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Abstract

Autophagy is a fundamental catabolic process whereby excessive or damaged cytoplasmic 

components are degraded through lysosomes to maintain cellular homeostasis. Studies of mTOR 

signaling have revealed that mTOR controls biomass generation and metabolism by modulating 

key cellular processes, including protein synthesis and autophagy. Primary cilia, the assembly of 

which depends on kinesin molecular motors, serve as sensory organelles and signaling platforms. 

Given these pathways’ central role in maintaining cellular and physiological homeostasis, a 

connection between mTOR and primary cilia signaling is starting to emerge in a variety of 

diseases. In this review, we highlight recent advances in our understanding of the complex 

crosstalk between the mTOR pathway and cilia and discuss its function in the context of related 

diseases.

1. Introduction

A major advance toward the discovery of mammalian Target of Rapamycin (mTOR) dates 

to 1964, when a Canadian expedition identified novel antimicrobial agents in the soil of the 

South Pacific Island of Rapa Nui. Streptomyces hygroscopicus produced a compound with 

remarkable immunosuppressive and antitumor properties (Eng, Sehgal, & Vézina, 1984; 

Martel, Klicius, & Galet, 1977; Vézina & Kudelski, 1975). The isolated compound was 

named sirolimus, but it is also known as rapamycin after its original site of discovery. 

The compound is now produced by fermentation of these bacteria and is indicated for the 

prophylaxis of organ rejection in renal transplantation and the treatment of patients with 

lymphangioleiomyomatosis.

The mechanisms by which rapamycin regulates immunosuppressive and antitumor 

properties remained elusive until 1992, when an initial study suggested that rapamycin could 
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interact with a specific peptidyl-prolyl-isomerase named FKBP12, involved in regulating 

cell growth and proliferation (Chung, Kuo, Crabtree, & Blenis, 1992). In 1994, there was 

biochemical confirmation that the rapamycin-FKBP12 complex directly targets mTOR in 

mammals to inhibit the mTOR signaling pathway (Brown et al., 1994; Sabatini, Erdjument-

Bromage, Lui, Tempst, & Snyder, 1994; Sabers et al., 1995). Since then, multiple studies 

have investigated this complex, and it has become apparent that the mTOR protein resides 

at the center of a vast network of key eukaryotic signaling pathways. These pathways 

regulate distinct functions, including cell growth and adaptation to environmental conditions, 

and play a fundamental role in cell organization and homeostasis. The importance of the 

TOR pathway is highlighted by its conservation among all eukaryotes, explaining the 

large success of TOR studies in Saccharomyces cerevisiae (Loewith & Hall, 2011). More 

recently, rapamycin and other mTOR inhibitors are being investigated for their potential 

to treat a wide variety of human diseases including cancer, diabetes, immune diseases, 

neurodegenerative diseases, and aging.

Although some of the key functions of mTOR have been elucidated recently, the range of 

processes in which mTOR is involved is very complex, and many questions about its exact 

mechanism in these processes remain unanswered.

2. Structure of mTOR

mTOR belongs to the PI3K-related kinase (PIKK) family. Specifically, it is a serine/

threonine protein kinase which acts as the core component of two distinct complexes. 

These two complexes, conveniently named Complex 1 (mTORC1) and 2 (mTORC2), can 

be dynamically catalyzed by mTOR, depending on the cellular circumstances. Although the 

structure of both complexes is very similar, they are associated with their own sets of unique 

proteins, explaining their differentiated roles and relative sensitivity to rapamycin.

Both complexes contain mTOR and mLST8 (mammalian lethal with Sec13 protein 8, also 

known as GβL) (Hara et al., 2002; Kim et al., 2002; Kim et al., 2003) and the endogenous 

regulatory subunit DEPTOR (DEP domain containing mTOR interacting protein) (Peterson 

et al., 2009). However, mTORC1 has a unique Raptor (regulatory protein associated with 

mTOR) protein, specifically promoting substrate binding to mTORC1. The recruitment 

occurs through the TOR signaling (TOS) motif, which is a conserved domain on several 

canonical mTORC1 substrates (Nojima et al., 2003; Schalm, Fingar, Sabatini, & Blenis, 

2003) and is crucial for the subcellular localization of mTORC1. In addition, the inhibitory 

effect of inhibitory subunit PRAS40 (proline rich AKT substrate of 40 kDa) may occur by 

direct competition with 4E-BP1 and S6K1 for raptor binding (Pearce et al., 2007; Schalm et 

al., 2003). mTORC2 does not have Raptor and is instead characterized by a different set of 

proteins, such as Rictor (Rapamycin insensitive companion of mTOR), regulatory subunits 

Protor1/2 (Pearce et al., 2007; Thedieck et al., 2007), and mSin1 (Frias et al., 2006; Yang, 

Inoki, Ikenoue, & Guan, 2006).

The mLST8 subunit is involved in growth and survival in response to a wide variety of 

nutrient, energy, and hormonal signals. While mLST8 is present in both mTORC1 and 

mTORC2, it is not entirely clear how its role is differentiated in the two complexes. Initial 
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studies suggested that mLST8 does not play a significant role in mTORC1 function (Guertin 

et al., 2006), but more recent studies demonstrated its direct connection with the catalytic 

domain of mTORC1, highlighting a possible role in the kinase activation loop (Yang et al., 

2006).

Cryo-EM structural studies of mammalian and yeast TORC1 revealed a primary diamond-

shaped dimer with mTOR HEAT repeats and Raptor/mTOR as contact dimerization 

interfaces (Aylett et al., 2016; Baretić, Berndt, Ohashi, Johnson, & Williams, 2016). The 

rapamycin–FKBP12 complex directly inhibits mTORC1 by generating steric hindrance 

for substrate entry into the catalytic site of mTORC1. mTOR kinase domain bound to 

mLST8 showed that the rapamycin–FKBP12 complex binds to the FRB domain, rather than 

disrupting mTORC1 integrity as previously proposed (Yang et al., 2016). In comparison, 

the rapamycin insensitivity of mTORC2 is due to the masking of FKBP–rapamycin binding 

domain by the C-terminal domain of RICTOR (Fig. 1).

3. Nutrient sensing mTOR signaling pathways

3.1 Intricate upstream and downstream signaling dynamics of mTORC1 in cell growth 
and metabolism

In mammals during homeostasis, feeding promotes growth and energy storage in liver and 

muscle tissue. Growth signaling is directly initiated by diet and inhibited by fasting to 

conserve resources; mTOR is a central regulator of these processes. Upstream, mTORC1 

is activated by a combination of pro-growth endocrine signals as well as molecular 

pathways that signal the presence of sufficient energy and chemical building blocks for 

macromolecular synthesis. Early studies of the mechanism showed that growth factor- and 

mitogen-dependent signaling pathways, such as those involving insulin/insulin-like growth 

factor-1 (IGF-1), can inhibit the Tuberous Sclerosis Complex (TSC) complex, which in 

turn negatively regulates mTORC1 signaling by binding to mTORC1 (Dibble et al., 2012; 

Long, Lin, Ortiz-Vega, Yonezawa, & Avruch, 2005; Sancak et al., 2007). Other upstream 

signals that depend on mTORC1 inhibition and converge on TSC1 include the inflammatory 

cytokines TNFα and Wnt. In addition to growth factors, mTORC1 is also sensitive to 

specific signaling pathways that serve as alarms to environmental stresses which are 

incompatible with cell growth, including hypoxia, low ATP levels, and others causing DNA 

damage. One example of these alarms is the metabolic regulator AMPK, which inhibits 

mTORC1 by phosphorylating TSC2 and Raptor on mTORC1 itself in response to glucose 

deprivation (Gwinn et al., 2008; Inoki, Li, Xu, & Guan, 2003) or hypoxia (Brugarolas et al., 

2004). Moreover, the well-known DNA-damage cell cycle regulator p53 is also involved in 

AMPK and TSC regulation and has tight control over mTORC1 function (Feng et al., 2007).

Interestingly, the discovery that heterodimeric Rag GTPases are also involved in these 

pathways showed that the activation of mTORC1 is coupled to diet-induced alterations 

in serum amino acid concentrations (Kim, Goraksha-Hicks, Li, Neufeld, & Guan, 2008; 

Sancak et al., 1979). Rag GPTases are bound to the lysosomal membrane, and the 

activation and conformational change by amino acid stimulation allow them to recruit 

mTORC1 to the lysosomal surface through binding to Raptor. Distinct mechanisms seem 

to be involved in the ability of mTORC1 to sense intra-lysosomal and cytosolic amino 
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acids. One such mechanism is a possible direct effect of intralysosomal v-ATPases and 

the formation of a Rag-Ragulator-v-ATPase complex, which is necessary for arginine to 

activate mTORC1 (Jung, Genau, & Behrends, 2015; Rebsamen et al., 2015; Wang et al., 

2015a). On the cytosolic side, the arginine signal to mTORC1 is in turn regulated by 

GATOR1 and GATOR2 complexes (Bar-Peled et al., 2013). Specifically, GATOR2 acts 

as a positive mTORC1 regulator, which interacts at the lysosomal membrane with the 

actual inhibitor of mTORC1, GATOR1 (Bar-Peled et al., 2013). GATOR2 also influences 

mTORC1 activation by directly binding the recently identified Cellular Arginine Sensor 

for mTORC1 (CASTOR1), supporting the picture of GATOR2 as a key player in the 

amino acid-dependent regulation of mTORC1 (Chantranupong et al., 2016). However, other 

mechanisms independent of Rag GTPases could play an equal role in these mechanisms, as 

shown by studies of the amino acid glutamine (Jewell et al., 1979).

mTOR plays a crucial role in regulating a wide variety of downstream signaling pathways. 

Specific signaling networks activated by mTOR depend on the downstream activation 

of either the mTORC1 or mTORC2 subunits. The mTORC1 pathway is involved in all 

these processes directly linked to cell growth and division. By regulating the suppression 

of catabolic pathways (autophagy) and the production of the various lipids, proteins, 

and nucleotides necessary for cell division, mTORC1 acts as a master switch between 

anabolism and catabolism in response to environmental conditions. The synthesis of proteins 

is regulated by the phosphorylation of the key effectors, eIF4E Binding Protein (4EBP) 

and p70S6 Kinase 1 (S6K1). Both of these kinases can activate or inhibit substrates that 

promote mRNA translation initiation (Gingras et al., 1999; Holz, Ballif, Gygi, & Blenis, 

2021), and subsequent studies of acute mTOR inhibition revealed that only mRNAs involved 

in protein synthesis are primarily affected (Hsieh et al., 2012), supporting a role for 

mTOR in cell growth. However, the growth of cells also requires lipid synthesis, which 

mTORC1 facilitates through a transcription factor, the sterol-responsive element binding 

protein (SREBP), that regulates the expression of metabolic genes involved in fatty acid and 

cholesterol biosynthesis (Porstmann et al., 2008). Interestingly, mTORC1 also increases the 

translation of the master regulator of cellular and systemic homeostatic response to hypoxia 

(HIF-1) (Düvel et al., 2010), emphasizing its influence on pathways related to cell survival 

and angiogenesis.

A vital role of mTORC1 is also the regulation of catabolic mechanisms such as autophagy. 

Depletion of oxygen or nutrients, or other stress mechanism leads to the formation of the 

autophagosome via different kinases, such as the ULK1 kinase. mTORC1 can phosphorylate 

ULK1, preventing its activation through the AMP-activated protein kinase (AMPK) (Kim, 

Kundu, Viollet, & Guan, 2011). Another important component of catabolic processes is the 

transcription factor TFEB, which is involved not only in regulating genes for lysosomal 

biogenesis but also in the autophagy machinery (Martina, Chen, Gucek, & Puertollano, 

2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012).

3.2 Regulation and signaling pathways of mTORC2 in proliferation and survival

mTORC2 participates in pathways that are primarily related to proliferation and survival. 

Insulin/PI3K signaling is one of the main upstream effectors of mTORC2. The mSin1 
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subunit, which is specific to mTORC2, has a phosphoinositide-binding PH domain that 

plays a crucial role in regulating insulin-dependent control of mTORC2. Briefly, in the 

absence of insulin, the PH domain inhibits the catalytic activity of insulin; this inhibition 

can be reversed by PI3K-generated phosphatidylinositol (3,4,5)-trisphosphate, (PIP3) at the 

plasma membrane (Liu et al., 2015). mTORC2 activity is also regulated by mTORC1 (Hsu 

et al., 1979; Yu et al., 1979) through a negative feedback loop between mTORC1 and 

insulin/PI3K signaling. This interaction between mTORC1 and mTORC2 complicates the 

pharmacological targeting of mTOR in disease.

The actin cytoskeleton regulator PKCα was one of the first kinases shown to be 

phosphorylated by mTORC2 (Jacinto et al., 2004; Sarbassov, Guertin, Ali, & Sabatini, 

1979). Other PKC family members functioning as substrates for mTORC2 were 

subsequently shown to be involved in various aspects of cell migration and cytoskeletal 

organization. Direct phosphorylation of protein kinase Cζ (PKCζ) by the mTORC2 

complex, for example, changes the kinase activity and stability of PKCζ and consequently 

its ability to influence actin cytoskeleton organization (Li & Gao, 2014) Phosphorylation 

of AKT, a key effector of insulin/PI3K signaling, is another critical action of mTORC2 

(Sarbassov et al., 1979). The activation of ATK promotes proliferation and inhibits survival 

through several key substrates, including the aforementioned mTORC1 inhibitor TSC2 and 

the metabolic regulator GSK3β (Guertin et al., 2006; Jacinto et al., 2006).

3.3 Physiological roles of mTOR

Studies in mice have shown that mTORC1 plays a vital role in the response of the liver to 

diet. Under normal conditions, the liver activates alternative energy sources, such as ketones, 

when blood glucose levels drop to a critical level. Mice with TSC1 deletion in the kidney are 

unable to engage ketone metabolism during fasting, causing ectopic activation of mTORC1, 

which in turn inhibits the induction of autophagy (Efeyan et al., 2013; Sengupta, Peterson, 

Laplante, Oh, & Sabatini, 2010).

mTORC1 has also been shown to influence glucose homeostasis through the regulation 

of β-cell function and the subsequent effect on insulin production. Studies showing that 

mTORC1 hyperactivation results in insulin resistance initially raised hopes that mTORC1 

inhibitors such as rapamycin might offer a novel treatment for type 2 diabetes. However, 

long-term rapamycin-dependent pharmacological inhibition of mTORC1 paradoxically 

also impairs glucose homeostasis and increases insulin resistance, possibly because 

chronic administration of Rapamycin can inhibit mTORC2 in some cell lines or tissues 

(Cunningham et al., 2007; Lamming et al., 2012).

Investigations on the biological properties of Rapamycin also revealed a role of mTORC1 

in regulating immune function, especially by promoting the switch towards anabolic 

metabolism, which is a prerequisite for T-cell activation and expansion (Powell, Pollizzi, 

Heikamp, & Horton, 2012). Interestingly, the induction of T-cells is one of the mechanisms 

employed by cancers in immune evasion, underlining the potential of mTOR in cancer 

therapy. Consistent with involvement of the mTOR pathway in so many crucial pathways, 

mTORC1 is a downstream effector or a regulatory target for a wide variety of mutated 

oncogenic pathways, including the Ras/Raf/Mek/Erk (MAPK) and PI3K/AKT pathways, 
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and known tumor suppressors such as TP53. Signaling related to mTORC2 has also 

been associated with tumor progression, especially due to its involvement in regulating 

pro-proliferative processes such as glycolysis and glucose uptake, which increase cell 

proliferation when upregulated in cancer (Guertin et al., 2009; Hietakangas & Cohen, 2008). 

Alterations of mTOR signaling in cancer extend to mutations in mTOR itself, which are 

found in various cancer subtypes. Although rapalogs, mTOR inhibitors approved for cancer 

treatment, showed initial promise, they have produced only moderate clinical responses 

overall. Rapalogs were effective in some cases that harbored mutations directly affecting 

the mTOR pathway. Their efficacy slowly declined, however, as additional mutations led 

to resistance and evasion via alternative pathways, and adverse effects, such as autophagy 

induced by the mTORC1 inhibition, promoted tumor progression (Iyer et al., 2012; Wagle et 

al., 2014a, 2014b).

4. Primary cilia overview

Primary cilia are conserved antenna-like sensors found in virtually all mammalian cell types. 

Although the presence of primary cilia has been known for more than one hundred years, 

these protrusions were dismissed as vestigial organelles for many decades. More recently, 

however, these antennas have attracted significant attention due to their involvement in 

key cellular homeostatic and developmental processes and their role in ciliopathies and 

cancer. They provide a unique microdomain characterized by an independent membrane 

distribution of receptors and signaling molecules. This location extends receptors far into 

the extracellular space, where they are exposed to widely diverse signals, including for 

chemical, mechanical, and static forces.

Primary cilia studies show that ciliogenesis is tightly linked with the cell cycle. Generally, 

primary cilia assemble when cells have exited the cell cycle, stopped proliferating, and 

entered a quiescent stage of differentiation and specialization while remaining ready to 

proliferate if necessary (Nachury, Seeley, & Jin, 2010). Quiescence requires significant 

metabolic changes from when the cell is actively participating in the cell cycle. The 

metabolic changes required for this switch are related to mTOR, especially the mTORC1 

pathway.

mTORC1 activity is reduced in quiescent cells, and maintenance of a quiescent state directly 

depends on low activity of the protein complex. Investigation of mechanisms contributing 

to the downregulation of mTORC1 in quiescent cells is an established field (Leontieva, 

Demidenko, & Blagosklonny, 2014; Valcourt et al., 2012). Some studies suggest that 

primary cilia play an active role in restricting mTORC1 signaling activity (Singla & Reiter, 

2006). The unique ability of primary cilia to sense extracellular signals and convert them 

into signaling by intracellular pathways, makes them appropriate sensors for signals that 

regulate mTOR activity. The link between primary cilia and mTOR activity is supported 

by reports that alterations in mTORC1 activity directly affect primary cilia formation and 

stability, and that, conversely, defects in primary cilia produce abnormal mTORC1 activation 

(Singla & Reiter, 2006). To understand how mTOR is involved in processes affecting cilia, 

we must first understand how these organelles are assembled and disassembled and which 

pathways regulate these processes.
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As a result of cell division, each cell inherits two centrosomes, which are surrounded by 

pericentriolar material. Basal bodies develop from the centrosomes, move to the cell surface, 

and dock beneath the plasma membrane, where they serve as a nucleating hub for proteins 

involved in ciliogenesis (Prosser & Pelletier, 2020). Nine microtubule doublets emanate 

from the basal body, which functions as a microtubule organization center, causing the 

axoneme to elongate and establish the skeleton of the cilium (Sánchez & Dynlacht, 2016). 

As it elongates, the axoneme is simultaneously encased in a lipid bilayer which extends from 

the plasma membrane and creates a ciliary compartment. This area is completely separated 

from the cytoplasm and only connected by a specific boundary or transition zone, which 

regulates the influx and outflux from the ciliary shaft (Satir, Pedersen, & Christensen, 2010; 

Valente, Rosti, Gibbs, & Gleeson, 2014).

Assembly and disassembly of the primary cilium are subsequently regulated by a specific 

set of proteins that travel bi-directionally along the axoneme and are called intraflagellar 

transport (IFT) proteins. There are about 20 of these specialized transport proteins, 

subdivided into two sub-complexes A (IFT-A) and B (IFT-B), which can move ciliary 

building blocks - proteins and tubulins - across the transition zone (Lechtreck, 2015).

Membrane proteins use this intraflagellar transport system to transit into the ciliary 

compartment (Hsiao, Tuz, & Ferland, 2012; Lechtreck, 2015), but it is not clear if soluble 

proteins such as those involved in signal transduction are transported via the same system. 

Some evidence suggests that these proteins move in conjunction with membrane proteins 

(Garcia-Gonzalo & Reiter, 2012), but the possibility of simple diffusion through the 

transition zone has also been suggested (Breslow, Koslover, Seydel, Spakowitz, & Nachury, 

2013; Kee et al., 2012). The numerous signaling proteins associated with the ciliary shaft 

have been studied extensively. The most widely known to play a critical role in primary 

cilia function are the Sonic Hedgehog (Shh), Wnt, and Notch and its receptors. Other 

important ciliary signaling proteins include various G-protein-coupled receptors (GPCR), 

platelet-derived growth factor (PDGF), and the mTORC1 pathway (Basten & Giles, 2013; 

Christensen, Clement, Satir, & Pedersen, 2012) (Fig. 2).

5. Crosstalk between mTOR and Cilia

5.1 mTORC1 regulation by flow stress

Clear evidence of a link between primary cilia function and mTOR was provided through 

kidney epithelial cell studies, which showed that a deficiency in primary cilia function 

or structure was generally associated with noticeable alterations in cell size. Cells with 

defective cilia were abnormally enlarged, and this increase in size appeared to be mediated 

by mTORC1-dependent signaling (Boehlke et al., 2010). Kidney epithelial cells express 

primary cilia that extend into the lumen of the renal tubule and collecting duct and detect 

extracellular fluid flowing through the kidney filtering system. Under normal conditions, 

the cilia-dependent fluid sensation which is activated by cilia bending initiates downstream 

signaling pathways that restrict mTORC1 activity. In this setting, primary cilia can be 

regarded as a brake for mTOR signaling; as long as normal fluid flow is detected, cells 

remain differentiated, resulting in cell and tissue homeostasis. However, when the ability 

of the primary cilia to transduce these signals is impaired by defects in ciliary proteins or 
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cilia formation, then the cell becomes unresponsive to flow stress and mTORC1 activity 

significantly increases. This may serve as an adaptive response to enable possible repair 

mechanisms. Detailed studies have revealed that the regulation of mTORC1 through the 

primary cilium requires the function of the Serine/threonine kinase 11 (STK11), here 

referred to as liver kinase B1 (LKB1). Although LKB1 actively shuttles between the nucleus 

and cytoplasm and has been shown to accumulate at the cell-cell junctions (Sebbagh, 

Santoni, Hall, Borg, & Schwartz, 2009), it has also been shown to concentrate in both 

primary cilia and the basal bodies (Maurin et al., 2015). Since ciliary levels of LKB1 

are negligible in the absence of flow stress and only increased flow stress leads to 

LKB1 accumulation within the cilium, the association of LKB1 and primary cilia was 

not recognized immediately. When cells detect flow through the cilium, the accumulation 

of LKB1 activates one of the master regulators of cell metabolism, the 5′ AMP-activated 

protein kinase or AMPK (Boehlke et al., 2010). This enzyme plays a role in cellular 

energy homeostasis and through phosphorylation of TSC2 can keep mTORC1 signaling 

inhibited and unable to propagate (Zhong et al., 2016). One protein involved in flow induced 

accumulation of LKB1 within primary cilia is Folliculin (FLCN), a tumor suppressor with 

structural similarities to regulators of small GTPases (Nookala et al., 2012; Shen et al., 

2019; Tsun et al., 2013) that also resides within the primary cilium (Luijten et al., 2013; 

Zhong et al., 2016). Tumors with mutations in FLCN demonstrate mTORC1 hyperactivity 

which is suggested to be one of the main drivers of disease pathogenesis (Baba et al., 2008; 

Hasumi et al., 2009). Although it is not entirely clear how FLCN controls the presence of 

LKB1 in cilia, mutations affecting its activity or causing its loss prevent the accumulation 

of LKB1 in the ciliary compartment, ultimately resulting in an inactive AMPK state and 

making mTORC1 unresponsive under flow conditions (Zhong et al., 2016).

5.2 mTORC1 and polycystin-1

Another link between primary cilia and mTOR was revealed by studies of one of the 

best-known ciliopathies. Autosomal dominant polycystic kidney disease (ADPKD) is among 

the most common, life-threatening inherited human kidney diseases and is characterized 

by the formation of small fluid-filled cysts in both kidneys. Cysts form and expand at 

the expense of normal renal tissue, which causes a progressive loss of renal function and 

ultimately kidney failure. Many studies have recognized that the mTORC1 pathway plays 

an important role in driving disease progression: mTORC1 levels are abnormal in renal 

cyst tissues from multiple sources, including animal models of PKD and patients with 

ADPKD (Shillingford et al., 2006; Weimbs, 2006). There are also numerous reports that 

administration of mTORC1 inhibitors mitigates disease progression and markedly reduces 

cyst formation and kidney size (Perico et al., 2010; Shillingford et al., 2006; Walz et al., 

2010). Although the genes responsible for ADPKD were identified decades ago and the 

disease has been extensively studied, the precise mechanisms of pathogenesis have been 

elusive and treatment options consequently remain unsatisfactory. The genes responsible 

for the disease are PKD1 and PKD2, which encode two proteins, polycystin-1 (PC-1) and 

polycystin-2 (PC-2) (Streets, Prosseda, & Ong, 2020). PC1 is a large surface membrane 

receptor of 4302 amino acids, which partially explains the difficulty in studying its function 

biochemically (Harris, Germino, Klinger, Landes, & van Adelsberg, 1995; Wilson, 2001).

Prosseda et al. Page 8

Curr Top Dev Biol. Author manuscript; available in PMC 2024 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The relatively large N-terminal extracellular domain is suggested to have sensor-like 

properties, tuned to respond to extracellular stimuli such as force by flow or mechanical 

bending (Forman, Qamar, Paci, Sandford, & Clarke, 2005). These signals are then 

transmitted via the C-terminal cytoplasmic tail of the protein and transduced by its 

interactions with diverse proteins. In addition to the nonselective cation channel PC-2 (also 

known as TRPP2) (Qian et al., 1997; Tsiokas, Kim, Arnould, Sukhatme, & Walz, 1997), the 

most important C-terminal interacting proteins include members of the β-catenin family (Lal 

et al., 2008) and TSC2, which is known for its ability to block mTOR target phosphorylation 

(Dere, Wilson, Sandford, & Walker, 2010).

PC-1 is mainly found in primary cilia and cell adhesion structures. The localization in 

primary cilia is essential for normal kidney epithelial cell function, as mutations affecting 

this positioning worsen disease progression (Cai et al., 2014). The localization of PC2 to 

cilia is also important for PC1-PC2 complex function within the primary cilium (Geng 

et al., 2006; Yoder, Hou, & Guay-Woodford, 2002), which is required for upholding the 

signaling pathways involved in cell homeostasis and suppression of renal cystogenesis. 

Although both proteins are directly or indirectly associated to some extent with the mTOR 

pathway, one of the most promising targets in mTOR regulation appears to be a PC2/

calcium-dependent pathway. In general, PC2 acts primarily as an ion/calcium channel within 

renal cilia. Mechanical bending due to extracellular flow initiates ciliary calcium influx 

which produces a cascade of events leading to a further rise in cytoplasmic calcium levels 

(Praetorius & Spring, 2001). Because the ability of PC2 to regulate intracellular calcium 

levels appears to be intrinsically dependent on its interaction with PC1, PC1 and PC2 

can be seen as a complex where mechanosensory impulses are conveyed to PC2 via PC1 

(Ibraghimov-Beskrovnaya & Natoli, 2011). Abundant evidence has confirmed that this 

increase in intracellular calcium levels subsequently reduces intracellular cyclic adenosine 

monophosphate (cAMP) (Chabardès, Imbert-Teboul, & Elalouf, 1999; Cooper, Yoshimura, 

Zhang, Chiono, & Mahey, 1994). Although some studies showed that cAMP inhibits 

mTORC1 via the activation of PKA, the actual regulation appears to be more complex; 

cAMP can either inhibit or stimulate the formation of mTOR complexes depending on the 

cell type studied (Distefano et al., 2009; Xie et al., 2011).

PC1 is indirectly involved in abnormally activating mTORC1 through its effect on calcium 

regulation of PC2, but the model is subject to some caveats. For example, there are studies 

that point out that ciliary calcium changes do not seem to affect cytoplasmic calcium levels 

to the degree necessary to induce the required signaling cascade (Delling et al., 2016).

PC1 has been suggested to act in an alternative way in conjunction with the transcription 

factor STAT6 and its coactivator P100, both also found within the primary cilium 

(Low et al., 2006). In renal epithelial cells, the C-terminal cytoplasmic tail of PC-1 

undergoes proteolytic cleavage when no flow bends the primary cilium. The cleaved protein 

translocates into the nucleus in conjunction with STAT6 and P100 and stimulates expression 

of the cytokine receptor Interleukin 13 (IL13), which subsequently produces PI3K- and 

AKT-dependent mTORC1 activation (Olsan et al., 2011).
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Interestingly, the C-terminal region of PC1 directly interacts with TSC2 (Dere et al., 

2010), anchoring it at the plasma membrane where it is found as a complex with TSC1. 

Here it can interact with and inhibit the membrane-bound Ras homolog Rheb, a protein 

involved in the mTOR pathway and cell cycle regulation. Release of TSC2 from the plasma 

membrane is enabled by its phosphorylation through AKT, which consequently inhibits its 

attenuation of the small GTPase. However, convincing evidence that this specific effect and 

the involvement of PC-1 or PC-2 need the primary cilium or mechanosensation to influence 

mTORC1 is lacking, and some of these mechanisms appear to be cilia-independent. 

Suggestive evidence was provided in a recent study showing that flow-dependent mTORC1 

regulation relies on the mechanosensory function of PC-1, but not PC-2, suggesting a 

calcium- but not cilia-independent pathway, and that the ability of PC-1 to transmit a 

mechanical signal to mTORC1 involves LKB1 and its target AMPK (Viau et al., 2018, 

2020).

5.3 Cilia length regulation by mTORC1 pathway

Interestingly, although we discussed the possible role of cilia in regulating mTORC1 

pathways, it is likely that there are multiple feedback mechanisms and that, conversely, 

the mTOR pathway is also able to influence primary cilia function. This notion is supported 

by studies of mouse embryonic fibroblasts (MEFs) showing that an impairment of TSC1 

reduces levels of PC1 in the cilium. This reduction can be restored by treatment with 

Rapamycin, suggesting that mTORC1 is directly involved in controlling the expression of 

PC-1 (Lai & Jiang, 2020).

mTORC1 activity is also linked directly to ciliogenesis, and there is evidence that mTORC1 

regulates changes in both cilium length and overall ciliation frequency: increased mTORC1 

activity has been reported to be associated with an increase in ciliary length (Jin, Liu, 

& Zhong, 2015; Takahashi, Nagai, Chiba, Nakayama, & Mizuno, 2018), and, conversely, 

mTORC1 inhibition via rapamycin has been found to reduce ciliary length (Rosengren, 

Larsen, Pedersen, Christensen, & Møller, 2018), although rapamycin has also been observed 

to increase ciliary length in a dose-dependent manner (Sherpa, Atkinson, Ferreira, & 

Nauli, 2016). The ability of mTORC1 to influence cilium length regulation has been 

suggested to be related to its ability to regulate protein synthesis (Yuan et al., 2012), but 

how this stability may be regulated is unknown. It is, then, evident, that present models 

include discrepancies, possibly because different cells have been studied. Nevertheless, 

although cell-to-cell variations may prevent a unifying view of the pathway’s function, the 

involvement of mTORC1 in controlling protein synthesis in metabolic pathways suggests a 

definite contribution to direct or indirect regulation of primary cilia assembly and stability.

5.4 Regulation of ciliogenesis by mTORC1 pathway

We have seen that ciliogenesis is tightly coupled with the cell cycle. In cell culture, ciliation 

occurs when cells are forced to exit the cell cycle by nutrient or growth factor starvation 

or contact inhibition in fully confluent conditions. These observations affirm that cells are 

constantly sensing their extracellular environment for external growth factor availability, and 

that mTORC1-dependent autophagy plays a key role in this activity. In general, autophagy 

is always active at a low basal level where intracellular components are turning over and 
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recycling, which allows the cell to function under optimal conditions. Nevertheless, as a 

fundamental cell survival mechanism, it is also highly adaptive and ready to respond to 

metabolic stress by becoming significantly more active when growth factor or nutrient 

signaling is diminished (Mizushima, 2007). Studies of Oral-facial-digital syndrome type I 

(OFD1) indicate that autophagy can specifically degrade multiple proteins which inhibit 

the initiation of ciliogenesis. Mutations in the gene for the OFD1 protein cause a disease 

with many of the typical features of ciliopathies (Ferrante et al., 2001). The OFD1 protein 

localizes to centrosomes and aids docking of the basal body to the plasma membrane. It 

also influences the ability of one of the core components of the IFT retrograde complex 

B, IFT88, to maintain the bidirectional motility of ciliary proteins along the axonemes 

(Singla, Romaguera-Ros, Garcia-Verdugo, & Reiter, 2010). Induction of autophagy via 

starvation produces a concomitant decrease of OFD1, which allows it to bind to BBS4, 

a member of the BBSome that plays a central role in primary cilia homeostasis and is 

involved in trafficking cargos to the primary cilium. Conversely, blocking autophagy leads 

to the accumulation of OFD1, preventing recruitment and function of BBS4 and leading to 

impaired cilia formation (Tang et al., 2013).

Under normal conditions, low-level basal autophagy seems to balance ciliogenesis, primarily 

by selective degradation of cilia and the Golgi complex resident IFT B protein IFT20, which 

prevents transport of building blocks from the Golgi apparatus to the ciliary shaft (Follit, Xu, 

Keady, & Pazour, 2009; Pampliega et al., 2013).

5.5 Primary cilia in autophagy and cancer

Since primary cilia present as antennas, they are placed advantageously to detect 

extracellular cues, including those which influence metabolic pathways. Consistent with 

this surveillance function, cells with defective primary cilia have significant alterations in 

autophagy activity. Many of the proteins involved in autophagy, such as Vps15, AMBRA-1, 

GABARAP, LC3, and several Atg protein members, are associated with either the primary 

cilium or basal bodies (Pampliega et al., 2013), suggesting that the primary cilium is an 

important hub, where multiple components of the autophagy machinery are connected. 

Removal of this hub by disrupted ciliogenesis, therefore, significantly impairs the ability to 

form autophagosomes upon serum deprivation (Pampliega et al., 2013).

Interestingly, increasing cilia-associated Sonic Hedgehog (Shh) signaling, but not inhibiting 

mTORC1 with Rapamycin, rescues autophagy under starvation condition (Pampliega et al., 

2013), suggesting involvement of the Shh pathway in regulating autophagy. The report that 

Shh signaling is also associated with an increased expression of autophagy-related genes is 

consistent with this suggestion (Petralia et al., 2013).

Additional evidence that primary cilia represent a critical hub for signaling molecules that 

regulate autophagy includes studies of mechanotransduction showing that flow induces a 

reduction of cell size and increased autophagy in kidney epithelial cells, which is mediated 

by the LKB1–AMPK signaling axis (Orhon et al., 2016). Also supporting the notion is 

the finding in mouse embryonic fibroblasts that removing Retinitis pigmentosa GTPase 

regulator-interacting protein-1-like (RPGRIP1L) from its normal localization site at the 
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ciliary transition zone significantly reduces autophagy by activating mTORC1 activation 

(Struchtrup, Wiegering, Stork, Rüther, & Gerhardt, 2018).

Available evidence also supports the idea that primary cilia play an essential role 

in mechanical stress mediated ERK/mTOR signaling and autophagy expression in 

chondrocytes (Xiang et al., 2019). Chondrocytes, a specialized cell type responsible for 

cartilage formation that produces the cartilage matrix and maintains the extracellular matrix 

(ECM), are very sensitive to mechanical stress. Recent studies reveal an interaction between 

primary cilia and autophagy that is involved in regulating mechanical stress-mediated 

cartilage development via the ERK/mTOR axis (Xiang et al., 2019). These studies found 

that application of cyclic tensile strain can influence primary cilia elongation and autophagy 

in an intensity-dependent manner.

Because mTOR signaling is often upregulated and contributes to increased cell growth and 

proliferation in cancer, mTOR inhibitors have been explored as potential targets for treating 

various forms of cancer. Clinical studies showed the effectiveness of mTOR inhibitors 

in treating certain types of cancers, such as renal cell carcinoma and certain forms of 

breast cancer. However, in other cases of malignancy, these inhibitors have proved to be 

only partially effective as a component of combination therapy. The complexity of tumor 

signaling, the potential that alternative signaling pathways will be activated in response to 

inhibition, and the relatively frequent side effects demonstrated in clinical trials (Zou, Tao, 

Li, & Zhu, 2020), show that a general mTOR inhibition of multiple diverse cell types is not 

a feasible treatment strategy, and that a more targeted approach is required. Primary cilia are 

associated with the cell cycle and disrupted primary cilia function has been implicated in 

the development of cancer (Streets et al., 2020), but the relationship between cilia and the 

mTOR pathway, which is also dysregulated in a variety of cancer types, is not clear (Zou et 

al., 2020).

Autophagy and ciliogenesis play crucial roles in maintaining the intracellular energy 

balance, and during conditions of serum deprivation, they occur simultaneously within the 

cell. This observation leads to the hypothesis that these processes are correlated and that they 

act synergistically to maintain the energy balance within the cell. Reports that primary cilia 

have a positive effect on autophagy regulation suggest that cells lacking primary cilia will 

exhibit reduced autophagic activity (Shim & Dixon, 2023; Wang, Deng, Chong, & Wang, 

2018). This suggestion is supported by studies showing that renal cell carcinoma (RCC) 

cells with decreased ciliation frequency also demonstrate suppressed autophagy (Pampliega 

et al., 2013; Wang, Livingston, Su, & Dong, 2015b). However, autophagy in cilia-deficient 

cancer models presents a complex picture: cells differ in autophagic activity, and autophagy 

has both tumor-suppressing and tumor-promoting effects depending on the type of cancer 

cell examined and the stage of the disease when they are derived (Ko, Lee, & Park, 2019; 

White, 2015).

Research on pancreatic ductal adenocarcinoma (PDAC) cell lines revealed increased 

autophagic activity despite the absence of primary cilia, suggesting a cilia-independent 

mechanism for autophagy regulation in this case. Inhibiting autophagy in PDAC cell lines 

reduced growth and tumorigenesis, indicating potential anti-cancer effects (Yang et al., 
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2011). Similar findings were also observed in thyroid cancer cells (Lee et al., 2016). 

These observations point to the difficulty in elucidating a clear pathway accounting for 

the bidirectional interaction between primary cilia and autophagy.

Crosstalk between Hedgehog (Hh) and mTOR signaling has also been observed in several 

different types of tumor cells (Buonamici et al., 2010; Hao, Tian, Qin, Xie, & Yang, 2013; 

Kaylani et al., 2013; Yoo et al., 2011). Because primary cilia have an essential role in Hh 

signaling in mammals, the connection to mTOR suggests strongly that these cells have an 

additional connection to cilia. In cells that lack the TSC1 gene, this crosstalk seems to 

be mediated via the transforming growth factor beta (TGF-β) pathway (Larsen & Møller, 

2020). However, a mutually positive relationship between Hh and mTORC1 signaling has 

also been suggested, in which increased activity in one pathway leads to increased activity in 

the other. Moreover, the mTORC1 complex and the PI3K/AKT/mTOR pathway can increase 

Hh signaling through GLI1/2/3 transcription factors which in turn activate mTORC1 by 

reducing negative regulators of mTOR through upregulation of NKX2.2. That GSK3 and 

AMPK, which are members of both pathways, can inhibit Hh signaling by phosphorylating 

GLI1 and inhibit mTORC1 activity by activating phosphorylation of TSC2 (Larsen & 

Møller, 2020) highlights the intricacy of this crosstalk and the likelihood that there are also 

complex interrelationships among additional pathways remaining to be elucidated.

6. Role of mTOR and cilia signaling in kidney disease

The widespread expression of mTORC1 and mTORC2 in the kidney makes it challenging to 

determine their roles in renal physiology. However, pharmacological inhibition and targeted 

genetic deletion have allowed researchers to analyze mTOR function in rodents and humans. 

While most of the current understanding of mTOR function relates to the podocyte or 

tubular epithelial cells, recent research suggests that renal endothelial and immune cells 

also play significant roles in regulating renal homeostasis and metabolism (Basso, Andrade-

Oliveira, & Câmara, 2021). The current dogma associates dysregulation of mTOR signaling 

in the kidney with disruption of the normal functioning of renal cells and subsequently to the 

development of kidney diseases such as AKI, kidney fibrosis, glomerular disease, PKD, and 

renal cancer.

The most common type of kidney disease is chronic kidney disease (CKD), which affects 

more than 10% of the worldwide population (Kovesdy, 2022). The disease is characterized 

by excessive deposition of extracellular matrix in the interstitial space of the kidney and 

fibrosis. All resident renal cells, including fibroblasts, tubular epithelial cells, pericytes, 

and endothelial cells, contribute to these conditions. Interestingly, Rapamycin mitigates 

interstitial inflammation and fibrosis in various types of kidney disease, including ischemia-

reperfusion injury (IRI), transplantation, and glomerulopathy (Bonegio et al., 2005; Wu et 

al., 2006). Other forms of CKD include Autosomal dominant polycystic kidney disease 

(ADPKD), which is caused by genetic mutations in either PKD1 or PKD2 and is one of 

the most prevalent human monogenic diseases. In ADPKD, mTOR signaling plays a critical 

role in cyst formation and enlargement. The cytoplasmic tail of PC1 interacts with tuberin 

to create a complex that acts as an endogenous inhibitor of Rheb, a constitutive activator 

of mTORC1. Mutations in PC1 also result in inappropriate activation of mTORC1 and 
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increased cyst formation in both animal models and patients (Shillingford et al., 2006). PC1 

control of mTORC1 activation relies on ERK-mediated TSC2 phosphorylation. When PC1 

is absent, mTORC1 signaling is activated by ERK phosphorylation of tuberin at Ser664 

(Distefano et al., 2009; Shillingford et al., 2006).

In mouse models of ADPKD, metformin reduces cyst growth by stimulating AMPK and 

inhibiting mTORC1 (Takiar et al., 2011). Direct phosphorylation by S6K1 of Afadin, a 

component of cell adhesion systems, has also recently been reported to alter cell division 

orientation and increase kidney cyst formation in TSC1-mutant mice (Bonucci et al., 

2020). Rapamycin (Sirolimus) reduces cell proliferation in tubules with and without cysts, 

retards progression of cystogenesis, and protects kidney function in rats with ADPKD 

(Holditch et al., 2019; Li et al., 2017). Moreover, high doses of mTOR inhibitor can 

decrease progression of cystogenesis, halt cyst growth, and increase parenchymal volume in 

patients with ADPKD. These effects were also observed in other studies where Rapamycin 

treatment significantly reduced polycystic kidney size in transplant recipients with ADPKD 

(Shillingford et al., 2006). However, clinical trials for mTOR inhibitors in ADPKD have 

yielded mixed results: some showed no significant decrease in total kidney volume or 

progression of renal impairment compared to placebo groups (Braun, Schold, Stephany, 

Spirko, & Herts, 2014; Walz et al., 2010). These results suggest that despite promising 

results, the timing and dosage of mTOR inhibitors that will provide the most effect treatment 

for patients with ADPKD remain to be determined.

Beside cyst formation, scarring and fibrosis are major characteristics of kidney damage, 

and here the mTOR pathway is involved. Activation of mTOR signaling leads to kidney 

fibrosis through various routes. One route is via glomerular mesangial cells, where TGFβ1 

induces mesangial cell hypertrophy and matrix expansion through the PI3K-AKT-mTORC1 

axis (Dey, Ghosh-Choudhury, Kasinath, & Choudhury, 2012). In tubular epithelial cells, 

Rapamycin prevents the mTOR-promoted epithelial-to-mesenchymal transition. Studies in 

kidney fibroblasts have also shown that inhibition of mTOR with Rapamycin prevents 

TGFβ1-induced fibroblast activation, which has been used to stimulate mTORC signaling 

in a dose- and time-dependent manner (Lee et al., 2011; Li et al., 2015). In addition, the 

progression of fibrosis in cases of severe kidney injury has been associated with increased 

formation of the TOR-autophagy spatial coupling compartment along with secretion of 

profibrotic factors in tubular cells (Canaud et al., 2019); both processes act to downregulate 

mTORC1 activation (Narita et al., 1979).

mTOR also plays a role in acute kidney injury (AKI), which represents a major public health 

concern because of its high morbidity and mortality. A large body of evidence suggests that 

mTOR signaling contributes to maintaining renal tubular homeostasis and thus preventing 

tubular cell death following acute injury (Grahammer et al., 2014). This evidence includes 

investigations of the activation of the mTOR signaling pathway in tubular cells that show 

protection against AKI. Activating both mTORC1 and mTORC2 in kidney fibroblasts, for 

example, protects against tubular cell death and AKI (Gui et al., 2019). Consistent with these 

findings, in vivo studies in mice show that inhibition of mTORC1 not only prevents tubular 

cell regeneration and delays renal function recovery following AKI, but also enhances the 

immunosuppressive activity of regulatory T cells and myeloid-derived suppressor cells in 
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ischemic kidneys (Zhang et al., 2017). However, other studies in rat have pointed out that 

Rapamycin administration significantly reduces ischemia-reperfusion injury (IRI), decreases 

inflammatory mediators in situ, and improves graft function after kidney transplantation 

(Cicora et al., 2012). Interestingly, a recent report of an association between shortening of 

primary cilia and enhanced sensitivity of epithelial cells to injury cues (Wang & Dong, 

2013) also suggests a possible link to the mTOR pathway and the need for more studies of 

these interrelationships.

Podocytes are specialized cells responsible for maintaining the selective permeability of the 

glomerular filtration barrier and for preserving cellular morphology through mTOR (Gödel 

et al., 2011). Their loss can yield proteinuria, glomerular sclerosis, and progression of 

kidney dysfunction, ultimately leading to ESKD. Interestingly, deletion of mTOR-related 

genes selectively from podocytes also produced proteinuria (Cinà et al., 2012), progressive 

glomerulosclerosis, and eventually end-stage renal failure. This outcome underscores the 

indispensable role of mTORCs in maintaining glomerular homeostasis. Inappropriate 

activation of mTORC1 in glomerular diseases has been shown to be responsible for 

suppressing podocyte autophagy, damaging podocyte function, and exacerbating diabetic 

kidney disease (Zhao et al., 2018). However, treatment in animal models with mTOR 

inhibitors yielded conflicting results, ranging from remission to deterioration of kidney 

function (Clark, 2009; Liern, De Reyes, Fayad, & Vallejo, 2012), while in patients, 

Rapamycin treatment frequently causes podocyte apoptosis and proteinuria. Although a 

connection to the mTOR pathway is likely, the observation that expression of primary cilia is 

transient and that they gradually disappear in rat podocytes during glomerular development 

(Ichimura, Kurihara, & Sakai, 2010) poses a challenge to determining the involvement of 

mTOR and cilia in kidney diseases and to answering the many open questions about their 

function in podocytes.

One of the hallmarks of renal cell carcinoma (RCC) is loss of primary cilia, and several 

studies have investigated mTOR signaling inhibitors as a treatment. RCC, a rare cancer that 

originates in the renal cortex and is caused by mutations in the VHL gene that upregulate 

factors promoting tumor angiogenesis and proliferation. The activation of the PI3K–AKT–

mTORC1 pathway and the positive feedback loop between VHL and mTOR in RCC suggest 

mTOR signaling as a promising therapeutic target (Clark, 2009; Pal & Quinn, 2013). 

Various mTOR signaling inhibitors have been tested as treatments, including mTOR kinase 

domain inhibitors (Zhang et al., 2013), mTOR/PI3K dual inhibitors (Roulin et al., 2011), 

PI3K-selective inhibitors, and programmed cell death 6, a proapoptotic protein (Rho et al., 

2012). Results have been mediocre, however, and these agents do not currently represent a 

front-line treatment for RCC.

7. Role of mTOR and cilia in brain development and diseases

Primary cilia in the brain are well known to play significant roles in such processes as early 

patterning, neurogenesis, neuronal maturation and survival, and tumorigenesis (Alvarado et 

al., 2021). These roles are largely accomplished by the ability of cilia to regulate cell cycle 

progression and WNT and Hh signaling. Evidence for the importance of primary cilia in 

transducing Wnt signaling includes a recent study showing that a hyperactivating mutation 
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in mTOR causes defective neuronal ciliogenesis, which leads to abnormal activation of 

canonical Wnt signaling and inactivation of non-canonical Wnt signaling. This abnormal 

signaling disrupts neuronal migration due to disturbed neuronal polarization (Park et al., 

2018a). Recent evidence has revealed a mTOR-dependent role of primary cilia on radial 

glia cells in determining the size of the surface of their ventricular apical domain through 

regulation of the mTORC1 pathway. Radial glia cells are progenitor cells that bear a primary 

cilium and give rise to neurons and glia. Interestingly, mutant mice with defective cilia show 

dramatic increases in mTOR signaling during brain development, leading to enlarged apical 

domains of radial glia cells and subsequent dilatation of brain ventricles (Foerster et al., 

2017). The study showed that primary cilia regulate ventricular morphogenesis by acting as 

a brake on the mTORC1 pathway, and that treatment with the mTORC1 inhibitor rapamycin 

rescues the observed phenotypes. This research may open new avenues for the diagnosis and 

treatment of hydrocephalus (Foerster et al., 2017).

A recent study has demonstrated that mitochondrial stress caused by respiratory complex 

inhibitors and excessive fission can promote ciliogenesis in various cell types, including 

neurons. This process is facilitated by the generation of reactive oxygen species (ROS), 

which activate AMPK and autophagy. The findings suggest that primary cilia play an 

essential role in promoting pro-survival responses during mitochondrial stress (Bae et al., 

2019).

Other evidence of a link between primary cilia and mTOR in the brain derives from focal 

malformations of cortical developments (FMCDs), which are a group of brain disorders 

that include conditions such as hemimegalencephaly and focal cortical dysplasia (FCD). 

In brain tissues of FMCD patients, somatic activating mutations in the mTOR gene can 

block autophagy, the body’s natural process of removing cellular waste, leading to the 

accumulation of cellular components, such as OFD1, which can cause defective neuronal 

ciliogenesis (Park et al., 2018a). Because normal neuronal ciliogenesis is essential for proper 

brain development, defective ciliogenesis can contribute to the accumulation of damaged 

cellular components in brain tissues of FMCDs patients. This accumulation of cellular 

waste can decrease the quality of cellular components necessary for cilia formation, which 

can further disrupt neuronal ciliogenesis. Consequently, FMCD patients may present with 

abnormal cilia and subsequent alterations in the brain’s development that are responsible 

for the intractable epilepsy and autism-spectrum disorders (Lim & Crino, 2013; Park et 

al., 2018a; Wegiel et al., 2010) often associated with these conditions. While defective 

autophagy has been implicated in a range of neurodevelopmental and neurodegenerative 

disorders, further studies are needed to fully understand the role of primary cilia in the 

pathophysiology of these disorders.

8. mTOR and cilia in eye development and disease

Normal interaction between primary cilia and the mTOR pathway is essential for proper 

eye development and function. Here, we describe the (i) mechanisms of regulation of the 

mTOR pathway and primary cilia during normal eye development (ii) dysregulations of the 

mTOR pathway and primary cilia in the pathogenesis of ocular diseases and (iii) potential 
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therapeutic interventions for eye diseases aimed at correcting primary cilia dysfunction and 

mTOR dysregulation.

The mTOR pathway is involved in the process of neuronal differentiation in the eye, 

and precise spatiotemporal regulation of its activity is central to the normal development 

of the retina and optic nerve (Avet-Rochex et al., 2014). Photoreceptor development in 

animal models constitutes one of the first areas to illuminate the mechanisms of control 

of neurogenesis by the mTOR pathway. For example, studies of mutants of upstream 

and downstream components of the mTOR pathway have demonstrated that activation 

of the pathway causes precocious differentiation of photoreceptors, whereas inhibition 

delays differentiation (Avet-Rochex et al., 2014; Bateman & McNeill, 2004). Several 

gene mutations in Drosophila affect the temporal control of photoreceptor differentiation 

through the mTOR pathway. For example, the loss of TSC1 causes precocious expression 

of neuronal markers in photoreceptors (Bateman & McNeill, 2004). Usually, TSC1 forms 

a complex with TSC2 upstream to negatively regulate the mTOR pathway. Conversely, 

loss-of-function clones of downstream elements S6k and Rheb demonstrate that inhibition 

of mTOR signaling delays, but does not block, differentiation (McNeill, Craig, & Bateman, 

2008).

Other gene mutations in mouse models have emphasized the importance of the mTOR 

signaling pathway in photoreceptor development (Ma et al., 2015). Loss of either mTORC1 

or mTORC2 impacts inner and outer segment structure through their accessory proteins 

Raptor and Rictor, respectively. Specifically, retina-specific knockout of Raptor or Rictor 
causes abnormally thickened cone inner segments and abnormally thinned outer segments, 

without affecting long-term cone survival or function. However, simultaneous loss of 

mTORC1 and mTORC2 reduces cone function without affecting cone viability (Ma et al., 

2015).

Retinal ganglion cell (RGC) differentiation is temporally correlated with mTOR signaling 

in rodent and human retinas, suggesting a conserved relationship between the pathway 

and retinal development (Jones, Hägglund, & Carlsson, 2019; Teotia, Van Hook, Fischer, 

& Ahmad, 2019). Specifically, the differentiation of human induced pluripotent stem cells 

(iPSCs) into RGCs increases when the mTOR pathway is activated by lentivirus-mediated 

transduction of TSC2-shRNA and decreases when cells are exposed to rapamycin (Teotia et 

al., 2019). Recent studies suggest that balanced mTORC1 activity is essential for regulating 

the coordinated process of retinal progenitor cell (RPC) differentiation during mouse eye 

development (Fort et al., 2022; Jones et al., 2019). A relatively high level of protein 

synthesis in neural tissues facilitates the synthesis of cell cycle regulator proteins and the 

projection of RGC axons out of the eye to form the optic nerve. Additionally, mTORC1 may 

promote the degradation of proteins by activating protein turnover through a mechanism 

involving the immunoproteasome (Choi et al., 2018). The activity of mTORC1 in human 

iPSC-derived retinal organoids (RO) also closely resembles that found during human retinal 

development (Kim et al., 2002). For example, hyperactivation of mTORC1 during early 

RO development increases RGC proliferation and retinal thickness, whereas inhibition of 

mTORC1 decreases retinal thickness (Lee et al., 2022).
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The mTOR signaling pathway has a crucial role in promoting proper neurodevelopment, 

and its dysregulation is involved in a range of neurodegenerative diseases of the retina 

and optic nerve, including glaucoma (Yao & van Wijngaarden, 2020). Several studies have 

revealed expression of mTOR components at relatively high levels in the ganglion cell 

layer and RGCs of rodent and human retinas (Losiewicz et al., 2020; Teotia et al., 2019). 

For example, immunoprecipitation studies have demonstrated that mTORC1 is primarily 

localized in RGCs and their axons, while mTORC2 is predominantly localized in RGCs 

(Losiewicz et al., 2020). The mTOR pathway has also been investigated in models of 

ocular hypertension; results have varied depending on the approach used to establish injury 

(Park, Kim, & Park, 2018b; Zhou, Chen, Yan, & Xia, 2021). In rats, chronically elevated 

intraocular pressure (IOP) induced by laser burns of the trabecular meshwork (TM) and 

episcleral veins, amplified the levels of mTOR and its downstream pathways S6K1 and 

4E-BP1 in the retina, and upregulated the levels of Hypoxia inducible factor-1 (HIF-1α) 

and vascular endothelial growth factors (VEGF). These results suggest a possible role for 

mTOR in regulating ischemic hypoxia in glaucoma (Zhou et al., 2021). In contrast, elevated 

IOP induced by episcleral vein cauterization is associated with downregulation of the mTOR 

pathway in glaucomatous retinas (Park et al., 2018b).

Degeneration of RGC axons in the optic nerve is a hallmark of glaucoma and is almost 

inevitably followed by apoptotic RGC death. Interestingly, rapamycin does not significantly 

affect IOP in laser-induced hypertensive glaucoma models. However, treatment with 

rapamycin appears to promote RGC survival in laser-induced ocular hypertension models 

(Kitaoka et al., 2013; Su, Li, Jia, & Zhuo, 2019). Rapamycin is an enhancer of autophagy, 

a cellular pathway involved in protein and organelle degradation that has been shown to 

provide neuroprotection in rodent and primate chronic hypertensive glaucoma models (Deng 

et al., 2013; Koch & Lingor, 2016). However, the role of autophagy in glaucoma remains 

controversial as several studies have suggested that activation of autophagy contributes to 

axonal degeneration (Knöferle et al., 2010; Piras, Gianetto, Conte, Bosone, & Vercelli, 

2011). For example, acute axonal degeneration following optic nerve crush is significantly 

delayed when autophagy is inhibited by 3-MA in the rat optic nerve (Knöferle et al., 2010).

Autophagy is activated by mechanical stretch acting on primary cilia in TM cells located in 

the anterior segment of the eye. For example, application of cyclic mechanical stretch has 

been shown to induce autophagy and activate AKT1 and SMAD2/3 as critical regulatory 

components of IOP homeostasis (Shim, Nettesheim, Dixon, & Liton, 2021). Although the 

mTOR pathway acts as a core sensor in autophagic regulation, the induction of autophagy 

in response to mechanical stretch appears to occur in an mTOR-independent manner. Thus, 

the role of mTOR and primary cilia in the pathogenesis of glaucoma appears to be complex 

(Prosseda et al., 2017).

9. Conclusion

Primary cilia clearly play a key role as sensory organs in regulating various pathways 

of the mTOR network, and much of the available evidence emphasizes their function 

as inhibitors of mTORC1 activity. Studies of the relationships between primary cilia 

and mTORC1 pathways have yielded many discrepancies and numerous questions about 
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how these pathways are regulated remain unanswered. Current data points to the LKB1/

AMPK-dependent pathways as one promising candidate to contribute to this regulation. 

This pathway was shown to directly transduce mechanical flow stimulation into mTORC1 

activity; other studies provide evidence for regulation by this pathway based on correlations 

between PC-1 deficiency and defective mTORC1 activation. The exact mechanisms 

by which cilia bending signaling -mediated by PC-1- activates LKB1 are still under 

investigation, but this information may offer novel targets for treating ciliopathies and 

metabolic diseases. Recent research has provided new insights into mTOR function and 

regulation, and studies in mice have increased our understanding of how mTOR dysfunction 

contributes to disease. However, there is still much to learn about the importance of different 

signals that activate mTOR and the contexts in which they are meaningful. For example, it 

is unclear which inputs to the TSC complex are most significant and how the relative weight 

of these inputs varies depending on the physiological context. Similar questions exist for 

nutrient sensing by the Rag GTPases, including the purpose of sensing different types of 

amino acids and which tissues rely on certain nutrient sensors. To answer these questions, 

more in-depth biochemical studies of these complexes in vitro and better mouse models that 

allow for more nuanced perturbation and monitoring of these sensors in vivo are necessary.

Future mTOR research will focus on improving its therapeutic targeting in the clinic. 

Although current treatments have been successful in certain contexts, they are limited by 

the essential functions of mTOR in human tissues. Complete inhibition of mTOR causes 

severe dose-limiting toxicities, and because rapalogs lack tissue specificity, they disrupt 

mTORC2. Future research may focus on developing new mTOR-targeting therapeutics, 

such as mTORC1-specific inhibitors for use in diabetes and neurodegeneration, and to 

prolong lifespan, or tissue-specific mTORC1 agonists for use in muscle wasting diseases 

and immunotherapy. These approaches may involve the connection between mTOR and 

primary cilia, targeting tissue-specific receptors or signaling molecules upstream of mTOR, 

like the amino acid sensors Sestrin2 and CASTOR1, which specifically regulate mTORC1. 

Ultimately, these insights could enable rational targeting of mTOR signaling for better 

therapeutic outcomes.
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Fig. 1. 
Cryo-EM structure of mTORC1. Color coded ribbon representation of mTORC1 structure 

showing the three essential components of human mTORC1. Serine/threonine-protein kinase 

mTOR (Red/Green), Regulatory-associated protein of mTOR RPTOR (yellow/black), and 

Target of rapamycin complex subunit LST8 (blue/celeste) are combined into a symmetric 

dimer of an heterotrimer consisting of mTOR, Raptor, and mLST8 itself. Adapted from 
Yang et al. (2016).
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Fig. 2. 
mTORC1 pathway in primary cilia: GREEN: Autophagy plays a role in regulating 

ciliogenesis. When there is a lack of nutrients and starvation conditions prevail, there is 

an increase in autophagy. This increase in autophagy promotes ciliogenesis by selectively 

degrading oral-facial-digital syndrome type 1 (OFD1), which is an inhibitor of BBSome 

formation. However, the autophagy-mediated degradation of OFD1 is negatively regulated 

by mechanistic target of Rapamycin complex 1 (mTORC1). The other two main mTOR/

cilia related pathways rely on the flow stress-induced regulation of mechanistic target of 

Rapamycin complex 1 (mTORC1) as depicted in RED: Under flow stress conditions that 

cause primary cilia to deflect, mTORC1 activity reduces. This reduction is brought about 

by the accumulation of liver kinase B1 (LKB1) at the cilium through FLCN-mediated 

mechanisms. The accumulated LKB1 triggers the activation of AMP-activated protein 

kinase (AMPK) at the basal body, which subsequently phosphorylates TSC2, leading to 

the downregulation of mTORC1. BLUE: Polycystin-1 (PC-1) plays an important role 

in regulating mechanistic target of Rapamycin complex 1 (mTORC1). One of the main 

functions attributed to PC-1 is as a mechanosensor in primary cilia. When cilia are subjected 

to flow stress which results in bending, PC-1 is activated, which subsequently stimulates 

the ion channel PC-2, leading to calcium influx into the ciliary compartment. The ciliary 

calcium level increase in turn inhibits adenylyl cyclases (AC) and reduces the cyclic 

adenosine monophosphate (cAMP) level within the ciliary compartment. Conversely, when 

Prosseda et al. Page 30

Curr Top Dev Biol. Author manuscript; available in PMC 2024 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the flow stress is removed or there is dysfunction in PC-1, the calcium entry into the cilia 

is blocked, leading to a decrease in the ciliary calcium level. Thus, adenylyl cyclase activity 

increases, driving the ciliary cAMP level higher, which in turn activates PKA leading to the 

downregulation of mTORC1 through the ERK1/2 and TSC2.
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