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Abstract 

TRIM18/MID1 is an E3 Ubiquitin ligase belonging to the TRIM family of proteins that localises 

on microtubules. Loss-of-function mutations in the MID1 gene have been associated with the X-

linked form of Opitz G/BBB syndrome, a genetic disorder characterised by defects in ventral 

midline development. Within the cell, MID1 exists as a microtubular macromolecular complex, 

consisting of several MID1 interactors not all identified yet. Among them is α4, one of the 

regulatory subunits of Protein Phosphatase 2A (PP2A). MID1 has been reported to decrease the 

microtubular pool of PP2A catalytic subunit (PP2Ac) protein levels, thus leading to hypo-

phosphorylation of its target proteins. MID1-lacking cells show increased levels of PP2Ac and a 

reduced association between mTOR and Raptor, leading to a downregulation of the mTORC1 

signalling complex. This suggest that MID1 may act upstream of the mTORC1 signalling. 

Nevertheless, Opitz syndrome pathogenetic mechanisms have not been understood yet, but some 

clinical features are shared with another class of pathologies where genes controlling primary 

cilium dynamics are mutated, i.e. ciliopathies. Given this, we hypothesised that MID1 might be 

involved in the regulation of processes in which the primary cilium is involved.  

The role of MID1 in primary cilium was investigated in a human epithelial cell line and in wild-

type and Mid1-/Y Mouse Embryo Fibroblasts (MEFs). The data show that MID1 overexpression and 

Mid1 depletion both cause impairment in primary ciliogenesis and/or primary cilia length, 

suggesting a role in the regulation of ciliary assembly. Being primary cilium dynamics regulated by 

autophagy, also controlled through the mTORC1 signalling, we asked whether primary cilia 

impairments caused by MID1 could be due to misregulations in the autophagy pathway. By 

analysing the same cellular models, we observed alterations in basal autophagy and in the 

starvation-induced autophagy flux in MID1-overexpressing cells and in Mid1-/Y MEFs.  

My results indicate that MID1 is a negative regulator of both ciliogenesis and ciliary elongation, 

depending on cell type and culture condition, as well as a regulator of autophagy pathway, as 

reported for other members of the TRIM family. Taken together the results can give new insights on 

the Opitz syndrome pathogenetic mechanisms and we can suggest to consider this disease as a new 

ciliopathy. 
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1. Introduction 

The MID1 gene, when mutated, is responsible of a form of the developmental disorder named 

Opitz G/BBB syndrome but the pathogenesis of the disease is still unravelled. In my thesis, I 

investigated cellular mechanisms that may help understanding the role of the MID1 gene product in 

the onset of the disease. 

1.1. Opitz G/BBB Syndrome. 

Opitz G/BBB Syndrome (OS; OMIM: 300000) is a multiple congenital disease affecting midline 

structures development (Opitz et al., 1969a, 1969b). OS main features consist of facial anomalies 

(Figure 1), such as hypertelorism, prominent forehead, widow’s peak, broad nasal bridge, 

anteverted nares, but also laryngotracheoesophageal defects (LTE) and genitourinary abnormalities, 

such as hypospadias, cryptorchidism and hypoplastic/bifid scrotum (Robin et al., 1996). There are 

two genetically forms of the disorder, an autosomal dominant and an X-linked form that are not 

distinguishable based on the clinical phenotype (Robin et al., 1996).  

Figure 1. OS Patient frontal (left) and lateral (right) view (De Falco et al., 2003). 

The autosomal dominant form (ADOS) is associated with a large region in chromosome 22 

(22q11.2) that is frequently deleted in these patients. Recently, missense mutations in the SPECC1L 

gene on 22q11.2 have been reported to segregate with the phenotype in patients with autosomal 

dominant OS (Kruszka et al., 2015). SPECC1L is a cytoskeletal crosslinking protein, characterised 

by the presence of eight coiled-coil domains (CCDs) and a calponin homology domain (CHD), and 

it is involved in microtubule stability and actin cytoskeletal reorganization, playing a role in cell 

adhesion and migration (Saadi et al., 2011). SPECC1L is likely associated with the negative ends of 

the mitotic spindle microtubule, suggesting its involvement in spindle orientation and cell polarity. 

In addition, SPECC1L is involved in the response to stimuli acting during facial morphogenesis and 

requiring actin cytoskeleton reorganization: in fact, its knockdown leads to an impairment in the 
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reorganization of actin, in response to stimuli like increase of Ca2+ and Wnt5a (Saadi et al., 2011). 

Although the phenotype of individuals harbouring SPECC1L mutations is indistinguishable from 

that of OS patients presenting no mutations in this gene, recent data suggest that the canonical LTE 

defects and male genital anomalies might not be observed in association with SPECC1L alterations 

(Bhoj et al., 2019). Therefore, it is possible that SPECC1L is not the only causative gene of the 

autosomal dominant form of OS in this region of human genome. Indeed, patients presenting the 

OS phenotype and 22q11.2 deletions that do not contain SPECC1L have been reported (Lacassie 

and Arriaza, 1996).  

On the other hand, the X-linked form (XLOS) of the disease is caused by Loss-of-Function 

mutations in the MID1/TRIM18 gene (hereafter MID1), localised on the short arm of the X 

chromosome at the level of band p22.3 in the proximity of the pseudoautosomal region (Quaderi et 

al., 1997). The prevalence of XLOS, hereafter OS, ranges from 1:50,000 to 1:100,000 in males. The 

females are usually carriers of the mutation on one allele and they present minor manifestations, 

usually ocular hypertelorism (Fontanella et al., 2008), likely as effect of X-inactivation mosaicism, 

although the reasons why only this feature is shown by carrier females has not been completely 

understood. The pathogenesis of the disease, despite several biochemical and cellular studies, is still 

not known. Defective fusion of midline tissues and reduced migration of Neural Crest cells during 

early development have been proposed but not substantiated yet by solid experimental data. 

To start understanding the developmental mechanisms at the basis of OS, a mouse line carrying a 

non-functional MID1 gene orthologue has been generated by disruption of the mouse Mid1 first 

ATG-containing exon (Lancioni et al., 2010). Like in human, the Mid1 gene is transcribed from the 

X chromosome-specific region although in mouse the 3’ of the gene is located in the 

pseudoautosomal region thus spanning the boundary (Palmer et al., 1997). Whole mount and 

histological analyses of the Mid1-/Y show the presence of a malformed anterior cerebellum and 

sagittal sections through the vermis show hypoplasia and abnormalities of the most anterior lobes (I, 

II and III) (Lancioni et al., 2010): lobe I is totally missing, lobe II is not completely formed and lobe 

III is in many cases abnormal in shape (Figure 2). These defects originate during embryonic 

development as abnormalities in the anterior developing cerebellum are detectable since mid-

gestation. Anterior cerebellar hypoplasia is also the brain anatomical abnormality present in 

approximately 35% of OS patients. This mouse line also displays behavioural defects that can 

correlate with intellectual disabilities and developmental delay observed in patients. Thus, the 

animal model recapitulates the neurological aspects of the disorder. However, craniofacial, 

tracheoesophageal, cardiac and urogenital abnormalities, that are shown by OS patients, are not 

present in Mid1-/Y mice: LTE region and the palate develop normally, there are no signs of 



8 

 

hypospadias, and ventricular and atrial septal defects are not observed (Lancioni et al., 2010). This 

discrepancy between the human and the murine phenotype might be due to either the genetic 

background or the evolutionary developmental differences between the two species that may 

translate in different expressivity of the clinical signs.  

Figure 2. Abnormal cerebellum in Mid1-/Y mice. Sagittal sections through the cerebellar vermis (A, B) and 

hemisphere (C, D) of adult wild type and null mice stained with Nissl. Anterior is to the left. The numbers of 

the vermal and names of lateral lobes are indicated. The arrow in B indicates the anterobasal defect in Mid1-/Y 

mice (Lancioni et al., 2010). 

1.2. MID1 gene and protein. 

The MID1 gene encodes a member of the TRIpartite Motif (TRIM) family, hence also the name 

TRIM18 for this gene (Reymond et al., 2001) and spans approximately 400 kb of genomic region 

(Quaderi et al., 1997; Perry et al., 1998; Van der Veyver et al., 1998). The gene consists of 9 coding 

exons (Figure 3A) and upstream to the first one the MID1 gene presents alternative 5’ untranslated 

exons and its transcription is driven by at least 5 alternative promoters (Landry and Mager, 2002). 

This results in several MID1 transcript isoforms that involve not only the 5’ of the gene and several 

polyadenylation signals but also the coding region and whose functions are not unravelled yet 

(Landry and Mager, 2002; Winter et al., 2004; Winter et al., 2007). 

Like the other TRIM family members, MID1 is characterised by the presence of an N-terminal 

module composed of 3 domains (Figure 3B): a RING domain, two B-box domains (B-box 1 and B-

box 2) and a coiled-coil region (Reymond et al., 2001). This tripartite motif is followed, in the 

MID1 protein, by a COS domain, a Fibronectin type III repeat (FN3), and a PRY-SPRY domain 

(Quaderi et al., 1997; Reymond et al., 2001; Short and Cox, 2006). The RING domain contains 8 

residues that coordinate 2 atoms of zinc: seven conserved cysteine residues and a single conserved 
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histidine. The B-boxes assume a three-dimensional structure that is similar to the RING domain 

although their role is not yet clarified: B-box1 consists of one zinc atom coordinated by cysteine 

residues 119, 122, 142 and 145 and another one coordinated by cysteine residues 134 and 137 

together with histidine residues 150 and 159 (Massiah et al., 2006); while B-box2 zinc atoms are 

coordinated with a so-called “cross-brace” pattern: one is coordinated by cysteine 175, histidine 178 

and cysteine 195 and 198, the second one is coordinated by cysteine 187, aspartate 190 and 

histidine 204 and 207 (Massiah et al., 2007). The two B-box sequences are followed by a leucine-

rich coiled-coil domain (Quaderi et al., 1997), implicated in homo- and hetero-interactions, and by a 

COS domain involved in MID1 association with microtubules (Cainarca et al., 1999; Schweiger et 

al., 1999; Short and Cox, 2006). MID1, like the other members of the TRIM family, belongs to the 

class of RING-containing E3 ubiquitin ligases (Meroni and Diez-Roux, 2005). Ubiquitin is a small 

8-kDa peptide that is post-translationally bound to many, if not all, proteins to regulate their half-

life, localisation or activity. In the Ubiquitination cascade, E3 ubiquitin ligases are responsible for 

substrate recognition favouring specific ubiquitin transfer and thus proper post-translational 

modification (Komander and Rape, 2012). Ubiquitin contains 7 lysine residues (Lys6, Lys11, 

Lys29, Lys33, Lys48 and Lys 63) that can be employed to build ubiquitin chains with different 

topology. In some cases, the N-terminal Met1 can also be employed to generate linear chains 

(Huang and Zhang, 2020). Mono- or poly-ubiquitination determines the fate of the substrates 

(Kulathu and Komander, 2012). Linkage through Lys48 leads to proteasomal degradation (Collins 

and Goldberg, 2017), Lys63 is involved in DNA repair, endocytosis and NF-κB (Nuclear Factor κ-

light-chain-enhancer of activated B cells) signalling (Wu and Karin, 2015), whereas much less is 

known about the other linkages. It has been suggested that any linkage type may not be sufficient 

alone to fully address a substrate for proteasomal degradation (Lu et al, 2015). Ubiquitination 

cascade is carried out by three different enzymes: the E1 ubiquitin-activating enzyme transfers 

ubiquitin to an active cysteine of an E2 ubiquitin-conjugating enzymes, that transfers ubiquitin to 

the substrate with the help of a RING-containing E3 ubiquitin ligase (Shulman et al., 2009) 

Despite more than 20 years of research on MID1 function, the pathogenesis of OS remains 

unresolved. In addition, the involvement of MID1 in clinically relevant conditions also in adulthood 

has further highlighted the need of better understanding its biological function.  
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Figure 3. A) MID1 gene mRNA structure. B) MID1 protein domain structure. The MID1 protein is 667 

amino acid-long and the limits of the single domains are following in brackets: RING (10-59), Really 

Interesting New Gene domain; B-Box (B1, 114-164; B2, 170-212), B-Box domain; CC (219-319), Coiled-

coil; COS (320-380), C-terminal subgroup one signature; FN3 (382-472), Fibronectin type III repeat; PRY 

(483-528), domain associated with SPRY domains; SPRY (538-657), SPla and the RYanodine Receptor 

(adapted from Baldini et al., 2020). 

1.2.1. MID1 binds microtubules. 

MID1 associates with microtubules during all cell cycle phases (Figure 4). It decorates the 

interphase microtubule apparatus but also the mitotic spindle during mitosis and the cytokinetic 

midbody microtubules (Cainarca et al., 1999; Schweiger et al., 1999; Gholkar et al., 2016; 

Zanchetta et al., 2017; Zanchetta and Meroni, 2019). MID1 is a phosphoprotein, and its 

phosphorylation status regulates microtubule binding dynamics (Liu et al., 2001; Aranda-Orgilles et 

al., 2008a) as well as its own bi-directional transport on microtubules (Aranda-Orgilles et al., 

2008a).  

Figure 4. Immunofluorescence showing anti-MID1 antibody labelling in COS7 cells, followed by FITC-

conjugated anti-rabbit antibody. A) Subcellular localization of endogenous MID1 protein in interphase, B) 

MID1 localisation in the mitotic spindle, C) MID1 labelled midbodies (Cainarca et al., 1999) 



11 

 

Whether MID1 association with microtubules affects their stability and dynamics is still not 

clear. What is known is that microtubule localisation is lost when MID1 harbours mutations found 

in OS patients, and this condition does not lead to microtubules disruption and/or dynamics 

impairment (Cainarca et al., 1999; Schweiger et al., 1999). On the contrary, in some instances, 

exogenous MID1 expression has a protective effect on microtubules from depolymerising drugs 

action (Schweiger et al., 1999), although in this case MID1 stabilising effect might be due to its 

sustained and strong expression. In addition, it has been observed that the cooperation of MID1 

with one of its partners, MIG12 (MID1 interacting G-12 like protein, or MID1IP1), may contribute 

to microtubule stabilisation (Berti et al., 2004). MIG12 is detected on microtubules when co-

transfected with MID1 and this interaction protects microtubules from depolymerisation. From a 

physiological point of view, it is possible that microtubule stabilisation might occur transiently in 

specific phases of cell life. Interestingly, MID1-deprived cells display division defects, such as 

cytokinetic arrest and delayed or aborted abscission, which induce cell binucleation or death 

(Gholkar et al., 2016). Moreover, a recently discovered partner of MID1, BRAF35 (BRCA2-

Associated Factor 35), is involved in cytokinesis and both localise at the midbody where stable 

microtubules are present (Zanchetta and Meroni, 2019; Zanchetta et al., 2017). These data support 

the idea that MID1 might regulate microtubule dynamics in defined cell cycle phases. It is possible 

that MID1-dependent control of microtubule dynamics may also regulate other cellular processes in 

which these structures are involved. 

1.2.2. MID1 binds α4 and downregulates PP2Ac. 

As said above, MID1 is an E3 ubiquitin ligase implicated in ubiquitin post-translational 

modification. One of the first discovered MID1 interactor is Alpha4 (hereafter α4), the mammalian 

homologue of the yeast protein TAP42 and a non-canonical subunit of protein phosphatase 2A 

(PP2A) (Di Como and Arndt, 1996; LeNoue-Newton et al., 2016). MID1 interacts with α4 C-

terminal domain through its B-box1 domain (Liu et al., 2001; Trockenbacher et al., 2001): through 

this interaction, MID1 tethers α4 to microtubules (Short et al., 2002) and indeed α4 assumes a 

typical microtubular pattern in MID1-overexpressing cells (Liu et al., 2001). In contrast, high levels 

of α4 displace MID1 from microtubules, without affecting microtubular structure and dynamics 

(Liu et al., 2001). Early analyses showed that α4 was not a proper target as it was not ubiquitinated 

upon MID1 overexpression. On the contrary, the catalytic subunit of PP2A (PP2Ac) level decreases 

when MID1 is overexpressed in cells (Trockenbacher et al., 2001). Therefore, α4 might serve as an 

adaptor protein promoting the formation of a ternary MID1/α4/PP2Ac complex and α4 promotes 

poly-ubiquitination of PP2Ac by scaffolding it to MID1 (Trockenbacher et al., 2001). However, at 
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the same time, α4 might act as a protective factor for PP2Ac degradation, through its ubiquitin 

interacting motif (UIM). It was shown that MID1 mono-ubiquitinates α4 leading to its calpain-

mediated cleavage thus switching α4 activity from protective to degradative. In particular, the 

cleavage involves the C-terminal domain, implicated in MID1 interaction (Watkins et al., 2012). 

Consequently, MID1 loss-of-function leads to a reduction of the calpain-mediated cleavage of α4, 

thus increasing the protection of PP2Ac from proteasomal degradation. This can also explain the 

hypo-phosphorylated status of several microtubule-associated proteins (MAPs) observed in OS 

patients’ fibroblasts (Trockenbacher et al., 2001). It is therefore possible that the MID1 E3 ligase 

activity is exerted on α4 and that PP2Ac poly-ubiquitination might be performed by another E3 

ubiquitin ligase(s), since the calpain-mediated cleavage of α4 makes MID1 detach from the ternary 

MID1/α4/PP2Ac complex, leading to the hypothesis that cleaved α4 might redirect PP2Ac 

localisation promoting its polyubiquitination. In this way, only the microtubule pool of PP2Ac 

would be subjected to proteasomal degradation. 

Since PP2A is involved in the regulation of several biological processes (Sontag, 2001), the 

MID1/α4/PP2Ac complex can modulate these activities mainly on microtubules. Indeed, this 

complex has been demonstrated to regulate the mechanistic Target Of Rapamycin Complex 1 

(mTORC1) signalling in OS fibroblasts and in tumour cells. MID1-lacking cells having increased 

levels of PP2Ac show a reduced association between mTOR and Raptor, leading to a 

downregulation of mTORC1 complex formation and signalling (Liu et al., 2011). The mTORC1 

signalling is involved in several processes, e.g. autophagy, protein synthesis, cell metabolism and 

proliferation (Jhanwar-Uniyal et al., 2019), to name some, and dysfunction of these in OS might 

contribute to the observed patients’ phenotype. 

1.2.3. MID1 crosstalk with Sonic Hedgehog pathway. 

The data above suggest that a tight link exists between MID1 and the mTORC1 signalling. 

Among the several networks in which mTORC1 is involved, it has been reported that inhibition of 

mTORC1 activity upon rapamycin treatment reduces the translocation of the Sonic Hedgehog (Shh) 

pathway transcription factor GLI3 from the cytoplasm to the nucleus. In HeLa cells, activation of 

PP2A via inhibition of its catalytic subunit degradation, mediated by the MID1/α4 complex, leads 

to cytosolic retention of GLI3 and, as a consequence, a reduction of its function as a transcription 

activator (Krauss et al., 2008; Krauss et al., 2009). Moreover, MID1 could interact with Fu, a 

component of the Shh pathway, promoting its ubiquitination (Schweiger et al., 2014). Whether this 

process is a direct consequence of MID1 E3 ubiquitin ligase activity is not demonstrated yet. In 

addition, if this modification leads to the proteasome-mediated cleavage of Fu that produces a 



13 

 

90kDa ΔN-terminal fragment is presently unclear. A mimic of this putative ΔN-terminal fragment 

increases GLI3 nuclear localisation and, when the cleavage of Fu is reduced, e.g. due to MID1 

silencing, nuclear translocation of GLI3 decreases leading to a consequent reduction of the 

expression of SHH target genes (Schweiger et al., 2014). Indeed, several data indicate that MID1 is 

involved in a reciprocal crosstalk with the Shh pathway. Although this phenomenon has been 

studied in cancer cell lines, the crosstalk between MID1 and the Shh pathway can be highly relevant 

in development given the strong implication of the Shh pathway in ventral midline definition as also 

observed in the phenotypic signs of OS. During development in Xenopus, ectopic Shh induces mid1 

expression in the entire developing optic vesicle, but also in the prospective forebrain (Pfirmann et 

al., 2016). Moreover, in the chicken Hensen’s node, Shh can suppress mid1 expression and mid1 

can act upstream of Shh, due to the induction of bmp4 expression (Granata and Quaderi, 2003). In 

this way, a feedback loop may exist, regulating the balance between mid1 expression with medium 

levels of Shh inducing mid1 expression, and lower levels suppressing mid1 expression. 

1.2.4. MID1 regulation of protein translation. 

MID1 acts not only on proteic substrates but is also part of ribonucleoprotein (RNP) complexes 

(Aranda-Orgilles et al., 2008b). The MID1/α4 complex is able to bind several mRNAs carrying 

purine-rich region and forming hairpin structures, also named MID1 association sequence (MIDAS) 

(Aranda-Orgilles et al., 2011; Aranda-Orgilles et al., 2008b; Hettich et al., 2014). Through this 

association, MID1 tethers the transcripts to the ribosome- and translation-associated factors, namely 

elongation factor 1α (EF-1α), receptor of activated protein kinase C1 (RACK1), Nucleophosmin 

(NPM), Annexin A2 (ANXA2) and several 40S ribosomal proteins, thus promoting protein 

translation (Aranda-Orgilles et al., 2008b; Hettich et al., 2014; Kohler et al., 2014; Krauss et al., 

2013; Matthes et al., 2018b). The disruption of the MID1/α4 binding is sufficient to abrogate the 

enhancing effect on the translation of mRNAs that are bound to the mRNP complex (Monteiro et 

al., 2018). 

Among the MIDAS-harbouring transcripts, the 3-phosphoinositide dependent protein kinase-1 

(PDPK-1) has been identified in association with the MID1-containing complex. PDPK-1 is a 

serine/threonine kinase involved in many cellular processes that plays a pivotal role, among others, 

in the mTOR signalling (Carneiro et al., 2015). Mutations in the MID1 gene have been 

demonstrated to reduce PDPK-1 protein translation efficiency, since a functional MID1 gene is able 

to rescue its synthesis (Aranda-Orgilles et al., 2011). Another example is represented by the β-

secretase 1 (BACE1) sequence that encompasses several sites that fold like a MIDAS motif 
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enabling the BACE1 transcript to bind the MID1-complex promoting its translation (Aranda-

Orgilles et al., 2011).  

Neither the MID1 protein nor the other components of the multiprotein complex seem to contain 

any known RNA-binding domain (Aranda-Orgilles et al., 2008b). However, other members of the 

TRIM protein family have recently emerged as direct RNA binding partners through their C-

terminal domains (i.e. NHL or PRY/SPRY domains) (Williams et al., 2019) and this can represent a 

novel role to explore for the members of this family.  

1.3. Autophagy 

1.3.1. Cellular quality control by the ubiquitin-proteasome system and autophagy. 

As reported above, MID1 is an E3 ubiquitin ligase, involved in the ubiquitination of proteins 

mainly heading them to proteasome-mediated degradation. Actually, within the cells two proteolitic 

systems are implicated in protein degradation: the Ubiquitin-Proteasome System (UPS) and 

autophagy, the other mechanism by which cells control the quality of proteins and organelles to 

maintain proper cell homeostasis. A common feature between these two processes is ubiquitination: 

ubiquitination modifies substrates that can be destined to both proteasome- and lysosome-dependent 

degradation (Ohtake and Tsuchiya, 2017). Autophagy is a sort of backup system for protein 

substrates that cells cannot degrade through the proteasome. In the case of autophagy, the cargoes 

are collected by autophagic receptors such as p62/ SQSTM1 or NBR1, neighbour of BRCA1 gene 1 

(Zaffagnini and Martens, 2016; Lamark et al., 2017). These cargo receptors recognise ubiquitin 

chains on substrates and at the same time interact with ATG8s proteins on autophagosomes through 

their LIR (LC3 interacting region) sequence (Cha-Molstad et al., 2015; Lamark et al., 2017). If 

protein aggregates cannot be degraded, the cargoes are collected by HDAC6 (histone deacetylase 6) 

through its ubiquitin binding domain (Ciechanover and Kwon, 2017), to be then degraded partially 

in the lysosome (Hyttinen et al., 2014). The cargo receptors seen above preferentially bind Lys63 

chain linkages (Kirkin et al., 2009): parkin, TRIM13 and CHIP are some of the E3-ubiquitin ligases 

assembling Lys63 linkages on protein substrates destined to autophagy-mediated degradation 

(McKeon et al., 2015; Tomar et al., 2013; Ferreira et al., 2015). Some works show examples in 

which autophagy is activated when ubiquitinated proteins are not properly processed by 

proteasomes: proteasome inhibitors have been found to induce compensatory autophagy (Cha-

Molstad et al., 2015), as well as rapamycin, a TOR inhibitor, that relieves the proteolytic load and 

cellular proteotoxicity from proteasomal inhibition (Ji and Kwon, 2017; Pan et al., 2008). On the 

opposite way, autophagy can impair proteasomal flux and result in the accumulation of 

ubiquitinated substrates (Matsumoto et al., 2011; Munch et al., 2014). Although it is clear that the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5547213/#b11-molce-40-7-441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5547213/#b11-molce-40-7-441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5547213/#b60-molce-40-7-441
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two systems are mutually regulated, many aspects regarding the mechanisms of selectivity and 

crosstalk remain to be clarified. 

Recent works have shown how some TRIM proteins act as autophagy cargo receptors: an 

example is TRIM5α, targeting HIV-1 for autophagy destruction (Mandell et al., 2014), or TRIM16, 

targeting damaged lysosomes and phagosomes through the help of galectin 3 (Chauhan et al., 

2017). Other TRIM E3 ligases are reported to regulate other steps of the autophagy pathway: for 

instance, TRIM21 has been reported to inhibit p62 polymerisation by ubiquitinating its Lys7 (Pan et 

al., 2016), or TRIM13 is involved in the autophagy induction during ER stress, maybe playing a 

role in autophagosome formation in the ER (Tomar et al., 2012). Several are the examples of TRIM 

proteins found to be involved in the autophagy pathway, and likely several mechanisms that are still 

not completely understood in autophagy induction and suppression may be regulated by TRIM 

proteins activity. 

None of the screenings performed to date to assess TRIM proteins role in autophagic process 

identified MID1 as a regulator of this pathway (Mandell et al., 2014). However, a MID1 role in 

autophagy cannot be excluded in specific conditions and stimuli. For example, being a microtubule-

associated protein, it might regulate autophagosome movement along microtubules (Kimura et al., 

2008; Mackeh et al., 2013). Moreover, MID1-dependent degradation of a pool of PP2A catalytic 

subunit with the effect described above of regulating mTOR/Raptor association (Liu et al., 2011), 

can suggest that MID1 can work as a negative regulator of autophagy induction. Indeed, 

mTOR/Raptor phosphorylation status depends also on PP2A activity and the degradation of PP2Ac 

can lead to hyperphosphorylation of the mTORC1 complex, activating its signalling pathway that in 

turn blocks autophagy induction (see also below). 

1.3.2. Autophagy pathway. 

Autophagy is a “self-eating” process by which damaged and/or dysfunctional cellular organelles 

and proteins are degraded through lysosomes. However, this is not the only purpose of autophagy, 

since this process consists in a dynamic recycling system producing new materials and energy for 

cellular homeostasis (Mizushima and Komatsu, 2011). In this way, autophagy is needed to make 

morphological and functional changes to occur, for instance, during development and 

differentiation processes, that are always accompanied by drastic cellular and tissue remodelling, 

which require the elimination of pre-existing materials, thus supporting the building of new 

structures (Mizushima and Levine, 2010; Tsukamoto et al., 2008; Kuma et al., 2004). Moreover, 

other vital roles of autophagy are the maintenance of amino acids pool during stress conditions, the 

clearance of microbes and, consequently, the regulation of innate and adaptive immunity (Levine 
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and Deretic, 2007; Mizushima and Klionsky, 2007; Levine and Kroemer, 2008). Cancer, metabolic 

and neurodegenerative disorders, cardiovascular and pulmonary diseases, as well as several 

developmental diseases are caused by deregulations in the autophagy process (Levine and Kroemer, 

2008; Mizushima et al., 2008; Perrotta et al., 2020). 

In the last two decades, several genetic studies in yeast identified the so-called autophagy-related 

(ATG) genes (Klionsky et al., 2003; Nakatogawa et al., 2009), thus initiating the analyses of 

autophagy-defective organisms to better understand both how the pathway works and its physio-

pathological role, in cells and in vivo, not only in yeast but also in vertebrates. 

There are three main types of autophagy: 

• Chaperone-mediated autophagy (CMA): this highly specific type of autophagy is a 

mechanism that makes the cells degrade proteins that directly translocate across the 

lysosomal membrane. HSPA8/HSC70 (Heat Shock 70 kDa protein 8) recognises a KFERQ 

pentapeptide motif on target proteins (Chiang et al., 1989). HSPA8 delivers the protein 

substrate to the lysosomal membrane, where the target is unfolded (Agarraberes and Dice, 

2001) and then recognised by LAMP2A (lysosomal-associated membrane protein 2A) that 

multimerises making the substrate translocate into the lysosomal lumen (Bandyopadhyay et 

al., 2008; Orenstein and Cuervo, 2010; Parzych and Klionsky, 2014). Glycolytic enzymes, 

some transcription factors, proteasome subunits and proteins involved in vesicular 

trafficking are some of the substrate proteins degraded through this process (Arias and 

Cuervo, 2011). 

• Microautophagy: in this case the lysosome engulfs small components present in the 

cytoplasm by forming invaginations of the lysosomal membrane. Microautophagy is 

involved in the maintenance of organelle size, membrane homeostasis and cell survival 

under nitrogen restriction (Marzella et al., 1981; Li et al., 2012). Relatively little is known 

about this process, including its regulation. 

• Macroautophagy: this is the main autophagic pathway, characterised by the formation of a 

double-membrane vesicle, the autophagosome, in which cytoplasmic cargoes are delivered. 

Autophagosomes do not bud from a pre-existing organelle but form by expansion (Yang and 

Klionsky, 2009). In mammals, autophagosome formation starts at multiple sites within the 

cytoplasm: several studies suggest the endoplasmic reticulum (ER) structures, called 

omegasomes, as the initiation sites for autophagosome formation (Hayashi-Nishino et al., 

2009). Following this initiation step, the membrane expands, forming the so-called 

phagophore, which is the double-membrane structure-sequestering compartment (He and 

Klionsky, 2009). Eventually, the phagophore double-membrane bends to generate a 
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spherical autophagosome (Parzych and Klionsky, 2014). At this point, the cargo must be 

delivered to the lysosome and the outer membrane of the autophagosome fuses with the 

lysosomal one, forming the autolysosome (Yang and Klionsky, 2009). Finally, lysosomal 

hydrolases digest the inner membrane of the autophagosome and the autophagic cargo 

(Figure 5). The degraded components are exported into the cytoplasm to be used by the cell 

in biosynthetic processes or to generate energy (Yorimitsu and Klionsky, 2011). There are 

two different types of macroautophagy: a nonselective process, by which the cell degrades a 

portion of cytoplasm material randomly sequestering it into autophagosomes, and a selective 

one, in which specific cargoes, such as specific proteins, organelles and invading bacteria, 

are embedded into autophagosomes (Mizushima et al., 2011; Parzych and Klionsky, 2014). 

Hereafter I will refer to macroautophagy as autophagy and I will discuss autophagy in 

mammals.  
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Figure 5. Nucleation of the phagophore occurs through the induction by the ULK1/2 complex. Elongation of 

the phagophore is aided by the ATG12-ATG5-ATG16L1 complex, the class III PtdIns3K complex, LC3-II, 

and ATG9. Eventually, the expanding membrane closes around its cargo to form an autophagosome. The 

outer membrane of the autophagosome will then fuse with the lysosomal membrane to form an 

autolysosome. In some instances, the autophagosome may fuse with an endosome, forming an amphisome, 

before fusing with the lysosome. The contents of the autolysosome are then degraded and exported back into 

the cytoplasm for reuse by the cell (adapted from Parzych and Klionsky, 2014) 
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1.3.3. Autophagy machinery. 

In mammalian cells, induction of autophagosome formation starts with the assembly of an 

initiation complex, including either ULK1 or ULK2, ATG13, RB1-inducible coiled-coil1 

(RB1CC1/FIP200), which are required for the induction of autophagy, and C12otf44/ATG101 

(Hara et al., 2008; Ganley et al., 2009; Jung et al., 2009; Hosokawa et al., 2009). 

At this initial point, another complex is recruited: the ATG14-containing class III 

phosphatidylinositol-3-kinase (PtdIns3K) complex (Itakura and Mizushima, 2010) that generates 

phosphatidylinositol-3-phosphate (PtdIns3P) essential for autophagy (Burman and Ktistakis, 2010). 

The PtdIns3K complex, consisting of PIK3C3/VSP34, PIK3R4/p150 and BECN1, is involved in the 

nucleation of the phagophore (Furuya et al., 2005; Itakura et al., 2008; Kihara et al., 2001; Liang et 

al., 1999; Yan et al.,2009). There are several proteins binding the PtdIns3K complex, i.e. WIPI1 and 

WIPI2, as well as the zinc-finger FYVE domain containing 1 (ZFYVE1/DFCP1), although their 

precise function in autophagy needs to be clarified (Jeffries et al., 2004; Polson et al., 2010; 

Proikas-Cezanne et al., 2004; Axe et al., 2008). 

Two Ubiquitin-like (UBL) systems contribute to phagophore elongation (Weidberg et al., 2011), 

(Figure 6). The first system leads to the formation of a complex consisting of ATG12, ATG5 and 

ATG16L1: ATG12 is conjugated to ATG5 in an ATG7 (E1-like enzyme)- and ATG10 (E2-like 

enzyme)-dependent manner (Kim et al., 1999; Shintani et al., 1999; Ohsumi, 2001). ATG16L then 

noncovalently binds to ATG5 and dimerises, forming a larger complex (Mizushima et al., 2003). 

This complex associates with the phagophore but detaches after autophagosome maturation 

(Mizushima et al., 2003; Mizushima et al., 2001). The second UBL system consists of the LC3 

(microtubule-associated protein 1 light chain 3) and GABARAP (gamma-aminobutyric acid 

receptor-associated protein) conjugating system, also called ATG8 conjugating system (Ichimura et 

al., 2000). Being LC3 the most studied ATG8 protein in mammals, hereafter I will indicate LC3 as 

representative of ATG8 proteins. ATG4, a cysteine protease, makes LC3 to expose a glycine 

residue at its C-terminus by proteolytic cleavage, named LC3-I (Kirisako et al.,2000; Geng and 

Klionsky, 2008). ATG7 then activates LC3-I and transfer it to ATG3 (E2-like enzyme) (Ichimura et 

al., 2000). ATG3-LC3-I complex is recognised by ATG12-ATG5-ATG16L1 that works as an E3-

like enzyme, conjugating LC3-I to the lipid phosphatidylethanolamine (PE), forming LC3-II (Fujita 

et al., 2008; Hanada et al., 2007; Ichimura et al., 2000). LC3-II binds to both inner and outer 

autophagosome membranes (Kirisako et al., 2000; Geng and Klionsky, 2008). Lipidation process is 

accelerated under nutrient starvation or stress (Kabeya et al., 2000). On autophagic membranes, 

LC3-II plays a role in the expansion and closure of the autophagosome membrane and plays a role 
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in selecting cargoes for degradation: it has been demonstrated to act as a receptor for selective 

substrate p62/SQSTM1 (Bjørkøy et al., 2005). 

Another protein involved in phagophore elongation is the transmembrane protein ATG9: under 

nutrient-rich conditions, ATG9 is localised in the trans-Golgi network and late endosomes, while 

under starvation or stress condition it concentrates to autophagosomes (Young et al., 2006). The 

exact function(s) of this protein is still unknown. 

Phagophore maturation into a complete autophagosome is the least understood step of autophagy 

pathway. Once matured, autophagosomes traffic and fuse to the lysosome and/or endosomes, 

becoming an autolysosome (Parzych and Klionsky, 2014). Movement of autophagosomes towards 

lysosomes is dependent on microtubules (Monastyrska et al., 2009). In addition, components of the 

SNARE machinery are involved in the fusion process: syntaxin17 on autophagosomes is required 

for fusion, interacting with SNAP29 and lysosomal VAMP8 (Itakura et al., 2012).  
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Figure 6. Autophagy conjugation systems. A) ATG12-ATG5-ATG16L1 conjugation complex. The 

ubiquitin-like protein ATG12 is irreversibly conjugated to ATG5 in an ATG7- and ATG10-dependent 

manner. ATG7 and ATG10 function as E1 activating and E2 conjugating enzymes, respectively. The 

ATG12–ATG5 conjugate binds ATG16L1 through ATG5. ATG16L1 dimerises and allows association with 

the phagophore, promoting membrane expansion. B) The LC3 conjugation system. LC3 is processed by 

ATG4 to reveal a C-terminal glycine (LC3-I). ATG7, an E1- like enzyme, activates LC3-I and transfers it to 

the E2-like enzyme ATG3. The ATG12–ATG5-ATG16L1 complex may participate as an E3 ligase in the 

conjugation of PE to LC3-I to create LC3-II, which can associate with the phagophore. LC3-II can 

subsequently be cleaved by ATG4 to release LC3 (deconjugation). PE: phosphatidylethanolamine (adapted 

from Parzych and Klionsky, 2014). 
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1.3.4. Autophagy regulation. 

Autophagy process regulation is intricate and it took several years to understand the mechanisms 

involved in this process, although some steps have not been clarified yet. In nutrient-rich condition, 

a basal autophagy activity is present in some cell types and tissues, to maintain protein homeostasis. 

Autophagy is enhanced when cells are in a stress condition, including nutrient and/or growth factors 

starvation, hypoxia, and ER stress (He and Klionsky, 2009). c-AMP-dependent PKA (protein 

kinase A) and mTOR pathways are those mainly involved in the nutrient starvation response 

sensing carbon and nitrogen, respectively (Stephan et al., 2010). In mammals, PKA negatively 

regulates autophagy in the presence of nutrients, partially by phosphorylating LC3 (Cherra et al., 

2010). mTORC1 is another major suppressor of autophagy induction; it is positively regulated by 

the presence of amino acids in lysosomes through RAG proteins, RAS-related small GTP-ases 

(Kim et al., 2008; Sancak et al., 2008; Shen et al., 2017). When amino acids are limiting, mTORC1 

is distributed into the cytoplasm, but the presence of amino acids makes RAG GTPases to 

heterodimerise on lysosomes and switch from an inactive state (RAG A/B+GDP – RAG C/D+GTP) 

to an active state (RAG A/B+GTP – RAG C/D+GDP), thus making mTORC1 to translocate to the 

lysosome, in response to amino acids presence (Shen et al., 2017). Moreover, in the presence of 

nutrients, mTORC1 associates with the induction complex, but dissociates under nutrient-

starvation: in association with the induction complex, mTORC1 phosphorylates ULK1/2 and 

ATG13, thus inactivating them, but, when cells are starving, mTORC1 detaches from the complex, 

leading to the dephosphorylation of the complex components and to the induction of autophagy 

(Jung et al., 2009; Hosokawa et al., 2009). 

In addition, there are studies showing PKA- and mTORC1-dependent regulation mechanisms 

crosstalk. PKA phosphorylates mTORC1 (Mavrakis et al., 2006), but it can also indirectly activate 

mTORC1 through inactivation of AMP-activated protein kinase, AMPK (Djouder et al., 2010). 

AMPK is another major energy-sensor in the cells responding to intracellular AMP and ATP 

levels to regulate several processes, autophagy included (Alers et al., 2012; Meley et al., 2006). 

When activated by low energy levels, AMPK either phosphorylates and activates the TSC1/2 

complex that inhibits mTORC1 activity (Inoki et al., 2003) or directly inhibits mTORC1 (Gwinn et 

al., 2008; Yang and Klionsky, 2010). Moreover, AMPK activates ULK1 through phosphorylation 

(Egan et al., 2011; Kim et al., 2011; Lee et al., 2010; Shang et al., 2011), thus activating the 

initiation complex. AMPK can also be activated by calcium/calmodulin-dependent protein kinase 

kinase 2, β (CAMKK2/CAMKKβ), induced by ER stress-dependent increase of intracellular Ca2+ 

concentrations (Høyer-Hansen et al., 2007). Autophagy is also induced by ER stress through the 
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unfolded protein response (UPR) system (Ding et al, 2007; He and Klionsky, 2009; Qi and Chen, 

2019). 

Additionally, hypoxia and growth factors absence are known inducers of autophagy, even in the 

presence of nutrients (Alers et al., 2012; Arsham et al., 2003; Lum et al, 2005). 

1.4. Ciliogenesis and primary cilium dynamics. 

In the last 20 years autophagy related proteins and the mechanisms through which this process 

regulates cellular homeostasis and response to several stress conditions have been elucidated, 

although some features are still not completely understood. To date, one of the processes that is 

known to be regulated by the autophagy pathway is the primary cilium biogenesis and dynamics. 

Until 30 years ago, little was known about this organelle, now known to be the cellular “antenna”, 

since one of its principal functions is to sense signals from the extracellular environment. 

1.4.1. Primary cilium structure. 

Primary cilia are complex and highly conserved organelles that protrude from the plasma 

membrane of almost all cell types (Goetz and Anderson, 2010; Satir and Christensen, 2007; 

Ishikawa and Marshall, 2011; Bernabé-Rubio and Alonso, 2017). They are structured around a 

cylindric microtubular skeleton, called axoneme surrounded by the ciliary membrane (Hu et al., 

2001; Jana et al., 2014). Differently from motile cilia axoneme, that has a 9 + 2 structure consisting 

of 9 microtubule doublets and 2 central microtubules (Figure 7E), the primary cilium axoneme is 

lacking the 2 central microtubular structures (Figure 7F), as well as dynein arms involved in the 

movement of motile cilia (Ishikawa and Marshall, 2011; Bernabé-Rubio and Alonso, 2017; 

Wheway et al., 2018). In primary cilia, the 9 microtubule doublets are composed of a complete 

microtubule, called tubule A, connected to an incomplete one, the tubule B, consisting of 10 

protofilaments instead of 13 (Ishikawa and Marshall, 2011; Jana et al., 2014; Bernabé-Rubio and 

Alonso, 2017). Tubulin present in these structures is post-translationally modified through 

acetylation, glutamylation and glycylation (Portran et al., 2017; Wloga et al., 2016; Gaertig and 

Wloga, 2008). Moreover, other proteins, such as tektins and the so-called protofilament ribbon 

proteins associate to the axoneme doublets, presumably to make the primary cilium not 

disassembling spontaneously (Steffen and Linck 1988; Linck and Norrander, 2003; Ishikawa and 

Marshall, 2011). The basal body from which the primary cilium axoneme is protruded originates 

from the mother centriole and consists of 9 microtubule triplets and its associated accessory 

structures (Figure 7B) (Malicki and Johnson, 2017). 

The primary cilium might be divided in different compartments:  



24 

 

• the ciliary pocket, a depression located at the base of the cilium, where the basal body is 

docked to the plasma membrane. This invagination is present in cells of connective tissues, 

i.e. fibroblasts and chondrocytes, but not in other cell types where the cilium protrudes 

directly from the plasma membrane (Ghossoub et al., 2011; Molla-Herman et al., 2010). The 

basal body is connected to the plasma membrane through the so-called transition fibers 

(Figure 7C), that belong to the accessory structures of the basal body and emerge from the 

central microtubule of each triplet of the basal body (Wei et al., 2015; Wheway et al., 2018); 

• distally, the transition zone is the region where the 9 microtubule triplets shift into doublets 

forming the axoneme (Figure 7D). Together with the transition fibers, the transition zone 

forms a sort of gate through which protein entrance in the cilium is regulated (Wheway et al., 

2018; Garcia-Gonzalo and Reiter, 2017). Moreover, in this region the Y-linker proteins are 

involved in the connection of the plasma membrane to the outer doublet microtubules of the 

axoneme (Wei et al., 2015); 

• the central part of the cilium consists of the axoneme doublets surrounded by the ciliary 

membrane (Jana et al., 2014; Ishikawa and Marshall, 2011). The axoneme elongates up to the 

ciliary tip, where the doublets become single microtubules (Figure 7G) that are gradually lost 

(Jana et al., 2014; Bernabé-Rubio and Alonso, 2017). 

In addition, the composition of the ciliary membrane differs from the plasma membrane since it 

is enriched in receptors involved in the transduction of several signals and in GTPases regulating 

the ciliogenesis process and its reverse process, the disassembly of the organelle, such as ARF-like 

protein family factors (Hu et al., 2011).  
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Figure 7. A) Schematic representation of primary cilium and basal body. B) Transversal section of the basal 

body, where 9 triplets are schematised. C) Transition fibres in the transition zone section. D) Y-linkers 

proteins anchoring the axoneme to the ciliary membrane. F) Axoneme of immotile primary cilium (in E the 

axoneme of motile cilia is schematised), with no central MT (microtubule) pair, axonemal spokes and dynein 

arms. G) Apical part, or ciliary tip, where doublets are converted in single microtubules (Jana et al., 2013) 

1.4.2. Primary cilium assembly mechanism. 

The mechanism by which the primary cilium is built, known as ciliogenesis, is a dynamic and 

highly regulated process and differs among the different cell types (Kim et al., 2011). Primary 

cilium is protruded by the cell during G0/G1 phase of the cell cycle, when the cell is in interphase 

or in a quiescent state (Malicki and Johnson, 2017; Paridaen et al., 2013). When the cell enters the 

cell cycle, the primary cilium is disassembled (Kim et al., 2011; Ishikawa and Marshall, 2011). 

Hence, cell cycle and primary cilium biogenesis are mutually exclusive events, likely because the 

mother centriole is needed in both processes, in the first as mitotic spindle organisation center and 

in the second as basal body (Kobayashi et al., 2011). These are finely regulated processes in which 

proliferative stimuli suppress ciliogenesis and, conversely, the primary cilium acts as a negative 

regulator of the cell cycle progression (Goto et al., 2016). 



26 

 

Two mechanisms of ciliogenesis are known: a canonical or intracellular pathway (Figure 8), that 

occurs in the cytoplasm and leads to the formation of the ciliary pocket, and an alternative pathway, 

that occurs at the plasma membrane with no ciliary pocket (Sorokin, 1968; Bernabé-Rubio et al., 

2017). Which of the two pathways is occurring depends on the position of the centrosome within 

the cell: if it is near the nucleus, ciliogenesis starts intracellularly and a ciliary pocket is formed 

(Figure 8B), while if the centrosome is near the plasma membrane the cilium is built directly on it, 

without the formation of the pocket (Figure 8C) (Benmerah, 2013). In the intracellular pathway, 

cytoplasmic vesicles dock to the mother centriole and they fuse to form one ciliary vesicle. In this 

first step, Cep164, a distal appendage protein, and Talpid3, a distal centriolar protein, are necessary 

for the docking (Schmidt et al., 2012). In this way, the mother centriole matures to basal body and 

moves towards the plasma membrane. At the same time, the two internal microtubules of each 

triplet start to build the axoneme and the centriolar appendages mature into transition fibers. The 

extension of the axoneme is promoted by the removal of Cp110 from the mother centriole by 

MARK4 and the recruitment of Tau tubulin kinase 2, Ttbk2 (Spektor et al., 2007; Cajanek and 

Nigg, 2014; Kuhns et al., 2013). At this point, the shape of the ciliary vesicle is modified: it is 

extended and divided into an external and an internal membrane. Finally, when the basal body 

docks to the plasma membrane thanks to the transition fibers, the external membrane of the ciliary 

vesicle fuses with the plasma membrane, forming the ciliary pocket and exposing the new primary 

cilium outside the cell, with the internal membrane of the vesicle becoming the ciliary membrane. 

In this step, Rab8 is recruited to the mother centriole and activated by Rab11 and Rabin8 to enable 

primary cilium membrane assembly (Westlake et al., 2011). Finally, the axoneme continues to 

elongate to reach its definitive size, which is regulated by the balance between ciliary assembly and 

disassembly (Figure 8B) (Rohatgi and Snell, 2010; Bernabé-Rubio and Alonso 2017). 

The alternative pathway is less studied and therefore not completely elucidated yet. Some 

hypotheses claim that it may involve both the docking of the basal body to the plasma membrane 

and the lateral diffusion of proteins and lipids from the plasma membrane (Garcia-Gonzalo et al., 

2012). This pathway is typical of cells polarising the centrosome to the centre of the apical 

membrane (e.g. several, even not all, epithelial cells) that, consequently, do not have a ciliary 

pocket to the base of the primary cilium (Bernabé-Rubio et al., 2016; Reales et al., 2015; Zuo et al., 

2009). In polarised cells an intercellular bridge forms at the apical cell surface during cytokinesis 

(Green et al., 2012) and several ciliary proteins are localised in the midbody remnant (Gromley et 

al., 2005; Delaval et al., 2011). When abscission occurs, one of the daughter cells inherits the 

midbody remnant (Green et al., 2012; Mullins et al., 1977; Mierzwa et al., 2014; Dionne et al., 

2015) that localises near the tight junction. The remnant moves over the apical surface towards the 
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centrosome that is docked at the centre of the apical membrane and when the midbody remnant 

meets the centrosome the primary cilium building is enhanced (Figure 8 C) (Bernabé-Rubio et al., 

2016).  

 

Figure 8. A) Primary ciliogenesis pathways schematic representations. The position of the centrosome, near 

the nucleus or close to the plasma membrane, and the presence or absence of a ciliary pocket predicts the 

type of pathway used for primary ciliogenesis. Fibroblasts and polarised epithelial cells are shown as 

examples of cells that use the intracellular and alternative routes, respectively. B) The intracellular pathway. 

Ciliogenesis initiates with the formation of a large ciliary vesicle at the distal end of the appendages of the 

mother centriole by fusion of smaller vesicles coming from the Golgi. The axoneme starts forming 

intracellularly and, as it grows, deforms the ciliary vesicle and establishes an inner membrane (shaft) and an 

outer membrane (sheath). The incipient cilium is finally exocytosed and the cilium becomes exposed in the 

plasma membrane. The sheath gives rise to the ciliary pocket, and the shaft forms the ciliary membrane. C) 

The alternative pathway. 1) In polarized epithelial cells, the intercellular bridge containing ciliary proteins 

forms at the apical cell surface during cytokinesis. 2) When abscission occurs, one of the two daughter cells 

inherits the midbody remnant, which localizes apically at the cell periphery, near the tight junctions. 3) The 

remnant subsequently moves over the apical surface towards the centrosome, which is docked at the centre 

of the apical membrane. 4) When the midbody meets the centrosome, the initiation of primary cilium 
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assembly is facilitated. The entire process of primary cilium formation takes place in the plasma membrane. 

(Bernabé-Rubio and Alonso, 2017) 

1.4.3. Intraflagellar transport and ciliary trafficking. 

Independently from the pathway utilised by the primary cilium to protrude, since the extension 

of the axoneme occurs on the cell surface and protein synthesis does not occur inside the primary 

cilium, a transport system is needed to make ciliary proteins entry the cilium: this system is the 

intraflagellar transport (IFT), that transfer proteins from the cytosol inside the cilium and vice versa 

and from the base of the cilium up to the tip and back (Rosenbaum and Witman, 2002; Taschner 

and Lorentzen, 2016; Ishikawa and Marshall, 2011; Bernabé-Rubio and Alonso, 2017). The IFT 

system is divided in two groups, one involved in the anterograde transport, called IFT-B complex, 

and one involved in the retrograde transport, the IFT-A complex, which move on tubule B and 

tubule A, respectively. These two complexes consist of several proteins that assemble at the base of 

the cilium and bind proteins that must be transported. When they reach the tip of the cilium, IFT-B 

complex is disassembled while the IFT-A complex is built, to return to the base of the cilium 

(Taschner and Lorentzen, 2016). IFT complexes form linear arrays, or “trains”, that are transported 

along the axoneme by Kinesin-2 proteins and cytoplasmic dynein-2 (Cole et al., 1998; Pazour et al., 

1998, 1999; Taschner and Lorentzen, 2016; Ishikawa and Marshall, 2011). The frequency of IFT 

trains entry, size and speed may influence ciliary length and shape (Marshall et al., 2005; Wren et 

al., 2013): indeed, mutations on both IFT-B and IFT-A complexes components lead to shortened 

cilia and cilia with bulbous distal tip, respectively (Perrault et al., 2015; Zhang et al., 2016; Takei et 

al., 2018; Botilde et al., 2013; Berbari et al., 2011; Follit et al., 2006; Liem et al., 2012; Fu et al., 

2016; Hirano et al., 2017; Han et al., 2019). 

Together with the transport of proteins along the cilium, the IFT system is involved also in the 

maintenance of the primary cilium, in its assembly and disassembly: once reached its optimal 

length, the axoneme is continuously polymerised and depolymerised at its extremities and its length 

is the result of the correct balance between anterograde and retrograde transport (Marshall et al., 

2005; Liang et al., 2016), together with the release of extracellular vesicles through ectocytosis 

(Wood et al., 2013). Other accessory IFT proteins have been discovered over the years, among 

them, the Bardet-Biedl Syndrome (BBS) proteins that have been shown to undergo IFT-like 

movements along the axoneme and form the so-called BBSome. The BBSome acts as an adaptor 

that connect IFT complexes to signalling molecules and is required for the ciliary export of 

activated signalling receptors (Blaque et al., 2004; Nachury et al., 2007; Nachury et al., 2018). In 

several Bbs-knockout mice cells are still protruding the primary cilia, although their shape might be 

affected (Mykytyn et al., 2004; Davis et al., 2007; Ishikawa and Marshall, 2011). Only BBS1 and 
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BBS5 silencing in cells completely impaired ciliogenesis (Nachury et al., 2007; Loktev et al., 

2008). 

1.4.4. Primary cilium functions. 

Primary cilia principal function is to sense and transduce signals coming from the extracellular 

environment, from light (Pearring et al., 2013) and mechanostimuli (Ferreira et al., 2019) to 

biochemical ones (Ishikawa and Marshall, 2011; Malicki and Johnson, 2017; Zimmerman and 

Yoder, 2015). Through this, the primary cilium can control several signalling pathways (Huangfu et 

al., 2003; Corbit et al., 2008; Wheway et al., 2018), cell cycle progression (Pan et al., 2013), cell 

differentiation (Ezratty et al., 2011; Forcioli-Conti et al., 2015) and autophagy (Pampliega et al., 

2013; Ohron et al., 2016). 

As a photoreceptor, the cilium is specialised in photon absorption by assuming a structure that 

makes it to concentrate visual pigments (Pearring et al., 2013). As a mechanosensor, the primary 

cilium can transduce stimuli like fluid flow, especially in renal epithelial cells (Ishikawa and 

Marshall, 2014; Wang et al., 2021), pressure and also vibrations. For what concerns biochemical 

stimuli, primary cilia transduce external stimuli through receptors locally enriched on its membrane 

and activate signalling pathways important for development, cell differentiation, cell proliferation, 

survival and migration. One of these pathways depends on Hedgehog ligands that regulate 

development stages of all metazoa as well as adult structures (Briscoe and Therond, 2013; Robbins 

et al., 2012). In vertebrates, Hh receptor Patched 1 (Ptch1) is localised in the primary cilium, 

whereas the seven transmembrane protein Smo is kept outside of cilium in the absence of Shh 

ligands. Only when Shh ligands bind to Ptch1, Smo inhibition is relieved and becomes activated by 

phosphorylation on specific residues in the carboxy-tail thus promoting a conformational change 

that alters intramolecular interactions (Sasai and Briscoe, 2012). After Ptch1 exits from the cilium, 

Smo can translocate to the tip of the primary cilium and the signaling pathway culminates in 

activation of the Glioma-associated oncogene family members (Gli) and induction of Hh target 

gene expression (Arensdorf et al., 2016). Indeed, Smo localisation to the primary cilium is essential 

for Shh signaling (Corbit et al., 2005). 

Together with Hedgehog pathway, Platelet-derived growth factor a (PDGF-a) signalling, 

controlling cell migration, occurs in the primary cilium (Schneider et al., 2005), as well as canonical 

and noncanonical Wnt pathways, that regulates developmental and homeostatic processes 

(Wilcockson et al., 2016, May-Simera et al., 2014). Another pathway transduced by the primary 

cilium is the Hippo pathway, controlling organ size and proliferation (Zhao et al., 2010). In 

addition, G protein coupled receptors (GPCRs) of hormones, peptides, lipids and neurotransmitters, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3269565/#R29
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including for instance those of dopamine, serotonin, neuropeptide Y and somatostatin, reside in 

primary cilia and use cilia for signalling transduction (Hilgendorf et al.,2016). 

1.5. Ciliopathies. 

A series of pathologies, called ciliopathies, have been linked to defects in primary cilium 

biogenesis and functions. Being the primary cilium present in almost all cell types, it is not 

surprising that ciliopathies are multi-organ pathologies and that several clinical signs are partially 

overlapping. More than 400 proteins have been found to be associated with the primary cilium, 

contributing to either its structure or its function, and almost half of them have been found mutated 

in ciliopathies (Reiter and Leroix, 2017). Importantly, ciliopathies study has helped to discover 

principal ciliary functioning, from basal body docking to the membrane for the cilium biogenesis 

(Ghossoub et al., 2011; Molla-Herman et al., 2010), to the role of the transition zone in selecting 

proteins entering the cilium and connecting the axoneme to the membrane (Wheway et al., 2018; 

Garcia-Gonzalo and Reiter, 2017), to the importance of the presence of signalling receptors on the 

primary cilium membrane (Huangfu et al., 2003; Corbit et al., 2008; Wheway et al., 2018). 

Within ciliopathies we can found Joubert syndrome (JBTS), Nephronophthisis (NPHP), Oro-

Facial-Digital syndrome (OFD), Jeune syndrome, Polycystic kidney disease, both the dominant and 

the recessive autosomal forms (ADPKD and ARPKD), Meckel-Gruber syndrome (MKS), Bardet-

Biedl syndrome (BBS) and many others (Reiter and Leroix, 2017; Novarino et al., 2011; Davis and 

Katsanis, 2012). Some of the clinical signs of these diseases are shared with OS: for instance, 

defects in craniofacial development are present in OFD syndrome (de Conciliis et al., 1998; Franco 

and Thauvin-Robinet, 2016), as well as in JBTS, that includes also prominent forehead, cerebellum 

defects and consequent developmental delay (Joubert et al., 1969; Valente et al., 2013), in Pallister-

Hall syndrome (PHS) laryngotracheal defects and cleft of the lip are present (Brown et al., 2020). 

These observations suggest that OS might underscore a primary cilium defect. 

1.6. Autophagy and primary cilium crosstalk. 

Recently, the appropriate assembly and functioning of the primary cilium has been linked to 

autophagy: indeed, several works have been published in the last years showing how autophagy can 

both positively and negatively regulate ciliogenesis and ciliary length depending on the nutrient 

availability, and conversely how ciliary pathways are involved in autophagy activation, supporting 

the importance of having a functional primary cilium to activate autophagy in nutrient deprivation 

condition (Pampliega et al., 2013; Tang et al., 2013; Struchtrup et al 2018). 

Autophagy induction requires the presence of a functional primary cilium. Downregulation or 

loss of ciliary structural proteins and/or IFT complexes components, that are known to impair 
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ciliogenesis, prevents autophagy activation upon serum starvation, leading to lower 

autophagosomes formation: depletion of IFT proteins leads to a loss of proper autophagy induction 

that is dependent on Hh signalling, which in turn depends on intact IFT and primary cilium 

(Pampliega et al., 2013). Moreover, IFT proteins are involved in the recruitment of some ATG 

proteins, especially ATG16L, to the primary cilium, in particular to the ciliary pocket, that has been 

proposed as a further putative site where autophagosomes might originate (Pampliega et al., 2013; 

Pampliega and Cuervo, 2016; Morleo and Franco, 2019). This reciprocal regulation is context-

dependent: in some studies, the decrease of basal autophagy due to a block in ciliogenesis can be 

restored by mTOR inhibition (Wang et al., 2015), while in some other contests this kind of 

treatment is not restoring autophagy when a primary cilium is absent (Pampliega et al., 2013). 

These findings suggest that the crosstalk between the primary cilium dynamics and autophagy are 

dependent on the cell type, the type of stimulus as well as culture conditions. The same stimulus 

may lead to a different effect, for instance Hh signalling can stimulate autophagy when the stimulus 

starts in the cilium (Pampliega et al., 2013) but it does not in proliferating cells where the primary 

cilium is absent (Jimenez-Sanchez et al., 2012). 

For what concern the primary cilium length, several works report opposite and contrasting 

effects upon autophagy blockage on primary cilium length. This is due to the fact that autophagy 

can regulate the half-life of both positive and negative regulators of ciliary length. For example, 

IFT20 is degraded through basal autophagy to prevent continuous cilium growth when nutrients are 

present, but serum-starvation induced autophagy does not target IFT20, since it is necessary for the 

building of the cilium, but OFD1, in particular the centriolar satellites pool of OFD1, that 

suppresses ciliogenesis (Pampliega et al., 2013; Tang et al., 2013). 

To add complexity to this relationship between autophagy and primary cilium, in some cell 

types, when autophagy is inhibited by drugs to study the effect of the block on primary cilium 

dynamics usually cells engage proteasome degradation to overcome autophagy block, although 

proteins targeted for the proteasome in these conditions are not know yet (Wang et al., 2015; 

Morleo and Franco 2019).  

To conclude, changes in the ratio between degradation of positive and negative regulators can 

determine the final ciliogenesis rate that will be different depending on the cell type and the 

stimulus nature. As a consequence, some clinical manifestations observed in ciliopathies might be 

due to impairments in the autophagy pathway and, conversely, pathologies associated to altered 

autophagy, as neurodegenerative diseases, metabolic diseases and cancer could present abnormal 

cilia biogenesis and functioning. 
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Many aspects of this crosstalk have to be completely understood yet, but some of the OS features 

are shared with ciliopathies, giving rise to the hypothesis that MID1 might have a role in this cross-

regulation process in the OS context. 
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2. Aim of the work 

Opitz G/BBB syndrome is a congenital malformation characterised by several clinical signs 

affecting the ventral midline. The X-linked form (XLOS, hereafter OS) is caused by mutations in 

MID1 gene, whose protein product is a member of the TRIM protein family of E3 ubiquitin ligases. 

Several findings on the biochemical function of the MID1 product have been reported, however, the 

pathogenetic mechanisms underlying this disease have not been elucidated yet. However, several of 

the OS clinical phenotypes are found also in other pathologies caused by mutations in proteins 

involved in primary cilium dynamics, i.e. ciliopathies.  This may suggest a putative role of MID1 in 

controlling the primary cilium biogenesis, as well as its maintenance. Defects in primary cilium in 

OS cells might explain several of the signs observed in patients that are shared with ciliopathies. 

The goal of my PhD project is to investigate MID1 role in both primary cilium dynamics and 

autophagy, being these processes reciprocally regulated. Indeed, on one side, MID1 is involved in 

the control of the level of the microtubular pool of PP2Ac (Trockenbacher et al., 2001), thus 

indirectly controlling the regulation of mTORC1 phosphorylation status (Liu et al.,2011). On the 

other hand, preliminary data suggest that MID1 behaves as a negative regulator of primary cilium 

length (Kim et al., 2010). Towards this goal, the following aims have been addressed: 

Aim 1: investigate the role of MID1 during the assembly of the primary cilium, i.e. ciliogenesis. 

Aim 2: investigate the role of MID1 in the autophagy process and its involvement in the control 

of ciliogenesis. 
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3. Materials and Methods 

3.1. Cell Culture and transfection. 

Human arising retinal pigment epithelial cell line (ARPE-19), and mouse embryonic fibroblasts 

(MEFs) have been maintained in culture in DMEM (Euroclone, ECB7501L), with 10% foetal 

bovine serum (FBS, Gibco 10270), 4 mM L-glutamine (Euroclone, ECB3000D), 100 units 

penicillin/100 µg streptomicine (Gibco, 15104). 

For ciliogenesis induction, culture medium has been replaced with serum-free DMEM when 

cells were 80% confluent, for different time points before fixation or cell harvesting for protein 

extraction. Time course experiments to check primary cilia dynamics have been performed with 

cells 80% confluent and serum-starved for 16, 20, 24, 40 hours in ARPE-19, up to 48 hours in 

MEFs. 

Plasmid DNA harbouring MycGFP-pcDNA3, MycGFP-MID1, MycGFP-MID1ΔRING, 

already available in the lab have been transfected in ARPE-19 cells through Lipofectamine 3000 

vector (L3000015, Invitrogen) following manufacturer’s instructions. 

In ARPE-19 cells and MEFs, autophagy flux has been analysed by treating the cells with 100 

µM of Chloroquine (#tlrl-chq, InvivoGen) at different time points (see Results and Discussion 

section for the different experimental conditions). For the analysis of basal autophagy flux, cells 

have been seeded at 80% confluence, transfected the following day, medium has been changed 6 

hours after transfection as suggests by lipofectamines manufaturer’s instructions, and cells have 

been finally treated with chloroquine the day following transfection. For the analysis of serum-

starvation induced autophagy, after transfection, the medium has been replaced with serum-free 

DMEM, for 20 hours, then chloroquine has been added to block the lysosome. After the treatment, 

LC3II and p62 protein levels have been analysed through Western Blot. 

3.2. Preparation of Mouse Embryonic Fibroblasts (MEFs). 

MEFs have been prepared from wild-type (WT) and Mid1-/Y Knock-out (KO) embryos as per the 

following protocol. Embryos from an E13.5-pregnant Mid1+/- heterozygous female mated to a WT 

male have been harvested and placed in 100 mm cell culture dish upon placental and other maternal 

tissues removing. From this mating we can obtain WT and KO male littermates. Tail of the embryos 

have been removed and saved for genotyping (see below). Embryos have been then minced with a 

razor blade, trypsin added, and the dish placed in 37°C incubator for 10 minutes. Trypsin has been 

then quenched by adding 9 mL of complete DMEM and the suspension has been pipetted 10-20 
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times to further break up tissues. MEFs have been used for the ciliogenesis and autophagy 

experiments from passage 3 to 6.  

Genotyping has been performed upon lysing the tail tissues and extracting genomic DNA with 

PCR biosystem Mouse Genotyping Kit (PCR-Biosystems, Resnova). PCR has been then performed 

with the following primers (30 cycles, annealing at 58°C): 

• Mid1 NullF (5’-GCTCCCAGTAAAGACAGAC-3’) and Mid1 NullR (5’-

GAGCCCGTCTAGACCTCGC-3’) to identify the presence of the WT locus (400 bp); 

• Mid1 NullF and NEO1 (5’-CCAGAGGCCACTTGTGTAG-3’) to identify the presence of 

the KO locus (320 bp). 

To define the sex of the embryo, PCR (40 cycles, annealing at 54°C) to detect the Y 

chromosome specific Sry band (250 bp) has been performed using the following primers: 

• mSryF: 5’-GAGAGCATGGAGGGCCAT-3’ 

• mSryR: 5’-CCACTCCTCTGTGACACT-3’ 

 

Figure 9. Embryos genotyping. Top gel, MID1 WT and KO amplified fragments as indicated; bottom gel, 

Sry amplification for sex determination. M: 100 bp molecular weight marker (Gene Ruler 100bp DNA 

ladder SM0322 (Thermo Scientific); Lane 3, 5, 7: heterozygote females; Lane 2, 4, 8, 9: WT males; Lane 1, 

6, 10: KO males.    
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3.3. Immunofluorescence experiments. 

ARPE-19 and MEFs cells have been seeded on glass coverslips to 80% confluence. ARPE-19  

have been transfected with plasmid DNA as described above. After serum starvation, coverslips 

have been washed twice in PBS 1X (137mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4) and fixed in 4% paraformaldehyde (PFA) for 10 minutes at room temperature. 

Cells have been then washed again in PBS 1X and permeabilised with 0.1% Triton X-100 in PBS 

(PBST) for 5 minutes at room temperature, blocked with 5% BSA in PBST for 1 hour at room 

temperature. Coverslips have been then incubated with primary antibodies, diluted in 1% BSA in 

PBST, for 2 hours at room temperature. Anti-ARL13B antibody (17711-1-AP Proteintech) has been 

used at 1:400 dilution. Staining has been obtained after incubation for 1 hour at room temperature 

with a Cy3-conjugated anti-rabbit antibody (1:200 dilution, AP132C, Millipore). Coverslips have 

been mounted with Vectashield mounting medium plus DAPI (Vector Laboratories) and cells have 

been analysed with epifluorescence microscopy. 20X magnification images have been used to 

calculate ciliated cells percentage, through ImageJ (NIH, Bethesda, USA), while high-resolution 

60X or 63X magnification images have been used to measure primary cilia length, through ImageJ 

software. Merges have been obtained with Photoshop Adobe. 

3.3.1. Confocal imaging. 

ARPE-19 cells transfected with MycGFP-MID1 together with mCherry-LC3 (gift from Carmine 

Settembre, TIGEM) were evaluated with a Nikon C1si. Confocal microscope Nikon C1si contains 

457,477, 488, 514 nm argon laser lines and 408, 561, 640 nm diode lasers. Light was delivered to 

the sample with an 408/488/561/640 dichromatic reflector and 60X Plan Apo objectives were used. 

The system was operated with a pinhole size of one Airy disk. Electronic zoom was kept at 

minimum values for measurements to reduce potential bleaching. The confocal microscope and the 

acquisition protocols were inserted using the company proprietary software, NIS Elements C, 

version 5.0. Optical sections were obtained under a 60X oil-immersion objective at a definition of 

1,024 × 1,024 pixels. Images were processed for z-projection and for illustration purposes by using 

ImageJ (NIH, Bethesda, USA). 

3.4. SDS-PAGE and Western-blot. 

ARPE-19 cells and MEFs have been lysed in RIPA buffer (50 mM Tris-HCl pH 8, 0.1% SDS, 

150 mM NaCl, 0.5% NaDOC, 1% NP-40). Samples have been then sonicated 2 times, for 10 

seconds. The insoluble fraction has been removed by centrifugation at 14,000 rpm at 4°C for 10 

minutes. Protein quantification has been measured through a Bradford assay (BioRad, Cat.#500-

0006) following the manufacturer’s instructions. Proteins have been boiled at 95°C for 5 minutes in 
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sample buffer (250 mM Tris-HCl pH 6.8, 40% glycerol, 8% SDS, 5% β-mercaptoethanol, 0.04% 

bromophenol blue) and then loaded on 7.5%, 10%, 13% or 15% acrylamide gels, depending on the 

resolution required for each protein detected,  and blotted on PVDF membranes (Immobilon-P, 

IPVH-00010, Millipore) over night at 4°C. Membranes have been then blocked in 5% Milk in TBS 

1X (150 mM NaCl, 10 mM Tris, 0.065% HCl, pH 7.4) with 0.1% Tween (TBST), for 1 hour at 

room temperature. Primary antibodies have been diluted in 5% Milk in TBST and incubated for 2 

hours at room temperature:  

• Anti-c-myc 9e10 (M4439, Sigma Aldrich) 1:5000 

• Anti-p62 (#39749, Cell Signaling) 1:1000 

• Anti-LC3B (L7543, Sigma Aldrich) 1:3000 

• Anti-GAPDH (G8795, Sigma Aldrich) 1:6000 

Secondary antibodies have been incubated for 1 hour at room temperature, diluted in 5% Milk in 

TBST: 

• Anti-Mouse HRP (AP308P, Millipore) 1:5000 

• Anti-Rabbit HRP (A120-208P, Bethyl Laboratories) 1:5000 

For bands detection, membranes have been incubated with HRP substrate (ECL Pierce, 

Invitrogen, 32106), for 1 minute, then the membranes have been placed between two plastic 

transparencies and exposed to an autoradiography film (GE Healthcare) for different time points 

depending on antibodies efficiency. For some immunoblots, after ECL incubation, detection has 

been performed with the ChemiDOCTM Touch Imaging System. GAPDH bands have been used as 

normaliser for protein band quantification, performed through ImageJ software. 

3.5. Primary cilia measurements and percentage of ciliated cells evaluation. 

Percentage of ciliated cells has been calculated as the ratio between the number of cells 

protruding a primary cilium and the total number of cells; the number of cells is indicated for each 

experiment in the relative text or caption (see Result and Discussion section). Primary cilia length 

has been measured upon Arl13B staining, through the ImageJ software relative to the resolution of 

the image (scale bar are indicated in Result and Discussion section for each immunofluorescence). 

3.6. Statistical Analyses. 

All the experiments in ARPE-19 cells have been performed at least three times, except for time 

course experiments for cilia dynamics analyses. Experiments in MEFs have been performed in 

biological triplicates (N=3 for both WT and KO MEFs). Statistical analyses performed to assess 
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differences between samples have been done using a two tail Student’s t test or ANOVA test 

(JAMOVI software) when two variables should be considered, as indicated in each experiment. 
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4. Results and Discussion 

4.1. Ciliogenesis in ARPE-19 cells. 

MID1 is a cytoskeleton-associated protein that may be involved in the regulation of microtubular 

stability (Cainarca et al.,1999; Schweiger et al., 1999). Being the primary cilium a microtubule-

based organelle (Ishikawa and Marshall, 2011; Bernabé-Rubio and Alonso, 2017) and sharing Opitz 

Syndrome (hereafter OS) some clinical signs with ciliopathies, our hypothesis is that MID1 might 

regulate primary cilium biogenesis and dynamics.  

ARPE-19, a spontaneously arising retinal pigment epithelium cell line from a male donor, has 

been used to address this issue. Before starting to test whether MID1 might have a role in 

ciliogenesis in this cell line, the capacity of these cells to protrude a primary cilium has been tested. 

ARPE-19 cells have been seeded on glass coverslips and, at 80% of confluence, one coverslip has 

been fixed with 4% PFA for 10 minutes at room temperature and considered as t0. The cells on the 

remaining coverslips have been serum-starved for 16, 20, 24, 40 and 48 hours, to follow the 

protrusion of the primary cilium during time and to detect the time point of its maximum length 

(Figure 10A). All coverslips have been fixed in 4% PFA for 10 minutes at room temperature, and 

immunofluorescence has been performed with an anti-ARL13B antibody that detects a small 

GTPase that localises to cilia as a marker for the primary cilium. For each time point, images at 20X 

magnifications (data not shown) have been taken to calculate the percentage of ciliated cells, 

whereas high-resolution 63X magnification images have been used to measure the primary cilium 

length (Figure 10B). As regards to the percentage of ciliated cell, these cells assemble a cilium with 

a high frequency already in normal growth condition, however there was a significant increase from 

t = 0h to t = 24h, a stabilisation between t = 24h and t = 40h followed by a further increase up to t = 

48h when more than 50% of cells present a primary cilium (Figure 10C). For what concern the 

primary cilium length, 30 primary cilia have been measured from 63X magnification images for 

each time point. As shown in the graph in Figure 10D, these cells can protrude a quite long primary 

cilium also in the presence of the serum (t0 cilium length average = 3.55 µm ± 0.95 µm), but its 

length reaches the maximum after 24 hours of serum-starvation (cilium length average = 4.43 µm ± 

2.18 µm). Given these results, all the experiments involving the use of this cell line have been 

performed following this time line, namely serum-starving ARPE-19 cells for 24 hours, unless 

stated otherwise. 
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Figure 10. Time-course in ARPE-19 cells for ciliogenesis and primary cilium length analyses. A) 

Experimental scheme where starvation (STV) time points are indicated. B) Immunofluorescence images 

(63X magnification; scale bar = 10 µm) showing wild-type ARPE-19 cells serum starved for different times. 

C) Histogram indicating the percentage of ciliated cells, calculated as the ratio between the number of 

ciliated cells and the total number of the cells for each field (20X images used for this calculation are not 

shown). Data are indicated as MEAN±SD and significance has been assessed through the Student’s t-test (*: 

p<0.05). D) Box plot graph indicating primary cilia length measurements for each time point (N = 30 cells 

for each time point). Significance has been assessed through the Student’s t-test (*: p<0.05) 



41 

 

4.1.1. MID1 overexpression affects ciliogenesis in ARPE-19 cells. 

In order to investigate whether the primary cilium can be affected by the presence of the 

exogenous MID1 protein, ARPE-19 cells have been transfected with either MycGFP-MID1 or 

empty vector (MycGFP-pcDNA3) as negative control. Due to a still unexplained drop in the 

number of detectable MycGFP-MID1 transfected cells after 48 hours of starvation, only the point at 

24 hours of starvation has been analysed (Figure 11A). This time point is also in accordance with 

the analyses described above in ARPE-19 cells.   

For our purpose in investigating the role of MID1 in ciliogenesis, ARPE-19 cells have been 

seeded on glass coverslips up to 80% of confluence. At this point, two coverslips have been 

transfected with the MycGFP-MID1 plasmid and other two with the empty vector. Six hours after 

lipofectamine-mediated transfection, medium has been changed: one coverslip for each plasmid has 

been maintained in a serum-containing medium (normal growth condition), while a serum-free 

medium for 24 hours (serum starvation) has been used for the other one. After this, coverslips have 

been fixed and immunofluorescence has been performed with the anti-ARL13B antibody. 

Percentage of transfected ciliated cells has been calculated for the GFP- and for the GFP-MID1-

transfected cells, both in normal growth condition and upon serum starvation. Representative 

images are shown in top and middle panels in Figure 11B with MID1 expressing cells showing the 

expected microtubular distribution. In normal growth condition, the percentage of ciliated GFP-

MID1-overexpressing cells was 34% on average (34 ± 5.3 %) in contrast to the percentage of 

ciliated GFP-overexpressing cells, that was 54% on average (54 ± 8.7 %) (Figure 11C). In the 

absence of serum, consistent with the experiments with untransfected ARPE-19 cells, 58.7% of 

GFP-transfected cells was ciliated (58.7 ± 7 %) whereas only 31.3% of GFP-MID1-transfected cells 

protruded the cilium (31.3 ± 6.1 %). From these results it is clear how MID1 overexpression limits 

the protrusion of ARPE-19 primary cilium in normal growth conditions and this effect is further 

increased upon starvation. Indeed, while GFP-positive cells ciliation increases in the absence of 

serum as expected, MID1 overexpressing cells do not increase and if possible, they even reduce 

ciliogenesis efficiency compared to normal growth condition (Figure 11C).  

From the same samples, 50 primary cilia have been measured in transfected cells from high-

resolution 63X magnification images. GFP-MID1-positive cells grown in serum-containing 

medium protruded a primary cilium that was on average 2.08 µm long (2.08 µm ± 0.1 µm), in 

contrast to GFP-positive cells that protruded on average a 2.66 µm long primary cilium (2.66 µm ± 

0.23 µm) (Figure 11D). In contrast to this significant difference (p<0.05) in normal growth 

conditions, when the serum was removed from the culture medium, no significant difference could 

be appreciated between the two samples (p>0.05): GFP-transfected cells protruded a cilium that 
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reached 2.83 µm on average (2.83 µm ± 0.65 µm), while primary cilium in GFP-MID1-transfected 

cells was 2.64 µm long (2.64 µm ± 0.23 µm).  

These results confirm that MID1 has a role in regulating primary cilium dynamics in ARPE-19 

cells and that this effect depends on the cell culture conditions. In general, MID1 behaves as a 

negative regulator of the primary cilium assembly and elongation. However, while the formation of 

the cilium is reduced in both serum-containing and serum-starved conditions, its elongation is 

affected by MID1 mainly in the presence of the serum in the culture medium. 

4.1.2. MID1 E3 ubiquitin ligase activity is required to exert a role on primary cilium. 

MID1 is an E3 ubiquitin ligase acting in the last step of the ubiquitination process favouring the 

specific recognition of the substrate to be modified and allowing the correct transfer of the ubiquitin 

moiety to the target. One can hypothesise that its catalytic activity may be involved in the regulation 

of primary cilium protrusion and/or extension. To test if this is the case, in parallel to the 

experiments described above, ARPE-19 have been transfected also with a catalytically inactive 

form of MID1 lacking the RING domain (MycGFP-MID1ΔRING) and also in these cells the 

percentage of ciliated cells and the primary cilia length have been measured and compared to the 

GFP- and GFP-MID1-overexpressing cells. Representative images are shown in the bottom panels 

in Figure 11B showing a decoration of the microtubular cytoskeleton by MID1-ΔRING different 

from the MID1 full-length and presenting ribbon-like structures.  

In both normal conditions and upon serum-starvation, no differences have been observed 

between GFP- and GFP-MID1ΔRING-positive cells for both the percentage of transfected ciliated 

cells and the primary cilia length (Figures 11C and D). In fact, in serum-containing medium, the 

percentage of ciliated GFP-MID1ΔRING-overexpressing cells was 44.7% on average (44.7 ± 

11.4%), protruding a cilium on average 2.98 µm long (2.98 µm ± 0.32 µm). Upon serum-starvation, 

a 3.37 µm long primary cilium (3.37 µm ± 0.26 µm) is visible in the 54% ciliated cells (54 ± 8.7%).  

Together, these data indicate that the effect of MID1 on ciliogenesis and primary cilium 

elongation is fully due to its catalytic activity. Indeed, most of the differences observed between the 

GFP-MID1- and GFP-MID1ΔRING-positive cells are statistically significant and the values of 

GFP-MID1ΔRING-positive cells are comparable with the values observed in the GFP-transfected 

cells. The effect on the length of the cilium in serum-starved cells is overcoming that of the control 

cells, possibly due to a dominant negative effect of MID1 lacking the RING domain on the 

endogenous wild-type protein: as reported in the Introduction section, MID1ΔRING protein may 

homodimerise with the wild-type protein through their coiled-coil domains, thus interfering with 

endogenous protein function.  
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Figure legend on the next page 
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Figure 11. Cilia dynamics under serum starvation upon MID1 and MID1ΔRING overexpression in ARPE-

19 cells. A) Representative scheme of the experiment repeated three times (STV, starvation). B) 

Immunofluorescence images (63X magnification; scale bar = 10 µm) showing ARPE-19 transfected with 

MycGFPpcDNA3, MycGFPMID1 and MycGFPMID1ΔRING maintained either in FBS-containing medium 

(+FBS) or serum-free medium (-FBS) as indicated. Primary cilia are marked with anti-ARL13B (red signal). 

C) Histogram indicating the percentage of transfected ciliated cells, calculated as the ratio between the 

number of transfected ciliated cells and the total number of transfected cells (n=50 for each condition). Data 

are indicated as MEAN±SD and significance has been assessed through the Student’s t-test (*: p<0.05). D) 

Bar blot indicating primary cilia length measurements (MEAN±SD). Significance has been assessed through 

the Student’s t-test (*: p<0.05; **: p<0.01) 

4.1.3. Dynamics of cilium elongation in the presence of exogenous MID1. 

Similar to the experiment performed in non-transfected ARPE-19 cells, a time-course 

experiment was also done in the presence of exogenous MID1. The goal was to appreciate the 

differences in the rate of primary cilium growth in the presence of exogenous MID1 and possibly to 

identify the elongation phase most affected. Cells have been seeded on coverslips and transfected 

with MycGFP-MID1 and MycGFP-MID1ΔRING and, serum starved for different time points and 

the cilium measured at each time point. The MycGFP-pcDNA3 plasmid has been used as a negative 

control (Figures 12A and B). Both GFP- and GFP-MID1ΔRING-positive cells protruded a cilium 

that grew until 20 hours and then started a stationary phase showing a cilium stable length (Figure 

12C). The maximum length is reached few hours earlier than in non-transfected cells likely due to a 
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transfection effect. MID1-overexpressing cells cilium, although always shorter than the one 

protruded by control- and MID1ΔRING-positive cells, grew up to 16 hours then its length was 

found decreased by the 20-hour-time point to finally stabilise its length (Figure 12C).  

From the ANOVA test performed in this experiment, there is a significant difference in the 

behaviour of the different transfected cells during time (p<0,01). Indeed, a difference in the rate of 

the primary cilium grow can be observed: while the GFP- and GFP-MID1ΔRING-expressing cells 

primary cilia slowly constantly grew up to 20 hours, GFP-MID1-positive cilia grow more rapidly 

within the first 16 hours but started to decrease and stabilise after that time point, as MID1 

overexpression impaired primary cilium elongation. 
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Figure legend on the next page 
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Figure 12.  Time-course in ARPE-19 cells overexpressing GFP-MID1, GFP-MID1ΔRING and GFP as a 

negative control. A) Experimental scheme where starvation (STV) time points are indicated. B) 

Representative immunofluorescence images (63X magnification; scale bar = 10 µm) taken at the different 

time points. The primary cilia are marked through an anti-ARL13B (red signal). C) Histogram showing 

primary cilia measurements (N = 30 cilia) for each sample at each time point (MEAN±SEM). Statistical 

significance has been assessed through the ANOVA test (*: p<0.05; **: p<0.01; ***: p<0.001). D) The 

linear graph is a representation of primary cilium growth rate (MEAN±SEM). Significance has been assessed 

through the ANOVA test (*: p<0.05; **: p<0.01; ***: p<0.001).  

At 24 hours of starvation in this experiment a statistically significant difference can be 

appreciated between GFP-MID1-expressing cells and the control. This difference has not been 

observed in the previous experiment, maybe due to a higher variability in the control samples. 

We can conclude that in this human cell line MID1 overexpression impairs ciliogenesis in both 

normal- and serum-starved conditions. When the cilium is built, exogenous MID1 leads to the 

protrusion of shorter primary cilia: this effect is clear in normal growth conditions while in serum-

free growth conditions this effect is observed mainly at specific times upon starvation due also to a 

different growth kinetics in the presence of MID1. It is worth pointing out that cell culture 

conditions play a pivotal role in highlighting the differences between the samples analysed. The 

data presented have been achieved in presence or absence of foetal bovine serum. It will be 

interesting to test the same upon depletion of other medium components, e.g. amino acids, to better 

understand the pathways implicating MID1 and primary cilium protrusion. Moreover, the data 

showed that MID1 catalytic activity is involved in the control of these processes, since the 
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introduction of a catalytically inactive form of MID1 makes the cells protruding primary cilia as 

numerous and long as the controls.  

4.2. MID1 negatively regulates autophagy flux in ARPE-19 cells.  

As mentioned in the Introduction section, MID1 might be indirectly involved in the control of 

the autophagy pathway. On microtubules, MID1 controls the stability of the catalytic subunit of 

Protein Phosphatase 2A (PP2Ac) (Trockenbacher et al., 2001) that in turn regulates the activity of 

mTOR, a key nutrient sensor that negatively regulates autophagy mainly through the control of the 

mTOR/Raptor complex (mTORC1) formation (Liu et al., 2011). Moreover, a series of recent 

studies have shown how primary cilium-associated pathways activate autophagy and conversely 

how autophagy participates in the control of ciliogenesis (Pampliega et al., 2013; Tang et al., 2013). 

Further, several TRIM proteins are directly involved in the regulation of different steps of the 

autophagy pathway (Mandell et al., 2014; Kumar et al., 2017; Hatakeyama 2017; van Gent et al., 

2018; Di Rienzo et al., 2020). We reasoned that MID1-dependent regulation of ciliogenesis process 

and of primary cilium length might be explained by alterations in the autophagy process. Therefore, 

we started investigating a possible role of MID1 in the autophagic process in ARPE-19 cells. 

There are several methods to study and monitor the autophagy process and dynamics. The 

detection of LC3-II protein levels, together with autophagy receptors, e.g. p62, through Western 

Blot analyses and detection of autophagosomes abundance and destiny through LC3 

immunofluorescence are two of the most used methods. Cells experience both a physiological level 

of autophagy in non-stressed conditions, basal autophagy, and further stress-induced autophagy in 

response to several stimuli (see Introduction). To maintain the same stress conditions that induce 

ciliogenesis, we analysed autophagy in normal growth (basal) and upon serum starvation (induced). 

GFP- and GFP-MID1-transfected cells have been serum-starved for 3, 6 and 9 hours, one over-

night after the medium change upon transfection. Cells collected immediately before the starvation 

to start have been considered as time 0 (Figure 13A). Western blot analyses have been then 

performed by loading 5 µg of protein extract for each sample, and both LC3 and p62 protein levels 

have been analysed by immunoblot together with detection of transfected MID1 using anti-tag 

(cMyc) antibody (Figure 13B). The detected bands were quantified and normalised against the 

GAPDH-detected protein and the results are shown in the graphs of Figure 4.  

At t = 0h, LC3-II protein levels (lower band in LC3 immunoblot) are higher in MID1 

overexpressing cells than in the control (Figure 13C). As expected for starvation-induced autophagy 

activation, after 3 hours of serum-free growth, LC3-II levels strongly increased in the control while 

in GFP-MID1-expressing samples the basal high level is maintained stable with no further increase 
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in LC3-II protein levels. After 6 and 9 hours of serum-starvation, LC3-II levels decreased with 

similar dynamics in both sets of samples (Figure 13C). A similar trend is observed for what 

concerns p62 that it is basically behaving as LC3-II: at the starting point, although not significant, 

p62 protein levels are higher in GFP-MID1-positive cells than in control samples. Upon starvation, 

p62 protein levels increase in MID1-overexpressing samples is slower, if not absent, than in the 

control cells where p62 increased up to 6 hours and then started to decrease at 9 hours of serum-

starvation (Figure 13D).  

In the same experiments, we also noted a different behaviour of the non-lipidated form of LC3, 

LC3-I, in MID1-overexpressing cells and therefore also this form has been considered. Total levels 

of LC3 (LC3-I + LC3-II) have been analysed, together with the ratio LC3-II/LC3-I that is an 

indicator of autophagy activation. For what concern total LC3 levels (Figure 13E), the observed 

trend is very similar to what seen with LC3-II (Figure 13C) but with an even stronger difference 

between GFP-MID1-overexpressing cells and the controls at the starting point when considering 

both forms. As for LC3-II, then no differences can be observed at 3, 6 and 9 hours of starvation 

between the two samples. Further, as seen for LC3-II alone, there is a significant increase in LC3 

levels in the first 3 hours of starvation in the GFP-positive samples than in GFP-MID1-transfected 

cells. By calculating instead LC3-II/LC3-I ratio, in GFP-MID1-positive cells this value is lower 

than GFP controls at time 0, due to the high levels of LC3I in the former, and then maintained lower 

or comparable at the beginning of starvation (3 and 6 hours) (Figure 13F).  This can suggest that 

LC3 is either synthesised at higher level or not degraded as in the control cells. Whether this 

degradation is autophagy- or proteasome-mediated in these cells is still under investigation. These 

results can also suggest that the autophagy pathway might be somehow slowed down and LC3 tend 

to be accumulated when exogenous MID1 is expressed.  
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Figure 13. MID1 role in autophagy in ARPE-19 cells. A) Experimental scheme where starvation (STV) time 

points are indicated. B) Representative Western Blot analyses for p62 and LC3 protein levels detection; 5 µg 

of protein extract have been loaded and GAPDH has been used as loading control. Anti-c-Myc has been used 

to assess proper MID1 exogenous expression. C) Histogram of LC3-II protein levels normalised on GAPDH 

intensity. D) Histogram of p62 protein levels normalised on GAPDH. E) Total LC3 protein levels calculated 

as the sum of LC3-II and LC3-I intensities, both normalised on GAPDH. F) LC3-II/LC3-I ratio normalised 

against GAPDH signal. This experiment has been performed three times, data are represented as 

MEAN±SEM, and significance has been assessed through ANOVA test (*: p<0.05; **: p<0.01; ***: 

p<0.001) 

The notion according to which an increased amount of autophagosomes number, observed 

through increased LC3-II protein levels, corresponds to an increased autophagy induction is not 

totally correct. Autophagosomes accumulation may correspond either to autophagy activity 

enhancement or to the suppression of steps downstream autophagosomes formation that leads to 

their turnover, i.e. lysosome-dependent degradation blockage. To understand this point, 

concomitant analysis of the autophagy flux is usually performed. One of the approaches entails the 

treatment with lysosomes inhibitors, such as chloroquine, that blocks lysosome acidification, or 

bafilomycin that blocks autophagosomes fusion to the lysosomes. By blocking the lysosome 

activity, LC3-II levels are increased due to accumulation in the cells (Tanida et al., 2005). LC3-II 

levels are increased also in basal conditions upon the treatment, but the difference in its levels in the 

presence or absence of the drug is larger under starvation, due to the fact that autophagy flux is 

usually increased upon starvation.  

To better address this issue, ARPE-19 have been cultured in serum-containing medium and 

transfected with MycGFP-MID1 and MycGFP-pcDNA3 as a negative control in triplicate. Six 

hours after transfection, at the medium change, half of dishes for each plasmid have been 

maintained in serum-containing medium while in the remaining dishes have been shifted to a 

serum-free medium. After further 20 hours, chloroquine (100 µM) was added and kept for 4 hours 

(Figure 14A). At the end of the treatment, cells were lysed and protein extracts analysed by 

immunoblot (Figure 14B). In normal growth conditions, as expected, chloroquine treatment led to 

the accumulation of LC3-II protein levels in both GFP-MID1-overexpressing sample and in the 

control (Figure 14B), although LC3-II-accumulation was significantly lower in GFP-MID1-

overexpressing cells than in GFP-overexpressing ones, suggesting a slower autophagy flux if 

exogenous MID1 is expressed (Figure 14C). In the absence of serum, results are inverted: LC3-II 

accumulates more in GFP-MID1-transfected cells than in the controls although this difference is not 

statistically significant (Figure 14D-E). 
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Figure 14. Autophagy flux analysis in ARPE-19 expressing exogenous MID1. A) Experimental scheme 

where starvation (STV) and Chloroquine (CQ) treatment time points are indicated. B) Western Blot analysis 

of samples from normal growth conditions (10% FBS). LC3 proteins (I and II) were detected and GAPDH 

has been used as loading control. Anti-c-Myc has been used to assess proper MID1 exogenous expression. In 

the blot, the three technical replicates are present. C) Quantification of LC3-II accumulation from the 

immunoblot in B, calculated as the ratio between CQ and mock, normalised against GAPDH. Statistical 

significance has been assessed with Student’s t test (*: p<0.05). D) Western Blot analysis of serum-starved 

samples (0% FBS). Description as in B. In the blot, all the three technical replicates are present. E) 

Quantification of LC3-II accumulation from the immunoblot in D, calculated as the ratio between CQ and 

mock, normalised against GAPDH. Statistical significance has been assessed with Student’s t test (data not 

statistically significant). 
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To further confirm these data, a time-course has been performed where cells have been treated 

for shorter time with chloroquine. The same experiment has been performed as above but treating 

cells for 30 minutes and 1 hour, always using a final concentration of 100 µM of chloroquine 

(Figure 15A). In basal conditions, as expected, LC3-II levels increased over time in GFP-

overexpressing cells, but in MID1-transfected samples LC3-II levels increase was not as marked 

(Figure 15B-C). In the same experiment, p62 protein levels have also been analysed: although not 

statistically significant, in MID1-overexpressing cells p62 levels increased with the time of the 

treatment (Figure 15D-E) in contrast to the empty vector-transfected cells where the missed 

accumulation of p62 in the controls is not consistent. By blocking the lysosome, an increase in p62 

protein levels was expected over time upon chloroquine treatment, but not occurring in GFP 

controls. Further experiments are needed to better understand this unexpected behaviour. Another 

inconsistent aspect is that p62 is accumulating in MID1-overexpressing cells, not expected if there 

is a delayed autophagy flux. 
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Figure 15. Basal autophagy flux analysis in ARPE-19 expressing exogenous MID1. A) Experimental 

scheme where CQ treatment starting point and stop points are indicated. B) Representative Western Blot of 

LC3 and p62 protein levels. This experiment has been repeated three times. C) Quantification of LC3-II 

protein levels normalised against GAPDH. Significance has been assessed with ANOVA test (**: p<0.01, 

***: p<0.001). D) Quantification of p62 protein levels normalised against GAPDH. Statistical significance 

has been assessed with ANOVA test (*: p<0.05)  

In the absence of serum, LC3-II behaviour is identical in the two transfected samples showing a 

time-dependent increase (Figure 16B-C). For what concerns p62 protein levels, it shows 

accumulation with time of treatment, but its levels are always lower in MID1-overexpressing cells 
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than in GFP-positive cells (Figure 16B-D), thus probably suggesting an induced autophagy in 

MID1-positive samples. All together, these experiments are showing how MID1 overexpression 

leads to a block of the autophagy pathway, slowing the flux down in basal conditions, but not upon 

serum-starvation. 

Figure 16. Serum starvation-induced autophagy flux analysis in ARPE-19 expressing exogenous MID1. A) 

Experimental scheme where CQ treatment starting point and stop points, as well as serum starvation (STV) 

are indicated. B) Representative Western Blot of LC3 and p62 protein levels. This experiment has been 

repeated three times. C) Quantification of LC3-II protein levels normalised against GAPDH. Statistical 

significance has been assessed with ANOVA test (**: p<0.01, ***: p<0.001). D) Quantification of p62 
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protein levels normalised against GAPDH. Statistical significance has been assessed with ANOVA test (*: 

p<0.05) 

Confocal images from preliminary experiments performed in ARPE-19 overexpressing 

MycGFP-MID1 together with mCherry-LC3 plasmid, both in normal growth conditions and in 

serum starvation, show that some LC3-positive puncta are also GFP-positive, indicating a co-

localisation of MID1 and LC3 on autophagosomes (Figure 17A). Additional experiments are 

definitely needed to better investigate this point; however, these data suggest that MID1 might 

localise to autophagosomes and be degraded through autophagy, thus hypothetically creating a 

feedback loop between autophagy process and MID1. This relationship between MID1 and LC3 is 

reinforced by the fact that in silico analyses with iLIR tool (Jacomin et al., 2016) showed that MID1 

protein sequence contains a putative LIR (LC3 Interacting Region) sequence in its FN3 domain 

(Figure 17B). The fact that MID1 contains a LIR is indicative that it might be degraded through 

autophagy being embedded into the autophagosomes via LC3-II interaction, although when the 

lysosome has been blocked in the previous experiments, no differences in exogenous MID1 protein 

levels have been observed. Another possibility is that MID1 might interact with LC3-II in the outer 

side of the autophagosome membrane, thus regulating, for instance, autophagosomes movement on 

microtubules (Xie et al., 2010). This last hypothesis might explain why MID1 overexpression slows 

autophagy down, since its positioning on microtubules might regulate the movement of 

autophagosomes towards the lysosomes.  
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Figure 17. MID1 partially colocalises with LC3. A) Confocal images (60X magnification, 1024 x 1024 

pixels, scale bar = 10µm) of ARPE19 cells co-transfected with MycGFPMID1 and mCherryLC3. B) LIR 

sequence indicated with the asterisks above the MID1 FN3 domain  

 

Additional experiments are needed to clarify the role of MID1 in ciliogenesis and autophagy in 

ARPE-19 cell: the use of different version of overexpressed MID1, e.g. HA-tagged MID1; 

performing more detailed time course both for autophagy and ciliogenesis; the use of additional 

autophagy inhibitors; and test the knock-down or knock-out of MID1 to test these processes in the 

absence of MID1. Moreover, it should be of interest to mutagenise the LIR sequence to see whether 

the colocalisation between MID1 and LC3 is disrupted, and autophagy flux rate restored, as well as 

investigate whether MID1 catalytic activity is involved also in autophagy regulation. 

4.3. Mid1-depleted MEFs exhibit a longer primary cilium. 

Taking advantage of the availability of a mouse model lacking the Mid1 gene (Lancioni et al., 

2010), we decided to investigate whether Mid1 absence impairs ciliogenesis and/or primary cilia 



58 

 

length also in mouse fibroblasts. Seven MEF primary cell lines established from 4 wild type (WT) 

and 3 knock-out (KO) littermates have been used for the following experiment. MEFs have been 

seeded on glass coverslips and, after reaching 80% confluence, they have been either maintained in 

medium with serum or starved in a serum-free medium for 24 hours (Figure 18A). Coverslips have 

been then fixed in 4% PFA for 10 minutes at room temperature and anti-ARL13B antibody has 

been used to mark the primary cilium by immunofluorescence (Figure 18B). As for ARPE-19 cells, 

20X magnification images have been used to calculate the percentage of ciliated cells and 60X 

magnification images at higher resolution have been used to measure primary cilia. The percentage 

of ciliated fibroblasts was not affected by the absence of Mid1: WT MEFs protruding a cilium were 

3.55% on average (3.55 ± 2.18%) in normal growth condition and 31.3% on average (31.3 ± 14.9%) 

after 24 hours of serum starvation, while KO MEFs protruding a cilium were 3.21 % on average 

(3.21 ± 1.39%) in the presence of the serum and 29.9% on average (29.9 ± 8.87%) in the absence of 

the serum (Figure 18C). Differently from ARPE-19 cells, only a very small percentage of MEFs are 

ciliated in normal conditions (see above). Therefore, primary cilium length has been measured only 

upon serum starvation. KO MEFs were able to protrude a longer cilium than the one protruded by 

WT cells upon serum starvation: WT MEFs primary cilia were2.64 µm long on average (2.64 µm ± 

0.112 µm), while KO MEFs primary cilia were 2.85 µm long on average (2.85 µm ± 0.061 µm). 

Although this difference is small in value, in the 7 MEFs lines little variability was observed in 

these experiments leading to a statistically significant difference in cilium length (Figure 18D). 
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Figure 18. Mid1 depletion enhances primary cilium elongation. A) Representative scheme of the 

experiment, performed with N=4 WT MEFs and N=3 KO MEFs. B) Immunofluorescence images (60X 

magnification; scale bar = 10 µm) showing both WT and KO MEFs maintained in serum-free medium (STV, 

24h). Primary cilia are marked with anti-ARL13B (red signal). C) Histogram indicating the percentage of 

ciliated cells, calculated as the ratio between the number of ciliated cells and the total number of cells. Data 

are indicated as MEAN±SD and statistical significance has been assessed through the Student’s t-test (***: 
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p<0.001). D) Histogram indicating primary cilia length measurements (MEAN±SD). Statistical significance 

has been assessed through the Student’s t-test (*: p<0.05) 

As seen in human cells, also in this case the difference in primary cilium length between WT and 

KO MEFs might be due to a faster rate of primary cilium growth in the KO MEFs. To further 

confirm this issue, a time course experiment has been performed, where KO and WT MEFs have 

been starved at different time points (16, 20, 24, 40 and 48 hours) to see whether KO  

MEFs primary cilia reached the maximum length before  

the WT ones (Figure 19A). In these samples, primary cilia have been marked through 

immunofluorescence with an anti-ARL13B antibody. Thirty primary cilia have been analysed for 

each sample and each condition through epifluorescence microscopy and their length has been 

measured through ImageJ software from 60X magnification images (Figure 19B). From this 

analysis, it is evident how KO primary cilia reached their maximum length (3.01 µm ± 0.38 µm) 

upon 24 hours of starvation, while WT primary cilia need 48 hours to reach their maximum length 

(2.9 µm ± 0.5 µm). Moreover, especially in the first 24 hours, the primary cilia growth curve 

showed a more inclined slope in the KO than in the WT (Figure 19C), suggesting a faster ciliary 

growth rate in KO cells despite statistical analyses showed no significant differences between the 

two samples, except for the 20 hours time-point, where the Student’s t-test shows a significant 

difference between WT and KO samples (not shown in Figure 19C).  
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Figure 19. Time-course in WT and KO MEFs ciliogenesis. A) Experimental scheme where starvation (STV) 

time points are indicated. B) Immunofluorescence images (60X magnification; scale bar = 20 µm) taken at 

the different time points. The primary cilia are marked with anti-ARL13B (red signal). C) Histogram 

showing primary cilia measurements (N = 30 cilia for 3 WT and 3 KO samples) at each time point 

(MEAN±SEM). Statistical significance has been assessed through the ANOVA test (*: p<0.05; **: p<0.01) 

These results are consistent with ARPE-19 time-course experiments, indeed, in both experiments 

cells expressing MID1 (exogenous protein in ARPE-19 and WT MEFs for the mouse model) show 

shorter cilia at 20 hours of serum-starvation. 

4.4. Autophagy flux regulation in MEFs. 

Given the results of the effect of MID1 in the ARPE-19 human cell line in an overexpression 

system, we reasoned that in MEFs lacking Mid1 autophagy flux rate might be faster than WT 

littermates. Both WT and KO MEFs (N = 3 for each genotype) have been serum-starved for 3, 6 

and 9 hours, to detect by western blot analyses both p62 and LC3-II levels (Figure 20A-B). In 

general, MEFs are characterised by high levels of LC3-II, therefore, to distinguish LC3-II and I a 

small protein amount has been loaded on gels for Western blot analyses. As it was performed in 

ARPE-19, the “time 0h” correspond to cells harvested immediately before starting the starvation in 

the other dishes. As regards p62 protein levels, no differences are detected among WT and KO cells 

at time 0 hours, while after 9 hours of starvation its levels start to significantly increase in KO cells, 

maybe indicating that its synthesis has been enhanced in response to autophagy induction through 

serum starvation or that its lysosomal-dependent degradation is blocked (Figure 20D). For what 
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concerns LC3-II protein levels, there are no detectable changes upon the different starvation times 

and no differences are observed among WT and KO although a huge variability has been observed 

among the different samples (Figure 20C).  

Figure 20. Autophagy induction upon serum-starvation (STV) in WT and KO MEFs. A) Experimental 

scheme where starvation (STV) time points are indicated. B) Western Blot analyses for p62 and LC3 protein 

levels detection. 3 µg of protein have been loaded and GAPDH has been used as normaliser. C) Histogram of 

LC3-II protein levels (lower band in LC3 WB) normalised against GAPDH. D) Histogram of p62 protein 

levels normalised against GAPDH. This experiment has been performed with 3 biological replicates for each 



64 

 

genotype, data are represented as MEAN±SEM, and significance has been assessed through ANOVA test (*: 

p<0.05) 

Also, the autophagy flux has been analysed in MEFs. The same samples described above have 

been treated with 100 µM of chloroquine for 4 and 8 hours after they were serum starved for 24 

hours (Figure 21A). Both p62 and LC3-II protein levels have been detected and analysed (Figure 

21B). Although not statistically significant, likely due to the high variability in the samples, both 

p62 and LC3-II accumulation over time is higher in the KO samples than in WT ones, suggesting a 

faster autophagy flux in KO MEFs (Figure 21 C-D). This suggest that the increased p62 protein 

levels after 9 hours of starvation in KO cells is a response to autophagy induction and not due to a 

block of the autophagy flux. 
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Figure 21. Serum starvation induced autophagy flux analysis in WT (N=3) and KO (N=3) MEFs. A) 

Experimental scheme where CQ treatment starting point and stop points are indicated. B) Representative 

Western Blot of LC3 and p62 protein levels. C) Quantification of LC3-II protein levels normalised against 

GAPDH. Significance has been assessed with ANOVA test (no statistically significant data). D) 

Quantification of p62 protein levels normalised against GAPDH. Significance has been assessed with 

ANOVA test (no statistically significant data).  
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The same experiments must be performed in a nutrient-rich condition, to evaluate basal 

autophagy levels in both WT and KO MEFs, and, further, other mice families must be analysed to 

better appreciate the differences between the two genotypes. 

Taken all together, these data suggest that MID1 overexpression in human cells and Mid1 

depletion in the mouse model regulate the autophagy pathway, by slowing it down or by 

accelerating it, depending on the cell culture condition. It has to be taken in account that the 

response to chloroquine treatment might be different in fibroblasts and in epithelial cells, as well as 

autophagy flux regulation. It will be of interest to reintroduce Mid1 in KO cells or to slow 

autophagy down to see if a rescue occurs and, at the same time, verify the primary cilia length 

decrease. 
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5. Conclusions 

Loss-of-function mutations in the MID1 gene are responsible for the X-linked form of Opitz 

G/BBB Syndrome (OS), whose pathogenetic mechanisms are still under investigation. One of the 

hypotheses is that OS is a neurocristopathy, that is a pathology caused by defects in Neural Crest 

Cells (NCCs) migration, proliferation, and differentiation, being some features shared between 

these two pathologies, for instance hypertelorism, broad nasal bridge, cleft of lip and palate and 

heart defects (Winter et al., 2016). However, so far, no data demonstrate this hypothesis, since the 

mouse and OS patients do not show other typical aspects of neurocristopathies, for instance OS 

patients do not show hypoplasia of facial bones, and besides NCCs aberrant migration would not 

explain the major clinical sign observed in OS, i.e. hypospadias. 

Several OS clinical features are also shared with ciliopathies, a class of pathologies caused by 

impairments in primary cilium assembly and/or dynamics, an organelle that functions as an antenna 

for the cell, making it to sense different stimuli mainly from the extracellular environment. Starting 

from the hypothesis that MID1 might be involved in the regulation of the processes that lead the 

cells to build the primary cilium, we found that exogenous MID1 expression in a human epithelial 

cell line (ARPE-19) impairs primary cilium protrusion, by limiting its growth. Both in the presence 

and in the absence of serum, which usually leads to the induction of ciliogenesis, the percentage of 

ciliated cells in the presence of exogenous MID1 is reduced. Moreover, when cilia manage to grow, 

they are shorter in the presence of exogenous MID1 if compared to a GFP-expressing control, 

especially in the presence of serum. This suggests that MID1 is a negative regulator of both primary 

cilium biogenesis and elongation and that this effect may depend on cell culture conditions. 

Moreover, MID1 role in this contest depends also on its E3 ubiquitin ligase activity, since its effect 

is totally abolished when exogenous catalytically dead MID1-ΔRING is expressed and the latter 

show comparable cilia percentage and length to the control. The fact that cilia length in MID1-

ΔRING expressing cells is even longer that in the control, suggests a dominant negative effect of 

MID1-ΔRING mutant on the endogenous MID1 protein, likely due to their homodimerisation 

property. Time course experiments showed that also the speed of cilium growth is different when 

exogenous MID1 protein is present: indeed 16 hours of serum starvation are required to reach the 

maximum length in MID1-expressing cells compared to 20-24 for GFP- and MID1ΔRING-

expressing cells, maximum length that nevertheless still remains shorter than controls.  

In mouse embryonic fibroblasts, the absence of Mid1 protein does not affect cells’ ability to 

protrude the primary cilium; however, consistent with what observed in human ARPE-19 cells, 

primary cilia are longer in KO cells upon starvation, reaching their maximum length in 24 hours, 
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while WT cells keep elongating for longer time. This confirms that MID1 is a negative regulator of 

primary cilium elongation. 

The differences observed between epithelial cells and fibroblasts might be due to the fact that 

these cells follow the alternative pathway and the intracellular pathway, respectively, to build the 

primary cilium (Figure 8). Moreover, the two experimental models are different, since in the human 

cell line the role of MID1 has been assessed by exogenous protein overexpression while in MEFs 

Mid1 is depleted. Eliminating MID1 from ARPE-19 and re-introducing Mid1 in KO MEFs might 

be useful to confirm our data. In addition, as the MID1 E3 ubiquitin ligase activity is necessary to 

exert a role as primary cilium regulator, future experiments are needed to investigate which factors 

are targeted by this ubiquitin ligase activity. Being a negative regulator of ciliogenesis, MID1 may 

ubiquitinate positive regulators of cilia biogenesis, leading to their proteasome-dependent 

degradation, or can also ubiquitinate a negative regulator of ciliogenesis impairing its removal from 

the mother centriole appendices, thus preventing, for instance, its docking to the plasma membrane. 

Another hypothesis is that MID1, being a microtubule associated protein possibly involved in 

microtubule stabilisation (Schweiger et al., 1999), might be involved in the axoneme polymerisation 

and stabilisation, although MID1 has not been observed to localise at the primary cilium. Another 

aspect to consider is that the starvation experiments have been performed in DMEM without serum. 

Therefore, it will be of interest to eliminate other medium components from the culture medium, i.e. 

amino acids and/or glucose, to better highlight the differences seen between MID1-overexpressing 

cells and controls and to see whether mTORC1, that senses amino acids availability, is involved in 

this process by regulating autophagy. 

Autophagy and primary cilium are reciprocally regulated (Pampliega et al., 2013; Tang et al., 

2015), in a cell type-dependent manner as well as in a stimulus-dependent manner. My results 

indicate that MID1 regulates autophagy flux differently depending on the cell type and on the 

presence or absence of the serum in the culture medium. In nutrient-rich condition, only basal 

autophagy is active and, by analysing its flux in ARPE-19, MID1 is slowing down this process 

(Figure 14 and 15). When the serum is removed from the medium, no differences can be 

appreciated between cells expressing exogenous MID1 and the ones expressing the GFP (Figure 14 

and 16). The only aspect that changes between the basal and the serum-removal induced autophagy 

in these samples is that in MID1 overexpressing samples, in serum starvation, p62 levels are always 

lower than GFP ones, although it is accumulating like in the GFP control upon chloroquine 

treatment. Therefore, in epithelial cells MID1 regulates only basal autophagy.  

Basal autophagy has been found to negatively regulate ciliogenesis by targeting IFT20 that 

travels from the Golgi to the basal body carrying materials for the primary cilium construction. But 
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if MID1 is delaying basal autophagy, IFT20 should not be targeted for autophagy dependent 

degradation when MID1 is overexpressed, so I would expect a higher percentage of ciliated cells 

and longer cilia in these samples. This may suggest that the ciliary phenotype observed in ARPE-19 

in serum-containing medium is not basal autophagy dependent or that other pathways may be 

involved. One alternative hypothesis might be that MID1 is targeting a positive regulator of 

ciliogenesis, targeting it by ubiquitination for proteasome-dependent degradation. It has been shown 

that in cells with impaired autophagy, the cilium can be built thank to the Hh signalling (Pampliega 

et al., 2013). Given MID1 role in the Hh pathway, where it targets Fu, I cannot exclude that the 

ciliary phenotype observed with exogenous MID1 might be due to an activation of this pathway 

(Krauss et al., 2008; Schweiger et al., 2014). However, another hypothesis can suggest that MID1 

alters the autophagosomes “journey” on microtubules: autophagosomes have been found to localise 

to the base of the primary cilium (Pampliega et al., 2013) targeting proteins or protein complexes 

involved in several ciliary processes. MID1 might regulate proper movement of autophagosomes 

towards both the basal body, to target the cargo proteins, and to the lysosomes for degradation. In 

serum-free conditions, instead, induced autophagy seems not to be impaired, so also in this case, the 

explanation of the ciliary phenotype should be found elsewhere. It is important to highlight a 

limitation in many of the experiments reported: MID1-overexpressing cells do not show statistical 

significance when compared to the GFP controls. This may be a consequence of the low percentage 

of transfected cells and/or differences in the levels of the expression of the exogenous protein 

among the cells. Indeed, it would be of interest to obtain MID1-knockout ARPE-19 to confirm our 

results. 

Moreover, the analysis of ciliogenesis in the presence or absence of MID1 upon the use of 

compounds that modulate autophagy (inducers and inhibitor) will be crucial to understand if a 

crosstalk between these two processes involves MID1.  

Another important process to be investigated is primary cilium disassembly, usually occurring 

when cells re-enter the cell cycle, through depolymerisation of the axoneme and its consequent 

reabsorption, or through exocysts release from the ciliary tips. 

In fibroblasts, only serum-starvation induced autophagy flux has been analysed; in these 

conditions Mid1 depletion tends to result in a faster autophagy flux, although no statistically 

significant differences can be observed between WT and KO samples. A limitation in this case is 

the high variability among the samples with the same genotype leading often to non-statistically 

significant results. This might be due to an intrinsic feature of the cellular/animal model; indeed, the 

different samples represent independent biological replicates.  
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A faster autophagy flux may lead to a faster degradation of any of the negative regulator of 

ciliary elongation, such as OFD1, thus leading to a longer cilium. Indeed, some of the phenotypic 

features characterising oro-facial-digital type I syndrome (OFD1 syndrome), caused by mutations in 

the OFD1 gene, are also observed in OS, although with a milder phenotype. Further experiments 

are required to better study basal autophagy in WT and KO MEFs, as well as Hh pathway 

involvement in the regulation of all these processes. Hh pathway role in Opitz Syndrome might be 

of great importance, since mutations in Sonic Hedgehog are linked to another ciliopathy, 

holoprosencephaly, in which the midline structure phenotype is opposite to the one observed in OS 

patients. 

To conclude, MID1 acts as a negative regulator of basal autophagy as well as a negative 

regulator of ciliogenesis. MID1 regulation of autophagy may occur in a PP2Ac-dependent manner, 

thus involving mTORC1 (Li et al., 2011), a question that needs to be addressed in future 

experiments. MID1 regulation of primary cilium dynamics is cell type dependent, influencing both 

ciliogenesis and cilia elongation in epithelia and only cilia elongation in fibroblasts. Cilia that 

elongate without proper control are pathological; in fact, in most of the ciliopathies, cilia are longer 

than they should be. Being almost all the phenotypes in OS overlapping with those found in 

ciliopathies, OS could be from now on considered as a ciliopathy. 
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