of a
remarkably diverse and dynamic system collectively known as the
endosomal-lysosomal system, a term first coined by de Duve and
Wattiaux that still resists the time passing (de Duve and Wattiaux,
1966). This organelle and the constituent pathways to which it is linked
comprise a processing and recycling center essential to all cells (Fig. 4).

183



184

FCUP

Splicing therapeutics for patients affected by lysosomal storage disorders

M.F. Coutinho et al. / Gene 555 (2015) 50-58 55

Substrate Reduction
Therapies*

Substrate
Precursors |

Non-disease-specific
treatments*

Ex.: bone marrow
transplantation

Substrate

Enzyme Replacement

i Functional lack of lysosamal enzyme/ protein

Cellular accumu]ation of un-/
partially degraded substrates

Therapy*

Chaperone Therapy

Gene Therapy

BBB-crossing
therapies

Ex.: nanoparticles;
monoclonal antibodies

Fig. 3. Therapies for lysosomal storage disorders. LSD treatments can be divided into those that reduce the levels of biosynthesis of the accumulating substrate (left side of the image) and
those aiming at directly addressing either the functional loss of the enzyme or its clinical effects (right side of the image). The later include (a) general treatments that deal mainly with the
symptoms (ex.: bone marrow transplantation); (b) ERT and (c) potential new therapies such as the use of chemical chaperones, gene therapy or BBB-crossing therapies. Treatments

marked with an* are in clinical use at present.

Lysosomes are now known to contain more than 50 add hydrolases
({phosphatases, nucleases, glycosidases, proteases, peptidases, sulfatases
and lipases) responsible for the cellular digestion of most macromole-
cules. The breakdown products are then transported back to the
cytasol by specific transporter proteins embedded in the lysosomal mem-
brane — a salvage pathway which facilitates the egress of lysosomal

mitochondna
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P / d Endocytosis |
///‘) > % i% }’.\' L
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Fig.4. The lysosome as a central element of the cell”. Lysosomes link to the endocytic path-
ways, to the macroautophagy stream and its close allies, the ubiquitin-proteosomal sys-
tem (UPS) and the chaperone-mediated autophagy (CMA) components. What flows
into this system must also leave in some form, depicted here as the salvage pathway
with delivery to the trans-Golgi network (TGN), mitochondria, and other sites in the
cell. The existence of all these interrelated components of the endosomal-lysosomal system
is probably one of the motifs why disease cascades in lysosomal disorders are so complex
and remain mostly unknown even after decades of study. (EE, early endosome; RE,
recycling endosome; LE, late endosome; AV, autophagic vacuole; ER, endoplasmic reticu-
lum). *Mustration based on an original schematic diagram by Walkley, 2008.

degradation products to other cell organelles and membranes for subse-
quent use in biosynthetic processes (Tettamanti et al., 2003).

The endossomal-lysosomal system includes also the biosynthetic
pathway, which is involved in the transport of newly synthesized
proteins from the Golgi complex to lysosomes; the endocytic pathway
where extracellular components are internalized linking cells
with their external environment and the autephagic pathway, an
ubiquitous cellular route by which long-lived proteins and whole organ-
elles are sequestered for lysosomal degradation. Autophagy, which is
often activated following starvation stress, can be divided into
macroautophagy (organelle or cytoplasm enclosed in a double mem-
brane}, microautophagy (cytoplasmic degradation following engulf-
ment by the lysosome), and chaperone-mediated autophagy (CMA;
selective transport of cytosolic proteins one-by-one to the lysosome
via specific chaperones) (Vellodi, 2005; Ballabio and Gieselmann,
2009; Schultz et al., 2011; Micsenyi and Walkley, 2012; Kaushik and
Cuervo, 2012},

Operating in close parallel with these pathways is an additional
mechanism — the ubiquitin-proteasome system (UPS), which is func-
tionally allied with the lysosomal system in maintaining proteolytic
quality control mechanisms in eukaryotic cells (Micsenyi and Walkley,
2012; Walkley, 2009).

The endosomal-lysosomal system is also intimately involved in the
processes of phagocytosis and antigen presentation, which are
necessary for regulation of inflammation and control of the immune re-
sponse against foreign bodies (bacteria, viruses, etc.} (Saftig, 2006;
Parkinson-Lawrence et al, 2010; Boustany, 2013). In addition, it plays
a major role in the regulation of apoptotic processes within the cytosol
via signal transduction (Saftig, 2006; Boustany, 2013} and in the secre-
tion of cellular cargo (eg. signaling molecules as neurotransmitters or
toxic cellular metabolites} by exocytosis, factors that are all involved
in inflammation, oncogenesis and neurodegenerative disorders
(Schultz et al., 2011; Boustany, 2013).
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Apart from these central cellular functions, lysosomes can also be
implied in processes such as cholesterol homeostasis, cell membrane re-
pair (calcium regulated), fertilization, receptor recycling and regulation,
cell division, skin pigmentation as well as in bone and tissue remodeling
(Vellodi, 2005; Saftig, 2006; Walkley, 2009; Parkinson-Lawrence et al.,
2010; Boustany, 2013). As a whole, the lysosomal system functions as
a highly efficient and coordinated network essential for the metabolic
homeostasis of the cell.

Disruption of such carefully orchestrated processes leads necessari-
ly, to catastrophic consequences for cells, organs, and individuals, with
nearly 60 different types of lysosomal diseases documented to date
(Micsenyi and Walkley, 2012). Expansion of knowledge on LSDs over
the past 50 decades reflects the progress in the field of “metabolic med-
icine™ begun by Garrod in 1909, who first introduced the concept of in-
born errors of metabolism (Garrod, 1909). Over the years the use of
combined biochemical, morphological, cellular and molecular method-
ologies to study the lysosome and its related diseases have been crucial
not only to clarify their complex pathobiology but also to expand our
view of the lysosome from a degradative organelle to one intimately
linked to multiple cellular processes. Nowadays, the lysosome is far
from being a “stationary” compartment. Novel genes and proteins
contributing to lysosome function continue to be identified and the
list of lysosomal and lysosomal-associated diseases continues to grow.
Further understanding of the molecular and cellular pathogenesis of
lysosomal diseases will broaden the range of therapeutic targets for
LSDs, as well as the opportunity to improve knowledge about the
endossomal-lysosomal system.

6. A look forward ...

As shown in the last section, our understanding of the lysosome and
its role in cells has evolved significantly since its discovery by Christian
de Duve more than 50 years ago. The lysosome is no longer viewed as
just an end-point degradative compartment, but rather as part of a
very complex and interactive set of intracellular organelles that have a
wide array of specialized functions (Fig. 4). All of a sudden, the panoply
of genes that code for proteins involved in any of these processes have
become potential targets for screening of causal mutations in patients
with clinical suspicion of LSD, but whose biochemical and/or genetic
profile does not fit any known disease. With the advent of new sequenc-
ing technologies, the search for the underlying molecular basis of these
patients’ phenotypes had a new incentive. The future will probably sur-
prise us with the discovery of several novel LSDs of diverse origins. In
fact, this new view on the lysosome role brought the notion that defects
in any one of the processes in which it is involved can be associated with
lysosomal disease, leading then to the recognition that LSDs may be bet-
ter viewed as conditions of molecular deprivation that result in specific
pathogenic cascades (Walkley, 2009; Walkley and Vanier, 2009;
Parkinson-Lawrence et al, 2010).

We have come a long way since the first descriptions of LSDs were
published and their underlying biocherical basis unveiled. Neverthe-
less, much remains to be discovered on the processes through which ex-
cessive lysosomal storage leads to organ dysfunction and, ultimately,
premature death.

And even when we consider MPSs alone, there is still much to learn
on this topic. In fact, even though the majority of the affected enzymes
and genes were described 20-30 years ago, there are several open ques-
tions, dealing with the pathogenetic relevance of minor structural GAG
elements or on the interaction of enzymes with the lysosomal mem-
brane. Also the pathogenic cascade which originates disease remains
elusive, in MPSs as in 1SDs in general. The current literature suggests a
complex interplay between neuroinflammation, microglial activation
and adaptive immunity in MPS disease but there is still much to be
learned on this topic. The extent of adaptive immune involvemnent, for
example remains to be elucidated (reviewed in Archer et al, 2014}. Fur-
thermore, there are still critical steps in the degradation of the GAG HS,

which remain enigmatic. Recently, Kowalewski and collaborators
(Kowalewski et al, 2012} have demonstrated that the lysosomal
arylsulfatase G (ARSG}, reported previously to be associated with an
adult form of ceroid lipofuscinosis in dogs (Abitbol et al., 2010}, is the
long-sought glucosamine-3-O-sulfatase required to complete the deg-
radation of heparan sulfate. These authors have generated an ARSG-
deficient mouse model by targeted disruption of the Arsg gene and
showed that Arsg-deficient mice accumulate HS both in visceral organs
and central nervous system (CNS). Furthermore, the knockout mice de-
velop neuronal cell death and behavioral deficits. These results strongly
suggest that other MPSs may exist, which haven't been identified vet. In
particular, ARSG deficiency is now thought to represent a unique, yet
unknown form of MPS, tentatively termed MPS IlIE. Importantly, the
HS that is accumulated in Arsg-deficient mice exhibits unique nonre-
ducing end structures with terminal N-sulfoglucosamine-3-O-sulfate
residues which, ultimately, may allow for a precise biochemical diagno-
sis of the disorder (Kowalewski et al., 2012}.

S0, as once the discovery of unexplained diseases prompted the
search for the underlying causes of such abnormalities and led to a
greater understanding of lysosomal function and physiology, now is
the time to cross the opposite pathway and wonder whether additional
diseases exist, caused by defects in other proteins of the greater
endosomal-lysosomal system.

Finally, it is also important to refer that, over the last decades, lyso-
somal dysfunction has been extensively documented in other diseases
that afflict a much higher number of individuals than all LSDs together:
Alzheimer disease (AD} and other conditions associated with p-
amyloidogenesis, such as parkinsonism. In fact, one of the earliest
known intracellular histopathological features of AD is the presence of
increased levels of lysosomal hydrolases and the accumulation of acid-
hydrolase-containing compartments. Neurons from AD brains have
striking alterations in the size and volume of early endosomal (EE) com-
partments, as well as on the localization pattern of acid hydrolases
(both pro- and mature forms}. Increased endocytic uptake and autoph-
agy have also been documented, consistent with a major cellular at-
tempt to regenerate, catabolize injured membranes, and synthesize
new membranes. This leads to an increased demand for hydrolases in
EE of neurons within affected regions of AD brains, which may activate
alternative mechanisims of delivery to this compartment. Furthermore,
in AD and similar conditions, some other specific pathological phenom-
ena involving the endosomal-lysosomal system have been observed,
such as the persistence of acid hydrolase deposits in the extracellular
space, coming from degenerating neurons (reviewed in Cataldo et al.,
1995).

Future efforts should also be focused in elucidating the temporal
progression of brain disease in both LSDs and other neurodegenerative
disorders such as AD. In addition, identifying sites of initial vulnerability
will help to develop directed therapies where focal small molecule or
gene replacement holds the most promise (Schultz et al,, 2011).
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Glossary

LysosomalStorage Disorders (LSDs): group ofnearly 60 inborn errors of metabolism caused
by defects in lysosomal function. The rate of incidence of these genetically inherited disor-
deis is estimated to be around 1 in each 4000-5000 live births.

Lysosome: first described by Christian de Duve, in 1555, as a particle containing enzymes
‘with lytic properties. It is a membrane-enclosed compartment containing over 60 hydro-
lytic enzymes that digest macromolecules. Presently, the lysosome is known to play acru-
cial role in a series of processes in addition to cellular digestion, including phagocytosis,
endocytosis, autophagy, salvage and ubiquitin-proteasome degradation.
Mucopelysaccharidoses (MFSs): subgroup of LSD caused by the absence or malfunctioning
of the lysosomal enzymes responsible for breaking down glycosaminoglycans (formerly
called mucopolysaccharides) — long chains of sugar carbohydrates involved in the pro-
cesses of building bone, cartilage, tendons, corneas, skin and connective tissue,

Enzyme replacement therapy {ERT): medical treatment that consists of replacing the defec-
tive enzyme in patients suffering from particular storage diseases. This is usually done by
giving the patient an intravenous infusion containing the recombinant enzyme. ERT is cur-
rently available for some LSDs. This treatment does not affect the underlying genetic de-
fect, but increases the concentration of enzyme in which the patient is deficient.
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