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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

105



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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