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DEDICATION
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viii
SUMMARY

Neurofibromatosis Type 1 (NF1) is a complex genetic disease that can display a
variety of phenotypes including skin lesions, cardiovascular abnormalities, skeletal
deformations, and nervous system tumors. Neurofibromas are the hallmark tumor
associated with this disease and originate from transformed Schwann cells surrounding
nerves. Malignant transformation of these tumors can occur and carries a very poor
prognosis. Current medical treatments are almost exclusively symptomatic as very few
NF1-specific therapies exist.

Thousands of unique mutations have been identified in NF1 yet very few
genotype-phenotype correlations have been identified. Splice site mutations are
disproportionately found, however, and are frequently associated with tumor formation.
Alternative splicing, a natural variation in splicing, also occurs with relatively high
frequency in NF1 but its functional role is not well known. Understanding variations in
NF1 splicing may help explain the phenotypic diversity and increased tumor incidence
seen in patients. Relevant models that recapitulate the disease phenotype and genetic
complexity are needed to study a complex disease like NF1. Recently developed NF1
swine models display NF1 phenotypes better than traditional animal models and may
better model the genomic complexity of NF1, however, these studies have not been done.

To determine if swine effectively model NF1 alternative splicing, several research
aims were completed. 1) NF1 alternatively spliced exons (ASEs) were identified in swine
and their expression levels in a variety of tissues were quantified. 2) A cell culture
platform for isolating, differentiating, and evaluating neuronal cell types was established

for further NF1 ASE studies. 3) Regulatory regions for several NF1 ASEs were identified



and splice-switching oligonucleotides (SSOs) were used to confirm regulatory activity at
these sites. 4) Downstream effects of NF1 ASE modulation were evaluated in
differentiating Schwann cells and shown to reduce tumorigenic effects associated with
NF1 function. The results of these aims show that swine effectively model NF1
alternative splicing as seen in humans and can be used to evaluate NF1 alternative
splicing. They also demonstrate that modulation of NF1 alternative splicing has
functional downstream effects central to NF1 tumorigenesis and Schwann cell
development. Overall, this work provides a relevant translational platform to study NF1
alternative splicing and shows that SSOs can be used to modulate NF1 ASE expression in

a functionally significant way.



CHAPTER 1 - Neurofibromatosis Type 1 (NF1)
1.1.  Clinical Presentation

Neurofibromatosis Type 1 (NF1) is a complex disease commonly characterized by
various skin conditions that also affects multiple physiological systems. Individuals with NF1
have a decreased life expectancy of around 15 years compared to the general population [2].
In addition to multifaceted symptom presentation, patients have a significantly increased
disposition for tumor formation. Tumors form with increased incidence on the dermis, in the
brain, on cranial and peripheral nerves, and on the spinal cord. Current medical treatments
are almost exclusively symptom based as very few NF1 specific therapies exist. NF1 has
been challenging to diagnose with traditional clinical examination since many of its
symptoms are not specific and may not manifest until later in life. Consequently, awareness
of this disease within the medical community has lagged behind other rarer diseases that have
more consistent, severe manifestations. While NF1 is classified as a rare disease by some
leading medical organizations, typically defined as a condition affecting fewer than 1 in 2000
people, its true incidence may be higher in some populations [3, 4].

Formerly known as von Recklinghausen disease, NF1 was first given a formal,
classical description in 1882 by Friedrich Daniel von Recklinghausen. This disease has been
partially documented throughout history, however, he was the first to identify cutaneous,
neurological, and visceral symptoms as being part of the same syndrome with origins in
nervous tissue [5]. Prior to this, illustrations with close resemblance to NF1 have been found
as early as the 15" century which depicted some classical manifestations of neurofibromas
[6]. Recognition of some of the other hallmark characteristics, such as Lisch nodules and

café-au-lait spots, of NF1 came later [7]. Medical science has made tremendous progress in



the last few decades, especially with the advent of genetic sequencing technology, and NF1
was first mapped in humans in 1989 [8]. This served as a foundational moment for research
into this disease as genetic analysis is now a core component of NF1 study and diagnosis.
Further genetic studies have highlighted the increasingly diverse range of pathology
associated with NF1, the involvement of NF1 as a tumor suppressor in cancer more

generally, and a puzzling lack of correlations between specific NF1 mutations and symptoms.

1.1.1. Diagnosis

NF1 is one of the most commonly acquired monogenic inheritable genetic disorders
[9]. It is autosomal dominant, demonstrates complete penetrance, and arises due to mutations
within a single gene. Mutations within this gene can affect multiple distinct traits with
varying degrees of severity making it a pleiotropic gene with variable expressivity. The
presentation of specific clinical phenotypes is also highly variable between individuals with
the same mutation which contributes to the overall complexity of understanding this gene
and its associated disease [10]. The first consensus diagnostic criteria was established by the
NIH in 1988 [11]. It stated a clinical assessment must find TWO or more of the following
features:

* 6 or more café au lait macules (>0.5 cm in children or >1.5 cm in adults)

* 2 or more cutaneous/subcutaneous neurofibromas or one plexiform neurofibroma
» Axillary or inguinal freckling

* Optic pathway glioma

* 2 or more Lisch nodules (iris hamartomas seen on slit lamp examination)

* Bony dysplasia (sphenoid wing dysplasia, bowing of long bone + pseudarthrosis)

* First degree relative with NF1



Other diseases may resemble NF1 on clinical presentation and have sometimes been
referred to as NF1 subtypes. Some of the these syndromes include Legius syndrome with
café-au-lait macules axillary freckling [12], Noonan syndrome with skeletal defects and
cognitive deficits [13], Costello syndrome with hyperpigmentation and various tumors [14],
Leopard syndrome with lentigines (dark freckling) [15], and Watson syndrome with Lisch
nodules and cutaneous tumors [16]. More generally, NF1 and these other syndromes have
been classified as RASopathies as they all involve mutations with Ras pathway genes [17].
Due to these other syndromes presenting similarly to NF1, clinical criteria alone can be
insufficient for definitive diagnosis, particularly in young children [18].

Diagnosis was exclusively a clinical one prior to the advent of genetic testing and
many cases were missed or attributed to other similar syndromes. Genetic testing has led to
an increase in the known incidence of NF1 and most estimates currently state around 1 in
3,000 people throughout the world carry an NF1 mutation [19]. Some studies now estimate
true incidence to exceed 1 in 2,000 in certain populations [4, 20]. Formal clinical diagnostic
criteria were updated in 2021 to reflect new genetic analysis capabilities [21]. This update
introduced two new criteria to be considered in addition to the clinical criteria:

* A heterozygous pathogenic NF1 variant with a variant allele fraction of 50% in
apparently normal tissue such as white blood cells
* A child of a parent who meets the diagnostic criteria merits a diagnosis of NF1 if

ONE or more of the other criteria are present

Routine genetic screening for NF1 is not currently performed in any patient
population, but newborn and prenatal screening is available and recommended for children of
parents with NF1 [22, 23]. Current NF1 screening methods have a detection rate approaching

100% but are overall less sensitive than many other genetic screens due to the exceptionally



large size of the gene [24]. With technological improvements in the future, it is conceivable
that NF1 genetic testing could become the primary means of diagnosis and could become

part of standard newborn screening procedures.

1.1.2. Non-tumor Symptomatology

NF1 mortality is driven primarily by malignant transformation of neurofibromas but
some symptoms such as cardiovascular disease contribute to overall mortality but to a lesser
degree. Still other symptoms like some cutaneous manifestations, while not contributing to

mortality, are cause for significant morbidity.

Skin conditions

The most common NF1 symptoms are those listed in the diagnostic criteria that
involve the skin. These include café au lait skin macules (CALMSs), dermal neurofibromas,
freckling in the armpits or groin, and Lisch nodules (Figure 1). Most patients who exhibit 6
or more CALMs will be diagnosed with NF1, even if they have no other signs of the
disorder. CALMs are frequently the first sign of NF1 found in infancy as other
manifestations typically develop later. A single CALM is found in about 25% of otherwise
healthy children but multiples, especially beyond six, are much more rare [25]. CALMs do
not present any additional risk to health but can warrant further examination for NF1 or
Legius syndrome. Likewise, Lisch nodules, melanocytic hamartomas of the iris, and inguinal
freckling, due to melanin deposits in the skin, are also benign aside from cosmetic
appearance [26]. Both typically present later in life and by puberty are found in a significant

majority of NF1 patients.



Figure 1. Common cutaneous F.ri:eilﬁifestations of NF1 - Café au lait macules (Ift),
inguinal freckling (center), and Lisch nodules (right) [27, 28]

Non-CNS disorders

In addition to the common cutaneous sequelae, about 70% of NF1 patients also have
more severe manifestations that may include learning difficulties, cardiovascular disorders,
softening and curving of bones, and scoliosis [29]. Osteopenia is common and often suggests
an underlying bone abnormality although one may not be observed in all patients [30]. This
reduction in bone mineral content suggests dysfunction of osteoblastic or osteoclastic
function. Indeed, osteoclast survival and osteoblastic differentiation has been shown to be
Ras-dependent in NF1 mouse models [31]. Hypertension, vasculopathies of the renal and
cerebral vessels, and congenital heart defects are all seen with greater frequency [32]. These
cardiovascular pathologies are the second most significant cause of death for many NF1
patients, behind only tumors [33]. It is unclear if there is a common cell of origin or process
that links these vascular etiologies together. Many different tissues have been suggested as
causative such as nerves within the vessel wall, Schwann cell proliferation, mesodermal
dysplasia, and fibromuscular hyperplasia [34, 35]. Endocrine disorders such as

hyperthyroidism and precocious puberty are also seen in some NF1 patients [36].



Cognitive impairments

A majority of NF1 patients also experience some form of cognitive deficit,
approaching up to 70% of patients by some estimates [37]. Some patients have no
identifiable deficits while others may have only deficits in specific skills like visuospatial,
visuomotor, language, or fine or gross motor skills [38, 39]. Others have observed more
generalized deficits in learning, such as in reading or math, but severe generalized
intellectual impairment is more rare [40]. Attention-deficit-hyperactivity disorder is also
frequently diagnosed and may exacerbate these deficits [41]. Cellular and molecular
mechanisms driving cognitive deficits are clearly complex, however, some specific
neurobiological processes have been explored more closely. Learning deficits in NF1 +/-
mouse models have been attributed to hyperactivation of Ras signaling in GABAergic
neurons. Further studies have shown hyperpolarization-activated cyclic nucleotide-gated
current in interneurons also produced a deficit in mice that was rescued by the
pharmaceutical lamotrigine [42]. Other NF1 mouse studies have found a reduction in cyclic
AMP and concurrent loss of cortical thickness and shortened neural processes [43]. One
behavioral study correlated a deficit in NF1 mouse spatial learning to dopamine levels in the

hippocampus [44].

1.1.3. Tumorigenesis

NF1 predisposes individuals to a multitude of different tumor types, both benign and
malignant. Overall incidence compared to the general population is between 5-15% greater,
with most of the increased risk attributed to tumors associated with nerves and connective

tissues. The majority NF1 tumors are benign but plexiform neurofibromas have about a 15%



chance of developing into malignant tumors compared to the general public [2]. NF1 patients
also have a lower overall survival rate once diagnosis with malignancy is confirmed

compared to patients with sporadic cancers [45].
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Figue 2. Common tumors observed in NF1 [46]

Cutaneous

Lipomas and cutaneous neurofibromas (Figure 2) are the two skin lesions commonly
observed in NF1 patients and, while not known to have malignant potential, are associated
with significant morbidity due to the disfigurement associated with them [47]. Some will
occasionally cause physiological problems due to the compression of surrounding tissues but
usually resolve upon surgical removal. These neurofibromas are localized but are not
encapsulated and do not show a clear association with myelinated nerves, like other more
serious neurofibromas, but may be associated with nerve endings and perineurial cells [48]

[49]. Similar to Lisch nodules and inguinal freckles, these lesions usually become clinically



evident after puberty. Pruritus is commonly associated with these lesions likely due to
increased activation of mast cells [50]. Neurofibromas are composed of mast cells, a variety
of fibroblasts, neoplastic Schwann cells, and occasionally adipocytes [51]. Recent evidence
also suggests that the cell of origin for cutaneous neurofibromas reside in the hair roots of the
dermis, sometimes referred to as skin-derived progenitor cells [52]. These cells share a
common ectodermal lineage with other NF1 relevant cells of the skin, nerves, and

myelinating tissue.

Central Nervous System

Tumors of the nervous system are much more debilitating than cutaneous tumors and
are the most significant cause of mortality among the NF1 population [53]. The major
classifications include spinal neurofibromas, optic pathway gliomas, brain gliomas,
plexiform neurofibromas, and malignant peripheral nerve sheath tumors (MPNSTS) (Figure
2). These types of tumors frequently originate in the myelinating tissues of the nervous
system and signify a poorer prognosis than tumors that do not involve nerve bundles [54].
Spinal neurofibromas are found in up to 40% of patients and have exhibited a familial
pattern. While most other neurofibromas exhibit loss-of-heterozygosity in the NF1 gene, only
one-third of spinal tumors have this characteristic [55]. Fortunately, these tumors are
generally benign and are often only found when the masses symptomatically compress
nearby tissues.

Low-grade astrocytomas are present in about 15% of the NF1 pediatric population
[56]. These tend to be benign but often involve the optic pathways and can become

symptomatic. Females with optic gliomas appear to have greater incidence and referral for



treatment than male patients [57, 58]. Young females appear to have an increase incidence of
NF1 malignancies overall, even when excluding optic gliomas [59]. While this difference
could be due to a hormonal influence yet to be revealed, a sex-based dimorphism in CAMP
signaling is known to be associated with low-grade glioma development in females as well as
in mouse models of NF1 [60].

Plexiform neurofibromas arise from the myelinating cells of large nerve plexuses.
While the tumor composition is overall similar to dermal neurofibromas, a far higher
percentage display loss-of-heterozygosity and also have significantly increased incidence of
developing into a malignant tumor [61]. The tumors are thought to originate from non-
myelinating Schwann cells and thus may have an embryonic or adolescent origin [62]. The
tumor microenvironment also has increased significance in plexiform neurofibromas.
Interaction of NF1 haploinsufficient mast cells and fibroblasts with the NF1-/- Schwann cells
appear to be involved with a key interaction in the initiation of plexiform neurofibroma [63].
Approximately 15% of plexiform neurofibromas will transform into a malignant tumor
termed an MPNST [29]. NF1 patients have about a 10% lifetime risk of developing
MPNSTSs. While not exclusive to patients with NF1, they account for about 25% of cases and
have worse treatment outcomes than non-NF1 patients [64]. Treatment can be difficult with
as many as 50% of tumors reported as being unresectable, which further impedes the efficacy
of adjuvant treatments like chemotherapy or radiotherapy. MPNST, as with many malignant
tumors, have significant mutational heterogeneity associated with them which can make
research into their origins challenging. One of the more consistent mutations found across
MPNST tumors, however, is loss-of-heterozygosity in TP53, a cell cycle regulator and also a

tumor suppressor [65].
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Other Tumors

Several other tumors that do not have a clear origin in the skin or central nervous
tissue, while generally more uncommon, are also seen with increased incidence in NF1
patients. Gastrointestinal stromal tumors (GISTs) are smooth muscle neoplasms found in
25% of patients at autopsy. Significantly, GISTs within the context of NF1 do not harbor the
typical KIT or PDFG mutations, suggesting a different pathogenic mechanism [66]. Gastric
carcinoid tumors with a loss-of-heterozygosity have also been found in NF1 patients in the
absence of other predisposing factors [67]. Incidentally, studies have shown miR-107 is
upregulated in gastric cancer and its inhibition increases NF1 protein levels, suggesting NF1
is one of its targets in these cancers [68]. Juvenile myelomonocytic leukemia (JMML)
incidence is 200-fold higher in the NF1 population [69]. Additionally, NF1 is one of the 20
most mutated genes in myeloid leukemias, suggesting an important role for NF1 as a tumor
suppressor in immature myeloid cells [70]. Neuroblastomas and pheochromocytomas, both
tumors of the adrenal gland, present infrequently but do have loss-of-heterozygosity [71].
Glomus tumors and rhabdomyosarcoma are two other rare but significant tumors that are
found within the NF1 spectrum of disease [32, 72]. More recently, breast cancer has been
recognized as occurring more frequently in NF1 patients and the gene has been strongly
implicated in the general mutational profile [73]. In fact, its presence also contributes to
endocrine therapy resistance [74]. NF1 alternative splicing, particularly the absence of one

particular neurofibromin isoform, is identified as part of breast cancer progression [75, 76].
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1.2.  Molecular and Functional Characteristics

NF1 is located at chromosome 17g11.2 in humans and contains 61 exons (Figure 3).
The gene spans 350kB of DNA, is transcribed into a 12 kB mRNA, and then translated into a
250-280 kDa protein product, neurofibromin, which forms a high-affinity dimer [77]. The

promoter region is 484 bp upstream of the initiation codon and contains a 5’ untranslated
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Figure 3. NF1 Genomic Exons — A circularized representation of the NF1 exons and
functional domains rendered to scale.
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region but no TATA or CCAAT boxes [78]. The 3’ untranslated region, important for
polyadenylation of pre-mRNA, is 3.2kb in length and has specific sites for proteins but their
roles that have not yet been clearly elucidated [79]. Three other genes also lie within intron
35, EVI2A, EVI2B, and OMPG, however, these genes have not been associated with the
NF1 mutational profile or NF1 symptoms [80-82].

NF1 has several functional domains and downstream interactions within the cell
(Figure 3). It regulates cell signaling for cell proliferation and differentiation and acts as a
tumor suppressor. It also has many identified functional domains and communicates through
several different signaling pathways, most notably the Ras/MAPK, PI3/Atk, and CAMP/PKA
pathways. Neurofibromin is expressed in all cells of the body, but its activity appears to be
much more important in certain cell types owning to its overall complexity. Regulation with
respect to post-translational modification, epigenetics, or alternative splicing may be

necessary to explain some of its functional difference [83].

1.2.1. Alternative Splicing

NF1 contains several alternatively spliced exons (ASEs) that are differentially
expressed in various tissues which are translated into different neurofibromin isoforms
(Figure 3). The average human gene produces 3 different isoforms, based on the published
annotation data from Ensembl. RNA-seq data annotation, however, estimates this average
could be as high as 7 different isoforms per gene [84]. Given the large number of exons in
NF1 (the average is 33 exons), a conservative estimate would give NF1 6 different isoforms.
Currently, there are at least seven identified ASEs in the human NF1 transcriptome, four of

which are traditionally considered alternatively spliced [85]. If these four common ASEs are
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spliced in every combination, there could be over 16 (2*=16) different NF1 isoforms.
However, whole transcriptome analysis on NF1 has not been performed as long-read

sequencing has traditionally been technically challenging for large MRNA products.

Nomenclature

NF1 nomenclature has changed recently to better reflect upon the exon’s constitutive
or alternatively expressed nature. The four currently identified ASEs are denoted 11alt12,
12alt13, 30alt31, and 56alt57 [86]. For brevity or clarity, they can also be referred to as al2
or ASE 12 instead of 11alt12, etc.... Of the other 57 constitutively expressed exons, 3 of
them have been found to be excluded from mature, polyadenylated mMRNA transcripts: exon
4, 44, and 51 [85]. Other exons have been found to be excluded, but not in mature transcripts.
For clarity, the nomenclature used in this work distinguishes the whole body of NF1 ASEs
into two subcategories: alternatively included exons (AIEs) and alternatively excluded exons
(AEEsS). In the conventional NF1 nomenclature, AIEs are given a suffix or prefix to
distinguish them from the other, more constitutively expressed exons, which are simply
referred to by number. The AEEs are numbered regularly amongst the rest of the
constitutively expressed exons and when referred to in the context of alternative splicing are
prefaced with the phrase AEE indicating they are among the normally numbered exons but

are being discussed in the context of its alternatively spliced nature.

Splicing Mechanisms
RNA-splicing reactions are carried out by a large ribonucleoprotein called a

spliceosome. Specific regulatory exonic and intronic sequences interact with RNA-binding
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proteins and act as a splice silencer or splice enhancer (Figure 4). Precisely defining enhancer
and silencer proteins and mechanisms can be complex and is an intense area of research.
Some RNA-binding proteins can function as either enhancers or silencers depending on the
location along the pre-mRNA the sequence is located [87]. The most frequently studied NF1
ASE, AIE 31, has multiple identified regulatory proteins which indicate it is under tight,
complex control. Generally, two main classes of proteins, CUG-binding protein and
embryonic lethal abnormal vision like family (CELF) and Muscleblind-like protein (MBNL),
act in an antagonistic dose dependent manner [88]. CELF and Hu proteins promote AIE 31

skipping, while the MBNL and TIA-1/TIAR proteins promote its inclusion [88].

pre-RNA 5' - - 3
Exon 1 Exon 2 (ASE) Exon 3
v v
mRNA [ ]
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Figure 4. Splicing Mechanism - General schematic highlighting the role of RNA splicing
elements that dictate ASE inclusion or skipping.
1.2.2. Neurofibromin

Neurofibromin is an established tumor suppressor, interacts with Ras-GTPases, and is
part of the NMDA receptor complex neuronal synapses [89, 90]. Other functions have also

been implied, like involvement in cellular orientation [91]. Given the genomic and
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phenotypic complexity of NF1 and its associated disease, other functions are likely but have
yet to be definitively elucidated, however, some important mechanistic features have been

characterized.

SPRED1

Figure 5. NF1 Protein Interaction — Neurofibromin backbone structure revealed by X-
ray models. GRD (light blue) and Sec14-PH (yellow) domains interact with SPRED-1
(purple) and Ras (red) proteins stabilized by Zinc (gray) and interdomain linker (red)
[92].
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Functional Domains

The most well-known and well-studied domain in the neurofibromin protein is its
GAP (GTPase activating protein)-related domain (GRD). Its function is to hydrolyze active,
phosphorylated GTP-bound Ras into inactive GDP-bound Ras (Figure 3, 5). The GRD region
also interacts with SPRED-1 and is required for optimal Ras inhibition [93]. Many other Ras
regulating genes also undergo alternative splicing to regulate its activity [94]. GAP domains
frequently undergo alternative splicing as well [95]. Within the NF1 gene, AIE 31 directly
modulates this GAP activity. According to most studies, inclusion of this ASE decreases
GAP activity but also binds its target with higher affinity [96]. The tubulin-binding domain
(TBD) is found directly upstream of the GRD domain. It interacts with various cytoskeleton
elements and helps mediate neurofibromin dimerization which also decreases GAP activity
[90]. The C-terminal domain (CTD) is also a tubulin binding domain involved with cell cycle
progression and is located at a far downstream region within the gene. It also has a nuclear
localization signal within it which decreased GAP activity [97]. Similarly, the cysteine-
serine-rich domain (CSRD), located upstream of the GRD domain, interacts with the
cytoskeleton and has a region that can be phosphorylated in a protein kinase C dependent
manner thereby increasing GAP activity [98]. The Sec14 homologous-pleckstrin homologous
domain (SecPH) is the other identified functional domain and located just downstream from
the GRD domain. It functions as a lipid binding domain that can target both lipid membranes

and non-membrane glycerophospholipid ligands [99].
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Post-translational Modifications

Neurofibromin function can be regulated through post-translational modifications. It
can be phosphorylated at its C-tail terminus consistent with its transport into the cytosol.
Dephosphorylation, the basal state, directs neurofibromin to the nucleus. An active
RasMAPK pathway enhances C-tail phosphorylation and is a feature found in other tumor
suppressor genes [100]. Phosphorylation of the CTD domain inhibits its overall GAP activity
[97], and phosphorylation of the CSRD domain promotes association with cytoskeletal
elements [101]. Like most proteins, neurofibromin can be ubiquitinated as well and leads to
proteasome degradation. This process is dynamically regulated and most active in cell states
where increased Ras activity is needed to induce proliferation and differentiation [102].
Recently, neurofibromin via its SecPH domain was confirmed to undergo SUMOylation. It
was suspected previously due to 15 SUMOylation motifs being found throughout the gene.
This process localizes the protein to PML nuclear bodies and has the effect of stimulating

Ras-GAP activity [103].

Signaling Pathways

Neurofibromin signals through several pathways. It regulates cCAMP in two major
ways. One requires interaction with the GRD domain and its downstream activity [104], and
the other is neurotransmitter stimulated and involves the CTD domain [105]. These pathways
are thought to be involved in memory formation, both short term and long term, respectively.
Ras mediated signaling is transduced through several different pathways. Both the MAPK
and PI-3K pathways enhance mitogenic activity and have been found to be increased in NF1

tumors [106]. The MAPK pathway, a highly conserved cascade of protein kinases, regulates
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cell cycle progression and transcription while PI3K, via AKT and PDK1, is more involved
with survival, protein translation, and cytoskeletal signaling [107]. On the other hand, the
inactivation of the Ras-PI3K pathway, or in the absence of neurofibromin, enhances the
mTOR pathway, promoting cell proliferation and survival and is increased in NF1 tumors
[108]. The PI3K pathway is normally downregulated by phosphatase and tensin homologue
deleted on chromosome ten (PTEN), a tumor suppressor that is often mutated in malignant

NF1 tumors [109].

1.2.3. Tissue Distribution

The consensus dataset in the Human Protein Atlas indicates neurofibromin is
expressed in relatively consistent overall levels in different tissues with higher levels in the
retina, thyroid, and most nervous tissues [110]. Despite these modest differences, its activity
in certain cell types appears to be much more important than in others so more nuanced
mechanisms are likely involved.

NF1 ASEs are differentially expressed in different tissues to a much greater degree
than the overall level of NF1. Tissue distribution patterns have been generalized, but not yet
fully elucidated. AIE 12 is neuron-specific and contains complex splicing regulatory
elements, AIE13 has been found to direct targeting to the intracellular membrane, AIE 31 is
within the well-defined RAS-GAP domain of the NF1 protein and highly expressed in
myelinating tissue, and AIE 57 is included in a muscle-specific isoform that may also have
important roles during embryonic development. Of the NF1 AEEs, 4 is excluded most often
in blood, 44 is excluded most often in liver, and 51 is most often lost in liver, kidney, and

skeletal muscle. In most other tissues, these AEEs are lost in fewer than 1% of mRNA
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transcripts [85]. AIE 31 is the most well studied. Neurons show low levels of AIE 31 while
glial cells have high levels [111]. Further, some nervous tissues show an increase in AIE 31

during embryonic development [112].

1.3.  Mutational Landscape

Neurofibromin is involved in cell functions directly tied to tumorigenicity and
mutations are strongly linked to the development and progression of multiple cancer types.
Within the NF1 population, over 2,800 unique NF1 germline mutations have been identified
[113]. This number is likely much higher as many patients, particularly ones with less severe

symptoms, do not pursue genetic analysis.

Transmission and Frequency

NF1 appears to mutate much more frequently than other genes, at a rate about 10-fold
higher that most other inherited disease genes [61]. This may be partly explained by its
relatively large size. However, it mutates at about the same rate as the dystrophin gene
(DMD) which is 2.5 Mb, considerably larger than NF1. Mutations in the gene are generally
distributed evenly across the entire gene, apart from a couple notable clusters in two exons,
and a decreased incidence in a few others. About half of all point mutations or single
nucleotide indels result in premature stop codons, and thus a truncated or quickly degraded
neurofibromin protein [114]. The frequency of mutations that influence splicing is also
significant in NF1, and seemingly more so than in other disease genes [115]. Approximately
50% of the NF1 mutations are familial, inherited directly from a parent, while the other half

arise from de novo mutations [28]. Some de novo mutations, estimated around 1 in 40,000,
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are mosaic, meaning the mutation occurred during development and not all cells in the body
harbor the mutation [116]. However, if the gonadal cells carry the mutation, any offspring

will have full, generalized disease.

Genotype-phenotype associations

One of the more unique aspects about the mutational landscape of NF1 is the lack of
clear genotype-phenotype correlations. This has led to a broader search for other associations
that may be helpful in developing targeted interventions or understanding the mechanisms
driving clinical pathology. The few mutations that have a slightly increased incidence also
appear to have some degree of predictive outcome. A 3 bp, in-frame deletion in exon 22
tends to produce a mild phenotype that lacks cutaneous neurofibromas and a missense
mutation in exon 9 produces a phenotype with developmental delay but no neurofibromas
[117]. A large microdeletion, that is a mutation that deletes the entire NF1 gene plus
surrounding genes, also produces a similarly severe phenotype that has high malignant tumor
potential. More recently, mutations affecting a series of codons in exon 21 were identified
which leads to plexiform and spinal neurofibromas in 75% of patients [113]. The variable
expressivity could also be influenced by modifier genes, allelic variations, or environmental

factors and not be directly associated with the gene itself [10].

Heterogeneity
NF1 is considered a tumor suppressor. Classically that means both alleles must be
inactivated for the tumorigenic process to be initiated. Since biallelic inactivation of NF1 is

lethal in utero, patients are usually born with a heterozygous genotype (NF+/-). Exceptions
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would be those with segmental NF1 or NF1 mosaicism. It is also possible a small subset of
tissues develops a second allelic mutation in utero, thus initiating tumor development, but
this has not yet been proven to occur. NF1 heterogeneity has been shown to influence cells
directly and indirectly as it modifies the cellular microenvironment. Fibroblasts’ ability to
orient themselves in their environment is impaired [91]. Astrocytes proliferate at a greater
rate and have a synergistic effect with other tumor mutations of p53 and Rb [118]. Optic
nerve glioma formation in a mouse model seems to depend on this heterogeneity [119]. Other
cells, such as microglia or mast cells, could also be responsible for the seemingly
heterogenetic effects seen with glia proliferation and tumor growth [120]. Interestingly,
malignant transformation of some types of tumors are inhibited by NF1 heterogeneity despite

it increasing benign de novo tumorigenesis [121].

Splicing Abnormalities

Most human genes undergo natural exon skipping and a relatively high number of
alternatively spliced genes are expressed in the central nervous system [122]. Consequently,
splicing misregulation is increasingly being implicated in multiple neurological disorders,
including NF1. Overall, it is estimated that 30% of NF1 mutations negatively influence
splicing [123]. Alternative splicing dysfunction is also known to be involved with
tumorigenesis. Generally, most of these splice site mutations disrupt the normal splice
sequences but some can influence splicing regulatory elements or even create new splice
sites [124]. The latter of which can cause cryptic exon inclusion [125]. These splicing
mutations could be a mechanism driving genotype-phenotype correlations in NF1patients

[126]. Recently, an association has emerged showing a clear relationship between splice-site
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mutations and the incidence of brain gliomas, including MPNSTSs [127]. Interestingly, exon
9, which has a higher incidence of mutation, has been shown to have an especially high
number of splice regulatory motifs that could influence mRNA splicing more generally

[128].

1.4.  Splice-switching Oligonucleotides

It is well established that many NF1 mutations result in splicing abnormalities.
Therapeutics that correct this splicing, therefore, could be used as therapy to treat NF1
symptoms or even as a preventive measure. No such therapeutics exist for NF1 at this time;
however, one possible approach could involve the use of antisense oligonucleotides to

modulate endogenous splicing.

Function and Design

Splice-switching oligonucleotides (SSOs), also generally referred to as antisense
oligonucleotides, are short sequences of nucleotides, typically 15-30 base pairs long,
designed to block the binding of splicing factors to pre-mRNA and can have inhibitory or
enhancing effects depending on the target region’s function (Figure 6). Inhibition can be
achieved by targeting a known splice site to interfere with splicing protein interactions, block
cryptic splice sites, or modulate alternative isoform expression [129]. SSOs can also be used
to enhance splicing or restore exon inclusion, through targeting splicing silencer sequences
(exonic or intronic), disrupting secondary RNA structures, or recruiting acting splice factors

[130].
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Figure 6. SSO Function — Schematic diagrams representing the mechanism of skipping
SSOs (dark red) and inclusion SSOs (dark green).

When used in physiological systems, SSOs must be modified in particular ways,
otherwise endogenous endonucleases and exonucleases will quickly degrade the products.
The modifications generally involve changes to the phosphate backbone and/or sugar moiety
of the nucleotide structure [131]. A common, efficacious set of modifications involves the
addition of 2'-O—Me RNA nucleotides on the ends of SSOs to inhibit ribonuclease and
DNase digestion and the substitution of a phosphorothioate on the ribose backbone to inhibit
exonuclease and endonuclease digestion. Lock nucleic acids (LNAs) contain a 2’-0,4’-C-
methylene nucleotide modification and confer similar resistance to other sugar modifications
while also conferring higher binding affinity to the RNA target [132]. Phosphorodiamidate
morpholinos (PMOs), are yet another novel modification that replaces the furanose ring with
a morpholine ring and the phosphodiester backbone with a phosphorodiamidate backbone.
PMOs have reduced binding affinity for plasma proteins due to their neutral charge which
decreases accumulation within tissues in vivo that is seen with other SSOs [133]. The process

of designing SSOs, which is to say identifying RNA target sequences, involves using a series
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of predictive algorithms to locate the target region and then calculation of binding energies to
maximize binding efficacy. RNA folding programs predict the most common secondary
folding structure, then splice site evaluation programs predict the most likely regulatory
regions. Combining these data allows for SSO targets to be identified that are partially open
and thus accessible to free-floating SSOs but also partially closed so that their binding will
disrupt the secondary structure. Finally, binding energies of SSOs with respect to self-
complementarity, dimer and multiplex formation, target binding affinity, and off-target
potential are taken into account to maximize efficacy in physiological conditions [134]. SSO
modification also influences binding energies and must be considered. In vitro validation of
SSOs efficacy is commonly performed using RT-gPCR to measure mRNA isoforms. This
assay can be enhanced by introducing plasmids containing the targeted mRNA transcript into
the cell which is especially helpful if the target is only weakly expressed in the given culture

system [135].

Therapeutic Strategy

SSOs can be used as a research tool to modulate alternative splicing and study basic
science mechanisms but also has potential as therapeutic to correct splicing defects [136].
They can also be used to modulate endogenously occurring alternative splicing for
therapeutic ends [137]. An advantage of SSO therapy is that mMRNA can potentially be
restored to its natural state without modifying the DNA or introducing transgenes that
permanently alter the patient’s genome [138]. Dosing can also be dynamically adjusted and
SSOs can be personalized to any mutation or target. SSOs gain access to many cell types

within the body following parenteral administration but other tissues, such as the brain and
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heart, require additional packaging or delivery modalities [139]. SSO can be taken up into
cells quickly, usually between 24-72 hours for maximum efficacy to be reached, and can
remain pharmacologically active for a week, as in the liver, or up to months, as in muscle
tissue [140]. The first antisense oligonucleotide approved for humans was Fomivirsen and
was used to treat cytomegalovirus caused retinitis. This paved the way for future therapies
that used the same modality to correct splicing defects. The first SSO approved by the FDA
was Eteplirson and was for the treatment of Duchenne muscular dystrophy. Patients with
mutations that cause skipping of exon 51 (about 13% of patients) saw significant increases in
dystrophin levels after 48 weeks of treatment [141]. It worked by inducing exon skipping of
the frame-shifted exon thus producing a slightly shorter, but still functional protein.
Nusinerson was approved shortly thereafter and aimed at treating spinal muscular atrophy by

blocking a splice silencer mutation downstream of a splice enhancing site [142].

NF1 SSOs

Developing therapies that could modulate or restore normal NF1 mRNA splicing
would have a great impact for many NF1 patients. The ability to customize SSO sequences
would be especially helpful for NF1 due to the large variety of mutations that influence
splicing. However, very few studies have attempted to use SSO to target NF1 splicing, and
no published studies have explored their effects in vivo. One study, the first to use SSOs on
the NF1 gene, was able to restore splicing in primary human fibroblasts that contained deep
intronic mutations which created a cryptic exon that was spliced into the pre-mRNA [123].

Another notable study was able to modulate AIE 31 in immortalized rat PC12 lines from a
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pheochromocytoma [143]. In vitro work establishing efficacy of SSOs for NF1 is important

before in vivo experiments can be performed.

15. Research Models

Animal models have been critical in studying the basic mechanisms behind many
diseases and NF1 is no exception. Drosophila, the common fruit fly, was one of the earliest
models adopted to study the NF1 gene. It retains about 60% homology with humans and has
proven useful to study the roles of the GRD domain, CAMP signaling, and cognitive
impairments [144]. Its NF1 mediated adenylyl cyclase activity and the MAPK pathway share

similarities to humans as well [105].

Mouse Models

Mouse models have also contributed greatly to a better understanding of basic
mechanisms in NF1. With 90% percent homology to humans, genetic analysis lends to even
better comparison and translatability to human disease. NF1 +/- mice exposed to radiation
develop tumors similar to humans, suggesting a congruent tumor suppressor function [145].
Pheochromocytomas and myeloid leukemias were also shown in mice following loss-of-
heterozygosity [146]. Other models developed optic nerve gliomas dependent on NF1
heterogeneity in the tumor microenvironment [119]. Heart defects and homozygous
embryonic lethality is observed in NF1 mice [147]. Cre-recombinase conditional knock-out
NF21 mice crossed with mice expressing the Cre protein in Schwann cells removed lethality
from the otherwise lethal homozygous NF1 embryonic genotype. Further, using these same

mouse models to produce mice with NF1-/- Schwann cells in an NF1+/- microenvironment
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led to the development of tumors closely resembling neurofibromas. Without this NF1+/-
microenvironment, however, tumors did not form [148]. Further mouse studies have
implicated NF1 +/- mast cells in this process [149]. While many neurofibroma-like mouse
tumor models have been developed, drugs showing efficacy in these models have not
translated into successful trials in humans, nor have these mice reproduced many of the

classical cutaneous lesions commonly seen in patients.

Swine Models

Medical swine models are emerging as promising alternatives to more accurately
model human health and disease for scientific research [150]. They recapitulate complex
disorders better than the more commonly used rodent animal models and serve as a more
relevant translatable intermediary for developing efficacious therapies [151]. The genetic
proximity of the swine to humans and the overwhelming anatomical, physiological and
pathophysiological similarities make swine an ideal model to study the complexities of
disease genetics and pathophysiology (Figure 7) [150]. Further, the higher sequence
homology of swine with humans, about 98%, is believed to allow more accurate prediction of
pharmacodynamic and pharmacokinetic properties of drugs compared with mice, leading to
results which can be more directly translated to humans [152]. Translatability with respect to
surgical procedures or nervous system anatomy are also much more favorable in swine [153].
Genetically engineered swine models are quickly changing the research landscape in many
ways as well. Inducible cancer models allow for tumors to be selectively induced in any

location using a KRAS/p53 GE swine model [154]. Xerographic organ transplants are also
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being made possible by editing out immunogenic antigens and editing in key human

transgenes [155].
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Figure 7. Swine Modeling - Intrinsic and extrinsic factors influence complex interplay
of physiological systems in human disease. The complex interaction between
genetics/epigenetics, environment and microbiome influences the (1) causality of human
disease, (2) presentation of symptoms, (3) disease progression, (4) comorbidities, and (5)
efficacy and safety of preventative and therapeutic strategies. The influence of the 3
factors is mechanistically mediated by the modulation of the interplay between multiple
physiological systems [151].

Current NF1 Swine Models

The complexities of NF1 have necessitated the development of a more translatable
animal model to accurately study the disease. Many physiological systems are affected by
NF1, and the diverse presentation of clinical sequelae is likely driven by the interactions of

the environment and the microbiome, which also need to be considered [151]. More closely

modeling these influences will likely produce a better model for NF1. Genetically engineered
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NF1 swine have only recently been created and are being validated at multiple research
institutions, including the University of Wisconsin - Madison [1]. The validation of these
NF1 swine models is an essential component to advancing the research goals of the NF1
community and has the potential to improve on many of the shortcomings that rodent models
have. While NF1 mice model some aspects of NF1, none comprehensively models the
disease nor its genetic underpinnings. NF1 swine models that have been recently developed
reveal that they retain basic NF1 characteristics such as pigmentation abnormalities and
tumor development, and most critically, neurofibromas [156]. They also present behavioral
abnormalities and are amenable to advanced imaging technology like MRI [157]. NF1 swine
models with multiple different mutations and species background as well as generational
differences are making the swine even more comparable to human given the diversity of
factors that influences NF1 disease in patients [158]. Along with the models, additional
assessment will need to be developed in swine, particularly cognitive related aspects like

nociception [159]. Nutritional and dietary considerations will also need to be evaluated [160].

NF1 Alternative Splicing in Swine

The difficulty of studying this complex gene and associated disease is further
amplified by the genetic differences current animal models, namely rodents, have with
humans [161]. Genetic studies in mouse models have helped reveal the role of splicing in
neurological disease, but comparative analysis has revealed that pre-mRNA splicing of genes
does not occur as frequently as it does in humans. Alternative splicing occurs in nearly all
human genes but in as few as 63% of mouse genes [87]. With respect to NF1, mouse models

differ in many key aspects, including in the number of NF1 ASEs and expression of NF1



30

symptoms [85]. Conversely, the frequency of alternative splicing in swine suggests it is very
close to humans [162]. Differences in alternative splicing between mice and humans may be
why NF1 mouse models often display divergent phenotypes compared to humans [163].
Indeed, this may be a large part of why humans, despite having the same size genome and
roughly the same amount of genes as mouse, display much more complex phenotypes [87].
Identification and characterization of swine NF1 ASEs will be important in further validating

swine as a relevant translatable model for NF1 research.
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CHAPTER 2 -- Neuronal Differentiation of Swine Neurospheres and Adipose-derived

Mesenchymal Stem Cells

2.1.  Abstract

Swine models provide a premier research platform to facilitate translational
biomedical research. Surgical techniques, pharmaceutical evaluation, studies of physiological
disease, and the generation of human-compatible organs have benefited greatly from the
increased utilization of biomedical swine models. Tissue culture methods for repairing,
replacing, or regenerating tissues are also frequently developed using swine in vitro
platforms. Mesenchymal stem cells (MSCs) derived from adipose tissue are an easily
accessible cell source for generating a variety of therapeutically useful tissues and for cell-
based mechanistic studies that retain high translatability to humans. Neurofibromatosis Type
1 is one such disease that is being increasingly modeled in swine, however, some cell culture
systems have not been well validated. Optimization and validation of these in vitro methods
is necessary to establish their viability as a relevant biomedical platform. In this study, MSCs
were isolated from the backfat of swine and induced into non-adherent clusters of neural
progenitors called neurospheres. These cells were also differentiated into Schwann cells and
neurons to validate their use as a neuronal precursor cell source. Neurospheres were validated
using morphometry analysis for diameter and sphere number, RT-gPCR to quantify
expression levels of key neural progenitor markers (Nestin, Sox2, Oct4), and
immunofluorescence to evaluate spatial distribution of neural progenitor proteins (Sox2,
Oct4). Similarly, Schwann cells and dopaminergic neurons were evaluated for phenotypic

changes in morphology, gene expression, and protein expression. Many neurosphere
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induction protocols were systematically evaluated with variations in the culture surface, base
media formulation, supplementations, growth factor concentrations (bFGF and EGF), and
length of induction. One protocol was determined to be optimal for neurosphere induction
with respect to gene expression, neurosphere size, and protein localization. These
neurospheres were then compared to uninduced MSCs for use in neural differentiation.
Compared to MSCs, neurons differentiated significantly better with respect to both
morphology and gene expression of neuron markers MAP2 and TH. Schwann cells
differentiated from neurospheres, however, they did not show enhancements in gene
expression but did show increased expression of p75 and s100b compared to untreated MSC
controls. NF1 expression of alternatively spliced exon 12 increased significantly in these
tissues and alternatively spliced exon 31 increased significantly in Schwann cells. These
differentiation trends agree with those published using human tissues. Overall, these results
establish an optimized protocol for inducing neurospheres and validate MSCs as a source for

differentiating both Schwann cells and neurons in vitro from swine adipose tissue.

2.2.  Introduction

Animal models are paramount to biomedical research. Many of the advancements
made, from the molecular to the organismal level, have been made possible by using animal
models. The Nobel Prize in Physiology and Medicine has been awarded to experimental
studies dependent on animal research about 90% of the time [164]. Some of the most
common animal models include Drosophila (fruit fly), Caenorhabditis elegans (nematodes),
Danio rerio (zebrafish), Xenopus (frog), Mus musculus (mouse), Rattus norvegicus (rat),

Canis familiaris (dog), Sus scrofa (swine), and Macaca mulatta (rhesus monkeys). The



33

ancient Greeks were among the first to use animals to study comparative anatomy and
physiology [165], and their use as models for studying human physiology and disease
increased dramatically beginning in the early 1900°s [166, 167]. While many animal species
could be used to better understand certain aspects of biology or disease pathology, an optimal
choice can often be made depending on the scientific question, logistical constraints, and
translatability of results [168].

Swine model use has increased markedly in the last 15 years according to the
prevalence of published biomedical research articles [167]. The more nuanced and complex
scientific biomedical inquiries become, the more important it is to use a model more
concordant with human biology. Swine models can account for many of the physiological
complexities found in humans due to their strong genetic, anatomical, physiological, and
pathophysiological similarities and are free from many of the ethical issues associated with
human tissues and non-human primates [151]. The lifespan, body composition, and
phylogeny of swine are much more like human than other smaller animal models such as
rodents. Swine are well suited for the preclinical evaluation of pharmaceutical and surgical
interventions [169] and can be used to evaluate cell-based therapies with swine spinal cord
injury models [170]. Complex non-communicable diseases like atherosclerosis and diabetes
are also well modeled in swine [171]. Obesity, a physiologically complex manifestation of
metabolic syndrome, is well modeled in swine and in vitro cell culture has provided insights
into adipose development relevant to human [172].

Genetically engineered (GE) swine for agricultural use were first generated in the
1980’s and recent improvements in embryo micromanipulation and genomic editing have

facilitated the creation of GE biomedical swine for modeling cancer, atherosclerosis, cystic
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fibrosis, and neurofibromatosis type 1 (NF1) [150, 173]. These GE swine models further
broaden the biomedical utility of swine, especially with respect to genetic disorders that
display complex phenotypes. NF1 is one such complex monogenic disorder for which swine
models have become particularly useful [1, 157]. With such a variety of clinically identified
mutations, in vivo and in vitro studies could greatly enhance basic understanding of the NF1
disease mechanism.

GE swine models also provide an opportunity to easily study the genetic and
molecular characteristics of these genotypes using primary cell culture as opposed to
immortalized or in vitro edited cell lines. However, primary culture of many cell types such
as neurons is often not practical, therefore, developing a cell culture platform that uses easily
obtainable stem cells and differentiates them into tissues of interest is desired. Establishing in
vitro cell culture methodology would complement in vivo and ex vivo studies being done
using GE swine. Mesenchymal stem cells (MSCs) in many species are easily isolated from
adipose tissue, offer an abundant source of stem cells with wide-ranging differentiation
potential, and have been studied for use in several medical applications [174]. MSCs are
frequently cultured in vitro and differentiated down a mesenchymal lineage to repair bone
and cartilage defects or promote wound healing [175]. Other studies have used MSCs and
transdifferentiated them to repair damaged nerves or heart tissues. Preclinical studies of
safety and efficacy provide important information prior to conducting early phase clinical
trials [176]. Successfully translating new potential therapies through the current regulatory
framework and into a clinical setting is greatly enhanced by using relevant animal models
[177]. The genetic, anatomical, and pathophysiological similarities of swine to human make

them an optimal choice for validating these studies in both basic research and in a preclinical
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setting. Most published studies use human-derived MSCs in vitro but swine-derived MSCs
differentiation and induction protocols have not been as well developed despite their great
potential as a preclinical model [178]. Validating methods for isolating, culturing, and
differentiating MSCs into neural tissues in swine are useful to evaluate for safety and
efficacy before using human MSCs in clinical practice.

Neurosphere culture is an in vitro cell culture strategy used to propagate neural stem
cells and allows for more accurate modeling of cellular physiology in vitro [179]. A
neurosphere culture system can be used to study neurological disorders and cancers that are
otherwise too invasive and costly to study in vivo [180-182]. They are often used to evaluate
the effect of various compounds in a controlled manner [183] and facilitate the large-scale
production of neural stem cells used in cell replacement therapies [184]. Induction of
neurospheres from cells like MSCs increases their multipotency, regenerative capacity, and
trans-differentiation potential, particularly down neural lineages [185]. Cell culture protocols
for adipose-derived MSCs are well established, however, there is less agreement between
neurosphere induction, evaluation, and differentiation protocols. Among the published
neurosphere inducing protocols in human, varied and even conflicting methods have been
reported. Further, while some have been developed using human cells, few exist for swine.
Research into cancer, neural development, and regenerative medicine would all benefit from
an optimized neurosphere induction and validation protocol in swine.

Small alterations in the induction media leads to significant differences in their
formation and multipotency, as evidenced by the current study. A literature analysis of
neurosphere induction studies was conducted to provide a spectrum of media compositions

and protocols commonly used [186-198]. These were organized according to certain
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parameters (stem cell source, plating density, media composition, growth factor
concentrations, and maintenance/passaging technique) and served as the basis for the
neurosphere study. Adipose-derived MSCs were isolated from multiple swine and induced
into neurospheres in a systematic manner under various conditions. Parameters used to
validate neurospheres included measuring diameter, total number per well, and expression of
neural progenitor markers [179, 199]. Finally, neurospheres were differentiated into neuronal
cell types (dopaminergic neurons and Schwann cells) and evaluated for expression of neural
markers. This work establishes standardized methodology for producing and validating
neurospheres within a comprehensive in vitro platform for isolating, culturing,

differentiating, and evaluating MSCs in swine.

2.3. Methods

Adipose-derived MSC Harvest

Experiments involving animals were conducted under protocols approved by the
University of Wisconsin-Madison Institutional Animal Care and Use Committee in
accordance with published National Institutes of Health and United States Department of
Agriculture guidelines. Purebred conventional swine (Duroc x Landrace crosses) from the
Swine Research and Teaching Center (UW-Madison, Wisconsin) were used to isolate MSCs
from adipose tissues as recently described [200]. Immediately following euthanasia, adipose
tissue (~30g) was excised from the neck backfat of swine and transported in DMEM with 2%
Pen/Strep on ice to a sterile tissue culture hood. Each adipose sample was minced
mechanically with a razor blade into <3mm?3 pieces and digested with 600 U/mL collagenase

Il (Sigma) in DMEM at 37°C for 90 minutes on a 100 rpm shaker. The digested adipose was
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centrifuged for 5 min at 500g after which the suspended lipids and supernatant were
discarded. The remaining pellet was washed with DMEM, washed with RBC lysis buffer
(Sigma), and then filtered through a 40 uM cell strainer. The cells were suspended in 10 mL
of media consisting of DMEM/F12, 10% FBS, and 1% Pen/Strep and moved to a 10 cm
tissue-treated culture dish in a 37°C incubator with 5% CO2. The MSCs were passaged at
least twice but fewer than ten times before being used for neurosphere induction or

differentiation studies.

Neurosphere Induction

All neurosphere studies were performed in tissue-culture treated 24-well plates at
37°C in a sterile incubator with 5% CO2. In most of the experiments, the culture surface was
coated with a thin layer of sterile 1% agarose gelatin in DPBS. Premade 1% agarose gel was
heated to boiling, quickly pipetted into each well to coat the entire surface, and immediately
removed, after which the plate was allowed to completely solidify for at least 30 minutes.
Neurosphere inductions were initiated with MSCs at 80-95% confluency. The MSCs in the
culture vessel were rinsed with DPBS without ions, detached with 0.25% Trypsin on a 37°C
hotplate for 3 minutes, centrifuged into a pellet at 300 g, resuspended in 1 mL DPBS, and
transferred into prepared 24-well plates at a density of 50,000 cells per well in 500 pL of
neurosphere induction media. Cells were observed daily, and growth factors were
replenished at full concentration on days 3, 6, and 10. 500 pL of additional media was added

on day 3 and on day 8 if the neurospheres were not harvested.
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Neurosphere Media Compositions and Conditions

The initial media composition and condition consisted of Neurobasal medium
(ThermoFisher), 1% B27 supplement (ThermoFisher), 10 ng/mL epidermal growth factor
(EGF, Sigma, E9644), 10 ng/mL basic fibroblast growth factor (bFGF, Sigma, F0291), and
1% Pen/Strep. MSCs in this culture media were induced for 8 days in agarose coated 24-
wells. These average baseline conditions were determined from a literature search and pilot
study [189]. To find an optimal induction protocol, several other media compositions and
conditions were systematically evaluated in three sequential experimental groups. Group 1
varied the base media, supplements, or culture surface: DMEM/F12 replaced Neurobasal
medium, 1% N2 supplement was added (ThermoFisher), B27 was replaced with 10% FBS,
and wells were not coated with 1% agarose. After analysis of Group 1 data, the identified
optimal condition was further modified in Group 2 experiments using various growth factor
concentrations of EGF and/or bFGF: no growth factors, no EGF, no bFGF, 1 ng/mL of each,
20 ng/mL of each, 40 ng/mL each, 10 ng/mL EGF with 40 ng/mL bFGF, and 10ng/mL bFGF
with 40 ng/mL EGF. Following analysis from Group 2, the new optimal condition was then
used in Group 3 experiments that varied the total time of neurosphere induction: 3 days, 6
days, 10 days, and 12 days. Each experimental media group was performed in six replicate

wells and each 24-well plate contained six replicate control wells.

Neuron Differentiation
Dopaminergic neuron differentiation was initiated with either MSCs or optimally
induced neurospheres dissociated into single cells and performed in triplicate for each

condition (Figure 8) [201]. On day 0, cells were plated in 24-well plates coated with poly-d-
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lysine at a density of 25,000 cells per well and acclimated in neuron differentiation media
with 1% FBS to facilitate attachment to the plate. Neuron differentiation media consisted of
Neurobasal media with 1% B27 and 1% N2 supplement plus 10 ng/mL EGF, 10 ng/mL
bFGF, 50 ng/mL BDNF, and GDNF. A half media change was performed every other day
using complete differentiation media without FBS. Images were taken every four days and
the experiment was ended after 14 days when the cells were harvested or submitted for

immunofluorescence staining.
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Figure 8. Neuronal Differentiation - Cell culture workflow for differentiation of
Dopaminergic neurons and Schwann cells.

Schwann Cell Differentiation

Schwann cell differentiation was initiated with either MSCs or optimally induced
neurospheres dissociated into single cells (Figure 8). A series of induction and differentiation
medias were used as recently described [202]. On Day 0, cells were plated in tissue-culture
treated 6-well plates at a density of 100,000 cells per well and acclimated in normal MSC
media to facilitate attachment to the plate. On day 1, cell media was changed to DMEM plus

1 mM B-ME. On day 2 cell media was changed to DMEM with 10% FBS plus 3.5 ng/mL of
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retinoic acid. Retinoic acid was added again on day 3 and 4. On day 5, cell media was
changed to Schwann differentiation media consisting of DMEM with 10% FBS plus growth
factors: 5 uM forskolin, 5 ng/mL PDGF, 10 ng/mL b-FGF, and 200 ng/uL heregulin-b1.
Every four days a passage and full media change was performed and every other day a half
media change was performed. Images were taken every four days and was continued to day

14 when the cells were harvested or submitted for immunofluorescence staining.

Morphometric analysis

Morphometric analysis was performed using Gen5 software on the Cytation 5 cell
imaging multi-mode reader (BioTek). Prior to imaging, 500 pL of glycerol was gently
layered on top of the media to stabilize neurosphere movement and allow for precise
composite stitching of multiple images. 100 brightfield images were taken at a 4x
magnification for each well and stitched together to create a single composite image.
Programmed settings allowed the cellular analysis software module to automatically
calculate average size (diameter) and number of neurospheres per well from the composite
image. The software occasionally overestimated the number of neurospheres due to non-
spherical formations and a manual adjustment was made with visual verification and count

before final calculations and statistical analysis.

RT-gPCR
Immediately following imaging for neurospheres, Schwann cells, and neurons,
MRNA was extracted for RT-qPCR analysis. Neurospheres from two replicate wells, neurons

from two replicate wells, or Schwann cells from a single 6-well were transferred to a
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centrifuge tube, washed with 1mL DPBS, centrifuged for 5 minutes at 500g into a pellet, and
resuspended in 500 pL of Triazol. After 5 minutes of digestion, the medium was passed
through a 25-gauge needle ten times. Total MRNA was extracted using the miRNeasy Mini
Kit (Qiagen) and a total of 3 samples per experimental group were isolated. mMRNA
extraction was also performed on MSCs taken directly from monolayer culture as a baseline
control. cDNA libraries were made using iScript cDNA Synthesis Kit (BioRad), prepared
with iTag Universal SYBR Green master mix (BioRad), and submitted for RT-qPCR in the
CFXconnect Real-Time PCR Detection System (BioRad). Primers for control genes (RPL4,
TBP, PPIA and/or b-actin) were used for each sample and performed in triplicate.
Neurosphere specific primers targeted Nestin, Oct4 (encoded by POU5F1), and Sox2
(encoded by SRY-box transcription factor 2). Neuron specific primers targeted MAP2,
NeuN, and TH. Schwann specific primers targeted p75, S100, Pitx3, and Ngn2. Primers
targeting NF1 and associated splice transcripts were also used in some experiments and are

detailed in Chapter 3.

Immunocytochemistry

The optimal neurosphere induction was repeated and performed along with two
variations. Condition 1 (MSC media) included DMEM/F12 with 10% FBS; Condition 2 (NB
media) included Neurobasal medium and 1% B27 supplement; and Condition 3 (Optimal
Media) included Neurobasal medium, 1% B27 supplement, 1% N2 supplement, 20 ng/mL
EGF and 20 ng/mL bFGF. All neurospheres were induced in 1% agarose coated 24-well
plates for 8 days. At the end of the induction period, these neurospheres were frozen in OCT

compound (Tissue-Tek®) in a single layer, sectioned into 15 UM slices using a cryostat
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(Leica CM3050S), and mounted on imaging slides [203]. Rabbit anti-Oct4 (1:100, Abcam,
ab18976) and mouse anti-Sox2 (1:200, Abcam, ab79351) antibodies were used in
conjunction with Alexa Fluor 430 goat anti-mouse (ThermoFisher) and Alexa Fluor 594 goat
anti-rabbit (ThermoFisher) following Abcam guidelines. Blue Hoechst (1:1000,
ThermoFisher) was applied for nuclear staining. Representative images capturing the
spectrum of protein expression and localization were taken with the BioTek Cytation 5 cell
imaging multi-mode reader using GFP, RFP, and DAPI filter cubes. Colocalization analysis
was performed for the sectioned and fluorescently stained neurospheres. The Coloc2 plugin
for ImageJ was used to generate a Pearson correlation coefficient for each pair of colors
(Green/Oct4 vs Red/Sox2, Green/Oct4 vs Blue/Hoechst, Red/Sox2 vs Blue Hoechst). For
each media condition 6 to 9 images were taken, and statistical analysis was performed using
ANOVA and Tukey’s post-hoc analysis to determine significance.

Schwann cell and neurospheres were washed with DPBS and fixed in their respective
tissue culture wells following Abcam guidelines. Primary antibodies used for neurons
included rabbit anti-TH and mouse anti-MAP2 (Abcam). Primary antibodies used for
Schwann cells included rabbit anti-p75 and mouse anti-S100 (Abcam). The same secondary

antibodies and imaging systems were used for all immunofluorescence experiments.

2.4. Results

Neurosphere Morphometry

Three sequential neurosphere experiments were conducted. All induction protocols
began with 50,000 cells in 24-wells. In group 1, the N2 condition was statistically different

with both a larger average diameter and fewer neurospheres than the condition without
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agarose (Figure 9). The N2 condition also produced fewer neurospheres than the MSC
media. In group 2, conditions with no growth factors and high bFGF with low EGF produced
neurospheres with diameters greater than 250 uM (Figure 9). In group 3, a general trend was
observed as induction time increased; fewer diameter neurospheres were observed,
suggesting a gradual merging of spheres over time (Figure 9). No other conditions produced
statistically significant differences in terms of neurosphere diameter or number. Overall, the
average neurosphere induction condition produced 5 neurospheres with a diameter of 200

MM.

Neurosphere Gene Expression

The neurospheres from the same three sequential neurosphere experiments were also
evaluated for gene expression of Nestin, Sox2, and Oct4. Group 1 conditions were all
normalized to the control group. Results indicated N2 supplement condition, as a whole,
increased all neural progenitor markers most significantly (Figure 10). Induction with
DMEM/F12 was the second-best condition and increased all markers but not as significantly.
Induction with MSC culture media and only bFGF increased Oct4 and Sox2 but not Nestin.
Conditions with no agar coating and only EFG showed modest increases in gene expression.
Group 2 experiments were normalized to the same control group conditions but now
containing N2 supplement. The condition with 20 ng/mL of each growth factor showed the
greatest increased Oct4 and Sox2 expression followed by the condition without any growth
factors. The other conditions showed very little increase in Oct4 and Sox 2 but did show a

small but significant increase in Nestin (Figure 10). Group 3 experiments
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demonstrated Oct4 and Sox2 were not strongly upregulated until day 6 and then continued to
increase through day 12 (Figure 10). Nestin did not vary significantly over time until it was

modestly upregulated on day 12.

Neurosphere Immunofluorescence

Protein localization can provide information about expression variations within cells
or tissue structures. Colocalization of protein markers between three evaluated media
formulations shows differences in nuclear distribution within cells and cellular distribution
between cells within neurospheres (Figure 11). The degree of colocalization was evaluated
by calculating Pearson correlation coefficients between each of the three fluorescent signals
using single, independent data points from six to eight images per condition. Coefficient
values ranged from 0.51 to 0.96 with higher numbers indication greater colocalization. An
increase in Oct4 and Sox2 colocalization is seen within centrally located cells and in
neurospheres induced with MSC media (A) as indicated by the increased yellow coloring
(Figure 12). Optimal induction media (C) showed Oct4 colocalized with the blue nuclear
stain throughout the neurosphere as indicated by cyan coloring. Finally, neurosphere
induction without growth factors (B) showed the lowest amount of Sox2 colocalization

within the nucleus indicated by a lower amount of purple coloring.
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Neurosphere
Immunofluorescence

Figure 11. Immunofluorescence - Neurospheres induced with three induction medias (A
- MSC Media Only, B - Neurosphere Media without GFs, C — Optimal Neurosphere
Media) were compared for protein expression of two neuronal precursor markers.
Green — Oct4, Red — Sox2, Blue — Hoechst. Bar represents 100 uM.
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Immunofluorescence Colocalization
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Figure 12. Colocalization — Pearson correlation coefficient values of colocalization were
calculated with immunofluorescent images obtained after neurosphere induction using
three induction medias (MSC Media Only, Neurobasal Media without GFs, Optimal or
Full Neurosphere Media) (n=6 per condition). Statistically significant differences in
colocalization of fluorescent staining markers are indicated with asterisks (* p<0.05).

Neuronal Differentiation

Neurospheres can enhance neuronal differentiation compared to MSCs. Dopaminergic
neurons differentiated from neurospheres showed significantly higher expression of tyrosine
hydroxylase (TH), a key dopamine precursor, than from MSCs (Figure 13). While other
markers were not significantly different, the trends indicated neurospheres gene expression
patterns were closer to those expected than neurons derived directly from MSCs.
Immunofluorescence also revealed increase TH expression in neurospheres versus MSCs
(Figure 14). While not indicated by gene expression, microtubule associated protein 2 (MAP2)
expression was faintly observed near the nucleus of the neurosphere derived neurons but not

those derived from MSCs. Dendrite projections were significantly longer in neurosphere

derived neurons and exhibited a greater degree of bipolar formation (Figure 14). Schwann cell
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Neuronal Differentiation
Neurospheres vs MSCs
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Figure 13. Neuronal Differentiation - Dopaminergic-like neurons (n=3) and Schwann
cells (n=1) were differentiated from MSCs or neurospheres derived from MSCs. Gene
expression was normalized to an undifferentiated MSC control. Statistically
significant differences in gene expression are denoted with an asterisk for neurons (*
p< 0.05). One replicate sample was assayed for each Schwann cell condition and error
bars represent technical standard error and are all significantly different (p<0.05).

differentiated from neurospheres did not enhance the expected gene expression patterns except
with respect to s100b (Figure 13). With respect to NF1 expression, Schwann cells showed an
increased expression of Total NF1, AIE12 and AIE 31. Neurospheres and neurons showed

increased expression of AIE 12 only (Figure 15).
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Figure 14. Neuron Morphology - Dopaminergic neurons differentiated from both MSCs
and neurospheres were stained for MAP2 and TH expression. Left panel - 20x images
merge fluorescent channels together (Green — MAP2; Red — TH; Blue — Hoechst). Right
panel — 4x merge brightfield and Hoechst images. Arrow in C indicates distinct
difference in nuclear MAP2 expression. Arrow in F indicates bipolar, axonal projection.
(A,D — MSC control; B,E — Neurons from MSCs; C,F — Neurons from neurospheres)
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NF1 Expression vs MSCs
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Figure 15. NF1 ASE Expression - Neurospheres induced from MSCs, Schwann cells
differentiated from MSCs, and dopaminergic neurons differentiated from neurospheres
were assayed for mMRNA expression levels of Total NF1, AIE 12, AIE 31, and AIE 57
(n=3 for each cell type). All values are relative to the undifferentiated and uninduced
MSC control. Statistically significant gene expression relative to the MSC control is
denoted with an asterisk (p<0.05).
2.5.  Discussion

The neurosphere induction study determined an optimal protocol for inducing
neurospheres and demonstrated the importance of proper media formulation, growth factor
concentration, and induction time. An optimal neurosphere induction protocol for 50,000
adMSCs consists of using 500 uL of neurobasal medium with 1% B27, 1% N2, 20 ng/ml of
EGF, 20 ng/mL bFGF, a 1% percent agarose gel coating a 24-well surface and cultured for 8
days with growth factors refreshed every 3 days. This protocol provides the greatest

expression of key multipotent markers [204], appropriate localization of gene expression

[205], and ideal sized neurospheres [206]. Further, this induction protocol was able to
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enhance dopaminergic neuron differentiation of MSCs by increasing axonal projections,
increasing MRNA expression of TH, and increasing protein expression of TH and MAP2.
Longer differentiation periods may increase differentiation markers further. The results show
that swine is a suitable model organism for the study of neurosphere induction and neural
differentiation from adipose derived MSCs. Beyond basic science studies in cell
development, research into therapeutic applications for cell transplantation could also benefit
from these optimized protocols.

The expression of three well established markers of neural progenitors was used to
validate neurosphere induction. Sox2 (SRY-related HMG-box gene 2) is linked with the
inhibition of neuronal differentiation and has been shown to act as an important
transcriptional factor to maintain the self-renewal capability of embryonic stem cell [207].
Oct4 (octamer-binding transcription factor 4), a known binding partner of Sox2, is also a key
regulator essential for the maintenance of pluripotency and self-renewal of stem cells [205].
The intermediate filament protein Nestin (neuroectodermal stem cell marker) is widely
accepted as a marker of neural stem cells and is found to be abundant in embryonic stem cell-
derived progenitors that have the capability to develop into multi-lineages [208]. Expression
of these markers in cells or tissues strongly suggests the presence of neural stem cells or cells
with neurogenerative potential and is a primary benefit of neurosphere induction [209] [210].

This study shows media composition, growth factor concentration, and culture time
all have significant effects on neurosphere induction and the expression of neural progenitor
markers. Growing MSCs in suspension via agarose coating with growth factors or FBS was
enough to significantly increase marker expression, with the N2 media formulation being

slightly better overall. Conversely, the control induction media did not induce marker
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expression as strongly when the cells were adhered to the plate surface. This could be due to
the decreased cell-cell contact or due to the 3-D nature of suspension culture. 3-D culture is
thought to better model the physiological influences of the in vivo environment [211, 212].
Media without bFGF did not significantly increase any of the markers while media without
EGF increased all markers except Nestin. EGF and bFGF are known to increase the
proliferation of MSCs and enhance the differentiation potential towards neural lineages,
respectively [213]. While proliferation rates were not measured in this study, bFGF appears
to influence neural progenitor markers expression more strongly. Doses both above and
below the initial control dose of 10 ng/mL of each growth factor was shown to have positive
induction effects as this significantly increased expression of all three markers. However, at
the highest concentration of 40 ng/mL of growth factors a significant reduction in these
markers was observed. Interestingly, media with no growth factors significantly increased
gene expression. These patterns suggest a biphasic growth factor influence. This type of
hormetic effect has not been reported for these growth factors but is frequently encountered
in neuroscience [214]. Nerve growth factor, for example, displays a biphasic effect in neural
progenitor cells in a similar range of concentrations [215]. Possible mechanisms for these
effects include the presence of both high and low affinity receptors [216], dose dependent
receptor expression and internalization [217], and/or interaction of competing internal
pathways [218]. These results demonstrate the importance of precise growth factor
concentration and is a key finding of this study.

Gene expression was also influenced by induction time in a positive manner. The
longer the induction time, the greater the expression of neural progenitor markers. While

three days was not enough time to increase all markers, they did all increase significantly by
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six days. This suggests that neurosphere induction could reasonably be terminated at six days
if a modest gene expression increase is the only criteria being considered.

Gene expression of Oct4 and Sox2 was generally modulated together and to a greater
degree than Nestin. Oct4 and Sox2 have known interactions, so this is not unexpected. Nestin
is known to increase during the early stages of neural differentiation and thus its expression
may not be as pronounced during neurosphere induction, which is a de-differentiation or
trans-differentiation process. Immunofluorescence indicated that Oct4 and Sox2 were highly
colocalized overall, but to a significantly greater degree in neurospheres induced in normal
MSC media. However, when optimal neurosphere media was used, Oct4 localized to the
nucleus and decoupled from Sox2. This suggests that Oct4 localization plays a significant
role in neural progenitor induction. It has been shown that nuclear localized activity of Oct4
is needed to induce cellular reprogramming [219]. Thus, nuclear localization of Oct4 in the
optimal neurosphere media is important for neurosphere induction and cannot otherwise be
determined simply by evaluating gene expression levels.

The increased expression of neural progenitor markers alone is not sufficient
validation for the entire neurosphere as only portions of the cells may have this expression
profile. Heterogenous neural progenitor populations are often produced during neurosphere
induction if spheres become too large [220]. The maximum healthy neurosphere diameter has
been determined to be about 250 pum, with larger sizes leading to cell necrosis within the
center of the spheres [206]. This study shows that specific media composition and culture
parameters help ensure acceptably sized neurospheres are produced. Spheres larger than 250
pm were produced in conditions that had no growth factors, had high levels of bFGF (40

ng/mL), and were induced for longer than 8 days. If gene expression alone was considered,



55

each of these conditions may appear to induce optimal neurospheres, however, given the
heterogenous mixture and potential of necrotic core development, only the optimal
neurosphere formulation determined in this study best fits all validation criteria. It should be
noted that if large neurospheres are found prior to the final days of induction, sub-passaging
the neurospheres through gentle enzymatic and mechanical dissociation is an acceptable way
to maintain optimal induction and could be performed before this size threshold is surpassed
[221].

Neurons can be difficult to culture from living tissue and usually require euthanizing
the subject. Differentiating neurons from easily acquired stem cell sources could alleviate
this difficulty. Dopaminergic neurons differentiated from optimally induced neurospheres
also further validated the induction protocol. Compared to neurons differentiated from
MSCs, neurosphere derived neurons displayed significantly greater levels of TH, an
important dopamine precursor. These neurons also had higher expression of NF1 AIE 12 but
not AIE 31 or 57, as would be expected in cell with a dopaminergic phenotype.
Immunofluorescence confirmed the increase in TH and demonstrated a weak nuclear signal
of MAP2. While MAP2 was not detected in the RT-qPCR assay, this marker is associated
with mature neurons and the differentiation process may need to be extended to detect
significant changes in expression of this marker. Brightfield images of neurosphere derived
neurons revealed significantly longer dendritic projections in a bipolar formation. This was
distinct from the MSC derived neurons and undifferentiated MSCs which did not display
these morphological phenotypes. Schwann cells were also differentiated from neurospheres
and MSCs, however, the MSCs produced a better gene expression profile than the

neurospheres. The Schwann cell differentiation protocol used in this study was initially
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developed for MSCs and thus may not be taking advantage of the neurosphere induction.
Other studies have shown neurospheres can be used for Schwann cell differentiation and
future studies could be performed to compare these different protocols [196].

Having established a swine cell culture differentiation platform, these induction and
differentiation protocols were used to evaluate NF1 ASE expression of the various cell types.
Compared to MSCs, NF1 AIE 12 was upregulated in all of them, that is in neurospheres,
Schwann cells and dopaminergic neurons. This ASE is associated with many neuronal cell
types and particularly mature neurons. NF1 AIE 31 was upregulated in Schwann cells and is
congruent with known expression levels in human tissues. NF1 AIE 57 is not associated with
neuronal phenotypes and was only slightly decreased. These expression patterns of NF1
further validates the platform as well as the translatability of swine cells for studying NF1
ASE expression in vitro.

Animal models serve a valuable role in advancing research at a preclinical and basic
science level. Tissue engineering platforms and cell-based therapeutics continue to be
developed in relevant animal models and have led to expanded treatment strategies for a
variety of medical conditions and diseases [222]. In vitro cell culture platforms are a critical
component of this research pipeline and can be used to increase basic knowledge of the
molecular and genetic mechanisms of disease. Adipose tissue is a particularly attractive
sources for obtaining stem cells due to being easily accessible with minimally invasive
procedures and retaining a high degree of multipotency [223]. When combined with scaffold
biomaterials, these MSCs can be used for regenerating tissues like cartilage, tendons,
ligaments, and bones, and can also enhance spinal cord rehabilitation following injury [174].

Enhanced characterization of adipose derived MSCs and further optimization of these tissue
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culture protocols increase their value for many therapeutic and research applications. Mouse
models have been used to study neurological conditions such as spinal cord injury and
genetic diseases such as Neurofibromatosis Type 1, however, they have not shown the same
efficacy in human preclinical trials due to translational limitations [224]. Using a model
system that preserves key translational components increases the probability of success in
clinical trials. Overall, this study provides validation for using swine cell culture protocols as

a translatable platform to study human disease and develop potential therapies.
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CHAPTER 3 -- NF1 Alternatively Spliced Exon Regulatory Regions and Expression

Patterns in Swine Tissues

3.1.  Abstract

Neurofibromatosis type 1 (NF1) is a common monogenic disorder that can cause a
variety of symptoms including skin lesions, cardiovascular abnormalities, skeletal
deformations, and nervous system tumors, however, the mechanisms driving its complex
presentation are largely unknown. Alternative splicing dysregulation is known to be involved
with some aspects of tumorigenesis but has not been comprehensively studied in NF1 and
may help explain the broad range of symptoms that are differentially manifest. Swine models
have recently been developed to study NF1 and to serve as a translational platform for the
evaluation of therapies, but it is not known if swine NF1 expression is congruent to human.
In this study, seven alternatively spliced exons (ASEs) homologous to human were identified
in swine. Next, the mRNA expression levels of the ASEs were evaluated using RT-gPCR in
several tissues from swine of two different ages. Finally, splicing regulatory regions for three
ASEs were predicted and expression levels modulated in vitro using splice-switching
oligonucleotides. RT-gPCR and Sanger sequencing of the swine ASE regions indicated six of
the ASEs to be expressed in swine. ASE 13 was not found in any mRNA transcripts due to
the addition of a single nucleotide in the otherwise homologous exonic sequence. NF1 ASE
expression profiles in different tissues revealed significant differences in ASE 12, 31, and 57,
similar to those described in human. mRNA transcripts excluding NF1 exons 4, 44, and 51
were also found to be expressed at low levels in all tissues with some statistically significant

differences. Regulatory regions were identified for ASEs 12, 31, and 57 and splice-switching
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oligonucleotides targeting these sites showed efficacy in modulating their expression levels
in adipose-derived mesenchymal stem cells in vitro. This is the first report characterizing and
detailing NF1 ASE expression levels and regulatory regions in swine. These results help
validate swine as a genetically congruent NF1 model and reveal novel insights into the

complexities of NF1 alternative splicing.

3.2.  Introduction

NF1 is a complex genetic disorder typically diagnosed in childhood. It displays
complete penetrance by adulthood and is pleiotropic with variable expressivity [225, 226].
Cutaneous manifestations are seen in up to 99% of patients and may include café au lait
macules, axillary freckling, dermal lipomas and neurofibromas, or Lisch nodules [227] [228].
More severe symptoms include cognitive and learning dysfunction, bone deformations,
cardiovascular disorders, and nervous system tumors. These nervous system tumors are often
characterized as optic pathway gliomas, spinal neurofibromas, brain gliomas, or plexiform
neurofibromas [229]. Plexiform neurofibromas can also transform into a malignant
peripheral nerve sheath tumor which carry a very poor prognosis. NF1 patients have about a
15% greater chance of developing malignancies compared to the general population [2].

NF1 is caused by mutations in the NF1 gene and over 3,000 different mutations have
been clinically identified [113]. Despite a thorough description of the mutational profile,
knowledge of specific mutations has not led to identification of strong genotype-phenotype
correlations and thus had not been a very useful prognostic indicator or therapeutic guide
[230]. However, a more generalized positive correlation between NF1 splice-site mutations

and the incidence of developing brain gliomas, including malignant peripheral nerve sheath
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tumors has been found [127]. Given that nearly 30% of NF1 genotypes are known to
negatively influence proper NF1 mRNA splicing, endogenous alternative splicing may also
play a critical role in NF1 pathology [231]. A relatively high number of alternatively spliced
genes are expressed in the central nervous system and splicing misregulation is increasingly
implicated in many neurological disorders, including NF1 [122]. Splicing dysfunction is also
seen in many cancer types, especially in pediatric populations [232].

Most human genes undergo natural exon skipping at some level through a process
called alternative splicing to produce different isoforms of an mMRNA transcript. Regulation
of exon-exon splicing is mediated by spliceosome recognition of splicing regulatory regions
within the gene. For ASEs, regulation of this activity is critical for maintaining proper
balanced expression of mMRNA isoforms. Manipulation of splicing, and particularly ASEs,
can be accomplished using antisense oligonucleotides that target splicing regulatory
elements, also known as splice-switching oligonucleotides (SSOs) [136]. SSOs have been
used to therapeutic ends for a few genetic conditions but can also be used more generally to
identify the regulatory regions involved in splicing.

Human NF1 contains 61 exons and at least 7 of them are alternatively spliced in
mature mRNA transcripts [85]. These ASEs, along with the other constitutively expressed
exons, combine to form the various NF1 mRNA isoforms and are differentially expressed in
all human tissues. The four most commonly identified ASEs are denoted 11alt12, 12alt13,
30alt31, and 56alt57 [86]. These ASEs can also be referred to as al2 or ASE 12 instead of
11alt12, etc... Other less commonly studied ASEs include exon 4, 44, and 51 and are found
to be excluded in some transcripts. For clarity, the nomenclature used in this work

distinguishes the whole body of NF1 ASEs further into two subcategories: alternatively
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included exons (AIEs) and alternatively excluded exons (AEES). In the conventional NF1
nomenclature, AIEs are given a suffix or prefix to distinguish them from the other, more
constitutively expressed exons, which are simply referred to by number. The AEEs are
numbered regularly amongst the rest of the constitutively expressed exons and when referred
to in the context of alternative splicing are prefaced with the phrase AEE indicating they are
among the normally numbered exons but are being discussed in the context of its
alternatively spliced nature. Most NF1 AIEs have been characterized to some degree but it is
unclear how these ASEs, apart from perhaps AIE 31 [96, 126, 233], contribute to the various
phenotypes observed in NF1 patients. Shifts in the relative expression of neurofibromin
isoforms in specific tissues caused NF1 mutations may differentially influence the
phenotypic presentation of the disease and have yet unknown implications in tumor
development.

Beyond some characterization in human and mouse, NF1 ASEs apart from ASE 31
have not been well studied. Only a couple of studies have examined the effects of NF1
alternative splicing modulation or identified their associated splicing regulatory regions [123,
143]. SSOs can be used to modulate alternative splicing or correct dysfunctional splicing and
provide an effective tool to study NF1 alternative splicing in a very specific way. Inhibition
can be achieved by targeting a known splice site to interfere with splicing protein interactions
or disrupting secondary RNA structures [129]. Similarly, targeting splicing silencer
sequences can be used to enhance or restore exon inclusion by blocking other splicing
proteins or recruiting acting splice factors [130].

Studies using mouse models have helped reveal the role of splicing in neurological

disease. However, studies have also revealed that pre-mRNA splicing of genes does not
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occur as frequently in mice as it does in humans. In mice, splicing occurs in as few as 63% of
genes while almost all human genes undergo alternative splicing [87]. Differences in
alternative splicing between mice and humans may be why NF1 mouse models often display
divergent phenotypes compared to humans [163]. Studies suggest the overall frequency of
alternative splicing in swine closely resembles that in humans [152]. Several swine models of
NF1 have been recently developed in hopes that these models will recapitulate the disorder in
humans better than existing rodent models and thus offer a more translational platform for
the development of novel therapies [1]. Identification and characterization of swine NF1
ASEs will be important in further validating swine as a relevant translatable model for NF1
research.

NF1 alternative splicing may be able to explain some of the complexity of the NF1
phenotype. However, NF1 ASE tissue distribution and expression is not precisely known.
Splicing regulatory regions are also not well studied further limiting studies into the nature of
NF1 ASEs function impacts. Swine could be used as a genetically congruent animal model
but NF1 ASEs have not been identified or characterized in any way. Doing so would open
the possibility of using swine as an in vivo model for studying NF1 ASE SSOs. In this study,
the homologues of human NF1 ASEs and the local genomic regulatory regions involved in
NF1 alternative splicing are identified in swine. Tissue- and age-specific expression patterns
of NF1 mRNA transcripts in many tissues are characterized with comparison to those in
humans. SSOs are also used to modulate NF1 ASE splicing to demonstrate the involvement
of the identified target region in alternative splicing and to show swine can be used to study

NF1 ASE SSOs.
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3.3.  Methods
Identification of NF1 ASEs and mRNA Transcripts in Swine

Experiments involving animals were conducted under protocols approved by the
University of Wisconsin-Madison Institutional Animal Care and Use Committee in
accordance with published National Institutes of Health and United States Department of
Agriculture guidelines. Genomic DNA from two breeds of swine (Wisconsin Miniature
Swine® and Landrace x Duroc crossbreds) were purified from blood samples using the
Wizard Genomic DNA Purification Kit (Promega). Human genome assembly (GRCh38.p10)
was aligned with the swine genome assembly (Sscrofall.l) and congruent NF1 exons were
identified and numbered in accordance with current NF1 nomenclature [1, 86]. Primers
(Table 1) were designed targeting the intronic regions surrounding these exons and PCR
amplicons were made using Phusion High-Fidelity DNA Polymerase (ThermoFisher) and
submitted for Sanger sequencing. AIEs were compared directly with those found in humans.
AEEs were confirmed to be excluded by ascertaining the presence of an mRNA transcript

sequence in multiple swine tissues that skips the targeted exon.

Quantification of Age- and Tissue-specific NF1 ASE Expression

Swine aged 2 days (n=2 females, n=3 males) and 180 days (n=6 females) were
euthanized by cardon dioxide asphyxiation or electrical stunning and exsanguination,
respectively. Immediately following euthanasia, multiple tissues were excised, placed into
DNA/RNAse-free microcentrifuge tubes, and snap frozen in liquid nitrogen to preserve
MRNA transcripts. Tissues were generally selected based on having known associations to

NF1 symptomatology (Figure 16). Isolation of mRNA was performed using one of two
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Figure 16. Swine Tissues - Diagram indicates general location of each tissue analyzed.
Tissue taken from the amygdala region (temporal cortex) and substantia nigra region
(midbrain) are approximations.

commercially available Kits. Tissues taken from the brain (n=6) were processed with Fatty
Tissue RNA Purification Kit (Norgen Biotek) and the tissues taken from the body and
periphery (n=8) were processed with RNeasy Plus Universal Mini Kit (Qiagen) according to
manufacturer’s instructions. After qualitative and quantitative analysis with Nanodrop 2000
(ThermoFisher), cDNA libraries were created with the iScript™ cDNA Synthesis Kit
(BioRad). RT-gPCR was performed with technical triplicates of each tissue sample to
determine expression levels of each NF1 ASE. Melt curves for each reaction were evaluated
to ensure single peaks, or in the case of primer surrounding ASE regions, dual peaks were
present. Primer design and scheme was modified based on previous publications detailing
best practices for detecting ASE expression levels via RT-gPCR [234]. The modified primer
scheme included a measure of redundancy to measure both NF1 ASEs and Total NF1
MRNA. This approach allowed for both absolute quantification and NF1 ASE ratios to be
determined (Figure 17). The primer sets used were as follows: 3 swine validated reference
genes (PPIA, RPL4, TBP) [235], a primer set targeting the surrounding ubiquitously

expressed exons for each ASE, and a primer set targeting either the AIE or the skipped AEE
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product (Table 2). Standard curves were generated for each to determine primer efficiency
values and ranges and to generate absolute copy numbers in post-hoc statistical analysis.

Exon 1 =
RNA 5 m— — — — 3

L

Alternative Splicing

ASE Skipping l

1 T
—_— <+ e Ubiguitous Primers ('B") €—

l ASE Inclusion

mRNAs
—p  — ASE Skip Primers ('S") e «—— ASE Inclusion Primers ("l")

Figure 17. Primer Scheme - A generic schematic of primer design locations used to
quantify ASE regions. Ubiquitous primers (denoted ‘B’ — both) lie on constitutively
expressed exons and amplify targets located on all mMRNA transcripts. ASE inclusion
primers (green, ‘I’ — inclusion) only amplify targets that contain the intervening exon. ASE
skip primers (red, ‘S’ — skip) only amplify targets that exclude the intervening exon.

Identification of NF1 AIE Regulatory Regions

The secondary structure of each swine NF1 AIE and surrounding 150 nucleotides was
modeled using the Unified Nucleic Acid Folding and hybridization software package v3.9
[236]. The most energetically stable secondary structures (lowest Gibbs free energy values)
were identified and partially open regions (not hydrogen bound to other RNA) were found.
The Human Splicing Finder v3.0 was concurrently used to analyze potential splice silencer
and enhancer genomic motifs [237]. Potential SSO binding targets between 20 and 30
nucleotides were chosen so as two fit two criteria: 1) it should bind to a partially open and
partially closed region so as to have initial access via the open region but then to disrupt the
secondary structure in the bound regions and 2) it should be located on an identified splicing
motif that recruits splicing proteins or interferes with the exon junction. Binding affinity
parameters for each potential SSO was then analyzed with RNAstructure software v5.8.1 to

fit a set of criteria that maximizes efficacy in a physiological setting [238]. Ideally, SSOs

were designed to be about 20 nucleotides long, to be without stretches of three or more
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guanine or cytosine bases, to have a guanine-cytosine content of 40-60%, to have a melting
temperature of >48°C. to have a free energy between 0 to —4 kcal/mol, and between 0 and -
15 kcal/mol for SSO-SSO homodimers. NCBI BLAST was also used to ensure that the SSO

designs did not have any significant predicted off-target interactions [134].

SSOs Synthesis and Modifications

The SSOs sequences derived using the above design process and best fitting all
criteria were synthesized by Integrated DNA Technologies (IDT, Coralville, 1A) with
specific modifications (Table 3). The phosphodiester backbone was replaced with a
phosphorothioated backbone and the 2'-hydroxyl group on the pentose ring was replaced
with a 2’~O— methyl (2'-O—Me) group (Figure 18). The addition of a 2'-O—Me RNA
nucleotides to inhibit ribonuclease and DNase digestion and the substitution of
phosphorothioate on the ribose backbone to inhibit exonuclease and endonuclease digestion
are very cost-effective and efficacious modifications [136]. SSO activity in cells is very low
without these modifications due to degradation of both the SSO and pre-mRNA target.

Phosphorothioate (PS)

2"-0-methyl (2’0OMe)

Base Base
\
o o

| IOI | O.

(0] OH (0] OCH,

oy | o]
P Base P Base
o/

Figure 18. SSO Modifications - Structure of phosphorothioated backbone and 2°-O-
methyl RNA base used to modify SSOs vs an unmodified RNA [136].
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SSO Validation and Regulatory Element Confirmation

An artificial overexpression system was used to ensure sufficient detectable
expression of each AIE in the in vitro cell culture platform [135]. For each NF1 AIE, a
minigene expression plasmid containing the AIE, neighboring exons, and intervening introns
was created using Gibson Assembly® Master Mix Assembly (NEB) and the pTargeTTM
Mammalian Expression Vector System (Promega, Madison, WI). The Neon® Transfection
System (Thermo Fisher Scientific, Madison, WI) was then used to introduce the plasmids
into primary adipose-derived MSCs from conventional swine. The plasmids also conferred
neomycin resistance and allowed for purified selection of transfected cells. SSOs were then
delivered into MSCs overexpressing the corresponding minigene plasmid, as well as into
plasmid-free MSC controls using Lipofectamine® RNAIMAX Transfection Reagent
(Thermo Fisher Scientific, Madison, WI). After two days, mMRNA was isolated using the
miRNeasy Mini Kit (Qiagen) and AIEs levels were quantified using the same RT-qPCR

methods as described above.

3.4. Results

Seven NF1 ASEs have been identified in the human genome assembly
(GRCh38.p10): AIE 12, AIE 13, AIE 31, AIE 57, AEE 4, AEE 44, and AEE 51. Compared
to Sanger sequences of swine DNA, AIE 12, 31, and 57 were identical homologues to
human. AIE 13 had an insertion of a single adenosine nucleotide at the 8" position from the
5’ end (Figure 20). The Sscrofall.l assembly also indicated an adenosine nucleotide at this

location and does not annotate this as an exonic region.
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Figure 20. AIE Sequences - Sanger sequences of genomic DNA from NF1 AIE regions.

All regions are homologous to human except for AIE 13 which has an additional
adenosine nucleotide indicated by the red arrow.
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Figure 19. AEE Sequences - Sanger sequences of cDNA generated from mRNA
transcripts taken from tissues of newborn swine. The regions sequenced are
homologous to human. Exon-exon junctions are indicated by the red arrows.

The AEE sequences from cDNAs produced from RT-gPCR of newborn heart bridged
the surrounding exons together at the expected junction sites (Figure 19). Further comparison

of the AIEs and neighboring exons between the human and swine assemblies reveal nearly
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homologous exons. Exon 3 and 51 are identical homologues. Exons 4, 5, 44, 45, and 50 have
a total of 18 nucleotide substitutions. Exon 52 has an in-frame deletion of 3 base pairs and
seven additional nucleotide substitutions.

Prior to assaying isolated mRNA from tissues samples, standard curves were
generated for all primers (Figure 29). These provided a correction co-efficient for post-hoc
statistical analysis of RT-gPCR data and indicated the working ranges the primers were valid
for. The best fit line to the curves also served as a conversion equation so statistics could be
performed in terms of total copy number instead of relative units. RT-gPCR samples from
newborn heart, cortex, and ileum were analyzed with gel electrophoresis to verify expected
band sizes were being produced by each primer (Figure 21). Primers surrounding AIE
occasionally produced two visible bands, as two distinct amplicons were expected to be

amplified.

L e

Figure 21. Gel electrophoresis of RT-gPCR products generated from newborn swine
frontal cortex tissue. Bands represent size of amplicons and are at the expected
locations relative to the ladder. Two bands are expected to be produce by ‘B’ primers as
the inclusion or exclusion of the intervening AIE will change the amplicon size. No AIE
13 product was see using the ‘I’ primer and neither was a second band seen using the
‘B’ primer. No AIE 13 I band was seen in any tissue (data not shown).

Total NF1 expression levels varied significantly between tissues and between

different aged animals (Figure 22). Total NF1 was significantly higher in adult lung and
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illeum and lower in heart and skin. Between tissues in adult swine, total NF1 was highest in
heart followed by optic nerve and brachial plexus, then muscle and cortex, then illeum and
cecum, and lowest in lung (Figure 23). In newborn tissues, total NF1 was highest in optic
nerve and brachial plexus, followed by ileum, lung, and cortex, then muscle and heart, and
lowest in skin. Total NF1 was also higher in female nerves than male (Figure 22). Total AIE
12 was significantly higher in adult brachial plexus and lung than in newborn. Within both
adult and newborn tissues, AIE 12 varied greatly and shared the same statistically significant
trends, aside from brachial plexus and lung. Muscle, heart, and cortex was highest, followed
by skin, then optic nerve, ileum and cecum (Figure 24). AIE 31 was significantly higher only
in adult heart tissues relative to newborn. Within both adult and newborn tissues, ASE 31
varied in many tissues and shared the same statistically significant trends, aside from in heart.
Optic nerve and brachial plexus was highest, followed by muscle, ileum, and cecum, then
lung, skin and temporal cortex, and lowest in frontal cortex (Figure 25). AIE 57 was not
significantly different between adult and newborn tissues. Within both adult and newborn
tissues, only one significant trend was observed; heart and muscle had higher expression
(Figure 26). In newborn tissues, AEE 4 was highest in cortex and brachial plexus, followed
by optic nerve, muscle, ileum and lung, and lowest in heart. AEE 44 was not significantly
different in any newborn tissues. AEE 51 was higest in optic nerve and brachial plexus,

followed by muscle, heart, ileum and lung, and lowest in cortex tissue (Figure 27).
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Figure 22. Total NF1 Sex - RT-gPCR data expressed in terms of relative difference
from the reference genes. Comparisons between age and sex are shown. Significant
differences are denoted with a corresponding p value (p< 0.05).
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Figure 23. Total NF1 Tissue - RT-gPCR data expressed in terms of relative difference
from the reference genes. Comparisons between age and tissues are shown. Significant
differences are denoted with a pairwise lettering scheme (p< 0.05).
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Figure 24. NF1 ASE 12 - RT-gPCR data expressed in terms of total copy number of
transcripts. Significant differences (p<0.05) are denoted by pairwise lettering for
comparisons between tissues from same-aged swine. Proportionality ratios are
displayed using the same data as in the lower bar values and the sum of the AIE and
AEE is converted to 100%
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Figure 25. NF1 AIE 31 - RT-gPCR data expressed in terms of total copy number of
transcripts. Significant differences (p<0.05) are denoted by pairwise lettering for
comparisons between tissues from same-aged swine. Proportionality ratios are
displayed using the same data as in the lower bar values and the sum of the AIE and
AEE is converted to 100%



NF1 ASE 57 EXPRESSION

NEWBORN

Frontal cortex

Cerebellar vermis
Temporal cortex
Hippocampus
Midbrain
Brachial plexus
Optic nerve
Heart

Lung

Muscle

lleum

Cecum

Skin

0% 20% 40% 60% 80% 100%
Proportionality
Frontal cortex HL K~ — 200
Cerebellar vermis H LKl kL

Temporal cortex

HiJ K~ — A 8c0E
GHIJ Il coErcH

Hippocampus

Midbrain |,J,K-—{l—- L
Brachial plexus H,l,J,K-{_—A.B
Optic nerve K_ A
Heart BCoEF—JIl—8coEFGH
Lung JK——~5c0
Muscle sC—Jl— ABCDEFGH
lleum H LK — 2500
Cecum HL K —25c0EFG
Skin WKl eFoH)
10 5 0 5 10

Expression Level (AU)

Inclusion-l Exclusion-

75

ADULT

0% 20% 40% 60% 80% 100%

Proportionality

DEFGHJI— eFcH)
FH I~ Jl—cH1
coEc— I 2coE
coE I 5c0ErFG
LK~ 0 EFcH
e
eFGH—|IIEGEGg-2c
A 25c0EF
co— -+
A 0 :FcH
coJI—rcHy
coec—I— 1«
A —l—«.

0 5 0 5 10
Expression Level (AU)

-

Figure 26. NF1 AIE 57 - RT-gPCR data expressed in terms of total copy number of
transcripts. Significant differences (p<0.05) are denoted by pairwise lettering for
comparisons between tissues from same-aged swine. Proportionality ratios are
displayed using the same data as in the lower bar values and the sum of the AIE and

AEE is converted to 100%
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Figure 27. NF1 AEEs - RT-qPCR data expressed in terms of total copy number of
transcripts. Significant differences (p<0.05) are denoted by pairwise lettering for
comparisons between tissues from same-aged swine. AEEs expression levels were
compared only in newborn tissues (n=3).

Secondary pre-mRNA structures were generated for AIEs 12, 31 and 57 to evaluate
potential SSO targets (Figure 30). SSOs were designed to meet specific criteria and were
synthesized with the previously discussed modifications. Overexpression plasmids were
created and confirmed to contain the appropriate insert by evaluating plasmid size with gel

electrophoresis. Following transfection and puromycin slection of MSCs containing the

76



77

plasmid, RT-gPCR comparison of SSO transfected MSCs vs. control indicated that 5 of the 6
SSOs modulated AIE expression in a significant way. Each SSO that targeted a splice
enhacing region showed a relatively large reduction in AIE inclusion: 2.5-fold reduction for
AIE 12, 1.5-fold reduction for AIE 31, and a 6-fold reduction for AIE 57. SSOs targeting the
inhibitory elements also showed efficacy in AIE 12 and 31. While significant, the increase in
AIE was less than 1-fold higher. The SSO targeting the AIE 57 silencing site did not produce
a increase in AIE 57 but had a toxic effect on the cell (Figure 28).

ASE 12 ASE 31 ASE 57

*
*

0 - ]
-1 .

N/A

Fold Difference

WSSO Skip m SSO Inclusion

Figure 28. SSO Efficacy - Relative change of NF1 AIE expression levels in minigene
transfected MSCs following treatment with SSOs. Each ASE is normalized to an
untreated control transfected with the respective minigene. AIE 57 Inclusion SSOs
produced a toxic response in MSCs. All bars are significantly different from an
untreated MSC control group (p<0.05).
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3.5.  Discussion

NF1 ASEs expression levels in newborn and adult swine tissues were compared to
human to assess the translatability of swine for NF1 research and to establish a model for
studying the role of NF1 ASEs at a cellular level. The chosen tissues, including various brain,
nerve, GI, muscle, and epithelial tissues, are known to be involved in many of the more
prominent NF1 symptoms. Of particular focus is the myelinating tissues of the optic nerve
and brachial plexus and neurons on the frontal and temporal cortex as these tissues are
associated with neurofibroma formation and cognitive deficits, respectively. It remains
poorly understood, however, what role NF1 ASEs play in disease presentation. Establishing
natural expression profiles for these key tissues provides solid basis from which to begin
more complex studies in swine. Further, demonstrating the efficacy of SSOs as a tool to
modulate NF1 ASE expression provides an important means to evaluate the functional
effects of NF1 ASEs.

Swine was demonstrated to be genetically congruent with human with respect to both
the genomic regions and tissues expression profiles. The results are concordant with known
patterns of NF1 ASE expression in corresponding human tissues and provide the first
characterization of NF1 ASE expression levels in swine. Genomic sequencing of three NF1
AIEs indicated identical homology to human: AIE 12, 31, and 57. However, AIE 13 was not
detected in any tissue. Further analysis showed that should this exonic region be included in a
pre-mRNA transcript, the additional base pair would induce a frame shift and consequntly a
premature stop codon producing a greatly truncated protein. While a truncated protein may
have some physiological function, the total lack of detection of this product indicates it is not

found in swine. Future studies may use SSOs in an attempt to force inclusion or genetically
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modify cells without the additional nucleotide to study NF1 AIE 13s effects. A simple
phylogentic search of AIE 13 revealed that this sequence is completely conserved in all non-
human primates and the domestic cat. It is also found in the genomic assemblies of the
earthworm, golden eagle, vulture, brown kiwi, horse milkfish, asian fish, and rat, albeit with
a number of base pair substituttions. Interestingly, multiple out-of-frame deletions are found
in the homologous mouse and dog genomic region, and it is completly absent in zebrafish.
The detection of three NF1 AEEs found in human is also significant as these AEES
have not been found in mouse [85]. AEEs were confirmed to be excluded in some NF1
MRNA transcipts at a relatively low but significant level in all tissues assayed. Exon 51 was
excluded most frequently, in up to 10% of the transcripts in optic nerve and brachial plexus
tissues, but only in 0.5-3% of NF1 mRNA in other tissues. Exon 44 was excluded in all
tissues at a very low level, in 0.1-1.5 % of transcripts. Exon 4 was excluded with greatest
frequency in brachial plexus and brain tissues, and at lowest frequency in heart tissues,
varying from 3% to 0.25% respectively. It is unclear if human tissues have the same
distribution of AEEs as swine because different tissues were evaluated in those other
published reports. In one study, AEE 4 was found in 5% of blood and 2.3% of heart tissue
and AEE 44 was found in 2.1% of muscle tissue transcripts. AEE 51 was found in 22% of
liver, 15% of muscle, and 11% of kidney transcripts [85]. Overall trends appear to be
congurent but more detailed analyis with additional tissues and with age-matched animals
would need to be performed to confirm these expression profiles. Interestingly, the number
of nucleotides that make up exons 4 and 44 in both swine and human is not divisible by
three, suggesting that a frame shift and premature truncation stop codons would produce a

truncated protein. One study showed that mRNA transcripts including these AEEs are in fact
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polyadenylated and therefore likely to be trancribed into protein [85]. Whole transcriptome
analysis could be used to determine the precise abundance and makeup of these NF1
transcripts but may be challenging due to the difficulty of sequencing long mMRNA
transcripts.

Total NF1 expression was higher in myelinating tissues and lowest in the cecum and
skin. Most malignant NF1 tumors originate from myelin dense white matter and higher
relative levels of AIE 31 was also found in these tissues. This AIE is known to influence Ras
activity and is implicated in cancer [239]. Mutations influencing expression of AIE 31 are
associated with increased activity of the Ras oncogene, however, there is no indication that
NF1 splicing mutations are concentrated at this region, suggesting that splicing alterations of
other regions are also influential in inducing tumorigenic phenotypes. Human studies have
reported that neurons lack AIE 31 expression and low detection levels were also found in
brain tissue in the current study. AIE 12 was highest in cortical tissues, heart, and muscle. As
these tissues are all dense with neurons or nerve endings, this was expected as is the case
with human tissues. It is possible that this AIE is exclusive to neurons but pure homogenous
cell culture would probably be needed to purify, grow, and isolate a sample of neurons. AIE
57 was highest in muscle and heart, as in humans, and its relative expression levels were low
overall. Overall, the NF1 AIE expression profile in swine tissues is similar to that in human.

Potential regulatory splice enhancing and inhibiting elements were identified for each
of the three NF1 AIEs and modified SSOs were designed targeting these six regions. All but
one SSO showed efficay in modulating NF1 AIE expression levels as predicted. This
strongly suggests that the identified sites targeted by these SSO are involved in regulation of

NF1 alternative splicing. Reduction of AIEs was not complete when using the skipping SSOs
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and may indicate other splice sites are also involved. Enhacement of AIEs was also rather
modest, however, the process of inclusion is much more complex as the cell’s endogenous
machinery must be guided in the proper manner to facilitate this increase, whereas inhibiting
AIE inclusion can simply invovle blocking the regulatory sequences or exon splice site from
being accessed by the spliceosome. MSCs have a very high endogenous level of AIE 31
expression raising this level further may be prohibited by the cell. In the specific case of
MSCs, an overexpression plasmid is not actually needed to increase AIE levels to a more
easily detectable range, however, to be consistent in the experimental design one was used
and a modest yet statistically significant increase was observed. It is possible that a cell needs
to produce a certain ratio or absolute level of the NF1 AIEs and the addition of the
overexpression plasmids interferes with this regulatory feedback mechanism. Future studies
will be done demonstrating the effects of these SSOs in the primary swine cell culture. The
use of more robust SSO modifications like phosphorodiamidate morpholino oligomers
(PMOs) may also increase efficacy. Indeed, a recently published study designed an SSO to
enhance inclusion of NF1 AIE 31 in an immortalized rat cell line using PMQOs and used much
lower doses. In agreement with this study, the identified regulatory regions were similar and
the SSO both targeted very similar sequences. This suggests that splice site regulatory
elements may also be conserved in humans, but further studies would need to be done to
confirm this.

This is the first study to validate NF1 ASE regulatory regions and compare NF1 ASE
expression levels in various swine tissues to human. The expression profiles revealed that
swine are a valid translational model for the study of NF1 and NF1 ASEs. Future studies may

use genetically edited swine containing specific NF1 mutations involving splicing. While
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thousands of unique NF1 mutations have been identified, very few genotype-phenotype
correlations have been found. This inconsistency has elicited a deeper search to uncover the
mechanisms governing this complex presentation of symptoms. Shifts in the relative
expression of NF1 ASEs in specific tissues caused by NF1 mutations is suggested to
influence the phenotypic presentation of the disease. Thus, it would reason that the
restoration of the normal NF1 ASE expression would prevent or attenuate the disease
phenotype. To date, therapeutics that modulate NF1 mRNA splicing have not been developed
and no published studies have explored their effects in vivo. Only a few studies have even
attempted to modulate NF1 expression using SSOs [123] [143]. This study provides evidence
that SSOs can be used to modulate NF1 ASE expression in swine and provides a novel
molecular technique that can be used to understand the role of NF1 ASEs at different
developmental stages and in different cell types. Further, this work opens the possibility that

NF1 SSOs may also be used with a therapeutic aim.



3.6  Supplementary Materials

NF1 ASE Region Target Primer Sequence
. Forward |TTTTTACTTTTGCCAGTGTAATGAG
For Sequencing
AIE 12 Reverse |TGCATCCTTATGAATCCTAGTCG
Surrounding Forward |TCGTCCACTGAGCCACTATG
Genomic Introns |Reverse |CCAGAAGTCAGCTTCCCTTAC
. Forward |CCCTTAAACCTTTCCTTATGAACC
For Sequencing
AIE 13 Reverse |GCAAACTTCTCTGTCTGAACACC
Surrounding Forward |GCATATGGCTTGGAAATGTG
Genomic Introns |Reverse |GGGATAGACCACGATGGAAG
. Forward |TCAAGAACAATTATGTAAACACATGG
For Sequencing
AIE 31 Reverse |GGCCTTTGGGATAAATCAAAC
Surrounding Forward |TGACAACATGGGGAACACAG
Genomic Introns |Reverse |TGGACCCCTAGCTTGAGAAC
. Forward |AAGTTGAGCAATTGTTTGGTG
For Sequencing
AIE 57 Reverse |CAAACCACATACCCTCCTTTC
Surrounding Forward |GCAGGTTCATCTGGAAGCTC
Genomic Introns |Reverse |AGCCCGTATCAGTTACGTCTG
For Sequencing | Forward | TCTCTCTCAGTTGATTATATTGGAT
AEE 4 :
Surrounding Forward |[TTTGGAGAAGCTGCTGAAAA
cDNA Exons Reverse |TCCTGTAACCCCAGCAAGAC
For Sequencing Forward ACCAGTGGACAGAACTAGCC
AEE 44 -
Surrounding Forward |TGAGAGATATTCCAACATGCA
cDNA Exons Reverse |CTCTCAAGTGCCTTTGGG
For Sequencing Forward ATGAGCTTGGACATGGGCC
AEE 51
Surrounding Forward |AATCAGCCATGGTCCTCTCC
cDNA Exons Reverse |AAATCCTCTGAGTTTCAAGTAAC

Table 1. NF1 ASE PCR Primers - Primer sequences used to amplify or sequence the
genomic DNA for AIEs and the cDNA of mRNA transcripts for AEEs.



NF1 ASE Region Target Primer Sequence
Ubiquitous  |Forward |CTGCCTGGCTCAAAATTCC
Exons Reverse |CTTAGGCCACCAATCTAATGC
AIE 12 AIE Only Forward |AAGCATGGACTTGGCACTG
Reverse |ACAACCCTGGACTGCTTTATG
AEE Only Forward |GAATCATCACCAATTCTGCA
Reverse |CACAACCCTGGACTGCTTTA
Ubiquitous  [Forward |TAAAGCAGTCCAGGGTTGTG
Exons Reverse |AGCTTCTTGTCTCCAGGTCTG
AIE 13 AIE Only Forward |TAAAGCAGTCCAGGGTTGTG
Reverse |AGCCATAGAAGCCCACTG
AEE Only Forward |GGTGGCCTAAGATTGATGCTG
Reverse |GTAAGACTCGGTGCCATTCG
Ubiquitous  [Forward |CATGCCATCATCAGCTCCTC
Exons Reverse |TGAGGGAAACGCTGGCTAAC
AIE 31 AIE Only Forward |CATGCCATCATCAGCTCCTC
Reverse |TTATTCAGTAGGGAGTGGCAAG
AEE Only Forward |CTGTTTATACCAGGTGGTTAGCC
Reverse |CATATGGTGAGACGATGGC
Ubiquitous  |Forward |GCAACTTCCCAGCATTCCC
Exons Reverse |CTTGGCTTGCGGATCCATG
AIES7 AIE Only Forward |TTTCATGCAGCTGTTCCCTC
Reverse |CTTGGCTTGCGGATCCATG
Forward |GCATTCCCCAGGAATCG
AEE Only
Reverse |CTTCTGCACTTGGCTTGC
Ubiquitous  |Forward |TCTCTCTCAGTTGATTATATTGGAT
AEE 4 Exons Reverse |ACATCAACATTGTCTTCTGAACA
AEE Only Forward |TTTGGAGAAGCTGCTGAAAA
Reverse |TCCTGTAACCCCAGCAAGAC
Ubiquitous  |Forward |ACCAGTGGACAGAACTAGCC
AEE 44 Exons Reverse |AGAAGTGGTTGCAATTTGGT
AEE Only Forward |TGAGAGATATTCCAACATGCA
Reverse |CTCTCAAGTGCCTTTGGG
Ubiquitous  |Forward |ATGAGCTTGGACATGGGCC
AEE 51 Exons Reverse |GAAGGGCTTGGATCTTCGGA
AEE Only Forward |AATCAGCCATGGTCCTCTCC
Reverse |AAATCCTCTGAGTTTCAAGTAAC
PPIA Exon-Exon Forward |CACAAACGGTTCCCAGTTTT
Boundry Reverse |TGTCCACAGTCAGCAATGGT
RPLA Exon-Exon  |Forward |AGGAGGCTGTTCTGCTTCTG
Boundry Reverse |TCCAGGGATGTTTCTGAAGG
8P Exon-Exon Forward |GATGGACGTTCGGTTTAGG
Boundry Reverse |AGCAGCACAGTACGAGCAA

84

Table 2. Tissue RT-gPCR Primers - AEE only primers are located directly on the exon-

exon junction based on the assembly data for the neighboring exons. Primers were
biased longer towards the 5’ end to minimize false priming. AIE primers are located
centrally within the exon. Working concentration of all primer pairs were validated

through a standard curve, melting temperature curves, and PCR gel electrophoresis to
confirm expected performance.



Regulat
NF1 ASE Region eguiatory Function SSO Sequence
Target
Enhancin
ne Skipping |[UACAGCAGUGCCAAGUCCAUG
Element
AlE 12 Silencin
& linclusion | GUAGACAAAAAUAUUUCAC
Element
Enhancin
"ne Skipping [CUGAUUUUUUGUUUUCCUUUUUUUC
Element
AlE 31 Silencin
g Inclusion |AGCAACAAAAACAAUG
Element
Enhanci
NANCINg o ioping | GGGAACAGCUGCAUGAAAA
Element
AlE 57 Silencin
g Inclusion |GGAAGAAAAAACAAAAGUGAGUGG
Element

85

Table 3. SSO Efficacy Designs - Sequences of SSOs targeting each regulatory element.

All SSOs contained phosphorothioated backbones and 2'-O—Me groups throughout.
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Figure 29. Standard Curves - Standard curves were generated for each RT-gPCR
primer to determine efficiencies, working ranges, and a best fit line for deriving
absolute copy numbers from raw Cq data. Serially diluted (1:10 dilution ratio) plasmid
inserts were used for AIE primer standard curves. A serially diluted (1:10 dilution
ratio) spike-in mixture of cONA from newborn optic nerve and heart was used for
reference gene standard curves.
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Figure 30. NF1 ASE mRNA Folding - Lowest energy folding structure predicted by
RNAstructure software. Sequences included the target AIE and 100 bp of the
surrounding intronic regions on each side. Blue highlights the AIE sequences. Red
highlights the SSO inhibitory elements. Green highlights the SSO inclusion elements.
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CHAPTER 4 -- Functional Effects of NF1 Alternatively Spliced Exon Modulation in

Differentiating Schwann Cells

4.1. Abstract

Neurofibromatosis Type 1 (NF1) is a complex genetic disorder that is closely linked
to the development of a variety of cancers. Neurofibromas are the hallmark tumor associated
with this disease and originate from the myelin sheath surrounding nerves. In the peripheral
nervous system, these myelinating nerve support tissues are called Schwann cells and their
transformation has been shown to be an important driver of NF1 tumorigenesis and therefore
are a potential target for therapies. Alternative splicing dysregulation has been increasingly
implicated in tumorigenesis. NF1 splicing abnormalities are also disproportionately seen in
NF1 patients. Splice-switching oligonucleotides (SSOs) can be used to modulate and even
correct aberrant alternative splicing, however, this strategy has not been used in NF1. Prior
work that has identified the splicing regulatory regions for several NF1 alternatively spliced
exons and validated corresponding SSOs that modulate their expression. However, functional
effects of NF1 alternatively spliced exon (ASE) modulation have not been reported. In the
current study, SSOs targeting the splicing regulatory regions of three NF1 ASEs were
delivered to swine adipose-derived MSCs in a dose dependent manner to evaluate toxicity
levels and determine the highest tolerated dose. Prior work has revealed Schwann cells have
higher expression of NF1 ASE 31 and modulation of it with SSOs may be a viable
therapeutic strategy. Therefore, the SSO which promoted inclusion of NF1 ASE 31 was used
to demonstrate functional and potentially therapeutic effects in differentiating Schwann cells.

In addition to WT MSCs, NF1 +/- and NF1 -/- MSCs were also used. Results indicated that
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SSOs which increase NF1 ASE 12 and 57 had a pronounced toxic effect on the MSCs at low
doses. The other SSOs were tolerated at relatively high doses and indicates that increased
NF1 ASE 12 and 57 expression may have a detrimental effect in MSCs. Increasing NF1 ASE
31 in MSCs and differentiating Schwann cell produced a decrease quantity of the active form
of Ras and phosphorylated ERK1/2. It also had the effect of decreasing proliferation rates
and increasing markers of Schwann cell maturity. Notably, these effects were only seen in
cells that had at least one WT allele — it had no effect in NF1 -/-cells. This is the first report
linking NF1 AIE modulation to Schwann cell development. Overall, these results show that
SSOs can be used to modulate NF1 ASE expression in a functionally relevant way and may
have therapeutic applications targeting Schwann cell development. Future studies will
explore the therapeutic potential of SSOs targeting other cell types within the tumor in NF1

patients prior to biallelic NF1 inactivation.

4.2.  Introduction

NF1 is characterized as an autosomal dominant disorder arising from mutations
within the NF1 gene. NF1 related tumors frequently originate in the myelinating tissues of
the nervous system and often signify a poor prognosis depending on the type of tumor [54].
Tumors form with increased incidence on the dermis, in the brain, on cranial and peripheral
nerves, and on the spinal cord. Some of these tumor types include lipomas, astrocytomas,
brain and optic nerve gliomas, spinal and cutaneous neurofibromas, and plexiform
neurofibromas. The latter of which have about a 15% chance of developing into malignant
tumors compared to the general public [2]. Neurofibromas are heterogeneous tumors

comprised of neoplastic Schwann cells and nonneoplastic fibroblasts, vascular endothelial
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cells, and mast cells, as well as dense collagen [240]. While Schwann cells are clearly key
drivers of neurofibroma formation, the specific role of NF1 in this process is not known.

Human NF1 contains 61 exons and at least 7 of them are alternatively spliced in
mature mRNA transcripts [85]. These ASEs, along with the other constitutively expressed
exons, combine to form the various NF1 mRNA isoforms and are differentially expressed in
all human tissues. The four most commonly identified ASEs are denoted 11alt12, 12alt13,
30alt31, and 56alt57 [86]. These ASEs can also be referred to as al2 or ASE 12 instead of
11alt12, etc... Other less commonly studied ASEs include exon 4, 44, and 51 and are found
to be excluded in some transcripts. For clarity, the nomenclature used in this work
distinguishes the whole body of NF1 ASEs further into two subcategories: alternatively
included exons (AIEs) and alternatively excluded exons (AEES). In the conventional NF1
nomenclature, AIEs are given a suffix or prefix to distinguish them from the other, more
constitutively expressed exons, which are simply referred to by number. The AEEs are
numbered regularly amongst the rest of the constitutively expressed exons and when referred
to in the context of alternative splicing are prefaced with the phrase AEE indicating they are
among the normally numbered exons but are being discussed in the context its alternatively
spliced nature.

All of these ASEs potentially have a role in disease presentation and severity but only
AIE 31 has been studied to this end [241]. This ASE is located directly in the GTPase
activating protein related domain and is known to regulate Ras activity and consequently
several downstream pathways. [233] Ras activity is directly related to cell proliferation and
has been strongly associated with NF1 tumors [242]. Myelinating tissues including Schwann

cells have a relatively high expression of AIE 31 and are often the tumorigenic cell of origin
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in neurofibromas [51] and are strongly influenced by NF1 +/- cells in the microenvironment
[240]. Therefore, modulating NF1 AIE 31 could have great therapeutic potential in
tumorigenesis or tumor development.

Antisense oligonucleotides have recently been used to correct dysfunctional mMRNA
splicing in spinal muscular atrophy and Duchenne’s’ muscular dystrophy [243, 244]. They
can also be used to modulate endogenous splicing and are referred to as splice-switching
oligonucleotides (SSOs). By designing SSOs targeting specific sites on the mRNA, exon
inclusion or exclusion can be induced. SSO-mediated exon inclusion can be achieved by
targeting a splicing silencer sequence (exonic or intronic), disrupting secondary RNA
inhibitory structures, or recruiting splice factors. Conversely, natural or cryptic exon skipping
can be achieved by targeting a known splice site or splice enhancer element. While these
aspects make SSOs a versatile tool for correcting splicing dysfunction, they also make ideal
therapeutics because they are easy to synthesize, they are highly target-specific, they can gain
access to many cell types in the body without requiring any additional packaging or unique
delivery methods, they are well tolerated, their mechanism of action can be predicted based
on their design, they can be designed to target patient-specific mutations, and the effects of a
single injection can modulate splicing for up to a year in some tissues [136]. Given these
favorable qualities and the successful precedence in treating other diseases, SSOs are very
amenable for studying NF1 alternative splicing. Using SSOs first as a tool to further
understand the role of alternative splicing in NF1 could then be translated into a treatment
with therapeutic potential for NF1 patients to correct splicing mutations.

MSCs are multipotent cells commonly used for in vitro cell culture studies. Protocols

for differentiating MSCs into Schwann cells have also been well established, including in
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swine. They can also be obtained from a variety of tissues such as bone marrow, peripheral
blood, and adipose. These factors make them a good choice to evaluate SSOs in this
translational swine cell culture platform. Several swine models of NF1 have been recently
developed in hopes that these models will recapitulate the disorder in humans better than
existing rodent models and thus offer a more translational platform for the development of
novel therapies [1]. With respect to the seven ASEs identified in human, swine has
completely homologous genomic DNA to six of them, the exception being AIE 13. Only
three of the NF1 ASEs have been found in rodents [85] and studies have also shown mouse
models do not present as many of the complex NF1 phenotypes as swine do [87]. These
reasons justify the use of swine as a platform for studying NF1 in a translationally relevant
manner.

SSO previously designed for use in NF1 swine ASE modulation were used. Briefly,
NF1 AIE regulatory regions were identified and SSO designed to either enhance or inhibit
inclusion of the target AIE. For the 3 AIEs of interest in swine, six unique SSOs in total were
used. MSCs taken from conventional and genetically edited NF1 swine were isolated and
differentiated into Schwann cells using established protocols. SSOs were first applied to
conventional MSCs to determine dosing and viability curves. Finally, SSO were applied to
MSCs from all swine genotypes while being differentiated into Schwann cells to demonstrate
functional effects downstream from NF1 mRNA splicing. The results have provided rationale
for further SSO studies using primary tumor cells obtained from NF1 swine models or in

other tumorigenic cell types such as fibroblasts or mast cells.
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4.3.  Methods

SSO Dosing and Viability

Six SSOs were modified to have phosphorothioated backbones and 2’-O— methyl
(2'-O-Me) RNA bases and synthesized by Integrated DNA Technologies (IDT, Coralville,
IA) (Table 4). The efficacy of SSO activity in cells is very low without these modifications
due to degradation of both the SSO and pre-mRNA target. The addition of 2'-O—Me RNA
nucleotides on the ends of SSOs inhibit ribonuclease and DNase digestion and the
substitution of phosphorothioate on the ribose backbone inhibits exonuclease and
endonuclease digestion [136]. Serial dilutions of SSOs were prepared on a logarithmic scale
with the highest dose being 4000 nM and the lowest dose 2.5 nM, in addition to a 0 nM and
untreated control. WT MSCs were seeded from a single pool of homogenous cells at a
density of 1,500 cells per well. SSOs were delivered into MSCs using RNAIMAX Reagent
(ThermoFisher) according to the manufacturer’s recommendations for 96-well plates. After
four days, images were taken of each well and ImageJ software used to count the number of
surviving cells. Follow-up experiments used an SSO shown to have efficacy in increasing

NF1 AIE 31 (Inc31) and was administered at a concentration of 500 nM.

Adipose-derived MSC Harvest

MSCs from wild-type and genetically edited NF1 swine were isolated according to
established protocols [200]. NF1 genotypes included NF1 AIE 31 +/-, NF1 AIE 31 -/-, and
NF1 Trunc +/- (Figure 31). NF1 AIE 31 +/- and -/- alleles have a genomic deletion of the
AIE 31 exon. NF1 Trunc +/- and -/- alleles have a single nucleotide deletion in exon one

resulting in a premature stop codon and greatly truncated protein. Clonal NF1 Trunc -/-
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population of MSCs were derived from NF1 Trunc +/- MSCs using a CRISPR/Cas9 plasmid
construct (IDT, Coralville, 1A) delivered with the Neon® Transfection System (Thermo
Fisher Scientific). After single cell sorting, robust growing clonal populations were
confirmed with Sanger sequencing and used along with the other MSC genotypes for cell
culture experiments. Cryopreserved samples were maintained for each original genotype and

MSCs passaged greater than 8 times were not used for experiments.
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Figure 31. NF1 Genotypes — Schematic diagrams representing the mutations in genetically
edited swine. NF1 Early Truncation and NF1 a31 Excision are represented in the current
study [1].

Functional Assays in MSCs and Schwann cells

Proliferation rates and Ras activity was determined for both MSCs and differentiated
Schwann cells for each of the five genotypes. MSCs from each of the five genotypes were
first treated with SSO Inc31 in two replicate 6-wells containing 100,000 cells using
RNAIMAX Reagent. A separate untreated control was also made for each genotype. The
following day MSCs from one 6-well were used to seed a 96-well plate at a density of 1,500
cells per well in six replicate wells. The plates were incubated with the BioSpa Live Cell

Analysis System (Biotek) and imaged every 4 hours with the Cytation 5 Cell Imaging Multi-
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Mode Reader (Biotek). Cell counts were performed using an included software program and
statistical analysis was performed determining the average growth rate constants from a best
fit exponential growth curve. After 3 days, cells from the other 6-well plate were assayed
with the Ras G-LISA Activation Assay Kit (Cytoskeleton, Inc) and again compared with the
untreated controls to determine the total amount of active Ras.

Each unique line of MSCs was also differentiated into Schwann cells using a series of
differentiation medias in duplicate 6-wells [202]. After 14 days, mMRNA was extracted from
one 6-well using the miRNeasy Mini Kit (Qiagen) according to manufacturer’s protocols.
After qualitative and quantitative analysis with Nanodrop 2000 (ThermoFisher), cDNA
libraries were created with the iScript™ cDNA Synthesis Kit (BioRad). RT-qPCR was
performed with technical triplicates of each tissue sample to determine expression levels of
each NF1 ASEs and markers of Schwann cell maturity. The primer sets used were as follows:
3 validated references genes (PPIA, RPL4, TBP), a primer set targeting NF1 AIE 31, and
primers targeting genes upregulated in differentiating Schwann cells (Table 5). Cells from

the other 6-well were assayed for Ras activity as described above.

SSO Inc31 Administration During Schwann Cell Differentiation

The same five lines of MSCs were again seeded into 6-wells and differentiated into
Schwann cells while being administered SSO Inc31 on Day 0, 4, 8, and 12 of differentiation.
A proliferation assay compared the untreated Schwann cells control group to the SSO
treatment group over the last 3 days of differentiation as previously described. On Day 14 of
differentiation, gene expression and Ras activation assays were performed and compared

with the untreated controls.
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4.4, Results

Efficacy and cell viability assays were performed to determine the optimal SSO
concentration for use in MSCs. The first assay used an SSO that induced skipping of AIE 31
and showed that concentrations of 125 nM produced detectable effects and this increased

linearly with higher concentrations (Figure 32). However, cell viability decreased
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Figure 32. Efficacy Curve — Increasing concentrations of SSO AIE 31 Skip in MSCs
after 2 days. Significant differences from the untreated 0 nM control are indicated
with an asterisk (p<0.05).

significantly at high concentrations, so a viability assay was performed to determine the
highest tolerated concentration for each SSO. The cell survival assay indicated MSCs tolerate
SSOs at doses up to 40 nM delivered with RNAIMAX, while doses of 4000 nM dramatically
reduced MSC viability after four days. Maximum viable dosing was determined for each of
the six SSOs and is indicated by the highest dose above the graphical trendline (Figure 33).
SSOs designed to inhibit AIE expression were generally well tolerated by the MSCs as

compared to SSOs designed to enhance AIE expression. The exception to this trend was SSO
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targeting AIE 31, which was tolerated at relatively high doses as well. SSOs targeting AIE 12
and 57 both demonstrated loss of viability at 100 nM doses. All other SSO doses retained
MSC viability exceeding doses 640 nM or higher. SSO Inc31 was the focus of subsequent

studies and 500 nM dosing was chosen to maximize efficacy while minimizing potential

toxicity issues, especially given repeated dosing regimens.
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Figure 33. Viability Curves - SSOs administered to MSCs at various
concentrations and counted after 4 days. SSO Inc 12 and 57 decreased cell
viability at relatively low doses (indicated by asterisk), suggesting a negative
mechanistic effect of forced exon inclusion in this cell type.
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Figure 34. MSC SSO Proliferation — Proliferation rate growth constant of MSCs over a
3-day period following treatment with SSO Inc 31. Growth rate constants were
calculated assuming an exponentially fit curve y(t)=ae”(kt). Significance between
control and treatment groups indicated by * (p<0.05).
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Figure 35. MSC SSO Ras — Active bound Ras quantified with standardize ELISA assay.
Error bars represent technical duplicates. Significance between control and treatment
groups indicated by * (p<0.05).
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MSCs administered a single dose of SSO Inc31 produced significant changes in MSC
proliferation and Ras activity in multiple genotypes. These changes generally trended
together. Ras activity was reduced in WT, AIE 31 +/-, and Trunc +/- cells while proliferation
was reduced in AIE 31 +/- and Trunc +/- cells (Figure 34, 35). Proliferation and Ras activity
were statistically unchanged in both AIE -/- and Trunc -/- cells. This result was expected in
NF1 -/- cell lines as no functional target is present in the mutated alleles. It should be noted
that due to the nature of the NF1 Trunc -/- mutation, mMRNA product is still detectable, even
though any protein produced would be truncated before translation of the first exon is

completed.
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Figure 36. Schwann Ras — Active bound Ras quantified with standardize ELISA assay.
Error bars represent technical duplicates. Significance between control and treatment
groups indicated by * (p<0.05).

MSCs differentiating into Schwann cells show decreased Ras activity among all
genotypes except NF1 Trunc -/-, which show an increase in Ras activity (Figure 36). RT-
gPCR revealed that this cell line did not upregulate markers associated with Schwann cell

differentiation as the other cell lines did (Figure 37). Additionally, it did not show a
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Schwann Cell Gene Expression
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Figure 37. Schwann RT-qPCR — Gene expression of NF1 AIE 31 and Schwann markers
determined by RT-gPCR assay. Each genotype represents relative change vs its
undifferentiated MSC control. Error bars represent standard deviation of technical
triplicates. All bars are significantly different from its respective undifferentiated MSC
control (p<0.05).

significant increase in AIE 31. These results suggest that Schwann cell differentiation of
MSCs is characterized by a decrease in Ras activity and an increase in NF1 AIE 31 and that
NF1 Trunc -/- MSCs do not differentiate into mature Schwann cells as the other cell lines.
Differentiating Schwann cells that are concurrently transfected with SSO a31 Inc show
enhanced expression of Schwann cell markers in cell lines that have functional targets but not
in NF1 AIE 31 -/- or NF1 Trunc -/- Schwann cells, as compared to their respective untreated
control Schwann cells (Figure 40). Ras activity and proliferation rates were also significantly
decreased in WT and NF1 AIE 31 +/- cells administered SSO Inc31, beyond the decrease
associated with just Schwann differentiation (Figure 38, 39). These results show that SSO
Inc31 enhanced Schwann cell differentiation and maturity through increasing expression of

NF1 AIE 31.
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Figure 38. Schwann SSO Ras — Active bound Ras quantified with standardize ELISA
assay. Error bars represent standard deviation of technical duplicates. Significance
between control and treatment groups indicated by * (p<0.05).
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Figure 39. Schwann SSO Proliferation — Proliferation rate constant of MSCs over a 3
day period following treatment with SSO Inc 31. Growth rate constants were calculated
assuming an exponentially fit curve y(t)=ae”(kt). Significance between control and
treatment groups indicated by * (p<0.05).
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Figure 40. Schwann SSO RT-gPCR — Gene expression of NF1 AIE 31 and Schwann
markers determined by RT-gPCR assay. Each genotype represents relative change vs its
untreated differentiated control. Error bars represent standard deviation of technical
triplicates. All bars except one are significantly different from its respective untreated
Schwann cell control (p<0.05).
4.5. Discussion

This is the first study to link NF1 ASE modulation via SSOs to Schwann cell
development. It has shown that SSOs can be used to modulate NF1 AIE 31 expression in a
functionally relevant way and may have therapeutic applications through targeting Schwann
cell differentiation. This study has also shown that NF1 ASEs in NF1 -/- cells cannot be
modulated, however, a single functional allele is sufficient to elicit a functional response.
SSOs could be used to target NF1 +/- cells in the tumor microenvironment, as these cells are
known to drive neurofibroma development.

Previous studies showed that SSOs can modulate NF1 ASEs in a targeted manner, but

optimized SSO concentrations were not used. This study found that higher concentrations of

SSO produce greater ASE modulation. However, cell viability also decreases at higher
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concentrations so a balance needed to be found to maximize efficacy. The viability curve for
SSO Inc31 indicated concentrations as high as 1250 nM were tolerated by MSCs and
significantly increased NF1 AIE 31 in MSCs 2 days after administration. Previous studies
have shown that that a single dose is not sufficient to produce detectable differences in NF1
AIE 31 expression 14 days later in MSCs or differentiating Schwann cells. Therefore, serial
doses of SSO Inc31were delivered throughout the differentiation process and significant
increases in NF1 AIE 31 were detected while cell viability was maintained. A single dose of
2000 nM SSO Inc31 would have likely been detrimental to cell viability but when spread
over 14 days it was tolerated. The decay rate or half-life of these modified SSOs is not
known but the previous results indicate that physiological activity significantly declines
between 4 and 14 days. Different modifications can increase the duration of this activity and
some reports have shown that SSOs can remain effective for months in some tissues in vivo.
Further studies could be performed to optimize the dosing regimen for maximum efficacy but
would likely need to be determined for any given cell type and SSO modification.

While MSCs have clear advantages for the current studies, but they also come with
some limitations. The NF1 ASE expression profile of swine indicates that AIE 12 and 57 are
found at very low levels in MSCs. Consequently, a relatively small change in expression may
have outsized influences on the cells and may induce an apoptotic or other toxic response.
The cell viability assay suggests the SSOs that increase AIE 12 and 57 do elicited a specific
negative response in MSCs. Testing these SSOs in cell types known to have higher
expression of their associated NF1 ASE may prove to be a more efficacious approach of
evaluating their functional activities. Prior studies in this lab have shown that using an

artificial minigene overexpression system to increase the target MRNA in MSCs can be used
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to evaluate SSO efficacy and that SSO efficacy is consistently increased at higher doses,
even if detrimental to the overall health of the cell. Using an overexpression system,
however, doesn’t reflect the true state of the biological system and other cell types would
need to be used to evaluate SSO functional downstream effects. Fortunately, MSCs and
Schwann cells do express AIE 31 at a high level and are well suited for evaluating SSO
modulation targeting this ASE.

NF1 AIEs have been previously characterized in Schwann cells and compared to
MSCs. NF1 AIE 12, while very low in MSCs, increases in Schwann cells. NF1 AIE 31 is
expressed at high levels in MSCs and increases further in Schwann cells while NF1 AIE 57 is
very low in MSCs and decreases slightly in Schwann cells. It has been well established that
NF1 AIE 31 is upregulated in Schwann cells and is important for fine-tuning Ras activity.
These results show that differentiating Schwann cells also show an increase in AIE 31 in
swine cell culture. Further, treatment with SSO Inc31 in both MSCs and differentiating
Schwann cells causes functional downstream effects in both Ras activity and proliferation
rate. SSO Inc31 also increases the expression of Schwann markers in differentiating
Schwann cells. The coordinated rise in NF1 AIE 31 and Schwann cell markers suggests this
ASE is linked to Schwann cell development and its suppression may be detrimental to
normal activity. One recent report has linked NF1 AIE 31 modulation to Ras activity in
developing neurons, but this is the first report showing this AIE also is associated directly
with expression of neuronal markers in differentiating Schwann cells. Proliferation rate and
Ras activation are known to be linked together and their dysregulation is often associated

with a tumorigenic phenotype. Attenuating their activities may be a viable therapeutic
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strategy in NF1 tumor, or any tumor with enhanced Ras activity or Schwann cell
involvement, by increasing NF1 AIE 31 with SSOs.

Several previously published studies have shown an association between the
expression of NF1 AIE 31 and Ras activity and have attributed this relationship to its
location within the GRD domain of neurofibromin. These studies have also shown that
inclusion of NF1 AIE 31 produces an increase in proliferation and Ras activation, contrary to
what the current study indicates [245]. Most of these prior studies on NF1 AIE 31 were
performed in rodent models, and it is possible swine NF1 AIE 31 has a different biological
effect in this culture platform due to subtle differences in the protein or in the way the Ras
pathway signals in swine. Different cell types could also be influenced in uniquely different
ways by NF1 AIE 31. NF1 AIE 31 expression is remarkably different in neurons compared
to Schwann cells and many of the prior NF1 AIE 31 studies have looked primarily at
neurons. Given the low expression in neurons, other cellular mechanisms may become more
dominant. Some of these studies have also looked at immortalized cell lines but this too may
cause unknown changes in the Ras signaling pathway and therefore changes in NF1 AIE 31
may not be the same in a normal physiological state. Further studies in other species, in
different primary cell types, and with additional assays may illuminate this notable difference
in differentiating swine Schwann cells.

SSO Inc31 has consistent functional effects upon MSCs and the Schwann
differentiation process only in WT and NF1 +/- cell lines indicating that cell lines that must
have at least one normal NF1 allele to be amenable to SSO modulation. The two NF1
homozygous cells lines, NF1 AIE 31 -/- and NF1 Trunc -/-, either lack an mRNA target or

the functionality to express neurofibromin and show little or even negative changes in
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Schwann cell markers, Ras activity, and proliferation rates following SSO Inc31 treatment.
MSC cell lines show similar trends when treated with this SSO. In addition to confirming the
need for a WT allele to function, these data also demonstrate that SSO Inc31 is acting in a
specific, targeted manner by eliminating the possibility that SSO delivery is simply
decreasing Ras activity and proliferation rate generally. The cell of origin in neurofibromas
are thought to be Schwann cells that have lost NF1 heterozygosity and would therefore not
respond to SSO treatment. However, recent studies have strongly implicated the
microenvironment in the development and progression of neurofibroma growth. This NF1
microenvironment is made up of supporting cells such as fibroblasts, mast cells, and
macrophages. Importantly, these cells typically retain NF1 heterozygosity in neurofibromas
making them potential cell targets of SSOs. Patients with heterogeneous NF1 mutations
could benefit from SSO therapy to enhance NF1 AIE 31 expression in the microenvironment
and reduce or even prevent Schwann cell tumorigenic activity. Overall, this work provides
strong rationale to further pursue SSO therapies targeting this NF1 ASE using preclinical
NF1 swine models. Future studies may explore the therapeutic potential of SSOs targeting

cell types within the NF1 tumor microenvironment.
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4.6 Supplementary Materials

Regulat
NF1 ASE Region 2" " Eynction $SO Sequence
Target
Enhancing .
Skipping |UACAGCAGUGCCAAGUCCAUG
Element
AE12 (S
lHencin
& |inclusion | GUAGACAAAAAUAUUUCAC
Element
Enhanci
NNancINg g ioping |CUGAUUUUUUGUUUUCCUUUUUUUC
Element
AlE 31 Silencin
& |inclusion |AGCAACAAAAACAAUG
Element
Enhanci
MNANCINg o ioping | GGGAACAGCUGCAUGAAAA
Element
AlE 57 Silencin
| |
& linclusion | GGAAGAAAAAACAAAAGUGAGUGG
Element

Table 4. SSO Viability Designs - Sequences of SSO for each regulatory element. All
SSOs contained phosphorothioated backbones and 2'-O—Me groups throughout.

NF1 ASE Region Target Primer Sequence
Surrounding |Forward |CATGCCATCATCAGCTCCTC
AIE 31 Exons Reverse |TGAGGGAAACGCTGGCTAAC
AIE Only Forward |CATGCCATCATCAGCTCCTC
Reverse |TTATTCAGTAGGGAGTGGCAAG
PPIA Exon-Exon Forward |CACAAACGGTTCCCAGTTTT
Boundry Reverse |TGTCCACAGTCAGCAATGGT
RPLA Exon-Exon Forward |AGGAGGCTGTTCTGCTTCTG
Boundry Reverse |TCCAGGGATGTTTCTGAAGG
TBP Exon-Exon Forward |GATGGACGTTCGGTTTAGG
Boundry Reverse |AGCAGCACAGTACGAGCAA
Ngn2 Exon-Exon Forward |CTGAGTAGCAGCGGAGACAG
Boundry Reverse |CGGACTGGCAGGAGATAAAG
$100 Exon-Exon Forward |GGGACAAGCACAAGCTGAAG
Boundry Reverse |TCCATGACTTTGTCCACGAC
075 Exon-Exon Forward |TGCTGCTGCTGCTGCTC
Boundry Reverse |[AGGTTGCAGGCTTTGCAG
Pitx3 Exon-Exon Forward |CAAGGGCCAAGAGCACAG
Boundry Reverse |CTTCTTCAGCGAGCCGTCTT

Table 5. Neuronal RT-gPCR Primers - Primers used for RT-qPCR of swine tissue
culture. All primers span an early exon-exon junction.
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CHAPTER 5 - Discussion and Future Directions
5.1. Current Medical Care

Medical care for NF1 patients begins with a diagnosis and continues with surveillance
for complications or other new manifestations [246]. Medical costs for NF1 pediatrics
patients average nearly $20,000 per year and can be much higher if surgical interventions are
indicated [247]. Aside from tumors, areas that are routinely evaluated include neurological
abnormalities like learning deficits, seizures, or neuropathy, bone abnormalities such as
scoliosis or osteoporosis, psychosocial issues, and cardiovascular problems [248]. Should
any of these be identified, therapies are aimed at treating symptoms as very few NF1-centric

therapeutics exist at this time.

Cancer Therapies

Tumor treatment for NF1 patients has traditionally been based on the presentation,
histology, and molecular characteristics of the tumor. Tumors can be resected and adjuvant
treatments like chemotherapy and radiotherapy can be used, although radiotherapy is
sometimes avoided due to the potential to cause a second hit mutation in NF1 heterogeneous
cells. More recently, several therapeutics have been adapted and created specifically for NF1
type tumors because of a greater understanding of the molecular pathology of NF1. Imatinib
was among the first therapies and has shown some success in treating plexiform
neurofibromas [249]. Sirolimus and rapamycin, both mTOR inhibitors, also frequently
exhibit positive responses [250]. For MPNST cell lines, certain classes of drugs have shown
the most promise in preclinical trials, namely inhibitors of Raf, MEK, PI3K/mTOR, and Pak

[251]. This has resulted in the first NF1-centric cancer drug, selumetanib, a MEK inhibitor,
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to be approved by the FDA [252]. It is geared towards pediatric patients with inoperable
plexiform neurofibromas but is used more broadly for many NF1 tumors [253]. Other MEK

inhibitors are currently in clinical trials.

Interventional Strategies

Nutritional and other preventative strategies for NF1 are not formally written into
guidelines. However, there have been studies to suggest that certain practices can be
beneficial. Docosahexaenoic acid (DHA) has been shown to inhibit MPNST growth at high
doses in mouse models and promote apoptosis in vitro [254]. Many NF1 patients, particularly
children, can present with reduced muscle mass and other motor functions. NF1 mouse
models exhibit impaired long-chain fatty acid metabolism in muscle tissues which is
corrected by an increased medium-chain fatty acid diet and reduction of long-chain fatty
acids [255]. Progesterone receptors are found on a large majority of all neurofibromas, in
both males and females, and may warrant consideration of antiprogestins as a treatment or
preventative measure [256]. Pregnancy has also been shown to increase neurofibroma

growth, while the post-partum period decreases it [257].

Developing Treatments

Current treatments for NF1 are very limited and often inadequate for the many NF1
patients seeking medical care. While an increased awareness within the medical community
of this disease helps in directing patients to the proper facilities and physicians, there is still a
great need for NF1-centric therapies. Understanding the causative role that NF1 has in

disease development has become central to developing targeted therapies. This has also led to
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identifying NF1 as a central tumor suppressor in many other cancer types. Finding suitable
therapeutic targets for NF1 may have benefits more broadly in cancer treatment. This fact
further highlights the importance of elucidating the complex mechanisms surrounding the
function of this gene. The results of this current work have provided a foundation and
rationale for future tissue-, cell-, and molecular- level experiments to facilitate the

development of a therapy for NF1.

5.2.  Future Directions

Tumor Microenvironment

The tumor microenvironment has been strongly implicated in driving NF1
tumorigenesis. NF1 heterogeneity has been shown to influence cells directly and indirectly as
it modifies the cellular microenvironment. NF1 +/- fibroblasts’ ability to properly orient
themselves in their environment is impaired [91]. NF1 heterogeneity of mast cells and
fibroblasts are also important mediators of NF1 -/- Schwann cells’ initiation of plexiform
neurofibroma development [63]. In mice, neurofibromas originating from NF1-/- Schwann
cells require an NF1 +/- microenvironment or tumors will not form [148]. Optic nerve glioma
formation in mice are also dependent on NF1 heterogeneity in the tumor microenvironment
[119].

SSOs are not able to modulate NF1 ASE expression in NF1-/- cells, however, SSOs
are capable of modulating NF1 ASE expression in NF1 +/- cells in a manner consistent with
or greater than a comparable WT cell. In a co-culture system, NF1 +/- fibroblasts could be
grown together with NF1 -/- Schwann cells to evaluate the tumorigenic role of fibroblasts.

Then, SSOs could be administered to attenuate this tumorigenic activity by targeting NF1
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ASEs in fibroblasts. Preliminary results have shown SSO are capable of modulating NF1
ASE levels in fibroblasts (Figure 41). Similar cell culture methodologies and functional
assays as used in this work could be adapted for this experiment. Additionally, primary mast

cells obtained from available GE swine could also be used in this co-culture system.

SSO Modulation of NF1 ASEs in Fibroblasts
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Figure 41. SSO Fibroblast Efficacy — SSOs administered to fibroblasts in the same
manner as MSCs from the previous studies. SSO SKip 12 appears to increase ASE 12,
but the Ct value is beyond the working range of the primers and cannot be
meaningfully reduced (>37 Ct value). SSO Inc 57 again showed toxic effects. All bars
are significantly different from an untreated MSC control group (p<0.05).

Full mMRNA Transcript Sequencing

Total RNA sequencing would be valuable to further elucidate the NF1 isoforms
present in various tissues and may shed further insights into the nature of some tissue specific
pathologies. The results of the current studies determined expression levels of each NF1 ASE
as an isolated entity. An unresolved question concerning mRNA transcripts remains. In what

combinations are NF1 ASEs expressed? For example, if ASE 12 is included, does that

exclude ASE 577 Is there any relationship between expression of ASEs? These questions can
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only be definitively answered with whole transcriptome analysis of NF1 mRNA.
Additionally, data generated in adult swine tissues using primers spanning the entire ASE 31
region gave inconsistent results when compared to other primers designed to detect
constitutively expressed NF1 mRNA. This suggests some additional splicing events may be
occurring in this region. Whole transcriptome analysis would be able to identify any other
alternatively spliced exons or splicing events that are perhaps unique to swine [258].
Sequencing of large MRNA transcripts is challenging and likely the reason these
studies have not been undertaken. To overcome this challenge, two swine tissue samples
used in this study, from the frontal cortex and heart, were prepared for NF1 transcript
analysis. Prior to analysis with PacBio, a few important steps were taken. Total mRNA from
the cryopreserved tissues of interest was isolated once again but also treated with DNase.
Each sample was submitted for mRNA analysis with the Agilent RNA 6000 Nano Kit to
evaluate MRNA integrity, with RIN numbers above 7 indicating good condition. Importantly,
degradation must be minimal to confidently proceed with whole transcript sequencing. Three
approaches were used to sequence. The first using a standard 1so-Seq Express protocol that
amplifies all MRNA, a second process that uses the standard reverse transcriptase process but
then uses an NF1 selective primer for cONA amplification, and a third process that uses a
UMI-tagged primer in the reverse transcriptase reaction and then uses the NF1 selective
primer for cDNA amplification. The NF1 specific selection steps were performed to
maximize the abundance of NF1 cDNA to the point where PacBio can be used but also
hedging to ensure enough cDNA was present to create a library, typically at least 80 ng. The

libraries generated are currently awaiting analysis.
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In situ hybridization

NF1 ASE expression levels were determined for whole tissue samples taken from
swine. Each of these samples is, to some degree, a heterogenous mixture. While the tissue of
interest is hopefully the predominant one, other tissue types are present and thus included in
the total mMRNA samples isolated. One solution to this probably would be to do single cell
RNA sequencing. This would be able to distinguish expression levels for NF1 between
individual cells. There are some drawbacks to this approach, however, aside from cost.
Separating tissues into a single cell constitution can be difficult as many different enzymes
are likely needed and even then, some cell type may remain attached to the tissue matrix.
These processes must also be done on live cells and the procedure is likely to change mRNA
expression. Some questions therefore remain. Are isolated cell types within a given tissue
responsible for the predominant changes noted in NF1 ASE expression? Are some expression
differences being diluted out because too few cells are contained within the sample? Apart
from single-cell RNA sequencing, another approach that also avoids the potential pitfalls as
mentioned before could be used to answer these questions. In situ hybridization is a
histological technique used to label, or probe, tissues for specific RNA or DNA sequences
and has been used to label whole transcript NF1 mRNA [259]. Chemical or radiolabeled
probes would be designed to target each ASE region and then used on snap-frozen,
cryosectioned tissues, along with tissue specific probes, to determine which cells expressed
the abundance of any given ASE. This approach would produce semi-quantitative visual
data; however, it could also be used to determine intra-cellular localization of the ASEs in a
way sequencing cannot. Custom in situ hybridization service can be contracted by a variety

of companies. Bio-Techne has generated BaseScope probe designs for swine ASE 12, 31,



114

and 57 and would be able to perform this analysis. It should be noted that antibodies have not
been created for specific NF1 isoforms. Should they be developed in the future, these could
be used on these same tissues and offer the additional advantage of intra-cellular protein
localization analysis, which would provide greater physiologically relevant information than

MRNA localization.

DNA Methylation of ASE Regions

Methylation of DNA is an inheritable epigenetic mark associated with CpG sites on
DNA and is a regulator of many cellular processes including transcription, X-chromosome
inactivation, and cellular differentiation, among many others. Methylation acts as a local
repressor to the binding of other molecules, so if the promoter region of a gene is methylated,
its transcription will be repressed. NF1 promoter region methylation has been characterized
but, in at least one comprehensive study, no evidence for its role in tumor development was
indicated [260]. NF1 has over 5000 other sites within the gene that may undergo methylation,
including near ASE, however, this has not been explored. It’s estimated that 22% of ASE are
regulated by DNA methylation and regulated by way of at least three different distinct
protein communication pathways [261].

DNA methylation detection is frequently performed using bisulfite genomic
sequencing analysis. In this technique, bisulfate treatment of DNA converts cytosines into
uracil residues unless they are methylated. A subsequent PCR reaction will recognize uracil
as thymine and is run along with an untreated DNA strand. Following a sequencing reaction,
the two samples are compared to determine locations of methylation [262]. The function of

these identified methylation marks could then be studied using a CRISPR/dCas9 system.
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This system can be used to achieve both selective methylation or passive demethylation of
targeted CpG sites under a broad range of conditions [263]. These approaches in combination
could be applied to NF1 ASE regions under experimental conditions or in different animal

tissues, similarly to that conducted in the presented body of work.

In vivo SSO Delivery in Swine

The efficacy of NF1 specific SSOs in vitro has been established in this work. They
can modify NF1 ASEs in a selective manner thereby modulating downstream cellular
activity. It remains to be seen, however, how well these SSOs perform in vivo. One of the
greatest challenges to SSO therapy is delivering them to targeted tissues and many additional
factors must be taken into account [264]. Basic pharmacokinetics, the biodistribution profile,
toxicity and dosing regimens, and off-target interactions are clearly important. The blood
brain barrier limits the transport of many pharmaceuticals, including oligonucleotides.
Bypassing this using intrathecal injection is possible but also carriers many additional risks.
Complexing SSOs with agents like nanoparticles can assist in targeting tissues but this can
also further exclude their entry though the vascular endothelial barrier and are more likely to
be taken up by immune cells. Many other SSO modifications and packaging systems could
be employed but must be evaluated in swine first before true therapeutic SSO therapy can
prudently be attempted. Establishing delivery methodology will be critical in advancing
development of SSO therapies, not only in the animal models, but also for administration to

patients.
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NF1 Splicing-Mutation Swine Models

NF1 swine models are currently being validated as a translational model at many
institutions. The current aims are usually to show that swine present NF1 symptomatology
and molecular pathology sufficiently like human. Confirmation of this will open a new
translational pipeline for the discovery and pre-clinical testing of new therapies. The next
generation of GE NF1 swine could be designed to harbor NF1 mutations on recognized
regulatory splice sites anywhere on the NF1 gene, although mutations homologous to one of
the many splice-altering regions seen in humans would be preferred. SSO could then be
adapted to correct the aberrant splicing and be validated in vivo before being moved into
clinical trials. As genetically engineering swine becomes more efficient and economical,
creating swine with these genotypes could take priority over producing NF1 swine that

simply display NF1 sequelae.

5.3.  Conclusions

The research undertaken in this body of work has further established that NF1 swine
models represent the phenotypic complexity observed in NF1 patients. Swine effectively
models NF1 alternative splicing in humans and can be used to evaluate SSO modulation of
NF1 ASEs. This work has established a translationally relevant NF1 cell culture platform to
study NF1. This is the first report comparing NF1 ASE expression levels and regulatory
regions in swine to human. It is also the first report linking NF1 AIE modulation to Schwann
cell development. These results have provided rationale for future studies using SSOs to
correct other NF1 splicing defects using swine as a model. Other novel findings from this

research include identifying a single base pair addition in the ASE 13 region in swine,
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demonstrating many statistically significant differences in NF1 ASE expression with respect
to tissue and age, and demonstrating that enhancing NF1 ASE 31 inclusion in differentiating
Schwann cells and MSCs reduces Ras activity and proliferation rate. NF1 ASEs may prove
to be a critical component dictating NF1 complexity and further elucidation of their

functional roles will be greatly facilitated by NF1 swine models.
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