The Effect of Torin1, an mTORC1 kinase inhibitor, on
Niemann-Pick type C disease cellular phenotype

A thesis
submitted by

Hiroko Nagase

In partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
In
Cellular and Molecular Physiology

TUFTS UNIVERSITY
Sackler School of Graduate Biomedical Sciences
February 2015

ADVISOR:
Dr. Laura Liscum

Abstract

Niemann-Pick type C disease (NPC), one of more than 50 lysosomal storage diseases, is
characterized by the lysosomal accumulation of unesterified cholesterol. Most lysosomal
storage diseases do not have curative therapies available and NPC is no exception. NPC
is a fatal neurovisceral disease and the majority of patients succumb to death by late-teens
to early adult-hood years. Although individual lysosomal storage diseases are rare,
collectively, the prevalence is 1 in every 5,000 live births. Recently, a potential novel
therapeutic target for lysosomal storage diseases as a group has garnered attention.
Transcription factor EB (TFEB) is a master regulator of lysosomal biogenesis that, when
overexpressed, induced lysosomal exocytosis and clearance of pathogenic accumulant in
several lysosomal storage diseases in vitro and in vivo. Thus, my doctoral project aim was
to determine whether TFEB activation is a potential therapeutic target for NPC. Here, I
tested the hypothesis that pharmacological activation of endogenous TFEB will clear
lysosomally stored cholesterol from NPC cells.

In order to promote TFEB activation, a small molecule called Torin1 was used to
inhibit mTORC1 kinase, a negative regulator of TFEB activity. In NPC cells, Torin1
treatment promoted TFEB nuclear translocation and induction of lysosomal genes.
Intriguingly, Torin1 induced the expression of lysosomal genes even with RNAimediated TFEB silencing, suggesting another transcriptional regulator is responsible.
Remarkably, NPC cells treated with Torin1 showed a reduction in lysosomal cholesterol,
which was measured by fluorescent cholesterol marker. Assays were conducted to
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determine the fate of cholesterol upon release from Torin1-treated lysosomes; however,
no changes were observed in trafficking of cholesterol to other intracellular membranes.
To our surprise, measurement of cholesterol content in isolated NPC lysosomes showed
Torin1 treatment did not alter the amount of this lipid. Taken together, the findings
suggest Torin1 is not a therapeutic option for NPC disease and further experiments
should include testing TFEB overexpression in NPC. In addition, this work suggests the
existence of transcriptional regulator(s) other than TFEB that regulate lysosomal gene
expression.
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Introduction
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Lysosomes and Lysosomal storage diseases

The lysosome, named after a Greek term meaning “digestive body,” was
discovered almost 60 years ago by Christian de Duve (De Duve et al., 1955). These
ubiquitous membrane bound organelles are the cellular degradation center of
macromolecules such as, but not limited to, protein, lipids, and polysaccharides, into their
respective building blocks: amino acids, free fatty acids, and monosaccharides (Schulze
et al., 2011). The breakdown is accomplished by soluble acid hydrolases that fill the
lumen of the lysosomes, including lipases, glycosidases, proteases, sulphatases, and
carbohydrases (Schulze et al., 2011, Samie et al., 2014). Most of the enzymes optimally
function at the acidic pH of lysosomes, which is maintained at approximately pH 4.5 by
the proton-pumping action of the vacuolar-ATPase (V-ATPase) (Ohkuma et al., 1982,
Mindell, 2012). The broken down molecules are transported to the cytoplasm to be
reutilized. The acid hydrolases can also degrade transmembrane and peripheral
membrane proteins; to prevent from such degradation, the inner leaflet of the lysosomal
membrane has a protective polysaccharide coating called the glycocalyx (Neiss, 1984).
Mutations that interfere with lysosomal functions, such as those in acid
hydrolases, integral membrane proteins, or associated membrane proteins, results in a
group of diseases termed lysosomal storage diseases (LSDs). LSDs are inherited in an
autosomal recessive manner, except for Danon, Fabry and Hunter diseases, which are Xlinked recessive disorders (Platt et al., 2009). Individually, the disorders are extremely
rare. Collectively, however, the frequency of LSDs is estimated to be about 1 in 5,000
live births (Boustany, 2013). The disease-causing mutations in lysosomal proteins leads
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to the build-up of substrates and digested materials in lysosomes, leading to cellular
inflammation, apoptosis and organ-specific clinical manifestations. Although the affected
lysosomal proteins are expressed in all cells, the substrates on which they act are not
uniformly distributed; thus, the organs affected depend on the type of metabolite stored in
the lysosomes (Platt et al., 2009).
The accumulation of non-degraded macromolecules triggers lysosomal expansion,
both in size and number. However, this expansion itself is not thought to lead to
pathogenesis in LSDs. Instead, it is thought that the resulting biochemical and cellular
changes may lead to the pathogenesis we observe in this group of diseases (reviewed in
Ballabio et al., 2009, Vitner et al., 2010). Many of the diseases share these changes and,
thus, may benefit from developing therapies targeted to the processes as each individual
disease is so rare. My doctoral research focused on a novel therapeutic approach that has
been effective in animal models of several LSDs and testing it in our LSD of interest,
Niemann-Pick type C disease (NPC). First, I will describe some common pathology
observed in LSDs.

Lysosomal storage disease pathology
In most LSDs, causal mutations show great heterogeneity and varying degrees of
residual function in the protein product. Except for those mutations resulting in premature
stop codons, the translated polypeptide enters the ER where the mutations destabilize the
protein product, hindering proper protein folding. Buildup of unstable, misfolded proteins
triggers a signaling cascade called the unfolded protein response (UPR) where these
proteins are removed from the ER and degraded (reviewed in Brodsky, 2012). Sustained
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UPR signaling, however, will eventually trigger apoptotic pathway activation. The UPR
and resulting stress signaling is thought to contribute to some LSDs and, in fact,
molecules that indirectly aid in the protein folding processes have been effective in some
LSDs (discussed in more detail under Therapeutic Approaches).
Defective calcium signaling is another biochemical change seen in many LSDs.
Calcium is a major signaling molecule that often involves being released from the ER
where it is stored at high concentration. In some LSDs, calcium release from the ER is
sensitized, whereas in others the calcium reuptake back into the ER is slower. In
neuropathic Gaucher type II disease, sensitization of ER calcium release is seen and is
thought to partly contribute to calcium-induced excitotoxicity and neurodegeneration
(Korkotian et al., 1999). In contrast, in Sandhoff disease (GM2 ganglioside storage
disease) or Niemann-Pick type A disease (sphingomyelin storage disease), calcium
reuptake in the ER is affected due to the effect of disease on function or expression of the
reuptake channel, respectively (Pelled et al., 2003, Ginzburg et al., 2005). Additionally,
some chaperones that aid protein folding are calcium dependent whereas other
polypeptides require calcium for proper folding (Benham, 2012, Pena et al., 2010). Thus,
those diseases with altered ER calcium homeostasis may be more prone to UPR. In
support of this, treatment of diseased patient fibroblasts with the calcium channel
blockers diltiazem and verapamil was shown to increase residual enzyme activity (Mu et
al., 2008).
Lysosomes play a pivotal role in autophagy, a regulated cellular catabolic process
that mediates protein and organelle turnover (Mizushima et al., 2011). The final stage of
the autophagic process is the degradation of the cellular materials by lysosomal enzymes.
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Thus, autophagy is of interest to the LSD community, since macromolecule storage in
lysosomes may impede proper autophagy (reviewed in Raben et al., 2009). In fact,
increase in LC3-II staining has been observed in several LSDs (Cao et al., 2006, Liao et
al., 2007, Settembre et al., 2008). LC3, or microtubule-associated protein1 light chain 3,
is an autophagy marker because the conversion of soluble LC3-I into membrane-bound
LC3-II only occurs upon autophagy activation. In addition, studies in several LSDs
suggest incomplete autophagic process resulting in buildup of autolysosomes or
improperly digested organelles, particularly mitochondria (Fukuda et al., 2006, Jennings
et al., 2006, Ordonez et al., 2012). Taken together, lysosomal storage could impede
completion of the autophagic process, resulting in disruption of protein homeostasis,
metabolic homeostasis, or inefficient stress response (Schneider et al., 2014).
Only a few LSDs are spared a central nervous system (CNS) disease pathology
(reviewed in Boustany, 2013), perhaps suggesting the critical role lysosomes play in
maintenance of the vast CNS network. This is thought to be due to the long surviving
nature of neuronal cells and the limited regeneration capacity of the CNS. Activation of
inflammatory response as a direct or indirect consequence of lysosomal storage
contributes greatly to CNS pathology (reviewed in Burda et al., 2014). Normally
quiescent microglia, brain resident macrophages, are activated in response to trauma or
injury until the damage is resolved (Ransohoff et al., 2009). Since the damage cannot be
resolved in LSDs, microglia activation seems to parallel storage burden (Jeyakumar et
al., 2003). Activation of astrocytes, the most abundant non-neuronal cells, is another
characteristic of CNS inflammatory response and their activation leads to further
cytokine release. These sustained glial activations are thought to contribute to
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neurodegeneration in LSDs as evidenced by disease mouse models (Farfel-Becker et al.,
2011, Wilkinson et al., 2012). In addition, peripheral inflammatory responses cannot be
ignored. As a neurovisceral disease, non-brain organs affected in NPC include the liver,
spleen and sometimes lung (Vanier, 2010). Evidence suggests NPC liver disease
pathology is in part mediated by tumor necrosis factor-alpha, a major inflammatory
cytokine that is also pro-apoptotic (Beltroy et al., 2005), as evidenced by significantly
less inflammation, apoptosis, and fibrosis in the livers of tumor necrosis factor-alpha
knockout mice with induced NPC liver disease (Rimkunas et al., 2009).
Thus, although each LSD arises from loss of function in one of more than 50
lysosomal genes, some common cellular changes are shared. Some of the therapeutic
options for LSD treatment are aimed at correcting the shared changes whereas others are
disease specific. In the next section, I will be discussing the therapeutic approaches being
taken for LSDs as a group, followed by those for NPC.
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Therapeutic approaches for lysosomal storage diseases
The first approach that has been successful in several LSDs is enzyme
replacement therapy. Acid hydrolases and other soluble lysosomal proteins are targeted to
the lysosomes by the addition of mannose-6-phosphate group at the cis-Golgi, which are
recognized by mannose-6-phosphate receptors (MPR) at the trans-Golgi network. MPRbound proteins are transported to the late endosome/lysosome (LE/L) compartments via
receptor-dependent transport, whereupon the proteins are released and MPRs are recycled
back to the trans-Golgi network (Luzio et al., 2007). MPRs also circulate to the cell
surface, where they capture any secreted or extracellular mannose-6-phosphate-tagged
proteins. Enzyme replacement therapy involves the intravenous infusion of wild-type
lysosomal enzymes with the mannose-6-phosphate modification. The enzymes are
internalized and delivered to lysosomes via the MPR and perhaps by other lectin-like
receptors (Desnick et al., 2012). Fabryzyme® and Cerezyme® are enzyme replacement
therapy drugs used to treat Fabry and Gaucher diseases, respectively (Desnick et al.,
2012). Other diseases for which enzyme replacement therapy is used include Hunter
syndrome and Pompe disease (Boustany 2013). Clinical trials are being conducted for
many others, including Niemann-Pick type B disease (Genzyme). However, those LSDs
with neurological involvement are difficult to treat by this approach since the
intravenously administered proteins do not readily cross the blood-brain barrier. For
example, Cerezyme and its second generation derivatives are effective treatment options
for Gaucher disease type 1 but not for type 2 or type 3, both of which have neurological
manifestations to the disease. In addition, some tissues, such as the heart and skeletal
muscles, are more challenging to reach by intravenously injected enzymes.
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Substrate reduction therapy is another approach being used for LSD treatment.
The aim is to reduce the substrate that the defective enzyme normally acts on so that there
will be less build-up of pathogenic molecules in lysosomes. Currently, only one small
molecule has been approved and is in clinical use. That is N-butyldeoxynojirimycin, or
miglustat, a competitive inhibitor of glucosylceramide synthase that inhibits the first
committed step in the glycosphingolipid biosynthesis pathway (Platt et al., 1994). Thus,
for LSDs that store glycosylceramide-derived glycosphingolipids, treatment with
miglustat should either delay or attenuate the progression. Indeed, miglustat is an
approved drug for non-neuropathic Gaucher type I disease patients who are not
responsive to enzyme replacement therapy (Cox et al., 2003). Importantly, a small
percentage of the substrate reduction therapy compound can cross the blood brain barrier.
This is a critical factor to consider for the further development of novel compounds in
order to treat neuropathic LSDs (Lachmann et al., 2004).
As mentioned previously, LSDs can result from mutations leading to misfolding
of the lysosomal protein at the ER. The subsequent degradation initiated by the UPR
results in insufficient number of enzymes being trafficked to the lysosomes.
Pharmacological chaperones are chemical compounds that bind and stabilize misfolding
proteins so that the correct conformation can be achieved. Migalastat hydrochloride is
one such compound that has been shown to be effective in the Fabry disease mouse
model,

resulting

in

increased

enzyme

activity

and

reduction

in

stored

globotriaosylceramide, a type of ganglioside (Young-Gqamana et al., 2013). Similarly to
the substrate reduction therapy approach, these small-molecule chaperones have the
potential to be modified to cross the blood-brain barrier and affect the CNS pathology.
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Bone marrow transplantation or hematopoietic stem cell transplantation is another
approach that has been used in some LSDs, owing again to the ability to cross-correct
defective enzymes by MPR-mediated reuptake of secreted wild-type hydrolases. This
method has been used in only a handful of LSDs with some success (Escolar et al., 2005,
Lucke et al., 2007). Hematopoietic stem cell therapy is recommended for
mucopolysaccharidosis type I disease in patients diagnosed before 2.5 years old (de Ru et
al., 2011). Again, however, only a fraction of stem cells from bone marrow origin will
migrate to the brain to become neuronal cell types, posing difficulty in the treatment of
disease with major CNS pathology. One possible solution is the transplantation of neural
stem cells. This approach has been performed in animal models of several LSDs and
improved survival and neural function were observed (Snyder et al., 1995, Lee et al.,
2007).
Viral-mediated gene therapy has been tested in many LSD mouse models and it
results in global gene expression and cross-correction in some. Adeno-associated virus
(AAV) (single strand DNA virus) and lentivirus (type of retrovirus) are most commonly
used viruses for therapy. The big challenge for gene therapy is translating the success in
mouse models to humans. Human organs are much larger than those of rodents, meaning
treatment requires higher vector doses. This in turn could trigger an unwanted immune
response (Haurigot et al., 2013). However, there are several ongoing clinical trials in
which recombinant AAVs are being delivered to patients by intrathecal or intracerebral
methods (Boustany, 2013, Sands et al., 2006).
One recent approach combines hematopoietic stem cell transplantation and gene
therapy. It involves the ex-vivo transduction of autologous hematopoietic stem cells with
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recombinant virus, thereby cross-correcting the disease with greatly reduced unwanted
transplantation related side-effects. One recent clinical trial employed this method in presymptomatic

patients

with

metachromatic

leukodystrophy,

a

type

of

glycosphingolipidosis, and the result indicated high expression of the recombinant
protein in hematopoietic lineage cells and cerebrospinal fluid (Biffi et al., 2013).
Remarkably, follow-up observations 18-24 months after the transplantation indicated no
disease progression.
In addition, patients can be treated for downstream cellular effects such as
inflammation and altered calcium homeostasis. However, as some of these biochemical
changes occur secondarily to the lysosomal accumulation, it is more palliative and not
curative. The novel therapeutic approach I focused on for my doctoral project could be
curative for many LSDs due to its ability to clear pathologic accumulants. Before I
describe the novel approach in more detail, I will introduce NPC and its current
therapeutic options.
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Niemann-Pick type C disease

Of the LSDs, NPC belongs to the lipid storage group. In particular, NPC is characterized
by the accumulation of unesterified cholesterol and glycosphingolipids in LE/L. The
prevalence of NPC is estimated to be about 1 in 150,000 live births, although this is
considered an underestimation due to difficulty in diagnosis (Patterson et al., 2001). NPC
is inherited in an autosomal recessive manner like most LSDs, and is panethnic except for
a few genetically isolated populations (Greer et al., 1998, Millat et al., 1999).
The Niemann-Pick disease family was first described in early 1900s by Albert
Niemann and Ludwig Pick as an infantile neurodegenerative disease with accompanying
hepatosplenomegaly characterized by the storage of glycosphingolipids. It was
recognized as phenotypically distinct from Gaucher disease, another glycosphingolipid
disorder. Subsequently, Alan Crocker and Sidney Farber grouped the Niemann-Pick
disease family based on the analysis of eighteen patients (Crocker et al., 1958) and their
clinical manifestation patterns: type A neurodegenerative infantile form, type B visceral
form with no neurological involvement, type C juvenile form with progressive
neurodegeneration, and type D Nova Scotian form (Crocker et al., 1958, Crocker, 1961).
Later, type A and type B were identified as diseases arising from mutations in acid
sphingomyelinase enzyme (Brady et al., 1966). The first identification of NPC as a
disease of cholesterol metabolism was made by Peter Pentchev, studying a spontaneous
mouse colony displaying a lipid storage phenotype. When mutant mice were fed a highfat diet, there was a substantial accumulation of unesterified cholesterol in the liver
whereas wild-type mice accumulated cholesteryl esters (Pentchev et al., 1984).
Subsequent investigations by Liscum and Faust, using human fibroblasts and Chinese
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hamster ovary (CHO) cell derived mutants, established that the fundamental problem in
NPC was a defect in intracellular transport of exogenous cholesterol from LE/L to the site
of esterification at the ER and subsequent loss of cholesterol homeostatic response
(Liscum et al., 1987, Liscum et al., 1989, Dahl et al., 1992). Parallel to this, the technique
to visualize sequestered lysosomal cholesterol by filipin fluorescence staining was
established (Sokol et al., 1988). This distinctive biochemical analysis method, plus the
defect in exogenously-derived cholesterol esterification, became the diagnostic method
for NPC.
In order to identify the number of causal NPC genes, researchers carried out
complementation analysis. Through cell hybridization of fibroblasts collected from NPC
patients, the analysis identified two distinct groups (Carstea et al., 1993, Steinberg et al.,
1994). The first complementation group accounts for the majority (95%) of the cases
(Patterson et al., 2001) and genetic linkage analysis showed it is due to mutations in
Niemann-Pick type C1 (NPC1) gene (Carstea et al., 1997). The mouse model was shown
to carry a nonsense mutation in the orthologous murine npc1 (Loftus et al., 1997).
Located on human chromosome 18, NPC1 encodes for a large integral membrane protein
with 1278 amino acids, consisting of 13 transmembrane domains, 3 large luminal loops,
and a lysosomal targeting di-leucine motif at the carboxy terminus (Carstea et al., 1997).
Of the 13 transmembrane domains, 5 domains show homology to a sterol-sensing domain
(SSD) found in sterol regulatory element-binding protein cleavage activating protein
(SCAP) and 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR), both of
which are important in regulating cellular cholesterol homeostasis. Except for few genetic
isolates, there are no mutation hotspot regions in the NPC1 gene. Currently, over 300
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disease causing mutations have been identified throughout the gene (Vanier, 2013).
Following the sequencing of NPC1, the Nova Scotian type D disease was identified as a
genetic isolate of NPC that harbors a missense mutation in NPC1 (G962W) (Greer et al.,
1998). The minor second complementation class was linked to mutations in HE1 (a major
secretory protein in human epididymis), later renamed NPC2 (Naureckiene et al., 2000).
In contrast to NPC1, NPC2 is a small soluble protein consisting of 151 amino acids with
a mannose-6-phosphate marker, which targets NPC2 to lysosomes. Patients with
mutations in NPC2 occur rarely, and only about 30 patients are known to date (Vanier,
2010).
NPC is highly heterogenous and the age of onset varies widely from perinatal
period to late into adulthood (Vanier, 2013) and are typically classified by the age of
onset into infantile, juvenile, and adult forms. Alternative promoters have not been
identified for NPC1 or NPC2 (Watari et al., 2000, Naureckiene et al., 2000) and both are
ubiquitously expressed in all tissues (Loftus et al., 1997, Naureckiene et al., 2000).
Nonsense or frame-shift mutations that result in premature protein truncations are thought
to lead to the most severe infantile form, in which most patients succumb to death by 3
years old. The remaining mutations are missense mutations that result in generation of
full-length proteins. However, many of these proteins do not fold properly, triggering
UPR and subsequent degradation. This is supported by the evidence that NPC fibroblasts
with missesense mutations can be corrected by pharmacological chaperone treatment,
resulting in reduced lysosomal cholesterol accumulation and improved intracellular
cholesterol trafficking (Gelsthorpe et al., 2008, Yu et al., 2012, Zampieri et al., 2012).
Moreover, overexpression of mutant NPC1 construct in NPC1-deficient cells can also
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correct the NPC phenotype, suggesting that some of the mutant NPC1 protein is
functional once it is delivered to LE/L (Gelsthorpe et al., 2008).
This progressive disease is fatal due to consequences of neurodegeneration.
However, severe liver disease including hepatosplenomegaly, jaundice, and cholestasis,
is present in many patients particularly during infantile years (Vanier, 2010). Many
patients carrying NPC2 mutations, and some with NPC1 mutations, can present
pulmonary alveolar proteinosis in which alveolar accumulation of lipoproteins makes
breathing difficult. Neurologic symptoms include cerebellar ataxia, dysphagia, dystonia,
and progressive dementia with seizures. Vertical supranuclear gaze palsy is a key
neurological symptom of NPC, where vertical saccadic eye movement is paralyzed
(detailed review of clinical presentation can be found in Vanier, 2010). Several palliative
therapies are available for NPC and are discussed in detail below. However, no curative
therapy exists and to have NPC is a death sentence. Infantile patients die by 3 years of
age whereas the most common juvenile-form patients succumb to death by late teen to
early adult years. Others with milder, adult-onset forms have normal childhood and are
diagnosed due to early dementia (Vanier, 2013).

Therapeutic options for NPC
As stated, the available NPC therapies are palliative and do not resolve the lysosomal
cholesterol storage. There are several emerging therapeutics that seem to reduce stored
cholesterol, which will be discussed at the end of this section. In testing the efficacy of
potential therapeutics, animal models are highly useful and several NPC models are
available for use. The most widely used model is the NPCnih mice described earlier with a
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spontaneous null NPC1 mutation. Although asymptomatic at birth, they develop ataxia
by 5 weeks and succumb to death by approximately 13 weeks (Li et al., 2005). A more
recent NPC1 mutant mouse model (NPC1nmf164) carries a missense mutation and develops
the disease more slowly than that does NPCnih, with a lifespan of about 16 weeks (Maue
et al., 2012). There is also an antisense oligonucleotide NPC1-knockdown model that is
liver specific (Rimkunas et al., 2008), which recapitulates liver disease observed in
NPCnih. Additionally, a NPC2 hypomorph that expresses about 4% of wild-type level
(Sleat et al., 2004) and NPC2-null mice (Nielsen et al., 2011) exist. An alternative to the
mouse models is the NPC1-deficient feline model that also arose from spontaneous
mutation (Somers et al., 2003) and displays similar onset and progression of neurological
signs as human patients (Brown et al., 1994). Together, these models have provided
knowledge of NPC disease as well as vessels in which to test past and future NPC
therapeutics.
Of the LSD therapeutic approaches described above, the substrate reduction
therapy drug miglustat, inhibitor of glycosphingolipid biosynthesis, was subjected to
clinical trial and approved for treatment of NPC in Europe. In NPC, evidence suggests
glycosphingolipid accumulation occurs secondarily to the primary accumulation of
cholesterol. First, both NPC1 and NPC2 bind cholesterol (Kwon et al., 2009, Cheruku et
al., 2006). Also, genetically crossing NPCnih mice with those deficient in GM2 or GM3
ganglioside synthesis, types of glycosphingolipid that accumulate in NPC lysosomes, still
resulted in cholesterol accumulation and neurodegeneration (Liu et al., 2000, Li et al.,
2008). Remarkably, miglustat treatment of NPCnih mice showed a reduction in
ganglioside accumulation in the brain and delayed neurological symptoms. The feline
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NPC model treated with miglustat also showed similar improvements (Zervas et al.,
2001). Clinical trials in juvenile and adult NPC patients showed some stabilization of
neurological symptoms and demonstrated that long-term use was well-tolerated
(Patterson et al., 2010, Wraith et al., 2010, Galanaud et al., 2009). In addition, miglustat
also modestly extended patient lifespan (Zervas et al., 2001).
As mentioned, enzyme replacement therapy has proved to be very effective in
some LSDs. However, this approach remains impractical for the treatment of NPC due to
the fact that NPC1 is an integral membrane protein. The approach may be appropriate for
NPC2 patients and, in fact, NPC2-enriched medium is able to cross-correct other NPC2
fibroblasts (Naureckiene et al., 2000). However, there are only about 30 reported patients
with NPC2 mutation (Vanier, 2010) and a small-scale protein production for therapy is
unlikely.
There are a few reported cases of bone marrow transplantation in NPC patients.
The first case was a 3.5 year old child with NPC1 mutation. Allogenic bone marrow
transplantation from her sibling resolved the patient’s hepatosplenomegaly and lung
infiltration, but her neurological deterioration continued (Hsu et al., 1999). The
improvement in the peripheral organ phenotype was attributed to the replacement of
NPC1-deficient monocytes and phagocytes with their normal counterparts derived from
progenitor cells of the transplanted bone marrow. In contrast, bone marrow
transplantation was very effective in a 16 month old NPC2 patient. Follow-up evaluation
at 3 years of age showed that both hepatosplenomegaly and lung infiltration had resolved;
moreover, the patient showed normal neurological development and reached
developmental milestones, except for delayed speech development (Bonney et al., 2010).
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Again, considering the differences in protein properties of NPC1 and NPC2, NPC1
patients would most likely not benefit from this therapeutic approach.
Currently, the most promising therapeutic approach for NPC is cyclodextrin.
Cyclodextrin is a cyclic oligosaccharide containing a hydrophobic cavity in which
hydrophobic molecules can be carried, including cholesterol (Zidovetzki et al., 2007).
Identification of cyclodextrin as a potential therapeutic came about serendipitously.
Cholesterol is the precursor to all neurosteroids that are important for neuronal growth
and development, including allopregnanolone whose level is low in NPCnih mice (Griffin
et al., 2004). Remarkably, a single injection of allopregnanolone dissolved in
cyclodextrin in 7-day old NPCnih mice delayed neurological onset, prevented
neurodegeneration, and doubled the lifespan (Griffin et al., 2004). Subsequent
experiments showed, however, that both single and chronic administration of
cyclodextrin alone reduced neurodegeneration and increased lifespan (Liu et al., 2008,
Liu et al., 2009, Davidson et al., 2009), whereas an injection of allopregnanolone by
itself showed no beneficial effects (Liu et al., 2009). The current evidence suggests
internalized cyclodextrin is able to bypass both NPC1 and NPC2 functions and move
cholesterol out of lysosomes. Cholesterol is delivered to the ER, the sterol homeostasis
center of the cell (discussed further in Cholesterol Homeostasis), leading to correction of
abnormal homeostatic response seen in NPC (Rosenbaum et al., 2010). In support of this,
a single injection of cyclodextrin reduced unesterified cholesterol accumulation,
increased the amount of cholesteryl ester, and decreased cholesterol synthesis in liver,
spleen, and the brain in NPCnih mouse (Liu et al., 2009). Moreover, cyclodextrin injection
in NPC2-deficient mice showed similar beneficial effects (Davidson et al., 2009). The
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fact that NPC symptoms are improved by the removal of cholesterol by cyclodextrin
lends support to the notion of cholesterol as the primary storage material in NPC.
One obstacle hindering use of cyclodextrin to treat NPC is that only a small
portion of cyclodextrin crosses the blood-brain-barrier, if any (Monnaert et al., 2004,
Pontikis et al., 2013).

Howeer, direct infusion of cyclodextrin into the brain of

asymptomatic 3-week old NPCnih mice, plus subcutaneous injection of cyclodextrin,
showed normal brain pathology and lack of neurodegeneration in these mice (Aqul et al.,
2011). Moreover, no alteration in cholesterol homeostasis occurred in wild-type control
mice. Encouraged by these results, the Federal Drug Administration approved a clinical
trial in 2013 of intrathecal delivery of cyclodextrin, which is currently ongoing at the
National Institutes of Health in a limited number of NPC patients.
Another promising treatment option is the inhibition of histone deacetylases
(HDAC). Treatment of NPC fibroblasts with HDAC inhibitors reduced cholesterol
storage as measured by filipin fluorescence (Pipalia et al., 2011). Importantly, a few of
the inhibitors effective in reducing cholesterol storage are already approved for the
treatment of certain cancers and some percentage can cross the blood-brain-barrier (Tan
et al., 2010, Garbes et al., 2009), potentially allowing for a quicker Federal Drug
Administration approval for drug repurposing. HDAC inhibitors increased NPC1 protein
expression but not NPC2; accordingly, the inhibitors were not able to reverse the NPC2
fibroblast phenotype (Pipalia et al., 2011). The current hypothesis is that HDAC
inhibitors act similarly to pharmacological chaperones, stabilizing NPC1 protein folding
and delivery to the lysosomes. Therefore, this treatment option may only be effective in
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NPC1 patients with residual NPC1 protein activity. Treating NPCnih and NPCnmf164 mice
in parallel may shed more insight into this hypothesis.
One important aspect in evaluating the efficacy of potential treatment compounds
is the need for reliable, disease-specific biomarkers. Considerable effort has been made
by Daniel Ory and Forbes D. Porter to identify such biomarkers for NPC disease. They
hypothesized that potential biomarkers for NPC disease are elevated cholesterol oxidation
products, based on the evidence that NPC cells have gene expression profile indicative of
oxidative stress (Reddy et al., 2006). Indeed, two cholesterol oxidation products, 7ketocholesterol and 3β,5α,6β-triol, emerged as two products consistently elevated in the
serum of NPC patients but not in other LSDs (Porter et al., 2010). Moreover, the levels of
the two oxidation products significantly decreased in feline NPC cats treated with doses
of cyclodextrin effective in increasing lifespan (Porter et al., 2010). Importantly, the
cholesterol oxidation product was recently used to successfully diagnose new NPC
patients (Zhang et al., 2014), supporting the idea of potential use of these two oxidation
products as biomarkers for NPC diagnosis.
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Cellular Cholesterol Homeostasis

In order to understand why lysosomal storage of cholesterol leads to NPC
pathogenesis, we must understand the role of cellular cholesterol and its homeostatic
regulation. Cholesterol is a 27-carbon tetracyclic molecule that is both synthesized by
cells and taken up from exogenous sources. Cholesterol is a precursor to oxysterols and
steroidal hormones, which act as signaling molecules. Bile acids are also generated from
cholesterol and are responsible for solubilization of dietary fats (Ikonen, 2006).
Isoprenoid intermediates generated during cholesterol synthesis are also critical in protein
modification (N-glycosylation and prenylation) and transcription (isopentenyl tRNAs)
(Ikonen, 2006). In addition, cholesterol is an essential component in mammalian cell
membranes and shows preferential interaction with certain membrane lipids (Maxfield et
al., 2005). The rigid non-polar tetracyclic body tends to associate with phospholipids
with saturated hydrocarbon chains, such as sphingomyelin. The only polar structure of
cholesterol is the small hydroxyl head group. In order to shield itself from the hydrophilic
milieu, cholesterol prefers to associate with phospholipids with large polar head groups.
These preferential associations with certain membrane lipids allow cholesterol to increase
order of the membrane and provide a permeability barrier to polar molecules (Maxfield et
al., 2005, Ikonen, 2008).
As mentioned, cholesterol is an integral component of cellular membranes but the
distribution of cholesterol within organelle membranes vary widely (Ikonen, 2006).
Cholesterol content is highest at the plasma membrane where it is packed together at high
density with other lipids to generate a stable, ordered membrane. Endocytic recycling
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and trans-Golgi compartments are also enriched in membrane cholesterol. In contrast, the
ER membrane is low in cholesterol. This characteristic provides the ER its unique
function as a regulatory center for maintaining cholesterol homeostasis (Reviewed in
(Weber et al., 2004, Bengoechea-Alonso et al., 2007). A key player is a family of
membrane-bound transcription factors called sterol regulatory element binding proteins
(SREBPs). At the ER, SREBP is normally bound to SCAP and this SREBP-SCAP
complex promotes binding to another ER resident protein INSIG (insulin-induced gene).
Cholesterol bound to the SSD of SCAP promotes its association with INSIG
(Bengoechea-Alonso et al., 2007), whereas the binding of 25-hydroxycholesterol, an
oxysterol, promotes INSIG to associate with SCAP (Ikonen, 2008). Thus, SREBP is
retained in the ER under cholesterol abundant conditions.
When intracellular cholesterol is depleted, the SCAP-INSIG interaction is
disrupted. The resulting conformational change in SCAP allows SREBP-SCAP to be
trafficked to cis-Golgi via a transport vesicle pathway (Goedeke et al., 2012). There,
SREBP undergoes sequential proteolytic processing by site-1 protease and site-2
protease, releasing the N-terminal transcription factor domain of SREBP (Goldstein et
al., 2006). Once translocated to the nucleus, active SREBP induces expression of various
genes involved in cholesterol homeostasis, including HMGCR, a rate limiting enzyme of
the cholesterol biosynthesis pathway. Interestingly, HMGCR also harbors a SSD and
binding of cholesterol to it promotes HMGCR association with INSIG. This association
promotes HMGCR ubiquitination and degradation, thus, dampening cholesterol synthesis
(Ikonen, 2008). Another critical target of SREBP is the low-density lipoprotein (LDL)
receptor, which is essential for import of LDL, which contains exogenous cholesterol.
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Hence, the overall effect of SREBP transcription activity is the increased biosynthesis
and import of exogenous cholesterol.
Another important cholesterol homeostatic enzyme is acyl-CoA:cholesterol
acyltransferase (ACAT), an integral ER resident protein. The function of ACAT is to add
a fatty acid chain to cholesterol’s hydroxyl head group through an esterification reaction
(Chang et al., 2009). These cholesteryl esters can then be stored in cytoplasmic lipid
droplets until needed (Ikonen, 2006). Cholesterol can also be effluxed from cells through
cholesterol transporters, collectively called ATP-binding cassette (ABC) transporters
(Zhu et al., 2012). ABC transporter expression is induced by a transcription factor
comprised of ligand X receptor (LXR) and retinoid X receptor (RXR) heterodimer.
Interestingly, LXR activating ligands are hydroxylated cholesterol metabolites and
intermediates of cholesterol biosynthesis. LXR/RXR activates transporters involved in
cholesterol trafficking to high density lipoprotein (ABCA1) and bile (ABCG5, ABCG8)
(Zhu et al., 2012).
In addition, the ER is the site of cholesterol biosynthesis. Cholesterol is
synthesized from acetyl-CoA in a series of reactions involving more than 30 enzymes
(Goedeke et al., 2012). Commitment to cholesterol biosynthesis occurs when HMG-CoA
is converted to mevalonate by HMGCR, the target of statins. Cholesterol synthesized at
the ER is quickly trafficked to the plasma membrane, thus maintaining the low ER
cholesterol content (Ikonen, 2008).
The variable cholesterol content in the membranes seems to be maintained by
both non-vesicular and vesicular mechanisms (Mesmin et al., 2009). For example,
trafficking of newly synthesized cholesterol from the ER to the plasma membrane is not
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hindered by pharmacological disruption of cytoskeletal elements or Golgi-apparatus
(Heino et al., 2000, Urbani et al., 1990), suggesting a non-vesicular transport mechanism.
In support of this, overexpression of a sterol binding protein, oxysterol-binding proteinrelated protein 2, led to increased efflux of newly synthesized cholesterol from the ER to
extracellular milieu (Hynynen et al., 2005). The movement of cholesterol from the
plasma membrane to the ER also seems to occur via a non-vesicular mechanism.
Treatment of mammalian cells with sphingomyelinase increased ACAT-esterification of
cholesterol in an ATP-independent manner (Zha et al., 1998). (Recall that cholesterol
preferentially associates with sphingomyelin.) Cholesterol is also transported via transfer
proteins to the mitochondria, where steroidal hormones and hydroxycholesterol are
generated (Mesmin et al., 2009).
Endosomal cholesterol transport is also critical as this is the pathway by which
cells acquire exogenous cholesterol (Ikonen, 2008). Exogenous cholesterol is carried by
LDL, which is internalized by binding to LDL receptor and undergoing receptormediated endocytosis (reviewed in Goldstein et al., 2009). Progressive acidification of
the endosomal system causes LDL receptor to release LDL, which subsequently is
delivered to the LE/L compartments while LDL receptor is recycled back to the plasma
membrane. LDL is composed of cholesteryl esters and triglycerides surrounded by a
single layer of phospholipids and apolipoproteins. Acid lipases in the LE/L compartments
hydrolyze cholesteryl esters into unesterified cholesterol, which leaves the endocytic
compartment to the ER and plasma membrane. The arrival of LDL-derived cholesterol at
the ER causes specific changes to the cholesterol homeostasis. First, cholesterol arriving
at the ER will activate ACAT and convert cholesterol into cholesteryl esters for storage.
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In addition, cholesterol and subsequent generation of hydroxycholetserol will attenuate
SREBP activation and target gene expression. Cholesterol arrival at the ER will also
promote

HMGCR

ubiquitination

and

degradation.

Lastly,

an

increase

in

hydroxycholesterol will activate LXR/RXR transcription factors and lead to an increase
in cholesterol efflux.
Much of our understanding about intracellular cholesterol trafficking from the
LE/L comes from the study of NPC. Functional NPC1 and NPC2 proteins are necessary
for the trafficking of cholesterol out of lysosomes, as mutations in either gene results in
abnormal cholesterol homeostatic responses. ACAT-mediated cholesterol esterification
and SREBP-mediated gene expression are not suppressed in LDL-stimulated NPC
fibroblasts (Liscum et al., 1987). In addition, LDL-mediated cholesterol delivery to the
plasma membrane is diminished and a decrease in hydroxycholesterol synthesis is
observed (Wojtanik et al., 2003, Frolov et al., 2003). The combined result is the
continuous uptake of LDL and the accumulation of cholesterol in lysosomes. However,
NPC1 and NPC2 mutant cells demonstrate normal trafficking of cholesterol from plasma
membrane to the ER, as well as trafficking of newly synthesized cholesterol from the ER
to the plasma membrane, suggesting these sterol movements are independent of NPC1 or
NPC2 (Wojtanik et al., 2003, Cruz et al., 2000).
Evidence suggests that NPC1 and NPC2 work together to move cholesterol out of
lysosomes to the ER and plasma membrane. NPC1 and NPC2 proteins can both bind
cholesterol (Kwon et al., 2009, Cheruku et al., 2006). Homozygous mutations in either
NPC1 or NPC2 result in biochemically indistinguishable phenotypes (Vanier et al.,
1996). In addition, a cross between NPC1-null NPCnih mice and NPC2 hypomorph mice,
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which retain about 4% residual NPC2 activity, is phenotypically identical in its
biochemical features and disease progression from single mutant counterparts (Sleat et
al., 2004).
A model of how NPC1 and NPC2 move cholesterol out of lysosomes has been
proposed based on the orientation of cholesterol bound to NPC1 and NPC2. NPC2 binds
cholesterol oriented with the hydroxyl head group exposed to the lysosomal lumen (Xu et
al., 2007). In contrast, N-terminal domain of NPC1 exposed to the lumen binds
cholesterol so that the hydroxyl head group is oriented inside the pocket and the
hydrocarbon iso-octyl chain is exposed (Kwon et al., 2009). In addition, in vitro liposome
assays indicate that transfer of cholesterol between NPC1 and liposomes is greatly
accelerated in the presence of NPC2, particularly under acidic condition and when
lysosome specific lipid lysobisphosphatidic acid is present in the liposomes (Cheruku et
al., 2006, Xu et al., 2008). Combined with subsequent purified protein in vitro assays
(Infante et al., 2008a, Infante et al., 2008b, Infante et al., 2008c), the evidence suggests a
cholesterol “hydrophobic hand-off” model. In this model, NPC2 binds cholesterol with
hydroxyl head group exposed to the lysosomal lumen; it is subsequently “handed-off” to
NPC1 burying the hydroxyl head group within the hydrophobic pocket of the N-terminal
domain. Moreover, the transfer is proposed to occur without exposing cholesterol to the
lumen of lysosomes. The support for this hypothesis comes from a study demonstrating a
direct interaction of NPC2 with the second NPC1 lumenal domain that occurs only at
acidic pH and with NPC2 carrying cholesterol in its cholesterol-binding pocket (Deffieu
et al., 2011). However, the exact mechanism(s) by which NPC1-associated cholesterol is
then transported to the ER and plasma membrane remains unclear. There are several
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players thought to be involved. For example, overexpression of vesicular transport
proteins Rab7 and Rab9 can reduce filipin fluorescence in NPC1 fibroblasts (Choudhury
et al., 2002). In another report, accumulation of cholesterol in LE/L was observed when
cellular oxysterol binding protein-related protein 5, a sterol carrier protein, was depleted.
They also showed direct interaction of the sterol binding protein and NPC1 via
immunoprecipitation assay (Du et al., 2011), suggesting it is perhaps involved in moving
NPC1-bound cholesterol from lysosomes.
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Whole body cholesterol homeostasis

In humans, it is estimated that approximately 30% of the body’s needed
cholesterol is acquired from the diet (Ikonen, 2008), although this value most likely
varies between individuals. The remainder of the needed cholesterol is supplied by the
endogenous biosynthesis pathway that takes place in every cell. In NPC patients, every
cell is characterized by defective endocytic cholesterol trafficking. However, liver disease
and progressive neurodegeneration characteristic to NPC patients illuminate the
important roles played by endocytic cholesterol in these organs. The following section
describes the regulation of cholesterol homeostasis in the liver and the brain, as well as
our current understanding of why these organs are particularly affected in NPC patients.

Cholesterol homeostasis in the liver
Exogenous-cholesterol obtained from the diet is transported through the
circulation in the form of LDL (reviewed in Klop et al., 2013). Dietary cholesterol is
taken up by the enterocytes in the small intestine via NPC1-like 1 protein, which shares
about 50% protein homology with NPC1 (Altmann et al., 2004). Once inside, cholesterol
is converted into cholesteryl esters and packaged into chylomicrons together with
triglycerides, phospholipids, and apolipoprotein (apo) B48. Chylomicrons enter the
lymphatic system, are released into the circulation, and deliver triglycerides to muscles
and adipocytes (Goldberg et al., 2009). Triglyceride lipolysis turns chylomicrons into
chylomicron remnants and it is these chylomicron remnants that are endocytosed by the
liver.
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Hepatocytes package cholesteryl esters, triglycerides, and phospholipids into very
low density lipoproteins (VLDL) in much the same mechanism as chylomicrons, except
apo B100 is the associated apolipoprotein (Klop et al., 2013). Similar to chylomicrons,
secreted VLDL in the circulation delivers triglycerides to muscles and adipocytes. Loss
of triglyceride turns VLDL into intermediate density lipoproteins, which ultimately turns
into LDL with the further loss of triglycerides. Subsequently, LDL is internalized through
LDL receptor mediated endocytosis as described in the previous section and provides
cells with needed cholesterol.
Cells can also remove cholesterol through a mechanism termed reverse
cholesterol transport. This is achieved by yet another lipoprotein fraction called the high
density lipoproteins (HDLs). HDLs are formed in the circulation by apo AI and apo AII,
which are secreted by hepatocytes and enterocytes. Cellular cholesterol is transferred to
HDL via the ABCA1 transporter, converted into cholesteryl ester by lecithin-cholesterol
acyltransferase, and transported to the liver (Attie, 2007). Scavenger-receptor BI located
on hepatocytes interacts with HDL to remove cholesteryl esters (Acton et al., 1996).
Cholesterol captured this way is cleared from the body by conversion into bile acids and
excretion in feces.

NPC liver pathology
As described, the liver plays a major role in regulating whole body cholesterol
homeostasis and many NPC patients exhibit liver diseases (Vanier, 2010). Patients
accumulate cholesterol in all cells but the accumulation is proportional to the rate at
which each organ receives LDL cholesterol (Xie et al., 1999a); indeed, approximately
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80% of LDL cholesterol is taken up by the liver. Significant numbers of patients with
NPC have symptoms of liver dysfunction, such as neonatal cholestasis, jaundice, and
hepatomegaly (Patterson et al., 2001, Vanier, 2010). Histological examination of patient
liver biopsies shows abundant lipid-laden foamy macrophages, inflammation, and
apoptosis (Patterson et al., 2001, Kelly et al., 1993, Yerushalmi et al., 2002).
Liver disease in NPCnih mice has been well-studied and shows similar liver
disease phenotype as human patients. These mice show a massive accumulation of
cholesterol in the hepatocytes (more so than any other tissues) compared to that of wildtype controls (Kulinski et al., 2007). An NPC1 or NPC2 defect sequesters cholesterol in
lysosomes, disrupting cholesterol sensing at the ER. Consequently, NPCnih mouse
hepatocytes show increased levels of active SREBP proteins (Garver et al., 2007) and
show elevated HMGCR mRNA as well as cholesterol synthesis (Beltroy et al., 2005, Xie
et al., 2000b). NPC1-deficiency also causes increased hepatocyte apoptosis (Beltroy et
al., 2005), which is accompanied by increases in liver damage as measured by serum
aminotransferases. In addition, inflammation plays a key role in NPC liver disease
pathogenesis that involves tumor necrosis factor alpha, as was described under Lysosomal
storage disease pathology and in Rimkunas et al (2009).
The reason why the lack of NPC or NP2 function leads to liver disease is
unknown. A probable candidate is the accumulation of cholesterol in lysosomes. Several
pieces of evidence support this. First, increased apoptosis of NPCnih mouse hepatocytes
correlates with cholesterol content (Beltroy et al., 2007). Second, re-expression of NPC1
protein in NPC1-deficieint liver disease mouse model resolved lysosomal cholesterol
storage, and attenuated hepatosplenomegaly, apoptosis, liver damage, and macrophage
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invasion (Sayre et al., 2010). Thus, a therapeutic option that is able to resolve lysosomal
stored cholesterol may be beneficial to the NPC liver disease.

Cholesterol homeostasis in the brain
Cholesterol is an essential lipid for normal brain development and its function
(reviewed in Orth et al., 2012). Although the brain only constitutes about 2% of human
body mass, 20% of the body’s total cholesterol is found in this organ. Of the cholesterol
pool in the brain, approximately 70% is in the form of myelin membranes in the white
matter. Myelin is synthesized by oligodendrocytes, a type of glial cell, during perinatal
and adolescent periods. Myelin wraps around the axons of neurons to ensure efficient
signal propagation. Post-myelination cholesterol in the adult brain is very stable with a
half-life of 6 months to 5 years. Unlike other peripheral organs, brain cholesterol is
primarily derived by endogenous synthesis because the blood brain barrier prevents the
uptake of circulating lipoproteins (Dietschy et al., 2004). However, lipoproteins and
lipoprotein receptors are detected in the CNS. The major CNS lipoproteins contain apoE
and are synthesized largely by astroctyes (Pitas et al., 1987). ApoE is considered to be the
major transport protein for extracellular cholesterol between neuronal and non-neuronal
cells (Orth et al., 2012).
Although most of the CNS cholesterol is recycled, export mechanisms must be in
place to maintain homeostasis. The predominant pathway is the removal of cholesterol as
24(S)-hydroxycholesterol (Bjorkhem et al., 1998). Twenty four(S)-hydroxycholesterol
can readily cross the blood brain barrier into the circulation, where it is delivered to the
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liver for excretion (Russell et al., 2009). Another minor pathway is the secretion of apoE
containing lipoproteins into the cerebrospinal fluid.

NPC brain pathology
Deficiency in NPC1 or NPC2 protein function leads to severe neurodegeneration.
This occurs in spite of the fact that the amount of cholesterol in NPC brain is not
increased as in the peripheral organs; rather, the amount decreases with age (Xie et al.,
1999a). This may be due to extensive demyelination, as myelin is rich in cholesterol, and
an increase in cholesterol accumulation could be masked by the loss of cholesterol
through demyelination (Xie et al., 2000a). Indeed, deletion of NPC1 from mouse oligodendrocytes does lead to reduced myelin formation (Takikita et al., 2004, Yu et al.,
2013). Another reason for the paradoxical decrease in cholesterol may be due to
increased cholesterol excretion from the brain (Xie et al., 2000a).
Although the amount of cholesterol is decreased in NPC brain, lysosomal
cholesterol accumulation is seen in the cell bodies of neurons from NPCnih mouse pups
and asymptomatic young adults (Karten et al., 2002). However, the cholesterol content in
distal synaptic membrane is depleted in neurons of NPC1-deficient mice compared to
those of wild-type controls (Karten et al., 2002). Since cholesterol in synaptic membranes
is critical in synaptic signaling, plasticity, and maintenance ( Zonta et al., 2013), chronic
depletion of synaptic membrane cholesterol could lead to alterations in synaptic
transmission. In support of this, long-term synaptic plasticity is altered in the cerebellum
(Sun et al., 2011) and hippocampus (Zhou et al., 2011).
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The depleted membrane cholesterol at the distal axons can be in part explained by
impaired cholesterol transport from cell bodies to distal axons in NPC1-deficient neurons
(Karten et al., 2003). Ataxic symptoms seen in both patients and mouse models are due to
the characteristic loss of Purkinje cells, which are cerebellum specific neurons (Li et al.,
2005, Higashi et al., 1993). The reason behind Purkinje susceptibility to NPC1/NPC2
loss is unknown. However, Purkinje cells are one of the largest neurons in the brain and
have extensive dendrite arbors. Thus, one can hypothesize that these neurons rely more
heavily on proper endosomal cholesterol transport to maintain functional membrane
cholesterol content compared with other smaller neurons.
The ultimate consequence of the loss of NPC1 or NPC2 is the death of neurons.
However, we do not know which type of cells is responsible for the neurodegeneration in
NPC disease. Sequestration of cholesterol in lysosomes is seen in neurons (Karten et al.,
2002, Peake et al., 2012), astrocytes (Karten et al., 2005), and microglia (Peake et al.,
2011), the major cells of the brain. Accumulating evidence suggests that NPC1
deficiency in neurons alone is sufficient to cause NPC neuropathology. For example,
neuron-specific knockout of NPC1 recapitulated CNS disease seen in global
NPC1deficiency, whereas astrocyte-specific deletion of NPC1 did not cause the CNS
pathology (Yu et al., 2011). Importantly, re-expression of NPC1 in neurons of NPC1deficient mouse was able to prevent neurodegeneration (Lopez et al., 2011). As
mentioned earlier, Purkinje cells show particular susceptibility to NPC1 or NPC2
deficiency. In order to determine the importance of NPC1 in Purkinje cells, NPC1
expression was eliminated from nearly all neurons except Purkinje neurons (Yu et al.,
2011). Surprisingly, these mice showed similar neuropathology as that of global NPC1-
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deficiency. Taken together, these reports suggest that the defect in neuronal NPC1 is the
primary cause of neurodegeneration in NPC disease.
Last but not least, a recent report highlighted an important difference in
endogenous cholesterol synthesis in CNS cells versus peripheral cells. Peripheral cells in
NPC show compensatory upregulation of endogenous cholesterol synthesis to supply
needed cellular cholesterol (Xie et al., 1999b). In contrast, Peake and Vance (2012)
showed that neurons and astrocytes isolated from NPC1-deficient mice do not display
said compensatory cholesterol synthesis (Peake et al., 2012). As outlined above,
membrane cholesterol is critical in neuronal function and its content is depleted in NPC
cells. Thus, for an NPC therapeutic to be effective in the CNS, the treatment must result
in the redistribution of lysosomally stored cholesterol throughout the cell.
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Transcription factor EB

Emerging therapeutic for LSDs
Recently, transcription factor EB (TFEB) has been proposed as a novel therapeutic
approach for the treatment of LSDs. TFEB was originally identified by its basic/helixloop-helix leucine zipper (bHLH-LZ) domain found in many transcription factors (Carr et
al., 1990). The function of TFEB was not identified until 2009 when researchers led by
Andrea Ballabio determined that TFEB expression led to a coordinated expression of
lysosomal genes and lysosomal biogenesis (Sardiello et al., 2009). Subsequently, Medina
et al (2011) reported a remarkable finding that TFEB-mediated lysosomal biogenesis
induces lysosomal exocytosis and clearance of lysosomal contents from non-NPC
lysosomal storage disease fibroblasts, including Pompe, Batten, multiple sulfatase
deficiency, and Sanfilippo diseases (Medina et al., 2011). Moreover, a mouse model of
multiple sulfatase deficiency infected with AAV-TFEB showed great reduction in its
storage material, glucosaminoglycan, in liver and skeletal muscles. The reduction in
glucosaminoglycan correlated with reduced macrophage infiltration and apoptosis,
hallmark pathologies of the disease (Medina et al., 2011). Thus, TFEB overexpression
was shown to effectively clear pathogenic accumulant in vivo and in vitro, and has
garnered much attention as a novel therapeutic target for LSDs.

TFEB function and regulation
TFEB belongs to the microphthalmia-transcription factor E (MiTF/TFE)
subfamily of bHLH-LZ transcription factors. The family includes microphthalmia-
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associated transcription factor, transcription factor binding to IGHM (immunoglobulin
heavy constant mu) enhancer 3 (TFE3), and transcription factor EC, and homo- and
heterodimerization within the members is essential for their function (Hemesath et al.,
1994). However, they do not heterodimerize with other bHLH-LZ containing proteins
such

as

Myc.

They

bind

to

promoter

sequences

containing

the

M-box

(AGTCATGTGCT) or the E-box (CANNTG) elements (Aksan et al., 1998). TFEB
seems to play a role in development, as TFEB knockout is embryonic lethal in mice due
to inadequate placenta vascularization (Steingrimsson et al., 1998). Although this was
attributed to a lack of vascular endothelial growth factor expression, no E-box elements
were found in its promoter, suggesting loss of protein expression is secondary to TFEB
loss. TFEB is also an oncogene, as evidenced by rare juvenile renal cell carcinoma
arising from TFEB chromosomal translocation (Davis et al., 2003). TFEB overexpression
resulting from the translocation induces E-cadherin expression (Huan et al., 2005).
The function of TFEB as a master regulator of lysosomal biogenesis was brought
about by the concept that a coordinated cellular program must exist in order to elicit
lysosomal activity in response to external cues. Using a systems-biology approach, a
search within the promoters of 96 known lysosomal genes led to the identification of a
10-base pair palindromic E-box motif that was later termed CLEAR element (coordinated
lysosomal expression and regulation) (Sardiello et al., 2009). CLEAR element containing
genes included lysosomal hydrolases, lysosomal membrane proteins, subunits of VATPase, and lysosomal sorting proteins (Palmieri et al., 2011, Sardiello et al., 2009). Of
the members of the MiTF/TFE family, authors noted TFEB as the only member capable
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of coordinated lysosomal gene expression induction, which was attenuated by siRNAmediated TFEB silencing (Sardiello et al., 2009).
In addition to lysosomal biogenesis, Settembre et al (2011) discovered that TFEB
overexpression can also increase autophagy by inducing expression of numerous
autophagy genes (Settembre et al., 2011). Autophagy, which can be classified into
macroautophagy, microautophagy, and chaperone-mediated autophagy, is a regulated
cellular catabolic process in which cytoplasmic molecules and organelles are brought to
lysosomes for degradation. Macroautophagy, the major autophagic pathway, engulfs a
portion of cytoplasm into double-membrane vesicles called autophagosomes and fuses
with lysosomes, forming autolysosomes in which cellular molecules are degraded by
lysosomal enzymes (Mizushima et al., 2011). It was noted that TFEB overexpression in
HeLa cells induced autophagosome numbers whereas TFEB silencing by RNAi
decreased its numbers. Induction of autophagy was also observed in vivo, following
AAV-mediated TFEB overexpression (Settembre et al., 2011). What has emerged is the
unique position TFEB plays in regulating cellular clearance pathways by simultaneously
inducing lysosome biogenesis and autophagic processes.
As a key player in the regulation of catabolic lysosomal and autophagic processes,
it makes sense that TFEB is regulated by cellular nutrients. A key player in regulating the
transition between cellular anabolic and catabolic states is mTORC1, or mammalian
target of rapamycin complex 1, a multiunit complex composed around a serine/threonine
kinase mTOR (Laplante et al., 2013). Indeed, TFEB cellular localization, thus TFEB
function as a transcription factor, is regulated by mTORC1. Under full fed condition,
mTORC1 is active and phosphorylates TFEB at several serine/threonine residues
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including serine 211. Serine 211 phosphorylation allows TFEB association with a
cytoplasmic chaperone 14-3-3, thus retaining TFEB in the cytoplasm and masking the
predicted nuclear import signal (Martina et al., 2012, Roczniak-Ferguson et al., 2012).
When nutrient levels are low, mTORC1 is inactive, and TFEB dissociates from 14-3-3
and is free to translocate to the nucleus. This activates the catabolic process to provide
cells with energy and nutrients needed to survive during starvation conditions.
Recently, it was reported that lysosomes play a key role in regulating mTORC1
activation. High amino acid levels in lysosomes are sensed by lysosomal V-ATPase and
activation of small GTPase Rags and Ragulator (Zoncu et al., 2011) is promoted. In turn,
active Rags binds to mTORC1 complex protein Raptor and recruits mTORC1 to
lysosomes where it is activated by another small GTPase Rheb (Laplante et al., 2013).
Interestingly, active Rags also directly interacts with the TFEB N-terminal region and
recruits TFEB to the lysosomes as well (Martina et al., 2013). This is thought to facilitate
TFEB phosphorylation by mTORC1 and suggests an efficient mechanism that links
nutrient availability to TFEB activation status. The resulting interplay of nutrient sensing,
lysosomal biogensis, and autophagy by TFEB and mTORC1 reveals the important role
played by lysosomes in coordinating these processes.
It is important to mention that TFEB residues beside serine 211 and other kinases
contribute to TFEB activation status. TFEB phosphorylation at serine 142 by ERK2, one
of the mitogen activated protein kinases, was shown to be critical in TFEB cytoplasmicretention (Settembre et al., 2011). Under mTORC1-hyperactive conditions, serine
phosphorylation at several residues located in TFEB C-terminus region can promote
nuclear translocation (Pena-Llopis et al., 2011). Therefore, we can postulate that TFEB

38

can be regulated by various stimuli, allowing the transcription factor to dynamically
respond to coordinate cellular catabolic processes.

Torin1-mediated activation of TFEB
Based on the effectiveness of TFEB-mediated lysosomal clearance in mouse
models of other lysosomal storage diseases, we theorized that TFEB activation also
promotes cholesterol clearance from NPC lysosomes. There are several ways to induce
TFEB activation. As used by other researchers, plasmid or viral-mediated addition of
exogenous TFEB can result in TFEB overexpression and activation. Alternatively, TFEB
activation can be achieved by pharmacologically manipulating TFEB to be released from
cytoplasmic retention and translocated to the nucleus. If TFEB activation is indeed
effective in clearing lysosomal cholesterol in vitro, testing pharmacological compounds
in animal models and human patients poses far fewer obstacles than virus-mediated
expression of TFEB. Moreover, a small molecule can be modified so that it readily
crosses the blood brain barrier to reach the CNS. Thus, we chose the pharmacological
approach to activate TFEB in our NPC cell culture model.
We chose mTORC1 as our pharmacological target and inhibited its kinase activity
using

Torin1

to

promote

TFEB

nuclear

translocation.

Torin1,

or

1-(4-(4-

propionylpiperazin-1-yl)-3-(trifluoromethyl)phenyl)-9-(quinolin-3-yl)benzo[h][1,6]
naphthyridin-2(1H)-one, was identified in a screen for an ATP-competitive inhibitor for
mTOR kinase to replace rapamycin as an anti-cancer drug (Thoreen et al., 2009). Torin1
is highly selective for mTORC1 at low concentrations (<500 nM). Daily injection of
Torin1 was shown to be effective in inhibiting tumor growth in a xenograft mouse model
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of cancer (Liu et al., 2010). More importantly, it was shown to promote nuclear
translocation of TFEB in cultured cells (Settembre et al., 2012).

Overview of this doctoral project

The work in this project was aimed at gaining further knowledge of TFEB as a
therapeutic target for LSDs by testing the hypothesis that pharmacological activation of
TFEB will clear stored cholesterol from NPC lysosomes. An mTORC1 kinase inhibitor,
Torin1 was used to achieve activation of endogenous TFEB. TFEB nuclear translocation
and lysosomal gene induction was achieved by Torin1 treatment. However, lysosomal
genes were still induced by Torin1 treatment after RNAi-mediated TFEB silencing,
suggesting that alternative molecules regulate lysosomal gene expression. Importantly,
filipin fluorescence significantly decreased with Torin1 treatment, implying reduction in
stored cholesterol in NPC. By tracking the fate of stored cholesterol in Torin1-treated
NPC cells, we determined that, not only is there no change in lipid trafficking to the ER
and plasma membrane, the lysosomal cholesterol content does not change with Torin1
treatment. The results are shown and the implications of our findings discussed.
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Chapter 2:
Materials and Methods
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Materials
Human TFEB-MycFlag (abbreviated to TFEB-Myc) expression vector was purchased
from OriGene. Fugene 6 transfection reagent was purchased from Promega. Anti-Myc
antibody was purchased from Cell Signaling Technology. Filipin III was purchased from
Sigma. [9,10-3H(N)] Oleic acid (23 Ci/mmol, NET 289), [1,2-3H(N)] cholesteryl oleate
(47.9 Ci/mmol, NET 746), [4-14C] cholesterol (50.8 mCi/mmol, NEC 018), and
cholesteryl [14C]oleate (50 mCi/mmol, NEC638) were purchased from Perkin Elmer.
Cholesterol oxidase was obtained from Calbiochem. Silica gel 60 thin layer
chromatography (TLC) plastic sheets were obtained from EMD Chemicals. Torin1 was
purchased from TOCRIS Biosciences, dissolved in DMSO at 1 mM, aliquoted and stored
at -20oC.

Cultured cells, preparation of LDL, lipoprotein-deficient serum, media and buffers
LDL was prepared by ultracentrifugation (Goldstein et al., 1983). LDL labeled with
[3H]cholesterol oleate ([3H]CO-LDL) was prepared with an average specific activity of
31,842 dpm/nmol of total cholesteryl oleate (Faust et al., 1977). Lipoprotein-deficient
serum (LPDS) was prepared from newborn calf serum (NCS) as described previously,
omitting the thrombin incubation step (Goldstein et al., 1983).
The following media were prepared: H-5% NCS (Ham’s F-12 medium containing 5%
(v/v) NCS, 2 mM L-glutamine, 50 units/ml penicillin, 50 units/ml streptomycin, and 20
mM HEPES pH 7.4), H-5% LPDS (same as H-5% NCS except 5% (v/v) NCS was
replaced with 5% (v/v) LPDS).
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Buffers used were prepared as follows: PBS (10 mM Na2HPO4, 2 mM KH2PO4, 2.7
mM KCl, 137 mM NaCl, pH 7.4); TBS (50 mM Tris-Cl, 155 mM NaCl, pH 7.4 at 4°C);
TBS-BSA (2 mg/ml (w/v) bovine serum albumin in TBS); SHE (250 mM sucrose, 20
mM HEPES, and 1 mM EDTA, pH 7.3); and Percoll dilution buffer (250 mM sucrose
and 1 mM EDTA (pH 7.5)). Percoll® was purchased from Sigma. Hank’s Balanced Salt
Solution (HBSS) was purchased from Invitrogen as a 10X solution and diluted to 1X for
use.
Wild-type Chinese Hamster Ovary (CHO) cells and cholesterol transport defective 44-9 cells were grown in monolayers in a humidified incubator (5% CO2) at 37°C. CHO
cells were obtained from ATCC. The 4-4-9 cells were identified in a screen to isolate
NPC1-defective CHO cells (Dahl et al., 1992) and have a classical NPC1 cellular
phenotype.

TFEB Nuclear Translocation and Immunofluorescence staining
On day 0, 4-4-9 cells were seeded in 35-mm dishes containing 22 x 22 mm #1.5
coverslips (150,000 cells/dish) in H-5%NCS. The next day, cells were transfected with
pTFEB-Myc (2 µg) using Fugene 6 (Promega) in antibiotic-free H-5%NCS according to
manufacturer’s protocol. DNA:Fugene 6 ratio of 1:4 was used. Cells were refed H5%NCS the following morning. On day 3 (approximately 48 hours after transfection),
cells were treated with DMSO (0.05%) or Torin1 (500 nM), or refed with H-5%NCS for
6 hours until fixation in methanol-free 4% paraformaldehyde/PBS for 15 min. Following
three washes in PBS, coverslips were permeabilized in 0.3% Triton X-100/PBS for 10
min, washed three times in PBS, blocked in 1% BSA/PBS for 30 min, followed by
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overnight incubation with anti-Myc antibody (1:8000 in 1% BSA/PBS). The next day,
coverslips were washed three times in PBS, incubated in goat anti-mouse Alexa 488
antibody (1:250 in 1% BSA/PBS) for 2 hrs, washed three times in PBS, and mounted
with Vectashield mounting medium. Images were captured using a Zeiss Axio Imager
M2 with AxioCam MRm camera using AxioVision software at 400x magnification with
a fluorescein filter set.

RNA isolation, first-strand synthesis, and qPCR
Cells were homogenized in TRIzol Reagent (Invitrogen) followed by isolation of total
RNA according to manufacturer’s instructions. RNA concentration was measured by
NanoDrop (ThermoFisher Scientific) and integrity was verified by visualizing 18S and
28S rRNA on an agarose gel prior to proceeding with first-strand synthesis. RNA was
stored at -80°C until ready to use.
First strand cDNA was synthesized using SuperScript III First-Strand Synthesis
SuperMix (Invitrogen) according to manufacturer’s protocol using oligo-d(T)20 primer
and 2.5 µg starting total RNA. At the completion of reverse transcriptase step, ultrapure
water was added to dilute the first strand cDNA 1:2.
Quantitative PCR (qPCR) was performed using Stratagene MX3000P system
(Agilent Technologies) using SYBR Green PCR Master Mix (Applied Biosystems). Gene
expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
analyzed using the quantification method described by Pfaffl (Pfaffl, 2001). Ratios of
gene expression were expressed relative to values obtained from non-treated or DMSOtreated cells. The primer sets and Pfaffle efficiency used for qPCR analysis can be found
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in Table 1. Primers were designed using Integrated DNA Technologies PrimerQuest
online software or obtained from PrimerBank

Table 1. Sequences of qPCR primers.
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TGG CGC TTG ACT GTC TTT ACC AGA

CTSF

TCA CTG TTG GCC ATG GCA TCT T
CCT CAC AGG CTC AGA TGT TAA T
TTC CAA GGG CAC TGA GAA AG
AAT GGT GAA GGT CGG TGT G

VPS8

LDL
receptor

HMGCR

GAPDH

ACA TTT GAC AAT AAA GCG CAC AG

TGA ATG TCA CCC GAA AGG CCT ACT

CTSD

MCOLN1

TCG GGA ACT CCT ACA AGT GCA ACA

GGA TGC TAC TCC ATT CCT TCT C

TFE3

LAMP1

CTC AAG GCC TCT GTG GAT TAC

Forward (5’  3”)

TFEB

Gene

ACA AGC TTC CCA TTC TCG G

CTC TTC CCT CGA TCC AGT TTA TG

GCT GTT CTC TCA CAC CAG TT

TGC AGA AGG CAA GCA TGG GAT

GGT GAG GAT AAC CAC CAC ATC A

TAG ACT CAT CTT GCT GCC AGG CTT

CAC TGC TCC AAT GGC TTT CTG CAA

TTC CAC AGA CCC AAA CCT GTC ACT

GGG ATG GGA CAC CAT CAT TT

AGC TGC TTG TTG GTC ATC TC

Reverse (5’  3’)

1.965

1.916

1.985

1.993

1.958

1.956

1.977

1.998

1.945

2.013

Pfaffl
Efficiency (E)
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Filipin fluorescence staining and quantification
On day 0, CHO and 4-4-9 cells were seeded in 6-well plates containing 22 x 22 mm
#1.5 coverslips (100,000 cells/well) in H-5%NCS. On day 2, cells were treated with
DMSO (0.05%) or Torin1 (500 nM), or refed with H-5%NCS. Coverslips were fixed 48
hrs later in 3% paraformaldehyde/ PBS for 30 min, washed three times in PBS, and
quenched of excess formaldehyde in 1.5 mg/ml glycine/PBS prior to filipin incubation
(25 µg/ml PBS) for 30 min. Coverslips were washed three times in PBS and mounted
with 90% glycerol/PBS. Images were captured as described under TFEB Nuclear
Translocation above using Hoechst filter set.
Captured images were randomized and analyzed blind using freeware ImageJ v.1.48r.
The area, minimum, maximum, and mean gray values, and integrated density were
measured from five random cells in each image. Three random background areas were
also measured. Corrected total cell fluorescence (CTCF) was calculated for each cell as
follows; CTCF = integrated density of selected cell – (Area of selected cell x average of
background mean gray value of the image). For each treatment condition, 35-40 cells
were measured for analysis.

siRNA transfection
On day 0, CHO cells (300,000 cells/well) were transfected in antibiotic-free H5%NCS with 25 nM of siRNA against non-specific target (Dharmacon, Cat# D-00121002), mouse TFEB (Cat# M-050607), or mouse TFE3 (Cat# M-054750) with
Lipofectamine™ RNAiMAX (Invitrogen) using reverse transfection method according to
manufacturer’s guidelines. Cells were refed H-5%NCS containing antibiotics the next
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day (~16 hrs after transfection). On day 2 (48 hrs after siRNA transfection), cells were
treated in H-5%NCS with DMSO (0.05%) or Torin1 (500 nM) for 24 hrs, followed by
refeeding in H-5%NCS for another 24 hrs before isolation of RNA and qPCR as
described above in RNA isolation, first-strand synthesis, and qPCR.

Cholesterol efflux assay
On day 0, CHO and 4-4-9 cells were seeded in 6-well plates (30-40,000 cells/well) in
H-5% NCS. On day 1, cells were washed with HBSS and refed H-5%LPDS with DMSO
(0.05%) or Torin1 (500 nM). Twenty-four hours later, cells were washed with HBSS and
refed H-5%LPDS. On day 3, cells were refed H-5%LPDS containing [3H]CO-LDL (20
µg/mL) and HDL (25 µg/mL). After various times, the medium was collected from each
well and 800 µlwere subjected to Bligh and Dyer extraction Bligh et al., 1959). The
organic phase was dried and subjected to TLC in toluene:ethyl acetate (2:1). Cell
monolayers were washed thrice (5 min, 4°C) with TBS-BSA, then once quickly, once for
7 min, and once quickly in TBS (4°C). Lipids were extracted using hexane:isopropanol
(3:2), dried and subjected to TLC in toluene:ethyl acetate (2:1). As chromatography
carriers, 50 µg cholesterol and 20 µg cholesteryl oleate were added during lipid
extraction. [3H]Cholesteryl oleate and [3H]cholesterol were quantified by liquid
scintillation counting. Correction for procedural losses was made by adding
[14C]cholesterol (2200 dpm) as an internal standard during lipid extraction.

Measurement of cholesterol content
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On day 0, CHO and 4-4-9 cells were seeded in 100-mm dishes (800,000 cells/dish) in
H-5%NCS. On day 1, cells were washed with HBSS and refed H-5%NCS with DMSO
(0.05%) or Torin1 (500 nM). On day 3, cellular lipids were extracted as described
(Jacobs et al., 1997) with 30 µg stigmasterol added as an internal standard. Extracted
lipids were divided equally into two tubes. Unesterified cholesterol was quantified from
the first aliquot by gas chromatography using a Hewlett-Packard 5890 instrument with a
DB-17 capillary column (Alltech, 15 m x 0.53 mm) at 250°C. The second lipid aliquot
was saponified for determination of total cholesterol as described (Jacobs et al., 1997).
Cholesteryl ester was calculated by subtracting unesterified cholesterol from total
cholesterol.

Cholesterol esterification assay
On day 0, CHO and 4-4-9 cells were seeded in 6-well plates (35,000 cells/well) in H5% NCS. On day 1, cells were washed with HBSS and fed H-5%LPDS with DMSO
(0.05%) or Torin1 (500 nM). At the end of day 2, cells were refed H-5%LPDS with or
without LDL (30 µg/mL), or with 25-hydroxycholesterol (2.0 µg/mL) plus cholesterol
(10 µg/mL). On day 3 (16 hrs later), [3H]oleate (23,000 dpm/nmol) was added. After 1
hr, cellular lipids were extracted, cholesteryl [3H]oleate and [3H]triglyceride quantified as
described (Liscum et al., 1987). After lipid extraction, cell monolayers were dissolved in
0.1 N NaOH and aliquots removed for protein determination (Lowry et al., 1951).
Correction for procedural losses was made by adding [14C]cholesteryl oleate (1500 dpm)
as an internal standard during lipid extraction.
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Cholesterol oxidase assay
On day 0, CHO and 4-4-9 cells were seeded in 6-well plates (35,000 cells/well) in H5% NCS. On day 1, cells were washed with HBSS and fed H-5%LPDS with DMSO
(0.05%) or Torin1 (500 nM). On day 2, cells were washed with HBSS and refed H5%LPDS. On day 3, cells were pulsed with 20 ug/mL [3H]CO-LDL in H-5% LPDS for
the indicated times. Cells were washed and subjected to cholesterol oxidase treatment as
described but omitting the sphingomyelinase treatment (Porn et al., 1990, Jacobs et al.,
1997). Lipids were extracted with hexane:isopropanol (3:2), dried, and subjected to TLC
in toluene:ethyl acetate (2:1). As chromatography carriers, 40 µg cholesterol, 40 µg
cholest-4-en-3-one, and 20 µg cholesteryl oleate were added. [3H]Cholesteryl oleate,
[3H]cholesterol, and [3H]cholestenone were measured by liquid scintillation counting.
Correction for procedural losses was made by adding [14C]cholesterol (2000 dpm) as an
internal standard during extraction.

Percoll gradient subcellular fractionation
On day 0, CHO and 4-4-9 cells were seeded in 150-mm dishes (300,000 cells/dish) in
H-5% NCS. On day 2, cells were washed with HBSS briefly and fed H-5%LPDS with
DMSO (0.05%) or Torin1 (500 nM). Twenty-four hours later, cells were rinsed with
HBSS and refed H-5%LPDS. After an additional 24 hrs (day 4), the following wash and
label protocol was used: at 4°C, monolayers were washed once quickly, then twice (5
min) with TBS. Next, one 150-mm dish per treatment condition was incubated (30 min,
4°C) in 8 mL TBS containing wheat germ agglutinin linked to horseradish peroxidase
(WGA-HRP, 5 µg/mL). Labeled dishes were washed thrice (5 min, 4°C) with TBS-BSA.
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Then, all monolayers were washed once quickly, once for 7 min, and once quickly in
TBS at 4°C. Lastly, cells were washed once quickly in SHE buffer at 4°C. Cell
homogenization and collection of the postnuclear supernatant was performed as described
previously (Dahl et al., 1992). The resulting postnuclear supernatants were combined and
1 mL was layered onto 9 mL of 7% (v/v) Percoll in Percoll dilution buffer. Gradients
were centrifuged (20,000 x g, 40 min, 4°C with a Ti70.1 rotor, Beckman Instruments)
and fractionated into 10 equal portions (approximately 1 mL each). A reference gradient
was developed simultaneously by loading 1 mL of SHE buffer onto 9 mL of 7% Percoll
and centrifuging with samples. After setting aside aliquots of each fraction for the
enzyme assays (described below), the top three fractions (light), the middle four
(medium) and bottom three (heavy) were pooled. Lipids were extracted from the pooled
fractions (Liscum et al., 1989) and measured by gas chromatography, as described above
in Measurement of Cholesterol Content. Remaining postnuclear supernatants were used
to measure protein concentration (Lowry et al., 1951).

Enzymatic activity assays of gradient fractions
From each of the 10 gradient fractions collected above, 20 µl and 250 µl were used
for WGA-HRP and N-acetyl-β-glucosaminidase (NAβG) activity assays, respectively, to
localize plasma membranes and lysosomes. Each assay was performed as previously
described (Dahl et al., 1992) except the WGA-HRP assay was read at 490 nm. Densities
of gradient fractions derived from the reference Percoll gradient were measured with a
refractometer (Bausch & Lomb Inc).

55

Statistical Analysis
Specific tests used in each experiment are noted in the figure legends. One-way and twoway ANOVA followed by Tukey’s honestly significant differences (HSD) test was
performed using the Vassar Stats website (www.vassarstats.net). Student’s two-way t-test
was performed, assuming homoscedasticity, with Bonferroni correction. Differences
were considered significant when p < 0.05.
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Chapter 3:
Results
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Torin1 treatment leads to TFEB nuclear translocation and induction of lysosomal
genes
We used a pharmacological approach to activate TFEB in our NPC disease cell
model. The 4-4-9 NPC cell line was isolated in our lab from mutagenized CHO cells and
carries a NPC1 missense mutation in the SSD (G660R). These cells show defective
mobilization of LDL-derived cholesterol to the plasma membrane, as well as defect in
sterol regulatory responses elicited by LDL-cholesterol (Dahl et al., 1992). TFEB is a
transcription factor recently found to drive lysosome biogenesis and autophagy (Sardiello
et al., 2009, Settembre et al., 2011). When TFEB is phosphorylated by mTORC1, it is
cytosolic and inactive (Martina et al., 2012, Roczniak-Ferguson et al., 2012). We used
Torin1, a small molecule inhibitor of mTORC1 (Thoreen et al., 2009), to promote TFEB
nuclear translocation. To ensure that Torin1 is effective in our model system, TFEB
cellular localization was analyzed by immunofluorescence microscopy in 4-4-9 cells
expressing human TFEB-Myc that were non-treated or treated with DMSO or Torin1.
Non-treated and DMSO-treated cells showed cytoplasmic localization of TFEB (Fig 1A).
After 6 hours of Torin1 treatment, TFEB was localized primarily in the nucleus. To
determine whether Torin1-induced nuclear TFEB was functional, we analyzed the
expression level of various TFEB target genes (Sardiello et al., 2009, Palmieri et al.,
2011) in untransfected CHO and 4-4-9 cells. DMSO treatment did not affect gene
expression levels as compared to non-treated cells (Fig 1B). In contrast, Torin1 treatment
increased TFEB target gene expression in a time dependent manner. We next wanted to
determine whether the effect of Torin1 on TFEB induced gene expression is stable. We
treated the cells with Torin1 for 24 hours, then refed cells media without
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Torin1 and assessed TFEB target gene expression after 24, 48, and 72 hours. Our data
show that TFEB target genes induced by Torin1 sustained their elevated gene expression
level for up to 72 hours after Torin1 removal (Fig 1C).

Figure 1. Effect of Torin1 on TFEB localization and activation.
(A) Immunofluorescence microscopy of 4-4-9 cells expressing TFEB-Myc followed by
no treatment or treatment with DMSO or Torin1 for 6 hr and stained for Myc. Scale bar
represents 20 µm. (B) QPCR analysis of TFEB target gene expression in CHO and 4-4-9
cells non-treated or treated with DMSO or Torin1 for the indicated times. Values are
shown as relative ratio of gene expression as compared to non-treated control cells.
Genes tested: TFEB, lysosomal associated membrane protein 1 (LAMP1), cathepsin D
(CTSD), cathepsin F (CTSF), mucolipin1 (MCOLN1), and vacuolar protein sorting 8
(VPS8). Representative graph of two independent experiments. (C) QPCR analysis of
LAMP1 and CTSF gene expression in CHO cells collected 24, 48, and 72 hr after a short
term (24 hr) Torin1 treatment. Graphs are representative of two independent experiments.
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Torin1-mediated TFEB activation decreases filipin staining
The NPC phenotype is characterized by the accumulation of unesterified cholesterol
in lysosomes, which can be visualized by filipin fluorescence microscopy. Since TFEB
activation leads to lysosomal exocytosis and clearance of the contents in other LSDs
(Medina et al., 2011, Spampanato et al., 2013), we examined whether Torin1 treatment
will lead to reduced filipin staining in 4-4-9 cells. In comparison to the faint plasma
membrane filipin staining pattern in non-treated CHO cells, non-treated 4-4-9 cells show
bright punctate fluorescence indicative of accumulated lysosomal cholesterol (Fig 2A,B).
DMSO treatment did not affect this punctate staining pattern (Fig 2C). In contrast, 4-4-9
cells treated for 48 hours with Torin1 show a marked reduction in filipin fluorescence
intensity (Fig 2D). Quantification of the filipin fluorescence revealed that Torin1
treatment of 4-4-9 cells significantly reduced cellular filipin fluorescence, albeit not to
the level of non-treated CHO cells (Fig 2E). Together with Figure 1, these results suggest
that Torin1 treatment of NPC1 mutant cells lead to activation of endogenous TFEB
resulting in the reduction of lysosomal cholesterol.
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Figure 2. Effect of Torin1 on filipin fluorescence.
(A-D) Filipin fluorescence images of CHO (A) and 4-4-9 cells (B-D). Cells were either
non treated (A and B), treated with DMSO (C) or Torin1 (D) for 48 hr followed by
fixation and staining with filipin. Scale bar represents 20 µm. Cell fluorescence was
quantified by ImageJ (E). Each bar represents mean ± SEM of corrected total cell
fluorescence from 35-40 cells per treatment group. Similar results were obtained in two
other independent experiments. Lettering (a,b) indicates statistically dissimilar groups
analyzed by ANOVA followed by Tukey’s HSD test.
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Torin1-mediated reduction in filipin fluorescence is TFEB independent
To determine whether Torin1-mediated induction in lysosomal gene expression is
indeed occurring through TFEB, we silenced TFEB in CHO cells by transfecting TFEB
siRNA and assessing the levels of TFEB target gene expression with and without Torin1.
As controls, cells were transfected with scrambled control siRNA that has no known
specific target. As seen in Figure 3, TFEB siRNA significantly reduced TFEB gene
expression and this suppressed expression was unaffected by Torin1 treatment. Next, we
examined the expression levels of two TFEB target genes, mucolipin 1 and cathepsin F,
which were both induced by Torin1 (Fig 1B). To our surprise, both target genes were
induced by Torin1 in CHO cells with or without TFEB knockdown (Fig 3). This
suggested that the Torin1 mediated increase in the lysosomal gene expression is TFEB
independent. Although this result was unexpected, a recently published report
demonstrated that TFE3, another transcription factor in the MiTF/TFE family, is also an
inducer of lysosomal gene expression and is regulated by mTORC1 kinase in the same
manner as TFEB (Martina et al., 2014). They showed that the regulation of lysosomal
gene expression can be mediated by TFEB or TFE3, and that the expression levels of the
two factors may determine which of the two factors the dominant regulator is. In fact,
Martina et al (2014) showed that, in their particular cell line, lysosomal gene expression
induced by starvation (which inhibits mTORC1 kinase) was attenuated with TFE3
silencing but not by TFEB silencing alone.
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Figure 3. Effect of TFEB knockdown on Torin1 mediated induction in lysosomal
gene expression.
QPCR analysis of TFEB, mucolipin1, and cathepsin F gene expression in CHO cells
transfected with control (Ctrl) or TFEB siRNA, then collected 24 hr after a short term (24
hr) treatment with DMSO or Torin1. Values are shown as relative ratio of gene
expression as compared to DMSO-treated siCtrl cells. Representative graph showing
mean mRNA expression ± SD. The lettering (a,b) indicates statistically dissimilar groups
as analyzed by two-way ANOVA followed by Tukey’s HSD test (p < 0.05).
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To test the possibility that TFE3 is the major transcription factor responsible for
lysosomal gene expression in our cell line, TFEB and TFE3 expression was silenced in
CHO cells using siRNA. As shown in Figure 4, TFEB and TFE3 siRNA were effective in
silencing the expression of their respective targets, both when transfected alone or
together. Similar to Figure 3, under TFEB silencing condition, Torin1 treatment
upregulated cathepsin F and mucolipin1 gene expression. Interestingly, this upregulation
in gene expression was sustained even in cells with TFE3 knockdown. These data
suggests that the Torin1-mediated gene induction is both TFEB and TFE3 independent.
Alternatively, since TFEB and TFE3 are not completely silenced by siRNA, it is also
possible that the residual TFEB and TFE3 proteins are sufficient to respond to Torin1
treatment.
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Figure 4. Effect of TFEB and TFE3 double knockdown on Torin1 mediated
induction in lysosomal gene expression.
QPCR analysis of TFEB, TFE3, mucolipin1 and cathepsin F gene expression in CHO
cells transfected with control (Ctrl), TFEB, or TFE3 siRNA, then collected 24 hr after a
short term (24 hr) treatment with DMSO or Torin1. Values are shown as relative ratio of
gene expression as compared to DMSO-treated siCtrl cells. Data represents the average
of two replicates per condition from one experiment.
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Figure 4
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Torin1 promotes cholesterol efflux without changing cholesterol content in NPC
Torin1 treatment of NPC cells shows a clear reduction in filipin fluorescence
intensity, suggesting that stored lysosomal cholesterol is being moved out of these
lysosomes. We used two strategies to determine whether lysosomally stored cholesterol is
leaving the cells upon Torin1 treatment. First, we measured the amount of cholesterol
being effluxed from cells with and without Torin1 treatment. Cells were treated for 24
hours with DMSO or Torin1. Twenty-four hours later, when Torin1 induction of gene
expression was high, cells were incubated with [3H]cholesteryl oleate-labeled LDL
([3H]CO-LDL) for various periods of time. [3H]CO-LDL is internalized by LDL
receptors and hydrolyzed by acid lipases to release [3H]cholesterol. If Torin1 is
promoting cholesterol efflux, then we expect to find higher levels of [3H]cholesterol in
the media of Torin1 treated 4-4-9 cells as compared to that of the DMSO-treated control.
HDL was added to the media to capture any free [3H]cholesterol effluxed from cells.
We found that both CHO and 4-4-9 cells showed time dependent increases in the total
uptake of [3H]CO-LDL, which is the sum of [3H]CO and [3H]cholesterol counts (Fig
5A). The rate of uptake was not affected by Torin1 treatment in either cell. The
hydrolysis of [3H]CO into [3H]cholesterol was also time dependent, which was observed
as an increase in [3H]cholesterol counts (data not shown). The amount of [3H]cholesterol
collected from HDL-containing media after pulsing cells with [3H]CO-LDL for 7 hours
in the absence or presence of Torin1 was quantified and represented as a percentage of
the total hydrolyzed [3H]cholesterol (Fig 5B).
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Figure 5. Effect of Torin1 on cholesterol efflux.
(A) Quantification of [3H]CO-LDL internalized by CHO and 4-4-9 cells after 24 hrs of
short term (24 hr) treatment with DMSO or Torin1 and pulsed with [3H]CO-LDL for the
indicated times. Representative graph of three independent experiments. (B) Percentage
of [3H]cholesterol effluxed from CHO and 4-4-9 cells treated as in (A) after 7 hr [3H]COLDL pulse. Representative graph indicating mean efflux ± SD with n=3 in each treatment
condition. *P<0.05 vs DMSO by Student’s t-test with Bonferroni correction.
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Quantification revealed that Torin1 treatment significantly increased the percentage of
[3H]cholesterol effluxed when compared to those of DMSO-treated cells in both CHO
and 4-4-9 cells.
Our second strategy was to measure by gas chromatography the cholesterol content in
CHO and 4-4-9 cells treated with and without Torin1. As shown in Figure 6A, nontreated 4-4-9 cells contained almost twice as much unesterified cholesterol as non-treated
CHO cells. This high level of unesterified cholesterol stayed unchanged with DMSO
treatment and, surprisingly, with Torin1 treatment. Amount of esterified cholesterol can
be measured by calculating the difference between total cholesterol (Fig 6B) and
unesterified cholesterol (Fig 6A). As seen in Figure 6C, non-treated 4-4-9 cells have
very small amount of cholesteryl ester when compared to that of non-treated CHO cells.
The cholesteryl ester content remained extremely low even with DMSO or Torin1
treatment. These data suggest that Torin1 treatment leads to an increase in cholesterol
efflux without a decrease in the cholesterol content in NPC cells, despite the reduction in
filipin fluorescence as seen in Figure 2. One possible explanation is that Torin1 treatment
leads to an increase in LDL uptake, thereby resulting in no overall change in cholesterol
content despite the increase in effluxed cholesterol. However, measurement of [3H]COLDL uptake with and without Torin1 shown in Figure 5A directly disputes this
possibility. Alternatively, it is plausible that the newly hydrolyzed [3H]cholesterol never
reaches preexisting lysosomes, but instead, stays in separate endosome/lysosome
compartments. Torin1 treatment could be promoting an increase in endosome recycling
to the plasma membrane, thereby effluxing hydrolyzed [3H]cholesterol while preexisting
lysosomes do not undergo exocytosis.
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Figure 6. Effect of Torin1 on cellular cholesterol content.
Quantification of unesterified cholesterol (A) and total cholesterol (B) by gas
chromatography in CHO and 4-4-9 cells non-treated or treated with DMSO or Torin1 for
48 hr. Representative graph showing mean ± SD with n=3 in each condition. The
lettering (a,b) indicates statistically dissimilar groups analyzed by one-way ANOVA
followed by Tukey’s HSD test. (C) Cholesteryl ester was quantified by subtracting
unesterified cholesterol from total cholesterol.
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Torin1 treatment does not increase cholesterol delivered to the ER
Lysosomal cholesterol can also be trafficked to the ER. Cholesterol trafficked to the
ER can be esterified into cholesteryl ester by ACAT, an ER resident enzyme. Thus, we
hypothesized that redistribution of cholesterol in Torin1-treated 4-4-9 cells would
increase ACAT-mediated cholesterol esterification. CHO and 4-4-9 cells were untreated,
or treated with DMSO or Torin1 for 24 hours followed by incubation in media without
additives for additional 24 hours. We then measured cholesterol esterification in these
cells upon stimulation with or without LDL (Fig 7A). As expected, cholesterol
esterification was low in cells incubated without LDL. LDL addition to CHO cells
significantly increased the amount of cholesterol esterification. Under the same treatment
conditions, 4-4-9 cells showed attenuated cholesterol esterification, since LDL-derived
cholesterol was sequestered in lysosomes. Cholesterol esterification was not affected in
either cell by DMSO treatment. In contrast to our expectation, Torin1 treated 4-4-9 cells
did not show any increase in cholesteryl ester formation, even at the basal level. This
suggests that Torin1 treatment does not promote egress of lysosomally stored cholesterol
to the ER in NPC cells. Instead, Torin1 treatment reduced LDL-derived cholesterol
esterification in both CHO and 4-4-9 cells. We then tested the possibility that Torin1
treatment negatively affects the enzymatic activity of ACAT. Cellular ACAT activity can
be stimulated by oxysterols, such as 25-hydroxycholesterol, independent of LDL-derived
cholesterol (Goldstein et al., 1978). If Torin1 is negatively affecting ACAT activity,
cholesterol esterification will be reduced upon 25-hydroxycholesterol stimulation. In
contrast, 25-hydroxycholesterol stimulated cholesterol esterification was significantly
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increased in both cell lines with Torin1 treatment (Fig 7B). This suggests that Torin1
treatment stimulates, rather than inhibit, ACAT-mediated cholesterol esterification.

Figure 7. Effect of Torin1 on cholesterol esterification at the ER.
(A) Quantification of cholesterol esterified in CHO and 4-4-9 cells in the absence or
presence of LDL (30 µg/mL) 24 hr after a short term (24 hr) non treatment or treatment
with DMSO or Torin1. Data represented as relative esterified cholesterol (incorporation
of [3H]oleate into cholesteryl [3H]oleate / incorporation of [3H]oleate into
[3H]triglyceride). (B) Quantification of cholesterol esterified in CHO and 4-4-9 cells
treated as described in (A) then stimulated with 25-hydroxycholesterol (2 µg/mL) plus
cholesterol (10 µg/mL). Graphs show mean ± SD of representative experiment with n=3
in each treatment condition. The lettering (a,b/A,B) indicates statistically dissimilar
groups analyzed by one-way ANOVA followed by Tukey’s HSD test.
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Another approach to test whether Torin1 treatment increases cholesterol delivery to
the ER is by analyzing the gene expression changes downstream of SREBP. SREBPs are
transcription factors that directly induce expression of genes involved in cholesterol and
other lipid synthesis. Cholesterol level at the ER is inversely correlated with SREBP
target gene expression (Radhakrishnan et al., 2008). If Torin1 treatment is promoting
delivery of previously stored cholesterol to the ER, SREBP target gene expression will
decrease as the amount of ER cholesterol increases. We therefore analyzed mRNA
expression levels of two such targets, LDL receptor and HMGCR by qPCR. In contrast to
our expectation, however, neither of the genes showed a decrease in expression levels
upon Torin1 treatment (Fig 8). Instead, both genes were significantly induced by Torin1.
These combined approaches indicate that Torin1 treatment does not promote an increase
in cholesterol delivery from lysosomes to the ER in 4-4-9 cells.
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Figure 8. Effect of Torin1 on SREBP target gene expression.
QPCR analysis of SREBP target genes, LDL receptor and HMG-CoA reductase, in CHO
(A) and 4-4-9 (B) cells 24 hr after a short term (24 hr) DMSO or Torin1 treatment.
Values are shown as relative ratio of gene expression as compared to DMSO treated
cells. Representative graph showing mean ± SD with n=3 in each treatment condition. * P
< 0.05 vs DMSO by Student’s t-test.
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Torin1 treatment does not increase cholesterol delivered to the plasma membrane
The bulk of cholesterol leaving lysosomes is transported to the plasma membrane.
We assessed the movement of LDL-derived cholesterol from lysosomes to the plasma
membrane by pulsing cells with [3H]CO-LDL then incubating the cells with exogenous
cholesterol oxidase which converts accessible [3H]cholesterol in the plasma membrane
into [3H]cholestenone (Porn et al., 1990, Jacobs et al., 1997). We hypothesized that
redistribution of cholesterol in Torin1-treated 4-4-9 cells would increase the cholesterol
oxidase accessible pool of cholesterol in the plasma membrane. CHO cells incubated
with [3H]CO-LDL show a time-dependent appearance of [3H]cholestenone due to
lysosomal hydrolysis of the [3H]CO and subsequent movement of [3H]cholesterol to a
cholesterol oxidase sensitive pool (Fig 9). In 4-4-9 cells, there was minimal trafficking of
[3H]cholesterol from lysosomes to the plasma membrane and very little [3H]cholestenone
formation. To our surprise, the rate of [3H]cholesterol delivery to the plasma membrane
in 4-4-9 cells was not affected by Torin1 treatment, indicating Torin1 is not affecting the
egress of lysosomal cholesterol.
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Figure 9. Effect of Torin1 on cholesterol delivery to the plasma membrane.
Quantification of [3H]cholestenone in the plasma membrane of CHO and 4-4-9 cells
subjected to [3H]CO-LDL pulse for the indicated times 24 hr after a short term (24 hr)
treatment with DMSO or Torin1. Representative graph showing mean ± SD with n=3 in
each treatment condition. The lettering (a,b) indicates statistically dissimilar groups
analyzed by time points by one-way ANOVA followed by Tukey’s HSD test.
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Torin1 treatment does not decrease lysosomal cholesterol content
Torin1 treatment of NPC cells reduces the lysosomal cholesterol content, as measured by
filipin fluorescence microscopy, without changing the cellular cholesterol content.
However, we were unable to detect any movement of lysosomally stored cholesterol to
the ER or the plasma membrane. Therefore, we next measured cholesterol content within
the lysosomes themselves. CHO and 4-4-9 cells were treated with DMSO or Torin1 for
24 hours, then washed and incubated for an additional 24 hours in normal growth
medium. Postnuclear supernatants were fractionated using Percoll gradient as previously
described (Dahl et al., 1992). The distribution of marker enzyme activities is shown in
Figure 10. Figure 10A shows the density profile of a reference Percoll gradient. Figures
10B and 10C shows the gradient profiles of plasma membrane WGA-HRP and lysosomal
NAβG markers, respectively, demonstrating the clear separation of plasma membranecontaining fractions from lysosome-containing fractions. Next, the top three, middle four,
and bottom three fractions were pooled together as light, medium, and heavy density
fractions, respectively. We then extracted lipids from these pooled fractions and
quantified the amount of unesterified cholesterol by gas chromatography (Fig 11). In
CHO cells, most of the unesterified cholesterol was found in the plasma membranecontaining light fraction and the least in the lysosome-containing fraction. The
distribution of cholesterol was unaffected in CHO cells with Torin1 treatment. In contrast
to the CHO cells, there was nearly three times as much unesterified cholesterol in the
heavy fraction of DMSO-treated 4-4-9 cells, reflecting the sequestered cholesterol in
lysosomes. Much to our surprise, Torin1 treatment of 4-4-9 cells did not reduce the
cholesterol content in this heavy density fraction, indicating that Torin1 treatment does
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not promote cholesterol egress from lysosomes of NPC1 mutant cells despite the
attenuation of filipin fluorescence.

Figure 10. Cellular fractionation analysis of CHO and 4-4-9 cells treated with
DMSO or Torin1.
(A) Density of the gradient fractions collected from a reference Percoll gradient. (B-C)
Quantification of plasma membrane WGA-HRP (B) and NAβG (C) activities from the
gradient fractions collected from CHO and 4-4-9 cells 24 hr after a short term (24 hr)
treatment with DMSO or Torin1. The measurements are representative of two
independent experiments.
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Figure 10
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Figure 11. Effect of Torin1 on cholesterol content in subcellular fractions.
Unesterified cholesterol in pooled gradient fractions from CHO and 4-4-9 cells treated
and fractionated as described and analyzed in Figure 9. Data are representative of two
independent experiments.
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Chapter 4:
Discussion
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The purpose of the doctoral project
Current therapeutic options for NPC are very limited, despite the identification of
the causal genes nearly 20 years ago. The purpose of this project was to determine
whether the activation of TFEB, a transcription factor gaining attention in the lysosomal
storage disease community as a novel therapeutic target, would be an effective
therapeutic avenue for NPC. To be a successful treatment target for NPC, TFEB must be
able to promote lysosomal exocytosis and clearance of stored lysosomal cholesterol. In
addition, particularly for those in the CNS, the cells must be able to recapture and
reutilize the released cholesterol to normalize cholesterol homeostasis. To achieve TFEB
activation, I employed a small molecule, called Torin1, which is a catalytic inhibitor of
mTORC1 kinase, thereby releasing TFEB from mTORC1-dependent cytoplasmic
retention.

My project began with the hypothesis that Torin1-mediated TFEB activation will
clear stored lysosomal cholesterol in NPC cells. Torin1 treatment did in fact induce
expression of lysosomal genes known to be targets of TFEB and this was coincident with
the nuclear translocation of exogenously expressing TFEB. Remarkably, Torin1
treatment led to the reduction in filipin fluorescence in NPC cells, suggesting that the
treatment reduced stored cholesterol in lysosomes. Following this finding, however, we
showed that the lysosomal gene induction by Torin1 was not attenuated by siRNAmediated TFEB silencing, which suggested that the effect of Torin1 on filipin
fluorescence was TFEB-independent. Moreover, Torin1-mediated lysosomal gene
induction could not be attenuated by silencing TFE3, another transcription factor recently
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identified as a regulator of lysosomal biogensis (Martina et al., 2014). Based on these
results, my hypothesis shifted to testing that Torin1 treatment of NPC cells leads to a
reduction in lysosomal cholesterol.

Next, we wanted to determine the fate of lysosomal cholesterol upon Torin1
treatment. First, we assessed whether cholesterol was leaving the cells by measuring
effluxed cholesterol and total cell cholesterol content. Cholesterol efflux was measured
using radioactively labeled [3H]CO-LDL, which are internalized and hydrolyzed by the
cells to release [3H]cholesterol. We also measured the total cellular cholesterol content
upon Torin1 treatment by gas chromatography. If our hypothesis was correct, we
expected to find an increase in cholesterol efflux, a decrease in unesterified cholesterol
content, or a combination of both.

In contrast to our expectation, unesterified cholesterol content did not change with
Torin1 treatment. Torin1 treatment led to the increase in cholesterol efflux in both cells.
Although the increase is statistically significant, only about 4% of total hydrolyzed
[3H]cholesterol is effluxed into the media. The remaining 96% of hydrolyzed
[3H]cholesterol is still inside the cells. Taken together, these experiments suggested that
Torin1 treatment was promoting cholesterol efflux and that the released cholesterol was
being recaptured and redistributed within cells.

We also expected to see Torin1-mediated movement of stored cholesterol from
lysosomes to the ER and plasma membrane, the expected destination of endocytic
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cholesterol. To our great surprise, experiments measuring the rate of cholesterol arrival at
the ER, the plasma membrane, or the changes in SREBP target genes suggested that there
was no increase in cholesterol flux to these membranes. We then isolated lysosomes by
subcellular fractionation and measured the amount of cholesterol in these lysosomes in
the absence and presence of Torin1. Unexpectedly, we discovered that the cholesterol
content in Torin1-treated lysosomes was not reduced. Our initial observation of decreased
NPC cell filipin fluorescence upon Torin1 treatment was not due to decreased cholesterol
in these organelles.

Effect of Torin1 treatment on filipin fluorescence
Why does Torin1 treatment of NPC cells lead to decreased filipin fluorescence? It
is possible that a biochemical property of Torin1 is interfering with filipin fluorescence.
Although Torin1 is a highly selective inhibitor of mTORC1 kinase (Liu et al., 2010,
Thoreen et al., 2009), as a small molecule it could potentially harbor off-target effects.
However, the effect of Torin1 on filipin fluorescence is not a direct effect, but is instead
occurring secondary to cellular changes being induced by the treatment, as the reduction
in filipin fluorescence is observed only after at least 32 hours of treatment with Torin1
(data not shown).

What are the possible cellular changes occurring downstream of Torin1? One
possible explanation is that Torin1 treatment leads to an increase in the overall lysosomal
compartment volume. Torin1 treatment consistently increases expression of lysosomal
genes. Increased synthesis of lysosomal enzymes and other lysosomal proteins may lead
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to an increase in lysosomal number and volume (Sardiello et al., 2009). In addition to
fusing with autophagosomes and late endosomes, lysosomes are thought to be able to
fuse with each other (Luzio et al., 2007). In this scenario, stored cholesterol is essentially
diluted into a larger lysosomal volume. In addition to lysosomal biogenesis, Torin1
treatment has also been shown to induce autophagy and autophagosome formation
(Spampanato et al., 2013). The final step in autophagy is the fusion of autophagosomes
and lysosomes to form autolysosomes. Again, cholesterol will be distributed into an
organelle with larger volume. In both cases, it is plausible that the dilution of cholesterol
leads to the appearance of reduced filipin fluorescence.

Another possibility centers on the potential effect of Torin1 on the acidity of
lysosomes. Lysosomal pH is maintained at 4.5 to 5 by the proton pumping action of the
V-ATPase (Ohkuma et al., 1982). Recently, a novel role of lysosomal V-ATPase has
been suggested in nutrient sensing. It is proposed that abundant amino acids inside
lysosomes promote recruitment and activation of mTORC1 at the lysosomes (Zoncu et
al., 2011). Although the current model places mTORC1 kinase downstream of VATPase, it is possible that mTORC1 can also regulate V-ATPase function in some way.
In support of this idea, mTORC1 inhibition by rapamycin was shown to inhibit VATPase subunit assembly (Liberman et al., 2014). In our model, V-ATPase pump is most
likely assembled and functional upon Torin1 treatment, as evidenced by the pHdependent hydrolysis of cholesteryl esters into cholesterol with and without Torin1.
However, it is still possible that some portion of V-ATPase activity is affected by Torin1
treatment. Late endosomes and lysosomes contain abundant internal membrane that is
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enriched with lyso-bisphosphatidic acid, a phospholipid unique to these compartments. In
NPC, the abundant cholesterol is thought to be partitioned into the lyso-bisphosphatidic
acid containing membranes (Xu et al., 2008). Interestingly, there is evidence suggesting
that the stacking of these membranes is increased at an acidic pH similar to those of late
endosomes and lysosomes (Frederick et al., 2009, Hayakawa et al., 2007). If Torin1 is
affecting V-ATPase function such that lysosomal pH is elevated, it could affect the
organization of the intralumenal membrane that stores cholesterol in NPC lysosomes and
result in reduced filipin fluorescence.

Filipin staining as the detection method for cholesterol has been used widely.
Filipin interacts with the hydroxyl head group of cholesterol. However, beyond this
interaction, the filipin-cholesterol complex formation and filipin:cholesterol
stoichiometry are not well understood (Gimpl et al., 2007). Although filipin staining is
being used as one of the ways to diagnose NPC, some patient fibroblasts can show
variable or low filipin staining (Vanier, 2010). Thus, sequencing of NPC causal genes is
performed following filipin staining during diagnostic testing. In addition, other sterolcontaining membranes have been reported not to be labeled by filipin (Steer et al., 1984,
Pelletier et al., 1994). Thus, Torin1 could be exhibiting an off-target effect on the
intralumenal membrane in which cholesterol is thought to be stored.

Torin1 treatment promotes cholesterol efflux without changing cholesterol content
Torin1 treatment led to the induction in cholesterol efflux; however, total cellular
cholesterol content did not change. An important difference between these two
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experiments is that cholesterol efflux was measured by [3H]cholesterol hydrolyzed from
newly internalized [3H]CO-LDL whereas cell cholesterol content was measuring the
existing cholesterol mass. Since the subcellular fractionation experiment shows the
absence of cholesterol egress from Torin1-treated lysosomes, why is there an increase in
[3H]cholesterol efflux?

One possibility is that LE/L containing [3H]CO-LDL-derived [3H]cholesterol may
have a different vesicular movement than those pre-existing lysosomes laden with
cholesterol. [3H]CO-LDL is internalized via clathrin-dependent endocytic process and
forms new endosomal vescicles. With the treatment of Torin1, newly synthesized
lysosomal hydrolases are being trafficked to the endosomes. As early endosomes mature
into late endosomes and lysosomes, progressive acidification leads to the hydrolysis of
[3H]CO-LDL into [3H]cholesterol. These newly formed, [3H]cholesterol-containing
lysosomes may not be as heavily laden with cholesterol as those pre-existing ones. Thus,
one hypothesis is that the less lipid-laden lysosomes are being trafficked closer to the
plasma membrane to fuse and efflux [3H]cholesterol. In fact, lipid-laden NPC lysosomes
do show decreased movement of lysosomes to and from the cell periphery when
compared to controls (Ko et al., 2001). In addition, Torin1 treatment promotes lysosome
biogenesis, as evidenced by the induction in lysosomal gene expression, feeding into the
highly dynamic endolysosomal system (Huotari et al., 2011). Thus, Torin1 treatment
could be inducing dynamic movement of lysosomes that are less lipid-laden to the plasma
membrane for fusion, resulting in increased efflux of [3H]cholesterol to the extracellular
space (Samie et al., 2014).
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Effect of Torin1 treatment on cholesterol sensing at the ER
In testing the hypothesis that Torin1 treatment is promoting previously stored
lysosomal cholesterol to the ER, the results instead suggested that Torin1 treatment is
affecting cholesterol sensing at the ER. Rate of LDL-mediated cholesterol esterification
was reduced by Torin1 treatment in both CHO and 4-4-9 cells (Figure 7). The result
could be a result of Torin1 negatively affecting ACAT enzymatic activity. However, 25hydroxycholesterol stimulated cholesterol esterification experiment showed that Torin1treatment increased cholesterol esterification, rather than inhibiting the process.
One possibility is that Torin1 is stimulating the esterification of existing
cholesterol in the ER membrane. This is supported by the increase in SREBP target gene
expression upon Torin1 treatment (Figure 8). If Torin1 is depleting ER membrane
cholesterol, this will result in the release of SCAP-SREBP complex from INSIG so that it
can be trafficked to the Golgi (please see Cellular Cholesterol Homeostasis). The overall
effect of SREBP activation is the upreglation of LDL receptor and cholesterol biogenesis,
leading to net increase in cellular cholesterol. Due to the Torin1-mediated stimulation of
ACAT activity, the cell is erroneously sensing cholesterol depletion, which could explain
the observed decrease in LDL-mediated cholesterol esterification. If so, treating NPC
patients with Torin1 could exacerbate the symptoms by increasing further LDL uptake
via LDL receptor.

Torin1 mediated induction in lysosomal target genes
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Torin1 treatment led to the induction of lysosomal gene expression that we
thought to be targets of TFEB, even after siRNA-mediated silencing of TFEB. This
suggests that a non-TFEB transcription regulatory mechanism exists for lysosomal gene
expression that is also responsive to Torin1. In this regard, Martina and colleagues (2014)
recently determined that TFE3, another member of the MiTF/TFE family, is also able to
induce expression of numerous lysosomal genes when it is overexpressed and it does so
by binding to CLEAR promoter elements (Martina et al., 2014). Moreover, TFE3 shares
the same activation mechanism as TFEB. Accordingly, Torin1-mediated mTORC1
inhibition promoted rapid nuclear translocation of TFE3. Most importantly, however,
Martina (2014) showed that the starvation-induced lysosomal gene expression could only
by attenuated by siRNA-mediated silencing of TFE3 but not by TFEB silencing alone.
They further showed that while TFE3 is highly expressed in the APRE19 cells (human
retinal pigmented epithelial cells) used, TFEB expression was very low, suggesting that
TFE3 is the dominant transcription factor regulating the coordinated expression of
lysosomal genes.
Based on this information, we hypothesized that TFE3, not TFEB, is the dominant
transcription factor regulating lysosomal biogenesis in our CHO and CHO-derived NPC
cell line. To test this hypothesis, lysosomal gene expression was quantified in cells
treated with Torin1 with TFEB and TFE3 silencing. To our surprise, Torin1 continued to
induce lysosomal gene expression even with TFE3 silencing. The combined results
suggest that neither TFEB nor TFE3 is the transcriptional regulator responsible for
Torin1-mediated gene induction. It is possible that another member of the MiT/TFE
family could be involved in regulating the observed gene induction.
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It is important to note, however, that complete TFEB and TFE3 knockdown
cannot be achieved by siRNA-mediated mRNA silencing. As seen in Figure 3 and 4,
approximately 10 to 20% of mRNA expression is retained in both siTFEB and siTFE3
cells. Since Torin1 treatment is very effective in promoting nuclear translocation of
TFEB (Fig 1A), it is possible that the remaining TFEB and TFE3 protein is sufficient to
promote the observed induction in gene expression. In order to determine the
involvement of TFEB or TFE3 in Torin1-mediated gene expression induction, the
experiment will need to be tested in TFEB- and/or TFE3-null cell lines.

Could TFEB be a potential therapeutic target for NPC?
One important point is whether TFEB or TFE3 activation is a viable therapeutic
target for the treatment of NPC. TFEB overexpression has been shown to successfully
reduce glycosaminoglycan aggregates in a mouse model of multiple sulfatase deficiency,
a lysosomal storage disease, which led to the reduction in inflammation and apoptosis of
affected organs (Medina et al., 2011). We do not know whether TFE3 overexpression can
also lead to similar clearance of stored lysosomal content, although the fact that TFE3
overexpression results in lysosomal biogenesis strongly suggests that it could (Martina et
al., 2014). My work suggests that activation of endogenous TFEB or TFE3 is insufficient
in promoting lysosomal clearance in NPC cells. Although lysosomal gene expression was
induced by Torin1, we did not see any evidence suggesting the movement of stored
lysosomal cholesterol out of the lysosomes.

113

If endogenous TFEB or TFE3 is insufficient to clear cholesterol in NPC, could
overexpression of either of the transcription factors be a possible strategy? Indeed, all of
the evidence demonstrating the reduction or clearance of stored pathogenic accumulant in
other LSDs was achieved by the overexpression of TFEB. To test this, Joslyn Mills, a
graduate student in the Liscum lab, transiently overexpressed TFEB in NPC cells and
quantified lysosomal gene expression. To our surprise, TFEB overexpression did not
induce expression of any of the lysosomal genes (data not shown). There are several
possible explanations. First, due to the relatively low transfection efficiency of TFEB
(~30%), any modest gene induction could be diluted by those surrounding cells without
TFEB overexpression. Second, it is possible that TFE3 transcription factor, not TFEB, is
the dominant player in the regulation of lysosomal gene expression. In fact, Sardiello and
colleagues (2009) reported that the induction in lysosomal gene expression in HeLa cells
was only attained by TFEB overexpression and not by any of the other family members
(Sardiello et al., 2009). This suggests a cell-type specific regulatory mechanism for the
induction of lysosomal gene expression. Thus, in order to determine whether
overexpression could be beneficial for NPC, we would first need to generate NPC cells
lines stably overexpressing either TFE3 or TFEB and determine their effect on stored
cholesterol.

There is one foreseeable limitation in using TFEB/TFE3 mediated lysosomal
clearance as a therapeutic approach for NPC. TFEB-mediated lysosomal exocytosis
requires calcium release by mucolipin1, a lysosomal non-selective cation channel
(Medina et al., 2011). In fact, TFEB overexpression was not effective in promoting
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lysosomal clearance in patient fibroblasts from mucolipidosis IV, a lysosomal storage
disease with mucolipin1 defect (Medina et al., 2011). Interestingly, mucolipin1-mediated
Ca2+ currents were shown to be reduced in NPC1 mutant CHO cells and human
fibroblasts, as well as NPA fibroblasts (Shen et al., 2012). Moreover, mucolipin1 activity
is improved by stimulating acid sphingomyelinase activity, a lysosomal enzyme whose
activity is decreased in NPC cells (Spampanato et al., 2013). Taken together, even with
TFEB or TFE3 overexpression, molecular mechanisms underlying lysosomal clearance
could be compromised in NPC cells due to reduced mucolipin1 activity. Thus, for these
transcription factors to be potential effective therapeutic targets for NPC, either
mucolipin1 or acid sphingomyelinase agonists may have to be given as a combination
therapy.
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Future Directions
This purpose of this project was to determine whether Torin1 treatment would be
a therapeutic option for NPC disease by treating CHO-derived NPC disease cell model
and measuring lysosomal cholesterol. Although Torin1 was not effective in moving
lysosomal cholesterol from 4-4-9 NPC cells, Torin1 may be effective in other cell lines.
Aside from the missense mutation in npc1, the genetic background of 4-4-9 is largely
unknown. Thus, it is possible that 4-4-9 cells carry unidentified genetic mutations that
could be affecting the cellular response to Torin1 treatment. In order to properly
determine the therapeutic potential of Torin1, it would be imperative to repeat the
experiments in NPC patient fibroblasts. As mentioned earlier, NPC fibroblasts have much
reduced mucolipin 1 channel activity, which is necessary for lysosomal exocytosis. Thus,
in addition to treating with Torin1, combination treatment with a mucolipin1 agonist
(Shen et al., 2012) would provide further insight into Torin1-mediated cellular
mechanism. NPC is a neurodegenerative disease; thus, in addition to testing in
fibroblasts, treating primary NPCnih neuronal and glial cultures with Torin1 would also be
critical. In addition to treating with Torin1, overexpression of TFEB or TFE3 in CHO
cells, fibroblasts, and primary cells would also be important, as published research have
all revolved around the overexpression of theses transcription factors. Again, since
calcium release from mucolipin1 channel is a requirement for TFEB-mediated lysosomal
clearance, addition of mucolipin1 agonist would be important to properly assess the
therapeutic potential of TFEB or TFE3 in NPC cells.
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Concluding Remarks

The major contribution made by this work is that Torin1 does not reduce
lysosomal cholesterol in CHO-derived NPC cells. Moreover, in contrast to other
published studies, even the overexpression of TFEB in NPC may not be effective in
clearing lysosomal storage, as mentioned in the Discussion. Thus, the LSD research
community should be cautious about considering TFEB overexpression as a therapeutic
target for all LSDs. In addition, the work also suggests that TFEB is not the only
transcriptional regulator of lysosomal gene expression. Current research strongly supports
TFE3, another member of the TFEB family, as a key player in the coordinated lysosomal
response.
NPC is a debilitating disease for which the search for a cure has been difficult,
even after nearly 20 years since the identification of the causal genes. My hope is that this
work will help the research community achieve the goal for an NPC therapy by
identifying effective and ineffective target options.
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