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Abstract

Primary cilia are microtubule-based organelles for sensing of the extracellular milieu and
transducing this information into the cell through a variety of molecular signaling pathways.
Functioning of the primary cilium has been recently connected to autophagy, a pathway for
degradation of cellular components in lysosomes. Autophagy regulates the length of the cilia by
removing proteins required for ciliogenesis, a phenomenon that is molecularly different if
performed by basal autophagy or when autophagy is induced in response to various stressors. Here
we review the current knowledge about the dual interaction between autophagy and ciliogenesis,
and discuss the potential role that deregulated ciliary autophagy could have in pathologies with
alterations in autophagy and ciliogenesis.

Introduction

Autophagy is a highly conserved intracellular process for the degradation of proteins and
organelles in lysosomes [1]. Removal of damaged components by autophagy and continuous
turnover of still functional cellular structures to facilitate their renewal is key in the
maintenance of cellular homeostasis [2]. Indeed autophagy malfunction leads to the
accumulation of altered proteins and organelles that interfere with normal cell functioning
and has been linked to pathophysiological conditions such as neurodegenerative diseases,
metabolic disorders and cancer [3]. However, the beneficial effect of autophagy goes beyond
cellular “cleaning” and resides to a large extent on its ability to recycle back into the cytosol
the products resulting from cargo breakdown in lysosomes [4]. Autophagy plays a
prominent role in cellular energetics and cell survival during nutrient scarcity [5].

Starvation is a strong selective pressure that has resulted in the evolutionary development of
efficient nutrient sensing mechanisms in all organisms. Indeed, during nutrient starvation or
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under conditions of high metabolic demand (i.e. cellular reprograming, remodeling,
differentiation, etc.) cells activate extracellular and intracellular mechanisms directed to
sense the energetic defect and provide macromolecules for survival. Receptors and
transporters located on the cell surface sense nutrient availability in the extracellular space
and transduce the information to the intracellular machinery responsible for energy
production [6]. To maximize the sensory functions, most cell types present on their plasma
membrane microtubule-based organelles known as primary cilia, which protrude from the
cell surface and are enriched in sensing and signaling receptors [7].

Cilia are composed by a central axoneme of nine pairs of microtubules that grow through
assembly of tubular components, in a process known as ciliogenesis. The composition of the
axoneme differentiates two types of cilia, namely primary cilia (PC) and motile cilia (MC),
featuring an extra central pair of microtubules. Both MC and PC are rooted to basal bodies,
structures that derive from the centrioles after cell division. However while MC are beating
structures with a prominent mechanical role, the PC is a sensory non-motile organelle that
clusters receptors and signaling molecules critical for vertebrate development and tissue
homeostasis [8,9]. Indeed, defective or absent cilia cause pathologies collectively known as
ciliopathies, ranging from polycystic kidney disease (PKD) to respiratory diseases, cognitive
impairment disorders and developmental disorders [8]. The ciliary membrane is a
continuous yet specialized portion of the plasma membrane enriched in signaling receptors
such as components of the Hedgehog (Hh) pathway [10], Wnt signaling pathway [11],
olfactory signaling transduction pathway [12], PDGF alpha receptors and calcium channels
[13,14], among others. The unique morphology and positioning of the PC allows the
activation of these pathways in response to extracellular changes or stressors.

Recent studies show that ciliary signaling pathways are connected to and activate autophagy,
and that conversely, autophagy participates in the control of ciliogenesis. In this review, we
summarize the current knowledge about the dual interaction between autophagy and the PC,
and discuss the pathophysiological implications of altering this interplay.

The primary cilium is required for autophagy activation

Due to its prominent role in the adaptation to nutrient deprivation, autophagy is maximally
activated in most cultured cells during the first hours that follow serum removal. In cells that
inhibit division by contact, serum removal also induces linear growth of the PC. Despite the
parallel temporal activation of both autophagy and ciliogenesis, it was only recently that
both processes were linked at the molecular and functional level [15, 16] (Figure 1).

The first connection between autophagy and the PC came from the realization that
autophagy activation upon starvation requires the presence of a functional PC [15]. PC
growth and function depends on the continuous trafficking of structural, regulatory and
signaling molecules in and out of the ciliary axoneme mediated by the intraflagellar
transport (IFT) system [17]. Downregulation or loss of anterograde components of the IFT
machinery (IFT88 and IFT20) - known to impair ciliogenesis [18]- also prevents full
activation of autophagy in response to starvation [15]. Indeed, starvation-induced increase in
autophagosome formation depends on the activation of ciliary Hh signaling upon serum
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removal [15]. The molecular mechanisms connecting ciliary Hh signaling with autophagy
induction are still poorly understood, but recruitment of several autophagy-related proteins
(ATG) towards the ciliary base during serum starvation has proven necessary [15]. In fact,
while several ATG proteins are constitutively present in this location others, such as
ATG16L1 - one of the autophagy proteins involved in the early events of the autophagosome
membrane formation [19] - are only recruited to the basal body upon serum removal, where
they traffic in vesicles known to participate in IFT (IFT20 containing cytosolic vesicles)
(Figure 1) [15]. This sharing of molecular components between autophagy and ciliary
trafficking systems highlights the possibility of additional common functions, beyond the
described adaptation to starvation. The Hh-dependent recruitment of ATGs involved in the
first steps of autophagy to the basal body suggests that the ciliary base could be a niche for
autophagosome formation. The single nature of the PC (one per cell) is in clear contrast with
other sites of autophagosome biogenesis such as ER, mitochondria or late endosomes, where
multiple foci of biogenesis can occur at once [20]. However, the ciliary pocket is an active
spot for endocytosis [21] suggesting that vesicle formation can occur from this region.
Furthermore, the ciliary membrane is in continuum with the plasma membrane, which can
also contribute to the formation of autophagosomes [22] in coordinated manner with the
endosomal system [23]. Therefore, it is tantalizing to hypothesize that upon ciliary signaling
autophagosomes could form out of membranes derived from the endocytic activity of the
ciliary pocket (Figure 1). Indeed, the concept that autophagy initiation sites within the cell
vary according to the cargo and initiation stimulus has recently emerged from the better
characterization of selective autophagy [24].

The type of autophagy modulated by PC and the mechanisms behind this regulation seem to
be context-dependent. Thus, recent studies in a paradigm of kidney epithelial cell
differentiation have demonstrated a positive regulatory effect of ciliogenesis on basal
autophagy [25]. In this context, the decreased basal autophagy resulting from a block in
ciliogenesis can be restored by suppressing mTOR signaling, a well-characterized
endogenous repressor of autophagy [25], whereas a similar intervention cannot overcome
the defect in starvation-induced autophagy in fibroblasts lacking PC [15]. These divergences
suggest that the mechanisms behind cilia-mediated autophagy are stimulus- and/or cell type
dependent and could originate from a diversification in the receptor composition of the
ciliary membrane according to the cell type or cell conditions. Furthermore, the same signal
may have different impacts on autophagy depending on where it originates. Thus, while Hh
signaling from the cilium stimulates autophagy [15], other reports have demonstrated that
Hh inhibits autophagy in rapidly dividing cells that presumably lack PC [26]. It is possible
that the closer proximity to the nucleus of the PC-originating signaling may favor the
recruitment of downstream mediators different from those deployed when Hh signaling
originates from other cellular locations.

Autophagy regulates ciliogenesis

In recent years, changes in ciliary growth have been directly related to changes in autophagy
activity. However, the complexity of this regulatory role has originated conflicting reports
whereby blockage of autophagy can either increase or decrease ciliary length. Part of these
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opposite effects arise from the fact that autophagy degrades proteins that contribute to ciliary
growth [15] as well as regulatory proteins that block ciliogenesis [16].

Under nutrient-rich conditions, basal autophagy prevents continuous PC growth by direct
degradation of IFT20. However, upon serum removal, IFT proteins are required for
ciliogenesis, and thus spared from degradation. This switch from basal to induced autophagy
promotes selective degradation of OFD1 and subsequent PC growth [16]. Although OFD1
protein localization at the distal end of the centrioles is necessary for appendage formation
[27] and ciliogenesis [28], there is a second pool of OFD1 at centriolar satellites (electron-
dense granules of about 70-100 nm in diameter around centrosomes that contain regulatory
proteins of centrosome and cilia) that seems to instead suppress ciliogenesis [16] (Figure 2).

These studies indicate that basal and inducible autophagy have different roles in the control
of ciliogenesis, and the switch in cargo suggests participation of different molecular players.
In this regard, Skp2 E3 ligase has emerged as one possible candidate by controlling the
extent of mMTORCL1 inhibition over autophagy and thus, modulating PC length [29]. In
nutrient-rich conditions activation of autophagy is prevented by recruitment of active
mTORCL to the lysosomal surface [30]. However, to avoid hyperactivation of mMTORCL1 by
the continuous exposure to nutrients, Skp2 limits the amount of TORC1 recruited to
lysosomes through ubiquitination of the machinery that usually mediates this recruitment
[29]. If Skp2 is depleted, the persistent TORC1-dependent autophagy inhibition leads to
increased ciliary length, whereas overexpression of Skp2 results in PC shortening [29].
Basal Skp2 levels or activity could in part determine the observed differences in PC length
under normal conditions among the different cell types in a tissue.

The complexity of the contribution of autophagy to the regulation of ciliary length makes
any attempt to target autophagy in PC-related diseases premature. Thus, cells exposed to
several chemical compounds detected to induce autophagy also show longer PC, although in
this case longer cilia originate from reduced disassembly rather than from increased growth
[31,32]. Although the increase in autophagy observed with these drugs could be secondary
to the longer PC or to their effect in other cellular process, the idea that autophagy could
regulate PC length both at the level of growth or at the level of disassembly is attractive.
Adding complexity to the autophagy/PC interplay, the consequences of autophagy inhibition
on PC growth have been shown to be dependent in part on the ability of different cell types
to engage proteasome degradation upon autophagy blockage, although the specific proteins
targeted by the proteasome under these conditions are yet to be identified [25].

Overall, all these studies demonstrate that autophagy controls PC length both positively and
negatively depending on the context, and highlight the need for a fine-tune regulation of this
opposite effect of autophagy to assure rapid adaptation of ciliary length to the cellular
requirements.

Cilia related autophagy and disease

Although the interplay between cilia and autophagy is still a young finding whose molecular
details require more in depth characterization, the connection between both processes has
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already contributed to enlightening the pathogenic mechanisms of several human disorders
(Figure 3).

Ciliophagy and chronic obstructive pulmonary disease

The first connection between autophagy of cilia and disease was established for degradation
of matile cilia (MC) [33]. Defects in MC structure and function associate with disease in
epithelia containing systems. In the respiratory tract, cigarette smoking, the most common
cause for chronic obstructive pulmonary disease (COPD), leads to impairment of
mucociliary clearance and shortening of the epithelial cilia. Autophagy contributes to this
shortening through the direct degradation of modified ciliary components, a process now
termed ciliophagy [34]. Cigarette smoking triggers ciliophagy upon inducing global protein
ubiquitination, with aggregation of ciliary proteins such as IFT88, that are then degraded
through HDAC6-mediated autophagy [33]. Indeed, loss of autophagy protects from cigarette
smoking-induced cilia shortening in mice [33]. Notably, this is the first evidence that cilia
can activate damage signals to trigger autophagy as part of the celllular stress response.

A role for autophagy in ciliopathies

Ciliopathies are a broad group of disorders ranging from developmental disorders to
polycystic kidney diseases (PKD), characterized by defects in PC structure and functioning.
Mutations in the PKD1 and PKDZ genes, which encode polycystin-1 (PC1) and polycystin-2
(PC2) proteins respectively, lead to autosomal dominant forms of PKD (ADPKD). PC1 and
PC2 form an ion channel in the cilium that allows the compartmentalized regulation of
ciliary calcium without altering the cytoplasmic calcium levels [35,13,14]. The role of PC on
autophagy regulation makes likely that disrupted PC function in PKD may result in
autophagic defects. Indeed, reduced autophagy flux has been observed in PKD animal
models [36], and although autophagy malfunction has not been demonstrated yet in ADPKD
patients, several aberrant signaling pathways implicated in the disease are well-known
autophagy modulators [37]. Among them, aberrant mTOR activation has proven to
contribute to pathogenesis in these patients since rapamycin reduces the size of the
polycystic kidneys [38]. Increased mTOR signaling can originate from the aberrant
interaction of mutant PC1 with tuberin, one of the major negative regulators of mTOR [38].
In addition, because bending of the PC inhibits mTORCL activity through activation of Lkb1
at the base of the cilia, it is also possible that loss of this physiological function of PC in
ADPKD patients contributes to their increased mTOR signaling [39]. Sustained mTOR
activation in ADPKD patients should presumably impair their ability to induce autophagy. In
this respect, although the longer PC in the disease occur in part through changes in protein
synthesis mediated by mTORC1 activation [40], in light of the newly discovered role of
autophagy in ciliogenesis, the sustained inhibitory effect of mMTORCL on autophagy may
also contribute to aberrantly increased PC length in the patients.

Impairment of autophagy and ciliogenesis in Huntington’s disease—Although
still lacking direct experimental support, a possible connection between defective PC
structures in Huntington’s Disease (HD) and the described autophagy dysfunction in this
disease has been recently proposed [41]. The widely recognized autophagy malfunction in
HD originates at different levels, including abnormal autophagy induction, failure to
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selectively recognize the autophagic cargo as well as altered trafficking of the autophagic
vesicles [42, 43]. The first two defects have been recently attributed to loss of physiological
function of huntingtin (Htt) - the protein mutated in this disease - on autophagy. Htt
stabilizes the simultaneous interaction of the autophagy receptor p62 with the cargo and the
autophagy protein LC3, and it also contributes to direct activation of selective autophagy by
neutralizing the inhibitory effect of mMTOR on this pathway [44].

Htt mutation had been previously linked to altered ciliogenesis, resulting in longer and
malfunctional PC in the HD brain. This ciliary elongation originates from an abnormally
enhanced interaction between mutant Htt and its partner protein HAP1 [45]. The complex
Htt/HAP1 usually participates in regulating cellular trafficking, including that of the
pericentriolar material 1 protein (PCM1) to the centrosome. Mutation in Htt results in PCM1
accumulation at the centrosome and increased ciliogenesis [45]. The recent involvement of
Htt in selective autophagy and the fact that other ciliogenesis mediators undergo degradation
by autophagy [15,16] opens the attractive possibility that increased centrosomal
accumulation of PCML1 in the in the context of mutant Htt results from its failure to undergo
selective autophagy. In this case, PCM1 could join IFT20 and OFD1 as part of the pool of
ciliogenesis-related proteins under the control of autophagy.

Conclusions and future directions

Despite common stimulus and time frame activation, the dual interplay between autophagy
and ciliogenesis has only been characterized recently. As increasing number of signaling
receptors are being discovered on the ciliary membrane, it is likely that additional pathways
besides Hh and mTORCL1 participate in the regulation of autophagy through the PC.
Different ciliary pathways could trigger different types of autophagy, and the possibility that
some of them negatively regulate autophagy is also conceivable. Furthermore, cilia-mediated
autophagy could also be regulated by cellular events that interfere with the physical presence
of the PC, such as the pre-mitotic resorption of PC during the cell cycle. How these events
affect autophagy remains unknown. Conversely, since basal and inducible autophagy
contribute differentially to ciliogenesis, it would be interesting to know if specific autophagy
receptors or adaptors contribute to promote the degradation of ciliary activators or
repressors.

An enticing consequence of the PC/autophagy interplay is the possibility of using PC
signaling as therapeutic target in diseases with defective autophagy, such as
neurodegeneration or metabolic disorders. Similarly, modulation of autophagy could be of
therapeutic value in ciliopathies. However, before these interventions can be implemented,
future studies should be directed towards the molecular characterization of the dual interplay
between autophagy and ciliogenesis, as well as to study the role of cilia-mediated autophagy
in physiological tissue homeostasis.
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Figure 1. Molecular interaction between of autophagy and ciliogenesis
Growth of primary cilia (PC) from the mother centriole is attained through continuous

bidirectional intraflagellar trafficking (IFT) of proteins such as IFT20. Ciliogenesis is
prevented by OFD1, a repressor that localizes at the distal appendages of the mother
centriole (capping of the distal appendages by OFDL1 is shown in the right boxed area).
Activation of ciliogenesis or ciliary Hedgehog signaling induces autophagy. During
activation of autophagy, autophagy related proteins (ATG) proteins organize into functional
complexes to form a preautophagosome membrane, which surrounds the cargo and then
seals into double membrane vesicles (autophagosomes). Autophagosome content is
degraded upon fusion with lysosomes. In ciliary-induced autophagy, the pre-
autophagosomal marker ATG16L1 trafficks in IFT20-containing vesicles to the ciliary base,
where autophagosomes may form from either the plasma membrane or the ciliary pocket.
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Figure 2. The complex role of autophagy in the regulation of ciliogenesis
Autophagy has been shown both to enhance and to decrease ciliogenesis. This contrasting

effect may depend on the cell type, cellular conditions and likely also on the type of
autophagy and the cargo targeted by the autophagic process. Based on the published studies
reporting autophagic degradation of both ciliogenesis inhibitors (such as OFD1) and
activators (such as IFT20, IFT88 and likely also PCM1) we propose that changes in the ratio
of degradation by autophagy of these two pool of regulators could determine the final
ciliogenesis rate.
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Figure 3. Human diseases in the crossroad between primary cilia and autophagy
Malfunction of both motile cilia (MC) and primary cilia (PC) in different pathological

conditions has been recently connected to autophagy. Top left: scanning electron microscopy
of primary cilia in mouse embryonic fibroblasts. Bottom left: Autophagy has been shown to
contribute to shortening of MC in chronic obstructive respiratory disease (COPD) through
HDAC-mediated degradation of intraflagellar (IFT) proteins required for ciliary growth and
function. Cigarette smoke triggers this event by inducing global polyubiquitination. Right:
Autophagy may contribute to the abnormally long PC observed in polycystic kidney disease
(PKD) (top) and Huntington’s disease (HD) (bottom). In PKD, the observed exacerbation of
TORC1 signaling may repress degradation of ciliary components by autophagy such as
IFT20 and maybe PCML1, and contribute to enhanced ciliogenesis. In the case of HD, ciliary
malfunction may originate from the disruption in the patients of the dual role of huntingtin
(Htt) in selective autophagy and trafficking of ciliogenesis regulators, such as PCM1.
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