Boston University

OpenBU http://open.bu.edu
Boston University Theses & Dissertations Boston University Theses & Dissertations
2020

The role of the lysosome and
transcription factor EB in tuberous
sclerosis complex

https://hdl.handle.net/2144/41147
"Downloaded from OpenBU. Boston University's institutional repository."



BOSTON UNIVERSITY

SCHOOL OF MEDICINE

Thesis

THE ROLE OF THE LYSOSOME AND TRANSCRIPTION FACTOR EB

IN TUBEROUS SCLEROSIS COMPLEX

by

ANNA S. NIDHIRY

B.S., University of California, San Diego 2016

Submitted in partial fulfillment of the
requirements for the degree of
Master of Science

2020



© 2020 by
ANNA S. NIDHIRY
All rights reserved



First Reader

Second Reader

Approved by

Matthew D. Layne, Ph.D.
Associate Professor of Biochemistry

Elizabeth Petri Henske, M.D.
Professor of Medicine
Harvard University, School of Medicine



ACKNOWLEDGMENTS

I would like to first thank my PI, Dr. Elizabeth Henske, for her guidance, support, and
feedback throughout this project. | am extremely grateful for the opportunity to be a part
of such an amazing team and for all the incredible learning experiences gained in the lab.
I would also like to thank Dr. Nicola Alesi for being a wonderful mentor throughout this
experience — for his constant guidance, encouragement, and for teaching me all aspects of
laboratory science and research. | am also grateful to all members of the Henske Lab. The
passion, dedication, and vast knowledge of each and every member of the team made this
an excellent learning environment and inspired me to continue pursuing science and

medicine.

I would like to thank Dr. Matthew Layne for kindly serving as first reader to this work,
for his valuable feedback, and his guidance throughout this program. Finally, | am
especially grateful to my dearest family and friends for their constant love, support, and

encouragement.



THE ROLE OF THE LYSOSOME AND TRANSCRIPTION FACTOR EB
IN TUBEROUS SCLEROSIS COMPLEX
ANNA S. NIDHIRY
ABSTRACT

Tuberous Sclerosis Complex (TSC) is a rare, autosomal dominant genetic disease
that results from the loss-of-function mutations of either the TSC1 or TSC2 genes. It is a
multisystemic disorder with manifestations in several organs including the lungs, kidneys,
brain, skin, and heart. Loss of either TSC1 or TSC2 causes hyperactivation of the
mechanistic target of rapamycin complex 1 (MTORC1) pathway resulting in cell
proliferation and the continuous activation of multiple anabolic pathways that lead to tumor
growth.

Transcription factor EB (TFEB) is one of the many downstream targets of the
mTORC1 pathway and is a master transcriptional regulator of lysosomal biogenesis. In the
classical paradigm of TFEB-mTORC1 interaction, TFEB is negatively regulated by
mTORCLI. Interestingly, TFEB is upregulated and fully functional in Tscl- and Tsc2-
deficient, mMTORCL hyperactivated cells suggesting an alternate regulation involved in the
context of TSC. The objective of this research was to investigate how TFEB upregulation
and resulting lysosomal dysregulation in Tscl- and Tsc2-deficient cells drives the
pathogenesis of Tuberous Sclerosis Complex. By western blot analysis, elevated levels of
TFEB were detected in Tscl- and Tsc2-deficient cells compared to Tscl- and Tsc2-
expressing cells and multiple lysosomal proteins also showed increased expression in these

cell lines. In Tscl- and Tsc2-expressing MEFs, TFEB was phosphorylated and retained in



the cytoplasm. Immunofluorescence imaging of TFEB in Tscl- and Tsc2-deficient cells
demonstrated nuclear localization. This was in contrast to previous studies, in which TFEB
was retained in the cytoplasm upon mTORCL activation. Immunohistochemistry staining
of TFEB and the lysosomal protein, NPC1 (NPC Intracellular Cholesterol Transporter 1),
in human TSC-associated renal cell carcinoma (RCC) also showed increased staining of
TFEB and NPC1 in RCC compared to normal kidney tissue. This histological finding was
confirmed in two mouse models of renal TSC, TSC2 +/- AJ mice and KSP-CreERT2
Tsc2sm mice, which revealed strong expression of NPC1 in cyst-lining cells, specifically
in the apical region, suggesting increased lysosome number and activity as a contributing
factor to cystogenesis.

These results suggest a novel mechanism in the development of Tuberous Sclerosis
Complex through the dysregulation of lysosomal activity. Further investigation into the
mechanism of nuclear localization of TFEB and its upregulation in Tscl- and Tsc2-
deficient cells may provide insight into the pathogenesis of the disease and could indicate

a new therapeutic target for treating TSC and its associated disorders.

Vi
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CHAPTER 1
INTRODUCTION
Overview

Tuberous Sclerosis Complex (TSC) is a rare genetic disease that is autosomal
dominant and caused by a loss-of-function mutation in either the TSC1 or TSC2 gene
(Crino et al., 2006). It is a multi-systemic disorder that can cause tumors in various organs
in the body including the brain, skin, lung, kidney, retina, and heart (Figures 1 and 2). In
the United States, nearly 50,000 individuals are affected by Tuberous Sclerosis Complex,
and it is thought to affect nearly 2 million people worldwide with a prevalence of one in
every 6,000-10,000 births (Henske et al., 2016, Hallett et al., 2011).

A diagnosis of TSC can be made prenatally by fetal ultrasound through the
detection of cardiac rhabdomyomas or cortical tubers (Wortmann et al., 2008). Other
common manifestations of TSC in the brain are subependymal nodules and subependymal
giant cell astrocytomas (SEGAS) (Northrup & Krueger, 2013). Subependymal nodules
appear in the brain as undifferentiated giant cells and collections of abnormal glial cells,
which can calcify into SEGAs (Stein & Reidman, 2016). Congenital SEGASs can be seen
in 2.2% of patients and cortical tubers occur in approximately 90% of TSC patients
(Kotulska et al., 2014, Stein & Reidman, 2016). Disruption of the brain anatomy by cortical
tubers can also induce epilepsy and seizures, which are some of the most common
neurological manifestations of TSC, and affect 70-90% of patients in early childhood (Chu-

Shore et al., 2010).



Figure 1. Manifestations of Tuberous Sclerosis Complex in the skin, kidney, and
lungs. This figure shows TSC in a clinical context as (a) a chest scan of
lymphangioleiomyomatosis (LAM). Renal manifestations of TSC (angiomyolipomas) are
depicted by an (b) abdominal CT scan (left) and a renal angiogram (right). TSC in the brain
is shown by (c) a CT scan of subependymal nodules. Skin manifestations of TSC are
depicted by (d) four panels showing hypomelanotic macules (top left), subungual fibroma
(top right), facial angiofibroma (bottom left), and retinal hamartoma (bottom right) Figure
adapted from (Henske et al., 2016).

In women, a highly common pulmonary manifestation of TSC is
Lymphangioleiomyomatosis (LAM), a destructive, cystic lung disease that occurs in nearly
80% of women with TSC. LAM presents symptomatically as chest pain, fatigue, shortness
of breath, pneumothorax, and/or chylous pleural effusion (Silva et al., 2019, Moss et al.,
2001). LAM is characterized by spindle-shaped cells with smooth muscle-like staining
properties, known as LAM cells, that contain mutations in either the TSC1 or TSC2 gene

(Steagall et al., 2018, Torre et al., 2017). In the kidney, TSC can manifest as renal cell

carcinoma, renal cysts, and/or angiomyolipomas (Guo et al., 2014, P. Yang et al., 2014).
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Angiomyolipomas (AMLSs) are the most common renal manifestations of TSC (70-80%)
and are characterized by abnormal blood vessels, the proliferation of fat cells, and
immature smooth muscle cells in the kidney (Jinzaki et al., 2017, Brakemeier et al., 2017).
TSC can also manifest in a range of lesions on the skin, an important diagnostic criterion
of the disease. These lesions include: angiofibromas, ungual fibromas, forehead plaques,
shagreen patches, and hypomelanotic macules (Jozwiak et al., 1998).

Brain Other
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Figure 2. Prevalence of Clinical Manifestations of Tuberous Sclerosis Complex. TSC
occurs in the brain, heart, kidney, lung, skin, retina, etc. This diagram illustrates the
prevalence of the clinical manifestations of TSC in multiple organs in the body. Figure
obtained from (Henske et al., 2016).

A clinical diagnosis of Tuberous Sclerosis Complex is established by the presence

of two major features (Table 1) or one major feature and two minor features such as



“confetti-like” skin lesions, dental pits, intraoral fibromas, etc. (Northrup & Krueger,
2013). A “probable” diagnosis consists of one major and one minor feature, and a
“possible” diagnosis is established by one major or two or more minor features (Northrup
& Krueger, 2013).

Table 1. Tuberous Sclerosis Complex (TSC) Diagnostic Criteria. Adapted from
(Northrup & Krueger, 2013).

Major Features Minor Features
Hypomelanotic macule “Confetti-like” skin lesions
Facial angiofibromas Dental enamel pits
Ungual fibromas Intraoral fibromas
Shagreen patch Retinal achromic patch
Multiple retinal hamartomas Multiple renal cysts
Cortical tuber Nonrenal hamartomas

Cerebral white matter radial migration lines | -
Subependymal nodules -
Subependymal giant cell astrocytoma -
Cardiac rhabdomyoma -
Lymphangioleiomyomatosis -
Renal angiomyolipomas -

Genetics of TSC

Tuberous Sclerosis Complex is caused by mutations in the either the TSC1 gene
that encodes the protein hamartin or the TSC2 gene that encodes the protein tuberin, which
together form the TSC complex (Jones et al., 1999, Sancak et al., 2005). TSC1 and TSC2
are located on chromosome 9 (on position q34) and chromosome 16 (on position p13),
respectively (Povey et al, 1994). TSC follows the Knudson two-hit (loss-of-
heterozygosity) tumor suppressor model (Knudson, 1971), in which a normal allele of

TSC1 or TSC2 must be inactivated through a sporadic mutation in a non-germline cell in



order to activate abnormal cellular proliferation (Crino et al., 2006). TSC1 mutations are
generally familial, affecting ~20% of patients, and often present as a milder version of
disease compared to TSC2 mutations (Emmerson et al., 2003). TSC2 mutations are
observed in approximately 70% of TSC patients, and demonstrate higher rates of de novo
germline mutations compared to TSC1 mutations (Emmerson et al., 2003). In 10-15% of
patients, a mutation cannot be defined (Camposano et al., 2009). This suggests the presence
of mosaicism or intronic mutations contributing to the TSC phenotype (Tyburczy et al.,

2015).

MTORC1 Signaling in TSC

The mechanistic target of rapamycin (mTOR) complex 1 (MTORC1) regulates cell
growth and proliferation by sensing nutrient fluctuations in the environment through
various inputs including amino acids, glucose, growth factors, and cellular stress (Kim et
al., 2013). Functionally, the TSC1, TSC2, and TBC1D7 proteins make up the TSC protein
complex, which negatively regulates the mTOR pathway by inhibiting mTORC1 (Gao et
al., 2002). In conditions of high nutrient availability, the TSC complex is inhibited and
activates mTORC1 resulting in an increase in anabolic processes such as nucleotide,
protein, and lipid biosynthesis (Figure 3) (Kim et al., 2013). The TSC protein complex
functions as a GTPase-activating protein (GAP) toward a direct upstream regulator of
mTORC1, the GTPase Ras homolog enriched in brain (RHEB) (Cao et al., 2017). GTP-
bound RHEB is an mTORC1 activator. However, in the absence of nutrient signaling,
RHEB is kept in its GDP-bound state by the TSC protein complex and prevents its

activation (Dibble & Manning, 2013).
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Figure 3. Summary of the mTOR signaling pathway and its regulation. Major cellular
components and pathways associated with the mTORC1 and mTORC2 protein complexes
are shown. Activation of mMTORC1 by amino acids, glucose, and growth factors promotes
various anabolic pathways that result in cell growth and proliferation. Figure obtained from
(Kim et al., 2013).

In Tuberous Sclerosis Complex, inactivating mutations in the second allele of either
the TSC1 or TSC2 gene causes hyperactivation of mMTORC1 as RHEB remains in its GTP-
bound, active state (Cao et al., 2017). Thus, the constitutive activation of mMTORCL results
in continuous cell growth and proliferation through the constant activation of downstream
anabolic pathways (Jaeschke et al., 2002).

Treatment of Tuberous Sclerosis Complex

Currently, there is no cure for Tuberous Sclerosis Complex. However, there are

treatment options for the various symptoms associated with TSC. Seizures are commonly

treated with antiepileptic drugs (ex. Vigabatrin) and dietary therapy (Curatolo et al., 2012,
6



Kossoff et al., 2005). Previously, embolization or surgical resection was the standard of
care in treating manifestations of TSC such as angiomyolipomas and SEGAs. A more
recent understanding of the involvement of the mTORCL1 pathway has led to the use of
mTOR inhibitors Rapamycin (Sirolimus) and its derivative, Everolimus, in the treatment
of TSC (Franz et al., 2013, Nathan et al., 2015). Unfortunately, serious and potentially life-
threatening adverse effects are associated with the use of mTOR inhibitors including
respiratory infection and bone marrow suppression (Samuels, 2017). Treatment with
Everolimus has also been reported to cause adverse effects related to female fertility such
as amenorrhea and irregular menstruation (Davies et al., 2017). Discontinuation of mTOR
inhibitor therapy results in the regrowth of TSC-associated tumors requiring life-long use
of the treatment (Samuels, 2017). For these reasons, it is critical to identify alternate
therapeutic strategies for the treatment of TSC that would benefit patients with a longer

and, if possible, complete remission of the disease.

Lymphangioleiomyomatosis (LAM) a TSC-associated Disease

LAM is a progressive lung disease characterized by cystic destruction, chylous
pleural effusion, and the abnormal proliferation of LAM cells in the form of lung nodules
(Steagall et al., 2018, Henske & McCormack, 2012). It predominantly affects women and
can occur in a sporadic form or in association with TSC (Costello et al., 2000, Henske &
McCormack, 2012). LAM cells, which are smooth muscle-like cells, are the pathogenic
manifestation of LAM in the lung that causes cystic destruction of lung parenchyma and
eventual loss of pulmonary lung function (Krymskaya, 2008). Symptoms of the disease
can include pneumothorax and exertional dyspnea (Urban et al., 1999, McCormack, 2008).
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Currently, the reason for the predominance of LAM in females and the mechanism of the
cystic phenotype of LAM are unclear. However, it is shown in mice that estrogen
involvement enhances the survival and proliferation of Tsc2-deficient cells (Yu et al., 2009,
Henske & McCormack, 2012).

Studies have reported high expression of Cathepsin K, a lysosomal protease, in
LAM cases (Chilosi et al., 2009). Cathepsin K is a protease typically expressed by
osteoclasts for bone-remodeling with high matrix-degrading activity (Dongre et al., 2017,
Chilosi et al., 2009). Cathepsin K is released extracellularly through lysosomal exocytosis,
a calcium-dependent process that enables the lysosome to release its contents into the
extracellular space for cellular clearance (Jaiswal et al., 2002, Medina et al., 2011). It is
hypothesized that LAM cells play a role in the cystic phenotype of LAM through the
release of cathepsin K and other proteases (Dongre et al., 2017). Previous studies have
demonstrated a 40-fold higher mRNA expression of cathepsin K in LAM tissue in
comparison to normal tissue (Dongre et al., 2017). In the same study,
immunohistochemistry experiments confirmed expression of cathepsin K in LAM tissue
but not in normal lung tissue (Dongre et al., 2017). Similarly, increased expression of
cathepsin K is also evident TSC-associated renal angiomyolipomas (Martignoni et al.,
2012). This provides insight into the potential for cathepsin K as a biomarker of TSC and
suggests lysosomal activity may be involved in the pathogenesis of LAM and other TSC-

derived diseases.



The Role of the Lysosome in TSC

Lysosomes are vesicular organelles with degradative properties that arise from a
range of hydrolytic enzymes contained within their membrane (Dielschneider et al., 2017).
Lysosomes function to maintain homeostasis through sensing and maintaining nutrient
levels in the cell by recycling essential nutrients and degrading waste products via cellular
processes that include: autophagy, phagocytosis, and exo- and endocytosis (Dielschneider
et al., 2017). Dysregulation of lysosomal function can lead to altered cellular metabolism
and signaling that enables the progression and development of cancer (Dielschneider et al.,
2017). The TSC protein complex is recruited to and localizes in the lysosomal membrane
with mTORCL1 during cellular stress to inhibit mTOR signaling in unfavorable conditions
(Demetriades et al., 2016). Inactivating phosphorylation of TSC2 by Akt or other upstream
kinases causes dissociation of the TSC complex from Rheb at the lysosomal membrane

facilitating the activation of mMTORC1 (Menon et al., 2014).

Role of TFEB and Lysosomal Biogenesis in TSC

The microphthalmia-associated transcription factor (MiT) family is a group of basic
helix-loop-helix-leucine-zipper (bHLH-LZ) transcription factors downstream of mMTORC1
that function in maintaining cellular homeostasis and regulating cellular processes
(Napolitano & Ballabio, 2016). The MiT family of transcription factors consists of four
members (MITF, TFEB, TFE3, and TFEC) that are dysregulated in cancers and function
as oncogenes (M. Yang et al., 2018, Ploper & De Robertis, 2015). Specifically, TFEB and
TFES3 translocations and consequent hyperactivation are found in a rare subset of sporadic
renal cell carcinomas (Argani et al., 2016). Prior data in which all four MiT family

9



members were analyzed demonstrated that TFEB is most highly expressed in Tsc2-
deficient cells. For this reason, this study is focused on TFEB.

TFEB, Transcription Factor EB induces lysosomal gene expression by binding to
the promoter regions of several lysosomal genes, known collectively as the Coordinated
Lysosomal Expression and Regulation (CLEAR) network (Sardiello et al., 2009). TFEB
regulates processes such autophagy by inducing autophagosome-lysosome fusion and
autophagosome biogenesis and initiating lysosomal exocytosis (Settembre et al., 2011). In
this way, TFEB promotes intracellular clearance through the regulation of organelle-
specific degradation pathways and cellular metabolism to maintain homeostasis (Palmieri

etal.,, 2011).

The Current Paradigm on TFEB-mTORCL1 Interaction

Prior research has shown that TFEB is regulated by mTORC1 through control of
its phosphorylation state and nuclear localization (Pefia-Llopis et al., 2011). TFEB is one
of the targets of the mTORC1 pathway, and thus is also capable of responding to
environmental cues. Under nutrient-rich conditions, the mTORCL1 pathway is active in the
lysosomal membrane and directly phosphorylates TFEB causing its cytoplasmic retention
(Settembre et al., 2012). Direct phosphorylation of TFEB at Ser211, and potentially
Ser142, triggers its binding to 14-3-3 chaperone proteins and prevents the nuclear
localization of TFEB (Figure 4) thereby reducing its transcriptional activity (Roczniak-
Ferguson et al., 2012). However under starvation or stress conditions, the mTORC1
pathway is inhibited, causing the translocation of the unphosphorylated form of TFEB into
the nucleus and the induction of lysosomal genes (Settembre et al., 2012).

10
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Figure 4. TFEB-mTORC1 interaction and subcellular localization of MiT family
transcription factors. mTORC1 is active and directly phosphorylates MIT/TFE
transcription factors (TFEB) under nutrient-rich (normal) conditions, which promotes 14-
3-3 protein binding and results in cytoplasmic retention. Under nutrient-deprived
(starvation) conditions, mTORCL is inactive and MiT/TFE transcription factors translocate
into the nucleus and promote CLEAR network genes transcription. Figure adapted from
(M. Yang et al., 2018).

Aims of the Present Study

The aim of this study is to understand the regulation of TFEB in the context of TSC
and its role in the pathogenesis of the disease as a positive regulator of lysosomal
biogenesis. According to previous studies, mTOR activity induces phosphorylation of
TFEB resulting in its cytoplasmic retention and inactivity. However, preliminary data has
shown that Tscl- and Tsc2-deficient cell lines (with high mTORC1 activity) have
increased levels and activity of TFEB. This led to the hypothesis that in TSC-null cells, an

alternate pathway must be involved that upregulates TFEB either through a decrease in 14-

11



3-3 proteins, increased calcineurin activity, or another unexplored mechanism. For this
reason, 14-3-3 and calcineurin protein expression were examined in both Tsc1- and Tsc2-
expressing and Tscl- and Tsc2-deficient cells.

This study examined the expression of TFEB and lysosomal proteins in both in vivo
and in vitro models of TSC. Tscl- and Tsc2-deficient as well as Tsc1- and Tsc2-expressing
cells were treated with mTOR inhibitors to determine whether increased lysosomal
biogenesis is mTOR dependent by examining lysosomal protein and gene expression after
treatment. The study also investigated the subcellular localization of TFEB in Tscl- and
Tsc2-deficient cells through immunofluorescence imaging and explored the mechanism of
nuclear localization in mTORCL1 hyperactivated cells. Through these experiments this
project established foundational knowledge to better understand the pathogenesis of TSC

and potentially identify a new therapeutic target and biomarker for the disease.
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CHAPTER 2

METHODS

Cell Culture

Tscl++, Tscl-r-, Tsc2++, Tsc2-- mouse embryonic fibroblasts MEFs were provided
by David James Kwiatkowski at Brigham and Women’s Hospital Boston, MA, US (Zhang
et al., 2003). Cell culture was conducted in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco/Thermo Fisher, Scientific, Waltham, MA, USA) supplemented with either 10% or
0.1% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA) and 1%
penicillin/streptomycin. Cells were passaged with 0.25% trypsin-EDTA (Life
Technologies Corporation, Grand Island, NY, USA) and incubated in a humidity-

controlled environment at 37° C with 5% CO:a.

Generation TFEB Knockdown Cell Lines

TFEB MISSION mouse shRNA Lentiviral Transduction Particles (Sigma-Aldrich
Corporation, St. Louis, MO, USA) were used to downregulate TFEB in Tsc2++ and
Tsc2-- MEFs. Cells were transduced with Lentiviral particles for 24 hours with polybrene

(10 pg/ml). The infected cells were selected with puromycin at 5 pg/ml in 10% FBS media.

Animal Studies
Animal studies were conducted by Dr. Hilaire Lam and Thomas Hougard
according to institutional protocols that were approved by Boston Children’s Hospital

Animal Care and Use Committee. KSP-CreERT mice that had a tamoxifen-induced Cre

13



recombinase driven by a kidney-specific cadherin (KSP) promoter were crossed with a
Tsc2nm mouse to create a KSP-CreERT2 Tsc2fs mouse model of TSC (Lam et al., 2017).
Tamoxifen treatment at 8 weeks induced recombination, and mice were euthanized at 5

months. TSC2 +/- AJ mice were generated by the Kwiatkowski Lab.

Protein Extraction

For protein extraction and immunoblot, cells were washed with ice-cold PBS,
scraped, and lysed on ice with (1x) radioimmunoprecipitation assay (RIPA) buffer (Cell
Signaling Technology, Inc., Danvers, MA, USA) in combination with phosphatase and
protease inhibitors (Sigma-Aldrich Corp.). Cells were spun in a centrifuge at 10,000 xg for
10 minutes and the supernatant was transferred into a fresh tube. Each sample (1 ul) was
mixed with 1 mL of Bradford reagent (1:10 dilution) (Sigma-Aldrich Corp.) and inserted
into an Ultrospec 2000 UV/Visible spectrophotometer (Pharmacia Biotech, Inc.,

Piscataway, NJ, USA) for protein quantitation.

Western Blot Analysis

Extracted cell lysates containing approximately 20 ug of protein were normalized
to the desired protein concentration through dilution with distilled water. Samples were
mixed with reducing agent (10X) and LDS sample buffer (4X) prior to heating at 70°C for
10 minutes. The protein samples were then run on 4-12% Bis-Tris gel (Invitrogen,
Waltham, MA, USA) at 150 volts for 120 minutes. The gel was then transferred onto a

polyvinylidene difluoride (PVDF) membrane, and the transfer buffer was run for 2 hours
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at 100 volts. Membranes were washed with TBST and blocked with 5% non-fat milk or
5% BSA for 1 hour at room temperature. After blocking, membranes were cut and blocked
with primary antibodies (amounts below) in 5% BSA overnight at 4° C. The following
morning, membranes were washed three times for 10 minutes in TBST, incubated with
secondary antibody, anti-rabbit IgG horseradish peroxidase or anti-mouse IgG horseradish
peroxidase (1:5000) for 1 hour at room temperature, and then washed again three times as
previously described. Chemiluminescence was then visualized with SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, USA) on
SynGene G:BOX gel documenting system. Protein bands were normalized and evaluated
against B-actin (Sigma-Alrdrich Corp., A5316). The following antibodies were used at
1:1000 dilution unless otherwise indicated: B-actin (Sigma-Aldrich Corp., A5316),
phosphorylated S6 (pS6) ribosomal protein (Thr 389) (Cell Signaling Technology Inc.,
9234), total S6 kinase (TS6K) ribosomal protein (Cell Signaling Technology Inc., 2217),
TSC2 (Cell Signaling Technology Inc., 4308 ), TSC1 (Cell Signaling Technology Inc.,
4906), TFEB (1:3000) (Bethyl Laboratories, Montgomery, TX, USA, A303-673A), TFEB
(Cell Signaling Technology Inc., 32361), Cathepsin K (CTS K) (Abcam, Cambridge, MA,
USA, ab19027), LAMP1 (Cell Signaling Technology Inc., 3243), LAMP1 (1:200) (Santa
Cruz Biotechnology Inc., Dallas, TX, USA, sc-19992), NPC1 (Abcam, ab134113), NPC2
(Thermo Fisher Scientific, PA5-51463), HEXA (Thermo Fisher Scientific, PA5-45175 ),
Calcineurin (Cell Signaling Technology Inc., 2614), 14-3-3 Family Antibody Sampler Kit

(Cell Signaling Technology Inc., 9679) .
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MRNA Extraction and Real-Time PCR

For mRNA extraction, cells were first washed two times with ice cold PBS, then
resuspended in buffer RLT prior to homogenization using QIAShredder (Qiagen, Hilden,
Germany). After homogenization, mMRNA was isolated using the RNeasy Plus Micro Kit
with on-column genomic DNA-digest (Qiagen) according to the manufacturer’s protocol.
To generate cDNA from isolated and purified mRNA, Affinity Script quantitative PCR
(QPCR) cDNA Synthesis Kit (Agilent Technologies) was used. Real-time PCR was
conducting using StepOne Plus Realtime PCR Machine (Applied Biosystems) with
TagMan Real-Time PCR Master Mix (Thermo Fisher Scientific). Gene expression was
measured relative to B-actin, which was stably expressed in experimental conditions. The
delta delta Ct (AACt) method was used to calculate the fold change of the experimental
group compared to the control group. TagMan real-time PCR assays (Thermo Fisher
Scientific) with optimized probe/primer sets were used for the following genes: Npcl
(assay ID: Mm00435300_m1), Npc2 (assay ID: Mm00499230 m1l), Hexa (assay ID:
Mm00599877_m1), Ctsk (assay ID: MmO00484039 ml), Mitf (assay ID:

Mm00434954 m1), and Tfe3 (assay ID: Mm01341186_m1).

Immunofluorescence
Tscl+/+, Tscl--, Tsc2++, Tsc2-- MEFs were plated onto 35 mm glass bottom dishes
(Corning, Inc., NY, USA). Cell media was removed using a vacuum and cells were fixed

with 2% paraformaldehyde (PFA) for 15 minutes and permeabilized with 0.1% Triton X-
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100 (Sigma-Aldrich Corp.) for 5 minutes and washed three times with PBS. Cells were
then blocked for 30 minutes in 1% BSA and incubated with primary antibodies, TFEB
(1:200) (Cell Signaling Technology Inc., 32361S) and LAMP1 (1:100) (Santa Cruz
Biotechnology Inc., catalog sc-19992) in blocking buffer (1% BSA). Cells were then
washed three times again with PBS and stained with secondary antibody (1:1000 dilution)
anti-Rabbit Alexa Fluor Red 568 (Life Technologies, Eugene, OR, USA), anti-Rat Alexa
Fluor Green 488 (Life Technologies), in 1% BSA and kept in the dark for 1 hour. Cells
were washed again three times with PBS and mounted with VECTASHIELD Antifade
Mounting Medium (Vector Laboratories Inc., Burlingame, CA, USA). DAPI staining (4,
6-diamidino-2-phenylindole) (Sigma-Aldrich Corp.) was used to visualize nuclei. The
Olympus Fluoview FV10i confocal microscope was used to image cells with a 60x

objective lens.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on mouse kidneys and human tissue
samples that were provided formalin-fixed, paraffin-embedded, and sectioned onto slides
that were positively charged by Brigham and Women’s Hospital. Tissue samples were
obtained from patients with written informed consent prior to inclusion in this study and
with the approval of Partners Human Research Committee. Gradient ethanol and xylenes
were used to deparaffinize sections. Antigen retrieval was performed by a heat-induced
process using a microwave. After blocking sections with 5% goat serum, sections

underwent incubation overnight with primary antibodies at 4°C. 3,3’-Diaminobenzidine
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(DAB) reagent (Vector Laboratories Inc.) was used to detect immunoreactivity followed
by hematoxylin counterstain (Dako, Agilent Technologies Company, Santa Clara, CA,
USA) Sections were imaged with the Olympus BX63 microscope or Zeiss FSX1000 using

a 4.2x or 40x objective lens.

Statistical Analyses

All quantitative, normally distributed data for in vitro studies were analyzed for
statistical significance using a Student’s unpaired t-test with the GraphPad Prism Software
(GraphPad Prism version 6 for Mac; GraphPad Software, www.graphpad.com). Statistical

significance was defined by P < 0.05.

18



CHAPTER 3

RESULTS

Identifying TFEB Expression Levels in Tscl- and Tsc2- Deficient Cells

The first aim of the study was to examine TFEB activity in Tuberous Sclerosis
Complex inan in vitro model using MEFs. Tscl- and Tsc2-double knockout MEFs are two
well-established models in the field for studying TSC in vitro (Zhang et al., 2003, Huang
et al., 2008, Ozcan et al., 2008). Due to the lethality caused by complete loss of Tscl and
Tsc2 at mid-gestation in mouse models, MEF cultures are commonly used to study the
function of TSC1 and TSC2 in the mTOR pathway and were used throughout the project
(Rennebeck et al., 1998, Kwiatkowski et al., 2002). Although Tuberous Sclerosis Complex
is inherited in an autosomal dominant pattern, TSC follows the Knudson two-hit tumor
suppressor model and there is a high rate of spontaneous mutations and resulting loss of
heterozygosity (Knudson, 1971, Crino et al., 2006). This loss of heterozygosity through
the inactivation of the normal allele of TSC1 or TSC2 is the necessary condition for
abnormal cell proliferation and the tumorigenic clinical manifestations of the disease
(Crino et al., 2006). Therefore, to confirm prior work (Pefia-Llopis et al., 2011), protein
expression levels of TFEB in Tscl- and Tsc2-deficient cells were analyzed by western blot
in triplicate in MEFs grown in 10% FBS media (Figure 5). Increased TFEB protein
expression was observed in Tsc2-deficient cells compared to Tsc2-expressing cells (Figure
5). Increased TFEB protein expression was also observed in Tscl-deficient cells, although

to a lesser extent.
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Figure 5. TFEB protein expression is increased in Tscl- and Tsc2-deficient cells.
Western blot of Tsc2-expressing and Tsc2-deficient MEFs (A) and Tscl-expressing and
Tscl-deficient MEFs (B) in triplicate. MEFs were grown in 10% FBS and (-actin was used
as a loading control. Both Tscl- and Tsc2-deficient cells suggest elevated protein
expression of TFEB compared to Tscl- and Tsc2-expressing cells.
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Characterizing the Subcellular Localization of TFEB in TSC

To identify the subcellular localization of TFEB in mTORC1 hyperactive cells,
Tscl- and Tsc2- deficient and expressing MEFs were imaged by immunofluorescence.
Cells were stained with antibodies for TFEB and LAMP1 to determine the localization of
TFEB in the nuclear or cytoplasmic compartments due to loss of functional TSC1 or TSC2
protein. LAMP1 was used as a lysosomal marker for colocalization since TFEB can be
found in the nucleus, in the cytoplasm (bound to 14-3-3 proteins ), or on the lysosomal
membrane (Martina & Puertollano, 2013). Confocal microscopy of Tscl- and Tsc2-
expressing cells (Figure 6) showed localization of TFEB (and expression of LAMP1) in
the cytoplasmic compartment. In contrast, Tsc1- and Tsc2-deficient cells revealed nuclear
localization of TFEB and expression of LAMP1 in the cytoplasmic compartment (Figure
6). Consistent with previous studies, Tscl- and Tsc2-deficient cells were also larger in cell
and nuclei size compared to Tsc2-expressing cells likely due to mTORCL1 hyperactivity

and resulting metabolic dysregulation (Huang & Manning, 2008, Tapon et al., 2001).

The Effect of mTOR Inhibition on Subcellular Localization of TFEB

Currently rapamycin, which is a known mTORCL1 inhibitor, or rapalogs (rapamycin
analogs) are used for the treatment of TSC and LAM (Frost & Hulbert, 2015). Both
rapamycin and rapalogs have a cytostatic rather than cytotoxic effect, causing tumor
regrowth after discontinuation of treatment (Valianou et al., 2019). Torinl is an inhibitor
of both the mTORC1 and mTORC2 pathways. It was hypothesized that treatment of Tsc1-

and Tsc2-expressing cells with mTOR inhibitors would localize TFEB to the nucleus while
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Figure 6. TFEB shows increased nuclear localization in Tscl- and Tsc2-deficient
cells. Immunofluorescence (IF) imaging of Tsc2-expressing and Tsc2-deficient MEFs
(A) and Tscl-expressing and Tscl-deficient MEFs (B) fixed with 2% PFA and
permeabilized in 0.1% Triton. TFEB (red), LAMPL1 (green), and DAPI (blue). Both Tscl-
and Tsc2-deficient cells show nuclear localization of TFEB. Images were taken at 60x

magnification.
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Figure 7. Rapamycin and Torinl treatment do not show nuclear localization of TFEB
in Tscl- and Tsc2-expressing cells. IF imaging of Tscl-expressing MEFs (A) and Tsc2-
expressing MEFs (B) treated with 20 nM rapamycin, and 250 nM Torinl for 24 hours and
fixed with 2% PFA. TFEB (red), LAMPL1 (green), and DAPI (blue). After rapamycin and
Torinl treatment, there is no visible change in the localization of TFEB compared to
untreated cells. Images were taken at 60x magnification.
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treatment of Tscl- and Tsc2-deficient cells with mTOR inhibitors would localize TFEB to
the cytoplasm. To test this hypothesis, Tscl- and Tsc2-expressing cells were treated with
rapamycin or torinl at a concentration of 20 nM and 250 nM respectively for 24 hours
(Figure 7). Upon rapamycin treatment, no substantial difference was observed in the
localization of TFEB in Tscl- and Tsc2-expressing cells consistent with previous literature
(Roczniak-Ferguson et al., 2012). Unexpectedly, this result was also shown by mTOR
inhibition with torinl, which was expected to have a stronger effect compared to
rapamycin, and no apparent change was observed in the localization of TFEB in both Tsc1-
and Tsc2-expressing cells.

The effect of mTOR inhibition on the subcellular localization of TFEB was also
examined in Tscl- and Tsc2-deficient cells (Figure 8). In Tscl-deficient cells, rapamycin
and torinl treatment for 24 hours (at the same concentrations) appeared to show
localization of TFEB in the cytoplasm, which was more apparent with torinl compared to
rapamycin treatment. Contrary to the hypothesized effect, Tsc2-deficient cells had a much
weaker response to mTOR inhibition with only slightly higher expression of TFEB
observed in the cytoplasm after torinl inhibition and even less of an effect with rapamycin

treatment.
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Figure 8. Torinl treatment localizes TFEB in the cytoplasm in Tscl- and Tsc2-
deficient cells. Immunofluorescence imaging of Tsc1-deficient MEFs (A) and Tsc2-
deficient MEFs (B) treated with 20 nM rapamycin, and 250 nM Torin 1 for 24 hours and
fixed with 2% PFA. TFEB (red), LAMP1 (green), and DAPI (blue) are shown. After
Rapamycin and Torinl treatment, TFEB appears to localize in the cytoplasmic
compartment. Images were taken at 60x magnification.
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Figure 9. Torinl treatment reduces TFEB protein expression levels in Tsc2-deficient
cells. Western blot of Tsc2-expressing and Tsc2-deficient cells in triplicate in 10% FBS
media. Cells were treated with vehicle control, 20 nM rapamycin, and 250 nM Torin1 for
24 hours. Tsc2 -/- immunoblot shows decreased expression of TFEB after Torinl
treatment. B-actin was used as a loading control and phospho-S6 was used as a measure
of mMTORC1 activity and therefore, the effectiveness of mMTORC1 inhibitors.
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The Effect of mMTOR Inhibition on TFEB Protein Expression

To characterize the effect of mMTOR inhibition on TFEB protein expression, Tsc2
WT and null MEFs were treated with rapamycin at a 20 nM concentration and torinl at a
250 nM concentration for 24 hours in media supplemented with 10% FBS and analyzed by
western blot (Figure 9). TFEB protein expression was analyzed with -actin as a loading
control, and mTORC1 hyperactivation in Tsc2-deficient cells was confirmed by evaluating
phospho-S6 expression levels (a known substrate and indicator of mMTORC1 activity). After
rapamycin treatment, no difference in TFEB protein expression levels in Tsc2-deficient
cells was observed. In contrast, torinl treatment of Tsc2-deficient cells resulted in

decreased TFEB protein expression levels.

Lysosomal Gene Expression in Tscl- and Tsc2-deficient Cells

To investigate whether loss of functional TSC impacts lysosomal gene expression,
relative mRNA expression was measured by gRT-PCR in triplicate with three biological
replicates per group. Lysosomal genes (Npcl, Npc2, Hexa, Ctsk) and the MITF
transcription factor family members, Mitf and Tfe3, were measured at the mRNA level in
MEFs (Figure 10).

Compared to Tscl- and Tsc2-expressing cells, Tscl- and Tsc2-deficient cells
showed significantly increased expression of lysosomal genes Npcl1, Npc2, Ctsk, and Hexa.
The lysosomal gene Npcl had a 6-fold increase in mRNA expression in Tscl-deficient
cells. A similar increase was seen in Ctsk mMRNA expression. Both Npc2 and Hexa were

also upregulated in Tscl-deficient cells, with approximately 1.5-fold and 3-fold increases
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Figure 10. Lysosomal gene expression is increased in Tsc2- and Tscl-deficient cells.
Relative mRNA expression by gRT-PCR of lysosomal genes for Tscl- and Tsc2-
deficient cells compared to wildtype MEFs. Expression of lysosomal genes and MITF
transcription factor family members: Npcl, Npc2, Hexa, Ctsk, Mitf, and Tfe3 shown in
Tsc2 MEFs (A) and Tscl MEFs (B). Lysosomal genes have increased expression in
Tscl- or Tsc2-deficient cells. For all groups n=3. *p<0.05, **p<0.01, ***p<0.001.
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respectively. Tsc2-null MEFs also showed upregulation of lysosomal gene expression
compared to Tsc2-expressing cells. Npcl expression increased 3-fold, while Npc2 and Ctsk
showed two-fold increases in Tsc2-null cells. Among these cells, Hexa demonstrated the
largest increase (five-fold). This indicates that there is elevated mRNA expression of
lysosomal genes, suggesting dysregulation of lysosomal activity in Tsc-null cells.

Mitf and Tfe3 levels were also evaluated (Figure 10) to examine whether relative
MRNA expression of other MITF transcription factor family members were also affected
by loss of TSC. Surprisingly, Mitf expression levels were significantly reduced in Tsc2-
deficient cells but not in Tsc1-deficient cells. Tfe3 showed no significant change across all

four cell lines.

Investigating Lysosomal Protein Expression in Tscl- and Tsc2-deficient cells

After examining lysosomal gene expression at the mRNA level, lysosomal protein
expression was studied. Tsc2-expressing and Tsc2-deficient MEFs were grown under
starvation conditions for four days in 0.1% FBS. Previous experiments in the lab have
established that these starvation conditions are required to induce lysosomal biogenesis and
increase lysosomal protein expression in Tscl- and Tsc2-deficient MEFs (data not shown).
The lysosomal proteins NPC1, HEXA, and CTSK were then examined. Under serum
starvation, Tsc2-deficient cells showed increased TFEB and lysosomal protein expression
by western blot compared to Tsc2-expressing cells (Figure 11). Phospho-S6 (PS6) and
total-S6 (TS6) were also examined to confirm mTORCL activity, and -actin was used as

a loading control.
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To further investigate involvement of the mTOR pathway, considering the effect of
mMTORC1 inhibition in Tscl- and Tsc2-deficient cells by IF (Figure 8), rapamycin
treatment was administered to Tsc2-expressing and Tsc2-deficient cells for 48 hours at a
20 nM concentration in triplicate (Figure 11A). Rapamycin inhibition of mTORCL1 in
Tsc2-null cells inhibited phosphorylation of TFEB (as expected) and increased TFEB
protein expression. However, lysosomal protein expression was unchanged by rapamycin
treatment, which was consistent with the lower presence of nuclear TFEB in Tscl- and
Tsc2-deficient cells after rapamycin treatment (Figure 8). In fact, CTS K expression levels
were slightly reduced with rapamycin treatment in Tsc2-deficient cells. Protein expression
levels of NPC1 and HEXA showed no prominent change.

Lysosomal protein expression with mTOR inhibition was examined further in
Tsc2-expressing and Tsc2-deficient cells with 24-hour torinl treatment at a concentration
of 250 nM under serum starvation conditions with 0.1% FBS for four days (Figure 11B).
DMSO treatment was used as a control, and samples were loaded in duplicate. In Tsc2-
expressing cells, torinl treatment increased the expression of lysosomal proteins of HEXA,
LAMP1, NPC1, and CTS K, consistent with the localization of TFEB inside the nucleus.

Compared to Tsc2-expressing cells treated with DMSO, DMSO-treated Tsc2-
deficient cells also showed increased lysosomal protein expression, suggesting that loss of
TSC2 protein causes increased expression of lysosomal genes. However, under torinl
treatment, Tsc2-deficient cells did not increase lysosomal protein expression. Specifically,
proteins LAMP1 and CTS K showed downregulation, while both NPC1 and HEXA protein

expression appeared unchanged. Phospho-S6 was once again used as a measure of
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Figure 11. mTOR inhibition by rapamycin and Torinl does not increase in
lysosomal protein expression in Tsc2-deficient cells. Western blot of Tsc2-expressing
and Tsc2-deficient MEFs grown in 0.1% FBS media for four days. (A) 20 nM rapamycin
treatment was administered to cells for 24 hours in triplicate. (B) Cells were treated with
250 nM Torinl and DMSO (control) in duplicate for 24 hours. Tsc2-deficient cells did
not show increased expression of lysosomal proteins after rapamycin or Torinl treatment.
B-actin was used as a loading control and phospho-S6 was used as a measure of
MTORC1 activity.
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Figure 12. mTOR inhibition suggests increases lysosomal protein expression in
Tscl-expressing cells, but not Tscl-deficient cells. Western blot of Tscl-expressing
and Tscl-deficient MEFs grown in 0.1% FBS media for four days. Cells were treated
with 20 nM rapamycin and 250 nM Torinl for 24 hours. Tscl-expressing cells appear to
show increased expression of lysosomal proteins after both rapamycin and Torinl
treatment. Tscl-deficient cells showed no notable increase in lysosomal proteins after
mTOR inhibition. B-actin was used as a loading control and phospho-S6 was used as a
measure of mMTORCL activity.
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mTORC1 activity and B-actin was used as a loading control. The effect of rapamycin and
torinl treatment were also studied in Tscl-expressing and deficient MEFs under the same
treatment conditions as the previous experiment (Figure 12). Overall, Tsc1-deficient cells
seemed to display increased lysosomal protein expression across all conditions for NPC1,
NPC2, LAMP1, HEXA, and CTS K. In Tscl-expressing cells, mTOR inhibition with
rapamycin and torinl appeared to increase lysosomal protein expression. However, similar
to Tsc2-deficient MEFs, Tscl-deficient cells did not display increased lysosomal protein

expression with rapamycin or torinl treatment.

Investigating the Effect of TFEB Knockdown on Lysosomal Protein Expression in
Tscl- and Tsc2-deficient Cells

To examine the effect of TFEB downregulation on lysosomal protein expression in
Tscl- and Tsc2-deficient cells, Tsc2-deficient MEFs were transfected with short hairpin
RNA (shRNA) against TFEB. Cells were grown under serum starved conditions with 0.1%
FBS for four days and evaluated by western blot analysis (Figure 13). Transfection with
SshTFEB resulted in partial downregulation of TFEB in Tsc2-deficient cells. Upon TFEB
knockdown, Tsc2-deficient cells showed reduced lysosomal protein expression of NPC1,
NPC2, and LAMP1 compared to control Tsc2-deficient cells. However, CTS K protein
expression was unchanged between sh-control and TFEB knockdown conditions. This

result suggests that lysosomal protein expression in Tsc2-null cells is TFEB-dependent.
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Figure 13. Downregulation of TFEB appears to decrease lysosomal protein expression
in Tsc2-deficient cells. Western blot of Tsc2-deficient MEFs transfected with either sh-
control or shTFEB (548) and grown in 0.1% FBS media for four days in triplicate using
three biological replicates. Knockdown of TFEB in Tsc2-deficient cells decreased the
expression of lysosomal genes. 3-actin was used as a loading control.
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Characterizing Phosphorylated TFEB Expression in Tscl-deficient Cells

TFEB subcellular localization is known to be regulated through mTORC1
phosphorylation (Pefia-Llopis et al., 2011). According to the established paradigm on the
regulation of TFEB by mTOR, the mTORC1 complex negatively regulates TFEB via
phosphorylation, which serves as a priming event for 14-3-3 chaperone protein binding
causing its cytoplasmic retention (Settembre et al., 2012). This establishes mTOR as an
inhibitor of TFEB, and phosphorylated TFEB protein expression levels should be elevated
with active mTOR. However, in our current model of mTOR hyperactivated cells in Tscl-
and Tsc2-deficient cell lines, TFEB was nuclear-localized suggesting that TFEB
phosphorylation may be decreased. Therefore, we hypothesized that decreased
phosphorylation of TFEB causes nuclear localization of TFEB in Tsc-null cells.
Unfortunately, there are currently no effective phospho-TFEB antibodies for mouse-
derived cell lines. For this reason, the migration pattern of TFEB in Tscl-deficient and
Tscl-expressing cells was examined through western blot analysis as the starting point of
further studies into the role of TFEB phosphorylation in the mechanism and pathogenesis
of TSC.

Unphosphorylated proteins are known to migrate faster in the blot and appear as a
“lowered” band compared to phosphorylated proteins due to decreased molecular weight.
To determine whether the use of mTOR inhibitors had an effect on TFEB migration, Tscl-
expressing and Tscl-deficient MEFs were treated with rapamycin and torinl for 24 hours

(Figure 14). Cells were also grown in 0.1% FBS media for four days and phospho-S6 was
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Figure 14. TFEB migration and response to mTOR inhibition is different in Tsc1-
deficient cells compared to Tscl-expressing cells. Tscl-expressing and Tscl-deficient
cells treated with rapamycin and Torinl and grown in 0.1% FBS media for four days.
TFEB migration pattern appears different in Tscl-expressing cells compared to Tscl-
deficient cells. Phospho-s6 was used as a measure of mTORCL activity.
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used as a measure of mMTOR activity. Western blot analysis showed different migration
patterns for TFEB in Tscl-expressing and Tscl-deficient cells. In the control condition,
the TFEB protein band appeared lower in Tscl-deficient cells compared to Tscl-
expressing cells suggesting hyposphorylation of Tscl-deficient cells. No substantial
change in migration was observed in Tscl-expressing and Tscl-deficient cells after

treatment with mTOR inhibitors compared to untreated cells.

Investigating TFEB Nuclear Localization in Tscl- and Tsc2-deficient Cells

The mechanism of TFEB nuclear localization was further studied by examining
protein expression levels of calcineurin and various 14-3-3 binding protein isoforms.
Calcineurin is a phosphatase that induces TFEB nuclear localization by dephosphorylating
TFEB at the Serl42 and Ser21l1 residues (Medina et al., 2015). Therefore, increased
calcineurin activity might explain the pattern of TFEB nuclear localization observed in
Tscl- and Tsc2-deficient cells. As a preliminary experiment to examine calcineurin
activity, protein expression levels were examined in Tscl- and Tsc2-deficient cells grown
in 10% FBS with B-actin as a loading control (Figure 15). There was no apparent change
in calcineurin expression levels in Tscl-deficient cells. Tsc2-deficient cells seemed to
show a slight decrease in calcineurin protein expression. Further experiments are necessary
to determine the activity of this phosphatase.

14-3-3 binding protein expression levels were next evaluated to understand the
mechanism of TFEB nuclear localization in Tscl- and Tsc2-deficient cells in Figure 16A

and quantitated in Figure 16B. 14-3-3 proteins bind to TFEB in a phosphorylation-
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dependent manner, ultimately blocking TFEB nuclear localization (Puertollano et al.,
2018). Thus, a decrease in 14-3-3 protein levels in Tscl- and Tsc2-deficient cells might
explain the nuclear localization of TFEB. Several isoforms of 14-3-3 binding protein were
studied (14-3-3 alpha-beta, 14-3-3 zeta-delta, 14-3-3 tau, 14-3-3 eta, 14-3-3 gamma, and
14-3-3 epsilon) in Tscl and Tsc2 MEFs grown in 10% FBS to determine whether isoform-
specific reduced expression of 14-3-3 proteins could be responsible for the nuclear
localization of TFEB. Interestingly, 14-3-3 protein expression of 3 isoforms: 14-3-3 alpha-
beta, 14-3-3 zeta-delta, and 14-3-3 tau decreased in both Tscl- and Tsc2-deficient cells
compared to Tscl- and Tsc2-expressing cells, while expression of 14-3-3 eta and 14-3-3
epsilon remained unchanged. Contrary to expectation, increased expression of 14-3-3

gamma protein was observed.
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Figure 15. Calcineurin protein expression in Tscl- and Tsc2-deficient cells. Western
blot of (A) Tscl-expressing cells and Tscl-deficient cells and (B) Tsc2-expressing cells
and Tsc2-deficient cells grown in in 10% FBS media. Calcineurin protein expression
does not appear to change in Tscl- or Tsc2-deficient cells. B-actin is used as a loading
control.
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Figure 16. 14-3-3 protein expression displays a decreasing trend in Tscl- and Tsc2-
deficient cells. Western blot of Tscl and Tsc2 MEFs grown in 10% FBS media (A) and
relative protein expression quantified by ImageJ for 14-3-3 alpha-beta, 14-3-3 zeta-delta,
and 14-3-3 tau isoforms (B). Tscl1- or Tsc2-deficient cells appear to show lower
expression of 3 out of 6 isoforms of 14-3-3 binding proteins (14-3-3 alpha-beta, 14-3-3
zeta-delta, and 14-3-3 tau) compared to wildtype. B-actin is used as a loading control.
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Expression of TFEB and NPC1 in Human Samples of TSC Patients
Immunohistochemistry (IHC) staining was used to characterize the expression of
TFEB and lysosomal proteins in an in vivo model of TSC. Previous experiments in the lab
(not shown) had observed increased expression of TFEB protein in human tissue samples
of LAM and AMLs. For this reason, TFEB and lysosomal protein expression was also
examined in TSC-associated renal cell carcinoma, another clinical manifestation of TSC.
RCC samples were obtained from Brigham and Women’s Hospital and stained for TFEB
and the lysosomal protein, NPC1 (Figure 17). Normal kidney tissue samples were also
obtained from the same patients and stained for TFEB and NPCL1. IHC staining in renal
tumors appeared to show high levels of TFEB expression that was localized in the nucleus.
Diffuse positivity of nuclear TFEB observed in the distal and proximal tubules was
expected in normal tissue samples since these cells are postulated to be the cells of origin
for TSC lesions (Gongalves et al., 2017, Armour et al., 2012, Bissler et al., 2019). Kidney
lesions also stained positively for NPC1 in TSC-associated RCC compared to normal
kidney tissue indicating high expression of these specific lysosomal proteins in RCCs.
Together, these findings suggest an association between nuclear TFEB and higher

expression of its downstream target, NPC1, in TSC-related RCC.
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samples with strong nuclear localization of TFEB. Samples were obtained from three

NPC1 and (B) TFEB. NPC1 and TFEB expression appears to be increased in RCC-tumor
patients with TSC-associated RCC.

Figure 17. IHC staining of TFEB and NPC1 suggests increased expression in human
samples of TSC-associated renal cell carcinoma (RCC). Immunohistochemistry (IHC)

staining of kidney tissue samples of human patients with TSC-associated RCC for (A)



Lysosomal Exocytosis Model of Tuberous Sclerosis Complex

The expression of TFEB and lysosomal protein NPC1 in mTORC1-driven renal
cysts was examined in vivo in TSC2 +/- AJ and KSP-CreERT2 Tsc2si/i mouse models that
developed kidney cysts. TSC2 +/- AJ mice were generated by the Kwiatkowski Lab to
genetically resemble an individual with Tuberous Sclerosis Complex. These mice present
a cystic kidney phenotype, similar to TSC patients. IHC of kidney cysts in this mouse
model appeared to stain positive for NPCL1 in the apical region of cyst-lining cells (Figure
18A). This result suggests a high concentration of lysosomes in the apical region of the
cell, which could point toward the possibility of increased lysosomal exocytosis in cyst-

lining cells.

To validate the observation made in the previous model, IHC staining for NPC1
was also carried out in KSP-CreERT2 Tsc2#is mice that showed a cystic kidney phenotype
(Figure 18B). KSP-CreERT mice that carried a tamoxifen-induced Cre recombinase
driven by a kidney-specific cadherin (KSP) promoter were crossed with a Tsc2fs mouse
to create a KSP-CreERT2 Tsc2fm model generated by Dr. Lam in the Henske Lab (Lam et
al., 2017). Cysts in this mouse model appeared to stain positive for NPC1 with the
characteristic apical distribution of staining towards the lumen of the cyst. This was in
contrast to KSP-Cre control mice which showed NPC1 staining in the basal region of

proximal tubule cells (Figure 18C).
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Figure 18. Mouse models of renal TSC show predominantly apical NPC1 staining.
Immunohistochemistry (IHC) staining of NPC1 in TSC-associated kidney cysts from two
mouse models of renal TSC. (A) TSC2 +/- AJ mice and (B) KSP-CreERT2 Tsc2si/fl mice

show apical staining of NPC1 in cyst-lining cells of the kidney.
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Summary

The goal of this project was to examine the regulation of TFEB and the lysosome
in a cell model to better understand the pathogenesis of TSC. Increased expression of TFEB
in Tscl- and Tsc2-deficient cells was confirmed by western blot in vitro in cell lines as
well as by IHC in vivo in human and mouse tissue samples of TSC. Immunofluorescence
imaging of TFEB showed nuclear localization of TFEB in Tscl- and Tsc2-deficient cells,
in contrast to Tscl- and Tsc2-expressing cells in which TFEB was localized in the
cytoplasmic compartment. This localization pattern was reversed following mTOR
inhibition by rapamycin and torinl treatment. Investigating the mechanism of TFEB
nuclear localization, in Tsc-null cells TFEB appeared to migrate farther down the western
blot suggesting decreased phosphorylation in these cells. Based on previous published
literature, we analyzed calcineurin and 14-3-3 protein expression in order to gain further
information about the mechanism of TFEB nuclear localization Tsc1- and Tsc2-deficient
cells despite the high mTORCL activity. Western blot analysis of calcineurin levels in
Tscl- and Tsc2-deficient cells showed no increase in protein expression. Three out of six
isoforms of 14-3-3 proteins were reduced in Tsc-null cells, making 14-3-3 a potential
candidate for future studies. Further IHC staining of two mouse models of renal TSC

showed apical staining for NPCL1 in cyst-lining cells.
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CHAPTER 4

DISCUSSION

This study sought to investigate the regulation of TFEB in Tscl- and Tsc2-deficient
cells and to examine its role in the pathogenesis of Tuberous Sclerosis Complex (TSC)
through both in vitro and in vivo models. Past studies have shown that mMTORC1 negatively
regulates TFEB activity in wild-type cells through colocalization on the lysosomal
membrane and direct phosphorylation that prevents its nuclear localization (Settembre et
al., 2012). Based on this established mechanism, TFEB would be expected to be inactive
in a MTORC1 hyperactivated condition. However, prior work had shown that TFEB was
upregulated in Tsc2-deficient cells compared to Tsc2-expressing cells (Pefia-Llopis et al.,
2011). This result was repeated and verified by western blot (Figure 5).

After confirming this increase in TFEB expression, we investigated the subcellular
localization of TFEB in Tscl- and Tsc2-deficient MEFs. Under nutrient deprivation,
MTORC1 is inactivated by the TSC protein complex, which allows the recruitment of
TFEB into the nucleus for lysosomal genes transcription by binding CLEAR sequences
(Ploper & De Robertis, 2015). In this way, mTOR acts as a regulator of TFEB, lysosomal
biogenesis, and autophagy to maintain cellular homeostasis. According to this mechanism
of TFEB intracellular localization, TFEB would be expected to remain in the cytoplasm in
an mTORC1 hyperactivated cell that is Tscl- or Tsc2-deficient. However,
immunofluorescence imaging of both Tscl- and Tsc2-deficient cells had the opposite effect

(Figure 6).
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To confirm the role of the mTOR pathway in the subcellular localization of TFEB
in our cell lines, Tscl- and Tsc2-expressing (as well as Tscl- and Tsc2-deficient cells)
were treated with mTOR inhibitors, rapamycin and torinl. Immunofluorescence imaging
of Tscl- and Tsc2-expressing MEFs treated with both rapamycin and torinl, appeared to
cause no change in the localization of TFEB. Contrary to our expectation, TFEB remained
localized in the cytoplasmic compartment in these cells similar to untreated cells (Figure
7). This was in contrast to previous studies in which mTOR inhibition with torinl induced
strong localization of TFEB in the nuclear compartment, while rapamycin treatment
showed no apparent change in localization (Roczniak-Ferguson et al., 2012).

Interestingly, Tscl- and Tsc2-deficient cells treated with rapamycin and torinl
appeared to induce expression of TFEB in the cytoplasmic compartment although this
expression was visible to a lesser extent with rapamycin treatment as expected (Figure 8).
This result suggests a rapamycin insensitive mechanism of TFEB subcellular localization
in Tscl- and Tsc2-deficient cells. One possible explanation for why TFEB is nuclear in
Tscl- and Tsc2-deficient (nTOR hyperactive) cells could be the presence of a nuclear
mTORC1 complex. Previously, mMTORC1 was thought to exist as a single nutrient sensing
hub in the cell. However, more recent research has suggested mTOR recruitment to various
intracellular compartments in addition to lysosomes including the Golgi apparatus,
peroxisomes, and even the nucleus (Goberdhan et al., 2016). Hyperactivation of a nuclear
MTOR has also been implicated in prostate cancer, in which nuclear mTOR causes
reprogramming of cellular metabolism by altering mTOR-chromatin associations (Audet-

Walsh et al., 2017). In the context of TSC, a nuclear mTOR could explain the movement
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of TFEB between intracellular compartments. Inhibition of such a nuclear mTOR could
prevent phosphorylation of nuclear TFEB and allow it to re-localize to the cytoplasmic
compartment as seen in our Tscl- and Tsc2-deficient cells treated with torinl.

To understand the impact of the upregulation of TFEB and its nuclear localization
in Tsc-null cells, lysosomal gene and protein expression was analyzed in Tscl- and Tsc2-
deficient cells (Figure 10-13). Tscl- and Tsc2-deficient cells showed significant
upregulation of lysosomal genes (p<0.05) at the mRNA level compared to Tsc1- and Tsc2-
expressing cells (Figure 10). Western blot analysis also showed increased expression of
lysosomal proteins in Tscl- and Tsc2-deficient cells, suggesting lysosomal dysregulation
and increased lysosomal biogenesis (Figure 11-12). Inhibition of mTOR activity with
torinl increased lysosomal protein expression in Tscl-2 expressing cells (as expected).
This suggests that inhibition of the mTORC1 complex in Tscl- and Tsc2-expressing cells
increased transcription of lysosomal genes through regulation of TFEB. On the other hand,
torinl treatment in the Tsc1-2 null cells did not change lysosomal protein expression
consistent with the localization of TFEB in the cytoplasm after this pharmacologic
treatment.

The TFEB-dependence of lysosomal protein expression in Tscl- and Tsc2-
deficient cells was further examined by knockdown of TFEB by shTFEB to confirm
whether the increase in lysosomal gene expression in Tscl- and Tsc2-deficient cells was
only TFEB-dependent or due to the parallel upregulation of another similar MiT family
transcription factor (Figure 13). Consistent with our hypothesis, downregulation of TFEB

appeared to decrease lysosomal protein expression in Tsc2-deficient cells, suggesting that
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lysosomal protein expression in Tsc-null cells is, at least in part, TFEB-dependent.
Surprisingly, protein expression of the lysosomal protease, cathepsin K, was unchanged by
shTFEB knockdown. High expression of cathepsin K has been observed in LAM cases and
it is hypothesized that release of cathepsin K by LAM cells could be responsible for the
cystic phenotype observed in the TSC-associated disease (Chilosi et al., 2009, Dongre et
al., 2017). For this reason, further studies are necessary to evaluate whether cathepsin K
overexpression is TFEB-dependent. A follow-up experiment would be to examine the
expression of MiT family transcription factors at the mRNA level in response to TFEB
knockdown in Tscl- and Tsc2-deficient cells to determine whether or not compensatory
mechanisms are at play in these cells as a result of TFEB downregulation.

Prior studies have reported TFEB translocations and consequent upregulation of
native TFEB protein in a subset of renal cell carcinomas (Argani et al., 2016). To confirm
our in vitro findings of TFEB and lysosomal protein expression in vivo,
immunohistochemistry (IHC) staining was used to characterize TFEB and NPC1 (a
lysosomal protein) in human samples of TSC-associated renal cell carcinoma (Figure 17).
In previous experiments (data not shown), increased expression of TFEB and NPC1 was
observed in tissue samples LAM and AML from TSC patients. Consistent with these
findings, we observed an increase in both TFEB and NPC1 expression in TSC-associated
kidney tumors compared to normal tissue, which substantiated in vitro findings of
upregulated TFEB in cell models of TSC. This further suggests the presence of increased
lysosomal biogenesis in TSC, which could potentially be a driver in the pathogenesis of

the disease.
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Previous studies established mTOR as an inhibitor of TFEB nuclear localization
through the direct phosphorylation of TFEB in Tsc1- and Tsc2-expressing cells (Settembre
et al., 2012). However, the unexpected nuclear localization of TFEB in Tscl- or Tsc2-
deficient, mTOR hyperactivated cells drove the investigation into the phosphorylation
status of TFEB. TFEB is known to be phosphorylated by mTORC1 at the S142 and S211
sites (Settembre et al., 2012). Due to a lack of specific antibodies for phosphorylated TFEB
at S142 and S211 sites, we compared the migration pattern of TFEB in Tscl-expressing
and Tscl-deficient cells to identify clues that may suggest a decrease in phosphorylation
of TFEB in Tscl- or Tsc2-deficient cells (Figure 14). Interestingly, western blot results
indicated increased mobility of TFEB protein in Tscl-deficent cells compared to Tscl-
expressing cells suggesting hypophosphorylation of Tsc1-deficient cells. This was similar
to results from prior studies that examined the mobility of TFEB by western blot in both
Tscl- and Tsc2-deficient cells and observed strong expression of “fast-migrating” forms
of TFEB in Tscl- and Tsc2-deficient MEFs compared to Tsc1- and Tsc2-expressing MEFs
(Pefia-Llopis et al., 2011, Roczniak-Ferguson et al., 2012). However, this pattern was not
observed in our experiments with Tsc1-deficient cells treated with 10% FBS or in Tsc2-
deficient cells treated with both 10% and 0.1% FBS serum and was unique to Tscl cells
treated with 0.1% serum. In Tsc2-deficient cells, it is possible that this difference in
migration is not apparent because of the large difference in TFEB expression compared to
Tsc2-expression. Given these results, further experiments using treatment with
phosphatase and/or involving phosphoproteomic analysis are necessary to understand the

phosphorylation status of TFEB.
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To further investigate the mechanism of TFEB nuclear localization, calcineurin
expression was examined by western blot in Tscl- and Tsc2-deficient cells (Figure 15).
Lysosomal calcium signaling is known to activate calcineurin, a calcium-dependent protein
phosphatase, and subsequently dephosphorylate TFEB to promote its nuclear localization
(Medina et al., 2015). Inhibition of calcineurin using SiRNA and Cyclosporin A has also
been shown to reduce TFEB nuclear localization and suppress lysosomal biogenesis and
autophagy (Medina et al., 2015). For this reason, we hypothesized that increased activity
of calcineurin could be responsible for TFEB nuclear localization through
dephosphorylation. However, our data did not provide supporting evidence to this theory
since no change in calcineurin protein expression was observed in Tscl-defcient cells, and
calcineurin appeared to be decreased in Tsc2-deficient cells. Since protein expression
levels of calcineurin are not fully representative of its activity in the cell, this approach may
not be fitting to determine whether or not calcineurin is involved in the mechanism of
TFEB nuclear localization. Thus, a deeper examination into this potential mechanism is
necessary before calcineurin can be ruled out.

Another established mechanism for the cytoplasmic retention of TFEB is through
the binding of 14-3-3 proteins to phosphorylated TFEB at the S211 site (Roczniak-
Ferguson et al., 2012). Binding of phosphorylated TFEB to 14-3-3 proteins masks the
nuclear localization signal (NLS) causing its cytoplasmic retention (Roczniak-Ferguson et
al., 2012). This nuclear localization signal is thought to be located near the p-S211 site
from residues 241 to 252 on the TFEB protein. Binding of 14-3-3 protein to TFEB causes

a conformational change that physically disrupts the NLS and blocks the signal (Xu et al.,
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2019). We hypothesized that in Tsc1- and Tsc2-deficient cells, isoform-specific reductions
in 14-3-3 protein levels could be another reason for the abnormal nuclear localization of
TFEB in mTOR hyperactive cells. Western blot of Tscl- and Tsc2-expressing and Tscl-
and Tsc2-deficient cells for various isoforms of 14-3-3 binding protein showed decreased
expression levels of three specific isoforms of 14-3-3 binding protein: alpha-beta, zeta-
delta, and tau in Tscl- and Tsc2-deficient cells (Figure 16). The remaining 14-3-3 isoforms,
14-3-3 eta and epsilon showed no remarkable change, while protein expression of 14-3-3
gamma appeared to increase, specifically in Tsc2-deficient cells. While increased
expression of 14-3-3 gamma could influence TFEB nuclear localization in these cells, this
is unlikely given that increases were only visible in Tsc2-deficient cells and not Tscl-
deficient cells. These results suggest that reduced protein levels of specific isoforms of 14-
3-3 binding proteins could be responsible for TFEB nuclear localization in TSC, however
further experiments, including examining total 14-3-3 protein levels, are necessary to
understand this mechanism further.

In order to understand the mechanism of TFEB subcellular localization, it would
also be interesting to study the regulation of the nuclear export signal (NES) in TFEB. The
NES is thought to be regulated by phosphorylation of TFEB at the S142 and S138 site (L.
et al., 2018). Phosphorylation of TFEB at S138 by GSK3B primes TFEB for
phosphorylation at S142 by ERK or mTORC1 (Li et al., 2018). The presence of a NES in
TFEB offers an alternative explanation to the nuclear mTOR theory that would explain

why TFEB localizes to the cytoplasm upon mTOR inhibition. Evidence of an alteration in
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the NES of TFEB in Tscl- or Tsc2-deficient cells compared to WT would provide an
explanation for this deviated pattern of TFEB intracellular localization.

Cathepsin K , a protease commonly associated with osteoclasts for bone resorption,
is known to be strongly expressed in both LAM cells and renal angiomyolipomas (Chilosi
et al., 2009) (Martignoni et al., 2012). Expression of cathepsin K is not normally seen in
normal renal or lung tissue indicating that it could potentially be involved in the
pathogenesis of LAM and TSC-associated renal diseases. Cathepsin K is typically released
by cells into the extracellular matrix (ECM) through lysosomal exocytosis. In the context
of TSC, we hypothesized that overexpression of cathepsin K and increased lysosomal
exocytosis in LAM cells, AMLs, and TSC-associated RCC could be responsible for
cystogenesis and tissue damage in these diseases. To understand the mechanism of the
cystic phenotype in TSC-associated diseases, samples from renal TSC mouse models TSC2
+/- AJ and KSP-CreERT2 Tsc2/n mice were stained for NPC1 (Figure 18). IHC staining
of these samples revealed positive expression of NPC1 in the apical region of cyst-lining
cells of diseased kidney tissue. This suggests that there could be increased lysosomal

exocytosis in these cells that leads to lung destruction and cyst formation in TSC.

Conclusion and Future Directions

The next steps in this project are to continue to explore the mechanism of TFEB
nuclear localization in TSC to determine whether lysosomal exocytosis induces pulmonary
cyst and renal tumor formation and to develop a therapeutic strategy to combat TSC by

targeting TFEB. One possible strategy would be to decrease TFEB activity to baseline
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levels similar to Tscl- and Tsc2-expressing cells in an mTORC1 independent manner,
which could potentially result in a reduction of TSC-associated symptoms. However,
developing this type of therapeutic agent would require a highly targeted approach and a
deeper understanding of the role of lysosomes in the pathogenesis of TSC.

The results from this study suggest that lysosomal biogenesis could play a role in
the pathogenesis and progression of tuberous sclerosis complex, specifically through the
induction of TFEB and upregulation of lysosomal proteins in Tscl- and Tsc2-deficient
cells. Currently, mTOR inhibitor therapy with rapalogs such Everolimus and Sirolimus is
the treatment of choice in TSC. However, its effectiveness is limited in scope due to the
apparent regrowth of tumors after cessation of treatment. For this reason, there remains a
clinical need for lasting, targeted treatment of TSC that will not only halt the progression
of the disease but also prevent its recurrence.

This study identified the potential role of TFEB in the pathogenesis of TSC through
the unexpected upregulation and nuclear localization of TFEB in Tscl- and Tsc2-deficient
cells. A deeper understanding of the mechanism of TFEB induction and nuclear
localization may close the gap in our knowledge of TSC and potentially identify a new
biomarker for the disease. Lysosomal exocytosis is also another promising therapeutic
target for TSC in the future as well. Given our knowledge of the calcium-dependent nature
of lysosomal exocytosis, the use of FDA-approved calcium channel blockers to inhibit
lysosomal exocytosis, such as verapamil, is another therapeutic avenue to be explored.

The findings from this study have many implications in TSC from both a scientific

and clinical standpoint, including a novel understanding of the disease pathogenesis as well
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as new potential biomarkers and therapeutic targets. Further study into the role of TFEB
could provide valuable information into not only the development of TSC and its molecular
biology, but also for other cancers and neurodegenerative disorders involving lysosomal

dysregulation.

55



REFERENCES

Argani, P., Reuter, V. E., Zhang, L., Sung, Y.-S., Ning, Y., Epstein, J. I., Netto, G. J., &
Antonescu, C. R. (2016). TFEB-amplified renal cell carcinomas: An aggressive
molecular subset demonstrating variable melanocytic marker expression and
morphologic heterogeneity. The American Journal of Surgical Pathology, 40(11),
1484-1495.
https://doi.org/10.1097/PAS.0000000000000720

Armour, E. A., Carson, R. P., & Ess, K. C. (2012). Cystogenesis and elongated primary
cilia in Tscl-deficient distal convoluted tubules. American Journal of Physiology
- Renal Physiology, 303(4), F584—F592.
https://doi.org/10.1152/ajprenal.00141.2012

Audet-Walsh, E., Dufour, C. R., Yee, T., Zouanat, F. Z., Yan, M., Kalloghlian, G.,
Vernier, M., Caron, M., Bourque, G., Scarlata, E., Hamel, L., Brimo, F., Aprikian,
A. G., Lapointe, J., Chevalier, S., & Giguere, V. (2017). Nuclear mTOR acts as a
transcriptional integrator of the androgen signaling pathway in prostate cancer.
Genes & Development, 31(12), 1228-1242.
https://doi.org/10.1101/gad.299958.117

Bissler, J. J., Zadjali, F., Bridges, D., Astrinidis, A., Barone, S., Yao, Y., Redd, J. R,,
Siroky, B. J., Wang, Y., Finley, J. T., Rusiniak, M. E., Baumann, H., Zahedi, K.,
Gross, K. W., & Soleimani, M. (2019). Tuberous Sclerosis Complex exhibits a
new renal cystogenic mechanism. Physiological Reports, 7(2).
https://doi.org/10.14814/phy2.13983

Brakemeier, S., Bachmann, F., & Budde, K. (2017). Treatment of renal angiomyolipoma
in Tuberous Sclerosis Complex (TSC) patients. Pediatric Nephrology, 32(7),
1137-1144.
https://doi.org/10.1007/s00467-016-3474-6

Camposano, S., Greenberg, E., Kwiatkowski, D., & Thiele, E. A. (2009). Distinct clinical
characteristics of Tuberous Sclerosis Complex patients with no mutation
identified. Annals of Human Genetics, 73(2), 141-146.
https://doi.org/10.1111/j.1469-1809.2008.00496.x

Cao, J., Tyburczy, M. E., Moss, J., Darling, T. N., Widlund, H. R., & Kwiatkowski, D. J.
(2017). Tuberous Sclerosis Complex inactivation disrupts melanogenesis via
mTORC1 activation. The Journal of Clinical Investigation, 127(1), 349-364.
https://doi.org/10.1172/JC184262

56



Chilosi, M., Pea, M., Martignoni, G., Brunelli, M., Gobbo, S., Poletti, V., & Bonetti, F.
(2009). Cathepsin-k expression in pulmonary lymphangioleiomyomatosis.
Modern Pathology, 22(2), 161-166.
https://doi.org/10.1038/modpathol.2008.189

Chu-Shore, C. J., Major, P., Camposano, S., Muzykewicz, D., & Thiele, E. A. (2010).
The natural history of epilepsy in Tuberous Sclerosis Complex. Epilepsia, 51(7),
1236-1241.
https://doi.org/10.1111/j.1528-1167.2009.02474 .x

Costello, L. C., Hartman, T. E., & Ryu, J. H. (2000). High frequency of pulmonary
lymphangioleiomyomatosis in women with Tuberous Sclerosis Complex. Mayo
Clinic Proceedings, 75(6), 591-594.
https://doi.org/10.4065/75.6.591

Crino, P. B., Nathanson, K. L., & Henske, E. P. (2006). The Tuberous Sclerosis
Complex. New England Journal of Medicine, 355(13), 1345-1356.
https://doi.org/10.1056/NEJMra055323

Curatolo, P., Jozwiak, S., Nabbout, R., & TSC Consensus Meeting for SEGA and
Epilepsy Management. (2012). Management of epilepsy associated with Tuberous
Sclerosis Complex (TSC): Clinical recommendations. European Journal of
Paediatric Neurology: EJPN: Official Journal of the European Paediatric
Neurology Society, 16(6), 582—586.
https://doi.org/10.1016/j.ejpn.2012.05.004

Davies, M., Saxena, A., & Kingswood, J. C. (2017). Management of everolimus-
associated adverse events in patients with Tuberous Sclerosis Complex: A
practical guide. Orphanet Journal of Rare Diseases, 12.
https://doi.org/10.1186/s13023-017-0581-9

Demetriades, C., Plescher, M., & Teleman, A. A. (2016). Lysosomal recruitment of
TSC2 is a universal response to cellular stress. Nature Communications, 7.
https://doi.org/10.1038/ncomms10662

Dibble, C. C., & Manning, B. D. (2013). Signal integration by mTORCL1 coordinates
nutrient input with biosynthetic output. Nature Cell Biology, 15(6), 555-564.
https://doi.org/10.1038/ncb2763

Dielschneider, R. F., Henson, E. S., & Gibson, S. B. (2017). Lysosomes as oxidative

targets for cancer therapy. Oxidative Medicine and Cellular Longevity, 2017.
https://doi.org/10.1155/2017/3749157

57



Dongre, A., Clements, D., Fisher, A. J., & Johnson, S. R. (2017). Cathepsin K in
Lymphangioleiomyomatosis: LAM cell-fibroblast interactions enhance protease
activity by extracellular acidification. The American Journal of Pathology,
187(8), 1750-1762.
https://doi.org/10.1016/j.ajpath.2017.04.014

Emmerson, P., Maynard, J., Jones, S., Butler, R., Sampson, J. R., & Cheadle, J. P. (2003).
Characterizing mutations in samples with low-level mosaicism by collection and
analysis of DHPLC fractionated heteroduplexes. Human Mutation, 21(2), 112—
115.

https://doi.org/10.1002/humu.10159

Franz, D. N., Belousova, E., Sparagana, S., Bebin, E. M., Frost, M., Kuperman, R., Witt,
0., Kohrman, M. H., Flamini, J. R., Wu, J. Y., Curatolo, P., de Vries, P. J.,
Whittemore, V. H., Thiele, E. A., Ford, J. P., Shah, G., Cauwel, H., Lebwohl, D.,
Sahmoud, T., & Jozwiak, S. (2013). Efficacy and safety of everolimus for
subependymal giant cell astrocytomas associated with tuberous sclerosis complex
(EXIST-1): A multicentre, randomised, placebo-controlled phase 3 trial. Lancet
(London, England), 381(9861), 125-132.
https://doi.org/10.1016/S0140-6736(12)61134-9

Frost, M., & Hulbert, J. (2015). Clinical management of Tuberous Sclerosis Complex
over the lifetime of a patient. Pediatric Health, Medicine and Therapeutics, 6,
139-146.
https://doi.org/10.2147/PHMT.S67342

Gao, X., Zhang, Y., Arrazola, P., Hino, O., Kobayashi, T., Yeung, R. S., Ru, B., & Pan,
D. (2002). Tsc tumour suppressor proteins antagonize amino-acid-TOR
signalling. Nature Cell Biology, 4(9), 699-704.
https://doi.org/10.1038/nch847

Goberdhan, D. C. 1., Wilson, C., & Harris, A. L. (2016). Amino acid sensing by

MTORCL: Intracellular transporters mark the spot. Cell Metabolism, 23(4), 580—
589.

https://doi.org/10.1016/j.cmet.2016.03.013

Gongalves, A. F., Adlesic, M., Brandt, S., Hejhal, T., Harlander, S., Sommer, L.,
Shakhova, O., Wild, P. J., & Frew, 1. J. (2017). Evidence of renal
angiomyolipoma neoplastic stem cells arising from renal epithelial cells. Nature
Communications, 8(1), 1-16.
https://doi.org/10.1038/s41467-017-01514-3

Guo, J., Tretiakova, M. S., Troxell, M. L., Osunkoya, A. O., Fadare, O., Sangoi, A. R.,
Shen, S. S., Lopez-Beltran, A., Mehra, R., Heider, A., Higgins, J. P., Harik, L. R.,

58



Leroy, X., Gill, A. J., Trpkov, K., Campbell, S. C., Przybycin, C., Magi-Galluzzi,
C., & McKenney, J. K. (2014). Tuberous Sclerosis-associated renal cell
carcinoma: a clinicopathologic study of 57 separate carcinomas in 18 patients.
The American Journal of Surgical Pathology, 38(11), 1457-1467.
https://doi.org/10.1097/PAS.0000000000000248

Hallett, L., Foster, T., Liu, Z., Blieden, M., & Valentim, J. (2011). Burden of disease and
unmet needs in Tuberous Sclerosis Complex with neurological manifestations:
Systematic review. Current Medical Research and Opinion, 27(8), 1571-1583.
https://doi.org/10.1185/03007995.2011.586687

Henske, E. P., Jozwiak, S., Kingswood, J. C., Sampson, J. R., & Thiele, E. A. (2016).
Tuberous Sclerosis Complex. Nature Reviews Disease Primers, 2, 16035.
https://doi.org/10.1038/nrdp.2016.35

Henske, E. P., & McCormack, F. X. (2012). Lymphangioleiomyomatosis—A wolf in
sheep’s clothing. The Journal of Clinical Investigation, 122(11), 3807—3816.
https://doi.org/10.1172/JC158709

Huang, J., Dibble, C. C., Matsuzaki, M., & Manning, B. D. (2008). The TSC1-TSC2
complex is required for proper activation of mMTOR complex 2. Molecular and
Cellular Biology, 28(12), 4104—4115.
https://doi.org/10.1128/MCB.00289-08

Huang, J., & Manning, B. D. (2008). The TSC1-TSC2 complex: A molecular
switchboard controlling cell growth. The Biochemical Journal, 412(2), 179-190.
https://doi.org/10.1042/BJ20080281

Jaeschke, A., Hartkamp, J., Saitoh, M., Roworth, W., Nobukuni, T., Hodges, A.,
Sampson, J., Thomas, G., & Lamb, R. (2002). Tuberous Sclerosis Complex tumor
suppressor—mediated S6 kinase inhibition by phosphatidylinositide-3-OH kinase
is mTOR independent. The Journal of Cell Biology, 159(2), 217-224.
https://doi.org/10.1083/jcb.jcb.200206108

Jaiswal, J. K., Andrews, N. W., & Simon, S. M. (2002). Membrane proximal lysosomes
are the major vesicles responsible for calcium-dependent exocytosis in
nonsecretory cells. The Journal of Cell Biology, 159(4), 625-635.
https://doi.org/10.1083/jcb.200208154

Jinzaki, M., Silverman, S. G., Akita, H., Mikami, S., & Oya, M. (2017). Diagnosis of
renal angiomyolipomas: Classic, fat-poor, and epithelioid types. Seminars in
Ultrasound, CT, and MR, 38(1), 37-46.
https://doi.org/10.1053/j.sult.2016.11.001

59



Jones, A. C., Shyamsundar, M. M., Thomas, M. W., Maynard, J., ldziaszczyk, S.,
Tomkins, S., Sampson, J. R., & Cheadle, J. P. (1999). Comprehensive mutation
analysis of TSC1 and TSC2-and phenotypic correlations in 150 families with
tuberous sclerosis. American Journal of Human Genetics, 64(5), 1305-1315.

Joz°wiak, S., Schwartz, R. A., Janniger, C. K., Michatowicz, R., & Chmielik, J. (1998).
Skin lesions in children with Tuberous Sclerosis Complex: Their prevalence,
natural course, and diagnostic significance. International Journal of Dermatology,
37(12), 911-917.
https://doi.org/10.1046/j.1365-4362.1998.00495.x

Kim, S. G., Buel, G. R., & Blenis, J. (2013). Nutrient regulation of the mTOR complex 1
signaling pathway. Molecules and Cells, 35(6), 463-473.
https://doi.org/10.1007/s10059-013-0138-2

Knudson, A. G. (1971). Mutation and cancer: Statistical study of retinoblastoma.
Proceedings of the National Academy of Sciences of the United States of America,
68(4), 820-823.

Kossoff, E. H., Thiele, E. A., Pfeifer, H. H., McGrogan, J. R., & Freeman, J. M. (2005).
Tuberous Sclerosis Complex and the ketogenic diet. Epilepsia, 46(10), 1684—
1686. https://doi.org/10.1111/j.1528-1167.2005.00266.x

Kotulska, K., Borkowska, J., Mandera, M., Roszkowski, M., Jurkiewicz, E., Grajkowska,
W., Bilska, M., & Jozwiak, S. (2014). Congenital subependymal giant cell
astrocytomas in patients with Tuberous Sclerosis Complex. Child’s Nervous
System, 30(12), 2037-2042.
https://doi.org/10.1007/s00381-014-2555-8

Krymskaya, V. P. (2008). Smooth muscle—like cells in pulmonary
lymphangioleiomyomatosis. Proceedings of the American Thoracic Society, 5(1),
119-126.
https://doi.org/10.1513/pats.200705-061VS

Kwiatkowski, D. J., Zhang, H., Bandura, J. L., Heiberger, K. M., Glogauer, M., el-
Hashemite, N., & Onda, H. (2002). A mouse model of TSC1 reveals sex-
dependent lethality from liver hemangiomas, and up-regulation of p70S6 kinase
activity in Tscl null cells. Human Molecular Genetics, 11(5), 525-534.
https://doi.org/10.1093/hmg/11.5.525

Lam, H. C., Baglini, C. V., Lope, A. L., Parkhitko, A. A., Liu, H.-J., Alesi, N.,
Malinowska, I. A., Ebrahimi-Fakhari, D., Saffari, A., Yu, J. J., Pereira, A.,
Khabibullin, D., Ogorek, B., Nijmeh, J., Kavanagh, T., Handen, A., Chan, S. Y.,
Asara, J. M., Oldham, W. M., ... Henske, E. P. (2017). P62/SQSTMI1 cooperates

60



with hyperactive mTORC1 to regulate glutathione production, maintain
mitochondrial integrity and promote tumorigenesis. Cancer Research, 77(12),
3255-3267.

https://doi.org/10.1158/0008-5472.CAN-16-2458

Li, L., Friedrichsen, H. J., Andrews, S., Picaud, S., Volpon, L., Ngeow, K., Berridge, G.,
Fischer, R., Borden, K. L. B., Filippakopoulos, P., & Goding, C. R. (2018). A
TFEB nuclear export signal integrates amino acid supply and glucose availability.
Nature Communications, 9(1), 2685.
https://doi.org/10.1038/s41467-018-04849-7

Martignoni, G., Bonetti, F., Chilosi, M., Brunelli, M., Segala, D., Amin, M. B., Argani,
P., Eble, J. N., Gobbo, S., & Pea, M. (2012). Cathepsin K expression in the
spectrum of perivascular epithelioid cell (PEC) lesions of the kidney. Modern
Pathology, 25(1), 100-111.
https://doi.org/10.1038/modpathol.2011.136

Martina, J. A., & Puertollano, R. (2013). Rag GTPases mediate amino acid—dependent
recruitment of TFEB and MITF to lysosomes. Journal of Cell Biology, 200(4),
475-491.
https://doi.org/10.1083/jch.201209135

McCormack, F. X. (2008). Lymphangioleiomyomatosis: A clinical update. Chest, 133(2),
507-516.
https://doi.org/10.1378/chest.07-0898

Medina, D. L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R.,
Montefusco, S., Scotto-Rosato, A., Prezioso, C., Forrester, A., Settembre, C.,
Wang, W., Gao, Q., Xu, H., Sandri, M., Rizzuto, R., De Matteis, M. A., &
Ballabio, A. (2015). Lysosomal calcium signaling regulates autophagy via
calcineurin and TFEB. Nature Cell Biology, 17(3), 288-299.
https://doi.org/10.1038/ncb3114

Medina, D. L., Fraldi, A., Bouche, V., Annunziata, F., Mansueto, G., Spampanato, C.,
Puri, C., Pignata, A., Martina, J. A., Sardiello, M., Palmieri, M., Polishchuk, R.,
Puertollano, R., & Ballabio, A. (2011). Transcriptional activation of lysosomal
exocytosis promotes cellular clearance. Developmental Cell, 21(3), 421-430.
https://doi.org/10.1016/j.devcel.2011.07.016

Menon, S., Dibble, C. C., Talbott, G., Hoxhaj, G., Valvezan, A. J., Takahashi, H.,
Cantley, L. C., & Manning, B. D. (2014). Spatial Control of the TSC Complex
Integrates Insulin and Nutrient Regulation of mTORCL1 at the Lysosome. Cell,
156(4), 771-785.
https://doi.org/10.1016/j.cell.2013.11.049

61



Moss, J., Avila, N. A., Barnes, P. M., Litzenberger, R. A., Bechtle, J., Brooks, P. G.,
Hedin, C. J., Hunsberger, S., & Kristof, A. S. (2001). Prevalence and clinical
characteristics of lymphangioleiomyomatosis (LAM) in patients with Tuberous
Sclerosis Complex. American Journal of Respiratory and Critical Care Medicine,
164(4), 669-671.
https://doi.org/10.1164/ajrccm.164.4.2101154

Napolitano, G., & Ballabio, A. (2016). TFEB at a glance. Journal of Cell Science,
129(13), 2475-2481.
https://doi.org/10.1242/jcs.146365

Nathan, N., Wang, J., Li, S., Cowen, E. W., Haughey, M., Moss, J., & Darling, T. N.
(2015). Improvement of Tuberous Sclerosis Complex skin tumors during long-
term treatment with oral sirolimus. Journal of the American Academy of
Dermatology, 73(5), 802—-808.
https://doi.org/10.1016/j.jaad.2015.07.018

Northrup, H., & Krueger, D. A. (2013). Tuberous Sclerosis Complex Diagnostic Criteria
Update: Recommendations of the 2012 International Tuberous Sclerosis Complex
consensus conference. Pediatric Neurology, 49(4), 243-254.
https://doi.org/10.1016/j.pediatrneurol.2013.08.001

Ozcan, U., Ozcan, L., Yilmaz, E., Duvel, K., Sahin, M., Manning, B. D., & Hotamisligil,
G. S. (2008). Loss of the Tuberous Sclerosis Complex tumor suppressors triggers
the unfolded protein response to regulate insulin signaling and apoptosis.
Molecular Cell, 29(5), 541-551.
https://doi.org/10.1016/j.molcel.2007.12.023

Palmieri, M., Impey, S., Kang, H., di Ronza, A., Pelz, C., Sardiello, M., & Ballabio, A.
(2011). Characterization of the CLEAR network reveals an integrated control of
cellular clearance pathways. Human Molecular Genetics, 20(19), 3852—3866.
https://doi.org/10.1093/hmg/ddr306

Pefa-Llopis, S., Vega-Rubin-de-Celis, S., Schwartz, J. C., Wolff, N. C., Tran, T. A. T.,
Zou, L., Xie, X.-J., Corey, D. R., & Brugarolas, J. (2011). Regulation of TFEB
and V-ATPases by mTORC1. The EMBO Journal, 30(16), 3242-3258.
https://doi.org/10.1038/emboj.2011.257

Ploper, D., & De Robertis, E. M. (2015). The MITF family of transcription factors: Role
in endolysosomal biogenesis, Wnt signaling, and oncogenesis. Pharmacological
Research, 99, 36-43.
https://doi.org/10.1016/j.phrs.2015.04.006

62



Povey, S., Burley, M. W., Attwood, J., Benham, F., Hunt, D., Jeremiah, S. J., Franklin,
D., Gillett, G., Malas, S., & Robson, E. B. (1994). Two loci for Tuberous
Sclerosis: One on 9934 and one on 16p13. Annals of Human Genetics, 58(2),
107-127. https://doi.org/10.1111/j.1469-1809.1994.th01881.x

Puertollano, R., Ferguson, S. M., Brugarolas, J., & Ballabio, A. (2018). The complex
relationship between TFEB transcription factor phosphorylation and subcellular
localization. The EMBO Journal, 37(11), e98804.
https://doi.org/10.15252/embj.201798804

Rennebeck, G., Kleymenova, E. V., Anderson, R., Yeung, R. S., Artzt, K., & Walker, C.
L. (1998). Loss of function of the Tuberous Sclerosis 2 tumor suppressor gene
results in embryonic lethality characterized by disrupted neuroepithelial growth
and development. Proceedings of the National Academy of Sciences of the United
States of America, 95(26), 15629-15634.

Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola, B., Walther,
T. C., & Ferguson, S. M. (2012a). The transcription factor TFEB links mTORC1
signaling to transcriptional control of lysosome homeostasis. Science Signaling,
5(228), ra42.
https://doi.org/10.1126/scisignal.2002790

Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola, B., Walther,
T. C., & Ferguson, S. M. (2012Db). The transcription factor TFEB Links mTORC1
signaling to transcriptional control of lysosome homeostasis. Sci. Signal., 5(228),
ra42—rad2.
https://doi.org/10.1126/scisignal.2002790

Samuels, J. A. (2017). Treatment of renal angiomyolipoma and other hamartomas in
patients with Tuberous Sclerosis Complex. Clinical Journal of the American
Society of Nephrology : CJASN, 12(7), 1196-1202.
https://doi.org/10.2215/CJN.08150816

Sancak, O., Nellist, M., Goedbloed, M., Elfferich, P., Wouters, C., Maat-Kievit, A.,
Zonnenberg, B., Verhoef, S., Halley, D., & van den Ouweland, A. (2005).
Mutational analysis of the TSC1 and TSC2 genes in a diagnostic setting:
Genotype — phenotype correlations and comparison of diagnostic DNA
techniques in Tuberous Sclerosis Complex. European Journal of Human
Genetics, 13(6), 731-741.
https://doi.org/10.1038/sj.ejhg.5201402

Sardiello, M., Palmieri, M., Ronza, A. di, Medina, D. L., Valenza, M., Gennarino, V. A.,
Malta, C. D., Donaudy, F., Embrione, V., Polishchuk, R. S., Banfi, S., Parenti, G.,
Cattaneo, E., & Ballabio, A. (2009). A gene network regulating lysosomal

63



biogenesis and function. Science, 325(5939), 473-477.
https://doi.org/10.1126/science.1174447

Settembre, C., Di Malta, C., Polito, V. A., Arencibia, M. G., Vetrini, F., Erdin, S., Erdin,
S. U., Huynh, T., Medina, D., Colella, P., Sardiello, M., Rubinsztein, D. C., &
Ballabio, A. (2011). TFEB links autophagy to lysosomal biogenesis. Science
(New York, N.Y.), 332(6036), 1429-1433.
https://doi.org/10.1126/science.1204592

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., Huynh, T.,
Ferron, M., Karsenty, G., Vellard, M. C., Facchinetti, V., Sabatini, D. M., &
Ballabio, A. (2012). A lysosome-to-nucleus signalling mechanism senses and
regulates the lysosome via mTOR and TFEB. The EMBO Journal, 31(5), 1095—
1108. https://doi.org/10.1038/emb0j.2012.32

Silva, D. L., Pinto, P., Costa, M., Maia, R., & Rodrigues, C. (2019). Pneumothorax as a
presentation of Tuberous Sclerosis-associated lymphangioleiomyomatosis.
European Journal of Case Reports in Internal Medicine, 6(10).
https://doi.org/10.12890/2019 001264

Steagall, W. K., Pacheco-Rodriguez, G., Darling, T. N., Torre, O., Harari, S., & Moss, J.
(2018). The lymphangioleiomyomatosis lung cell and its human cell models.
American Journal of Respiratory Cell and Molecular Biology, 58(6), 678-683.
https://doi.org/10.1165/rcmb.2017-0403TR

Stein, J. R., & Reidman, D. A. (2016). Imaging Manifestations of a Subependymal Giant
Cell Astrocytoma in Tuberous Sclerosis. Case Reports in Radiology, 2016.
https://doi.org/10.1155/2016/3750450

Tapon, N., Ito, N., Dickson, B. J., Treisman, J. E., & Hariharan, I. K. (2001). The
Drosophila Tuberous Sclerosis Complex gene homologs restrict cell growth and
cell proliferation. Cell, 105(3), 345-355. https://doi.org/10.1016/s0092-
8674(01)00332-4

Torre, O., Elia, D., Caminati, A., & Harari, S. (2017). New insights in
lymphangioleiomyomatosis and pulmonary Langerhans cell histiocytosis.
European Respiratory Review, 26(145), 170042.
https://doi.org/10.1183/16000617.0042-2017

Tyburczy, M. E., Dies, K. A., Glass, J., Camposano, S., Chekaluk, Y., Thorner, A. R.,
Lin, L., Krueger, D., Franz, D. N., Thiele, E. A., Sahin, M., & Kwiatkowski, D. J.
(2015). Mosaic and intronic mutations in TSC1/TSC2 explain the majority of
TSC patients with no mutation identified by conventional testing. PLoS Genetics,
11(11).

64



https://doi.org/10.1371/journal.pgen.1005637

Urban, T., Lazor, R., Lacronique, J., Murris, M., Labrune, S., Valeyre, D., & Cordier, J.
F. (1999). Pulmonary lymphangioleiomyomatosis. A study of 69 patients. Groupe
d’Etudes et de Recherche sur les Maladies “Orphelines” Pulmonaires
(GERM"O"P). Medicine, 78(5), 321-337.
https://doi.org/10.1097/00005792-199909000-00004

Valianou, M., Filippidou, N., Johnson, D. L., Vogel, P., Zhang, E. Y., Liu, X,, Lu, Y.,
Yu, J. J., Bissler, J. J., & Astrinidis, A. (2019). Rapalog resistance is associated
with mesenchymal-type changes in Tsc2-null cells. Scientific Reports, 9(1), 3015.
https://doi.org/10.1038/s41598-019-39418-5

Wortmann, S. B., Reimer, A., Creemers, J. W. T., & Mullaart, R. A. (2008). Prenatal
diagnosis of cerebral lesions in Tuberous Sclerosis Complex (TSC). Case report
and review of the literature. European Journal of Paediatric Neurology: EJPN:
Official Journal of the European Paediatric Neurology Society, 12(2), 123-126.
https://doi.org/10.1016/j.ejpn.2007.06.006

Xu, Y., Ren, J., He, X., Chen, H., Wei, T., & Feng, W. (2019). YWHA/14-3-3 proteins
recognize phosphorylated TFEB by a noncanonical mode for controlling TFEB
cytoplasmic localization. Autophagy, 15(6), 1017—-1030.
https://doi.org/10.1080/15548627.2019.1569928

Yang, M., Liu, E., Tang, L., Lei, Y., Sun, X., Hu, J., Dong, H., Yang, S.-M., Gao, M., &
Tang, B. (2018). Emerging roles and regulation of MiT/TFE transcriptional
factors. Cell Communication and Signaling, 16(1), 31.
https://doi.org/10.1186/s12964-018-0242-1

Yang, P., Corngjo, K. M., Sadow, P. M., Cheng, L., Wang, M., Xiao, Y., Jiang, Z., Oliva,
E., Jozwiak, S., Nussbaum, R. L., Feldman, A. S., Paul, E., Thiele, E. A., Yu, J. J.,
Henske, E. P., Kwiatkowski, D. J., Young, R. H., & Wu, C.-L. (2014). Renal cell
carcinoma in Tuberous Sclerosis Complex. The American Journal of Surgical
Pathology, 38(7), 895-909.
https://doi.org/10.1097/PAS.0000000000000237

Yu, J. J., Robb, V. A., Morrison, T. A., Ariazi, E. A., Karbowniczek, M., Astrinidis, A.,
Wang, C., Hernandez-Cuebas, L., Seeholzer, L. F., Nicolas, E., Hensley, H.,
Jordan, V. C., Walker, C. L., & Henske, E. P. (2009). Estrogen promotes the
survival and pulmonary metastasis of tuberin-null cells. Proceedings of the
National Academy of Sciences of the United States of America, 106(8), 2635—
2640.
https://doi.org/10.1073/pnas.0810790106

65



Zhang, H., Cicchetti, G., Onda, H., Koon, H. B., Asrican, K., Bajraszewski, N., Vazquez,
F., Carpenter, C. L., & Kwiatkowski, D. J. (2003). Loss of Tsc1/Tsc2 activates
mTOR and disrupts PI13K-Akt signaling through downregulation of PDGFR.
Journal of Clinical Investigation, 112(8), 1223-1233.
https://doi.org/10.1172/JC1200317222

66









69



