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The dual role of the TSC complex in cancer
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The tuberous sclerosis complex (TSC1/TSC2/TBC1D7) primarily functions to in-
hibit the mechanistic target of rapamycin complex 1 (nTORC1), a crucial regulator
of cell growth. Mutations in TSC1 or TSC2 cause tuberous sclerosis complex (TSC),
a rare autosomal dominant genetic disorder marked by benign tumors in multiple
organs that rarely progress to malignancy. Traditionally, TSC proteins are consid-
ered tumor suppressive due to their inhibition of mMTORC1 and other mechanisms.
However, more recent studies have shown that TSC proteins can also promote tu-
morigenesis in certain cancer types. In this review, we explore the composition and
function of the TSC protein complex, the roles of its individual components in
cancer biology, and potential future therapeutic targeting strategies.

The TSC complex in cancer

The primary function of the TSC complex (see Glossary) is to inhibit mTORC1 signaling
(Box 1 and Figure 1). mTORCH1 regulates cellular growth in response to nutrients and
growth signals by promoting the synthesis of proteins, lipids, and nucleotides, while inhibiting au-
tophagy (see Boxes 2 and 3) [1]. Given its role as the main inhibitor of mMTORC1, the TSC complex
is generally associated with tumor-suppressive functions. In this review, we discuss various
mechanisms by which the TSC complex or its individual components (TSC1, TSC2, and
TBC1D7) exert tumor-suppressive functions across different tumor types. Intriguingly, mutations
in TSC complex proteins are rarely found in tumors, suggesting that maintaining TSC complex
function is essential for tumor progression at certain stages. Consistent with this idea, an increasing
number of studies indicate that the TSC complex has a crucial role in tumor cell survival, suggesting
tumor-promoting functions in specific cancers. These findings, along with recent advances in
drug discovery, pave the way to consider targeting TSC complex proteins as a potential therapeu-
tic strategy in certain cancers.

The architecture of the TSC complex

A functional TSC complex comprises TSC1 (hamartin), TSC2 (tuberin), and Tre2-Bub2-Cdc16
(TBC) 1 domain family member 7 (TBC1D7) in a stoichiometry of 2:2:1 [2,3]. Within this complex,
the coiled-coil domains of two TSC1 molecules intertwine to stabilize TSC2 dimers by binding
along the entire length of a pseudo-symmetrical TSC2 dimer (Figure 1A,B) [4-10]. In addition,
TSC1 acts as a co-chaperone of Hsp90, facilitating proper folding of TSC2 and, thus, preventing
its ubiquitination and proteasomal degradation [11]. TSC1 binding also protects TSC2 from
HECT and RLD domain-containing E3 ubiquitin protein ligase family member 1 (HERC1)-mediated
phosphorylation and subsequent ubiquitination [12]. Through its C-terminal GTPase-activating
protein (GAP) domain, TSC2 accelerates the hydrolysis of GTP bound to Ras homolog enriched
in brain (Rheb), a small GTPase that links the TSC complex to mTORC1 regulation (Box 1). Finally,
a single molecule of TBC1D7 binds to the C terminus of the TSC1 dimer [5,13-15]. This interaction
further stabilizes the TSC complex, and knockdown of either component results in decreased pro-
tein levels of the other(s) [2,9,16]. The TSC complex is also regulated by its subcellular localization.
Under starvation conditions and cellular stress, the TSC complex is recruited to the lysosome,
whereas insulin, amino acids, and growth factors inhibit this recruitment [17-19]. Several factors
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Box 1. Function of the TSC complex in mTORC1 regulation

mTOR is a serine/threonine kinase belonging to the phosphatidylinositol 3-kinase-related kinases (PIKKs) family. It func-
tions as the core enzyme of two multiprotein complexes: mTORC1 and mTORC2. mTORC1 regulates cellular growth in
response to nutrients and growth signals by promoting the synthesis of proteins, lipids, and nucleotides, while inhibiting
autophagy [102]. mTORC?2 regulates cell proliferation and survival and will not be discussed further in this review
[102,105,108].

mTORCH is inhibited by rapamycin, which binds FKBP12, forming a complex that allosterically hinders proper substrate
binding to MTORC1 [107-110]. The activity of mTORC1 is tightly regulated, integrating amino acid availability, energy sta-
tus, growth factor signaling, and the absence of stress signals (see Figure 1B in the main text). Activation of mTORC1 be-
gins with the detection of amino acids, triggering mTORC1 translocation to the lysosomal membrane. Most signals
converge at the TSC complex to regulate mTORC1, with some exceptions, such as amino acid signaling mediated by
the Rag GTPases.

5'-AMP-activated protein kinase (AMPK) senses cellular energy and is activated in response to low energy levels (high
AMP/ATP ratios). AMPK phosphorylates TSC2, enhancing its inhibition of MTORC. Even if all resources necessary for cell
growth are present, mTORC1 remains inactive unless growth factor signaling is also present. Studies have shown that
growth factors and insulin signals activate Akt, which phosphorylates TSC2. Depending on the phosphorylation sites in-
volved, this may lead to disruption of the TSC complex or its relocation away from lysosomes and diminished TSC2 activ-
ity. Similarly, Ras signaling inactivates TSC2 via phosphorylation by extracellular signal-related kinase (ERK) and ribosomal
S6 kinase (RSK) 1 [111].

Stress also affects MTORC1 activity. Under hypoxic stress, expression of the DNA damage-inducible transcript 4 protein
(DDIT4/REDD-1) is induced, which enhances the interaction between TSC1 and TSC2 by sequestering TSC2 away from
its inhibitory binding to 14-3-3 proteins, thus inhibiting MTORCH [111,112]. Additionally, in cardiomyocytes, protein kinase
cGMP-dependent 1 (PKG1) phosphorylates TSC2, stimulating TSC complex function to reduce mTORCH activity, thereby
protecting the heart from pathological sustained pressure overload [113]. Other cellular stresses, including amino acid
deprivation, similarly cause TSC2 accumulation at the lysosomal surface to inhibit mTORC1 [17,18,114].

In summary, the TSC complex is pivotal in regulating mTORC1 by integrating multiple signals to control cell growth. Given
its regulatory role, it has been recognized as a tumor suppressor since its discovery. Some tumor-associated functions of
TSC proteins depend on mTORC1 inhibition, while others are independent of it.

have been identified as mediators of TSC complex recruitment to the lysosomal membrane, includ-
ing G3BPs and TSC1, which bind to the lysosomal marker PI3,5P, upon starvation [4,20].

Tumor suppressor functions of the TSC complex

As an inhibitor of mMTORC1, the TSC complex negatively regulates anabolic processes, thereby
impeding the cell growth and proliferation necessary for tumor development. Additionally, TSC
complex proteins may act independently of mTORC1 to regulate other tumor-suppressing pro-
cesses. Mutations in TSC1 or TSC2 and the resulting hyperactivation of mTORC1 cause the
growth of benign tumors in multiple organs, known as hamartomas. In the context of malignant
cancers, such as breast cancer, gastric carcinoma, mucosal melanoma, and renal cell carci-
noma, TSC complex proteins are frequently silenced but rarely mutated [21-25]. Furthermore,
experimental mutations in TSC genes contribute to cancer development in mouse models of he-
patocellular carcinoma (HCC), prostate cancer, and pancreatic acinar carcinoma [26-28]. There-
fore, the TSC complex is often referred to as a tumor suppressor. Here, we discuss the various
tumor-suppressive roles of the TSC complex and individual TSC proteins (Figure 2).

Mutations in TSC1, TSC2, or TBC1D7

Mutations in TSC7 or TSC2 cause TSC, a rare multisystem autosomal dominant genetic disease.
De novo germline or inherited mutations in a single allele of either gene generally do not lead to
tumor formation. Tumorigenesis typically requires a somatic ‘second hit” mutation in the remain-
ing allele within specific cells during a patient’s lifetime. The resulting hyperactivation of mTORC1
signaling leads to the formation of hamartomas in various organs, such as the skin, liver, heart,
lung, brain, and kidney [29]. These tumors rarely become malignant [30-35]. TSC2 mutations
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Glossary

Burkitt’s lymphoma: type of non-
Hodgkin lymphoma characterized by
rapidly growing tumors of the lymphatic
system. It is associated with high
expression of the oncogenic protein
MYC.

Cancer immune evasion:
mechanisms used by cancer cells to
evade detection and clearance by the
immune system, allowing tumors to
grow.

Cell cycle: series of events that take
place in a cell leading to its division and
duplication; it comprises the distinct
phases G1 (Gap 1), S (Synthesis), G2
(Gap 2), and M (Mitosis).

Cell migration: process through which
cells move from one location to another
in the bodly. It is essential for processes
including development, wound healing,
and cancer metastasis.

Mechanistic or mammalian target
of rapamycin complex 1 (nTORC1):
protein complex that regulates diverse
cellular processes, such as protein
synthesis, metabolism, and autophagy,
in response to nutrient availability and
growth factors.

Molecular glue degraders: small
molecules that induce the degradation of
target proteins by promoting their
interaction with E3 ubiquitin ligases,
leading to their ubiquitination and
subsequent proteasomal degradation.
This approach is being explored for
therapeutic targeting of specific proteins
implicated in diseases, such as cancer,
that are otherwise difficult to target.
MYC: a proto-oncogene that regulates
cell growth and proliferation. MYC is
frequently dysregulated in cancer,
promoting tumor formation when
overexpressed or mutated.
Neoangiogenesis: formation of new
blood vessels from pre-existing ones. It
is a critical process in tumor growth and
metastasis, supplying tumors with
nutrients and oxygen.

Oncogene: genes that have the
potential to cause cancer when mutated
or overexpressed.

Small cell lung cancer (SCLC) and
nonsmall cell lung cancer (NSCLC):
two main types of lung cancer, with
distinct characteristics and treatment
approaches.

Tuberous sclerosis complex (TSC)
complex: protein complex comprising
TSCH (hamartin), TSC2 (tuberin), and
Tre2-Bub2-Cdc16 (TBC) 1 domain
family member 7 (TBC1D7); functions as
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Figure 1. Structure of the tuberous sclerosis complex (TSC) complex and its role in mechanistic target of
rapamycin complex 1 (MTORC1) signaling. (A) Domain structures of human TSC1, TSC2, and Tre2-Bub2-Cdc16
(TBC) 1 domain family member 7 (TBC1D7) (sizes are in number of amino acids). TSC1: coiled-coil domain (CC) involved
in TSC1 dimerization. TSC2: an extended HEAT repeat domain (HEAT), a TSC2-dimerization domain (DD), and the
GTPase-activating protein (GAP) catalytic domain. TBC1D7: TBC domain. For a detailed description of structures and
functions, see [5,7]. (B) The TSC complex is shown comprising one TBC1D7 molecule bound to two intertwined TSC1
molecules (green) that cover the surface of a pseudo-symmetrical TSC2 dimer (blue) [7]. Major mTORC1 upstream-input
signaling and downstream-output signaling pathways and their physiological effects are shown [102]. Figure created with
BioRender (biorender.com). Abbreviations: AMPK, 5'-AMP-activated protein kinase; ERK, extracellular signal-related
kinase; Rheb, Ras homolog enriched in brain; RSK, ribosomal S6 kinase; UPS, unconventional protein secretion [103].
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the primary inhibitor of the mTORCA
pathway, thereby regulating cell growth
and metabolism.

Tumor-promoting: enhance the
growth or development of tumors;
factors that contribute to this process
are referred to as tumor promoters.
Tumor-suppressing: inhibit cell
growth and division, preventing the
development of cancer. Loss or
mutation of tumor suppressors can
contribute to tumorigenesis.
Ubiquitination: process by which
proteins are tagged with ubiquitin
molecules, marking them for
degradation by the proteasome or
regulating their function and localization
within the cell.
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Box 2. Activation of mTORC1 signaling by amino acids

Activation of mTORC1 by amino acids involves several complex factors and pathways, a detailed discussion of which is
beyond the scope of this review. For a comprehensive exploration, we recommend excellent reviews on this topic
(e.g., [115]). However, two aspects are worth mentioning here. First, a widely accepted model, independent of TSC com-
plex function, describes how amino acid availability initiates a signaling cascade that leads to translocation of mMTORC1 to
the lysosomal membrane. This process involves the formation of a heterodimeric complex comprising GTP-bound RagA
or RagB and GDP-bound RagC or RagD, which recruits mTORC1 to the lysosomal membrane [6,25,116]. At the lyso-
some, mTORCH1 interacts with the small GTPase Rheb, which is transiently localized to the lysosomal membrane through
its farnesylated CaaX motif [27,28]. Two GTP-bound RheB proteins activate the mTOR kinase by inducing conformational
changes that realign its catalytic cleft, making it more accessible for its substrates [6,27,28]. The TSC complex serves as
the key inhibitor of mMTORC1 signaling by accelerating the hydrolysis of GTP on Rheb via the GTPase-activating protein
(GAP) domain of TSC2 [6,29-32].

Second, several studies described amino acid signals through the TSC complex. For example, both amino acids and
growth factors were shown to regulate the intracellular localization of TSC2, having a critical role in controling mTORC1
activity. Specifically, amino acid deprivation triggers the Rag GTPase-mediated translocation of TSC2 to the lysosome,
where it inhibits Rheb, thus suppressing mTORC1 [17-19]. For instance, arginine deprivation induces the lysosomal trans-
location of TSC2, while the addition of arginine causes its dissociation from the lysosome. Arginine has been shown to dis-
rupt the interaction between TSC2 and Rheb, suggesting a direct regulatory role in the TSC2-Rheb axis [117].

generally result in a more severe phenotype compared with TSC7 mutations, and no mutations in
TBC1D7 have been identified in patients with TSC thus far [36,37]. Several factors contributing to
the benign nature of TSC tumors have been discussed. Unlike malignant tumors of various ori-
gins, those caused by mutations in TSC7 or TSC2 exhibit greater genetic stability [38]. This
lack of further mutational burden likely contributes to their benign behavior. Other contributing
factors, reviewed in [39], include a regulatory feedback loop in which the TSC complex attenuates
mMTORC1-S6K1-mediated inhibition of insulin signaling to PI3K-Akt, a pathway linked to cell sur-
vival. Furthermore, TSC1/TSC2 deficiency and the resulting mTORC1 activation increase p53
translation and senescence, both acting as tumor suppressors. Finally, TSC1/TSC2 deficiency

Box 3. Key downstream targets of TSC complex-mTORC1 in protein synthesis and autophagy

Two major downstream effects of activated mTORC1 signaling are increased protein synthesis and inhibition of autoph-
agy, which together promote cell growth. Conversely, inhibition of mTORC1 leads to reduced protein synthesis and acti-
vation of autophagy, allowing maintenance of cellular integrity by recycling biomaterials [18,20]. To regulate protein
synthesis, mTORC1 phosphorylates eukaryotic initiation factor 4E (elF4E) binding proteins (4E-BP1/2). Phosphorylated
4E-BPs cannot bind elF4E, thus enabling elF4E to function as the mRNA cap-binding protein, a rate-limiting step in mMRNA
translation. Inhibition of MTORC1 results in hypophosphorylated 4E-BP binding to elF4E, sequestering it and thereby
restricting mRNA translation [49,50]. elFAE is often overexpressed in various cancers, where it facilitates the translation
of oncogenes and other protumorigenic factors, promoting cell proliferation and survival [51]. Additionally, mMTORC1 phos-
phorylates ribosomal protein S6 kinase beta-1 (S6K or p70-S6K), which in turn phosphorylates the ribosomal protein S6,
involved in the regulation of MRNA translation, cell size, cell proliferation, and glucose homeostasis [52,118]. Activated S6K
further enhances translation by activating elF4B [53], which increases the helicase activity of elF4A, which in turn unwinds
secondary structures in the 5'-untranslated region (5'UTR) of mMRNAs. Elevated levels of phosphorylated elF4B levels have
been found in various cancers.

Additionally, S6K phosphorylates programmed cell death protein 4 (PDCDA4), an inhibitor of elF4A, leading to its ubiquiti-
nation by 3-TrCP E3 ligase and subsequent degradation [119]. Finally, S6K activates eukaryotic elongation factor 2 (eEF2)
GTPase by inactivating the eEF2 inhibitory kinase eEF2K [54], a kinase that regulates cellular adaptation to metabolic and
environmental stress, supporting the metabolic flexibility and survival of cancer cells under stress [55]. For a more detailed
discussion on the role of translation factors in specific cancers, we refer the readers to other publications [51,56,57].

To inhibit autophagy, activated mTORC1 phosphorylates Unc-51-like autophagy activating kinase 1 (ULK1), suppressing
its kinase activity, and ATG13, disrupting its binding to ULK1. When mTORC1 activity is low, ULK1 and ATG13 are de-
phosphorylated, allowing for their interaction and the initiation of autophagy [58]. Autophagy can have dual roles in cancer:
on the one hand, it acts as a tumor suppressor by degrading damaged organelles and proteins, reducing reactive oxygen
species (ROS) production, and genomic instability. On the other hand, it can also promote cancer cell survival under stress,
such as nutrient deprivation, by securing the supply of amino acids and other molecules [59].
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Figure 2. Tumor-suppressive and tumor-promoting functions of tuberous sclerosis complex (TSC) proteins
[TSC1, TSC2, and Tre2-Bub2-Cdc16 (TBC) 1 domain family member 7 (TBC1D7)] and TSC complex—
mechanistic target of rapamycin complex 1 (MTORC1) signaling. Figure created with BioRender (biorender.com).

can result in metabolic stress due to reduced sensitivity to insulin and insulin-like growth factor
(IGF)-1, impairing glucose uptake. This, along with upregulation of hypoxia-inducible factor
(HIF)-1a, which activates glycolysis genes, causes insufficient ATP production and disadvanta-
geous endoplasmic reticulum stress [39].

In female patients, TSC is often associated with pulmonary lymphangioleiomyomatosis (LAM),
characterized by the growth of smooth muscle-like cells in the lung [40-42]. Despite their benign
nature, LAM cells produce inflammatory chemokines and recruit other LAM cells to the lung
through the blood system, indicating the metastatic potential of LAM [42-44].

Mutations in TBC1D7 cause megalencephaly and intellectual disability. Additionally, single nucle-
otide polymorphisms (SNPs) within TBC1D7 are associated with migraine, attention-deficit hy-
peractivity disorder (DHD), and Tourette’s syndrome [45,46]. Unlike Tsc7 and Tsc2 knockouts,
knockout of Tbc7d7 in mice is not embryonically lethal. However, these mice display an increased
brain size without alterations in behavior [47-50].

Large cohort studies have not observed an overall increase in malignant cancer incidence among
patients with TSC compared with the general population. Of the infrequent (~2.9%) malignancies
that were found, renal cell carcinoma was the most common, followed by breast and thyroid can-
cer. These tumors were more frequently diagnosed in patients with TSC7 mutations compared
with those with TSC2 mutations or healthy individuals [51-53]. Mice with heterozygous deletion
of Tsc1 or Tsc2 also develop renal cell carcinoma [47,48]. Additionally, the age of onset for ma-
lignant cancer development is decreased in patients with TSC [53], suggesting that TSC complex
loss-of-function mutations contribute to malignant tumorigenesis in conjunction with other onco-
genic mutations.

TSC and cell cycle control

During cell division, the mTORC1-mediated increase in biomass is required to produce two cells
of comparable size. Therefore, MTORC1 activation is a prerequisite for cell proliferation, while the
TSC complex acts to inhibit it. Several regulatory connections are known between cell cycle
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regulators and TSC complex proteins, including TSC-mTORC1-dependent interactions as well
as specific interactions involving individual TSC1, TSC2, or TBC1D7 proteins.

In multiple cancer cell lines and untransformed cell types, TSC1 and TSC2 are phosphorylated
and inhibited by cyclin-dependent kinase (CDK)-1 and CDK4/6, respectively, resulting in
mTORC1 activation and cell cycle progression [54,55].

A study using Hela cervical cancer cells demonstrated that TSC2, independently of the TSC
complex and mTORCH signaling, promoted the dissociation of CDK inhibitor p27<® from 14-
3-3 proteins. This causes the nuclear localization of p27" """ and G1 arrest, counteracting Akt-
mediated phosphorylation of p27K*" and its sequestration by 14-3-3 proteins in the cytoplasm,
which are necessary for S phase entry [56]. Moreover, Akt-mediated phosphorylation of TSC2 at
Ser939 facilitates its interaction with the Go/M cyclin B1, preventing nuclear entry of cyclin B1 and
delaying mitosis initiation, thereby increasing cell size [57,58].

In the nucleus, 3-catenin acts as a co-activator for the transcription of genes involved in cell pro-
liferation and migration, such as those encoding MYC, cyclin D1, fibronectin, and matrix
metallopeptidases (MMPs) [59]. Studies in HEK293 human embryonic kidney cells revealed
that TSC1 and TSC2 associate with the 3-catenin degradation complex in a wingless-type
(Wnt)-1-dependent manner, aiding 3-catenin destabilization [60]. This suggests that TSC1/
TSC2 inhibits proliferation partly through (3-catenin destabilization.

The cancer-associated centrosomal adaptor protein transforming acidic coiled-coil 3 (TACC3)
mediates the localization of Ser939-phosphorylated TSC2 to spindle poles and cytokinetic brid-
ges [61]. Tacc3- and Tsc2-deficient cells show increased binucleation and altered daughter cell
separation during cell division, indicating a role of TSC2 in mitosis. In addition, TSC2 colocalizes
with TACC3 and copurifies with nuclear envelope components, and TSC2 or TACC3 deficiency
causes morphological changes in the nuclear envelope. The authors speculate that TSC2, via in-
teraction with TACCS, regulates nuclear structure and cell division, potentially explaining the more
severe pathology of TSC2 mutations in TSC and LAM [61].

In summary, the TSC complex influences cell cycle regulation and proliferation through mTORCA
signaling and interactions between individual TSC proteins and various cell cycle regulators.

Cell migration and tissue integrity

The ability to migrate from the primary tumor site and invade tissues are key phenotypes of me-
tastatic cancer cells. In HCC cells, kinesin family member 2C (KIF2C) is highly expressed, promot-
ing cell proliferation, migration, invasion, and metastasis in vitro and in vivo. KIF2C binds to
TBC1D7, leading to destabilization of the TSC complex and hyperactivation of mTORC1 signal-
ing. KIF2C is directly upregulated by the Wnt/[3-catenin-CTF4 pathway, acting as an intermediate
factor in the activation of mMTORC1 signaling by the oncogenic Wnt/3-catenin pathway [62].

Independent of their function in MTORC1 signaling, TSC1 and TSC2 regulate the Ras homolog
(Rho) family GTPases, crucial for cytoskeleton remodeling, cell migration, and maintaining
cell-cell contact [63,64]. TSC1 interacts with the ezrin-radixin-moesin (ERM) family of actin-
binding proteins, which is essential for activation of Rho by serum or lysophosphatidic acid
(PLA) [65]. Activation of Rho leads to the assembly of actin stress fibers and formation of focal ad-
hesions, which are subcellular structures mediating mechanical and regulatory signals in re-
sponse to cell adhesion to the extracellular matrix (ECM). Overexpression of TSC1 stimulates
Rho activation and enhances focal adhesion formation, whereas inhibition of TSC1 results in
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loss of both focal adhesions and cell substrate attachment [65]. The authors suggest that disrup-
tion of cell matrix adhesion through TSC1 loss initiates the development of TSC-associated
hamartomas.

In epithelial cells, TSC1 expression is essential for the formation of tight junctions between cells,
establishing the epithelial barrier. During cell-cell contact formation, TSC1 migrates to junctional
membranes, where it binds myosin 6, anchoring the perijunctional actin cytoskeleton to 3-catenin
and the cytoplasmic scaffolding protein ZO-1. Experimental loss of Tsc7 in mice results in loss of
tight junctions in skin and intestine, causing inflammatory Crohn’s disease-like symptoms in the
intestine and a psoriasis-like phenotype in the skin. Although not cancer themselves, these con-
ditions are risk factors for cancer development [66].

The role of TSC2 in the regulation of Rho GTPases and cell migration is a matter of debate due to
contradictory findings. Loss of TSC2 function is associated with the development of pulmonary
LAM, characterized by abnormal differentiation, proliferation, and migration of smooth muscle-
like cells in the lungs. Re-expression of TSC2 in primary LAM cells inhibits RhoA function and re-
duces migration. It was also shown that TSC2 can inhibit RhoA activity independently from its
GTPase function by interacting with TSC1, thereby interfering with the stimulatory effect of
TSC1 on RhoA [67,68].

By contrast, studies in breast cancer cells indicate that TSC2 induces Rho activation, promoting
migration and invasion. Accordingly, higher TSC2 expression in samples from patients with
breast cancer correlates with increased occurrence of metastases and reduced survival rates
[69]. In another study, the ectopic expression of TSC2 in untransformed MDCK and TSC2-
negative ELT3 leiomyoma tumor cells increased Rho activation, enhancing cell adhesion and re-
ducing cell migration [70]. The discrepancies in the effects of TSC2 on Rho function and migration
may be due to cell type-specific differences and the involvement of different Rho GTPases, which
can exert diverse effects on cell adhesion and migration [71].

In summary, the TSC complex and proteins affect cell migration and tissue integrity through their
roles in mTORCH1 signaling and interactions with various cytoskeletal and ECM regulators.

Neoangiogenesis

The growth of tumors relies on the establishment of new blood vessels and vascular net-
works to supply nutrients and oxygen, a process known as neoangiogenesis. Tumors pro-
mote neoangiogenesis by upregulating HIF1a and its transcriptional target, vascular
endothelial growth factor (VEGF) [72,73]. Deletion of Tsc7 in endothelial cells in mice leads
to the development of vascular tumors, driven by sustained mTORC1 signaling that en-
hances HIF1a and VEGF expression [74]. In TSC2-deficient cells, IL-6 and activation of
mTORC1 enhance STAT3 activation, resulting in increased transcription and translation of
HIF1a and VEGF [75,76]. Both VEGF-D and VEGF-C serve as predictive biomarkers in pa-
tients with LAM [77].

In various tumor types, tumor necrosis factor (TNF)-a signaling increases VEGF expression and
angiogenesis through its downstream kinase IKK(. IKK[( binds to, and phosphorylates,
TSC1 at Ser511 and Ser487, inhibiting TSC1 and thereby activating mTORC1. This pathway is
associated with poor clinical outcomes in patients with breast cancer [78].

HCC often develops in patients with hepatitis B virus (HBV). The HBV X protein (HBx) activates
mTORC1 signaling by inhibiting TSC1 through IKK[3-mediated phosphorylation, promoting cell
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proliferation and increasing vascular VEGF expression. In hepatoma tissue samples, elevated
levels of phosphorylated IKK (active), phosphorylatedTSC1 (inactive), and active pS6K1 strongly
correlate with a poor prognosis [79].

Loss of TSC2 function in mouse embryonic fibroblasts (MEFs) similarly increases HIF1a and
VEGF expression through mTORC1 activation. In addition, TSC2 appears to regulate VEGF
through an as yet unknown mTORC1-independent mechanism, because VEGF expression in
TSC2-deficient cells is only partially affected by rapamycin treatment [80].

Taken together, mutations or inhibition of TSC proteins stimulate neoangiogenesis, primarily
through activation of mMTORC1 signaling.

TSC1 and TSC2 functions in regulating cancer immune evasion

Cancer cells develop various strategies to evade detection and elimination by the immune system
[73]. One major strategy involves the expression of the programmed cell death ligand, PD-L1,
which binds to the programmed cell death (PD-1) receptor on T cells, thereby inhibiting their ac-
tivation and proliferation in the tumor microenvironment [81].

Studies demonstrated that the knockout of either TSC7 or TSC2 leads to increased transcription
and membrane expression of PD-L1 in nonsmall cell lung cancer (NSCLC) cell lines. Further-
more, low expression or mutation of TSC7 or TSC2 in samples from patients with NSCLC corre-
late with elevated PD-L1 expression and are associated with poor prognosis [82]. While the role of
mTORC1 in PD-L1 upregulation due to TSC1/TSC2 deficiency was not addressed in this study,
another investigation showed that mTORC1 can promote translational upregulation of PD-L1 in
NSCLC [83]. Together, these findings suggest a tumor-suppressive role for the TSC complex
in context of cancer immune evasion.

Additionally, TSC1 and TSC2 may also affect anticancer immunity by modulating mTORC1 sig-
naling within immune cells, because mTORC1 activity has a crucial role in the differentiation
and function of both innate and adaptive immune cells. However, the coverage of this topic is be-
yond the scope of this review, and interested readers are referred to previous reviews on this topic
[84,85].

Tumor promoter functions of TSC

Despite the various tumor-suppressive functions of TSC proteins discussed above, the rare oc-
currence of mutations or suppression of TSC genes in human tumors suggests that maintaining
TSC complex function is advantageous for tumor development or, at least, not detrimental. Here,
we discuss examples of tumor-promoting functions of TSC proteins or the TSC complex in spe-
cific cancers (Figure 2) and address the significance of these findings for the development of novel
therapeutic strategies.

Burkitt’s lymphoma: linking oncogenic MYC with TSC

Burkitt’s lymphoma is an aggressive B cell cancer driven by high expression of the MYC
oncogene, which results from translocation and/or deregulation of MYC. The expression levels
of TSC1 and TSC2 in Burkitt’s lymphoma are significantly elevated and are dependent on MYC.
By contrast, in Hodgkin lymphoma, the expression of MYC, TSC1, and TSC2 is low. Experimental
knockdown of TSCT in Burkitt’s lymphoma cells led to hyperactivation of mTORC1, increased
mitochondrial respiration, generation of toxic levels of reactive oxygen species (ROS), and apo-
ptosis [86]. This phenotype suggests that high MYC activity combined with high mTORC1 activa-
tion causes metabolic stress and cell death. Mechanistically, MYC suppresses the transcription of
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mMiRNAs (primarily miR15a/16-1), which normally inhibit TSC1 expression. Consequently, in-
creased TSC1 expression causes higher expression of TSC2, leading to elevated TSC complex
activity and suppression of mMTORC1 [86]. Therefore, in Burkitt’s lymphoma, MYC controls
mTORC1 activity by upregulating TSC1, implying that the TSC complex functions as a tumor
maintenance factor by securing cell survival.

A study in the fruit fly Drosophila melanogaster is noteworthy in this context. An RNAi-based ge-
netic screen identified TSC1/TSC2 as essential regulators of intestinal stem cell proliferation in the
fly midgut. Suppression of the TSC complex resulted in excessive cell growth and halted cell di-
vision. Stem cell proliferation was restored by reducing MYC levels or by inhibiting TORC1 with
rapamycin [87]. This points again to an incompatibility of concomitant high MYC and mTORCA1
activities with cell proliferation/survival.

mTORC1 signaling is essential for the synthesis of proteins, lipids, and nucleotides. If excessively
activated along with high MYC activity, which also stimulates these metabolic processes, meta-
bolic overloading and accumulation of toxic by-products may cause cell death. In this scenario,
the TSC complex is required to control the activation level of mTORC1 according to the cell con-
text to ensure cell survival.

Lung cancer

Genome-wide expression profile analysis and immunohistochemical staining revealed high ex-
pression of TBC1D7 in more than 60% of primary lung cancer samples, including squamous
cell carcinoma, adenocarcinoma, and small cell lung cancer (SCLC). By contrast, various nor-
mal tissues exhibited very low expression of TBC1D7, except for the testis [16]. Focusing on
NSCLC, the study found that 52.1% of NSCLC cases exhibited high TDC1D7 expression,
which was significantly associated with a poorer tumor-specific survival.

Knockdown of TBC1D7 in the cell lines with high TBC1D7 expression resulted in apoptotic cell
death. Moreover, disruption of the TBC1D7-TSC1 interaction using a dominant-negative cell-
permeable TBC1D7 peptide induced apoptotic cell death in NSCLC cell lines with high
TBC1D7 expression, but not in immortalized lung fibroblasts with low TBC1D7 expression [16].
Thus, the study demonstrated that NSCLC with high TDC1D7 expression depends on
TBC1D7 for cell survival, reminiscent of observations in Burkitt’s lymphoma cells that are depen-
dent on TSC1/TSC2 for survival [86]. In the above-described study [16] a connection with MYC or
the involvement of mMTORC1 signaling was not addressed. In another study, TSC1 was found fre-
quently upregulated in NSCLC and SCLC tumor samples, with a significant correlation between
high TSC1 expression and poorer survival of patients with SCLC or NSCLC [88].

Together, these data suggest that the expression status of TSC1/TSC2/TBC1D7 in lung cancer
matters, because cancers with high expression levels of these proteins rely on them for cancer
cell survival. This dependency offers a potential therapeutic vulnerability that could be targeted
in treatment strategies.

Melanoma

Metastasis is the leading cause of mortality in patients with melanoma. A proteomic study of mel-
anoma metastatic cells compared with primary cells revealed that TBC1D7 is overexpressed in
metastatic cells. In cell culture assays, TBC1D7 promotes cell migration and invasion, which is as-
sociated with increased secretion of MMP2 and MMP9 [89,90]. This finding aligns with analyses
of Cancer Genome Atlas (TCGA) data sets, which show that higher TBC1D7 mRNA expression
correlates with poorer survival in patients with melanoma [90].
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Breast cancer

As described earlier, TSC2 regulates Rho-GTPase activity and concomitantly stimulates cell mi-
gration in breast cancer, thereby contributing to cancer aggressiveness. Akt-induced degrada-
tion of TSC2 has been shown to reduce Rho-GTPase activity, leading to the decreased
formation of focal adhesions and stress fibers, which in turn diminishes cell migration and invasion
of breast cancer cells [69]. Although activated Akt is typically associated with various tumor-
promoting activities, it can have opposite effects in certain contexts. For example, constitutively
active Akt1 can block ErbB2Neu-mediated invasion into the surrounding tissue and lung metas-
tasis in transgenic mice [91].

TSC1 function in TGF signaling

Transforming growth factor (TGF)-[3 signaling can exhibit either tumor-suppressive or tumor-
promoting functions during tumor development [92]. Independent of TSC2 or mTORC1, TSCA
positively regulates the association of TGF[3 receptor type | (TBR-I) with its substrates Smad2/
3, leading to their phosphorylation and activation [93]. Activated Smad2/3, in complex with
Smad4, regulates numerous target genes that induce either tumor-suppressive growth arrest
and apoptosis or tumor-promoting epithelial-mesenchymal transition (EMT), cell migration and
invasion, depending on the cellular context [94,95]. Accordingly, in mouse mammary gland
epithelial-like NMuMG cells, TSC1 was shown to not only stimulate cytostatic TGF[3 signaling,
thus acting as a tumor suppressor, but to also induce the expression of EMT genes and a
spindle-shaped morphology upon TGF3 treatment, which supports tumor-promoting activities
of TSC1 [93].

Targeting TSC complex proteins

As described above, TSC complex function is essential for tumor cell survival and promotes tu-
morigenesis in specific cancer types or stages. This underscores the potential to targeting TSC
proteins with innovative therapeutic strategies. However, are TSC proteins targetable factors?
The extended interaction surfaces between TSC1 and TSC2 dimers make it challenging to dis-
rupt their interaction using small molecules. The structure of TBC1D7 and its interaction with
TSC1 could be considered for interference by small molecules that either disturb its proper folding
or its interaction with TSC1, respectively, thereby weakening the stability of the TSC complex. As
a more promising strategy, we propose exploiting the fact that TSC1, TSC2, and TBC1D7 are
targeted by E3 ubiquitin ligases [12,96,97], which provides opportunities for pharmacological
targeting by so-called ‘small-molecule degraders’. For example, TBC1D7 degradation is regu-
lated through ubiquitination by the SKP1-cullin1-F-box (SCF) RING E3 ubiquitin ligase complex.
Once ubiquitinated, TBC1D7 forms a complex with the F-box protein B-transducin repeat-
containing protein 2 (3-TrCP2), the substrate-binding subunit of the SCF RING E3 ligase com-
plex, leading to its degradation in the proteasome. However, under tumor-promoting conditions,
ubiquitination of TBC1D7 is inhibited upon activation of Akt in response to growth factor signaling,
which triggers phosphorylation of TBC1D7 at Ser124, located C-terminally of the E3 ligase
degron motif. This phosphorylation event results in the binding of 14-3-3 proteins to TBC1D7,
stabilizing it and preventing its degradation [98].

Targeted protein degradation (TPD) is an emerging therapeutic strategy for diseases driven by the
expression of disease-causing proteins, such as cancer, infectious diseases, and immune diseases.
TPD has gained significant attention because it allows for the targeting of ‘undruggable’ proteins and
helps overcome drug resistance. Various TPD approaches exist, including the use of molecular
glues [99,100]. These either stabilize native protein—protein interactions or induce new ones. Molec-
ular glue degraders refer to a subclass of compounds that promote the binding of a E3 ubiquitin
ligase to the target protein, resulting in its ubiquitination and subsequent degradation by the

¢? CellPress

Clinician’s corner

mTORC1 inhibition was once
considered a promising target for
anticancer therapy. However, aside
from some success in kidney
cancer, inhibitihg mTORC1 with
rapamycin derivatives (rapalogs) has
shown limited therapeutic efficacy
[104].

The TSC serves as the primary inhibi-
tor of mTORCH1 signaling, thereby
suppressing cell growth, and, thus,
is considered to act as a tumor
suppressor.

Surprisingly, despite the critical role of
the TSC in restraining cell growth,
mutations or suppression of TSC
genes are rare in cancer. TSC protein
expression and functionality of the
TSC complex remain intact across
most cancer types. Furthermore, mu-
tations in TSC7 or TSC2 typically re-
sult in benign tumors known as
hamartomas, which rarely progress
to malignancy. This suggests that
loss of TSC complex function alone
is not sufficient to drive tumorigene-
sis, and that the presence of TSC
proteins in cancer cells confer a po-
tential advantage.

High expression of TSC proteins has
been observed in several aggressive
cancer types, including Burkitt’s lym-
phoma, lung cancer (both SCLC and
NSCLC subtypes), melanoma and
breast cancer. Importantly, cells de-
rived from these cancers rely on
TSC proteins for their survival. This
opens new avenues for therapeutic
strategies aiming at targeting TSC
proteins.

An intriguing observation in Burkitt’s
lymphoma is the involvement of MYC
in regulating TSC1 expression and
TSC complex function, suggesting a
synergistic relationship between
MYC and the TSC. Given the chal-
lenges in targeting MYC directly,
strategies targeting TSC proteins
may offer better alternatives for
MYC-driven cancers.

We believe that the preferable
pharmacological strategy is to target
TSC1, TSC2, or TBC1D7 using
molecular glue degraders. These
molecules induce the degradation of
target proteins by promoting their
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proteasome (Figure 3). Compared with traditional small-molecule inhibitors or receptor antagonists,
molecular glue degraders do not require a binding pocket on the target protein. Moreover, molecular
glues, typically being of low-molecular weight, are more likely to have higher cell permeability and
better oral absorption, conforming to Lipinski’'s ‘rules of 5 for predictably orally active drugs [101].
To target tumors that rely on TSC complex components for proliferation and/or survival, the strategy
would involve treatment with small molecules that enhance the native interaction between E3 ubig-
uitin ligase and one of the TSC complex proteins (TSC1, TSC2 or TBC1D7). This would promote
their ubiquitination and subsequent degradation by the proteasome. Although the discovery of mo-
lecular glues was originally accidental, several systematic discovery methods are now being devel-
oped to facilitate further discovery. For more comprehensive information of this rapidly evolving
field and alternative TPD strategies, we refer readers to other publications [99,100].

Given these rapid advancements, it is an opportune moment to initiate research focused on de-
veloping reporter systems for screening molecular glue molecules capable of targeting TSC pro-
teins to E3 ubiquitin ligases. We do not foresee major technical barriers to this approach, and
promising candidate molecular glues could be identified within the next few years. Following
their identification, these candidate molecules would undergo an extensive phase of in vitro vali-
dation, testing in cancer model systems, and ultimately progress through the lengthy process of
clinical validation to secure safety and efficacy. Therapeutically activating mTORC1 may raise
concerns due to its known protumorigenic role in stimulating cell growth, along with the risk of
disrupting tissue function and inducing inflammation. However, a transient treatment approach
could minimize long-term adverse effects, including the risk of hamartoma formation. Ideally, can-
cer cell-specific drugs would help avoid these side effects entirely.

There are likely more cancer types and cancer stages to be discovered that rely on TSC protein
functions for survival and could, therefore, be sensitive to such a molecular glue degrader therapy.
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Figure 3. Mechanism of action of molecular glue degraders. The turnover of tuberous sclerosis complex (TSC)-1, TSC2,
and Tre2-Bub2-Cdc16 (TBC) 1 domain family member 7 (TBC1D7) is naturally regulated through polyubiquitination and
proteasomal degradation, processes that are conditional on the physiology of the cell. Molecular glue degraders enhance the
interaction between the ES ligase and TSC1/TSC2/TBC1D7 unconditionally, efficiently promoting their degradation and
depleting the pool of these proteins. Figure created with BioRender (biorender.com). Abbreviation: Ub, ubiquitin.
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interaction with E3 ubiquitin ligases,
leading to their ubiquitination and
subsequent degradation by the
proteasome. This approach offers a
promising strategy for targeting
specific TSC proteins in cancer cells.
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In addition, the protumorigenic mechanism of action of TSC proteins is still only partially under-
stood, and further research may reveal additional targets for therapeutic intervention.

Concluding remarks

Ina 2010 review [39], researchers proposed reasons why the loss of TSC function rarely results in
malignant cancer and suggested that maintaining TSC function benefits tumor growth. Since
then, several studies have shown that TSC proteins are markedly upregulated in certain cancer
types and that cancer cells may rely heavily on TSC protein functions for survival, as discussed
here (see Outstanding questions). In addition, TBC1D7 was discovered to be part of the TSC
complex and to be implicated in tumorigenesis, adding a further potential target for new thera-
peutic approaches. The regulatory interplay between TSC proteins and MYC is particularly com-
pelling, and further studies should aim to clarify the full extent and mechanisms of MYC-TSC
regulation. Given the challenges in targeting MYC directly, it is important to investigate whether
other MYC driven tumors apart from Burkitt’s lymphoma also depend on the function of the
TSC complex or of single TSC components and, thus, could be targeted through inhibition of
TSC function (see Clinician’s corner). It is anticipated that more discoveries regarding the
tumor-promoting roles of TSC1/TSC2/TBC1D7 will emerge, leading to new insights into cancer
progression and potential therapeutic opportunities.
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Outstanding questions

What is the extent of TSC/TSC protein
tumor-promoting  functions across
different cancer types and/or stages?
Investigating the role of TSC and indi-
vidual proteins across different cancer
types and stages is crucial for under-
standing their dual functionality in
cancer development. Are there specific
contexts or environments in which TSC
proteins adopt tumor-suppressive or
tumor-promoting functions? What are
the molecular mechanisms underlying
these roles, and how do they vary
among cancer types?

The regulatory relationship between
MYC and the TSC complex compo-
nents needs further exploration. To
what extent do MYC and the other
MYC paralogs, N-MYC and L-MYC,
regulate TSC complex function in
other cancer types besides Burkitt's
lymphoma and to what extent do
MYC, N-MYC, and L-MYC-driven tu-
mors depend on TSC function? Clarify-
ing this interaction could reveal new
therapeutic targets and strategies, par-
ticularly for cancers in which MYC has
critical oncogenic roles.

Can we identify small molecules that
act as molecular glue degraders that
specifically target TSC proteins? Dis-
covering such degraders could open
a new therapeutic avenue. What are
the potential candidates, and how ef-
fective are they in promoting the degra-
dation of TSC1, TSC2, or TBC1D7?
How can these molecules be opti-
mized for specificity and efficacy in clin-
ical settings?
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