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Abstract

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder caused by germline mutations in
TSC1 or TSC2 genes, which leads to the hyperactivation of the mTORC1 pathway, an important negative regulator
of autophagy. This leads to the development of hamartomas in multiple organs. The variability in symptoms presents
a challenge for the development of completely effective treatments for TSC. One option is the treatment with
mTORCH1 inhibitors, which are targeted to block cell growth and restore autophagy. However, the therapeutic effect
of rapamycin seems to be more efficient in the early stages of hamartoma development, an effect that seems to be
associated with the paradoxical role of autophagy in tumor establishment. Under normal conditions, autophagy is
directly inhibited by mTORCH1. In situations of bioenergetics stress, mTORC1 releases the Ulk1 complex and initiates
the autophagy process. In this way, autophagy promotes the survival of established tumors by supplying metabolic
precursors during nutrient deprivation; paradoxically, excessive autophagy has been associated with cell death
in some situations. In spite of its paradoxical role, autophagy is an alternative therapeutic strategy that could be
explored in TSC. This review compiles the findings related to autophagy and the new therapeutic strategies targeting

this pathway in TSC.
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Tuberous Sclerosis Complex: Epidemiology and
manifestations

Tuberous sclerosis complex (TSC - ORPHA: 805) has
an extremely variable disease profile that has the potential to
affect any organ of the body and is characterized mainly by
the development of hamartomas in the skin, brain, kidneys,
lungs, and heart (Northrup and Krueger, 2013). Hamartomas
are defined as benign proliferation of mature tissues that
grow aberrantly and often with disorganized architecture,
which may occur in any body site (Tjarks et al., 2019). The
incidence of TSC is approximately 1 in 6,000 live births,
with prevalence in the population of 1 in 20,000 individuals,
with no sexual or racial predilection (Sahin et al., 2016). The
clinical manifestations of TSC vary widely. The involvement
of the skin and mucous membranes is marked, with alterations
identified in approximately 70% of the cases (Henske ef al.,
2016). The onset of symptoms may happen soon after birth and
to four years of age. Congenital hypopigmented macules (HM)

Correspondence to Patricia Ashton Prolla. Hospital de Clinicas de
Porto Alegre (HCPA), Servigo de Pesquisa Experimental, Laboratério
de Medicina Gendmica, Rua Ramiro Barcelos 2350, 90035-903,
Porto Alegre, RS, Brazil. E-mail: pprolla@hcpa.edu.br.

in the skin, the first visible symptom, usually precedes epilepsy.
In addition to HM, there are other similar skin features, such
as facial angiofibromas and subungual fibromas (Sahin e? al.,
2016). Regarding the central nervous system (CNS), epilepsy
is the most common symptom, affecting up to 90% of TSC
patients, of whom two-thirds show symptoms before the
second year of life. Cognitive deficit affects approximately 60
to 70% of patients and is often linked to seizures (Northrup and
Krueger, 2013). The severity of seizures and other symptoms
of the CNS depend on the presence, location, number and
size of the brain hamartomas - called tubers. The three
major intracranial lesions associated with TSC are cortical
tubers, subependymal nodules and subependymal giant cell
astrocytomas (SEGAs) (Shepherd et al., 1991), which are
found in 5 to 20% of patients. SEGAs constitute more than
90% of the intracranial tumors associated with the disease
and are responsible for 25% of the mortality attributed to TSC
(Nabbout et al., 1999; Adriaensen et al., 2009). Regarding
other sites that may be affected in TSC, cardiac rhabdomyomas
(benign tumors of the heart) are observed in up to 50% of
patients and it can be detected in the fetus as early as 22
weeks gestation. Tumors may be single or multiple, may reach
3-25 mm, and are usually located in the cardiac ventricles
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along the septum. There is a strong association of germline
TSC1 or TSC2 mutations and cardiac rhabdomyomas, with a
mutation being identified in up to 93% of affected patients, in
both patients with single and multiple tumors. Tumors may
compromise ventricular functions, resulting in obstruction of
blood flow and very rarely lead to arrhythmia, valvular defects,
or cardiac failure. In most cases, however, rhabdomyomas are
not hemodynamically relevant and do not increase in size,
in fact, they tend to involute and disappear after the age of 3
(Tworetzky et al., 2003, Altmann et al. 2019; Uysal and Sahin,
2020). Renal abnormalities are another important morbidity
factor in TSC and are considered the second leading cause
of premature death. More than 70% of TSC patients develop
multiple and bilateral angiomyolipomas, which usually occur
in the kidneys and reach large dimensions (Henske et al.,
2016). Although benign in nature these tumors can rupture
and bleed and ultimately cause renal failure. Algorithms
for the management of AML have been developed and
treatment intervention is recommended for TSC-associated
AML >3cm in diameter. Therefore, they should be followed
closely for timely intervention. Renal cysts are also commonly
identified, with and without angiomyolipomas and can result
in hypertension or kidney failure (Hatano and Egawa, 2020;
Uysal and Sahin, 2020). The main pulmonary manifestation
of TSC is lymphangioleiomyomatosis (LAM), which is
associated with the infiltration of smooth muscle cells in all
lung structures (Adriaensen ef al., 2011). This manifestation
may occur later, with patients presenting symptoms in the
third to fourth decade of life. LAM-compatible cystic lung
parenchymal abnormalities are observed in 30 to 40% of
women and in 10 to 12% of men with TSC, but symptomatic
changes are quite rare in men (Adriaensen et al., 2011; Cudzilo
et al., 2013). Some reports consider that LAM is almost
exclusively observed in adult women with TSC, suggesting that
it is an estrogen-dependent phenotype, which has been actually
demonstrated in animal studies. (Uysal and Sahin, 2020; Xu
etal.,2020). In a seminal clinical trial led by McCormack et
al. (2011), which included 89 patients with LAM, Sirolimus
stabilized lung function, reduced serum VEGF-D levels, and
was associated with a reduction in symptoms and improvement
in quality of life. This and other studies led to the FDA approval
of Rapamycin (Sirolimus) for lymphangioleiomyomatosis
treatment in 2015.

The criteria for clinical and genetic diagnoses of TSC
are shown in Table S1 (based on Refs. Northrup and Krueger,
2013; Sahin et al., 2016). At least 60% of TSC patients have
no family history of the disease (Henske et al., 2016).

Genetics and metabolic Pathways involved in
Tuberous Sclerosis Complex

TSC is an autosomal dominant disease caused by
mutations that inactivate one of the two tumor-suppressor
genes 7SC1 (OMIM 605284) or T7SC2 (OMIM 191092). The
TSC1 gene, located on chromosome 9q34, spans approximately
53 kb of genomic DNA, with 23 exons coding for the protein
hamartin, a hydrophilic protein of 1164 amino acids and 130
kDa that interacts and stabilizes the GTPase activating protein
tuberin, which is encoded by the 7SC2 gene. The 7SC2 gene,
located on chromosome 16p13.3, comprises approximately
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40 kb of genomic DNA and has 41 exons that generate a
protein of 1807 amino acids and 200 kDa, possibly acting
as a chaperone for hamartin. These two proteins together,
along with TBC1D7 (Tre2-Bub2-Cdc16-1 domain family
member 7) (Dibble and Manning, 2013), form the hamartin-
tuberin complex, also called the TSC1/TSC2 complex or TSC
complex. This complex acts as a GTPase activating protein
(GAP) to inhibit the Ras-related small GTPase protein RHEB
(Ras homologue enriched in brain) (Menon et al., 2014),
which, in turn, regulates activation of the rapamycin target
complex 1 in mammals (mTORC1) (Northrup et al., 2020).
TSC complex is also required for proper activation of a second
complex, called mMTORC2 (Huang ef al., 2008).

mTOR complexes

The mTORC1 complex is an important regulator of
cell growth, proliferation and translation of mRNAs and is
sensitive to growth factors, nutrients and the energy status
of the cells. This complex is formed by different subunits.
The major catalytic subunit is mTOR, a highly conserved
protein kinase that regulates cell cycle progression in
vertebrates (Hay and Sonenberg, 2004). mTOR is associated
with other proteins, such as the regulator-associated protein
of mammalian target of rapamycin called Raptor, mLSTS§
(mammalian lethal with sec-13 protein 8, also known as GBL),
and the recently identified subunits PRAS40 (proline-rich Akt
substrate of 40 kDa) and DEPTOR (DEP domain-containing
mTOR-interacting protein). mTORC?2 is structurally and
functionally distinct from mTORCI. Although mTORC?2 is
conserved, as mTORCI, it has a distinct catalytic subunit,
called Rictor. mTORC2 controls the actin cytoskeleton and
it is rapamycin insensitive, whereas mTORCI is rapamycin
sensitive (Wullschleger et al., 2006).

Response to growth factor, nutrients and energy
status

mTORCI1 responds to growth factors via the
phosphatidylinositol-4,5-bisphosphate 3-kinase pathway
(PI3K). In response to the presence of insulin, tuberin is
phosphorylated and functionally inactivated by Protein
kinase B (Akt). The phosphorylation impairs the ability of
the TSC complex to exert its GTPase activity that converts Ras
homolog enriched in brain (RHEB) GTP-binding to RHEB-
GDP. The accumulation of RHEB-GTP potentially activates
mTORCI, which phosphorylates and inhibits the 4E-BP1
substrate and activates the substrates ribosomal protein S6
kinase beta-1 (S6K1) and beta-2 (S6K2) (Wullschleger et
al., 2006), which promotes protein translation. In a negative
feedback loop, mTORCI1 and S6K1 directly phosphorylate
insulin receptor 1 (IRS1) and block the signal transduction
from insulin or insulin-like growth factor 1 (IGF-1) to PI3K
(Huang and Manning, 2008) (Figure 1). Nutrients, especially
amino acids, also regulate mTORCI1 signaling. Nutrients
inhibit the TSC complex by phosphorylation of S6K1 and
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1)
(Gao et al., 2002). Alternatively, the nutrients can regulate
the TSC complex independently of mTORCI1 by inducing
RHEB stimulation, which causes the rapid dephosphorylation
of the same targets (Saucedo et al., 2003) (Figure 1). In
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Figure 1 — Signaling of TSC and mTOR complexes. TSC complex negatively regulates mTOR signaling. In response to the presence of insulin, tuberin is
phosphorylated and functionally inactivated by Akt, allowing mTORCI to perform its functions. Nutrients regulate mTORC1 signaling by the inhibition
of the TSC complex. mTORC1 complex is sensitive to the energetic status of the cell through AMPK, which is activated in response to low energy in
the cell level of AMP/ATP. Activated AMPK leads to inhibition of mMTORCI. It is not completely clear which factors act upstream of mTORC2. Growth
factors and amino acids regulate actin polymerization, suggesting that they may also regulate this complex through TSC and Rheb. Once activated,

mTORC?2 increases the cascade of mTOR signaling.

relation to the high energy levels required for its activation,
the mTORC1 complex is sensitive to the energy status of
the cell as mediated through AMP-activated protein kinase
(AMPK), which is activated in response to low energy at
the cellular level of AMP/ATP. Activated AMPK is able to
phosphorylate tuberin directly and thus increases its GTPase
activity, leading to inhibition of mMTORC1 (Inoki et al., 2003).
It has been suggested that the tumor suppressor LKBI1 is
linked to the TSC-mTORCI signaling pathway. Upon energy
deprivation and in conjunction with AMP, LKBI activates
AMPK, which in turn phosphorylates and activates TSC2,
resulting in the inhibition of mMTORC1 (Wullschleger et
al., 2006). The factors that act upstream of mTORC?2 are
not well known. Growth factors and amino acids regulate
actin polymerization, suggesting that they may also regulate
the mTORC2 complex through TSC and RHEB (Jacinto et
al., 2004). Once activated, mTORC2 phosphorylates the
downstream target Akt to increase the mTOR signaling cascade
(Xie and Proud, 2014) (Figure 1).

mTORCI is a major negative regulator of autophagosome
formation (Hung et al., 2012). In yeast and mammals, the
activation of the Atgl/ULK1 complex, formed by ULK1-
ATG13-FIP200, is essential for the canonical formation of

autophagosomes (Hosokawa et al., 2009). The activity of
this complex is negatively regulated by mTORC1. When
nutrients are available, mTORCI is activated and the ULK 1
complex is inactivated through the phosphorylation of ULK 1
and ATG13, thus suppressing autophagy; on the other hand,
in this context, ribosomal biogenesis and protein synthesis are
stimulated. Conversely, under nutrient limitations, n"TORC1 is
inactivated, which enables the ULK 1 complex to be activated,
which triggers the formation of autophagosomes. In parallel
to autophagy induction, the inactivation of mTORC inhibits
cell growth (Balgi ef al., 2009).

Therapies targeting mTOR complexes in TSC

Some therapies directed to the inhibition of mTOR
complexes in the TSC context have been proposed. First-
generation mTOR inhibitors consist of rapamycin (MacKeigan
and Krueger, 2015). Rapamycin is an immunosuppressor
that forms an inhibitory complex with the immunophilin
FKBP12, which then binds and inhibits the ability of mMTORC1
to phosphorylate downstream substrates such as S6Ks and
4EBPs. Since 2001 it has been approved for a large number
of therapeutic uses in the United States and demonstrates
beneficial results in reducing the volume of SEGAs (Franz et



al.,2006) and renal angiomyolipomas (Cabrera-Lopez et al.,
2012), reducing the number of facial angiofibromas (Koenig
et al., 2018), and controlling epileptic seizures (Zou et al.,
2014). Rapamycin analogs (also called rapalogs) are being
increasingly used not only for hamartomatous and oncological
manifestations of TSC but also as adjunct therapies for epilepsy
and intellectual disability among others desabilities (Franz
and Capal, 2017). More recently, second-generation mTOR
inhibitors have been developed. In contrast to rapamycin
and its analogs, these molecules do not target FKBP12 but
inhibit both mTORC1 and mTORC?2 directly by blocking
their catalytic sites through competition with ATP. These new
agents, called Everolimus and Sirolimus are potent inhibitors
of cell proliferation and may have therapeutic benefits in
TSC. Some studies indicate that inhibition of mMTORCI and
mTORC?2 together could be more appropriate than the use
of rapalogs alone, since the dual approach could prevent
activation of mTORC?2 that may result from the inhibition of
mTORCI1 alone (Julien ef al., 2010). Knowing that mTORC2
phosphorylates Akt to activate it and thus promotes cell
survival through many downstream signaling targets, the
loss of mMTORC2-mediated Akt activation in cells without a
functional TSC complex may effectively suppress apoptosis-
inducing stimuli. For these reasons, many investigators prefer
to consider both the aberrant activation of mTORCI and
the inactivation of mMTORC2 when developing therapeutic
strategies for TSC (Huang et al., 2008). Important clinical
trials developed in recent years that have changed systemic
treatments in TSC patients include EXIST-1 trial, completed in
2016 that demonstrated the efficacy and safety of Everolimus
in SEGAs (Kingswood et al., 2014; Franz et al., 2016)
and EXIST-2 trial that demonstrated the benefit of mTOR
inhibitors for renal angiomyolipomas (AMLs) and resulted
in Everolimus approval by the FDA for asymptomatic and
growing renal AMLs larger than 3 cm (Bissler ef al. 2013).
Some years later, Bissler ef al. (2017) treated 112 patients with
Everolimus in an extension phase of the EXIST-2 study for an
average of 46.9 months and observed that 58% achieved some
AML response, the majority being reduction in renal lesion
volumes with no AML-related bleeding or nephrectomies
being reported. The most common adverse events suspected
to be treatment-related were stomatitis, hypercholesterolemia,
acne, aphthous stomatitis and nasopharyngitis but less than
10% of patients withdrew treatment due to an adverse event.
In addition Bissler et al. (2018) reported that in a series of 33
patients with TSC treated with Everolimus for SEGAs, renal
angiomyolipoma response was achieved by 75.8% of patients
with sustained reductions in tumor volume over nearly 4
years of treatment, reaching >50% in most (>80%) patients.
Beneficial effects of Everolimus on autism and attention-
deficit/hyperactivity disorder symptoms have been reported
also (Kilincaslan ef al., 2017). Regarding tests involving
Sirolimus, MILES trial included 89 patients with LAM and
reported stabilized lung function, reduced serum VEGF-D
levels that were associated with a reduction in symptoms
and improvement in the quality of life for TSC patients with
LAM (McCormack et al. 2011). These results led to the FDA
approval of Sirolimus in TSC-associated LAM in 2015. It
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is important to consider that both mTORC1 and mTORC2
inhibitors cause a variety of side effects that can lead to life-
threatening outcomes, including sepsis and death. In addition,
another point that requires further research relates to the
long-lasting effects of these treatments, particularly in the
context of the high incidence of lifetime clinical features and
the adult- onset symptoms of TSC patients (Trelinska et al.,
2015). For most TSC-related hamartomas, lifelong treatment
will likely be mandatory, since several lesions may regrow and
complications of these tumors may recur when medications
are discontinued. One of the challenges in TSC treatment
is that different clinical manifestations of the disease may
require different therapeutic interventions. A key point is
timing of mTOR inhibition for each symptom and what other
pharmacologic and nonpharmacologic interventions could
be used in combination. The main mTOR inhibitors tested
in patients with TSC-related manifestations are summarized
in Table S2.

Basics of autophagy

Autophagy is a physiological and well-regulated cellular
mechanism that degrades dysfunctional or unnecessary
factors, enabling the recycling of cellular components and
the maintenance of energy and structural homeostasis. It occurs
through the capture of cytoplasmic fractions and organelles
by autophagosome, which are digested in lysosomes. The
final products of lysosomal digestion are returned to the
cytosol. They are then used in cellular metabolism to generate
energy and to build new proteins, organelles and membrane
components. When nutrients are restricted, autophagy is
increased to ensure an internal source of nutrients for energy
supply and, consequently, for cell survival. Therefore, it is
a powerful mechanism to promote metabolic homeostasis
at both the cellular and organism levels (Rabinowitz and
White, 2010).

Autophagy pathways are mediated by autophagy-
related proteins called ATGs and their associated enzymes.
There are three commonly described forms of autophagy:
macroautophagy, microautophagy and chaperone-mediated
autophagy (CMA). Macroautophagy is the major pathway
and primarily eradicates damaged or malformed organelles or
proteins. In general, it involves the detachment of a portion of
the endoplasmic reticulum (ER) called the phagophore, which
elongates to form a double membrane organelle known as an
autophagosome, which captures the cellular components to be
degraded. The expansion of the autophagosomal membranes
involves the incorporation of cytosolic microtubule-associated
protein 1 — light chain 3 (MAP1LC3 - hereafter called LC3
only) in the membrane of the growing autophagosome. LC3,
the mammalian homolog of the yeast ATG8 gene, is diffused
throughout the cytoplasm (LC3 forms LC3-I). LC3-I assumes
the LC3-II form when it is added to phosphatidylethanolamine,
which is incorporated into the autophagosome. The
autophagosome moves along microtubules and fuses to a
lysosome to form an autolysosome or autophagolysosome,
where the cellular content is degraded with acidic lysosomal
hydrolases (Jung et al., 2010). Lysosomal permeases return
the products of digestion into the cytosol, such as amino acids,
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lipids, nucleosides and carbohydrates, where they will be
available for structural and metabolic pathways (Rabinowitz
and White, 2010).

Autophagy and its relationship with mTOR and
TSC

Rapamycin treatment or induced starvation in human
cells and mouse embryonic cells (MEFs) results in the
dephosphorylation of ULK1, restoring autophagy (Hung
et al., 2012). Furthermore, glucose starvation reduces ATP
levels and activates AMPK, which is potentiated by LKB1,
a protein kinase that phosphorylates AMPK. Activated
AMPK inhibits mTORCI and, as a consequence, positively
regulates autophagy, thus making this pathway critical for
monitoring cellular energy status and stress conditions.
Moreover, autophagy can be induced by suppressing growth
factor signaling pathways. The growth factor signaling in the
IGF-1-PI3K-Akt pathway regulates mTORCI1 to negatively
regulate autophagy (Jung et al., 2010).

Chaperone-mediated autophagy (CMA) selectively
degrades cytosolic proteins in lysosomes and contributes to
the maintenance of proteostasis and cellular adaptation to
stress. CMA substrates are delivered by a cytosolic chaperone
to the surface of the lysosome, where they are unfolded and
internalized through a membrane translocation complex. In
murine models, lysosomal mTORC2 and Akt regulate the
activity of CMA (Arias et al., 2015). Recently, the cochaperone
BAGS3 has been shown to coordinate protein synthesis and
autophagy through the spatial regulation of mMTORC1. BAG3
acts on the recruitment of the TSC complexes that inhibit
the positive regulation of mTORCI1 in the synthesis of
cytoskeleton-associated actin fibers. In addition, when protein
synthesis is necessary, BAG3 mediates the sequestration of the
TSC complex, alleviating the inhibition of the mTORCI that
remains in the cytoplasm. In human muscle, an association of
TSC1 with the exercise-induced cytoskeleton was described,
indicating the coincidental activation of mTORCI in the
cytoplasm (Kathage et al., 2017).

Given that mTORCI is a key inhibitor of autophagy
through direct phosphorylation of ULK1, studying the states
of TSC deficiency may provide an opportunity to investigate
the implications of autophagy dysregulation in human
pathophysiology (Kim et al., 2011). Through genetic and
pharmacological inhibition of autophagy, it was possible to
verify that TSC2-deficient tumor cells derived from LAM
could be dependent on autophagy to survive. The induction
of autophagy by mTOR inhibitors may enhance hamartoma
cell adaptations to stress through a type of dormancy, in which
proliferation is blocked due to inhibited mTORC1-mediated
protein translation, leading to survival over time due to the
activation of autophagy (Yu et al., 2010). This mechanism is
important when considering the role of autophagy in cancer.
Defects in autophagy may contribute to cell transformation and
the initiation of tumorigenesis by causing the accumulation
of defective proteins and organelles, thereby increasing
oxidative stress and genetic instability. Parkhito ez al. showed
that lowering autophagy blocked TSC tumorigenesis across
genetic down-regulation of p62/sequestosome 1 (SQSTM1),
the autophagy substrate that accumulates in TSC tumors as a

consequence of low autophagy levels. This substrate strongly
inhibited the growth of TSC2-null xenografted tumors,
demonstrating that autophagy is a critical component of TSC
tumorigenesis and suggesting that mMTORC1 inhibitors may
have autophagy-dependent prosurvival effects in TSC, and
revealing two distinct therapeutic targets for TSC: autophagy
and the autophagy target p62/SQSTMI1. (Parkhitko ef al.,
2011). More recently, p62 has also been associated with the
maintenance of intracellular pools of glutamine, glutamate and
glutathione, necessary to limit mitochondrial dysfunction in
tumor cells with hyper activated mTORC1, being suggested as
a possible therapeutic target in these tumors (Lam et al., 2017).

In summary, there is a consensus that autophagy acts
as a chemopreventive mechanism in normal cells to prevent
their transformation. In contrast to cells in normal tissues,
the tumor and surrounding environment are often chronically
deprived of nutrients, growth factors, and oxygen as a result
of abnormal vascularization. In this context, autophagy may
support tumor growth and the adaptation of tumor cells to
metabolic stress as a mechanism to provide nutritional support
(Rabinowitz and White, 2010). Thus, depending on the disease
status, autophagy can either be beneficial or detrimental. For
instance, the activation of the ULK1 pathway by compounds
that act in the AMPK pathway can counteract inhibition of
mTORCI in Tsc2-knockdown neurons in mice suggesting
that autophagy inducers can have therapeutic potential to treat
TSC-associated neuronal pathologies (Di Nardo et al., 2014).

Autophagy in TSC and other conditions with
mTOR deficiency

To better understand the role of autophagy in TSC, we
searched the PubMed database on May 16, 2019, to retrieve
original articles describing the role of autophagy in TSC
that were published in English and available in the literature
between 2008 and 2019. The following keywords were used:
“autophagy” and “tuberous sclerosis complex”, which resulted
in the initial retrieval of 183 articles. We excluded the reviews,
studies before 2008 and studies that did not relate to the scope
of interest. Twenty-six articles were identified as studies related
to the subject of this review and the studies are summarized
in Table 1.

Autophagy seemed to play a role in various disease
processes observed in TSC. For instance, insufficient autophagy
in human melanocytes has been identified as responsible for
hypopigmentation in specific sites in the skin, contributing
to perhexiline the development of HM, which is one of the
main clinical manifestations of TSC (Yang et al., 2018).
Furthermore, some neuronal characteristics of TSC have
been described as associated with autophagy. The level of
autophagic proteins was different in dysmorphic neurons
than it was in balloon cells (the term used for the abnormal
cells observed in cortical tubers) or normal neurons, reflecting
different degrees of activation of mTOR pathways in TSC
cells (Miyahara ef al., 2013). Overactived mTOR, together
with impaired autophagy, may produce an excess of synaptic
protein in neurons of patients with autism spectrum disorders
(ASD, a common morbidity in TSC patients). This finding
suggests that these two mechanisms may underlie the synaptic
pathology of ASD (Tang et al., 2014). Injured autophagy



Table 1 — Original articles describing the role of autophagy in TSC conditions

TSC Sample

Goal of the manuscript

Autophagy findings

Reference

AMEF T5C2 knock-out and knock-in

AMEF TsC2 knock-out and knock-in, 621-101 and
BELT3 TsC2-deficient cells, and renal lesions in mice

heterozygous to 75C2

Cortical tubers removed from 7 patients and 5 controls
of cortical tissue taken from non-TSC patients with

epilepsy

Brain tissues of conditional 75C/ and phosphatase and

tensin homolog knock-out mice

Primary cells from tuber samples of patients with TSC

and frozen cells from a case of “‘FCD

PFAO cells, MCF-7 cells expressing constitutively
active AKT (myr-AKT) and peroxisome-deficient

human Zellweger cells

Rat hippocampal neuronal cultures, AMEFs, "HEK293T
cells, human TSC neurons collected from patients with

intractable epilepsy

Transgenic mice with deletion of the 75C/ gene by
CreLoxP, breast tumor cells, isolated from mammary
tumors created with the injection of these cells into

nude mice

MEFs 75C2 knock-out and knock-in, Z¥¢2-null
cystadenoma cell line, cells derived from mouse renal

tumor

Cell line stably expressing 7SC2 and 'LAM TSC2
knock-out cells were obtained from patient sample, wild

and knockout for 75C2 *MEFs

Coumponds perhexiline, niclosamide, amiodarone and rottlerin
reversibly inhibit mMTORC] and stimulate autophagy

Autophagy is a critical component of TSC tumorigenesis, and
the authors suggesting that rapamycin may have autophagy-
dependent prosurvival effects

Evaluation of induction of autophagy via mTOR that occurred
in TSC-associated cortical tuber samples

Autophagy was suppressed in samples investigated, which
display seizures and aberrant mTOR activation; the conditional
deletion of A7g7 in mouse neurons is sufficient to promote of
spontaneous seizures

Defects in autophagy in “FCD and in TSC share the altered
mTOR pathway; this could be, in part, reversed in vitro by
rapamycin

TSC has a role in the response to FROS in peroxisome and
recognizes peroxisome as a signaling organelle involved in the
regulation of mMTORC1

Tsc2-deficient neurons have increased autolysosome
accumulation and autophagic flux despite mTORC1-dependent
inhibition of ULK1; investigation of previously uncharacterized
cellular mechanism that contributes to altered neuronal
homeostasis in TSC disease

Creation of system that allows deletion of 75C/ in tumor cells
in an inducible manner; demonstration directly that deletion of
T5C1 and consequent activation of mMTORCI promoted tumor
growth and metastasis, besides increased glucose starvation-
induced autophagy and Akt activation

T5C2-null cells have distinctive autophagy-dependent

FPPP alterations, enhanced glucose uptake and utilization,
decreased mitochondrial oxygen consumption, and increased
mitochondrial FROS production; 75C2-deficient cells can

be therapeutically targeted focusing on their metabolic
vulnerabilities

Rapamycin and resveratrol combination treatment blocked
rapamycin-induced upregulation of autophagy and restored
inhibition of Akt; this combination selectively promoted
apoptosis of 7SC2-deficient cells

The chemicals activate autophagy in cells growing in nutrient
rich conditions

The combination of mMTORC]1 and autophagy inhibition
was more effective than these isolated treatments, both
for suppression of spontaneous tumor cells growth and of
xenografts.

Suppression of autophagy in cortical tubers presumably via
the mTOR pathway

The impaired autophagy contributes to epileptogenesis

Abnormal activation of mTOR may contribute directly to a
defect in autophagy in “FCD and TSC

TSC localized in peroxisomes functioned as a Rheb GTPase
activator protein to suppress mTORCI1 and induce autophagy

Loss of Ts¢2 gene in rat neurons results in autophagic
activity via AMPK-dependent activation of ULK1; in 75¢2-
knockdown neurons the AMPK activation is the dominant
regulator of autophagy

Glucose starvation-induced autophagy was increased
significantly in 75c/-null tumor cells, which could promote
tumor cell survival and contribute to the increased tumor
growth in vivo

FPPP is a key autophagy-dependent compensatory metabolic
mechanism; "PPP inhibition with 6-AN in combination with
autophagy inhibition suppressed proliferation and prompted
the activation of "NF-kB and 'CASP1 pathways in 7¥C2-
deficient only

Resveratrol caused inhibition of autophagy and targeting for
apoptosis in 7SC2-null cells

Balgi et al., 2009

Parkhitko et al., 2011

Miyahara et al., 2013

McMahon et al., 2012

Yasin et al., 2013

Zhang et al., 2013

Di Nardo et al., 2014

Chen et al., 2014

Parkhitko et al., 2014

Alayev et al., 2015b
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TSC Sample

Goal of the manuscript

Autophagy findings

Reference

Dendritic spine and frozen samples from “ASD patients
and controls, postmortem tissue of the temporal lobe
from patients with “ASD, 75C2 heterozygous mice;
T5C1 conditional knockout mouse line

Transgenic knock-in and knock-out mice for the 75C/
and YaP genes by CreLoxP, cell line HEK293, MEFs
knock-in and knock-out for Tsc2.

AMEFs T3C1 and TsC2 knock-out and knock-in, BELT3
cells, Angiomyolipoma-derived tuberin-deficient cells;
HeLa cells, GFP-LC3-expressing WI138 fibroblasts.

CB17-SCID mice, BELT3 cells. For xenograft tumor
establishment, 2.53106 cells were inoculated bilaterally
into the posterior back region of mice

AMEF T5C2 knock-out

Cardiac-specific 75C2-knock-out mice

MING cell line; AMEF knock-out 7¥C/ and 75C2, and
MHEK?293T cells.

ATr5 rat skeletal muscle biopsies from musculus vastus
lateralis collected 72 h after the last training activity,
and post-exercise biopsies collected 45 min after acute
resistance exercise

MHEK293 cells

mTOR-regulated autophagy is required for developmental spine
pruning; and activation of neuronal autophagy corrects synaptic
pathology and social behavior deficits in “ASD models with
hyperactivated mTOR

Regulation of ¥YAP by mTOR and the autophagy pathway
like a novel mechanism of growth control; this molecular
mechanism was required for the tumorigenesis of TSC-related
kidney lesions and in °PEComas and the NYAP may serve as
a potential therapeutic target for TSC and other diseases with
dysregulated mTOR activity

Hamartin interacts with PPLK1; PPLK1 protein levels are
increased in hamartin and tuberin-deficient cells and 'LAM
patient-derived specimens and that this increase is rapamycin-
sensitive

Combination of rapamycin and resveratrol is effective in
reducing of tumors in TSC2-deficient in vivo; support of the
model whereby the synergistic interaction of rapamycin and
resveratrol results in a reduction of xenograft tumors

The results indicate that an AMPK/p27 axis is promoting a
survival mechanism that could explain in part the relapse of
TSC tumors treated with rapamycin

Effects of hyperactivation of mTORC1 on cardiac function and
structure; analysis of hearts revealed misalignment, aggregation
and a decrease in the size and an increase in the number of
mitochondria, but the mitochondrial function was maintained.

Role of lysine acetylation in 7SC2, in the regulation of
mTORC]I, autophagy and cell proliferation; effects of
treatments with nicotinamide and resveratrol on mTORCI
signaling and autophagy modulation are 7.SC2-dependent

Cochaperone BAG3 stimulates translation through spatial
regulation of mMTORCI, inhibiting and recruiting the TSC
complex to the cytoskeleton, where autophagy is initiated;
mTORCI inhibition in the remaining cytoplasm is relieved and
translation efficiency increased

TSC2 acted as a negative regulator of autophagy after
olaquindox treatment, and also played a pro-apoptotic function

The activation of neuronal autophagy corrects synaptic
pathology and social behavior deficits in “ASD models with
hyperactivated mTOR

The data favor a model in which the control of N\YAP
lysosomal degradation by mTOR matches NYAP activity with
nutrient availability in growth permissive conditions

PLK1 inhibition attenuated autophagy, and repressed the
expression and protein levels of key autophagy genes and
proteins and the protein levels of Bel2 family members,
suggesting that PLK1 regulates both autophagic and apoptotic
responses

Rapamycin and resveratrol combination therapy not only
arrested tumor growth but also by eliminating lesions,
possibly through induction of apoptosis, besides also induced
to suppression of autophagy induction

Rapamycin induced increase of autophagic levels after 24h
of serum deprivation; inhibition of AMPK with compound C
inhibited basal levels of autophagy

Autophagic flux was inhibited, while the phosphorylation
level of 5S6 or *4E-BP1 was increased; autophagy plays an
important role in the maintenance of cardiac function and
mitochondrial quantity and size in the heart

Nicotinamide increased TSC2 acetylation, and lead to
mTORCI activation and cell proliferation. In contrast,
resveratrol avoided 7SC2 acetylation, inhibiting mTORCI
signaling and promoting autophagy

BAG3 insufficiency results in a severe imbalance of protein
synthesis and protein degradation, and in autophagic levels

Olaquindox induced autophagy by reducing 7SC2 expression
in MHEK293 cells

Tang et al., 2014

Liang et al., 2014

Valianou et al., 2015

Alayev et al., 2015b

Campos et al., 2016

Taneike et al., 2016

Garcia-Aguilar et al., 2016

Kathage et al., 2017

Lietal., 2017
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Table 1 — Cont.

TSC Sample

Goal of the manuscript

Autophagy findings

Reference

HeLa cells, primary human fibroblasts, human diploid
fibroblasts, “‘MEF knock-out 75C2 and wild-type

The generation of a 7SC-cell model by isolating
UNSPCs from the brain of six-week-old 75C/ mice.

AMEFs TsC2 knock-out and knock-in and controls

Paraffin-embedded sections from skin lesions of YHM
from TSC patients and samples from corresponding
sites of healthy donors; normal ZHEMn-MP from
moderately pigmented donors

During the acquisition of senescence occurs the constitutive
activation of mTORCI1, which is resistant to both serum and
amino acid starvation; persistent mMTORC]1 simultaneously
prevents senescent cells from realizing their full autophagic
potential, which would otherwise lead to cell death

Migration deficit observed in Tsc/-deficient "NSPCs depends
on the state of TFEB activation; treatments that promote YTEFB
nuclear translocation restore 7sc/-deficient "NSPCs migation
independently of mTORCI1

General autophagy induction after uncoupling of oxidative
phosphorylation by *CCCP agent, and your importance in

PINK 1/parkin regulation which allows the directioning of
uncounpled mitochondria to autophagahy degradation

Insufficient autophagy leads to reduced pigmentation in 7SC2-
silenced melanocytes; dysregulated autophagy contributes

to hypopigmentation in patients with TSC in response to
mTOR hyperactivation; enhancing both mTOR-dependent and
-independent autophagy stands to improve depigmentation in
TSC-model melanocytes

Constitutive mTOR activity in senescent cells was supported

by high levels of autophagy, and increased autophagy

contributes to mMTORC1 deregulation and to the survival of

senescent cells during starvation

VTFEB overexpression has been shown to reactivate

autophagy and restore radial migration in new-born neurons

where those processes were impaired

Stimulation by XCCCP resulted in increased of YLC3B-II

protein in controls cells when compared to 75C2-deficient

cells; TsC2-deficient cells showed less autophagy

The results suggest that insufficient autophagy is a likely

contributor to epidermal pigmentation abnormalities resulting

in the hypomelanotic macules that are hallmarks of TSC.

Carroll et al., 2017

Magini A et al., 2017

Bartolomé A et al., 2017

Yang et al., 2018

AMEF: mouse embryonic fibroblasts; BELT3: Eker rat uterine leiomyoma—derived cells; “FCD: focal cortical dysplasia; PFAO: rat liver; EROS: reactive oxygen species; "PPP: pentose phosphate pathway; 6-AN:
6-aminonicotinamide; "NF-kB: nuclear factor kappa B; '\CASP1: Caspase-1; 'LAM: Limfangioleiomyomatoses; “ASD: autism spectrum disease; "HEK293T: human embryonic kidney 293; NYAP: hippo—Yes-associated
protein 1 pathway; °PEComas: tumours showing perivascular epithelioid cell differentiation; "PLK1: polo-like kinase 1; °Bcl-2: B-cell lymphoma 2; R4E-BP1: eukaryotic initiation factor 4E -binding protein 1; 5S6:
ribosomal protein; TMIN6: mouse insulinoma 6; YNSPCs: neural stem/progenitor cells; YTFEB: transcription factor EB; XCCCP: carbonyl cyanide m-chlorophenyl hydrazone; YLC3: microtubule-associated protein
1A/1B-light chain 3; YHM: hypopigmented macules; ZHEMn-MP: human neonatal epidermal melanocytes.
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may also contribute to epileptogenesis. The suppression of
autophagy in the brain tissues of conditional 7SC/-knockout
mice resulted in aberrant mTOR activation and seizures. The
conditional deletion of Azg7 in mouse neurons was sufficient to
promote the development of spontaneous seizures (McMahon
etal.,2012).

The decrease of autophagy in some in vitro and in vivo
studies was explained by the inactivation of 7SC/ or TSC2
due to loss-of-function mutations, making the formation
of the regulatory complex of mTORCI] infeasible. Due
to this impaired regulation, the mTOR signaling pathway
remained continuously active, leading to the uncontrolled
proliferation of mutated cells and, as a consequence, to
tumor formation. Interestingly, restoration of autophagy did
not always affect tumors. In some cases, autophagy-related
mTOR overactivation led to endoplasmatic reticulum (ER)
stress and unfolded protein response (UPR) activation and
to the formation of intracellular protein aggregates. These
aggregated proteins contributed to cellular toxicity in different
TSC cell culture models (Babcock et al., 2013; Di Nardo
et al., 2009). Additionally, autophagy induction promoted
tumor cell survival by enabling continuous cell growth in the
tumoral microenvironment, which is generally characterized
by starvation.

A few studies have also assessed the effect of dietary,
non-pharmacological approaches associated with autophagy
induction in TSC-associated tumors. The pro-autophagic
metabolic interventions studied include glucose deprivation,
ketogenic diet (KD) and carbohydrate restrictions. Harputlugil
et al. (2014) showed that TSC1 was fundamental to the
hepatoprotective effect played by protein restriction in
ischemia-reperfusion injury. In agreement with this, TSC2-
deficient MEFs were hypersensitive to amino acids starvation
and hypoxia, in an ATG7-dependent manner. Indeed, the
knockdown of 4zg7 in Tsc2** cells sensitized them to amino
acid deprivation (Ng et al., 2011). Considering the link between
TSC and neoplasias, in a study with 5 TSC patients, ketogenic
diet did not produce beneficial effects to patients with TSC-
related tumors, with no signs of growth suppression or tumor
regression (Chu-Shore and Thiele, 2010). Considering the
management of epilepsy in children with TSC, cognition
and behavior were improved after ketogenic diet initiation,
in addition to reducing seizure frequency (Park ez al., 2017).
However, it is important to mention that autophagy was not
measured in these models using ketogenic diet.

The increase in the rate of glycolysis in parallel with the
reduction of oxidative phosphorylation is a typical hallmark of
tumorigenesis (DeBerardinis et al., 2008). The overactivation
of PI3k/Akt/mTOR pathway promotes glycolysis and glucose-
dependence, leading 7SC1/TSC2 mutant tumor cells entering
apoptosis after glucose withdraw (Maher et al., 2004). Indeed,
TSC2 suppresses apoptosis in contexts of energy deprivation
(Inoki et al., 2003). Using a TSC tumor xenograft model Jiang
et al. showed that animals receiving 2-deoxyglucose (2-DG, a
modified form of glucose that cannot be used for glycolysis)
showed reduced proliferation of tumor cells and the smallest
tumors comparing to animals receiving Western-style diet
or unrestricted carbohydrate-free. In addition, tumors from
animals exposed to carb-free diets were larger and showed

areas of necrosis and inflammation. Alternative energy
substrates such as ketone bodies and monounsaturated oleic
acid supported the growth of Ts¢2” cells in vitro. This result
suggests that glycolytic inhibition and glucose deprivation
may be considered in TSC therapy (Jiang X et al., 2011).
However, it is important to keep in mind that pro-autophagic
interventions used in these studies and other strategies to
induce autophagy may modulate not only this mechanism,
but also others including basal metabolism. Thus, attributing
the effect of these interventions exclusively and directly to
autophagy can lead to a misunderstanding if appropriated
methodologies are not used. In fact, many studies with an
‘autophagy-centric’ bias do not consider other mechanisms.
This aspect has to be lead into consideration in studies that
aim to assess the effect of pro-autophagy strategies to treat
TSC tumors.

TSC, UPR and autophagy

High basal levels of ER stress were detected in different
TSC-deficient cells (MEF cells, oligodendrocyte lineage and
ELT3 leiomyoma rat smooth muscle cell line) (Ozcan et al.,
2008; Babcock ef al., 2013; Jiang et al., 2016). ER stress in
mutant TSC cells is caused by increased cell proliferation
which results in higher protein synthesis that overloads the ER
capacity of protein folding. Moreover, autophagy impairment
caused by mTOR overactivation in TSC-deficient cells also
contributes to ER stress, since misfolded protein aggregates
instead of being degraded by autophagy accumulates within
ER lumen. In these cells, ER stress was detected due to
activation of targets related to the UPR. The UPR is a cellular
response triggered to relieve ER stress and reestablish protein
homeostasis (Hetz and Papa, 2018). Therefore, UPR induces
chaperones expression to improve ER capacity of protein
folding, and the ERAD system (endoplasmic reticulum-
associated degradation) to eliminate unfolded or misfolded
proteins by proteasome or to eliminate protein aggregates by
autophagy (Hwang and Qi, 2018).

Higher levels of UPR targets as PERK, XBP1, CHOP
and GRP78 were detected in 75CI-MEFs when compared
to wild-type cells, as well as increased UPR parameters in
TSC2-mutant tumors (Ozcan et al., 2008; Qin et al., 2010;
Tenkerian et al., 2015, Johnson et al., 2015). It was also
observed that mTOR overactivaction of TSC-deficient cells
results in c-MYC activation, which in turn, is able to induce
UPR and ATF4 activation, by direct binding to its promoter,
this may be a regulatory pathway (Babcock et al., 2013). TSC-
deficient cells while presenting overactivation of mMTORCI1
show lower levels of mMTORC2, as a compensatory negative
feedback mechanism. It was shown that disruption of mMTORC2
also contributed to the activation of the PERK — elF2a arm
of UPR, independently of mTORCI1 (Tenkerian et al., 2015).

Increased basal ER stress rendered TSC-deficient cells
highly sensitive to cell death induced by pharmacological ER
stressors as thapsigargin, tunicamycin and bortezomib (Ozcan
et al., 2008, Johnson ef al., 2015; Tenkerian et al., 2015).
Increased apoptosis in TSC mutant versus wild-type cells
suggests that these drugs can be a promising therapy option
for disease control, since it would selectively kill tumor cells,
while non-tumor and non-stressed cells would be able to cope
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to transient stress. Adjunct treatment with rapamycin was
able to reduce UPR activation and rescued TSC mutant MEF
cells from apoptosis induced by thapsigargin and tunicamycin
(Ozcan et al., 2008), as well rescued leiomyoma cells from
apoptosis induced by bortezomib treatment (Babcock et al.
2013). These results confirm that overactivation of mMTORC1
in TSC mutant cells is at least partly responsible for ER stress
and UPR activation.

Since autophagy is triggered upon ER stress to eliminate
excess proteins aggregates, and to mediate cell death under
intense and prolongated stress, it is important to verify its
relationship with ER stress on TSC-deficient cells. However,
most of the studies that induced or checked ER stress in TSC
deficient cells have not described autophagy levels. In TSC
normal cells, drug-induced ER stress triggers autophagy-
mediated cell death in MEF cells and ER stress-induced
autophagy was attributed to the downregulation of mTOR
pathway. On the other hand, when compared to wild-type
cells, TSC -mutant cells with constitutive activation of mTOR
were more resistance to ER stress-induced autophagy (Qin
et al.,2010; Kang, et al., 2011).

Nelfinavir is an ER stressor drug which was tested on
Tsc2- MEF cells and it was able to reduce mTOR signaling
while increased autophagy levels, observed by decreased
SQSTMI protein and increased LC3 lipidation to the lower
resolving LC3-II isoform. Chloroquine, an autophagy inhibitor,
also enhanced nelfinavir-induced cell death in these cells. A
combination of nelfinavir and chloroquine potentiated ER
stress and affected autophagy resulting in Ts¢2”" cells death,
while cells with normal expression of mTOR were tolerant.
The combination of an ER-stressor drug and an autophagy
inhibitor also seems to be a promising therapeutic option for
TSC (Johnson et al., 2015).

Autophagy therapies in TSC- and mTOR-
deficient contexts

Many of the pathways that regulate autophagy are
dysregulated in cancer development, and some therapeutic
compounds have been designed to restore or inactivate these
pathways (Table 1). Some of these compounds directly inhibit
mTORCI, while others inhibit mTORCI1 indirectly by reducing
the nutritional support for cells or inhibiting the upstream
targets in the mTOR signaling pathways (Yu et al., 2011). Some
of these therapies leverage the combined therapeutic effect of
the mTORCI1 and mTORC2 complexes. However, therapies
that focus on both complexes can induce considerable toxicity
and drug resistance mechanisms. Recently, several studies have
focused on the discovery of new compounds that act in these
pathways, aiming to control exacerbated cell proliferation and
autophagy. Among the alternative compounds that regulate
autophagy by TSC2 are olaquindox, which induces autophagy
and promotes apoptosis in HEK293 cells (Li et al., 2017).
Perhexiline, niclosamide, amiodarone (approved drugs) and
rottlerin (pharmacological reagent) inhibit mTORCI signaling
and stimulate autophagy (Balgi et al., 2009).

In most cases, rapamycin treatment leads to the
restoration of autophagy in tumor cells. This restoration can
stop tumor growth in some cases. However, tumors may
regrow after prolonged treatment with rapamycin due to
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the inhibition of the AMPK pathway, as demonstrated in
MEFs from the Tsc2-null model (Campos ef al., 2016).
The impairment of autophagic flux and the accumulation
of autophagosomes observed in the Tsc2-KD neurons of
mice were also dependent on the AMPK pathway. After
treatment with rapamycin, LC3-II accumulation and increased
AMPK-ULKI activation revealed that this accumulation of
autolysosomes was insensitive to rapamycin, indicating a
mTORC1-independent mechanism regulating autophagy (Di
Nardo et al., 2014). Indeed, AMPK can directly activate the
ULK1 complex in an mTOR-independent manner (Kim et al.,
2011). Conversely, there is evidence suggesting that persistent
mTORCI signaling in the TSC context reduces the capacity
of senescent cells to undergo autophagy, which leads to cell
death. This seemingly contradictory role for autophagy as a
prosurvival and cell death mechanism of senescent cells is a
phenomenon that may also contribute to the tumorigenesis and
neurodegeneration in TSC conditions (Carroll et al., 2017).

Metformin and resveratrol have been given greater
attention in recent years as possible means to stimulate
autophagy in TSC. Metformin is an antihyperglycemic agent
used for the treatment of noninsulin-dependent diabetes
mellitus. The exact mechanism of action of metformin is not
well elucidated, but a possible inhibitory effect on the mTOR
signaling pathway has been recognized (Amin et al., 2018).
Inhibition of mMTORC1 by metformin can occur (a) through
the phosphorylation and inhibition of Raptor and (b) through
the activation of the 7SC/ and 7SC2 genes (Howell et al.,
2017) (Figure 2). Normal and non-TSC2 (75C2"") embryonic
mouse cells treated with metformin showed an upregulation of
mTORCI (Kalender et al., 2010). In the tumor model of mice
with heterozygous mutations in 7SC2 (75¢2*") there was no
reduction in tumor size after metformin treatment compared
with those treated with rapamycin, suggesting limited
therapeutic benefits of metformin in treating hamartomas
(Auricchio ef al., 2012). In murine kidney 75C2"" tumors,
metformin was able to reduce mTOR signaling only in normal
tissues but not in tumor cells (Dowling ef al., 2016). In liver
cells of the same model, metformin inhibited mTOR signaling
through a mechanism involving the AMPK pathway and the
TSC complex (Howell et al., 2017). None of these studies
assessed autophagy after treatment. Some studies have raised
the prospect of metformin use to suppress the initiation and
recurrence of TSC-associated tumors, which would induce
fewer side effects and have a lower cost than other mTOR
inhibitors (Amin et al., 2019).

Resveratrol is another compound investigated for its
effect on mTOR inhibition and on the stimulation of autophagy
and apoptosis. Resveratrol (3,5,4’-trihydroxystilbene)
is a polyphenolic phytoalexin derived from stilbene. The
compound is present in high concentrations in red wine, the
imbibing of which has been associated with a lower incidence
of heart disease. Other benefits of resveratrol include its
anti-inflammatory, antioxidant (Wishart ez al., 2018) and
neuroprotective effects (Quincozes-Santos et al., 2013). It
has been shown to regulate cell proliferation, apoptosis, and
angiogenesis and to ameliorate DNA damage (Alayev et al.,
2015), and regulate mitochondrial activity, which is important
for the treatment of obesity and diabetes (Agarwal and Baur,
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Figure 2 — Autophagy signaling with nutrients available or TSC condition and with nutrient limitation or presence of mTOR inhibitors. In this first
scenario, the TSC complex is unable to prevent to conversion of Rheb-GDP to Rheb-GTP causing the activation of mMTORC1. mTORCI1 activated causes
inactivation of ULK1 complex through the phosphorylation of ULK1 and ATG13, thus suppressing autophagy and allowed the protein synthesis and
ribosome biogenesis. Conversely, in the second scenario, under nutrient limitations or with the presence of mTOR inhibitors, mnTORCI is inactivated, which
enables the ULK1 complex to be activated together with Atg proteins which triggers the formation of doble membrane vesicule called autophagosomes
around the cell content that need to be degraded. Autophagosome merges with lysosome forming autolysome or autophagolysosome that degrades this
vesicule internal cell content. In parallel to autophagy induction, the inactivation of mTORC inhibits cell growth.

2011). Similar to metformin, resveratrol suppresses the activity
of mMTORC through the AMPK pathway (Wang et al., 2018),
and induction of autophagy by resveratrol has been shown
to occur directly via the mTOR-ULK1 pathway (Park et al.,
2016). In addition, resveratrol inhibits the activation of many
proteins upstream of the mTORC1/S6K1 signaling pathway,
including PI3K and can modulate autophagy by directly
inhibiting S6K 1 activation (Armour et al., 2009) (see Figure 1).
Additionally, resveratrol seems to also regulate the activation
of mMTORC2 (Gurusamy et al., 2010). Recent work has shown
that resveratrol is capable of inducing apoptosis and autophagy
in breast cancer tumor cells resistant to cisplatin treatment,
non-small cell lung cancer cells and renal cell carcinoma
cells (Park ef al., 2016; Chang et al., 2017; Liu ef al., 2018;
Wang et al., 2018). Because of the ability of resveratrol to
modulate the autophagy and apoptosis pathways, its efficacy
was investigated in the context of TSC. It has been reported
that resveratrol prevented the positive regulation of autophagy
induced by rapamycin, inhibiting the cleavage of LC3 and
the formation of autophagosomes in 7SC2 cells. In this
context, resveratrol was able to prevent p62 degradation in a
TSC2-dependent manner (Alayev et al., 2014). A combination
of rapamycin and resveratrol tested in an animal model was
able to specifically inhibit the PI3K/Akt/mTORCI1 signaling
pathway, activating apoptosis and reducing cell survival in

a TSC2 xenograft tumor model of LAM but not in cells
expressing 7SC2 (Alayev et al., 2015).

New treatment alternatives focused on
autophagy modulation

A few treatment initiatives have already been reported for
tumors with mTORC1 aberrant activation. These alternatives
primarily target metabolic compensatory mechanisms triggered
by autophagy inhibition but not solely through mTORC1
inhibition. The first example was published in the report by
Parkhitko ef al. (2014), who used chloroquine, a molecule
that blocks lysosome—autophagosome fusion and lysosomal
function, to suppress macroautophagy and chaperone-mediated
autophagy. In this study, the authors demonstrate that TSC2-
null cells have distinctive autophagy-dependent pentose
phosphate pathway (PPP) alterations. With this in mind,
they directly targeted mTORC1-independent autophagy by
antimetabolite 6-aminonicotinamide. The authors showed a
40% reduction in cell proliferation after 96 h of treatment.
In T¥¢"- mice with spontaneously formed cystoadenomas,
the authors showed a 50% reduction in macrolesions and
microlesions after 4 months of treatment (Parkhitko ef al.,
2014). The second example was related to Polo-like kinase
1 (PLK1) inhibitors. These compounds were also shown to
be potential therapeutic agents for the treatment of tumors
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with dysregulated mTORCI1 signaling. The pharmacological
inhibition of PLK 1 by the small molecule BI-2536 significantly
decreased the viability and clonogenic survival of TSCI1-
and TSC2-deficient cells in vitro. This inhibition of PLK1
was associated with increased apoptosis, suggesting that this
kinase can regulate both autophagy and apoptosis (Valianou
etal., 2015).

Conclusions and perspectives

Tuberous Sclerosis Complex, although relatively rare,
is the second most common disorder in the genodermatoses
category of disorders. The disease can manifest in the
early stages of life and often results in social exclusion and
vulnerability at the medical, psychological and cultural levels.
Severe epilepsy disorder may occur in very young patients.
In addition, there is increased morbidity and a reduction in
life expectancy, especially when hamartomas related to the
syndrome emerge, especially as intracardiac and brain tumors.
To date, mTOR inhibitors have been widely used to attenuate
the clinical manifestations of the disease. However, several
challenges still exist in the management of TSC using rapalogs,
including their cost, side effects, definition of the ideal timing
of treatment initiation for different disease symptoms and
a better understanding of partial efficacy of these drugs in
certain applications. In this scenario, alternative or combined
treatments must be sought, and modulators of autophagy are
promising candidates. The mTOR inhibitor-induced autophagy
in tumor cells may have a dual effect by either interrupting
or enhancing tumor growth. Currently, it is a consensus that
autophagy is fundamental to control cell homeostasis and
tissue functioning since its loss has been associated with the
development of several pathologies. Autophagy deficiency
has been observed in the early steps of tumor initiation, for
instance. In the other hand, the adaptability to stress provided
by autophagy can contribute to metabolic adaptation and tumor
growth in advanced stages of carcinogenesis (Amaravadi et
al., 2019). TCS2-deficient fibroblasts, for instance, are more
dependent on exogenous nutrients, and the knockout of ATG5
reduced even more cell adaptability to nutrient deprivation
(Filippakis et al., 2018). In animal models, the above-
mentioned dynamic of autophagy in cancer is reproducible,
but the evidence from human samples suggests that this process
is more complex (Galluzzi et al., 2015). Actually, it seems
that the dominant effect played by autophagy (i.e. whether
chemoprevention or tumor supporting) may depend on the
tumor type, genetic and epigenetic background, the event
involved in the carcinogenesis, among other variables. The
fact is that the paradoxical role of autophagy in promoting or
suppressing TSC tumorigenesis and modulating other clinical
behaviors is inherent to the functioning of the mechanism,
which controls multiple steps and, in the other hand, is
controlled by several others (Amaravadi et al., 2019). The
large number of mechanisms controlling and being controlled
by TSC complex and mTOR adds even more variables to the
models (Filippakis et al., 2018). These concepts must be kept
in mind constantly in the discussion of pharmacological or
non-pharmacological strategies that induce autophagy, either
through the inhibition of mTOR or through other mechanisms.
In several studies, however, a direct role has been attributed
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to autophagy even when the mechanism is not properly or
exclusively assessed. This occurs, for instance, in studies
showing that Rapamycin is effective in controlling tumor
growth and/or reducing tumor volume in animal models
(Kenerson et al., 2005; Lee et al., 2009) and in TSC patients
(Cabrera-Lopezetal.,2012; Mao et al., 2017; Liet al., 2019).
Indeed, these evidences suggest that the chemopreventive
role played by autophagy could be dominant. But other
studies challenge the establishment of a unique conclusion,
as exemplified by the observation that TSC individuals, despite
not showing the altered incidence of renal tumors in relation
to controls, developed renal cancer too much earlier in life
(Peron et al., 2016).

Therefore, two aspects need to be raised at this point. The
first one concerns to the multitude of mechanisms controlled
by TSC complex and mTOR in the interface between
health and disease, from autophagy to protein synthesis,
the activity of immune cells, cell metabolism, cell growth,
and death (Boutouja et al. 2019). Attributing the effect of
TSC mutations or Rapamycin exclusively to autophagy can
be a misinterpretation. The second point is that tumors and
other pathologies are not coordinated by a unique cell type
or mechanism. Tumor microenvironment, for instance, is
formed by dozens of cell types, including normal, immune
and mesenchymal cells. The autophagy of all these players
might be modulated when this mechanism is activated, and
a growing body of recent evidence has shed some light on
the crosstalk between tumor cells autophagy and the tumor
microenvironment (Janji et al., 2018). Notwithstanding, the
dominant role played by autophagy modulation, in this context,
may depend not only on the genetic status of 7SC1/TSC2 but
also the metabolism, the immune status, endocrine functions
and other signaling molecules. With this in mind, it is important
to maintain the criticism when interpreting results from mTOR
inhibitors or metabolism modifications (Medvetz et al., 2015).
In this sense, testing compounds that modulate autophagy
in a more specific manner or animal models with the co-
occurrence of 7SC1/TSC2 and ATG mutations could provide
more accurate evidence regarding the role of autophagy in
TSC (Filippakis et al., 2018). And, in addition to Rapamycin,
new classes of mTOR inhibitors and compounds that modulate
other abovementioned mechanisms could be combined to
reach optimal clinical responses.
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