Morpholino-mediated exon inclusion for SMA
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Abstract

The application of antisense oligonucleotides (AONs) to modify pre-messenger RNA splicing has
great potential for treating genetic diseases. The strategies used to redirect splicing for
therapeutic purpose involve the use of AONs complementary to splice motifs, enhancer or
silencer sequences. AONs to block intronic splicing silencer motifs can efficiently augment exon
7 inclusion in survival motor neuron 2 (SMN2) gene and have demonstrated robust therapeutic
effects in both pre-clinical studies and clinical trials in spinal muscular atrophy (SMA), which
lead to a recently approved drug. AONs with phosphoroamidate morpholino (PMO) backbone
have shown target engagement with restoration of the defective protein in Duchenne muscular
dystrophy (DMD) and their safety profile lead to a recent conditional approval for one DMD
PMO drug. PMO AONSs are also effective in correcting SMN2 exon 7 splicing and rescuing SMA
transgenic mice. Here we provide the details of methods that our lab has used to evaluate
PMO-mediated SMN2 exon 7 inclusion in the in vivo studies conducted in SMA transgenic mice.
The methods comprise mouse experiment procedures, assessment of PMOs on exon 7 inclusion
at RNA levels by reverse transcription (RT-) PCR and quantitative real-time PCR. In addition, we
present methodology for protein quantification using western blot in mouse tissues, on
neuropathology assessment of skeletal muscle (muscle pathology and neuromuscular junction

staining) as well as behaviour test in the SMA mice (righting reflex).
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1. Introduction

Pre-mRNA splicing is the editing procedure to remove introns from the nascent precursor
messenger RNA (pre-mRNA) transcript in order to form a mature messenger RNA (mRNA)
where only the coding sequences, exons, remain to be translated into protein. Alternative
splicing is a regulated process that leads to a single gene coding for multiple proteins. It is a
major contribution to the regulation of gene expression based on the fact that almost all, 94%
of protein coding genes, contain introns and of these 90% show significant levels of alternative
splicing. Using RNA-based technology such as antisense oligonucleotide (AON) to modulate
gene expression by regulating pre-mRNA splicing has become a promising therapeutic approach

where alternative splicing is the target.

The strategy used to redirect splicing for therapeutic purpose involves the use of AONs
complementary to splice motifs, enhancer or silencer sequences, including exonic and intronic
splicing enhancers (ESEs/ISEs) or silencers (ESSs/ISSs). While AONs to target ESEs are effective

in promoting exon-skipping, such as in Duchenne muscular dystrophy [1], AONs complementary
to an ISS have shown significant effect on augmenting exon-inclusion in another neuromuscular

condition, spinal muscular atrophy (SMA).

The genetic defect in patients with SMA is the loss of survival of motor neuron (SMN) protein,
caused in 95% of cases by homozygous deletions of the survival of motor neuron 1 (SMN1) gene

[2]. SMIN2 is the paralogue gene to SMN1 and is intact in the general population. However, due



to the alternative splicing of exon 7 in SMIN2, the SMNZ2 gene cannot fully compensate for the

loss of the SMIN1 gene, and only 10% of its transcripts can correctly splice exon 7 [3].

The alternative splicing of the SMN2 gene transcript is due to a C>T single-nucleotide
substitution in exon 7 that, without altering the amino acid encoded, disrupts an ESE in that
exon and causes it to be excluded from the mature SMN2 transcript during splicing [4]. In the
SMIN2 gene, a few regulatory elements have been shown to modulate the alternative splicing of
exon 7. These include element 1 in intron 6, an SF2/ASF (alternative splicing factor/splicing
factor-2) or hnRNP (heterogeneous nuclear ribonucleoprotein) Al-binding site in exon 7 (the
site containing the C>T substitution), the Tra2-B1-binding site in exon 7, the 3’ cluster at the 3’
end of exon7, the intronic splicing silencer N1 (ISS-N1) and ISS-N2 in intron 7, and hnRNP A1l-
binding sites in intron 7. Among these regulatory sites, AONs targeting ISS-N1 showed the most
significant effect on augmenting exon 7 inclusion in SMN2 gene and restoring SMN protein in
vitro in cellular models, and in vivo in different SMA mouse models [5-8]. So far there are four
different chemical modifications in the ISS-N1-targeting AONs have been tested in preclinical
studies in SMA transgenic mice, including 2’-O-Methyl, 2’-0-2-methoxyethyl phosphorothioate
(MOE), phosphoroamidate morpholino (PMQ) and tricyclo-DNA AONs [5,7,9,10]. Spinraza
(Nusinersen), an AON drug targeting ISS-N1 in MOE backbone, is so far the only drug that has
been approved by the US Food and Drug Administration (FDA) and the European Medical
Association (EMA) for the treatment of SMA and is now commercially available in several
countries for patients with all types of SMA [11]. The PMO backbone has been extensively
studied in pre-clinical and clinical studies in another neuromuscular condition, Duchenne

muscular dystrophy, and demonstrated excellent safety with no drug-related adverse effect in



clinical trials [12]. The excellent safety profile of PMOs has also been indicated in preclinical

studies in non-human primates and rodents when long-term and high dose of PMOs were

delivered [5,13]. We and the others have shown the striking and reliable therapeutic effect of

PMOs in SMA on correcting SMIN2 exon 7 splicing and improving phenotypes and survivals in

transgenic mouse models [5,6,14-17]. We describe here the methods generally used to test the

efficiency of PMOs on exon-inclusion in vivo in SMA mouse models.

2. Materials

2.1. Morpholino antisense oligomers

1.

Morpholinos are synthesized commercially by Gene Tools, LLC (www.gene-
tools.com).

1 mM stock solution is prepared in distilled water.

Store Morpholino stock solutions and working solutions at room temperature (see
Note 1).

Ensure the oligomer is completely dissolved when making stock solution.

If some solid remains or Morpholinos are stored cold or frozen, heat the solution

for 10 minutes at 65°C, briefly vortex and cool to room temperature.

2.2. SMA transgenic mice and procedures in neonatal mice

The SMA transgenic mice, FVB.Cg-Tg(SMN2)2HungSmn1t™iHung/j also known as the
Taiwanese SMA mouse model, is commercially available from the Jackson
Laboratory (TJLO0O5058).

Litters born from the breeding pairs of mice with genotype (SMIN2),*/* ; smn'~

(mild type Il SMA mice) crossed with the genotype smn*/~ (heterozygous wild-
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http://www.gene-tools.com/

4.

type) consist of 50% wild-type “heterozygous” progeny with genotype (SMN2),*/~;
smn*/~ and 50% severe type | SMA progeny with genotype (SMN2),*/~; smn™~ (see
Note 2).

10ul capillary glass micropipettes (Drummond Scientific Company) with flame-
polished end.

0.9% saline.

2.3. Analysing PMO activity on exon 7 inclusion at RNA levels in tissues from SMA mice

1.

10.

Precellys tissue Homogenizer (see Note 3).

RNeasy mini kit and QlAshredder columns.

SuperScript™ Il First-Strand cDNA Synthesis kit.

Human SMN1/2-specific primers for RT-PCR: Forward, 5’-CTC CCA TAT GTC CAG
ATT CTC TT-3’; Reverse, 5’-CTA CAA CAC CCT TCT CAC AG-3’. The PCR product is
505 bp for the full-length SMN1/2 transcript and 451 bp for the A7 SMN2
transcript.

10 x PCR buffer, 10 mM dNTPs, 50 mM MgCl,, Tag DNA polymerase (5U/ul), 10 uM
forward primer, 10 uM reverse primer and nuclease-free water.

0.2 ml nuclease-free microcentrifuge tubes.

1 x Tris/Borate/EDTA (TBE) buffer, 1.5% Agarose gel, SYBR safe DNA gel stain,
100bp DNA ladder.

StepOne real-time PCR system (Applied Biosystems)

96-well real-time PCR plate and sealing film (for quantitative real-time PCR).

Universal SYBR Green MasterMix (with Rox) (2x).



11.

12.

13.

Template cDNA diluted 20x for gPCR reaction.

gPCR primers 10 pmol/pL each.

Human-specific full-length SMN2 primers (forward, 5’-ATA CTG GCT ATT ATA TGG
GTT TT-3’; reverse, 5'-TCC AGA TCT GTC TGA TCG TTT C-3’ [133 bp]) and human-
specific A7 SMIN2 primers [forward, 5-TGG ACC ACC AAT AAT TCC CC-3’; reverse,

5’-ATG CCA GCA TTT CCA TAT AAT AGC C-3’ [125 bp]).

2.4. Measuring human SMN protein by western blotting in tissues from SMA mice

1.

10.

11.

12.

Precellys tissue Homogenizer (see Note 3).

Western blot sample buffer: 0.25% SDS, 75 mM Tris—HCI (pH 6.8).

Protease inhibitor cocktail.

Pierce BCA (Bicinchoninic acid) Protein Assay Kit.

PBST (PBS, pH 7.4, 0.1% Tween 20)

Mini gel tank and blot module set

NuPAGE 10% Bis-Tris precast gels, LDS sample buffer (4x), SDS running buffer
(20x), antioxidant, sample reducing buffer, transfer buffer (20x), methanol.
Protein ladder.

PVDF membrane.

Whatman filter paper.

Odyssey blocking buffer for PVDF membrane blocking.

Antibodies: mouse anti-SMN monoclonal antibody (BD Transduction Laboratories),
mouse anti-B-tubulin monoclonal antibody (Sigma), IRDye 800CW-conjugated goat

anti-mouse secondary antibody (Li-Cor).



13. Odyssey imaging instrument to quantify western blot signals.
2.5. Skeletal muscle histopathology in Haematoxylin and Eosin (H&E) staining
1. Dissecting tools (scissors and forceps)
2. Gum Tragacanth, Iso-pentane, liquid Nitrogen, corks.
3. Superfrost glass slides and coverslips.
4. Harris Haematoxylin, Eosin yellowish, 100% ethanol, 70% ethanol, Xylene, DPX
mountant.
5.  Light microscope.
2.6. Neuromuscular junction staining
1. Dissecting tools (scissors and forceps) and microscope.
2. PBS and Petri dish.
3. 4% Paraformaldehyde in PBS.
4. Blocking and permeabilizing buffer (5% goat serum and 1% Triton X-100 in PBS).
5. Antibodies: rabbit polyclonal anti-neurofilament antibody (NF200, Sigma), and
rabbit polyclonal anti-synaptophysin antibody (Synaptic Systems), rhodamine-a-
bungarotoxin (a-BT) (Life Technology) and Alexa Fluor 488 goat anti-rabbit I1gG (Life
Technology).
6. Glass slides and coverslips.
7. Hydromount mounting medium.

8.  Fluorescence microscope and confocal microscope.
3. Methods

3.1. Injection of PMOs in neonatal mice



1. PMOs are injected into newborn mice by subcutaneously (SC) or
intracerebroventricular (ICV) injections (see Note 4).

2. ICVinjection: the injection sites are approximately 1 mm lateral from the sagittal
suture and 1 mm anterior to the coronal suture (Fig. 1, see Note 5) (6). Slowly
insert the glass capillary through the skin to an approximately 2mm depth until the
instant resistance from the frontal bone disappears. Alternatively, the needle can
be marked with tape at 2 mm from the tip to ensure the injection is 2 mm deep.
Push in the plunge slowly to complete the injection. The injection volume is no
more than 10 ul in total into both ventricles.

3. Subcutaneous (SC) injection: Use fingers to lift the loose skin at the back between
shoulder blades. Direct needle into the centre of the skin and slowly inject
solutions. 30 gauge needle and 1ml syringe can be used for SC injection in neonatal
mice, in addition to capillary glass micropipettes.

4. Sacrifice PMO-treated pups at the age required. Tissues are dissected, snap frozen
on dry ice and stored at -80C until the next experiment.

3.2. Splicing assay of PMOs on exon 7 inclusion in tissues from SMA mice

1. Frozen tissues are placed in RLT lysis buffer in 2 ml tubes containing 2.8mm
ceramic (zirconium oxide) beads and homogenized using Precellys tissue
Homogenizer. (see Note 3)

2.  Extract RNA from the tissues using RNeasy Mini Kit according to manufacturer’s

instruction.



Reverse transcription: the cDNA is synthesized from 500ng RNA using the
SuperScript™ Ill First-Strand cDNA Synthesis kit according to manufacturer’s
instruction.

Reverse-transcript PCR of human SMN2: Perform PCR according to standard
procedures. Use 1 ul cDNA in a 25 pul PCR reaction with 500 pmol of each primer
(see subheading 2.3.4), 200 uM of dNTPs, 1.5 mM MgCl, 2.5 units of Taq
polymerase and 1x PCR buffer. The PCR amplification program is as follows: 1 cycle
with 3 minutes at 94°C (initial denaturation), 25—-30 subsequent cycles of 30
seconds at 94°C (denaturation), 30 seconds at 55°C (annealing), and 30 seconds at
72°C (extension) and a final 10 minutes extension at 72°C. Check an aliquot of the
PCR product (5-10 ul) by 1.5% agarose gel electrophoresis and SYBR safe DNA stain
using an UV transilluminator. The top band of 505 bp is the full-length SMIN2
product. The lower 451 bp band is the product with exon 7 skipping (47 SMN2)
(Fig. 2a).

Quantitative real-time PCR of human-specific full-length and A7 SMN2 transcripts:
product specific primers (see subheading 2.3.13), cDNA and 1 x PCR Mastermix are
mixed in a 20 ul PCR reaction. The program includes activation at 95°C for 5
minutes, 40 cycles of 95°C for 3 seconds, and 60°C for 1 minute. Quantification is
based on concurrent standard curves produced from serial dilutions of cDNA from
saline treated control SMA mouse. The cycle at which the amount of fluorescence

is above the threshold (Ct) is detected. The ratios of full-length SMN2 to A7 SMIN2



(FL/ A7) from PMO-treated mice samples are normalized, taking the ratio of saline
control of mouse tissues as 1.0.

6. Western blot: frozen tissues are placed in protein sampling buffer and
homogenized using Precellys tissue Homogenizer kit (see Note 3). Centrifuge at
12,000xg and 4°C for 10minutes. Transfer the supernatant to a fresh tube. The
protein concentration is measured by a NanoDrop spectrophotometer using the
Pierce BCA Protein Assay Kit according to the manufacturer’s instructions. Fifty
micrograms of total protein extracted from mouse tissues are separated by
electrophoresis on a 10% NuPAGE Bis-Tris precast gels in running buffer, and
electro-transferred to a PVDF membrane in transfer buffer. Block the PVDF
membrane for 1 hour in blocking buffer and incubate with the primary antibodies
on a shaker at 4°C overnight. Wash the PVDF membrane 3 x 10 minutes in PBST.
Incubate the PVDF membrane with fluorescence second antibody for 1 hour at
room temperature. Wash 3x 10 minutes in PBST and detect bands using Odyssey
Imaging system. (Fig. 2b)

3.3. H&E staining in skeletal muscle biopsies

1. Fresh muscles dissected from mice are bisected transversely and mounted in
tragacanth gum on cork squares.

2.  The muscles are frozen in liquid nitrogen-cooled iso-pentane and stored at -80°C

freezer.



3.  Cutcryosections at 8 um directly on uncoated glass slide and dry for 10 minutes at
room temperature before staining. Or the slides can be stored at -80°C until the
staining.

4. H&E staining: stain sections with Haematoxylinn for 30 seconds. Rinse excess stain
in tap water until nuclei turn blue. Soak slides in 70% ethanol for 3 minutes then
Eosin for 15 seconds. Dehydrate slides in 100% ethanol for 3 minutes (repeat x3).
Clear slides with Xylene wash for 3 minutes (repeat x3). Mount slides with DPX
mountant and coverslips.

5. Images are acquired using light microscope, digital camera and image capture
software. Digital slide scanner is optimal if possible.

6. The histopathological features of muscle biopsies are identified using image
analysis software (e.g. Image J).

3.4. Neuromuscular junction staining

1. Skeletal muscles are dissected and fixed in 4% paraformaldehyde on ice for 4
hours.

2. The fixed muscle tissues are washed thoroughly in PBS.

3.  Block muscle fibres in 5% goat serum and 1% Triton X-100 in PBS for 1 hour at
room temperature.

4. Incubate muscle fibres in primary antibodies (anti-Neurofilament and anti-

synaptophysin) diluted in blocking buffer at 4°C overnight (see Note 6).



5. Quickly wash in PBS for 3 times and then incubate in PBS buffer with Alexa Fluor
488 goat anti-rabbit IgG and rhodamine-a-bungarotoxin for 4 hours at room
temperature.

6. Muscles are vigorously washed in PBS before being whole-mounted in hydromount
mounting medium.

7. Large muscles (e.g. tibialis anterior and gastrocnemius) need further dissection to a
smaller size suitable for mounting.

8. Visualize slides on fluorescence microscope (Fig. 3).

9. To detect and quantify NMJ pathology, confocal microscope is required to get high-
resolution z-stack project images.

10. A minimum of 30 NMJs, ideal to 100-200 NMJs, are quantified per muscle on size
and maturation status of the motor endplates and morphology of
denervation/innervation.

3.5. SMA mouse behaviour test- righting reflex

1. Place mouse on its back on a bench top with all four paws up in the air.

2. Release fingers and start time counting with a timer.

3. Count the time when the mouse has flipped over on its stomach with all four paws
touching the ground (see Note 7 and 8).

4. Repeat procedure three times for each mouse, with at least 5 min recovery period
between tests.

5. The maximum recording time is 30 seconds (see Note 9).

4. Notes



Morpholino should be stored at room temperature. Storage at 4°C or freezer will cause
precipitation and decrease in activity. Long-term storage at room temperature may also
cause aggregation over time. This can be resolved by heating 5 min at 65°C or by
autoclaving. PMO is very heat stable.

The Taiwanese male mice have impaired reproductive organ development and reduced
fertility [18]. They usually take longer pairing time than the wild type mice. It is
therefore recommended to pair the female type Il SMA mice ((SMN2),*/*; smn™") with
the male heterozygous wild-type ((SMN2),7-; smn™") to produce the severe type | SMA
mice ((SMN2)2*/; smn-) for PMO evaluation. It is recommended that the breeders
need to be refreshed every 6 months, especially for the type Ill SMA breeders. The first
breeding in female SMA mice should take place no later than 12 weeks old.

If the Precellys tissue Homogenizer is not available, frozen tissue can be pulverized in
liquid nitrogen with mortar and pestle, before adding the RLT lysis buffer or protein
sampling buffer and proceeding with RNA/protein isolation.

A very narrow therapeutic window has been previously described in the severe SMA
mice [19,20]. It is therefore recommended that PMO treatment is delivered during the
pre-symptomatic stage in order to achieve a maximal therapeutic benefit. In our
experience, the best efficacy is gained when PMO injection is administered at 1-day or
2-days old.

When practice ICV injection for the first time, a dye (i.e Fast Green FCF or trypan blue)
can be mixed with solution to indicate if the solution is correctly delivered into lateral

ventricles. The injection sites of ICV in neonatal mice are not consistent in different



publications. We have compared a number of the reported injection sites and the one
we report here gives the highest successful rate without any adverse effect such as
cerebral haemorrhage.

6. Itisimportant to use antibodies to stain both neurofilament and synaptophysin in the
staining of NMJ in order to get the detail of nerve ends in endplates in NMJ.

7. Inrighting reflex test, the test is not over if the mouse has one paw underneath its
body. Count the time when all four paws touch the ground.

8. In behaviour test there could be high variation between litters. To reduce it and keep
experiments consistent, it is recommended to keep the litter size between 5-10 pups
per litter. Litter under 5 pups should not be included for phenotyping as they usually
receive more maternal care and may present milder phenotype. Litter over 10 should
be reduced to the size of 10 to avoid competition for feeding and care.

9. Some protocols may set the time limit at 60 seconds. In our experience in the
Taiwanese SMA mouse models, mice failed in righting themselves in 30 seconds were
usually at severe condition and they could hardly right later. We therefore set 30

seconds as the limit.
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Figures and legends
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Fig. 1 Schematic illustration of mouse skull sutures and bones. The ICV injection site is 1 mm

from the sagittal suture and 1 mm anterior to the coronal suture.

a PMO25 Saline
Br SC Br SC

— FL-SMIN2
— A7S5MN2

b Saline PMO25
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Fig. 2 PMO activity on exon 7 inclusion in tissues from SMA mice. Severe SMA mice were
received a single subcutaneous injection of PM025, a 25-mer PMO targeting ISS-N1, at the dose

of 40 pg/g on postnatal day 0. SMA mice received same volume of saline were used as control.



Brain and spinal cord tissues were collected 7 days after the injection. a. Representative picture
of reverse-transcription PCR shows the expression of the full-length SMN2 and A7 SMIN2
transcripts in brain and spinal cords after the treatment. b. Representative picture of western
blotting shows the restoration of human SMN protein in spinal cord tissues of PMO25-treated
SMA mice (protein samples from 3 PMO25-treated SMA mice) compared to saline-treated SMA

mice (protein samples from 2 saline-treated SMA mice).

Saline

Fig. 3 Representative pictures of NMJs staining in the tibialis anterior muscles collected from
10 days old SMA mice. The SMA mice received a single dose of 40 pug/g PMO25 at PNDO by
subcutaneous injection. Saline treated mice were used as controls. The endplates were stained
with rhodamine-a-bungarotoxin (in red) and nerve fibres were stained with antibodies against

neurofilament and synaptophysin (in green).



