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ABSTRACT OF THE DISSERTATION

The Generation and Characterization of a Human Induced Pluripotent Stem Cell Model for the

Tuberous Sclerosis Complex

By AVERY ZUCCO

Dissertation Director:

Gabriella D’ Arcangelo

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by the mutation of
either the TSC1 or TSC2 genes and characterized by the presence of benign cortical lesions known
as cortical tubers. A large proportion of patients with TSC exhibit neurological symptoms
including epilepsy and intellectual disability, and a further 50% meet the diagnostic criteria for
Autism. However, the appearance of this broad spectrum of neurologic manifestations does not
always correlate with the neuroanatomical defects common to TSC, suggesting the possibility of
underlying functional defects affecting neural development in TSC patients. Here we have utilized
neural progenitor cells (NPCs) capable of fully differentiating into neurons, which carry a
heterozygous TSC2 mutation generated from patient-derived induced pluripotent stem cells
(iPSCs) to investigate TSC cellular and molecular phenotypes. In these cell lines we observe that
TSC2 +/- NPCs exhibit changes in cell signaling along the Akt/mTORCL1 signaling axis. This
pathway is classically affected in TSC, with elevated pS6 and decreased phospho-Akt levels
known as neuropathological hallmarks in knockout mouse models and studies of abnormal human

tissue. Consistent with these previous findings we observed a decrease in the activity of AKT as



measured by levels of phospho-AKT Thr308 and Ser473. Evidence of increased mTORC1
signaling was seen in one patient, but not another, suggesting TSC2 heterozygosity may produce
modest signaling changes near a functional threshold for generating a molecular phenotype in
NPCs. TSC2 heterozygous NPCs also exhibited a reduced capacity to produce neurons in vitro,
suggesting that neural development may be impacted in TSC. Moreover, this phenotype was
reproduced upon AKT inhibition of control NPC lines, but was unaffected under treatment with
rapamycin, suggesting that AKT signaling may play a more prominent role in mediating the

neurodevelopmental defects of TSC than previously thought.
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Chapter I: Background - Tuberous Sclerosis Pathology, Genetics and Molecular Phenotypes

Tuberous Sclerosis Complex (TSC) is a multisystem genetic disorder characterized by
various neurological and neuroanatomical manifestations, and tumors. Affecting approximately 1
in 6000 live births worldwide, TSC is one of the leading genetic causes of intractable childhood
epilepsy, autism, intellectual and learning disability (de Vries et al., 2015; Khwaja and Sahin,
2011; Lewis et al., 2004; Osborne et al., 1991; Sahin et al., 2016). Childhood epilepsy is present
in upwards of 85% of individuals with TSC (Chu-Shore et al., 2010). Additionally, TSC and
Autism Spectrum Disorder (ASD) co-morbidity rates are between 25% and 50% based on surveys
of individuals with TSC and their families (Hunt and Shepherd, 1993; Smalley et al., 1992). TSC
has an autosomal dominant pattern of inheritance and all known individuals with the disease have
a heterozygous genotype for one of two genes: TSC1 or TSC2. The heterozygous mutation of these
genes is the recognized etiology for TSC with nearly two-thirds of diagnoses resulting from

spontaneous, de-novo mutations not found in either parent (Northrup et al., 1993).

TSC is characterized by multisystem involvement and wide phenotypic variability.
Multisystem involvement can involve renal neoplasms, lung cysts similar to
lymphangioleiomyomatosis (LAM), rhabdomyomas in the striated muscle of the heart, retinal
lesions, facial angiofibroma, shagreen patch and other skin lesions, among the formation of various
other hamartomas are often found in many cases of TSC (Crino et al., 2010b). However, the brain
is one of the most commonly affected organs and neuropathologic features are present in a majority
of individuals with TSC. The primary neuroanatomical features of TSC include abnormal lesions

or “tubers” in the brain, which are hamartomas, as well as other noncancerous brain tumors.

It is currently understood that many of the neuroanatomical defects present in TSC such as

cortical tubers and other brain lesions are the result of loss-of-heterozygosity (LOH) where one



allele carries a germline mutation and the remaining intact TSC1 or TSC2 allele either receives a
subsequent somatic mutation or is otherwise functionally inactivated to produce a focal
homozygous loss of function (Henske et al., 1997; Sepp et al., 1996). The loss of functional TSC1
(Hamartin) or TSC2 (Tuberin) protein in these abnormal regions leads to excessive cell growth
and lesion formation characterized by elevated levels of mMTORC1 activity. The mMTORC1 complex
is a critical regulatory kinase complex which promotes growth by effecting multiple processes
including protein synthesis and metabolism (Jewell and Guan, 2013). Together TSC1 and TSC2
form a heterodimeric complex which regulates mTORC1 by suppressing the activity of the small
GTP-binding protein Rheb. In its GTP-bound state Rheb is an important activator of mTORC1,
and acts to transduce upstream pro-growth signaling through mTORC1. Within the TSC1/TSC2
complex TSC2 is the component directly responsible for regulatory activity due to the presence of
a GTPase activating protein (GAP) domain near the C-terminus. The activity of TSC2 maintains
Rheb in an inactive GDP-bound state. Rheb, and thus downstream mTORC1 activity is normally
curtailed by the TSC complex (Huang and Manning, 2008; Inoki et al., 2003a). Due to their critical
role in regulating cell growth the TSC proteins are also prominent tumor suppressors. Indeed,
MTORC1 activity is elevated in TSC-associated lesions and tumors, and can be readily detected
by measuring levels of phosphorylated mTORC1 targets such as S6 Kinase 1 (S6K1) or its
downstream target ribosomal subunit protein S6 (S6), and the cap-dependent translation initiation
factor 4E-BP1 (Chan et al., 2004; Crino, 2011). However, while mTORC1 activation is clearly
elevated in TSC-associated lesions that contain homozygous TSC1 or TSC2 null cells resulting
from LOH, it is not overtly elevated in non-lesion tissue areas which contain normally-appearing
heterozygous cells. Whether mTORCL1 hyperactivity in null cells is responsible for all clinical

symptoms of TSC is presently unclear.



Several lines of evidence suggest that TSC1 or TSC2 heterozygous cells contribute to TSC
neurological manifestations. For example, it has been shown that the number of cortical tubers
(cortical tuber load) does not correlate well with the degree of neurological impairment in human
TSC patients (Lyczkowski et al., 2007; Ridler et al., 2004). Some individuals with TSC exhibit
severe neurological impairments yet have no obvious neuroanatomical defects as shown by
neuroimaging studies (Erol et al., 2015). Additionally, animal studies have shown that
haploinsufficiency of Tscl and Tsc2 can produce abnormal cognitive and behavioral phenotypes
reminiscent of those observed in TSC in the complete absence of LOH lesions (Chevere-Torres et
al., 2012; Ehninger et al., 2008; Goorden et al., 2007). These observations suggest that TSC1 or
TSC2 heterozygous cells from non-lesion brain regions may contribute to the overall disease
symptomology in TSC. Moreover, the broad behavioral and intellectual impairments present in
many patients suggest the disruption of normal developmental processes responsible for brain
formation and synaptic connectivity, raising the possibility that these defects may be driven by

subtle, and yet unidentified molecular abnormalities in TSC heterozygous cell populations.

Neuropathological and Cognitive Hallmarks of TSC

TSC is frequently associated with the formation of noncancerous tumors which may affect
any organ system in the body including the central nervous system. One of the earliest detailed
descriptions of TSC by French neurologist Desire-Magloire Bourneville in 1880 described the
neuropathology of a child with seizures and learning disability (Bourneville and Brissaud, 1880).
He coined the term “tuberous sclerosis of the cerebral convolutions” to describe the observed CNS
pathology. In 1942 the term “tuberous sclerosis complex” was first used by Sylvan Moolten to

describe the multisystem disorder including involvement of skin, heart, brain, kidneys, lungs, eyes



and other organ systems (Moolten, 1942). These early observations provided some of the first
descriptions of the neuroanatomical defects which have become key hallmarks used to identify
TSC. Further observation and studies have led to the identification of three main types of brain
malformations recognized in TSC: cortical tubers, subependymal nodules (SENs) and

subependymal giant cell astrocytomas (SEGAS).

Perhaps the most prominent feature associated with TSC is the appearance of focal
malformations known as cortical tubers. Cortical tubers are readily detected in older children and
adults through magnetic resonance imaging (MRI) imaging where they appear as hyperintense
regions in T2 weighted and FLAIR images, or low intensity regions in T1 weighted images
(DiMario, 2004; Grajkowska et al., 2010). Tubers can be detected by fetal MRI as early as 20
weeks, suggesting the developmental origin of tuber formation (Levine et al., 2000; Park et al.,
1997; Wortmann et al., 2008). Upon gross examination tubers appear as abnormal regions of
cerebral cortex and can often be identified upon visual inspection in the human cortex where they
exhibit a firmer or “tuberous” consistency than surrounding tissue. Tubers may extend deep into
the subcortical white matter and can measure several centimeters across (Crino et al., 2010b;
DiMario, 2004; Grajkowska et al., 2010). A minority of TSC patients may also develop cerebellar
tubers, however in most cases tubers are restricted to supratentorial regions of the brain (Jay et al.,
1998). Tubers tend to be restricted to a single gyrus which may become enlarged. However, in
some cases they may have a lobar or hemispheric distribution. On microscopic examination there
is also marked disorganization of cortical lamination within the tuber where the normal
hexalaminar structure of the cortex has been lost (Crino et al., 2010b; Huttenlocher and Wollmann,

1991; Muhlebner et al., 2016a; Ruppe et al., 2014).



The tissue within cortical tubers consists of a mix of astrocytes and abnormal neurons
sometimes displaying bizarre and highly aberrant characteristics. Tubers have been shown to
include excessive numbers of astrocytes as detected by glial fibrillary acidic protein (GFAP) and
CDA44 expression (Arai et al., 2000; Sosunov et al., 2008). Interestingly, inflammatory responses
are also potentially elevated in these malformations as shown by numbers of immunoreactive
CD68 microglia within tubers (Boer et al., 2008a). Neurons within cortical tubers may appear as
normal cortical neurons with a roughly pyramidal morphology. However, tubers are often
characterized as comprising dysmorphic and highly irregular neurons which exhibit loss of
orientation with respect to the pial surface of the cortex, and often exhibit enlarged cell
bodies.(Crino et al., 2010b; Muhlebner et al., 2016b) These abnormal neurons have been shown to
express markers similar to those expressed by pyramidal neurons such as the neurofilament protein
SMI311 and glutamate receptor subunits like glutamate receptor subunits 1 and 2 (GIuR1 and
GIuR2). However, the levels of these neuronal proteins have been shown to be dysregulated in

dysplastic neurons as compared to normal cells (Crino, 2004; Talos et al., 2008).

A defining cellular feature of cortical tubers are the presence of enlarged, cytomegalic
“balloon cells” (BCs) or giant cells (GCs). The maximal dimension of these cytomegalic cells can
range from approximately 80um to up to 120um and can be found throughout the thickness of the
tuber (Crino et al., 2010b; Mizuguchi, 2007). GCs extend short processes which express a highly
heterogenous collection of axonal and dendrite markers. Some GCs may extend MAP2 positive
processes similar to dendrites, while others extend neurofilament positive processes resembling
axons. However, these projections are morphologically irregular with respect to the normal
neuronal architecture (Crino et al., 2010b; Hirose et al., 1995). Interestingly, small clusters of GCs

or “microtubers” have also been shown to be distributed throughout non-tuber brain areas,



suggesting a potentially unique etiology for isolated GCs separate from those found within cortical

tubers (Crino, 2013; Marcotte et al., 2012; Sosunov et al., 2015).

The presence of cortical tubers can sometimes be linked to an epileptic phenotype in certain
individuals with TSC. Epilepsy is a common feature of TSC, with approximately 75 to 90% of
TSC patients affected (Thiele, 2010). In some of these individuals surgical resection of a tuber
identified as being associated with seizure onset can ameliorate epilepsy, suggesting that cortical
tubers contribute to the epileptic phenotype (Jansen et al., 2007; Koh et al., 2000). However, this
link is not fully understood and in many cases of TSC seizure loci are not clearly associated with
specific brain malformations. Individuals with TSC may have multiple tubers but also present a
single epileptogenic focus. Even more striking is the finding that some individuals with TSC and
epilepsy do not appear to have any cortical tubers as shown by MRI imaging (Erol et al., 2015;
Major et al., 2009; Thiele, 2010). These data suggest that cortical malformations in TSC may be
highly variable in their impact on surrounding brain tissue, and that non-tuber brain regions may
contribute to TSC disease pathology as well. The degree to which non-tuber regions of the brain
contribute to TSC neuropathology is poorly understood. Studies have shown subtle alterations in
non-tuber brain areas such as increased neuronal excitability, suggesting that non-tuber brain tissue
may contribute to TSC epileptic phenotypes (Wang et al., 2007). Additionally, microscopic
structural abnormalities, radial migration lines suggesting migration defects and areas of
hypomyelination have also been reported in some cases of TSC (Ruppe et al., 2014; Sosunov et
al., 2015; van Eeghen et al., 2013). However, more detailed study of these non-tuber abnormalities,

and their contribution to the TSC neuropathology is currently lacking.

In addition to hamartomas, other types of brain tumors can produce clinical symptoms in

TSC patients. SENSs are present in about 80% of TSC patients and are thought to be related to the



later formation of SEGAs, although the mechanisms underlying the transition remain largely
undefined (Kim et al., 2001). SENSs are nodular lesions typically less than 1cm in size located on
the surfaces of the ventricles (Crino et al., 2010b). SEGAs may grow larger than SENs and can
extend into the lateral ventricle, sometimes obstructing the flow of CSF causing hydrocephalus.
Both SENs and SEGAs consist of abnormal, dysmorphic glial cells as well as GCs (Goh et al.,

2004; Mizuguchi and Takashima, 2001).

The cellular lineage of abnormal cells in tubers and other TSC brain malformations is the
subject of much discussion and has not been fully defined. Critically, determining the exact
population of precursor cells from which different abnormal cells arise from has proved difficult
as many cells within TSC-related lesions express markers for both neurons and glia (Crino, 2004;
Mizuguchi and Takashima, 2001). Analysis of GCs revealed the expression of GFAP and S100
proteins, both markers for astrocytes (Boer et al., 2008a). However, GCs have also been
demonstrated to express NESTIN, neurofilament, internexin, neuron-specific enolase, tubulin,
doublecortin and MAP2 which are typically expressed in neurons or neural progenitors (Crino et
al., 1996; Hirose et al., 1995; Mizuguchi et al., 2002). GCs have further been reported to express
GABAA receptor subunits and synaptophysin, consistent with a neuronal phenotype (Hirose et al.,
1995; Yamanouchi et al., 1997). While an explanation for the coexpression of glial and neuronal
markers in the cells of TSC lesions remains undefined it has been speculated that the aberrant
differentiation of neuroglial progenitors may result in the generation of abnormal cells with mixed

glial and neuronal phenotypes (Crino, 2004; Ess et al., 2005; Yamanouchi et al., 1997).

During the process of cortical development projection neurons are derived from radial glial
progenitor cells in the ventricular zone (VZ) of the dorsal forebrain and migrate radially to form

the characteristic laminar architecture of the cortex (Kwan et al., 2012; Noctor et al., 2004).



Inhibitory interneurons are born in the ganglionic eminences (GE) of the basal forebrain and
migrate tangentially into the developing cortical plate (Kriegstein and Noctor, 2004; Zhu et al.,
1999). A range of markers now exists to identify cells generated from either the VZ or GE, and
further subsets of cells within those populations. Using these, studies have shown that dysmorphic
neurons from TSC tubers express markers consistent with an excitatory neuronal phenotype
including GluR1 and GIuR2, but not inhibitory neuronal markers like GADG65 for vesicular GABA
transporters and parvalbumin (Talos et al., 2008; Valencia et al., 2006). Further data has
demonstrated that GCs and dysmorphic neurons express brain lipid binding protein and vimentin,
as well as ezrin, proteins normally expressed by radial glia, and suggestive of a VZ origin for GCs

and dysmorphic neurons in TSC brain malformations (Figure 1) (Johnson et al., 2002).

Individuals diagnosed with TSC often present behavioral, psychiatric and developmental
disorders. Even from very early descriptions of the disease TSC was recognized as being
associated with a range of behavioral and cognitive deficits. More recent surveys in children and
adolescents with TSC show rates of social communication deficits between 44 and 69% including
speech and language delay. Disruptive behaviors such as self-injury have been reported in 40-50%
of surveyed TSC patients, and mood-related difficulties have been shown in a further 20-50% (de
Vries et al., 2007). Studies have also reported rates of Attention Deficit Hyperactivity Disorder
(ADHD) between 43 and 55% in TSC patients (de Vries et al., 2007; Gillberg et al., 1994).
Behavioral deficits in TSC have also been shown to correlated with intellectual ability with more
intellectually impaired individuals being more likely to present more serious behavioral deficits
(de Vries et al., 2007). There is a wide range of observed intellectual ability in cases of TSC from
those who appear similar to the general population, to individuals with profound intellectual

impairment. Around 70% of individuals with TSC fall into a normal distribution of intelligence
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Figure 1. Diagramatic representation of cortical development. Progenitor cells in the sub-
ventricular zone (SVZ) lining the ventricular zone (VZ) give rise to neurons through asymmetric
division which migrate radially towards the marginal zone (MZ) of the developing brain to form
the cortical plate (CP). New neurons arrive in an “inside out” fashion to establish cortical layering.
Somatic mutations resulting in LOH occurring in progenitor cells give rise to abnormal and
dysmorphic cells in TSC. These LOH cells proliferate and migrate along with the cortical milieu

eventually giving rise to cortical tubers and TSC-related brain lesions.
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scores as measured by 1Q, although the mean 1Q in TSC population (93) is shifted somewhat lower
than the general population (100). The remaining 30% of TSC patients express profound
impairment and intellectual disability, and often their performance cannot be measured directly
via intelligence testing, relying instead on indirect assessment of the affected individual’s
intellectual abilities (de Vries and Prather, 2007; Joinson et al., 2003; Prather and de Vries, 2004).
Clinical observations have indicated that many children with TSC have difficulties learning and
making academic progress. One survey showed 36% of normally intelligent children with TSC
were at risk of academic underperformance, suggesting that even in minimally intellectually
affected individuals TSC still manifests in the form of a learning disorder (Vries, 2010). Perhaps
most striking with regards to the developmental and cognitive aspects of TSC is the very strong
association with Autism Spectrum Disorder (ASD). Studies have reported rates of ASD within the
TSC affected population of between 25 and 50%, and TSC is known to be one of the genetic
conditions most strongly associated with autism (Cass et al., 2006; Hunt and Shepherd, 1993;
Smalley et al., 1992; Vignoli et al., 2015; Wiznitzer, 2004). Rates of ASD in TSC appear linked
to global intellectual ability, with individuals presenting moderate intellectual disability up to 50
times more likely to fall under the diagnostic criteria for ASD than a child without TSC. Even in
TSC individuals with normal intellectual ability rates of ASD may be 10 to 20 times higher than

the general population, highlighting the strong association between ASD and TSC (Vries, 2010).

The link between TSC brain malformations and the observed cognitive and intellectual
phenotypes is not fully understood. Perhaps the most widely cited model suggests that tuber load
predicts the outcome of intellectual ability. MRI analysis of TSC patients beginning in the 1980s
suggested that tuber load was correlated to intellectual disability (Roach et al., 1987). By the 1990s

it was proposed that an individual with TSC who had seven or more tubers had a higher likelihood
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of presenting intellectual disability than a less affected patient (Goodman et al., 1997). However,
more recent analysis has brought these earlier findings into question. Recent studies have shown
no correlation between 1Q and tuber features, including individuals with high tuber load and
normal 1Q (Lyczkowski et al., 2007; O'Callaghan et al., 2004; Ridler et al., 2004). Conversely, it
has been observed that some individuals with TSC display severe intellectual disability but have
very few observable neuroanatomical abnormalities, suggesting that tubers are not necessary to

explain the intellectual and cognitive phenotypes of TSC (Vries, 2010).

Genetics of TSC

TSC is a genetic disorder where all known individuals affected carry heterozygous
mutations of either one of two genes: TSC1 and TSC2. Nearly two-thirds of known cases of TSC
result from spontaneous or de novo mutations. Early genetic studies first established that TSC is
an autosomal dominant trait, and subsequent genetic linkage analysis of TSC families led to the
identification of a disease-causing locus on chromosome 9qg34, which was named TSC1;
subsequent studies of additional TSC families indicated locus heterogeneity, suggesting the
involvement of more than one gene. This led to the discovery of a second disease-causing locus
on chromosome 16p13.3 which was called TSC2 (Fryer et al., 1987; Kandt et al., 1992; Northrup

etal., 1993).

Genetic linkage along with positional cloning studies eventually refined the TSC1 and
TSC2 loci and led to the identification of the two TSC genes. The TSC2 gene was in fact identified
first with the aid of newly discovered markers used in the identification of other genes on

chromosome 16. The newly identified TSC2 gene was predicted to encode a 198kDa protein that
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was named Tuberin (European Chromosome 16 Tuberous Sclerosis, 1993). TSC2 lies in a gene-
dense region of chromosome 16p13 and consists of 40723 nucleotides which compose 42 exons.
The first exon of TSC2 was identified after the identification of the remaining gene and is denoted
la. The 5> UTR of TSC2 consists of a 106-nucleotide region of exons la and 1. The 3> UTR
consists of 101 nucleotides following the stop codon in exon 41. The remaining exons comprise

the coding sequence of the gene (Kwiatkowski, 2010a; NCBI, 2018b).

The identification of TSC1 by positional cloning occurred several years after that of TSC2.
This was due to several factors, including that mutations in TSC1 occur less frequently than TSC2,
and genomic resources for the TSC1 region were less developed at the time than those for TSC2.
Complete genomic sequencing of a candidate region of chromosome 9q34 initiated as part of the
Human Genome Project and mutation screening performed on unrelated familial TSC cases linked
to TSC1 identified mutations in an exon with a known cDNA clone. This was extended to obtain
a full-length cDNA sequence, and the mRNA for this identified sequence was predicted to encode
a 130kDa protein which was then named Hamartin (van Slegtenhorst et al., 1997). The TSC1 gene
consists of 53284 nucleotides containing 23 exons. The first two TSC1 exons comprise a portion
of the 5> UTR, upstream of the initiation codon in exon 3. The coding sequence of the gene

comprise exons 3 through 23 (Kwiatkowski, 2010a; NCBI, 2018a).

Over 1500 different small mutations affecting one exon of TSC1 or TSC2 have been
reported (Cheadle et al., 2000; Kwiatkowski, 2010a; Povey and Ekong, 2018). Mutations affecting
larger portions of the TSC1 and TSC2 genes, usually involving deletions of one or more exons are
rarer than small mutations, accounting for 0.5% and 6% of all TSC patients with TSC1 and TSC2
mutations, respectively (Kozlowski et al., 2007). Deletion and nonsense mutations are most

common in TSC1, accounting for 37.1% and 35.5% of all TSC1 mutations, respectively. Insertion,
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splice and missense mutations are less frequent, occurring in 14.8%, 9.5% and 3.1% of cases of
TSC with TSC1 mutations. Deletion, nonsense and missense mutations occur at similar frequencies
of between 22% and 27% in TSC2, while splice and insertion mutations are less frequent,
comprising 16.2% and 8.5% of known TSC2 mutations. Nearly half of the mutations identified in
TSC1 (48%) and TSC2 (49%) have been reported only once (Kwiatkowski, 2010a). The
distribution of mutations within TSC1 and TSC2 is highly nonuniform. Over a quarter of mutations
in TSC1 are found within exon 15, and exon 8 has the highest density of mutations per nucleotide.
Conversely, only single mutations have been identified in TSC1 exons 3 and 22, and no mutations
have been identified in exon 23. In TSC2 exons 16, 33 and 40 have the highest numbers of reported
mutations, with exon 40 also containing the highest density of mutations. Exons 2 and 41 have
mutation densities 20-fold lower than that observed in exon 40, further highlighting the non-

uniform distribution of mutations within TSC2 (Kwiatkowski, 2010a).

Interestingly, surveys undertaken to identify mutations in TSC1 and TSC2 have shown
mutation detection rates of between 80% and 90%. These studies suggest that a proportion of TSC
patients exist in which no mutation has been identified (NMI) (Au et al., 2007; Kwiatkowski,
2010a; Sancak et al., 2005). The typical TSC disease phenotype of these NMI individuals may be
explained by mosaicism for mutations in TSC1 or TSC2. Mosaicism refers to a genetic condition
wherein not all cells within the developing embryo carry a mutation since that mutation occurred
during embryogenesis, but after the fertilized egg underwent meiosis (somatic mutation).
Mosaicism in TSC has been reported and shown to be relatively common in patients with large
genomic mutations in TSC2 (Kozlowski et al., 2007; Rose et al., 1999). The severity of TSC
disease phenotype in these patients is generally related to the level of mosaicism present and the

number of cells affected. In other words, mosaicism in which fewer cells carry a TSC1 or TSC2



14

mutation results in a less severe TSC phenotype. However, variability has been reported where
some patients with mosaicism present full and very severe TSC phenotypes perhaps due to rates
of mosaicism in different tissues and frequency of second hit events during development
(Kwiatkowska et al., 1999). It is also possible that in NMI patients’ mutation detection fails as
some mutations affecting transcription or mRNA processing can occur within intronic regions
remote from coding exons. Although intronic mutations often account for small fractions of
disease causing mutations, it is still possible that they may account for a proportion of TSC patients

with NMI (Mayer et al., 2000; Stenson et al., 2017).

The role of TSC1 and TSC2 genotype in explaining TSC neuropathology, and especially
neuroanatomical abnormalities is perhaps best described by the Knudson Two-Hit Hypothesis
model of tumor formation (Knudson, 1971). In this model the loss of the second, normal TSC1 or
TSC2 allele which, together with the germline mutation of the first allele drives TSC lesion
formation. This “second-hit” event produces a loss of heterozygosity (LOH) in the affected cell
and can be used as a marker within TSC tubers and lesions to show that the remaining TSC1 or
TSC2 allele has been lost. Multiple studies have demonstrated LOH in SEGAS, supporting the
classical two-hit model (Chan et al., 2004; Henske et al., 1997; Sepp et al., 1996). However, further
analysis in cortical tubers has failed to show LOH, suggesting a different mechanism may
contribute to lesion formation in TSC (Crino et al., 2010a; Niida et al., 2001). Possible
explanations include inactivation of residual TSC proteins leading to complete loss-of-function or
failure to detect LOH in certain TSC-related lesions due their heterogeneous cellular composition

(Caban et al., 2017; Ma et al., 2005; Martin et al., 2017).
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TSC1-TSC2 Protein Function, Signaling and Molecular Hallmarks of TSC

After the identification of TSC1 and TSC2 as the genetic loci mutated in TSC attention
quickly turned towards understanding the function of their gene products. TSC1 and TSC2, also
known as Hamartin and Tuberin are 140kDa and 200kDa proteins, respectively. They share no
homology with each other and very little similarity with other proteins, although orthologues can
be found in most eukaryotic cells (Huang and Manning, 2008). A key finding in understanding the
function of TSC1 and TSC2 proteins came when it was demonstrated that the two proteins
physically associate to form a heterodimeric complex (Plank et al., 1998; van Slegtenhorst et al.,
1998). The association of TSC1 and TSC2 has been shown to be critical in maintaining the function
of the two proteins since complex formation is required for activity and they do not appear to have
independent activity. Subsequent studies demonstrated that TSCL1 is required for the stabilization
of TSC2, which prevents ubiquitin-mediated TSC2 degradation (Benvenuto et al., 2000). TSC1
contains no known enzymatic domain, however it does contain a TSC2 binding domain (T2BD)
that interacts with the TSC1 binding domain (T1BD) near the N-terminus of TSC2 to form the

TSC heterodimeric complex (Figure 2) (Hodges et al., 2001; Huang and Manning, 2008).

Early studies of the TSC1 and TSC2 proteins identified only one putative functional
domain near the C-terminus of TSC2. This domain showed homology to the GTPase-activating
protein domain (GAP) of RaplGAP. Proteins containing GAP domains bind active GTP-binding
proteins (G-proteins) and stimulate intrinsic GTPase activity, thereby inhibiting their signaling
activity. Initial studies conducted during the search for downstream TSC2 targets revealed that
TSC2 has weak GAP activity towards two small G-proteins: Rapl and Rab5 (Wienecke et al.,
1995; Xiao et al., 1997). Although these targets are not relevant in vivo, they served as important

markers confirming TSC2 GAP activity. The physiological function of the TSC1-TSC2 complex
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Figure 2. Diagramatic representation of TSC1 and TSC2 protein. Briefly depicted are relevant
domains for the formation of the TSC1-TSC2 complex and its function. TSC1 contains a TSC2
binding domain and consensus sites for CDK1 and IKKB. TSC2 contains a TSC1 binding domain
at the N-terminus and GAP domain near the C-terminus. TSC2 also contains consensus sites for

AKT, ERK, RSK1 and AMPK phosphorylation.
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began to be elucidated in 2001 through the study of organ growth in Drosophila (fruit fly). Three
independent genetic screens for regulators of organ growth identified loss-of-function mutations
in the Drosophila dTscl gene as the causative locus for an eye-overgrowth phenotype resulting
from an increase in cell size as well as cell proliferation. It was further demonstrated that dTsc2
mutants had similar phenotypes, and that overexpression of both genes together, but not
individually, resulted in organ and cell size reduction (Gao and Pan, 2001; Potter et al., 2001,
Tapon et al., 2001). These studies strongly implicated a functional role for the TSC1-TSC2

complex in regulating cell proliferation and growth.

Signaling via the InR (insulin receptor/IGF1) orthologue in Drosophila was already known
at the time to be a critical regulator of cell size, so experiments were conducted to uncover whether
TSC1-TSC2 complex involvement in regulating growth was related to insulin signaling pathways
(Stocker and Hafen, 2000). Findings from these genetic epistasis experiments revealed that dTscl
and dTsc2 mutation or co-overexpression showed interactions with orthologous components of
InR signaling, including protein kinase B (PKB, also known as AKT) and ribosomal protein S6
kinase (S6K) (Gao and Pan, 2001; Potter et al., 2001; Tapon et al., 2001). Critically, dTsc genes
were observed to function upstream of the Drosophila orthologue for S6K (dS6K) in a manner
that blocked the pro-growth activity of S6K, and that the lethality of dTsc mutations could be
rescued by reducing dS6K activity, suggesting that a critical function of the TSC1-TSC2 complex
is the inhibition of S6K mediated growth pathways (Radimerski et al., 2002). After these initial
findings, further biochemical studies refined the placement of TSC1-TSC2 within the insulin-
mediated growth signaling pathway. Screens of targets for the serine/threonine kinase AKT in
mammalian cells found direct phosphorylation of two residues on TSC2 (Inoki et al., 2002;

Manning et al., 2002). Perhaps most striking were findings that showed mutant TSC2 lacking AKT
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phosphorylation sites blocked growth factor-mediated activation of S6K, suggesting that AKT
activates S6K through the relief of the TSC1-TSC2 complex’s inhibitory effect on cell growth
(Manning et al., 2002). Together these data established the TSC1-TSC2 complex as acting directly
downstream from AKT, but upstream of S6K. Furthermore, these early findings showed the first
evidence of the direct regulatory activity AKT exerts on the TSC1-TSC2 complex to stimulate

growth via an S6K-dependent signaling pathway.

Direct regulation of TSC1-TSC2 was thus shown to be mediated by AKT. However, AKT
has multiple targets besides TSC2. This protein kinase is a key signaling factor within insulin-
mediated growth pathways, and AKT-mediated networks have a wide range of pro-survival, pro-
growth and cell cycle promoting targets (Figure 3) (Manning and Toker, 2017). In the 1990s it was
shown that AKT is activated by many growth factors in a manner that was dependent on
phosphoinositide 3-kinase (P13K) (Burgering and Coffer, 1995; Franke et al., 1995; Kohn et al.,
1995). These findings established AKT as a critical downstream effector for PI3K-mediated
growth signaling. The mechanisms underlying PI3K/Akt signaling were further refined when it
was demonstrated that lipid second messengers produced by PI3K, i.e. phosphoinositol (PI) 3-
phosphates, can bind and activate AKT at the plasma membrane. Binding occurs via a pleckstrin
homology (PH) domain at AKT’s amino terminus (Franke et al., 1997; Frech et al., 1997; James
et al., 1996; Klippel et al., 1997). PI3K recruitment and activation is achieved via stimulation of
receptor tyrosine kinases such as insulin-like growth factor 1 receptor (IGF1R) or growth factor
receptors, and also G-protein coupled receptors (Manning and Toker, 2017). In this manner AKT
responds by integrating growth factor and insulin signaling. Insulin receptor substrates IRS1 and
IRS2 serve as scaffolding adaptors linking IGF1 receptors to PI3K ac tivation. Interestingly, S6K

activity promotes the degradation of IRS1 and IRS2 via direct phosphorylation of the IRS proteins
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Figure 3. Diagramatic representation of PI3BK/AKT signaling. Briefly, upstream stimulation of this
pathway via growth signaling ligand binding to receptor tyrosine kinases (RTK) leads to the
activation of PI3K which promotes the conversion of PIP2 to PIP3 and is counteracted by PTEN
inhibition. PIP3 and PDK1 activation effects AKT leading to its activation and subsequent kinase
activity on downstream targets which promote cell growth and survival. This action occurs via

inhibition of factors such as TSC1-TSC2, GSK3p and FOXO3a.
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thereby limiting PI3K activation. This negative feedback mechanism therefore dampens
downstream activation of S6K by PI3K/AKT (Harrington et al., 2004; Hiratani et al., 2005;

Manning and Toker, 2017; Zhang et al., 2008).

The main targets of AKT activity besides TSC2 are glycogen synthase 3 (GSK3p) and
the forkhead box O family of transcription factors (FOXOs). GSK3p was the first AKT substrate
identified, has been shown to participate in Whnt-B-catenin signaling, and regulates a number of
downstream targets which are inhibited or degraded upon GSK3p-mediated phosphorylation
(Cross et al., 1995; Kaidanovich-Beilin and Woodgett, 2011). AKT-mediated phosphorylation of
GSK3p positively regulates these factors via the inhibition of GSK3p. Substrates of GSK3p are
involved in cell survival, proliferation and metabolism. Thus, by inhibiting GSK3 in this manner

AKT acts to promote these pro-survival and proliferation pathways (Manning and Toker, 2017).

FOXO transcription factors, including FOXOs 1, 3, 4 and 6 control a variety of gene targets
involved in mediating stress responses to low insulin and IGF1 signaling, metabolism,
proliferation, cell growth and survival (Webb and Brunet, 2014). AKT regulates FOXO activity
by phosphorylating the transcription factors at three conserved sites. Two of these sites generate
recognition motifs for 14-3-3 proteins which lead to the translocation of FOXO out of the nucleus,
preventing its transcriptional activity. The expression of FOXO targets have been shown to trigger
the induction of apoptosis, cell cycle arrest and growth inhibition pathways (Manning and Toker,
2017; van der Vos and Coffer, 2011). In a manner similar to that shown in GSK3p inhibition, the
translocation of FOXOs and the cessation of their transcriptional program by AKT
phosphorylation acts in a positive capacity to promote cell survival and growth signaling pathways.
Taken together, these data show a convergence of pro-growth and survival activities mediated by

PI3K/AKT signaling.
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While GSK3p and FOXOs were shown to be important substrates of AKT, a direct link
between the TSC1-TSC2 complex, AKT activity and the observed downstream effects on S6K
remained to be established. Significant biochemical research was conducted to further refine the
role of the TSC1-TSC2 complex which had been shown to involve the regulation of S6K-mediated
cell growth. S6K plays a role as an important downstream target of the growth regulating complex
that includes the mammalian target of rapamycin (MTOR) kinase (Figure 4) (Wullschleger et al.,
2006). mTOR was initially discovered through the study of the antibiotic rapamycin, which had
been shown to act as a potent immunosuppressant in organ transplants (Collier, 1989; Vezina et
al., 1975). Genetic screens of rapamycin resistant yeast identified two genes which were called the
targets of rapamycin 1 and 2 (TOR1 and TOR2) (Heitman et al., 1991). Later studies in mammalian
cells identified a homologue now known as mTOR (Brown et al., 1994; Sabatini et al., 1994). The
structure of the mTOR protein consists of a C-terminal kinase domain resembling the lipid kinase
domain of PI3K. Despite this mTOR is not known to possess significant lipid kinase activity,
instead acting as a serine/threonine kinase. Interestingly, mTOR has been shown to be sensitive to
certain PI3K inhibiting compounds, highlighting its structural resemblance to other members of
the phosphatidylinositol 3-kinase-related kinase (PIKK) family of protein kinases (Brunn et al.,
1996). Adjacent to the kinase domain in mTOR is the FKBP12-rapamycin binding domain (FRB).
The FRB domain found exclusively in mTOR is responsible for rapamycin binding (Chiu et al.,
1994; Stan et al., 1994) and it was mutations within this FRB domain which led to the original
identification of TOR1 and TOR2 in rapamycin resistant mutant yeast. mTOR proteins possess
two further domains of unknown function called the FAT (focal adhesion kinase targeting) and

FATC domains. These domains are also found in other PI3K-related proteins. Finally, at the N-
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Figure 4. Diagramatic representation of mTORC1 signaling. mTORC1 responds to amino acid
levels, growth signaling via AKT/TSC1-TSC2, hypoxia and energy level pathways. Downstream
effectors of mMTORC1 S6K and 4E-BP1 initiate cell growth and protein synthesis via

phosphorylation of ribosomal subunit protein S6 and the cap dependent translation initiator elF4E.
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terminus of MTOR lies a large region of tandem HEAT repeats, again of unknown or undefined

function (Manning, 2010; Wullschleger et al., 2006).

Investigation into the functions of TOR proteins in yeast led to the surprising observation
that not all TOR activities were sensitive to inhibition by rapamycin (Helliwell et al., 1994; Zheng
et al., 1995). This finding led to the discovery that mTOR proteins exist in two distinct protein
complexes, only one of which is sensitive to rapamycin. mTOR complex 1 (mTORCL1) is readily
inhibited by rapamycin and contains mTOR along with the proteins Raptor and mLST8 (Hara et
al.,, 2002; Kim et al., 2002; Kim et al., 2003). mTORCL1 is responsible for the direct
phosphorylation of S6K, which in turn phosphorylates and activates the ribosomal subunit p70S6
(S6) and elF4B. Another major target of mMTORCL is the cap-dependent translation initiation factor
4E-BP which is phosphorylated and inhibited by mTORCL activity (Shimobayashi and Hall, 2014;
Woullschleger et al., 2006). The substrate binding activity of mTORC1 with S6K and 4E-BP
appears to be mediated by Raptor, and knockdown of Raptor has been shown to mimic rapamycin
treatment or mTOR depletion (Burnett et al., 1998; Hara et al., 2002; Kim et al., 2002; Nojima et
al., 2003). Together these phosphorylation events promote protein translation and cell growth, a
major process which are dysregulated in models where the TSC1-TSC2 regulatory complex is
mutated (Gao and Pan, 2001; Manning et al., 2002; Potter et al., 2001; Tapon et al., 2001).
MTORC2 consists of mMTOR along with Rictor, SIN1 and mLST8 (Jacinto et al., 2006; Sarbassov
et al., 2004; Yang et al., 2006). The function of mMTORC?2 is less clearly defined than mTORCL,
although it has been shown that mTORC2 targets AKT for phosphorylation, and is also involved
in Actin polymerization and cell spreading (Jacinto et al.,, 2004; Sarbassov et al., 2004;

Waullschleger et al., 2006).
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As mentioned previously, mTORCL1 activity self-regulates through negative feedback
mechanisms. mMTORC1-mediated activation of S6K leads to phosphorylation of IRS proteins,
mediating their degradation and resulting in reduction of PI3K/AKT signaling and thus reduced
MTORC1 activity (Manning and Toker, 2017). Another mechanism involves the growth factor
receptor-bound protein 10 (GRB10), an adaptor protein that is phosphorylated directly by
MTORC1 to suppress insulin and IGF signaling and plays a central role in restoring normal levels
of cell growth (Ramos et al., 2006; Taniguchi et al., 2006). Interestingly, dysregulation of
MTORC1 due to lack of TSC1-TSC2 complex regulatory activity has been shown to strongly
induce these negative feedback pathways (Figure 5). However, these mechanisms fail to normalize
MTORC1 activity if TSC2 is completely absent, emphasizing the critical role of this protein in
mediating AKT-induced mTORC1 activation. These data suggest that mTORC1 feedback
signaling may also play a role in mediating TSC cellular and molecular pathology (Ozcan et al.,

2008; Shah et al., 2004).

Downstream targets of mTORCL1 activity have been shown to regulate cap-dependent
protein translation not only over an acute timescale, but also through prolonged increases in the
synthetic capacity of the cell by up regulating ribosome biogenesis (Wullschleger et al., 2006).
Both acute and prolonged effects on protein synthesis place mTORCL as the key regulator of the
most energy intensive process within eukaryotic cells. Because of this critical function mTORC1
has evolved to be sensitive to multiple upstream signaling pathways which sense changes in cell
growth conditions. Much of this signal integration has been shown to be mediated by the TSC1-
TSC2 complex, which had previously been identified as having inhibitory actions on downstream
effectors of MTORC1 activity (Gao et al., 2002; Potter et al., 2001; Radimerski et al., 2002; Tapon

etal., 2001). This integration includes insulin and growth factor signaling transduced via PI3K/Akt
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Figure 5. Diagramatic representation of the PI3K/AKT/mTORC1 signaling axis including TSC1-

TSC2. Growth factor signaling via RTKs and mediated by IRS1 activates PI3K/AKT leading to

the release of TSC1-TSC2 inhibition of mTORCL1. Downstream growth pathways activated by

MTORC1 are mediated by S6K and 4E-BP1. mTORCL1 activity initiates feedback signaling via

S6K inactivation and degradation of IRS1, attenuating AKT activity and self-limiting activation

of mMTORC1 by restoring TSC1-TSC2 inhibitory effects.
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as described previously, as well as other pathways which transduce signals for growth factor
signaling, cytokines, energy, oxygen and amino acid levels (Huang and Manning, 2008; Jewell

and Guan, 2013).

Apart from the PISK/AKT pathway, TSC1-TSC2 signal integration has also been shown
to be sensitive to ERK pathway activation. ERK-mediated activation of mMTORC1 has been shown
to occur in a manner dependent on the phosphorylation of TSC2 by the ribosomal s6 kinase (RSK)
complex (sometimes called MAPKAP K1) and subsequent dissociation of TSC1 from TSC2
(Roux et al., 2004; Tee et al., 2003a). The identification of two ERK consensus sites on TSC2 also
demonstrated that TSC2 could be phosphorylated directly by ERK to mediate mTORCL1 activity
(Figure 2) (Ma et al., 2005). Cytokine signaling through the PI3K/AKT pathway has also been
shown to stimulate mTORCYI, although specifically tumor necrosis factor o (TNFa)) was found to
stimulate mMTORC1 independent of AKT through inhibitory kinase kB kinase B (IKKp)

phosphorylation of TSC1 (Huang and Manning, 2008; Lee et al., 2007).

The TSC-TSC2 complex is also known to be influenced cyclin-dependent kinases (CDKS),
and several CDK consensus sites have been identified on TSC1 which appear to be the target of
phosphorylation by CDK1-cyclin B complexes (Figure 2). Overexpression of mutant TSC1
lacking these CDK phosphorylation sites was shown to be more efficacious at suppressing
mTORCL1 activity, indicating that CDKSs can influence mTORCL1 activity via modulating TSC1-
TSC2 (Astrinidis et al., 2003). Additionally, cyclin D has been shown to associate with TSC2, and
CDKa®6-cyclin D complexes appear to increase phosphorylation of both TSC1 and TSC2, although
at which sites remains unclear (Zacharek et al., 2005). While mTORC1-mediated effects on protein
synthesis have been linked to cell cycle regulation, the exact relationship between TSC1-TSC2,

MTORC1 and the regulation of protein synthesis across the progression of the cell cycle is not
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entirely understood, although mTORC1 appears to have a positive effect on cell proliferation

(Huang and Manning, 2008).

In addition to growth factor signaling mTORC1 activity is very responsive to energy levels
within the cell. Protein synthesis requires energy in the form of ATP, and mTORC1 signaling has
evolved in a manner which incorporates energy-sensing pathways to regulate this activity (Huang
and Manning, 2008; Wullschleger et al., 2006). One primary pathway through which mTORCL1 is
sensitive to levels of available intracellular ATP is via the phosphorylation of TSC2 by AMP-
dependent protein kinase (AMPK). Under conditions of energy depletion an increase in AMP
levels leads to AMP binding with AMPK. Once active, AMPK phosphorylates targets leading to
the inhibition of anabolic processes such as protein synthesis. Phosphorylation of TSC2 by AMPK
leads to TSC2 activation and mTORC1 inhibition, although the exact molecular mechanism by
which AMPK activates TSC2 remains unclear (Inoki et al., 2003b; Shaw, 2009). mTORC1 is
further inhibited under conditions of oxygen depletion, or hypoxia. Since oxygen is required for
aerobic respiration and ATP production via mitochondrial oxidative phosphorylation, oxygen
depletion leads to energy depletion and activation of AMPK (Liu et al., 2006). Another AMPK-
independent pathway for mTORCL1 inhibition has also been identified which involves the
transcriptional target of hypoxia inducible factor a (HIFo) known as REDDI. It has been proposed
that REDDL inhibits mTORC1 by reversing AKT-mediated inhibition of TSC2 (Brugarolas et al.,
2004; DeYoung et al., 2008; Sofer et al., 2005). Taken together these findings indicate the critical
integrative role of the TSC1-TSC2 complex. By sitting at the juncture of numerous energy sensing
and growth signaling pathways the TSC1-TSC2 complex serves as a key regulatory switch

controlling mTORCL1 activity.
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Like studies which showed loss of dS6K activity in Drosophila prevented the lethality of
dTscl or dTsc2 mutations, concurrent findings revealed that loss of function mutations in the
Drosophila orthologue dTor also rescued lethality of dTsc1 and dTsc2 mutations (Gao et al., 2002;
Radimerski et al., 2002). Likewise, overexpression of TSC1 and TSC2 reduces the mTORC1-
dependent phosphorylation of S6K and 4E-BP1 (Inoki et al., 2002; Kwiatkowski et al., 2002;
Manning et al., 2002; Tee et al., 2002). These data suggested that the TSC1-TSC2 complex acts
upstream of MTOR to regulate mTOR-dependent S6K and 4E-BP1 activity. The key mechanism
in joining the activity of the TSC1-TSC2 and mTOR complexes came with the identification of a
member of the Ras superfamily of small GTPases called Rheb, or Ras-homologue enriched in
brain (although it is ubiquitously expressed) (Li et al., 2004; Yu et al., 2005). Like the original
breakthroughs establishing the TSC1-TSC2 complex within the PI3K/AKT/mTOR pathway, the
function of Rheb was discovered during screens for regulators of cell and organ growth in
Drosophila. However, conversely to dTscl and dTsc2, dRheb was identified as a promoter of cell
growth. Subsequent epistasis analysis revealed dRheb to be downstream of dAkt, but upstream of
dTor (Patel et al., 2003; Saucedo et al., 2003; Stocker et al., 2003). These findings provided the
potential answer for a longstanding question regarding TSC1-TSC2 function: what is the target of
the GAP activity of TSC2? Finally, a potential target was presented and several independent
research groups searching for the target of TSC2 identified Rheb GTPase activity as strongly
elevated by the TSC1-TSC2 complex in vitro (Inoki et al., 2003a; Tee et al., 2003b; Zhang et al.,
2003b). Furthermore, these biochemical studies showed that Rheb is a potent activator of
MTORCL signaling and that the TSC1-TSC2 complex can block this activation (Castro et al.,
2003; Garami et al., 2003). With the inclusion of Rheb a full picture of the TSC1-TSC2 signaling

pathway could finally be constructed. In what is now the currently agreed upon pathway TSC2
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stimulates the GTPase activity of Rheb, converting it from an active GTP-bound state into an
inactive GDP-bound state (Figure 6). Since GTP-bound Rheb is required for mTORC1 activation,
the GAP activity of TSC2 effectively serves as a molecular switch regulating the activity of
MTORC1 in response to upstream mitogenic stimuli and growth signaling pathways (Huang and

Manning, 2008; Manning, 2010).

While TSC1 and TSC2 are generally recognized as the primary components of the TSC1-
TSC2 regulatory complex, recent biochemical studies have identified a third component of this
complex. This protein has been named TBC1D7 and is predicted to bind to TSC1. Knockdown of
TBC1D7 has also been shown to reduce TSC1-TSC2 association, suggesting it works to stabilize
the complex and may play a role in supporting TSC1-TSC2 complex activity (Dibble et al., 2012;
Gai et al., 2016). Genetic analysis of TSC patients described previously had identified a population
of affected individuals with no obvious mutation in TSC1 and TSC2, and the possibility of a
mutation in a third TSC gene has been hypothesized as a potential explanation for these cases of
TSC (Kwiatkowski, 2010a). However, sequencing analysis of TSC patients does not suggest
TBC1D7 is the hypothetical “TSC3” protein which might account for these incidences of TSC,
although other studies have shown disruptions of TBC1D?7 related to intellectual disability (Alfaiz

et al., 2014; Capo-Chichi et al., 2013; Dibble et al., 2012).

The alteration in mTORCL1 signaling due to TSC1/TSC2 mutations has been recognized as
contributing to many of the major features of TSC (Crino, 2011; Crino et al., 2010b; Grajkowska
et al., 2010; Marcotte and Crino, 2006). In addition to promoting increases in cell size, nTORC1
activity has been linked to increased cell proliferation, both processes linked to tumor formation
and the appearance of dysplastic cells in TSC brain lesions (Nelsen et al., 2003). Loss of TSC1-

TSC2 regulatory activity in TSC was predicted to lead to increased mTORC1 activity, and indeed
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Figure 6. Diagramatic representation of the TSC1-TSC2 complex and its interaction with the small
GTPase Rheb. TSC1-TSC2 modulates activity of Rheb via the GAP domain of TSC2 which
activates Rheb GTPase activity converting GTP-bound active Rheb into inactive Rheb-GDP.
Active Rheb interacts with mTORCI] to stimulate that complex’s downstream cell growth and
translation actions. TSC1-TSC2 inhibitory activity on Rheb is attenuated by upstream growth

signaling via AKT.
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increased phosphorylation of downstream targets for mTORC1 have been observed in neoplastic
or dysplastic lesions in TSC mouse models and human tissues (Baybis et al., 2004; Crino, 2011;
Kwiatkowski et al., 2002; Meikle et al., 2007). Likewise, upstream indicators of mTORC1
dysregulation, such as attenuated AKT signaling due to negative feedback, have also been
demonstrated in TSC animal models (Manning et al., 2005; Meikle et al., 2008; Ozcan et al., 2008;
Zhang et al., 2006). Strikingly, it was shown that cell culture models of mMTORCL1 over activation
developed insulin resistance attributable to S6K mediated feedback of IRS proteins, demonstrating
the wide effects of mMTORC1 pathway dysregulation (Harrington et al., 2004; Ozcan et al., 2008;
Shah and Hunter, 2006). Moreover, lesion formation is thought to be driven at least in part by
over-activation of mMTORCL1 in TSC1 or TSC2 deficient cells (Crino, 2011). Studies in mouse
embryonic fibroblasts (MEFs) have demonstrated the increased proliferative capacity of Tsc2 null
cells under conditions where wild-type controls normally undergo cell cycle arrest, suggesting that
TSC1 or TSC2 LOH underlies tumor formation of abnormally proliferating cells in TSC (Zhang
et al., 2003a; Zhang et al., 2006). Additionally, the mTORC1 inhibitor rapamycin and its analog
RADO001 have been shown to be effective at reducing TSC lesion volume in TSC patients (Franz
et al., 2010; Franz et al., 2006). These observations further highlight the relationship between

mMTORC1 signaling and TSC pathology.

Elevated mTORC1 activity has also been associated with the abnormal morphology of
dysplastic neurons and GCs (Crino, 2013; Mizuguchi and Takashima, 2001). Phosphorylation of
downstream mTORCL targets has been used to identify GCs in microtubers and abnormal cells
throughout the TSC brain, demonstrating that these abnormal cells exhibit elevated mTORCL1
activity relative to surrounding TSC gene haploinsufficient tissue (Chan et al., 2004; Crino et al.,

2010b; Miyata et al.,, 2004). This phenomenon was classically explained by the loss of
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heterozygosity (LOH) resulting from a “second-hit” mutation event which inactivates the
remaining TSC1 or TSC2 allele in the affected cell (Henske et al., 1997; Sepp et al., 1996).
Interestingly, while LOH has been proposed as the trigger for mTORCL1 cascade activation in
abnormal cells and tuber formation other studies have described neuroanatomical defects in TSC
without observable LOH (Niida et al., 2001). This may be explained by functional inactivation of
the TSC1-TSC2 complex through other mechanisms and suggests that tuber formation and
mTORC1 signaling dysregulation may occur in certain haploinsufficient cells independent of a
second-hit event. However, normal staining for mTORC1 phospho-targets in non-tuber brain
regions suggests that signaling alterations in haploinsufficient tissue may exist below a threshold
for detection, or involve components of the PIBK/AKT/TSC2 signaling axis other than mTORC1

(Crino et al., 2010b).

Animal Models of TSC

Animal models are a common tool used in the investigation of human disease and provide
insights which would otherwise be difficult or impossible to obtain from human studies. This is
especially relevant in the investigation of brain diseases including TSC, since only very limited
sampling of the brain tissue can be sometimes obtained from affected patients undergoing epilepsy
surgery. Studies of TSC using animal models have been pursued since the introduction of the Eker
rat model in 1954. More recent work has focused on the development of mouse models of TSC

using genetic engineering techniques.

The first reported animal model of TSC was the Eker rat which was described by Reidar

Eker as being affected by an autosomal dominant, hereditary predisposition to renal adenoma and
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carcinoma (Eker, 1954). While Eker reported the phenotype of these animals, the genetic evidence
linking Eker rats with TSC did not come until the 1980s when Alfred Knudson began using them
to validate the two-hit hypothesis. Knudson’s research led to the identification in 1994 of a
spontaneous germline mutation in the rat Tsc2 gene (Yeung et al., 1994). Following this discovery,
the Eker rat model has been used in many studies of TSC and tumor biology and has provided
strong evidence that TSC2 acts as a tumor suppressor. Eker rats exhibit LOH consistent with
second-hit deletion of the wild type Tsc2 allele in a large proportion of renal and pituitary
adenomas (Kubo et al., 1995; Yeung et al., 1995). Moreover, transgenic Eker rats with an
additional wild type Tsc2 gene were shown to have increased rates of survival and reduced tumor
size and number, further solidifying the role of TSC2 as a critical tumor suppressor (Kobayashi et
al., 1997). Interestingly, brain lesions identified in Eker rats are very rare and do not appear to
involve Tsc2 LOH (Mizuguchi et al., 2004; Yeung et al., 1997). GCs have occasionally been shown
to be present in the brains of aged Eker rats following prenatal carcinogen treatment. These GCs
appear to express a mixture of neuronal, astrocytic and neural progenitor markers like those found
in humans including NeuN, EAAC1, GFAP and Nestin (Takahashi et al., 2004). However, the
presence of Tsc2 in these cells again suggests TSC brain lesions may originate in the absence of
second-hit genetic events (Tschuluun et al., 2007). Regardless of the presence of abnormal
neurons, Eker rats display altered synaptic plasticity as shown by altered paired-pulse plasticity
and decreased long-term potentiation (LTP) at Schaffer collateral-CA1 synapses (von der Brelie
et al., 2006). These observations suggest that Tsc2 heterozygosity adversely affects brain function

independently of lesion formation or neuronal overgrowth.

The first genetically engineered mouse models of TSC were developed in the late 1990s

with two different Tsc2 constitutive knockout alleles being independently reported in 1999,
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followed by two Tscl constitutive knockout alleles reported in 2001 and 2002 (Kobayashi et al.,
1999; Kobayashi et al., 2001; Kwiatkowski et al., 2002; Onda et al., 1999). These heterozygous
Tscl and Tsc2 mouse models developed renal and liver tumors and provided early in vivo evidence
of the role of the TSC1-TSC2 complex in regulating mTORC1 when it was shown that
phosphorylated levels of ribosomal subunit S6 protein (pS6) were increased and phosphorylated
Akt (pAkt) was decreased in Tscl -/- mouse embryonic fibroblasts and the renal tumor lysates of
Tscl +/- mice (Kwiatkowski et al., 2002). However, no evidence of a neuropathological phenotype
similar to that seen in human TSC patients was observed in these models (Kwiatkowski, 2010b;

Wong and Roper, 2016).

In order to fully recapitulate TSC neuropathology researchers next turned to generating
animal models with homozygous inactivation of the Tscl and Tsc2 genes. Since constitutive
homozygous Tsc gene KO mice are embryonically lethal it became necessary to generate mice
with conditional homozygous ablation of Tsc genes targeted to specific cell types in the brain. The
first conditional knockout of a Tsc gene was established in 2002 using a GFAP-Cre transgene and
a LoxP flanked “floxed” Tscl conditional allele to excise Tscl specifically in astrocytes. The
resulting mice lacked astrocytic Tscl expression and exhibited progressive astrogliosis, abnormal
neuronal organization in the dentate region of the hippocampus, and seizures suggesting that
abnormal astrocytes as well as neurons can significantly contribute to epilepsy in TSC (Uhlmann
et al., 2002). A conditional neuronal-specific knockout of Tscl in ex-vivo hippocampal slices
followed in 2005 which showed enlarged Tscl -/- neurons. Interestingly, the same study showed
that loss of just one Tscl allele was sufficient to cause an enlargement of dendritic spine structures

in the absence of gross neuronal soma hypertrophy (Tavazoie et al., 2005). These observations
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suggest that non-dysmorphic heterozygous neurons can contribute to TSC neurological symptoms

due to altered synaptic activity.

Since these models were first described numerous studies utilizing conditional knockouts
of Tscl or Tsc2 in different brain cell types have been reported contributing a great deal to our
understanding of TSC neuropathology. Conditional gene inactivation of Tscl or Tsc2 has since
been shown to produce mice with a range of neuropathological defects reminiscent of those
observed in human TSC, including seizures, Autistic-like behavior, the appearance of dysplastic
neurons, disruptions of cortical neuron positioning, altered neural stem cell proliferation and
differentiation, astrocytosis and myelination defects. Studies using Tsc conditional knockouts have
also confirmed the presence of hallmark signaling defects related to TSC, including elevated
MTORC1 activity and attenuated Akt signaling in the mutant brain (Crowell et al., 2015b;
Feliciano et al., 2011; Hernandez et al., 2007; Magri et al., 2011; Meikle et al., 2007; Wang et al.,
2007; Wong and Roper, 2016). Moreover, many of these abnormal phenotypes were shown to be
rescued by the administration of rapamycin, reinforcing the role of TSC1-TSC2’s regulatory
activity on mTORCI1 and highlighting mTORCI1’s position in driving certain aspects of the TSC
disease pathology, such as epilepsy, astrogliosis and neuronal hypertrophy (Cambiaghi et al., 2013;

Crowell et al., 2015b; Meikle et al., 2008).

While conditional homozygous knockout mouse models were being developed for Tscl
and Tsc2, concurrent studies of Tscl and Tsc2 heterozygous mice made surprising findings which
suggested homozygous loss of the Tsc genes is not necessary for producing other aspects of the
TSC disease phenotype, especially cognitive impairment. While it had previously been shown that
Tscl and Tsc2 heterozygous models failed to recapitulate TSC neuroanatomical defects,

behavioral studies showed the heterozygous genotype was sufficient to produce an abnormal
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neurocognitive phenotype. It was demonstrated that Tscl +/- and Tsc2 +/- mice exhibited impaired
learning and displayed behavioral abnormalities, and that these effects may be due to recognizable
neural mechanisms when it was further shown that Tsc2 haploinsufficiency was linked to aberrant
axon guidance. Additionally, Tsc2 +/- mice displayed a lowered threshold for late-phase LTP
further suggesting underlying cellular abnormalities persist in Tsc heterozygous neurons (Ehninger
et al., 2008; Goorden et al., 2007; Nie et al., 2010; Tsai et al., 2012). These data raise the question
of whether neurocognitive defects in TSC patients are due to the local effects of brain lesions
driven by second-hit events or other loss of function mechanisms, or whether they result from
haploinsufficiency of TSC1 and TSC2 in non-lesion brain areas. Moreover, such findings in
heterozygous mouse models are consistent with clinical data indicating that some patients exhibit

neurocognitive defects or seizures with little or no tuber load (Crino et al., 2010b; Vries, 2010).

Induced Pluripotent Stem Cell Models of Disease

Diseases such as TSC with prominent neuropathological aspects have proven to be among
some of the most difficult to study in the laboratory. While animal models provided researchers
with an important preclinical tool which has been used to study disease mechanisms they have led
to few novel therapies successfully translating to the human condition. Many drugs which have
shown promise in treating various disorders in mice have failed in humans, underlining the
difficulty in using mouse models due to species specific differences. Likewise, studies of post
mortem tissue from human TSC patients, while useful at describing TSC pathophysiology in the
brain, cannot be used as a test platform for new therapeutic targets and cannot be used to study the
neurodevelopmental aspects of the disease. Filling this role for a model system which can be used

to study disease mechanisms, identify novel therapeutic targets in a high throughput manner and
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recapitulate neurodevelopment in a way that is highly translatable to human disease are induced
pluripotent stem cells (iPSCs) (Figure 7) (Dolmetsch and Geschwind, 2011; Tiscornia et al., 2011).
Given these qualities iPSCs have the potential to change the way in which human disease, and

especially neurodevelopmental and neuropsychiatric disorders such as TSC are studied in vitro.

IPSCs are pluripotent stem cells generated from adult somatic cells which have been
reprogrammed via specific sets of transcription factors. The landmark findings of Kazutoshi
Takahashi and Shinya Yamanaka in 2007 that human fibroblasts could be reprogrammed directly
to a pluripotent stem cell state through forcing the expression of four transcription factors: Oct4,
Sox2, KIf4 and c-Myc opened this new avenue of disease modeling, and overcame obstacles
present in earlier in vitro disease models such as human embryonic stem cells (hESCs) which were
hindered by ethical concerns and a lack of available hESC lines for most diseases (Takahashi et
al., 2007; Tiscornia et al., 2011). iPSCs can be obtained from multiple somatic cell types taken
directly from individuals with the disease of interest, or more recently from cell repositories. To
date multiple human genetic disorders, including neurological diseases have been modeled in vitro
using iPSCs. Models of amyotrophic lateral sclerosis (ALS), Rett’s syndrome, Down syndrome,
schizophrenia, Parkinson’s disease and Alzheimer’s disease among others have all been
successfully produced (Marchetto et al., 2011; Tiscornia et al., 2011; Yu et al., 2013). Cells
differentiated from iPSCs in these models have been shown to reproduce cellular and molecular
hallmarks of the disease relevant to humans in vitro, and in many cases have been used as a
platform for therapeutic testing either through drug treatment or genetic manipulation.
Additionally, due to their source iPSCs can address genetic variability within human disease
populations as different patients may express dramatically different disease phenotypes. TSC, for

example has a spectrum of affected individuals from mild to severe (Vries, 2010). The concept
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Human
Relevance

Figure 7. Diagramatic representation of disease models in relation to their relative levels of
throughput, mechanistic insight and human relevance. Live human studies, human postmortem
studies, mouse models, lower animal models, primary human cell cultures and iPSC culture
systems are depicted relative to one another. iPSCs provide a unique combination of human
relevance, mechanistic insight and high throughput relative to these other model systems. Adapted

from Dolmetsch and Geschwind (Dolmetsch and Geschwind, 2011).
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of personalized medicine relies heavily on the ability for disease models like iPSCs to allow for
the formation of tailored treatments and medical decision making based on individually predicted
risk and response (Chun et al., 2011; Yu et al., 2013). While iPSC-derived disease models are still
in their infancy, the field is likely to grow in importance as more diseases are successfully modeled

adding to its clinical as well as scientific application.

One of the primary strengths of iPSCs is their ability to be differentiated into cells of any
three germ layers: endoderm, mesoderm and ectoderm. Protocols for producing many different
cell types exist, with robust methods for generating neurons and glia having been developed over
the past several years (Dimos et al., 2008; Hu et al., 2010; Mariani et al., 2012; Zhao et al., 2010).
More recently, directed differentiation of iPSCs to specific subtypes of neurons has been achieved
(Huetal., 2016; Liu et al., 2013; Shi et al., 2012a; Yan et al., 2013). The differentiation of neurons
from iPSCs can also be directed to reproduce the sequence of in vivo neurodevelopmental events
in terms of timing of exposure to specific combinations of growth factors and signaling molecules.
Indeed, early work on recapitulating cortical development in vitro as a proof of principle showed
that neuronal differentiation of iPSCs could be induced following the application of certain
signaling factors known to play critical roles in mediating neuronal differentiation in vivo. Studies
have shown the effectiveness of combinations of Noggin, brain derived neurotrophic factor
(BDNF), glial derived neurotrophic factor (GDNF), Wnt inhibitors, bone morphogenic protein
(BMP) inhibitors and transforming growth factor beta (TGF-) among others factors in the
differentiation of neurons in vitro (Gunhanlar et al., 2017; Mariani et al., 2012; Shi et al., 2012a;
Shietal., 2012b; Yan et al., 2013; Yu et al., 2013). The differentiation of iPSCs using viral vectors
or synthetic RNA constructs to transduce pro-neuronal differentiative transcription factors has also

been demonstrated with a variety of combinations of transcription factors showing high efficacy



40

for neuronal differentiation (Goparaju et al., 2017; Goto et al., 2017; Pang et al., 2011; Soldner et
al., 2009). Additionally, multiple independent groups have demonstrated the direct reprogramming
of somatic cells into neurons, further highlighting the expanding capability of cellular
reprogramming methods to leverage the critical links between cell identity and gene expression

(Pfisterer et al., 2011; Thier et al., 2012; Vierbuchen et al., 2010).

IPSC-derived neurons have been shown to express markers stereotypic of neuronal identity
including BIII Tubulin, Doublecortin (DCX) and MAP2. These iPSC-derived neurons have also
been shown to differentiate and organize in vitro in a manner which recapitulates in vivo
development with early born neurons expressing deeper layer cortical markers such as T-box 1
(Tbrl) and later born neurons expressing upper layer markers including Cux1 and Special AT-rich
sequence binding protein 2 (SATB2) (Mariani et al., 2012; Nicholas et al., 2013; Shi et al., 2012b;
Stein et al., 2014). The generation of multilayered structures resembling the neural tube has been
demonstrated with iPSC-based in vitro culture systems. Interestingly, substructures in these culture
systems displayed zones of radially arranged cells similar in appearance to radial glia, and which
express glial fibrillary acidic protein (GFAP) along with other markers of neuronal progenitors
(Nicholas et al., 2013; Shi et al., 2012b). The production of populations of lineage restricted neural
progenitors in the subventricular zone of the developing cortex which give rise to neurons via
asymmetric division form critical steps during mammalian cortical development (Kwan et al.,
2012; Noctor et al., 2004). Techniques for differentiating neurons from iPSCs have also been
shown to produce neural progenitors intermediately between iPSC and neuronal differentiation.
These cells typically express markers characteristic of neural progenitors such as Paired box

protein 6 (PAXG6), the neuroectodermal stem cell marker NESTIN and the neuroepithelial
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transcription factors SOX1 and SOX2 (Hu et al., 2010; Mariani et al., 2012; Shi et al., 2012b; Yan

etal., 2013).

More recently 3D culture systems such as cerebral organoids developed using specialized
bioreactors have allowed researchers to further recapitulate cortical development in vitro
(Chambers et al., 2013; Fatehullah et al., 2016). These organoid models have shown evidence for
differentiation between forebrain and hindbrain neuronal identity in individual cerebral organoids,
as well as radial migration and the production of Reelin expressing cells in a marginal zone-like
apical layer (Lancaster et al., 2017; Lancaster and Knoblich, 2014). During normal mammalian
cortical development, the Cajal-Retzius cells of the MZ secrete the extracellular matrix protein
Reelin, which has been shown to act as an important positional cue for radially migrating neurons
(Lee and D'Arcangelo, 2016; Stranahan et al., 2013). The reproduction of this process in vitro
reinforces the immense potential of iPSC-based systems in the modeling of cortical development.
3D culture systems have also moved beyond the proof of concept phase towards modeling
neurological disease with an organoid model of microcephaly being successfully produced in 2013

(Lancaster et al., 2013).

As researchers first began differentiating neurons from iPSCs the question arose as to the
level of similarity between iPSC-derived neurons in vitro and functional neurons in vivo. The
applicability of in vitro findings to in vivo systems has been a point of contention in the scientific
community for as long as research using either system has existed. However, fundamental
questions about the functional characteristics of iPSC-derived neurons were well placed. Since the
ability for neurons to form synaptic connections and neural circuits is their critical function, and
many neurological diseases specifically affect these processes, the formation of mature neurons

capable of synaptic communication in vitro became an important early goal in iPSC research.
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Studies of mature iPSC-derived neurons showed the expression of markers such as post-synaptic
density protein 95 (PSD95), Synaptophysin, Synapsin | and Homer suggesting the formation of
synapses does occur in vitro (Mariani et al., 2012; Shi et al., 2012b). The observation that neurons
produced from iPSCs could fire action potentials strongly indicated that these cells were
functionally like neurons in vivo as they exhibited characteristic neuronal electrical properties.
Moreover, small excitatory and inhibitory post-synaptic potentials (EPSPs and IPSPs) have been
observed in iPSC-derived glutamatergic excitatory and GABAergic inhibitory neurons,
respectively (Nicholas et al., 2013; Shi et al., 2012b). These findings provide further evidence that
these neurons produce synapses in vitro, and that their synapses are functional as shown by their
electrical activity. The authenticity of iPSC-derived neurons was perhaps most clearly illustrated
in 2012 when differentiated neurons were plated on cultured mouse cortical slices and were
observed to survive and integrate into the mouse cortex, extending neurites and positioning
themselves in the proper radial orientation (Shi et al., 2012b). The transplantation of human
neurons derived from iPSCs into a neonatal mouse brain was demonstrated on year later, with
human neurons integrating and establishing functional circuitry within the host brain (Espuny-
Camacho et al., 2013). Taken together these data demonstrated that iPSC-based models of cortical
development can produce mature, functional neurons and reinforces the validity of iPSC-based

models as a suitable system for modeling neurologic diseases.

Human iPSC and Stem Cell Based Models of TSC

To date there are currently only three studies using iPSC or stem cell-based systems to
model TSC in vitro. Only two of these studies utilized TSC patients, while another used genetic

manipulation techniques to generate TSC2 +/- and TSC2 -/- cell lines. The first study using a stem
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cell-based model to study neurodevelopment in the context of TSC utilized zinc-finger nuclease-
mediated targeted gene disruption to generate TSC2 +/- and TSC2 -/- cell lines from human
embryonic stem cells. Findings in heterozygous TSC2 edited lines showed more modest changes
to mTORCL1 pathway activation which was only readily apparent after neuronal differentiation,
although deficits in neuronal differentiation were still transiently observed in some heterozygous
cell lines. This finding is consistent with the subsequent observation that neural progenitors from
a TSC patient had a decreased capacity to differentiate into Purkinje cells, suggesting neuronal
differentiation may be one process which is affected during brain development in TSC, although
this phenotype may be sub-type specific to certain types of neuron (Sundberg et al., 2018). Neural
progenitor cell proliferation appeared to be unaffected in heterozygous cell lines, however
increased proliferation was shown in homozygous TSC2 null lines. Neurons produced from TSC2
heterozygous neural progenitors also expressed alterations in synaptic function as measured by the
frequency of spontaneous excitatory post-synaptic currents (SEPSCs). This synaptic phenotype,
but not the deficit in neuronal differentiation, could be rescued by long term treatment of
rapamycin. These data suggest that some cellular abnormalities observed in TSC may be more
directly dependent on mTORCL1 pathway hyperactivation than others. As expected, more dramatic
effects were shown in lines with full TSC2 gene inactivation, suggesting that abnormal cellular
and molecular phenotypes observed in human TSC are dose dependent with respect to the affected
gene, and that more severe abnormalities are expressed in TSC null cells. However, some cellular
and molecular alterations are also present in TSC heterozygous cells reinforcing the hypothesis
that full gene inactivation may not be required to produce all aspects of TSC neurological

phenotype. (Costa et al., 2016; Grabole et al., 2016).
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Of the two subsequent studies using TSC patients one assayed only a single TSC patient
and a control, and the other differentiated specifically cerebellar Purkinje cells. Both studies of
TSC patients showed alterations in molecular phenotype with evidence of elevated mTORCL1
signaling. The assay of primitive neural progenitors and neurons in one patient showed an
increased proliferative tendency in TSC2 heterozygous neural progenitor cells along with
morphological abnormalities in differentiated neurons including reduced neurite length. An
increased proliferative capacity was also observed in iPSC-derived neural progenitors of three
other TSC patients before differentiation into Purkinje cells. Interestingly, these effects were
observed despite the heterozygous TSC genotype of the patient cell lines, in contrast to the earlier
findings in isogenic TSC2 heterozygous cell lines which did not exhibit obvious cellular effects in
neural progenitor cultures. Abnormalities in neuronal differentiation, neuronal morphology and
hypoexcitability were also observed in TSC patient Purkinje cell cultures. Neural progenitors from
these TSC patient studies also showed an increased tendency for TSC neural progenitors to
differentiate to an astroglial fate and were more susceptible to oxidative stress and cell death. In
both studies many of the observed abnormalities in TSC patient cultures could be rescued with

rapamycin treatment (Li et al., 2017; Sundberg et al., 2018).

Due to the relatively recent adoption of iPSCs as a model system for neurologic disease
there are still significant gaps regarding which diseases have been successfully modeled to date.
Even where an iPSC disease model exists data will often be incomplete and further research will
be needed to fully explore the phenotype in the new model. Furthermore, individual variability in
disease phenotype and genetic background may produce different results between studies,
highlighting the importance of individualized approaches to understanding disease mechanisms

where there is high variability in neuropathologic or neurocognitive severity of the affected
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population. Given the paucity of data on TSC using iPSC-based models, more research will be
needed to explain many remaining questions about the human disease. Specifically, studies
exploring the nature of the heterozygous cellular and molecular TSC disease phenotype will be
needed to explain observed disease phenotypes in human iPSC models of TSC which are
heterozygous in nature and most likely do not rely on any large-scale second-hit gene inactivation

events which produce LOH.
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Project Rationale

The observation that certain aspects of TSC symptomology have been reported in model
systems without LOH suggests that the classic second-hit model is insufficient to fully explain the
diverse neuropathological and neurocognitive phenotypes in TSC (Niida et al., 2001). This
observation is further supported by surveys of intellectual disability which show no correlation
between tuber load and severely affected individuals for intellectual disability (Vries, 2010).
Critically, heterozygous animal models of TSC do not express neuroanatomical defects but do
show evidence of neurocognitive and behavioral phenotypes (Ehninger et al., 2008; Goorden et
al., 2007). Taken together these findings suggest that an abnormal phenotype persists in non-tuber
brain regions which are heterozygous for either TSC gene, and that alterations in non-tuber cell

function may underlie part of TSC disease pathology.

Animal models, and especially transgenic mouse models have provided useful insight into
TSC molecular mechanisms and the function of the TSC1-TSC2 tumor suppressor complex.
However, these models provide limited translatability and fail to fully recapitulate TSC
neurological phenotypes in Tscl and Tsc2 heterozygous animals. In order to study cellular and
molecular alterations in TSC progenitors and neuronal differentiation we have used iPSCs to
generate an in vitro model of TSC. This will provide a platform to study neuronal progenitors and
neurons in a manner with high translatable relevance to the human disease and will allow for the

investigation of key neurodevelopmental processes in vitro.
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Hypothesis

We hypothesize that TSC1 or TSC2 haploinsufficiency, or the expression of an abnormal
phenotype resulting from the loss of 50% of a gene’s function is present in cells which are
heterozygous for the TSC genes. This hypothesis is based on observations of TSC cortical
malformations which lack LOH, the expression of neurocognitive defects in heterozygous animals
missing obvious neuroanatomical defects and the neurocognitive and behavior hallmarks of TSC
including Autism which suggest broad neurodevelopmental abnormalities may be driven by
abnormal phenotypes in heterozygous neural progenitors and neurons. We predict that molecular
signaling abnormalities characteristic to TSC will be present in heterozygous cells, but that this
effect will be intermediate to that observed after LOH or homozygous gene inactivation. We
further predict that normal neurodevelopmental and cellular phenotypes will be altered in a manner

that is influenced by TSC signaling pathway alterations.
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Generation and Characterization of Neural Progenitors and Neurons from Tuberous

Sclerosis Complex Patients

Chapter 2: Methods and Materials

Human Subjects and iPSC Generation

Four human subjects were recruited for our study through the Comprehensive Epilepsy
Center, NYU Medical School after obtaining informed written consent from the subjects or their
guardians. Our subject group includes two clinically diagnosed TSC patients who carry de novo
heterozygous mutations in the TSC2 gene that are predicted to cause loss of function of the mutant
allele, and two unaffected controls consisting of one gender and age-matched sibling, and one age-
matched individual (Table 1). Mutation sites are based on human TSC2 mRNA variant 1 sequence
(GenBank NM_000548.3). Peripheral blood samples from each subject was collected and
processed at the Rutgers Cell and DNA Repository (RUCDR) where CD4+ hematopoietic
progenitor cells were isolated and transduced with Sendai viruses expressing reprogramming
factors to generate iPSCs according to an established protocol (Loh et al., 2010). Multiple iPSC
clones were derived from each individual, and clones were subjected to a standardized set of
quality control services including assays for microbiological contamination and pluripotency as
defined by the expression of markers determined via immunofluorescence and fluorescence-
activated cell sorting (FACS) analysis. This study was conducted as described in protocols

approved by the Institutional Review Board (IRB) at NYU and Rutgers University.
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Subject | Age  Gender @ TSC2 genotype Mutation site TSC features
Refractory
4bp deletion Nucleotides 4650-
Same TSC#1 | 32 | male epilepsy, tubers,
causing frame-shift | 4653 (ACAA)
family low IQ
CTR#5 | 30 | male Normal none None
Point mutation Controlled
Nucleotide 2427
Different TSC#6 | 18 | male causing premature epilepsy, SEGAs,
(C->T)
family stop low IQ
CTR#8 | 19 | female | Normal none none

Table 1. Summary of subjects included in study. Subjects included two pairs of patient-control

individuals from the same and different families. Briefly included information reports subject age,

gender, TSC2 genotype including mutation type and site for TSC patients and major TSC features

reported in each TSC patient.
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Neural Progenitor Cell Induction

IPSC colonies were maintained in mMTESR hPSC media (STEMCELL Tech) (Table 2) and
were passaged onto matrigel coated six well plates. To generate neural progenitor cell (NPC) lines
the iPSC culture medium was replaced with a neural expansion medium (NEM) containing a
defined Neural Induction Supplement containing a proprietary cocktail of factors, and equal parts
Neurobasal and Advanced DMEM +F12 media (Table 2) according to the manufacturer’s
instructions (Gibco). The NEM was changed every other day for four days, after which it was
changed every day until day seven. Newly generated NPCs were detached using Accutase
(STEMCELL Tech), plated in matrigel coated cell culture flasks, and expanded in NEM. NPC
cultures were maintained in NEM with medium being changed every 2-3 days. Cells were
passaged to new matrigel coated flasks (Cell Star) after reaching ~70 - 90% confluence. During
passaging NPCs were seeded at 2 x 107 cells per 75cm? cell culture flask. NPCs were counted for
seeding by manual counting with a hemocytometer. Cell counts from four hemocytometer fields
were averaged per culture during passaging and the cell count was then calculated for the total
volume of detached cells in suspension. At least three NPC lines per subject were generated and

used in this study.

Neuronal Differentiation

Expanded NPC lines were expanded and allowed to reach ~70 - 90% confluence in Cell
Star 500 mL cell culture flasks before being detached with Accutase. Dissociated NPCs were then
seeded at 1 x 10° cells per well in a 24 well cell culture plate (Falcon) coated with 10 pg/mL

laminin and poly-D-lysine in order to support neuronal growth. NPCs were induced to differentiate
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Media Type Cell Culture | Media Components

Feeder-free iPSC

maintenance mTeSR1 basal medium (STEMCELL Technologies)

medium iPSCs 5X mTeSR1 supplement (STEMCELL Technologies)
Neurobasal medium (Gibco)

Neural expansion Advanced DMEM/F12 medium (Gibco)

medium NPCs 50X Neural induction supplement (Gibco)
Neurobasal medium (Gibco)
BDNF (Pepro Tech)

Neural GDNF (Pepro Tech)

differentiation 50X B27 supplement without vitamin A (Gibco)

medium neurons Non-essential amino acids

Table 2. Summary of media used for relevant cell culture systems. Briefly included are medium

type and the appropriate cell culture type in which that media was used, the components included

in each medium type and manufacturer. Supplements used may include factor cocktails not

disclosed by the manufacturer.
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by replacing the NPC-maintaining NEM with a neural differentiation medium (NDM) comprised
of Neurobasal medium, 1X B-27 supplement without vitamin A, 1X GlutaMAX supplement, 1X
nonessential amino acid supplement, 20 pg/mL BDNF, and 20 pg/mL GDNF (Table 2). Cultures
were differentiated for 7 to 21 days depending on assay requirements. NDM was refreshed every

2-3 days through the course of differentiation.

Sanger Sequencing

NPCs generated from control and affected TSC patients were seeded at a density of 5 x 10°
per well in 6 well cell culture plates (Falcon). NPCs were allowed to reach ~70% confluence before
lysis and RNA extraction with a commercially available kit (ThermoFisher). cDNA was then
generated from RNA samples via reverse transcription using reverse transcriptase (ThermoFisher).
Sequences surrounding each known mutation site in each patient was amplified via polymerase

chain reaction (PCR).

Oligos for TSC2:
Set1-5-GGAACCTGGTGCCTCACTTG-3’ (forward);
Set1l-5-GCTGCCACAGGGAGCTTAG-3’ (reverse);
Set 2 - 5’-CACAGGCATTCAGGGACTTG-3’ (forward);
Set2 - 5’-TGAGCTTCACCACCAGAAC-3’ (reverse).

Primers from set 1 were used to amplify sequences from subject lines CTR #5 and TSC #1,
surrounding the patient 4bp deletion mutation. Primers from set 2 were used to amplify sequences

from subject lines CTR #8 and TSC #6, surrounding the patient nonsense mutation. PCR products
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were then purified and sequenced via Sanger Sequencing (Genewiz). Sequences were analyzed

with Chromas Lite software to view trace files (Technelysium).

Immunofluorescence Staining

iPSCs or NPCs were seeded at 5 x 10° or 1 x 10° per well either on glass coverslips or
directly onto 24 well cell culture plates coated with either matrigel or laminin/poly-D-lysine (as
appropriate for either pluripotent, progenitor or neuronal cultures). Dissociated iPSC colonies and
NPCs were cultured for 48 hours whereas neurons were differentiated for 1-3 weeks before
staining. Media was then removed, and cells were gently washed twice with cold 1X phosphate
buffered saline (PBS) and fixed with 4% paraformaldehyde. Fixed cells were washed twice with
PBS before permeabilization with 0.1 % Triton X-100, and then washed three times in PBS before
blocking in 10% normal goat serum. Cells were incubated overnight at 4°C with appropriate
primary antibodies (Table 3) in an antibody buffer containing 0.1% Triton X-100 and 10 % normal
goat serum. After primary incubation cells were washed three times in PBS then incubated with
an appropriate secondary antibody in a secondary antibody buffer containing 0.1% Triton X-100
in 1X PBS. Cells were incubated in secondary antibody for one hour and washed again three times
in PBS before mounting coverslips on glass slides with Vectashield (Vector Laboratories)
mounting medium containing DAPI nuclear stain. Cells fixed directly onto plates were
counterstained with either RedDot2 (Biotium) or Hoechst nuclear stain (ThermoFisher). Images
were captured using an Olympus microscope equipped with a Yokogawa CSU-10 spinning disk
confocal head and/or an inverted epifluorescence microscope (Olympus). Images were cropped

and corrected for brightness and contrast using ImageJ analysis software.
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Antigen Antibody Type | Manufacturer Catalog # Application | Working Dilution
4E-BP1 Rabbit 1gG Cell Signaling 9452 WB 1:2000
p4E-BP1 Rabbit 1gG Cell Signaling 2855 WB 1:2000
ACTIN Mouse IgG2b | Millipore MAB1501 | WB 1:2000
AKT Rabbit 1gG Cell Signaling 4961 WB 1:2000
PAKT (Ser473) Rabbit IgG Cell Signaling 9271 WB 1:2000
pAKT (Thr308) Rabbit 1gG Cell Signaling 9275 WB 1:2000
B TUBULIN Mouse 1gG2a Bio Legend MMS-435P | IF/WB 1:250
BrdU Rat IgG2a Abcam ab6326 IF 1:250
DOUBLECORTIN | Rabbit IgG Abcam ab18723 WB 1:2000
HuC/D Mouse 1gG2b Thermofisher A-21271 IF 1:250
IRS1 Rabbit IgG Cell Signaling 2382 WB 1:2000
KI67 Rabbit IgG Cell Signaling 9129 IF 1:250
MAP2 Rabbit IgG Millipore AB5622 IF 1:250
NESTIN Mouse IgG1 Millipore MAB5326 IF 1:250
0OCT4 Mouse IgG1 Millipore AB4401 IF 1:500
PAX6 Mouse IgG1 DSHB AB 528427 | IF 1:250
S6 Mouse 1gG1 Cell Signaling 2317 WB 1:2000
pS6 Rabbit IgG Cell Signaling 4858 WB 1:2000
SOX2 Rabbit IgG Millipore AB5603 IF 1:250
TRA-1-60 Mouse IgM Millipore AB4360 IF 1:500
TSC2 Rabbit IgG Cell Signaling 4308 WB 1:2000

Table 3. List of primary antibodies used in all included studies. Briefly, antigen, antibody type,
antibody manufacturer and catalog number, relevant immune-linked applications and working

dilution are included.
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High Content Analysis of Microscopy Images

Cells stained on coverslips or plates using the previously described immunofluorescence
protocol were loaded into an INCell Analyzer 6000 (GE Healthcare) for high-content analysis of
fluorescence microscopy images. Multiple image fields were selected at random and analyzed
using Workstation software (GE Healthcare). For coverslips twelve fields across four wells per
experiment were imaged, whereas 4-9 fields per well were captured from cells plated on 24 well

plates. Fields containing less than 30 cells were excluded from analysis.

Total cell count per image field was measured by counting total nuclei as shown by nuclear
counter staining. INCell Workstation multi-target analysis was used to identify nuclei and cellular
objects. Nuclei were identified via top-hat segmentation and thresholding for minimum object size
(50um?) to discard non-nuclear objects. Total cell count of either RedDot2, Hoechst or DAPI was
attained in this manner. HuC/D positive neurons were counted utilizing the same object
identification protocol. Cell size was measured from HuC/D-stained cultures using top-hat
segmentation and minimum size thresholding to identify and measure immunolabeled objects and
discard non-cell objects. The percentage of HuC/D-positive cells was determined by counting all
identified objects in each image field of the HuC/D channel and dividing by the total number of
objects in the nuclear (total cell) channel (HuCD+ cell count/Total nuclei) (Figure 8). FOX0O3a
distribution was measured via multi-target analysis using cellular measurements. Collar analysis
was used to describe an area extending for 5um immediately surrounding nuclei identified using
the previously described nuclear counting protocol. Collar area was then analyzed for staining
intensity in the FOXO3a channel in order to determine relative levels of cytoplasmic FOXO3a

localization.



HuC/D

MAP2

56

Figure 8. Representative immunofluorescence images taken with an GE INCell 6000 automated

confocal microscope and analyzed with the INCell Workstation image analysis program using the

nuclear counting protocol. Recognized objects to be counted are highlighted in green. DAPI and

HuC/D labeled objects are identified via top-hat segmentation. HUC/D expression used for

counting post-mitotic neurons is highly neuron-specific as shown by colocalization with MAP2.

Scale bar = 30um.
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BrdU Staining of Cells in S-Phase

Neural progenitor cell cultures were incubated for four hours in neural expansion media
containing 10uM bromodeoxyuridine (BrdU) labeling solution (Abcam). After incubation cells
were treated with 2N HCI for 30 minutes at 37C. HCI was then removed and neutralized with 0.1M
sodium borate for ten minutes at room temperature. Next, treated cells were fixed with 4%
paraformaldehyde and prepared for immunofluorescence staining as detailed previously. Cells
were incubated overnight with a primary antibody against BrdU, then prepared for imaging using
the same steps for the standard immunofluorescence staining protocol described above. Images of
cultures were obtained and analyzed using the GE INCell Analyzer 6000 and INCell Workstation
software as outlined previously. The total number of BrdU labeled cells was divided from the total
number of cells as counted by Hoechst nuclear stain to obtain the fraction of cells actively

replicating DNA in S-phase within each culture.

Cell Death Assay

Cell death was assayed by seeding NPCs at a density of 5 x 10° in matrigel coated 24 well
cell culture plates. After 48 hours of growth in NEM the medium was removed, and cells were
incubated with 1:1000 2mM Hoechst and 30nM SYTOX Green dead cell (Invitrogen) nuclear
stains in 1X PBS for ten minutes. Cells were then washed twice quickly with 1X PBS and imaged
live immediately using the INCell Analyzer 6000. Cultures were subjected to high content analysis
for nuclei counting as described previously for high content microscopy. To calculate the
percentage of dead cells the number of Sytox stained dead cells was divided by the number of the

total cell population labeled by Hoechst nuclear staining (Sytox cell count/Hoechst cell count).
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Sytox staining exclusively labels dead nuclei in live cultures, while Hoechst labels all nuclei of

dead and living cells.

FOXO3a Localization Assay

NPCs were seeded at a density of 5x10* cells per well in a 24 well cell culture plate and
cultured for 48 hours before fixation in 4% paraformaldehyde and preparation for
immunofluorescence staining as outlined previously. Prepared cells were incubated with an
antibody against total FOXO3a. After the completion of immunofluorescence staining cells were
imaged using the GE INCell Analyzer of confocoal microscopy to obtain representative images
and images for high content analysis. INCell Analyzer Workstation high content analysis of
microscopy images were used to determine relative nuclear and peri-nuclear distributions of
FOXO3a staining. Briefly, the total cellular fluorescence, nuclear fluorescence and the
fluorescence detected in a 10um peri-nuclear collar cellular region were measured and these data

were used to calculate relative nuclear and cytoplasmic distributions of FOXO3a.

Whole Transcriptome Analysis

Two independently generated NPC lines from each of the related subjects (TSC #1 and
sibling CTR #5) were seeded at a density of 5x10° cells per well in 6 well cell culture plates and
cultured for 48 hours before dissociation with Accutase. Dissociated NPCs were then spun down
(5 minutes at 1200rpm) to form a dry pellet to be harvested for RNA extraction. Total cellular
RNA was prepared using a Zymo Direct-Zol kit and delivered to RUCDR Infinite Biologics

(Piscataway, NJ) for sequencing. Libraries were prepared with lllumina Tru-Seq Kits and run as



59

paired-end, 75nt/end on Illumina NextSeq. RNA-Seq reads were pseudoaligned to hashed k-mers
built from the UCSC Reference Sequence library of mRNAs using the Kallisto RNA-seq
quantification program (Bray et al., 2016). Estimated counts were imported into the Sleuth
package for differential analysis of gene expression data in R/Bioconductor, where differential
expression was assessed using a Wald test (Gentleman et al., 2004; Pimentel et al., 2017). Gene
ontology analysis utilized the DAVID website (Huang da et al., 2009). RNA-Seq data are available

from the NIH GEO archive (accession GSE111584).

Western Blotting

Dissociated NPC lines were seeded in triplicate for expansion or individually for
differentiation onto six well cell culture plates coated with Matrigel or poly-d-lysine/laminin,
respectively at densities of 5 x 10° cells per well. NPCs were allowed to differentiate for 7-21 days
in NDM or expand for 48 hours in NEM before lysing with radioimmunoprecipitation assay buffer
(RIPA) cell lysis buffer containing phosphatase and protease inhibitors. Lysates were cleared via
centrifugation at 12,000 x g for 10 minutes and the supernatant was collected. Soluble protein
samples were combined in a 1:1 solution with loading buffer containing sodium dodecyl sulfate
(SDS) and loaded into Tris-Glycine gels for gel electrophoresis for 1.5 hours. Proteins were then
transferred for 2.5-3 hours at 450-500 milliamps onto nitrocellulose membranes and blocked in a
blocking buffer consisting 3 % nonfat dry milk in 1X Tris-buffered saline containing 0.1% Tween
(TBST) for one hour before incubation overnight with primary antibodies (Table 3) in a primary
antibody buffer solution of 1X TBST and 0.1% sodium azide (for antibody storage). Membranes
were then washed three times in 1X TBST and incubated for one hour in an HRP-conjugated

secondary antibody solution in 1X TBST, then washed a further 3 times in 1X TBST. Membranes
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were then coated with ECL Western Blotting Substrate for chemiluminescence (ThermoFisher)
and images of protein bands were obtained using radiographic film. Image scanning and band

densitometry was performed using Alphalmager band analysis software.

Small Molecule Treatments

For drug treatments NPCs were plated in either 24 well or 6 well cell culture plates at a
density of 1 x 108 or 5 x 108, respectively. Cells were expanded for 48 hours then treated with
NEM containing either 0.1 % DMSO (Sigma), 5 uM RADO001, 5ug/mL SC79, 1 uM MK2206 or
10uM LY294002 (all Selleckchem). After 24 (MK2206) or 48 (RADO001, SC79 and LY294002)
hours samples in 6 well plates were collected for Western blotting. Cells plated for
immunofluorescence staining in 24 well cell culture plates were differentiated by changing
medium from NEM to NDM containing DMSO, RADQ01, SC79, MK2206 or LY294002 as
needed. Cells were cultured for 7 days before fixation, staining and imaging via high content

analysis of microscopy imaging protocol as described previously.

Statistics

Sample size (n) was determined by the number of independent experiments conducted
using at least 2 different lines per subject and, where indicated, additional replicate experiments
using the same NPC lines cultured at a different time and after a different number of passages.
Comparisons between TSC patient and control groups were conducted pairwise between one
sibling-matched pair (CTR #5 and TSC #1) and non-sibling pair (CTR #8 and TSC #6). All

statistical analysis was conducted using GraphPad Prism7 software. For proliferation (KI67 and
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BrdU staining) experiments at multiple time points significance was determined using ordinary or
repeated measure two-way ANOVA with Sidak’s multiple comparisons tests. For cell death and
soma size measurements statistical significance between genotypes was determined using unpaired
nonparametric t tests (Mann-Whitney). To compare neuronal differentiation between control and
TSC cell lines at different time points statistical significance was determined using multiple
unpaired t tests corrected using the Holm-Sidak method and [J= 0.05. To determine the effect
between control and TSC genotypes in Western blot experiments statistical significance was
determined using either unpaired t tests or one-sample t tests, depending on the data structure.
When multiple independent samples from each TSC and the corresponding control subject were
analyzed simultaneously on the same gel using nonparametric unpaired t tests (Mann-Whitney) to
compare the means of the two groups. When independent samples were analyzed in technical
triplicates and run at different times on different gels data was normalized to the mean of the
control value (set to 1). In this case comparison was made using one-sample t tests. For drug
treatment experiments that were performed at different times with different drugs the mean
percentage of HUC/D+ cells in the CTR + DMSO sample was normalized and the internal control
set to 1. Values from experimental groups were expressed as fold change from control.
Significance was determined via one-way ANOVA with Dunnett’s post-hoc analysis. For gene
expression analysis results obtained from 2 independent NPC lines/subject in the CTR #5, TSC #1
pair were compared. Transcripts having a False Discovery Rate (FDR; p value adjusted by the
Benjamini-Hochberg method) of 1% or less and a beta value estimating at least a two-fold change

were selected for analysis.
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Chapter 3: Results

Generation of NPCs from TSC patient and control subjects

In order to study TSC2 heterozygous phenotypes, we developed an in vitro model of TSC
by generating iPSCs from two individuals with de novo TSC2 mutations who had epilepsy, low 1Q
and neuroanatomical defects, and two genetically normal controls. Patient designated TSC# 1, the
sibling of unaffected CTR# 5, carries a heterozygous deletion in the TSC2 gene (hg38
chrl6:2,085,001-2,085,004, del ACAA) predicting a frameshift beginning at Asn1515, that results
in termination after 1573 amino acids, according to the reference isoform (NM_000548). The
patient designated TSC #6 has a single base change (chrl6:2,074,224; rs45517233), causing
premature termination of TSC2 mRNA translation (GIn794->Stop). iPSCs were generated from
peripheral blood cells and reprogrammed using Sendai viruses expressing the Yamanaka cocktail
of transcription factors following a previously reported protocol for cellular reprogramming for
iIPSCs (Figure 9A) (Loh et al., 2010). Newly generated patient- and control-derived iPSC colonies

expressed the factors OCT4 and TRA-1-60 confirming their pluripotent state (Figure 9B).

We next generated primitive, lineage restricted NPCs from iPSC cultures using commercial
reagents and following previously described methods for NPC induction (Figure 10A) (Yan et al.,
2013). After seven days of differentiation in neural expansion medium, NPCs were isolated and
assayed. This protocol was repeated multiple times to obtain at least 3 independently-generated
NPC lines per subject. Direct sequencing results of NPC lines from each subject confirmed that
TSC patient-derived NPCs carried the expected heterozygous TSC2 mutations consisting of a
frame-shift in TSC #1 and a nonsense mutation in TSC #6. Both mutations occur before the TSC2

GAP domain and are predicted to result in a deficit of functional TSC2 protein (Figure 10B-C).
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Plate transduced

A CD4+ cells on mEFs
Infect with Sendai virus Observe nascent IPSC colonies
Isolate and activate Feed and monitor cells Expand IPSC colonies
CD4+ cells
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Brightfield TRA-1-60
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TSC #6

CTR #5
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Figure 9. (A) Protocol timeline of iPSC induction from activated CD4+ cells via infection with
Sendai viruses carrying Yamanaka factors. (B) Brightfield and immunofluorescence microscopy
images of iPSC colonies. Transduced cells expressed markers of pluripotency OCT4 and TRA-1-
60 in cultures derived from both TSC-CTR subject pairs. Cell nuclei were counterstained with

DAPI. Scale bar = 100pm.
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Figure 10. (A) Workflow depicting the generation of lineage restricted NPCs from subject-derived
IPSCs. (B) Sanger targeted sequencing confirms the heterozygous TSC2 genotype of TSC patient
NPC lines. Arrows point to double peaks in patient cells showing the presence of a point mutation
resulting in a nonsense mutation in the TSC2 gene of subject TSC #6, and a four base pair deletion
resulting in frameshift in subject TSC #1. (C) Schematic representation of the TSC2 protein

indicating the approximate position of each TSC patient mutation.
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TSC2 protein levels may also be reduced due to nonsense-mediated RNA decay (NMD) which is
known to degrade mMRNAs carrying premature termination codons (Maquat, 2002).
Immunofluorescence staining confirmed the robust expression of Nestin (NES), SOX2 (>80%)
and PAX6 (>70%) markers in both patient and control NPCs, consistent with a neural progenitor
identity (Figure 11A-E). We also demonstrated that NPC cultures derived in this manner did not
show expression of iPSC markers OCT4 and TRA-1-60 (Data Not Shown), confirming that these

cells successfully differentiate from a pluripotent to a lineage-restricted neural progenitor state.

Characterization of NPC proliferation and viability

Since TSC signaling and mTORCL activity have been demonstrated to play key roles in
regulating cell growth and survival (Gan et al., 2008; Hartman et al., 2013; Lee et al., 2003; Ozcan
etal., 2008; Wu et al., 2009) we sought to determine the effect of TSC2 haploinsufficiency on NPC
proliferation and viability in vitro. Here we utilized high-content analysis of microscopy images
in order to quantify a large number of cells from multiple technical replicate samples and multiple
independent experiments in an unbiased manner. NPC proliferation was assayed at two and ten
days in vitro (DIV) by labeling cells actively replicating DNA in S phase using bromodeoxyuridine
(BrdU) or in all active phases of the cell cycle (Gi, S, G2 and M) with an antibody against the
proliferative marker K167 (Figure 12A-B). The total cell number was determined using a common
nuclear stain, either Hoechst or RedDot2. The percentages of K167 positive or BrdU positive
proliferating cells over the course of two and ten DIV was not significantly altered between patient
and control progenitor lines in both subject sets analyzed, although a small increase in both BrdU
positive and K167 positive proliferating cells at DIV10 was noted in one patient (TSC #6) relative

to control at that time point. However, this difference was not significant (Figure 12C-F).
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Figure 11. (A-B) Immunofluorescence images of induced NPCs. NPC lines show expression of
neural stem cell markers PAX6, SOX2 and NESTIN. Cells are counterstained with DAPI nuclear
stain (C-E) Quantification of the percentage of cells expressing each NPC marker relative to the
total number of cells (DAPI-labeled nuclei). Data obtained from n = 3 independent experiments
per subjects. A total of nine fields were analyzed per experiment. Data are plotted as mean values

+ SEM. Scale bars = 20pm (A) and 50pum (B).
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Figure 12. Analysis of patient and control NPC proliferation. (A-B) Representative confocal
images of DIV2 and DIV10 NPC cultures for the active cell cycle marker KI67 or an antibody
against previously incorporated BrdU to label proliferating cells in S-phase, and counterstained
with RedDot2 or Hoechst. (C-F) Automated high content analysis of randomized image fields of
control and patient cultures labeled on DIV2 or DIV10 for K167 and BrdU showed no significant
change in the percentage of proliferating cells between TSC and control cultures at either time
point using either proliferative marker. n = 6 independent cultures (CTR #5 and TSC #1 DIV2
KI167), n = 4 independent cultures (CTR #5 and TSC #1 DIV2 BrdU), n = 3 independent cultures
(CTR #5 and TSC #1 DIV10 KI67 and BrdU), n = 4 independent cultures (CTR #8 and TSC #6
DIV2 and DIV10 KI67 and BrdU). Data was analyzed using repeated measures two-way ANOVA
with Sidak’s multiple comparison test, p>0.05 for all comparisons. Data are plotted as mean values

+ SEM. Scale bars = 100 pm.
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To assay NPC viability, we measured the percentage of cells stained with SYTOX Green
in similar 48-hour culture experiments (Figure 13A). The data here indicates that there is no
significant increase in cell death in TSC cell lines as measured by the proportion of dead cells
counted in each culture, although both patient-derived cultures showed a trend towards increased
cell death (Figure 13B). Together these data show that the viability and proliferative background

of TSC2 haploinsufficient NPCs remain mostly unchanged.

Signaling abnormalities in TSC neural progenitors

To investigate potential molecular defects in TSC2 heterozygous cells derived from TSC
patients we analyzed TSC2 protein expression levels and signal transduction pathways likely to be
affected by TSC2 mutations. Protein lysates from 3 independent NPC lines per subject were
analyzed through Western blotting using an antibody against the C terminus of TSC2. The levels
of this protein were significantly reduced by approximately 50% in both patients compared to
control cell lines (Figure 14A-B). These data demonstrate that both patient mutations result in
observable TSC2 haploinsufficiency. The TSC1/TSC2 complex is a key regulator of mTORCL1
activity in response to growth factor signaling, and mTORC1 upregulation has been observed in
numerous homozygous animal or cellular models of TSC (Goto et al., 2011; Huang and Manning,
2008; Inoki et al., 2003a; Magri et al., 2011; Meikle et al., 2007). mTORC1 kinase activity is
readily inferred by the levels of phosphorylation of downstream targets such as the ribosomal
protein S6 and the translation initiation factor 4E-BP1. Western blotting data showed that TSC2
haploinsufficiency in patient progenitor cells affected mTORCL1 activity, resulting in an increase

in S6 phosphorylation relative to total S6 protein levels (Figure 14A, C). The phosphorylation of
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Figure 13. (A) Representative confocal images of NPC cultures stained with Sytox Green to
visualize dead cells and counterstained with Hoechst nuclear stain. (B) Automated high content
analysis of Sytox Green staining shows no significant difference between either TSC patient group
and its respective control. n = 5 independent cultures (CTR #5 and TSC #1) and n = 4 independent
cultures (CTR #8 and TSC #6). Significance was determined via unpaired nonparametric t test

(Mann-Whitney). Data are plotted as mean values = SEM. Scale bar = 100pum.
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Figure 14. (A) Western blotting for TSC2 and phosphorylated proteins downstream of mMTORC1.:
ribosomal protein S6 and 4E-BP1. (B-D) Quantification of Western blot data showed significantly
decreased levels of TSC2 protein in both TSC patients (*p<0.05, **p<0.01), significantly
increased phosphorylation of S6 in one TSC patient (TSC #6) (*p<0.05) and a trending increase
in the second TSC patient (TSC #1) (p=0.13). Levels of phospho-4E-BP1 relative to total protein
were not significantly altered in either patient samples. Significance determined via one-sample t-
test. n = 4 independent cultures from three independently generated NPC lines. Data are plotted as

mean values + SEM.
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4E-BP1 was not significantly altered when levels of phospho-4E-BP1 were normalized to levels
of the total protein (Figure 14A, D). However, relative levels of total 4E-BP1 appeared to be
elevated in TSC cells derived from one patient (TSC #1), potentially confounding the
interpretation of these results. Interestingly, levels of total 4E-BP1 relative to the translation
initiation factor elF4E have been suggested as part of one mechanism regulating levels of cap-
dependent protein translation mediated by mTORC1 activity (Alain et al., 2012). Western blotting
of total 4E-BP1 and elF4E showed the same patient with elevated 4E-BP1 also expressed higher
relative levels of 4E-BP1 when compared to elF4E (Figure 15A-C). These effects suggest the
possibility of alternative pathways involved in the regulation of protein synthesis which may be
affected by TSC2 haploinsufficiency. However, how these changes relate to TSC2
haploinsufficiency directly remains unclear. Overall, these data suggest that TSC2 heterozygosity
in NPCs increases mTORC1 activity, albeit to a more modest degree than which is observed in

TSC2 LOH cells.

Upstream regulation of TSC function occurs by PI3K/Akt signaling in response to mitogenic
stimuli and insulin or growth factor receptors via the insulin receptor substrate IRS1, an adapter
protein which mediates PI3K activation. In the presence of pro-growth stimuli, the PI3K/Akt
pathway acts to phosphorylate and inhibit TSC2, resulting in the downstream activation of
MTORC1 and the increase in protein translation and cell growth (Huang and Manning, 2009;
Manning and Cantley, 2003). A negative feedback loop involving S6K has been shown to suppress
PI3K/Akt signaling via inhibition and degradation of IRS1 (Pederson et al., 2001; Shah and
Hunter, 2006; Shah et al., 2004). Consistent with the observed activation of mTORC1 we found
that IRS1 levels were significantly reduced in both patient NPC lines (Figure 16A-B). Reduced

AKT phosphorylation has been shown in homozygous models of TSC where mTORCL1 activity,



73

B
Total 4E-BP1
257 F——
T
=2.0-
§1.5- -
clFAE ' — — Ew-
0.04 T T
& <2 & 2
C
Total 4E-BP1 / elF4E
3- *
— “'
T

N
M

4E-BP1/elF4E

il

Figure 15. (A) Western blotting for total 4E-BP1 and the cap dependent translation initiation factor
elF4E in TSC patient and control NPCs. (B-C) Quantification of Western blot data shows an
increased in the total levels of 4E-BP1 protein relative to sibling control in one TSC patient (TSC
#1) (*p<0.05). Significance was determined via one sample t-test. Levels of 4E-BP1 protein
relative to elF4E were also increased in the same patient (TSC #1) (*p<0.05). This 4E-BP1/elFAE
ratio also trended upwards in the other TSC patient but was not significant. Significance was

determined by unpaired parametric t-test. n = 3 independent cultures. Data are plotted as mean

values + SEM.
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immunoblotting against two phosphorylation sites: Thr308 and Ser473. (B-D) Quantification of
Western blot data shows a decrease in total IRS1 protein in both TSC patients (*p<0.05,
***p<0.001). n =4 independent cultures. Levels of phospho-AKT was also reduced at both Thr308
and Ser473 consensus sites in both TSC patients (*p<0.05, **p<0.01, ***p<0.001). n = 5
independent cultures (Thr308), and 4 independent cultures (Ser473). Significance was determined

via one-sample t-test. Data are plotted as mean values £ SEM.
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and the activity of S6K is robustly elevated (Jaeschke et al., 2002; Meikle et al., 2008; Zhang et
al., 2003a). Consistent with these findings we observed that TSC2 heterozygous NPCs exhibited
significantly decreased levels of phosphorylated AKT protein (Figure 16A). Additionally, AKT in
TSC2 heterozygous cell lines showed reduced phosphorylation at both Ser473 and Thr308
phosphorylation sites, both of which are required for AKT activation (Figure 16C-D). The Thr308
site of AKT is phosphorylated by PI3K via 3-Phosphoinositide-dependent kinase 1 (PDK1), and
reduced levels of phosphorylation at that site are indicative of reduced PI3K activity. The Ser473
site, on the other hand, is known to be phosphorylated by the mTOR-containing complex
MTORC?2, although the regulation of this kinase complex activity is not well understood it has
been shown that phosphorylation of Ser473 may not be necessary for Akt activation, and so Thr308
is a more reliable biomarker of Akt activity (Vadlakonda et al., 2013; Vincent et al., 2011).
Together, our findings suggest that the S6K-mediated negative feedback triggered by mTORC1
upregulation is responsible for the downregulation of IRS1 and the attenuation of PISK/AKT

activity observed in TSC2 heterozygous cells.

Analysis of FOXO3a activity in TSC neural progenitors

Given the marked reduction in PI3K/AKT signaling observed in TSC2 heterozygous NPCs
we next sought to ascertain whether other downstream targets of AKT activity were noticeably
dysregulated. AKT has multiple downstream targets involving pro-growth and survival pathways
and the attenuation of AKT signaling could impact NPC function through these pathways
(Manning and Toker, 2017). We focused on the Forkhead Box family of transcription factors,
specifically FOXO3a, which are primarily responsible for the promotion of factors involved in

pro-apoptotic and cell-cycle arrest responses to cellular stress (Lam et al., 2013). The localization
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of FOXO3a under normal circumstances when AKT is active and phosphorylates FOX0O3a has
been shown to be mainly cytoplasmic, becoming nuclear when AKT activity decreases and de-
phosphorylated FOXO3a translocates into the nucleus to carry out its transcriptional program.
Immunofluorescence staining of control and patient NPC cultures showed examples of differences
in FOXO3a localizations between TSC2 genotypes. However, automated high content analysis of
microscopy images revealed only very modest changes in FOXO3a localization in TSC2
heterozygous NPCs (Figure 17A). Cytoplasmic FOXO3a immunofluorescence intensity as
measured within a peri-nuclear collar region was slightly reduced in TSC2 heterozygous cultures
from one patient (TSC #1), however this difference was not significant. Nuclear FOXO3a intensity
was unchanged between genotypes, and the proportion of cytoplasmic, peri-nuclear FOX0O3a from
total immunofluorescence intensity was very mildly and not significantly reduced (Figure 17B-D).
These data suggest that downstream effects of AKT attenuation may be more modest and involve
convergent effects of multiple pathways, or that other downstream targets of AKT activity are
differentially affected by changes in AKT activity. However, three independent experiments from
only one patient were analyzed. More experiments including additional TSC patients should be
conducted to fully elucidate the effect of TSC2 haploinsufficiency on FOXO activity and other

downstream effectors of AKT signaling.

Differential expression of mRNA transcripts in TSC2 heterozygous NPCs

While the TSC1 and TSC2 proteins themselves are not known to possess any transcription
factor activity, the PIBK/AKT/mTORC1 pathway includes cross-talk and interaction with
numerous transcription factors. mTORCL1 has been linked to the activity of the signal transducer

and activator of transcription 3 (STATS3), Transcription Factor EB (TFEB) and Hypoxia-inducible
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Figure 17. (A) Representative confocal immunofluorescence images of FOXO3a expression in
DIV2 NPC cultures from one TSC patient and sibling control pair (CTR #5 and TSC #1). Cells
are counterstained with RedDot2 nuclear stain (B-D) Automated high content analysis of FOX03a
staining intensity showed no significant effect of TSC2 genotype on FOXO3a localization in either
the nucleus or a 5um peri-nuclear collar region immediately surrounding the nucleus. The
proportion of FOXO3a staining detected in the peri-nuclear region relative to nuclear staining was
likewise not significantly affected. n = 3 independent cultures. Significance determined via

unpaired non-parametric t-test. Data are plotted as mean values + SEM. Scale bar = 50um.
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factor 1-alpha (HIF1A), while Akt activity is known to impact the FOXO family of transcription
factors as well as the cAMP response element-binding protein (CREB) (Finkbeiner, 2000;
Laplante and Sabatini, 2013; Webb and Brunet, 2014). Given this wide range of interaction with
various transcription factor pathways we next sought to determine whether TSC2
haploinsufficiency altered patterns of gene expression in TSC2 heterozygous NPCs. Here we chose
to perform high-throughput whole transcriptome sequencing, or RNA-Seq to obtain a snapshot of
the transcriptome of subject NPCs. We performed RNA-Seq analysis of two independent NPC
lines derived from one patient (TSC #1) and sibling control (CTR #5) and identified 513 transcripts
as differentially expressed between genotypes (Figure 18A). Gene ontology (GO) analysis of
transcripts that were depleted in TSC2 haploinsufficient NPCs enriched two biological processes
relating to neuronal migration and development (Table 4, Figure 18B). These data suggest that
TSC2 haploinsufficiency may be linked to effects on certain processes underlying neuronal
differentiation and cortical development. RNA-Seq reads aligning with the TSC2 gene also
exhibited evidence of allelic imbalance, since a synonymous SNP (rs34012042) in TSC #1 was
heterozygous but unequal (28% C, 72% T). This supports the prediction that the frameshifted

MRNA may be destabilized.

Neuronal differentiation of NPCs derived from TSC and control subjects

While progenitors derived from iPSCs express stereotypical NPC markers, we also sought
to assess their capability as neural progenitors to differentiate into neurons in vitro. Here we tested
whether TSC patient- and unaffected control-derived NPC cultures were able to produce neurons
using a neuronal differentiation medium containing specific growth factors to induce neuronal

differentiation. Medium was changed from neural expansion media to a differentiative media
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Down Term Count % value ment FDR Genes
CDKB5R1, FGF13, FYN,
GPM6A, MDGA1, NAV1,
Down S;g%oggéﬂon 12 6.56 7"33'5' 11.42 1'(2)2'5' NR2F2, NRCAM, SATB2,
SOX1, SPOCK1,
TUBB2B
ADGRV1, APBAL,
APBA2, ARHGAP26
G0:0007399 ’ !
Down | nervous system 14 7.65 | 8-05E 4.88 9.64E- | CHRDLI, DPYSLS,
development 06 03 FGF13, GBX2, GPM6B,
JAG1, PAX3, SPOCK1,
ST8SIA2, ZIC5
HOXB4, HOXB5, HOXBS6,
G0:0009952 HOXB7, HOXB8, HOXB9,
anterior/posterior 2.14E- 3.53E- | HOXC10, HOXC4,
Up | pattern 4 15711 7 | 1380 | "o | Hoxcs, HOXCS,
specification HOXC9, PBX1, RARG,
TSHZ1
BCAM, CASK, CD9,
COL15A1, COL6AG,
DSC3, DSG2, EDILS,
GO0:0007155 3.82E- 6.29E- | EGFL6, GPNMB, LAMAS3,
Up cell adhesion 22 8.98 07 3.78 04 LRRN2, MFGES8, OLR1,
PCDH10, POSTN,
PTPRK, S1PR1, SIRPA,
SPON1, VTN, WISP1
CDH1, COL8A2,
Up matrix 13 5.31 06 5.23 02 FOXF1, HPSE?2, KDR,
organization LAMA3, LOXL1, NPNT,
POSTN, VTN

Table 4. Gene ontology analysis in DAVID identified two major groups of neuronal development
and neuronal migration genes that were stringently-enriched in the down-regulated transcripts (>10
transcripts per term, <5% FDR). Terms enriched in the up-regulated transcripts were less focused,

and included anterior/posterior patterning, cell adhesion, and extracellular matrix organization.
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Figure 18. (A) A volcano plot shows the range of transcripts with significantly different transcripts
highlighted in red. Of 38,027 transcripts detected, there were a total of 513 transcripts meeting the
criteria for significance using this filter, with 208 that were reduced in TSC patient NPCs and 305
that were increased. (B) Differentially expressed transcripts enriched GO biological processes
listed in Table S2. Genes included in the enriched GO terms are displayed in a heatmap. Heatmap
colors indicate expression levels relative in each sample relative to overall mean expression, with
blue indicating high expression and yellow indicating low expression. A sidebar (left) indicates

membership for each transcript in one or more GO term (identified with colored labels).
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containing BDNF and GDNF, and NPCs were moved to cell culture plates coated with poly-d-
lysine and laminin to support neuronal growth. After two weeks in differentiation media all subject
NPC cultures produced cells with stereotypical branched neuronal morphologies. Many of these
cells expressed the neuronal markers BIII TUBULIN (TUJ1) and MAP2, which could be readily
detected in cell bodies and branching processes (Figure 19A-B). We detected no significant
differences in the proportion of MAP2 or BIII TUBULIN positive cells between matched sets of
patient and control subjects, although interestingly the proportion of BIII TUBULIN positive post-
mitotic neurons in cultures from one patient (TSC #1) appeared decreased compared to a sibling
control (Figure 19C-D). However, this effect was not significant. We further detected no signs of
enlarged soma size in TSC2 deficient neurons, showing that TSC2 haploinsufficiency is not

sufficient to produce hypertrophy in neurons (Figure 19E).

Next, the molecular phenotype of TSC2 heterozygous neurons was assayed via western
blotting analysis of neuronal cultures from one patient and control pair (TSC #6, CTR #8) taken
after two weeks of differentiation (Figure 20A). TSC2 heterozygous neuronal cultures showed
alterations in mTORCL signaling like that observed in TSC2 haploinsufficient NPCs. Elevated
levels of phospho-S6 persisted after two weeks of differentiation, while conversely levels of
phospho-Akt Thr308 appeared to be only very minorly, and not significantly affected as neuronal
differentiation progressed (Figure 20B-C). These data suggest that mMTORCL1 remains over-active
in TSC2 heterozygous cells through the process of neuronal differentiation, but that signaling
feedback via IRS1 and PI3SK/AKT becomes less pronounced as neural progenitor cells transition

into post-mitotic neurons.

Neurons differentiated from one TSC patient and control pair also expressed the synaptic

marker Synaptophysin after DIV28 which was observed to co-localize with dendrites and cell
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Figure 19. (A-B) Representative immunofluorescence images of DIV14 neuronal cultures from all
subjects show expression of the neuronal markers BIII TUBULIN and MAP2. Cells were
counterstained with DAPI nuclear stain. (C-D) Quantification of the proportion of total cells
expressing each neuronal marker showed no significant difference by TSC2 genotype. ( E) DIV14
TSC patient neurons also show no sign of hypertrophy as measured by BIII TUBULIN soma area.
n = 3 independent differentiations from three independently generated NPC lines per subject.
Significance was determined via unpaired non-parametric t-test. Data are plotted as mean values

+ SEM. Scale bars = 25um.
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Figure 20. (A) Western blotting for phospho-AKT (Thr308) and phospho-S6 proteins in DIV14
neuronal cultures from one TSC patient and control pair (TSC #6 and CTR #8). (B-C) Western
blot analysis shows relative levels of pospho-AKT (Thr308) are not significantly affected in TSC
patient cells after 14 days of differentiation, but levels of phospho-S6 remain elevated (*p<0.05).
Significance was determined via one sample t-test. n = 3 independent differentiations. Data are

plotted as mean values + SEM.
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bodies as shown by immunostaining for the dendritic marker MAP2 (Figure 21). The observation
of Synaptophysin puncta in these cultures strongly suggests that neurons generated from iPSC-
derived NPCs are capable of forming synapses in vitro. Together these data further confirm the
neural progenitor identity of our NPC lines by showing their capacity to generate neurons in vitro
and demonstrates that iPSC-derived NPCs can provide a suitable platform for studying the effects

of TSC2 heterozygosity on processes related to neuronal differentiation and brain development.

TSC2 heterozygous NPCs exhibit abnormal neuronal differentiation

The appropriate schedule of neuronal differentiation is critical during the process of brain
development, and aberrations in the temporal regulation of differentiation could have profound
impacts on the developing brain. The previously identified molecular abnormalities in patient-
derived NPCs next led us to determine whether these cells may be impaired in their ability to
undergo neuronal differentiation. While we detected no significant changes using the post-mitotic
neuronal markers BIII TUBULIN and MAP2 at two weeks, we then sought to track the process of
differentiation in multiple control and TSC NPC lines from both subject sets over a time course of
three weeks. Neuronal induction was achieved in the same manner by changing cell culture media
from an NPC supporting neural expansion media to a differentiative media containing BDNF,
GDNF and B-27 without vitamin A. To identify the cell bodies of differentiated neurons we
immunostained differentiating cultures with antibodies against HUC/D, an RNA-binding protein
that is specifically expressed in post-mitotic neurons. This antibody clearly detected neuronal
nuclei and cell bodies, and co-labeled cells that expressed the classic neuronal marker MAP2
(Figure 22A). We then conducted high-content analysis of microscopy images and measured

neuronal differentiation by calculating the overall percentage of HuC/D positive cells over the total
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MAP2 Synaptophysin
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Figure 21. Representative confocal immunofluorescence images of MAP2 and the synaptic marker
Synaptophysin taken of DIV28 neurons from one pair of TSC patient and control neuronal
cultures. Neurons from both genotypes express the pre-synaptic marker Synaptophysin in puncta
that colocalize with dendrites and neuronal cell bodies as labeled with MAP2, indicative of nascent

synapses in vitro. Scale bar = 10um.
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Figure 22. (A) Representative confocal images of DIV7, 14, and 21 neuronal cultures generated
from TSC patient and control NPC lines. An increasing proportion of cells express the neuron-
specific markers HUC/D and MAP2 over the time course of differentiation. Nuclei are
counterstained with DAPI. (B-C) Automated high content analysis of randomized image fields
show a steadily increasing percentage of HUC/D+ cells during the time course of differentiation
for TSC patient and control cultures in both subject sets. However, at DIV7 TSC patient cultures
showed a significantly lower percentage of HuC/D+ cells than control in both subject sets
(*p<0.05, n = 4 independent differentiations). The percentage of HUC/D+ neurons in TSC cultures
was not significantly altered at DIV14 or DIV21 in either subject set (n = 3 independent
differentiations). Significance at each time point was determined via multiple unpaired t tests
corrected using the Holm-Sidak method where o = 0.05. Data are plotted as mean values + SEM.

Scale bar = 100um.
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number of cells counterstained with a nuclear stain in both sets of patient and control cultures.
Multiple randomized fields were captured for each time point of differentiation and the data
obtained from multiple experiments using three independent NPC lines per subject were then
pooled together. We found that the percentage of neurons increased through the course of
differentiation in both patient and control cell lines from 7 to 21 days in vitro (DIV) (Figure 22B-
C). However, the percentage of neurons was significantly reduced in both patient cultures
compared to controls at DIV7. This effect was transient and was largely abolished by later time
points in one patient (TSC #6), whereas in the other patient cultures (TSC #1) values appeared
lower than control at DIV14 and DIV21, although this difference was not statistically significant
at these later time points (Figure 22B-C). These data suggest that TSC2 heterozygous mutations

could cause a delay or disruption in the process of neuronal differentiation.

To further investigate this possibility, we performed Western blotting analysis of early
neuronal marker protein expression in DIV7 neuronal cultures. Total levels of the proteins
Doublecortin (DCX) and BIII TUBULIN (TUJ1) were significantly reduced in both patient
cultures compared to controls after seven days of differentiation (Figure 23A-C). These findings
confirmed that patient cultures likely contained fewer post-mitotic, differentiated neurons at a
relatively early time point in the process of neuronal differentiation. Moreover, these data support
our earlier RNA-Seq findings which indicated that groups of gene transcripts related to neuronal

differentiation and maturation were affected in TSC2 heterozygous neural progenitors.
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Figure 23. (A) Western blotting of DIV7 differentiating neuronal cultures show reduced levels of
early neuronal markers DCX and BIII-TUBULIN in TSC patient samples from both subject sets.
(B-C) Quantification of Western blot data normalized to internal controls. The decrease in DCX
and BIII-TUB levels were significant in both patient groups compared to controls (*p<0.05,
**p<0.01, n = 5 independent differentiations for CTR #8 and TSC #6, n = 4 for CTR #5 and TSC
#1). Significance was determined via unpaired nonparametric t tests (Mann-Whitney). Data are

plotted as mean values + SEM.
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NPC-derived neuronal cultures are heterogeneous and express inhibitory markers

During the process of cortical development most newly generated excitatory neurons are
produced in the walls lining the ventricular system of the embryonic brain. These newly generated
neurons migrate radially towards the apical surface of the developing brain to form the cortical
plate. As subsequent waves of migrating neurons arrive at the apical surface of the developing
brain they bypass neurons which migrated earlier, giving rise to the cortex’s characteristic layered
architecture through inside-out process. Most interneurons, however are produced from progenitor
cells in the lateral, medial and caudal ganglionic eminences (LGE, MGE and CGE, respectively)
and migrate tangentially into the cerebral cortex (Kriegstein and Noctor, 2004). Given the
differences in origination of excitatory and inhibitory neuronal subtypes we next sought to
characterize the make-up of neuronal cultures generated from iPSC-derived NPCs in vitro in order
to determine if these neural progenitor cultures produced primarily excitatory or inhibitory
neurons. After two weeks of neuronal induction cultures were fixed and stained for the inhibitory
neuronal marker glutamate decarboxylase isoform 67 (GADG67) and the pan-neuronal dendritic
marker MAP2. Cultures of both TSC2 genotypes produced heterogenous populations of neurons,
with approximately 25-35% of MAP2 positive post-mitotic neurons co-staining for the inhibitory
neuronal marker GAD67 (Figure 24A-B). We observed a mild ~25% reduction in the total fraction
of GADG7 positive inhibitory neurons in TSC2 heterozygous cultures, although this difference was
not significant (Figure 24B). Moreover, these data show that protocols for generating specific
neuronal sub-types in vitro may be required to better elucidate the effects of TSC2

haploinsufficiency on specific populations of neurons.
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Figure 24. (A) Representative immunofluorescence images of DIV14 neuronal cultures from one
TSC patient and control set (TSC #6 and CTR #8) stained for the inhibitory neuronal marker
GADG67 and pan-neuronal marker MAP2. Cells are counterstained with DAPI nuclear stain. (B)
Image quantification of GAD67+ neurons as a proportion of total MAP2+ neurons. Approximately
25-35% of neurons in cultures of both genotypes were GAD67+. A decrease in TSC patient
GADG67+ inhibitory neurons was not significant (p = 0.19, n = 5 independent differentiations).

Data are plotted as mean values + SEM. Scale bar = 50um.
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AKT inhibition mimics the differentiation delay of TSC patient NPCs

In order to identify signaling alterations which may underlie the delayed neuronal
differentiation phenotype observed in TSC2 heterozygous cells we utilized a pharmacological
approach focusing on PI3K/AKT and mTORC1 signaling. First, we utilized the rapamycin-analog
RADO0O01 to suppress mTORC1 activity. NPC lines from one individual with TSC and significantly
elevated mTORC1 activity (TSC #6) and control (CTR #8) were treated with 5uM RADOO1 or
DMSO vehicle control for 48 hours. Consistent with previous Western blot experiments we found
that DMSO vehicle-treated NPC cultures derived from the TSC2 deficient individual expressed
significantly higher levels of phosphorylated S6 and reduced levels of phosphorylated AKT
Thr308 compared to DMSO-treated control cells. RADOO1 treatment successfully abolished
elevated phosphorylated S6 levels in patient cultures, and reduced levels of phosphorylated S6
protein in control cells but did not significantly affect phospho-AKT levels in either subject group
(Figure 25A-C). Next, we used the AKT inhibitor MK2206 and the PI3K inhibitor LY294002 to
reduce AKT activity in control progenitor cells from both unaffected subjects. NPCs from control
lines were treated for 24 hours with 1uM MK2206, 10uM LY 294002 or DMSO vehicle control.
Western blot analysis revealed that both drugs significantly reduced levels of phospho-AKT
Thr308 protein in both control subjects as compared to DMSO vehicle-treated samples and

reduced levels of downstream phosphor-S6, as expected (Figure 25D-F).

To test the role of MTORCL activity in neuronal differentiation we incubated patient and
control NPCs with 5uM RADO001 or DMSO, whereas to probe AKT activity we incubated control
cell lines with 1uM MK2206 or 10uM LY?294002. NPCs were induced to differentiate into
neurons in the continuous presence of these inhibitors. After seven days neuronal cultures were

immunostained with antibodies against the post-mitotic neuronal marker HuC/D, and the extent of
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Figure 25. (A) Western blot analysis of phospho-AKT (Thr308) and phospho-S6 in control and
TSC NPCs treated with 5 uM RADO0O01 or 0.1% DMSO for 48 hours. (B-C) Quantification of
Western blot data for the RADOO1 treatment. Significantly increased phospho-S6 levels in TSC
+DMSO compared to CTR +DMSO samples were suppressed by RADOO1 treatment, whereas
significantly lower levels of phospho-AKT were unaffected (*p<0.05, ***p<0.001,
****pn<0.0001, n = 6 DMSO-treated independent cultures, n = 3 RADOQO1-treated cultures).
Significance was determined via one-way ANOVA with Tukey’s post-hoc analysis. (D) Western
blot analysis of phospho-AKT (Thr308) and phospho-S6 in control NPCs treated with 1 pM
MK2206, 10 uM LY294002 or 0.1% DMSO for 24 hours. (E) Quantification of Western blot data
for MK2206 and LY294002 treatment. Both subject groups show significantly attenuated
phospho-AKT levels in MK2206-treated as well as LY294002-treated cultures compared to
DMSO controls (*p<0.05, **p<0.01, ***p<0.001, n = 3 independent cultures per subject).
Significance was determined via one-way ANOVA with Dunnett’s multiple comparisons tests. (F)
Representative confocal images of DIV7 neuronal cultures from one TSC patient and control pair
(CTR #8 and TSC #6) treated with 0.1% DMSO, 5 uM RADO001, 1 uM MK2206 or 10 uM
LY294002. Cultures were immunostained for the pan-neuronal marker HuC/D and counterstained
with Hoechst nuclear stain. (G-H) Automated high content analysis of treated culture images. The
fraction of HUC/D+ cells was significantly reduced in TSC+DMSO compared to CTR+DMSO
cultures, however treatment with RADOO1 did not rescue the defect. The fraction of HuC/D+ cells
was similarly reduced in CTR+MK2206 and CTR+LY294002 cultures but was not altered in
CTR+RADO0O01 cultures (p<0.05**p<0.01, ***p<0.001,). n = 6 independent differentiations (CTR
#8 and TSC #6 +DMSO, n = 4 (CTR #8 and TSC #6 +RADO001), n = 3 (CTR #8 and CTR#5

+MK2206 and +LY294002). The fraction of HuC/D+ cells was normalized to the internal control
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in each set (CTR +DMSO) and expressed as fold change. Significance was determined via one-
way ANOVA with Dunnett’s multiple comparisons test, comparing the mean of each column to

each control CTR +DMSO. Data are plotted as mean values + SEM. Scale bar = 50um.
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neuronal differentiation was determined in each subject group by measuring the fraction of HuC/D
positive cells in a large sample set via high content analysis of microscopy images. The data
obtained from four independent experiments confirmed that DMSO-treated TSC cultures produce
significantly fewer neurons than DMSO-treated controls at DIV7 of differentiation as previously
noted for untreated cultures. However, treatment with the Rapamycin analog RADO001 failed to
correct the neuronal differentiation defect observed in patient cells and did not alter the
differentiation of control cells despite its effectiveness in suppressing mTORC1 activity (Figure
25G-H). However, both MK2206 and LY294002 treatments significantly reduced the fraction of
HuC/D positive cells at DIV7 of differentiation in control cultures derived from both unaffected
individuals, mimicking the phenotype of TSC2 haploinsufficient cell lines (Figure 25G-I).
Together, these data suggest that PI3K/AKT signaling deficits in TSC2 heterozygous neural
progenitors, rather than mTORCL1 hyperactivity directly, may underlie changes in the process of
neural differentiation. Somewhat surprisingly, we had previously observed only mild attenuation
of AKT signaling in two-week-old differentiating neuronal cultures. However, this discrepancy
may result from dynamic changes to AKT activity over the course of differentiation in TSC2
heterozygous cultures which we were unable to detect after fourteen days of differentiation. It may
also be possible that AKT signaling defects were ameliorated through the process of neuronal
differentiation in TSC2 heterozygous culture, and that this restoration correlates to the transient
nature of differentiative defects in heterozygous cells. Moreover, deficits in PISBK/AKT signaling
in NPCs might impair neural progenitor cultures from the outset of differentiation, impairing the

onset of neurogenesis and which the later restoration of AKT signaling would be unable to restore.

To further investigate the role of PIBK/AKT signaling in neuronal differentiation and its

possible effects in restoring differentiation defects observed in TSC2 heterozygous cells we next
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attempted to use the small molecule AKT activator SC79 to restore phospho-AKT levels in TSC
patient cells. Treatment with 5ug/mL SC79 for 48 hours restored levels of phospho-AKT Thr308
protein and in fact increased these levels above those measured in a matched control line treated
with a DMSO vehicle. Additionally, SC79 treatment increased phospho-AKT levels in
genotypically normal control lines (Figure 26A-C). However, increasing levels of phospho-AKT
had no effect on neuronal differentiation as observed between SC79 and DMSO-vehicle treated
control lines (Figure 26D-E), suggesting that increasing AKT activity does not have an inductive
effect on neuronal differentiation. Moreover, patient lines treated with SC79 continued to display
reduced tendencies to differentiate, with only mild improvements compared to DMSO treated lines
(Figure 26D-E). These findings indicate that enhanced PISK/AKT signaling is in and of itself not
sufficient to increase neuronal differentiation. While deficiencies in AKT signaling may negatively
impact the generation of new neurons, the over-activation of this pathway had no effect on
neurogenesis. This suggests that AKT may play a permissive, but not inductive role during
differentiation. Indeed, tight regulation of PISK/AKT signaling is likely necessary to ensure
neuronal formation proceeds normally where either under or over-active AKT may be detrimental

during the process of neuronal differentiation.
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Figure 26. (A) Western blotting analysis of phospho-AKT (Thr308) and phospho-S6 in 0.1%
DMSO and 5ug/mL SC79 48hr treated control and TSC patient samples from one subject pair
(CTR #8 and TSC #6). (B-C) Western blot quantification shows SC79 effectively increases
phospho-AKT levels in control and TSC patient NPCs compared to DMSO treatment (**p<0.01,
***n<0.001, n = 4 independent cultures). Significance was determined via one-way ANOVA with
Tukey’s post-hoc analysis. (D) Representative confocal images of TSC patient and control DIV7
neuronal cultures treated with 0.1% DMSO or 5ug/mL SC79. Cultures were stained for the post-
mitotic neuronal marker HUC/D and counterstained with Hoechst nuclear stain ( E) Automated
high-content analysis of confocal images shows a decrease in the proportion of HUC/D+ neurons
in DMSO treated TSC patient cultures is not rescued by SC79 treatment. SC79 had no effect on
neuronal content in control cultures. n = 4 independent differentiations. Data are plotted as mean

values £ SEM. Scale bar = 50um.
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Chapter 4: Discussion

In this study, we have successfully used a human iPSC model system to produce primitive,
lineage restricted neural progenitors and neurons in vitro in order to examine the effects of TSC2
haploinsufficiency on brain development, supporting the concept of using iPSC-based studies as a
viable model for exploring human genetic and neurodevelopmental disease. These neural
progenitor cells produced in vitro displayed general characteristics of those found in vivo including
expression of NPC markers NESTIN, SOX2 and PAX6 as well as exhibiting the capacity to fully
differentiate into post-mitotic neurons. Neurons produced from our NPC cultures exhibited
stereotypical morphologies and expressed common neuronal markers such as BIII TUBULIN,
MAP2 and HuC/D, and were observed to form primitive synaptic puncta after four weeks of
differentiation, further confirming the neuronal identity of cells differentiated from reprogrammed
iPSC cultures. These NPC cultures produced an heterogenous mix of neurons, with ~25% of
observed neurons expressing the inhibitory marker GADG67. This suggests that our culture methods

were not particularly specific and instead produced less guided differentiation outcomes.

Our findings using this cell culture system demonstrate that human heterozygous TSC2 NPCs
are abnormal despite lacking certain characteristics such as hypertrophy which are observed in
LOH cells or lesion tissue. The most salient abnormality in TSC2 heterozygous neural progenitors
appears to be their inability to promptly and efficiently differentiate into neurons in response to
induction with appropriate growth factors. At the molecular level, this cellular phenotype likely
results from the suppression of PI3K/AKT signaling activity, which in turn results from a negative
feedback mechanism that is triggered by a modest upregulation of mMTORC1 activity. Our data
suggest that TSC2 heterozygosity in neural progenitor cells may be sufficient to alter brain

development and function in TSC patients. These findings may also explain why surgical excision
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of TSC lesions does not restore cognitive and behavioral function. However, these findings do not
dispute the notion that lesions are deleterious for brain activity. Furthermore, it is possible that
microscopic lesions or undetected, dispersed homozygous null cells with impaired functionality

may contribute to overall TSC symptomology as well (Marcotte et al., 2012; Sosunov et al., 2015).

The molecular signaling phenotype in TSC2 haploinsufficient neural progenitors is consistent
with defects previously reported in homozygous TSC models. TSC2 heterozygous NPCs exhibited
increased mTORCL1 activation and decreased PI3K/AKT activation, similar to homozygous
models. However, mTORCL1 activation was modest as measured by relative levels of phospho-S6
compared to observations often reported in homozygous null TSC1 or TSC2 models, as expected
for an intermediate haploinsufficient phenotype. Interestingly, while we did not observe any
relative increase in phospho-4E-BP1 in TSC2 heterozygous NPCs we did detect an increase in
total 4E-BP1 protein in cell lines from one TSC patient (TSC #1). 4E-BP1 acts as an inhibitor of
cap-dependent protein translation which is phosphorylated by mTORCL1 to free the translation
initiation factor elF4E. Previous work has indicated that the ratio of total 4E-BP1 to elF4E protein
is an important factor in regulating protein translation, raising the possibility that alterations of 4E-
BP1 expression may provide a compensatory mechanism in TSC2 haploinsufficient cells to
regulate protein translation when mTORCL1 is hyperactive (Alain et al., 2012). However, any
potential relationship between 4E-BP1 expression, mTORC1 activity and TSC2
haploinsufficiency is unclear. Furthermore, since this effect was only observed in one individual
with TSC it is not possible to definitively state whether it was attributable to the TSC genotype, or
whether this may be a factor of individual variation in 4E-BP1/elF4E signaling between patients.

Indeed, given the variability observed within the TSC patient population as a whole, it would not
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be surprising to find varying levels of affectedness when assaying the cellular phenotypes of

patients with differing mutations and severity of TSC symptoms.

While mTORC1 activity in TSC2 heterozygous cells was less pronounced than in previously
characterized LOH or null cells it did appear sufficient to elicit a classic negative feedback pathway
leading to the reduction of IRS1 expression and the suppression of downstream PI3K and AKT
signaling activity. This dysregulation of the PI3K/AKT/mTORC1 signaling axis was consistent
and robust, but it was not accompanied by increased cell growth or proliferation, which typically
correlate with high mTORC1 activity in TSC1 or TSC2 null cells. Surprisingly, we observed
normal soma size in TSC patient neurons, and no significant effect on NPC proliferation in TSC2
heterozygous NPC cultures. Phosphorylation of a marker downstream from AKT likewise showed
only mild, and not significant alterations. This may be due to effects on PI3K/AKT signaling in
TSC2 heterozygous cell lines persists near a functional threshold in NPCs where the remaining
AKT activity preserves normal cellular function. Alterations in cellular phenotype might also
result from the accumulated effect of multiple downstream pathways and would otherwise remain
undetectable unless assaying a wide range of downstream factors which this study did not
undertake. These cellular phenotypes contrast with previous reports that described increased
proliferation in TSC patient-derived NPCs. One study reported not only increased cell count and
BrdU incorporation in NPCs cultures, but also increased neuronal soma size in TSC2 heterozygous
cell lines (Li et al., 2017). These data were obtained comparing cells derived from only one TSC
patient to cells obtained from unrelated unaffected controls. Another study also reported increased
K167 labeling in TSC2 heterozygous cells. However, these neural progenitor cells were specifically
differentiated into cerebellar progenitor sub-types (Sundberg et al., 2018). Reasons for such

discrepancies are presently unclear, but they likely reflect technical differences in neuronal
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progenitor cell type, specific induction protocols or time points of analysis. Consistent with this
latest study (Sundberg et al., 2018), we did not detect a significant reduction of TSC2
haploinsufficient NPC cell viability in our short-term culture system, although a modest increase
in cell death was noted in both patient-derived cells. Increased cell death occurs in some models
of TSC or mTOR pathway activation (Ozcan et al., 2008; Wu et al., 2009), and it was also observed
in TSC2 deficient reprogrammed human stem cells (Armstrong et al., 2017). Further studies are
required to determine whether the long-term survival of patient NPCs or neurons is affected,
possibly as a result of reduced AKT activity, which is well known to promote survival in many

systems (Brunet et al., 1999; Manning and Toker, 2017; Pap and Cooper, 1998).

One of the primary findings of this study is that the progression of lineage restricted neural
progenitors differentiating into neurons was perturbed in TSC2 heterozygous cell lines. This
finding was very similar in cell lines from both TSC patients and is consistent with previous
research utilizing genome-edited human iPSC lines which showed transiently reduced propensity
of heterozygous and homozygous null TSC2 lines to undergo neuronal differentiation (Costa et al.,
2016). Similar observations were also produced during studies using TSC2 knockdown techniques
(Soucek et al., 1998). These data were supported by RNA-Seq analyses, which identified a set of
gene transcripts that were depleted in TSC patient NPCs and associated with functional groupings
consistent with diminished or delayed neuronal differentiation. Additionally, a non-significant
trend towards reduced differentiation of inhibitory neurons was also observed in TSC2
haploinsufficient cultures, which might suggest this differentiation defect could affect specific sub
populations of neurons. Interestingly, one recent study of cerebellar progenitors demonstrated a
reduction in mature Purkinje cells generated from TSC patient cell lines, supporting this concept

(Sundberg et al., 2018). We further showed that the differentiation delay of TSC2 heterozygous
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cells could be mimicked by reducing AKT activity in control cell lines, strongly implicating this
kinase in the differentiation process. The disruption of neuronal differentiation could have far
reaching effects on brain development, particularly the alteration of cortical development. The
formation of cortical layers and functional circuitries depend on the appropriate spatial and
temporal regulation of neural progenitor proliferation, migration and differentiation (Dehay and
Kennedy, 2007; Kwan et al., 2012; Noctor et al., 2004). Subtle alterations to these processes could
disrupt the organization and connectivity of neurons in the cortex or subcortical regions. Indeed,
TSC1 and TSC2 deficiencies and increased mTOR activity can cause neuronal migration defects
and cortical malformations in animal models (Carson et al., 2012; Hanai et al., 2017; Zhou et al.,
2011). Abnormalities in neuronal morphology, branching and connection, as well as synaptic
activity have also been observed in TSC2 haploinsufficient human neurons (Costa et al., 2016; Li
et al., 2017; Sundberg et al., 2018). Moreover, axonal projection, synaptic and behavioral
abnormalities have been reported in heterozygous mouse models (Ehninger et al., 2008; Nie et al.,
2010; Tavazoie et al., 2005). Together with the neurodevelopmental abnormality reported here,
these defects could contribute to the profound neurological deficits observed in TSC, including

cognitive and behavioral abnormalities.

Despite the detectable increase of mMTORCL1 activity in our patient-derived NPCs, and the many
documented beneficial effects of rapamycin and rapamycin analogs on TSC mouse models or
patients (Carson et al., 2012; Crowell et al., 2015a; Franz et al., 2006; Meikle et al., 2008; Zeng et
al., 2008), we found that RADO001, a widely used rapamycin analog, while effectively suppressing
MTORCL1 activity in TSC2 haploinsufficient neural progenitors did not rescue the observed
neuronal differentiation defect. However, the inhibition of PI3K and its downstream target AKT

in control lines mimicked the patient phenotype. These data suggest that AKT signaling may play
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a more prominent role in TSC neuropathology than previously thought. Indeed, previous studies
indicate that AKT activity is critical for progression of neuronal differentiation, including
inhibitory neuronal differentiation (Lopez-Carballo et al., 2002; Oishi et al., 2009; Otaegi et al.,
2006; Souza et al., 2011; Vojtek et al., 2003; Yuan et al., 2015; Zhang et al., 2017; Zhang et al.,
2014). AKT appears to play a permissive role in cell fate determination, but this role may be highly
context-dependent as AKT has also been shown to maintain pluripotency and proliferation
(Fishwick et al., 2010; Watanabe et al., 2006). Likewise, our data showed that stimulating AKT
granted no added inductive effect on neuronal differentiation. Instead, tight regulation of
PIBK/AKT activity appears to be necessary to support neuronal differentiation. It is also worth
noting that there are three different isoforms of the AKT protein, and the specific contribution of
each to TSC pathology is undefined (Manning and Toker, 2017). Furthermore, levels of phospho-
AKT were not significantly, but not significantly affected in later differentiating neuronal cultures,
suggesting that AKT signaling in TSC2 haploinsufficient cells may be highly dynamic throughout
the process of differentiation. This seems to correlate with our observation that differentiation
defects seemed to affect primarily earlier time points and was likewise less pronounced later during
differentiation. However, the exact relationship between AKT signaling and neuronal

differentiation remains largely undefined and will require additional research to fully explain.

Upstream components of the AKT pathway which respond to growth stimuli have also been
shown to be required for differentiation, and insulin signaling specifically appears to play arole in
regulating neuronal differentiation (Brooker et al., 2000; Nieto-Estevez et al., 2016; Vicario-
Abejon et al., 2003). Our observation that IRS1 is strongly downregulated in patient NPCs suggests
that neurodevelopmental defects in TSC may also result from the suppression of key growth

signaling factors such as insulin growth factor (IGF) or other IRS1-dependent stimuli. Together,
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these data show that proper regulation of PI3K/AKT activity is necessary for neuronal
differentiation and fate determination, and its downregulation may be a mechanism underlying
neurodevelopmental abnormalities in TSC2 deficient cells. Moreover, the recognition that
PI3K/AKT dysregulation may contribute to the overall TSC disease phenotype opens this feedback
pathway up as a potential target of future therapeutics. Certain beneficial effects may be derived
from treatments that take into account not just mMTORCL1 hyperactivity, but also the proper
restoration of the full upstream component of PISBK/AKT/mTORC1 signaling. Previous work
involving both human brain tissue and iPSC models derived from TSC patients has shown
neuronal defects including functional defects in mature TSC neurons, and these defects were
observed along with overactive mTORC1 which raises the possibility that upstream PI3K/AKT
dysregulation of some kind may persist in mature neurons. Although pharmaceutical intervention
may not be feasible at the appropriate embryonic time points needed to correct abnormal brain
development in TSC, there remains the further possibility that other disease phenotypes mediated
by IRS1/PIBK/AKT signaling may persist in more mature, adult cells, and addressing these
upstream components of the TSC pathway might still be advantageous in some situations. It is
interesting to note that we also detected a significant decrease of AKT phosphorylation in patient
cells not only at the Thr308 (a PI3K/PDK-dependent site) phosphorylation site, but also at Ser473,
a target of mMTORC?2, a different mTOR-containing kinase complex that could also play a role in
neuronal differentiation. This finding suggests that mMTORC?2 activity may be downregulated in

TSC NPCs as well, a possibility that was not addressed here but warrants further investigation.

One limitation of this study is that the data were obtained from only two sets of patient and
control individuals; one set (CTR #5 and TSC #1) consists of a well-matched set of siblings of the

same gender and similar age, whereas the other (CTR #8 and TSC #6) consists of two individuals
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of similar age, but different gender and from different families. Also, no isogenic control lines
were used to confirm the observed TSC2 haploinsufficient phenotypes. Despite these limitations,
the fact that we observed similar cellular and molecular defects in cell lines derived from both
patients suggest that the phenotypes are due to heterozygous TSC2 mutations and not to genetic
background or cell line variability. This does not rule out the possibility that these phenotypes
could be isolated or restricted to a certain subset of other individuals with TSC. Further research
is still needed to fully elucidate the consequences of TSC2 heterozygosity, the role of PISK/AKT
signaling in brain development and neuronal differentiation, and the role of these kinases in the

TSC pathophysiology of individuals throughout the spectrum of TSC.
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Summary of Findings:

IPSCs from TSC patients carrying heterozygous mutations in TSC2 and matched controls were

capable of differentiation into lineage restricted neural progenitor cells and neurons.

TSC2 heterozygous NPCs exhibited levels of cellular proliferation and viability similar to controls,
however TSC2 haploinsufficient NPCs were shown to have elevated mTORC1 activity as
measured by levels of phospho-S6, and levels of phospho-AKT and total IRS1 were likewise

reduced indicating the presence of feedback signaling resulting from over-active mTORC1.

Neurons produced from TSC2 heterozygous NPCs were not hypertrophic but did appear to have a
reduced capacity to differentiate, although this defect appeared to be largely transient as

differentiation progressed.

Treatment of TSC2 heterozygous NPCs with RADOO1 did not restore early deficits in neuron
generation, but treatment of control cell lines with AKT inhibitors phenocopied the TSC2
heterozygous differentiation phenotype, suggesting AKT plays a role in supporting the process of

neuronal differentiation.
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Future Directions:

Considering this study’s limitations in characterizing only two TSC patients additional
work could be undertaken to add more patients to characterize a broader spectrum of potential
TSC cellular and molecular phenotypes. This may be especially useful to compare cellular and
molecular phenotypes of different individual with TSC who present symptoms of varying
intensity. The addition of more subjects could also occur in conjunction with the addition of
isogenic mutant cell lines which could confirm the observed phenotypes produced from varying
TSC-causing mutations. Isogenic mutant lines generated via gene-editing techniques such as zinc-
finger nuclease arrays, TALEN or the CRISPR/Cas9 system for genome editing have been used to
reproduce disease-causing mutations in a wide variety of genes and cell types including in neurons
generated from iPSCs (Dow, 2015; Gaj et al., 2013; Heidenreich and Zhang, 2016; Zhang et al.,
2018). Cell lines with edited mutant TSC2 have previously been reported on and have been shown
to possess similar phenotypes to patient derived cell lines (Costa et al., 2016; Sundberg et al.,
2018). For the purposes of our future studies it would be beneficial to both recapitulate TSC disease
phenotypes in edited mutant cell lines, but also to rescue this phenotype by correcting the TSC-
causing mutation. Genome edited corrections of TSC mutations achieved through the insertion of
normal donor templates via homology directed repair (HDR) would both further confirm the
disease etiology of TSC2 mutations, but also provide a novel therapeutic approach for the treatment
of TSC. While CRISPR/Cas9 editing of mammalian embryos to generate transgenic animals has
been demonstrated it may also be possible to utilize gene editing systems for in vivo gene therapy
in adults (Dai et al., 2016; Yin et al., 2016). However, these technologies are relatively new and

will require further refinements and testing before widespread application in humans.
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Our findings regarding the role of AKT in mediating differentiation suggest that this kinase
provides a supporting effect during neurogenesis and proper regulation of its activity is required
for differentiation to proceed normally. However, a more thorough investigation of AKT’s role in
this process is necessary. Specifically, it should be established how AKT supports neuronal
differentiation either through regulating the expression of pro-neural genes or through supporting
neuronal survival. It also must be explained why AKT inhibition appears to attenuate neuronal
differentiation, but stimulation of AKT has no inductive effect, although this may be due to
technical issues surrounding our SC79 treatments. More effective dosing taking into full account
the potential for toxicity in neural progenitor cultures would be needed to optimize these
experiments. Transcriptome analysis of gene expression during AKT stimulation and inhibition
may provide useful data to help explain AKT’s possible role in the regulation of pro-neural genes,
including specific neuronal subtypes such as inhibitory neurons. Likewise, tracking cell death
through differentiation under the same conditions of AKT activation would be useful to show what
effect AKT’s pro-survival role plays in supporting newly generated neurons. Additionally, more
work should be conducted into the signaling abnormalities present in TSC2 heterozygous NPCs
and their effects on other downstream pathways. In this study we explored only one candidate
pathway in FOXO3a, however other downstream factors may also play a role in mediating TSC
disease phenotype, and further molecular biological studies or transcriptome analysis will be
needed to fully describe these potential downstream effects. These investigations should also
consider possible novel compensatory mechanisms and feedback signaling besides the already
highlighted S6K/IRS1 pathway. Evidence that total levels of 4E-BP1 are altered in at least some
TSC patients raises the possibility that other such compensatory pathways may be active in cells

with dysregulated mTORCL signaling.
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Continuing interest should also be paid to establishing additional details surrounding the
characteristics of TSC2 heterozygous neurons. This study only briefly characterized that TSC2
haploinsufficient neurons did not express hypertrophy, unlike their LOH counterparts. However,
a more thorough characterization should be conducted to describe more detailed morphological
and functional effects. Specifically, dendritic branching and length, axon and synapse formation
should all be assayed to determine if TSC2 deficient neurons express an abnormal phenotype at
this stage of development. Functional assays using electrophysiological techniques will be
required to establish whether TSC2 heterozygous neurons are electrically abnormal. Some
evidence has already been published to this extent suggesting TSC2 haploinsufficent neurons
display certain electrical abnormalities, however more detailed characterizations in patient derived
cell lines are still needed. A complete study of the PISBK/AKT/mTORC1 pathway in neurons at a
later stage of neuronal development should also be conducted to determine whether defects
detected in NPCs persist into the mature neurons, and whether rescuing these molecular defects
would have any beneficial effect on potentially abnormal TSC2 heterozygous neuronal
phenotypes. It may also be useful to utilize different differentiation protocols for the generation of
specific neuronal sub types. Our data was generating using a protocol which generated neurons
through a relatively loosely guided process of differentiation, resulting in the production of
neurons of different sub types in a heterogenous culture. More guided protocols should be adapted
to produce specific neuronal subtypes in order to study these cell types individually. Previous work
showing defects in Purkinje cells raises the prospect that other neuronal subtypes might be
differentially affected, and that TSC2 heterozygosity may more acutely impact neurons of certain

sub types over others (Sundberg et al., 2018).
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Lastly, while this and other studies have focused on the phenotype of TSC2 heterozygous
cells alone, it would also be useful to consider the effect of TSC2 LOH cells on adjacent
heterozygous neurons. White previous studies utilizing gene editing techniques have successfully
produced neurons with a TSC2 null genotype, the effect these abnormal cells might have on
relatively less affected heterozygous cells has not been explored. It may be possible to co-culture
heterozygous neurons along with LOH cells expressing a reporter such as GFP in order to
differentiate them from surrounding haploinsufficient cells. Then a functional analysis could be
undertaken to determine if these abnormal TSC2 null cells have any effect on the surrounding
tissue. This could answer questions surrounding the effect of small microtubers and other sub-
lesion abnormalities observed in some TSC brains. Indeed, some evidence exists to suggest that
peri-tuber regions are electrophysiologically or otherwise abnormal (Boer et al., 2008b; Ruppe et
al., 2014). Confirming these findings could aid in explaining the relationship between cortical

tubers and other abnormal lesions in the TSC brain.
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