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Abstract

Inhibition or misregulation of the tumour suppressor protein Tuberin is known to cause
the benign tumour disorder Tuberous Sclerosis, involving developmental defects in many organ
systems including the central nervous system. Data supports that appropriate control of Tuberin
levels may play an essential role in the regulation of neural fate decisions. Hence, this work
investigates the regulation of Tuberin through neural development both in vitro, using SH-SY5Y
and RN33B neuronal precursor cells, and in vivo using murine neural tissues. We demonstrate
that Tuberin expression and activity are significantly down-regulated during neuronal
differentiation in vitro, and during aging in vivo, in a cell and tissue specific manner. We have
developed tools needed to address the essentiality of Tuberin in neural differentiation in vitro
and to begin to dissect the molecular pathways affected. Understanding how Tuberin is
regulated through neural development is necessary in understanding the developmental defects

and pathologies associated with Tuberous Sclerosis.
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CHAPTER 1
1. Introduction
1.1: Tuberous Sclerosis (TS): Pathology & Diagnosis

Tuberous sclerosis (TS) was first fully documented, in 1880, by the French neurologist
and paediatrician Désiré-Magloire Bourneville, who described the condition as a disorder of
distinctive cerebral pathology which was closely linked to incidence of seizures, mental
deficiency and CNS abnormalities (Bourneville 1880; Curatolo & Bombardieri 2003). Following
these initial observations, Tuberous Sclerosis (TS) was later characterized, by van der Hoeve in
1933, as a multisystem phakomatosis, identifiable by the widespread and unpredictable
development of benign, tumour-like lesions, which would later be known as hamartomas (van
der Hoeve 1933; Grajkowska et al. 2010). Today, among the worldwide population, TS affects
nearly 1 in 6000 live births (Nellist et al. 1993).

Pathologically, TS is a disorder of cell migration, proliferation and differentiation (Crino
& Henske 1999). Hamartomas, which are broadly non-metastatic and non-malignant focal
malformations, bear strong resemblance to neoplasms and have, in certain manifestations, been
indicated to possess the potential for metastasis (Henske 2003, Barnes et al. 2010). Known to
localize to numerous sites throughout the body, TS hamartomas are commonly observed to
develop within the brain, heart, skin, liver and kidneys. Development of TS lesions has been
observed, through immunohistochemical and radiological study, to occur as early as 19 weeks of
gestation, indicating formation of TS-related abnormalities begins during embryonic
development (Wei et al. 2002, Park et al. 1997). Due to the range of organ systems affected, TS
presents with a diverse phenotypic spectrum. Although most organs are susceptible,
dermatological, renal, pulmonary and neurological manifestations are most prevalent among TS

patients (Curatolo et al. 2008). Dermatological presentations are commonly quite evident within



the paediatric population and can include hypomelanotic maccules, found in over 90% of TS
patients, and facial angiofibromas, seen in 75% of patients. Other dermatological abnormalities
can include fibrous forehead plaques, periungual fibromas and shagreen patches. Renal legions,
including angiomyolipomas, renal cysts, renal cell carcinomas and oncocytomas, can occur in 50-
80% of TS patients. In fact, despite being most commonly seen in adult TS patients, multiple
bilateral angiomyolipomas represent a leading cause of mortality within the TS patient
population, across all age categories, secondary only to spontaneous haemorrhage (Shepherd et
al. 1991). Furthermore, renal angiomyolipomas have also been implicated in the metastatic
model of TS, as cells originating from these lesions are believed in some cases to spur the
development of pulmonary lymphangioleiomyomatosis, a form of TS known to develop
exclusively in females (Astrinidis and Henske 2005). The most common manifestation of
pulmonary TS lesion, lymphangioleiomyomatosis lesions have been observed to demonstrate
the capacity for migration, invasion and metastasis, despite being found to be histologically
benign (Henske 2003). Other frequently observed clinical manifestations of TS include: cardiac
rhabdomyomas, commonly seen to affect 50-70% of infant patients, and retinal astrocytic
hamartomas, which are believed to arise from glial precursors during retinal embryogenesis

(Mennel et al. 2007).

Diagnosis of TS remains centred around clinical assessment, primarily through
histopathological observation. Recently revised diagnostic criteria for this disorder now classify
TS manifestations into one of two categories: major features and minor features (Table 1,
Curatolo et al., 2002). Major features are indicated by their high degree of specificity for TS,
occurring quite frequently within the TS patient population, while minor features show a less
specific association with TS. Furthermore, by comparison to major features, minor features

occur with a much lower frequency, but can affect as broad a range of tissues as major features.



Definitive diagnosis of TS is typically predicated on the presentation of two or more major
features or one major feature and two minor features. Additionally, recent advances have lead
to an increasing popularity of neurogenetic testing to support clinical diagnoses. However,

clinical observation remains the diagnostic standard (Orlova & Crino 2010).

Table 1: Diagnostic Criteria for Tuberous Sclerosis

Major Features

1. Facial angiofibromas or forehead plaques
Non-traumatic ungula or periungual fibromas
Hypomelanotic maccules (3 or more)
Shagreen patches (connective tissue naevus)

Multiple retinal nodular hamartomas multiple)
10. Lymphangiomyomatosis and/or renal

angiomyolipoma

Cortical Tubers

Subependymal nodules

Subependymal giant cell astrocytomas
Cardiac rhabdomyomas (single or

vk wnN
oo~

Minor Features

1. Multiple, randomly distributed pits in dental 6. Non-renal hamartomas
enamel 7. Retinal achromic patches
Hamartomatous rectal polyps 8. ‘Confetti’ skin lesions
Bone cysts 9. Multiple renal cysts

Cerebral white matter radial migration lines
Gingival fibromas

ke wnN

1.2: Neurological Phenotype of TS

Presenting with the highest morbidity, second highest mortality, behind renal
manifestations, and a collective occurrence of over 80% in TS all patients, the neurological
abnormalities associated with TS have been called some of the most devastating and
therapeutically challenging manifestations of the disorder (Marcotte & Crino 2006). Present
evidence suggests TS-associated lesions, which appear in the central nervous system, arise due
to developmental aberrations during neurogenesis and neuronal migration. It has been
observed, in TS patients, that two populations of neuroepithelial cells are typically generated by
the germinal matrix during neurogenesis. The first is a population of neuroblasts that produce

normal neurons and astroglia which ultimately give rise to histologically normal cerebral cortex.




The second is an abnormal cell population which produces cells that demonstrate a defect in
cellular differentiation, failing to clearly exhibit the characteristics of either neuronal or glial
differentiation. Commonly referred to as “neuroastrocytes”, these cells remain in the germinal
matrix zone and give rise to subependymal nodules (SENs), and subependymal giant cell
astrocytomas (SEGAs). Some of these neuroastrocytes demonstrate partial migration, forming
heterotopias in the subcortical white matter. Frequently, some of the less primitive
neuroastrocytes migrate to the cortical plate where they form the aggregates of dysplastic
cortex commonly known as cortical and subcortical tubers (Crino & Henske 1999; Curatolo et al.

2002).

Found within the cerebral and cerebellar cortex, in addition to the subcortical white
matter, cortical/subcortical tubers are focal abnormalities of cortical architecture found within
more than 80% of TS patients. These lesions represent the hallmark of the disease and are
strongly indicative of cerebral TS (Curatolo et al. 2002). Macroscopically, tubers are
circumscribed, firm pale flat regions of cerebral cortex that tend to be focused to a single gyrus.
These tubers have a variable appearance with mushroom shaped gyri and loss of the cortex
white matter junction. Often these tubers can extend from the cortical surface deep into the
subcortical white matter and can range from one to several centimetres. Additionally, they may
also calcify or undergo cystic degeneration. Microscopically, they are often characterized by a
marked disorganization of cortical lamination with aggregates of abnormal glial and dysplastic
neuronal elements. Glial elements commonly consist of gemistocytic astrocytes with abundant
eosinophillic cytoplasm. The neuronal component of the tubers contains a heterogeneous
population of morphologically dysplastic neurons, exhibiting a disrupted radial orientation
within the cortex and abnormal dendritic arborisation, in addition to phenotypically normal

cortical neurons. Furthermore, neuroastrocytes are also present, in addition to the key



histopathological feature of tubers, giant cells. As the name implies, giant cells are abnormally
enlarged cells with diameters ranging from 80 to 150 um. Ovoid or polygonal in shape, giant cells
are appear to be defective with respect to regulation of growth and cellular development as
they commonly posses abnormal dendritic arborisation, as well as frequently display multiple

and laterally displaced nuclei (Crino et al. 1996; Crino & Henske 1999; Mizuguchi et al. 2002).

Located near the wall of the lateral and third ventricles, SENs are present in
approximately 80% of TS patients. Developing early in fetal life, SENs are nodular lesions, less
than 1 cm in size, that form either singly or in rows and often degenerate or calcify during later
life. Microscopically, SENs consists of large cells, somewhat similar to giant cells, and elongated
glial cells. Usually benign and asymptomatic, SENs are quite proliferative and have the potential
to develop into SEGAs over time. Although the exact molecular mechanism governing the
conversion of SENs to SEGAs is unknown, SEGAs are the most common brain tumours occurring
in 5-10% of TS patients (Vinters & Miyata 2006). The appearance of SEGAs typically occurs within
the first 20 year of life among TS sufferers, developing into tumours 1 cm in diameter or larger.
These tumours usually extend into the lateral ventricle, often leading to obstructions of the
foramen of Monro and blocking the flow of cerebrospinal fluid, leading to hydrocephalus or
even death. Macroscopically, SEGAs form grey to pinkish-red tumours that can in some cases
develop into large haemorrhages or calcifications. Microscopically, SEGAs are comprised of a
heterogeneous population of cells containing dysmorphic astrocytes, similar to those seen in
cortical tubers, and giant cells. Typically, SEGAs are highly vascular, but exhibit a low mitotic
index. Additionally, foci of necrosis and inflammatory cell components, such as mast cells and T-

lymphocytes, are interspersed within the tumour mass (Boer et al. 2008).



Beyond the risk of mortality and hydrocephalus, severe neurological abnormalities, such
as epilepsy, neurocognitive dysfunction and pervasive developmental disorders (PDD), such as
autism, are also strongly associated with the neurological manifestations of TS (Orlova & Crino
2010). Occurring within 60-90% of TS patients demonstrating neurological manifestations of TS,
epilepsy usually manifests within the first year of life in TS patients and is the most common
neurological disorder observed. Documented seizure types include infantile spasms, simple
partial, complex partial and generalized tonic-clonic seizures (Thiele 2004). TS associated tubers
are commonly regarded as the epileptogenic foci within sufferers and surgical intervention, via
tuberectomy, has, in most cases, been demonstrated to alleviate these seizures. Conversely
though, as many as 10% of TS patients have been found to demonstrate seizures in the absence
of cortical tubers (Thiele 2004). The exact mechanisms surrounding epileptogenesis in TS
patients has never fully been identified, however aberrant glutamate receptor expression,
observed within dysmorphic astrocytes, has been implicated as a contributing factor (White et
al. 2001). In addition to epilepsy, the neurocognitive disorders associated with TS can affect
between 30 to 80% of TS patients. Ranging widely in terms of severity, these disturbances are
also highly variable in terms of expression, including behavioural problems, sleep disorders,
hyperactivity, attention deficit, aggressiveness, and autism (Curatolo et al. 1991). In addition to
these disorders, TS patients often present with altered cognitive function, with 14% of patients
exhibiting mild to severe impairment and 30.5% of patients exhibiting severe mental retardation

(Joinson et al. 2003).

1.3: The TS Gene Family: History & Genetics

Investigation into the genetics underlying TS have spanned the last 130 years and are

still ongoing today. Studies conducted by van der Hoeve, in 1933, and Gunther and Penrose, in



1935, identified TS as an autosomal dominant mutational disorder; these studies have formed
the basis of our understanding of TS (van der Hoeve 1933; Gunther & Penrose 1935). However, it
wasn’t until the late 1980’s that significant strides were made towards understanding and

identifying the genes at the core of this disorder.

The first advances in this respect came in the form of genetic linkage studies, conducted
in 1987, which served to identify and localize the genes implicated in the causation of this
disorder. Targeted to chromosomal locus 9q34, the first of these genes was designated TSC1
(Fryer et al. 1987; van Slegtenhorst et al. 1997). A group of researchers, operating under the
banner of the European Chromosome 16 Tuberous Sclerosis Consortium, conducted several
experiments to localize the second TS gene family member to chromosomal locus 16p13.3,
identifying it as TSC2 (Kandt et al. 1992; Nellist et al. 1993). These studies made it clear that
mutation in either the TSC1 or TSC2 genes were fundamental to the development of TS. These
studies lead to the discovery that there is frequent loss of heterozygosity within alleles at the
16p and 9q chromosomal regions in hamartomatous tissues taken from TS patients (Green &
Yates 1993; Smith et al. 1993; Green et al. 1994). This evidence, coupled with a priori
observation of growth aberrations in hamartoma tissues, provided credence for the theory that,
much like genes misregulated in other phakomatoses, like neurofibromatosis (types 1 & 2) and
von Hippel-Lindau disease, the TS genes acted as tumour suppressor genes (Leguis et al. 1993;
Latif et al. 1993; Nellist et al. 1993; Huang & Manning 2008). When analyzed collectively, these
findings allowed researchers to clearly characterize the genetic mechanism by which mutations

in TSC1 or TSC2 lead to the development of TS.

The acquisition of TSC1 or TSC2 gene mutations is now known to occur via two principle

methods. The first is genetic inheritance, being passed to patients during conception from



parents harbouring established germ cell mutations. The second method is through sporadic, de
novo mutations, which occur during embryonic development. While both can occur, de novo
mutations are more prevalent, with approximately 60-70% of TS cases showing no genetic
inheritance (Jones et al. 1997; Jones et al. 1999). However, heterozygous inactivation of one of
these genes is not sufficient to produce a disease phenotype. Disease pathogenesis and lesion
formation have been found to result from the acquisition of a second somatic mutation, leading
to homozygous inactivation of either of the TSC genes (Green et al. 1993). This loss of
heterozygosity occurs in a manner consistent with Knudson’s second-hit model, depending on
secondary mutations, in this case commonly leading to large deletions involving the loss of
surrounding loci (Knudson 1971; Green et al. 1994; Crino et al. 2006). Linkage analysis studies,
examining familial TS, have suggested that distribution of TS-associated mutations is
approximately split, with half of patients presenting TSC1 mutations and half presenting with
TSC2 mutations (Jones et al. 1997; Jones et al. 1999). In the sporadic TS population however,
this is not the case, as TSC2 mutations are observed to be nearly five times more common than
mutation in TSC1 (Sanack et al. 2005; Jones et al. 1999). Furthermore, while the range of
associated conditions is similar for patients harbouring TSC1 or TSC2 mutations, patients
presenting with TSC2 mutations appear to be more severely afflicted than patients presenting
with TSC1 mutations (Astrinidis & Henske 2005). The increased frequency of patients presenting
with TSC2 mutations is thought to result from a higher incidence of second hit mutation events
occurring when TSC2 is mutated; this however remains speculative and has yet to be fully

elucidated (Rosner et al. 2008).

Extensive mutational studies have been conducted to investigate the spectrum of
mutations observed in TS cases. TSC1 mutations have been found to predominantly represent

nonsense or frame shift mutations, which lead to premature protein truncation upon translation



(Figure 1a). TSC2 mutations, however have demonstrated a broader spectrum, presenting as
frameshift, missense, nonsense, in-frame deletions and splice mutations (Jones et al. 1999)
(Figure 1b). Through these studies more than 200 TSC1 and 700 TSC2 allelic variants have been
identified (Niida et al. 1999; Jones et al. 1999; van Slegtenhorst et al. 1999; Kwiatkowska et al.
1998). Certain TSC2 missense mutations, within exons 16 and 38, and an 18-bp in frame
deletion, in exon 40, appear at an elevated frequency among several TS patients (Sancak et al.
2005). Further studies comparing the frequency of TSC1 mutations to that of TSC2 mutations
have observed that missense and large genomic deletions occur much more frequently on the

TSC2 gene (Crino & Henske 2006).

1.4: The TSC Gene Products: Hamartin & Tuberin

As part of the studies conducted in 1993 and 1997 investigating the chromosomal loci of
the TSC genes the unique protein products of TSC1 and TSC2, known as Hamartin and Tuberin
respectively, were also uncovered (Nellist et al. 1993; van Slegtenhorst et al. 1997). Research in
subsequent years has elucidated the structural organization of these two proteins and has also

yielded several insights into their function, interactions and the nature of their association to TS.

Hamartin, the 130 kDa protein encoded by the 23 exons of the TSC1 gene, was observed
to be ubiquitously expressed within all eukaryotic cells existing as one of two isoforms, derived
from the alternative splicing of the transcript at exon 2 (van Slegtenhorst et al. 1997). Structural
domains identified on Hamartin include an N-terminal transmembrane domain and a C-terminal
coiled coil domain. In addition to these structural motifs, Hamartin also contains several
functional domains distributed across the length of the protein which serve to mediate its
interaction with a broad range of other proteins including: NADE (aa 671-1084), FIP200 (aa 403-

787), erzin-radixin-moezin (ERM) actin binding proteins (aa 881-1084), NF-L (aa 674-1164), Plk1



-

Coiled Coil

>

_A_m_ 3 |4 m_ 6 _ﬂ _w_ 9 _3 :_\_N_Aw_\_h_

'y

¢

15

16|17 | 18 [19]20] 21 _MN_

23

B) GAP Domain
_A|v_
" "
TSC2 _ _
1 1
o)
1 1
" L
d 4 S 4 o) & 5SS &
11213 41516/ 7|89 10|11 |12 13|14 |15 |16 |17 |18 |19 |20 | 21 |22|23|24 | 25| 26| 27 |28| 29 |30|31]32 33 3434 36 37 138139 |40 41
e 4 4

-0

Nonsense / Frameshift
Missense / In-frame Deletion
Splice

Figurel - 10



Figure 1 TSC1 & TSC2 Gene Mutations

Schematic representation indicating the distribution of mutations along the A) TSC1 and
B) TSC2 genes. Indicated here are all identified point mutation, small deletions and insertions.

Numbered boxes denote individual exons. Adapted from: Jones et al. 1999.

11



(aa 1-510) and TBC7 (aa 881-1164) (Nakashima et al. 2007; Murthy et al 200; Lamb et al. 2000;
Shillingford et al. 2006; Surpili et al. 2003; Gao et al. 2002) (Figure 2a). The N-terminal region of
Hamartin has also been identified to be the most critical region of the protein, as it contains
domains which mediate Hamartin’s most characterized interactions: activation of the small GTP-
binding protein Rho (aa 145-510); and binding to, and stabilization of Tuberin (aa 302-430)
(Krymskaya 2003; Chong-Kopera 2006). Furthermore, both the N and C-terminal regions of
Hamartin have been suggested to be vital for the maintenance of Hamartin’s protein-protein
interactions, as truncation of the protein, in either of these regions, has been found to result in
significantly decreased binding to Tuberin (Hoogeveen-Westerveld et al. 2010). Additionally,
Hamartin also contains several phosphorylation sites, which allow for regulatory
phosphorylations by various kinases, including GSK3B, Cdk1 and IKKB (Mak et al. 2003; Lee et al.

2007; Catania et al. 2007).

Product of TSC2’s 5.4 kb mRNA transcript, the second TSC gene product Tuberin is a
protein comprised of 1807 amino acid at full length (Nellist et al. 1993) (Figure 2b). Comprised of
41 exons, the transcript is alternatively spliced at exons 25, 26 and 31 to produce the six
isoforms that have, to date, been identified (Sampson 2003). Among these isoforms, isoform 5,
the 1784 bp product which results from the excision of exon 25 and 31, is observed to be the
most commonly expressed isoform within the cell (Martin et al. 2004; Krymskaya 2003). Across
its length, Tuberin contains several important structural and functional domains including two
small coiled coil domains (aa 346-371; aa 1008-1021), a leucine zipper motive (aa 81-98), and a
small c-terminal region (aa 1517-1674) that harbours similarity with the GTPase-activating
protein (GAP) GAP3 (Rap1l) (Rubinfeld et al. 1991; Rubinfeld et al. 1992). Further investigation

subsequently identified this region as Tuberin’s primary functional domain, with observations
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Figure 2 Schematic Diagrams: Tuberin and Hamartin

Schematic representation of the TSC proteins, Hamartin and Tuberin. A) Hamartin (130
kDa protein, 23 exons, 1164 aa). Domains (Structural and Functional): N-terminal
transmembrane domain (TM) (127-144), C-terminal coiled coil domain (CC) (719-998), NADE (aa
671-1084), FIP200 (aa 403-787), erzin-radixin-moezin (ERM) actin binding proteins (aa 881-
1084), NF-L (aa 674-1164), Plk1 (aa 1-510), TBC7 (aa 881-1164), Rho (aa 145-510),Tuberin (aa
302-430). Phosphorylation Sites: GSK3B (T357, T390), Cdkl (T310, S332, T417, S584, T1047),
IKKB (T487, S511). B) Tuberin (200 kDa protein, 41 exons, 1807 aa). Domains (Structural and
Functional): coiled coil domains (CC) (aa 346-371; aa 1008-1021), lucine zipper motive (aa 81-
98), C-terminal GAP region (aa 1517-1674), Hamartin (aa 1-418), HERC1 (aa 1-608), SMAD2/3 (aa
1-440), Pam (aa 914-100), 14-3-3 (aa 1101-1320), AMPK (aal005-1765), ERa (aa 1135-1807),
FOXO1 (aa 1280-1499), HPV16 E6 (aa 1315-1560), NEK1 (aa 1325-1763), PATJ (aa 1538-1763),
Rabaptin (aa 1668-1726), RxRa/VDR (aa 1147-1807), Rheb (aa 965-1807). Phosphorylation Sites:
Akt (Ser939, Thr993, Ser11309, Ser1132, Threll62, Thr1462), Erk (Ser540, Ser664), MK2
(Ser1210), GSK3 (Ser1337, S1341), AMPK (Ser1345), RSK (Ser1798) and 14-3-3 (Ser1210).

Adapted from: Rosner et al. 2008.
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demonstrating GAP activity, mediated through this region, towards several members of the Ras
family of small GTPases, including Ras homolog enriched in brain (Rheb), RaplA and Rab5
(Wienecke et al. 1995; Maheshwar 1997; Xiao et al. 1997). Additionally, a number of activating
and inhibitory phosphorylation sites exist along the length of Tuberin, allowing for regulation of
its activity by a number of kinases. Some of these kinases include: the serine threonine/kinases
Akt (Ser939, Thr993, Ser1309, Ser1132, Threll62, Thr1462), Erk (Ser540, Ser664), MK2
(Ser1210), GSK3 (Ser1337, S1341), AMPK (Ser1345), RSK (Ser1798) (Dan et al. 2002; Ma et al.
2005; Roux et al. 2004; Mak et al. 2003; Nellist et al. 2002). Tuberin also possesses a number of
functional domains which mediate direct interaction with various other proteins, such as:
Hamartin (aa 1-418), HERC1 (aa 1-608), SMAD2/3 (aa 1-440), Pam (aa 914-100), 14-3-3 (aa 1101-
1320), AMPK (aa1005-1765), ERa (aa 1135-1807), FOXO1 (aa 1280-1499), HPV16 E6 (aa 1315-
1560), NEK1 (aa 1325-1763), PATJ (aa 1538-1763), Rabaptin (aa 1668-1726), RxRa/VDR (aa 1147-
1807), Cyclin B1 (aa 600-746) and finally, Rheb (aa 965-1807), the target through which Tuberin
mediates its primary function (Chong-Kopera et al. 2006; Lu et al. 2004; Birchenall-Roberts et al.
2004; Castro et al. 2003; Yasui et al. 2007; Finlay et al. 2004; Henry et al 1998; Cao et al. 2006;

Rosner & Hengstschlager 2004; Fidalgo da Silva et al. 2011).

In vivo, Tuberin and Hamartin physically interact to form a protein complex, known as
the Tuberous Sclerosis Complex (TSC). This complex, observed to have a molecular weight of
approximately 450 kDa, is larger than a heterodimeric complex composed of individual Tuberin
and Hamartin peptides and is predominantly believed to be a heterotrimeric complex,
composed of Tuberin and Hamartin peptides organized in a 2:1 or 1:2 ratio (Nellist et al. 1999).
Within the TSC, Tuberin has been found to behave as a chaperone protein for Hamartin,
preventing the self-aggregation of Hamartin, while Hamartin has been observed to stabilize

Tuberin, preventing its HERC1 ubiquitin ligase mediated degradation and allowing for its

16



functional activity towards Rheb (Benvenuto et al. 2000; Chong-Kopera et al. 2006; Nellist et al.
1999). Formation of this heteromeric complex has been observed to be regulated primarily
through the tyrosine kinase phosphorylation of Tuberin and as mutational studies have
identified several amino acid residues, such as R611, A614, F615, C696, V769, Y1571 and P1675,
as necessary for Tuberin binding to Hamartin (Aicher et al. 2001; Nellist et al. 2001; Nellist et al
2005). These, and other studies, have concluded the interaction between Tuberin and Hamartin,
and the subsequent formation of the TSC, are important to the appropriate regulation of a
number of cellular processes, due to its involvement in a several signaling cascades, most
notable among them, its downstream effector the mTOR signaling cascade (Young & Povey

1998; Jones et al. 1999; Nellist et al. 1999; Tee et al. 2002).

1.5: TSC Signalling: mTOR Regulation

Investigations into the mechanisms governing Tuberin and Hamartin function have
observed that, when associated within the TSC, these proteins function as an important central
hub of signal transduction, receiving signals from several upstream signal transduction
pathways, such as the PI3K/Akt, MAPK, and AMPK signalling pathways, and distributing them in
turn to downstream effectors for the regulation of cell growth, metabolism, cellular proliferation
and cell cycle progression (Potter et al. 2002, Inoki et al. 2003a, Ma et al. 2007, Mieulet & Lamb
2010). Within this role, the TSC effectively behaves as a nutrient sensor, integrating upstream
signalling events, which indicate important changes in the energy status of the cell, nutrient and
growth factor availability, and conditions of cellular stress (Wullschleger et al. 2006; Rosner et al.
2008). Following receipt of these signals, the TSC then distributes these signals to downstream
effectors, acting primarily through the mammalian target of rapamycin (mTOR) signalling

cascade (Young & Povey 1998; Tee et al. 2002) (Figure 3).
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Figure 3 The TSC integrates intracellular signaling cues, such as growth and energy signals, to

influence numerous cellular processes within the CNS

This schematic representation provides a simplified view of the multiple signaling
pathways in which the TSC participates in, both directly and indirectly. Well known immediate
regulators of TSC activity include: Akt, GSK3, AMPK, ERK/RSK and DAPK. Primary function of the
TSC is mediated through its GTPase activating protein function towards Rheb (Ras homolog
enriched in brain), which served to regulate the activity of Tuberin’s most studied downstream
effector the mTOR complex (MTORC1 & mTORC2). Through mTOR, the TSC is able to influence a
number of cellular processes, ranging from protein translation to autophagy. Adapted from: Han

& Sahin 2011.
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Belonging to the phosphatidylinositol kinase-related kinase (PIKK) superfamily, mTOR is
a serine/threonine kinase with a molecular weight of 289 kDa (Sabatini et al. 1994; Chiang &
Abraham 2005). Discovered in 1994, TOR proteins were first identified through studies focused
at investigating the mechanism of action for the macrolide antibiotic Rapamycin (Sirolimus) and
identification of the intracellular target of the functional complex it forms with the immunophilin
FK binding protein-12 (FKBP12) (Brown et al. 1994; Sabatini et al. 1994; Sehgal 2003).
Structurally conserved among species as diverse as yeasts, flies and mammals, TOR proteins
have been found to be heavily involved in the regulation of a number of cellular and metabolic
processes which control cell growth, proliferation, survival, protein translation and
differentiation (Fingar & Blenis 2004; Wullschleger et al. 2006). In mammals, TOR proteins are
known to exist as members of at least two distinct ternary complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), and primarily function through a C-terminal catalytic
kinase domain, which displays a high degree of homology to the catalytic domain of
phosphatidylinositol 3-kinase (PI3K) (Sehgal 2003). Additionally, mTOR also contains several well
characterized functional domains which include: an FKBP12-Rapamycin Binding (FRB) domain; an
auto-inhibitory repressor domain, near the C-terminus; up to 20 tandemly repeated HEAT motifs
at its N-terminal end; a FRAP-ATM-TRAP (FAT) domain; and a c-terminal FATC domain
(Wullschleger et al. 2006). Functionally, mTOR serves as a central component of a signalling

pathway which acts to regulate cell growth and proliferation.

Controlled by a wide variety of intracellular and extracellular signals, ranging from
growth factors to cellular energy levels, mTOR has most clearly been characterized as a
downstream target of the PI3K/Akt signalling pathway. Known to be highly involved in the
regulation of an array of cellular processes, stimulation of the PI3K/Akt signalling pathway is

typically initiated through the binding of various ligands, such as mitogens, cytokines and
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hormones, to receptor tyrosine kinases at the cellular membrane. These receptors include the
insulin-like growth factor receptor (IGFR), the platelet-derived growth factor receptor (PDGFR),
the epidermal growth factor receptor (EGFR) and the receptors that comprise the Her family of
membrane bound receptors (Jozwiak et al. 2005). Upon binding of the appropriate ligand,
receptor activation leads to autophosphorylation of the receptor and to activation of the PI3K,
causing it to catalyze the conversion of membrane bound phosphatidylinositol (4,5)-
bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3). PI3K can also be
activated through growth factor receptor activation of the oncogenic small GTPase, Ras or by
insulin, which causes the phosphorylation of insulin receptor substrates 1 or 2 (IRS 1/2), leading
them to bind PI3K (Alberts et al. 2002; Freilinger et al. 2007). Following its activation, PIP3 binds
to the pleckstrin homology domain of Akt, resulting in the activation of Akt through dimerization
and exposure of its catalytic site or phosphorylation by phospholipid-dependent kinase-1 (PDK-
1). Once active, Akt then signals to mTOR via regulation of its activity in one of two ways. The
first is via direct phosphorylation, as Akt bears the ability to activate mTOR through
phosphorylation at Ser2448, while the second is via indirect activation, working through

phosphorylation of the TSC protein Tuberin (Chiang & Abraham 2005; Jozwiak et al. 2005).

In its active state, the TSC functions as a negative regulator of mTOR, mediating its
function through the activity of the GAP domain found on the C-terminal end Tuberin. This GAP
domain acts to inactivate mTOR signalling by stimulating auto-hydrolysis of Rheb-GTP,
converting it to Rheb-GDP (Inoki et al. 2003b). Phosphorylation of TSC2 by Akt, at Ser939,
Ser981 and Thr1462, serves to functionally inactivate the TSC, leading to retention of Rheb’s GTP
bound form (Cai et al. 2006). In addition to Akt, several other proteins and kinases have
demonstrated the ability to inhibit TSC activity. Among these are Erk and RSK1, which

demonstrate the ability to inhibit TSC activity via phosphorylation of Tuberin at Ser664 and
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Ser1798 respectively; DAPK, which binds to Tuberin and subsequently phosphorylates it leading
to dissociation of the TSC; and FOXO1, which can bind to Tuberin leading to inhibition of TSC
complex formation (Ma et al. 2005; Roux et al. 2004; Cao et al. 2006; Stevens et al. 2009).
Inhibition of mTOR is also facilitated through phosphorylation by kinases such as AMPK, which
activates TSC through phosphorylation of Tuberin at Ser1345; and GSK3, which also activates

TSC via phosphorylation of Tuberin at Ser1337 and Ser1341 (Inoki et al. 2003a; Shaw et al. 2004).

Activation of mTOR can subsequently lead to the phosphorylation of several
downstream targets as it propagates the signals initiated by the PI3K/ Akt pathway. However, in
order for mTOR to disseminate these signals downstream it acts through its two distinct ternary
complexes, mMTORC1 and mTORC2 (Sabatini 2007). While structurally similar, these complexes
exemplify the diversity of mTOR's regulatory involvement and their functions are quite
divergent. The first of these complexes, mTORC1, functions primarily to regulate the size of the
cell, accomplishing this through regulation of gene transcription. Composed of three subunits
including mTOR, the regulatory associated protein of mTOR (RAPTOR), and G-protein Beta-
subunit-like protein (G-Betal), mTORC1 acts to control mRNA translation through parallel
regulation of its downstream effectors, eukaryotic translation initiation factor-4E-binding protein
1 (elF4EBP1 or 4EBP1) and the ribosomal protein p70S6K (Loweith et al. 2002). An important
regulator of translation, 4EBP1 binds strongly to the eukaryotic translation initiation factor-4E
(elF4E) in its unphosphorylated state, repressing its association with the eukaryotic initiation
factor-4F (elF4F) complex. As a component of the elF4F, elF4E recognizes and binds to the 5’ end
of mRNA prior to translation (Gingras et al. 1998). Phosphorylation of 4EBP1 by mTOR, as part of
a series of consecutive phosphorylation events beginning of on Thr37/Thr46 and proceeding to
Ser65/Thr70, results in release of elF4E from 4EBP1 repression and permits the initiation of the

cap-dependent translation of a subset of mMRNA’s that encode for proteins which regulate the
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proliferative response and cell cycle progression, like c-Myc, Cyclin D1 and Ornithine
Decarboxylase (Gingras et al. 2001). Regulation of the activity of mTORC1’s second major
downstream effector, the serine/threonine kinase p70S6K, is also carried out through a series of
phosphorylation events, including mTORC1-dependent phosphorylations at Thr371 and Thr389
(Dufner et al. 1999). Phosphorylation at these two residues stimulates the catalytic activity of
p70S6K, leading to its phosphorylation and activation of the ribosomal proteins S6K1 and S6K2
on Ser235/Ser236 (Ruvinsky et al. 2005; Ruvinsky & Meyuhas 2006). This activation of
S6K1/S6K2 subsequently stimulates recruitment of the 40S ribosomal subunit to actively
translating polysomes, resulting in translation of mRNA’s, such as those encoding ribosomal
proteins, elongation factors and IGF-ll, which bear 5’-TOP (5’-Terminal Oligopyrimidine)
sequences. In addition, S6K1 activation establishes a negative feedback loop towards PI3K/Akt
and mTOR signalling by negative regulation of insulin receptor substrate-1 (IRS-1) (Lang & Frost
2005). mTORC1 also plays a pivotal role in the regulation of angiogenesis acting as a negative
regulator of the vascular endothelial growth factor (VEGF), as mTORC1 inhibition has been
demonstrated to result in the accumulation of the transcription factor hypoxia-inducible factor

la (HIF1a) and increased expression of HIF responsive genes like VEGF (Brugarolas et al. 2003).

Though less understood than mTORC1, the second mTOR complex, mTORC2 is
structurally quite similar to mTORC1. Composed of mTOR, G-Betal, the rapamycin insensitive
companion of mTOR (Rictor), and the mitogen-activated-protein-kinase-associated protein 1
(mSin1), mTORC2 displays a key difference from mTORC1 in that does no demonstrate a
susceptibility to Rapamycin treatment. Specifically, the Rapamycin-FKBP12 inhibitory complex
has demonstrated an inability to bind directly to mTOR2, indicating that the effects of rapamycin
on cellular signalling are due to inhibition of mTORC1 (Sarbassov et al. 2006). Additionally,

MTORC2 also differs from mTORC1 in that while mTORC1 appears to be primarily involved in
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regulation of signalling and the subsequent expression of genes which primarily influence the
size of the cell, mTORC2 appears to be primarily involved in influencing the shape of the cell.
Through regulatory mechanisms involved in controlling mTORC2 function are poorly understood,
mTORC2 is believed to be under the regulatory control of the TSC in a manner similar to that of
MTORC1 (Huang & Manning 2009). However, the exact components regulating their interaction
have not been clearly identified. Functionally, mTORC2 has been demonstrated to play a role in
the formation of the actin cytoskeleton, as it has been observed to signal through small Rho
GTPases and protein kinase C alpha (PKC) to regulate the formation of F-actin. Additionally,
mMTORC2 has also been observed to control the formation of GTP-bound Racl which also plays a
role in F-actin formation (Jacinto et al. 2004). However, the exact mechanism which by which
mMTORC2 influences these proposed partners is still currently being investigated. Furthermore,
MTORC2 has also demonstrated the ability to phosphorylate Akt at Ser473 to activate its
function, suggesting mTORC2 may serve to mediate a positive feedback mechanism between

mTOR and Akt signalling to control their function (Jacinto et al. 2006).

Observation of the inter-connectedness of mTOR to its signalling partners strongly
suggests that TOR kinases participate in critical events that integrate external signals with
internal signals to co-ordinate cellular growth, survival and proliferation. mTOR effectively
receives signalling input which indicate whether the transcriptional and translational machinery
should be upregulated, then efficiently transmits them to the appropriate downstream targets.
In recent decades, significant evidence has accumulated to suggest that dysregulation of mTOR
and many of its associated signalling partners often occurs in many type of cancers and
neoplasia disorders, from breast cancer to tuberous sclerosis (Choo & Blenis 2006; Crino et al.

2006).
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1.6: TSC Signaling: Cell Cycle Regulation, Differentiation & Fate

While classical observations of the functional significance of the TSC proteins have most
closely associated them with the regulation of the mTOR signaling cascade, a growing body of
research has found that they participate in the regulation of various cellular processes, through
mTOR-independent means. These studies primarily highlight Tuberin, as the active component
of the TSC, in these functions, suggesting a significant role for the protein as a key regulator of

cellular signaling.

Notwithstanding its mTOR-mediated effects on cell cycle progression, Tuberin has been
further implicated as a regulator of the cell cycle, through its influence on a number of cell cycle
regulatory proteins. Recent studies conducted by Rosner et al. (2007a) have found that Tuberin
bears the ability to regulate the localization of the Cyclin-dependent kinase inhibitor, p27,
through inhibition of its 14-3-3 mediated cytoplasmic retention (Rosner & Hengstschlager 2004;
Rosner et al. 2007a). They observed that in GO cells, Tuberin binds to p27, sequestering it from
14-3-3 and preventing the Akt-mediated phosphorylation of p27 within its nuclear localization
signal (NLS) at T157 (Sekimoto et al. 2004). This interaction with Tuberin subsequently allows
p27 to undergo NLS-importin-dependent nuclear localization, where it inhibits the catalytic
activity of Cyclin E/CDK2 and Cyclin D/CDK4 complexes and restricts progression through the
G1/S phase checkpoint (Alberts et al. 2002). In addition to its effects on p27 localization, Tuberin
has also been observed to interact directly with Cyclin B1, Cyclin A, and CDK1 (Catania et al.
2001). Fidalgo da Silva et al. (2011) also went on to find that upon binding to Cyclin B1, Tuberin
was capable of retaining it within the cytoplasm, restricting progression through the G2/M phase

checkpoint (Fidalgo da Silva et al. 2011).
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Tuberin has also been demonstrated to interact with various signaling cascades involved
in regulating cell differentiation and cell fate choice. The first among these is the Wnt signaling
pathway. In their 2003 study, Mak et al. demonstrated that the TSC interacted with the
canonical Wnt signaling pathway, as it was able to regulate B-catenin stability and protein
expression, inhibited Wnt-induced B-catenin-dependent transcriptional activity and interacted
with the GSK3B-degradation complex (Mak et al. 2003). Follow up studies also found that
Tuberin was also able to bind directly to the Wnt signaling component Dishevelled (Dsh) (Mak et
al. 2005). Inoki et al. (2006) later observed that Tuberin served as a direct physiological substrate
for GSK3pB, an important component of the canonical Wnt pathway, being phosphorylated by it
at S1341, S1337, S1333, and T1329 (Inoki et al. 2006). They went on to conclude that Wnt
functioned as a positive regulator of mTOR activity, through inhibition of GSK3

phosphorylation/activation of Tuberin.

Tuberin has also been implicated as an upstream regulator of the Notch signaling
pathway. Ma et al. (2010) observed that the TSC acts as a negative regulator of Notch activation,
in an mTOR-dependent manner, wherein inactivation of the TSC resulted in constitutive activity
in Rheb, which in turn led to sequential activation of mTORC1 and STAT3. STAT3 activation, in
turn, lead to p63-mediated upregulation of Jagged1 and subsequent Notch1 activation (Ma et al.
2010). A similar role for Tuberin was also suggested by Karbowniczek et al. (2010), but while still
dependent on the TSC-Rheb interaction, Notch regulation was suggested to occur through an as

yet determined mTOR-independent mechanism (Karbowniczek et al. 2010).

Additionally, Tuberin has also been functionally linked to the MAPK signaling pathway in
a regulatory capacity. Expression of Rheb has been demonstrated to negatively regulate B-Raf

kinase activity, and subsequent phosphorylation and activation of p42/44 MAPK, through a
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direct binding interaction with B-Raf (Im et al. 2002; Karbowniczek et al. 2004). This implicates
Tuberin as a positive regulator of p42/44 MAPK signaling, via regulation of Rheb activation.
Furthermore, studies focusing on medulloblastoma pathogenesis have indicated that Tuberin
serves as an indirect downstream effector of Sonic Hedgehog (SHH) signaling, wherein SHH
activity functions cooperatively with PI3K/Akt activation, to negatively regulate Tuberin activity
(Bhatia et al. 2009). However, the exact mechanism by which this cooperative interaction occurs

is still under investigation.

1.7: TSC1 & TSC2 Gene Mutations: Consequences for TSC Function

Mutations in either of the TSC1 or TSC2 genes have been noted to disrupt the formation
of the TSC, leading to abrogation of the TSCs characteristic functions. In terms of effect,
mutations in either gene lead to the same phenotypic outcome, the consequent pathogenesis of
TS. However, the mechanisms by which the mutations can prevent TSC function are believed to
be different. Mutations in TSC1 are believed to result primarily in the truncation of Hamartin,
removing regions of the protein that are required to mediate its interaction with Tuberin
(Hodges et al. 2001). This in turn prevents TSC formation and leads to the subsequent ubiquitin
mediated degradation of Tuberin (Benvenuto et al. 2000; Jones et al. 1997; Hoogeveen-
Westerveld et al.2010). Mutations in TSC2, on the other hand, can potentially have a more
subtle effect, as they often do not always lead to truncation of the resultant protein (Maheshwar
et al. 1997; Mayer et al. 2003). TSC2 mutations can lead to formation of a non-functional TSC, in
cases when mutations occurs within Tuberin’s GAP domain, functionally inactivating the TSC,
while Tuberin-Hamartin binding, though weakened, can still occur (Mayer et al. 2003).
Additionally, they can also prevent the binding to Hamartin, via disruption of regions that

mediate the Tuberin-Hamartin interaction, such as the phosphorylation sites residing C-terminal
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to the Hamartin binding domain (Nellist et al. 2001). These mutations, frequently observed in TS
patients, support the importance of specific residues outside of the Hamartin binding domain to
maintaining the proper protein conformation necessary for mediation of the Tuberin-Hamartin
interaction (Aicher et al. 2001). Furthermore, in conditions of TS, patients have commonly been
observed to acquire multiple mutations, leading to disruptions in Tuberin’s functional control of
its downstream signalling partners and subsequent abrogation of appropriate differentiation and
fate choices within TS afflicted cell types, and notably, during neural fate decisions within the

CNS (Jones et al. 1999).

1.8: Neurogenesis and the Regulation of Neural Cell Fate

Neural development can be characterised as a process which is comprised of a series of
events and interactions which guide pluripotent stem and progenitor cells to take on a neural
cell fate and begin programs of differentiation that ultimately give rise to some of the most
specialized and unique cell types found within the mammalian body. Integrating a range of
cellular mechanisms which modify patterns of gene expression and cell cycle progression, neural
development is effected primarily through the processes of neurogenesis and gliogenesis.
Serving as the point of initiation for neural development, neural induction is the process by
which the stem cells of the embryonic ectoderm are stimulated to adopt neural cell fates,
consequently leading to the development of the cell types which compose the nervous system.
During gastrulation, the phase of early embryonic development which leads to formation of the
ectodermal, mesodermal and endodermal germ cell layers from the single layered blastula,
epiblast cells of the mesodermal germ cell layer form together, giving rise to the rod-like
structure known as the notochord (Alberts et al. 2002). The key ‘organizer’ of neural induction,

the notochord regulates the expression and activation of various morphogenic factors and
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signalling cascades to promote neural organization and patterning, as well as neural fate
decisions in the cells of the adjacent ectodermal progenitors. Among the factors regulated by
the notochord are Bone Morphogenetic Proteins (BMPs), specialized members of the
Transforming Growth Factor Beta (TGFB) superfamily of proteins (Gaulden and Reiter 2008).
Observed to be potent regulators of patterning and polarity within developing embryos, where
precise concentration gradients of BMP signalling has been observed to be crucial significance,
BMPs bind to TGFB receptors and initiate alterations in gene expression through downstream
activation of SMAD (Small and Mothers Against Dpp) proteins (Marchant et al. 1998; Yew et al.
2005). During induction, the notochord acts to negatively regulate BMP activity by secreting
inhibitory compounds such as Noggin, Chordin and Follistatin, which bind to BMPs, inhibiting
their activity (Zimmerman et al. 1996; Hemmati-Brivanlou et al. 1994; Sasai et al. 1994). In
addition, the notochord also regulates the activity of the Wnt signalling cascade, which in recent
years, has been implicated as a significant regulator of neural patterning (Alvarez-Medina et al.
2008; Robertson et al. 2004). Commonly observed to be an important signalling pathway in the
regulation of cell polarity and carcinogenesis, the Wnt signalling pathway is known to effect
changes in gene transcription through binding of the Wnt ligand to the Frizzled receptor, leading
to stabilization of the intracellular signalling molecule B-catenin through inhibition of the GSK-
3/Axin/APC destruction complex. Following inhibition of this complex, B-catenin is subsequently
allowed to translocate to the nucleus and interact with members of the TCF/LEF transcription
factor family to alter gene transcription (Cadigan and Nusse 1997). During induction, the
notochord acts to inhibit Wnt signaling by secreting the Wnt signalling inhibitors Dickkopfl
(Dkk1) and Secreted frizzled-related protein 2 (SFRP2) (De Robertis and Kuroda 2004). As a
result of its regulation of the activity of morphogens like BMP and Wnt, the notochord induces

the adjacent ectodermal epiblast cells to become more differentiated, producing a layer of cells,

29



known as the neural plate, composed of progenitor cells, known as neuroepithelial cells, which
display typical epithelial cell features and are highly polarized along their apical-basal axis (Gotz
and Huttner 2005). With formation of the neural plate, vertebrate neurogenesis and gliogenesis
effectively begin, spurred on by changes in gene expression, such as the upregulation of the
transcription factor genes CUX1, CUX2 and TBR2 or the astroglial markers glial fibrilary acidic
protein (GFAP) or brain-lipid-binding protein (BLBP), and the downregulation of epithelial
features like tight junctions (Nieto et al 2004; Englund et al. 2005; Campbell & Gotz 2002; Aaku-
Saraste et al. 1996). These changes in gene expression lead many of the neuroepithelial cells to
differentiate further, giving rise to more fate-restricted progenitor cells known as radial glial cells

and basal progenitors (Gotz & Huttner 2005).

Following formation of the neural plate, progression of neural development and
differentiation is promoted through attachment of mesodermal notochord cells to the basal
surface of the overlying neural plate. This initiates a process known as neurulation, which is
characterized by the curling up and fusion of the bilateral halves of the neural plate, resulting in
the formation of a structure known as the neural tube (Alberts et al. 2002; Crane and Trainor
2006). Composed of a now thickened, layer of pseudostratified neuroepithelial cells, radial glial
cells and basal progenitors, the neural tube serves as the rudimentary structure from which the
entire nervous system will be formed. Structural re-organization of the neural tube proceeds as
development progresses inducing proliferative progenitor cell populations to undergo rounds of
neurogenic symmetrical of asymmetrical cell divisions (lacopetti et al. 1999). Underlying the
transition of neural progenitor cells from programs of proliferative cell divisions to neurogenic
cell divisions is regulation of cell cycle progression, as it has been observed that the length of the
cell cycle within particular regions of the neural tube correlates strongly to the proportion of

neuroepithelial and radial glial cells within these regions (Takahashi et al. 1995). This increase in
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cell cycle length has been attributed to a lengthening of the G1 phase, with all other phases of
the cycle remaining constant, and has been observed to occur exclusively within neurogenic
progenitor cell populations and not within proliferative populations (Durand & Raff 2000;
Calegari et al. 2005). Effected through the action of G1-S phase cell cycle regulators, such as
Tis21 and p27, this lengthening of the cell cycle suggests a method for the temporal regulation
of cell fate decisions, as increased G1 length may potentially allow more time for various
intrinsic or extrinsic cell fate determinants to stimulate successive rounds of neurogenic cell
divisions (Calegari et al. 2005; Ohunuma et al. 2001; Calegari & Huttner 2003). Among these cell
fate determinants, BMP and Wnt signalling play heavily in this re-organization process,
regulating neural patterning along the dorsoventral axis of the neural tube, subsequently leading
to region specific differentiation of the neuroepithelium (Temple 2001). Additionally, the
notochord also produces the morphogen Sonic Hedgehog (SHH). A secretory product of the
notochord, SHH acts to regulate gene expression though activation of GLI transcription factor
responsive genes, via activation of the membrane bound G-protein receptor Smoothened.
Activation of Smoothened results as SHH binds to its repressor Patched, releasing inhibition of
Smoothened and leading to the activation and translocation of GLI transcription factors to the
nucleus (Ruiz i Altaba et al 2002). Secretion of SHH by the notochord produces a concentration
gradient of the morphogen within the neural tube which acts synergistically with BMP signalling
and antagonistically against Wnt mitogen gradients to initiate formation of domains of specified
cell differentiation across the neural tube (Wilson and Maden 2005; Robertson et al. 2004) In
addition, patterning across the rostrocaudal axis of the neural tube is also occurs concurrently
with patterning along the dorsoventral axis to create similar domains of specialized cell
differentiation controlled largely through the influence of mitogens, like the MAPK signalling

agonist Fibroblast Growth Factor (FGF) and retinoids like Tretinoin (Retinoic Acid - RA) (Duester
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2008; lwata and Henver 2009). Furthermore, working synergistically with morphogen signalling,
neurotrophic factors, such as Brain-derived Neurotrophic Factor (BDNF) and Nerve Growth
Factor (NGF) also facilitate neural differentiation and development. Released by the cells of the
developing ectoderm and neural tube, these factors support neural organization and neural cell
morphological development through promotion of neural cell proliferation, survival and
migration via regulation of gene transcription through activation of signalling pathways such as
the PI3K/Akt and MAPK signalling pathways (Bibel & Barde 2000). Working in unison, these
factors act to promote neural cell fate and developmental decisions that ultimately lead the
neural progenitor cells of the neural tube to become the fully differentiated cells that compose

the adult nervous system.

In recent decades, observations of severe disturbances in neural cell differentiation, cell
cycle progression and appropriate cellular organization of the brain, across a multitude of
disorders, including TS, has provided strong support for assertions that such disorders may be
caused in part by a misregulation of the aforementioned processes that govern neural

development and cell fate decisions, ultimately resulting in the disease’s unique pathology.

1.9: Misregulation of TSC Gene Function: Effects on Cell Differentiation, Development and Fate

In addition to the clinical and histopathological evidence indicating an impairment of
appropriate cellular differentiation in the cells of TS associated lesions (described in section 1.2),
an array of studies conducted over the past two decades have found significant molecular
evidence supportive of these findings. Several of these studies have observed a distinct
alteration in appropriate cell development and differentiation both in vitro and in vivo

(Rennebeck et al.1998), suggesting an essential role for TSC in the regulation of these processes.
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Abnormalities in neural cell morphology have been acutely observed on a number of
occasions, indicating an essentiality for TSC involvement in the events that govern neural cell
development. Most notable among such experiments were studies conducted by Tavazoie and
colleagues, who demonstrated that knockdown of either the TSC1 or TSC2 genes within a
population of cultured post-mitotic hippocampal pyramidal neurons could lead to an increase in
cell size. Additionally, they also observed that suppression of either of these genes could lead to
a subsequent decrease in dendritic branching or arborisation (Tavazoie et al. 2005). They also
noted the development of morphological abnormalities within the dendrites among the
population of examined neurons, including aberrations in dendritic spine length and head shape,
which could result in perturbations in synaptic signalling in vivo. Studies conducted by Floricel
and colleagues further supported these findings, as in vivo suppression of TSC2 was found to
result in a significant inhibition of neurite outgrowth in PC12h cells (Floricel et al 2007). In a
seemingly contradictory manner to the observations of Floricel et al., Choi and colleagues
observed disorganized or mislocalized axon formation upon TSC1/2 knockdown and suppression
of axon formation when the genes were overexpressed, withinin developing cortical neurons
(Choi et al. 2008). Studies conducted by Willdonger and colleagues supported the observations
of Choi et al,, demonstrating that overexpression of TSC1 or TSC2 could suppress axon
formation, and knockdown could promote axon formation, within mouse and rat hippocampal
neurons (Willdonger et al. 2008). While the mechanism underlying this effect is still under
investigation, it has been reported that promotion of axonal growth due to TSC1/TSC2
inactivation is, at least in part, a result of upregulation of SAD (Synapse of the Amphid Defective)
kinases (Willdonger et al. 2008). Recently, SAD kinase and its activator LKB1, itself an activator of
the positive TSC regulator AMPK, have been implicated in regulation of neuronal polarity (Barnes

et al. 2008). Importantly, it has also been observed that SAD kinases and LKB1 levels are
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elevated in cortical tuber tissue samples taken from TS patients (Willdonger et al. 2008). The
defects in cell size and axon/dendrite formation upon manipulation of TSC1/TSC2 may represent
key physiological events regulating the formation of the CNS lesions found in TS. Therefore,

elucidating the molecular pathways underlying these events is of utmost importance.

Beyond altering cellular morphology, mutation of the TS genes has also been implicated
in altering cellular differentiation. McNeill and colleagues observed through the generation of
TSC2 loss of function mutants in Drosophila that the subsequent preclusion of mTOR control
results in precocious differentiation within photoreceptor neurons (McNeill et al. 2008). In vivo
studies examining the consequence of TSC2 mutation have observed that within the Eker rat, a
naturally occurring model organism possessing a germline TSC2 mutation that results in the loss
of the carboxyl terminus of Tuberin, TSC2 homozygous mutants (-/-) suffer embryonic lethality at
approximately day 10.5 of gestation and display dysraphia and papillary overgrowth of the
embryonic neuroepithelium (Kobayashi et al. 1999; Rennebeck et al. 1998). Additionally, cortical
neuron progenitor cells from embryonic day 14/15 mouse embryos induced to express a TSC2
shRNA, and subsequently organotypically cultured within cortical tissue sections, demonstrated
disorganized axon orientation and exhibited the retarded axon/dendrite migration described by
Shelley and associates as characteristic of neurons with ectopic axon formation (Choi et al. 2008;
Shelley et al. 2007). Furthermore, in vitro studies investigating the involvement of mTOR in
regulation of human embryonic stem cell (hESC) differentiation have observed that TSC1/2 levels
are significantly elevated within hESCs, by comparison to differentiated cells. Additionally, these
studies also observed elevated expression of mTORC2 by comparison to differentiated cells, as
well as increased neuronal differentiation of hESCs following siRNA knockdown of TSC2 (Easley
et al. 2010). These results, when examined together, suggest that the TSC and specifically

Tuberin, as the primary functional component of the complex, may significantly influence neural
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cell fate decisions and appropriate succession of developmental events that give rise to a normal

neural phenotype.

1.10: Hypothesis and Objectives

Given the demonstrated involvement of Tuberin with various regulators of cell fate and
differentiation, and the apparent perturbations in appropriate neural cell fate decisions which
result from Tuberin mutation or inactivation, | propose that Tuberin plays an important role in
neural fate decisions at key points throughout development. | hypothesize that strict
maintenance of appropriate levels and activity of Tuberin are essential for normal cell fate
decisions to occur. To investigate this proposal, experimental focus was directed towards three

primary objectives:

1) To characterize the levels of Tuberin protein and mRNA, and activation of the mTOR

pathway, during neural differentiation in vitro.

2) To characterize the levels of Tuberin protein and activation of the mTOR pathway,

during neural development in vivo.

3) To develop tools to examine the effects of disruption of Tuberin expression on neural

differentiation.

Collectively, the objectives of this study are aimed at clarifying the relationship between
Tuberin function/expression and the regulation of cell fate determination. This will provide a
more comprehensive understanding of Tuberin’s role in development, proliferation, and

pathological processes.
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CHAPTER 2

2. Design and Methodology

2.1: Cell Culture and Neuronal Lineage Differentiation

SH-SY5Y Human Neuroblastoma Cells

SH-SY5Y human neuroblastoma cells were obtained from the American Type Culture
Collection (ATCC — Product #: CRL-2266). Cells (at or below passage 25) were propagated in
Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich Co. — Product #: D5796) supplemented with
Fetal Bovine Serum, to a 10% concentration (Sigma-Aldrich Co. — Product #: F1055), and a
penicillin/streptomycin antibiotic solution, to a concentration of 0.25 pg/mL (GIBCO — Product #:
15140). Culture and differentiation of these cells was carried out on 60mm SUREGrip cell culture
dishes (Sarstedt AG & Co. — Product #: 83.1801). Cells were maintained at 37°C in a 5% CO,
environment. For passaging, as cells of this line may periodically remain in suspension during
culture, all used growth media was collected to allow harvesting of all non-adherent cells. For
cells growing adherently, trypsinization was used. 1X PBS was used to wash the cells prior to
trypsinization to remove any residual traces of growth media. After washing, the entire culture
was rinsed with 1-2 mL of a 10X Trypsin-EDTA solution (SH-SY5Y) (Sigma-Aldrich Co. - Product #:
T4174), which was immediately removed via vacuum aspiration. Treated cells were then
incubated at 37°C for 6 minutes to allow detachment of the adherent cells. Trypsin
neutralization was conducted by washing with complete growth media following incubation. All
trypsinized cells were then collected, in combination with the aforementioned non-adherent
cells, pelleted via centrifugation at 1000 r.p.m and split at a 1:6 ratio for reseeding.

Neuronal differentiation of the SH-SY5Y cells was induced via the administration of a 1
mM solution of 13-cis retinoic acid (RA) (Sigma-Aldrich Co. — Product #: R3255), diluted in 100%

ethanol and dimethyl sulfoxide to achieve the desired 1 mM concentration from the 1mg/mL
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stock. Prior to neuronal differentiation, cells were allowed grow to approximately 60 - 70%
confluence to allow for primary neurite development. A differentiation time course was
constructed, with time points reflecting 0 (undifferentiated), 1, 2, and 3 (full differentiation) days
of differentiation. A 2 uM final concentration of RA was maintained within the media during the
course of the experiment, with supplementary addition of RA at 48 hours following the initial
administration. Full neuronal differentiation was confirmed by the development of extended
neurite processes measuring at least 2x the diameter of the cell soma (Wright et al. 1997,

Soucek et al. 1998; Simpson et al. 2001).

RN33B Rat Neuronal Precursor Cells

RN33B neuronal cells were obtained from the American Type Culture Collection (ATCC -
Product #: CRL-2825). Cells were cultured in a 1:1 mixture of Dulbecco’s Modified Eagle’s
Medium and Ham’s Nutrient Mixture F12 (Sigma-Aldrich Co. — Product #: D6421), supplemented
with Fetal Bovine Serum to a 10% concentration (Sigma-Aldrich) and a penicillin/streptomycin
antibiotic solution to a 0.25 pg/mL concentration (GIBCO). Culture and differentiation of these
cells was performed in a manner similar to SH-SY5Y protocols using 60mm SUREGrip cell culture
dishes (Sarstedt AG & Co.). Cells were maintained at a culture temperature of 33°C in a 5% CO,
environment. For passaging, cultured cells were rinsed 2-3 times with 1X PBS to remove residual
growth media. Adherent cells were removed using a 0.25% Trypsin-EDTA solution (RN33B)
(Thermo — Product #: SH30042.01) rinsed over the entire culture and removed immediately via
aspiration. Cells were then incubated at 37°C for 5 minutes to allow detachment of adherent
cells. Neutralization was completed using complete growth media following incubation. All
trypsinized cells were collected via centrifugation at 1000 r.p.m and split at a ratio of 1:10 for

reseeding.
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Neuronal differentiation in the RN33B cells was induced via inactivation of the
temperature sensitive mutant SV40 large T antigen gene via long-term incubation at 37°C. Cells
were allowed to grow to approximately 60% confluence prior to differentiation to allow
sufficient room for cell spreading during differentiation. During differentiation, complete growth
media was exchanged for serum-free DMEM-F12 media (Sigma-Aldrich), supplemented with
mixture of supportive factors modified from Bottenstein and Sato’s N2 neuronal growth
supplement, formulated to support neuronal progenitor survival (10 pug/mL Putresciene, 5 mM
HEPES, 5 pg/mL Insulin, 5 pug/mL Transferrin, 0.012% Glucose, 0.125 pg/mL Sodium Selenite, 6.3
ng/mL Progesterone) (Bottenstein and Sato 1979, Pacey et al. 2006). Differentiation was
conducted over a course of 6-8 days. Full neuronal differentiation was confirmed by separation
and spreading of the cells, from their characteristic “clustered” growth pattern, in addition to
the formation of extended neurite processes (Wright et al. 1997; Soucek et al. 1998; Simpson et

al. 2001).

2.2: Whole Cell and Cellular Fraction Protein Extraction

For analyses of total cell protein, cultured cells were first harvested utilizing
trypsinization, collected via centrifugation and flash frozen or lysed immediately. Total protein
was subsequently extracted by subjecting collected cells to a 0.1% NP40 lysis buffer (0.1% NP40;
0.05mM EDTA; 0.1 M NacCl; 0.02 M Tris (pH 7.5)) for 40 minutes on ice. This buffer was also
supplemented with protease inhibitors at the following concentrations: 0.005 mg/mL aprotinin,
0.1 mg/mL leupeptin, and 0.005 mg/mL phenylmethylsulfonyl fluoride. Following incubation, the
crude cell lysate was centrifuged at 10,000 rpm for 10 minutes at 4°C to separate the protein
containing supernatant from the any extraneous non-proteinaceous cellular debris. Protein

concentrations of the obtained lysates were measured via Bradford protein assay, in accordance
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with the reagent manufacturers specifications (Sigma-Aldrich — Product #: B6916), using a

BioMate 5 uv/vis spectrophotometer (Thermo — Product #: 9423BI01202E).

For cell fractionation analyses, cultured cells were collected and pelleted via high speed
centrifugation. Collected cells were subsequently washed with ice cold 1X PBS buffer and
pelleted two times via centrifugation at 5000 r.p.m for 7 minutes. Following collection, cell
pellets were treated with a sufficient volume of cell lysis buffer (Composition: 10 mM Tris (pH
7.5), 0.05% NP-40, 3 mM MgCl,, 1 mM EGTA, 10 uL/mL of 10 mg/mL PMSF, 1 uL/mL of 5 mg/mL
leupeptin, 0.5 uL/mL of 10 mg/mL aprotinin, 10 uL/mL of 0.1 mM Dithiothrietol (DTT)), typically
5 times the volume of the packed cell pellet, on ice for 10 minutes. After incubation, re-
suspended cells were aspirated through a 21-guage-needle 3 times and then collected via
centrifugation at 5000rpm for 7 minutes at 4°C. Following centrifugation, the supernatant was
stored as the cytoplasmic protein fraction, while the pellet was stored as the nuclear fraction.
The collected supernatant was then centrifuged at 13000 rpm for 15 minutes, to remove any
extraneous nuclear material, and subsequently stored at -80°C until required for
immunoblotting. The collected nuclear pellet was then immersed within a wash buffer
(Composition: 10mM PIPES (pH 6.8) buffer, 300mM Sucrose, 3mM MgCl,, 25mM NacCl, 1mM
EGTA), upon which an equal volume of a 1M sucrose solution was gently layered. This was
followed by two successive centrifugations at 5000rpm. The obtained pellet was then re-
suspended in a digestion buffer (Composition: 10mM PIPES (pH 6.8), 250 unit/mL DNAse,
300mM Sucrose, 50mM NaCl, 3mM MgCl,) and incubated on ice for 1 hour to obtain the nuclear
protein fraction. Following incubation, DNA and associated proteins were eluted from the lysate
via slow addition of a 2M NaCl buffer (Composition: 10mM PIPES (pH 6.8) buffer, 2M NaCl, 1mM
EGTA) with gentle mixing to a final concentration of 1.6M NaCl. The resultant crude lysate was

then centrifuged at 8000rpm and 4°C for 20 minutes to pellet any remaining debris. Following
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centrifugation, the supernatant containing all soluble nuclear proteins was then collected and

stored at - 80°C until required for immunoblotting.

2.3: Immunoblotting

SDS-PAGE immunoblotting assays were conducted using equal amounts of protein for all
loaded samples, measured and aliquoted from extracted lysates. Total protein used for these
samples, however, was variable based on the individual experiment, with either 150 or 200ug of
protein loaded. Following mixture with 4X sample buffer (40% Glycerol; 240mM Tris HCI, pH 6.8;
8% SDS; 0.04% Bromphenol Blue; 5% Beta-mercaptoethanol), prepared lysate samples were
boiled for 5-10 minutes and subsequently centrifuged to collect any vapour condensates from
the sides of the container. Samples were then run for protein separation on 7.5 or 10%
denaturing polyacrylamide gels at 80 to 110 volts for 3 hours. At the conclusion of the run, the
proteins were then transferred from the gel to a PVDF membrane (Fisher Scientific - Product #:
PV4HYB0010), utilizing a wet transfer system, for 3.5 hours. Following transfer, PVDF
membranes were incubated for 1 hour in a blocking solution containing powdered non-fat dry
milk or bovine serum albumin (BSA), used at concentrations of 1, 2 or 5 % w/v, in TBST (TBS and
0.05% Tween 20). After blocking, membranes were incubated at 4°C overnight with antibodies
directed against the target protein of interest (Antibody Dilutions: TSC2 (XP) - 1/1000; TSC2
(C20) - 1/500; p70S6K — 1/500; p70S6K (T389) — 1/250; Nestin — 1/250; MAP2 — 1/1000; Actin —
1/1000; Topoisomerase I — 1/1000; a-Tubulin — 1/1000). Following incubation, membranes
were washed in TBST for 30 minutes, in three 10 minute intervals, and were then incubated for 1
hour in a solution containing secondary antibody, prepared at a 1:10000 v/v dilution with the
blocking solution. For developing and exposure following incubation, the membranes were

washed a second time for 15 minutes, in three 5 minute intervals, and imaged using the Pierce
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ECL Substrate (Thermo — Product #: 32106), in accordance with the manufacturer’s guidelines,

and a FluorChem 9000 Imaging System (Alpha Innotech).

2.4: Antibodies

Antibodies used in these studies included: Tuberin (XP) (Cell Signaling — Product #:
4308), Tuberin (C20) (Santa Cruz — Product #: sc-893), Actin (Millipore — Product #: MAB1501R),
Nestin (Santa Cruz — Product #: sc-21248), MAP2 (Santa Cruz — Product #: sc-56561), p-p70 S6
Kinase (T389) (Cell Signaling — Product #: 9234), p70 S6 Kinase (Abcam — Product #: ab9366),
Topoisomerase |IB (Santa Cruz — Product #: sc-13059), a-Tubulin (Santa Cruz — Product #: sc-
8035), Donkey anti-goat 1gG-HRP (Santa Cruz — Product #: sc-2020), anti-mouse IgG-peroxidase
(Sigma-Aldrich Co. — Product #: A9917), and anti-rabbit |gG-peroxidase (Santa Cruz - Product #:

sc-2020).

2.5: Neurosphere Formation Assay

Neurosphere formation assays were conducted, in a manner based on protocols
established by Pacey et al. (2006), as an attempt to isolate and enrich the most stem-like cells
within cultured SH-SY5Y and RN33B cell populations. Cells were initially grown in monolayer
culture, to an approximate confluence of 70—80% on 60mm SUREGrip cell culture dishes
(Sarstedt AG & Co. — Product #: 83.1801). Upon reaching the appropriate confluence, cells were
trypsinized, using previously discussed methods, and collected via centrifugation at 1500 r.p.m,
re-suspended in clean complete growth media and counted. If a sufficient concentration of cells
was present, they were then seeded at a density of 25000 cells/mL in 2 mL of serum-free
DMEM-F12 media (Sigma-Aldrich), supplemented with 10 ug/mL Putresciene, 5 mM HEPES, 5
ug/mL Insulin, 5 ug/mL Transferrin, 0.012% Glucose, 0.125 ug/mL Sodium Selenite, 6.3 ng/mL

Progesterone (Pacey et al. 2006). Additionally, the cells were seeded onto ultra-low adherence
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6-well culture plates (Corning — Product #: 3471) to promote sphere formation. Following
seeding, the cells were returned to their normal culture temperatures (37°C for SH-SY5Ys, 33°C

for RN33Bs) for 2 to 7 days to incubate and allow for sphere formation.

2.6: Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) mRNA Analysis

Total mRNA was extracted from SH-SY5Y cells, RN33B cells and BALB/c neural tissues
using the RNeasy Plus Mini Kit (Qiagen - Product #: 74134), as per manufacturers guidelines.
Following extraction, cDNA synthesis was conducted using Superscript Il Reverse Transcriptase
(Invitrogen - Product #: 18064-014) to synthesize the antisense cDNA strand from the RNA
template. mMRNA and cDNA concentration and quality were subsequently measured using a
NanoDrop Spectrophotometer (Thermo Scientific). Gene expression levels were assessed using
the SYBR-Green qPCR method. PCR reactions were carried out in a final volume of 20 uL and
were organized as follows: 10ul of SYBR-Green Master Mix (SA Biosciences Inc. - Product #: PA-
012-24) was combined with 2 ulL of the previously synthesized cDNA, 7 uL of nuclease-free
water, and 1 ul of a 10 uM gene specific primer mixture containing forward and reverse primers
designed against one of 5 gene targets. The primers designed for these assays were constructed
using the NCBI Primer-Blast primer design tool (National Center for Biotechnology Information)
and Primer Express 3.0 (Applied Biosystems) and were designed for human and rat variants of
the following genes: TSC2, Nestin, GAP43, Oct 4 and GAPDH (Table 2). All primers were
synthesized by a third party facility (Eurofins MWG Operon) and designed to span an exon-exon
junction within each gene to prevent spurious amplification of genomic DNA. PCRs were
conducted using an ABI 7300 Real Time PCR System (Applied Biosystems — Product #: 4345240).
PCR cycling conditions for the 2-step PCR included: an initial, one repetition, 10 minute

polymerase activation stage at 95°C; and a second 2-step, 60 repetition,
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melting/annealing/extension stage, held first at 95°C for 15 seconds and then at 60°C for one
minute. All reactions were conducted on 96-Well Clear Half-Skirt PCR Microplates (Axygen -
Product #: PCR-96M2-HS-C). mRNA levels were analyzed through relative quantification study
using the ABI 7300 System Sequence Detection Software v1.3 (Applied Biosystems) . Analysis of
obtained C; values and mRNA quantification were conducted using the comparative C; method,
with values represented as the mean log,;, RQ * standard error (S.E.). Data analysis was

conducted using Microsoft Excel (Microsoft).

Table 2: Oligonucleotide Primers for Use in qRT-PCR

qRT-PCR Primers: For: 5’ — GAGAGGAGCCGTGTTTTTTGTG - 3’
Human TSC2 Rev: 5’ — GACATGCCATGGCCTGGTA - 3’
qRT-PCR Primers: For: 5" — AGAGGGGAATTCCTGGAG — 3’

Human Nestin Rev: 5’ — CTGAGGACCAGGACTCTCTA — 3’
qRT-PCR Primers: For: 5" — CTTGCTGCAGAAGTGGGTGGAGGAA — 5
Human Oct 4 Rev:5’ — CTGCAGTGTGGGTTTCGGGCA — 3’
qRT-PCR Primers: For: 5’ — GCACCGTCAAGGCTGAGAAC - 3’
Human GAPDH Rev:5’-GGATCTCGCTCCTGGAAGATG-3'
qRT-PCR Primers: For: 5" — CCGTGCTGGAAGCTGATGCGAA - 3’

Rat TSC2 Rev: 5’ - CCCAGAGCGCCATCCCAACAAA - 3/
qRT-PCR Primers: For: 5" - AAGCAGGGTCTACAGAGTCAGATCG - 3’
Rat Nestin Rev: 5’ — GCTGTCACAGGAGTCTCAAGGGTAT - 3’
qRT-PCR Primers: For: 5'- TTGGGCTGGAGAGGGATGTGGT - 3’

Rat Oct 4 Rev: 5'- TTCCCCGCGGCCTCATACTCTT - 3/
qRT-PCR Primers: For: 5’ - TGATGACATCAAGAAGGTGGTGAAG — 3’
Rat GAPDH Rev:5’ — TCCTTGGAGGCCATGTGGGCCAT — 3’

2.7: BALB/c Neural Tissue Extraction

BALB/c (BALB/cANNCrl) mice used in this study were purchased from Charles River
Laboratories (Strain Code: 028) and were housed in the University of Windsor Animal Care
facility prior to use, as per University of Windsor Animal Care Guidelines. Subjects selected for
this study were chosen at specific dates, following conception, as they fit along a specified

developmental time course comprised of the following dates: embryonic days 12, 14, 16 (16.5),
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18 and post-natal days 2, 4, 7, 21 and 90. Prior to tissue harvesting selected subjects were
euthanized using CO, gas asphyxiation administered at a 60% concentration within an isolation

chamber, as mandated under the University of Windsor ethical research guidelines.

Tissue samples from the hippocampus, cerebral cortex, olfactory bulbs and cerebellum,
as well as whole brain tissue samples, were harvested from the subject mice. These tissue
samples were extracted from subjects surgically by making an initial incision through the skull,
beginning at the base of the skull, at the occipital bone, continuing anterior along the superior
sagittal sinus to the nasal bones. Additionally, two further lateral incisions were made in the
skull, beginning from the initial midline incision, along the left and right transverse sinuses. All
overlying dermal and bone tissue was subsequently removed and the brain was extracted by
severing spinal attachment at the medulla. Hippocampal tissue samples were obtained by
isolation of a portion of the hippocampal formation within a coronal section roughly 2 mm in
thickness, approximately 1-2 mm anterior from the transverse sinus. Within the coronal section,
the hippocampal formation was located inferior to the cerebral cortex and corpus callosum,
adjacent to the lateral ventricles. Cerebral cortex tissues were also harvested from the same
coronal section via isolating the portion of tissue superior to the corpus callosum. Olfactory bulb
tissues were harvested by simply removing the olfactory bulbs from the anterior portion of the
brain. Cerebellar tissue samples were collected by making a shallow oblique slice across the
dorsal aspect of the cerebellum, avoiding the pons. All collected tissues were flash frozen via

immersion in liquid nitrogen and subsequently stored at -80°C.

2.8: Cloning of Plasmid DNA Constructs

TSC2 shRNA constructs directed against human TSC2 were synthesized utilizing the

pLKO.1-TSC2 mammalian expression vector (Addgene — Product #: 15478). This vector is
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designed to express shRNA oligonucleotide sequences under the control of the human U6
promoter and contains a Puromycin resistance gene for selection and screening within
eukaryotic cells. The design of these vectors was based upon shRNA sequences originally
designed and validated as part of the RNAi consortium (TRC) library, wherein oligonucleotide
sequences identical to these would be inserted into a pLKO.1-puro backbone, which could be
excised from the pLKO.1-TSC2 vector. Isolation of the pLKO.1-puro backbone was conducted
using restriction enzyme digestion with the enzymes Agel (Fermentas — Product #: FD1464) and
EcoRI (Fermentas — Product #: ER0271) to remove the originally inserted TSC2 shRNA sequence
from pLKO.1-TSC2. Following this, shRNA oligonucleotide sequences, synthesized by Eurofins
(Eurofins MWG Operon), modeled on the TRC clone sequences (TRC Clone ID: TRCN0000040179,
TRCN0000010455), and modified slightly to allow insertion between the unique Agel and EcoRl
restriction enzyme sites, were inserted (Table 3).

Prior to insertion, annealing of the lyophilized single stranded oligonucleotides, to form
complementary double-stranded fragments, was done by diluting each oligonucleotide to a
200uM concentration in filter-sterilized DNAse/RNAse free water. Annealing reactions were then
prepared using 5 uL of each oligonucleotide solution mixed with 2 uL of 10X Annealing Buffer
(Composition: 100 mM Tris-HCI, pH 8.0; 10 mM EDTA, pH 8.0; 1M NaCl) and 8 ulL of
DNAse/RNAse free water. The reactions were then heated to 95°C for 4 min and allowed to cool
slowly to room temperature. Insertion of the double stranded fragments into the pLKO.1
backbone was conducted through incubation of the vector backbone and double-stranded
oligonucleotide insert with T4 DNA ligase (Fermentas — Product #: EL0O011) and 10X T4 DNA
Ligase Buffer (Fermentas — Product #: B69) for 16 hours at 4°C. Volumetric ratios employed for

all ligations were calculated utilizing the equations outlined in (Cranenburgh 2004). Verification
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of vector construction, for all pLKO.1 based vectors, was done through sequencing of each

plasmid by a third-party sequencing facility (Robarts Research Laboratories).

Table 3: pLKO.1 Vectors: TSC2 shRNA Oligonucleotide Sequences

pLKO.1-TSC2shRNA v.1
e shRNA
Oligonucleotide #1
e TRCNO0000010455

5’-CCGGTGCTCATCAACAGGCAGTTCTACTCGAGTAGAACTGCCTGTTGATGAGCG-3’

pLKO.1-TSC2shRNA v.2
e shRNA
Oligonucleotide #2
e TRCNO000040179

5’-CCGGTCAATGAGTCACAGTCCTTTGACTCGAGTCAAAGGACTGTGACTCATTGG-3’

Murine TSC2 shRNA plasmids directed against rat TSC2 were constructed utilizing the
pLB mammalian expression vector backbone (Addgene — Product #: 11619). This vector is
designed to express shRNA oligonucleotides under the control of the mouse U6 promoter and
also contains an eGFP marker gene, under the control of the CMV promoter, for screening and
selection purposes. Constructs were produced by inserting one of two oligonucleotide
sequences designed against the NCBI catalogued sequence of rat TSC2 between the Hpal and
Xhol restriction enzyme sites of the GFP-tagged pLB backbone, following excision of the native
DNA fragment in this region via restriction enzyme digest with the enzymes Hpal (Fermentas —
Product #: ER1051) and Xhol (Fermentas — Product #: ER0691) (Table 4). Annealing of single
stranded oligonucleotides to produce double-stranded fragments and ligation of double-
stranded fragments to the pLB vector back bone was conducted as outlined above. Polyethylene
glycol (PEG 4000) (Bio Basic Inc. — Product #: pb0431-500G) was also used here to increase
ligation efficacy. In addition to the shRNA vectors, a control vector was also produced, using an
identical methodology, containing a scrambled oligonucleotide sequence (Table 3) for use as a

negative control in further experiments.
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Table 4: pLB Vector: TSC2 shRNA Oligonucleotide Sequences

pLB-TSC2shRNA v.1
e shRNA 5’-AACGCTCCATTACAAGCATGGCTATTCAAGAGATAGCCATGCTTGTAATGGAGCC-3’
Oligonucleotide # 1

pLB-TSC2shRNA v.2
e shRNA 5’-AACGGTGAATGCGGCCTCAACAATTTCAAGAGAATTGTTGAGGCCGCATTCACCC-3’
Oligonucleotide # 2

pLB-shRNA Control
e shRNA 5’-AACGTCCTGGAGATGGCCAACATATTCAAGAGATATGTTGGCCATCTCCAGGACC-3’
Oligonucleotide #3

Screening for appropriate pLB vector construction was done through polyacrylamide gel
electrophoresis. Constructed plasmid samples were digested for 2 hours using Xbal and Xhol
restriction enzymes and run in comparison to the pLB vector backbone, also digested with
Xbal/Xbal, on an 8% non-denaturing polyacrylamide gel at 100V for 1 hour. Vector construction
was also confirmed by sequencing of the constructed plasmids (Robarts Research Laboratories).
2.9: Testing and Expression of shRNA Vectors

Transfection

Transfections were initiated 24 hours following seeding at a point when cultures had
attained approximately 50-70% confluence. Similar methods were used to transfect both the SH-
SY5Y and RN33B cell lines using one of three different transfection reagents: Polyethyleneimine
(PEI), Lipofectamine LTX (Invitrogen — Product #: 15338-100) or Fugene HD (Promega — Product
#: E2311).

PEI transfections were conducted by first preparing 1 mL reactions containing 2-15
pug/mL of plasmid DNA, 10-25 pg/mL of PElI and complete growth media (SH-SY5Y: DMEM,;
RN33B) DMEM/F12) as needed. Following this, each reaction was allowed to incubate at room
temperature for 10 minutes and added drop-wise to cultures grown on either 6 or 10 cm cell
culture dishes, resulting in final PEI concentrations between 1.25 and 6.25 pg/mL. Transfection

incubation times ranged from 4-48 hrs. Recovery following transfection was typically allowed to
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continue for 8 hours, times were varied between 8 — 48 hours to allow for or observe effects on
protein expression. Following recovery, transfected cells were harvested for protein extraction
via previously outlined means (see section 2.2)

Lipofectamine transfections were performed in accordance with the manufacturer
recommendations (Invitrogen). However, transfections were scaled up, from a 24-well plate
preparation to a 6 cm dish preparation, in order to provide a protein sample of sufficient
concentration for use in subsequent western blot analyses. Transfections were conducted by
first diluting 2.5 — 10 pg of DNA in 250 uL of clean serum free media (SH-SY5Y: DMEM; RN33B:
DMEM/F12). Following dilution, 2.5 pL of PLUS reagent, diluted in 25 pL of serum-free media,
was then added to the DNA mixture and incubated for 5 minutes. After incubation, 6.25 pL of
the Lipofectamine LTX reagent, diluted in a further 250 pL of serum-free media, was added then
mixed thoroughly with the DNA-PLUS mixture and incubated for 30 minutes to allow formation
of DNA-lipid complexes. Once incubated, the reaction mixture was added drop wise to each dish,
containing 2 mL of clean serum-free media. Transfections were allowed to continue for 4 — 48
hours. At which time cells were typically allowed to recover for 8 hours, but recovery times were
varied between 0 — 48 hours to observe effects on protein expression. Harvesting of transfected
cells was subsequently carried out at outlined previously (see section 2.2)

Fugene HD transfections were conducted using various “reagent to DNA” ratios, wherein
6 - 18 pL of the Fugene HD reagent and 1.5 — 6 ug of DNA were added to a sufficient volume of
clean, antibiotic-free growth media (SH-SY5Y: DMEM; RN33B: DMEM/F12) to bring the total
reaction volume to 3 mL. Once prepared, the mixtures were then vortexed and allowed to
incubate for 10 minutes, following which 150 — 300 pL was added to each well of a 6 well plate,
containing 3 mL growth media at final volume. The transfected cells were then incubated for 16

or 24 hours and following transfection were allowed to recover for 8 — 24 hours. Following
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recovery, transfected cells were harvested for protein extraction via previously outlined means
(see section 2.2).

Lentiviral Infection

Lentiviral infections of RN33B and SH-SY5Y cells were conducted / attempted using a
number of plasmid vectors, including those constructed for the purposes of this study and some
previously constructed or obtained commercially (Table 5). Production of VSV-G pseudotyped
lentivirus was carried out through transient transfection of HEK 293 Lenti X cells with the
aforementioned plasmids and the packaging plasmids pMDG, pMDL2 and pRSV using
polyethyleneimine (PEI) in a 1:3 DNA to PEl ratio. Cells were incubated for 5 hours at 37°C
following transfection. Virus collection was carried out 24 hours following the initial transfection
and collected virus samples were concentrated for 3 hours at 4°C via ultracentrifugation. Viral
titres were determined through transduction of 293T cells and subsequent analysis of eGFP
protein expression by flow cytometry 72 hours post-transduction. Titred virus was filter-
sterilized and stored at -80°C. Lentiviral samples used possessed a titre of ranging from 1 - 2 x
10’ TU/mL.

Table 5: Plasmid Vectors Used in Transfection/Infection Trials

Cell Line / Species Plasmid Vector (Origin)

e pCMV-TSC2 mlu-

SH-SY5Y / Human e pLKO.1-TSC2shRNA v.1 (Constructed)
e pLKO.1-TSC2shRNA v.2 (Constructed)
e pLKO.1-Scrambled (Porter Lab)

e pLB-TSC2shRNA v.1 (Constructed)
RN33B / Rat e pLB-TSC2shRNA v.2 (Constructed)
e pLB-shRNAControl (Constructed)
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For RN33B cells, cells to be infected were seeded on 24 well plates (Sarstedt AG & Co. —
Product #: 83.1836)) at a density of 7x10* cells/well. 24 hours following seeding, when the cells
had reached an assumed density of 3x10° cells/well, they were infected using MOI’s of 2, 2.5, 5,
or 10. Infections were carried out using growth media composed of a 1:1 mixture of Dulbecco’s
Modified Eagle’s Medium and Ham’s Nutrient Mixture F12 (Sigma-Aldrich), supplemented with a
10% concentration of Fetal Bovine Serum (Sigma-Aldrich), but lacking penicillin/streptomycin.
Each infection was also supplemented with a 4 mg/mL concentration of polybrene (Santa Cruz —
Product #: sc-134220) to enhance infection efficacy. Infected cultures were incubated for 24
hours at 37°C in the presence of the lentivirus, at which time the infection media was exchanged
for clean complete growth media. When cells had reached approximately 70% confluence, they
were trypsinized and transferred to 60 mm culture dishes and were subsequently allowed to
recover for up to 2 weeks to allow sufficient time for population expansion and shRNA
expression. Infection efficiency was assessed observationally through visualization of GFP
fluorescence and measurement of the approximate proportion of fluorescing cells across several
fields of view. Fluorescence imaging was done using an Olympus CKX41 Inverted Microscope
(Olympus Canada Inc. — Product #: CKX41). Cultures were viewed at 20x objective magnification
using an Olympus 20X UIS lens (Olympus Canada Inc. - Product #: LUCPLFLN20XPH). Image
acquisition was conducted using a Q Imaging Micropublisher 3.3 RTV camera (Q Imaging —
Product #: MP3.3-RTV-CLR-10). Image processing was conducted using the Q Capture Pro
version 6.0 image processing software (Q Imaging).

For SH-SY5Y cells, cells to be infected were seeded on 24 well plates (Sarstedt AG & Co.)
most frequently at a density of 7x10* cell/well. Upon reaching a cell density of 3x10° cells/well,
approximately 48 hours following seeding, the cells were then infected at using Multiplicity of

Infection (MOI) ratios of 1, 2, 3, 5 or 10. Infections were carried out using growth media
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composed of antibiotic-free Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich), supplemented
with a 10% concentration of Fetal Bovine Serum (Sigma-Aldrich). Infections were typically
supplemented with a 2-4 mg/mL concentration of polybrene (Santa Cruz), however, some
infections were conducted in the absence of polybrene (Santa Cruz). Incubation times during
infection were variable, ranging from 4 to 24 hours, at 37°C and 4% CO,. Following infection,
fresh complete growth media added in exchange for the infection media, and all cells observed
in suspension were discarded with this media as a precautionary measure to limit contamination
of the workspace. Puromycin, to a 1 ug/mL concentration, was subsequently added to the
recovering cultures to select for infected cells and was maintained in culture until cell death
within the uninfected control cultures was apparent.
2.10: Analytical Methods

Densitometric Analyses

Densitometric analysis was conducted through the use of the FluoroChem HD2 version
6.0.0 (Alpha Innotech) analysis software. TIFF (Tagged Image File Format) images, representing
developed PVDF membranes, were captured and examined using the software’s Spot Denso
feature, to obtain Raw IDV-Average data values for each specified protein. For each protein of
interest, these values were corrected against the IDV-Average values obtained for its respective
endogenous control (e.g: Target-IDV / Control-IDV). Following this, the values were normalized
using Log 10 transformation.

Statistical Analyses

Evaluation of western blot data was conducted using the Log 10 transformed
densitometry data. All statistical analyses were conducted using the Microsoft Excel 2007
statistical analysis package. Analysis of changes between individual time points were carried out

using paired two sample Student’s T-tests. Two-way ANOVA was also used to compare protein
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level changes, across full time courses, between selected markers. Linear regression analyses,
assessing protein level changes across time, were used to evaluate trend changes across each
differentiation / developmental time course. Spearman’s correlation analysis was used to

compare time course trends between proteins.
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Chapter 3

3. Results and Analysis

3.1: Tuberin expression levels are regulated during neuronal cell differentiation

In order to examine the protein expression patterns for Tuberin during neuronal cell
differentiation, human SH-SY5Y cells and Rat RN33B cells were stimulated to undergo in vitro
neuronal differentiation, using exposure to 13-cis-retinoic acid and adjustment of culture
temperature of from 33°C to 37°C, respectively. SH-SY5Y and RN33B cells were used for this
study, and subsequent other studies, to allow for a more representative observation of Tuberin
expression dynamics during mammalian neuronal differentiation, through observation of these
dynamics within neuronal progenitor cell types possessing unique species and developmental
origins. Immunoblotting analyses for SH-SY5Y protein lysates were conducted across a 3 day
differentiation time course, beginning from an undifferentiated state at Day 0 to full
differentiation at Day 3 (Figure 4A). RN33B immunoblotting assays were observed over a 6 day
time course, beginning from an undifferentiated state at Day 0 to full differentiation at Day 6
(Figure 4C). Neuronal differentiation was determined through neurite to cell soma length ratio
measurement (Wright et al. 1997; Soucek et al. 1998, Simpson et al. 2001). SH-SY5Y Tuberin
levels displayed a significant and consistent decrease across the 3 day differentiation course, as
indicated through regression analysis (p = 0.0469; a = 0.05) (Figure 4B). RN33B levels, on the
other hand, were not found to display any significant changes across the 6 day course (Figure
4D).

SH-SY5Y Tuberin levels were also measured over a shorter 24 hour differentiation time
course, to determine if the previously noted decrease in levels was also apparent on a shorter
time scale (Figure 5A — Top). Tuberin levels remained constant through this time course (Figure

5B). mTOR activity, through measurement of p70S6K phosphorylation at the mTORC1-specific
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activating phosphorylation site T389, was also assessed as one indicator of Tuberin activity
(Figure 5A). Phosphorylation of p70S6K was significantly increased across the 24 hour period,
suggesting a potential decrease in Tuberin activity during this time (p = 0.00022; a = 0.05) (Figure
5C). The differentiation state of these cells was also assessed through measurement of MAP2
protein levels, it was noted that MAP2 levels followed the pattern of Tuberin levels, but did not

significantly change during the time course of differentiation (Figure 5D).

54



A)

B)

C)

D)

250 kDa—

42 kDa—

N=4
NN
F g
S JE i

Tuberin (C-20)

i, ﬂActin

&
&

E

038

06

04
02

0 1 2 3
Time (Day)

Regression:
y =-0.0777x + 0.9008
*p = 0.0469; o= 0.05

Tuberin (C-20)

12
1 T
£ s I
==
= ©
5 <\( 0.6
° £
E © 04
o8
2L o
-
0 T T T
o% o% %*e 09’&
Differentiation Time Points
N=3
N
Q@ Q@ Q@ @
Q Q Q Q
R & : ¥ . T
250 kDa—>}| - b,
42 KDa— | e c— . om— i | 0
1.2
1 T
[22]
= _ 08
5 <
c ©
g < °°
o £
o 8 0.4
o5
=3 = o2
-
0 T T T 1
% % % %

[%

N4 <

Differentiation Time Points

>

TUBERIN

095

09

0.85

08 +

Time (Day)

Regression:
y =-0.0222x + 0.9668

Figure4 - 55



Figure 4 Endogenous levels of Tuberin demonstrate steady down-regulation during induced in

vitro neuronal differentiation in human SH-SY5Y cells, but not in rat RN33B cells.

Cultured SH-SY5Y (A & B) and RN33B cells (C & D) were stimulated to differentiate over 3
day and 6 day differentiation time courses, respectively. Protein samples were collected at 0, 1,
2 and 3 days of differentiation for SH-SY5Y cells and 0, 2, 4, and 6 days of differentiation for
RN33B cells. Comparison of protein expression between individual time point samples was
conducted using spot densitometry analysis. Densitometry values (Y-axis) represent the Logi,
transformed values of corrected Tuberin optical density (OD) values (y), where y = (Tuberin OD /
Actin OD).A) Tuberin levels (250 kDa - Top) were assessed through western blot analysis
conducted using 150 ug of protein loaded equally across all lanes. Actin (42 kDa - Bottom) is
shown here as a loading control. Proteins were resolved on 7.5% denaturing polyacrylamide gels
using SDS-PAGE, (Replicates: N=4). B) Graphical representation of densitometry analysis.
Statistical analysis was conducted using linear regression of Tuberin level vs. Time (R*= 0.908; p =
0.0469; a = 0.05). C) Tuberin levels (Top) were assessed through immunoblotting analysis using
200 pg of protein loaded equally across all lanes. Actin (Bottom) is shown here as a loading
control. Protein lysates were analyzed through SDS-PAGE, using a 7.5% denaturing
polyacrylamide gel (Replicates: N=3). D) Graphical representation of densitometry and

regression analyses are depicted.
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Figure 5 Regulation of Tuberin activity levels occurs during the first 24 hours of induced in vitro

neuronal differentiation in human SH-SY5Y cells.

Cultured SH-SY5Y cells were stimulated to differentiate over a 24 hour differentiation
time course. Protein samples were collected across a 24 hour period, following the onset of
differentiation, at the time points indicated along the X axes. A) Immunoblotting for Tuberin,
MAP2, and p-p70S6K levels was conducted using 150 ug of protein loaded equally across all
lanes. p70S6K & Actin are shown here as controls. Proteins were resolved on 7.5% denaturing
polyacrylamide gels using SDS-PAGE (Replicates: N=3 - Tuberin, MAP2; N=2 - p-p70S6K). B-D)
Comparison of protein expression between individual time point samples was conducted using
spot densitometry analysis. B & C) The densitometry values (Y-axis) for Tuberin and MAP2
represent the Logy, transformed values of corrected protein optical density values (y), wherey =
(Protein OD / Actin OD). D) p-p70S6K densitometry values represent the Log,, transformed
values of corrected p-p70S6K optical density values (y), where y = ((p-p70S6K OD / Actin OD) /

(p70S6K OD / Actin OD)).
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3.2: Tuberin levels do not change significantly based on cellular localization during neuronal

cell differentiation

Tuberin protein levels were seen to decline during neuronal differentiation for whole
cell protein extracts in SHSY-5Y cells (Figure 4 A & B). To determine whether these differences in
expression also influenced the cellular localization of Tuberin, or occur selectively in one cellular
compartment during the course of neuronal cell differentiation, cell fractionation was
performed and protein levels measured. Retinoic acid treated SH-SY5Y cells were incubated and
allowed to differentiate across a 3-day differentiation time course (Figure 6). Interestingly, while
repeats are required to determine statistical significance, levels of Tuberin declined uniquely in
the nuclear compartment and were in fact increasing in the cytoplasmic compartment. RN33B
cells, stimulated to differentiate across a 6 day time course, were also used to investigate the
effect of localization (Figure 7). As with whole cell lysates, levels appeared to be relatively stable
in both the nuclear and cytoplasmic compartments of this cell line during differentiation (Figure
7C, D). These results support observations that Tuberin is expressed in both the nuclear and
cytoplasmic compartments of both cell lines tested during neuronal differentiation; and that

levels were only selectively modulated in the nuclear compartment of one of these cell lines.
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Figure 6 Reduced levels of Tuberin protein occur in the nuclear compartment of SH-SY5Y cells.

Human SH-SY5Y neuroblastoma cells were cultured in the presence of 13-cis retinoic
acid to stimulate neuronal differentiation over a 3 day differentiation time course. Nuclear and
cytoplasmic protein fractions were collected from harvested SH-SY5Ys and analysed, via Western
blotting, at the following differentiation time points: Day 0, Day 1, Day 2 and Day 3. A)
Immunoblotting for nuclear (Left) and cytoplasmic Tuberin (right) was conducted using 100 ug of
protein loaded equally across all lanes. Topoisomerase IIf (Topo IIB) (Panel 2) and a-Tubulin
(Panel 3) were used as nuclear and cytoplasmic fractionation controls, respectively. Proteins
were resolved on 10% denaturing polyacrylamide gels using SDS-PAGE (Replicates: N=1). B - C)
Quantitative analyses of Tuberin levels, for both nuclear (B) and cytoplasmic (C), protein
fractions were conducted using spot densitometry. Densitometry values (Y-axis) for Tuberin here
represent the Logy transformed values of corrected protein optical density values (y), where
Ynudear = (Tuberin OD / Topoisomerase I OD) or Ycytoplasmic = (Tuberin OD / a-Tubulin OD).
Statistical analysis was conducted using linear regression of Tuberin level vs. Time. Results

indicate an n=1; repeats are required to determine statistical significance.
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Figure 7 Tuberin protein levels are ubiquitous in cellular fractions of RN33B cells during neuronal

differentiation.

Stimulated to differentiate along across an 8 day time course, Rat RN33B cells were
harvested for protein analysis at the following time points: Day 0, Day 2, Day 4, Day 6 and Day 8.
Protein extracts from the nuclear and cytoplasmic cellular fractions were collected and analysed
via Western blotting. A) Immunoblotting for nuclear (Left) and cytoplasmic Tuberin (Right) was
conducted using 100 pg of protein loaded equally across all lanes. Topoisomerase IIB (Topo IIB)
(Panel 2) and a-Tubulin (Panel 3) were used here as nuclear and cytoplasmic fractionation
controls, respectively. Proteins were resolved through SDS-PAGE, using 10% denaturing
polyacrylamide gels. (Replicates: N=2). B - C) Quantitative analyses of Tuberin levels, for both
nuclear and cytoplasmic, protein fractions were conducted using spot densitometry.
Densitometry values (Y-axis) for Tuberin here represent the Logi;, transformed values of
corrected protein optical density values (y), where ynycear = (Tuberin OD / Topoisomerase |13 OD)
OF Yeytoplasmic = (Tuberin OD / a-Tubulin OD). Statistical analysis was conducted using linear

regression of Tuberin level vs. Time.
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3.3: Regulation of TSC2 mRNA levels during neuronal differentiation

With the observation that Tuberin protein levels were undergoing regulation during the
course of neuronal differentiation, further investigation was conducted to examine whether
regulation in TSC2 expression was also occurring at the mRNA level. QRT-PCR analysis of total
TSC2 mRNA levels was conducted for both SH-SY5Y (Figure 8) and RN33B cells (Figure 9) to
assess changes during neuronal differentiation. 13-cis retinoic acid stimulated SH-SY5Y cells
were differentiated across 3 day and 24 hour time courses. Across the 3 day time course, mean
TSC2 mRNA levels failed to demonstrate significant changes in mRNA levels (Figure 8A).
Throughout the 24 hour time course, however, mean TSC2 mRNA levels displayed a biphasic
pattern of expression, with a significant overall decrease in levels, as indicated through
regression analysis (R> = 0.5711, p = 0.0300, a = 0.05) (Figure 8B). Temperature-stimulated
RN33B cells were also examined across 6 day and 24 hour differentiation time courses (Figure 9).
Across the 6 day time course, mean TSC2 mRNA displayed no significant changes (Figure 9A).
Similarly, mRNA levels measured across the 24 hour time course also did not demonstrate any
significant changes (Figure 9B). Thus, despite the changes observed across the SH-SY5Y 24 hour
differentiation course, TSC2 mMRNA levels appear to remain relatively stable during

differentiation.
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Figure 8 TSC2 mRNA levels are not regulated across full neuronal differentiation in SH-SY5Y cells

SH-SY5Y neuroblastoma cells were stimulated with 13-cis retinoic acid to differentiate
across 3 day (A) and 24 hour (B) time courses. Total mMRNA was extracted from cell samples
collected at the indicated time points and QRT-PCR analysis conducted. mRNA levels are
presented as the calculated mean log;, RQ values for each time point (Y-axis), with error bars
indicating the standard error. Target mRNA expression levels were normalized to GAPDH,
calibrated using T = 0 (Day 0 or 0 minute) mRNA levels as the internal calibrator and are
represented in relation to T = 0 levels. A) TSC2 mRNA levels across the 3 day time course
(Replicates: N = 3). B) TSC2 mRNA levels across the 24 hour time course (Replicates: N = 2).
Statistical analysis was conducted using linear regression of TSC2 mRNA level vs. Time (R’=

0.571; p = 0. 0301; o = 0.05).
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Figure 9 TSC2 mRNA levels do not undergo regulation during neuronal differentiation in RN33B

cells

RN33B cells were temperature stimulated to differentiate across 6 day (A) and 24 hour
(B) time courses. Total mRNA was extracted from cell samples collected at the indicated time
points and QRT-PCR analysis conducted. mRNA levels are presented as the calculated mean log,
RQ values for each time point (Y-axis), with error bars indicating the standard error. Target
MRNA expression levels were normalized to GAPDH, calibrated using T = 0 (Day 0 or 0 minute)
mMRNA levels as the internal calibrator and are represented in relation to T = 0 levels. A) TSC2
MRNA levels across a 6 day differentiation course (Replicates: N=2). B) TSC2 mRNA levels across

the 24 hour time course (Replicates: N=3).
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3.4: TSC2 mRNA levels show a slight variation between partially committed and stem-like

neuronal cell populations

Though commonly used as representative of neural progenitor populations, the model
cell lines employed in the preceding studies were derived from, and consist of, a heterogeneous
cell population (Preis et al. 1988; Whittemore & White 1993). Hence these cells exist as a
partially committed population comprised of cells at various stages of neural lineage
commitment, between neural progenitors and fully differentiated neurons or glial cells. To
examine whether Tuberin expression is differentially expressed in the more stem-like cells, we
used the neurosphere formation assay, designed by Pacey and associates to select for this

population (Pacey et al. 2006).

Neurosphere formation assays were conducted using both SH-SY5Y (Figure 10) and
RN33B cells (Figure 11). Stem-like SH-SY5Y cells were stimulated, using culture methods
established in Pacey et al. 2006, to form variably sized, roughly spherical clusters of cells, which
were subsequently enriched for two passages prior to harvesting (Figure 10A & B). QRT-PCR
analysis was used to compare mean TSC2 mRNA levels between neurosphere cultured cells and
monolayer culture. To indicate the relative degree of differentiation within the compared cell
populations, mean mRNA levels were also examined for the neuronal progenitor/stemness
markers Nestin and Octamer-binding Transcription Factor 4 (Oct 4). Upon comparison, mean
TSC2 mRNA levels, followed the expression levels of Oct 4. Despite the apparent elevation
however, levels were not found to be significantly higher in the neurosphere cultured cells than
in the monolayer population (Figure 10C). It is notable that mean Oct 4 (Figure 10D) and mean
Nestin mRNA (Figure 10E) levels also displayed no significant changes between the neurosphere

and monolayer populations. This indicates that there may have been experimental fluctuation in
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the isolation of the stem-like population. Using identical methods to those employed for the SH-
SY5Y cells, neurospheres were cultured from native heterogeneous populations of RN33B cells.
Following two successive passages, neurospheres, which were generally smaller in size than SH-
SY5Y derived neurospheres, were collected and analyzed for TSC2 mRNA levels in comparison to
monolayer cultured RN33B cells using QRT-PCR (Figure 11A & B). Nestin and Oct 4 levels were
also examined as markers of stemness. Comparative evaluation of mean mRNA levels found,
despite apparent elevation, that there were no significant differences in TSC2 mRNA levels
between neurosphere and monolayer cultured cell populations (Figure 11C). Both Nestin (Figure
11D) and Oct 4 (Figure 11E) mean levels also showed no significant changes in expression
between the two populations. Collectively, given the similarities between TSC2 mRNA levels and
those of the stem-ness markers, in both populations, this supports that Tuberin levels may
fluctuate based on the sub-set of cells. These data need to be repeated to avoid outlier data and

determine statistical relevance.
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Figure 10 TSC2 mRNA levels follow those of Oct4 in neurosphere-cultured SH-SY5Y cells

SHSY5Y neuroblastoma cells, previously grown under standard prescribed culture
conditions, were stimulated to form neurospheres for approximately 2 days, or until suspended
spherical structures were observed. A-B) Phase contrast micrographs, taken at 4X (A) and 20X
(B) magnification, 2 passages following formation (Scale = 1 um). C-E) QRT-PCR analysis was used
to compare target mRNA levels between neurosphere-cultured cells (Neurosphere) and
monolayer-grown cells (Monolayer), cultured under identical conditions for at least 12 hours
prior to analysis. mRNA levels are presented as the calculated mean log,, RQ values for each
sample population (Y-axis), with error bars indicating the standard error. Target mRNA
expression levels were normalized to GAPDH, calibrated using monolayer mRNA levels as the

internal calibrator and are represented in relation to monolayer levels. N=3.
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Figure 11 TSC2 mRNA levels follow those of Nestin in neurosphere-cultured RN33B cells

RN33B cells, growth previously under prescribed culture conditions, were stimulated to
form neurospheres for approximately 7 days, or until suspended spherical structures were
observed. A-B) Phase contrast micrographs, taken at 20X (A) and 40X (B) magnification (Scale =
0.1 um). C-E) QRT-PCR analysis was used to compare target mRNA levels between neurosphere-
cultured cells (Neurosphere) and monolayer-grown cells (Monolayer), cultured under identical
conditions for at least 12 hours prior to analysis. mMRNA levels are presented as the calculated
mean log;, RQ values for each sample population (Y-axis), with error bars indicating the standard
error. Target mRNA expression levels were normalized to GAPDH, calibrated using monolayer

MRNA levels as the internal calibrator and are represented in relation to monolayer levels. N=3.
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3.5: Tuberin expression and activity levels remain relatively consistent during late embryonic

and post-natal development

To examine whether Tuberin levels fluctuate during in vivo neural development, neural
tissues were harvested from BALB/C mice across a developmental time course extending from
embryonic day (E.D) 16 to postnatal day (P.N) 90 (Figures 12-15). Tissues were sectioned to
isolate regions of the brain, specifically the hippocampus, olfactory bulbs, cerebral cortex and
cerebellum, known to be highly neurogenic during late embryonic/early post-natal development
and commonly afflicted with TS-associated lesions (Eriksson et al. 1998, Pagano et al. 2000,
Temple 2001, Marcotte & Crino 2006, Ponti et al. 2008). Previous work has demonstrated that
Tuberin and Hamartin levels, to be high in the cerebellum at ED13 and the adult brain (Murthy
et al. 2001). Western blot analysis was conducted using this expanded time course of extracted
tissues to examine Tuberin levels and p70S6K phosphorylation levels, as an indicator of mTOR

activity.

Within the hippocampus, Tuberin protein levels (Figure 12A — Panel 1) did not display
significant overall changes in levels across the developmental course (Figure 12B). However,
there were significant changes in levels between E.D 18 and P.N 2 (p = 0.0347, a = 0.05). p-
p70S6K levels (Figure 12A — Panel 3) similarly did not demonstrate significant overall changes in
phosphorylation across the developmental course, but activity was significantly reduced in the
aging brain (P.N 21 and P.N 90) as compared to the embryonic brain (E.D. 18) (P.N. 21: p =
0.0313, a =0.05; P.N. 90: p = 0.0273, a = 0.05) (Figure 12C). Comparison of the expression trends
for Tuberin and p-p70S6K levels across the developmental course found that they did not did not

differ significantly from each other (F(1,5) = 0.0126; p = 0.9122; a = 0.05) (Figure 12C — Right).
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Tuberin and p-p70S6K levels also showed no substantial correlation with each other across the

developmental course (p = 0.2241) (Figure 12C — Right).

Tuberin levels in the olfactory bulbs (Figure 13A — Panel 1) were ubiquitously expressed
without significant change in levels across the developmental course (Figure 13B). p-p70S6k
levels (Figure 13A — Panel 3) were also not significantly altered across the time course (Figure
13C). The overall trends in Tuberin and p70S6K phosphorylation levels were not observed to
differ significantly over the course of development (F(1,6) = 0.4180; p = 0.5283; a = 0.05) and

levels were also not found to correlate highly with each other (p = 0.0356) (Figure 13C - Right).

Cerebral cortex Tuberin levels (Figure 14A — Panel 1) were also ubiquitously expressed
and did not display any significant changes in level across the developmental course (Figure
14B). This was similarly reflected in the levels of p-p70S6K (Figure 14A — Panel 3 & Figure 14C).
Comparative analysis of Tuberin and p-p70S6K levels found no significant differences in their
trends across the developmental course (F(1,6) = 0.0074; p = 0.9324; a = 0.05) and a weak

positive correlation between the two within this brain region (p = 0.3131) (Figure 14C — Right).

In a manner similar to the other regions, Tuberin levels within the cerebellum (Figure
15A — Panel 1) were consistently expressed through development (Figure 15B). There was
significance seen in comparing embryonic expression (E.D 18) to post-natal expression levels
(P.N 2) (p = 0.0347, a = 0.05). p-p70S6K levels (Figure 15A — Panel 3), similarly, were found, via
regression analysis, to be consistently expressed, but did demonstrate a significant reduction
from embryonic stages to P.N 4 (P.N. 4: p = 0.0191, a = 0.05) (Figure 12C). Comparison here
between Tuberin and p70S6K levels indicated their expression trends were not significantly

different (F(1,6) = 0.07973; P = 0.7817; a = 0.05) and that observed changes in Tuberin and p-
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p70S6K levels showed no substantial correlation with each other across the developmental

course (p =0.1170) (Figure 12C — Right).

Overall, Tuberin levels and p70S6K phosphorylation levels appear to be ubiquitous
through the developmental time course studied here. Levels of Tuberin, and correlatively p-
p70S6K, were found to decrease during post-natal development in both the hippocampus and
the cerebellum; potentially supporting a role in the maturation/aging of the adult brain. This
data also provides support to in vitro findings that Tuberin levels undergo regulation during

neuronal cell differentiation and development.
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Figure 12 Tuberin levels and activity are reduced during post-natal development in the

hippocampus

Protein samples were prepared from Hippocampus tissue extracted from BALB/c mice
across a series of time points during late embryonic and postnatal development. A) Tuberin
(Panel 1) and p-p70S6K (Panel 3) were visualized through western blot analysis conducted using
200 pug of protein loaded equally across all lanes. p70S6K (Panel 2) and Actin (Panel 4) are shown
as controls. Protein lysates were analyzed using SDS-PAGE, resolved on a 7.5% denaturing
polyacrylamide gel (Replicates: N=2). B-C) Comparison of protein expression between individual
time point samples was conducted using spot densitometry analysis. Densitometry values (Y-
axis) for Tuberin represent the Logy, transformed values of corrected protein optical density
values (y), where y = (Tuberin OD / Actin OD). p-p70S6K densitometry values represent the Logi,
transformed values of corrected p-p70S6K optical density values (y), where y = ((p-p70S6K OD /
Actin OD) / (p70S6K OD / Actin OD)). Statistical evaluation of Tuberin and p-p70S6K levels were
conducted using linear regression, to observe overall changes for each marker across the
developmental course, while paired sample t-test (One-sided; a = 0.05) was to compare
individual changes between time points. Two-way ANOVA was used to compare the level change
trends for Tuberin and p-p70S6K across the developmental course (a = 0.05). Spearman’s Rho
analysis was also used to determine the presence of any correlation between Tuberin and p-

p70S6K levels.
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Figure 13 Tuberin levels and activity are constant within the olfactory bulb during late embryonic

and postnatal development

Protein samples were prepared from olfactory bulb tissue extracted from BALB/c mice
across a series of time points during late embryonic and postnatal development. A) Tuberin
(Panel 1) and p-p70S6K (Panel 3) were visualized through western blot analysis conducted using
200 pug of protein loaded equally across all lanes. p70S6K (Panel 2) and Actin (Panel 4) are shown
as controls. Protein lysates were analyzed using SDS-PAGE, resolved on a 7.5% denaturing
polyacrylamide gel (Replicates: N=2). B-C) Comparison of protein expression between individual
time point samples was conducted using spot densitometry analysis. Densitometry values (Y-
axis) for Tuberin represent the Logy, transformed values of corrected protein optical density
values (y), where y = (Tuberin OD / Actin OD). p-p70S6K densitometry values represent the Logig
transformed values of corrected p-p70S6K optical density values (y), where y = ((p-p70S6K OD /
Actin OD) / (p70S6K OD / Actin OD)). Statistical analyses were conducted as described in Figure

12.
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Figure 14 Tuberin levels and activity are ubiquitous within the cerebral cortex during late

embryonic and postnatal development

Protein samples were prepared from cerebral cortex tissue extracted from BALB/c mice
across a series of time points during late embryonic and postnatal development. A) Tuberin
(Panel 1) and p-p70S6K (Panel 3) were visualized through western blot analysis conducted using
200 pug of protein loaded equally across all lanes. p70S6K (Panel 2) and Actin (Panel 4) are shown
as controls. Protein lysates were analyzed using SDS-PAGE, resolved on a 7.5% denaturing
polyacrylamide gel (Replicates: N=2). B-C) Comparison of protein expression between individual
time point samples was conducted using spot densitometry analysis. Densitometry values (Y-
axis) for Tuberin represent the Logy, transformed values of corrected protein optical density
values (y), where y = (Tuberin OD / Actin OD). p-p70S6K densitometry values represent the Logig
transformed values of corrected p-p70S6K optical density values (y), where y = ((p-p70S6K OD /
Actin OD) / (p70S6K OD / Actin OD)). Statistical analyses were conducted as described in Figure

12.
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Figure 15 Tuberin levels and activity are reduced during post-natal development in the

cerebellum

Protein samples were prepared from cerebellum tissue extracted from BALB/c mice
across a series of time points during late embryonic and early postnatal development. A) Tuberin
(Panel 1) and p-p70S6K (Panel 3) were visualized through western blot analysis conducted using
200 pug of protein loaded equally across all lanes. p70S6K (Panel 2) and Actin (Panel 4) are shown
as controls. Protein lysates were analyzed using SDS-PAGE, resolved on a 7.5% denaturing
polyacrylamide gel (Replicates: N=2). B-C) Comparison of protein expression between individual
time point samples was conducted using spot densitometry analysis. Densitometry values (Y-
axis) for Tuberin represent the Logy, transformed values of corrected protein optical density
values (y), where y = (Tuberin OD / Actin OD). p-p70S6K densitometry values represent the Logi,
transformed values of corrected p-p70S6K optical density values (y), where y = ((p-p70S6K OD /
Actin OD) / (p70S6K OD / Actin OD)).Statistical analyses were conducted as described in Figure

12.

85



3.6: Design and construction of shRNA plasmid vectors for in vitro knockdown of TSC2

Our observations demonstrating the regulation of TSC2 levels and activity during
neuronal cell development both in vitro and in vivo, coupled with published evidence outlining
the defects in neuronal development and morphology that accompany perturbations in TSC2
expression, suggest that TSC2 could potentially play an important role in neural cell fate
decisions (Tavazoie et al. 2005, Floricel et al. 2007, Choi et al. 2008). To concretely address the
role for Tuberin in neural differentiation, shRNA plasmid vectors, directed against both human
and rat TSC2, were designed and constructed to be used for the purposes of in vitro gene
knockdown studies. These tools were constructed to elucidate the essentiality of Tuberin protein
expression to neural differentiation and cell fate decisions. Constructed utilizing the pLB and
pLKO.1 shRNA backbone vectors, these plasmids were designed for introduction into target cells
utilizing lentiviral infection systems.

Construction of the pLB based vectors was completed through insertion of shRNA
cassette oligonucleotide sequences targeted against multiple regions across isoform 1 of the rat
TSC2 transcript (Figure 16A). These oligos were inserted between the Hpal and Xhol restriction
sites of the pLB cloning site (Figure 16B). Following ligation, the colonies were screened using
polyacrylamide gel electrophoresis examining DNA fragments generated through digestion at
the unique restriction enzyme sites Xbal and Xhol (Figure 16C). Upon confirmation of
oligonucleotide incorporation through screening, the resultant plasmid vectors, pLB-TSC2shRNA
v.1 / v.2 and pLB-shRNAControl, were also sequenced to verify correct insertion of the shRNA
cassette sequences into pLB (Figure 16D & E). Lentiviral infection into RN33B cells was then used
to confirm vector integrity and expression, as indicated by observation of eGFP fluorescence

(Figure 16F).
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Construction of the pLKO.1 human lentiviral expression vectors was conducted by
inserting shRNA cassette oligonucleotide sequences (Figure 17A), originally designed and
validated as part of the RNAi consortium library. Oligos were inserted between the Agel and
EcoRlI restriction enzyme sites (Figure 17B). Following ligation of the oligonucleotide sequences
into the pLKO.1 cloning site, sequencing of the plasmid vector was used to confirm correct
incorporation and orientation of the shRNA cassette sequences. Successful generation of these
plasmids will be invaluable tools for the future determination of the essentiality of Tuberin

during neural cell fate decisions.

87



A)

pLB-TSC2shRNA 1
Forward Strand: 5’-AACGCTCCATTACAAGCATGGCTATTCAAGAGATAGCCATGCTTGTAATGGAGCC-3’
Reverse Strand: 5’-TCGAGGCTCCATTACAAGCATGGCTATCTCTTGAATAGCCATGCTTGTAATGGAGCGTT-3’

pLB-TSC2shRNA 2
Forward Strand: 5'-AACGGTGAATGCGGCCTCAACAATTTCAAGAGAATTGTTGAGGCCGCATTCACCC-3’
Reverse Strand: 5’-TCGAGGGTGAATGCGGCCTCAACAATTCTCTTGAAATTGTTGAGGCCGCATTCACCGTT-3’

pLB-shRNA Control
Forward Strand: 5'-AACGTCCTGGAGATGGCCAACATATTCAAGAGATATGTTGGCCATCTCCAGGACC-3’
Reverse strand: 5’-TCGAGGTCCTGGAGATGGCCAACATATCTCTTGAATATGTTGGCCATCTCCAGGACGTT-3’
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Figure 16 Design and cloning of shRNA vectors for knockdown of rat TSC2 in vitro

Murine shRNA vectors were based on the 8831 bp pLB murine expression backbone,
which contains a Green Fluorescent Protein (eGFP) reporter gene under the control of CMV
promoter. A) pLB-TSC2shRNA v.1 and pLB-TSC2shRNA v.2 were constructed using shRNA
cassette oligonucleotide sequences designed against rat TSC2 isoform 1. pLB-shRNAControl was
constructed using a nucleotide sequence which does not match to rat TSC2 isoform 1. B) Cloning
of the pLB vectors was conducted using the outlined strategy. Oligonucleotide sequences were
ligated into the pLB backbone, which had previously been digested at its Hpal and Xhol
restriction sites, to produce the completed vectors. C) Polyacrylamide gel screening was
conducted to confirm incorporation of the designed shRNA cassette oligonucleotides within the
pLB cloning site. Successful ligation, observed for pLB-TSC2shRNA v.1/v.2 and pLB-shRNA
Control, is indicated by the presence of a DNA fragment of approximately 378bp in size. The
native fragment, lacking the insert, from the pLB backbone is pictured as a control. D) Vector
map of the constructed control plasmid: pLB-shRNA Control. E) Vector maps of the constructed
plasmids: pLB-TSC2shRNA v.1 and pLB-TSC2shRNA v.1. F) Fluorescence micrographs picturing

RN33B cells at 4X and G) 20X following transfection with pLB-TSC2shRNA v.1. (Scale = 1 um).
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A)

pLKO.1-TSC2shRNA v.1
Forward Strand: 5'-CCGGTGCTCATCAACAGGCAGTTCTACTCGAGTAGAACTGCCTGTTGATGAGCG-3’
Reverse Strand: 5’-AATTCGCTCATCAACAGGCAGTTCTACTCGAGTAGAACTGCCTGTTGATGAGCA-3’

pLKO.1-TSC2shRNA v.2
Forward Sequence: 5'-CCGGTCAATGAGTCACAGTCCTTTGACTCGAGTCAAAGGACTGTGACTCATTGG-3’
Reverse Sequence: 5'-AATTCCAATGAGTCACAGTCCTTTGACTCGAGTCAAAGGACTGTGACTCATTGA-3/
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Figure 17 Design and cloning of shRNA vectors for in vitro knockdown of human TSC2

Human shRNA vectors were constructed using the 7085 bp pLKO.1-TSC2 human
expression backbone, which contains a Puromycin selection marker gene. A) pLKO.1-TSC2shRNA
v.l1 and pLKO.1-TSC2shRNA v.2 were constructed using shRNA cassette oligonucleotide
sequences originally designed by Sigma-Aldrich. B) Cloning of the pLB vectors was conducted
using the outlined strategy. Oligonucleotide sequences were ligated into the pLKO.1 backbone,
which had previously been digested at its Agel and EcoRl restriction sites, to remove the original

shRNA cassette. C) Vector maps of the constructed shRNA and control plasmids.
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3.7: Testing of constructed TSC2 shRNA plasmid vectors

To examine the effects of TSC2 knockdown on neural cell fate decisions, testing trials
were conducted to verify the integrity and function of the constructed pLB and pLKO.1-based
ShRNA plasmid vectors. Evaluation of each plasmid’s functional TSC2 knockdown were
conducted utilizing SH-SY5Y cells, for pLKO.1 based human expression vectors, and RN33B cells,

for the pLB-based murine expression vectors (Figure 18).

Initial knockdown trials were attempted using DNA transfection methods (Figure 18A).
For these trials, repeated transfections were conducted, individually using one of three
transfection reagents: Polyethyleneimine (PEl), Lipofectamine LTX and Fugene HD. Trials were
conducted across multiple experiments in which the quantities/concentrations of reagent and
DNA, as well as the transfection and post-transfection recovery times, were varied. Additionally,
SH-SY5Y transfections were also conducted using the commercially obtained pLKO.1-TSC2
(Addgene) and previously constructed pLKO.1-Scrambled vectors. Western blot analysis,
following collection of protein lysates, failed to consistently display significant knockdown in
Tuberin levels, when compared to controls prepared from cells grown under normal and serum-
starved culture conditions (Figure 18B). For the pLKO.1 vectors, additional attempts were also
made to visualize knockdown using serial transfection of SH-SY5Y cells ectopically expressing
TSC2, through transfection with the pCMV-TSC2 mlu- mammalian expression vector. However,
these attempts were unsuccessful due to cell death, upon serial transfection with pLKO.1-

TSC2/pLKO.1-TSC2shRNA v.1/v.2, or loss of overexpression prior to western blotting.

Concurrent with the transfection trials, lentiviral infection trials were also conducted to
determine the functional knockdown ability of the designed plasmid vectors (Figure 18A).

Infections were carried out, in SH-SY5Y and RN33B cells, using VSV-G pseudotyped lentivirus,
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prepared as outlined in Methods and Materials and containing each of the following plasmids:
pLKO.1-TSC2, pLKO.1-Scrambled, pLKO.1-TSC2shRNA v.1, pLKO.1-TSC2shRNA v.2 (SH-SY5Y); pLB-
TSC2shRNA v.1, pLB-TSC2shRNA v.2, pLB-shRNA Control (RN33B). As in the transfection trials,
several experiments were conducted, utilizing variation in the multiplicity of infection (MOI),
infection time and post-infection recovery time in order to visualize the knockdown of Tuberin
from endogenous levels through western blot analysis (Figure 18A). Within the SH-SY5Y cells,
infection trials failed to progress to western blot analysis, as widespread cell death was found to
occur during post-infection puromycin selection (Figure 18B). Though few cells were noted, in
some cases, to appear viable following puromycin selection, they failed to proliferate and
subsequently died. RN33B infections, however, yielded more encouraging results, as the vast
majority of cells survived the infection process, yielding an average transfection efficiency of
approximately 60%, measured through proportional eGFP fluorescence (Figure 18B). Analysis of
protein levels, through immunoblotting, and mRNA levels, through QRT-PCR, however, failed to

indicate consistently significant reductions in TSC2 expression.
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A)

Transfection / Infection

Plasmid CellLine | Transfection Method Culture Size / Volume Duratlon
pLKO.1-TSC2 Polyethylenimine (PEI) 2-15ug 60 mm, 100mm/4mL 8mL 10-25 ug (Img/mL) : 0.
PLKO.1-TSC2ShRNA V. 1 Lipofectamine LTX 25-10ug BOmm/4mL B.25uL 8- 48 hours; 0 - 48 hours
pLKO.1-TSC2shRNAVv.2| SH-SYSY Fugene HD 1.5-6ug Bwell/3mL 6-18uL 16 - 24 hours, 0 - 24 hours
v_"_,.%,\rmmmwasﬂ_mn Lentiviral Infection MOI=1,2,3,5,10 24 well Variable (Based on Cell Densty) 8, 16, 24 hours; NA
pLB-TSC2shRNAv.1 Polyethyleneimine (PEIl) 2-15ug 60 mm, 100mm/4mL 8mL 10-25 ug (Img/mL) 8- 48 hours: O - 48 hours Yes
pLB-TSC2shRNA V.2 Lipofectamine LTX 2.5-10ug 60mm/4mL 6.25 uL '
pLB-shRNA Control RN33B Fugene HD 1.5-6ug Swell/3mL 6-18 UL 16 - 24 hours; 0 - 24 hours
Lentiviral Infection MOI=2 25 5 10 24 well Variable (Based on Cell Density) | 24 hours; 2 days - 2 weeks
Western Blotting /
Plasmid Cell Line Transfectlon Method Evaluation / Selection Knockdown Evaluation Eoﬂ”“_ﬂn__“.“"o_s : Knockdown Confirmed
pLKO.1-TSC2 Polyethylenimine (PE) | o o4 hours post Yes, 1k SO PACE S8l
pLKO.1-TSC2shRNAV.1 | SH-SY5Y Lipofectamine LTX infection; continuing until control Yes Western Blot Yes, 7.5% SDS-PAGE Gel, No (Negligible Redustion Observed)
pLKO.1-TSC2shRNA V.2 Fugene HD populations killed) 100V, 3 hours, 4°C
Lentiviral Infection No NA NA NA
pLB-TSC2shRNAv.1 Polyethyleneimine (PEIl)
pLB-TSC2shRNAv.2 Lipofectamine LTX eGFP (Confirmed via Western Blot Yes, 7.5% SDS-PAGE Gel, - A
pLB-shRNA Control RN33B Fugene HD Microscopic Analysis) Yes 100V, 3 hours, 4°C No (Negligiole Redution Observed)
Lentiviral Infection

Summar

Western Blot, gqRT-PCR

puromycin selection with the remaining cells failing to thrive.

RN33B - eGFP expression was detected following transfection using PEI, Lipofectamine LTX and Le

demonstrate a significant reduction in Tuberin MRNA levels.

SH-SY5Y - Transfection with PEI, Lipofectamine LTX and Fugene HD failed to produce significant and consistent downregulation of Tuberin levels. Lentiviral infection proceeded well through the initial infection, however few cells survived

al infection, with lentiviral infection yielding the highest transfection efficiency. Protein and mRNA expression analysis failed to
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Figure 18 Testing and troubleshooting of pLB and pLKO.1 TSC2 shRNA plasmid vectors

Testing of pLB and pLKO.1 plasmid vectors was through both standard transfection and
lentiviral infection methods. Transfection or infection conditions, including reagent used, DNA
amount/MOI, culture size, reagent concentration, and incubation/recovery periods are indicated
for each cell line. Results and observations following infection, selection and analysis are also

indicated, as are western blotting conditions.
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Chapter 4

4. Discussion

It has been well documented that somatic mutations occurring in either the TSC1 or
TSC2 genes serve as the principle cause of TS (Jones et al. 1999; Sancak et al. 2005; Niida et al.
1999; van Slegtenhorst et al. 1999). These mutations, which accumulate in a manner consistent
with Knudson’s hypothesis, typically result in the abrogation of the GTPase function of the TSC,
or outright inhibition of TSC formation altogether (Knudson 1971, Jones et al. 1997, Hoogeveen-
Westerveld et al. 2010). Consequent inhibition of TSC function abolishes its role as a key
regulator of mTOR signaling, leading to misregulation of several of mTOR’s downstream signaling
effectors (Kumar et al. 2005; Jaworski et al. 2005; Wullschleger et al. 2006; Choi et al. 2008; Han
& Sahin 2011). TS gene mutations occur during the embryonic stage of development, leading to
pathologies within a range of organ systems. However, of all the involved tissues, the CNS is
most frequently affected (Marcotte & Crino 2006). There is evidence to support that the CNS
pathologies seen in TS may occur, at least in part, due to defective neural fate decisions
(Rennebeck et al. 1998; Crino & Henske 1999; Tavazoie et al. 2005; McNeill et al. 2008; Choi et
al. 2008). These observations support the need for further investigation of the functional

involvement of the TSC in the regulation of neural cell development and cell fate determination.

Cell fate determination has classically been defined as the process by which a cell
proceeds through development to become a differentiated and specialized cell (Cepko et al.
1996). During this process, an immature cell, in response to cues from the environment,
undergoes internal changes in gene expression which initiate a program of differentiation,
directing the cell towards its terminal fate (Cepko et al. 1996; Livesey & Cepko 2001). Fate
determination can be seen to involve two processes: patterning, whereby an immature cell, in

response to cues from the environment, undergoes internal changes in gene expression which
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induce specification and/or commitment of the cell; and differentiation, where the committed
cell responds to external or internal cues which initiate programs of signaling and gene
expression which direct the cell to take on the qualities of an end-stage specialized cell (Turner &
Cepko 1987; Holt et al. 1988). Cell fate is influenced by factors including the competence of the
cell to respond to a given cue, and the potency of the cell to differentiate into a particular range
of cell types (Cepko et al. 1996; Ravin et al. 2008; Wexler et al. 2009). Studies conducted by
several research groups have identified Tuberin to be mechanistically linked with the signaling of
several inter/intracellular regulators of cell specification and differentiation, like Wnt, Notch,
MAPK and SHH, and may play an important role in the regulation/mediation of their effects
(Artavanis-Tsakonasv et al. 1999; Bibel & Barde 2000; Robertson et al. 2004; Karbowniczek &

Henske 2005; Bhatia et al. 2009; Ma et al. 2010).

Acknowledging this, the experiments conducted as part of this study were focused at
investigating the patterns of Tuberin expression and activity in cells and tissues that are in the
process of acquiring a terminal neural fate. Our results demonstrate that Tuberin is expressed
throughout neural development and that levels of Tuberin decline during neuronal
differentiation in a tissue specific manner. Our data does not reflect a strong correlation in the
temporal activation state of the primary downstream effector of Tuberin, mMTORC1. These results
suggest that the interaction between Tuberin and mTORC1 may be more complex, here in the
context of neural fate choice, than characteristic observation of the dynamic between these two

proteins might suggest.

4.1: Regulation of Tuberin Occurs Through the Course of Neuronal Cell Differentiation in vitro,

but Does Not Appear to Directly Result in Significant Modulation of p70S6K phosphorylation
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The role of Tuberin, as a regulator of a range of cellular mechanisms, such as cell cycle
regulation, gene transcription, protein translation and cell growth, has been extensively
investigated over the last two decades. Interestingly, its involvement in neuronal migration,
axon guidance and autophagy, have classically been framed in the context of functioning as a
regulator of mTOR signaling activity (Wullschleger et al. 2006). It has been observed that Tuberin
interacts with a plethora of other signaling pathways which have direct effects on the regulation
of cellular differentiation and cell fate in a range of somatic tissue types (Mak 2005;
Karbowniczek 2005; Ma et al. 2007; Bhatia et al. 2009; Karbowniczek 2010). An accumulated
body of evidence demonstrating Tuberin-linked defects in cell differentiation and recent
evidence implicating mTOR signaling as a mediator of cell fate/differentiation, clearly implicate
Tuberin as a potentially important player in cell fate and differentiation (Crino & Henske 1999;
Tavazoie et al. 2005; McNeill et al. 2008; Choi et al. 2008; Easley et al. 2010). While studies
examining Tuberin’s regulatory interactions, with kinases like GSK3B and ERK, have accumulated
in over the last few decades, attention has recently begun to shift towards examining the
functional dynamics of Tuberin during differentiation and fate choices (Ma et al. 2005; Mak et al.

2005; Karbowniczek & Henske 2005; Inoki et al. 2006).

To truly understand these dynamics during neural fate, we first measured Tuberin
expression levels during the course of in vitro neuronal differentiation using the neural precursor
cell lines, SH-SY5Y- human neuroblastoma cells and RN33B rat neuronal precursor cells.
Comprised of heterogeneous populations of stem-like progenitors and more committed
precursor cells, these oligopotent cell lines posses the ability to assume a neuronal phenotype
using chemical (SH-SY5Y) or physical (RN33B) stimulation (Biagotti et al. 2005; Neville et al. 2009;
Das et al. 2009). When induced to differentiate, we found significant unidirectional

downregulation of Tuberin protein levels in SH-SY5Y cells; however RN33B protein levels
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remained largely consistent with only a non-significant decrease in levels (Figure 4). When
examined across a shorter differentiation course, SH-SY5Y cells also expressed Tuberin
ubiquitously with no significant changes overall in levels (Figure 5B). The previously conducted
study by Soucek et al. (1998) showed that Tuberin levels, demonstrate a noticeable upregulation
and consistent elevation in levels as early as 6 hours following the onset of differentiation
(Soucek et al. 1998). In addition, Floricel et al. (2007) observed an upregulation in Tuberin levels
following NGF induced differentiation of PC12 cells, with levels remaining consistent for 72
hours and diminishing thereafter (Floricel et al. 2007). In a process known as terminal
differentiation cells eventually withdraw from the cell cycle. Interestingly, Soucek et al. (1997)
observed that Tuberin levels were not affected by exit from the cell cycle, indicating the
alterations in Tuberin levels resulted directly from the induction of neuronal differentiation
(Thiele et al. 1985; Thiele et al. 1989; Soucek et al. 1997; Soucek et al. 1998). On the contrary, in
this study we provide results suggesting a progressively decreasing requirement to maintain
Tuberin levels as differentiation proceeds. Moreover, this study lends support to work by Wu &
Wong (2003) that showed reduced Tuberin levels across a 30-minute time course, following NGF
stimulation in PC12 cells. Accordingly, Easley et al. (2010) found that Tuberin levels decline in
differentiating H7 hESCs, by comparison to undifferentiated hESCs (Easley et al. 2010). It is
possible that these two sets of results are not contrasting, but merely represent a dynamic
pattern of protein regulation in response to the situational needs of the cell. While the
observations collected by Soucek et al. and Floricel et al. demonstrate increase in Tuberin
protein levels following the onset of differentiation, quantification of these levels is not
provided. As a consequence, the dynamics of this expression across the measured time frame
remained unclear (Soucek et al. 1998; Floricel et al. 2007). The observations collected by Easely

et al. are simply end point observations of Tuberin levels and do not make any indication
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regarding the regulation of the protein during the process of differentiation (Easley et al. 2010).
Also though non-significant, the results | collected for the RN33B full differentiation time courses
and the SH-SY5Y 24 hour time courses indicated that Tuberin levels may be elevated or
depressed at various points during the process of differentiation, suggesting, when applied to
the aforementioned observations, that the regulation of Tuberin during differentiation may be
variable, requiring the adjustment of levels to maintain appropriate signaling and facilitate the

normal progression of differentiation.

These observations also provide support for the position that due to the observed
variability, Tuberin levels may not matter so much, in regards to its regulatory capabilities, as the
dynamics of its GAP activity do. To observe the status of Tuberin activity throughout neuronal
differentiation, | measured the phosphorylation status of mTORC1’s direct downstream target,
p70S6K, on the mTORC1 phosphorylation site, T389 (p-p70S6K), over a 24 hour time course in
the SH-SY5Y cells. Elevation of p-p70S6K levels have frequently been observed during the course
of induced in vitro differentiation, in a number of progenitor and stem cell lines, and herein
indicates the level of mTOR activation, and in a reciprocal manner, the level of Tuberin activity
(Han et al. 2008; Henger et al. 2009; Easley et al. 2010). While phosphorylation levels were
found to be highest at 18 and 24 hours, there was a significant overall increase demonstrated
across the course. Correlation analysis was performed to compare the mean values for Tuberin
and p-p70S6K levels, at each time point, but failed to observe any meaningful positive or
negative correlations between the two groups. This suggests that while Tuberin levels may
undergo some regulation during differentiation, this regulation may not be directed toward
regulating mTOR signaling pathway effectors. Potentially, it could be directed towards regulating

the activation of one of its recently identified signaling partners, like p42/p44 MAPK, which are
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known to be more closely involved in the process of cell fate determination (Karbowniczek et al.

2005; lwata & Henver 2009).

During the 24 hour SH-SY5Y time course levels of the microtubule associated protein 2
(MAP2), were also examined, as an indicator of the differentiation status of the cells (Soltani et
al. 2005). MAP2 levels were not observed to be significantly elevated across the differentiation
course. While MAP2 levels are known to be elevated in differentiated neurons by comparison to
progenitor cells, it is not clear whether its levels increase steadily across the full course of
differentiation. Observation of neurite outgrowth, as an indicator of differentiation, did confirm
that differentiation was successfully occurring within these experiments (data not shown).
Experimental reports of MAP2 increases during differentiation of the SHSY-5Y cells tend to use
longer differentiation time courses than were used in this study (R. Constantinescu et. al. 2007)
and hence the 24 hour time course may be too short to adequately use this marker as a reporter
of differentiation. Neural differentiation studies are plagued with the inadequacy of early stage
differentiation markers, to ensure that these cells were properly moving along a neuronal course
control plates could be left to differentiate long-term to stain with terminal markers such as

MAP2 and Tau.

4.2: Cellular Localization of Tuberin May be Implicated in Cell-Specific Downregulation During

Differentiation.

While most commonly localized to the cytoplasm, Tuberin and the mTOR complex
proteins bear the ability to localize to and conduct their functions within both the nucleus and
the cytoplasm (Soucek et al. 1998; Nellist et al. 1999; Li et al. 2006; Furuya et al. 2006; Rosner et
al. 2007b; Rosner & Hengstschlager 2007). Tuberin, in particular, has been observed to play an

important role in the regulation of p27 localization, inhibiting its 14-3-3 mediated cytoplasmic
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retention, leading to its nuclear localization through a nuclear localization signal dependent
mechanism (Rosner et al. 2007a). Rosner et al. (2007b) demonstrated that Tuberin’s ability
localize to the nucleus may be controlled through phosphorylation by Akt at S939 and T1462,
which induce cytoplasmic retention/localization of Tuberin (Rosner et al. 2007b). Wu & Wong
(2003) also observed that phosphorylation by Akt promoted the degradation of Tuberin by the
proteasome (Wu & Wong 2003). Furthermore, nuclear localization of Tuberin has been observed
to occur during neuronal differentiation (Soucek et al. 1998). Given Tuberin’s ability to move
between the nucleus and cytoplasm, we investigated the nuclear and cytoplasmic expression of
Tuberin during differentiation. While experimental repeats are required to determine statistical
significance and repeatability, we did observe that declines in Tuberin levels were seen in the
nuclear compartment for SH-SY5Y cells (Figure 6). Interestingly, cytoplasmic levels of Tuberin
appeared to increase through differentiation, a result that would in fact support the
observations of Soucek et al. and Floricel et al. (Soucek et al.1998; Floricel et al. 2007). Given
that cytoplasmic Tuberin is available for proteasomal degradation, this relocalization may
represent a mechanism underlying the decline in overall protein levels seen in the SHSY-5Y cells
(Figure 4). Supportive of this, RN33B cells, which express constant levels of Tuberin during
differentiation (Figure 4), had constant levels of both nuclear and cytoplasmic Tuberin during
differentiation (Figure 7). Further experimentation and replication of these results is definitely

needed in order for any conclusions to be drawn from them.

4.3: Tuberin Protein Levels Do Not Appear to be Transcriptionally Regulated During the Course

of Neuronal Differentiation

Most observations of Tuberin expression and regulation have often neglected to include

investigations of the role transcriptional control may play in the regulation of TSC protein
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expression, due largely to a general assumption that Tuberin and many of the other TOR
proteins are constitutively expressed (Soucek et al. 1997; Miloloza et al. 2000; Schmidt et al.
2010). Soucek et al. (1998) provided support for this view observing that, within SK-N-SH cells,
TSC2 mRNA was high in expression prior to and during neuronal differentiation (Soucek et al.
1998). These levels also did not change through the course of differentiation, leading them to
conclude that regulation of Tuberin levels occurred primarily in a post-transcriptional manner.
Wienecke et al. (1997), however, presented somewhat oppositional evidence to this view,
observing that TSC2 mRNA levels were significantly decreased in TS —associated astrocytoma
tissues (Wienecke et al. 1997). Studies conducted by Feng et al. (2005), while not demonstrating
a direct interaction, also provided support for the presence of transcriptional regulation, finding
that p53 activation led to increased TSC2 mRNA levels in MEFs, implicating p53 as a
transcriptional regulator of Tuberin expression (Feng et al. 2005). Furthermore, recent studies
have identified c-Myc as another potential regulator of Tuberin transcription, as it has been
shown to repress the transcription of TSC2 mRNA through binding to an evolutionarily conserved
Myc target sequence in the TSC2 promoter (Karbowniczek et al. 2003; Loots et al. 2002; Ravitz et
al. 2007). Collectively, these observations, though not in full agreement, indicate that the
possibility that Tuberin expression may be, at least in part, regulated at the transcriptional level

should be investigated more closely.

To examine expression during differentiation, | utilized QRT-PCR to quantify TSC2 mRNA
levels at each time point during differentiation. When measured over a full 3 day differentiation
course in the SH-SY5Y cells, TSC2 mRNA levels were expressed consistently with no statistical
change (Figure 8A). Across the 24 hour time course, though, mRNA levels did demonstrate a

significant overall decrease, presenting with a biphasic pattern of expression, initially increasing

107



during the first two hours and subsequently decreasing below initial levels thereafter (Figure

8B).

Examination of TSC2 mRNA levels across 6 day and 24 hour time courses using the
RN33B cells also demonstrated that TSC2 mRNA expression did not change in any significant
manner during differentiation (Figure 9A & B). Ultimately, these results provide support for the
conclusion made by Soucek et al. that Tuberin is regulated largely at the protein level (1998).
However, the significant change in expression over the 24 hour SH-SY5Y time course, coupled
with the apparent, but non-significant, variability observed across all of the other time courses in
both the SH-SY5Y and RN33B cells, introduce the probability that TSC2 mRNA levels could in fact
be subject to regulation during fate decisions. Across the SH-SY5Y 3-day course, mRNA levels
decrease and remain depressed below initial levels in a manner that is reflective of the
decreases noted at the protein level. 24 hour levels demonstrate a biphasic pattern, initially
increasing then decreasing to below initial levels in a manner that is not only consistent with the
Day 1 mRNA results of the 3-day time course, but one that is mimicked during the RN33B 24
hour course and can also be applied to 24 hour time course protein levels. While only
observational trends that need to be repeated for more adequate statistical analysis, these data

suggest that Tuberin regulation may be temporally shifted due to the kinetics of translation.

The cell lines used in this study are known to be comprised of heterogeneous cell
populations containing stem-like progenitor cells and other, more committed precursor cells
(Biagotti et al. 2005; Neville 2009). Hence, data obtained from our studies and others can be said
to reflect the course of differentiation from an intermediate ‘stem-ness’ state to a terminal
neuronal phenotype. Given the reduction in Tuberin levels through differentiation, |

hypothesized that cells in the more stem-like progenitor state should have elevated levels of
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Tuberin protein. To test this hypothesis, | cultured neurospheres from normal SH-SY5Y and
RN33B cell cultures, to isolate the most stem-like progenitor cells among each culture, and
conducted comparative gRT-PCR analysis between the neurospheres and cells from the same
original culture, which had been grown in monolayer under normal culture conditions.
Comparison of TSC2 mRNA levels between the neurosphere and monolayer populations,
however, did not demonstrate any significant differences, for either the SH-SY5Y (Figure 10A &
B) or the RN33B cells (Figure 11A & B). Despite this result, it is notable that Tuberin levels
mimicked that of the stemness marker Oct4 in SHSY-5Y cells (Figure 10) and the neural stemness
marker Nestin in the RN33B cells (Figure 11). It is also important to note that the population of
neurosphere cells gathered for both cell types did not demonstrate statistical significance for
both stemness markers. In a recent review from the Doetsch lab the benefits and downfalls of
the neurosphere assay system, as a mechanism of purifying neural stem cells, is discussed
(Pastrana et al 2011). It is possible that due to the high numbers of cells used in this assay, and
the lack of clonal passaging, that we did not obtain a pure population of stem cells. Given the
similarities in the expression between TSC2 and a subset of stemness markers it is certainly
important to follow up these experiments using clonal passaging of small numbers of cells.
Should TSC2 mRNA levels remain stable regardless of differentiation status within these
precursor cell populations, this would support the observations made by Soucek et al. (1998),
indicating that Tuberin mRNA levels are indeed not subject to change as a consequence of

differentiation in neuronal cells (Soucek et al. 1998).

4.4: Tuberin Levels and p70S6K Phosphorylation Are Regulated within Sub-sets of Neural

Tissues During Late Embryonic and Postnatal Development
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As development proceeds, the cells that comprise neural tissues become more
specialized, differentiating from stem cell populations to produce terminally differentiated
neurons and glia (Alberts et al. 2002). Through the use of immunoblotting analyses we
demonstrate that within several regions of the BALB/c mouse brain Tuberin protein and p70S6K
phosphorylation levels are expressed throughout development. Furthermore, we show that in a
tissue specific manner Tuberin levels and p70S6K phosphorylation are downregulated as the
brain ages. Observations of Tuberin levels, within the four brain regions sampled (Hippocampus,
Olfactory Bulbs, Cerebral Cortex, Cerebellum; Figure 12 — 15), found that overall levels of
Tuberin were ubiquitously expressed across the developmental course. Interestingly, in both the
hippocampus and cerebellum levels and activity were significantly decreased from embryonic
day 18 to early post-natal stages (Figure 12B & 15B). These results provide support for the
observations published by Murthy et al. (2001), where they documented Tuberin expression
within developing rat tissues and observed that Tuberin levels, representing protein extracted
from whole brain tissues, were highly expressed during a developmental time course from E.D.
19 to 12 weeks. Additionally, as part of the same study, Murthy et al. also observed that the
Tuberin levels within the cerebellum were high both in fetal and adult Wistar rats. These results
provide support for these observations, but also provide a more detailed study of early post-
natal days and find an interesting, and potentially important, regulation of Tuberin in the critical
first post-natal days. These results suggest that changes in Tuberin levels and activity may be
required in the specialization of subsets of cells/tissues of the developing brain. It should be
noted however, that while the overall trends in expression demonstrated an effectively
consistent pattern of expression, both Tuberin levels and p70S6K phosphorylation,
demonstrated a degree of variation during the developmental course. While the limitations on

the degree to which these changes can be evaluated exist here, due to the fact that this is an
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effect observed across a low number of replicates, this variation did suggest, in concert with the
periodic significant changes observed, that the levels of both Tuberin and p70S6K
phosphorylation could be undergoing regulation. Additionally, analysis of variance and
correlation analyses conducted comparing Tuberin levels to p70S6K phosphorylation levels
ultimately failed to demonstrate any significant positive or negative relationships in the patterns
of expression displayed by these two markers. Interestingly, the significant downregulation in
Tuberin levels occurring in the hippocampus and cerebellum occur just prior to observed
changes in p70S6K levels. While the statistical power of the tests conducted to examine this data
set is low, this could be indicative of a response in p70S6K phosphorylation that is temporally

matched to Tuberin levels. This requires further investigation.

4.5: Conclusions and Future Directions

We have demonstrated that the regulation of Tuberin expression and activity at the
protein level, and potentially at the mRNA level, are among the cohort of events that mark the
process of neural cell differentiation as a component of the process of cell fate determination.
However, there is still much that we do not know about the degree and significance of the
involvement of Tuberin in this process. Of chief importance is the further clarification of the
results obtained as part of this study that have low numbers of repeats, this is essential to obtain
full statistical significance of the data. Furthermore, to provide a more complete understanding
of Tuberin’s role in cell fate, shRNA mediated knockdown of Tuberin expression should be
employed using the vectors described in this work. We would expect that loss of Tuberin
expression, modeled using the systems employed through these studies, would result in a
phenotype indicative of impaired neural differentiation. However, it would be interesting to

observe both how this phenotype would develop on a temporal scale and also how loss of
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Tuberin would influence signaling, through pathways like MAPK, Wnt and Shh, which are
indicative of the process of fate choice. Studies of this type, centered on the functional
knockdown of Tuberin expression, would allow for an expansion of this investigation to include
the functional consequence of the loss of Tuberin on cell fate. The tools developed during this

work make future movement into this area possible.

Further dissecting both the pathways by which Tuberin may be important in regulating
neural cell fate, as well as how Tuberin levels are regulated in specific cell types and tissue types
are important future avenues for this work. While this study has utilized phosphorylated p70S6K
as an indicator of Tuberin activity, there are many other mechanisms by which mTORC1 can be
regulated outside of Tuberin, making this an indirect assessment of Tuberin function.
Furthermore, there are a great deal of other functions of Tuberin in addition to mTORC1
regulation, and likely many yet to be determined. Interactions between Tuberin and several
signaling pathways, such as the Notch and MAPK signaling pathways have been identified, and
are likely candidates as mechanisms by which Tuberin may regulate cellular differentiation and
fate choice. Investigation into the expression and activity of the prime effector components of
these signaling pathways such as Notch1 or ERK1/ERK2, conducted in parallel with further assays
of Tuberin expression dynamics would provide significant insight into potential roles of Tuberin
in neural development. In addition, future thought into the development of inducible
knockdown, or knock-in, mouse models would be an important and valuable direction for
addressing the in vivo importance of Tuberin during embryonic and early post-natal
development. While there is much work to be done, this work contributes toward our
understanding of how the protein Tuberin is regulated through neural development. Given the
severity of TS, it is important to continue to reveal the basic science behind how this protein is

involved in the development of many different organ systems including the CNS. Clearly defining
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the roles of Tuberin during neural development may reveal new perspectives from which to
examine the process of cell fate choice and new methods by which to approach the study,

diagnosis and treatment of TS.
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