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New insights into tuberous
sclerosis complex: from
structure to pathogenesis

Chao-Sheng Chen* and Christopher H. S. Aylett*

Section for Structural and Synthetic Biology, Department of Infectious Disease, Imperial College
London, London, United Kingdom

Tuberous sclerosis complex is a genetic disorder characterised by the formation
of benign tumours in multiple organs, primarily due to pathogenic variants in
the TSC1 and TSC2 tumour suppressor genes. These genes encode hamartin
and tuberin, respectively, which together with TBC1D7 form a crucial protein
complex regulating cell growth and proliferation through mTOR signalling
and other pathways. This review provides an overview of recent progress in
understanding the molecular structure and function of this key protein complex,
its role in cellular processes, pathogenesis, and current and future therapeutic
strategies.
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Introduction: the history of tuberous sclerosis
complex

Tuberous Sclerosis Complex (TSC, Orphanet: 805, OMIM entry: 191,100) is an
autosomal dominant disorder with an incidence of approximately 1 in 6,000-10,000 live
births (Northrup et al, 2021). All age and ethnic groups from both genders can be
affected by TSC (Northrup et al., 2021; Randle, 2017; Brigo et al., 2018; Osborne et al.,
1991). The study of TSC is ongoing and has spanned almost 190 years. The earliest
known report is an illustration published by Pierre Francois Olive Rayer in 1835
(Rayer, 1835) of a patients face dotted with various small erythematous papules that
resemble the “facial angiofibromas” of TSC. The first pathological description of the
lesions of TSC identified in two different organs was documented around 30 years later
by Friedrich Daniel von Recklinghausen (von Recklinghausen, 1862). In 1880, the first
detailed description of the cerebral pathology of TSC was reported by Desire-Magloire
Bourneville (Bourneville, 1880; Bourneville and Brissaud, 1881). Five years later, Balzer
and Menetrier reported TSC in a mother and daughter and first linked the characteristic
facial angiofibromas with TSC (Balzer and Menetrier, 1885). In 1908, Heinrich Vogt
proposed quasi-diagnostic criteria for TSC: a triad consisting of epilepsy, “idiocy;” and
the aforementioned facial angiofibromas (Vogt, 1908). Most individuals who manifest all
three features of Vogt’s triad will have TSC; this is because facial angiofibromas have a
high level of specificity for the disease. However, the fact that Vogts triad would likely
fail to diagnose roughly half of the TSC patients that we now recognise implies that the
clinical manifestations can differ widely. In 1979, the first edition of Tuberous Sclerosis
edited by Manuel Gomez was published. It was the first comprehensive overview of TSC
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with contributions from experts from different disciplines (Gomez,
1979), covering most aspects of the disease and recognising that TSC
manifestations extended beyond a single clinical discipline.

In 1975, dissatisfied by the lack of understanding of their
children’s disease and the lack of ongoing research, Adrianne Cohen,
Susan Diaz, Linda Hamm, and Verna Morris, each a mother of a
child aftected by TSC, established the National Tuberous Sclerosis
Association, later renamed the Tuberous Sclerosis Alliance in 2000.
The Tuberous Sclerosis Alliance has grown into a successful support
organization, providing information for professionals and families,
supporting clinical and fundamental research, as well as TSC
patients, their families and broader TSC communities. Many of the
more recent major advances in TSC research would have been much
more difficult without the funding provided by these TSC related
organisations in addition to that provided by governments and other
charities around the world.

Clinical features of TSC

TSC leads to the growth of non-malignant tumours and
structural abnormalities in development, both affecting multiple
organs (Curatolo et al., 2008; Roach, 2016; Henske et al., 2016).
The clinical features of TSC are highly variable and the distribution
of lesions, typically within the brain, heart, lung, kidney and skin,
although this list is not exhaustive, is unpredictable. Epilepsy is
the most common symptom, affecting 80%-90% of patients with
TSC (Holmes et al.,, 2007). Subependymal giant cell astrocytomas
(SEGAs), occur in 10%-15% of TSC patients, often causing TSC-
related morbidity and occasionally mortality (Henske et al., 2016).
Cognitive and neurobehavioural issues are common in TSC.
Approximately 50% of individuals with TSC have some degree of
intellectual disability, while at least two-thirds of individuals with the
disorder struggle with TSC-associated neuropsychiatric disorders
(TANDs) (Joinson et al., 2003; de Vries et al., 2015).

Lymphangioleiomyomatosis (LAM) is the primary pulmonary
manifestation of TSC which causes cystic lung destruction,
pneumothorax (lung collapse), and chylous pleural effusion (Henske
and McCormack, 2012). LAM rarely, if ever, occurs in males.
Asymptomatic LAM (as defined by the presence of multiple lung
cysts) occurs in up to 80% of women with TSC. Symptomatic LAM
occurs in ~5-10% of women with TSC and often leads to respiratory
failure (Henske and McCormack, 2012). LAM tends to progress
more rapidly in premenopausal women than in postmenopausal
women; the level of oestrogen has a strong influence on the
development of LAM, and the disease often stabilizes after
menopause (Sullivan, 1998). Multifocal micronodular pneumocyte
hyperplasia (MMPH) can occur in both genders with TSC
and is usually asymptomatic (von Ranke et al, 2015). Renal
angiomyolipomas (AMLs) and cysts are the two most common renal
lesions in TSC, which can be detected from early childhood, while up
to 67% of patients with TSC have AMLs at autopsy (Bernstein, 1991).
Rarer manifestations include renal cell carcinoma, the epithelioid
variant of AML and oncocytoma (Bissler and Kingswood, 2004).
Almost all TSC patients develop skin manifestations (Teng et al.,
2014). These include facial angiofibromas, ungual fibromas, fibrous
cephalic plaques, shagreen patches, and focal hypopigmentation
changes. These dermatologic symptoms emerge at different time
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points and can help in making a non-invasive clinical diagnosis
of TSC (Teng et al, 2014). The disease exhibits significant
phenotypic variability, and there are hundreds of possible unique
presentations and courses of the illness which are influenced by the
location, penetrance, and the severity of hamartoma formation. The
heterogeneous nature of the condition together with the range of
tissues it can affect make TSC a particularly challenging disease both
to diagnose and to treat (Roach, 2016; Henske et al., 2016).

Genetic linkage studies in families segregating TSC identified
locus heterogeneity with loci on chromosomes 9 and 16 leading
to apparently indistinguishable phenotypes (Fryer et al, 1987;
Kandt et al, 1992). Using gene mapping, combined with
the known genetic information collected from the linkage
studies, it was possible to identify germ-line loss-of-function
variants in TSCI (chromosome 9q34; hg38: g.9:132891348-
132946874; NM_000368.5; 23 exons) and TSC2 (chromosome
16p13.3; hg38: g.16:2047985-2089491; NM_000548.5; 42 exons)
as the primary cause of TSC (van Slegtenhorst et al, 1997;
European Chromosome 16 Tuberous Sclerosis Consortium, 1993).
TSC follows the Knudson “two-hit” tumour-suppressor gene model
(Knudson, , 1971); that is, a germline alteration either occurring
de novo in the zygote or inherited from an affected parent, and
inactivating one allele of TSC1 or TSC2, is complemented by a
second somatic alteration, often loss of heterozygosity (LOH), in
the remaining wild-type allele. TSC is a lifelong condition with no
currently available cure, however, many clinical manifestations can
now be monitored and managed, including seizures, TAND, skin
lesions, and lung (LAM) and kidney issues (Stuart et al., 2021).

Diagnosis of tuberous sclerosis
complex

Around ~70% of clinically diagnosed TSC patients have TSC2
pathogenic variants, while 20% carry TSCI pathogenic variants
(Sancak et al, 2005). Some of the remaining ~10% of TSC
individuals are classified as having “no mutation identified” (NMI)
despite thorough conventional molecular diagnostic assessment
such as exon-based sequencing and analysis for large genomic
deletions in TSCI and TSC2. Several possible factors contribute to
NMI status in TSC patients, including mutation detection failure
due to technical issues, unknown epigenetic modifications that
may affect TSC gene expression, mosaicism and the occurrence of
pathogenic variants deep within introns. Mosaicism occurs when
a mutation in TSCI or TSC2 arises during (early) embryonal
development so that only a proportion of cells in the body
carry the causative variant (Sancak et al, 2005; Nellist et al.,
2015; Tyburczy et al.,, 2015). Next generation sequencing (NGS)
technology has improved molecular diagnostics for individuals with
TSC (Metzker, 2010), helping to reduce uncertainty and anxiety and
provide TSC patients with greater confidence in their understanding
of their condition. Better diagnosis can lead to improved monitoring
and management of the disease and thereby save both patients and
resources (Nellist et al., 2015; Tyburczy et al., 2015).

On the whole, individuals with a pathogenic TSC2 variant
are likely to present with more severe manifestations of the
disease than those with a pathogenic TSCI variant. A milder
phenotype is also observed in individuals with NMI; although
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considerable phenotypic variability still occurs (Nellist et al.,
2015). According to the TSCI and TSC2 Leiden Open Variant
Databases (LOVD) (Fokkema et al., 2021), there are currently more
than 6,000 TSCI and TSC2 variants identified in TSC patients, with
over 1,400 unique variants in TSCI and more than 4,900 in TSC2.
Most pathogenic TSCI variants are inactivating due to
truncation of the open reading frame (ORF), with missense
variants accounting for <5% of pathogenic variants identified to
date. In contrast, ~20% of likely pathogenic TSC2 variants are
missense changes. However, many variants identified in TSCI and
TSC2 are referred to as variants of uncertain clinical significance
(VUS) (Mozaffari et al., 2009; Hoogeveen-Westerveld et al., 2011;
Hoogeveen-Westerveld et al., 2012; Hoogeveen-Westerveld et al.,
2013; Wentink et al., 2012): there is insufficient data to conclude
whether these variants are either benign or pathogenic. The
recent advances in resolving the molecular structure of the TSC
protein complex (TSCC), and insights deduced from this structural
information will aid clinicians in advising on the impact of
different variants on TSCC function, and their likely pathogenicity
(Ramlaul et al., 2021; Yang et al., 2021; Bayly-Jones et al., 2024).

Canonical signalling mechanism of
the TSCC

TSCI encodes a ~130 kDa (1,164 amino acid) protein known
as TSCI, or hamartin. TSC1 consists of an N-terminal a-helical
HEAT repeat domain and a large (~350 A) coiled-coil forming helix
spanning residues 645-969. TSC2 encodes a ~200 kDa (1,807 amino
acid) protein known as TSC2, or tuberin. TSC2 consists almost
entirely of a-solenoid, with a catalytic GTPase-activating protein
(GAP) domain close to the C-terminus (residues 1,523-1,807) that
is specific for the GTPase Ras homologue enriched in brain (RHEB).
TSC1 and TSC2, together with the small globular third subunit
Tre2-Bub2-Cdc16-1 domain family member 7 (TBC1D7; 293 amino
acids, ~34 kDa), form the TSCC (Figure 1A) (Dibble et al.,, 2012),
which negatively regulates the mTORC1 pathway, a central regulator
of cell growth and metabolism (Figure 2A). The TSCC serves as a
key inhibitory hub for this master kinase and loss of any of the three
components of the TSCC can cause inappropriate, growth-factor-
independent mTORCI activity (Figure 2B). The mTORC1 complex
is formed by the mTOR protein kinase and other 4 protein subunits
that control the balance between anabolic and catabolic processes
in cells (Figure 2A). Its activation occurs in response to a series
of stimuli relevant to cell growth, including nutrient availability,
growth factor signals and stress, and it is the nexus regulating much
of the cell’s biosynthetic activity, from the manufacture of proteins to
lipids, to recycling through autophagy (Ramlaul and Aylett, 2018).

The molecular structure of the TSCC

The TSCC forms an elongated scorpion-like architecture with
a 2:2:1 stoichiometry of TSCI1, TSC2 and TBCI1D7 (Figure 1A)
(Ramlaul et al., 2021; Yang et al., 2021; Bayly-Jones et al., 2024).
The body of the TSCC exhibits pseudo-C2 symmetry; TSC2 forms
an extended, a-solenoid dimeric scaffold with approximate twofold
rotational (C2) symmetry (red arrow in Figure 1A). The GAP
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domain of each TSC2 subunit is located next to the dimerization
interface (Figure 1A). TSCI consists of an a-helical HEAT repeat
domain located in the N-terminus and a long coiled-coil to the very
end of the C-terminus; the TSC1 coiled-coil domain is asymmetric
within the TSCC which breaks the C2 symmetry of the TSC2 dimer.
All protein sequence numbering is based on the numbering used for
human species in UniProt (https://www.uniprot.org/).

Together the central regions of each TSC1 subunit form an
extended, ~350 A long, dimeric coiled-coil structure (residues
645-969) that runs along the crest of the TSC2 dimer (Figure 1A),
contacting multiple HEAT repeats on both TSC2 subunits. The
TSC1-TSC2 interface (1,761 A?) is likely to contribute to the stability
of the entire TSCC (Yang et al., 2021). In addition, a large buried
surface area (2,805 A?) has been identified between the 2 TSC2
subunits (residues 1,058-1,523). The large interface areas indicate
relatively strong interactions, and suggest that the TSC2 dimer has
the capacity to form independently of TSCI (Yang et al., 2021).
The GAP domains of TSC2 symmetrically abut the core module on
each side of the TSC2 dimerisation domain. This catalytic domain
contains a 7-stranded {-sheet stabilised by its neighbouring long a-
helix. TSCI coiled-coils also make contact with the GAP domains
from both TSC2 subunits (Figure 1B). The catalytic pockets open
outwards and are poised to bind RHEB, however, the molecular
details of exactly how RHEB interacts with the TSCC remain
elusive and await further investigation (Ramlaul et al, 2021;
Yang et al,, 2021; Bayly-Jones et al., 2024).

The pair of TSC1 proteins form a dimer. TBC1D7 utilises
a helical region (residues 70-95) to anchor itself upon the C-
terminal segment (residues 937-971) of the TSC1 dimeric coiled-
coil via helix-helix interactions, contacting both TSC1 subunits, but
making little-to-no contact with TSC2 (Figure 1C). The presence
of the N-terminus of TSC2 prevents the possibility of a second
TBC1D7 becoming bound. The two HEAT repeats, one from each
TSCI molecule, at the N-termini of the dimeric TSC1 complex
form a large dimer clamped at the opposite tip of the TSCC
from the TBC1D7 subunit. In addition to the HEAT repeats, a
central pseudo-symmetrical hydrophobic interface is formed by
residues 197-237, and the N-terminal TSC1 dimer is connected
to the TSC1 coiled-coil by extensive intrinsically disordered
loop regions. One of the dimerised TSC1 HEAT repeat domains
engages asymmetrically with the dimeric TSC1 coiled-coil region
(Figure 1D), sandwiching it onto the end of one of the TSC2
N-termini. Additionally, this same engaged TSCI subunit can
interact with WD repeat domain phosphoinositide interacting
protein 3 (WIPI3) through a conserved motif (Figure 1D)
(Bayly-Jones et al., 2024).

TSCC negatively regulates mTORCI by functioning as a GAP
towards RHEB. RHEB is one of the Ras-related small G proteins
lying directly upstream of mTORCI, which is localised to the
endomembrane system via C-terminal farnesylation (Gonzélez and
Hall, 2017). Ras-related GTPases can bind guanosine triphosphate
(GTP) and guanosine diphosphate (GDP), and the type of
nucleotide bound is coupled to a conformational change. Typically,
binding to GTP locks them in an active conformation that is
recognised by effector proteins, while there is no interaction with
the effectors in the inactive GDP bound state (Hansmann et al.,
2020). The TSCC localizes to the lysosome when none of its
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FIGURE 1

The structure of the TSCC (PDB code 9ce3). (A) Primary domain structure schematic illustrating individual domains on TSC subunits. The elongated
structure contains 2 copies of TSC1 and 2 copies of TSC2 with a single TBC1D7 bound at the C-terminus of TSC1. The domains are coloured as follows,
for TSC1, the heat repeat domain (HR) and coiled-coil domain (CC) are coloured limon and green, respectively; for TSC2, the heat repeat domain (HR),
dimerisation domain (DD) and GAP domains are coloured cyan, marine and blue, respectively. The TBC1D7 is coloured light pink. 2 TSC2 subunits sit
back-to-back via their DDs with the pseudo-C2 axis shown by a red arrow. The 2 TSC1 subunits form a long coiled-coil along the 2 TSC2 subunits. The
GAP domain important for TSCC function is accessible. The N-terminus of TSC1 clamped on one end of the TSC2 stabilises the TSCC. The C-termini of
the TSC1 dimer also contribute to maintaining the intact TSCC. (B) Close-up view of the GAP domain of the TSC2 subunit. The catalytic pocket is

motif in TSC1.

surrounded by the TSC1 coiled-coil region and the DD from the same subunit with essential residue N1643 highlighted in stick representation
accessible to incoming molecules. (C) Close-up view of helix-helix interactions between TBC1D7 and the TSC1 dimer along on one of the TSC2
subunit. (D) Close-up view of WIPI3 interactions with the TSC1, WIPI3 coloured in light purple. N-terminal HR domain from individual TSC1 subunits
dimerise and clamp on to the end of one of the TSC2 heat repeat domains. WIPI3 binds to the very tip of the complex through a conserved

suppressive inputs are present to convert active GTP-bound RHEB-
GTP to the inactive GDP-bound form. It is likely that TSCC
recruitment involves multiple factors that are partially redundant
and context-dependent (Demetriades et al., 2014; Liu et al., 2018).
RHEB binding is essential for the TSCC to become anchored at the
lysosomal surface (Menon et al., 2014).

Guanine nucleotide exchange factors (GEFs) stabilize the
nucleotide-free form of GTPases to allow release of the bound
nucleotide. GEF-mediated nucleotide release and GTPase-GEF
dissociation is followed by binding of GTP, since the GTP
concentration in cells is much higher than that of GDP. Ras GTPases
have a highly conserved glutamine residue lending intrinsic GTP
hydrolysis activity. However, because of incomplete active sites,
ras-related GTPases, and RHEB in particular, exhibit extremely
low innate enzymatic activity, lacking a catalytic glutamine residue
for intrinsic or GAP-stimulated GTP hydrolysis (Marshall et al,
2009). GAPs interact with GTPases and contribute catalytic site
residues to stimulate GTP hydrolysis and thus effector inactivation
(Calixto et al., 2019). TSC2 catalyses the hydrolysis of the active
GTP-bound RHEB via an asparagine-thumb mechanism to yield its
inactive GDP-bound state (Hansmann et al., 2020; Marshall et al.,
2009; Calixto et al., 2019). RHEB has remained without an
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identifiable GEF for a considerable time period, and may not
require one due to its low intrinsic GTPase activity, however
recent work has suggested that non-canonical GEF activity via
the lysosomal factor ATP6AP1 (Feng et al, 2024), or via a yet
to be established mechanism through the epidermal growth factor
receptor (EGFR) pathway (He et al., 2025), may contribute to
conversion of RHEB into the active GTP-bound form. While in the
presence of growth factors, MTORCI can be activated via signalling
pathways including the class I phosphatidylinositol-3-kinase (PI3K)
and its downstream serine/threonine kinase protein kinase B (AKT),
which directly phosphorylates 5 serine and threonine residues on
TSC2. The phosphorylated TSCC dissociates from the lysosomal
surface into the cytosol, relieving TSCC-mediated inhibition of
lysosomal GTP-RHEB, thereby allowing RHEB-GTP to accumulate
and trigger mTORC1 signalling (Menon et al., 2014; Huang and
Manning, 2008; Inoki et al., 2002).

TSC2 regulation by phosphorylation

TSC2 has long been understood to be the key TSC factor
modulating mTORCI signalling as it contains the only enzymatic
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FIGURE 2
The role of the TSCC in the mTORCI1 signaling pathway. (A) The TSCC, selected upstream regulators and downstream effectors. The TSCC is shown

comprising a pseudo-symmetrical TSC2 dimer (blue) interacting with two intertwined TSC1 molecules (green), and one TBC1D7 molecule (orange)
bound to the one end of TSC1 dimer. Selected mTORC1 upstream-input signaling and downstream-output signaling pathways and their physiological
effects are shown. (B) Cells with inactivating mutations within TSC1 or TSC2 possess constitutively activated RHEB. RHEB activates the mTORC1
signaling network, leading to increased protein translation and cell growth on the one hand and decreased autophagy and apoptosis on the other
hand, among many other effects, all of which results in abnormal cell growth.

domain within the TSCC, acting as a GAP for RHEB (Figure 1B).  Cai et al, 2006). The mitogen-activated protein kinase (MAPK)-
The function of TSC2 GAP activity is regulated by many  activated kinase, p90 ribosomal S6 kinase 1 (RSK1), was also found
factors including insulin, energy stress oxygen pathways, growth  to interact with and phosphorylate TSC2 at S1798 and S1364
factors, etc., (Ramlaul and Aylett, 2018; Gonzélez and Hall, 2017; (Roux et al., 2004; Ballif et al., 2005). When RSK1 phosphorylates
Demetriades et al.,, 2014; Huang and Manning, 2008), which are TSC2, it similarly results in translocation of the TSCC to the
generally achieved through posttranslational modifications such  cytoplasm, leading to increased mTORClactivation, and ultimately
as phosphorylation (Supplementary Table S1). Multiple signalling  cell growth. It is notable that several functional isoforms of TSC2,
kinases in turn stimulate (AKT, ERK, and RSK-1) (Inoki et al.,  expressed in multiple tissues, lack residues 946-988 (isoform 4)
2002; Ma et al.,, 2005; Roux et al., 2004) or inhibit (AMPK and  and/or residues 1,272-1,294 (isoforms 4 and 5). These exons are
GSK-3pB) (Inoki et al., 2006) mTORCI activity via phosphorylation  located on loop 1 (917-1,020) and loop 3 (1,226-1,496). Given
of specific sites on TSC2 (Figure 2A). In the presence of insulin ~ the importance of these regions for phosphorylation dependent
and various growth factors, AKT directly phosphorylates TSC2 at  regulation, these isoforms might be expected to exhibit quite distinct
a common recognition motif, RxRxxS/T (R, arginine; S, serine;  functionality. However given the incomplete understanding of the
T, threonine; x, any amino acid), that is located at multiple sites, mechanism of release from the lysosome, this remains an area of
including $939, S981, S1130, S1132 and T1462. Insulin-induced  active investigation.

dissociation of the TSCC from the lysosome and subsequent RHEB- Activation of the canonical Wnt pathway inhibits GSK3,
dependent activation of mTORCI requires the phosphorylation of  resulting in hypophosphorylation and thus stabilization of B-
multiple sites on TSC2 by AKT, thereby providing a mechanism to  catenin, which translocates into the nucleus and forms a complex
negatively regulate the TSCC by the PI3K-AKT pathway (Inokietal.,  with the DNA binding protein T cell factor (TCF). B-catenin serves
2002; Cai et al., 2006). Phosphorylation of TSC2 at serine residues  as an essential coactivator through recruiting enzymes such as
939 and 981 does not alter its intrinsic GAP activity toward RHEB,  creb binding protein (CBP) that promotes chromatin remodelling
instead, spatially releasing TSC2 from the lysosome, followed by  and transcriptional initiation/elongation (Moon et al., 2004). Wnt
14-3-3 protein binding of TSC2 which sequesters it in the cytosol.  signalling is also known to stimulate translation and cell growth via
Thus, TSC2 bound by 14-3-3 in response to AKT phosphorylation ~ the TSCC-mTORCI pathway (Inoki et al., 2006). Through inhibition
is sequestered away from its target GTPase, RHEB, which is  of GSK3, mTORCI can be activated by Wnt signalling. GSK3 inhibits
localised to the endosomal system via its farnesylation, relieving  the mTORCI pathway by phosphorylating both S1337 and S1341 of
the growth inhibitory effects of the TSCC (Inoki et al., 2002; ~ TSC2 in a manner dependent on AMPK priming phosphorylation
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on S1346. AMPK, a protein kinase activated by AMP, is a cellular
energy sensor and plays an important role in cellular energy
homeostasis. AMPK directly phosphorylates TSC2, and the AMPK-
dependent phosphorylation of TSC2 is critical for the coordination
between cell growth and cellular energy levels (Inoki et al., 2006).

Inhibition of protein synthesis results in rapid activation of
mTORCI signalling, this is due to a feedback loop between mTORC1
and the translation machinery (Zhan et al., 2019). For this pathway,
TSCC is required for mTORCI activation but independently of
AKT. Kinase activity of protein kinase ¢ delta (PKC-§) has been
identified as crucial for such mTORCI activation. PKC-§ can
phosphorylate and inactivate TSC, leading to mTORCI activation.
Two serine residues, S932 and S939, on TSC2 have been reported to
be phosphorylated by PKC-§ in response to translation inhibition.
The precise nature of the upstream signal that activates PKC-6
remains elusive. The physiological significance of this compensatory
feedback loop is to maintain translational homeostasis in cells,
thereby preventing potential cell death (Zhan et al., 2019).

Newly uncovered kinases also target
TSC2 to regulate mTORC1 signalling

In addition to the well-studied kinases mentioned above,
recent work has highlighted similar patterns of regulation
through previously uncharacterised pathways. The novel kinase
dual-specificity tyrosine phosphorylation-regulated kinase 1 A
(DRYKI1A), upon interaction with the TSCC, regulates mTORCI1
activity and cell size (Wang et al., 2024). DRYKIA is a ubiquitously
expressed kinase belonging to the CMGC group (Cyclin-dependent
kinases, Mitogen-activated protein kinase, Glycogen synthase
kinases, and CDK-like kinases group). Inactivating variants in
DRYKI1A are associated with microcephaly. DRYKIA is involved
in numerous cellular processes such as the cell cycle, microtubule
assembly, and vesicle trafficking (Arbones et al., 2019). DYRK1A
can bind TSC1 via its own kinase domain and phosphorylate TSC2
at T1462. This modification inhibits TSC activity and promotes
mTORCI signalling. Similar results are observed in cells originating
from different species including human, mouse and Drosophila
melanogaster cells, suggesting that DYRK1A-mediated regulation of
mTORCI activity is a conserved mechanism to regulate cell size and
development (Wang et al., 2024).

TSC2 has also now been shown to be phosphorylated by death
associated protein kinase 1 (DAPKI1) at Ser939 (Stevens et al.,
2009; Wei et al., 2021a). DAPKI belongs to a calmodulin (CaM)-
regulated death associated protein-like serine/threonine kinase
superfamily, and plays a central role in a diverse range of signal
transduction pathways, such as growth factor activation, apoptosis,
and autophagy (Shohat et al., 2002). It comprises an N-terminal
kinase domain, followed by an autoregulatory Ca?*/CaM-binding
domain that regulates the catalytic activity by binding to the catalytic
cleft and functioning as a pseudosubstrate. Autophosphorylation of
DAPKI1 at Ser308 interferes with CaM binding and blocks DAPK
catalytic activity (Shohat et al., 2002). DAPKI1 is activated by the
binding of Ca**-activated CaM to the autoregulatory/CaM-binding
domain, exposing the catalytic site of the kinase. The interaction
between CaM and DAPKI1 is enhanced by the dephosphorylation
of Ser308, which serves as a marker for DAPK1 activation. DAPK1
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is dephosphorylated by calcineurin and activated DAPK1 interacts
with TSC2 via its death domain and phosphorylates TSC2, resulting
in mTORCI1 activation (Shohat et al., 2002).

Finally, in the heart, or in isolated cardiomyocytes or fibroblasts,
protein kinase Gl (PKG1) phosphorylates two adjacent serine
residues S1364 and S1365 in TSC2 (Ranek et al., 2019). PKG1
is essential for protection against heart disease, acting as a key
player for nitric oxide and natriuretic peptide signalling (Kim
and Kass, 2016). PKG1 phosphorylation or phosphorylation-
resistant or mimetic variants of these 2 serine residues on
TSC2 can bidirectionally regulate mTORCI activity stimulated
by growth factors or haemodynamic stress, which leads to
modulation of cell growth and autophagy (Ranek et al., 2019). In
cardiomyocytes and the myocardium, pathological stress triggers
TSC2 phosphorylation along with activation of mTORCI1, whereas
blocking this phosphorylation by alanine mutation for the PKG1-
modified serines intensified the pathology, supporting a role for
the phosphorylation of TSC2 at this site as a negative feedback
loop regulating mTORCI activity. On the other hand, substituting
serine with glutamic acid induced the protective outcomes or the
effects of more selective phosphorylation by PKG1, supporting this
idea further. TSC2, mTOR and related mTOR-complex proteins are
ubiquitously expressed in mammalian cells, and this is also the
case for PKG1 expression in many cell types. Therefore, there are
promising potential therapeutic roles for PKG1 activators in diseases
such as TSC in which altered mTORCI1 signalling is the issue, not
only limited to the heart.

Kinase-independent regulation of
TSC2

Apart from phosphorylation, TSC2 recently has been shown
to interact with protein arginine methyltransferase 1 (PRMT1)
and to be methylated at R1457 and R1459 (Gen et al, 2020).
Protein arginine methyltransferases (PRMTs) catalyse the addition
of methyl residues from S-adenosyl methionine (SAM) to guanidino
nitrogen atoms of arginine residues (Morales et al., 2016). PRMT1
is ubiquitously expressed and preferentially recognises glycine-
arginine rich (GAR) motifs (RGG/RG motif) on a target protein, and
it is a major methyltransferase that is linked to metabolic disorders
as well as cancer development (Blanc and Richard, 2017). The
methylation status of the TSC2 protein blocks AKT phosphorylation
at T1462 and any other affected residues, preventing the suppression
of TSC activity via such phosphorylation.

More recent results, which require further confirmation, have
suggested that intracellular calcium ion (Ca?*) concentration
modulates the mTORC1 pathway via binding of the Ca®* sensor
protein calmodulin to TSC2 directly (Amemiya et al., 2024). CaM
may disrupt the binding of TSC2 to RHEB in a Ca**-dependent
manner, promoting the dissociation of TSC2 from lysosomes
without affecting AKT-dependent phosphorylation of TSC2. This
implies that the regulatory mechanism of TSC2 by Ca**/CaM
may be distinct from the previously established mechanism of
action of TSC2 and further efforts are needed to investigate the
role of calcium ion and CaM involvement in the TSC-mTORC
1 pathway (Amemiya et al., 2024).
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The molecular mechanisms anchoring RHEB and mTORCI at
lysosomes are well investigated (Kim and Guan, 2019; Condon and
Sabatini, 2019). Details underlying the recruitment of the TSCC
and associated factors to lysosomes have only begun emerging more
recently (Demetriades et al., 2016; Prentzell et al., 2021). While most
studies have highlighted the role of TSC1 and accessory proteins in
lysosomal recruitment, recent results have suggested a possible role
for TSC2 specifically in the linkage between lysosomes and stress
granules (SGs). Ras GTPase-activating protein-binding proteins
(G3BP1 and G3BP2) are widely recognised as RNA-binding proteins
forming the core components of SGs. Surprisingly, G3BPs reside at
the cytoplasmic surface of lysosomes; G3BP1 but not G3BP2 has
been suggested to act in a non-redundant manner to tether the TSCC
to lysosomes and suppress activation of mTORCI. The C-terminal
domains of G3BP1, harbouring the RNA recognition motif (RRM),
and the arginine-glycine rich (RGG) repeats, has been suggested to
be involved in binding to TSC2. Moreover, the N-terminal NTF2L
domain of G3BPI can also interact with lysosomal associated
membrane proteins (LAMPs), bridging TSC2 to LAMP proteins
(Prentzell et al., 2021). Interestingly, and in a similar vein, TSC2 has
been suggested to physically interact with high-density lipoprotein
binding protein (HDLBP), an mRNA binding protein (KH domain
family) known as vigilin, which is another core stress granule
protein (Kosmas et al., 2021). SGs contain translation initiation
complexes and mRNAs, serving a cytoprotective role regulating
gene expression by sequestering specific transcripts (Kedersha
and Anderson, 2007). Vigilin has 14 hnRNP/KH (heterogeneous
nuclear ribonucleoprotein/K homology) domains, is involved in
multiple cellular processes including ribosome association and
heterochromatin regulation, and is known to be upregulated in
cancer. Early yeast two-hybrid screens suggest vigilin interacts
with TSC2 via its first 6 hnRNP homology (KH) domains (Cheng
and Jansen, 2017; Woo et al.,, 2011). Vigilin has been shown to
recruit TSC2 to SGs upon oxidative and thermal stress, colocalizing
with a SG marker G3BP1, while knocking down vigilin reduced
translocation of TSC2 to SGs. TSC2-deficient cells also have an
increased number of SGs under oxidative/thermal stress. While
these reported interactions of TSC2 with two separate core SG
factors strengthen these results, this possible relationship between
SGs and TSCC activity is still emerging and requires further
investigation to confirm that these associations are not dependent
upon other lysosomal factors.

Proposed physiological roles for
TBC1D7

TBCI1D?7 is the third stoichiometric component of the TSCC
in all tissues, however its contributions to TSCC activity remain
somewhat obscure. It interacts with the TSC1 coiled-coil dimer:
TBCI1D7 helices 4 and 6 are involved in binding to two TSC1
coiled-coil regions (Figure 1C) (Ramlaul et al., 2021; Yang et al.,
2021; Bayly-Jones et al., 2024), and 2 residues V88 and L114
are critical to binding TSC1 (Figure 3A) (Santiago Lima et al.,
2014; Nakashima et al., 2007). Three arginine residues, R96, R110,
and R121 located at the TBC1D7:TSC1 interface are a mutation
hotspot on TBC1D7 (Bayly-Jones et al., 2024; Stenson et al,
2017; Tate et al,, 2019). Interestingly, the most frequent missense
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mutation in TBC1D7 is a surface exposed arginine R167 distant
from the TSC1 interface (Tate et al., 2019), however there is no clear
functional implication for this particular mutant in connection to
TSC (Bayly-Jones et al., 2024; Stenson et al., 2017; Tate et al., 2019).
Cell based TBCI1D?7 depletion studies have shown modest growth-
factor-independent activation of mMTORC1, though substantially less
than that observed due to loss of TSCI or TSC2, and this has
been attributed to a partial destabilisation of the TSCC leading to
reduced GAP activity towards RHEB (Dibble et al., 2012). Reduced
TSCC activity observed in the TBCID7 knock-out study suggests
a non-essential role for maintaining TSCC structural integrity
(Schrotter et al., 2022). This might explain why loss-of-function
mutants of TBC1D7 have not been reported in TSC patients (i.e.,
TBCID7 is not TSC3), since it is likely the remaining activity
towards RHEB of TBC1D7 impaired TSCC is still sufficient to fulfil
its biological function. Earlier studies showed that overexpression
of TBCID7 can lead to enhanced ubiquitination of TSCI and
elevated mTORCI signalling (Alfaiz et al., 2014). Loss of TBC1D7
also results in an increase in mMTORCI1 signalling and consequently
delays the induction of autophagy and enhancement of cell growth
under stringent growth conditions (Dibble et al., 2012; Gonzilez
and Hall, 2017). Homozygous loss of TBCID7 causes intellectual
disability and autosomal-recessive megaencephaly (Alfaiz et al.,
2014; Capo-Chichi et al., 2013). Lack of Tbcld7 can make brain
tissue and neurons in particular more susceptible to overgrowth,
leading to abnormal thickness of the cerebral cortex as well as
raised neuron-intrinsic mMTORCI signalling, which has also been
observed in mouse models with brain-specific TscI or Tsc2 knock-
outs (Mietzsch et al., 2013; Carso et al., 2012; Crowell et al., 2015).
These findings highlight the critical nature of full TSCC function in
the regulation of brain development and imply a possible role for
TBC1D?7 acting as an extra layer in modulating TSC activity.

Most TBC domain-containing proteins function as Rab
GTPase-activating proteins (RabGAPs), however TBCID7 is
missing a key helix in the Rab GTPase binding groove and does
not have the arginine/glutamine dual-finger residues that are
essential for RabGAP activity (Madigan et al, 2018). TBC1D7
itself can be phosphorylated by AKT on serine residue 124.
S124 phosphorylation enables 14-3-3 binding, hence stabilising
TBC1D7. Furthermore, the sequence immediately upstream of
S124 aligns with the canonical B-TrCP degron recognised by the
E3 ubiquitin ligase B-TrCP2. Ubiquitination of TBC1D7 leads to
protein degradation with reduced steady-state levels observed.
AKT activity determines the phosphorylation status of TBC1D7
at the phospho-switch S124, which governs binding to either
14-3-3 or B-TrCP2, and thereby regulating TBC1D7 stability
(Madigan et al., 2018).

Finally, a study in hepatocellular carcinoma has suggested
that TBCID?7 interacts with kinesin family member 2C (KIF2C),
which is highly expressed in some human tumours and a
direct target of the Wnt/B-catenin pathway. Interactions of
TBC1D7 and KIF2C were reported and linked to possible
disruption of the formation of the TSCC, thereby upregulating
mTORCI signalling. Such findings suggest a potential role for
KIF2C involved crosstalk between Wnt/B-catenin and mTORCI1
signalling (Wei et al., 2021b). More research is required to discover
and confirm such novel cellular roles played by TBC1D7 and its
binding partners.
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FIGURE 3

and Y1033 to stabilise local secondary structure.

Selected frequent TSC variants (PDB code 9ce3). The TSC1 subunits are coloured limon and green; the TSC2 subunits are coloured blue and cyan;
TBC1D?7 is coloured light pink. Highlighted residues are shown in stick representation with oxygen in red and nitrogen in blue. (A) A close-up view of
the interacting patches between TSC1 and TBC1D7; D87 of TBC1D7 forms a polar interaction network with Q951, K952 and Y948 of TSC1, while a
hydrophobic interaction patch circled in red can be observed between V88 and L114 of TBC1D7 and 1954 of TSC1. (B) WIPI3 interactions with the TSC1.
WIPI3 coloured in light purple. D81 of WIPI3 forms polar interactions with H678 of TSC1. W676 and F679 of TSC1 sandwich the loop 61-65 of WIPI3
circled in red, reinforcing WIPI3 binding. (C) A close-up view of R1743 of TSC2 forming a polar interaction network with residues including R1201,
N1205, L1534 and [1537. (D) A close-up view of polar interactions of R1200 with T1068 and D1535. (E) A close-up view of polar interactions of R611
with surrounding residues including Y602, A607 and E700. (F) A close-up view of R905 forming a polar interaction network with C900, S1036, N1037

TSC1 — more than merely a stabilising
scaffold for the TSCC

TSC1 is necessary for TSCC activity. Whereas it is clear
that the catalytic activity of the GAP domain within the TSC2
subunit would be essential for RHEB-GTP hydrolysis, it is less
immediately obvious what role TSC1 might play. TSCI has key
functions within the TSCC, including stabilising bound TSC2
and anchoring the TSCC to the periphery of lysosomes and late
endosomes. It is also believed that TSC1 moonlights outside of the
TSCC, playing non-TSCC roles which require further investigation
(Menon et al., 2014; Benvenuto et al., 2000).

TSCI is essential for the stability of the TSCC. TSC2 becomes
heavily ubiquitinated and unstable in the absence of TSC1, which
leads to proteasome-mediated degradation. TSC2 has been shown
to interact with HERC1, a HECT domain containing ubiquitin E3
ligase. HERC1 contains two regulator of chromosome condensation
(RCC)-like domains (RLDs), multiple WD40 repeats, and an E3
ligase HECT domain. It is widely expressed in many tissues
and crucial for normal muscle function and neurotransmitter
release at the neuromuscular junction (Chong-Kopera et al., 2006;
Bachiller et al., 2015). HECT1 utilises its C-terminal domain to
interact with the N-terminal region of TSC2, crucial for maintaining
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the TSCI interaction. The interaction of TSC1 with TSC2 appears
to exclude TSC2 from interacting with HERCI, therefore stabilising
the TSCC and preventing TSC2 ubiquitination (Benvenuto et al.,
2000; Chong-Kopera et al., 2006). Additionally, TSC1 can be K63
ubiquitin conjugated to its lysine 30 residue by E3 ubiquitin ligase
Pelil; the function of TSC1 in suppressing TSC2 ubiquitination is
enhanced after Pelil mediated K63 ubiquitination, which further
prevents TSC2 degradation. Conversely, the TSC1 K30A mutant has
been shown to fail to inhibit mTORCI activation or protect TSC2
degradation in FBS-stimulated cells, consistent with the observation
that the TSC1 K30A mutant failed to inhibit TSC2 ubiquitination
in the presence of Pelil (Ko et al, 2021). Pelil-mediated TSC1
ubiquitination may expedite the binding of TSC1 to TSC2, thereby
stabilising TSC2 and regulating mTORCI.

More recently, a proteomic study implied that TSC1 may play
a central role in the formation of the TSCC. The coiled-coil
containing region of TSC1 (residues 725-1,047) has been suggested
to interact with the phospho-binding pocket of the PIH domain
in PIH1DI1. PIH1DI is part of the R2TP chaperone composed of
the RUVBL1/RUVBL2 AAA+ ATPases and another adapter protein
RPAP3. It functions as co-chaperone of Hsp90 in the assembly
of macromolecular complexes (Lynham and Houry, 2022). TSC2
is also reported to make independent interactions with the TPR
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domains of RPAP3 directly or via Hsp90 and in contact with PTH1D1
(Abéza et al., 2024). Conversely, inactivation of PIHIDI1 or the
RUVBL1/2 ATPase activity disrupts the association of TSC1 with
TSC2. Together these data have implied a model in which the R2TP
recruits both TSC1 via PIH1D1 and TSC2 via RPAP3 with the aid of
Hsp90, and the chaperone-like activities of RUVBL1/2 are employed
presumably to stimulate their assembly. Further investigations are
required to validate these results (Abéza et al., 2024).

TSC1 regulates the localisation of the
TSCC

TSC1 is also essential to facilitate relocation of the TSCC
to the correct intracellular sites, which is important for the
principal regulatory mechanism of TSCC activity through the
mTORCI signalling pathway (Cai et al, 2006; Lee et al., 2007;
Zhang et al., 2013). TSC1 functions as the principal mediator of
TSCC recruitment to the lysosomal membrane. Recent discoveries
have established strong evidence showing that TSCI has affinity
for phosphorylated lipid head groups within the lysosomal
membrane. A groundbreaking study by Fitzian and colleagues
established that the N-terminal domain of TSCI has affinity
toward phosphatidylinositol phosphate (PIP) lipids (Fitzian et al.,
2021). To elucidate the role of the TSC1 PIP binding in TSCC
localisation, a PIP binding-deficient mutant was investigated and
showed significantly less support for lysosomal TSCC recruitment,
and defective rescue of mTORCI hyperactivity, demonstrating
the importance of TSC1 PIP binding for mTORCI inactivation.
Full TSC1-PIP interactions are therefore vital for TSCC function
toward mTORCI inactivation (Fitzian et al., 2021). While TSC1 has
been proven capable of binding a wide variety of different PIPs, a
recent study of the N-terminal domain of TSC1 by Bayly-Jones and
colleagues has revealed more details of the PIP-binding pocket
in the TSC1 N-terminal dimer (Figure 1D), and has provided
further strong evidence to imply that TSC1 exhibits a specific
binding preference for singularly phosphorylated PI3P (Bayly-
Jones et al., 2024).

In addition to PIP binding anchoring the TSCC at lysosomes,
WIPI3 binds to the very tip of the complex through a conserved
motif in TSC1 (Figure 1D) (Bakula et al., 2018). The hydrophobic
TSC1 pocket containing residues 659-680 contacts the WIPI3
surface with 2 residues, W676 and F679, orchestrating hydrophobic
interactions that clamp to WIPI3’s strand-5 (Figure 3B), while an
electrostatic interaction can be inferred between H678 of TSCI and
D81 of WIPI3. Mutation of TSC1 interacting residues W676, H678,
or F679 completely abolishes WIPI3 binding. It has been proposed
that the PIP-binding pocket, as well as WIPI3s binding site, together
provide the major membrane alignment points for TSCC lysosomal
recruitment (Bayly-Jones et al., 2024).

Furthermore, the presence of WIPI3 within the TSCC enables its
interaction with FK506-binding protein 51 (FKBP51) (Héusl et al.,
2022). FKBP51 is a major modulator of the stress response
coordinating diverse pathways to mediate homeostatic control
(Taipale et al, 2014). WIPI protein family members WIPI3
and WIPI4 are essential scaffolders of the LKB1/AMPK/TSC
signalling network, connecting autophagy and mTOR signalling.
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For autophagy signalling, FKBP51 recruits LKBI to the WIPI4-
AMPK regulatory platform to induce T172 phosphorylation of
AMPK, subsequently triggering autophagy initiation by direct
phosphorylation of ULK1 at S555 (Kim et al, 2011). For
mTORCI signalling, FKBP51 is expected to associate with the
TSCC/WIPI3 heterocomplex to regulate mTORCI signalling and
thus position FKBP51 as a regulatory switch between autophagy
initiation and mTORCI signalling in response to metabolic
challenges (Hausl et al., 2022).

TSC2-independent functions of TSC1

Apart from its well characterised role in regulating mTORCI1
function, TSC1, independent of TSC2 or mTORCI, has been
suggested to positively regulate the association of transforming
growth factor (TGF)-P receptor type I (TPR-I) with its substrates
Smad2/3, leading to their phosphorylation (Thien et al, 2015).
TSC1 has been reported to interact with Smad3 via its N-terminal
region but not its C-terminal coiled-coil domain, which is essential
for mediating TSC1-TSC2 interactions (Ramlaul et al, 2021;
Yang et al., 2021; Bayly-Jones et al., 2024). Therefore, distinct TSC1
domains would facilitate TSC1-Smad and TSC1-TSC2 interactions,
respectively. TSC1 co-precipitates with TPR-I in TSC2 knockdown
cells, suggesting its involvement in the TGF-p pathway in the
absence of TSC2. It is therefore plausible that TSC1 signalling
triggers target gene expression and is involved in the control
of TGF-B-induced growth arrest and epithelial-to-mesenchymal
transition (EMT) through the TGEF-p pathway (Thien et al,
2015), although substantial further work is required to validate
these results.

In addition to its role in stabilisation of TSC2 and the formation
of the TSCC, TSC1 has been reported to function as a co-chaperone
of heat-shock protein 90 and to block its ATPase activity to facilitate
client loading for other factors (Woodford et al., 2017). The TSC1
homodimer utilises its C-terminal dimerisation region (residues
998-1,164) binding to both protomers of the Hsp90 middle domain.
The C-terminus of Hsp90 carries the MEEVD motif which is a
highly conserved tetratricopeptide repeat (TPR) domain-binding
site mediating interaction with many co-chaperones; no interaction
was observed between Hsp90 and TSC1 if the MEEVD motif
was removed. Yet the details of MEEVD motif involvement in
TSCI binding remain elusive. TSC1 binds both subunits of the
Hsp90 dimer and prevents the activating Hsp90 co-chaperone
Ahal from accessing the middle domain of Hsp90. The Ahal co-
chaperone assists conformational modulations essential for Hsp90
ATPase competence. The TSC1 dimer has higher affinity than
the competitor Ahal toward the same middle domain of Hsp90.
When Ahal is phosphorylated on its Y223 residue by c-Abl, the
equilibrium can be driven toward Ahal binding to replace TSC1
and boost Hsp90 ATPase activity. This study has been suggested
to represent a broader function for TSC1 as a facilitator of Hsp90-
mediated folding, however it is also quite plausible that these HSP90
interactions are part of the TSC2 stabilisation and TSCC formation
pathway, which also involves R2TP, that remain incompletely
understood (Woodford et al., 2017).

Finally, TSC1 alone, and not the TSCC, has been reported to
have a newly identified critical function in controlling cell-cell
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adhesion, which is essential for tight junction formation within
epithelium, independent of its role in TSC2/mTORCI regulation
(Lai et al., 2021). Myosin 6 (Myo6) is required for TSC1 to function
in cell adhesion. Myo6 is an unconventional myosin, the only
known motor that moves toward the minus ends of actin filaments,
binds B-catenin in vitro, and is required to maintain perijunctional
actin cytoskeleton connections (Sweeney and Houdusse, 2010). By
binding to Myo6, TSC1 appears to help anchor the perijunctional
actin cytoskeleton to P-catenin and ZO-1 protein for both tight
and adherence junctions. Myo6 binds to a TSC1 segment covering
residues 302-430 which is also the identified region for TSC2
binding. The possible competition between Myo6 and TSC2
binding further implies that the role of TSCI in cell adhesion is
independent of TSC2. Junctional TSCI levels in epithelial tissues
are markedly reduced in Crohn’s disease or psoriasis patients,
together with the tight junction structure impairment, implying
that TSC1 deficiency may also be involved in tight junction-
related diseases (Lai et al., 2021).

Disease-associated variant clusters
within the TSCC

TSCC activity can be significantly reduced due to disease-
associated TSC variants, leading to the accumulation of excessive
RHEB-GTP concentrations, and increased mTORC]1 activation
(Henske et al, 2016). The majority of pathogenic TSCI and
TSC2 variants are truncating frameshift or premature termination
codon, likely resulting in effectively no TSC1 or TSC2 protein
expression from the affected allele due to nonsense-mediated mRNA
decay (NMD). Only a minor proportion of pathogenic TSCI and
TSC2 variants are missense changes (Supplementary Table S2)
(Fokkema et al, 2021; Mozaffari et al., 2009; Hoogeveen-
Westerveld et al, 2011; Hoogeveen-Westerveld et al, 2012;
Hoogeveen-Westerveld et al, 2013). Nevertheless, analysis of
missense changes may provide molecular insights towards better
understanding and possibly prediction of the pathogenicity of
particular variants. Unsurprisingly, pathogenic TSC2 missense
variants have been found to cluster to the TSC2 catalytic
GAP domain due to their loss-of-function impact (Hoogeveen-
Westerveld et al., 2011; Hoogeveen-Westerveld et al., 2013). These
variants have detrimental effects on protein structure: substitutions
either eliminate polar interactions that maintain the protein
folding, disrupt the hydrophobic packing of the domain, or are
incompatible with the formation of secondary structural elements
(Supplementary Table S3) (Hansmann et al., 2020). R1743, P1675,
and R1200, located close to the GAP region of TSC2, are amongst
the most frequently reported pathogenic variants observed in TSC
patients (Fokkema et al., 2021; Stenson et al., 2017; Tate et al., 2019).
R1743 forms a polar interaction network with R1201 and N1205 of
the neighbouring strand and L1534 and 11537 of the neighbouring
helix (Figure 3C). The common pathogenic R1743Q substitution,
that replaces the positively-charged arginine with the shorter
uncharged glutamine residue, would be expected to prevent this
contact network from forming. Similarly, R1200 orchestrates a polar
interaction network stabilising the neighbouring strand (T1068) and
helix regions (D1535) (Figure 3D). The introduction of the bulky
tryptophan side chain due to the common pathogenic R1200W
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substitution is predicted to sterically disrupt the folding of this entire
region. Amino acid substitutions affecting P1675 may disrupt the
local secondary structure, interfering with the interaction with TSC1
due to proximity to the TSC1/TSC2 interface. Other than these GAP
domain residues, R611 and R905 are particularly frequently mutated
residues. R611 sits in the heat repeat region of TSC2, interacting with
the side chains of E700 and main chain oxygens of Y602 and A607 to
form a network stabilising the local secondary structure (Figure 3E).
Mutations of R611 have been reported to disrupt TSCC formation
and interfere with TSC2 phosphorylation, impairing mTORCI
signalling (Sweeney and Houdusse, 2010; Nellist et al., 2005a).
Substitution with glutamine, would be very likely to impair the
interaction with E700. R905 plays a critical role in stabilising local
helix conformation and is in a region contacting the neighbouring
TSC2 counterpart (Figure 3F). Alterations to R905 do not prevent
TSC1-TSC2 binding, but disrupt TSCC RHEB GAP activity and
may lead to perturbation of the dimerisation interface presumably
impacting TSCC conformation (Nellist et al.,, 2005b). Relatively
fewer disease-related missense variants have been reported in TSCI
(Supplementary Table S4). Several frequently affected residues are
located in the N-terminal region that contains a lipid binding
domain which is responsible for proper tethering of the TSCC
to the lysosomal surface, where it regulates RHEB (Fitzian et al.,
2021). Of those N-terminal TSCI variants, K30 is reported to
be a crucial K63 ubiquitinated site to further stabilise TSC2 after
ubiquitination (Ko et al.,, 2021). Although mutation of this residue
seems to have no impact on the formation of the TSCC structure,
it may block essential cellular modifications which disrupt the fine
balance of the mTORCI signalling cascade and lead to the onset
of disease (Ko et al., 2021). The coiled-coil regions of individual
TSCls are intertwined to form a dimer and interact with multiple
domains of TSC2 (Ramlaul et al., 2021; Yang et al., 2021; Bayly-
Jones et al., 2024). Several disease-related TSCI missense variants
have been reported in the segment containing residues 266-596,
however this region cannot be resolved in the currently available
structures, implying flexibility, and its role therefore remains
opaque. In addition, TSC1 is the binding partner of TBC1D7; two
residues, K952 and 1954, of TSC1 are essential for maintaining
TBCI1D7 interactions (Santiago Lima et al, 2014). Therefore,
mutations in these regions might potentially lose TBC1D7 binding,
leading to deregulated expression patterns in the mTORC1
cascade (Figure 3E).

Several TSC2 VUS have been reported that are located in
the GAP domain. Many of these variants were identified in
patients suspected of TSC or having TSC-associated symptoms
but showing comparably normal mTORCI activity in cell-based
assays (Hansmann et al.,, 2020). Such variants might only partially
impair TSCC function, and therefore their effects may have proven
difficult to detect using in vitro functional assays. Although the
resulting effects would therefore be expected to be mild, it is
likely a small decline in TSCC activity might be sufficient to
cause some clinical manifestations. Because of the mild effect of
these variants, additional genetic or environmental factors might
contribute to clinical penetrance, and it may be expected that other
mutations triggering only weak loss of activity of the TSCC will
be found to be associated with probable but not readily clinically
diagnosable TSC (Hansmann et al., 2020).
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MTORCL1 inhibition as a treatment
option for TSC

The understanding of TSC’s molecular mechanism led directly to
the development of targeted therapies for TSC aimed at inhibiting the
mTORCI pathway. Clinicians soon focused on the already available
mTORCI inhibitor rapamycin (also referred to as sirolimus) in TSC
patients (Bissler et al, 2008). TSC mutations result in mTORCI1
activation, and rapamycin blocks mTORCI signalling. Rapamycin
is produced by the bacterium Streptomyces hygroscopicus. It is a
clinically approved mTORCI inhibitor which was capable of being
easily repurposed for TSC patients. Rapamycin allosterically inhibits
mTORCI by forming a drug-protein complex with FK506-binding
protein 12 (FKBP12). The rapamycin-FKBP12 complex interacts
with mTOR on the FKBP12: rapamycin binding (FRB) domain,
which inhibits the ability of mMTORCI to phosphorylate downstream
substrates (Van Duyne et al., 1993). While rapamycin binds mTORC1
directly, it does not bind the mTORC2 complex as its binding site is
obscured by a mTORC2 specific cofactor. The first successful clinical
trial of MTORCI inhibitors was conducted in TSC patients and focused
onreducing the size of SEGAs (Krueger etal., 2010). Several rapamycin
analogues were developed to enhance the pharmacokinetic profile
of their parent compound via a similar mechanism. Everolimus has
superior pharmacokinetics and more robust clinical trial experience
in oncology and TSC than rapamycin (MacKeigan and Krueger,
2015). Temsirolimus is a prodrug of rapamycin and it has been
approved for intravenous treatment for advanced renal cell carcinoma
(Hudes et al., 2007). Ridaforolimus (also known as deforolimus) is
an mTORCI inhibitor under investigation, which shows antitumour
activity against metastatic sarcoma (Mita et al., 2008). Rapamycin
and synthetic mTOR-inhibiting compounds known as rapalogues,
such as everolimus, temsirolimus and ridaforolimus are classed as
first generation mTOR inhibitors. mTORCI inhibitors are useful
treatments for some of the tumours associated with TSC including
sirolimus for pulmonary LAM and renal AML (Franz et al., 2013),
and everolimus for AML and inoperable SEGAs (Franz et al,
2013; Bissler et al.,, 2013). Both drugs can reduce tumour burden
and provide symptomatic relief for patients. However, mTORC1
inhibitors display reduced efficacy in neurological disorders due
to their limited penetration across the intact blood-brain barrier
(Crino, 2016). mTORCI inhibitors have low level toxicity, and can
cause mouth ulceration and stomatitis, with additional risks due to
immunosuppression, rapamycin came to widespread use as a strong
immunosuppressant due to its ability to prevent leukocyte growth,
and thus the possibility of severe infection (Previtali et al., 2023).
All patients reported at least one adverse event in 5 years during
the everolimus treatment trial. Common side effects included upper
respiratory infections (86%), aphthous oral ulcers (mucositis) and
stomatitis (86%), sinusitis (46%), and otitis media (36%). None of
the events were severe enough to disrupt everolimus treatment and
the incidence of adverse effects diminished with longer everolimus
exposure (Franz et al., 2015). Another issue with the use of rapalogues
is that they are cytostatic agents, since they are targeting mTORC1
to ease the cell growth but not repairing/reactivating TSC genes.
Lesion regrowth is therefore expected on the cessation of therapy
(Bissler et al., 2008; Tran and Zupanc, 2015). Protracted interruption
of mTORCI1 inhibitor treatment in TSC leads to relapse of tumours
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or seizures. Consequently, long-term treatment is required for TSC-
related manifestations (Franz et al., 2016; Mingarelli et al., 2018).

Since rapalogues have a limited ability to fully regulate mTORC1
activity, research has gone into developing more potent compounds
that can block the catalytic activity of mTORCI1. ATP-competitive
inhibitors as the second generation of mTOR inhibitors have been
considered ideal candidates for this purpose. ATP-competitive
inhibitors interact with the ATP-binding pocket of the mTOR
kinase domain, preventing the docking of ATP required for the
phosphorylation process. While ATP-competitive inhibitors are
more potent in repressing mTORCI, they may be impractical
when considered as a long-term therapy for TSC in addition
to possessing a greater risk of toxicity, since the total blockage
is extremely harmful to healthy tissues and leads to adverse
effects. mMTORC?2, the rapamycin-insensitive mTOR protein kinase
complex involved in the regulation of the actin cytoskeleton, and
cell survival signalling, acts as the secondary kinase in AKT
regulation and is also blocked by these second-generation inhibitors
(Apsel et al., 2008; Ali et al., 2022).

ATP-competitive mTOR inhibitors have yet to reach their
therapeutic potential and trials remain ongoing (Basu et al., 2015). The
third-generation mTOR inhibitor RapaLink exploits the juxtaposition
of two drug-binding pockets to create a bivalent interaction with the
target kinase (Rodrik-Outmezguine et al.,, 2016). This hybrid molecule
contains both rapamycin and an mTOR ATP-competitive kinase
inhibitor, which arelinked viaa non-perturbing, strain-free crosslinker
of optimal length. The linker permits the chemical to connect with
the FRB domain of mTOR through the interaction with FKBP12, as
well as to reach the kinase domain of mTOR, allowing it to serve
as an ATP-competitive inhibitor. By combining this with a mTORC1
selective ATP-competitive inhibitor, it has proven possible to create bi-
steric versions with several-fold enhanced selectivity for MmTORCI over
mTORC2. These third-generation mTOR inhibitors, including RMC-
6272 and its clinical counterpart RMC-5552, show robust anti-tumour
activity either alone or when combined with other treatments in several
preclinical cancer models (Bhattacharyya et al., 2024; Burnett et al.,
2023; Lee et al,, 2021). RMC-5552 has over 30-fold selectivity for
mTORC1 over mTORC2 and is currently under clinical evaluation
(trials NCT04774952 and NCT05557292). Polysome profiling of
TSC patient-derived isogenic neural progenitor cells (NPC) revealed
numerous changes in mRNA levels and translation associated with
TSCI-loss. Treatment of NPCs using rapamycin partially rescues
TSCI-associated translation, yet most genes related to neural activity
and synaptic regulation remained unchanged. Strikingly, RMC-
6272 can rescue early neurodevelopmental phenotypes such as
proliferation and neurite outgrowth in TSCI”~ NPCs which were
previously rapamycin-insensitive. RapaLink could therefore be a
promising treatment strategy for neural symptoms of TSC via the
mTORCI axis (Aksoylu et al., 2023).

New approaches to treat TSC

Instead of inhibiting mTORCI, an alternative strategy currently
under evaluation for TSC is to exploit the metabolic vulnerabilities of
mTORCI hyperactive cells, which can be leveraged to yield targeted
cytotoxicity (Schonthal, 2012; Johnson et al, 2015; McEneaney
and Tee, 2019). mTORC1 hyperactive cells have enhanced basal
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endoplasmic reticulum (ER) stress, which is due to elevated levels
of mTORCI-directed protein synthesis that places a burden on the
protein folding capacity of the ER. The unfolded protein response
(UPR) will be activated due to ER stress, which aims to downregulate
protein synthesis and restore protein folding, therefore maintaining
cellular homeostasis. Alternatively, cell death is initiated following
excessive ER stress over a prolonged period of time (Schonthal,
2012). C/EBP homologous protein (CHOP), also known as growth
arrest and DNA damage inducible gene 153 (GADD153), is a key
player in the ER stress response (Oyadomari and Mori, 2004). CHOP
directly activates expression of GADD34, a protein phosphatase 1
(PP1) regulator which causes PP1-mediated eIF2a dephosphorylation,
releasing the translational block, and thereby enhancing protein
synthesis to promote death-associated mechanisms (Brush etal.,2003).
mTORCI hyperactivation specifically sensitises tumour cells to drug-
induced ER stress and can lead to autophagy-independent cell death
(Brush etal.,, 2003). TSCC-deficient cells have previously been shown
to be compromised in their ER stress response, since mTTORC1 further
enhances the burden of ER stress through autophagy repression, as
autophagy is employed by the cell for unfolded protein removal to
restore ER homeostasis (Kang et al., 2011). This is consistent with the
finding that TSC patient-derived AML cells have elevated levels of
ER stress and that this can be exacerbated further by a proteasome
inhibitor MG-132 (Siroky et al., 2012). Recent studies showed that
combinatorial therapy with an ER stress inducer, nelfinavir, in the
presence of an autophagy inhibitor, chloroquine (Johnson et al,
2015), or a proteasomal inhibitor, bortezomib (Johnson et al,
2018), showed promise in both in vitro and in vivo models of TSC
to reduce tumour size and to selectively kill TSC-deficient cells.
Nelfinavir and bortezomib were effective at killing the tumours in
vitro, and cell recovery was not observed following removal of the
drug combination (Johnson et al., 2018). These studies demonstrate
a potent cytotoxic response to TSC-diseased cells with ER stress
inducers, which are tolerated by the normal cells with an intact
TSCC signalling pathway, however, more evidence of efficacy is
required, particularly toward TSC, before this avenue can be pursued
as a possible TSC therapy.

Rapalogues are usually reasonably well tolerated, however
lifelong therapy causes immune suppression and potentially
compromises early brain development including axon guidance,
neuronal growth, synapse formation, and myelination (Chapman
and Chi, 2014; Wang et al., 2017; Jeong and Wong, 2016). There is a
clear need to develop other therapeutic approaches for TSC beyond
mTORCI inhibition. Proof of concept gene therapy for TSC has
been evaluated in mouse models of TSC using an adeno-associated
virus (AAV) vector carrying the complement for either a full-
length TSCI or a functional engineered human TSC2, respectively
(Prabhakar etal., 2019; Cheah etal., 2021). By intravascular injection
of AAV9 vectors carrying the required TSC proteins into the
corresponding stochastic TscI-floxed or Tsc2-floxed mouse models
on day 21, most experimental mice significantly extended lifespans,
the size of ependymal and subependymal lesions observed in their
brains was reduced and cell proliferation in the sub-ependymal zone
became normalised with a clear reduction of mMTORCI driven S6
kinase phosphorylation (Prabhakar et al., 2019; Cheah et al., 2021).
The substantial advantage of AAV or similar gene therapies would
be the potential for a single vector injection yielding long-term
transgene expression in non-dividing cells. It is hoped that gene
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replacement therapy might minimise the use of more problematic
standard-of-care procedures in young children and provide a single
administration with long-lasting benefits. Certain serotypes of AAV
including AAV9 and AAVrh8, can cross the blood-brain barrier as
well as deliver to peripheral tissues (Yang et al., 2014). Therefore, the
replacement gene could be delivered to multiple tissues, including
brain, kidney, liver, and lungs via intravascular administration,
which might diminish the likelihood that somatic mutations in TSC
genes later in life would lead to disruptive hamartomas.

iIPSCs and CRISPR editing: towards
personalised therapies for TSC

Recent advances in stem cell biology with the derivation of
human-induced pluripotent stem cells (iPSC) from the somatic cells
of patients have also opened new avenues into the study of TSC
(Nadadhuretal,,2019; Lietal., 2017; Guo et al., 2025). This approach
combined with gene-editing tools such as CRISPR/Cas9 offers
the advantage of preserving patient-specific genetic background
and the ability to create isogenic controls by gene correction
(Guoetal., 2025). The patient cell line and the isogenic control can be
differentiated into the cell type of interest to model various aspects
of TSC, since TSC can affect multiple organ systems and leads to
different manifestations. By combining iPSC and CRISPR-based
genome editing, a human cerebral organoid model for tuberous
sclerosis complex has been generated and led to the identification of
a specific neural stem cell type, caudal late interneuron progenitor
(CLIP) cells, responsible for initiating both tumour and cortical
tuber formation (Eichmiiller et al., 2022). Instead of a second
somatic mutation of TSC2 during tumour progression, CLIP cells
lose their healthy TSC2 allele due to copy-neutral LOH, the exchange
of large genomic regions between homologous chromosomes.
Furthermore, CLIP cells require epidermal growth factor receptor
signalling to proliferate, and inhibition of EGFR can revert the
TSC phenotype, suggesting a potential pathway for therapeutic
intervention. The technology could serve as a valuable tool for
disease modelling and might facilitate further testing of therapeutics
and the identification of opportunities for new treatments such as
novel gene therapy approaches to cure TSC.

Continuing the fight against TSC

The TSCC is a key regulator of cell growth and metabolism,
and its dysfunction lies at the heart of TSC pathogenesis. In
recent years, significant breakthroughs have been made in the
study of the canonical TSC signalling pathway at a molecular
level. The resolution of the structure of the TSCC has been a key
breakthrough that now allows mutational data to be interpreted
with reference to a protein model, and, with future improvements
upon the current structure, these insights will over time come
to underpin all molecular understanding of TSC pathogenesis. A
breakthrough of similar magnitude has been the understanding that
TSCC recruitment to the lysosome is based to a large extent on
phospholipid recognition, providing a new and important role for
TSCI and directly involving the WIPT apparatus in TSC signalling.

frontiersin.org


https://doi.org/10.3389/fcell.2025.1595867
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Chen and Aylett

However, great strides in our molecular understanding must still
be taken. The key remaining part of the puzzle for the canonical
TSC signalling pathway from the molecular perspective remains
the connection of the TSCC’s post-translational modification to its
newly-understood localisation apparatus. It is well established that
these modifications act as a switch to direct the TSCC between
the lysosome and the cytoplasm, but the molecular details of this
coupling remain elusive: hopefully this will bring us to a complete
description of the canonical pathway.

Numerous observations of non-canonical TSC signalling
activities have also cropped up in recent years. Certain of these,
such as the chaperone related activities of TSCI and TSC2, may
be explained by homeostasis of the canonical signalling pathway,
others, such as the independent activity of TSC1 at tight junctions,
may represent similar mechanisms to the canonical pathway
occurring in a different context, while others still, such as the
reproducible involvement of the TSCC in stress-granule formation,
may represent cross-talk with previously unconsidered pathways
such as autophagy. What is clear throughout these traces is that
there is much yet to be discovered beyond the canonical pathway of
TSC signalling that provides essential future avenues for the field.

Finally, despite recent advances in the mTOR inhibitors
improving the quality of life for individuals with TSC, challenges
remain in translating the many new molecular insights being made
into durable clinical benefits. A large part of this is because such
pathogenic variants leading to loss of functional protein are almost
impossible to patch up within the cell, necessitating the targeting of
downstream mTORCI signalling instead, an approach guaranteed to
have side-effects. While the eventual treatment of TSC as a condition
seems likely to await advances in either gene therapy to replace
the activity of the defective TSCC, or targeted killing of TSCC
deficient cells to prevent the growth of benign tumours, continued
research into the intricacies of TSCC signalling, as well as novel
therapeutic approaches, remains critical to improve outcomes in
the near term, through better understanding of pathogenesis, for
individuals affected by this multifaceted disorder.
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