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Poco somos conscientes de todo lo que pasa aunque estemos rodeados de silencio. Y es

que ahi, cualquier pequefio detalle tiene mucho mads valor. Se aprende a conocer los gestos, las
miradas, las medias sonrisas...Las sonrisas enteras pueden incluso sonar a carcajada. Te vuelves
coémplice ineludible del mds leve sonido. Se tejen historias, enfados y vidas nuevas alrededor de
un mundo silencioso que avanza implacable.
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Introduction

The Neurofibromatoses

The Neurofibromatoses (NF) is a group of autosomal dominant neurocutaneous
disorders that share as a main clinical manifestation, the development of multiple
tumors involving Schwann cells or their precursors. Three major forms of NF are
recognized as distinct entities: the neurofibromatosis type 1 (NF1),
neurofibromatosis type 2 (NF2), and schwannomatosis. All these three forms have

a distinct genetic origin and pathogenesis.

The neurofibromatosis type I is caused by mutations in the NF/ gene and is
characterized mainly by the presence of dermal neurofibromas and café-au-lait
spots among other clinical manifestations. NF2 is caused by mutations in the NF2
gene. Most distinctive trait of NF2 is the occurrence of bilateral vestibular
schwannoma. As a consequence, about 90% of these patients suffer from hear loss
and deafness. In schwannomatosis patients develop cranial and also spinal and the

peripheral nerves schwannomas among other lesions (MacCollin M et al., 1996).

Neurofibromatosis type I can be classified in a group of genetic disorders that
share alterations in genes involved in the RassMAPK pathway (Denayer E et al.,
2008). This group, called RASopathies, comprises NF1, LEOPARD syndrome,

Noonan syndrome, Costello syndrome and the Legius syndrome among others.
Neurofibromatosis Type I

Neurofibromatosis type 1 (NF1) is an autosomal dominant inherited disease that
affects about one in 3,000-4000 individuals worldwide (Huson SM et al., 1989)
with a complete penetrance at the age of 8 (DeBella K et al., 2000). Patients with
NF1 have clinical manifestations involving many different organs and systems
with a highly variable clinical expression even among members of the same

family.
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Clinical aspects of NF1 disease

Neurofibromatosis Type I patients exhibit a variable clinical expressivity. The
most frequent clinical manifestations of this disease are the presence of cafe au
lait spots on the skin, Lisch nodules (iris hamartomas), and the development of
multiple neurofibromas (benign tumors of the peripheral nervous system). During
paediatric ages can also develop optic pathway gliomas (benign tumors of the
optic nerve) and bone abnormalities. Predisposition to develop peripheral and
central nervous system tumors and cognitive problems are the two most burdening
clinical manifestations. The diagnostic criteria for NF1 were established by the
National Institute of Health (NIH) in 1987 and are still valid today since they were
only slightly modified. A patient is diagnosed with NF1 if he/she present two or
more of the clinical criteria (summarized in Table 1). After approximately 8 years
95-97 % of patients have two or more of the NF1 diagnostic criteria and after 20

years nearly 100 % fulfil clinical criteria (DeBella K et al., 2000).

Diagnostic criteria for NF1 (NIH Consensus Conference, 1987).

Six or more café-au-lait spots of over 5 mm in prepubertal individuals and

over 15 mm in postpubertal individuals.

Two or more neurofibromas of any type or one plexiform.

Freckling in the axillary or inguinal regions.

Optic glioma.

Two or more Lisch nodules

A distinctive osseous lesion such as sphenoid dysplasia or thinning of

long bone cortex with or without pseudoarthrosis.

A first-degree relative with NF1.

Table 1: NF1 diagnostic criteria according the NIH Consensus conference in 1987. Adapted
from: NIH, 1988.
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The frequency of the different clinical manifestations present in NF1 is
summarized in Figure 1. Café-au-late macules (CALMs) are hiperpigmented
lesions caused by the presence of big melanosomes inside the melanocytes.
Almost all patients with NF1 have 6 or more CALMs in the first year of life
(DeBella K et al., 2000). Lisch Nodules are asymptomatic hamartomas of the iris
that appear in over 90% of adult NF1 patients. Optic pathway gliomas (OPG) or
grade I pilocytic astrocitomas occur in about 15% of NF1 patients, which are
detected by magnetic resonance imaging (MRI) before 6 years of age (Listernick
R et al., 2007). At least 20% of NF1 patients with optic glioma will develop a
tumor of the central nervous system (CNS). Sometimes, these tumors experience a
very fast growth, causing considerable vision dysfunctions, neurological deficits

and endocrine problems (Listernick R et al., 2007).

Bone abnormalities affect the vertebral column, the long bones and the sphenoid.
Scoliosis is present in about 10-25% of the patients (Friedman JM & Birch PH,
1997). Other bone alterations are the sphenoid dysplasia and the dysplasia of the
long bones, which frequencies are reduced. Pseudoarthrosis is more common in
tibia and becomes evident during the first years of life, consequence of bone
fractures in the tibia (DeBella K et al., 2000; Friedman JM & Birch PH, 1997)
(Figure 1A).

One of the major clinical complications of Neurofibromatosis type 1 (NF1)
patients is the development of different tumor types that arise in nervous and non-
nervous tissues. The peripheral nervous system is particularly affected, with the
development of multiple bening dermal neurofibromas (dNFs), bening plexiform
neurofibromas (pNFs) and malignant peripheral nerve sheath tumors (MPNSTSs).
The number of dNFs is highly variable, ranging from tens to thousands of tumors

in a single patient. Plexiform neurofibromas affect about 30-50% of NF1 patients,
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are thought to be congenital and can affect large regions of tissue since they
develop from multiple fascicles or large nerves. dNFs do not progress towards
malignancy but certain pNFs transform into MPNSTs. Approximately 8—-13% of
NF1 patients develop MPNSTs hyperploid soft tissue sarcomas (Evans DG et al.,
2002; Huson SM et al., 1989). Bi-allelic inactivation of the NFI gene is a key
event in tumor initiation for both benign and malignant lesions (Colman et al.,
1995; Legius E et al., 1993; Sawada S et al., 1996; Serra E et al., 1997). dNFs and
pNFs are composed of different cell types, but only Schwann cells bear a double
inactivation of the NF'/ gene (Kluwe L et al., 1999; Maertens O et al., 2006; Serra
E et al., 2000) (Figure 1B). Due to its invasive growth, propensity to metastasize,

and limited sensitivity to chemotherapy and radiation, MPNST has a poor

prognosis.
A) B)
Clinical Manifestation Frequency (%)
Café-au-laite spots 85
Skin-fold freckling 85
Lisch nodules 90-95

Cutaneous neurofibromas
Plexiform neurofibromas
MPNST
Pheochromocytoma
OPG

1
Cerebral gliomas 2-:
5

Pseudoarthrosis of tibia

Scoliosis 10-25
Severe Cognitive 4-8
Impairment (IQ<70)

Learning problems 30-60
Epilepsy 6-7

Figure 1: A) Principal clinical manifestations in NF1 patients. In dark grey tumoral manifestations
and in light grey non-tumoral manifestations associated with the CNS. Adapted from: Ferner R et
al., 2006. B) Different tumor types associated with the Peripheral Nervous system. DNF: Dermal
neurofibroma, PNF: Plexiform neurofibroma, MPNST: Malignant Peripheral Nerve Sheet Tumor.
Adapted from: Reilly KM, 2009.
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Clinical manifestations associated with the CNS

The cognitive and learning impairments are one of the most common
complications in children with NF1 and do not improve in adulthood. Between
4% to 8% of NF1 individuals fall into the intellectually impaired range (1Q<70%)
compared to the 3% in the general population (North et al., 1997).

Children with NF1 have specific learning difficulties that include visual spatial
problems, impaired visual motor integration with abnormal ocular saccades,
language deficits, and disorder of executive function. Problems that are typically
associated with the NF1 phenotype include attention deficit hyperactivity
disorder, which responds to methylphenidate medication and poor socialization.
Autistic spectrum disorder has occasionally been associated with NFI1, but
prospective studies are necessary to assess the frequency of this complication.
Academic difficulties and school failure are the most common reported
complication of NF1 in childhood and are present in 40% to 60% of the cases
(reviewed in Acosta et al., 2006; Ferner et al., 2007; North et al., 1997; Ozonoff S,
1999; Levine et al., 2006).

In NF1 patient’s structural brain abnormalities can be found. One of the most
common finding is the brain size associated with macrocephaly. Although the
studies correlating the brain volume and the cognitive function in NF1 patients are
not conclusive, some studies found a positive correlation between the larger
corpus callosum volume (the main white matter structure) with the academic
underachievement, lower intelligence and the visual spatial impairment (Kayl AE
et al., 2000; Pride N et al., 2010). Another frequent brain abnormality is the
appearance of unidentified bright objects (UBOs) that had been observed as areas
of increased T2-weighted signal intensity on MRI in 50% to 93% of children with

Neurofibromatosis 1. It has been suggest that the presence of UBOs can be
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connected with the cognitive impairment in NF1 patients (DeBella K et al.,

2000b).

Genetic aspects of NF1

Structure of the NFI gene

The NFI gene is located in the pericentromeric region of chromosome 17q11.2
and spans more than 300 Kb of genomic DNA (Li Y et al., 1995; Marchuk DA et
al., 1995). It’s composed of 61 exons, four of which are alternatively spliced
exons: 9a, 10a-2, 23a and 48a, and are mainly expressed in a specific tissues and
during the development (Viskochil DM, 1998). Intron 27a contains three genes,
Olygodendrocyte-Myelin Gycoprotein (OMGP), Ecotropic Viral integration site
(EVI2A and EVI2B) that are transcribed in the opposite direction (Cawthon RM
et al., 1991; Viskochil D et al., 1991). Some OMGP gene mutations had been
associated with cognitive disturbances, but there is no correlation between this

gene and the phenotype observed in NF1 patients (Martin IC et al., 2009).

A high number of pseudogens of NFI gene are distributed in different
chromosomes, specially around the pericentromeric regions of chromosomes

2,14,15 and 22 (Régnier V et al., 1997).

The NF1 gene mutational spectrum

Neurofibormatosis type I is a hereditary cancer syndrome (CS). The CS are
genetic diseases with Mendelian inheritance that confer a high predisposition to
develop cancer. Often hereditary cancer syndromes are caused by germline

mutations in tumor suppressor genes (TSGs). The proteins encoded by most tumor



Introduction

suppressor genes inhibit cell proliferation or survival. At the somatic level, the
total inactivation of tumor suppressor genes leads to tumor development by

eliminating negative regulatory proteins.

Tumor suppressor genes normally follow the model of double hit proposed by
Knudson in 1971, which involves the bi-allelic inactivation of the gene to
contribute to tumor formation. Individuals with germline mutations need a second
mutation in the somatic cell to induce the tumor to develop (Knudson AG, 1971).
The double NFI gene inactivation had been reported in various tumours
associated with NF1, such as neurofibromas, pNFs, MPNST, juvenile myeloid
leukemia (JMML), astrocytomas, among others (revised in De Raedt TM et al.,
2008). The double inactivation was also reported in other associated NF1 features
like the café-au-laite spots (De Schepper et al., 2008; Maertens O et al., 2007) and
pseudarthrosis of the thibia (Stevenson DA et al., 2006).

At the constitutional level, studies regarding NF/ mutations describe more than
1000 different mutations affecting NF/ gene (Messiaen L & Wimmer K, 2008).
There are no mutational hot spots although some of these mutations have
recurrence (Ars E et al., 2003). In NF/ we can find point mutations, big deletions
affecting the whole gene (microdeletions) and exon copy number variations.
Deletions that involve the NFI gene and surrounding genes represent 5% all
mutations (Clementi et al., 1996); exon copy number variation represents 2-5%
(Messiaen L & Wimmer K, 2008; Wimmer C et al., 2006) and the rest of
mutations (90%) are point mutations (18% missense, 26% frameshit and 21%
nonsense). It’s important to mention that splicing mutations occur with frequency
of 27% in NF1 patients (Messiaen L & Wimmer K, 2008). Most of these splicing
mutations affect the canonical splicing sites (GT/AG) but also nonsense, missense

or frameshit mutations can have an effect in the splicing process (Ars E et al.,
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2000b; Ars E et al., 2003; Messiaen L et al., 2000). Splicing NF1 mutations can
be classified in 5 different groups (Wimmer et al., 2007).

Classification of splicing mutations in NF1

Exon skipping resulting from mutations at authentic splice sites (type I)

Cryptic exon inclusion caused by deep intronic mutations (type II)

Creation of de novo splice sites causing loss of exonic sequences (type III)

Activation of cryptic splice sites upon authentic splice-site disruption (type IV)

Exonic sequence alterations causing exon skipping (type V)

Table 2: Classification of the different types of splicing mutations in the NFI gene. Adapted
from: Wimmer K et al., 2007.

Gene expression

The full-length NF/ mRNA transcript is ubiquitously expressed across a range of
tissues, with highest levels in cells and tissues from the central and peripheral

nervous system, such as the brain, spinal cord and the peripheral nervous system.
The mRNA transcript is about 11-13 Kb in length (Marchuk DA et al., 1991; Xu
GF et al., 1990a).

The NFI gene can generate five different isoforms. Two of the main NFI-
isoforms are termed type I and II, and are formed by an alternative splicing of an
exon located within the NF1-GRD region (Figure 2A). Type II contains an exon
of 63-bp (exon 23a) that encodes for 21 amino acids in the center of NF1-GRD
region, with a reduced GAP-Ras activity compared to the exon 23a less type I

isoform (Andersen LB et al., 1993; Uchida T et al., 1992) (See below: The NF1
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protein: neurofibromin). Type I isoform is predominantly expressed in neurons of

the adult CNS (Figure 2B) (Suzuki Y et al., 1991; Takahashi K et al., 1994).

Several other isoforms have been identified in humans and rodents: the 3> ALT
that includes the alternative spliced exon 48a, the 5 ALT2 that includes the
alternative exon 9a, the 5> ALT1 that misses the exons 21 to 27a and the isoform
with the alternative exon 10a-2 that is believed haeve a housekeeping function at
the intracellular membrane. (Kaufmann D et al., 2002b). The isoform 5> ALT?2 is
mainly expressed in the central nervous system. It has been found enriched in
neurons of the forebrain, specifically septum, striatum, cortex, hippocampus and
olfactory bulb. The pattern of NFI exon 9a expression correlates with the
postnatal maturation of these neurons and suggests a role of NFI in neuronal

differentiation (Danglot et al., 1995; Geist & Gutmann, 1996).

A)

& v
q,ox \Q’b q,};b °‘.b°

GAP Related Domain

B)

Type Il 23a Most tissues

Type | Central Nervous System

Figure 2: Alternatively spliced exons of the NFI gene. A) Alternatively-splice exons 9a, 10a-2,
23a and 48a. Exon 23a is located in the GAP related domain. B) Type II and Type I isoforms.
Exon 23a is included in most tissues and skipped in the central nervous system. Adapted and
modified from: Barron VA & Lou H, 2012.

RNA studies identified some NFI transcripts with an unknown biological

function. These transcripts miss some constitutive exons AE4b, AE7, AES,
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AE10b, AE29, AE29/30, AE30, AE33, AE34, AE37, AE43, AE45 (Kaufmann D
et al., 2002a; Park VM et al., 1998; Thomson SA & Wallace MR, 2002;
Vandenbroucke I et al., 2002a; Vandenbroucke I et al., 2002b) or the insertion of
a cryptic exon like the one between the exons 4a and 4b (ins4a-2) (Ars E et al.,
2000a). Although some of them are tissue specific, their expression levels are
reduced. As an example, the transcript NFI- AE29 is specific for the brain and
cerebellum and the NFI- AE4b is mainly expressed in blood, heart tissue and
cerebellum (Vandenbroucke I et al., 2002b). Different explanations could be that
all this plethora of exon-less isoforms represents errors in the process of splicing

or that they have a specific biological function at low expression levels.

Phenotype-genotype correlation

Among NF1 patients there is an important variability regarding the different
clinical manifestations, even in patients with the same constitutional mutation.
This variability in the phenotype cannot be explained only by mutations in the
NF1 gene. Epidemiologic studies suggest the presence of genes that alter the
somatic mutation rate or even genes that regulate the splicing mechanism. For
example in some cases in patients with the same splicing mutations the variability
in their clinical phenotype is explained by a differential expression of aberrant

transcripts.

The NF1 protein: Neurofibromin

Neurofibromin is a protein of 2818 amino acids (AA) and 220-280kDa (DeClue
JE et al., 1991; Gutmann DH et al., 1991) and the product of the NFI gene. It is
ubiquitously expressed across a range of tissues, but it’s mostly expressed in cells

of neurological origin like neurons, Schwann cells and olygodendrocytes (Daston
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MM et al., 1992). Neurofibromin is highly conserved among vertebrates with
sequence identity commonly > 90% (Bernards A et al., 1993). The yeast
Saccharomyces cerevisiae has two orthologs of the NFI gene, IRA1 and IRA2,
whose products have a high sequence identity and homology with neurofibromin
and that have been demonstrated to participate in Ras and cAMP dependent

pathways (Buchberg AM et al., 1990; Xu GF et al., 1990b).

The NF1 GAP-Related domain and RAS

In its central region (aa 1205-1536) neurofibromin contains a small domain
(GAP-related domain, GRD) with a high sequence similarity to the GTPase
activating protein (RasGAP) family (Martin GA, et al. 1990). The structure of the
GRD consists in a central catalytic domain GAP and an extra domain called
GAPex. The structure is similar to the catalytic domain of the p120GAP (Martin
GA, et al. 1990).

Ras proteins are a group of small GTPases that regulate cell growth, proliferation
and differentiation. Ras is activated by guanine nucleotide exchange factors
(GEFs) that release GDP and allow GTP binding. GTPase activating proteins
(GAPs) terminate Ras signalling by stimulating intrinsic GTPase activity.
Neurofibromin acts a negative regulator of Ras signalling. This protein
downregulates the biological activity of the small guanine nucleotide binding
protein (GNBP) Ras increasing the hydrolysis of Ras-bound GTP, the active form
of Ras. Active GTP-bound Ras interacts with several downstream effector
proteins: Raf kinases, Ral-GDS, phosphatidylinositol 3-kinase (PI3K)/Rac/Rho
and PI3K/Akt/mTOR (Castellano E & Downward J, 2011) (Figure 3).
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Figure 3: Schematic representation of Ras regulation by neurofibromin and its downstream
signalling pathways. Adapted and modified from: Diggs-Andrews KA & Gutmann DH, 2013.

Alternative splicing is important to regulate cellular activity of some proteins. In
the case of NF1 the biochemical analysis of both isoforms (with or without E23a)
indicated a tenfold lower GAP activity for the type II transcript. It is still unclear

how this biochemical difference translates at the physiological level (Figure 4).
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Figure 4: Ribbon representation of the GAP Related domain (GRD). The representation shows the
different missense mutations identified in NF1 patients in the GRD, and the position of exon 23a
insertion. Adapted from: Scheffzek K et al., 1998.

The SEC14-PH and other neurofibromin domains

Recently, structural analyses have identified a Secl4 homologous segment (N-
terminal) and an adjacent pleckstrin homology (PH)-like domain (C-terminal), a
bipartite module (aa 1560-1816) that allow neurofibromin to bind to membrane

phospholipids (D’Angelo et al., 2006).

Sec14-like domains have been found in a number of lipid binding proteins such as
a-tocopherol transferprotein (aTTP) and supernatant protein factor (SPF)
(Stocker A, 2004) and also in several signal regulatory proteins including Rho
specific guanine-nucleotide exchange factors (RhoGEFs), RhoGAPs, RasGAPs
and phosphotyrosine phosphatases (PTPases) and neurofibrin (Phillips SE et al.,
2006). They commonly bind lipid ligands. The Pleckstrin Homology (PH) portion

of this bipartite module is involved in membrane recruitment process and they can
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promote the binding to specific proteins. Apart of these domains, it has been
postulated the existence of other domains identified by sequence analysis of
neurofibromin: the CSRD domain (aa 543-909), rich in serine and cysteine
residues, which contains multiple phosphorylation sites for protein kinase cAMP
dependent (PKA) (Izawa I et al., 1996); the LRD domain (aa 1530-1950) rich in
leucine repeats and the CTD domain (aa 2260-2818) containing three sites of
phosphorylation for PKA and two for MAPK. (Izawa I et al., 1996; Tokuo H et
al.,2001).

Neurofibromin regulation and function

Although the best characterized biochemical function of neurofibromin to date is
the GAP-RAS activity, there is also experimental evidence, mainly obtained using
Drosophila melanogaster as a model, that indicate a role of neurofibromin in
regulating cyclic AMP-dependent signalling pathways, although the responsible
mechanisms have remained elusive. Adenylate cyclase synthesizes cAMP from
ATP which in turn activates PKA, that then phosphorylates several proteins,
involved in different biological processes. Activation of AC through
neurofibromin could be possible in different ways: one dependent on RAS-GAP
and the GRD domain, and the other one by regulating the subunit of Ga, of G
heterodimeric proteins (Hannan F et al., 2006). Neurofibromin has been
associated with three cytoskeletal elements: microtubules (tubulin) (Bollag G et
al., 1993), microfilaments (actin) (Li C et al., 2001), and filamentous keratin.
Moreover, interaction between the amyloid precursor protein (APP) and the GRD
was identified (De Schepper S et al., 2006). APP has been proposed as a vesicle
cargo receptor for kinesin-1 in neurons and melanocytes. Interaction with
caveolin-1 has been reported and it’s implication in modulating Ras, AKT and

focal adhesion kinase (FAK) (Boyanapalli M et al., 2006) (Figure 5).
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Figure 5: Scheme of neurofibromin domains and all reported interaction partners. The putative

phosphorylation sites and the position of non-truncating mutations identified in patients are
indicated with black dots. Adapted from: Scheffzek K & Welti, 2012.

Neurofibromin interacts also with collapsin response mediator protein-2 (CRMP-
2) and collapsin response mediator protein-4 (CRMP-4) in rat brain. These
interactions with CRMPs suggest a possible contribution of neurofibromin in

tumorigenesis and neuronal morphogenesis (Lin Y & Hsueh Y, 2008) (Figure 5).

Molecular and cellular pathogenesis of cognitive and learning

impairments in NF1

NF1 animal models to study human cognitive symptoms

Animal models have played a role in understanding the molecular and cellular
mechanisms associated with NF1. In order to study NF1, mice with heterozygous
null mutations in the NFI gene (NFI *") were generated. These mutants show

cognitive deficits similar to the ones observed in humans. Since neurofibromin is
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a negative regulator of Ras signaling, increases in Ras activity and MEK/ERK
have been detected in the hippocampus and cortex of NFI *~ mice (Li W et al.,
2005). In addition, the spatial learning defects observed in NFI*" mice were
rescued with an inhibitor of the Ras signalling, a Farnesyl transferase inhibitor
(FTI) (Costa RM et al., 2002). Similar results were obtained with Lovastatin that
reduce RAS signalling, with the isoprenylation of Ras. Lovastatin rescued the
water maze NFI*" mice and their deficits in attention. The studies using NFI*"
mice showed a possible correrelation between the long-term synaptic plasticity
specifically in hypoccampus and spatial learning and memory (Li W et al., 2005).
Evidences show that increased Ras signaling results in an increased GABA-

mediated inhibition in NFI* mice (Cui Y et al., 2008).

The role of Neurofibromin as a positive regulator of adenylate cyclase (AC) was
also studied with NF/ null Drosophila mutants. These mutants showed a reduced
AC activity and deficits in olfactory learning. This phenotype was rescued by the
expression of rutabaga a constitutively active AC (Guo HF et al., 2000). The
relationship between the AC-PKA signaling with the cognitive deficits is unclear,
but in NFI*" mice hippocampal and retinal ganglion neurons decreased the growth
cone area and neurite length and increased apoptosis. The phenotype was reversed

elevating the cAMP levels (Brown J et al., 2010; Brown J et al., 2012).

In order to determine the role of the isoform type I (NF/ exon 23a), Costa and
collaborators (Costa RM et al., 2001) generated a mutant mouse harboring a
homozygous deletion in exon 23a. The results showed behavioral impairments
without any other alteration, such as tumor formation. This study suggests the
possible relation between the NFI signaling via RAS/MAPK pathway and the

learning defects observed in patients.
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The alternative splicing

The splicing process is a post-transcriptional event in which introns are removed
from the pre-mRNA and exons joined in the mRNA. This process takes place in
the nucleus. Once the mRNAs are produced, they are transported to the

cytoplasm and translated by the ribosomes.

In order to leave the nucleus, the mRNA must pass through the double lipid
bilayer of the nuclear envelope. The mRNA protects and identifies itself by
adding two nucleotides sequences in both ends of the strand. During the RNA
processing, a specialized methyl-guanine nucleotide (CAP) is added to the 5’end.
This CAP sequence protects the mRNA from degradation and facilitates binding
with the ribosome. To the 3’ end is added a long chain of adenine nucleotides

called Poly(A) tail, that protects from the degradation.
Recognition splice sites and other splicing sequences

Consensus splice sites

Generally, introns start from a GU dinucleotide sequence and end with an AG
sequence. They are called as donor and acceptor site, respectively. Another
important sequence within the intron is the branch site located 20 - 50 bases
upstream of the acceptor site. The consensus sequence of the branch site is
CU(A/G)A(C/U), where the adenosine (A) is conserved in all genes. These
sequences are important for correct identification of the exons and the selection
of the splicing sites. There is also a polypyridmidine rich region located between

the 3’ splice site (ss) and the branch site (Figure 6).
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Figure 6: The consensus sequence for splicing. In bold are shown the consensus splice sites, the
5’ donor site and the 3’ acceptor site and the surrounding conserved regions respectively. The
branch site with the conserved adenosine (A) is located Between 20-50 bp upstream of the 3’
acceptor site.

Splicing regulatory elements and associated factors

There are other cis regulatory elements that help the splicing machinery to
regulate the splicing process. These elements are classified in two groups; the
exonic splicing enhancers (ESEs) or silencers (ESSs), that promote or inhibit the
inclusion of the exon they reside in, and the intronic splicing enhancers (ISEs) or
silencers (ISSs), that enhance or inhibit usage of adjacent splice sites or exons
from an intronic location. These splicing regulatory elements (SREs) function by
recruiting trans-acting splicing factors that activate or suppress splice site
recognition or spliceosome assembly (Ast G, 2004; Chen M & Manley JL, 2009;
Matlin AJ et al., 2005).

The enhancer elements ESEs and ISEs are cis-acting RNA sequences that contain
binding sites for SR family proteins. These proteins are required for both

constitutive and regulated splicing, with a modular structure that contains at least
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two N-terminal RNA recognition motif (RRM) and a C-terminal arginine/serine
rich domain. The SR act as a positive regulators of the splicing (binding to the
ESE through the RRM domain), and also they can distinguish between authentic
exons and pseudo-exons and inhibit the action of close silencer elements (Chen

M & Manley JL, 2009; Matlin AJ et al., 2005).

The splicing silencers (ESSs and ISSs) are cis-acting RNA elements on which
complex bind members of heterogeneous nuclear ribonucleoproteins (hnRNPs), a
group of more than 20 proteins. These proteins contain a RRM and a KH-type-
RNA-binding domain and an alternative auxiliary domain for protein-protein
interaction. hnRNPs proteins act as negative regulators of splicing by inhibiting
the splicing process by interfering with the spliceosome and the SR proteins

(Chen M & Manley JL, 2009; Matlin AJ et al., 2005).
The splicing process

The RNA splicing process is performed by small nuclear RNAs (snRNAs) that
recognize the intron-exon boundaries. These molecules snRNAs are five (U1, U2,
U3, U4, US and U6) and they are involved in the splicing of the majority of pre-
mRNA. Each of them is complexed with at least seven protein subunits to form a
small nuclear ribonucleoprotein (snRNP). This assembly of RNA and protein

molecules form the spliceosome complex.

The splicing process occurs in two consecutive transesterification reactions. In
the first one, the adenosine residue of the branch site induces a nucleophilic
attack on the 5’ ss generating two intermediates; a free exon and a lariat-exon. In
the second step, OH group left by the nucleophilic attack of the exon located at
the 5° SS attacks the phosphoryl group at the 3' ss to generate the ligated spliced
exons and the lariat intron (Baralle M & Baralle D, 2012) (Figure 7).
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Figure 7: Schematic representation of the splicing reaction with the two consecutive
transesterification reactions. In the step 1) the adenosine residue of the branch site carries out a
nucleophilic attack on the 5’ splice site, generating a free 5° exon 1 and the lariat-exon 2 complex.
2) Exon 1 (free OH left at 5’ss) attack the 3’ss splice site of the next exon to generate the ligation
of both exons at the lariat intron.

Regulation of exon 23a alternative splicing of the NF1 gene

Usually alternative exons are under specific regulation with different protein
factors. Exon 23a is regulated by different regulatory elements and factors in a
cell-type dependent way. Two families of proteins act as negative regulators by
promoting exon 23a skipping. These two families are the Hu and the CELF
proteins. There are four members in the Hu protein family, HuR , HuB, HuC and
HuD while for the CELF proteins, there exist six members: CUG-BP1, ETR-3,
CELF3, CELF4, CELF5 and CELF6 (Zhu H et al., 2008 ; Barron VA et al.,
2010). It’s important to mention that these families are brain-specific (Ladd AN,

2012), where as we mention previously exon 23a is skipped (Type I).
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Exon 23a inclusion is enhanced by two families of proteins, the TIA-1/ TIAR and
MBNL family (Fleming VA et al.,, 2012). These two families are widely
expressed. It had been demonstrated that TIA-1/ TIAR proteins bind to AU-rich
sequences (functioning as ISE) flanking both sides of the exon, and promoting
exon 23a inclusion by binding Ul and U6snRNPs to the 3’ss. The Hu proteins
bind to the AU-rich sequences competing for the binding sites with TIA-1/TIAR
proteins (Zhu H et al., 2008). This competition is resolved depending on the final
balance of the different factors present in a particular tissue (Baralle M & Baralle

D, 2012; Barron VA & Lou H, 2012) (Figure 8).

G

24

Figure 8: Schematic representation of the exon 23a splicing regulation. Constitutive exons 23 and
24 are shown in light grey boxes and alternatively-splice exon 23a is shown as a dark grey box.
Splicing factors are shown in circles. HU proteins and CELF proteins promote the skipping of
exon 23a by binding the intronic splicing silencers elements (yellow boxes) and the UG-rich
upstream elements respectively. TIA-1, TIAR proteins and MBNL family promote exon 23a
inclusion. Adapted from: Barron V & Lou H, 2012.

Antisense Oligonucleotides

The term antisense oligonucleotides (AONS) defines a group of oligonucleotide

analogues (13-25 nucleotides) and other sequence-specific binding polymers that
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are designed to block the translation of selected mRNAs and control normal
splicing events. Antisense oligonucleotides constitute one of the most promising

advances in the treatment of intractable disease.

First generation of AONS were used to silence gene expression based on RNase
H cleavage of their targeted RNA. After that, next class comprised agents that
function by a steric blockage mechanism, independent of the RNase H activity.
With this steric blockage AONs are capable to block promotor elements,
inhibiting gene expression or interfere with splicing process by blocking splicing
regulatory elements and associated factors (Morcos PA, 2007; Summerton JE,

2007).

Regarding steric block AONSs; one of the main concerns regarding the design of
the sterick bloackage AONS is the degradation by the intracellular endonucleases
and exonucleases. In order to avoid this degradation, different chemical strategies
have been used for AON design and synthesis, including the 2’-O-methyl
phosphorothioate (2’OMe), locked nucleic acids (LNA), petide nucleic acids
(PNA) and the phosphorodiamidate morpholino oligomers (PMOs).

Phosphorodiamidate Morpholino Oligomers (PMOs) and delivery

vehicle

PMOs are non-ionic DNA analogs available from Gene Tools LLC, where a
morpholino ring replaces the deoxyribose backbone and an uncharged
phosphorodiamidate linkage replaces the charged phosphodiester intersubunit
linkage (Figure 9). Each morpholino ring is properly positioned with each of the
DNA bases (A, C, G, T), so that a 25-base PMO specifically binds to its
complementary strand of RNA via Watson-Crick pairing. Morpholino ring makes

also PMOs more resistant to the nucleases. Moreover, the negative charge of the
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backbone confers less interaction with cellular proteins or enzymes (Summerton J

& Weller D, 1997).

Phosphodiester DNA PMO
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Figure 9: Structures of DNA and PMO. In green the Morpholino ring replacing the deoxyribose
backbone and in red the phosphorodiamidate linkage. Adapted from: Corey DR & Abrams JM,
2001.

The PMOs are designed to specifically bind to its selected target site and block the
access of cell components. This property can be used to block translation,
splicing, miRNAs and the ribozyme activity at the cellular level. In this project we
were interested in the use of PMOs as a splice-blocking tool, by blocking sites
involved in splicing pre-mRNA with the final goal to modify and control the

cellular splicing events.

An important feature of PMO efficiency is the method used to deliver them inside
the cell. PMOs can be delivered into cultured cells by different transfecting
methods. However, Endo-Porter (EPEI) reagent gives excellent efficiencies in
cultured cells. EPEI is a weak-base amphiphilic peptide, designed to deliver
PMOs into the cytosol and nuclear compartment by endocytosis-mediated

process, preventing the damage to the cell membrane. This mechanism prevents
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cell toxicity associated with the classical delivery systems (Morcos PA, 2001;

Summerton JE, 2005).
Functional applications of PMOs: Splicing modulation

The uses of AON-mediated therapies to restore gene function by modulating
aberrant splicing have been increasing in the last few decades. The first studies to
use AONs as therapeutic tools for genetic diseases were obtained in B-
thalassemia. In this case an abnormal splicing event caused by activation of
cryptic sites was corrected with the use of AON technology (Dominski Z & Kole
R, 1993). Since then a progressive number of reports applied the AON technology
to modulate splicing events in different diseases like the cystic fibrosis,
Duschenne Muscular dystrophy (DMD), NF1, NF2, the Hutchinson-Gilford

syndrome among others.

As mentioned above, PMOs are good therapeutic agents to modify and control
cellular splicing events by blocking sites involved in splicing pre-mRNA. In that
sense, the most promising advances have been done in the treatment of DMD.
DMD is caused by mutations that disrupt the reading frame of the human DMD
gene, generating a lack of functional distrophyn protein in skeletal muscles.
Selective removal of exons flanking these mutations can result into a restoration
of the reading frame and thus of dystrophin expression, in both in vitro DMD
patient cells and also in vivo animal models. In dystrophin-deficient mouse
(mdx) model of DMD, PMOs were use to target the skipping of exon 23 after
intramuscular injection. Results showed excellent safety profiles and consistent
and sustained exon skipping levels. On the other hand, in DMD patients, due to

the existence of mutational hot spots for example exon 51 skipping would have
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the potential capacity to treat 13% of DMD cases, and already there are some

clinical trials based on this principle (Popplewell L, 2012; Wang Q et al., 2010).

Regarding NF2 disease, about 25% of the point mutations affect the correct
splicing of the NF2 gene (Selvanathan et al., 2010; Kluwe et al., 1997, Evans
DGR, 2009). One particular type of these mutations are the deep intronic
mutations. A mutation-specific PMO was designed and used in vitro to restore
normal NF2 splicing in patient's fibroblasts. In addition, merlin (NF2 protein)

levels were recovered after PMO treatment (Castellanos E et al., 2012).

As mentioned before, splicing mutations occur with a frequency of 27% in NF1
patients (Messiaen L & Wimmer K, 2008), that provides a unique opportunity
towards the utilization of splicing therapeutic approaches based on PMO
technology. Although many of them will be difficult to restore using PMOs, those
affecting splicing and located inside introns are the best mutation types to be
faced by PMO treatment. In this context, three different NF/ deep intronic
mutations (c.2884+2025T>G, ¢.5749+332A>G, and c¢.7908-321C>G) were
identified in our lab. All these mutations created novel donor splice sites, causing
pathogenic inclusion of cryptic exons in the mRNA. In order to inhibit and
prevent their inclusion, PMOs were targeted against these new donor splice sites
and the normal splicing of the NFI gene was restored in vitro using different
patient-derived primary cells (Pros E et al., 2009). A fourth mutation generating a
cryptic acceptor site (c.3198 - 314G>A) was also detected in another patient and
corrected using specific PMOs (Ferndndez-Rodriguez J et al., 2011) (Figure
10A). In conclusion, both studies showed that PMO treatments were durable and
specific, had an impact on the function of neurofibromin, and opened a new door
to the possibility of therapeutic strategies for this type of mutations, or to modify

at will the alternative splicing of the NF'/ gene (Figure 10B).
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Figure 10: A) Schematic representation of a deep intronic mutation (c.288+2025T>G) and the
PMO designed to avoid the inclusion of the resulting cryptic exon (yellow). Adapted from:
Ferndndez-Rodriguez J et al., 2011. B) Schematic representation of exon 23a skipping modulation
by the use of PMOs targeting the acceptor site.

Cellular models to study central nervous system

Homogeneous cultures of neuronal cells are challenging since mature neurons do
not undergo cell division. In order to overcome these limitations a group of
immortalized cell lines have been established derived from neuronal tumors.
These cell lines have the advantage of being able to expand easily in vitro and
provide with a rather homogeneous cell culture. A good example is the PC12 cell
line, generated from a rat adrenal medullary pheochromocytoma. The use of this
cell line allowed for instance a better understanding of neurodegenerative

diseases and neurotoxicology.
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PC12 cell line as a neuronal model system

PC12 is a cell line derived from rat adrenal medullary pheochromocytoma (a
tumor from the adrenal gland) that can be stimulated to differentiate into
sympatethic-like neurons in the presence of neurotrophic factors like nerve
growth factor (NGF) (Greene LA & Tischler AS, 1976). In the presence of
serum, PC12 cells acquire a round morphology and proliferate to high density. In
contrast, in the presence of NGF, PC12 cells undergo a neuronal differentiation
process by stopping cell division, promoting the extension of neurites, becoming
electrically excitable (Das et al., 2004) and increasing the synthesis of several
neurotransmitters like acetylcholine or y-amiinobutyric acid. In addition to NGF,
the differentiation of PC12 can be induced by other factors such as cytokines and
basic fibroblast growth factor (bFGF), cell adhesion proteins like NCAM or N-
Cadherin 1 and drugs like cholera toxin or potassium (Doherty P et al., 1992;
Gunning PW et al., 1981).

A different number of metabolic changes have been observed during
differentiation process; the enzymatic activity of lactate dehydrogenase (LDH) is
down-regulated and NADH-dehydrogenase activity is increased during
differentiation (Ohuchi T et al., 2002). The expression of neuronal markers is
increased during this biological process, such as B-Tubulin III (7Tubb3),
Neurofilament (Nefl), Gap43, Synapsin 1 (Synl), Mmp3, Dusp6 (Das KP et al.,
2004; Ohuchi T et al., 2002).

PC12 neuronal model is particularly useful to study neurite outgrowth, the
process in which neurons promote extensions during development, in order to
establish neuronal connections. In PC12 growing-neurites, characteristic

morphological features can be observed. For instance, the presence of large
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varicosities containing catecholamines that are involved in the process of neurite
outgrowth or the presence of growth cones containing filopodia and lamellipodia
in the distal end of neurites. These growth cones are used by PC12 cells for
sensing the environment and guiding neurite extension (Mingorance-Le Meur A

et al., 2009).

RAS/MAPK pathway in PC12 differentiation

The Ras/MAPK pathway is highly conserved through evolution and plays an
important role in different cellular processes, like cell proliferation,
differentiation or survival. In PC12 cells, the use of epidermal growth factor
(EGF) induces a transient ERK activation and cell proliferation. In contrast, NGF
induces differentiation through TrkA receptor, by a sustained activation of
ERK/MAPK pathway via Ras family proteins (Kaplan DR, 1998). Neuronal
differentiation by NGF is characterized by the expression of early transcription
factors that promote a secondary activation of NGF-responsive genes. But still
the molecular mechanisms behind that process are not completely understood

(Brightman FA & Fell DA, 2000; Marshall CJ, 1995; Vaudry D et al., 2002).

The learning and memory defects observed in NF1 knockout mice studies
indicated that functional modulation of Ras pathway was essential and that
neurofibromin plays an important role as a GAP in neuronal cells. In PC12 cells
was observed that regulation of Ras and NF1-GAP was essential for normal
neuronal differentiation and that regulation of alternative splicing through exon
23a may be important in modulating Ras-related neuronal functions (Hinman M

et al., 2014; Metheny LJ & Skuse GR, 1996; Yunoue S et al., 2003).
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Other neuronal model systems

Although PC12 cells are one of the best-characterized neuronal differentiation
systems to date, one of the major problems is that the genes leading to
immortalization and transformation have not been identified. This provides the
necessity to find other possible neuronal differentiation models, in order to study

more in detail the central nervous system neurons.

The H19-7 cell line

The H19-7 cell line was derived from early embryonic day (E17) rat hippocampal
cells and conditionally immortalized by retroviral transduction of temperature
sensitive tsA58 SV40 (SV from simian virus) large T antigen. In general, H19-7
cells provide a good model for neuronal differentiation of central nervous system
neurons. Similarly to PC12 cells, H19-7 cells respond differentially to EGF and
FGF. At the permissive temperature (33°C), EGF treatment induces proliferation,
whereas at the nonpermissive temperature (39°C) addition of bFGF induces

differentiation.

H19-7 cells exhibit specific expression of neuronal markers (NFP, MAP-2 and
GAP43) in the differentiation conditions (Eves EM, 1992). Moreover, the
importance of hippocalcin in the signalling pathway of bFGF-induced neurite
outgrowth was demosntreated. Suppression of hippocalcin results in an inhibition
of neurite outgrowth and provides evidences that this protein could be the target
of the signalling pathway of bFGF (Oh D et al., 2008). On the other hand, the
ERK1/2 are early expressed and phosphorylated in differentiating H19-7 cells.
However, in comparison with PC12, in H19-7 cells this process is not sufficient
for neuronal differentiation and the activation of the upstream signalling

component, Raf is necessary (Kuo WL et al., 1996).
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One of the major problems with H19-7 cell cultures are the high levels of
apoptosis when cells are induced to differentiate at 39°C in the presence of bFGF.
In presence of this factor H19-7 cells undergo apoptosis by a Fas-independent
mechanism by activation of a TNFa death pathway (Eves EM et al., 2001).
Moreover, recent reports suggest that lysophosphatidic acid (LPA) is involved in
the suppression of apoptosis in differentiating H19-7 cells by activation of f3-

catenin/TCF signalling pathway (Sun Y et al., 2013).
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Objectives

The role of neurofibromin, the product of the Neurofibromatosis Type 1 (NF1)
gene, in cell physiology is still not well understood. Considering the different
traits associated to NF1 it is clear that neurofibromin participates in processes of
proliferation and differentiation of different cell types. The Ras-GAP activity of
neurofibromin is its best characterized biochemical function, a function that is
regulated by the alternative splicing of exon 23a. In this thesis we intended to
better understand the role of alternative splicing of exon 23a during neuronal
differentiation, with the aim that in the future it could provide information on the

learning and cognitive issues related to this disease.

Due to the large size of neurofibromin, the difficulty of manipulating it in vitro
and the necessity to mimic, as much as possible, the physiological conditions of
the cell, we proposed to use Phosphorodiamidate Morpholino oligomers (PMO)
as an oligonucleotide antisense technology to modify the exonic composition of

NFI1 mRNA while preserving the endogenous neurofibromin expression levels.

The objectives of this thesis are:

1. To develop a system, based on the use of antisense oligonucleotides (PMOs) to
modify at will the alternative splicing of exon 23a of the NFI gene, without

altering its endogenous physiological expression.

2. To set up a group of functional assays for assessing proliferation,

differentiation and signaling in two cell-based differentiation model systems.

3. To study the role of the alternative splicing of exon 23a in two different models

of neuronal differentiation using PMOS.
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4. To compare the effect of modifying the alternative splicing of exon 23a on
neuronal differentiation with the effect caused by a knockdown of neurofibromin

using PMOs.

5. To better understand the function of neurofibromin in the RAS/MAPK and

cAMP/PKA pathways during the process of neuronal differentiation.
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Materials and Methods

Cell culture

Cell lines

The cell lines used in the project are described in the Table 3. We had 2 cell lines
as neuronal models and one control human cell. Most of these cell lines are

commercially available in the American Type Culture Collection (ATCC).

Name Origin Species Culture
Medium
PC12 Adrenal Gland Rat RPMI 1640
H19-7 Brain/Hippocampus Rat DMEM
293T Kidney Human DMEM

Table 3: List of cell lines used in the thesis project, their cellular origin, species and culture
medium without supplements.

Cell culture medium and solutions

Cell culture medium:

Dulbecco's Modified Eagle Medium (DMEM): DMEM High Glucose with
sodium pyruvate (Biowest). Supplemented with L-glutamine (Gibco) and

Penicillin Streptomycin (Gibco).

Roswell Park Memorial Institut Medium (RPMI 1640): RPMI 1640 (Biowest).

Supplemented with L-glutamine (Gibco) and Penicillin Streptomycin (Gibco).

Schwann Cell medium (SCM): DMEM (Gibco), with 10% FBS (Gibco),
500U/ml penicillin/streptomycin  (Gibco), 0.5mM 3-iso-butyl-1-methilxantine
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(IBMX, Sigma), 2.5 yg/ml insulin (Sigma), and 10 nM b1-heregulin (Peprotech).
SCM+Fo: SCM with 0.5uM forskolin (Sigma).

Cell culture solutions:

Freezing medium: 10% DMSO (Sigma-Aldrich), 40% FBS (Biowest) and 50%
Cell culture media (DMEM, RPMI).

Parafromaldehyde 4%: Paraformaldehyde dissolved in hot water (60°C) and
diluted with PBS.

Antibody S100: Polyclonal rabbit anti-cow S100, Dako. Dilution 1:1000 in PBS-
FBS 10%.

1x Trypsin working solution: 5ml of 0.5% Trypsin-EDTA (10X) in Phosphate-
buffered saline (PBS) (Biowest).

Cell culture experimental procedures

PC12 Coating: Filtered Collagen IV (25 ug/ml) (Corning) was added to tissue
culture dishes and incubated at RT. After 1h, plates were washed two times with

sterile PBS. Cultures were maintained at 37 °C in a 95% with 5% CO,.

PC12 cell medium: For proliferative conditions PC12 cells were cultured in
RPMI medium supplemented with 10% fetal bovine serum (FBS). For the
induction of differentiation, the medium was replaced with 1% FBS-RPMI
medium, supplemented with 50 ng/ml NGF (Promega). Cultures were maintained

at 37 °C with 5% CO,.

H19-7 Coating: Filtered Poly-L-Lysine (0.1 mg/ml) (Sigma-Aldrich) was added
to tissue culture dishes and incubated at RT. After 10 min, plates were washed

two times with sterile PBS.
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H19-7 cell medium: Cells were maintained in DMEM supplemented with 10%
fetal bovine serum, 200 mg/ml of G418 (Calbiochem) (selection for the T antigen
plasmid) and 1 mg/ml of puromycin (selection for the IGF-IR) (Sigma-Aldrich) at
33 °C with 5% CO,. For differentiation experiments, H19-7 cell lines were
washed extensively and shifted to the no-permissive temperature of 39°C with 5%

of CO, in 1X N2 (Calbiochem) DMEM medium and 10 ng/ml bFGF (Invitrogen).

Schwann cell culture (SC +/-): Primary Schwann cells previously isolated in our
lab from an NF1 patient nerve biopsy, were thawed and cultured on plates coated
with Poly-L-Lysine (0.Img/ml) and laminin (4¢g/ml) in SCM+Fo medium, and
were incubated at 37°C and 10%CO,. The next day, medium was replaced by
SCM for 2-3 days. For proliferative conditions, cells were cultured in SCM+Fo
medium for 1 day, and replaced with SCM for 2-3 days, repeting this process in
cycles (1day SCM+Fo, 2-3 days SCM, lday SCM+Fo, ...). For differentiation
conditions, cells were cultured with SCM+Fo constantly for 5 days. At this point,

cells were harvested for protein extraction.

Purity evaluation of neurfibroma-derived Schwann cells by S100 staining:
The S100 proteins are a family of low-molecular-weight proteins normally present
in cells of peripheral nervous system, especially in SCs. Immunofluorescence for
S100 was performed as follows: cells grown on a glass coverslip were washed
with PBS and fixed with 4% paraformaldehyde for 15 minutes at RT. After two
consecutive washes with PBS, cells were permeabilized with PBS/Triton-X 0.1%
for 10 minutes at RT. Cells were washed and blocked with one PBS/FBS 1 % and
one PBS/FBS 10% wash. Cells were incubated with 100 uL. of primary antibody
under a coverslip for 1h at RT. Cells were washed three times with PBS/FBS 1%.
Secondary antibody (anti-rabbit) was incubated for 45 minutes at RT. After three

washes with PBS/FBS 1%, coverslips were dried on a filter paper and mounted
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with Vectashield containing DAPI. Cells were visualized on an inverted

microscope (Leica DMI 6000B).

Trypsinization: The culture media was removed and the layer of cells was
washed with sterile PBS. Pre-warmed trypsin (37°C) was added to cover the cell
layer, and the plate was incubated at 37°C for 5 minutes. Cell suspension was

centrifuged at 1200g for 5 minutes and resuspended in cell culture media.

Cell freezing: Cells were centrifuged and 1 ml of freezing medium was added.
The cell vial was placed in the freezing container at -80°C for 24h, until placing

them in liquid nitrogen.

RNA analysis

RNA extraction and quantification

TRIPURE isolation: The standard method for RNA extraction of the samples
was TRIPURE isolation (Roche). In the first step, cells were lysed with TriPure
and chloroform (Sigma-Aldrich) to separate the sample into three phases. RNA
was recovered from the colourless aqueous phase via isopropanol (Sigma-
Aldrich) precipitation. The RNA pellet was rinsed two times with 75% ethanol
(VWR), and finally the dry RNA pellet was resuspended in 15 to 20 ul of DEPC-
treated ddH,O and kept on -20°C.

RNA quantification: The RNA quality and quantity was assessed using the
nanodrop spectrophotometer and a gel electrophoresis analysis. For an accurate
quantification, size and integrity of the RNA was determined with Bioanalyzer

(RNA Nano Assay: 25-500 ng/ul), according to manufacturer instructions.
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RT-PCR

Reverse transcription was performed with SuperScript® II First-Strand Synthesis
System (ThermoFisher scientific) with random hexamers (Life Technologies, SA)

on 1-3 ug of RNA following manufacturer’s instructions.
Detection of exon skipping levels

PCR amplifications were carried out with 1x1 of the cDNA samples and different
set of primers (summarized in Table 4) for each exon. PCR was performed with
Tag DNA Polymerase (Roche) according to the manufacturer’s recommendations.
The PCR products were evaluated by 2% agarose gel electrophoresis to verify the
expected product size. Each pair of primers (desalted and purified, Invitrogen)

was tested with an in silico PCR to evaluate the specificity.

qPCR analysis

In order to evaluate the differentiation levels across the different experimental
conditions, a quantitative PCR (qPCR) was performed with PC12 and H19-7
neuronal cell lines samples. Relative expression was determined using SYBR
Green I master mix (ThermoFisher scientific) according to manufacture’s
instructions. Reactions were run on Light Cycler® 480 II Real Time PCR system
(Roche) with 480 Multiwell plate 384 (Roche). Conditions of amplification
were as follows: 95°C for 10 min; 40 cycles of 95°C for 10s, 59°C for 30s and
72°C for 20s, finally a melting curve of 95°C for 5s and 65°C for 1 min. The
expression levels were normalized using Rpl29 and Rpll9 reference genes. . Each
pair of primers (desalted and purified, Invitrogen) for qPCR analysis was tested

with an in silico PCR to evaluate the specificity. Primers used in Table 4
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Primer Name Sequence 5° — 3’ Specie
Control E3 Forward CAGAACACACATACCAAAGTCA Rat
Control E3 Reverse GACCAGCATTGTTTCATCTA Rat

Forward E23a CAGAGTTCCCCTCGCAGCTTCG Rat

Reverse E23a CTCCGTGCCAAGTCGGAGTTGC Rat

Forward E23a TTAGAACCATCAGAGAGCC Human

Reverse E23a TTTCGATTCTAGGTGGTG Human

Forward E14 CAGGCAGATAGAAGTTCCTGTCA Rat

Reverse E14 GTTTTGTAGCCTGTTCCCACTTTGC Rat

Forward E14 GCAGGCAGATAGAAGTTCCTGTCAC Human

Reverse E14 GTTCTACAAATTGAGTATTGGTATCAG Human

Forward E23-2 GTTTGTACCAGGTGGTTAGC Rat
Forward E23-2/E23a TTTGTACCAGGCAACTTG Rat

Gap43 Forward CCGACAGGATGAGGGTAAAG Rat

Gap43 Reverse GCAGGAGAGACAGGGTTC Rat

Mmp3 Forward TGAAGATGACAGGGAAGCTGG Rat

Mmp3 Reverse GGCTTGTGCATCAGCTCCAT Rat

Dusp6 Forward TCTTTGGCTCCACTATACGCAA Rat
Dusp6 Reverse ATCCAGGCAATAGGTTTGCTTC Rat
Mbnll Forward ATGGCTGTTAGTGTCACACCA Rat
Mbnll Reverse CATGTTCTTCTGCTGAATCAA Rat
Mbnl2 Forward CAGGTTGAAAATGGAAGAGTAA Rat

Mbnl2 Reverse TTGAGCCCGGGACAGTGACCGG Rat

Celf3 Forward GACCGGAAGCTCTTTGTGGGG Rat

Celf3 Reverse AGAGTCCGGCTGCTGTGA Rat

Rpl19 Forward ATCGCCAATGCCAACTCT Rat

Rpl19 Reverse GAGAATCCGCTTGTTTTTGAA Rat

Rpl29 Forward ACAGAAATGGCATCAAGAAACCC Rat

Rpl29 Reverse TCTTGTTGTGCTTCTTGGCAA Rat

Table 4: Primers used in the PCRs of the cDNA and the qPCR analysis to evaluate the skipping
and differentiation levels across the different experimental conditions.

RNA-seq analysis

The RNA of PC12 cell cultures was collected in initial conditions (3h) and after

55h in presence or absence of NGF. Cells were treated with different PMOs
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(PMO-Skp23a, PMO-Inc23a, PMO-Skp19). Biological triplicates were performed

for each biological condition assayed.

Libraries, prepared starting from 200 ng of RNA/sample with the TruSeq stranded
mRNA Illumina (automatically processed, PerkinElmer Sciclone NGS liquid
handler) procedure, were quantified by the KAPA library quantitation kit for
Illumina GA (on 7900-HT PCR system, Applied Biosystems) and the Agilent
Bioanalyzer, and sequenced on the Illumina HiSeq 2000 platform with 2x100

reads and multiplexing 4 samples per lane.

Data Analysis

Sequencing data was quality trimmed with Trimmomatic v0.3 then processed
with TopHat v 2.0.9, mapping with Bowtie2 against the rattus norvergicus
reference genome Rnor 6.0. The reads overlapping every known gene were
counted and the counts matrix was processed in R. Every sample was normalized
by the median of counts. A list of differentially expressed genes was generated
per batch selecting those genes with a FC > 2 or FC < 0.5 and the final list was
defined as the intersection of the per-batch lists. Functional enrichment analysis
was performed using DAVID and selecting the 3 Gene Ontology subsets and the
KEGG pathways database. Heat map plots were generated with the gplots R
package. Overlapping analysis of the different gene lists was also performed with
R, with an in-house developed permutation analysis to determine the enrichment

significance and generating the plots with the VennDiagram package.
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Protein analysis

Protein extraction and quantification

RIPA Buffer composition:

RIPA Buffer (100ml). PH 8.0
150 mM NaCl (1M) 15 mL
(Merck)
1.0% IGEPAL® 1 mL
CA-630 (Sigma-Aldrich)

0.5% deoxycholic acid (10%) 5 mL
0.1% SDS (10%) (Merck) 1 mL
50 mM Tris, pH 8.0 (1M) 5 mL

(Calbiochem)
dH,0 73 mL

Table 5: List of RIPA buffer components per 100ml at pH of 8.0.

Lysis Buffer composition:

Lysis Buffer
3 mM DTT (1M) 31
Leupeptin (Sigma-Aldrich) 10p1
Aprotinin (Sigma-Aldrich) 1021
1 mM PMSF (100mM) S5ul
1 mM Na;VO,(100mM) 10p1
5 mM NaF (500mM) 1011
PhosSTOP™ (Sigma-Aldrich) 101

Table 6: Lysis Buffer composition per 1ml.

Procedure for plated cells: The cell medium was removed and cells were
washed twice with cold 1X PBS. Complete RIPA buffer (Table 5) was prepared
by adding protease inhibitors and phosphatase inhibitors freshly before use (Table
6). The appropriate amount of lysis buffer was added to each dish and incubated 5

minutes on ice. Finally, the cells were scraped vigorously and the lysate
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transferred into a fresh eppendorf tube. Optionally, in case of cellular debris in the
protein lysate, a spin of 16000 rpm for 15 min was done. All the protein samples

were preserved at -20°C.

Protein quantification: Quantification was done with Pierce™ BCA Protein
Assay Kit (Thermo Scientific), following manufacturer’s instructions. The
absorbance was measured at 562 nm using a microplate reader (SPECTRAmax

340PC, Molecular Devices).

Western blot samples and reagents

Primary antibodies:

NF1
NF1 Antibody Bethyl laboratories Dilution 1:1000
Neurofibromin (N): sc-68. Santa Cruz Biotechnology Dilution: 1:500
ERK 1/2
P44/42 MAPK (Erk 1/2) Cell Signalling Dilution 1:2000
(3A7) Mouse mAb
Anti-erk 1/2 (p44/42), Millipore Dilution: 1:1000
Clone MK12
PKA o/B
Dilution: 1 yg/ml
Anti-pka Catalytic a/B (pT'*") Invitrogen Hutior: L pgim
Phosphospecific Antibody,
unconjugated
PKA alpha + beta Antibod
alpha + beta Antibody Thermo Fisher scientific Dilution: 1:500
Tubulin
Monoclonal Anti-o Tubulin Sigma-Aldrich Dilution: 1:1000

Table 7: List of the primary antibodies (NF1, MAPK pathway, PKA pathway and tubulin) used in
the western blot protocol and their corresponding working dilution.
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Secondary Antibody:

Polyclonal Goat Anti-Rabbit Immunoglobulin/HRP. Dako Denmark. Dilution:
1:4000.

Polyclonal Goat Anti-mouse Immunoglobulin/HRP. Dako Denmark. Dilution:

1:4000.

Western blot solutions and reagents:

Membrane: PDVF Membrane; Western clear signal, Whatman.

Chemiluminescent substrate: Pierce ECL Western Blotting Substrate. Thermo

Scientific.
Blocking buffer: 5% non-fat dry milk in PBS.
Membrane Stripping: R-Blot Plus Mild Solution (10x), Millipore.

Western experimental procedures

NF1 western blot: Protein samples (30ug) were separated by size on SDS-
polyacrylamide gel (6% gel percentage), transferred into a PVDF membrane by
electroblotting (3 hours at 70V), blocked with 5% non-fat dry milk and subjected
to immunoblotting with the indicated NF1 antibodies (Neurofibromin-sc68 or
NF1 Antibody Bethyl) (Table 7) overnight at 4°C. Blot was exposed to Horse
Radish Peroxidase-conjugated secondary antibody (1 hour room temperature) and
detected with Pierce® ECL western Blotting Substrate. The levels of NF1 were

normalized according to the a-tubulin signal.

Western blot ERK 1/2 and PKA: Protein samples (20pug) were separated by size
on SDS-polyacrylamide gel (12% gel percentage), transferred into a PVDF
membrane by electroblotting (1 hour at 360 mAMP), blocked with 5% non-fat dry
milk and subjected to immunoblotting with the indicated P-ERK 1/2 or P-PKA
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a/B antibodies overnight (4°C) (Table 7). Blot was exposed to Horse Radish
Peroxidase-conjugated secondary antibody (1 hour room temperature) and
detected with Pierce® ECL western Blotting Substrate. After that membranes
were stripped with Re-Blot Plus Mild Solution (1X), in order to repeat the whole
procedure using the other set of antibodies to detect total ERK 1/2 or PKA levels
(Table 7). The levels of ERK 1/2 and P-ERK 1/2 were normalized according to

the a-tubulin signal.
RAS Activation assay

The Ras Activation ELISA Assay Kit (Millipore) works on the principle that Ras
only binds to its downstream kinase, Raf-1 (through the RAS-binding domain,
RBD), when in its active-GTP-bound state. A recombinant c-Raf-RBD was
provided with the Kkit, to capture activated Ras from the total protein sample. C-
Raf-RBD binds to the wells of a 96-well glutathione-coated ELISA plate via a
GST/glutathione interaction, thus capturing the active Ras and allowing the
inactive/GDP-bound Ras to be washed away. The captured active Ras was
detected and measured quantitatively through the addition of a monoclonal anti-
Ras antibody. After, an HRP-conjugated secondary antibody was added for the
signal detection. Following addition of the chemiluminescent substrate, signal was
measured using a luminometer (Centro LB 960, berthold Technologies). Between
40-50 ug of total protein, was used for the assay following the manufacturer's
instructions. Positive and negative controls were provided in the kit. Experiments

were performed in triplicates for each experimental condition.
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Immunofluorescence a-tubulin & Nerve Growth Factor Receptor
(NGFR)

Primary Antibody:

Mouse anti-o-Tubulin Alexa 488. Invitrogen. Dilution 1:1000.

Nerve Growth Factor Receptor (p75). Mouse Monoclonal. Advanced Targeting
Systems. Dilution 1:100.

Secondary Antibody:
Alexa Fluor 568 goat anti-rabbit IgG (H+L)(Invitrogen). Dilution 1:1000.

Procedure: Cells were fixed in 4% Paraformaldehyde (Merck) in PBS (15-20
min) and washed 3 times with PBS. Cells were permeabilized with 0.1% Triton
X-100 for 10 minutes and blocked for 15 min in 10% of Fetal Bovine Serum
(FBS) in PBS. All primary antibodies were diluted 1:100 in 1% FBS (1x PBS)
and incubated 2 hours at room temperature (RT). Before secondary antibody
application, the samples were washed three times in 1% FBS (1x PBS).
Secondary antibody Alexa Fluor 568 goat anti-rabbit IgG (H+L)(Invitrogen) was
used at 1:1000 in 10 % FBS (1x PBS) and incubated for 45 min at RT. Glass
coverslips were mounted with VECTASHIELD mounting medium with DAPI H-
1200 (Vector Laboratories). Images were taken in the confocal microscope Zeiss
AxioObserver Z1, with the adquisition software ZEN black 2012 in the

microscopy service from Institut Germans Trias 1 Pujol (IGTP).
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In vitro functional assays

PMO design and treatment conditions

The 25-mer PMOs were designed, synthesized and purified by GeneTools
(Philomath, OR, USA) (Table 8). Endo-Porter (GeneTools) was used to deliver
PMOs into cells, according to the manufacturer’s instructions. For the PMO
treatment cells were seeded at 50% of confluency, in a six-well plate. The next
day, culture medium was replaced with fresh medium containing the indicated
concentrations of PMOs. Immediately after, Endo-Porter (6mM) was added and

mixed. Three biological replicates were done for each condition to be studied.

PMO Name Sequence 5°-3’ Target Position
PMO-SkpE23a GTTGCCTACAGAACAGAGATGAGCA Exon 23a
PMO-IncE23a AAAAACAATGTTGGCTTGTACATAA Intron-Exon 23a

PMO-Skp14 TCTTCCTACACAAAGACAACAAGCA Exon 14 Acceptor
PMO-Skp14 TGTTTCCTGCAGTAGGGTGCTCAAT Exon 14 ESE
PMO-CSRI GTAACACAAATGGAACCAACAGAAA Intron-Exon 23a

PMO-CSRIII CACAGCACCGACTACATACAGCAAC Intron-Exon 23a

Table 8: List of the different PMOs used in different processes in the thesis.

Cell proliferation and cell cycle analysis

Click-iT® EdU Assay: In order to asses the proliferation and the cell cycle status
of our experimental conditions, we used the Click-iIT® EdU Alexa Fluor® 488

Azide Flow Cytometry Assay Kit. It utilizes 5-ethynyl-2'-deoxyuridine (EdU) to
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label newly synthesized DNA. Detection is based on a copper catalyzed covalent

reaction between an azide and an alkyne.

Cells were with 20 gmol/L. Edu for minimum 1h prior trypsinization. Harvested
and washed 3 times with 1% BSA-FBS, fixed with 4% p-forrmaldehyde,
permeabilized with a saponin-based buffer and a final incubation of 30 min with
the Click-it Edu Reaction Cocktail (with Alexa Fluor® 488 Azide and CuSO,).
Cells were also stained with PI (15 mg/ml) in citrate buffer to detect DNA
content. The stained cells were analyzed by flow cytometry using BD
LSRFortessa™ cell analyzer, in the Cytometry service from the Institut Germans
Trias 1 Pujol (IGTP). Experiments were performed in triplicates for each

experimental condition.

Cell counting: The number of PC12 cells was determined using hemocytometer
counting chamber to avoid cellular aggregation bias or by counting the number of
cells per field using Hoesct staining (bisbenzimide Hoechst 33258) images
obtained with LEICA-DMI 6000B (counting 10 fields at 20x or 40x for each
biological replicate). Experiments were performed in ftriplicates for each

experimental condition.

Cell death analysis

The analysis of apoptotic cells was done using Annexin-V-Alexa 568® antibody
(Roche, Life technologies). Annexin-V is a cytoplasmatic protein that detects
phosphatidylserine in the outer layer of apoptotic cell membranes. In order to
differentiate necrotic from positive apoptotic cells, Annexin-V staining was
performed in combination with a DNA staining (bisbenzimide Hoechst 33258) .

The stained cells were analyzed by flow cytometry using BD LSRFortessa™ cell
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analyzer in the Cytometry service from the Institut Germans Trias i Pujol (IGTP).

The experiment was performed in triplicate.

Differentiation assays

Quantification of differentiated cells/neurite outgrowth: Analysis was
performed on digitized images (10 fields at 20x) of live PC12 cells taken under
phase contrast with a LEICA DMI 6000B inverted microscope. The number of
differentiated cells was determined by counting cells counting (10 fields at 20x)
that had at least one neurite with a length equal to the cell body diameter, and
expressed as a percentage of the total cells in the field. The neurite outgrowth
was determined by tracing the length of the neurites (20 neurites per field at 20x)
using NeuronJ (Meijering E et al., 2004; Meijering E, 2010) an ImageJ plugin

(http://www .imagescience.org/meijering/software/neuronj/).

NADH-dehydrogenase activity assay: The enzyme activity in PC12 cells was
measured with a Cell Counting Kit-8 (Dojindo). This kit detects mitochondrial
NADH-dehydrogenase activity in live cells by reduced reaction of a tetrazolium
monosodium salt, producing a water-soluble formazan dye upon reduction in the
presence of an electron mediator. The absorbance of 5 wells per condition was
measured at 450 nm using a microplate reader (Spectra Max 340PC, Molecular
Devices). The values were normalized with the total number of cells per

experimental condition.

Statistical analysis: All the PMO experiments followed by different
functional assays were repeated three times. For each biological dataset, mean and
+SEM was calculated and a paired Student’s t-test assuming equal variances was
applied. A P-value < 0.05 was considered to be significant. Statistical analysis

was performed using PASW software (PASW statistics version 18.0).
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Set up of a neuronal differentiation system based on PC12
cells

Nerve Growth Factor (NGF) induced neuronal differentiation of PC12 cells
and NfI alternative splicing of exon 23a

In order to investigate the role of the NfI type II and I alternative splicing at
physiological conditions during neuronal differentiation, we set up in our lab an
already existing neuronal differentiation model system based on the use of PC12
cell line (CRL-1721). As mentioned in the introduction, PC12 cells were derived
from a rat pheochromocytoma, a tumor from the adrenal gland. This cell line can
be stimulated to differentiate into sympathetic-like neurons in the presence of
neurotrophic factors like nerve growth factor (NGF) (Greene LA & Tischler AS,
1976) when plated on collagen type IV. In the presence of serum, PC12 cells
acquire a round morphology and proliferate to high density. In contrast, in the
presence of NGF, PC12 cells change the phenotype by stopping cell division,
promoting extension of neurites, becoming electrically excitable (Das et al., 2004)
and increasing the synthesis of several neurotransmitters. Due to these properties,
numerous studies have used PC12 cells as a good experimental system for

modelling the activity of sympathetic neurons.

We first tested PC12 differentiation in our hands. Cells were cultured with the aim
to test NGF-mediated differentiation and examine the morphological changes and
neurite extension associated to this process. As expected, in absence of NGF, no
differentiation was observed and PC12 cells remained in their characteristic small
and refringent form. In contrast, in the presence of NGF, the normally round cells

started to extend neurites and increase the cell body size (Figure 11).
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- NGF + NGF

Figure 11: Phase contrast micrographs (20x) of PC12 cells on plated collagen IV-coated dishes in
the absence (A) or presence (B) of NGF. The effect of NGF treatment (72h) on neurite outgrowth
and cell morphology can be observed in image B.

In addition to the morphological and molecular changes reported during PC12
differentiation, it has been described that the process is associated with the
alternative splicing of NfI exon 23a (E23a) switching from the mainly expressed
type Il transcript (inclusion of E23a) to a partially expression of type II and I
transcripts (exclusion or skipping E23a). PC12 cells were treated for up to three
days with NGF to induce neuronal differentiation and the associated E23a
skipping. The NfI isoform expression was determined by a PCR of the cDNA,
using a pair of primers flanking the region of E23a. Although significant changes
in isoform expression during the first 24h were not detected, higher levels of
expression of type I were detected around 48h after the NGF addition (Figure 12).
As described in the introduction, E23a regulation is tissue-specific and it is
conserved among vertebrates. We investigated the tissue-specific expression
patterns of the two NfI transcripts with the information available in the Database
of Alternative Transcripts Expression (DBATE) (Bianchi V et al., 2013). As

shown in figure 13A the canonical isoform type I (-E23a) was mainly expressed
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in central nervous system (brain and peripheral brain), moreover we characterized
the expression of the alternative transcripts in other human tissues and cell lines
(Figure 13B). The different adult tissues or cell lines exhibited different patterns
of NF1I isoform predominance. To date, although the physiological role of NF1
alternative splicing in neuronal differentiation has not been completely elucidate,
the evidences of Costa RM and collaborators (Costa RM et al., 2001) suggest the

possible balance of these two isoforms during neuronal differentiation.

Non-differentiated Neuron-like Differentiated Effect of NGF on NF1 Type Il and | alternative splicing

NGF> NGF
. 3n  24h 480 72h
’ - — “ “\ Type Il (+Exon 23a)

| Type | (- Exon 23a)

Type Il (+Exon 23a) cumm -
P == Type | (- Exon 23a)

Figure 12: A) PC12 cell line can be stimulated to differentiate into sympatethic-like neurons in
the presence of NGF. At the same time, the NGF treatment induces a switch of NfI type II (+E23a)
to I (-E23a). B) Time-dependent effects of NGF on NfI type II and I alternative splicing in PC12
cell line.
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Figure 13: A) The heat map reports NF/ gene isoform expression levels in different tissue
samples. Central nervous system tissues with higher levels of isoform Type I (-E23a) expression
are depicted in green. Expression levels dark red=high, light red=low. Data obtained from:
Database of Alternative Transcripts Expression (DBATE). B) Expression of NFI type II and I
transcripts in human tissues and cell lines.

Functional characterization of neuronal differentiation of PC12 cells:
proliferation, differentiation, apoptosis and signaling

We planned to use Phosphorodiamidate Morpholino Oligomers (PMOs) to
modulate in vitro the alternative splicing of E23a while preserving physiological
expression conditions. In order to evaluate the functional impact of these PMOs in
the physiology of PC12 cells, we set up a group of methodologies and functional
assays to assess the proliferation, differentiation and cell signalling capacity.

Differentiation of PC12 cells is usually measured with quantitative morphological
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analysis that can include a determination of neurite length and their number per
cell or the lag of time before acquiring a differentiation state. We set up two
morphological analyses for PC12 cells. One relied on the double
immunofluorescence staining with a-tubulin and Nerve Growth Factor Receptor
(NGFR) to asses morphological changes, and the other was based on the
determination of the neurite length and the percentage of differentiated cells. A
differentiated cell was considered when neurites extended longer than the
diameter of the cell body, and in this way the percentage of differentiated cells
was detrmined. PC12 were maintained during 3 days in the presence or absence of
NGF, during which the cells were observed with LEICA DMI 6000B fluorescence
microscope. By analyzing phase-contrast pictures, the percentage of differentiated
cells was determined as well as morphology adopted after the treatment with NGF

(Figure 14).
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Figure 14: A) Percentage of
PC12 cells bearing neurite
outgrowths longer than the
diameter of their cell body, in the
presence (closed square) or
absence (open square) of NGF
during 72h. Error bars indicate
+SEM. B) Morphology of PC12
cells in the presence or absence
of NGF at different time points.
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In addition to the morphological analysis we used other complementary ways of
measuring neuronal differentiation, like the expression quantittation of neuronal
markers or the analysis of metabolic enzyme activity. During NGF-induced PC12
differentiation or during neurogenesis in brain, mitochondrial NADH-
dehydrogenase activity is incremented. In our model, NADH-dehydrogenase
activity was examined using a specific cell counting kit (detailed in Material and
methods section ) and normalized with the total number of cells per condition. In
addition, we designed a quantitative PCR (qPCR) screening of specific
differentiation markers, in particular matrix metallopeptidase 3 gene (Mmp3), the
dual specificity protein phosphatase 6 gene (Dusp6) and the Growth-Associated
Protein 43 gene (Gap43). Dusp6 is a member of the dual specificity protein
phosphatase subfamily and inactivates ERK2, Mmp3 is a member of the matrix
metalloproteinase family of extracellular matrix-degrading enzymes that is
involved in tissue remodeling, wound repair and tumor invasion and Gap43 is
highly expressed in neuronal growth cones during development and axonal
regeneration. All three genes have been reported to be up-regulated upon NGF
treatment of PC12 cells (Das KP et al., 2004; Dijkmans TF et al., 2008; Camps M
et al., 2013). The relative expression levels of these markers were normalized
against ribosomal proteins L19 and L29 (Rp/19 and Rpl[29) that are housekeeping
genes previously described as suitable reference genes in normal or differentiated
PC12 cells (Zhou L et al., 2010). As shown in figure 15, all differentiation

markers interrogated were found to be up-regulated in the presence of NGF.

To monitor cell proliferation and cell cycle status, PC12 cells were both manually
counted and examined with flow cytometry using Click-it Edu*/ propidium iodide
assay. The later assay allowed us to measure the capacity of the cells to synthesize

new DNA (incorporation of EdU") and to check the cell cycle status. Click-iT
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EdU" assay (Invitrogen) is based on the incorporation of 5-ethynyl-2’-
deoxyuridine (EdU") into newly synthesized DNA and it is recognized by azide
dyes via a copper mediated “click” reaction. These functional assays allowed us to
study the proliferation capacity of cells in the presence or absence of NGF. As
shown in figure 16A & B, after NGF treatment the number of total cells and
EdU" cells was significativelly reduced in comparison to the non-treated cells. In
addition, we observed that PC12 differentiated cells were mainly in GO/G1 phase

after 72h, whereas cells not treated with NGF were accumulating in G2/M
(Figure 16C).
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Figure 15: Relative expression of Gap43, Dusp6 and Mmp3 mRNA (error bars indicate +SEM;
normalized against Rpl19 & Rpl29) after 72h with or without NGF. NADH activity was measured
in the presence or absence of NGF after 72h (error bars indicate £+SEM; absorbance values
normalized against number of cells per condition).
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Figure 16: Proliferation and cell cycle functional assays set up for PC12 cells. A) Number of
PC12 cells at different time points (3 and 48h) in the presence or absence of NGF. B) Percentage
of EdU" cells at 48h in the presence or absence of NGF. C) Analysis of cell cycle status (GO/G1
and G2/M phase) in different time points (24,48 and 72h) in the presence or absence of NGF.
Error bars indicate +SEM.

In addition to analyze proliferation capacity and cell cycle characterization we
also set up an assay to evaluate apoptosis and total cell death by flow cytometry.
Apoptosis can be distinguished from necrosis by the characteristic morphological
and biochemical changes of the cells undergoing these phenomena. In normal
viable cells, phosphatidylserines (PS) are located on the cytoplasmic surface of
the cell membrane. However, in apoptotic cells, PS can flip from the inner to the
outer part of the cell membrane, exposing PS to the external cellular environment.
In order to measure apoptosis we used an antibody against Annexin—V Alexa
Fluor 568 conjugate, that is capable to bind to PS on apoptotic cell surfaces in the

presence of Ca™
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Finally, we also wanted to characterize the state of two of the signaling pathways
in which neurofibromin has been demonstrated to participate the RAS/MAPK
pathway and cAMP/PKA pathway. On one hand, RAS/MAPK pathway status was
analyzed using a western blot for determining the levels of ERKI1/2
phosphorylation and a RAS-GTP ELISA activation assay (see material and
methods section x), while cAMP/PKA pathway activity was assessed by a western
blot of PKA o/f3 phosphorylation. In the case of PC12 cells, we detected an
increase in the phosphorylation levels of ERK1/2 upon NGF treatment, with a
maximum between 24-48h and a successive down regulation after 48h (Figure
17). These observations are in accordance with the results obtained by Yunoue S
and collaborators (Yunoue S et al., 2003), that determined a time dependent
increase in the relative Ras activity more than 10-fold upon NGF treatment,

reaching a plateau around 24h and smother decreasing after that (24-72h).
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= os indicated time points NGF. P-ERK
13 /ﬂ\/ 1/2 activity was quantified and
2 o normalized with total ERK 1/2 and a-

tubulin in whole cell lysates.
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Dissociating NGF-induced neuronal differentiation from
the alternative splicing of exon 23a of the NfI gene:
forcing the expression of Type I isoform (E23a skipping)

Set up of a PMO-based system to induce the skipping of exon 23a

To better understand the role of alternative splicing associated with PC12
differentiation, we designed and tested in vitro antisense PMO to induce the
skipping of E23a (PMO-SkpE23a) (Figure 18A). This PMO (25-mer) was
designed to specifically bind to the acceptor-splicing site of E23a within the
intron-exon junction. Before applying the PMO to PC12 cells we checked its
efficiency in the HEK293T cell line since it has a high transfection efficiency. We
tested different concentrations of PMO and successfully induced almost complete
E23a skipping at low concentrations of PMO-SkpE23a (10 M) in 24h (Figure
18B). After testing the efficacy of the designed PMO in inducing E23a skipping in
HEK?293T, we checked the efficacy and efficiency of the PMO in a dose response
assay and time course experiments in PC12 cells (Figure 18C). In comparison to
the HEK293T cell line, in PC12 cells the PMO was less efficient. However, using
concentration of 20 M during 48h, it was possible to achieve higher levels of
skipping (Figure 18C). To better quantify skipping levels, we designed a qPCR
assay using a pair of primers located in the boundary of exon 23-2 and 24
(forward primer specific for type I isoform, red arrow in figure 18) and in exon 25
(reverse primer). The isoform type I levels were normalized with total NfI
expression levels. The results indicated three times more isoform type I (-E23a)
levels using PMO-SkpE23a than non-treated cells (in the absence of NGF) and
also higher levels than the PC12 cells treated with NGF (Figure 18D).
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One of the most important aspects of the use of PMO in this experimental set up
was the intention to modify the alternative splicing of E23a while preserving the
physiological expression conditions of the NfI gene. To demonstrate that the
expression of the NfI gene was not modified with the use of PMO-SkpE23a was
performed a qPCR analysis to quantify NfI expression levels using a pair of
primers located in exon 3 of the NfI gene. By performing this qPCR it was
determined that there were not significant alterations of gene expression,

maintaining the Nf/ mRNA levels in PC12 cells under physiological conditions
(Figure 19B).
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Figure 18: A) Schematic representation of E23a skipping strategy using a PMO targeting its
acceptor splicing site. Black arrows indicate the position of the RT-PCR primers. B) Dose
response analysis in HEK 293T cells to determine PMO concentration to efficiently induce the
skipping of E23a (10 and 20 uM) of PMO SKpE23a. C) Time course experiment in PC12 cells to
determine the levels of skipping induced by PMO-SkpE23a in different time points using a
concentration of 20 uM (3, 48 and 72h). D) Normalized Isoform type I expression levels against
total NfI expression levels at 72h. In presence of NGF or with PMO-SkpE23a, the levels are
higher than the control cells (-NGF). Error bars indicate +SEM.
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We tested the specificity of the designed PMO-SkpE23a by comparing it’s
skipping efficacy on E23a and it’s influence on NfI expression levels to that of an
non-target PMO control. This PMO targets human beta-globin intron mutation
that causes beta-thalassemia disease and was provided and designed by Gene
Tools. We treated PC12 cells only with the PMO transfection agent (TA), the TA
and the non-target PMO control or with the PMO-SkpE23a. The results indicated
the specificity of E23a skipping by PMO-SkpE23a and that the physiological
expression levels of NfI gene were preserved (Figure 19A & B).

NF1 expression levels (72h)
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Figure 19: Effect of the non-target PMO control in our PC12 model system. A) Type I isoform
levels at 72h. The non-target PMO control showed no effect in isoform type II and I expression as
in cells only with transfection agent (TA). B) NfI expression levels at 72h. There was no
significant variation due to the use of a non-target PMO control. Error bars indicate +SEM. TA:
transfection agent

Functional characterization of neuronal differentiation of PC12 expressing
NfI Type I isoform (-E23a)

After setting up the use of PMO-SkpE23a and all the functional assays, we first
wanted to test the effect of forcing E23a skipping in the absence or presence of
NGF in the neuronal differentiation process of PC12 cells. As it was determined

by the time-course experiment (Figure 18C), the effect of the PMO-SkpE23a on
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the alternative splicing was already seen at 24h after treatment, and thus this PMO
was actually shifting the alternative splicing 24h before than NGF treatment.
There was 24h anticipation on the type II-I switch in comparison to NGF
treatment alone. First, total mRNA of each experimental condition in triplicate
was extracted after 72h and we determined the corresponding E23a skipping

levels with the PCR of the cDNA (Figure 20).
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Figure 20: Analysis of NfI mRNA around exon 23a for the different experimental conditions at
72h. The shorter transcript corresponds to the isoform type I (-E23a) and the longer one the
isoform type II (+ E23a). TA: transfection agent.

Firstly, we observed that after the treatment with PMO-SkpE23a the proliferation
capacity of PC12 cells was not altered. As shown in the figure 21A the number of
cells treated only with PMO didn’t differ from the control cells (-NGF).
Moreover, cells treated with PMO and NGF shown also similar cell number to the
ones treated only with NGF. A similar result was obtained when proliferation
capacity was measured by the percentage of EAU™ cells. As observed before, the
number of cells after the treatment with PMO in presence or absence of NGF
didn’t change from their respective control (Figure 21B). Regarding the cell
cycle, PC12 cells tend to accumulate in G2/M phase in their proliferative state (-

NGF) and in G0/G1 phase in the differentiating state. The treatment with PMO-
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SkpE23a didn’t interfere with the PC12 cell cycle status when measured up to 72h
(Figure 22). Taking into account this cell cycle analysis it can be considered that
the skipping of E23a doesn’t alter significatively the cell cycle arrest induced by
NGF in PC12 cells.
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Figure 21: A) Cell number at 3h and 48h after NGF treatment. B) Percentage (%) of Edu® PC12
cells at 48h after treatment for the different experimental conditions. Error bars indicate +SEM. No
significant differences where detected in both assays.
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Figure 22: Cell cycle analysis of PC12 cells for the different experimental conditions. In the
graphs we show the percentage of cells in GO/G1 phase and in G2/M. Error bars indicate +SEM.
No significant differences where detected in both assays.
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After characterizing cell proliferation, we investigated the effect of E23a skipping
in cell differentiation. We first characterized morphological changes in PC12
differentiation. We determined the number of differentiated cells with no NGF or
after NGF treatment at different time points, 3, 24, 48 and 72h by contrast-
photography with the inverted microscope (Figure 23). We also tested three
differentiation markers (Gap43, Mmp3 and Dusp6) by qPCR using RNA extracted
at the final time point (72h). In addition, we measure the activity of NADH-
dehydrogenase at the same time point. PC12 cells treated only with PMO-
SkpE23a didn’t show any increase in the expression of differentiation markers, in

the enzymatic activity and also in the percentage of differentiated cells.

All together these results suggest that the change of isoform type II (+ E23a) to I
(-E23a) using PMO-skpE23a is not sufficient to induce differentiation of PC12
cells in the absence of NGF. However, the results also demonstrate that after
forcing E23a skipping with PMO in the presence of NGF there was a clear
alteration in the correct neuronal differentiation process of PC12 cells, resulting in
less differentiated cells (Figure 23), lower NADH-dehydrogenase activity
(Figure 24) and a reduced expression of differentiation markers compared to cells

treated only with NGF (Figure 24).

In order to better illustrate and characterize the altered phenotype, we performed
an immunofluorescence with beta-tubulin and Nerve Growth Factor Receptor
(NGFR). As before, we observed that PC12 cells treated with PMO and NGF had

less neurites and percentage of differentiated cells (Figure 25).
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Figure 23: Percentage of differentiated cells per field (Phase-contrast, objective 20X) from the
different experimental conditions at different time points (3,24 ,48,72h). Error bars indicate +SEM.
* P <0.05 as evaluated by paired #-test vs cells treated only with NGF.
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Figure 24: The effect of inducing exon skipping 23a (PMO-skpE23a) on NGF-triggered
differntiation was measured, showing an interfere in the differentiation process. The graphs
ilustrate the expression and the enzimatic activity of the differentiation markers (Dusp6, Gap43,
Mmp3 and NADH-dehydrogenase) for the different experimental conditions. Error bars indicate
+SEM. * P <0.05, ** P < 0.01 as evaluated by paired r-test vs cells treated only with NGF.

72



Results

TA + TA +
PMO | PMO-SkpE23a PMO | PMO-SkpE23a
NGF NGF +

Figure 25: Double immunofluorescent staining of P75 (red) and a-tubulin (green) in PC12 cells
for the different experimental conditions. DNA was stained with Hoescht (blue).
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Finally, the effect of forcing E23a skipping on the activation status of the
Ras/MAPK pathway was also analyzed. Consistent with a higher RAS-GAP
activity of Type I (-E23a) neurofibromin, we identified decreased levels of ERK
1/2 phosphorylation in cells treated with PMO-SkpE23a in both non-treated cells,
and NGEF treated cells after 72 h. (Figure 26A). The levels of active RAS in both
conditions were also reduced after 48h compared to those in cells treated only

with NGF (Figure 26B).

The levels of phospho-PKA increased in PC12 cells upon NGF treatment.
However, in the presence of PMO-SkpE23a the levels of phospho-PKA were
further elevated, and significatively increased when PMO-SkpE23a and NGF
where added to PC12 cells (Figure 26C). Activation of cAMP/PKA signaling in
neurons has been associated with the need of neurofibromin activity. However,
this was the first time that the increase in cAMP/PKA signaling was associated to

the type I isoform and just to the GAP activity of neurofibromin.

In summary, forcing E23a skipping was not sufficient to induce PC12
differentiation in the absence of NGF. The skipping didn’t alter the proliferation
capacity of PC12 cells, neither the cell cycle arrest produced by NGF treatment.
However, E23a skipping singnificatively altered the NGF-triggered differentiation
of PC12 while decreasing the RAS/MAPK signaling and increasing the
cAMP/PKA signaling.
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Figure 26: A) Western blot analysis of phospho-ERK1/2 and total ERK1/2 (42/44 kDa) in lysates
from the different experimental conditions at 72h. The loading control was a-tubulin (50 kDa). B)
RAS ELISA activation assay for the different experimental conditions at 48h. C) Western blot
analysis of phospho-PKA and total PKA (40 kDa) in lysates from the different experimental
conditions at 48h. The loading control was [3-actin (42 kDa).
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NGF-induced neuronal differentiation after forcing the expression of isoform
type I (-E23a) or in the absence of neurofibromin

As it has been mentioned before, time course experiments to monitor the effect of
PMO-SkpE23a indicated that at 24h the levels of isoform type I (-E23a) were
similar to that exhibited by NGF treated PC12 cells at 48h. So adding PMO-
SkpE23a at the same time of NGF treatment was actually shifting the switch from
type II to type I isoform at least 24h earlier (Figure 27). This fact, together with
the interference in the differentiation process and the RAS/MAPK and
cAMP/PKA signaling by PMO-SkpE23a treatment, seemed to indicate the
importance of the time-dependent regulation of these pathways by the type II-I

isoform switch for a proper neuronal differentiation.
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Figure 27: Schematic representation of the different experimental conditions regarding E23a
skipping. NGF induces a progressive switch from isoform type II to I during 48h. When PMO-
SkpE23a was added at the same time that NGF, at 24h the levels of isoform type I (-E23a) were
similar to that exhibited by NGF treatment at 48h. This levels where reached before NGF
treatment, when PMO-SkpE23a was added 24h before.
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We wanted to further investigated on this time-dependent regulation of type II-I
isoform switch by inducing NGF-differentiation after forcing the switch from type
II to I. To do that we decided to treat PC12 cells with PMO-SkpE23a 24h before
NGF treatment and thus analyze the differentiation process once alternative
splicing had already taken place. At the same time, we wanted to compare the
effect of the increase in type I isoform, with the greatest RAS-GAP capacity, with
the total loss of neurofibromin activity and thus the absence of RAS-GAP

regulation.

We decided to abrogate neurofibromin activity using the same PMO system, by
forcing the skipping of an out-of-frame exon (exon 14) generating an Nf/ mRNA
bearing a STOP codon that would be degraded by Non-sense Mediated Decay
(NMD) machinery or in any case, generating a truncated and non-functional
neurofibromin. Two PMOs were designed to target the intron-exon boundary of
exon 14 (E14) acceptor site and a specific sequence that acts as an enhancer-
splicing element in its exonic region (Figure 28). To determine and localize this
ESE sequence and achieve a more efficient skipping, we analyzed the sequence of
exon 14 using the bioinformatic tool human splicing finder (HSF) (Desmet FO et
al., 2009). This tool is useful to predict the effects of mutations on the splicing
signals or for identifying splicing motifs in any human sequence.

PMO-SkpE14 Acceptor PMO-SkpE14 ESE
| ] Exon 14 P

agcactgcttgttgtctttgtgtag| GAAGAGCGGCACTTCAGAAAAGAGTGATGGCCCTG CTAAGGCGCA'I'I'GAGCACCCTAlCTG CAGGAAACACTGAG

Intron }

|
Enhancer Splicing Element (ESE)

Figure 28: Position PMOs in exon 14. One PMO is located in the acceptor site of exon 14 (PMO-
Skp14 Acceptor) and the other one located inside an enhancer-splicing element (PMO-SkpE14
ESE).
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The effectiveness of these new PMO designs (Figure 29A) was analyzed by
checking the expression levels of NfI mRNA, the absence of neurofibromin by
western blot and the activation of cAMP/PKA pathway, activated in neuronal
differentiation processes only in the presence of neurofibromin (Figure 29C). To
simplify, we will mention from now on the combined treatment of the two PMOs
for exon 14 as PMO-SkpE14. To obtain and visualize total levels of E14 skipping,
PC12 cells were treated with puromycin a NMD inhibitor in the presence of
PMO-SkpE14. The PCR of the cDNA results obtained showed approximately
50% of E14 skipping (Figure 29B). However, the knock down of NF1 protein
(neurofibromin) detected by western blot was proportionally lower than the
relative mRNA values. We think that this discrepancy could be explained if the
effect of puromycin was not complete and some NfI/ transcripts were anyway

degraded by the NMD.
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Figure 29: A) Schematic representation of exon 14 (E14) skipping using two specific PMOs. The
PMO-SkpeE14A for the acceptor site region and the PMO-SkpE14 ESE for enhance splicing
element (ESE) located in the exonic region. The skipping of E14 produces a shift in the reading
frame, a premature stop-codon and generates a truncated form of NF1 protein. Black arrows
indicate the position of the RT-PCR primers. B) RT-PCR of PC12 cells treated with or without
PMO-SkpE14. The two-band pattern indicates RNA with (+E14) or without (- E14) exon 14 of the
NfI gene. C) The top figure shows a significant reduction in neurofibromin levels detected with
two different antibodies (N and C-Terminal). Bottom figure shows a western blot of
phosphorylated PKA and total PKA. Absence of phosphorylated PKA indicates the loss of
neurofibromin activity.

Thus, we performed a new experiment to further investigate the response to NGF
treatment after forcing previously the type II/I switch or knocking down the
neurofibromin levels. First, the effect of different PMOs on exon skipping was
monitored (Figure 30). When PMO-SkpE23a was used 24h before adding NGF
the switch from type II (+E23a) to type I (-E23a) isoform was already produced.
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Time course experiments of E14 skipping indicated that the maximum efficiency
of PMO-SkpE14 was at 48h. Therefore we decided to also add PMO-SkpE14 24h
before NGF treatment. Doing so, neurofibromin depletion and NGF-triggered
differentiation were performed parallelly, reaching significant neurofibromin
depletion levels, at least 24h after initiating PC12 differentiation. All subsequent

experiments using this PMO were performed in the same way.
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Figure 30: RT-PCR analysis of Nfl mRNA to monitor E23a and E14 skipping in the different
experimental conditions at 3, 24 and 72h. It can be observed that at 3h the levels of E23a skipping
were much higher in the condition where PMO-SkpE23a was added 24h before NGF compared to
the condition where PMO-SkpE23a and NGF were added at the same time. TA: Transfection
agent.

The interference of different PMO treatment on cell proliferation and NGF-
induced arrest was analyzed by cell counting at 3 and 48h after NGF addition to
PC12 cells. There was no significant alteration in the proliferation capacity or

interference of the NGF-induced arrest capacity in the different conditions tested
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(Figure 31). However, in conditions using PMO-SkpE14 a slight level of cell
death was observed at 48h, a phenomenon that was greatly enhanced when cells
were monitored for longer period of times (data not shown). This observation
made us measure the percentage of apoptotic cells after PMO treatments in the
presence or absence of NGF specially focusing in an early apoptotic phase (when
cells can still preserve cellular integrity), since the cell death previously observed
was a slow phenomena (Figure 32). This assay allowed the detection of a
significant increase of PC12 cells at early apoptosis when neurofibromin levels
were highly reduced by PMO-SkpE14 treatment. However, NGF treatment that
induces the arrest of PCI12 cells significantly reduced this phenomenon,
preventing most PMO-SkpE14 treated cells to undergo apoptosis. In fact, a cell
cycle analysis of these cells at 48 and 72h revealed no differences with control
NGF treated cells, although at these time points only cells that didn't undergo

apoptosis were actually being measured (data not shown).
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Figure 31: Cell number per field (20x) for the different experimental conditions at two different
time points 3 and 48h. Error bars indicate £SEM. No significant differences where detected. TA:
Transfection agent.
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Figure 32: Percentatge of early apoptotic cells for the different experimental conditions at three
time points (3,48 and 72h). Error bars indicate +SEM. * P < 0.05, ** P < 0.01 as evaluated by
paired t-test vs control cells only with transfection agent (TA). TA: Transfection agent.

Then we tested the effect of these new PMO treatments on the differentiation
capacity of PC12 cells. Similar to our previous observations, the induction of type
I isoform (-E23a) 24h before NGF treatment interfered with a correct
differentiation process, with less number of differentiated cells (Figure 33) and
reduced expression of differentiation markers (Figure 35). Moreover, in the case
of cells treated with PMO-SkpE14 (with a significantly reduced neurofibromin
levels) and NGF, the abnormal differentiation phenotype was even more extreme,
and characterized by a reduction in the number of differentiated cells (Figure 33),
abnormal extension of neurites (Figure 34A), the appearance of unknown
thickness in the form of bubbles in the neurite extensions (Figure 34B) and

reduced expression of differentiation markers (Figure 35).
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Figure 33: Percentage of differentiated cells per field (Phase-contrast, objective 20X) from the
different experimental conditions at different time points (3, 24, 48h). Data are presented as the
+SEM. * P <0.05, ** P <0.01 as evaluated by paired t-test vs cells treated with NGF only.

Specifically, we got significant differences with two of the three differentiation
markers (Gap43 & Dusp6) for both conditions, the cells treated with PMO-
SkpE23a (24h) and PMO-SkpE13 with NGF. In the case of Mmp3, due to the
variability in the qPCR values we just observed a non-significative reduction in
the case of cells treated with PMO-SkpE23a (24h) and higher levels for the cells
treated with PMO-SkpE14 and NGF (Figure 35). In the literature, it has been
reported that Mmp3 is up-regulated in PC12 cells NF I knockdown (siNF1) after
NGF treatment (Hirayama M et al., 2013). Enzymatic activity measured as
NADH-dehydrogenase, was also reduced when PMO-SkpE23a was added to the
cells 24h before NGF treatment (Figure 35). This assay was not performed in the
case of NF1 knockdown conditions (PMO-SkpE14) due to the interference
produced by the increase in apoptotic cells. To characterize in more detail these
two altered phenotypes, we performed an immunofluorescence with a-tubulin and

NGFR showing the abnormal formation of neurite extensions in both conditions

(Figure 36).
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Figure 34: A) Box plot representation of the neurite length of PC12 cells treated with NGF or
with the PMO-SkpE14 and NGF. Neurite length was determined with NeuronJ plugin for Imagel.
* P < 0.05 as evaluated by paired z-test. B) The black arrows indicate the unknown expansions in
the neurite body when PC12 cells are treated simultaniously with PMO-SkpE14 and NGF.
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Figure 35: Both PMO treatments (PMO-SkpE23a 24h earlier and PMO-SkpE14 truncating NF1)
altered the expression of neuronal differentiation markers upon NGF treatment. The graphs
ilustrate the expression and of the differentiation markers (Dusp6, Gap43, Mmp3) and the
enzymatic activity of NADH-dehydrogenase for different experimental conditions. Error bars
indicate +SEM. * P < 0.05, ** P < 0.01 as evaluated by paired t-test vs cells treated with NGF
only. NRE: Normalized relative expression, TA: Transfection agent.

84



Results

PMO PMO
NGF NGF +

TA +
PMO pMO-ftpﬁZ:.x
NGF

TA + TA +
PMO PMO-SkpEl4 PMO PMO-SkpEl4
NGF NGF +

Figure 36: Double immunofluorescent staining of NGFR (red), a-tubulin (green) in PC12 cells in
different experimental conditions. DNA was stained with Hoescht (Blue).
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Finally, the RAS/MAPK and the cAMP/PKA pathways were investigated. For
this experiment we also included a condition in which PMO-SkpE23a was added
at the same time as NGF treatment. Furthermore, in order to better monitor
MAPK activation, a time course of phosphor-ERK was performed (Figure 37A).
As shown before, a progressive increase in ERKs phosphorylation was observed
after NGF treatment of PC12 cells. ERK phosphorylation levels were significantly
reduced when PMO-SkpE23a was added at the same time as NGF, consistent with
an increase proportion of type I neurofibromin, containing 10 times more GAP
activity towards RAS. Surprisingly, in conditions where NGF was added after
forcing the type II — I switch (PMO-SkpE23a 24h before) the levels of ERK
phosphorylation were higher than control cells treated with NGF, reaching levels
similar to those exhibited in PC12 cells treated with PMO-SkpE14 (neurofibromin
knockdown). Furthermore, this pattern was also evidenced when measuring PKA
phosphorylation levels at 48h after NGF treatment. Again, the induction of type II
— I switch before NGF treatment (PMO-SkpE23a 24h) abolished the activation of
cAMP/PKA pathway similarly and even more enhanced to conditions in which
neurofibromin was depleted (PMO-SkpE14) (Figure 37C). These results
concerning ERK and PKA phosphorylation seemed to indicate that when type II —
I switch was induced by PMO before NGF treatment, upon induction of PC12 cell
differentiation, neurofibromin function was apparently lost, since results were

very similar to conditions in which neurofibromin was depleted (PMO-SkpE14).

However, when we looked directly to the levels of RAS-GTP (Figure 37B), we
didn’t observed an increase in RAS activity in these two conditions (PMO-
SkpE23a 24h before and PMO-SkpE14), indicating an apparent decoupling
between RAS activity and ERK phosphorylation, result that needs to be further

investigated.
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Figure 37: A) Time course analysis showing phospho-ERK 1/2 (42/44 kDa), total ERK 1/2 in
lysates for the different experimental conditions and time points (24, 48 & 72h). The loading
control was a-tubulin. B) RAS ELISA activation assay for the different experimental conditions at
48h. C) Western blot analysis of phospho-PKA and total PKA (40 kDa) in lysates from the
different experimental conditions at 48h. The loading control was 3-actin (42 kDa).
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The phosphorylation status of ERK 1/2 and PKA when PC12 cells treated 24h
before with PMO-SkpE23a where induced to differentiate into neurons upon
NGF addition was similar to the activation status of these kinases when PCI12
cells were treated with SkpE14 and NGF. Thus, these results seemed to indicate
that when type II/I switch was induced by PMO 24h before NGF addition to
PC12 culture, neurofibromin function was apparently lost right after NGF
differentiation induction. We hypothesized that a possible negative feedback
was acting directly or indirectly on neurofibromin to suppress the abnormal high
NF1-GAP activity, and downstream effects on signalling, in PC12 cells when

neuronal differentiation was induced by NGF.

To better understand the biological status of PC12 24h after treatment with PMO-
Skp23a, we used transcriptional information from an RNASeq analysis that we
performed to understand the effect of the different PMOs (PMO-SkpE23a; PMO-
Inc23a, PMO-skpE14) on PCI12 cells in the presence or absence of NGF and at
initial conditions (3h) or after 55h of NGF treatment (see material and methods).
We compared the transcriptional profiles of PC12 cells treated for 24h with
PMO-SkpE23a and control cells with no NGF, at initial conditions, and detected
a signature of 57 genes that were differentially expressed by two-fold or greater
between both conditions (Figure 38). We used this signature to compare these
two conditions together with cells treated only with PMO-SkpE23a for 55h. This
comparison revealed that this gene signature represented a transient
transcriptional activation response due to PMO-SkpE23a treatment (forcing Type
IT / I switch and increasing NF1-GAP activity) that was present at 24h but
recovered to a normal control state at 55h, although skipping of E23a was still
present and even more enhanced (Figure 38A). Among the genes differentially

expressed after forcing Type II / I switch before NGF treatment two of them were
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highly over expressed and recovered to normal levels after 55h (marked in green
in A, B of Figure 38). These two genes, Egrl and FoslI, are related to an NGF
early response (DeFranco C et al., 1993; Ito E et al., 1990). It has been described
constitutive expression of Fosll in PC12 cells results in pronounced inhibition of
NGF-induced differentiation (Ito E et al., 1990). We also found a group of genes,
that didn’t return to the original levels of expression after 55h (marked in orange
and purple in figure 38 A, B). Then the expression pattern of these differentially
expressed genes was applied to the whole RNA-Seq experiment (Figure 39). We
detected four different clusters (1A, 1B, 2A and 2B), where gene enrichment was
performed using DAVID functional annotation tool (Huang DW et al., 2009a;
Huang DW et al., 2009b) although no gene enrichments were found for these
clusters. However, most of the genes contained in these clusters were
transcriptionally regulated in the same manner that NGF treatment produced in
PC12 cells. In fact, some of these genes have been shown to be implicated in
NGF-triggered differentiation, like the transcriptional repressor Nab2 (Houston P
et al.,2001; Qu Z et al., 1998).

The transient overexpression profile identified after 24h of treatment with PMO-
SkpE23a that partially overlap with NGF-response genes, in one hand enhances
the importance of NF1-E23a alternative splicing in the NGF-triggered neuronal
differentiation, and in the other, supports the hypothesis that the biological state
of PC12 cells after 24h of PMO-SkpE23a treatment (consistent with the new and
transient transcriptional status) facilitates a negative feed-back triggered by NGF

treatment that acts suppressing neurofibromin function.
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Figure 38: A) Expression patterns (represented by fold change) for the different experimental
conditions at 3h and 55h. Genes which were up regulated at 3h and returned to original levels at
55h are marked in green lines, genes up regulated at 3h but that don’t return to the original levels
at 55h are marked in orange and purple lines. B) Heat map of differentially expressed genes (FC
>2) in the presence or absence of PMO-SkpE23a at 3h and at 55h. Genes referred in A are marked
with the same code of colors.
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Figure 39: Heat map of differentially expressed genes in the presence or absence of PMO-
SkpE23a 24h before NGF at 3h for all the experimental conditions. Clusters are marked with black
and yellow squares
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Dissociating NGF-induced neuronal differentiation from
the alternative splicing of Exon23a of the NfI gene:
forcing the expression of Type II isoform (E23a

inclusion).

Correct neuronal differentiation of PC12 cells seemed to be produced by an
accurate time dependent regulation of RAS/MAPK signaling (and probably also
of the cAMP/PKA pathway), that in turn was dependent on the correct temporal
regulation of alternative splicing of E23a of the Nf/ gene. At the same time, the
knockdown of neurofibromin levels by PMO-SkpE14 also altered the correct

neuronal differentiation phenotype and the adequate RAS/MAPK signaling.

To further investigate on the relationship of the regulation of the alternative
splicing of E23a and the function of neurofibromin on PCI12 neuronal
differentiation we decided to analyze PC12 differentiation by forcing the
expression of type II isoform, that is, inhibiting the skipping of E23a upon NGF
treatment (switch from type II to I isoforms), while preserving the correct splicing
of the exons and the NfI gene. Although at experimental level it is relatively easy
to use PMOs to trigger the skipping of an exon, inducing the inclusion of an exon
during natural skipping conditions of an alternatively spliced exon had not been

reported before by using PMOs.

In silico analysis of exon 23a alternative splicing regulation and expression
analysis of splicing factors CELF3 and MBNL1/2

As mentioned in the introduction, it has been established that exon 23a (E23a) is
differentially spliced and predominantly skipped in neurons (Gutmann D et al.,
1999). The intronic sequences surrounding E23a are highly enriched in AU-rich &

UG-rich sequences, which have been shown to be the binding sites of Hu and
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CELF proteins (E23a skipping promoters) (Barron V et al., 2009) and TIA-1/R or
MBNL proteins (E23a inclusion promoters) (Fleming V et al., 2012). Although it
is still not fully understood how conserved intronic sequences contribute to
splicing regulation, it is known and accepted that alternative exons are under the
regulation of different combinations of splicing factors. Moreover, significant
number of alternative exons identified to be regulated in brain or muscle, have
been associated with conserved adjacent intronic sequences (Sugnet CW et al.,
20006). Intronic conservation has been described around several NfI alternatively
spliced exons (9br, 10a-2, 23a, 23b and 48a), with E23a having the largest
intronic regions with high sequence identity (Kaufmann D et al., 2004). In light of
these studies, we corroborated this information by comparing the conservation of
E23a flanking introns with the surrounding constitutive exons, using conservation
data of 100 vertebrates displayed by the University of California Santa Cruz
(UCSC) genome browser (Kent WJ et al., 2002) LF ig\ure 40).
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Figure 40: High conservation levels (100 vertebrates data) in flanking intronic sequences (red
band) of exon 23a (yellow band). In contrast, non-intronic conservation was not detected flanking
other constitutive exons (yellow band E24 and E25) around E23a. Data displayed in UCSC
genome browser (Kent WJ et al., 2002).
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Next, to better characterize the regulation of this alternatively spliced exon in
PC12 cells, we studied the expression of splicing factors that were known to
regulate E23a inclusion or exclusion. For this purpose a qPCR assay was designed
to analyze the expression of Celf3 a factor that promotes E23a skipping (Zhu H et
al., 2008; Barron VA et al., 2010) and of Mbnll and Mbnl2 (Fleming VA et al.,
2012) two factors that promote E23a inclusion. The relative expression levels
were normalized against ribosomal proteins (Rpll19 & Rpl29). We observed an
opposite expression of these splicing factors depending on the differentiation state
of PC12 and E23a skipping levels. In the case of Celf3, the expression was
increased from 24h to 48h, as expected for a E23a skipping promotor (Figure 41).
It has been described by others that over-expression of Celf3 results in high levels
of E23a skipping (Barron V et al., 2009). Regarding splicing factors Mbnl/l and
Mbnl2, the expression was down-regulated from 24 to 72h (Figure 41).
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Figure 41: Relative expression of splicing factors Celf3, Mbnll and Mbni2 (+ SEM; normalized
against Rpl19 and Rp!29) in a time course of 72h of PC12 NGF-induced differentiation.
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Set up of a PMO-based system for inducing the inclusion of exon 23a

Using in silico approaches we determined the potential binding sites for splicing
factors surrounding E23a genomic region. Splice Aid2 (Piva F et al., 2011) is a
bioinformatic tool that allows the assessment of the target RNA sequences that are
bound by splicing proteins in humans. Although this tool was designed only for
human sequences, the high levels of conservation in intronic and exonic
sequences observed in the E23a region in different species made us assume that
the molecular mechanisms and the splicing factors were highly conserved
between human and rat and thus potentially also function in PC12 cells. With this
data, information from literature and the results obtained with the qPCR
expression analysis of the splicing factors (Mbnll/2 and Celf3) in PC12 cells, we
identified the potential intron sequences with E23a regulatory skipping capacity.
We were able to establish three different regions within the intronic sequence 5’ to
E23a (Figure 42), which bind most of the factors that promote its exclusion
(mainly protein families Hu and CELF). These regions of interest were called

Conserved Splicing Regions (CSR).

We designed and tested three PMOs in order to block and restrict the access of
proteins promoting E23a skipping in the presence of NGF. We checked their
functioning in PC12 cells (+NGF) using a concentration of 20 yM during 72h. As
shown in figure 43A, we were able to stop NGF-triggered E23a skipping using a
PMO targeting CSR 1I region. We termed this PMO-IncE23a and we discarded
PMOs for CSR III and CSRI regions because they were not able to stop the
skipping associated with NGF differentiation. PMO for CSRIII had even a higher
efficiency in inducing E23a skipping compared with control cells (+NGF). This
high levels of E23a skipping were also detected when PC12 were treated with the
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combination of three PMOs (Figure 43). Thus blocking the intronic region CSR
IIT had a dominant effect in E23a skipping over the effect of the other PMOs.
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Figure 43: A) Analysis of Nfl mRNA of E23a splicing using three types of blocking PMOs (CSR
I, I & III) and their combination (COMB) at 72h after NGF treatment. B) Normalized type I
expression levels against total NfI expression levels. Error bars represent +SEM. C) NfI
expression levels at 72h. There is no significant variation with the use of the PMO-IncE23a. Error
bars represent +SEM.

Once the PMO for inducing E23a inclusion was selected (PMO-IncE23a), we
tested its efficiency by measuring the levels of isoform type I using the previously
designed qPCR analysis (see Results section 2). Isoform type I levels were
normalized against total NfI expression levels. When we treated PC12 with or
without NGF for 72h in the presence of the PMO-IncE23a, we obtained the same
levels of isoform type I expression as control cells (-NGF) and reduced with
respect to PC12 cells treated with NGF (Figure 43B). In addition, we wanted to
analyze whether the expression of Nf/ gene was modified or not by the use of
PMO-IncE23a. In this regard, no significant variation of NfI gene expression was

detected when analyzing total expression of the NfI gene by qPCR (Figure 43C).
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Functional characterization of neuronal differentiation of PC12 cells
expressing NfI Type II isoform

In order to study the neuronal differentiation process when forcing the expression
of isoform type II (+ E23a, low activity RAS-GAP), PC12 cells were treated with
and without PMO-IncE23a in the presence or absence of NGF for 72h. After 72h,
PC12 where collected, RNA extracted and an RT-PCR was performed to evaluate
the NF1 alternative splicing of E23a. As expected, in the cells treated with PMO-
IncE23a the levels of isoform type I were like in the control (-NGF) and we
detected elevated levels of this isoform only in the cells treated with NGF (Figure
44).
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Figure 44: RT-PCR analysis of NfI mRNA of E23a splicing for the different experimental
conditions at 72h. The shorter transcript corresponds to the isoform type I (-E23a) and the longer
one to isoform type II (+ E23a).

At the proliferation level, no differences in the number of cells was observed
when PC12 cells were treated or not with PMO-IncE23a (Figure 45). In addition,
there was no difference in the NGF-triggered cell cycle arrest in PC12 cells
treated or not with PMO-IncE23a (Figure 45). However, certain level of cell
death was observed in cells treated with PMO-IncE23a. To better measure this
cell death phenomenon we determined the percentage of early apoptotic cells as
before. For comparative purposes we also added conditions with PMO-SkpE14,

forcing a knockdown in neurofibromin levels. In contrast to cells treated with
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PMO-SkpE14 we observed a significant percentage of early apoptotic cells in
PMO-incE23a treated cells only when NGF was not added. When in PMO-
IncE23a treated cells NGF was added, cells arrested and no early apoptosis was

detected (Figure 46).
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Figure 45: Cell number per field (20x) for the different experimental conditions at two different
time points 3 and 72h. Error bars indicate +SEM. No significant differences where detected.
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Figure 46: Percentatge of early apoptotic cells for the different experimental conditions at three
time points (3,48 and 72h). Error bars indicate +SEM. * P < 0.05, ** P < 0.01 as evaluated by
paired t-test vs control cells only with transfection agent (TA).
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Inhibiting the switch from type II to type I isoform upon NGF treatment (by
forcing the inclusion of E23a) didn’t alter the proportion of PCI12 cells that
extended neurites compared to the cells treated only with NGF (Figure 47).
However we detected a clear reduction in the complexity and thickness of the
neurites (Figure 49) and also a reduction in the expression of neuronal
differentiation markers (Figure 48). Particularly, we got significant differences
with two of the three differentiation markers, Gap43 and Mmp3. To better
characterize this phenotype we performed an immunofluorescence staining using
B-tubulin and NGFR antibodies. We observed that cells treated with NGF and

PMO-IncE23a had a reduced thickness of the neurite and diffuse B-tubulin pattern
in the neurite body (Figure 49).
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Figure 47: Percentage of differentiated cells per field (Phase contrast, objective 20x) from the
different experimental conditions at different time points (3, 24, 48 and 72h). No significant

differences were observed between cells treated with NGF only and cells with PMO-IncE23a in
the presence of NGF.
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Therefore, not only modifying the time-dependent regulation of the alternative

splicing by forcing an earlier switch from type II (+E23a) to I (-E23a) isoform

was interfering in the proper differentiation process but also this aberrant

differentiation was produced by impeding the switch upon NGF treatment.
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Figure 48: Cells in which expression of isoform type II was forced, showed an altered
differentiation process. The graphs illustrate the expression of the differentiation markers Dusp6,
Gap43 and Mmp3 for different experimental conditions. Error bars indicate £SEM. * P < 0.05, **
P < 0.01 as evaluated by paired #-test against cells treated with NGF only. NRE: Normalized
relative expression, TA: Transfection agent.
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Figure 49: Double immunofluorescence staining of NGFR (red), a-tubulin (green) in PC12 cells
in different experimental conditions. A reduction in neurite complexity and thickness can be
observed in PC12 cells treated with PMO-IncE23a and NGF, compared to NGF alone. DNA was

stained with Hoescht (blue).
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We also analyzed the activation of the RAS/MAPK and cAMP/PKA pathways in
these conditions (Figure 50). We didn’t observed at 72h after NGF treatment any
change in the levels of ERK phosphorylation or RAS activation when comparing
PMO-IncE23a treated cells plus NGF and PC12 cells treated only with NGF. At
48-72h there was no apparent differences, despite type II isoform preserve a
decreased GAP activity compared to type I isoform. In contrast we indeed
detected a high decrease in the phosphorylation levels of PKA in cells treated with
PMO-IncE23a and NGF, compared to NGF alone. This result was consistent with
the ones obtained for PMO-SkpE23a, and reinforced the link between the GAP
activity of neurofibromin and the regulation of the cAMP/PKA pathway.
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Figure 50: A) Western blot analysis of phospho-ERK1/2 and total ERK1/2 (42/44 kDa) in lysates
from the different experimental conditions at 72h. The loading control was a-tubulin (50 kDa) B)
RAS ELISA activation assay for the different experimental conditions at 48h. C) Western blot
analysis of phospho-PKA and total PKA (40 kDa) in lysates from the different experimental

conditions at 48h. The loading control was [3-actin (42 kDa). Error bars indicate +SEM.
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Modulation of Exon23a alternative splicing in other
differentiation model systems

Set up of a neuronal differentiation model system based on hippocampal
H19-7 cell line

To assess whether the results obtained were restricted to the PC12 neuronal
differentiation model used, we decided to investigate the modulation of alternative
splicing of exon 23a through the use of PMOS in another model of neuronal
differentiation and determine whether the observed phenotypes were specific to
PC12 cells or a more general phenomenon. The H19-7 cell line (CRL-2526) was
derived from a rat hippocampal cells and was conditionally immortalized with a
temperature-sensitive SV40 large T antigen. Like PC12 cells, H19-7 cells respond
differentially to Epidermal Growth Factor (EGF) and Fibroblast Growth Factor
(FGF). At a permissive temperature (33°C), EGF treatment induces proliferation,
whereas at the non-permissive temperature (39°C), addition of basic Fibroblast
Growth Factor (bFGF) induces differentiation (Akchice N et al., 2010). We first
characterized the effects of bFGF-mediated differentiation in H19-7 and examined
the morphological changes associated with this process. As expected, in the
absence of bFGF at 33°C, no differentiation was observed and H19-7 cells
remained in their characteristic fibroblastic morphology. In contrast, in the
presence of bFGF at 39°C, cells started to extend neurites and increase the cell

body size (Figure 51A).

It has been described that bFGF activate high expression levels of ERK 1/2 after
induction of differentiation similar to the prolonged activation of MAPK reported
in PC12 cells (Akchice N et al., 2010; Kuo WL et al., 1996). We first analysed the
expression of NFF/ mRNA isoforms by RT-PCR at non-differentiated (-bFGF at
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33°C) and differentiated (+bFGF at 39°C) conditions. As shown in figure 51B, at
39°C the switch from type II to type I was already observed at 24h after bFGF-

triggered differentiation.

A -bFGF (332C) +bFGF (392C)
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Figure 51: A) Phase contrast micrographs (40x) of hippocampal H19-7/IGF-IR cells in absence
(33°C) or presence (39°C) of bFGF at 24h. B) In H19-7, the bFGF treatment at 39°C induces a
switch of NFI isoform I (+E23a) to II (-E23a) at 24h.

We then set up specific proliferation and differentiation assays adjusted to this
neuronal differentiation model. In particular differentiation was assessed with a
quantitative PCR (qPCR) analyzing the specific differentiation marker Dual
Specificity Phosphatase 6 (Dusp6). Morphological changes of differentiating
H19-7 cells were evaluated by performing o-Tubulin immunofluorescence
staining that was monitored using LEICA-DMI 6000B fluorescence microscope.
Cell proliferation was determined by automatic particle counting (ImageJ) with

Hoescth nuclei staining (images at 20x field).
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Functional characterization of neuronal differentiation in H19-7 forcing the
expression of NfI Type II or Type I isoforms

Using the H19-7 neuronal differentiation model we tested the effect of forcing the
two NfI alternatively spliced isoforms together with the knockdown of
neurofibromin, using PMOs. The H19-7 cells were treated with 20uM of the
different PMOs (Skp-E23a, Inc-E23a and Skp-E14). After 30h of bFGF-induced
differentiation, total RNA was extracted in order to determine exon E23a skipping
or inclusion levels for all the different PMOs treatments. As shown in figure 49,
PMO-SkpE23a and PMO-Skp14 were highly efficient in the induction of exon
skipping (E23a and E14 respectively). PMO-IncE23a was not as efficient as for
PC12 cells in promoting E23a inclusion. However, this PMO was also useful for
partially preventing the skipping of E23a upon bFGF-triggered differentiation of
H19-7 cells (Figure 52).
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Figure 52: Analysis of Nfl mRNA E23a splicing and E14 skipping for the different experimental
conditions at 72h. In the upper image, the shorter transcript corresponds to the type I isoform (-
E23a) and the longer one to the type II isoform (+ E23a). In the lower image the shorter transcript
corresponds to the lack of E14 and the longer to the addition of E14. TA; Transfection agent.
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We then analyzed the effect of the different PMOs on the viability and
differentiation capacity of H19-7 cells. As illustrated in figure 53, after 24h of
treatment with bFGF at 39°C we observed a strong reduction in the viability
(decrease in cell number) for all the experimental conditions. It has been reported
in the literature that after 24h of bFGF-mediated differentiation the cell death in
H19-7 cells is around 60% and almost 80% after 48h (Akchice N et al., 2010; Sun
Y et al., 2010). We also reported a decrease in cell viability associated to the
differentiation process. However, in the case of PMO-SkpE14 treated-cells, the
levels of cell death were higher than the ones treated only bFGF, consistent with
results obtained after forcing E14 skipping (reduced neurofibromin levels) in

PC12 cells.
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Figure 53: Decreased viability of H19-7 cells in the different experimental conditions after
induction of their differntiation (24h). Error bars represent +SEM. ** P < (0.01.
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We investigated the effects of the different PMOs on the differentiation capacity.
Based on a morphological characterization and analogous to the findings in PC12
cells, forcing solely the switch from type II to type I isoforms did not result in any
differentiation phenotype in the absence of differentiation conditions (data not
shown). However, all PMO tested interfered with the proper differentiation of
H19-7 cells upon bFGF treatment as measured by the levels of Dusp6
differentiation marker, that was lower in all the treatments compared to control
cells with transffection agent (TA)(Figure 54). Furthermore, o-tubulin
immunofluorescence of H19-7 cells in the different experimental conditions
showed a morphological alteration of the differentiation phenotype (Figure 56).
This phenomenon was more evident in the cells treated with the PMO-SkpE23a or
with PMO-SkpE14, were cells acquired a characteristically fibroblastic
morphology in contrast to the trapezoidal morphology of the differentiated cells
only with bFGF. Moreover, we observed in PMO-SkpE14 treatment with bFGF
the appearance of unknown thickness in the form of bubbles in the neurite
extensions (Figure 55), like the ones observed previously in PC12 cells after
knocking down neurofibromin in the presence of NGF. However, in cells treated
with PMO-IncE23a we didn’t detect any significant morphological change after
inducing differentiation (Figure 56), although the qPCR analysis revealed a
decrease in the expression of Dusp6 levels (Figure 54). This can be partially
explained by the fact that PMO-IncE23a was quite inefficient in forcing E23a

inclusion (Figure 52).
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Figure 54: The graph illustrates the expression of Dusp6 for different experimental conditions.
Error bars represent as +SEM. * P < 0.05, as evaluated by paired #-test vs cells treated only with
bFGF. NRE: Normalized relative expression, TA: Transfection agent.

bFGF (39°C) PMO-SkpE14 / bFGF (392C)

Figure 55: Differences in neurite morphology between H19-7 cells treated with or without PMO-
SkpE14 in presence of bFGF. Red arrows indicate the characteristic bubble like thikening of
neurite extension similar to the ones obvserved in PC12 in the same experimental conditions.
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Figure 56: Immunofluorescence staining of a-tubulin (green) in hippocampal H19-7/IGF-IR cell
line in different experimental conditions. DNA was stained with Hoescht (blue).
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Analysis of E23a alternative splicing during NF1 Schwann cell differentiation

After corroborating that the modulation of E23a alternative splicing by PMO was
interfering with the sympathetic neuron-like PC12 differentiation and also with
the differentiation of H19-7 hippocampal cells both models of the Central
Nervous System (CNS), we wanted to further explore this alternative splicing in a
different cellular system. We used primary NF/ (+/-) Schwann cells derived from
the peripheral nerve of an NF1 patient. Primary Schwann cells (SCs) previously
isolated in our lab from a nerve biopsy were cultured and expanded, and their
differentiation toward myelinizating SCs was performed by exposing this cells to
constant forskolin (an elevator of cAMP) for 5 days (see materials and methods)
(Figure S7A). Purity assessment of primary Schwann cell cultures was performed
using a specific antibody for the protein S100, specific of SCs in the PNS. Our
primary cultures were highly pure and presented more than 95% of SCs (Figure
57B). Total RNA was extracted in proliferation and differentiation conditions and
the status of E23a alternative transcripts was determined. As shown in figure 57C
upon Schwann cell differentiation we observed a slightly increase in type II
isoform expression in contrast to the type II-I switch triggered by NGF
differentiation in PCI12 cells. These results are in accordance with the
observations of Gutmman and collaborators (Gutmann D et al., 1993) were SCs
differentiation was associated with a switch from type I to type II isoform an
opposite regulation than in neuronal differentiation. In addition, we cultured NF/
(/) SCs derived from a plexiform neurofibroma. In these SCs lacking
neurofibromin we also made the stricking observation of the appearance of
thickening in the form of bubbles in the SCs extensions (Figure 58), a phenotype
that closely resembled the same phenomena identified in PC12 and HI19-7
neurites (Figures 34 & 55).
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Figure 57: A) Phase contrast photographs (20x) of NF1 (4/-) Schwann cell (SCs) proliferating
(left) and differentiating (right). B) S100 immunofluorescence staining to determine SCs purity. C)
The upper image shows an increase in type II (+E23a) expression associated to the SC
differentiation process. In the lower image, switch from type II to I isoform during PC12
differentiation.

Figure 58: S100 immunofluorescence staining of SCs culture. Red arrows indicate the unknown
bubble like thickening in the cell body of SCs cells.
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To characterize the functional effect of alternative splicing of E23a in SCs and
compare it with the one in PC12, we analyzed phosphor-ERK 1/2 levels during
proliferation and differentiation in both cellular models. As shown in figure 59,
SCs that were proliferating showed higher levels of phosphorylation of ERK1/2
than in differentiated SCs, the opposite effect than in PC12 cells.

Schwann PC12
Cells Cells

P D P D

ERK L2 e s S

a-Tubulin Schwann PC12
” Cells Cells

0.8

0.4

D P

N. P-ERK 1/2 Levels

Figure 59: Western blot analysis showing phosphor-ERK 1/2 and total ERK1/2 (42/44 kDa) in
lysates from proliferative (P) and differentiated (D) Schwann and PC12 cells. Graph represents
normalized P-ERK 1/2 levels. The loading control was a- tubulin.

All together these results suggested that the functional implication and
regulation of E23a alternative splicing during neuronal differentiation was a
general process, rather than a process restricted to the PC12 differentiation
model system. These results also pointed out to the different regulation of
alternative splicing of E23a in the distinct differentiation processes

depending on the cell type (e.g: neurons vs. Schwann cells).
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Comparison of the aberrant differentiation phenotypes

produced by forcing an earlier switch from type II/I, no
switch and neurofibromin knockdown

During neuronal differentiation, PC12 cells change their phenotype by stopping
cell division, promoting neurite extension and increasing the synthesis of several
neurotransmitters. Neurite outgrowth can be seen as a two-step process (Burry R
2001), in which in an earlier phase, neurite outgrowth initiates and in a later
phase, neurites elongate and form ramifications creating a complex network.
During this process the switch from NFI Type II to Type I transcript takes place
as a result of a transcriptional response to NGF treatment, and thus, the functional
impact of the increase in neurofibromin GAP activity can be considered as a late
phase event in this differentiation process. The use of the designed PMOs to
modify at will E23a splicing and neurofibromin knockdown permitted to test
different experimental conditions: forcing an earlier Type II to Type I switch;
forcing the switch before NGF treatment; forcing the absence of a switch; and
forcing neurofibromin knockdown. In all cases, PC12 neuronal differentiation was

altered in different ways as summarized and compared in figure 60.

After forcing an earlier switch by PMO-SkpE23a there was an alteration in the
correct neuronal differentiation process, were PC12 cells showed a reduced
percentage of differentiated cells (between 48-72h after NGF treatment) and a
clear reduction of neurite ramifications resulting in a less complex neuronal
network established among differentiated PC12 cells. However, neurite length
was not altered. At the molecular level, after forcing an earlier switch there was a
reduction in the expression of differentiation markers (Gap43, Mmp3 and Dusp6)

and also in the enzymatic activity of NADH-dehydrogenase. Similar results
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concerning a reduction in the percentage of differentiated cells were observed
after forcing Type II - Type I switch before NGF treatment (PMO-SkpE23a 24h
before NGF). However, in this condition neurite complexity was further reduced
compared to PMO-SkpE23a treatment, and it was observed an increase in neurite
thickness and straightness. The differentiation markers and the NADH-
dehydrogenase activity were significantly reduced. Forcing the inclusion of E23a
(inhibiting the switch type II/I) by PMO-IncE23a in the presence of NGF also
altered the correct neuronal differentiation process. In this experimental condition
the percentage of differentiated cells and the neurite length were not altered in
comparison with cells treated with NGF only, but we observed a clear reduction in
the neurite thickness and a fragile appearance. Differentiation markers were also
reduced. Finally, the more severe phenotype was observed after the knockdown
of neurofibromin levels. In PC12 treated with the PMO-SkpE14 and NGF, cells
showed an aberrant differentiation in which the percentage of differentiated cells
was reduced and neurites were less complex and abnormally extended. As
observed in cells treated with PMO-SkpE23a 24h before adding NGF, there was
an increase in neurite thickness and straightness, but this time with an even more
extreme phenotype. At a morphological level there was also observed the
presence of unknown thickness in the form of bubbles along neurite extensions, a
phenotype also present in H19-7 cells with a neurofibromin knockdown (Figure
55) or in Schwann cells NFI(-/-) (Figure 58). Differentiation markers were also

significantly reduced.
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Figure 60: Schematic comparison between differentiated phenotypes for all the PMO associated
conditions (earlier switch, switch before NGF treatment, no switch and neurofibromin

knockdown).
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Type II/T switch is regulated by a transcriptional response to NGF-triggered
differentiation, progressively increased along the neuronal differentiation process
and reaching a maximum at the late phase of differentiation. We wanted to
investigate whether the different alterations in the proper PC12 neuronal
differentiation process due to the different PMO treatments were also correlated
with an alteration in the NGF-dependent global transcriptional response, at a late
phase of differentiation. To do that, we performed an RNA-Seq analysis of the
different PMO treatments of PC12 cells, using biological triplicates of each
condition, in the presence or absence of NGF at 55h. The experimental design is

summarized in material and methods pp. 44-45.

Among the 12126 genes above the minimum expression threshold of 500 reds
taking into account the whole set of experimental conditions, 186 genes were
found to be differentially expressed by two-fold or greater after NGF treatment, in
comparison to control cells (-NGF) at 55h. The expression patterns of these 186
genes along the whole experiment can be seen at Figure 61. We observed that
NGF exerted a wide transcriptional response on PC12 cells and that the effect on
this transcriptional profile by the different PMO treatments was, in comparison,
small. Biological triplicates introduced a significant experimental batch effect that
made difficult to detect any difference associated to the presence of different
PMOs. However, we identified 4 clusters of genes (1A, 1B, 2A and 2B, marked
in black and yellow respectively in Figure 61) that were down and up-regulated in
conditions where PMOs were added in the absence of NGF. Importantly, when
compared to non-NGF treated controls, these genes were modified in the same
way as NGF was eliciting to PC12 cells. Since PMOs were only modifying
neurofibromin activity, we reasoned that this group of genes could be those
influenced by pathways (in which neurofibromin was involved) important during

NGF-triggered PC12 neuronal differentiation (Table 9). For these transcription
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clusters, gene enrichment was performed using DAVID functional annotation tool
(Huang DW et al., 2009a; Huang DW et al., 2009b). Clusters 1A and 1B were
related with cell cycle, mitotic division, DNA replication and cytoskeletal/
microtubule reorganization (Table 10), and some genes were found to be
important in the process of neurite formation and outgrowth like the Iggap3, Tpx2
and Tacc3 (Caro-Gonzalez HY et al., 2012; Mori D et al., 2009; Sadek CM et al.,
2003; Wang S et al., 2007). The enrichment analysis of clusters 2A and 2B,
showed only a clear association with genes related to metabolic processes
(cholesterol and sterol activity). Interestingly, among these 186 genes we found a
significant number of genes (16), that overlapped with the differentially expressed
genes between the presence or absence of PMO-SkpE23a added 24h before NGF
and at initial time points (3h; Figure 62). As shown before, these genes are only
transiently expressed, and accordingly, we found that only two of these genes
(Ldlr and Zfand2a) overlapped with the genes present in the four selected clusters
in PMO-treated conditions at 55h. All together, these results reinforce the idea
that neurofibromin function, especially its GAP activity, participates in pathways
influencing transcriptional responses associated to NGF-triggered neuronal

differentiation.

120



Results

3h I 55h
TA|  + + + + + + + + + + +
PMO ”"“\?;‘;‘?’23" PMO-Inc23a | PMO-Skp14 | PMO-Skp23a PMO-Inc23a | PMO-Skp1a | PM 0(‘254’;")2 3a | pmo-skp23a
NGF + + + + +

Figure 61: Heat map of differentially expressed genes (FC >2) in the presence or absence of NGF
at 55h for all the experimental conditions. Clusters are marked with black and yellow square
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Cluster 1A Kif4a, Brcal, Pole, Ncaph, Slfn13, Chafla, Cit, Espl1, Dtl, Esco2, Kif18b, Mybl2,
Rrm2, Mcm3, Tk1, Plxna4a, Abcal, Tspanl8

Arhgaplla, Bubl, Mcm6, Kif11, Prc1, LOC10035953, Mcm5, Kif22, Spag5, Tpx2,

Cluster 1B Tacc3, Iqgap3

Stmn2, Ampd3, Cyp51, Ptp4al, Cd63, Fdps, Msmol, Zfand2a, Sdcbp, Slc6a8, Btgl,
Cluster 2A | (1 Gapdh-ps2, Hmger, Adm, Ldlr, Sdc1, Fbxo32

Tfrc, Atplla, Pgaml, Mmd, Eml5, Eafl, Pgk1
Cluster 2B

Table 9: List of genes within the four clusters. Examples of genes related with neurite outgrowth
and formation, are marked in bold.

Cluster| Name Type Adj. P-value
1A Chromosome segregation GO-BP 8.2E-4
1A DNA metabolic process GO-BP 6.0E-4
1A DNA replication GO-BP 5.8E-4
1A DNA replication GO-BP 5.8E-4
1A cell cycle process GO-BP 8.9E-3
1A sister chromatid segregation GO-BP 74E-3
1A mitotic sister chromatid segregation GO-BP 74E-3
1A Pyrimidine metabolism KEGG 6.7E-2
1A mitotic cell cycle GO-BP 2.6E-2
1A cell cycle phase GO-BP 2.5E-2
1A cell cycle GO-BP 1.6E-2
1B microtubule cytoskeleton GO-CC 6.6E-4
1B spindle GO-CC 6.2E-4
1B Cell cycle KEGG 74E-3
1B cytoskeletal part GO-CC 4.9E-3
1B DNA replication KEGG 4.6E-2
1B ATP binding GO-MF 3.8E-2
1B nucleotide binding GO-MF 2.3E-2
1B microtubule GO-CC 2.2E-2
1B adenyl ribonucleotide binding GO-MF 2.0E-2
1B adenyl nucleotide binding GO-MF 1.7E-2
1B purine ribonucleotide binding GO-MF 1.5E-2
1B purine nucleoside binding GO-MF 1.4E-2
1B ribonucleotide binding GO-MF 1.3E-2
1B purine nucleotide binding GO-MF 1.3E-2
1B cytoskeleton GO-CC 1.2E-2
1B non-membrane-bounded organelle GO-CC 1.2E-2
1B intracellular non-membrane-bounded organelle GO-CC 1.2E-2
1B nucleoside binding GO-MF 1.1E-2
2A cholesterol biosynthetic process GO-BP 4.8E-2
2A Cholesterol metabolic process GO-BP 3.0E-2
2A sterol metabolic process GO-BP 1.9E-2

Table 10: Gene enrichment results obtained using DAVID functional annotation tool for the
different clusters. Annotated terms: GO-Biological Process (GO-BP), GO-Molecular function
(GO-MF), GO-Cellular Compartment (GO-CC) and KEGG pathways (KEGG).

122




Results

Figure 62: Venn diagrams of the differentially expressed genes between the presence or absence
of PMO-Skp23a (24h before NGF) at the initial time point (blue circle) and the genes of cells
treated with or without NGF at 55h (brown circle).
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Discussion

The importance of the alternative splicing of exon 23a of the NFI gene has
previously been studied in different experimental systems: different established
cell lines, genetically modified mouse, primary tumors or ES cells, to mention
some. The results generated in this thesis highlight the importance of a correct
regulation of E23a alternative splicing during the whole neuronal differentiation
process in a time dependent manner. Some of these results are new, some are
consistent and others discordant with previous results. We think that two of the
major factors that could explain some of the discrepancies found are, in one hand,
that the use of PMOs allows preserving physiological conditions regarding
expression of the NFI gene, and on the other hand, the fact that we have studied
the process of neuronal differentiation as a dynamic and time-dependent process,
while some other works study differentiation as an end point. We think this thesis
provides a nice example of how an alternative splicing of a single gene can
influence cell fate by the fine, coordinated, integrated and time-dependent

regulation of two different signaling pathways.

A PMO-based method for modifying, at will, alternative splicing

The use of the antisense technology to modulate splicing events has been reported
for various hereditary diseases in order to correct or change to less deleterious
forms. Among these diseases are Cystic Fibrosis, Duschenne Muscular
Dystrophy (DMD), NF1, NF2 and Hutchinson-Gilfrod (Castellanos E et al.,
2012; Fernandez-Rodriguez J et al., 2012; McClorey et al., 2006; Popplewell L,
2012; Pros E et al., 2009; Wang Q et al., 2010). However, the use of this
technology to modulate alternatively spliced exons is rare and few examples can
be found in the literature (Schnerwitzki D et al., 2014; Shieh JJ et al., 2009). In

this study, we designed and generated PMOs to hybridize specifically to intronic
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splicing regulatory elements (canonical splice sites and cis-elements) that
modulate NF1 exon 23a exclusion and inclusion. We consider this PMO strategy
a unique tool that has not been used before to explore alternative splicing in

physiological conditions of the cell.

Our decision to use PMOs was based on previous studies demonstrating their
high-targeting specificity, stability, low toxicity and resistance to nucleases
(Sazani P et al., 2001) in comparison to other antisense technologies. In general,
PMO backbone has no significant ionic charge at neutral pH, in comparison to
the polyanionic phosphodiester backbone of a natural nucleic acid. This favors
the interaction of PMOs with nucleic acids, and because PMOs are uncharged,
they have no strong electrostatic interactions with proteins. In contrast,
interactions of anionic phosphorothioate oligos with proteins cause multiple
physiological, no side effects (Lebedeva I, Stein CA. 2001). In addition, this
thesis project extends previous reports that PMOs are powerful and versatile tools
for exploring normal pre-mRNA splicing regulation in a natural physiological

context.

Previous experience in our group in the use of PMOs helped us in the setting up
of the reported system. Our laboratory has used PMOs to revert the inclusion of
cryptic exons, due to deep-intronic mutations, in fibroblasts and lymphocytes
from NF1 and NF2 patients (Castellanos E et al., 2012; Pros et al., 2009;
Fernandez-Rodriguez et al., 2011). The efficiency of PMOs used in this project
was satisfactory. In the case of PMOs designed to force exon skipping (PMO-
SkpE23a and PMO-SkpE14) we got more than 50% of skipping in PC12 and
H19-7. Skipping of E23a (PMO-SkpE23a) was visible 24h after the treatment,
while the effect of PMO-SkpE14 was delayed 48h. In terms of exon inclusion,
PMO-IncE23a was really efficient in PC12 cells, and was able to stop almost all
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the expression of isoform type I associated to NGF differentiation. However, in
H19-7 the efficiency of PMO-IncE23a was reduced, but was still useful to
partially prevent the skipping of E23a upon bFGF-triggered differentiation.
Technically, the inclusion of an exon during natural skipping conditions of an
alternatively spliced exon is difficult and previous knowledge about splicing
regulatory aspects is necessary. In case of PMO-IncE23a we blocked a conserved
splicing sequence at the 5° of E23a regulated by factors that promote splicing.
The use of PMOs to force exon inclusion has been reported previously in a few
number of works, however, most studies have been based in the correction of
aberrant exon skipping, like in Spinal Muscular Atrophy, FGFRI gene (Bruno I
et al., 2004; Zhou H et al., 2013) or the inclusion of specific viral exons important

for infection (Guan W et al., 2011).

The specificity of our PMOs was demonstrated by the initial use of a non-target
control PMO provided by Gene Tools, that didn’t have any effect in the skipping
and inclusion of E23a. In order to minimize possible side effects of a non-target
PMO on the different readouts, we decided to use only the transfection agent
(Endo-Porter) as a control for the different experimental assays, since transfection
is the process in which the physiological status of the cells can be compromised.
Another advantage of PMOs is the low toxicity associated to the transfection
agent Endo-Porter (ethoxylated polyenthylenimine, EPEI) in comparison to the
classical delivery systems, a weak-base amphiphilic peptide, designed to deliver
PMOs into the cytosol and nuclear compartment by endocytosis-mediated
process, preventing the damage in to the cell membrane (Morcos PA, 2001;
Summerton JE, 2005). We didn’t detect any morphological or molecular

alteration in PC12 or H19-7 cells associated to the use of Endo-Porter.

Moreover, using PMOs we successfully modulated E23a splicing without altering
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the physiological levels of NfI mRNA as measured by qPCR analysis. Thus,
PMOs provided us the confidence of obtaining reliable and physiologically sound
results. Other methodologies and experimental set ups have been used to study
the role of alternative splicing of exon 23a. For example, using a specific human
splicing reporter system for generating derived neurons containing or missing a
constitutive Nf/ E23a in mouse embryonic stem cells (Hinman M et al., 2014),
and the construction and use of over-expression plasmids carrying both Type I
and II isoforms in PC12 cells (Yunoue S et al., 2003). In our understanding, both
approximations are valid, although we think that the use of PMOs better
preserves the expression levels of neurofibromin and the general physiological

status of the cells.

We used the developed PMO system in different cell types and cell models, like
PC12, H19-7 and HEK293T cells. We think that this system can be applied to
other NF1 in vitro models to better understand the role of alternative E23a
splicing while preserving physiological conditions. Furthermore, following the
same or similar in silico and in vitro analyses to design and test the use of PMOs
to modulate alternative splicing, this methodology can be applied to other genes

with similar alternative splicing examples.

The E23a splicing regulation: The role of splicing factors and conserved

intronic regions

Alternative splicing is highly regulated by both cis- sequences and trans- acting
factors, some of them being tissue specific. We have studied the sequence
conservation of intronic regions adjacent to exon 23a across several species that

provided information on the different splicing factors regulating E23a alternative

130



Discussion

splicing. In addition, we have studied the expression of few of them during PC12
cell differentiation. All these results provided information to better understand the

regulation of E23a alternative splicing during neuronal differentiation.

The E23a is highly regulated at developmental level and in tissue-specific manner
by at least two families of proteins: a) Hu proteins and CUG-BP1/ETR-3 like
factors which promote its skipping; b) MBNL1/2 and TIA-1/R proteins which are
positive regulators. Taking into account this information, we studied for the first
time considering the splicing regulation of the NfI gene the expression of some of
these splicing factors (Celf3, Mbnll and Mbni2) in PC12 cells and characterized
their expression changes during NGF-triggered differentiation. We detected that
Celf3 was overexpressed 48h after NGF treatment in PC12 cells, which is in
accordance with results obtained by Barron V & Lou H (Barron V & Lou H,
2012) where over-expression of Celf3 in CA77 cell line strongly promoted E23a
skipping. Furthermore, overexpression of Mbnll/2 in CA77 cell line was found to
promote E23a inclusion (Flemming VA et al., 2012). In PC12 cells we observed a
down regulation of these two genes upon NGF treatment. These results support
and clarify the antagonistic role of different splicing factors in E23a splicing

regulation.

In addition, we detected a high degree of sequence conservation in intronic
regions adjacent to E23a that were not present in other constitutive exons of the
Nf1 gene. This degree of intronic sequence conservation has also been identified
in several other alternatively spliced exons in genes such as CTFR, PER3, CARS
and SY77 (Kaufmann D et al., 2003). To date, we don’t have a clear picture of
how conserved sequences in these introns contribute to alternative splicing. The
length of these conserved regions usually exceeds 50 bp, while binding sites for

splicing proteins are relatively short. Therefore, this implies that the conserved
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regions in introns could serve as binding sites for several different splicing
factors, thus contributing to alternative splicing regulation (Sorek R & Ast G,
2003). Sugnet C and collaborators (Sugnet C et al., 2006) studied a group of 171
exons whose inclusion or skipping was different in brain or muscle compared to
other tissues. A subset of them was clearly associated with unusual blocks of
intron sequence conservation, like for E23a. In the nervous system factors
regulating alternative splicing are highly enriched, especially CELF proteins
(Ladd A, 2013). Most of these factors bind to UG-Rich sequences that form part
of these intronic conserved sequences (Barron V & Lou H, 2012). This strongly
suggests that these regions are important target sequences for specific splicing

factors that regulate E23a in a tissue-specific manner.

Dissociating alternative splicing of E23a from NGF treatment in neuronal
differentiation of PC12

This work provides significant evidences that modulation of alternatively spliced
E23a plays an important role in the neuronal differentiation process associated
with PC12 and H19-7 cells. In both cases we observed that either forcing the
abnormal skipping or inclusion of E23a interfered with a correct neuronal
differentiation process, altering the proper signaling of Ras/MAPK and
cAMP/PKA pathways and the expression of differentiation markers, resulting in
an altered aberrant phenotype, Specifically, at a morphological level, forcing an
earlier type I (-E23a) isoform in PC12 cells, resulted in a reduction of the
percentage and complexity of differentiated cells, whereas forcing type II isoform
(+E23a) resulted in a reduction of neurite thickness (summarized in Results

pp.116 -117).
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When type II/I switch was induced by PMO-SkpE23a treatment, PC12 cells did
not differentiate into sympathetic-like neurons, in the absence of NGF. However,
after 24h of PMO-SkpE23a treatment we observed a transient up-regulation of a
transcriptional profile that partially overlaps with NGF-response genes.
Furthermore, the different PMOs used to interfere with neurofibromin function,
also altered a signature of genes in a similar way to the NGF-triggered
transcriptional response. All together this results indicate that, despite type II/1
switch is not enough to induce differentiation, pathways functionally regulated by
this switch impact on the NGF-induced transcriptional response, necessary for a

correct neuronal differentiation.

The function of E23a has been studied by its deletion in a mouse model (Costa
RM et al., 2001). These experiments provided first important evidences regarding
the impact of E23a exclusion on mouse behavioral impairments, similar to those
observed in patients with NF1, such as learning and motor deficits. This
phenotype closely resembled that of NfI (+/-) mice (Li Y et al., 2005; Silva AJ et
al., 1997) and hinted the possible biological role of NFI-E23a in neuronal
differentiation and/or signaling. Results obtained in this thesis could favor the
idea that E23a would be important for a proper neuronal development, although
experiments using the developed PMOs in WT mice would provide information

also on its possible implication in the correct neuronal signaling in vivo.

Furthermore, Hinman M and collaborators (Hinman M et al., 2014) generated
mouse embryonic stem (ES) cells with a constitutive NfI/ exon 23a inclusion
(23aIN/23aIN) or deletion (23aA/23aA). Upon differentiation of these ES cells to
neurons, they examined the expression of the neuronal marker (3-tubulin IIT (by
western blot and immunofluorescence), and characterized neurite length. No

differences were found in 23aA/23aA and 23aIN/23aIN in ES-derived neurons.

133



Discussion

Our results and those of others seem to be contradictory with these ones. We
think that a possible explanation for this discrepancy is the limited
characterization of neuronal differentiation, especially at a quantitative and time-
dependent manner. Another aspect to consider could be a possible buffer effect
exerted by the cell as a response to the lack of E23a, in a similar, but not
identical, way as we observed the desensitization of neurofibromin function when

PC12 cells were treated with the PMO-SkpE23a 24h before NGF treatment.

Neuronal differentiation of PC12: a dynamic process that needs fine
regulation of E23a alternative splicing in a quantitative and time-dependent

manner

The RAS/MAPK pathway is highly conserved and plays an important role in
different cellular processes including cell proliferation, differentiation and
survival. To date, many studies have reported the importance of the
spatiotemporal control of this signaling pathway as key factor to regulate specific
cellular responses (Ref Nat Cell Biol). In PC12 cells NGF induces sustained
activation of ERKs and promotes cell differentiation into sympathetic-like
neurons (Kao S et al., 2001; Marshall CJ. 1995). Moreover, cAMP had also been
involved in the regulation of cell proliferation and differentiation in PC12 cells,
suggesting a possible crosstalk between these two pathways (Stork PJ, Schmitt
JM. 2002) during neuronal differentiation.

Several time-course experiments studying the dynamics of the RAS/MAPK
signaling during neuronal differentiation have been performed (REF). Upon NGF
treatment of PC12 cells, and after a first brief peak of activation, RAS/MAPK

activity gradually increases up to 10-fold, reaching a plateau around 24h-48h and
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successively decreasing over time (Yunoue S et al., 2003). It has also been
reported in PCI12 cells, a time-dependent increase in the GAP activity of
neurofibromin after NGF treatment that correlates with an increasing type II/1
switch, reaching also significant levels between 24-48h after NGF-triggered
differentiation (Yunoue S et al., 2003). In accordance with these observations we
detected an increase in the phosphorylation levels of ERK1/2 upon NGF
treatment, with a maximum between 24-48h, followed by a successive down
regulation after 48h. When we altered this temporal dynamics by forcing type II/1
switch with PMO-SkpE23a 24h or 48h earlier, we detected also an altered
RAS/MAPK signaling over time, resulting in an aberrant differentiation process.
These results highlight the importance of a proper regulation of RAS/MAPK
signaling not only quantitatively but also in a time-dependent manner for an

adequate PC12 differentiation.

The cAMP/PKA pathway had also been associated with PC12 differentiation,
where cAMP activates Rapl a mediator of sustained ERK activity in a time-
dependent manner (Herbst KJ et al., 2011). Although we studied the activation of
the cAMP/PKA pathway upon NGF treatment and its alteration by using different
PMOs, we only measured this signaling pathway at 48h. A time-course
experiment would be required to understand also the relationship with the

dynamics of type II/I switch.

Understanding the possible dissociation between RAS and phosphorylated ERK

levels.

High levels of RAS and MAPK activation either in neurons or PC12 cells have
been observed in conditions where neurofibromin has been knockdown or when
type II neurofibromin (reduced GAP activity) has been expressed (Hinman M et

al., 2014; Yunoue S et al., 2003). In our experiments, when using PMO-SkpE14
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to knockdown neurofibromin or PMO-IncE23a to decrease neurofibromin GAP
activity, we detected a certain decoupling between RAS and ERKSs activation.
This discrepancy in the linearity of the RAS/MAPK activation has also been
observed in many other works (e.g.: Kriegsheim A et al., 2009; Yunoue S et al.,
2003). There exist different possible explanations to this dissociation, like the
existence of negative feedbacks or the crosstalk of the RAS/MAPK with other
pathways. For instance, it has been reported that ERK activation can inhibit RAS
and RAF1 in PC12 and other cellular systems (Dhillon AS et al., 2007;
Dougherty MK et al., 2005) and that a crosstalk between RAS/MAPK and cAMP
pathways influencing the overall ERK activation status (Dumaz N, Marais R.
2005; Stork PJ, Schmitt JM. 2002). However, despite the existence of all these
evidences, we think that in addition to our results, it is necessary to measure RAS
activity in a different way to reach a robust and consistent result considering this

apparent decoupling between RAS and ERK activation status.

A negative feed-back regulating neurofibromin GAP activity?

When NGF was added after forcing type II/I switch by PMO-SkpE23a 24h
before, we expected a reduced activation level of ERKs similar to conditions in
which NGF and PMO-SkpE23a were added simultaneously. Surprisingly, the
levels of ERK phosphorylation were higher than in control cells treated with
NGF, reaching levels similar to those exhibited in PC12 cells in which
neurofibromin was knockdown by PMO-SkpE14 (Figure 37). Similarly, when
PMO-SkpE23a was added 24h before NGF, PKA activation was also reduced, as
in PMO-SkpE14-treated cells, upon NGF differentiation. In addition, at a
morphological level, PC12 cells treated with PMO-SkpE14 and NGF, exhibited

an aberrant differentiation pattern in which the percentage of differentiated cells
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was reduced and neurites were less complex and abnormally extended. PC12
cells treated with PMO-SkpE23a 24h before adding NGF also reproduced this
phenotype. All these results seemed to point to an apparent loss of neurofibromin
function in these later conditions, triggered either by the PMO treatment or by the
PMO treatment and NGF-induced differentiation. These results made us
hypothesize with the possible existence of a negative feedback on neurofibromin
function, due to the excess of GAP activity of type I isoform. Consistent with
hypothesis, we identified a transient over-expression profile in PC12 cells after

24h of treatment with PMO-SkpE23a compared to non-treated control cells.

We are currently working to determine whether this apparent loss of NF1 activity
is caused by a direct degradation of neurofibromin, by the ubiquitin-proteosome
pathway (Cichowski K et al., 2003), using western blot analysis. Additionally, we
are interested in determining whether type I and type II neurofibromin isoforms

have a different stability at a cellular level.

Neurofibromin depletion during neuronal differentiation: aberrant

differentiation and apoptosis. Too much ERK activation?

We observed that a significant proportion of PC12 cells in which neurofibromin
was depleted by PMO-SkpE14 treatment underwent apoptosis after 48h. When
PMO-SkpE14 and NGF were added simultaneously, a proportion of this cells
arrested, differentiated, and were protected from cell death. However, the
differentiation process was aberrant, with PC12 cells exhibiting less complex
neurites and abnormally extended, together with the presence of unknown
thickness in the form of bubbles along neurite extensions. Supporting these

observations, it has been reported that PC12 cells treated with an Nf/-siRNA did

137



Discussion

not differentiate correctly upon NGF treatment, and were characterized by a
partial inhibition of neurite growth (Hirayama M et al., 2013; Kriegsheim A et
al., 2009). Furthermore, it was observed in PC12 cells carrying different NfI-
GAP mutants (R1276K & R1276A/R1391K) a clear reduction in the percentage
of differentiated cells after 48h of NGF treatment (Yunoue S et al., 2003).

We do not completely understand why some of the PC12 cells treated with PMO-
SkpE14 and NGF arrest and differentiate and others undergo cell death through
apoptosis. However, one possibility would be the different position in the cell
cycle when NGF triggers arrest of PC12 cells. Another issue would be the
mechanism driving apoptosis in these cells. In this regard, we observed that either
in the presence or absence of NGF the levels of ERK phosphorylation of PMO-
SkpE14-treated cells were significatively higher in comparison to their respective
controls (PC12 in presence or absence of NGF). It has been suggested the
important role of ERK1/2 in promoting neuronal cell death. For example, in the
hippocampal cell line HT-22, a sustained activation of ERK1/2 after 6h of
glutamate treatment, induced cell death (Subramaniam S, Unsicker K. 2009).
However, in PC12 cells a sustained high activation of ERK1/2 not always
promote cell death (Greene L, 1978; Klesse JL et al., 1999) and thus it is possible
that additional factors would be required for inducing it. Other reports have also
associated depletion in NFI with cell death. For instance, in Nf/ knock down
(NfI-KD) PCI12 cells treated with NGF an overexpression of pro-apoptotic
proteins like CASP1 and CASP12 were detected (Hirayama M et al., 2013). Cell
death also has been reported to be associated with the NF1 (+/-) hippocampal
cells (Brown J et al., 2010).

Unknown thickness in form of bubbles in the absence of neurofibromin

One finding recurrently appearing in NFI knock down (PMO-SkpE14)
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differentiating PC12 or H19-7 cells or even in NFI(-/-) Schwann cells under
differentiation conditions was the appearance of unknown thickness in the form
of bubbles of neurite extensions. These formations were similar to the
characteristic varicosities structures that commonly form in the neurite body of
PC12 cells, but in a much higher frequency. It has been described that the GAP-
related domain of neurofibromin interacts with the amyloid precursor protein and
that, in turn, this protein has been proposed to function as a vesicle cargo receptor
for the motor protein kinesin-1 in neurons (De Schepper et al., 2006). In fact, in
differentiated PC12 cells treated with amyloid—f3-peptide, it has been reported an
increase of varicosities structures (Vaisid T et al., 2008) like the ones observed in
NF1 depleted cells. A possible hypothesis would be that the lack of
neurofibromin facilitates the accumulation of amyloid—[3-peptide and other

proteins transported by vesicles during the formation of neurites.

Neurofibromin's GAP activity regulates PKA activation

The cAMP/PKA together with RAS/MAPK pathways are related with the
regulation of differentiation in PC12 cells. The cAMP/PKA 1is important for the
sustained activation of ERK 1/2 in PC12 cells upon NGF treatment in vivo and in
vitro (Herbst KJ et al., 2011; Yao H et al., 1998; York RD et al., 1998).
Moreover, it is widely accepted that in PCI12 cells the activation of
RAF/MEK/ERK cascade is regulated by the two cAMP effectors, PKA and the
exchange protein directly activated by cAMP (Epac) (Dumaz N, Marais R. 2005;
Stork PJ, Schmitt JM. 2002). Furthermore in neurons, their activity and
depolarization induces changes in synaptic plasticity that requires both pathways
cAMP/PKA and RAS/MAPK (Patterson SL et al., 2001; Stork PJ, Schmitt JM.

2002). Taking together all these studies a crosstalk between these two pathways
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is well supported by experimental evidences, although the specific mechanisms

of crosstalk and regulation are not fully understood.

Our results show that the levels of phospho-PKA in PC12 cells were moderately
elevated upon NGF treatment. However, the levels of phospho-PKA were highly
increased upon NGF and PMO-SkpE23a addition, or on the contrary, reduced
when PCI12 cells were treated with PMO-IncE23a and NGF. These results
suggest that the GAP activity of neurofibromin (directly or indirectly) in addition
to regulate the RAS/MAPK pathway, also regulates the activation of PKA in the
process of PC12 neuronal differentiation. In fact it has been proposed a
mechanism in which neurofibromin regulates the cAMP pathway by activating an
atypical PKC through a RAS dependent mechanism (Anastasaki C, Gutmann DH.
2014). However, our results seem to be in favour of a more direct regulation.
When we compared control PC12 cells with PC12 cells treated with PMO-
SkpE23a (high GAP activity), the levels of ERK activation were not detectable in
any condition, but on the contrary, PKA activation was significantly higher in
PMO-SkpE23a treated. In addition, similar ERK phosphorylation levels were
detected in PMO-SkpE23a and NGF treated cells with respect to PC12 cells
treated with PMO-SkpE14 (depleted of neurofibromin) but the levels of PKA
phosphorylation were extremely different, being much higher in PMO-SkpE23a
and NGF treated cells (Figure 37). Thus this results point to a more direct
regulation of cCAMP/PKA pathway by the neurofibromin GAP activity, rather
than an indirect regulation through the RAS/MAPK pathway.

The effect of the cAMP/PKA pathway activation on the morphological changes
exhibited by differentiating PC12 cells is still not fully understood. It has been
demonstrated that several cAMP analogues promote differentiation of PC12 cells

(Vossler MR et al., 1997). In neurons neurofibromin regulates CNS neurite length
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and growth cone areas in a cCAMP/PKA/Rho/ROCK dependent manner in vitro
and in vivo (Brown JA et al., 2012). Results obtained in this work show that the
neurofibromin GAP activity regulates both the RAS/MAPK and the cAMP/PKA
pathways in an opposite manner during neuronal differentiation. Further
experiments will be required to dissect the contribution of each pathway to the

morphological changes of differentiating PC12 cells.

Regulation of alternative splicing of E23a: a simple way to exert a
coordinated time-dependent and opposite regulation of Ras/MAPK and

cAMP/PKA signaling for a proper neuronal differentiation?

All together these results suggest the role of NF/-E23a alternative splicing as a
fine-tuning regulatory mechanism to control two signaling pathways in a
coordinated and time-dependent manner. The Ras/MAPK and cAMP/PKA
pathways are regulated in an opposite manner (Figure 63). While an increase in
neurofibromin GAP activity down-regulates RAS/MAPK signaling, and greatly
enhance PKA phosphorilation, a decrease in GAP activity produces the opposite
effect. Since the regulation of both pathways seem to be centered in the GAP
activity, and both isoforms Type II and Type I have a ten-fold different GAP
activity (Yunoue et al., 2003), the fine regulation of a simple and small
alternative exon can exert an exquisite way to coordinate over time, two

important pathways both required for a proper neuronal differentiation process.
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Differentiation

RAS/MAPK cAMP/PKA RAS/MAPK cAMP/PKA

Figure 63: Schematic representation of how NF/ alternative splicing allows the fine-tuning of the
RAS/MAPK and cAMP/PKA pathways through its GAP activity in a coordinate and opposite
way along process of neuronal differentiation.

Alternative splicing of E23a in neuronal and Schwann cell differentiation

Adequate set up and functional characterization of different neuronal model
systems was necessary to perform experiments regarding the use of PMOs to
modulate NF1 alternatively-spliced exons. In this thesis we set up the use of two
different cell lines, PC12 and HI19-7, and a group of functional assays for
assessing proliferation, differentiation, signaling and apoptosis. PC12 cells have
been used as an in vifro model system to study neuron-like (sympathetic neurons)
phenotypes. However, these cells have some limitations as a neuronal model such

as the lack of formation of real central nervous system structures (axons,
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dendrites and synapses) and the lack of information on their genetic and genomic
alterations that can make these tumor-derived cells different from WT neurons.
Thus in order to validate the results obtained in PC12 cells regarding the different
effects of the PMOs used we set up another neuronal differentiation model based

on the hippocampal cell line H19-7.

The use of H19-7 cell line, as a cellular model for neuronal differentiation has
been quite limited. We have observed for the first time a switch from NF1 type II
to type I isoforms upon bFGF differentiation and that the modulation of E23a
alternative splicing using PMOs was interfering with the proper neuronal
differentiation. These results reinforce the findings obtained using PC12 cells,
making them not restricted to this cellular model, but a general finding in the
context of neuronal differentiation, and specific to it, since the results obtained
concerning the alternative splicing of E23 during Schwann cell differentiation
were completely different. In the case of Schwann cell differentiation, we
observed a slightly increase in type II isoform expression in accordance with
previous observations (Gutmann DH et al., 1993). While differentiation of PC12
cells increased the levels of ERK1/2 phosphorylation, during SCs differentiation
they were decreased. These results suggested that the regulation of E23a
alternative splicing plays a different functional role in distinct differentiation

processes depending on the cell type.
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1. Different Phosphorodiamidate Morpholino Oligomers (PMQOs) have been
designed and tested that effectively modulate the expression of type I (-E23a) and
type II (+E23a) isoforms of the NFI gene without altering its physiological
expression. This tool could be used to study in detail the role of the alternative
splicing of exon 23a in any in vitro model system relevant to NF1. In addition, it

can serve as a model to study similar alternative splicings in other genes.

2. Forcing the alternative splicing of exon 23a is not sufficient for inducing PC12
neuronal differentiation in the absence of nerve growth factor (NGF); it does not
alter the proliferation capacity of PC12 cells, neither the cell cycle arrest induced

by NGF.

3. Any alteration of the proportion of isoforms type II and I resulting from the
endogenous alternative splicing of E23a, either in a quantitative or time-
dependent manner, interferes with the correct neuronal differentiation process of
PC12 cells. In particular, it alters the correct formation of neurites, as well as the

regulation of the RAS/MAPK and cAMP/PKA signalling pathways.

4. The alteration of the E23a alternative splicing also impedes the proper
neuronal differentiation process in hippocampus neuronal cells (H19-7). In other
models of differentiation, such as myelinating Schwann cells of the peripheral
nervous system, it has been confirmed that the regulation of E23a alternative

splicing plays a different functional role.
5. The NGF treatment of PC12 cells mainly expressing type I isoform (with

higher GAP activity), results in the aberrant formation of neurites and in an

altered RAS/MAPK and cAMP/PKA signalling pathways, similar to the aberrant
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differentiation processes caused by neurofibromin knockdown. This phenomena,
indicates the possible existence of a negative feed-back on the regulation of

neurofibromin GAP function.

6. Depletion of neurofibromin in PC12 and H19-7 cells induces a generalized
process of apoptosis that in the case of PC12 cells is partially reduced after NGF-

triggered differentiation.

7. The modulation of E23a alternative splicing under physiological conditions has
allowed, for the first time, to show that the GAP activity of neurofibromin
(directly or indirectly) regulates the activation of PKA in the process of neuronal

differentiation.

8. All together, the results of this thesis indicate that the regulation of the
alternative splicing of exon 23a of the NFI gene allows the fine-tuning of the
RAS/MAPK and cAMP/PKA pathways through its GAP activity in a coordinate

and opposite way along the time-dependent process of neuronal differentiation.
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