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LIST OF ABBREVIATIONS

2’0-mePS 2’0O-methylphosphorotioate

adRP autosomal dominant retinitis pigmentosa
AON antisense oligonucleotide

ASSEDA automated splice site and exon definition analysis
BMD Becker muscular dystrophy
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CypA cyclophilin A

DMD Duchenne muscular dystrophy

ERT enzyme replacement therapy

ESE exonic splice enhancer

ESS exonic splice silencer
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NGS next generation sequencing

NMD nonsense-mediated decay

NNS neural network splice

PAS periodic acid Shiff
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polyY polypyrimidine tract

Pre-mRNA messenger RNA precursor

PRPF pre-mRNA processing factor

rhGAA recombinant human GAA
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SF splice factor

SMA spinal muscular atrophy

SMaRT spliceosome-mediated RNA trans-splicing
SMRTseq single molecule real-time DNA sequencing

SNP single nucleotide polymorphism
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UTR

small nuclear RNA
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splicing regulation online graphical engine
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splice variant

untranslated region
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INTRODUCTION

Genetic variation between humans is caused by the occurrence of sporadic variants in
the DNA of individuals. Whenever these changes occur in the germ-line, they are inherited
by the next generation. These processes are important for evolutionary changes and
sustained variability within species. However, these changes can also lead to disease.
To date, approximately 180,000 germline disease-related lesions have been described in
the Human Gene Mutation Database, which occur in more than 30% of human protein-
coding genes and are associated with human disease (http://www.hgmd.cf.ac.uk). With

the advent of new next generation sequencing (NGS) techniques, many more variants and
genes that are linked to disease are likely to be added to this database, broadening our
understanding of genotype/phenotype relations. However, there is an enormous pace at
which new potentially pathogenic variants are discovered, and functional consequences of
these variants are difficult to investigate. Understanding the basic mechanism underlying
disease caused by pathogenic variants is critical for development of therapies. This
introduction highlights the current practice in genetic diagnostics in regard to functional
investigation of variants, with a focus on variants that affect splicing. Furthermore,
therapeutic strategies that modulate splicing are exemplified, highlighting the potential of
antisense oligonucleotides in the treatment of Duchenne muscular dystrophy and spinal
muscular atrophy. Current practice in genetic diagnostics and therapeutics of one particular
monogenic disorder, Pompe disease, will be used as an example.

DIAGNOSIS OF MONOGENIC INHERITED DISORDERS

Inherited monogenic disorders are often caused by ectopic protein expression and/or
protein activity of one or more proteins. The underlying cause of these changes can be
traced back to the gene coding for that particular protein. The methods for identification
of disease etiology have dramatically improved over the last century. A paradigm example
is the discovery of the biological and genetic cause of Pompe disease. Pompe disease
was first phenotypically described by the Dutch physician Johannes Cassianus Pompe
in 1932 (1). Later, the cause was identified as a loss of activity and/or expression of
the acid a—glucosidase (GAA) protein (2). The underlying genetic origin was unraveled
after identification and cloning of the GAA gene, which encodes the GAA protein
(3, 4). Thus far, more than 400 pathogenic variants have been described in the GAA gene
(www.pompecenter.nl). Many other genes have been linked with various diseases through

similar steps due to the direct functional link between the affected protein and the patient
phenotype. In the absence of such link, other techniques are used for gene discovery,
including linkage analysis and homozygosity mapping. With the advent of sequencing
techniques based on Sanger sequencing (5), and later massive parallel sequencing,
sequence variations underlying genetic disease can be readily identified for many disorders.
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Sequence variations associated with disease can exert their pathogenic effect in various
ways. Single nucleotide polymorphisms (SNPs), in which the nucleotide at one specific site
is exchanged for another, account for more than half of the variants presented in the HGM
database (http://www.hgmd.cf.ac.uk). Other variants are deletions and/or insertions of any

size. The effect of a variant on protein expression and activity depends on the nature of
the variant. For instance, missense variants, which cause amino acid changes, often have
a less deleterious effect than nonsense variants, which generate premature stop codons.
Furthermore, a variant can also effect splicing of messenger RNA precursor (pre-mRNA). In
some cases, more than one effect can be exerted by a sequence variant, e.g. a missense
variant can also effect splicing. This makes it difficult to predict what the effect of a variant
on protein expression/activity is.

SPLICING AND HUMAN DISEASE

Of all variants that are annotated in the Human gene variation database, 16.356 entries
are variants which are believed to alter canonical splicing (HGMD, February 2016)
(Box 1). These account for 9.1% of all disease-associated variants in the database.
Although splice switching variants seem to account for only a small portion of all known
variants, caution should be taken. The data entered in HGMD is biased due to the methods
used for finding pathogenic variants. In the early days of sequence analysis, functional
analysis of reverse transcribed mRNAs using PCR techniques were often employed for
finding variants that alter the length of mMRNA transcripts. The first dataset of identified
pathogenic splice variants presented 101 variants affecting splicing, accounting for more
than 15% of all variants identified up to that point (6). However, functional genetic screening
using RNA as a template was impractical to test for pathogenic variants. Furthermore, it
relies on levels of expression in cell lines analyzed. Due to the easy standardization of
genomic DNA isolation, Sanger sequencing of genomic DNA became the gold standard in
genetic diagnostics. A drawback of this approach is that the functional effect on splicing of
any type of variant is easily missed. Due to the high number of common SNPs (minor allele
frequency of >1%) present in intronic regions, exonic sequences are prioritized for detection
of missense and nonsense variants, leading to an overrepresentation of these variants in
current mutation databases. Indeed, a recent survey shows that approximately 25% of
missense and nonsense variants described in the HGM database may have an effect on
splicing (7), suggesting that one third of all pathogenic SNPs in the database potentially
affect splicing. Furthermore, a functional investigation of all knowns variants present in a
single exon in BRCA2 and MLH?1 yielded a high percentage of variants that affect splicing
(42% and 77%, respectively) (8, 9). One mathematical model even suggests that up to
62% of all disease causing variants affect splicing (10). These data indicate that the effect
of pathogenic variants on splicing of pre-mRNA may be considerably underestimated.
Variants that lead to abnormal splicing can exert their effect in trans or in cis.
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Trans-acting variants affect proteins and/or Ribonucleoproteins (RNPs) that are part of
the splice-regulatory mechanism. These factors regulate splicing of many genes and
thus tend to have a more global effect. An example of a disease in which these trans-

BOX 1: PRE-MRNA SPLICING IN HUMANS VIA THE
SPLICEOSOME

Current estimates state that the human genome contains 20,687 protein-
coding genes (99). However, the number of proteins is estimated to be much
greater. Processes responsible for this protein diversity include alternative
promoter usage, alternative transcription termination, alternative splicing,
and post translational modification. Transcripts of >90% of protein-coding
genes produce multiple splice-isoforms. Splicing constitutes the removal
of non-coding intronic sequences and ligation of coding exonic sequences
to produce mature mRNA species, which encode for specific proteins. The
differential inclusion of exons results in multiple MRNA isoforms and ultimately
in protein diversity. This is a highly regulated process orchestrated by the
spliceosome, a highly dynamic RNA/protein complex, and by additional
splicing factors. There are two known spliceosome complexes, the major
and the minor spliceosomes. The major spliceosome is responsible for the
splicing of 95.5% of all introns and is the main topic of this box. The function
of the minor spliceosome is reviewed in (100). The major spliceosome
consists of the small nuclear ribonucleoproteins (snRNPs) U1, U2, U4, U5
and U6, which assemble in a specific order. Conserved splice elements are
present in native RNA including the 5’ and 3’ splice sites, the branchpoint
site, the polypyrimidine tract (PolyY), and exonic or intronic splice enhancers
(ESEs, ISEs) or silencers (ESSs, ISSs), which can be recognized by the
spliceosome and other splice regulatory factors (figure 1A). U1 recognizes
the splice 5’ splice site, while U2 recognizes the branchpoint and 3’ splice
site. These are then brought together by the action of the U4, U5 and U6
snRNPs (Figure 1B). Two transesterification reactions follow in which the
intron lariat is cut and exons are ligated together (reviewed by (101)). The
activity of the spliceosome is further regulated by transacting factors that (de
dan en als van het Nederlands) bind to splice regulatory elements within the
RNA molecule. These regulatory elements are recognized by a plethora of
splicing factors, which can either promote or suppress exon recognition. The
combination of positive and negative signals determines whether splicing
can take place.
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Figure 1. Regulation of splicing. (a) cartoon depicting elements within the pre-mRNA. These elements can be
well conserved sequences (3’ and 5’ splice site and the polyY tract), or more loosely defined sequences (exonic or
intronic splice enhancers (ESEs, ISEs) or silencers (ESSs, ISSs)).These elements can be bound by splicing factors
(SF), which in turn have a positive or negative influence on recognition of the exon they regulate. Binding sites of
two major splicing components, U1 and U2 are indicated. Theoretically, any variant residing within the pre-mRNA
sequence of a gene can cause changes in splicing outcome, as is shown in the lower cartoon with red crosses. Beige
boxes are exonic regions, lines represent intronic regions. A represents the branch point site. (b) The subsequent
steps of splicing out an intronic region from pre-mRNA leading to generation mature mRNA. The assembly and
disassembly of the most important components of the major spliceosomal complex are indicated.

effects are common is autosomal dominant retinitis pigmentosa (adRP), a condition in
which degeneration of the retina leads to blindness in affected patients. Various variants
in a number of pre-mRNA-processing factors (PRPFs) have been linked to the disorder
(11). Although these PRPFs are expressed ubiquitously, expression in retinal tissue is
significantly upregulated due to the relatively high level of constitutive mRNAs in this tissue,
rendering these cells sensitive for variants in these proteins (12).

Cis-acting variants reside in pre-mRNA transcripts and alter splice regulatory elements,
which shifts the canonical splicing equilibrium. These variants can lead to loss of
recognition of existing elements by splicing factors, or a new splice regulatory element can
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be generated. The most important and well conserved splice elements for correct splicing
are the two intronic dinucleotides at the 5’ and 3’ borders of splice sites, the sequence
of which is a GT or AG dinucleotide, respectively. More than 99% of exons have these
consensus splice site sequences (13). Indeed, of all splicing variants in the HGM database
77% of variants located at the splice acceptor affect the AG dinucleotide and 64% affect
the GT dinucleotide at the splice donor site (14). Pathogenic variants in one of these four
bases are common. An example can be found in the CFTR gene. According to the Cystic
Fibrosis Mutation Database 93 pathogenic variants lay within these two dinucleotide
sequences (15). These variants lead to loss of exon recognition by spliceosomal factors and
cause aberrant splicing via exon skipping, or lead to the usage of alternative splice sites
(Figure 1B). The polypyrimidine tract is another well-defined splicing element, comprising
a pyrimidine nucleotide rich stretch of approximately 15 to 20 bases, and is located 5 to
40 bases before the splice acceptor site. A well described polypyrimidine tract mutation
has been identified in Pompe disease patients. The c.-32-13T>G variant in the GAA gene
results in (partial) skipping of exon 2, resulting in a reduction of normal transcripts from
this allele (16-19). Most variants that are known to influence splicing reside in these well-
defined regions. However, variants that affect splicing do not necessarily have to be in
close proximity to these elements. Variants that reside in less conserved splice elements
like exonic or intronic splice enhancers and silencers (ESE, ISE, ESS, ISS) can be found
at some distance from the splice sites of the exon that they regulate. An example can be
found in variants identified to affect splicing of NF71 exon 9, causing Neurofibromatosis
type 1, in which several variants were found that alter splicing through mutation of exonic
splice regulatory elements (20). Furthermore, variants can potentially generate a new splice
site irrespective of its distance to the canonical splice site, which could affect splicing of
the canonical exons (21, 22). Variants that affect less defined splicing elements are often
misinterpreted due to the lack of diagnostic functional assays testing splicing. Deep intronic
variants are missed completely, because diagnostic sequencing in monogenic disorders
is limited to the sequencing of coding regions from genomic DNA of a gene. RNA-based
assays would resolve these issues and seem to be a promising part of the toolkit in future
diagnostics (23).

POTENTIAL THERAPEUTIC STRATEGIES FOR
SPLICING INTERVENTION

Splicing plays an important role in transcription regulation and a great number of factors
is involved in the splicing process. This makes splicing an attractive target for therapeutic
intervention. The process of splicing can be manipulated in multiple ways with the use of
therapeutic agents. This form of interference can be used to either up- or downregulate
expression of targeted mRNA transcripts. The small molecule Spliceostatin A has been
tested for its ability to globally inhibit splicing by targeting the splicing factor 3B (SF3B)
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subunit of the U2 snRNP, leading to cell cycle arrest in G1 and G2/M phase (24). These
findings could have implications for the treatment of multiple types of cancer. A compound
with more specific splice switching capacity was discovered in a drug screen to identify
small compounds that can improve SMN2 exon 7 inclusion for the potential treatment of
spinal muscular atrophy (discussed in more detail below). The screen identified Aclarubicin
as a compound improving exon 7 inclusion (25). These findings suggest the potential of
using small molecules for targeting the splicing machinery. However, a drawback of the
use small molecules is that they have a global effect on splicing, and thus the chance of
off target effects is substantial. Therefore, techniques that target aberrant splicing events
caused by specific variants are preferred. Another option for correcting aberrant splicing
caused by the presence of splice altering variants is spliceosome-mediated RNA trans-
splicing (SMaRT). This technique is based on the property of the spliceosome to enable
the combination of transcripts from two independent RNA-molecules to form one mRNA
transcript. SMaRT was proven to be effective after integration of introduced exogenous
pre-mRNA products into the endogenous mRNA resulting in the generation of corrected
full length CFTR mRNA transcript in a proof-of-concept study (26). Although SMaRT has
been proven to be a feasible strategy for splice correction in vitro and in mouse models for
multiple disorders, including Huntington’s disease (27), inherited tauopathy (28), and p53-
defective cancers (29), the process of trans-splicing rarely occurs in humans (30). Another
specific and promising way to influence splicing can be accomplished with antisense
oligonucleotides (AONSs). These are oligonucleotides consisting of 15 to 30 RNA and/or DNA
bases which can target and block splicing elements in pre-mRNA sequences. To prevent
the AONs from being degraded by RNAses and DNAses, they have a modified backbone.
The first AONs used carried a 2’0O-methylphosphorotioate (2°0-mePS) backbone and
were targeted against cryptic splice sites in mMRNAs transcribed from mutated B-globin
gene (31, 32). Currently, the most frequently used backbone chemistries are 2°0O-mePS,
2’0-methoxyethyl (MOE), Morpholino (PMO) and peptide nucleic acids (PNA) (33).
Recently, a promising new type of backbone chemistry, tricyclo-DNA, was also tested
in vivo (34). Further modifications can be made to improve uptake, like cell penetrating
peptides (reviewed in (35)) and nanoparticles (reviewed in (36)), and efficacy. For many
disorders AON mediated therapy is currently being developed, including Hutchinson-
Gilford progeria syndrome (37), type | Usher syndrome (38), Cystic Fibrosis (39) and cancer
(reviewed in (40)). Particular progress has been made in the development of antisense
therapeutics for Duchenne Muscular Dystrophy (DMD). DMD is a disease that results in
severe muscle wasting, leading to loss of ambulation, cardiomyopathy and/or respiratory
failure to which patients succumb before the age of 30 (41). The disease is caused by the
impairment of expression of functional dystrophin protein, which is normally expressed in
the muscle and acts as a bridge between the sarcolemma and the actin filaments driving
muscle contraction. Dystrophin is transcribed from the dystrophin (DMD) gene, which is
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located on the X chromosome and is one of the largest genes in the human genome with a
genomic length of 2.5 megabases and 79 exons. The genetic cause of DMD can be found
in partial deletions in the gene (65% of variants), point variants (25%) and insertions (6
to 10%) (42). Almost all pathogenic variants linked to DMD disease cause the generation
of a premature termination codon due to either a reading frame shift or the presence of
a nonsense variant. This leads to nonsense-mediated decay of the mRNAs produced,
resulting in abrogated dystrophin expression. However, a milder phenotype of the disease,
known as Becker Muscular Dystrophy (BMD) is caused by deletions that leave the reading
frame intact (43). This causes shortening of the protein, but due to its modular structure it is
still partially functional. This led researchers to believe that restoration of the reading frame
could partially restore dystrophin function in DMD patients, which results in the milder BMD
phenotype. To this end, antisense oligonucleotides were designed to block splicing of
certain exons in the dystrophin gene in order to restore the reading frame (example shown
in Figure 2A) (44-46). Furthermore, generation of 15 AONs targeting multiple DMD exons
enabled the potential restoration of the reading frame for more >50% of DMD patients

A
ESE
— 4951 [52 Frameshift — PTC
Dystrophin e
— 49 [52 Restored reading frame
B £
— 6 |8 A Exon 7 — not functional
SMN2

6 (7 Jos—{8 > & 8 normal transcript

Figure 2. The use of antisense oligonucleotides in two well studied diseases. (a) Schematic representation of
a representative allele in a patient with Duchenne Muscular Dystrophy. This patient has a deletion encompassing
exon 50 in the Dystrophin gene. This deletion variant leads to skipping of exon 50 in the Dystrophin mRNA transcript,
leading to a frame shift (represented by the missing triangle). Restoration of the reading frame is achieved via AON
mediated skipping of exon 51 by blockage of an exonic splice enhancer (ESE). (b) Spinal Muscular Atrophy is caused
by variants in the SMN1 gene, leading to dysfunctional SMN protein. The pseudogene SMN2 contains a specific
synonymous variant in exon 7 which leads to skipping of this exon in 90% of transcripts. Blockage of an intronic
splice silencer (ISS) in intron 7 rescues this missplicing, leading to normal transcripts and functional SMN protein
production.

(47). The efficacy of AONs in vivo was confirmed with partial restoration of dystrophin
expression in a mdx mouse model, both by local (48) and systemic administration (49,
50). Further investigation led to the start of multiple clinical trials, both with the 2’0OmePS
backbone (under the name of Drisapersen, by Prosensa) (51, 52) and the PMO backbone
(under the name of Eteplirsen, Sarepta) (53, 54). Both AONs showed promising results
in Phasel/ll trials. However, the Phase lll trial for Drisapersen failed to meet the primary
endpoint. Although disappointing, much could be learned from these trials including better

definition of primary outcomes and overall setup of such trials (55). In addition, these trails
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were all started some time ago. Much progress has been made in recent years in the field
of AON research, improving both efficacy and delivery of these antisense compounds.
Another disease in which AONs show a promising therapeutic approach is Spinal
Muscular Atrophy (SMA). After cystic fibrosis, SMA is the most common autosomal
recessive inherited disorder with a prevalence of a more than 1 in 10.000 (56). The disease
is caused by loss of motorneurons in the anterior horn of the spinal cord, which in severe
cases leads to death before the second year of life due to respiratory failure (57). Currently,
no curative treatment is available for the disease and care is restricted to supportive and
symptomatic attention. The genetic cause of SMA can be found in homozygous deletions
or variants in the SMN17 gene (58). Some residual protein expression often remains due to
a large inverted duplication on Chromosome 5q, which encodes for one or more SMN2
gene copies. Only a small amount of full length SMN2 mRNA expression is produced from
this gene due to a synonymous point mutation in SMN2 exon 7, leading to the conversion
of an exonic splice enhancer into an exonic splice silencer (59). In the background of
weakly conserved canonical exon 7 3’ and 5’ splice sites, polypyrimidine tract and branch
point sequences, this change from a ESE to an ESS results in extensive skipping of SMN2
exon 7 (SMN2A7) in mRNA transcripts from this gene, although 10% of correct splicing
remains (60, 61). Severity of the disease is scaled from type 0 as most severe, which
is fatal in utero or short after birth, to type IV with only mild symptoms but normal life
expectancy. Disease severity correlates with the amount of SMN2 gene copies present
(62). Furthermore, disease severity can be linked to the presence of variants that affect
the splicing equilibrium of SMN2 exon 7 (63). Since the discovery of the aberrant splicing
present in transcripts from the SMN2 gene, researchers have hypothesized that rescue
of aberrant SMN2 pre-mRNA splicing could lead to disease rescue. Currently, research
focusses on the AON mediated correction of SMN2 exon 7 exclusion. Several studies
have investigated potential pre-mRNA targets for restoration of canonical SMN2 splicing
(64, 65). The optimal target is an intronic splicing silencer element present from base 10
to 24 in intron 7, termed ISS-N1 (Figure 2B) (66). Blockage of ISS-N1 site with 2°0-mePS
AON:Ss resulted in upregulation of SMN2 canonical pre-mRNA splicing. The efficacy of the
AON was further demonstrated in vivo in SMN1 knockout mice carrying two copies of
human SMN2 (67) and in non-human primates (68), justifying further investigation of the
AON in clinical trials. Phase I/ll clincical trials are currently ongoing in which lonis-SMNRx
(or Nusinersen), a 2’-O-methoxyethyl modified AON developed by lonis Pharmaceuticals/
Biogen which targets ISS-N1, is delivered intrathecally in SMA type |, Il and Il patients .
First results indicate good safety and tolerability, which warrants further investigation (69).

POTENTIAL OF AON MEDIATED THERAPY IN POMPE DISEASE

As mentioned above, Pompe disease is an autosomal recessive inherited monogenic
disorder caused by variants present in the GAA gene, which encodes for the GAA protein.
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Figure 3. Leaky wild-type splicing due to the IVS1 variant in Pompe disease. (a) Schematic representation of the
GAA gene. Brown boxes are 3’ and 5’ UTRs, beige boxes are exonic regions, black lines are intronic regions. Grey
boxes indicate the genomic regions screened in diagnostics to identify variants. The location of the IVS1 variant is
indicated. (b) Representative RT-PCR gel from a patient carrying the IVS1 variant. The cartoon next to the gel depicts
the specific spliced products indicated in the gel. (c) Graph depicting the measurement of GAA enzymatic activity in
155 individuals. Healthy controls do not have a lower activity than 40 nmol/hr/mg protein with an average of 123 nmol/
hr/mg protein. Juvenile and adult Pompe patients do not have a higher GAA enzymatic activity then 27 nmol/hr/mg
protein with an average of 15 nmol/hr/mg protein.

The gene constitutes an 18 kb stretch on the long arm of chromosome 17 (Figure 3A).
Currently, more than 400 (potentially) pathogenic variants have been described in the Pompe
mutation database (http://www.pompecenter.nl) of which 54% are missense, 22% are

deletions or duplications, 15% affect splicing, and 9% are nonsense. The presence of these
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variants leads to partial or complete loss of GAA enzymatic activity leading to accumulation
of glycogen in the lysosome, and particularly affects muscle tissue. It is a rare disease with
an estimated incidence of 1 in 40.000 newborns (70, 71). A clinical spectrum of severity is
observed in patients with Pompe disease (70, 72). The very severe early onset (or classic
infantile) form, which accounts for approximately 10% of all patients, is characterized by
symptoms of generalized muscle weakness, and hypertrophic cardiomyopathy and often
results in death within the first year of life through cardiac or respiratory insufficiency, if left
untreated (73, 74). The childhood/adult onset (or non-classic) form of Pompe disease has
a wide spectrum of onset ranging from infancy to late in adulthood. Non-classic Pompe
patients have symptoms ranging from hypotonia, limb-girdle weakness, and involvement
of the diaphragm resulting in fatigue, wheelchair- and ventilator dependency, but they lack
hypertrophic cardiomyopathy (75, 76). Pompe disease is generally diagnosed by measuring
residual GAA enzymatic activity from dried blood spots (77), directly from muscle biopsies
(78), in leukocytes (79), and cultured primary skin fibroblasts (80). For further confirmation,
genomic DNA sequencing of the coding region of the GAA gene can be performed for
identification of pathogenic variants (figure 3a, grey area’s), after which the pathogenicity
of the variants can be determined by cDNA expression analysis for missense variants or
via in silico prediction (Box 2). Recently, newborn diagnostic screening for Pompe disease,
which is based on the dried blood spot assay, has become standard practice in a number
of countries, including ltaly, Japan and Taiwan (81). Research is currently ongoing for the
enrolment of Pompe disease in panels for prenatal screening (82). Another frequently used
diagnostic assay is pathological staining of muscle biopsies for acid phosphatase and
Periodic Acid Schiff (PAS) staining. Other markers have been investigated for their potential
utilization in Pompe disease diagnostics, including identification of lysosomal glycogen
accumulation in muscle biopsies using electron microscopy (83) and PAS staining of
monocytes (84).

Soon after the discovery that GAA deficiency causes Pompe disease, the idea was
raised to treat the disease by replacement of the enzyme with functional GAA protein (85,
86). However, these first trials did not result in clinical benefit. New insights revealed that
this was caused by ineffective targeting of the enzyme in muscle tissue due to suboptimal
glycosylation of GAA, which hampered receptor mediated uptake. The advent of new
techniques that allow large-scale production of recombinant human GAA (rhGAA) led
to production of the enzyme in Chinese hamster ovary cells, which in turn resulted in
better glycosylation leading to improved uptake of rhGAA via the mannose-6-phosphate
receptor (87). In 1999 the original hypothesis was proven by rescue of the phenotype in
Pompe mice after administration of rhGAA isolated from transgenic rabbit milk (88). Further
development led to the first clinical trial for enzyme replacement therapy (ERT) rhGAA in
early onset Pompe patients, which showed improved survival for all four patients tested
without experiencing adverse effects , warranting further study (89). Clear improvement
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BOX 2: USE OF PREDICTION ALGORITHMS FOR
PREDICTION OF THE EFFECT OF A VARIANT.

Functional assays for the detection of variants affecting pre-mRNA splicing
are currently not widely used in diagnostics of monogenic disorders. This
is mainly caused by the difficulty to implement RNA based assays in the
diagnostic workflow and the limited availability of specific tissue samples.
Another easier way to test the impact of a variant on splicing is by using
in silico splice prediction algorithms. Algorithms for the prediction of
branchpoint, 3’ and 5’ splice sites are often based on specific characteristics
seen in these well characterized splice-elements, e.g. sequence conservation
(102, 103), maximum entropy distribution (104) and machine learning
techniques (105, 106). Various splice prediction algorithms for detection of
these conserved splice elements have been extensively reviewed in (107).
A number of algorithms are currently available for the prediction of splice
enhancer and splice silencer elements. Prediction of ISEs, ISSs, ESEs
and ESSs are much more difficult due to their low sequence conservation,
and the limited availability of functional data on these sites. A much used
tool for the prediction of enhancer-elements is the ESEfinder algorithm
(108). The algorithm is based on results from functional assays in which
sequence evolution was performed to find optimal motifs for promotion of
exon inclusion by specific factors (109, 110). Another algorithm that is often
used for the prediction of exonic splice enhancers is Rescue ESE, which
is a method based on motif comparison (111). Methods for identification
of potential splice silencer sequences are also available. Sironi’s motif can
be implemented for prediction of both intronic and exon splice silencer
elements, and are purely based on motif recognition (112). The algorithm
was designed based on the differences in motifs present in unspliced
pseudo-exons in comparison to normally spliced exons to find sequences
that have a negative effect on exon inclusion. This strategy was also used
for the generation of an algorithm that can discriminate between silencer
and enhancer elements (113). With the presence of a plethora of splice
prediction algorithms, it is difficult for investigators to choose which one
should be used. Different algorithms can have contradicting outcomes.
For user convenience, several platforms have integrated multiple splice
prediction tools to provide a better view on the effect of splicing. Two online
platforms, Human Splicing Finder (HSF, (114)) and the Splicing RegulatiOn
Online GraphicaL Engine (SROOGLE (115)), integrate multiple tools to
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analyze sequences for the presence of splicing elements, albeit in different
ways. HSF shows the outcome of specific algorithms separately, but within
one screen as an overview. However, in SROOGLE outcomes of different
algorithms are combined and give a significance score, which is then
visualized along the input sequence. Various sequence analysis software
packages are now also equipped with integrated splice prediction tools,
which all have their own approach of how to visualize prediction outcomes,
further facilitating integration of splice-prediction into the clinical diagnostics
toolkit. Although splice prediction remains an indirect tool for evaluating the
effect that sequence variations have on splicing, and verification of predicted
effects need to be functionally validated, prediction will continue to be a
valuable part in genetic diagnostics. Furthermore, continued optimization
of prediction algorithms will ensure more accurate prediction capabilities,
which will help in improving our understanding of splicing in general.

was seen in a phase Il trial for ERT in early onset Pompe disease (90). Finally ERT with
rhGAA (Myozyme®, Genzyme Corporation, a Sanofi company, Cambridge MA, USA) for
the treatment of Pompe disease was approved by the FDA in 2006. Although outcomes
vary for classic infantile Pompe patients, mostly due to adverse immune responses against
rhGAA, a clear benefit is seen for this group of patients (91). A systematic review of clinical
trials with Myozyme in juvenile and adult onset Pompe patients indicates that ERT is well
tolerated and at least partially effective, with improvement or stabilization of ventilatory
and/or ambulatory support in two-thirds of patients (92). However, caution needs to be
taken as another report states that juvenile and adult patients improve in the first two years
of treatment, but begin to decline after this period (93). In an observational clinical study
over a period of 5 years, similar results were obtained with stabilization in most, but not
all non-classic Pompe patients (94). These findings indicate that juvenile and adult Pompe
patients show heterogeneous response to ERT, warranting further research to new types
of treatment. Currently, a number of new treatment options have been under investigation,
including improved versions of ERT (95), chaperone-mediated improvement of mutant
GAA (96), gene therapy approaches (97), and use of AONs for lowering glycogen synthesis
(98). In this thesis, we focused on antisense mediated therapy to correct a splicing defect
caused by the most prevalent mutation in Pompe disease, the c.-32-13T>G (IVS1) variant.
This variant has a high prevalence in the Caucasian population ranging from 40-70%
of Pompe patients. It is located in the polypyrimidine tract 13 bases upstream of GAA
exon 2 and causes aberrant splicing by weakening the recognition of the canonical splice
acceptor site of exon 2 (Figure 3a) (16-19). This results in complete or partial skipping of
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the exon in approximately 85-90% of GAA transcripts (Figure 3B). 10-15% of the GAA
mRNA is normally spliced from the IVS1 allele, resulting in some residual GAA enzymatic
activity. However, in combination with a deleterious mutation present on the second
allele, the residual combined activity of approximately 10-15% is often insufficient for
adequate glycogen clearance, leading to juvenile or adult onset Pompe disease (figure 3C).
Restauration of canonical splicing could lead to an maximum increase of 50% of normal
protein activity from the IVS1 allele, which would be sufficient for rescue from the disease,
highlighting the potential of AON mediated therapy for this particular variant.

AIMS AND SCOPE OF THE THESIS

Aim

The number of gene lesions that affect pre-mRNA splicing are estimated to be considerably
underrepresented in the human gene mutation database. This is a result of insufficient
functional investigation of the effect that these lesions may have on the splicing process.
The aim of this thesis is to investigate such effects by investigating splicing of the GAA
gene in patients with Pompe. Moreover, a better understanding of the effect of aberrant
pre-mRNA splicing in these patients could lead to the development of new AON based
therapy by targeting these aberrant splicing events to restore wild type splicing.

Scope

Functional assays for the unbiased detection of aberrant pre-mRNA splicing in patients
with Pompe disease are currently rarely used. In Chapter 2, we describe a PCR based
assay that can be used for the unbiased detection of splicing defects in patient derived
primary fibroblasts. The assay was able to identify aberrant splicing events, including
splicing events that were not predicted using in silico splice prediction programs.

Further optimization of the splicing assay was achieved in Chapter 3, in which
cycloheximide treatment of patient fibroblasts resulted in identification of aberrant splicing
events that would normally not be detected due to their degradation by the nonsense-
mediated decay pathway. Utilization of the splice splicing assay resulted in the detection
of previously unidentified variants in two patients. Furthermore, the precise mechanism of
pathogenicity of a GAA variant common in the Asian population was detected, leading to
the successful targeting of an AON to partially rescue GAA enzymatic activity.

In Chapter 4 we used the splicing assay for the identification of an unknown variant on
one allele of a Pompe disease patient. We detected mis-splicing in this patient to be caused
by a deep intronic variant that would not be detected in conventional diagnostic genomic
DNA sequencing. We used an AON to correct aberrant splicing, leading to elevation of GAA
enzymatic activity above the disease threshold. Furthermore, we tested AONs targeting
cryptic splice sites that were identified in chapter 2 leading to improved GAA activity in two
additional patients, underlining the potential of AON mediated therapy.
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In Chapter 5 we investigated the potential of AON mediated therapy for restoration of

aberrant splicing caused by the common IVS1 variant. With a U7 screening assay we were

able to identify a specific AON target site, which resulted in upregulated wild-type splicing
after blockage with an AON. These findings emphasize the possibility for treating 1VS1
patients with AON therapy.
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ABSTRACT

Identification of pathogenic variants in monogenic diseases is an important aspect of
diagnosis, genetic counseling, and prediction of disease severity. Pathogenic mechanisms
involved include changes in gene expression, RNA processing, and protein translation.
Variants affecting pre-mRNA splicing are difficult to predict due to the complex mechanism
of splicing regulation. A generic approach to systematically detect and characterize effects
of sequence variants on splicing would improve current diagnostic practice. Here, it is
shown that such approach is feasible by combining flanking exon RT-PCR, sequence
analysis of PCR products, and exon-internal quantitative RT-PCR for all coding exons.
Application of this approach to one novel and six previously published variants in the
acid a-glucosidase (GAA) gene causing Pompe disease enabled detection of a total of
eleven novel splicing events. Aberrant splicing included cryptic splice site usage, intron
retention, and exon skipping. Importantly, the extent of leaky wild type splicing correlated
with disease onset and severity. These results indicate that this approach enables sensitive
detection and in-depth characterization of variants affecting splicing, many of which are
still unrecognized or poorly understood. The approach is generic and should be adaptable
for application to other monogenic diseases to aid in improved diagnostics.
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INTRODUCTION

Identification of variants involved in human inherited disease is important for diagnosis,
prediction of disease severity, and genetic counseling. Around 7000 rare genetic diseases
are known, and in approximately 50% of cases the gene involved has been identified (1).
At present, over 148000 variants have been deposited and include missense/nonsense
variants (55%), small deletions (15%), splicing variants (9%), gross deletions (7%), and
other variants at lower frequency (http://www.hgmd.cf.ac.uk/ac/index.php). Detection

of variants may be missed in diagnostic settings that involve sequencing of the exons
only. This would exclude detection of variants in promoters, UTRs, or introns, which may
affect gene expression, RNA stability, or pre-mRNA splicing. Improved methods for DNA
sequencing result in the identification of an increasing number of sequence variants of
which the potential pathogenic nature must be determined. With the exception of nonsense
variants, it is difficult to predict the effect of other types of variants. Coding variants can
be easily studied by introducing the variant in the cDNA from a gene of interest and testing
the effect on protein activity in a transient transfection assay. It would be valuable to apply
a routine functional approach that would detect aberrant RNA expression or processing
without the need for prior DNA sequence analysis and targeted analysis of that variant.

The difficulty to predict the effects of variants on pre-mRNA splicing is related to the
complex mechanism of splicing regulation. Many cis-acting elements that are located
either close to or more distant from the splice sites may be involved. These include the
polypyrimidine tract, branchpoint, and loosely defined regulatory elements present in
either exons (exonic splicing enhancers and exon splicing silencers) or introns (intronic
splicing enhancers and intronic splicing silencers) (reviewed in (2)). A number of splicing
prediction programs exist (3-6), but they produce different predictions for the same variant,
obscuring data interpretation. Furthermore, when weakening of a splice site is likely from
in silico predictions, the effect on alternative splicing is difficult to predict, and may include
exon skipping/inclusion, intron retention, utilization of a cryptic splice site, or generation of
a novel splice site. The outcome is important for the pathogenic nature of the variant. For
example, perfect skipping of an exon while the reading frame is unchanged may generate
a truncated protein with significant residual function, while a change of the reading frame
results in a premature termination codon leading to mRNA degradation via the Nonsense-
Mediated Decay (NMD) pathway (7).

In this study, a generic approach has been developed for the identification and
characterization of variants affecting splicing and mRNA expression in a fast, cheap, and
accurate manner. It relies on a combination of RT-PCR, gPCR, and sequence analysis
using standard reactions amenable to validation in a diagnostic setting. The approach has
been applied to Pompe disease (Glycogen Storage Disease Il (GSDII); MIM# 232300), an
autosomal recessive monogenic disease caused by variants in the acid a-glucosidase (GAA)
gene (MIM# 606800, reviewed in (8)). Although >460 GAA variants have been described
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(http://www.pompecenter.nl), and at least 38 variants have been predicted to affect

splicing, only a few splicing variants have been fully characterized (9-13). Pompe disease is
caused by failure to degrade lysosomal glycogen, resulting in glycogen accumulation that
is particularly harmful for cardiac and skeletal muscle cells. Severe variants that completely
abrogate GAA enzyme activity cause a classic infantile disease course with hypertrophic
cardiomyopathy, general skeletal muscle weakness, and respiratory failure and result in
death within 1.5 years of life. Milder variants leave partial GAA enzyme activity resulting
in a milder phenotype with onset varying from childhood to adult (14,15). In general, a
higher residual enzyme activity in primary fibroblasts is associated with later onset of
Pompe disease (16). Enzyme replacement therapy (ERT) has been developed for Pompe
disease, in which recombinant human GAA protein is administered intravenously (17,18).
This treatment can rescue the lives of patients with classic infantile Pompe disease (19)
and delay disease progression of patients with later onset (20-22), but the effects are
heterogeneous. One important prognostic factor for the success of ERT is the stage of
disease at the time of diagnosis combined with the severity of the GAA genotype. The
detection and analysis of the pathogenic nature of sequence variants can therefore be
relevant for the nature and timing of therapeutic intervention.

Application of the approach to three previously characterized Pompe patients confirmed
published information. Testing of the effects of previously partially or uncharacterized
variants present in five patients resulted in the detection, characterization, and quantification
of novel splicing products that could be linked to disease phenotype. The approach is
generic and should be applicable to other monogenic diseases as well. The information
obtained is useful for confirmation of diagnosis, prediction of disease severity, and genetic
counseling.

MATERIALS AND METHODS

Analysis was performed as part of diagnostic practice with informed consent of Pompe
patients and a healthy control. NM_000152.3 was used as reference sequence for GAA
mRNA. NP_000143.2 was used as a reference for GAA protein. c.1 represents the first
nucleotide of the coding region of the GAA mRNA . The coordinates for the genomic
GAA sequence used are chr17:80,101,556-80,119,880 (hg38). Nomenclature was
according to HGVS standards (23). All variants are listed in our Pompe Mutation Database
(http://www.pompecenter.nl). Cell culture, DNA and RNA analysis were performed

using standard conditions. Splicing predictions were performed using Alamut Visual
v.2.4.2 (interactive software). The activity of GAA in fibroblasts was measured with
4-methylumbelliferone (4-MU)-a.-D-glucopyranoside as substrate as described previously
(14). A more detailed description of Materials and Methods can be found in the Supporting
Information.
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RESULTS

A generic approach to detect aberrant splicing

A number of variants that may affect pre-mRNA splicing can be predicted using several
algorithms, but 1) this is not the case for all variants; 2) the molecular consequences
of alternative splicing are very difficult to predict; and 3) predictions must be verified
experimentally. The standard experimental approach is to use total RNA from primary
cells such as fibroblasts and to perform RT-PCR of individual exons that are suspected
to be affected, based on the location of the variant. Aberrant PCR products obtained are
sequenced to define new splice site boundaries. We reasoned that currently available
methods in principle enable a generic approach to experimentally identify and verify bona
fide splicing variants. The approach consists of two parts. First (Figure 1, left), a generic
RT-PCR is performed of the mRNA of interest using standard primers that flank each
individual canonical exon (flanking exon PCR). The products are separated by agarose
gel electrophoresis. Changes in product size are indicative of alternative/aberrant splicing.
Splicing junctions can be precisely determined using sequencing of products isolated from
gel or by direct sequencing of the PCR reaction. It should be noted that the flanking exon
PCR is at most semi-quantitative and yields primarily qualitative information on the identity
of the aberrantly spliced products. Second (Figure 1, right), a standard gPCR is performed
to quantify each individual coding exon (exon-internal gPCR). Primers that anneal within
each exon are used. Results are normalized for B-Actin mRNA and for expression in a
healthy control. The results quantify exon skipping/inclusion, and may also indicate
whether a splicing variant allows leaky wild type splicing.

Development and validation of the approach

Healthy control

As previously determined, GAA-activities in healthy individuals can range between 40 and
160 nmol 4-MU/hr/mg protein (8). To develop the approach, cells from a healthy control
were tested first. This individual showed GAA enzyme activity of 122.4 nmol 4-MU/hr/
mg protein, representing an average activity within this range (Table 1). To detect splicing
junctions and exon sizes, flanking exon PCR analysis was performed on cDNA prepared
from primary fibroblasts using primers that annealed to flanking exons (Figure 2A and
Supp. Table S2). Gel electrophoresis and ethidium bromide staining showed the correct
molecular weight products in all cases. This indicated canonical splicing for all exons
in these cells. Some additional products were observed at minor amounts, notably, just
above exon 6 and 7. Sequence analysis indicated that these represent products in which
intron 6 was retained. The products were observed in this healthy control as well as in
most Pompe patients studied and may indicate noisy aberrant splicing, which is a known
phenomenon (24). Individual coding exons 2-20 (the translation start codon is localized
in exon 2) were quantified using exon-internal gPCR (Figure 2E). Values were normalized
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for B-Actin expression (as measured by gPCR analysis), and were then ready to use for

normalization of patient samples.

Patients 1, 2, and 3

The approach was validated using variants with known effects on RNA expression and
splicing. A detailed description is provided in the legends to Supp. Figures S1, S3, and S4

Gene of interest

pre-mRNA — — —

Splicing

mRNA ) T 3

' 4

RT-PCR, primers around each exon

Separate PCR products

Exon number

N

3 4 5

Sequence PCR Products
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Figure 1. Workflow for the generic analysis of splice site variants. Qualitative analysis of changes in splice
site usage is performed by PCR using primers annealing to the flanking exons (flanking exon PCR), followed by
sequencing (left part). Quantitative analysis of aberrant splicing products is performed using primers annealing within

each exon (exon-internal gPCR; right part).
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and a brief description is given below. Patient 1 harbored the c.-32-13T>G (IVS1) splicing
variant on one allele, and the ¢.1636+5G>T variant, which induces NMD, on the other
allele. The three major splicing variants normal (N), splicing variant (SV)2, and SV3 caused
by the IVS1 allele were identified by flanking exon PCR, and leaky wild type splicing of
10-20% was quantified using exon-internal gPCR, in agreement with previous reports
(10,12,13) (Supp. Figure S1 A-C, F). In addition, an isoform-specific gPCR method was
developed that allowed quantification of the splicing variants separately. This confirmed
NMD of SV2 and SV3 (Supp. Figure S1D,E). All five splicing prediction programs used
here (SpliceSiteFinder-like (SSF), MaxEntScan (MES), NNSplice (NNS), GeneSplicer (GS)
and Human Splicing Finder (HSF)) failed to detect an effect of the IVS1 variant on splicing
(Supp. Figure S2A).

Patient 2 was homozygous for the c.525delT variant, which undergoes NMD (25).
Flanking exon PCR detected low levels of products for all exons, which were not derived
from genomic DNA contamination (Supp. Figure S3B). This enabled identification of the
c.525delT variant by sequence analysis (Supp. Figure S3A, D). Exon-internal gPCR analysis
showed expression of 3-9% for all exons relative to the healthy control (Supp. Figure S3C).

Patient 3 carried a well-known deletion removing the entire exon 18 plus its flanking
sequences (del ex18, or ¢.2481+102_2646+31del) on one allele, and c.1548G>A (26), a
nonsense variant which induces NMD, on the other allele. This case is interesting because
the splice sites of exon 18 are removed. Flanking exon PCR confirmed that the del ex18
variant resulted in the precise skipping of exon 18 with a normal splice junction between
exon 17 and exon 19, as reported previously (27) (Supp. Figure S4A, B, D). Exon-internal
gPCR analysis showed expression (relative to healthy control) of 3% of the ¢.1548G>A
allele and 40-50% of the del ex18 allele, the product of which was in-frame (Supp. Figure
S4C). GAA enzyme activities were consistent with leaky wild type splicing and adult
disease onset in patient 1, and absence of leaky wild type splicing and classic infantile
Pompe disease in patients 2 and 3 (Table 1). Splicing products are summarized in Table
2. Taken together, these results validate that the approach can be used for the detection

Table 1. Laboratory diagnosis of Pompe patients included in this study.
GAA activity in primary

Variant allele 1 Variant allele 2 ggfﬂgﬁztg';:rﬁyz di’:gﬁ::is Onset
MU/hr/mg protein)

Control - - 122.4 - none
Patient1 ¢.-32-13T>G (IVS1)  ¢.1636+5G>T 14.1 59 years adult
Patient 2 c.525delT c.525delT 1.3 0.5 months infantile
Patient 3 ¢.1548G>A €.2481+102_2646+31del (del ex18) 0.1 3.5 months infantile
Patient4 ¢.-32-3C>G C.1551+1G>A 6.9 8.5 years juvenile
Patient5 ¢.1075G>A c.1075G>A 0.6 8.5 months infantile
Patient 6 ¢.1552-3C>G €.1552-3C>G 12.6 16 years juvenile
Patient 7 ¢.1437G>A c.1437G>A 3.0 37 years adult
Patient 8 ¢.1256A>T c.1551+1G>T 5.4 1.3 years juvenile

Reference sequence used for cDNA annotation is NM_000152.3
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and identification of normal and aberrant splicing products, for their quantification, and
for prediction of disease severity. The sensitivity of the approach can allow sequence
identification of a variant inducing NMD.

Characterization of novel splicing variants
Next, a number of patients were analyzed that contained partially characterized or
uncharacterized variants.

Patient 4
Patient 4 contained a novel variant at ¢.-32-83C>G located in intron 1 close to the splice
acceptor site of exon 2 (Figure 2C). This variant is suspected to affect splicing of exon 2

GAA Exon number GAA Exon number
A M2 345678 91111213141516171819 M B m"2 345678 910111213141516171819° M
Healthy control Patient 4
= o - o
= bl — = o
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e T T 00 - = 50
= —— —— - 400 — - — -
= - - - = ---- - ‘-- - =
-0
- 7 - 200
-0 -5 - 10 —_
(S €.-32-3C>G D €.1551+1G>A
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Figure 2. Splicing analysis of a healthy control and Pompe patient 4. A) Flanking exon PCR analysis of a healthy
control. Exon numbers are indicated above the lanes. PCR products were separated by electrophoresis on an agarose
gel. Asterisks indicate alternative splicing events detected in both healthy individuals and in Pompe patients. B) As A),
but for Pompe patient 4. Numbers besides the bands refer to the products analyzed in further detail (see below). C)
Cartoons of the genomic variant (upper cartoon) and the splicing variants 6, 7 and 8 (lower cartoons, boxed) detected
for patient 4. The translation start site is indicated as c.1. Exons are indicated as boxes. Non-coding exons are in
brown, coding exons in green. Introns are depicted as lines. A broken line is used to indicate that the intron is longer
than in this drawing. An alternative splice site at c.486 is indicated. D) As C, but now for splicing variants 9 and 10. E)
Exon-internal qPCR analysis. B-actin was used for normalization. Values obtained from the healthy control were set
to 100%. Error bars indicate SD (n=3).
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based on its similarity to the published c.-32-3C>A variant (28). In this study, a perfect skip
of exon 2 was reported. Splicing prediction programs indicated that the c.-32-3C>G variant
weakens the splice acceptor site of exon 2 for some but not all programs (Supp. Figure
S2C). The second allele contained a previously reported (29) but uncharacterized variant at
¢.1551+1G>A which is located in intron 10 close to the splice donor site of exon 10 (Figure
2D). Based on the similarity to the published ¢.1551+1G>C variant (12,30), the c.1551+1G>A
variant is suspected to affect exon 10 splicing. Splicing prediction programs indicated loss
of the splice donor site of exon 10 (Supp. Figure S2C).

The results of the flanking exon PCR analysis indicated aberrant splicing of two exons: exon
2 and exon 10 (Figure 2B). Amplification of exon 2 resulted in 3 major products, numbered
6-8, and sequence analysis indicated that these products included wild type splicing, partial
skipping of exon 2 via the cryptic splice acceptor site at ¢.486 in exon 2, and perfect skipping
of exon 2, respectively (Figure 2C and Supp. Figure S5A). This indicates that two independent
variants in intron 1, namely c.-32-13T>G, which is located in the polypyrimidine tract, and
¢.-32-3C>G, located near the splice acceptor site, have the same qualitative outcome with
respect to exon 2 splicing. Splicing prediction programs were insufficient to accurately predict
this outcome. Flanking exon PCR amplification of exon 10 resulted in two major products, 9
and 10 (Figure 2B). Sequence analysis showed that product 9 contained wild type junctions
between exons 9, 10, and 11, and that product 10 represented precise skipping of exon 10
mRNA (Figure 2D and Supp. Figure S5B) in which the reading frame remains intact.

To determine the extent of splicing defects, exon-internal gPCR was performed. Exon 10
was expressed at ~6%, while all other exons were expressed at ~50% of healthy control
levels (Figure 2E). This is consistent with the idea that the majority of mRNA is derived from
the ¢.1551+1G>A allele in which exon 10 is skipped. The shorter product has an unchanged
reading frame and is expected to be stable. In contrast, the c.-32-3C>G allele results in
(partial) exon 2 skipping, which is known to result in mRNA degradation analogous to the
IVS1 variant. The c¢.-32-3C>G allele has only a minor contribution to the exon-internal gPCR
results. Its contribution can be judged from exon 10 expression, which can result from leaky
wild type splicing of the c.-32-3C>G variant. However, an alternative source for exon 10
expression is leaky wild type expression of the ¢.1551+1G>A allele. The very low level of
exon 10 expression indicates that both the c.-32-3C>G and the ¢.1551+1G>A have low or
absent levels of leaky wild type expression. This indicates that the ¢.-32-3C>G variant may
be more severe compared to the IVS1 variant, as the IVS1 variant allows a higher level of
wild type splicing of 10-20% (Supp. Figure S1C). In contrast to the situation with e.g. the
c.525delT allele of patient 2, in which residual mRNA still carried a deletion and concomitant
reading frame shift, the low levels of residual MRNA expression in patient 4 reflect wild type
mRNA. In agreement, the clinical course of Pompe disease indicated a juvenile onset for this
patient, consistent with a low level of wild type GAA expression and GAA enzyme activity
levels that were lower compared to adult onset patients (Table 1).
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Patient 5

Patient 5 was homozygous for c.1075G>A, which is a p.G359R missense variant located at
the last base pair of exon 6 (Figure 3B) (31). This variant has been classified as presumably
nonpathogenic with possible effects on splicing (32). It is located near the splice donor
site of exon 6, and splicing prediction analysis indicated weakening of this site and
strengthening of a cryptic splice donor site 4 nucleotides upstream (Supp. Figure S2D).

Flanking exon PCR analysis showed absence of a product for exon 7, low levels of
the other exons, and a low level of a low MW product for exon 2 (Figure 3A). Based on
the predictions and on the location of this variant in exon 6, we suspected that splicing
junctions around exon 6 and 7 may be altered. In agreement, sequencing of the exon 6
PCR product (product 11) showed that the cryptic splice donor site in exon 6 located 4
nucleotides upstream at ¢.1071 was used instead (Figure 3B and Supp. Figure S6B). This
explains the absence of a product for exon 7, as the forward primer for exon 7 amplification
has 4 mismatches due to the changed splice donor site. Remarkably, the flanking exon
PCR assay failed to detect leaky wild type splicing for this variant. This would have resulted
in the presence of a wild type band for exon 7 amplification, which was not observed. To
further investigate splicing of exon 7, an alternative forward primer (QPCR GAA Exon 6
forward, see Supp. Table S3) located in exon 6 was used. The expected product was now
obtained, and showed splicing from ¢.1071 in exon 6 to the canonical splice acceptor
site of exon 7 (Supp. Figure S6A), as was observed for sequence analysis of product 11
(data not shown). The reading frame of the resulting mRNA has been changed leading
to a premature termination codon (Table 2). The low MW product obtained with exon 2
amplification has not been pursued further. It may be caused by a yet unidentified intronic
variant. Alternatively, wild type GAA mRNA is known to have leaky exon 2 skipping, the
product of which may be preferentially amplified because of mMRNA degradation due to the
¢.1071 variant.

Quantification of GAA mRNA expression using the exon-internal gPCR assay showed
that all GAA exons were expressed at very low levels, well below levels observed for the
IVS1 variant but just above the levels observed for the ¢.525delT variant (Figure 3G). This
confirmed the notion that leaky wild type splicing levels in this patient are very low or
absent, while the majority of the mRNA is unstable. In agreement, very low GAA activity in
fibroblasts was measured and the patient was diagnosed with the classic infantile form of
Pompe disease (Table 1).

Patient 6

Patient 6 carried a homozygous ¢.1552-3C>G variant. This variant is located in intron 10
close to exon 11 (Figure 3D). Flanking exon PCR analysis showed aberrant splicing of
exon 10 with three major products (12-14; Figure 3C). Sequence analysis indicated that in
product 14, exon 10 was completely skipped while a splice acceptor site near exon 11 at
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Figure 3. Splicing analysis of Pompe patients carrying homozygous variants. A) Flanking exon PCR analysis of
patient 5. B) Cartoons of the genomic variants and the splicing variant detected for patient 5. C) Flanking exon PCR
analysis of patient 6. D) Cartoons of the genomic variant and the splicing variants detected for patient 6. E) Flanking
exon PCR analysis of patient 7. F) Cartoon of the genomic variant and the splicing variant detected for patient 7. G)
Exon-internal gPCR analysis of patients 5, 6, and 7. Error bars indicate SD (n=3).

¢.1552-30 was utilized (Figure 3D and Supp. Figure S6C). This mRNA leaves the reading
frame intact (Table 2). Product 13 was identified as wild type spliced mRNA. Product 12
consisted of MRNA in which the complete intron 10 was retained. The reading frame is
disrupted in this splicing product. While products 13 and 14 have been detected previously
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(83), product 12 is novel. Interestingly, splicing prediction programs were ambivalent on
predicting the extent of utilization of the canonical or the cryptic splice acceptor sites
of exon 11 (Supp. Figure S8F). A priori, weakening of the splice acceptor site of exon
11 would not be expected to result in the skipping of exon 10. Instead, two products
seemed more likely: one in which the splice donor site of exon 10 splices to the cryptic
acceptor at ¢.1552-30, resulting in extension of exon 11 with a part of intron 10 and further
normal splicing. The other expected product would be a perfect skipping of exon 11. The
completely different outcome illustrates that experimental validation is required to analyze
the molecular consequences of potential splicing variants.

Quantification of splicing defects was performed with the exon-internal gPCR assay.
This showed expression of all exons at ~20% of healthy control levels (Figure 3G). No
extra reduction of exon 10 expression was observed, suggesting that the majority of
mRNA included exon 10, favoring products 12 and 13 over 14. The presence of leaky wild
type splicing (product 13) is consistent with residual GAA enzyme activity and the milder
phenotype of this patient with late juvenile onset Pompe disease (Table 1). In conclusion,
¢.1552-3C>G results in several splicing defects around exon 10 and intron 10, and it allows
leaky wild type splicing compatible with juvenile onset disease.

Patient 7
Patient 7 was homozygous for ¢.1437G>A, a silent variant located at the splice donor site
of exon 9 (Figure 3F). Flanking exon PCR analysis showed two products instead of one
for exon 9 amplification, and low yields for exon 8 and exon 10 amplification (Figure 3E).
Sequence analysis indicated that product 15 represented wild type spliced exon 9, while
in product 16, exon 9 was perfectly skipped, resulting in a shorter transcript in which the
reading frame was unchanged (Figure 3F and Supp. Figure S6D). As expected from its
location, the ¢.1437G>A variant was predicted in silico to weaken to splice donor site of
exon 9 (Supp. Figure S2E). Products of exon 8 and exon 10 amplification had correct sizes
but lower yield because exon 9 had reduced availability to serve as template for annealing
of the reverse PCR primer (for exon 8) or the forward PCR primer (for exon 10).
Quantification using exon-internal gPCR showed near-normal (70-80% of control)
expression levels for all exons except for exon 9, which showed expression of only 5%
of healthy control. This suggests expression of 5% residual wild type mRNA that should
allow expression of low levels of wild type GAA enzyme. In agreement, residual GAA
enzyme activity was measured to be 3 nmol/hr/mg, which is consistent with non-classic
infantile onset (Table 1). It is remarkable that this patient was diagnosed at the age of 37
years, as other patients with higher enzyme activity showed juvenile disease onset. This
may indicate the existence of Pompe disease modifying factors, as suggested previously
(11,34). In summary, the ¢.1437G>A variant results in precise skipping of exon 9 leaving the
reading frame intact, and allows a low level of leaky wild type GAA splicing.
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Characterization of a complex case: patient 8

Genotype

Patient 8 contained the missense variant c.1256A>T on allele 1. It is located in the middle
of exon 8, results in p.D419V, and has been classified as mildly pathogenic (Figure 4B,C)
(32). The 2™ allele contained a ¢.1551+1G>T variant, which is located in intron 10 close
to the splice donor site of exon 10 (32). It resembles the ¢.1551+1G>A variant described
above for patient 4 (Figure 4D).

Analysis of splicing products

Flanking exon PCR analysis indicated multiple PCR products from amplification of exons
8, 9, and 10 (Figure 4A). All these products were analyzed by sequencing (Supp. Figure
S7). This indicated the presence of wild type exon 8 splicing (product 17) and utilization
of a novel splice donor site in exon 8 at ¢.1254, which is located 2 nt upstream of the
c.1256A>T variant (product 18 in Figure 4B and product 20 in Figure 4C). The c.1256A>T
variant generated a consensus GT dinucleotide splice donor site. This donor spliced from
between nucleotides ¢.1254G and ¢.1255G to the canonical splicing acceptor site of exon
9 and the resulting reading frame was unchanged (Table 2). Splicing prediction programs
indeed showed that ¢.1254 turned into a splice donor site due to the c.1256A>T variant
(Supp. Figure S2G). The canonical splice donor site of exon 8 remained unchanged, and
it was unclear which of the two sites would be preferred from in silico predictions using
Alamut. In fact, prediction of relative splice site strengths using ASSEDA (35) showed
that the strength of the novel cryptic splice donor site was negligible (Ri of 2.4) relative
to the canonical splice donor site of exon 8 (Ri of 5.2) (data not shown), which was the
opposite of the results found in vivo. Product 21 represented wild type splicing of exon
10, while product 22 was the result of perfect exon 10 skipping in which the reading frame
remained intact (Figure 4D and Supp. Figure S7). Loss of the exon 10 splice donor site by
the ¢.1551+1G>T variant was consistent with splicing predictions (Supp. Figure S2G), but
the precise outcome remained unclear from in silico analysis.

Evidence for low levels of leaky wild type splicing

Along with the exon-internal gPCR analysis described below, the flanking exon PCR
assay provides information on the severity of the variants via the relative intensities of
the products. These can be explained based on the identification of the splicing products
(Figure 4B-D) and on the locations of the primers used for amplification (Supp. Figure S7).

Exon 7

Detection of exon 7 is performed with a forward primer that anneals to the 3’ end of exon
6 and a reverse primer to the 5’end of exon 8 (Supp. Figure S8). The 5’end of exon 8 is
retained in all cases while the 3’part is spliced out in the c.1256A>T allele. Flanking exon
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PCR detection of exon 7 should therefore not be affected in this patient and this was
indeed the case (Figure 4A).

Exon 8

Flanking exon PCR primers used for detection of exon 8 anneal to exon 7 and 9 (Supp.
Figure S8). Both exons are not affected in this patient predicting that all splicing alterations
of exon 8 itself should be detected in a semi-quantitative manner. Indeed, a strong wild
type product (number 17) was detected, dominated by allele 2, and a slightly weaker
smaller product 18 was detected due to the novel cryptic splice donor site at ¢.1254 in
allele 1. Assuming that maximally 50% of product 17 can be derived from allele 2, its
stronger abundance compared to product 18 therefore suggests that allele 1 has leaky
wild type splicing.

Exon 9

PCR primers for detection of exon 9 by flanking exon PCR anneal to the 5’ part of exon 8,
which is the part that is not skipped in allele 1, and to exon 10, which is completely skipped
in allele 2 (Supp. Figure S8). This complicates detection of exon 9 from these two alleles: a

GAA Exon number

M s A & 2 = © 6 1n 171 17 13 A4 At 12 29 10 1a)
A M2 3 456 7 8 910111213141516 17 18 19'M B
€.1256A>T
- Genomic -—‘ﬂ’/;-
- Patient 8 - >
= = 500
= = %8 N
= — Product 17 Ve L
— 17.19 21 . i 1254
- Loy LT ] ’
— - - =
— - - 00
- --’?:_- = ™ |Product 18 S =
1820 1 100 .
22 - = primer
C €.1256A>T
Genomic [ —— (NS} —— (N
E  200% aExon2
- =Exon3
Product 19 S Y _.180% T* Exon 4
s ° I =Exon5
2
c.1254 ‘g 160% ]ll " =Exon 6
Product 20 //L //L .;; 140% | - ::2:;
~ £ L]
- =primer _E.") 120% | =Exon9
= Exon 10
D €155141G>T $ 100% - =Exon 11
Genomic [EEII— 5 80% [ Ceonis
z
k4 Exon 14
= g- 60% - Exon 15
Product 21 /S H
— c 40% | =Exon16
] Exon 17
- w 20% | mExon 18
Product 22 //— o Exon 19
- 0% T » mExon 20
= = primer Healthy Control Patient 8
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product from allele 1 would be shorter than normal due to the partial skipping of exon 8. A
product from allele 2 is not possible due to the precise skipping of exon 10, because this
exon is required for primer annealing. The predominant product obtained was the shorter
product number 20 which was derived from allele 1. However, a small amount of wild type
product number 19 was also observed. This indicates that at least one of the two alleles
allows leaky wild type splicing.

Exon 10

Flanking exon PCR analysis of exon 10 is performed with primers annealing in exon 9 and
exon 11, both of which are unaffected. The result therefore reflects the splicing alterations
of exon 10 in a semi-quantitative manner. Product 21 representing wild type splicing was
the most abundant, while product 22 in which exon 10 was perfectly skipped was slightly
less abundant. Because exon 10 splicing of allele 1 is unaffected and can account for 50%
of wild type product, this result suggests that allele 2 also has leaky wild type splicing
similar to allele 1.

Quantification using exon-internal gPCR analysis

Quantification of MRNA expression of each exon revealed that all exons except exons 8
and 10 showed approximately two-fold higher abundance compared to the healthy control.
Exons 8 and 10 were expressed at 2-fold lower levels with respect to the other exons but
still at 80-120% of the levels of the healthy control. This indicates high mRNA expression
in this patient. RNA from allele 1 (1256A>T) shows partial skipping of exon 8 resulting in
failure of detection of a gPCR product. The detection of residual exon 8 is therefore derived
from allele 2 (c.1551+1G>T), expected to contribute 50%, and the remaining expression
is likely derived from leaky wild type splicing from allele 1. The same rationale applies to
detection of exon 10. In this case, expression was close to 50% relative to other exons,
suggesting that the c.1551+1G>T variant allowed much lower levels of wild type splicing.
It should be noted that it is unclear why this patient shows 2-fold higher GAA expression
relative to the healthy control, and whether this increase applies to both alleles to similar
extents. This patient has a juvenile disease onset consistent with low levels of residual wild
type expression of GAA mRNA and of GAA enzymatic activity (Table 1).

In summary, patient 8 contained two splicing variants. c.1256A>T is a missense variant
in exon 8 that causes p.D419V and in addition generates a novel splice donor site at
c.1254, resulting in partial skipping of exon 8 and in leaky wild type splicing. However, the
leaky ‘wild type’ product still contains the p.D419V variant which has been reported to
lower the activity of the corresponding protein (32). Therefore, c.1256A>T has a dual effect:
it affects both splicing and enzyme activity of the remaining wild type protein product.
¢.1551+1G>T is located in intron 10 and causes perfect skipping of exon 10 and in leaky
wild type splicing. The juvenile onset of Pompe disease suggests that both variants are
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moderately to severely pathogenic. This is consistent with the GAA enzyme activity levels,
which are lower compared to adult onset patients.

DISCUSSION

A generic approach is described for the analyses of pathogenic variants at the level of
RNA expression and splicing. It includes flanking exon PCR combined with sequencing to
identify aberrant splicing products, and exon-internal gPCR to quantify exons at the RNA
level. Although individual techniques are known and straightforward, these have so far not
been combined and applied in a standardized manner to analyze the pathogenic nature
of human gene variants. The approach has been developed for Pompe disease but can
be adjusted for application to other monogenic disorders. Application of the approach to
five partially or uncharacterized Pompe patients identified novel major splicing products
in all cases, and enabled the quantification of leaky wild type splicing, which correlated
with disease onset and progression. Splicing prediction programs were largely unable to
make accurate predictions. This approach is cheap and simple and should be suitable for
implementation in the routine diagnosis of monogenic diseases including Pompe disease.

The approach provides three levels of information. First, aberrant splicing products can
be detected in an unbiased and functional manner. This expands the options for detecting
splice site variants as current human variant analysis is based on prior knowledge and often
involves sequence analysis of exons. Second, all splicing products can be sequenced.
Sequencing of all products is recommended in a diagnostic setting to detect small
changes in splice site utilization that cannot be detected by agarose gel electrophoresis.
This is illustrated by the detection of a splice site switch of 4 nucleotides in patient 5
harboring the c.1075G>A variant. Another reason to sequence the products is to determine
whether the reading frame is left intact or not, which predicts whether mRNA degradation
via the NMD pathway may occur. Third, mRNA levels and the presence of each exon in
the mRNA can be quantified by exon-internal gPCR. This provides quantitative information
on mRNA expression and stability, and on the level of leaky wild type splicing. Besides
splicing variants, variants present in regulatory regions like promoters and the UTRs should
in principle also be detected using the exon-internal gPCR analysis.

Some limitations of this approach include the following. The first and the last exons
cannot be analyzed by flanking exon PCR. A GC-rich sequence, which occurs frequently in
the first exon, may prevent exon-internal gPCR analysis. This is the case for GAA exon 1.
Solutions include: i) other analyses of the approach that provide information on the missing
exon. Variants in exon 1 that affect splicing may affect exon 2, which can be detected by
flanking exon PCR. Effects on mRNA expression or stability should be detected using the
exon-internal gPCR analysis of the remaining exons. ii) A variant-specific PCR strategy
may be developed as shown in Supp. Figure S1D, E. Another limitation is that the approach
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is based on the analysis of RNA, which is not always available. On the other hand, at any
moment a skin biopsy may be obtained, and the establishment of a fibroblast culture from
such biopsy is a routine technique. The effect of a splicing variant may depend on the cell
type and/or whether certain genes are expressed in a cell type-specific manner (36). In the
case of Pompe disease, expression of GAA is ubiquitous. However, it remains possible that
splicing and/or mRNA stability differs between primary fibroblasts and the most affected
cells, which include cardiac and skeletal muscle cells in the case of Pompe disease. Finally,
certain aberrant splicing events may be missed by this approach. When one allele is fully
expressed, it may dominate in the flanking exon PCR assay over expression of the second
allele undergoing RNA degradation. Alternatively, a large aberrant splicing product may
be formed that is outcompeted by smaller PCR products in the flanking exon PCR assay.
False positive results can be minimized as shown by the —RT flanking exon PCR results,
which failed to detect background PCR products (Supp. Figure S3B). Taken together,
whereas the false positive rate of the approach is likely very small, false negative results
should be taken into consideration.

Alternative assays include exon arrays, deep RNA sequencing or expression of
minigenes containing part of the gene of interest. Exon arrays contain oligonucleotide
probes to detect exons or exon junctions to which the labeled sample is hybridized (37-
39). This method is useful for initial screening but it cannot provide the same level of
information obtained with the PCR-based methods described here. Sequence variants
including SNPs that do not necessarily affect mRNA expression/processing may affect
hybridization to the array. A quantitative analysis can therefore be difficult. This information
is useful for estimating the extent of leaky wild type splicing, which can have a predictive
factor for disease severity. Deep RNA sequencing provides precise information on RNA
splicing and processing (40-42). For a good sequence coverage of all exons, in-depth
sequencing must be performed, which increases the costs and can be a challenge for
lowly expressed genes. Minigenes can be used when tissues of interest are difficult to
obtain (43). Although this method can be very useful for the analysis of splicing variants, it
is also time consuming. For these reasons, the implementation of exon arrays, deep RNA
sequencing, or minigenes in a standard diagnostic setting have not been widespread so
far.

Previously characterized variants including the del ex18 and the IVS1 variant have been
confirmed by the approach. The IVS1 variant yields three major products (10,12,13), all of
which were accurately detected. Alternative splicing forms are known to exist as well but
these are expressed at low levels. It is interesting to note that the IVS1 variant has a rather
poor genotype-phenotype relationship (44). This variant allows leaky wild type splicing
preventing the most severe classic infantile form of Pompe disease, but the onset of the
disease can vary from early childhood to late adulthood. It is at present unknown what the
underlying mechanism is for these differences. One could speculate that the level of leaky
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wild type splicing in vivo in skeletal muscle cells varies between these patients, caused by
variations in the expression or activity of splicing regulatory proteins. This will be interesting
for future research.

Significant amount of novel information has been obtained using the approach (Table 2).
(i) The c.525delT variant is a very severe variant resulting in undetectable GAA protein levels.
It has therefore been classified as a CRIM (cross reactive immunologic material) negative
variant: because the patient does not express any GAA protein, a severe immunological
response to intravenous treatment with recombinant enzyme can occur (45). Surprisingly,
all full size exons could be detected by flanking exon PCR (Supp. Figure S3A), and exon-
internal gPCR also detected low levels of MRNA expression for all exons. This indicates that
the approach has high sensitivity and detected the low levels of mRNA that escaped NMD.
The premature termination codon in the ¢.525delT alleles however prevents production
of significant levels of (partial) protein from the remaining mRNA (25). (ii) Three exonic
variants have been found to induce pathogenic splicing events: c.1075G>A, ¢.1437G>A,
and c¢.1256A>T. This highlights the need for including exonic variants in the approach
described here to detect potential changes in mRNA expression/processing. (i) The c.-
32-3C>G variant presents an interesting case. It results in the same splicing products as
the IVS1 variant, with the exception that it does not allow detectable levels of leaky wild
type splicing. The mechanisms by which these two variants affect splicing are presumably
different. The IVS1 variant is located in the polypyrimidine tract, and interferes with the
in vitro binding of the general splicing factor U2AF65 (13,46). The c.-32-3C>G variant is
located close to the splice acceptor site of exon 2, and is therefore expected to interfere
with the binding of the U2snRNP complex to this site. These different mechanisms still
don’t explain why the IVS1 variant allows leaky wild type splicing while the ¢.-32-3C>G
variant does not. One might infer from this finding that variants that are located close to
a canonical splice acceptor or donor site are more likely to inhibit leaky wild type splicing
compared to variants in more distant regulatory regions. Closer analysis of the data from this
study suggest that this is not the case. Leaky wild type splicing has been detected in both
types of variants, including IVS1 (c.-32-13T>G), c.1552-3C>G, ¢.1437G>A (splice junction
site), c.1256A>T (in the middle of an exon), and ¢.1551+1G>T. Absence of detectable leaky
wild type splicing was the case for ¢.-32-3C>G, ¢.1551+1G>A, and c.1075G>A (splice
junction site). Overall, these results show that it is not possible yet to predict how splicing
is affected and to what extent leaky wild type splicing is allowed, highlighting the need for
functional validation.

Finally, these and other results show that splicing is a promiscuous process in which
noisy splicing (24) and leaky wild type splicing are often present. The implication is that
splicing should be amenable to modulation. For example small molecules targeting splicing
factors (47,48) may present a worthwhile therapeutic strategy to treat genetic diseases
caused by splicing variants.
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SUPPLEMENTARY MATERIALS AND METHODS

Patients and healthy control

Patients were diagnosed with Pompe disease based on clinical symptoms, GAA enzyme
deficiency, and variant analysis.

Nomenclature

Nomenclature is according to HGVS standards (http://www.hgvs.org/mutnomen/), checked
on 26 August 2014 (23).

Splicing Prediction

Splicing predictions were performed using Alamut Visual v.2.4.2 (Interactive Biosoftware),
which applies five algorithms: SpliceSiteFinder-like (SSF), MaxEntScan (MES), NNSplice
(NNS), GeneSplicer (GS) and Human Splicing Finder (HSF). Settings were identical to those
used for standard diagnostics by Molecular Diagnostics at the Department of Clinical
Genetics, Erasmus MC, Rotterdam, The Netherlands, and are provided in Supp. Table S1.
The five algorithms use different maximal scores. For comparison, scores were calculated
as % of the maximal score. A change of >10% in two or more algorithms was used as
threshold for significance. Relative splice site strengths were also predicted using ASSEDA
(http://splice.uwo.ca/; version August 2014) with a window range of 200 bases (35).

Cell Culture and cDNA preparation

Fibroblasts were isolated from skin biopsies of patients and a healthy individual. Cells
were cultured in DMEM High Glucose (Lonza) + 10% Fetal bovine serum (HyClone,
Thermo Scientific) + 1% penicillin / streptomycin (Lonza). Cells were grown in the presence
of 10% CO2, harvested with Trypsin/EDTA (Lonza), flash frozen and stored at -80°C. RNA
was isolated using the RNAeasy miniprep kit with on-column DNase treatment according
to the manufactor’s recommendations (Qiagen). 800 ng of RNA was used for generation
of cDNA using the iScript cDNA synthesis kit (Biorad). The cDNA solution was diluted 10
times before use.

Flanking exon PCR analysis

cDNA was amplified using FastStart Tag Polymerase (Roche). Primers were used at a
final concentration of 0.333 pM each, dNTPs at 0.333 mM each. The PCR program was
performed on a Biorad S1000 thermal cycler (96°C for 4 min, 35X [96°C for 20 sec, 60°C
for 30 sec, 72°C for 1 min], 72°C for 5 min); 5 pl of each PCR reaction was run on a 1.5%
agarose gel containing ethidium bromide. Gels were photographed on a Typhoon FLA
9000 gel imager (G&E Healthcare).

Exon-internal qPCR analysis

To determine the relative concentration of each sample, 4 pl of each cDNA sample (10
times diluted in H20) was processed in a 15 pl PCR reaction containing I1Q Mastermix
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(Biorad) and 0.333 pM of each primer. To account for the efficiency of each specific prim-
er set, all samples were related to a standard curve from the healthy control sample. All
samples were measured in triplicate and normalized against p-actin.

gPCR analysis of splicing isoforms

Primers were designed that specifically amplify splicing variants caused by the 1VS1
variant (Supp. Figure S1E and Supp. Table S3). For detection of the normal variant
(N), the forward primer annealed to exon 1, and the reverse primer to the beginning of
exon 2, which is the part that is retained in this variant but is removed by splicing in
the other two main variants. For detection of splice variant (SV) 3, the forward primer
partially annealed to exon 1 and partially to exon 2 after the cryptic splice site, while
the reverse primer partially annealed to exon 3 and partially to exon 2. For detection
of SV2, the forward primer partially annealed to exon 1 and partially to exon 3, and the
reverse primer to exon 3.

Quantitation was performed after normalization for B-actin using the delta-delta-Ct
method. This was the only possible way to compare expression levels of different iso-
forms with each other. A prerequisite for using this method was that the different gPCR
amplifications had similar efficiencies. This was indeed the case: efficiencies were 99%
(B-actin), 92% (N), 99% (SV2), and 103% (SV3).

Sequencing

Genomic DNA variants were identified at Molecular Diagnostics at the Department of
Clinical Genetics, Erasmus MC, Rotterdam, The Netherlands. Direct sequencing of
flanking exon PCR products was performed using the Big Dye Terminator kit v3.1 (Applied
Biosystems). To obtain pure DNA samples, PCR products visible on gel were stabbed
with a 20 pl pipet tip and DNA on the tip was resuspended in 10 pl H20. A 1 pl aliquot
was subsequently used in a new PCR (as described above) to obtain DNA from a single
template. Excess primers and dNTPs were removed using FastAP Thermosensitive
Alkaline Phosphatase (Thermo Scientific), according to the manufacturer’s protocol.
Samples were purified with sephadex G-50 (GE Healthcare) and the sequence was
determined on an AB3130 Genetic Analyzer (Applied Biosystems, Hitachi).

Time requirements

After development and validation of the approach for the gene of interest, the
following guidelines can be used for performing the analysis. Flanking exon PCR analysis
can be performed in one day for several patients simultaneously. Exon-internal gPCR and
sequence analysis can also be done in one day. When the variant has not been detected
by standard sequence analysis (involving the exons only), it may take longer to identify the
corresponding variant.
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Supplementary Figure S1. Analysis of Patient 1: verification of known splicing events and quantification of
splicing products. This patient was tested to validate whether a well-described splicing variant could be accurately
detected in primary fibroblasts using the approach described here. c.-32-13T>G is located in intron 1 close to the
splice acceptor site of exon 2, and causes aberrant splicing of exon 2, but also allows leaky wild type splicing
(10,12,13). The second allele of this patient carried the c.1636+5G>T variant. This variant is similar to the c.1636+5G>C
variant, which is known to be expressed at very low levels due to NMD, caused by intron 11 inclusion and a premature
termination codon (28). For this reason, the allele harboring the IVS1 variant is preferentially amplified in the splicing
approach described below. Flanking exon PCR analysis of exon 2 to 19 yielded three major products from exon 2
amplification (panel A). Numbers indicate splicing products that were sequenced, which indicated that product 1
represented full-length exon 2 with canonical splice junctions (panels B and F). Product 2 contained partially skipped
exon 2 due to the utilization of a cryptic splice acceptor site at c.486, while product 3 represented fully skipped exon
2 (panels B and F). These products correspond to the major splicing variants reported for the IVS1 variant, namely N
(product 1), SV3 (product 2) and SV2 (product 3) (10,12,13). The known minor IVS1 splicing variants are expressed
at levels too low to allow detection by flanking exon PCR and sequencing, consistent with previous reports (10,13).
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No aberrant flanking exon PCR products around exon 11 were observed, consistent with NMD of the products of the
c.1636+5G>T variant.

Exon-internal gPCR analysis for all coding exons showed 10-20% expression of exon 2 and all other exons (panel
C). This can be explained as follows. The IVS1 variant allows leaky wild type splicing of exon 2 (product 1 in panel
B) yielding a normal mRNA containing all exons, as noted previously (10,12,13). The two other major products 2 and
3 both result in the deletion of the canonical translation start site, which is located in exon 2. This leads to mRNA
degradation, resulting in minor contribution in the quantitative exon-internal gPCR assay, and predominant detection
of the leaky wild type GAA mRNA from the IVS1 allele.

Whereas the exon-internal gPCR enables quantification of individual exons, it cannot be used to quantify the
aberrantly spliced products. This requires the development of an isoform-specific gPCR method. To demonstrate
that this is feasible, we have developed a qPCR strategy to quantify the splicing products of exon 2 of patient 1.
The results are shown in panel D and the PCR strategy in panel E and Supp. Table S3. This shows that expression
in patient 1 of the N, SV3, and SV2 is 18%, 1%, and 3% of the healthy control, respectively. SV2 and SV3 were not
detected in the healthy control. The relatively low levels of SV2 and SV3 in patient 1 are most likely caused by NMD.
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Supplementary Figure S2. Splicing predictions using five algorithms (SpliceSiteFinder-like (SSF), MaxEntScan
(MES), NNSplice (NNS), GeneSplicer (GS) and Human Splicing Finder (HSF)) applied to wild type and variant
sequences.
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Supplementary Figure S3. Splicing analysis of patient 2: detection of RNA undergoing NMD and sequencing
of the corresponding variant. This patient was chosen to test the sensitivity of the approach. Due to a homozygous
¢.525delT variant, GAA mRNA expression is very low as a result of NMD (25). Surprisingly, flanking exon PCR analysis
showed that all exons could still be detected at the correct sizes, although at strongly reduced levels compared to the
healthy control (compare panel A and Figure 2A). Higher molecular weight products were also observed at even lower
levels. These may represent unspliced pre-mRNA species. Control reactions without reverse transcriptase ruled out
that these bands were derived from genomic DNA contamination (panel B). The absence of high levels of competing
GAA mRNA is the likely cause of PCR detection of both GAA mRNA and GAA pre-mRNA species.

To quantify the amount of residual mMRNA, exon-internal gPCR was performed and showed 3-9 % expression of
all exons relative to the healthy control (panel C). To validate that the obtained products in the flanking exon PCR
were specific and were not the result of contamination, the product obtained for exon 2 was sequenced. Indeed, the
product harbored the c.525delT variant, confirming that the flanking exon PCR products observed were derived from
the homozygous c.525delT cells (panel D). Although the exon-internal gPCR showed a minimum of 3% expression of
all exons, the reading frame shift in the mRNA that may have escaped degradation is expected to further reduce the
amount of wild type protein expression to near background levels. In agreement, GAA enzyme activity was 1.3 nmol/
hr/mg, consistent with the classic infantile onset of Pompe disease in this patient (Table 1).

In conclusion, the generic splicing approach for GAA can allow analysis and quantification of very low mRNA
expression. This is particularly relevant for mRNAs that are subject to degradation as the result of reading frame
alterations. Despite the low expression due to NMD, sequence analysis of the PCR product can still be used to
identify the corresponding variant.
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Supplementary Figure S4. Splicing analysis of patient 3 carrying the del ex18 variant. A third validation was
performed on a patient carrying a well-known deletion removing the entire exon 18 plus its flanking sequences (del
ex18, or ¢.2481+102_2646+31del) (27). This variant is interesting because the splice sites of exon 18 are removed.
Previous work has shown that a new mRNA is formed in which exon 17 is neatly spliced to exon 19 via canonical
splice sites (27). The translation reading frame of the resulting mRNA remains intact, suggesting that this mRNA is not
susceptible to degradation via the NMD pathway (Table 2). The second variant in this patient, c.1548G>A, generates
a termination codon in exon 10 (26). Its effects on mRNA expression have not been reported so far. The premature
termination codon is likely to result in low mRNA abundance from this allele.

Flanking exon PCR indicated changes for amplification of exons 17, 18, and 19 (panel A). Exon 18 amplification
yielded two products instead of one. Sequence analysis indicated that the highest MW product (number 4)
represented wild type spliced exon 18, while the lower MW product (number 5) lacked the entire exon 18, and exon
17 and exon 19 were joined via their canonical splice sites (panels B and D). Amplification of exons 17 and 19 yielded
lower amounts of the correct products compared to the healthy control. The reverse primer for amplification of exon
17 and the forward primer for amplification of exon 19 both anneal to exon 18, indicating that detection of exons 17
and 19 could not be derived from the delex18 allele but must have come from the c.1548G>A allele. This indicates
that the c.1548G>A allele is expressed to some extent, and it explains the detection of low levels of wild type spliced
exon 18 by flanking exon PCR.

To quantify expression from the c.1548G>A allele, exon-internal qPCR was performed and indicated 3% expression
of exon 18, while all other exons were expressed at ~40-50% of healthy control levels (panel C). This shows that
the c.1548G>A variant results in very low mRNA expression, as measured by the low level of exon 18 detection.
Expression of all other exons is derived from the del ex18 allele, which produces a stable mRNA in which exon 18
is precisely deleted. The deletion of exon 18 has been shown to result in disruption of enzymatic activity (27). The
3% mRNA expressed from the c.1548G>A allele still carries a premature termination codon and will therefore fail to
produce significant levels of wild type GAA protein. Indeed, this patient showed very low GAA enzymatic activity and
was diagnosed with classic infantile Pompe disease (Table 1).

In summary, the generic splicing approach also allows detection and characterization of exonic deletions. A dissection
can be made between two alleles by comparing the results of the flanking exon PCR and the exon-internal gPCR
assays.
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A Product Nr. 6 Product Nr. 6 Product Nr.7 Product Nr. 8

Exon 1 Exon 2 Exon 2 Exon 3 Exon 1 Cryptic Exon 2 Exon 1 Exon 3
CACGGAGCGG|GCCTGTAGGA CACTTCACG|ATCAAAGATC CACGGAGCGG|GACATCCTGA CACGGAGCGG|ATCAAAGATC

sl

B Product Nr. 9 Product Nr. 9 Product Nr. 10
Exon 9 Exon 10 Exon 10 Exon 11 Exon 9 Exon 11
GATTGGGAAG|GTATGGCCCG CATGTGGATT[GACATGAACG GATTGGGAAG|GACATGAACG

il 18

Supplementary Figure S5. Sequence analysis of flanking exon PCR products of patient 4. Product numbers
refer to the numbers indicated next to the bands in Figure 2B.
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Cryptic Exon 6 Exon7
CCTGGACGTT|GATACCCGTT

Exon 5 Exon 6
AATGCCATGGIATGTGGTCCT

C ProductNr. 12 Product Nr. 12 Product Nr. 12 Product Nr. 13 Product Nr. 14

Exon9 Exon 10 Exon 10 Intron 10 Intron 10 Exon 11 Exon 10 Exon 11

Exon 9 Cryptic Intron 10
GATTGGGAAGIGTATGGCCCG CATGTGGATTIGTAAGTGTGG TCTCTTGGAG|GACATGAACG CATGTGGATT|GACATGAACG

GATTGGGAAG|AGTCACCTAC

D Product Nr. 15 Product Nr. 15 Product Nr. 16

Exon8 Exon9 Exon 9 Exon 10 Exon8 Exon 10
GATCATCGTGGATCCTGCCA GATTGGGAAGIGTATGGCCCG  GATCATCGTGGTATGGCCCG

Supplementary Figure S6. Further analysis of patient 5 (A-B), patient 6 (C) and patient 7 (D). A) Flanking exon
PCR analysis of patient 5 for exon 7 using an alternative forward primer that anneals to the 5’ end of exon 6 (forward
qPCR primer for exon 6, see Supp. Table S3) and the normal reverse primer that anneals to exon 8. For comparison,
standard flanking exon PCR reactions of exons 6 and 8 are shown. Note that GAA mRNA levels in this patient are low
due to NMD. B) Sequence analysis of flanking exon PCR products of patient 5. C) Sequence analysis of flanking exon
PCR products of patient 6. D) Sequence analysis of flanking exon PCR products of patient 7. Product numbers refer
to the numbers indicated next to the bands in Figure 3A (patient 5), Figure 3C (patient 6) and Figure 3E (patient 7).
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Product Nr. 17 Product Nr. 17 Product Nr. 18
Exon 7 Exon 8 Exon 8 Exon 9 Cryptic Exon 8 Exon 9
CTTCCCCCTG|GACGTCCAAT GATCATCGTGGATCCTGCCA GTTCAACAAGGATCCTGCCA

]

Product Nr. 19 Product Nr. 21 Product Nr. 22
Exon 9 Exon 10 Exon 10 Exon 11 Exon 9 Exon 11
GATTGGGAAG|GTATGGCCCG CATGTGGATT|GACATGAACG GATTGGGAAG|GACATGAACG

Supplementary Figure S7. Sequence analysis of patient 8. Product numbers refer to the numbers indicated next
to the bands in Figure 4A.
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Supplementary Figure S8. Cartoon of exons in patient 8 and the locations of PCR primers used for flanking
exon PCR analysis. Only those primer pairs are shown that anneal to exons affected by the splicing variants.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Settings used for splice predictions

Far 5' donor 3" acceptor a
Prediction method threshold Range i—— Range  Website
Alamut 2.4.2 _ _ B ~ h_np://www.|ntve‘ract|ve-biosoftware.comldoc/alamut-
visual/2.4/splicing.html
Splice Site b 0-100] hittp://www.interactive-biosoftware.com/doc/alamut-
Finder-like e =z [ { ] visual/2.4/splicing.html (original site has been removed)
Max Ent Scan 0 [0-12] 0 [0-16] http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseg.html
NNSPLICE 0,4 [0-1] 0,4 [0-1] http://www.fruitfly.org/seq_tools/splice.html
Gene Splicer 0 [0-15] 0 [0-15] http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml
Sl 65 [0-100] 65  [0-100] hitp://www.umd.be/HSF/

Supplementary Table S2. Flanking exon RT-PCR primers used in this study

product after

Target Forward Reverse E:,J‘I)I JEE?EEp) E)xpc;n size gfe::ga Sil;i’l]))ping
GAA Exon 2 AAACTGAGGCACGGAGCG GAAGGGCTCCTCGGAGAA 705 578 127
GAA Exon 3 AGCTCCTCTGAAATGGGCTACA  GCAAGGTCCCGGTTCCACA 428 146 282
GAA Exon 4 GCTAACAGGCGCTACGAGGT TGCTGTTTAGCAGGAACACCC 388 166 222
GAA Exon 5 CTGTTCTTTGCGGACCAGTTC CCACAACGTCCAGGTACTGCT 361 97 265
GAA Exon 6 GGTCTCACCCTTTCTACCTGG GTGATAGCGGTGGAGGAGTAG 274 120 154
GAA Exon 7 CAGCAGTACCTGGACGTTGTG AGTCCATGTAGTCCAGGTCGTT 175 119 56
GAA Exon 8 CGTTCATGCCGCCATACT GGTCTCGTTGGTGATGAAAAC 335 132 203
GAA Exon 9 GACGTCCAGTGGAACGACCT ACCTGGTCATGGAACTCAGC 335 111 224
GAA Exon 10 GATCCTGCCATCAGCAGCT TGGGTTCTCCAGCTCATTGT 297 114 183
GAA Exon 11 AGGACATGGTGGCTGAGTTC CGTAGAGGTTGTGCAGGTTGTA 228 85 143
GAA Exon 12 AACGAGCCTTCCAACTTCATC GAGCGGGAGATCACAAATGG 245 118 127
GAA Exon 13 CACCAGTTTCTCTCCACACACTA GTTCCGCATGAAGGGGTAGA 337 134 202
GAA Exon 14 ACACGCCCATTTGTGATCTC GTGTAGAGGTGGGGGAGGAGT 356 152 204
GAA Exon 15 AAATCCTGCAGTTTAACCTGCTG GCAGGTCGTACCATGTGCC 438 149 289
GAA Exon 16 GAGCCGTACAGCTTCAGCGA ATGTACCCAGCCCGGAGGT 422 142 280
GAA Exon 17 CCTGGACTGTGGACCACCA CAGGAAGATGACCTGTGTGTAGG 428 150 278
GAA Exon 18 GTGCCAGTAGAGGCCCTTG GGCTGTAGGTGAAGTTGGAGAC 457 165 292

GAAExon19  TCACAACCACAGAGTCCCG AGAAACTGCTCTCCCATCAACA 352 153 199
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Suppplementary Table S3. QPCR primers used in this study

Target Forward Reverse ;ngd(?;;)t)
R-Actin AACCGCGAGAAGATGACCC GCCAGAGGCGTACAGGGATAG 96
GAA Exon 2 AGCTCCTCTGAAATGGGCTACAC GGTTCTCAGTCTCCATCATCACG 109
GAA Exon 3 ATCCAGCTAACAGGCGCTAC GCTCCTCGGAGAACTCCAC 96
GAA Exon 4 CTGTTCTTTGCGGACCAGTT CTGAGCATCAGGGGACTGAG 95
GAA Exon 5 CGAACCTCTACGGGTCTCAC TGCTGTTTAGCAGGAACACC 81
GAA Exon 6 CTTAGCTGGAGGTCGACAGG CACAACGTCCAGGTACTGCT 93
GAA Exon 7 CGTTCATGCCGCCATACT GGTCATGTTCTCCACCACCT 95
GAA Exon 8 GACGTCCAGTGGAACGACCT GAAGTCCCGGAAGCCATC 78
GAA Exon 9 ATCCTGCCATCAGCAGCTC GGTCTCGTTGGTGATGAAAA 89
GAA Exon 10 CACTGCCTTCCCCGACTT ACCTGGTCATGGAACTCAGC 78
GAA Exon 11 ACATGAACGAGCCTTCCAAC ACGTAGGGTGGGTTCTCCAG 79
GAA Exon 12 CCTCCAGCCACCAGTTTCTCT TGTGGGAGGCGATGGCTT 78
GAA Exon 13 GACACGCCCATTTGTGATCT CCAGGAGCTCCACACGTC 88
GAA Exon 14 CTCAGAGGAGCTGTGTGTGC CAGACTGAGCAGGCTGTTGT 82
GAA Exon 15 CAGCAGGCCATGAGGAAG GGCCTGGTGGAACAGTGTG 75
GAA Exon 16 CCCAAGGACTCTAGCACCTG CAAGGGGAAGTAGCCAGTCA 114
GAA Exon 17 GTGCCAGTAGAGGCCCTTG GAGGTGGACGTTGATGGTGT 123
GAA Exon 18 GCCTCACAACCACAGAGTCC TCTCTCCATCGTCCCAGAAC 102
GAA Exon 19 TGCAGAAGGTGACTGTCCTG GGGCTGTAGGTGAAGTTGGA 88
GAA Exon 20 GGGCGGAGTGTGTTAGTCTC CTCCAGGTGACACATGCAAC 110
GAAN AAACTGAGGCACGGAGCG GAGTGCAGCGGTTGCCAA 129
GAA SV2 GGCACGGAGCGGGACA CTGTTAGCTGGATCTTTGATCGTG 92
GAA SV3 AGGCACGGAGCGGGATCA TCGGAGAACTCCACGCTGTA 111
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ABSTRACT

Diagnostic Sanger sequencing of genomic DNA is commonly used for determination of the
pathogenic variants which cause monogenic disorders. The identification of pathogenic
variants present in a patient is important for estimation of severity of the disease, as well
as for genetic counseling and prediction of efficacy of treatment. However, analysis of
genomic DNA does not allow to investigate the functional effect of these variants. A recent
report describing a method for analysis of aberrant pre-mRNA splicing in primary patient
fibroblasts presents a promising tool for functional investigation of any intragenic variant.
However, variants which effect the reading frame, and thus induce nonsense-mediated
mRNA decay, are difficult to analyze. We investigate if blockage of mRNA degradation in
primary fibroblast cultures of a healthy control and four Pompe patients with suspected
splicing variants leads to better identification of splice products. Analysis of pre-mRNA
splicing after cycloheximide treatment indicates that aberrant splicing of GAA pre-mRNA
transcripts occurs naturally, regardless of the presence of variants. Aberrant splicing events
that could be linked to specific pathogenic variants could be identified in all patients.
Moreover, antisense oligonucleotide mediated blockage of a cryptic splice site utilized
in the context of the ¢.546G>T variant resulted in a threefold increase of GAA enzymatic
activity, indicating a potential treatment strategy for patients that carry this variant. These
data indicate that blockage of nonsense-mediated decay can be a valuable addition to
the previously described method for the identification of aberrant splicing events, and can
result in the identification of potential drug targets.
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INTRODUCTION

Pompe disease (Glycogen storage disease type |, OMIM 232300) is an autosomal
inherited recessive disorder which is caused by the partial or complete lack of activity
of the enzyme acid a-glucosidase (GAA) (1). Loss of GAA activity results in accumulation
lysosomal glycogen, ultimately leading to cell death. The disease mainly effects skeletal
muscle tissue, leading to loss of muscle strength. Diagnosis of the disease is established by
measurements of residual GAA enzymatic activity in primary fibroblasts, muscle biopsies
and/or leukocytes. Genomic DNA is analyzed to identify the genetic basis of the disease
by determination of the pathogenic variants present on both alleles of the GAA gene. This
method has been used for more than 20 years and has resulted in the establishment of a
database describing more than 500 GAA variants (www.pompecenter.nl). Determination
of the pathogenic variants present in Pompe patients is important to predict severity of
disease progression, as well as for genetic counseling. Furthermore, the efficacy of ERT
treatment can be estimated based on these findings. The effect of each variant on residual
GAA enzymatic activity is scored based on multiple aspects, which include comparison
to clinical outcome of patients carrying the same variant, functional analysis of missense
variants by introduction into a GAA cDNA construct, and in silico prediction of the effect
of the variant on protein activity and/or pre-mRNA splicing. However, these assays do not
examine the functional effect on transcription and splicing of the GAA mRNA products.
Recently, a method was described which analyzes the functional effect of specific variants
on pre-mRNA splicing and mRNA expression in primary patient fibroblasts (2). This method
can be used to determine the functional effect that coding and non-coding variants have
on pre-mRNA splicing and expression. Furthermore, the splicing assay can be used to
identify pathogenic variants which are missed in routine diagnostic screening because of
their deep-intronic location. However, the assay has one restriction: Analysis of variants
which alter canonical splicing can be complicated due the effect of nonsense-mediated
decay (NMD). Roughly two-thirds of aberrantly spliced mRNA transcripts are likely to be
degraded by NMD due to a shift in the reading frame, making them difficult to identify. A
way to circumvent this problem is to treat primary patient fibroblasts with cycloheximide.
Cycloheximide inhibits protein translation by binding to the E-site of the ribosome (3). The
NMD pathway scans mRNA’s for premature termination codons during the first round of
translation, thus cycloheximide inhibits RNA degradation by NMD (4). Here, we show that
cycloheximide can aid in the identification of aberrant splice products. The splicing assay
was performed on fibroblasts with or without cycloheximide treatment from one healthy
control and four Pompe patients. GAA mRNA was screened for aberrant splicing events
which undergo NMD. Eleven new splice events could be identified, from which only one
could be detected without cycloheximide treatment. Interestingly, two aberrant splicing
events were observed in all cell lines, indicating these variants occur naturally in a wild-
type situation. Aberrant splice events specific to the variants present in each patient were
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observed for all four patients. One of these events, which constitutes aberrant splicing
caused by the common c¢.1927G>A missense variant, has not been described before.
Furthermore, aberrant splice species caused by the frequent Asian ¢.546G>T variant have
been identified. Blockage of the cryptic splice site utilized in these transcripts with an
antisense oligonucleotide (AON) resulted in a threefold increase of GAA enzymatic activity.
These data indicate that blockage of NMD with cycloheximide complements the splicing
assay by preventing decay of out of frame mRNA products. Moreover, cryptic splice sites
identified using the assay can be utilized as targets for AONs, which could ultimately
lead to antisense based therapies for patients which carry pathogenic variants that alter
splicing.

RESULTS

GAA transcripts in healthy control primary fibroblasts are partially degraded by
nonsense-mediated decay

Analysis of splicing using the splicing assay is initialized by performing a flanking exon RT-
PCR of all spliced exons on cDNA obtained from primary fibroblasts. For identification of
abnormal splicing events, all product sizes and sequences obtained from patient material
are compared to the product sizes and sequences of a healthy control. Any splice variant
that is not identified in the healthy control is considered to be aberrant. For this reason, as
a benchmark, primary fibroblasts from a healthy control were analyzed to determine the
pattern of splicing seen with and without blockage of NMD. Enzymatic activity of these cells
was determined to be in the middle of the control range (between 40-180 nmol 4-MU/mg
protein/hr) at 122.4 nmol 4-MU/mg protein/hr. Flanking exon RT-PCR analysis of untreated
healthy control showed faint products of larger than normal size in the flanking exon PCR
samples of GAA exon 6 and 7 (Figure 1A, black asterisk). Due to the size difference between
the two products, we hypothesized that this product was caused by the retention of intron
6. Intron 6 retention leads to nonsense-mediated decay due to a shift in the reading frame.
As a consequence, this splice variant would be difficult to identify. kTo investigate this
hypothesis, primary fibroblasts of a healthy control were treated with cycloheximide to
block NMD. Flanking exon RT-PCR of all spliced exons revealed novel splice products
present in samples from exons 6, 7, 12 and 13 (Figure 1B). Subsequent sequencing of the
products present in these PCR samples shows that products 1 and 3 retain GAA intron 6,
causing NMD of these mRNA species (Figure 1C, Suppl. Figure S1A). Products 2 and 4 are
normally spliced products, and thus do not undergo NMD. To examine if retention of intron
6 is caused by the presence of weak splice donor and acceptor sequences on both sides
of the intron, a splice prediction was performed on the splice sites flanking GAA intron 6
(Suppl. Figure S1B). The exon 6 donor splice site and the exon 7 acceptor splice site were
both recognized by 4 of 5 splice prediction algorithms with an average value of 43% and
47%, respectively. Average values for splice donor and splice acceptor strength in the
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Figure 1. Identification of new splice products after blockage of nonsense mediated decay in fibroblasts
from a healthy control. A) Flanking exon RT-PCR on all spliced GAA exons in primary fibroblasts from a health
control. Black asterisks indicate unidentified aberrant splice products. B) Same as in A, but after treatment with
cycloheximide. C) Cartoons depicting all products identified after sequencing of TOPO clones generated from the
PCR samples of exon 6, 7, 12 and 13. Product numbers refer to the numbers shown in B. Red asterisks indicate
products which undergo nonsense mediated decay.

GAA gene are 67% and 70%, respectively, indicating that the predicted lower strength
of the splice sites surrounding intron 6 might be the cause of intron 6 retention in part of
the GAA mRNA species. Another abnormal splicing event was identified in the flanking
exon PCR samples of GAA exon 12 and 13. Products 5 and 7 seemed to be of slightly
larger size than the canonical product. Sequencing analysis showed that these products
were generated by the utilization of a cryptic splice site residing within intron 12 (c.1755-
110) (Figure 1C and Suppl. Figure S1C). However, several other splice acceptor sites were
identified in between the utilized -110 site and the canonical splice site, indicating that
prediction results are difficult to interpret without functional insight (Suppl. Figure S1D).
Product 6 and 8 were conventional splice products. One additional product was detected
in the flanking exon PCR for exon 13, which was of smaller size compared to the normal
splice product. Sequencing analysis showed that this product was the full skip of exon 13
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(Suppl. Figure S1E). The prediction of exon 13 splice site strength shows that the splice
acceptor strength is average (65%) and that the donor site is high (93%) (Suppl. Figure S1D
and S1F). However, the presence of the product which completely skips exon 13 (product
9) demonstrates that predictive values do not always correlate with utilization of specific
splice sites. These data indicate that the process of splicing of GAA pre-mRNA does not
always result in the correct splice form, and can lead to decay of RNA products. Although
the extend of expression of aberrant mMRNA splicing in the GAA transcripts is difficult to
predict, these data indicate that a significant amount of GAA mRNA products undergo
alternative pre-mRNA splicing which results in degradation through the NMD pathway.

Analysis of the effect on splicing of the c.2481+2T>C variant in patient 1

A patient which was diagnosed with Pompe disease presented the disease due to the
presence of two previously identified pathogenic variants. The onset of this patient (patient
1, Table 1) was infantile, and residual GAA enzymatic activity was barely present at 1.6 nmol
4-MU/mg protein/hr. Allele one harbored the ¢.1726G>C missense variant which leads to
a non-functional protein. The ¢.2481+2T>C variant present on the other allele is a splicing

Table 1. Patient characteristics.
GAAvarianton GAAvarianton GAA enzymatic ~ Age at

(PRI first Allele second Allele activity diagnosis Ot
Control - - 122,4 - -
1 c.1726G>C €.2481+2T>C 1,6 7 months  infantile
2 c.-32-13T>G C.2331+2T>A 9,1 11 years juvenile
3 c.1461insC c.1927G>A 1,5 infantile
4 c.546G>T c.1798C>T 3,7 -

variant which has not been functionally characterized before, but also shows a severe
phenotype. For closer examination of the effect on splicing of the ¢.2481+2T>C variant,
conventional flanking exon RT-PCR was performed on the GAA gene (Figure 2A). Aberrant
splicing was visually identified in the flanking exon PCR sample of GAA exon 17, with the
presence of the normal product (product 10) and an aberrant shorter product (product 11).
Due to the low abundance of the aberrant product, direct sequencing analysis of all exons
did not reveal any aberrant splicing events. TOPO cloning of the PCR sample of exon 17
lead to the identification of the aberrant splice product, which was a complete skip of exon
17 (Figure 2B, Suppl. Figure S2A). The skipping of exon 17 resulted in the loss of 150 bases
from the canonical GAA mRNA sequence, but did not result in a frameshift, which explains
why the product is visible on the gel. Although aberrant splicing was identified, the product
could not be the major cause of phenotype in the patient, due to its small contribution
visible in the PCR sample. To identify if RNA decay was present, a quantitative exon
internal RT-gPCR was performed on all coding exons. With an average value of 21,2% of
GAA expression compared to the expression in a healthy control, it seemed evident that
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Figure 2. Analysis of aberrant splicing products in patient 1. A) Flanking exon RT-PCR of patient 1 primary
fibroblasts. B) Cartoon of products identified after TOPO cloning and sequencing of specific products from the
flanking exon RT-PCR of exon 17. Product numbers refer to products highlighted in A. Red lines indicate aberrant
splicing events. Gray area’s indicate skipping of canonical GAA mRNA sequence. C) exon-internal RT-qPCR for all
coding exons of patient 1 compared to healthy control. Data represents mean +/- S.D. from three technical replicates.
D) Same as in A, but after cycloheximide treatment. E) Cartoons of products present in PCR samples for exons 16,
17 and 18. Product numbers refer to product highlighted in D. Red asterisks indicate products undergoing nonsense
mediated decay. Red boxes are intronic sequences present in the GAA mRNA transcripts. F) Splice prediction run in
Alamut. Five splice site prediction algorithms are shown for the area indicated in red, with or without the presence
of the ¢.2481+2T>C variant. The location of the cryptic donor site used in products 14, 16 and 19 is highlighted.

low promotor activity and/or RNA-decay was present (Figure 2C). To identify the presence
of products undergoing NMD, cycloheximide treatment was performed. mRNA analysis of

the treated fibroblasts by flanking exon RT-PCR shows that aberrant splicing events are
present in the PCR samples of exon 6, 7, 12 and 13 (Figure 2D). These products correlate
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to the same products identified in the healthy control shown above. Furthermore, aberrant
products were present for exon 16, 17 and 18. Three aberrant splicing events could be
identified after TOPO cloning and subsequent sequence analysis of the products. The
flanking exon PCR for exon 16 indicates the presence of a larger product (product 12). The
product was determined to be aberrant splicing of intron 16 as sequencing analysis showed
utilization of a splice acceptor located at ¢.2332-109 (Figure 2E , Suppl. Figure S2B). This
event was somewhat unexpected, because the investigated variant is not located at the
affected exon 17 splice acceptor site. The introduced sequence contains a stop codon,
which induces NMD, which suggests why it could not be detected without cycloheximide
treatment. Sequencing of the aberrant products present in the exon 17 PCR resulted in
identification of product 14. This product also utilizes the acceptor site that was seen in
product 12 (c.2332-109). Additionally , a donor site located within exon 17 at ¢.2462, 19
bases short of the canonical exon 17 donor splice site, is utilized (Suppl. Figure S2B).
Product 16 and 19 were identified to be a shorter than normal mRNA species that also
utilize the cryptic donor splice at ¢.2462. From there it splices toward the canonical exon 18
acceptor site. These products induce a frameshift and thus undergo NMD, which explains
why they could only be detected after cycloheximide treatment. The third aberrant product
(product 17) was identified to be the same product as product 11, which is a complete skip
of exon 17. Products 13, 15 and 18 were products that were canonically spliced. To see
if the aberrant splice events found in the flanking exon RT-PCR assay could be predicted,
splice prediction with Alamut was performed. Analysis of the effect of the ¢.2481+2T>C
variant shows that when the variant is present, four out of five prediction algorithms do not
predict the presence of the canonical exon 17 splice donor site, indicating a potentially
severe effect on splicing (Figure 2F). Subsequent usage of the ¢.2462 cryptic splice site
is also supported by the splice prediction, as three algorithms predict the presence of the
cryptic splice site at this location. Although this cryptic site could be predicted, another
cryptic donor splice site present at ¢.2481+23 was also identified, but no aberrant splice
products utilizing this splice site were identified. Furthermore, prediction analysis of the
splice sites utilized for the generation of products 12, 16 and 19 shows that all cryptic
splice sites were identified (Suppl. Figure S2C). These data indicate that the prediction
algorithms used in the Alamut program are useful for predicting the effect of a specific
variant on the strength of a canonical splice site. However, functional implications of this
effect on splicing are more difficult to predict, which implies that functional investigation
still needs to be performed to identify the severity of the variant.

Analysis of splicing in primary fibroblasts from patient 2

A second Pompe patient which was analyzed with the splicing assay was diagnosed
at the age of 11 years. Diagnostic measurement of GAA enzymatic activity in primary
fibroblasts of this patient showed a residual activity of 9.1 nmol 4-MU/mg protein/
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Figure 3. Analysis of aberrant splicing products in patient 2. A) Flanking exon RT-PCR of patient 2 primary
fibroblasts. Black asterisks indicate aberrant products caused by the ¢.32-13T>G variant. B) exon-internal RT-qPCR
for all coding exons of patient 2 compared to healthy control. Data represents mean +/- S.D. from three technical
replicates. C) Same as in A, but after cycloheximide treatment. D) Cartoons of products present in PCR samples for
exons 16 and 17. Product numbers refer to product highlighted in C. Red asterisks indicate products undergoing
nonsense mediated decay. Red boxes indicate non-canonical sequences present in the GAA mRNA transcripts.
Gray area’s highlight skipping of canonical GAA mRNA sequence. E) Splice prediction run in Alamut. Five splice
site prediction algorithms are shown for the area indicated in red, with or without the presence of the c.2331+2T>A
variant. The location of the cryptic donor site utilized in products 20, 22, 23 and 25 is highlighted.

hr, consistent with a juvenile onset of the disease. Genomic DNA analysis detected the
presence of two compound heterozygous variants. One allele harbored the well-known
¢.32-13T>G (IVS1) variant, which causes aberrant splicing of GAA exon 2 (5-7). A new
variant, ¢.2331+2T>A, was detected on the second allele. This variant was thought to
affect splicing of GAA exon 16 because of its close proximity to the canonical exon 16
donor splice site. To analyze if aberrant splicing was present, patient fibroblasts were
grown and analysis of splicing was performed using the splicing assay. Flanking exon
RT-PCR analysis of all exons demonstrated the presence of the ¢.32-13T>G variant by the
identification of multiple aberrant products in the PCR sample for GAA exon 2 (Figure 3A,
indicated with black asterisks). The size of these products were consistent with previous
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reports describing the effect of the ¢.32-13T>G variant. Apart from these aberrant splice
products, no other aberrant products could be detected after sequencing of all PCR
samples. Next, GAA expression levels were determined using exon internal RT-gPCR
for all coding exons. Expression data indicated that residual GAA expression was only
8.0%, suggesting the presence of low promoter activity and/or RNA decay (Figure 3B). For
functional analysis of the effect of the c.2331+T>A, primary fibroblasts of patient 2 were
treated with cycloheximide. Flanking exon RT-PCR was performed again and showed the
presence of aberrant products at the expected locations (exons 6, 7, 12 and 13) but also in
PCR samples for exon 16 and 17 (Figure 3C). A larger product was seen in both samples
indicated by product 20 and 23. Sequencing analysis of TOPO clones from exon 16 and
17 PCR samples indicate that these products utilize a cryptic splice donor at ¢.2315 which
splices towards a cryptic splice acceptor at ¢.2332-109, producing an out of frame product
that is degraded by NMD (Suppl. Figure S3). Furthermore, the canonical splice products
(products 21 and 24) show a band which is unusually thick, indicating that these samples
likely contain two PCR products. Sequencing analysis confirmed the presence of a splice
product which utilizes the cryptic splice donor site at ¢.2315, causing the generation of
mRNA species that skip the last 16 base pairs of exon 16. From this site, it directly splices
towards the splice acceptor site of exon 17 (products 22 and 25) (Suppl. Figure S3). This
is in agreement with the presence of the ticker band seen for canonical splicing of exon
16 and 17, which actually consist of two products each (product 21 and 22 for exon 16,
and product 24 and 25 for exon 17). Splicing prediction of the ¢.2331+2T>A variant implies
that recognition of the exon 16 splice donor site is completely lost in the presence of this
variant (Figure 3E). Both cryptic splice sites utilized in the presence of the variant could also
be recognized by splice prediction algorithms (Suppl. Figure S2C). Based on the low GAA
enzymatic activity measured for this patient and the presence of the relatively mild c.32-
13T>G on the other allele, the ¢.2331+2T>A is expected to be severe in nature.

Analysis of splicing in primary fibroblasts from patient 3

The splicing assay was performed on a third patient for the purpose of identification of an
unknown variant on the second allele. This patient presented with the severe infantile form
of Pompe disease, with a residual GAA enzymatic activity of less than 2.0 nmol 4-MU/
mg protein/hr. However, diagnosis for this patient was carried out in 1982, suggesting
that a variant could be missed because of technical restraints. The variant on one allele
was identified and harbored the ¢.1927G>A missense variant. It should be noted that this
variant is labeled as a potentially less severe in the pompecenter.nl database, which is
in contradiction with the infantile onset in this patient. The variant is frequently observed
in Pompe patients (8). Splicing analysis was performed on primary fibroblasts from this
patient. Apart from the presence somewhat high presence of products retaining intron 6,
no qualitative differences were seen in the flanking exon RT-PCR analysis compared to the



Inhibition of mMRNA Decay for Unbiased Detection of Aberrant Splicing in Pompe Disease

77

GAA Exon number E ic (9} 10 | |
Genomic 9 10 11
M2 3456 7 8 910111213141516171819 M
(8P) =
_ Product 26 [ 9__| —— —
Patient 3 = .. -
c.1927G>A | ?? — 2 N €.1461_1462insC
k o  |Product27 [9 ] —/— — [0} *
= % —
ﬂ_ — 650
- 500 . = primer
T Tee- eowe onTmEERL = o«
-
- - 200
- - - ©1027G>A
Genomic [ 12| 13 14 ]
B 1500 Exon number: N €1755-110
=2 Product 28 [ 12|/ 1B — — [ 1 )%
=3 —
4
=5 -~
- ] =6 Product29 [ 12 |— ,— [18 }— — [ 1a |
s =7 ~
£100%
S ° = g N 1929
5 =10 Product30 [ 12 }— /4~ [ 13 — 14 ] %
o =11 =
8 =12
5 =13 =
8 50% =1 Product 31 —//— 13 — — 7 *
o =15
a =16 R €.1929
;g Product 32 — 13 — — *
=19 T
0% == 20 s = primer
Control Patient 3
€1927G>A
C . GAA Exon number . Genomic 13 14 15
M2 3 456 7 8 910111213141516171819 M
 @p  |Product33 — —
- - Patient 3 - =
= + cycloheximide S s R 1929
- = ™ |Product34 — — *
B == 1000 -
= , = %
:" 5 26+27 'ﬂs 33 ] = Zzg — = primer
= e e = 205 L e—ema——
s — — e — 300
- - T —\36\34 S 200
- a ol = €1927G>A
Genomic 13 14 15
D c.1461_1462insC €.1461_1462insC - el
TGCCTTCCCCGACTTCACC TeceTTocce Ao TeACCA 820
CGACTTCACC Doy 1% ¢1927G>A
300%"
89.0%!  810%!
eache o061 o ARTRET AT T TALEET AR ST T TSR IS AR TG
82.0%1 77.6% "
41.9%" 1.9%" 26.3%
80.0°
28.0%
80.0%1  810%1 85.5%1
1929

Figure 4. Analysis of aberrant splicing products in patient 3. A) Flanking exon RT-PCR of patient 3 primary
fibroblasts. B) exon-internal RT-qPCR for all coding exons of patient 3 compared to healthy control. Data represents
mean +/- S.D. from three technical replicates. C) Same as in A, but after cycloheximide treatment. D) Sequencing
results of flanking exon RT-PCR exon 10 sample with and without cycloheximide treatment. E) Cartoons of products
present in PCR samples for exons 10, 13 and 14. Product numbers refer to product highlighted in C. Red asterisks
indicate products undergoing nonsense mediated decay. Red boxes indicate non-canonical sequences present in the
GAA mRNA transcripts. Gray area’s highlight skipping of canonical GAA mRNA sequence. F) Splice prediction run in
Alamut. Five splice site prediction algorithms are shown for the area indicated in red, with or without the presence of
the c.1927G>A variant. The location of the cryptic donor site utilized in products 30, 32 and 34 is highlighted.

healthy control. Direct sequencing of all products also showed no abnormal splicing events.
Quantitative analysis was then performed by exon internal RT-gPCR. Results indicate an
average expression level for all coding exons of 12% compared to healthy control (Figure
4B). This suggests that both alleles produce reduced levels of mMRNA, either through RNA
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decay or reduced promoter activity. For identification of products degraded by NMD,
fibroblasts from patient 3 were subjected to treatment with cycloheximide. Flanking exon
RT-PCR and subsequent sequencing analysis shows the presence of multiple aberrant
products. The first aberrant product, highlighted as product 27 in Figure 4C, contained
an insertion of one cytosine, indicated as c.1461_1462insC, and was only seen after
cycloheximide treatment as indicated by the sequencing results (Figure 4D and 4E). The
presence of this variant resolves the issue of the variant on the second allele. However,
multiple other splice variants were identified in PCR samples for exon 13 and 14. TOPO
cloning and subsequent sequencing analysis of these variants indicated that products 31,
33 and 35 utilize a cryptic splice acceptor site at c. 1929, close to the ¢.1927G>A variant
present on allele one. Products 28 and 31 are the aberrant splice products identified in all
patients and controls (Figure 4E, Suppl. Figure S4). Splice prediction with Alamut indicates
that the c.1927G>A variant generates a cryptic splice site at the ¢.1929 site (Figure 4F),
further supporting the fact that the c.1927G>A variant does not only act as a missense
variant, but also has an effect on splicing. These findings indicate that the splicing assay
complemented with cycloheximide treatment is able to identify variants that shift the
reading frame, while at the same time functionally investigates the effect of certain variants
on splicing.

Analysis of splicing in primary fibroblasts from patient 4

The last patient studied using the splicing assay was a Japanese patient with a relatively
low, but not absent, residual GAA enzymatic activity of 3.7 nmol 4-MU/mg protein/hr.
Diagnostic sequencing analysis identified two pathogenic variants. On one allele, the
¢.546G>T variant was present. This synonymous variant is located at the last base of GAA
exon 2, and is known to cause aberrant splicing (9). The c.1798C>T pathogenic missense
variant was identified on the second allele. This missense variant causes a p.Arg600Cys
amino acid change and is indicated as less severe in the Pompe database. The variant
frequently occurs in Japanese Pompe patients (10). Splicing analysis was performed
on cDNA of patient 4 fibroblasts by flanking exon RT-PCR of all spliced GAA exons.
Interestingly, very faint aberrant products for the exon 2 PCR could be observed in the gel
(Figure 5A). TOPO cloning and subsequent sequencing analysis resulted in the identification
of three distinct products. Product 35 was canonical splicing of exon 2, whereas products
36 and 37 were aberrant products identical to the transcripts identified when the common
c.-32-13T>G variant is present (Figure 5B, Suppl. Figure S5A) (5-7). No other aberrant
splice products could be identified. Next, exon internal RT-gPCR was performed. Results
indicate that mRNA expression is on average 59,1% compared to healthy control levels
(Figure 5C). These mRNA levels are consistent with the presence of one allele that contains
the ¢.1798C>T missense variant, and thus has no abnormal transcription levels, and the
presence of an allele which shows abnormal pre-mRNA splicing caused by the c.546G>T
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Figure 5. Analysis of aberrant splicing products in patient 4. A) Flanking exon RT-PCR of patient 4 primary
fibroblasts. B) Cartoons of products identified to be present in PCR samples for exon 2. Product numbers refer to
product highlighted in A. C) exon-internal RT-gPCR for all coding exons of patient 4 compared to healthy control.
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Alamut. Five splice site prediction algorithms are shown for the area indicated in red, with or without the presence of
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the target site and sequence of AON intron 2. H) GAA enzymatic activity of patient 4 fibroblasts after transfection with
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(**p =0,001).



80 | Chapter 3

variant. The low levels of aberrant exon 2 transcripts could indicate that other aberrant
splice products which undergo NMD are generated as a consequence of the ¢.546G>T.
To determine whether this is the case, primary fibroblast from patient 4 were treated
with cycloheximide. Flanking exon RT-PCR analysis of all spliced GAA exons indicates
that aberrant splice products are indeed present (Figure 5C, products 38 and 40). TOPO
cloning and sequencing analysis of exon 2 and 3 PCR samples shows that an aberrant
transcript is generated which does not utilize the canonical ¢.546 exon 2 donor site, a
donor site located 184 bases downstream of this site in intron 2 (Figure 5E, Suppl. Figure
S5A). This product undergoes nonsense-mediated decay due to frameshift caused by
the insertion. The products observed in the gel which correspond to this transcript are
highlighted as product 38 and 40. Product 40’ indicates a product for which no sequence
could be identified. Further investigation for identification of this product showed that it
represents a conformational variant of product 40 caused by rapid cooling of the PCR
product (Suppl. Figure S5B). Interestingly, the aberrant products identified in flanking
exon RT-PCR analysis without cycloheximide treatment could not be detected. In silico
investigation of the effect of the c.546G>T variant on the predicted strength of the exon 2
donor site indicates that recognition of the splice site is strong in wildtype genotype, but
becomes poorly recognized if the T is present (Figure 5F). This shows that the variant likely
has an effect on splicing, although the extend of aberrant splicing is difficult to predict.
The presence of cryptic splice sites identified using the functional assay could also be
identified using Alamut (Suppl. Figure S5C). We hypothesized that blockage of the cryptic
splice site at ¢.546+184 with the use of an AON could at least in part restore canonical
exon 2 splicing from the ¢.546G>T allele. In order to test this, an AON overlapping the
cryptic splice site was designed (Figure 5G). Treatment of primary fibroblasts from patient
4 with this AON resulted in a 3-fold increase of enzymatic activity (Figure 5H). These data
indicate that antisense treatment would be a potential new type of therapy for patients with
this particular variant.

DISCUSSION

The functional consequences that specific variants have on pre-mRNA splicing are
often overlooked in current diagnostics of monogenic disorders. Recently, a method
was described which could identify the functional effect of variants which alter splicing.
This assay is based on the identification of aberrant splice products in mRNA species
transcribed in human primary fibroblasts. An Inherent pitfall of this assay is that products
which undergo nonsense-mediated decay are difficult to identify due to their low
abundance. Here, we describe the use of cycloheximide for blockage of NMD in human
primary fibroblasts to identify spliced mRNA products that have a premature termination
codon. Our study shows that blockage of NMD resulted in the identification of aberrant
mRNA species in all patients tested. These products could not be identified when NMD
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was not blocked. Furthermore, the assay shows that aberrant splicing even occurs in a
healthy control which does not harbor any pathogenic variants, indicating that splicing is
not always a perfect process.

The Human gene mutation database (HGMD) is a database which collects all known
disease causing variants. 9% of these variants are annotated to effect splicing. However,
because of a lack of basic functional screening in diagnostic labs, many variants which are
determined to be missense or nonsense variants could also have an effect on splicing. It
has been estimated that as much as 62% of disease causing variants can have an effect on
splicing, highlighting the need for better functional evaluation of pathogenic variants (11).
General diagnostic screening for the presence of pathogenic variants in patients with a
known monogenic disorder is typically done by Sanger sequencing of the coding parts of
the gene of interest on genomic DNA. To test the effect of a specific variant on splicing, in
silico prediction can be performed. Multiple splice prediction algorithm exist which can be
implemented to give an indication of the effect a variant has on the strength of nearby splice
elements. However, interpretation of the outcomes of these predictions remain challenging.
In silico predicted changes in splicing do not necessarily reflect the situation in vivo (12).
The way a variant effects splicing is also difficult to predict. However, prediction programs
are becoming more reliable. An example is the prediction algorithm termed Automated
Splice Site And Exon Definition Analyses, or ASSEDA for short. It has become available as
an online tool that can be used to determine which splice sites will be used in the presence
and absence of a given variant (13).

For Pompe disease, a comprehensive in silico prediction analysis of all GAA variants
reported in the pompecenter.nl database that are associated with aberrant splicing has
previously been performed, and results indicated that almost all investigated variants are
predicted to effect splicing (14). Here we show that not all in silico predictions can be
directly linked to aberrant splicing. A good example is the GAA missense variant c.1927G>A
present in patient 3. This variant is often identified in Pompe patients, and has first been
described in 1993 (15). It is described in the pompecenter.nl database as a potentially less
severe missense variant, however many patients have a severe phenotype when this variant
is present. Here we describe for the first time that the pathogenic effect of this variant might
not only be caused by a mutation in the protein sequence, but also by its effect on splicing
of GAA exon 14. Splice prediction software indicated that a weak splice acceptor site is
generated in the presence of the variant at ¢.1929, but direct evidence of aberrant splicing
could not be deducted from this prediction. This highlights the importance of sufficient
functional screening of any variant regardless of their position within the gene.

With the advent of next generation sequencing, it has become evident that NGS techniques
will become increasingly important in disease diagnostics. Whole exome and even whole
genome sequencing will likely be implemented for diagnostic purposes in the near future
(16). Although these techniques aid in identification of new disease-causing genes, these
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assays are still based on the sequencing of genomic DNA, and therefore do not provide
functional data on variants affecting gene expression and/or pre-mRNA splicing. RNA-
sequencing would give insight to both of these parameters. Although this technique is still
too expensive for implementation in diagnostic labs, it is a promising technique that could
potentially give a better understanding of functional consequences of pathogenic variants.
The addition of cycloheximide treatment to the original splicing assay promotes the
identification of aberrant splice products. Here we show that ten out of eleven newly
identified splice products could not have been identified without blockage of NMD using
cycloheximide. The identification of these splice products leads to a better understanding
of the modes of pathogenicity exerted by any variant. Furthermore, cryptic splice sites
utilized in these aberrant products can be targeted with the use of AONs to restore
canonical splicing, which highlights the potential of this treatment strategy.

MATERIALS AND METHODS:

Patients and controls

Patients were diagnosed with Pompe disease based on phenotype, GAA enzymatic
activity and genomic DNA sequence analysis. The control is a random healthy individual
from which fibroblasts were obtained. Patients and control gave informed consent for
diagnostic purposes.

Nomenclature
Annotations used follow guidelines set by HGVS (http://www.hgvs.org/mutnomen/) (17).

Cell culture and cycloheximide treatment

Primary fibroblasts were obtained from skin biopsy and cultured in DMEM high glucose
(Lonza) with 10% FBS (Hyclone) and Penicillin/Streptomycin/Glutamine in (Gibco) 5%
CO2 at 37°C. Cycloheximide treatment was carried out at a concentration of 100 pg/ml
cycloheximide (Sigma) for 48 hours.

mRNA analysis

mRNA analysis was performed as described previously (2). In short, RNA was harvested
and purified using the RNAeasy miniprep kit (Qiagen) according to manufacturer’s
protocol. cDNA synthesis was performed on 800 ng RNA using iScript (Biorad) according
to manufacturer’s instructions. cDNA was diluted 5x before further analysis. RT-PCR was
performed on samples using FastStart Tagq Polymerase (Roche).Sequence analysis was
performed directly on PCR samples using BigDye Terminator v3.1 (Thermo). If products
were present at very low levels, TOPO cloning was performed using the TOPO® TA
Cloning Kit (Thermo). RT-gPCR was carried out using ITaq universal SYBR Green Supermix
(Biorad). B-Actin was used as an internal control for gPCR analysis.
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Protein Activity Assay
Cells were lysed in standard lysis buffer (50mM Tris (pH 7.5), 100mM NaCl, 50mM NaF, 1%
Tx-100, Protease inhibitor). Protein quantification was done using the BCA Protein Assay

(Thermo). 4-methylumbelliferone (4-MU)-a-D-glucopyranoside assay was performed as

describes previously (18) to measure GAA enzymatic activity.

REFERENCES

1.

2.

van der Ploeg, A.T. and Reuser, A.J. (2008)
Pompe’s disease. Lancet, 372, 1342-1353.
Bergsma, Ad., Kroos, M., Hoo-
geveen-Westerveld, M., Halley, D., van der
Ploeg, A.T. and Pijnappel, W.W. (2015) Identi-
fication and characterization of aberrant GAA
pre-mRNA splicing in pompe disease using a
generic approach. Hum Mutat, 36, 57-68.
Schneider-Poetsch, T., Ju, J., Eyler, D.E., Dang,
Y., Bhat, S., Merrick, W.C., Green, R., Shen,
B. and Liu, J.O. (2010) Inhibition of eukaryotic
translation elongation by cycloheximide and
lactimidomycin. Nat Chem Biol, 6, 209-217.
Peccarelli, M. and Kebaara, B.W. (2014)
Regulation of natural mRNAs by the non-
sense-mediated mRNA decay pathway. Eu-
karyot Cell, 13, 1126-1135.

Huie, M.L., Chen, A.S., Tsujino, S., Shanske,
S., DiMauro, S., Engel, A.G. and Hirschhorn,
R. (1994) Aberrant splicing in adult onset gly-
cogen storage disease type Il (GSDII): mo-
lecular identification of an IVS1 (-13T-->G)
mutation in a majority of patients and a novel
IVS10 (+1GT-->CT) mutation. Hum Mol Gen-
et, 3, 2231-2236.

Boerkoel, C.F, Exelbert, R., Nicastri, C.,
Nichols, R.C., Miller, EW., Plotz, P.H. and Ra-
ben, N. (1995) Leaky splicing mutation in the
acid maltase gene is associated with delayed
onset of glycogenosis type Il. Am J Hum
Genet, 56, 887-897.

Dardis, A., Zanin, I., Zampieri, S., Stuani, C.,
Pianta, A., Romanello, M., Baralle, FE., Bem-
bi, B. and Buratti, E. (2014) Functional char-
acterization of the common ¢.-32-13T>G mu-
tation of GAA gene: identification of potential
therapeutic agents. Nucleic Acids Res, 42,
1291-1302.

Kroos, M., Hoogeveen-Westerveld, M., van
der Ploeg, A. and Reuser, A.J. (2012) The
genotype-phenotype correlation in Pompe
disease. Am J Med Genet C Semin Med
Genet, 160C, 59-68.

Maimaiti, M., Takahashi, S., Okajima, K., Suzu-
ki, N., Ohinata, J., Araki, A., Tanaka, H., Mukai,
T. and Fujieda, K. (2009) Silent exonic mutation

10.

11.

12.

13.

14.

15.

16.

17.

18.

in the acid-alpha-glycosidase gene that causes
glycogen storage disease type Il by affecting
mRNA splicing. J Hum Genet, 54, 493-496.
Tsujino, S., Huie, M., Kanazawa, N., Sugie, H.,
Goto, Y., Kawai, M., Nonaka, I., Hirschhorn,
R. and Sakuragawa, N. (2000) Frequent mu-
tations in Japanese patients with acid maltase
deficiency. Neuromuscul Disord, 10, 599-603.
Lopez-Bigas, N., Audit, B., Ouzounis, C.,
Parra, G. and Guigo, R. (2005) Are splicing
mutations the most frequent cause of hered-
itary disease? FEBS Lett, 579, 1900-1908.
Jian, X., Boerwinkle, E. and Liu, X. (2014) In
silico tools for splicing defect prediction: a
survey from the viewpoint of end users. Gen-
et Med, 16, 497-503.

Mucaki, E.J., Shirley, B.C. and Rogan, PK.
(2013) Prediction of mutant mRNA splice
isoforms by information theory-based exon
definition. Hum Mutat, 34, 557-565.
Zampieri, S., Buratti, E., Dominissini, S., Mon-
talvo, A.L., Pittis, M.G., Bembi, B. and Dardis,
A. (2011) Splicing mutations in glycogen-stor-
age disease type lI: evaluation of the full spec-
trum of mutations and their relation to patients’
phenotypes. Eur J Hum Genet, 19, 422-431.
Hermans, M.M., Kroos, M.A., de Graaff, E.,
Oostra, B.A. and Reuser, A.J. (1993) Two
mutations affecting the transport and matu-
ration of lysosomal alpha-glucosidase in an
adult case of glycogen storage disease type
Il. Hum Mutat, 2, 268-273.

Katsanis, S.H. and Katsanis, N. (2013) Mo-
lecular genetic testing and the future of clini-
cal genomics. Nat Rev Genet, 14, 415-426.
den Dunnen, J.T. and Antonarakis, S.E.
(2000) Mutation nomenclature extensions
and suggestions to describe complex muta-
tions: a discussion. Hum Mutat, 15, 7-12.
Kroos, M.A., Pomponio, R.J., Hagemans,
M.L., Keulemans, J.L., Phipps, M., DeRiso,
M., Palmer, R.E., Ausems, M.G., Van der
Beek, N.A., Van Diggelen, O.P. et al. (2007)
Broad spectrum of Pompe disease in pa-
tients with the same ¢.-32-13T->G haplotype.
Neurology, 68, 110-115.




84 | Chapter 3

SUPPLEMENTARY FIGURES AND FIGURE LEGENDS

A Product 1 Product 1
exon 6 intron 6 intron 6 exon7
GACGTTGTGGGTAGGGCCTG CCTCCCACAGGATACCCGTT

€.1075 €.1075+1 €.1076-1 €.1076

B Genomic [ 6 |— 7 ——-o 8 ]

[rersmsrat e (B3
|as v 392%
v B
foarsespnicns . w23%
[T =
e 817% |
skt 219 *
[wemic '
——
raenan tgsicrg rineer] 1 [ [] [ 898% |
C Product 5
cryptic
exon 12 intron 12
CCTCCCACAGCCTCTGCCTC
c.1754 €.1755-110
D Genomic 12 13 14
B
Speanat dar ks 791%1 797%1 817% | 77.9% 1 729% I 757% A
wast e so% 369% " 100% * 362% * 29.4% * 3819 *
oz 3 s0%1 %00%1 800% I 500% ¥ 800% |
E— 387%" 19301 3200 * 347% * 193% * 4330 ¥
o g Pinant B04% 1 s63nl | a87% | 500 | ' 8a5% I 8850 | '
1755110
E Product 9
exon 12 exon 14

CCTCCCACAGAAATCCTGCA

I

c.1754 c.1889
F Genomic 12 13 14
[ —— o |
|astrtscan 800% |
i 1000% |
foarmpticns 960% |
96.7% |
teteerms tepurece

Supplementary Figure 1. In silico and sequencing analysis of splicing in healthy control primary fibroblasts
after cycloheximide treatment. A) Sanger sequencing results of products 1 and 3. B) In silico prediction of the
region containing the 5’ and 3’ splice sites of intron 6 using Alamut. The pink block in the cartoon highlights the
screened region. C) Sanger sequencing results of products 5 and 7. D) In silico prediction of the region containing the
3’ splice site of intron 12 and upstream region using Alamut. E) Sanger sequencing results of product 9. F) In silico
prediction of the 5’ splice site of exon 13 using Alamut.
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Supplementary Figure 2. In silico and sequencing analysis of splicing in healthy control primary fibroblasts
after cycloheximide treatment. A) Sanger sequencing results of splice junctions present in products 11, 12, 14,
16, 17 and 19. B) In silico prediction of the region from the cryptic splice site utilized by products 12 and 14 to the
canonical splice site of exon 17.
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Supplementary Figure 3. Sequencing analysis of aberrant products identified in patient 2. Sequencing data at
splice junctions present in products 20, 22, 23 and 25 are shown.
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Supplementary Figure 4. Sequencing analysis of aberrant products identified in patient 3. Sequencing data at
splice junctions present in products 28-32 and 34 are shown.
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Supplementary Figure 5. Analysis of utilized splice sites in patient 4 primary fibroblasts identified after
cycloheximide treatment. A) Sequencing analysis of splice junctions in products 38 and 40. B) Analysis of the
products 40 and 40’. Product 40’ is visible when the PCR sample is cooled down quickly, but disappears when
the sample is slowly cooled down, indicating secondary structure formation. C) In silico predictions of the region
containing the natural cryptic splice site present in intron 2 using Alamut.
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ABSTRACT

While 9% of human pathogenic variants have an established effect on pre-mRNA splicing,
it is suspected that an additional 20% of otherwise classified variants also affect splicing.
Aberrant splicing includes disruption of splice sites or regulatory elements, or creation or
strengthening of cryptic splice sites. For the majority of variants, it is poorly understood
to what extent and how these may affect splicing. We have identified cryptic splicing
in an unbiased manner. Three types of cryptic splicing were analyzed in the context of
pathogenic variants in the acid a-glucosidase gene causing Pompe disease. These involved
newly formed deep intronic or exonic cryptic splice sites, and a natural cryptic splice that
was utilized due to weakening of a canonical splice site. Antisense oligonucleotides that
targeted the identified cryptic splice sites repressed cryptic splicing at the expense of
canonical splicing in all three cases, as shown by RT-qPCR analysis and by enhancement
of acid a-glucosidase enzymatic activity. This argues for a competition model for available
splice sites, including intact or weakened canonical sites and natural or newly formed
cryptic sites. The pipeline described here can detect cryptic splicing and correct canonical
splicing using antisense oligonucleotides to restore the gene defect.
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INTRODUCTION

The Human Gene Mutation Database, with >7 000 monogenic disorders, reports that
approximately 9% of all known disease causing variants (humbering >170 000) are located
at or near splice sites (http://www.hgmd.cf.ac.uk/) (1). In addition, it has been estimated

that an additional ~20% of pathogenic variants affect splicing but are located at more
distant locations in introns or in exons (2-4). Consequences of aberrant splicing include
exon skipping, intron retention, cassette exon inclusion, and use of cryptic splice sites
(5-7). There are several ways in which cryptic splicing may be induced by a pathogenic
variant. One possibility is the generation of a new intronic splice donor or acceptor site
that outcompetes a canonical splice site. Alternatively, a natural cryptic splice site may
be present that is normally suppressed by a canonical splice site, but becomes the
dominant splice site due to weakening of the canonical splice site by a pathogenic variant.
Weakening of a canonical splice site can be a consequence of pathogenic variants that
disrupt conventional splicing elements, including the splice site itself (8), the polypyrimidine
tract (9), branch point sequence (10). or variants that modulate the activity of exonic and
intronic splicing silencer or enhancer elements (reviewed by Scotti et al. (5)) (11,12).
Another mechanism represents formation of a newly formed cryptic splice site at an exonic
rather than intronic location. The location of a cryptic splice site in coding or noncoding
RNA is likely important because exons and introns are defined within the pre-mRNA via
interaction with distinct RNA binding proteins that may differentially affect cryptic splice
site utilization. These include members of the SR and hnRNP families (13,14). However, for
many disorders and gene variants, those that may affect splicing are poorly characterized.

Pre-mRNA splicing is regulated at several levels. Splice sites have short consensus
sequences that are recognized by the spliceosome complex members, while additional,
poorly defined sequences present in the introns and exons can modulate splice site
choice. In addition, other mechanisms can affect splicing including the speed of RNA pol
Il transcription, chromatin structure, histone modifications, alternative transcription start
and termination sites, GC content, mMRNA export, mRNA stability, and expression levels
of critical splicing proteins (13,14). These are likely reasons why in silico prediction of
splice site choice is difficult and experimental testing is required to elucidate the effect of
pathogenic gene variants.

We have previously described a splicing assay that can be used for the detection and
quantification of aberrant splicing in Pompe disease (OMIM232300) (15). It is based on
the analysis of all exons of the acid a-glucosidase (GAA) gene. Besides the detection of
aberrant splicing that may be linked to the disease, this approach provides quantitative
information on the extent of leaky wild type splicing, which is informative for disease
severity, and on the splicing mechanism, which is required to design methods for splicing
correction. Antisense oligonucleotides (AONs) provide a way to interfere with splicing in a
sequence-specific manner (16). AONs can be targeted to the pre-mRNA region of interest
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and they can repress the activity of a splicing motif. The clinically most advanced examples
are enhancement of exon inclusion of survival of motor neuron 2 (SMN2) pre-mRNA in
spinal muscular atrophy (SMA) (17), and exon skipping of the dystrophin pre-mRNA in
Duchenne muscular dystrophy (DMD) (18). Other pre-clinical examples include modulation
of splicing in Hutchinson-Gilford progeria syndrome (19) and type | Usher syndrome
(20). The developments for enhancing cellular uptake using conjugation of AONs to cell
penetrating peptides (21-23) and via co-administration of hexose (24) is expected to further
stimulate the clinical development of AON-based splicing modulation.

Here, we present a pipeline in which characterization of aberrant splicing in Pompe
disease is first performed using a generic splicing assay (15). The information obtained
is then used to design an AON based on inhibition of cryptic splicing, and the AON is
tested in patient-derived fibroblasts. Pompe disease is an autosomal recessive disorder
caused by variants in the acid a-glucosidase (25) gene and results in lysosomal glycogen
accumulation that predominantly affects skeletal muscle in the childhood/adult onset form
of the disease (26). Currently, enzyme replacement therapy (ERT) is available, but there are
several reasons to develop alternative therapies, including the heterogenic clinical response,
the inability to completely counteract the disease, and the extremely high costs (27-30).
Three pathogenic GAA variants with different effects on cryptic splicing were analyzed,
and this enabled the successful design of AONs that promoted splicing correction. The
pipeline from splicing analysis to AON-based splicing correction may provide a basis for
personalized medicine in human disease.

RESULTS

Unbiased splicing analysis of all exons identifies aberrant splicing from an unknown
GAA allele in patient 1

Patient 1 was diagnosed with Pompe disease based on a deficiency of GAA enzymatic
activity in fibroblasts and leukocytes (Table 1). Standard diagnostic DNA analysis, which
includes Sanger sequencing of exons and short flanking intronic regions, identified the c.-
32-13T>G (IVS1) GAA variant on one allele (9), but the pathogenic variant on the second
allele was not identified (Figure 1a). We then applied our splicing assay to test whether
the unknown variant may be a regulatory or deep intronic splicing variant. Flanking exon
PCR analysis of all spliced GAA exons showed the expected aberrant splice products
for exon 2 caused by the IVS1 variant, including a full exon 2 skip, a partial exon 2 skip,
and leaky wild type splicing (Figure 1b) (15,31,32). Amplification of exons 15 and 16
revealed several higher molecular weight PCR products of low abundance that were
not normally observed in cells from healthy controls (15). To identify these, the exon 15
PCR products were directly processed by Topo cloning, and 93 clones were analyzed
by Sanger sequencing. Four mRNAs were identified (Figure 1c and Suppl. Figure S1a).
All aberrantly spliced products (1-3) utilized a cryptic splice acceptor in intron 15 at
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¢.2190-344, and showed inclusion of various parts of intron 15. Product 1 included the
downstream intronic region up to the splice acceptor of exon 16. This product contains
a premature stop codon and is likely to undergo mRNA decay, in agreement with the low
abundance of this product. Product 2 and 3 included a small part of intron 15 by using
the cryptic splice donor sites at ¢.2190-282 and c¢.2190-300, respectively. Product 2
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Figure 1. Identification of a deep intronic pathogenic variant in patient 1 using the splicing
assay. (a) Scaled cartoon of GAA allele 1 from patient 1 carrying the c.-32-13T>G (IVS1) variant. Coding exons are
indicated in yellow, untranslated regions in brown. Lines represent introns. Areas in grey indicate the regions that
are sequenced as part of standard diagnostic practice. (b) Flanking exon RT-PCR of all GAA coding exons. Asterisks
indicate known aberrant splicing products caused by the IVS1 variant. Products 1-4 indicate novel mRNA products.
Product 1’ refers to a secondary structural variant of product 1 (see Suppl. Figure S1B). (c) Cartoon of splicing
products 1-4. Boxes indicate exonic regions, (dashed) lines represent intronic regions. Aberrant splicing events are
indicated in red. (d) Exon internal RT-gPCR analysis of GAA exons 2-20. Data are normalized for B-Actin and for a
healthy control. Data represent means of three technical replicates +/- SD. (e) Sequence analysis of genomic DNA of
the region surrounding the c.2190-344 cryptic splice acceptor site. (f) Cartoon of GAA allele 2 showing the location
of the ¢.2190-345A>G variant.
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contained the same premature stop codon as product 1, and was likely degraded as well.
In product 3, the reading frame remained intact. Therefore, the low abundance of the PCR
product suggests minimal usage of the ¢.2190-300 splice site. Product 4 contained the
canonical splice junctions and was the most abundant product of exon 15 amplification.
It should be noted that the canonically spliced exon 15 product is also expressed from
the IVS1 allele. No unique sequence of product 1’ could be identified. However, this
product disappeared by adapting the final cooling step of the PCR reaction, suggesting
that it represented a conformational variant (Suppl. Figure S1b). The distribution of clones
was: product 4 (canonical): 75 clones; product 1 and 1’: 8 clones; product 3: 6 clones;
product 2: 4 clones.

Next, exon internal RT-gPCR analysis of exons 2 to 20 was performed to quantify
aberrant splicing in cells from patient 1. All exons were expressed at similarly low levels of
up to 12% compared to a healthy control (Figure 1d). The IVS1 GAA variant is known to
allow 10-15% leaky wild type splicing (9,15,31-33). This suggests that the majority of GAA
expression is derived from the IVS1 allele, and that the 2nd allele containing the unknown
GAA variant was expressed at much lower levels. Taken together, splicing analysis of all
exons explained why patient 1 was diagnosed with Pompe disease, despite the lack of
identification of the 2nd GAA allele.

Table 1. Patient characteristics.

GAA activity
in primary
fibroblasts age at
Variant Allele 1 Variant Allele 2 with 4-MU as diagnosis Onset
substrate (nmol (years)

4-MU/hr/mg
protein)
Patient 1 c.-32-13T>G ? =¢.2190-345A>G 11.2 62 Adult
Patient 2 c.-32-13T>G ? =¢.2190-345A>G {11285 66 Adult
Patient 3 ¢.1552-3C>G ¢.1552-3C>G 12.6 16 Juvenile
Patient 4 c.1256A>T c.1551+1G>T 5.4 1,3 Juvenile

reference GAA transcript for cDNA annotation is RefSeq NM 000152.3

The newly identified deep intronic variant c.2190-345A>G causes aberrant splicing in
patient 1

To identify which GAA DNA variant could be responsible for aberrant splicing of exon 15
and 16, we first analyzed the sequences of the aberrantly spliced mRNA products 1-4.
This failed to show any potentially pathogenic GAA variant. We then analyzed the genomic
DNA surrounding the cryptic splices utilized in products 1-3. This revealed the presence
of a heterozygous A>G variant at -1 relative to the cryptic splice acceptor site at ¢.2190-
344 (Figure 1e). The intronic variant was missed by standard diagnostic sequence analysis
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because of its deep intronic location (Figure 1f, regions sequenced by standard diagnostics
are indicated in grey). Its location close to the cryptic splice acceptor site suggested that it
was involved in mediating the aberrant splicing observed in cells from patient 1.

To test the effect of the ¢.2190-345A>G GAA variant on splicing, we used splicing
prediction programs and minigenes. Alamut software, which includes five different
algorithms to identify either 3’ or 5’ splice sites, predicted the generation of a strong splice
acceptor site at ¢.2190-344 in the presence of the ¢.2190-345A>G variant (Figure 2a).
This acceptor site was identical to the site identified in the aberrantly spliced products
1-3 of patient 1. Its predicted strength was similar to the strength of the canonical exon
16 splice acceptor site (compare Figure 2a and Suppl. Figure S2a). The region around
the cryptic donor sites identified in products 1-3 was also scrutinized and this resulted
in a moderately strong prediction of a splice donor site at ¢.2190-300 (used in product
3); a strong prediction of a splice donor at ¢.2190-287 (not detected in vivo); and a weak
prediction (below the diagnostic threshold) of a splice donor site at ¢.2190-282 (used in
product 2) (Suppl. Figure S2b). Some of these potential splice donor sites were indeed
utilized in vivo in a subset of MRNAs. In summary, splicing prediction programs uniformly
predicted the generation of the new splice acceptor at ¢.2190-344 in response to the
¢.2190-345A>G variant, while prediction of splice donor sites was variable.

Next, minigenes were used to test the pathogenic nature of the ¢.2190-345A>G variant.
Two minigenes including the genomic DNA region spanning GAA exon 15 to 17 were
generated, one wild type (c.2190-345A) and one containing the variant (c.2190-345A>G)
(Figure 2b). These constructs were transfected in HEK293T cells, and GAA exon 16
splicing was analyzed using flanking exon RT-PCR. Endogenous HEK293T transcripts
were circumvented by usage of a reverse primer specific to the minigene backbone. In
the wild type minigene, a single product for amplification of exon 16 was detected that
represented canonical exon 16 splicing (product 8, Figure 2¢,d and Suppl. Figure S2c¢).
This product was absent from untransfected cells, demonstrating that it was derived from
the minigene. In contrast, the minigene containing the ¢.2190-345A>G variant failed to
show expression of the canonical exon 16 splicing product, but showed expression of
multiple alternative products (Figure 2c). The exon 16 PCR product was Topo cloned, and
sequence analysis of 16 clones confirmed absence of the wild type product. Similar to
endogenous exon 16 splicing in primary fibroblasts from patient 1, all aberrant products
utilized the ¢.2190-344 splice acceptor in combination with various cryptic splice donor
sites (Figure 2d and Suppl. Figure S2c¢). Product 5 contained intron retention from ¢.2190-
344 towards exon 16 (three clones); product 6 showed usage of the cryptic splice donor
at ¢.2190-282 (eight clones); product 7 used a cryptic splice donor at ¢.2190-287 (two
clones) (Figure 2d and Suppl. Figure S2c¢). These findings indicate that the ¢.2190-345A>G
variant causes aberrant splicing of GAA intron 15 and represents the new pathogenic GAA
variant in patient 1. The unbiased analysis of splicing in cells from patient 1 has enabled
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Figure 2. Assessment of the pathogenic nature of the c.2190-345A>G variant. (a) In silico prediction
of the effect of the c.2190-345A>G variant on the generation of a 3’ cryptic splice site. Percentages indicate relative
scores of strength per algorithm. (b) Cartoon of the minigenes containing the c.2190-345A or ¢.2190-345G variants.
(c) RT-PCR analysis following transfection of minigenes into HEK293T cells. The reverse primers is specific for
minigene mRNA as indicated in Figure (d). Products 5-8 indicate sequenced PCR products. Product 5’ refers to a
secondary structural variant of product 5. Three biological replicates are shown. (d) Cartoon indicating the splicing
products from (c) as identified by sequence analysis.

the identification of aberrant splicing and the associated genomic DNA variant that was
missed by standard diagnostic sequencing.

Splicing correction by AONs in cells derived from patient 1 and a sibling, patient 2

Previously, AONs have been used to modulate pre-mRNA splicing. A relatively
straightforward approach has been to block canonical splice sites to circumvent a variant
hotspot and restore the reading frame, such as in DMD. AONs that bind to a splice site at
the pre-mRNA can promote skipping of the splice site, which often results in utilization of
another available (cryptic) splice site. We reasoned that a similar approach may be used
to prevent utilization of a cryptic splice site such as the one generated by the ¢.2190-
345G>A variant in patient 1. To test this, we first analyzed the feasibility of AON-mediated
splicing modulation of pre-mRNA in primary fibroblasts. A control phosphorodiamidate
morpholino oligonucleotide (PMO)-based AON was designed that targets the splice donor
site of exon 4 in Cyclophilin A (CypA) pre-mRNA (AON CypA) (Suppl. Figure S3a; based
on (34)). AON CypA efficiently promoted skipping of CypA exons 3 and 4 in fibroblasts
from patient 1 as analyzed by RT-PCR (Suppl. Figure S3b) and RT-gPCR (Suppl. Figure
S3c). This demonstrated robust splicing modulation using PMO-based AONs in primary
fibroblasts. Next, we designed an AON that targeted the cryptic splice site at ¢.2190-
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344 (AON intron 15; Figure 3a). Transfection of AON intron 15 in fibroblasts from patient
1 resulted in lower levels of endogenous aberrant splice products 1, 2 and 3, and higher
abundance of canonical splice product 4, as shown by semi-quantitative exon flanking
RT-PCR analysis (Figure 3b). Mock transfection or transfection with AON CypA showed
no effect. Quantitative RT-qPCR analysis was then performed to quantify changes in GAA
splicing. Changes in wild type splicing were quantified using primers spanning the GAA
exon 1-exon 2 splice junction. Low-abundant aberrantly spliced products were quantified
using a forward primer annealing to exon 15 and a reverse primer that anneals to the
common intronic region included in all aberrant splice products 1-3 (Figure 3c, lower panel).
Treatment with AON intron 15 promoted splicing towards canonical GAA mRNA, while it
inhibited aberrant GAA splicing (Figure 3c). Mock transfected cells or cells transfected
with AON CypA showed no effect on GAA splicing. The effect of AON intron 15 treatment
on GAA enzymatic activity was then assessed, and this showed a more than 2-fold
enhancement (Figure 3d). Importantly, this increase would result in a residual enzymatic
activity that is above the disease threshold of 20% of control, suggesting that the AON
intron 15-mediated splicing correction was sufficient to alleviate Pompe disease in cells
from patient 1.

A sibling of patient 1, patient 2, was also diagnosed with Pompe disease. This patient
contained the IVS1 GAA variant but also lacked identification of the second pathogenic GAA
allele using standard diagnostic analysis. Genomic DNA analysis showed that the unknown
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Figure 3. Correction of aberrant splicing in fibroblasts from patient 1 using an AON. (a) Cartoon
depicting the region in the GAA pre-mRNA that was targeted with AON intron 15. (b) Flanking exon RT-PCR analysis
of GAA exon 16 in fibroblasts from patient 1 treated with AON intron 15. AON CypA was used as a control for AON
treatment (see Supplementary Figure S3). Cartoons depict spliced mRNAs. Primer locations are indicated. Three
biological replicates are shown. (c) RT-gPCR analysis of the experiment outlined in (b). Primers used for specific
amplification of canonical (exon 1 - exon 2) or aberrant (exon 15 - intron 15) GAA mRNA are indicated in the cartoon
below the graph. Data are normalized for B-Actin and for mock transfection. Data represent means +/- SD of three
biological replicates (** p = 0,01). (d) GAA enzymatic activity of patient 1 fibroblasts transfected with AONs. Data are
normalized for mock transfection and represent the mean +/- SD of three biological replicates (*** p = 0,001).
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allele of patient 2 was ¢.2190-345A>G, identical to the second allele of patient 1 (Suppl.
Figure S4a). Flanking exon RT-PCR analysis of exon 16 in primary fibroblasts indicated
the same aberrant splicing products compared to patient 1 (Suppl. Figure S4b). Treatment
with AON intron 15 resulted in a similar correction of splicing compared to patient 1, as
shown by RT-PCR (Suppl. Figure S4b) and RT-gPCR (Suppl. Figure S4c). Also the GAA
enzymatic activity was enhanced by AON intron 15 treatment to 250% compared to mock
transfection (Suppl. Figure S4d), similar to patient 1. The results with patient 2 confirm the
feasibility of splicing correction by repression of the newly formed, deep intronic cryptic
splice site at ¢.2190-344.

Inhibition of a natural intronic cryptic splice acceptor to correct splicing in cells de-
rived from patient 3

To test whether the blocking of cryptic splice sites by AONs may represent a general
approach to correct splicing in Pompe disease, we examined two additional patients.

Patient 3 (Table 1) represents an example in which an intronic GAA variant (homozygous
¢.1552-3C>G, (15,35)) weakens a canonical splice site (splice acceptor of exon 11), which
promotes utilization of a nearby cryptic splice site (c.1552-30, Figure 4a). We hypothesized
that blockage of this cryptic splice site with an AON may enhance the probability of utilizing
the canonical splice site. The details of aberrant splicing in fibroblasts of this patient have
been described by us previously (patient 6 in (15)). We now performed Topo cloning of
cDNA products derived from flanking exon PCR of exon 10 (S1 Table, -AON), and this
resulted in the identification of two additional splicing products (10 and 11 in Figure 4b).
All identified splicing products include: retention of intron 10 (product 9; reading frame
disrupted), splicing from the canonical splice donor site at exon 10 to a natural cryptic
splice acceptor at ¢.1552-30 in intron 10 (product 10, reading frame intact), splicing from
a natural splice acceptor at ¢.1537 in exon 10 to a cryptic splice acceptor at c.1552-30
(product 11; reading frame intact), leaky wild type splicing (product 12), and skipping of
exon 10 plus utilization of the cryptic splice acceptor at ¢.1552-30 (product 13; reading
frame intact) (Figure 4b cartoons and Suppl. Figure S5a).

AON intron 10 was designed to target the cryptic splice site at ¢.1552-30 (Figure 4a).
Transfection of this AON in fibroblasts from patient 3 caused a reduction of expression of
aberrantly spliced mRNAs (products 9-11 and 13), while canonical spliced mRNA (product
12) seemed enhanced, as analyzed by flanking exon PCR of exon 10 (Figure 4b). This was
also evident from the numbers of Topo clones derived from this PCR: without AON treatment,
49% of clones contained wild type exon 10 spliced cDNA, while treatment with AON intron 10
yielded 80% wild type cDNA clones (Suppl. Table S1). It should be noted that product 9 (full
intron 10 retention) is out of frame and is likely subject to mMRNA degradation, which prevents
an estimation of the total amount of transcripts produced. Both flanking exon RT-PCR and
Topo cloning can only be considered semi-quantitative methods. To quantify the effect of
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AON intron 10, RT-gPCR analysis was performed using a primer that anneals to the boundary
of exon 10/11, as this distinguishes wild type form aberrant products (Figure 4c, lower panel).
This confirmed that AON intron 10 enhanced canonical exon 10 splicing with 50% (Figure
4c¢). In agreement, a modest but significant increase of 1.3 fold of GAA enzymatic activity
was detected in cells treated with AON intron 10 (Figure 4d). This patient has a considerable
residual GAA activity (12.6 nmol/hr/mg, representing ~10% of healthy control values), and
an enhancement of 130% elevates GAA activity to levels closer to the disease threshold of
~20% of healthy control. Taken together, these results show that aberrant splicing caused by
a splice site variant can be at least partially corrected by preventing the utilization of a nearby
located cryptic splice site using AONs.

Correction of aberrant splicing from a newly formed exonic splice donor site in cells
derived from patient 4

To test whether it is also possible to modulate splicing by blocking a newly formed cryptic
splice site formed at an exonic location, we examined patient 4. This patient carries the
c.1256A>T missense GAA variant on allele 1, which leads to the generation of an exonic
cryptic splice donor site at c.1254 in exon 8 (patient 8 in (15); Figure 4e, Suppl. Figure
S5b). Products from this allele include skipping of the 3’ part of exon 8. The second
allele of this patient contains another GAA splicing variant, c. 1551+1G>T, which causes
skipping of exon 10 ((15); Suppl. Figure S5b). We hypothesized that blocking of the cryptic
splice site at ¢.1254 with an AON may restore normal splicing of the c. 1256A>T allele.
First, we tested the possibility that the c.1256A>T missense (p.D419V) variant, which
would still be present in the splice-corrected mRNA, affects GAA enzymatic activity. To
test this, the GAA cDNA was cloned into an expression vector, and the c.1256A>T variant
was introduced by site directed mutagenesis. Transfection into HEK293T cells followed
by measurement of GAA enzymatic activity showed that the c.1256A>T variant did not
impair GAA enzymatic activity (Suppl. Figure S5c). This suggests that its pathogenic
effect can be solely attributed to its effects on pre-mRNA splicing. Next, AON exon 8
was designed complementary to the cryptic splice site including the variant at c.1256
(Figure 4e, variant sequence in red). AON exon 8 was transfected in primary fibroblasts
from patient 4, and the effect on GAA mRNA expression and GAA enzymatic activity was
determined. Flanking exon PCR was performed for exon 9 using primers designed to
specifically detect splicing correction from the c.1256A>T allele with minimal interference
from the c.1551+1G>T allele. This was achieved by using a forward primer that anneals
to the 3’ part of exon 8, which is largely skipped in mRNA from the ¢.1256A>T allele, and
a reverse primer that anneals to exon 10, which is completely skipped in mRNA from
the c.1551+1G>T allele (Figure 4f). AON exon 8 enhanced the expression of canonically
spliced exon 8 from the c.1256A>T allele (product 14, Figure 4f). Quantitative analysis
using RT-gPCR with similar allele-specific primers confirmed that AON exon 8 enhanced
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Figure 4. AON-mediated correction of cryptic splicing in fibroblasts from two additional
patients. (a) Cartoon depicting the region in the GAA pre-mRNA of patient 3 that was targeted with an AON. This
patient utilizes a cryptic splice site at c.1552-30 due to a homozygous variant c.1552-3C>G as described previously
(15,35). The sequence of AON intron 10 is shown. (b) Flanking exon RT-PCR analysis of GAA exon 10 in fibroblasts
from patient 3 that were treated with AON intron 10. Cartoons depict spliced mRNAs. Primer locations are indicated.
Three biological replicates are shown. + represents analysis of a healthy control. (c) RT-gPCR analysis of GAA exon
10 — exon 11 expression in fibroblasts from patient 3 treated with AON intron 10. The forward primer anneals to
GAA exon 10 and the reverse primer anneals to the GAA exon 10-11 junction for specific detection of canonical
exon 10-11 splicing. Data are normalized for B-Actin and for mock transfection and represent means +/- SD of three
biological replicates (* p = 0,05). (d) GAA enzymatic activity in patient 3 fibroblasts transfected with AON intron 10.
Data represent means +/- SD of three biological replicates (* p = 0,05). (e) Cartoon depicting the region in the GAA
pre-mRNA of patient 4 that was targeted with an AON. This patient utilizes a cryptic splice site at c.1254 due to the
c.1256A>T variant as described previously (15). The sequence of AON exon 8 is shown. (f) Flanking exon RT-PCR
analysis of GAA exon 9 on fibroblasts from patient 4 transfected with AON exon 8. Primers indicated in the cartoon
specifically amplify canonically spliced GAA exon 8 mRNA from the allele harboring the c.1256A>T variant. Three
biological replicates are shown. + represents analysis of a healthy control. (g) RT-gPCR analysis of GAA exon 8 —
exon 10 expression in fibroblasts from patient 4 treated with AON exon 8. Primers only amplify canonically spliced
GAA exon 8 mRNA from the allele harboring the c.1256A>T variant. Data represent means +/- SD of three biological
replicates (*** p = 0,001). (h) GAA enzymatic activity in patient 4 fibroblasts transfected with AON exon 8. Data
represent means +/- SD of three biological replicates (*** p = 0,001).

expression of the c.1256A>T allele with 2.3 fold (Figure 4g). Besides promoting canonical
exon 8 splicing, AON exon 8 also caused skipping of exon 8, as shown by flanking exon
PCR of exon 8 (Suppl. Figure S5d). The net result of this effect was a partial correction
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of the splicing effect of the ¢.1256A>T variant. This is further discussed in the legend to
Suppl. Figure S5d.

In agreement with the mRNA analysis, GAA enzymatic activity was increased 2 fold
as the result of AON exon 8 treatment (Figure 4h). This patient showed a relatively low
GAA enzymatic activity of 5.4 nmol/hr/mg (4.4% of healthy control) and a juvenile disease
onset. Elevation of the GAA enzymatic activity with a factor 2 is expected to attenuate
the onset and severity of Pompe disease. In summary, it is possible to redirect aberrant
splicing towards canonical splicing by targeting a cryptic splice site formed by a variant at
an exonic location.

DISCUSSION

Assay for splicing analysis and genotyping

The assessment of a gene of interest for possible splicing defects can provide both
qualitative and quantitative information on aberrant splicing (15). This is important for
establishing the pathogenic nature of a variant, with implications for diagnostics, genetic
counseling, prediction of disease severity, and the development of novel treatment
options. The splicing assay can

4 3\
also be used to identify deep 1 T 2 T3 1 a4 [ 5 T 6 |
T <«
intronic variants that have been el i a— «

missed by standard diagnostic Splicing Assay: Analysis of all exons
DNA sequencing. Especially in

countries in which a diagnosis K . \

4 . . 4 . N
requires the identification of two Diagnostics Targeted AON design
. . - ( 3\ ( 3\
pathogenic variants to be eligible Identification
. . of pathogenic <
for therapy, as is the case with ERT variant Detection of cryptic splicing
| J | J
for Pompe disease, this information * *
can have a serious impact on p . p ‘
treatment options for the patient. PR B
A rather straightforward flow has paadctengidicease seveiv| | | |g AON design
been applied here to identify a * *
deep intronic variant. This started r N r
300% 5 Test
with the detection of aberrant Genetic counseling igﬁ: Sohancement
0% of calpqnlcal
'] . . _ -AON +AON splhicin
splicing using unbiased, PCR L\ /) (N P )

based analysis of all exons (Figure

5). It is important to note that also Figure 5. Pipeline for the identification and targeting
of aberrant splicing events as applied to Pompe
disease. The splicing assay consists of unbiased mRNA analysis
products should be analyzed as orfall coding exons by RT-(q)PCR and Sanger sequencing (15). The

results aid in diagnostics (left panel), but also provide the basis for
these may be out of frame and the developmenfof AONg thaF; repiess the utlF'l)ization of natural or
subject to mRNA decay, as is the newly formed cryptic splice sites (right panel).

small amounts of aberrant mRNA




102 | Chapter 4

case in patient 1. Next, the region surrounding the novel splice sites was sequenced at the
genomic DNA level. This revealed a potential splicing variant. Third, the pathogenic effect
of the variant was confirmed by in silico analysis and using a minigene construct (Figure
5). This approach improves standard diagnostic practice and provides a potential basis for
therapeutic development.

The use of RNA sequencing-based methods for splicing analysis of patients may play
an increasingly important role in the future (36-38). However, at present, there are several
disadvantages of using RNA sequencing-based techniques for diagnostics. In particular, to
fully assess aberrant splicing of a particular gene in a quantitative manner, deep sequencing
combined with bioinformatics analysis is required, which is rather expensive. The present
PCR-based assay can be standardized and is fast, cheap, and sensitive. A useful addition
may be the implementation of new techniques such as single molecule real-time (SMRT)
DNA sequencing (39). This could be applied to cDNA, for example to determine whether
pathogenic variants reside on the same allele or are compound heterozygous, a question
that could not be addressed for patients 1 and 2 due to the absence of DNA from the
parents.

Disturbance of the splicing equilibrium by point variants

It is intriguing that a single point variant can generate a strong splice site as is the case for
patient 1. This is in line with the fact that the sequence requirements for the generation of a
potential splice site are relatively limited (13). The decision to utilize a splice site can depend
on many aspects of gene expression, including the speed of RNA pol Il transcription, cis-
acting sequences in the pre-mRNA, pre-mRNA structure, chromatin modifications, and
expression levels of splicing proteins (13,14). It is therefore very difficult to predict the
outcome of splicing based on in silico analysis of splice site strength. In patient 1 and 2
the formation of a new 3’ splice site not only results in retention of the downstream intronic
sequence, but also in the utilization of two natural cryptic 5’ splice sites (Suppl. Figure S2b).
The 10-15% leaky wild type splicing detected in these patients is likely derived from the
IVS1 allele, which is known to have this level of normal splicing (9,15,31,32). It should be
noted that we could not formally prove that the IVS1 and ¢.2190-345A>G were compound
heterozygous variants, as genomic DNA from the parents of patients 1 and 2 could not be
obtained. However, the combined evidence obtained here strongly suggests that this is the
case. In patient 3, the weakening of the canonical 3’ splice site of exon 11 is straightforward,
but the outcome with at least 3 different splicing products and the involvement of a nearby
cryptic splice site was difficult to anticipate (15). Patient 4 illustrates that missense variants
can also affect splicing. In fact, recent evidence suggests that this phenomenon is rather
frequent and has been estimated to be the case in ~20% of all missense variants (2-4). In
this patient, aberrant splicing appeared to be solely responsible for the pathogenic effect
of the c.1256A>T variant, as the enzymatic activity of the mutated protein was similar to
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wild type GAA in cDNA expression analysis. Taken together, point variants can induce
complex changes in AS that are difficult to predict but can be characterized using PCR-
based analysis of all exons.

Targeted splicing correction using AONs

The information obtained with the splicing assay can directly be used to design AONs
directed towards inhibition of cryptic splicing by targeting the identified cryptic splice
site (Figure 5). This was done in the case of patient 1 and 2. In primary fibroblasts from
these patients, the enhancement of GAA enzymatic activity after treatment with AON was
sufficient to reach levels above the Pompe disease threshold of 20% activity of healthy
controls. This is further illustrated by the experience in our diagnostic center, at which all
Pompe patients in the Netherlands are diagnosed. A combination of clinical and biochemical
parameters applied to >200 patients and >300 healthy individuals showed a patient range
to be 0-20 nmol/hr/mg, and a normal range from 40-180 nmol/hr/mg ( (40) and diagnostics
department, Erasmus MC). This suggests that the AON designed to correct splicing in both
patients has the potential to restore GAA enzyme levels towards healthy control levels. It
should be noted that the correction of glycogen storage by AONs in cells in culture cannot
be studied at present, because cells from juvenile/adult onset Pompe patients do not show
glycogen accumulation in vitro. This may imply that additional factors are required that
are involved in lysosomal pathology in juvenile/adult onset Pompe disease. In agreement,
several studies including our own report on the strongly heterogeneous disease onset
and progression of juvenile/adult Pompe patients, also when they have identical GAA
genotypes (41-43).

A priori, it was not always obvious that AON mediated repression of cryptic splicing
would enhance canonical splicing. In the case of patients 1 and 2, we anticipated that
repression of a deep intronic, newly formed splice site would restore canonical splicing, as
was indeed observed. However, patients 3 and 4 represented more challenging cases.

In patient 3, the point variant was located near a 3’ splice site, which resulted in
weakening of the canonical splice site and utilization of the ¢.1552-30 cryptic splice site.
Another observed event as a consequence of the ¢.1552-3C>G variant was retention
of intron 10. It was not clear whether blocking of the cryptic splice site with an AON
would promote canonical splicing or intron retention. This depended on the question
whether the canonical splice site was still partially functional despite the nearby ¢.1552-
3C>G variant. In this case, the AON blocked utilization of the cryptic splice site without
promoting other detectable forms of aberrant splicing. This showed that the canonical
splice site was still partially functional, suggesting a competition model in which the
strongest nearby splice site is preferred. Competition for splice site usage is thought to
play an important role in the outcome of pre-mRNA splicing, as is the distance to the
next available splice site (13,14). The fact that repression of the natural upstream cryptic
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splice site promoted splicing to a weakened canonical splice site is encouraging and
may suggest a general strategy for similar cases.

In patient 4, the targeting of an AON to an exonic region represented a challenge, as this
has the potential to interfere with protein translation (44). We found no evidence for this,
as canonical splicing was increased with a concomitant increase in GAA protein activity.
However, the AON targeted to exon 8 resulted in a new equilibrium of AS, in which both
canonical splicing and aberrant splicing were altered. This illustrates that AON targeting
of cryptic splice sites may induce new splice forms, and it underscores the importance
of testing for this possibility. In this patient, the AON-induced changes in AS were
advantageous as the c.1256A>T allele showed an improvement to 195%, while the effect
on exon 8 splicing of the 2nd allele was irrelevant as this already was affected by aberrant
splicing of exon 10.

Application of AONs in human disease

To translate the present results to a clinical setting, more preclinical testing is required.
Extensive work has been performed for a number of disorders including SMA and DMD
(at the level of clinical trials), and Hutchinson-Gilford progeria syndrome (19) and type |
Usher syndrome (20) (using animal models). These studies have shown that AONs can
enhance expression of the gene of interest following various routes of administration. It
is important to consider the disease-specific aspects for AON-based treatment options.
For instance, in the case of DMD, the maximal effect that can be reached using an exon
skipping strategy is the milder Becker’s Muscular Dystrophy (BMD) phenotype due to the
expression of a truncated dystrophin protein, and this is still a serious condition. In addition,
in DMD or BMD, not only skeletal muscle is affected, but also cardiac muscle and the CNS,
which are more difficult to target using AONs. Cellular uptake can be further enhanced
by conjugation with cell penetrating peptides or octaguanidine dendrimers, which have
been applied to PMO-based AONs and showed good efficacy in animal models (45-47). In
contrast to the situation in DMD, AONs in Pompe disease have the potential to restore wild
type GAA expression towards levels present in healthy individuals. In the childhood/adult
form of the disease, skeletal muscle cells are the major cells affected without involvement
of cardiac or neuronal cells (48,49). This contrasts with classic infantile Pompe disease,
in which hypertrophic cardiomyopathy is present at birth (26), and cognitive decline may
progressively develop (50,51). The present study identifies AONs for childhood/adult onset
Pompe patients. Further studies are required to test the efficacy of these AONs to target
skeletal muscle cells in vitro and in vivo. Interestingly, a recent study used AONs with
a PMO backbone coupled to an arginine-rich cell penetrating peptide to target muscle
glycogen synthase in a mouse model for Pompe disease, suggesting that it is feasible
to use AONs for Pompe disease in vivo (47). The ongoing development of methods to
enhance tissue delivery of AONs in vivo by changing the chemistry (52), charge (53), by
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coupling to cell penetrating peptides (21-23,45-47), or by using carriers such as exosomes
or nanoparticles (54,55), is expected to further stimulate clinical testing of AONs. Current
knowledge from recent clinical trials on the safety of AON backbones should help to
facilitate further development of AONs, and to test whether AONs provides a valuable
alternative or addition to ERT in Pompe disease.

MATERIAL & METHODS

Materials

Bovine serum albumin was purchased from GE Healthcare (UT, USA). Penicillin/
Streptomycin/Glutamine (p/s/g) and TryplE were purchased from Thermo Fisher Scientific
(MA, USA). DMEM High Glucose was purchased from Lonza (CH). DMSO Endoporter
reagent and PMO-based AONs were purchased from Gene-Tools (OR, USA) and all other
chemicals were purchased from Sigma Aldrich (UK) unless otherwise stated.

Patients

Patients were diagnosed with Pompe disease at the Center for Lysosomal and Metabolic
Diseases of the Erasmus MC, Rotterdam, The Netherlands. Diagnosis was based on GAA
enzymatic activity in leukocytes and/or fibroblasts, GAA variants, and clinical symptoms.
Analysis was performed on anonymous patient material using informed consent.

Nomenclature
All references towards locations of variants and splice sites are made according to HGVS

standards (http://www.hgvs.org/mutnomen/) (56). The reference GAA transcript was
RefSeq NM_000152.3.

Generation of minigene and cDNA construct

For generation of the minigene containing the genomic GAA DNA region of GAA exon
15-17 (chr17:80113219-80117749, GRCh38/hg38), genomic DNA from a healthy
control was amplified with PFU Ultra Hotstart polymerase (Agilent Technologies) and
cloned in the pcDNAS.1(-)Myc-His A vector using the Xbal and Notl restriction sites.
The ¢.2190-345A>G variant was introduced using the QuikChange Il Site-Directed
Mutagenesis Kit (Agilent Technologies). The GAA cDNA expression construct (RefSeq
NM_000152.3) was generated in the same vector, using restriction sites Nhel and Aflll,
and the c.1256A>T variant was introduced using site directed mutagenesis as above.
All constructs were verified by sequence analysis (all primers used in Supplementary
Table S2).

Cell culture and transfections
HEK293T cells and primary human fibroblasts were cultured in 10% FBS, 1x p/s/g and




106 | Chapter 4

DMEM High Glucose. Transfection of minigenes and cDNA constructs was performed
using Lipofectamine 2000 according to the manufactures’ protocol. Cells were harvested
48 hours after transfection. GAA cDNA expression was corrected for mRNA expression
of the Neomycin cassette present on the pcDNA3.1 backbone using RT-gPCR analysis.
Transfection of AONs was performed using 4,5 pl/ml endoporter in the medium at
a concentration of 20 yM AON. RNA and protein were harvested 3 and 5 days after
transfection, respectively.

Splicing assay

The splicing assay was performed as described before (15). In short, RNA was isolated
using the RNAeasy miniprep kit (Qiagen). RT-PCR was performed with 800 ng RNA input
using iScript (Biorad) and FastStart Taq Polymerase (Roche). gPCR was carried out using
iTaq SYBR green supermix (Biorad), and was performed on a cfx96rts cycler (Biorad). Primers
are shown in Supplementary Table S2. B-Actin was used as a reference gene. All primer
sets used showed high efficiency and specificity based on melting-curve analysis and
standard curve measurements.

In silico splice prediction

In silico prediction was carried out using Alamut Visual version 2.6.1, which uses five
algorithms for predicting 5’ and 3’ splice junctions (description of algorithms at http://
www.interactive-biosoftware.com/doc/alamut-visual/2.6/splicing.html) as described
(15).

GAA enzymatic activity

Enzymatic activity of the GAA protein was determined as previously described (33). In
short, cell lysates were incubated with 4-methyl-umbelliferyl-a-d-glucopyranoside (4-
MU, Sigma) in citrate-phosphate buffer for 1 h at 37°C, after which fluorescence was
measured at 365/448 nm with the Varioskan system (Thermo Fisher). The GAA enzymatic
activity is dependent on cell culture conditions. To correct for this, a control cell line was
included in each experiment, and the GAA enzymatic activity was normalized based on
this control.
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Supplementary Figure 1. Sequence analysis and structural effects of GAA splicing products 1-4 identified
in cells from patient 1. (A) Sequence analysis of splice junctions utilized in splice products 1-4, shown in Fig
1C. (B) Effect of the speed of cooling on formation of secondary structure in PCR products. A sample from the
flanking exon RT-PCR analysis of GAA exon 16 on primary fibroblasts from patient 1 is shown. Left lane: fast cooling,
right lane: slow cooling. Product 1’ disappeared as a consequence of slow cooling, suggesting that it represents a
conformational variant. Cartoons of products 1-4 are shown in the right panel.
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Supplementary Figure 2. In silico prediction and sequence analysis of GAA splicing products 5-8 in cells
from patient 1. (A) In silico prediction of the 3’ canonical splice acceptor site located at the GAA intron 15 — exon
16 junction. (B) In silico prediction of the 5’ cryptic splice donor sites located in GAA intron 15 that were found to be
utilized in the context of the c.2190-345A>G variant. (C) Sequence analysis of splice junctions utilized in products
5-8, shown in Fig 2D.
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Supplementary Figure 3. Exon skipping in CypA pre-mRNA by an AON. (a) Cartoon depicting the region in
the CypA pre-mRNA that was targeted with an AON. The sequence of AON CypA is shown. (b) Flanking exon RT-
PCR analysis of fibroblasts from patient 1 treated with AONs. Cartoons depict spliced mRNAs. Primer locations
are indicated. Three biological replicates are shown. (v) RT-gPCR analysis of the experiment in (b), using primers
spanning the CypA exon 4-5 splice junction (shown in the lower panel). Data are normalized for B-Actin and for mock
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Supplementary Figure 4. AON intron 15 restores GAA splicing in cells from patient 2, a sibling of patient 1.
(A) Sequence analysis of genomic DNA obtained from primary fibroblasts of patient 2. (B) Flanking exon RT-PCR
analysis of exon 16 in primary fibroblasts from patient 2 treated with AON intron 15. Products were inferred from
the analysis of patient 1 based on electrophoretic mobility, and these are indicated in the cartoons along with primer
locations in the right panel. Three biological replicates are shown. (C) RT-gPCR analysis of the experiment in (B). (D)
Effect of AON intron 15 on GAA enzymatic activity in fibroblasts from patient 2. Data in (C) and (D) represent means
+/- SD of three biological replicates (**p = 0,01, *** p = 0,001).
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Supplementary Figure 5. Further analysis of patients 3 and 4. (A) Sequence analysis of newly identified products
10 and 11 derived from patient 3 (see Fig. 4B). (B) Cartoons of the GAA alleles of patient 4. (C) Effect of the c.1256A>T
variant on GAA cDNA mRNA expression and enzymatic activity. Wild type or mutant cDNA constructs were transfected
in HEK293T cells. GAA enzymatic activity was determined using 4-MU as substrate. GAA mRNA expression was also
determined (using RT-qQPCR analysis) to verify that both constructs were expressed at similar levels, which was the
case. Neomycin mRNA expression (using RT-gPCR analysis) was used to normalized for transfection efficiency.
Data are expressed relative to wild type GAA mRNA expression/activity. Both expression and protein activity data
represent means +/- S.D. of three biological replicates. (D) Flanking exon RT-PCR of patient 4 GAA exon 8 after
treatment. Cartoons depict spliced mRNAs. Primer locations are indicated. Three biological replicates are shown.
+ represents cDNA from a healthy control. Flanking exon RT-PCR analysis of GAA exon 8 showed that AON exon
8 had multiple effects on exon 8 splicing, resulting in similarly abundant expression of three products: mRNA with
canonically spliced exon 8 (product 15), mRNA in which the 3’ part of exon 8 was skipped via utilization of the cryptic
splice site at ¢.1254 (product 16) and complete skipping of exon 8 (product 17) (for sequence see (E)). To explain
why AON exon 8 corrected splicing from the c.1256A>T allele while at the same time it also caused aberrant splicing
of total GAA expression, the effects of AON exon 8 on the individual alleles should be considered. Without AON
treatment, the c.1256A>T allele shows predominant skipping of the 3’ part of exon 8 (assume here 95%), and a small
amount of leaky wild type splicing (assume here 5%). After AON exon 8 treatment, the splicing equilibrium shifts in
which expression of canonically spliced mRNA (product 15) and aberrantly spliced mRNA (products 16 and 17) are
at similar levels. This results in an increase in the expression of the canonically spliced c.1256A>T allele, which has
been quantified to be 2.3 fold (Fig 4G). The second allele with the c.1551+1G>T variant is responsible for the majority
of canonically spliced exon 8 mRNA. However, in this mRNA, exon 10 is skipped resulting in translation of inactive
GAA protein. Without AON exon 8 treatment, the c.1551+1G>T allele is the dominant allele that is preferably amplified
in the flanking exon PCR of exon 8. Treatment with AON exon 8 changes the equilibrium of exon 8 splicing, but this
has no functional consequences on the c.1551+1G>T allele as its product is nonfunctional in all cases. (E) Sequence
analysis of products 15-17 identified in (D).
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Supplementary Table 1. Number of products with and without AON treatment of patient 1.

Product Nr. Product type - AON + AON
9 Retention intron 10 1 1
10 Utilization cryptic ¢.1552-30 9 3
11 Utilization cryptic ¢.1537 and ¢.1552-30 5 5
12 Canonical splicing 23 37
13 Skip exon 10 and use of cryptic ¢.1552-30 9 -
total 47 46

Supplementary Table 2. gDNA: genomic DNA, SDM: Site Directed Mutagenesis.

Primer name Sequence 5' -> 3' purpose
GAA intron15 gDNA fw AGGAAACAGGACAGGGCAGAG gDNA sequencing
GAA intron15 gDNA rv CTTGGAGGACTCAGGTCAGACG gDNA sequencing
Minigene GAA ex15-17 fw GCGCCTCGAGCCCAGGAGCCGTACAGCTT minigene
Minigene GAA ex15-17 rv GCGCGAATTCCTGCAGGGGGATGATGTACC minigene
GAA ¢.2190-345A>G fw TCGTACTTTCCAGATACTTGACTGATGAGC SDM
GAA ¢.2190-345A>G rv CATCAGTCAAGTATCTGGAAAGTACGAAAA SDM
GAA exon 15-17 minigene fw =~ GAGCCGTACAGCTTCAGCGA RT-PCR
GAA exon 15-17minigene rv TAGAAGGCACAGTCGAGG RT-PCR
GAA Exon 15-17 fw GAGCCGTACAGCTTCAGCGA RT-PCR
GAA Exon 15-17 rv ATGTACCCAGCCCGGAGGT RT-PCR
CyPA Exon 1-5 fw CACCGTGTTCTTCGACATTG RT-PCR
CyPA Exon 1-5 rv CCATGGCCTCCACAATATTC RT-PCR
CyPA Exon 4-5 fw GGACCCAACACAAATGGTTC gPCR
CyPA Exon 4-5 rv GGCCTCCACAATATTCATGC qPCR
GAA Exon 1-2 fw AAACTGAGGCACGGAGCG gPCR
GAA Exon 1-2 rv GAGTGCAGCGGTTGCCAA gPCR
GAA exon15mut fw CAGCAGGCCATGAGGAAG gPCR
GAA exon15mut rv GCATGTGCTCATCAGTCAAGTAT gPCR
GAA Exon 10 fw GATCCTGCCATCAGCAGCT RT-PCR
GAA Exon 10 rv TGGGTTCTCCAGCTCATTGT RT-PCR
GAA Exon 20 fw GGGCGGAGTGTGTTAGTCTC gPCR
GAA Exon 20 rv CTCCAGGTGACACATGCAAC gqPCR
GAA exon8mut fw GGCGCTACATGATGATCGTG gPCR
GAA exon8mut rv AGTGGACCCGGGCCATAC gqPCR
GAA Exon 9 fw GACGTCCAGTGGAACGACCT RT-PCR
GAA Exon 9 rv ACCTGGTCATGGAACTCAGC RT-PCR
Neomycinfw TCATCTCACCTTGCTCCTGC gPCR
Neomycinrv GTGGTCGAATGGGCAGGTAG gPCR
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ABSTRACT

Few therapies for human disorders that affect skeletal muscle are available. Correction
of pre-mRNA splicing using antisense oligonucleotides (AONs) is a promising
therapeutic strategy. Promotion of exon inclusion in Pompe disease caused by the
common GAA IVS1 splicing variant may provide an alternative to partial effective
enzyme replacement therapy. It is poorly understood how exon inclusion can be
promoted, and suitable models of patient-derived skeletal muscle cells are scarce.
Here, we developed methods for promotion of exon inclusion and for in vitro drug
testing using human iPS cell-derived myotubes. We used these to restore GAA
splicing to healthy control levels. Myogenic progenitors were expanded to at least
102 cells while maintaining myogenic differentiation capacity. A screen identified
splicing silencers of GAA that were part of a natural intronic pseudo exon rather
than classical intronic splicing silencer motifs. These findings may have general
applicability to modulating exon inclusion in human disease.
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INTRODUCTION

Although >700 human disorders that affect skeletal muscle are known (1), very few
therapies for skeletal muscle disorders have been developed (2). A notable exception
is Enzyme Replacement Therapy (ERT) for Pompe disease (3-5). Pompe disease is
an autosomal recessive metabolic myopathy caused by deficiency of the lysosomal
enzyme acid a-glucosidase (GAA). In ERT, recombinant human GAA (rhGAA) is
supplied intravenously on a (bi)weekly basis. ERT can improve symptoms and prolong
life expectancy in both classic infantile and childhood/adult onset patients (6-14).
However, in childhood/adult onset patients, evidence accumulates that, on average,
ERT can be particularly effective during the first years of treatment while clinical decline
may occur thereafter (15,16). In addition, the response to ERT is heterogeneous,
with a significant fraction of patients that respond moderately or not at all (15,17).
It is poorly understood why this is the case. In adult patients, antibodies to rhGAA
can occur but only in a minority of cases these may explain poor clinical outcome
(9,18-20). Among the factors that may affect the response to ERT are expression and
recycling of the mannose-6-phosphate receptor (M6PR) (21), responsible for cellular
uptake of rhGAA, and autophagic flux, which is repressed in Pompe disease (22,23).
These disadvantages of ERT led us to search for an alternative treatment option that
preferentially would be based on a different mechanism of action.

A common GAA variant in childhood/adult Pompe disease is the splicing variant
c.-13-32T>G (IVS1), which is present in 60-90% in adults and 30-50% in children with
Pompe disease. The IVS1 allele causes aberrant GAA pre-mRNA splicing, but it also
allows 10-15% leaky wild type splicing (24-27). This explains why patients with the
IVS1 allele have a slower disease onset and progression compared to classic infantile
patients, who have two fully deleterious alleles. The major known aberrant splicing
events caused by the IVS1 allele are a complete and partial skipping of GAA exon 2.
Because this exon contains the translation initiation codon, its skipping results in a
failure to initiate protein synthesis, triggering mRNA degradation. The residual wild
type splicing from the IVS1 allele suggested that it may be possible to promote exon
2 inclusion to restore wild type GAA splicing.

Antisense oligonucleotides (AONs) have been used previously to modulate splicing
(28-31). These can be targeted to pre-mRNA to block splicing regulatory sequences.
Sequences that are clearly defined can be targeted using AONs in a relatively
straightforward manner. Examples include the blocking of splice junctions, either
canonical splice sites or cryptic splice sites that are generated by a gene variant.
Such strategies have been applied to restore or disrupt a reading frame, to switch
alternative splicing, or to prevent cryptic splicing. We recently inhibited cryptic
splicing caused by GAA variants, identified using a splicing assay, in cells from
Pompe patients (27,32). However, it is not obvious how to promote exon inclusion
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when there are no defined splicing sequences that can be blocked. Hence only a few
of such cases have been described. In the case of SMA, exon skipping of SMN2 exon
7 is caused by an exonic nucleotide change, and nearby exonic and intronic splicing
silencer sequences (ESS and ISS, respectively) have been identified experimentally
as these are difficult to predict in silico. These sequences could be blocked with
AONs to promote exon inclusion (33-38). In the case of Pompe disease, the IVS1
variant is located in the polypyrimidine (pY) tract preceding exon 2. While splicing
correction of pY tract variants have not been reported to date, it seemed possible that
ESS or ISS sequences would be potential targets for AONs. A better understanding
of the mechanisms involved would be valuable for the design of strategies to correct
splicing using AONs that promote exon inclusion.

A drawback for the development of AONs for human skeletal muscle disorders
in general is the lack of suitable in vitro model systems. This is relevant because
target genes may be expressed in muscle cells only, splicing mechanisms can be
cell-type specific (39,40), and for clinical testing human-specific AONs rather than
animal-specific AONs should be tested. Primary myoblasts can be obtained from
patients via a muscle biopsy, but these undergo senescence and show strongly
impaired capacity to differentiate into multinucleated myotubes upon passaging
(41); (our own unpublished results). Alternatively, induced pluripotent stem (iPS)
cells can be generated from patient cells and these can be differentiated to skeletal
muscle progenitor cells (42-46). However, up to now it has not been possible to
expand purified myogenic cells to large cell numbers while maintaining the capacity
for efficient in vitro differentiation into multinucleated myotubes. Such properties
would greatly facilitate in vitro studies on the testing of AONs or other drugs on
multinucleated myotubes to design treatments for human skeletal muscle disorders.
We have developed a screen that identified cis-acting sequences whose blocking
using AONs promoted exon inclusion by interfering with a natural pseudo exon.
We also developed an in vitro system for the testing of AONs in patient-derived
multinucleated myotubes. The AONs restored 66-99% of aberrant splicing caused
by the IVS1 GAA variant via simultaneous inhibition of 3’ and 5’ splice sites of the
natural pseudo exon. iPS-derived myogenic cells could be expanded to at least
10" cells while maintaining the capacity to form multinucleated myotubes. These
findings provide an unbiased and fast method for the identification of AONs that
promote exon inclusion, and a method for in vitro testing of AONs and other drugs
for skeletal muscle disorders. AONs that correct splicing from the IVS1 variant are
candidate drugs for an alternative therapy for childhood/adult onset Pompe disease.
We hypothesize that, besides splicing silencers, natural cryptic splice sites that may
be part of natural pseudo exons play an unanticipated role in aberrant splicing in
human disease.
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RESULTS

Our purpose was to promote GAA exon 2 inclusion in cells from IVS1 patients to restore
wild type GAA splicing. Primary fibroblasts from such patients show partial and complete
skipping of exon 2 (Figure 1a), as reported previously (24-27). We aimed to block a splicing
silencer sequence using AONs. However, no splicing silencer sequences have been
described so far for GAA. To identify silencers of exon 2 splicing, in silico prediction analysis
was performed using Human Splicing Finder (http://www.umd.be/HSF/) (Suppl. Figure

S1a). This yielded many possible hits that failed to overlap between different prediction
algorithms, and it was unclear which hits should be used to design and synthesize rather
expensive chemically stable AONs. This indicated the need to screen the GAA pre-mRNA
for possible splicing regulatory motifs (Figure 1b) in a functional and cost-effective assay.

We used modified U7 snRNA to express AONs as shown previously (47,48). This
enables the expression of AONs in the nucleus that are stabilized by a stem loop that is
provided by the snRNA (Figure 1b). We aimed to test endogenous GAA splicing in primary
cells, as these would be the closest to splicing regulation in vivo. Patient-derived primary
fibroblasts, obtained via a skin biopsy, are routinely used for biochemical diagnosis of
Pompe disease. GAA enzymatic activities of 1-20% of healthy control values indicate
childhood/adult onset Pompe disease. Transfection of U7 snRNA expression constructs in
primary cells was inefficient, preventing efficient modulation of endogenous splicing (data
not shown). We therefore cloned the U7 snRNA cassette in a lentivirus and used lentiviral
transduction, which resulted in ~100% transduction efficiency of primary fibroblasts. This
vector was then modified by introduction of a Nsil site to allow 1-step cloning of AONs,
introduced via a forward PCR primer, with a cloning success rate of >95% (Suppl. Figure
S1b). We validated the lentiviral U7 snRNA system by promoting exon skipping of a control
gene, cyclophilin A (CypA) (47) in primary fibroblasts (Suppl. Figure S1c-e). We conclude
that AONs expressed as U7 snRNAs using a lentivirus provides a fast and cheap method
to identify putative target sites for splice-switching AONs in primary cells.

A screen was then performed in primary fibroblasts from Pompe patient 1 (genotype
IVS1, c.525delT; the second allele is not expressed), in which AONs targeted the GAA
pre-mRNA surrounding the IVS1 variant in a non-overlapping tiling arrangement, from
c.-32-319 to ¢.530 (Figure 1c). Three read outs were used: GAA mRNA expression by
RT-gPCR and flanking exon PCR, and GAA enzyme activity (Figure 1d,e). This resulted
in the identification of two regions in intron 1 (c.-32-219 and c.-32-179) that acted as
splicing silencer sequences and whose repression by AONs promoted exon 2 inclusion
and GAA enzyme activity. Lentiviral-mediated U7 snRNA expression appeared to have a
small window in which splicing modulation could be investigated, due to toxicity at high
virus titers (Suppl. Figure S1f). We then performed a miniscreen around these targets using
AONs that shifted 2 nt each, and this defined c¢.-32-219 and c.-32-179 as the peaks of the
regions that acted as silencers of GAA exon 2 splicing (Suppl. Figure S1g-i).
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Figure 1. Screen to identify silencers of GAA exon 2 splicing. (a) Outline of the three major splicing products of
the GAA pre-mRNA caused by the IVS1 variant in patient-derived primary fibroblasts known to date. The gel illustrates
the results of flanking exon RT-PCR analysis of exon 2 using primers that anneal to exon 1 and exon 3. WT: control
fibroblasts; IVS1: fibroblasts from patient 1. Left lane: DNA size markers (in basepairs). Cartoons of pre-mRNASs illustrate
splicing events as described (24-27). The location of the c.-32-13C>T (IVS1) variant in the pY tract is indicated. Spliced
mRNA cartoons are shown on the far right. Sizes of introns and exons in the cartoon are to scale. (b) Cartoon showing
hypothetical splicing regulatory elements that may be subject to modulation e.g. by a U7 snRNA. (c) Locations of U7
snRNA-based AONs used in the screen in (d). (d) Screen to identify splicing silencers of GAA exon 2. Primary fibroblasts
from patient 1 (IVS1, c.525delT) were transduced with 200 ng U7 snRNA-expressing lentiviruses. The effects on GAA
exon 2 expression were measured using RT-gPCR (black line; GAA (N) expression; primers are indicated in the upper
left cartoon). Effects on GAA enzymatic activity are indicated by the red line. The cartoon of GAA pre-mRNA below
the graph indicates the positions of the AONs tested. Data are expressed relative to non-transduced (NT) fibroblasts
and represent means +/- SD of three biological replicates. Samples were normalized for B-Actin expression. (e) The
experiment of (d) was also analyzed by flanking exon RT-PCR of GAA exon 2. B-Actin mRNA was used as loading
control. Primers are indicated in the upper left cartoon. *P < 0.05 and **P < 0.01 (n = 3).
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To explore the possibility for the development of AONs that could be used in a clinical
setting, we used phosphorodiamidate morpholino oligomer (PMO)-based AONs. These
and related AONs are chemically stable and are currently tested in clinical trials for a
number of diseases. In a validation experiment, exon 4 of CypA was efficiently skipped
using AONs CypA 1 and CypA 2 that targeted the splice acceptor (Suppl. Figure S2a-d). No
signs of toxicity were observed. This confirmed that PMO-based AONs are suitable for the
modulation of splicing in primary fibroblasts, in agreement with previous reports (32,49,50).

Next, we designed PMO AONSs based on the results of the U7 snRNA screen, and tested
these in fibroblasts derived from Pompe patient 1 for promoting GAA exon 2 inclusion
(Figure 2a and Suppl. Figure S2a). The putative splicing silencer sequences at c.-32-219
and c.-32-179 were targeted using PMO-based AONs (Figure 2a). Blocking of c.-32-179
using AONs 3 or 4 resulted in promotion of exon 2 inclusion and enhancement of GAA
enzymatic activity, while AONs 1 and 2 that targeted c.-32-219 were inactive (Figure 2b-
d). It is likely that blocking of c.-32-219 may require further optimization of PMO-AON
sequences. This was confirmed by flanking exon RT-PCR of exon 2 and in fibroblasts from
a second patient (genotype IVS1, c.923A>C; the second allele is expressed) (Figure 2e and
Suppl. Figure S2e,f). The maximal possible enhancement of GAA enzyme activity using
this approach is ~3.5-5 fold: patients with the IVS1 allele have on average 10-15% leaky
wild type splicing, and full restoration will amount to a maximum of 50% (derived from
one allele) of the average value of healthy controls. AONs 3 and 4 promoted GAA exon 2
inclusion and GAA activity in fibroblasts with ~2.5 fold, indicating that these corrected 50-
70% of exon 2 splicing.

To confirm that AONs acted by modulating splicing rather than total GAA mRNA
expression, splicing product-specific RT-gPCR analysis was performed. This showed that
AON 4 enhanced expression of wild type GAA mRNA while it repressed expression of
aberrant splicing products SV2 and SV3 (Figure 2f). In addition, AON 4 was ineffective
in fibroblasts from a healthy control (Figure 2f). Taken together, PMO AONs 3 and 4 were
identified to promote exon 2 inclusion with 50-70% efficiency in fibroblasts from patients
with the IVS1 GAA variant.

Splicing can occur in a tissue-specific manner, and it was unknown how the IVS1 variant
and the putative splicing silencer would operate in differentiated skeletal muscle cells, which
are affected in Pompe disease. To test this, we first used primary myoblasts derived from
healthy controls and Pompe patients. However, these showed limited and heterogeneous
capacity to proliferate and differentiate into multinucleated myotubes, which hindered the
use of myoblasts for quantitative analysis of AONs (data not shown). A similar reduction of
proliferation and differentiation capacity upon passaging of primary myoblasts has been
reported previously (41).

We therefore developed an in vitro model for childhood/adult Pompe disease using iPS
cells. Reprogramming of fibroblasts and characterization of iPS cells are described in Suppl.




126 | Chapter 5

a d 0% Fibroblasts patient 1, AON 4
0
1 GAA (N) mRNA level
€.-32-225 ¢.-32-156 60% [0 4-MU activity of GAA
.-32-13T>G
GAA Exon 2 _ 50% Ed T
<]
2 40% * T
Q
o
5 30% iy
° -
U7 target -219 U7 target -179 S 00%
GCAGACTGTGCAAGTGCTCTGCACTCCCCTGCTGGAGCTTTTCTCGCCCTTCCTTCTGGCCCTCTCCCCA
AON 1 AON 3 10% H HH
AON 2 AON 4 0% T T T T T T
& & S & & ©
& N Vv ) N >
o
b Fibroblasts patient 1, different AONs &&Q
N
70% = 1 GAA (N) mRNA level e M Control 1 Patient 1 Patient 2
60%- [ 4-MU activity of GAA — + i + = + !
o
50% - _—
5 o 3000 =—
2 40%4 en =
5 30% 650 e . D — — — — N
s 2= '
20% = 300  —
200  — «SV3
10% 100 — «sv2
0% -
)
A N S LR RN f o s00% -
& N 9 9 9 9
& \s \s \s v N
& SIS
& A _400% o = sv3
(=}
. . ] V2
c Fibroblasts patient 1, AON 3 g 300% = =S
0 3 *
70% 1 GAA (N) mRNA level 3 .
60% C 4-MU activity of GAA 2 200% -
)0/
o - 100%
£40% P
Q XX
0% =
530% = *ex wex L= + o= + L= +
o . o - -
S 20% Control 1 Patient 1 Patient 2
10% s
1(N) ‘ Exon 1 [ Exon 2 Exon 3
0% T T T T T T -
S & & S & & 2(5v3)
& N a % > o ~
(\e c.486 .
R - -~ = primer
& 3(sv2)

Figure 2. Splicing correction of GAA exon 2 in fibroblasts using PMO-based AONSs. (a) Positions in the GAA
pre-mRNA to which PMO-based AONs1-4 anneal. (b) Effect of AONs1-4 in fibroblasts from patient 1. GAA exon
2 inclusion in the mRNA was measured using RT-qPCR analysis (GAA (N) mRNA level), and GAA enzymatic
activity using 4-MU as substrate. Data are expressed relative to the average levels in healthy control fibroblasts
and were corrected for B-Actin expression. (c) As in Fig. 3b, but now using a concentration range of AON 3.
(d) As in Fig. 3b, but now using a concentration range of AON 4. (e) Flanking exon RT-PCR analysis (as in Fig.
2a) of the effect of AON 4 on GAA exon 2 inclusion in fibroblasts from patient 1 and 2. -: 0 uM AON, +: 20 uM
AON. (f) RT-gPCR analysis of individual splicing products of GAA exon 2 splicing. The N, SV2, and SV3 products
were quantified using primers as outlined in the cartoon, and the effect of AON 4 on GAA exon 2 splicing was
determined in fibroblasts from patients 1 and 2 and control 1. Data are corrected for B-Actin expression and
normalized per splicing variant for expression in untreated cells to visualize the effect per variant. Note that
patient 2 carried a missense GAA variant on the second allele which shows mRNA expression (partially masking
effects on the IVS1 allele), whereas patient 1 has no GAA mRNA expression from the second allele due to a
frameshift and subsequent mRNA degradation. Data are means +/- SDs of three biological replicates. *p < 0.05,
*p < 0.01, ***p < 0.001.
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Figure S3a-d. iPS cells from two patients and two healthy controls were differentiated into
myogenic progenitors using a transgene-free protocol modified from Borchin et al. (42).
While this method yielded purified Pax7+ myogenic progenitors after a 35-day protocol
(Suppl. Figure S3e), the recovery after FACS sorting was low. Between 50,000 and 500,000
cells could be purified starting from a full 10 cm dish of iPS cells, yielding only a few wells
in a tissue culture dish that could be used for testing AONSs. In addition, the capacity to
differentiate into multinucleated myotubes varied largely between individual purifications
(Suppl. Figure S3f). It was therefore not possible to reproducibly test the effect of AONs on
splicing in freshly isolated iPS-derived myogenic progenitors.

To address this, we tested cell culture conditions aiming to expand purified Pax7+
cells while maintaining proliferative and differentiation capacity. Out of 5 media tested
(Suppl. Table S1), medium 5 supported prolonged proliferation of myogenic cells (Figure
3a). Critical components included DMEM as basal medium and FGF2, which supports
proliferation. All 4 lines (from 2 Pompe patients and 2 healthy controls) could be expanded
with nearly identical proliferation rates at an average of 29.4 + 1.3 hrs/cell cycle, with
at least 5 x 107 fold expansion starting with 40,000 cells to yield at least 1 x 10" cells
(Figure 3b). At several time points during the expansion phase, cells could be frozen in
viable state and used for subsequent expansion. Proliferating myogenic progenitors were
characterized by high expression of the myogenic markers MyoD, Myogenin, Six1, and
Six4, moderately high expression of the myogenic differentiation marker a-actinin and of
FGF2, while the neural crest marker Sox7 was not expressed (Figure 3c and Suppl. Figure
S3g,h). Upon expansion, the karyotype remained normal (Figure 3d). In addition, at any
stage of expansion, cells could be differentiated into multinucleated myotubes with a high
fusion index (tested in > 500 differentiations performed to date) (Figure 3e and Suppl. Figure
S3i,j). Multinucleated myotubes showed high expression of the myogenic differentiation
markers Myosin Heavy Chain (MHC) (Figure 3e and Suppl. Figure S3i,j) and a-actinin
(Figure 3c). The lysosomal markers LAMP1 and LAMP2 were expressed at similar levels
in myotubes from healthy controls and patients (Suppl. Figure S3g). This suggests that
Pompe disease pathology, which includes enlarged lysosomes and elevated expression
of LAMP1/2 in a subset of skeletal muscle fibers in patients (22,51,52), has not advanced
to critical levels that affect lysosomal size and numbers in vitro, which is consistent with
the late-onset phenotype of childhood/adult onset Pompe disease. We conclude that the
expansion protocol reproducibly provided the amounts of multinucleated myotubes that
were required for the quantitative analysis of AONs on splicing in differentiated skeletal
muscle cells.

We expanded myogenic progenitors, differentiated these in a four-day protocol into
multinucleated myotubes, and analyzed GAA splicing by flanking exon RT-PCR and
quantitative RT-gPCR of splicing products. This showed leaky wild type splicing, and partial
and complete skipping of exon 2 in patient-derived myotubes, but not in myotubes from
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Figure 3. Expansion of purified iPS-derived myogenic progenitors and differentiation into multinucleated
myotubes. (a) I, Scheme for differentiation of iPS cells into myogenic progenitors and FACS purification; Il, Expansion
of purified myogenic progenitors. The expansion medium is indicated. The fold expansion is indicated. (b) Linear
proliferation curves for all four iPS-derived myogenic progenitor lines during expansion. The average R2 shown was
calculated for all datapoints of the 4 lines, and indicates high concordance between the four lines. (c) mMRNA expression
of iPS-derived myogenic progenitors (purified and expanded) and myotubes thereof. Equal amounts of total RNA were
isolated from fibroblasts (F), myogenic progenitors (MP), and myotubes (MT), generated after 4 days of differentiation,
and mRNA expression of the indicated genes was determined by RT-qPCR analysis. Log fold change was calculated
relative to Control 1 sample 1. Lines represent means. Symbols are as in (b). Biological duplicates are shown. (d)
Karyotype analysis after expansion of purified myogenic progenitors at day 35 (a representative example of 15 nuclei).
(e) Myogenic progenitors retain their capacity to differentiate into multinucleated myotubes during expansion. Myogenic
progenitors were expanded, and at several time points during expansion a subculture was differentiated for 4 days and
stained for expression of the myogenic differentiation marker MHC (MF-20 antibody; red). Nuclei were stained with
Hoechst (blue). The white arrowheads point to examples of aligned nuclei present in a single myotube. The fusion index
of each differentiation is shown at the bottom. Data are means +/- SDs of five technical replicates.
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healthy controls, similar to primary fibroblasts (Figure 4a,b). Myotubes from both Pompe
patients showed partial residual GAA enzyme activity consistent with residual leaky wild
type splicing (Suppl. Figure S4a). This confirmed that the IVS1 variant caused aberrant
splicing of exon 2 and GAA enzyme deficiency in skeletal muscle cells.

Next, we tested the effect of AONs 3 and 4 on exon 2 inclusion in myotubes. Treatment
of patient-derived myotubes resulted in a concentration-dependent increase in wild type
GAA splicing and a concomitant decrease in expression of aberrant splicing products SV2
and SV3, as shown by quantitative analysis of individual splicing products using RT-gPCR
(Figure 4c,d and Suppl. Figure S4d,e,i). In myotubes from healthy controls, AONs 3 and
4 did not affect GAA exon 2 splicing (Figure 4e and Suppl. Figure S4f,i), indicating that
these only restored normal splicing in the context of the IVS1 variant without promoting
additional effects on GAA mRNA expression. This was confirmed by flanking exon RT-
PCR analysis of exon 2 (Figure 4f). Importantly, treatment of patient-derived myotubes
with AONs 3 or 4 resulted in elevation of GAA enzyme activity above the disease threshold
of 20% of average healthy control levels (Figure 4g and Suppl. Figure S4g). Treatment of
myotubes from healthy controls did not affect GAA enzyme activity, in agreement with the
lack of effects on GAA mRNA expression in these cells (Figure 4h and Suppl. Figure S4h).
AON treatment did not affect myogenic differentiation to myotubes (Figure 4i and Suppl.
Figure S4b,c). We conclude that the splicing silencer sequence at c.-32-179 operates in
skeletal muscle cells and that its inhibition by AONs can restore splicing in cells from
Pompe patients carrying the IVS1 variant.

As it was unclear how AONs 3 and 4 restored exon 2 inclusion, we were interested to
investigate their mechanism of action. We noted that the target sequence of these AONs
showed similarity to a pY tract, which is usually present between 5-40 nucleotides upstream
of a splice acceptor. We then performed in silico analysis of splice sites using Alamut®,
and this predicted a strong natural cryptic splice acceptor site 12-13 nt downstream of the
binding site for AONs 3 and 4 (Figure 5a). One hundred and two nt further downstream,
a strong natural cryptic splice donor was predicted. These predictions were found for the
wild type GAA gene and were unchanged by the IVS1 variant, suggesting that these cryptic
splice sites defined a hypothetical natural pseudo exon. Usage of the natural pseudo exon
was observed in a minigene construct harboring the IVS1 variant. Mutation of the natural
cryptic splice sites of the natural pseudo exon abolished its inclusion in the context of the
minigene harboring the IVS1 variant (Suppl. Figure S5a-c). This suggested the possibility
that AONs 3 and 4 may act by inhibiting usage of a natural pseudo exon rather than by
repressing a putative ISS.

To test this, we first analyzed whether splice products comprising the putative natural
pseudo exon exist in cells from Pompe patients. To this end, mRNA isolated from patient-
derived myotubes was analyzed by flanking exon RT-PCR of exon 2, and PCR products
were cloned in a TOPO vector. Ninety six clones were analyzed by Sanger sequencing, and
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<= Figure 4. Quantitative analysis of GAA exon 2 splicing in expanded iPS-derived myotubes. (a) Comparison of
aberrant GAA splicing in fibroblasts and myotubes. Equal amounts of total RNA from primary fibroblasts (F) and their
corresponding iPS-derived myotubes (MT), derived from patient 1 or a healthy control, were analyzed by flanking
exon RT-PCR of exon 2 as described in Fig. 1a. (b), as (a) but now as analyzed by RT-qPCR of individual splicing
products. To facilitate comparison between different cell types, no normalization was used, and all products were
compared to the value of average control fibroblast product N levels using the delta-Ct method. (c-i) Quantitative
analysis of splicing correction in iPS-derived myotubes. (c) Effect of AON 3 on GAA exon 2 splicing in myotubes from
patient 1 as analyzed with RT-qPCR analysis of individual splicing products. Data were normalized against expression
of four genes that showed no consistent changes in expression: MyoD, Myogenin, LAMP1, and LAMP2 (see Suppl.
Figure S4i). (d) As (c), but now for AON 4. (e) Effect of AONs 3 and 4 on GAA exon 2 splicing in myotubes from control
1 as analyzed with RT-qPCR analysis of splice product N. Control cells have undetectable levels of aberrant splice
products SV2 and SV3. Normalization was as in (c). (f) Flanking exon RT-PCR analysis of the effect of AON 3 on GAA
exon 2 splicing in myotubes from patient 1 and control 1. (g) Effects of AON 3 and 4 on GAA enzymatic activity in
myotubes from patient 1. (h) As (g), but now in myotubes from control 1. (i) AON treatment does not affect myogenic
differentiation. Imnmunofluorescent stainings of myotubes after treatment with AONs 3 and 4. Red: MHC (anti-MF-20);
green: Myogenin; blue: nuclei (Hoechst). 0 uM: mock transfection. Representative pictures are shown. Quantitative
data are means +/- SDs of three biological replicates. *p < 0.05, **p < 0.01, **p < 0.001.

this resulted in the identification of 8 splice variants (Figure 5b,c, Table 1 (column: colony
count mock transfection) and Suppl. Figure S5d). The predicted natural pseudo exon was
indeed detected in two splice products, in which exon 2 was fully (SV6) or partially (SV5)

skipped. Both products were likely subject to mMRNA degradation due to the lack of the
translation start codon, explaining their low abundance. Nevertheless, these could also
be identified on agarose gels following flanking exon PCR of exon 2 (Figure 5b). Other
low abundant splice products (SV1, SV4, and SV7) utilized a previously described cryptic
splice donor nearby exon 1 (25,26). However, these never contained the natural pseudo
exon. We conclude that the predicted natural pseudo exon indeed exists in vivo and that it
is preferentially included in splice products in which exon 2 is partially or fully skipped due
to the IVS1 variant.

Table 1 Variants detected before and after treatment with AONs 3 and 5.

Splice colony count colony count transfection of
variant mock transfection 15 pM AON 3 and 5

total 96 96
Readable 93 90
N 14 45
Svi1 3 3
Sv2 44 16
Sv3 24 23
Sva 0 2
SV5 4 1
Sve 2 0
SVv7 2 0

Short introns are unfavorable for successful splicing and have a typical minimum length
of 70-80 nt (53). The length of the intron between the natural pseudo exon and exon 2 is
52 nt, which violates this rule. This suggested the possibility that inclusion of the natural
pseudo exon competes with exon 2 inclusion, which is in agreement with the mutually
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- Figure 5. Blocking of a natural pseudo exon restores GAA exon 2 splicing. (a) The splicing silencer in intron 1 is
predicted to be the pY tract of a natural pseudo exon. Alamut® was used to predict splice sites around the splicing
silencer identified in Fig. 1. Note that predictions were independent of the IVS1 variant. A strong 3’ splice site was
predicted at c.-32-154, and a strong 5’ splice site at c.-32-53, which suggested the presence of a natural pseudo
exon, indicated by ‘p’ in the cartoon. The canonical 3’ splice site of exon 2 at c.-32 showed strong prediction and is
also indicated. (b) Blocking of natural pseudo exon splicing restores GAA exon 2 splicing. AON 5 was designed to
block the predicted 5’ splice site, and AONs 3 and 5 were tested alone or in combination in myotubes from patient
1. Flanking RT-PCR analysis of GAA exon 2 was performed. Splicing products were identified by TOPO cloning (see
Table 1) and are indicated in the gel and in the cartoons in (c). (d). Analysis of the experiment in (b) by RT-qPCR of
individual splicing products. Splicing to the natural pseudo exon is represented by SV5 and SV6 and these products
were quantified using unique PCR primers. Data were normalized against expression of four genes that showed no
consistent changes in expression: MyoD, Myogenin, LAMP1, and LAMP2 (see Suppl. Figure S5e). (€) Analysis of the
experiment in (c) on GAA enzyme activity. (f) Combined treatment with AONs 3 and 5 does not interfere with myogenic
differentiation to myotubes. Immunofluorescent staining results are shown for treatment of iPS-derived myotubes
obtained from patient 1. Red: MHC (anti-MF-20); green: Myogenin; blue: nuclei (Hoechst). 0 uM: mock transfection.
Representative pictures are shown. Quantitative data are means +/- SDs of three biological replicates. *p < 0.05, *p
<0.01, *p < 0.001.

exclusive inclusion of the natural pseudo exon or exon 2 in splice products. Such scenario
explains why AONs 3 and 4 promote exon 2 inclusion, namely by repression of inclusion
of the natural pseudo exon via interfering with the pY tract of the natural cryptic splice

acceptor site. We hypothesized that repression of the natural cryptic splice donor would
likewise promote exon 2 inclusion. To test this, AON 5 was designed to target the natural
cryptic splice donor site of the natural pseudo exon (Figure 5a and Suppl. Figure S2a). In
patient-derived myotubes, AON 5 promoted exon 2 inclusion (product N) and repressed
inclusion of the natural pseudo exon (products SV5 and SV6), as shown by flanking exon
RT-PCR and splicing product-specific RT-gPCR (Figure 5b,d, and Suppl. Figure S5e). AON
5 was equally effective in splicing correction compared to AON 3, in agreement with the
idea that both AONs prevent utilization of the natural pseudo exon. GAA enzyme activity
was enhanced by AON 5 to similar levels compared to AON 3 (Figure 5e) and myotube
differentiation was not altered by the AON treatment (Figure 5f). These results suggest
that the natural pseudo exon competes with exon 2 splicing and that natural pseudo exon
skipping by AONs promotes exon 2 inclusion.

The identification of the natural pseudo exon offered an additional option for splicing
correction, namely by the simultaneous targeting of the cryptic splice acceptor and donor
sites. To test this, a combination of AON 3 plus AON 5 was tested in patient-derived
myotubes. At the same total AON concentrations, combinations of AON 3 plus AON 5
were very efficient in promoting exon 2 inclusion and repressing aberrant exon 2 splicing
(Figure 5b,d). We used TOPO cloning as above to analyze all products that arise from
treatment with AON 3 plus AON 5 (Table 1). No additional products besides the 8 known
splicing products were identified. Compared to mock treated cells, cells treated with AON
3 plus 5 showed an increase in the number of clones with a wild type exon 2 insert from
14 to 45 (3.2 fold), while the number of clones that contained the natural pseudo exon was
reduced 6 fold from 6 to 1 (Table 1). When tested on GAA enzyme activity, combinations
of AONs 3 plus 5 were more efficient compared to single AONs, at an enhancement of
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up to 3.3 fold (Figure 5e). Following the calculation outlined above, this amounts to a
highly efficient splicing correction of the IVS1 allele of 66-99%, calculated based on the
average GAA enzyme levels in healthy controls (see Suppl. Figure S4a). We conclude that
the simultaneous inhibition of the cryptic splice donor and acceptor sites of the natural
pseudo exon is an efficient way to promote exon 2 inclusion and is able to restore the
majority of GAA enzymatic activity in patient-derived skeletal muscle cells towards healthy
control levels.

DISCUSSION

Here, we have developed methods for promotion of exon inclusion, and for drug testing and
screening in purified patient-derived multinucleated myotubes, and used these to develop
AONSs that restore aberrant splicing of the common IVS1 GAA variant in Pompe disease. The
U7 snRNA-based approach using lentiviral expression via a modified construct provides a
platform for screening of AON sequences in a fast and cheap manner. Purified iPS-derived
myogenic progenitors divided fast at 29.4 + 1.3 hrs per cell cycle in optimized cell culture
medium. These could be expanded at least 5 x 107 fold without progressive cell cycle
delay, and showed highly reproducible in vitro differentiation indicated by morphology,
marker gene expression, and a high fusion index. The U7 snRNA-based screen was
used to identify a silencer sequence of GAA exon 2 splicing, which was used to design
PMO-based AONs that restored exon inclusion in cells carrying the IVS1 allele. This led
to the identification of a natural pseudo exon that is utilized in IVS1 cells to repress exon
2 splicing, providing a mechanistic basis for the promotion of exon inclusion, and options
for improved targeting via the simultaneous blocking of 3’ and 5’ cryptic splice sites of the
natural pseudo exon.

Many disorders exist that are caused by exon skipping and these would profit from
enhancement of exon inclusion (54-56). Mechanisms that regulate exon inclusion in human
disease are however still poorly understood. Current insight focusses on the identification
of ISS and ESS sequences, which can be cumbersome. Our results suggest that it may
be possible to use natural cryptic splice site usage as criterion to design AONs for exon
inclusion for other human splicing disorders. Many drugs are developed in heterologous
cells using artificial reporters, resulting in a low percentage of drugs that successfully
proceed into the clinic. Human patient-derived cells are preferred and iPS technology
has great promise for this (57-59). Transgene-free differentiation of human iPS cells into
myogenic cells has been achieved by a number of laboratories (42-46), but expansion
of (purified) cells and subsequent differentiation into multinucleated myotubes has been
limited. Shelton et al reported expansion of unpurified cells of 3-fold during a two-week
culturing period (45) using a pre-plating protocol. Choi and coworkers reported expansion
of purified iPS-derived myogenic progenitors of at least 1 x 10* fold. These cells divided
every 47.9 = 17.0 hrs, but showed limited capacity to differentiate into multinucleated
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myotubes, with a fusion index of maximal 10% (46). Our protocol yielded at least 1 x 102
myogenic cells with full potential to differentiate into multinucleated myotubes with fusion
indexes of up to 80%, which should allow drug screens in skeletal muscle cells at a more
advanced differentiation state. The results of the current study identify AONs that promote
endogenous production of wild type GAA protein in patient cells. This reflects a fundamental
different mechanism compared to ERT, which relies on utilization of an inefficient route for
cellular uptake via M6PRs expressed at the plasma membrane (21). Future studies are
required to develop AONs into an alternative treatment option for Pompe disease, which
would help patients that respond poorly to ERT.

MATERIALS & METHODS

Generation of induced pluripotent stem cells

Dermal fibroblasts from control 1 and two patients (1 and 2) with Pompe disease
were obtained via skin biopsy with informed consent. The Institutional Review Board
approved the study protocol. All patient and control primary cell lines were negative for
HIV, hepatitis B, hepatitis C as tested by quantitative PCR analysis at the diagnostic
department of Virology of the Erasmus MC Rotterdam, The Netherlands. Both patient
cell lines contain the IVS1 mutation on one allele. The second allele was c.525delT for
patient 1, and c.923A>C (his>pro) for patient 2, which both are established pathogenic
GAA variants (http://www.pompecenter.nl). Primary fibroblasts were reprogrammed

into iPS cells using a polycistronic lentiviral vector of Oct4, Sox2, Kif4, and c-Myc as
described (60). iPS control 2 cell line was a gift from Christian Freund and Christine
Mummery and has been characterized previously (61). iPS cells were cultured on
y-irradiated mouse embryonic feeder (MEF) cells. The iPS culture medium consisted
of DMEM/F12 medium (Invitrogen), 20% knock-out serum replacement (Invitrogen),
1% non-essential amino acids (Gibco), 1% penicillin/streptomycin/L-glutamine (100x,
Gibco), 2 mM B-mercaptoethanol (Invitrogen) and 20 ng/ml basic fibroblast growth
factor (Peprotech).

Immunofluorescence

Cells were cultured on normal tissue culture dishes and fixed with 4% paraformaldehyde
(Merck) in PBS for 10 minutes at room temperature, washed with PBS and permeabilized
for 5 minutes with 0.1% Triton X-100 (AppliChem) in PBS. Blocking was performed for
30 minutes at room temperature with blocking solution containing PBS-T (0.1% Tween,
Sigma) with 3% BSA (Sigma). Primary antibodies (Suppl. Table S2) were diluted into 0.1%
BSA in PBS-T and incubated either 1 hour at room temperature. After incubation cells were
washed three times for 5 minutes with PBS-T and incubated with the secondary antibodies
(1:500, Alexa-Fluor-594-a-goat, Alexa-Fluor-488-a-mouse, Alexa-Fluor-594-a-rabbit,
Alexa-Fluor-488-a-rabbit, Invitrogen or horse anti-mouse biotin (Vector Laboratories)) in
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PBS-T for 30 minutes at room temperature. For incubations with secondary biotinylated
antibodies cells were washed three times for 5 minutes with PBS-T and incubated with
Streptavidine 594 (Invitrogen, 1:500). The cells were subsequently washed two times for 5
minutes with PBS and incubated for 15 minutes with Hoechst (1:15000, Thermo Scientific).
Cells were imaged in PBS.

Microarray analysis

RNA samples to be analyzed by microarrays were prepared using RNeasy columns
with on-column DNA digestion (Qiagen). 300 ng of total RNA per sample was used
as input into a linear amplification protocol (Ambion), which involved synthesis of
T7-linked double-stranded cDNA and 12 hours of in vitro transcription incorporating
biotin-labelled nucleotides. Purified and labeled cRNA was then hybridized for 18h
onto HumanHT-12 v4 expression BeadChips (lllumina) following the manufacturer’s
instructions. After recommended washing, chips were stained with streptavidin-Cy3
(GE Healthcare) and scanned using the iScan reader (lllumina) and accompanying
software. Samples were exclusively hybridized as biological replicates. The bead
intensities were mapped to gene information using BeadStudio 3.2 (lllumina).
Background correction was performed using the Affymetrix Robust Multi-array
Analysis (RMA) background correction model (62). Variance stabilization was
performed using the log2 scaling and gene expression normalization was calculated
with the method implemented in the lumi package of R-Bioconductor. Data post-
processing and graphics was performed with in-house developed functions in
Matlab. Hierarchical clustering of genes and samples was performed with one minus
correlation metric and the unweighted average distance (UPGMA) (also known as
group average) linkage method. The microarray data have been deposited at Gene
Expression Omnibus (GEO) with accession number GSE75713.

In vitro differentiation

iPS colonies were washed once with PBS and treated for 45 minutes with 1 mg/ml
collagenases IV (Invitrogen) at 37 °C, scraped and centrifuged for 15 seconds at 800
rpm. The pellet was slowly resuspended in EB medium (iPS culture medium without
FGF2) containing 10 uM Y-27632 dihydrochloride (Ascent Scientific), and plated on low
binding plates (Cyto one). For endodermal differentiation, 10 uM SB 431542 (Ascent
Scientific) was added to the EB medium. Six days later EBs were plated in 12 wells
coated with 0.1% gelatin (Sigma) for endodermal and mesodermal differentiation or with
matrigel-coated plates for ectodermal differentiation in endoderm/mesoderm/ectoderm
medium (Suppl.Table S3). Cells were fixed after 14 days of differentiation with 4%
paraformaldehyde (Merck) in PBS for 5 minutes at room temperature and processed for
immunofluorescence.
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Karyotype analysis

iPS or myogenic progenitors were detached with TrypLe (Gibco) for 5 minutes at 37 °C. The
pellet was incubated with 10 pg/ml colcemid (Gibco) for 30 minutes at room temperature.
Cells were then centrifuged for 10 minutes at 1100 rpm and resuspended into prewarmed
0.075 M KCL and incubated for 10 minutes at 37 °C. After incubation cells were five times
washed with fixation solution (3:1 methanol:acetic acid) and spread onto glass slides.
Hoechst staining was performed as described above. Fifteen slides were analyzed per cell
line.

Differentiation of iPS cells to myogenic progenitor cells

Differentiation of iPS cells to myogenic progenitors cells was modified from Borchin et
al. (42). Briefly, 0.6 mm large iPS colonies cultured in 10 cm dishes on MEF feeders were
treated for 5 days with 3.5 yM CHIR99021 (Axon Medchem) in myogenic differentiation
medium (DMEM/F12, 1x ITS-X and 1x Penicillin/Streptomycin/Glutamine, all Gibco).
CHIR99021 was removed and cells were cultured in myogenic differentiation medium
containing 20 ng/ml FGF2 (Prepotech) for 14 days, and were then cultured for an
additional 16 days in myogenic differentiation medium only. Medium was refreshed daily.

Purification of myogenic progenitors using FACS

Following the 35-day protocol for differentiating iPS cells into a mixture of cells
including myogenic progenitors as outlined above, cells were harvested and purified
by FACS. To this end, cells were washed once with PBS, incubated for 5 minutes with
TrypLe (Gibco) at 37 °C and gently detached with a pipetboy. The cell suspension was
filtered through a 0.45 uM FACS strainer (Falcon) to remove cell aggregates. Cells were
centrifuged for 4 minutes at 1000 rpm and incubated with anti-HNK-1-FITC (1:100,
Aviva Systems Biology) and anti-C-MET-APC (1:50, R&D Systems) antibodies for 30
minutes on ice in myogenic differentiation medium. Cells were washed three times
with ice-cold 1% BSA in PBS before FACS sorting. Hoechst (33258, Life Technology)
was used as viability marker. Hoechst/C-MET-positive cells were sorted with a 100 pm
nozzle and collected in ice cold iPS-myogenic progenitor proliferation medium (iPS-
MP-pro medium) containing DMEM high glucose (Gibco) supplemented with 100 U/ml
Penicillin/Streptomycin/Glutamine (Life Technology), 10% Fetal bovine serum (Hyclone,
Thermo Scientific),100 ng/ml FGF2 (Prepotech). To reduce cell death, medium was
supplemented with 1x RevitaCell™ Supplement (Gibco) during collection and the first
24 hrs of cell culture. Sorting time was limited to 20 minutes per well. Plates/wells
were coated for 30 minutes at room temperature with ECM (Sigma-Aldrich, E6909-5ml,
1:200 in iPS-MP-pro medium).Sorted cells were plated either at 40,000 cells in one
well of a 48 well plate or at 80,000 cells in one well of a 24 well plate, depending on
the amount of cells.
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Expansion of myogenic progenitor cells

One day after plating FACS sorted myogenic progenitors, the medium was refreshed with
iPS-MP-pro medium. When cells reached 90% confluence, cells were passaged using
2x diluted TrypLe in PBS and plated on ECM-coated plastic. Myogenic progenitors could
be frozen at any time during expansion without loss of proliferation and differentiation
capacity, using iPS-MP-pro medium supplemented with 10% DMSO.

Differentiation of myogenic progenitors into multinucleated myotubes

For differentiation to multinucleated myotubes, myogenic progenitors were grown to 90%
confluence and the medium was then replaced with myogenic differentiation medium
(DMEM/F12, 1x ITS-X and Penicillin/Streptomycin/Glutamine, all Gibco). After 4 days,
myotubes were harvested.

Modification of the U7 snRNA vector for efficient one-step cloning of AON sequences
The U7 snRNA gene and promoter was amplified by PCR from female mouse genomic
DNA using Fw-ms-U7snRNA-Pst1 and Rv-ms-U7snRNA-Sall primers, which included
Pstl and Sall overhang restriction sites. The PCR fragment (425 bp) was cloned into a
pCRII-TOPO vector according to the manufacturers manual (Invitrogen). SMopt and Nsil
sites were generated by site-directed mutagenesis according to an inner and outer primer
design with Fw- and Rv-U7snRNA-SMopt or Fw- and Rv-U7snRNA-Nsil as inner primers
and with Fw-M13 and Rv-M13 as outer primers (Suppl. Table S4), and subcloned using the
Pstl and Sall sites in front of the polypurine tract fragment of the lentiviral vector used for
reprogramming, from which OSKM and the SF promoter were removed.

Cloning of AONs into the U7 snRNA vector

AONs were inserted via PCR amplification using a forward primer that contained
the desired antisense sequence and the unique Nsil restriction site and the reverse
primer Rv-ms-U7snRNA-Sall. The amplified PCR product was purified by agarose gel
electrophorese, extracted (gel extraction kit, Qiagen), digested with Nsil and Sall, purified
(PCR purification kit, Qiagen), and cloned into the Nsil and Sall sites of the U7 snRNA
vector. Clones were verified by sequencing with the Fw-ms-U7snRNA-Pstl (Suppl. Table
S4) and restriction enzyme digestion.

Cell culture

HEK293T cells or human primary fibroblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) high glucose (Gibco) supplemented with 100 U/ml Penicillin/
Streptomycin/Glutamine (Gibco) and 10% Fetal bovine serum (Hyclone, Thermo
Scientific). Cells were passaged after reaching 80/90% confluence with TrypLE (Gibco).
Human ES lines H1 and H9 were obtained from Wicell Research Institute, Madison, WI,
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USA. The identity of cell lines used in this study was confirmed by DNA sequence and
microarray analyses. All cell lines were routinely tested for mycoplasma infection using
the MycoAlert™ Mycoplasma Detection Kit (Lonza) and were found negative.

Virus production

Lentiviruses were produced by co-transfecting HEK293T cells at 80% confluency in a
10 cm culture dish with the lentivirus transfer vector (3 pg SF-OSKM or SF-U7snRNA
vectors) and packaging plasmids (2 ug psPAX2 and 1 pg pVSV vectors) using Fugene 6
transfection according to manufacturer’s protocol (Promega). Lentiviruses were harvested
from the medium after 72 hours of transfection and filtered using a 0.45 um PDFV filter
(Milipore). After filtering lentiviruses were concentrated by high speed centrifugation for
2 hours at 20000 rpm in a Beckman Coulter Ultracentrifuge with SW32 Ti rotor at 4 °C.
The supernatant was removed and the pellet was dissolved in 25 ul Dulbecco’s Modified
Eagle’s medium Low Glucose (Invitrogen) per plate and stored in aliquots at -80 °C.

P24 ELISA

Viral titers were determined with the HIV-1 p24 antigen ELISA kit (Retrotek) according to
manufacturer’s manual. Each virus was diluted 1:40000 and 1:100000 and the OD450 nm
was measured with a varioskan (Thermos Scientific) reader.

Transduction of U7 snRNA vectors

One day before infection 6x10* cells per single well of a 12 wells plate of patient 1-derived
primary fibroblasts were seeded. One day later the cells were infected with 200 ng virus
containing the SF-U7snRNA constructs, and after 24 hours cells were washed three times
with PBS before adding fresh medium. After 4 days cells were washed with PBS and
harvested with RLT buffer of the RNAeasy kit for RNA isolation (Qiagen). For GAA enzyme
activity assay cells were harvested after 12 days.

Morpholino transfections

Fibroblasts or myogenic progenitors (day -1 or 0 of differentiation) were transfected with morpholino
AONSs using Endoporter reagent (Gene-Tools, LLC). Cells were grown to 90% confluency before
transfection. Endoporter was used at a concentration of 4.5 pl per ml of medium. Morpholino was
dissolved in sterile water to a concentration of 1 mM and the appropriate volume was added to
each culture well. Cells were harvested 3-5 days after AON addition.

RNA isolation and cDNA synthesis

RNA was extracted with the RNeasy mini kit with Dnase treatment (Qiagen) and was stored
at -80 °C in RNase-free water. cDNA was synthesized from 500 ng RNA using iScript cDNA
synthesis kit (Bio-Rad).
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qgPCR

cDNA was diluted five, ten or twenty times and used with 7.5 pl iTag Universersal SYBR
Green Supermix (Bio-Rad) and 10 pmol/pl forward and reverse primers (Suppl. Table S4)
in a CFX96 real-time system (Bio-Rad). Ct values were related to amounts using standard
curves of 4-6 dilutions. Quantification of expression was calculated relative to B-Actin
expression in experiments where primary fibroblasts used, to expression of four markers
(Myog, MyoD, LAMP1 and LAMP2) in experiments where myotubes were used, and to
RNA input in experiments were multiple tissues (fibroblasts, myogenic progenitors and
myotubes) were compared.

Flanking exon RT-PCR

Ten times diluted cDNA with GC GAA Exon1-3 fw and GC GAA Exon1-3 rv primers
were used for RT-PCR with the Advantage GC 2 PCR kit (Clontech) and a GC-melt
concentration of 0.5 M according to manufacturer’s protocol. The whole GC-PCR
reaction was analyzed on a 1.5% agarose gel containing 0.5 pg/ml ethidium bromide
(Sigma).

GAA enzyme activity assay

Cells were harvested with ice cold lysis buffer (50 mM Tris (pH 7.5), 100 mM NaCl,
50 mM NaF, 1% Triton X-100 and one tablet Protease Inhibitor Cocktail (cOmplete,
with EDTA, Roche) and incubated for 10 minutes on ice. Samples were centrifuged
at 14000 rpm for 10 minutes at 4 °C. GAA enzyme activity was measured using
4-methylumbelliferyl a-D-glucopyranoside (Sigma) as substrate as described (27).
Total protein concentration was determined using a BCA protein assay kit (Pierce,
Thermo Scientific).

Statistical analysis

All data represent mean +/-SD, and p-values refer to two-sided t-tests. Bonferroni
multiple testing correction was applied where necessary. A p-value < 0.05 was
considered to be significant. Data showed normal variance. There was no power
calculation in any of the experiments. No randomization method was used. No
samples were excluded from the analyses. Experiments on expansion of iPS-derived
muscle progenitors, differentiation into myotubes, and AON treatment have been
performed at least two times. Investigators were not blinded to the identity of the
samples.
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<= Supplementary Figure 1 A U7 snRNA screen to identify splicing repressors. (a) In silico prediction of exonic and
intronic splicing silencers around the GAA IVS1 variant. Algorithms from Human Splicing Finder 2.4.1 are indicated
below the graph. (b) One-step cloning strategy for rapid cloning of AONSs in the lentiviral U7 snRNA expression vector.
A unique Nsil site was introduced in the U7 snRNA. AON sequences and the Nsil site were part of a forward primer
in PCR, and a unique Sall site was included in the reverse PCR primer. (c) Cartoon of the region of the Cyclophilin
A (CypA) gene that was targeted using a U7 snRNA-expressed AON (CyPA-E4) as described previously by Liu et
al (47). (d) RT-PCR analysis of patient 1 fibroblasts in which the CypA pre-mRNA was targeted using CyPA-E4.
As control, non-transduced cells were used (NT). The PCR strategy is shown above the gel. B-actin was used as
loadling control. (€) RT-qPCR analysis of the samples of (d). The PCR strategy is shown above the figure. (f) Testing
of the optimal viral amount for detection of splicing modulation sequences. Patient 1 fibroblasts were infected with
various lentiviruses at the amounts indicated. The optimum amount was determined to be 200 ng lentivirus per ml
of medium. Data are means +/- SD of two biological replicates. Data points from 200 ng were taken from Fig. 2d
(N = 3). NT: non-transduced. (g) Two hits from the screen shown in Fig. 2d were further tested in a microwalk using
the U7 snRNA system. Primer locations are shown here. (h) Results of the microwalk, as analyzed by RT-qPCR. (i)
As (h), using RT-PCR analysis. Results are expressed relative to NT fibroblasts and represent means +/- SD of three
biological replicates. **P< 0.01.
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AON 5 GAA c.-32-64_-40 AAAGCAGCTCTGAGACATCAACCGC 25 AON CypA 2
reference sequence for cDNA annotation is NM_000152.3
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<= Supplementary Figure 2. PMO-based AONs promote exon inclusion in primary fibroblasts from Pompe
patients. (a) Sequences of PMO-AONSs used. (b-d) Test of PMO-based AONs on the positive control gene CypA. (b)
Location of AONs designed to block the splice donor of CypA exon 4. (c) Fibroblasts from patient 1 were transfected
with AONSs at various concentrations as indicated, and CyPA mRNAs were analyzed by RT-PCR. Cartoons at the
right side of the gel indicate spliced products. (d) RT-gPCR analysis of exon 4 skipping of the experiment in (c). The
cartoon highlights the primer locations. Data represent means of 3 technical replicates. (e-f) Promotion of GAA exon
2 inclusion. (e) Effect of AON 3 on GAA exon 2 inclusion measured using RT-qPCR analysis and on GAA enzymatic
activity in fibroblasts from patient 2. Note that this patient has genotype IVS1, c.923A>C, and that the c.923A>C
allele causes background expression of the N form of GAA mRNA. Data are expressed relative to average levels in
healthy control fibroblasts and are means +/- SD from three biological replicates. (f) As (e) but with AON 4. Data for
Supplementary Fig. 2e,f are means +/- SD from three biological replicates. *p < 0.05, *p < 0.01, *”p < 0.001.
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Supplementary Figure 3e-h
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Supplementary Figure 3i-j
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Supplementary Figure 3. Purification and expansion of iPS-derived myogenic progenitors. (a-d) Generation
and characterization of iPS cells. (a) Immunofluorescent analysis of iPS cells from control 2 and patient 1 and 2 with
antibodies to Nanog, Oct4, SSEA4, TRA-I-60 an TRA-I-81 (red). DAPI was used to stain nuclei (blue). Control 1 iPS
cells were published previously (61). (b) In vitro differentiation of iPS lines from (a) into derivatives of the three germ
layers. Stainings for a-Fetoprotein (AFP) show hepatocytes (endoderm; red), stainings for smooth muscle actin (SMA)
show smooth muscle cells (mesoderm, red), and neuron-specific class Il o-tubulin (TUJ1) stainings show neurons
(ectoderm, red). DAPI staining shows nuclei in blue. (c) Microarray analysis of mRNA expression of pluripotency
and fibroblast genes. iPS cell are marked as P2, P1 and C2 (patients 2 and 1, and control 2, respectively). For
comparison, human embryonic stem cell lines H1 and H9 and fibroblast line F134 were also analyzed. (d) Karyotype
analysis of the four iPS lines used in this study. All lines have normal karyotypes. Representative karyotypes of 10
nuclei per cell line are shown. (e-j) Expansion and differentiation of purified iPS-derived myogenic progenitors. (e)
Immunofluorescent staining for Pax7 (in red) in selected areas from a culture dish derived from non-purified myogenic
progenitors following the 35-day differentiation protocol outlined in Fig. 3A I. Nuclei were stained with Hoechst (blue).
(f) Myogenic progenitors from (e) were purified by FACS for HNK-1-/C-MET+ cells, and differentiated into myotubes,
which were stained with an MF-20 antibody to MHC (red). Nuclei were stained with Hoechst (blue). Attempts to
differentiate freshly purified myogenic progenitors using standard differentiation medium (DMEM/F12 1% ITS-X,
1% P/S/G) failed as cells died. Therefore, we first applied a 2-day period in DMEM HG, 2% horse serum, 1% P/S/G,
followed by a 6 day period in standard differentiation medium. These results are shown here. (g-j) Characterization
of expanded myogenic progenitors. (g) Equal amounts of total RNA from fibroblasts (F), purified and expanded
myogenic progenitors (MP) and after differentiation into myotubes (MT) were analyzed by RT-QPCR analysis.
Biological duplicates are shown. Lines represent means. A human brain autopsy sample was used as a positive
control for Sox1 expression. (h) Immunofluorescent analysis of MyoD in expanded myogenic progenitors. Myogenic
progenitors were expanded in proliferation medium and stained at the start of expansion and after expansion to
~1012 cells. Representative pictures are shown. (i). Capacity to differentiate into multinucleated myotubes during
expansion. Myogenic progenitors were expanded and at several time points during expansion, a subculture from
the expansion was differentiated for 4 days and stained for MHC expression (anti-MF20, red). Nuclei were stained
with Hoechst (blue). The fusion index of each differentiation is shown at the bottom. Data are means +/- SDs of five
technical replicates. We noted that, upon differentiation, myogenic progenitors from patient 2 (generated from iPS
clone 1 and used in the experiments shown in Fig. 3, 4 and Supplementary Fig. 4) showed shorter myotubes and
in some cases abnormal fusion into large round MHC-positive multinucleated structures. To investigate this further,
we generated independent myogenic progenitors from this iPS clone, but these also showed similar properties. We
then generated myogenic progenitors from an independent iPS clone 2 from patient 2 (which expressed pluripotency
markers and showed in vitro differentiation into derivatives of the three germ layers, data not shown). These showed
formation of multinucleated myotubes that were similar to those formed from patient 1 and the healthy controls, and
we used these cells in Supplementary Fig. 3i. Myogenic progenitors from patient 2 clones 1 (Fig. 3b) and 2 (data
not shown) showed highly similar proliferation curves upon expansion of at least 1012 in 31 days. (j) Examples of
myogenic differentiation after expansion of myogenic progenitors. Staining was as in (i). Multiple aligned myonuclei
were seen in extended myotubes.

Supplementary Figure 4 Promotion of exon inclusion in patient-derived myotubes. (a) GAA enzyme activitiy in
iPS-derived multinucleated myotubes. Myogenic progenitors from the cells indicated were differentiated for 4 days,
and GAA enzyme activity was determined. The average activity present in the two healthy controls paralleled those
present in fibroblasts (data not shown), and was used to calculate the % residual activity in myotubes from the two
patients. (b) Morphology of differentiated myotubes, obtained from purified myogenic progenitors from control 1 and
patient 1, with and without AON treatment. Cells were stained with antibodies against Myosin Heavy Chain (MHC)
(red), and Myogenin (green). Nuclei were visualized with Hoechst (blue). (c) Same as (b), but for control 2 and patient
2. (d-h) AONs promote exon 2 inclusion and GAA enzyme activity in patient-derived myotubes but not in myotubes
from a healthy control. (d) Effect of AON 3 on GAA pre-mRNA splicing in myotubes from patient 2, measured with RT-
gPCR analysis of individual splicing products. Data were normalized using a panel of reference genes (MyoD, Myog,
LAMP1, LAMP2) that did not change during treatment (see (i)). (e) As (d), but using AON 4. (f) Effects of AON 3 and 4
on expression of the N form of GAA mRNA in myotubes from control 2. Normalization was as in (d). (g) Effects of AON
3 and 4 on GAA enzymatic activity in myotubes from patient 2. (h) Effects of AON 3 and 4 on GAA enzymatic activity
in myotubes from control 2. (i) Effects of AON 3 and 4 on expression of reference genes (MyoD, Myog, LAMP1,
LAMP?2) in myotubes from patients and controls. These genes were used for normalization of all RT-qPCR data from
myotubes, unless otherwise stated. In all experiments, data represent means +/- SD of three biological replicates. *p
<0.05, *p <0.01, *p < 0.001.
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Supplementary Figure 4a-b
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Supplementary Figure 4c
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Supplementary Figure 4d-i
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Supplementary Figure 5a-c
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Supplementary Figure 5 Identification of a natural pseudo exon that competes with GAA exon inclusion. (a-
c) Mutations in splice sites of the natural pseudo exon abolish pseudo exon inclusion. (a) Cartoon of the minigene
comprising a 4.5 kb genomic GAA sequence including exons 1-3. This sequence was obtained by PCR and cloned
into pcDNA3.1. The natural pseudo exon is indicated along with the natural cryptic splice sites that were mutated by
site directed mutagenesis. (b) Splicing prediction of the effect of the mutations shown in (a). Mutation 1 generated
a new predicted 3’splice site 5 nt downstream, whereas mutations 2 and 3 completely abolished predicted 3’and
5’splice site, respectively. (c) Wild type and mutated minigenes were transfected in HEK293T cells, and expression
of GAA splice variants containing the natural pseudo exon was quantified by RT-gPCR analysis using the primers
indicated. (d) Sequence analysis of splicing products from Table 1. () AON treatment does not change expression of
reference genes in myotubes. The experiment of Fig. 5b-d was analyzed by RT-qPCR for expression of the reference
genes shown. Equal amounts of total RNA were used. Data represent means +/- SD of three biological replicates. *p
<0.05, *p < 0.01, **p < 0.001.
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Supplementary Figure 5a-b
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Supplementary Table 1. Cell culture media tested for sustaining expansion of myogenic progenitors

Medium no Composition

DMEM/F12, 1% ITS-X and 1% P/S/G
HAM F10, 20% FBS and 1% P/S/G
HAM F10, 20% FBS, 1% P/S/G and 100 ng/ml FGF2
DMEM HG, 10% FBS and 1% P/S/IG
DMEM HG, 10% FBS, 1% P/S/G and 100 ng/ml FGF2

a oA~ W N R

Supplementary Table 2. Antibodies used in experiments

Name Dilution Company
Goat-a-NANOG 1:50 R&D systems (AF1997)
Goat-a-OCT4 1:100 Santa Cruz (sc-8629)
Mouse-a-SSEA4 1:100 Millipore (SCR001)
Mouse-a-Tra-I-60 1:100 Millipore (SCR001)
Mouse-a-Tra-I1-80 1:100 Millipore (SCR001)
Mouse-a-SMA 1:50 Dako (M0851)
Mouse-a-AFP 1:200 Sigma (A8452)
Mouse-a-TUJ1 1:1000 Sigma (T8660)
Mouse-a-MF20 1:50 DSHB

Rabbit-a-Myogenin 1:100 Santa Cruz (sc-576)
Rabbit-a-MyoD 1:100 Santa Cruz (sc-304)
Mouse-a-Pax7 1:100 DSHB
Mouse-a-C-MET-APC 1:50 R&D systems (FAB3582A)
Mouse-a-HNK1-FITC 1:100 AVIVA SYSTEMS BIOLOGY (OASA02271)

Supplementary Table 3. Composition of in vitro differentiation medium into three germ layer derivatives

Medium Component Supplier
Endoderm/Mesoderm DMEM High Glucose Gibco

20% FBS Thermo scientific

1% PSG Gibco

a-Thioglycerol (4pl/100ml) Sigma

1x NEAA PAA

0.1% R-mercaptoethanol Life technologies
Ectoderm 50% Neurobasal medium Gibco

50% DMEM/F12 Gibco

1% PSG Gibco

0.1% R-mercaptoethanol Life technologies

1:500 7.5% BSA fraction V Gibco

1:200 N2 Gibco

1:100 B27 w/o VitA Gibco
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Supplementary Table 4. Primers used for RT-gPCR, RT-PCR, cloning and sequencing
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Primer target Sequence (5'-3") Used for
S-Actin fw AACCGCGAGAAGATGACCC gPCR/RT-PCR
SActin rv GCCAGAGGCGTACAGGGATAG gPCR/RT-PCR
GAA Exon 1-2 fw AAACTGAGGCACGGAGCG qPCR
GAA Exon 1-2 rv GAGTGCAGCGGTTGCCAA gqPCR
GAA Cryptic Exon 2 fw GGCACGGAGCGGGACA qPCR
GAA Cryptic Exon 2 rv CTGTTAGCTGGATCTTTGATCGTG qPCR
GAA Full Skip Exon 2 fw  AGGCACGGAGCGGATCA qPCR
GAA Full Skip Exon 2rv. - TCGGAGAACTCCACGCTGTA gPCR
GAA Pseudo Exon fw AAACTGAGGCACGGAGCG qPCR
GAA Pseudo Exon rv GCAGCTCTGAGACATCAACCG gqPCR
a-Actinin fw GAGACAGCGGCTAACAGGAT qPCR
a-Actinin fw ATTCCAAAAGCTCACTCGCT qPCR
Six1 fw GTCCAGAACCTCCCCTACTCC qPCR
Six1rv CGAAAACCGGAGTCGGAACTT gqPCR
Six4 fw CCATGCTGCTGGCTGTGGGAT qPCR
Six4 rv AGCAGTACAACACAGGTGCTCTTGC gPCR
FGF2 fw CAAAAACGGGGGCTTCTTCC qPCR
FGF2 rv GCCAGGTAACGGTTAGCACA qPCR
Sox1 fw GAGCTGCAACTTGGCCACGAC qPCR
Sox1 rv GAGACGGAGAGGAATTCAGAC qPCR
MyoD fw CACTCCGGTCCCAAATGTAG qPCR
MyoD rv TTCCCTGTAGCACCACACAC gPCR
Myog fw CACTCCCTCACCTCCATCGT qPCR
Myog rv CATCTGGGAAGGCCACAGA qPCR
LAMP1 fw GTGTTAGTGGCACCCAGGTC qPCR
LAMP1 rv GGAAGGCCTGTCTTGTTCAC qPCR
LAMP2 fw CCTGGATTGCGAATTTTACC qPCR
LAMP2 rv ATGGAATTCTGATGGCCAAA gqPCR

Fw-U7snRNA-smOPT GCTCTTTTAGAATTTTTGGAGCAGGTTTTCTGACTTCG Cloning
Rv-U7snRNA-smOPT CGAAGTCAGAAAACCTGCTCCAAAAATTCTAAAAGAGC  Cloning

Fw-U7snRNA-Nsil CCTGGCTCGCTACAGATGCATAGGAGGACGGAGGACG  Cloning
Rv-U7snRNA-Nsil CGTCCTCCGTCCTCCTATGCATCTGTAGCGAGCCAGG Cloning
M13 fw GTAAAACGACGGGCCAG Sequencing
M13 rv CAGGAAACAGCTATGAC Sequencing
GAA Exon1-3 fw AGGTTCTCCTCGTCCGCCCGTTGTTCA RT-PCR
GAA Exonl-3 rv TCCAAGGGCACCTCGTAGCGCCTGTTA RT-PCR
Fw-ms-U7snRNA-Pstl GCGCCTGCAGTAACAACATAGGAGCTGTG Cloning

Rv-ms-U7snRNA-Sall GCGCGTCGACCAGATACGCGTTTCCTAGGA Cloning
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DISCUSSION

The current standard for genetic diagnosis of monogenic disorders is sequence analysis
of the coding and intron flanking regions of the gene of interest from genomic DNA.
This allows the identification of variants present in the gene. However, the functional
consequences that these variants have cannot be assessed by this type of analysis.
Functional diagnostic assays are widely available to evaluate function at the protein level,
i.e. Western-blot, enzymatic activity measurements and cDNA expression assays, but
functional assays are not well implemented for assessment at the level of pre-mRNA. This
thesis presents a method for systematic unbiased screening for aberrant splice events
and mRNA expression levels for single genes, using standard PCR analysis and Sanger
sequencing. The assay was utilized for the screening of aberrant splicing in patients with
Pompe disease, a recessive monogenic disorder caused by variants in the GAA gene. More
than 20 previously unidentified aberrant splicing events were detected, some of which
were caused by mutations that have not been related to splicing before, or were even never
identified before. Further investigation of the identified aberrant splicing events led to the
design and testing of antisense oligonucleotides to block aberrant and restore canonical
splicing. These findings highlight the importance of unbiased functional investigation of
the effect of variants on splicing. Furthermore, the results obtained from the splicing assay
can be used to specify targets for antisense-based therapeutics as a new type of treatment
for Pompe disease. This thesis further highlights the potential of AON mediated therapy
for this disease by the identification of AONs that are able to promote exon 2 inclusion to
close to wild-type levels in myotube cultures generated from patient-derived iPS cells with
an IVS1/null background. The IVS1 variant occurs in 75% of Caucasian Pompe patients,
highlighting that a novel therapy for this variant would be relevant for a large group of
Pompe patients. Furthermore, application of the splicing assay for the generation of AONs
represents a new pipeline for the development of new antisense therapy.

CURRENT PRACTICE IN DIAGNOSTICS OF MONOGENIC
DISORDER

Sanger sequencing of genomic DNA is a technique that is well suited for the identification
of potentially pathogenic variants present in regions that have the highest probability of
harboring pathogenic variants that cause the monogenic disease. Genomic DNA can be
obtained from blood, which presents an easy and harmless form of sample acquisition.
However, one of the disadvantages of genomic DNA screening is that the effect of identified
variants on protein activity are difficult to interpret. These effects can be exerted at the level
of gene expression, pre-mRNA processing and/or protein translation. There are several
ways to investigate these effects, either using prediction techniques or functional assays.
Some of these methods are discussed below.
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In silico prediction

The use of prediction algorithms is commonly used to estimate the pathogenicity of a variant.
Algorithms exist for predicting the effect both on the protein level, by testing if the amino
acid change has a noteworthy effect on protein folding/stability, or on the pre-mRNA level,
where algorithms test the effect of variants on the process of splicing. Various algorithms
have been developed for predicting the impact of variants on splicing. These algorithms
are used to predict the presence of not only 3’ and 5’ splice sites (reviewed in (1)), but also
splice enhancer and splice silencer elements (2,3). Online tools like Human Splicing Finder
and Sroogle have been generated that integrate many of these algorithms in one interface.
However, interpretation of the output in these programs can be challenging. Recently, the
Automated Splice Site and Exon Definition Analyses (ASSEDA) tool has become available
online that predicts the outcome of splicing in the context of a tested variant that makes
an assumption of the splice sites that are utilized based on predicted splice site strengths
(4). Even though all algorithms contribute to a better understanding of the effect of splicing
mutations, most algorithms have been generated based on different datasets and do not
always predict each splice site with the same accuracy. In this thesis, we used the Alamut®
platform that uses five different algorithms to predict splice site strength of both 3’ and 5’
splice sites. The program has a user-friendly interface, making interpretation of the data
straightforward. We performed both functional analysis and in silico prediction and were
able to compare these results. Indeed, all splice sites either generated or destroyed by
specific variants could be faithfully predicted, with the exception of the effect exerted by
the IVS1 variant. However, various splice sites were predicted at locations that we could
not identify with the functional assay, indicating that these algorithms generate a lot of
false positive hits. Furthermore, predicted splice site strength did not always correlate
with utilization of these splice sites, highlighting the difficulty of interpretation of these
predictions. Even so, the use of splice prediction algorithms did help us to identify the
mechanism behind pathogenicity of the IVS1 variant. Both 3’ and 5’ splice sites utilized
by pseudo exon present in GAA intron 1 were predicted with relatively high prediction
strength. More and more splice prediction programs are generated that are based on
functional data and are able to more accurately predict splicing outcome (5,6). Combining
in silico predictions with findings generated from functional investigation will lead to a better
understanding of splicing in general. Furthermore, unbiased functional data produced by
utilization of the splicing assay can aid in the generation of new algorithms, leading to more
accurate splicing predictions in the future. However, it should be mentioned that algorithms
will always generate predictions, and that these predictions should be verified using a
functional assay.

cDNA expression and minigene assays
If the pathogenic effect on protein activity of an identified missense variant is unknown,
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the consequences can be functionally investigated by introducing the variant in a cDNA
expression vector. By comparing the activity of the protein from this vector with a wildtype
counterpart the effect can be assessed. However, missense variants can also have an
effect on pre-mRNA splicing. A widely used approach to functionally look at the effects that
variants have on splicing is to introduce the variant including the relevant genomic region in
an artificial minigene system. This technique is often used to study the process of splicing
in genes that have extremely low or absent expression in tissue obtained from patients or
if patient material cannot be obtained. The system is utilized to perform splicing analysis
for well described disease genes, such as DMD, CFTR and BRCAT1 and 2 (7-10). Studies
using a minigene have also been performed for the IVS1 variant in the GAA gene (11).
These assays utilize a dedicated exon trapping vector in which only the exon of interest
and short (30-150 bp) flanking intronic regions are included. The relatively small size of
these constructs allows for the use of site directed mutagenesis to introduce any variant
of interest. The system represents a quick and easy way to analyze the effect of selected
variants on pre-mRNA splicing. However, the assay is particularly biased, because deep
intronic sequences and natural splice site sequences of neighboring exons are missing,
placing the exon out of its in vivo context. A more accurate way of testing the effects of
splicing would be to insert the exon of interest including neighboring introns and exons in
an expression vector, as long as the final vector size does not become too large for using
site directed mutagenesis (>12 kb). In this thesis, we implemented two minigenes that fit
these criteria. One of these minigenes contains the genomic region of GAA exon 1 to exon
3 and is used to study the effects of, among others, the IVS1 variant. We show that residual
expression of the IVS1 minigene is about 20% of wildtype levels. Furthermore, expression
of the aberrant transcripts identified from this minigene replicate the in vivo situation,
with high expression of aberrantly spliced products from the IVS1 minigene compared
to the wildtype minigene. An important finding is that this minigene harbors full length
GAA intron 1 including the region that we identified to be important for the mechanism of
IVS pathogenicity. The minigene used in a previous study to look at this mechanism (11)
contained 50 bp of intronic sequence of intron 1, missing the pseudo-exon identified in
this thesis, which could have implications for the recapitulation of the endogenous splicing
process. These results highlight the importance of maintaining as much of the in vivo
intron/exon context as possible in these type of experiments.

Testing the effect of splicing variants in their native context

Although the minigene system can be used for functional investigation, it should be
noted that the minigene system does not always reflect what happens in vivo. Several
factors play a role in this, including lack of the complete genomic context and the major
overexpression in such a system. Another important factor is that pre-mRNA splicing can
be tissue-specific, and thus have a different outcome in different cell types used for testing
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splicing. One of the most accurate ways to test splicing in its native environment is by
analysis of a tissue biopsy from the patient itself. However, these biopsies cannot always
be readily obtained, or can be a significant burden for the patient. In the case of Pompe
disease muscle biopsies should be taken from patients who already have weak muscles,
highlighting the importance of alterative means to model disease. A good way to model
Pompe disease progression as it seen in patients is the use of animal models. A GAA
knock-out mouse model exists that is able to accurately replicate infantile onset Pompe
disease phenotype (12). Although an animal model would be beneficial for the study of
juvenile and adult Pompe disease, no models are currently available that replicate the IVS1
phenotype. This model would be a valuable addition to current models and can be used to
study the in vivo situation more accurately. It should however be noted that the process
of splicing is differentially regulated between different organisms, which makes the choice
of animal models a complex task. Another model to study splicing in the tissue of interest
can be generated by using human induced pluripotent stem cells (hiPS) for the generation
of cells from a specific lineage. Protocols for differentiation into almost any tissue types of
interest have been developed in recent years. These protocols allow for the generation of
cell cultures that can be used for modeling monogenic disorders, including B-thalassaemia
(hematopoietic lineage), Niemann-pick disease type C1 (neuronal lineage) and cystic
fibrosis (mature airway epithelial cells) ((13-15) reviewed in (16)). These examples show the
enormous potential of these systems. For the modeling of non-classic Pompe disease, a
disorder in which skeletal muscle tissue is mainly affected, we used hiPS cells generated
from Pompe patients carrying the IVS1 variant to generate skeletal muscle progenitors.
These progenitors were further differentiated into muscle tubes that can be used for
modelling skeletal muscle tissue. With these cells we were able to model the splicing
defects caused by IVS1 variant in a cell culture system that correctly replicates splicing
patterns in vivo, indicating this is a powerful method for modeling juvenile and adult onset
Pompe disease.

Other functional assays to in patient derived RNA

Whether samples are obtained from muscle biopsies, skin biopsies or from myotube cultures
generated from hiPS, RNA from patient material can yield valuable information about the
effect that splicing has on disease. Although the splicing assay is well suited for detection
of aberrant splicing, there are various other methods that can be used to investigate the
process of pre-mRNA splicing. One of these methods is the exon-junction array (17). This
is a micro-array containing probes for splice junctions of all known human mRNA/EST
transcripts. With this micro-array, the whole transcriptome can be screened for alternative
splicing events, and can thus also be used in screening of diseases with unknown etiology.
A drawback of this assay is that it cannot screen for aberrant splicing events that have
not been detected before, hampering identification of unknown aberrant products. Still,
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cryptic splice site choice most often leads to less canonically spliced products. These
can be assessed with such an array by looking at expression levels of genes and even
individual exons within those genes, which can give valuable information on the process of
splicing. Another technique that is becoming increasingly important in genetic diagnostics
is RNA-sequencing (RNA-seq). With this technique, a plethora of aberrant splicing events
can be unbiasedly detected (reviewed in (18)). However, to obtain full coverage of the
gene of interest, deep-sequencing is often required, which makes the assay expensive for
diagnostics of single gene disorders. Although at present RNA-seq might not be suitable
for implementation in diagnostics of monogenic disease, the assay will become cheaper
in the future. Combined with whole genome sequencing, these techniques will most likely
eventually replace currently screening methods used in genetic diagnostics altogether.

POSSIBILITIES FOR OPTIMIZATION OF THE SPLICING ASSAY

The splicing assay is based on existing PCR-based technology and can be performed
fairly quickly. However, the assay is not as quick as the standard screening of genomic
DNA in a diagnostic setting. For this reason, optimization of the protocol is preferred before
implementation in diagnostics. There are several parts of the assay that are amendable for
optimization. One of these is the sequencing method used to analyze the PCR products.
Sanger sequencing allows for accurate identification of (splice) variants in a sample
containing one product, and is considered to be the gold standard in genetic diagnostics
of monogenic disorders. However, data generated in this type of sequencing becomes
more challenging to analyze if two different products are present in the sample, and almost
impossible to read if three of more products are present. For this reason, PCR samples
that contain multiple products first need to be separated, either via TOPO-cloning or
amplification of specific products. To circumvent this problem, next-generation sequencing
technology can be used to discriminate between multiple products within one sample
due to massive parallel sequencing. Although this technique is still relatively expensive,
sequencing platforms like the MiSegq™ (lllumina) and the lon-Torrent™(Thermo Fisher
Scientific) could allow for cheaper sequencing. Furthermore, due to the limited amount of
unique reads, in-depth sequencing is not necessary, which further reduces costs. It should
be noted that these techniques need a certain amount of input DNA, so multiple samples
need to be run at the same time. This leads to the second step of optimization of the
splicing assay. Multiplex PCR allows for the amplification of more than one PCR product at
the same time in one reaction. This strategy is currently under investigation in combination
with the MiSeq™ sequencing system for forensic analysis of STR markers (19) and could
potentially be utilized for easy detection of aberrant splicing events in samples from
patients with Pompe disease as well. Another possibility is the usage of the PacBio system
for single molecule real-time (SMRT) sequencing (20). With this technique, unique reads of
up to 10 kilobases can be detected. SMRT can be used for targeted sequencing and can
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thus be used for sequencing of transcripts from individual genes, which will dramatically
reduce costs compared to whole genome sequencing techniques like RNA-seq.

GAINING MECHANISTIC INSIGHT OF SPLICING USING
THE SPLICING ASSAY

The unbiased nature of the splicing assay can be used as a platform to study the
functional consequences that variants have on splicing and thus to study the mechanism
of splicing. We investigated many aberrant splicing events caused by variants located
close to a canonical splice site. The pathogenic effect of all of these variants was caused
by weakening of the canonical splice site, leading to skipping of the exon that harbored the
variant close to one of its splice sites, or by usage of a nearby cryptic splice site. However,
several variants were not located near canonical splice sites, e.g. missense variants
c.1256A>T and ¢.1927G>A, and the deep intronic variant ¢.2190-345A>G. Although
these variants were not close to normal splice sites, we identified that these variants had
an effect on splicing. The effects on splicing of variants which are not located close to
canonical splice sites are often attributed to the disruption of splicing enhancer or silencer
elements. Many reviews highlight the importance of splice enhancer and silencer elements
in relation to disease (figure 1a, modified from (21) and (22)). However, in our study we
mainly noticed that pathogenic splicing variants act as a modulator of splice site strength,
either by weakening a canonical splice site, or strengthening a cryptic splice site. A good
example our efforts to investigate the mechanism of pathogenicity of the IVS1 variant.
Our primary focus was to identify a splice silencer that acted upon the GAA exon 2 splice
site. Blockage of this site with an AON would then be tested to obtain more GAA exon 2
inclusion in IVS1 patient cells. However, blockage of predicted splice silencer sites did
not lead to higher exon 2 inclusion (data not shown in thesis). Instead, blockage of cryptic
splice sites residing within GAA intron 1 did result in upregulation of canonical exon two
splicing in the background of the IVS1 variant, highlighting the importance of splice site
strength. Although mutation of splice silencer or enhancer elements plays an important
role in disease, we propose an additional mechanism in which splice site strength plays a
significant role (figure 1b). In any respect, whether a variant affects splicing by mutation of
a splice enhancer or element or a cryptic or canonical splice site, antisense modulation of
splicing remains a potential therapeutic option.

THERAPY FOR POMPE DISEASE

Pompe disease is one of the few muscle disorders for which treatment is currently available
in the form of enzyme replacement therapy (ERT). The therapy is based on intravenous
injections of Myozyme®, a human recombinant form of GAA. Treatment of infantile Pompe
patients with Myozyme® increased survival in these patients showing that the treatment
is effective. Without treatment, these patients rarely survive the first year of life. Currently
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Figure 1. Mechanisms of how splicing can be influenced by (pathogenic) variants. (A) Cartoon depicting an
example of how exon recognition is regulated by intronic and exonic splicing enhancers (ISE and ESE) and silencers
(ISS and ESS). Variants present in ISE and ESE elements can weaken the effect of these elements (indicated by lower
opacity of these elements), causing a negative shift in the balance of exon recognition, leading towards exon skipping.
Variants that generate a new ISS of ESS element have the same effect (indicated by thickened red lines). (B) Cartoon
depicting an example of how exon recognition is regulated by changes in canonical or cryptic splice site strength
due to the presence of (pathogenic) variants. Here we highlight three possibilities for alternative splice site usage.
First, exonic variants that generate strong cryptic splice sites can cause a shift in splice site usage from the canonical
site towards the newly generated cryptic splice site (exemplified by patient 8 in Chapter 2). Second, the presence of
a variant close to a canonical splice site can cause loss of recognition of this splice site. This can lead to alternative
splicing, for instance by utilization of a weak natural cryptic splice site (exemplified by patient 4 in Chapter 3). A third
option is the generation of new or strengthening of an existing intronic cryptic splice site due to the presence of an
intronic variant (exemplified by patient 1 and 2 in Chapter 4).

the oldest patient diagnosed with infantile onset Pompe disease has reached 18 years of
age, indicating the potential of ERT (23). However, not all Pompe patients benefit from ERT.
Pompe patients with juvenile or adult onset of the disease show heterogeneous responses
to the medication. One possible cause for the variable response is the generation of
antibodies against human recombinant GAA (24). However, a recent study from our center
suggested little impact of antibody formation in the majority of adult Pompe patients (De
Vries et al., GIM, in press). This also applies to Furthermore, the costs of the medication are
high, with an average cost of 400,000 euro annually. This warrants the research for additional
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treatment strategies for Pompe disease. We focused our research on the identification of
specific antisense oligonucleotides that can alter aberrant pre-mRNA splicing in patients
that have variants that affect this process.

AON therapy as treatment for disease:

Since 20 years antisense oligonucleotides have been of particular interest to the
scientific community for their therapeutic potential. A simple Pubmed search with
the words “antisense oligonucleotide therapy” results in almost 7000 hits. However,
only two antisense therapeutics (Fomivirsen and Mipomersen) have currently been
approved by the American Food and Drug Association (FDA). Efficacy of AON therapy
has been demonstrated for a range of diseases in cell culture systems, and may have
been verified in vivo in mouse models, but translation towards clinical application has
proven to be difficult. One of the main causes has been the fact that delivery of AONs
towards the target tissue is problematic. This was particularly evident in a phase Il
clinical trial, in which an AON targeting dystrophin in patients with DMD failed to meet
primary endpoints. Several factors were indicated to play a role in this outcome. One
of these was the setup of the clinical trial itself, from which lessons can be learned for
future trials (25). Furthermore, this particular trial was performed with a type of AON
that was designed with an older 2’0O-methyl phosphorothioate (2°0-Me-PS) type of
backbone chemistry. Currently, newer backbone chemistries are available which have
a higher binding affinities compared to the 2’0-Me-PS backbone, including morpholino
(PMO) and peptide nucleic acid (PNA) chemistries (26,27). However, these chemistries
do not carry a charge and are therefore more difficult to deliver in vivo. To enhance
uptake of these newer type of backbones, many conjugates have been applied to AONs
improving delivery to the target tissue (reviewed in (28)). Furthermore, recent advances
in nanoparticle delivery provide another way for improving uptake (29). Techniques to
improve uptake through optimizing infusion solutions are also currently investigated
(80). Application of these improved AON delivery methods could provide a solid base
for testing the AONSs identified in this thesis.

CONCLUSION

Current genetic diagnostic screening of variants gives limited insight in the mechanism of
pathogenicity of variants. These insights are important, because they can provide a basis
for new therapeutic strategies. Use of the splicing assay can result in a better understanding
of the pathogenic effect of the variants identified. Implementation of such assay in
diagnostics of monogenic disorders will lead to a better understanding of the process of
splicing in general, and may aid in the development of new antisense therapeutics. Further
investigation towards the efficacy and potential of AONSs identified in this thesis might lead
to a new type treatment for Pompe disease.



REFERENCES

10.

Jian, X., Boerwinkle, E. and Liu, X. (2014) In
silico tools for splicing defect prediction: a
survey from the viewpoint of end users. Gen-
et Med, 16, 497-5083.

Sironi, M., Menozzi, G., Riva, L., Cagliani, R.,
Comi, G.P, Bresolin, N., Giorda, R. and Poz-
zoli, U. (2004) Silencer elements as possible
inhibitors of pseudoexon splicing. Nucleic
Acids Res, 32, 1783-1791.

Cartegni, L., Wang, J., Zhu, Z., Zhang, M.Q.
and Krainer, A.R. (2003) ESEfinder: A web re-
source to identify exonic splicing enhancers.
Nucleic Acids Res, 31, 3568-3571.

Mucaki, E.J., Shirley, B.C. and Rogan, PK.
(2013) Prediction of mutant mRNA splice
isoforms by information theory-based exon
definition. Hum Mutat, 34, 557-565.
Soukarieh, O., Gaildrat, P., Hamieh, M., Drou-
et, A., Baert-Desurmont, S., Frebourg, T., Tosi,
M. and Martins, A. (2016) Exonic Splicing
Mutations Are More Prevalent than Currently
Estimated and Can Be Predicted by Using In
Silico Tools. PLoS Genet, 12, e1005756.

Jian, X., Boerwinkle, E. and Liu, X. (2014) In
silico prediction of splice-altering single nu-
cleotide variants in the human genome. Nu-
cleic Acids Res, 42, 13534-13544.

Giorgi, G., Casarin, A., Trevisson, E., Dona,
M., Cassina, M., Graziano, C., Picci, L.,
Clementi, M. and Salviati, L. (2015) Validation
of CFTR intronic variants identified during
cystic fibrosis population screening by a min-
igene splicing assay. Clin Chem Lab Med, 53,
1719-1723.

Sanz, D.J., Acedo, A., Infante, M., Duran, M.,
Perez-Cabornero, L., Esteban-Cardenosa, E.,
Lastra, E., Pagani, F.,, Miner, C. and Velasco,
E.A. (2010) A high proportion of DNA variants
of BRCA1 and BRCAZ is associated with ab-
errant splicing in breast/ovarian cancer pa-
tients. Clin Cancer Res, 16, 1957-1967.
Hendriks, G., Morolli, B., Calleja, F.M., Plomp,
A., Mesman, R.L., Meijers, M., Sharan, S.K.,
Vreeswijk, M.P. and Vrieling, H. (2014) An effi-
cient pipeline for the generation and functional
analysis of human BRCA2 variants of uncer-
tain significance. Hum Mutat, 35, 1382-1391.
Malueka, R.G., Yagi, M., Awano, H., Lee, T,
Dwianingsih, E.K., Nishida, A., Takeshima, Y.
and Matsuo, M. (2011) Antisense oligonucle-
otide induced dystrophin exon 45 skipping
at a low half-maximal effective concentration
in a cell-free splicing system. Nucleic Acid
Ther, 21, 347-353.

11.

12.

13.

14.

15.

16.

17.

18.

19.

General Discussion | 171

Dardis, A., Zanin, |., Zampieri, S., Stuani, C.,
Pianta, A., Romanello, M., Baralle, FE., Bem-
bi, B. and Buratti, E. (2014) Functional char-
acterization of the common c.-32-13T>G
mutation of GAA gene: identification of po-
tential therapeutic agents. Nucleic Acids Res,
42,1291-1302.

Bijvoet, A.G., van de Kamp, E.H., Kroos,
M.A., Ding, J.H., Yang, B.Z., Visser, P.,, Bak-
ker, C.E., Verbeet, M.P,, Oostra, B.A., Reuser,
A.J. et al. (1998) Generalized glycogen stor-
age and cardiomegaly in a knockout mouse
model of Pompe disease. Hum Mol Genet, 7,
53-62.

Fan, Y., Luo, Y., Chen, X., Li, Q. and Sun,
X. (2012) Generation of human beta-thalas-
semia induced pluripotent stem cells from
amniotic fluid cells using a single excisable
lentiviral stem cell cassette. J Reprod Dev,
58, 404-409.

Efthymiou, A.G., Steiner, J., Pavan, W.J.,
Wincovitch, S., Larson, D.M., Porter, F.D.,
Rao, M.S. and Malik, N. (2015) Rescue of an
in vitro neuron phenotype identified in Nie-
mann-Pick disease, type C1 induced plurip-
otent stem cell-derived neurons by modulat-
ing the WNT pathway and calcium signaling.
Stem Cells Transl Med, 4, 230-238.

Wong, A.P, Bear, C.E., Chin, S., Pasceri, P.,
Thompson, T.0O., Huan, L.J., Ratjen, F., Ellis,
J. and Rossant, J. (2012) Directed differen-
tiation of human pluripotent stem cells into
mature airway epithelia expressing functional
CFTR protein. Nat Biotechnol, 30, 876-882.
Spitalieri, P., Talarico, V.R., Murdocca, M.,
Novelli, G. and Sangiuolo, F. (2016) Human
induced pluripotent stem cells for monogenic
disease modelling and therapy. World J Stem
Cells, 8, 118-135.

Shen, S., Warzecha, C.C., Carstens, R.P. and
Xing, Y. (2010) MADS+: discovery of differ-
ential splicing events from Affymetrix exon
junction array data. Bioinformatics, 26, 268-
269.

Byron, S.A., Van Keuren-Jensen, K.R., En-
gelthaler, D.M., Carpten, J.D. and Craig, D.W.
(2016) Translating RNA sequencing into clin-
ical diagnostics: opportunities and challeng-
es. Nat Rev Genet.

Kim, E.H., Lee, H.Y, Yang, |.S., Jung, S.E,
Yang, W.I. and Shin, K.J. (2016) Massively par-
allel sequencing of 17 commonly used forensic
autosomal STRs and amelogenin with small
amplicons. Forensic Sci Int Genet, 22, 1-7.




172 | Chapter 6

20.

21.

22.

23.

24.

25.

26.

Roberts, R.J., Carneiro, M.O. and Schatz,
M.C. (2013) The advantages of SMRT se-
quencing. Genome Biol, 14, 405.

Lee, Y. and Rio, D.C. (2015) Mechanisms and
Regulation of Alternative Pre-mRNA Splicing.
Annu Rev Biochem, 84, 291-323.

Scotti, M.M. and Swanson, M.S. (2016) RNA
mis-splicing in disease. Nat Rev Genet, 17,
19-32.

van der Ploeg, A.T. and Reuser, A.J. (2008)
Pompe’s disease. Lancet, 372, 1342-1353.
van Gelder, C.M., Hoogeveen-Westerveld,
M., Kroos, M.A., Plug, I., van der Ploeg, A.T.
and Reuser, A.J. (2015) Enzyme therapy and
immune response in relation to CRIM sta-
tus: the Dutch experience in classic infantile
Pompe disease. J Inherit Metab Dis, 38, 305-
314.

Merlini, L. and Sabatelli, P. (2015) Improving
clinical trial design for Duchenne muscular
dystrophy. BMC Neurol, 15, 153.

Larsen, H.J., Bentin, T. and Nielsen, P.E.
(1999) Antisense properties of peptide nu-
cleic acid. Biochim Biophys Acta, 1489, 159-
166.

27.

28.

29.

30.

Taylor, M.F.,, Paulauskis, J.D., Weller, D.D. and
Kobzik, L. (1996) In vitro efficacy of morpholi-
no-modified antisense oligomers directed
against tumor necrosis factor-alpha mRNA. J
Biol Chem, 271, 17445-17452.

Boisguerin, P., Deshayes, S., Gait, M.J,,
O’Donovan, L., Godfrey, C., Betts, C.A.,
Wood, M.J. and Lebleu, B. (2015) Delivery of
therapeutic oligonucleotides with cell pene-
trating peptides. Adv Drug Deliv Rev, 87, 52-
67.

Petrilli, R., Eloy, J.O., Marchetti, J.M., Lo-
pez, R.F. and Lee, R.J. (2014) Targeted lipid
nanoparticles for antisense oligonucleotide
delivery. Curr Pharm Biotechnol, 15, 847-
855.

Han, G., Gu, B., Cao, L., Gao, X., Wang, Q.,
Seow, Y., Zhang, N., Wood, M.J. and Yin, H.
(2016) Hexose enhances oligonucleotide de-
livery and exon skipping in dystrophin-defi-
cient mdx mice. Nat Commun, 7, 10981.






Chapter 7

S el el



Appendix

Summary
Samenvatting
Curriculum vitae
PhD Portfolio

List of publications
Dankwoord




176 | Chapter 7

Summary

Confirmation of diagnosis for monogenic disorders with known etiology through genetic
screening has been standard practice for more than a decade. Techniques involved
are based on sequence analysis of genomic DNA, directed towards exonic and short
flanking intronic regions within the gene of interest. Identified variants are considered
to be pathogenic if they have been implicated in disease before, or by the use of
prediction software. Algorithms have been generated that can predict the severity of
missense mutations and the impact of the mutation on splicing. These have aided in
the determination of causative pathogenic variants in numerous monogenic disorders.
However, predictions do not necessarily reflect the in vivo situation. Functional assays
aid in the confirmation of these predictions. Many functional assays are available at
the protein level, i.e. enzymatic and cDNA expression assays, but at the RNA level,
standardized assays are not yet implemented. Chapter 2 and 3 in this thesis present
a method for systematic unbiased screening for aberrant splice events and mRNA
expression levels for single genes, using standard PCR analysis of all exons. With
this method, both in frame and out of frame mMRNA species can be detected due to
blockage of the nonsense-mediated mMRNA decay pathway. Application of this method
to primary fibroblasts from one healthy control and twelve patients with Pompe
disease, a recessive monogenic disorder in which the GAA gene is affected, resulted
in the identification of more than twenty previously unidentified aberrant splicing
events. These events were caused by either known or previously unknown variants
in the GAA gene, including missense variants that were not implicated in splicing
before. Furthermore, multiple aberrant splicing events were identified that occur in
all individuals, which could point to a general mechanism in which splicing regulates
overall GAA expression. Interestingly, nearly all aberrant splicing events identified in
this thesis were caused by changes in splice site strength of canonical and cryptic
splice sites due to a pathogenic variant, leading to cryptic splice site utilization. We
hypothesized that antisense oligonucleotide (AON) mediated modulation of these
aberrant splicing events could rescue canonical GAA pre-mRNA expression. The use
of AONs for the modulation of splicing has been under investigation in the last two
decades. This has resulted in the generation of potential treatments for diseases like
spinal muscular atrophy and Duchenne muscular dystrophy that are currently under
clinical investigation. In Chapter 4, we tested this hypothesis by blockage of cryptic
splice sites using AONs in three primary fibroblast lines from Pompe patients in which
these sites were identified using the splicing assay. The cryptic splice site utilized
in one of these patients was generated by a deep intronic variant that could not be
identified with conventional diagnostic gDNA Sanger sequencing. The cryptic splice
site utilized in a second patient was a naturally occurring intronic cryptic splice site that
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was utilized due to weakening of a canonical splice site, and the third patient utilized
a exonic cryptic splice site generated by a missense variant. Blockage of these cryptic
splice sites resulted in correction of canonical splicing in all three patients. This led
to a concomitant increase in GAA enzymatic activity. These findings suggest that the
splicing assay can be used to screen for aberrant splice sites that can be targeted for
AON mediated splicing correction. Utilization of this new pipeline for identification and
correction of aberrant splicing could lead to a novel treatment strategy for not only for
Pompe disease, but for other monogenic disorders as well.

In chapter four, proof of principle was demonstrated for the use of AONs to rescue
aberrant splicing in Pompe disease. However, the investigated variants only occur
sporadically in Pompe patients. The most common variant in Pompe disease is the
c.-32-13T>G (IVS1) splicing variant, which leading to partial or complete skipping of
GAA exon 2. In Chapter 5, we set out to correct aberrant splicing caused by the
IVS1 splicing variant with the use of AONs. A potential target site was identified using
a U7 antisense screening assay. Further investigation of the target site revealed the
presence of a pseudo-exon in GAA intron 1 that was recognized in the context of the
IVS1 variant as a result of weakening of the canonical GAA exon 2 splice donor site.
To test whether blockage of splice acceptor and/or donor site of this pseudo-exon
led to increased GAA exon 2 inclusion, we designed two AONs targeting these sites.
Transfection of these AONs in skeletal muscle myotubes generated from Pompe patient
derived induced pluripotent stem cells resulted in increased GAA expression and GAA
enzymatic activity up to healthy control levels from the IVS1 allele. With further in vivo
testing these findings could potentially lead to the generation of a new therapeutic
treatment option for juvenile/adult onset Pompe patients carrying the IVS1 variant.

In conclusion, the findings described in this thesis underlie the importance of
functional investigation of variants for their effect on pre-mRNA splicing, even if these
variants are not predicted to effect splicing. Furthermore, the assay can be used to
identify variants that could not be identified using conventional genetic diagnostics.
Results obtained with the help of the splicing assay can be used for development of
new treatment strategies based on RNA targeting. We identified eight unique antisense
oligonucleotides that together could potentially be used in the treatment of more than
half of all Pompe patients. Importantly, the concept of the splicing assay can be easily
used for investigation of splicing in other monogenic disorders, leading to a better
understanding of the mechanism of splicing and for the identification of potential
antisense drug targets in other diseases.
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Samenvatting

Bevestiging van diagnose door middel van genetische tests voor monogenetische
aandoeningen met een bekende oorzaak wordt al meer dan tien jaar stadaard uitgevoerd
in diagnostische laboratoria. De technieken die daarbij worden gebruikt zijn gebaseerd
op het analyseren van genomisch DNA, waarbij in het gen van interesse wordt gefocust
op exonische regio’s en korte intronische regio’s die daaraan grenzen. Geidentificeerde
varianten worden als pathogeen beschouwd als ze eerder zijn in verband zijn gebracht
met de ziekte of als ze een potentieel pathogene indicatie krijgen wanneer ze in silico
worden geanalyseerd. Verschillende algoritmes zijn beschikbaar die de ernst van
missense mutaties en de gevolgen van mutaties op het splicing proces helpen te
voorspellen. Deze algoritmes helpen bij de determinatie van pathogene varianten in
veel monogenetische aandoeningen. Echter, in silico voorspellingen komen niet altijd
overeen met de in vivo situatie. Functionele assays kunnen worden gebruikt om de in
silico voorspellingen te testen. Tal van functionele analysemethoden zijn beschikbaar om
mutaties op eiwitniveau te testen, zoals enzymatische en cDNA expressie assays, maar
op het RNA niveau worden functionele assays nog niet vaak gebruikt. Hoofstuk 2 en
3 in deze thesis beschrijven een methode voor het systematisch en onbevooroordeeld
screenen op afwijkende splicing events en mMRNA expressie van een specifiek gen,
waarbij gebruik wordt gemaakt van standaard PCR analyse van alle exonen. Met deze
methode kunnen zowel in frame als out of frame mMRNA vormen worden gedetecteerd
door middel van het blokkeren van nonsense-mediated decay pathway. Toepassing van
deze methode op primaire fibroblasten van één gezonde controle en twaalf patiénten
met de ziekte van Pompe, een recessieve monogenetische aandoening waarbij het GAA
gen is aangedaan, heeft geresulteerd in de identificatie van meer dan twintig nieuwe
aberrante splicevormen. Deze splicevormen zijn ontstaan door toedoen van bekende
of voorheen onbekende varianten in het GAA gen, inclusief missense varianten die
niet eerder in verband zijn gebracht met splicing. Bovendien konden er aberrante
splicevormen worden aangetoond die voorkomen in elk individu, wat kan wijzen op een
algemener mechanisme waarin splicing wordt gebruikt voor de regulatie van de expressie
van het GAA gen. Een interessant detail is dat bijna alle aberrante splicevormen die
zijn geidentificeerd in deze thesis zijn ontstaan als gevolg van het veranderen van de
sterkte van normale of cryptische splice site door een pathogene variant, wat leidt tot het
gebruik van cryptische splice sites. Wij stelde de hypothese dat deze aberrante splice
vormen kunnen worden hersteld naar de normale splicevorm met behulp van antisense
oligonucleotiden (AON). Het gebruik van AONs voor het manipuleren van splicing wordt
al geruime tijd onderzocht. Dit heeft geresulteerd in potentiéle medicatie voor ziektes als
spinale musculaire atrofie en Duchenne musculaire dystrofie, welke beiden momenteel in
klinische trials worden getest. In Hoofstuk 4 testen we de hypothese door het blokkeren
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van cryptische splice sites met behulp van AONs in drie primaire fibroblastlijnen afkomstig
van Pompe patienten. De cryptische splice site werden eerder geidentificeerd met behulp
van de splicing assay. De splice site die werd geidentificeerd in één van deze patienten
werd gegenereerd door een diep intronische mutatie. De gebruikte cryptische splice site
in een andere patient was op zichzelf niet veranderd, maar werd gebruikt omdat een
natuurlijke splice site in de buurt was verzwakt door een mutatie. Een derde patient had
een exonische cryptische splice site die was gegenereerd door een missense mutatie.
Het blokkeren van deze sites resulteerde in correctie van aberrante splicing in alle drie
de patiénten. Dit leidde in alle gevallen in een hogere enzymatische activiteit van GAA.
Deze bevindingen suggereren dat de splicing assay gebruikt kan worden om te screenen
voor cryptische splice sites die met behulp van een AON kunnen worden geblokkeerd
en gewone splicing kunnen herstellen. Het gebruik van deze nieuwe pipeline voor
identificatie en correctie van aberrante splicing kan tot een nieuwe behandelmethode
leiden voor de ziekte van Pompe, maar kan ook voor andere aandoeningen van belang
zijn.

In hoofdstuk vier werd de mogelijkheid van het concept voor het gebruik van AONs
voor het hertstellen van aberrante splicing voor de ziekte van Pompe aangetoond. Echter,
de varianten die zijn onderzocht komen zelden voor in Pompe patiénten. De meest
voorkomende variant in de ziekte van Pompe is de ¢.-32-13T>G (IVS1) splicing variant.
Deze variant zorgt ervoor dat GAA exon 2 grotendeels of geheel wordt overgeslagen
tijdens splicing. In Hoofstuk 5 kijken we naar de mogelijkheid om AONs te gebruiken
voor de correctie van aberrante splicing als gevolg van de IVS1 variant. Een potentiele
target site werd geidentificeerd met behulp van een U7 antisense screening methode.
Dieper onderzoek naar deze site leidde tot de identificatie van een pseudo-exon in GAA
intron 1. Dit pseudo-exon wordt herkent in de context van de IVS1 variant doordat deze
variant de normale GAA exon 2 splice site verzwakt. Twee AONs werden ontworpen om
te testen of het blokkeren van de splice acceptor en/of splice donor site van het pseudo-
exon resulteert in meer GAA exon 2 inclusie. Behandeling van myotubes, verkregen
vanuit differentiatie van geinduceerde pluripotente stamcellen gegenereerd uit primaire
fibroblasten van Pompe patiénten met de IVS1 variant, leidde tot een verhoogde GAA
expressie en GAA enzymatische activiteit welke richting het niveau van een gezonde
controle op het IVS1 allel. Verdere in vivo tests kunnen leiden tot de generatie van een
nieuw type medicijn voor de behandeling van juveniele en adulte patiénten die de IVS1
variant dragen.

De bevindingen beschreven in deze thesis onderstrepen het beland van functioneel
onderzoek om het effect wat varianten hebben op pre-mRNA splicing te bepalen,
zelfs als deze varianten geen voorspeld effect hebben op splicing. Verder kan deze
methode worden gebruikt voor de identificatie van varianten die met conventionele
genetische diagnostiek niet worden gevonden. Resultaten die zijn gegenereerd met
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behulp van de splicing assay kunnen worden gebruikt voor de ontwikkeling van nieuwe
behandelstrategieén die zijn gebaseerd op behandeling met RNA als doelwit. Wij
hebben acht unieke AONs geidentificeerd die mogelijk kunnen worden gebruikt in de
behandeling van meer dan de helft van alle Pompe patienten. Een belangrijk punt is dat
het concept van de splicing assay met kleine aanpassingen kan worden gebruikt voor
het onderzoeken van splicing in andere monogenetische aandoeningen, wat kan leiden
tot een beter begrip van het mechanisme van splicing en voor identificatie van potentiéle
targets voor antisense medicatie van andere aandoeningen.
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