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Division Departament de Genètica, Microbiologia i Estadı́stica

Organization Universitat de Barcelona

Address Barcelona, Spain

Organization CIBERER, ISCIII, Universitat de Barcelona

Address Barcelona, Spain

Corresponding Author Family Name Marfany

Particle

Given Name Gemma

Suffix
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Abstract Primary cilia are microtubule-based sensory organelles that are involved in
the organization of numerous key signals during development and in
differentiated tissue homeostasis. The formation and resorption of cilia
highly depend on the cell cycle phase in replicative cells, and the
ubiquitin proteasome pathway (UPS) proteins, such as E3 ligases and
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disassembly by regulating the degradation/availability of ciliary
regulatory proteins. Also, many differentiated tissues display cilia, and
mutations in genes encoding ciliary proteins are associated with several
human pathologies, named ciliopathies, which are multi-organ rare
diseases. The retina is one of the organs most affected by ciliary genes
mutations because photoreceptors are ciliated cells. In fact, photoreception
and phototransduction occur in the outer segment, a highly specialized
neurosensory cilium. In this review, we focus on the function of UPS
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proteins in ciliogenesis and cilia length control in replicative cells and
compare it with the scanty data on the identified UPS genes that cause
syndromic and non-syndromic inherited retinal disorders. Clearly, further

work using animal models and gene-edited mutants of ciliary genes in cells
and organoids will widen the landscape of UPS involvement in ciliogenesis
and cilia homeostasis.
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6 Abstract

7 Primary cilia are microtubule-based sensory
8 organelles that are involved in the organization
9 of numerous key signals during development
10 and in differentiated tissue homeostasis. The
11 formation and resorption of cilia highly
12 depend on the cell cycle phase in replicative
13 cells, and the ubiquitin proteasome pathway
14 (UPS) proteins, such as E3 ligases and
15 deubiquitinating enzymes, promote microtu-
16 bule assembly and disassembly by regulating
17 the degradation/availability of ciliary regu-
18 latory proteins. Also, many differentiated
19 tissues display cilia, and mutations in genes
20 encoding ciliary proteins are associated
21 with several human pathologies, named
22 ciliopathies, which are multi-organ rare
23 diseases. The retina is one of the organs most
24 affected by ciliary genes mutations because

25photoreceptors are ciliated cells. In fact, pho-
26toreception and phototransduction occur in the
27outer segment, a highly specialized neurosen-
28sory cilium. In this review, we focus on the
29function of UPS proteins in ciliogenesis and
30cilia length control in replicative cells and
31compare it with the scanty data on the
32identified UPS genes that cause syndromic
33and non-syndromic inherited retinal disorders.
34Clearly, further work using animal models and
35gene-edited mutants of ciliary genes in cells
36and organoids will widen the landscape of
37UPS involvement in ciliogenesis and cilia
38homeostasis.
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13.1 42The Retina and Photoreceptors

43The retina is a multilayer neurosensory tissue that
44covers the inner surface of the eye. In vertebrates,
45the retina is formed by at least six different highly
46specialized neuronal cell types [1]. The light-
47sensitive photoreceptor cells are responsible for
48absorption of the light stimuli (capturing photons)
49and the initiation of the phototransduction cas-
50cade, which eventually transmits the electric sig-
51nal to the visual centers in the brain [2]. There are
52two types of photoreceptors, rods and cones.
53Cones are responsible for visual acuity and color
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54 perception in photopic conditions, while rods are
55 sensitive in dim light and are responsible for
56 scotopic and non-color vision [3].
57 The proteins that are implicated in photorecep-
58 tion and phototransduction are localized in a
59 specialized photoreceptor compartment, the
60 outer segment (OS), which is a highly specialized
61 sensory cilium that contains ordered stacks of
62 membranous disks. However, the OS lacks the
63 protein synthesis machinery and, thus, all the
64 components of the OS are synthesized in the
65 inner segment (IS) of photoreceptors and
66 transported to the OS through a microtubule cili-
67 ary gate, known as the connecting cilium [4]. The
68 tips of photoreceptor OS are physically in contact
69 with the retinal pigment epithelium (RPE), a sin-
70 gle layer of pigmented cells, which participates in
71 maintaining the visual cycle [5] as well as in the
72 daily shedding of OS disks by phagocytosis of the
73 photoreceptor tips [6]. Dysregulation by either
74 genetic mutations or external factors of such a
75 regulated morphological and functional organiza-
76 tion triggers apoptosis of photoreceptor and
77 related neurons, thus leading to retinal dystrophy
78 and blindness [7].

13.279 Photoreceptor Cilia

80 Primary cilia are microtubule-based extensions of
81 the apical plasma membrane that act as cell sensors
82 of external cues. Cilia are signaling receptor hubs
83 that modulate developmental signaling, such as
84 sonic hedgehog, Wnt, and platelet-derived growth
85 factor pathways. Cilia are also receptors of external
86 stimuli and transducers of sensory perception
87 and are involved in chemosensation, olfaction,
88 mechanosensation, and photoreception [4]. It
89 is well known that many ciliary proteins are
90 associated with several human rare diseases,
91 named ciliopathies, which include cystic kidney
92 disease and retinal degeneration traits, such as
93 Bardet–Biedl syndrome (BBS), Usher syndrome,
94 Joubert syndrome, Senior-Locken syndrome, or
95 Meckel–Gruber syndrome, among others [8, 9].
96 Ciliopathies are usually syndromic disorders since
97 many different tissues and organs display ciliated
98 cells, among them the retina, cochlea, and kidney.

99The cilium is composed of a long microtubule
100doublet, called axoneme, surrounded by an exter-
101nal membrane that is continuous with the plasma
102membrane of the cell. The axoneme is grown
103directly from the distal end of a mother centriole
104(or basal body) through a multistep process,
105named ciliogenesis or cilia formation, which
106requires microtubule polymerization and
107intraflagellar transport (IFT) for cilium elongation
108[10]. IFT is a bidirectional transport of cargo
109proteins from the base of the cilium to the tip
110(anterograde transport) and vice versa, from the
111tip to the base of the cilium (retrograde transport).
112Different molecular motors facilitate trafficking:
113for instance, kinesin-II and cytoplasmic dynein
1142, respectively, involved in anterograde and ret-
115rograde transport, associate with specific IFT
116proteins which are organized into two major
117complexes for cargo transport. The IFT-B com-
118plex is involved in anterograde trafficking
119whereas IFT-A is predominantly involved in ret-
120rograde trafficking [11].
121In photoreceptors, the microtubule region that
122connects the IS, where all the proteins are
123synthesized, with the membranous disks of the
124OS, that is, the region between the basal body and
125the base of the cilium, receives several names,
126i.e., transition zone, ciliary gate, or connecting
127cilium. The transition zone (where the axoneme
128transitions from the triplet to the doublet
129microtubule conformation) serves at least two
130functions, as a docking module of the cilium to
131the membrane as well as a regulated and restric-
132tive gate through which the cargo proteins are
133transported to and from the OS using the IFT
134machinery [4].

13.3 135DUBs and the Ubiquitin-
136Proteasome System (UPS)

137The selective degradation of many short-lived
138proteins in eukaryotic cells is carried out by the
139ubiquitin-proteasome system. Ubiquitination is a
140post-translational modification that consists in the
141attachment of ubiquitin (Ub) to a protein substrate
142[12]. For many proteins, the attachment of
143ubiquitin and growth of polyubiquitin chains is
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144 an obligatory step in their degradation
145 [13]. Ubiquitination is a highly dynamic and
146 reversible reaction where ubiquitin is conjugated
147 by the serial action of specific ubiquitin ligases
148 and cleaved off from substrates by deconjugating
149 proteases, also named deubiquitinating enzymes
150 (DUBs) [13]. Ubiquitin conjugation relies on a
151 hierarchically consecutive activity of E1, E2, and
152 E3 ligases. By far, the largest family is that of E3
153 ligases, which are subclassified into three main
154 groups according to their mode of ubiquitin liga-
155 tion [14]. Concerning DUBs, most are cysteine
156 proteases, but according to their structure and
157 catalytic motifs they are also subclassified into
158 six different families [15]. The human genome
159 contains more than 600 hundred E3 ligases and
160 close to 100 DUBs. The world of post-
161 translational peptide conjugation has also
162 expanded to include other ubiquitin-like peptides
163 (e.g., SUMO, NEDD8, ISG15, and Atg5) [16], all
164 of which are molecular tags that regulate
165 protein fate.
166 Post-translational ubiquitin and ubiquitin-like
167 modifications play an important role during pho-
168 toreceptor differentiation and ciliogenesis. For
169 instance, the key transcription factor for the deter-
170 mination of the photoreceptor cell fate, Nr2e3, is
171 post-translationally modified via SUMOylation
172 by Pias3, turning it into both a potent repressor
173 of cone-specific gene expression and an activator
174 of rod-specific genes in rods [17]. Moreover, pre-
175 vious studies have analyzed the expression levels
176 and drawn the expression map of genes related to
177 SUMO and Ub pathways in the mouse retina,
178 thus indicating that some of them could be possi-
179 ble regulators of photoreceptor differentiation
180 and/or candidate genes for causing retinal
181 dystrophies (e.g., Cbx4, Tls, Hdac4, Uchl-1,
182 Atxn3, Usp45, Usp53, Usp54) [18, 19].

13.4183 UPS and Ciliogenesis
184 in Replicative Cells

185 In vertebrates, ciliogenesis and cell division are
186 mutually exclusive because the centrioles must be
187 released from the plasma membrane to function in
188 the mitotic apparatus. Therefore, in replicative

189cells, ciliogenesis and cilia resorption are highly
190regulated processes that depend on the cell cycle
191phase, the microtubule network organization, cel-
192lular proteostasis, and cilia-mediated signaling
193cues. On the other hand, many cells produce
194cilia after escaping cell cycle and entering into
195differentiation. The proteins and signals that reg-
196ulate ciliogenesis and cilium disassembly in rep-
197licative cells might be common to those involved
198in cilia maintenance in quiescent and
199differentiated cells, such as photoreceptors,
200although some partners might be cell type- or
201organ- specific. Since microtubule polymeriza-
202tion and depolymerization are highly dynamic,
203any alteration in the equilibrium of these two
204processes will directly affect cilium formation or
205resorption. Although the mechanistic details are
206not yet fully understood, post-translational
207modifications of centrosomal and ciliary proteins
208are key to ciliogenesis [20].
209Previous studies have identified UPS proteins
210that localized at the cilium and might regulate
211cilium formation, for instance, the chaperone
212VCP (valosin-containing protein) (involved in
213ubiquitin signaling quality control and positive
214regulator of misfolded protein degradation), the
215ubiquitin-activating enzymes UBA1 and UBA6,
216and the E3 ubiquitin ligases NEDD4L (neural
217precursor cell-expressed, developmentally
218downregulated 4-like) and MYCBP2
219(MYC-binding protein 2) [21]. Other studies
220have identified UPS factors as positive or nega-
221tive regulators of ciliogenesis and cilium length
222[22, 23]. Indeed, instrumental UPS proteins
223involved in cell cycle regulation, such as the
224anaphase-promoting complex (APC), are also
225regulating cilia assembly/disassembly. APC is
226recruited to basal bodies in quiescent cells where
227it promotes the degradation of KIF2A
228(a microtubule depolymerase), but different
229subunits of APC may serve different regulatory
230functions concerning the cilia, and APC’s role is
231most probably that of a modulator of ciliary
232microtubule depolymerization depending on the
233cell phase and requirements [24].
234For instance, CUL3 is an E3 ubiquitin ligase
235that participates in the ubiquitination of many
236proteins. Interaction of CUL3 with one of its
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237 substrate adaptors, KCTD17, is required to
238 polyubiquitinate trichoplein, a negative regulator
239 of ciliogenesis, and remove it from mother
240 centrioles. Therefore, CUL3-KCTD17 is a posi-
241 tive regulator of ciliogenesis, since it targets
242 trichoplein, thereby inactivating Aurora A and
243 allowing axoneme extension [25]. Similarly,
244 VHL (von Hippel-Lindau) is a tumor suppressor
245 that enhances primary cilia formation. VHL inac-
246 tivation induces Aurora kinase A activity, thus
247 causing regression of the primary cilium by pro-
248 moting histone deacetylase-dependent tubulin
249 depolymerization of the ciliary axoneme
250 [26]. Another example is the E3 ubiquitin ligase
251 MIB1, a component of centriolar satellites that
252 acts as a negative regulator of ciliogenesis by
253 ubiquitinating key ciliogenesis-promoting
254 factors, targeting them for degradation and, as a
255 consequence, suppressing primary cilium forma-
256 tion [23]. Furthermore, another E3 ligase impor-
257 tant for the correct cilia formation is UBR5,
258 which ubiquitinates CSPP, a centrosomal protein
259 essential for ciliogenesis [27]. In addition, two
260 other E3 ligases, BBS11/TRIM32 and
261 MARCH7, are localized in the centrosome and
262 ubiquitinate ephrocystin-5 (NPHP5), protein
263 involved in the control of ciliogenesis [28].
264 Concerning DUBs, depletion of USP21
265 compromises the reestablishment of the microtu-
266 bule network after depolymerization and, thus,
267 reduces primary cilium formation [29]. Also,
268 USP14 controls ciliogenesis and cilia elongation
269 through the downregulation of Hedgehog signal
270 transduction, since USP14 inhibition positively
271 affects the Hedgehog pathway [30]. On the other
272 hand, CYLD, a tumor suppressor gene that
273 encodes a deubiquitinating enzyme, causes
274 cylindromatosis and is implicated in various sig-
275 naling pathways. CYLD shows a specific locali-
276 zation at the centrosomes and the basal bodies,
277 where it promotes ciliogenesis, and mutations in
278 this gene cause cilia formation defects due to
279 impaired basal body migration and docking
280 [31]. Another DUB regulator is USP8, which
281 deubiquitinates and stabilizes trichoplein, thus
282 favoring ciliogenesis and counteracting the previ-
283 ously mentioned CUL3-KCTD17 ubiquitin ligase
284 activity [32].

285Not only the substrate/interacting partners of
286each protein but also the localization within the
287cilium organelle (whether at the basal body, the
288connecting cilium/transition zone, the axoneme,
289or the ciliary tip) (Fig. 13.1) and the precise cell
290cycle phase where the protein is being expressed
291are relevant for function [24]. The role of regu-
292latory cilium proteins is different whether
293involved in anchoring the mother centriole to
294the membrane, microtubule organization and
295polymerization, ciliary trafficking, or cilium
296resorption.

13.5 297UPS and Retinal Dystrophies

298Several ubiquitin and SUMO pathway proteins
299participate in retinal development and photore-
300ceptor differentiation, and mutations in the
301corresponding coding genes are causative of
302inherited retinal dystrophies (IRDs). A compre-
303hensive analysis of the expression of DUB genes
304has been performed in the adult retina [19] and in
305fetal retinas of mouse and humans (Marfany et al.,
306unpublished results). Moreover, and as already
307mentioned, many components of the ubiquitin-
308proteasome system are involved in the control of
309ciliogenesis and regulate cilium formation in pho-
310toreceptor cells, being potential candidates for
311causing a wide spectrum of ciliopathies as well
312as other disorders restricted to the retina.
313Remarkably, the UPS genes involved in the
314regulation of ciliogenesis in cycling cells have
315been mostly associated with cancer but not to
316retinal disorders yet, most probably because
317mutations in these genes alter centrosome func-
318tion and microtubule network organization, thus
319affecting multiple cell types and organs. Some
320clues on ubiquitin and SUMO pathway genes
321that particularly participate in retinal development
322and photoreceptor differentiation have been
323described in animal models. For instance, fat
324facets (FAF/USP9X) is a deubiquitinating
325enzyme that controls cell-to-cell communication
326and clathrin endocytosis in Drosophila
327photoreceptors. The FAF/USP9X mutant shows
328endocytosis dysregulation and ectopic photore-
329ceptor determination and, thus, displays severe
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330 defects in photoreceptor differentiation
331 [33]. Usp5 deficiency in Drosophila eyes causes
332 impairment in eye development. Loss of Usp5
333 results in upregulation of Notch signaling and
334 downregulation of RTK (receptor tyrosine
335 kinase) signaling, leading to impaired photore-
336 ceptor development [34]. UCH-L1 is a DUB
337 that participates in multiple pathways during eye
338 development in Drosophila. Its overexpression in
339 the eye imaginal disks induces a rough eye phe-
340 notype in the adult fly by downregulating the
341 MAPK (mitogen-activated protein kinase) path-
342 way [35]. On the other hand, the knockdown of
343 DUB genes by morpholino injection in zebrafish
344 embryos has identified usp45 [36] and atxn3
345 (Toulis et al. unpublished data) as causative of
346 moderate to severe eye morphological defects,
347 with defective formation of the retinal structures.
348 Apart from the role of UPS genes’ role in
349 retinal development and photoreceptor

350differentiation in animal models, mutations in
351several genes related to UPS in humans cause
352retinitis pigmentosa (RP), the most prevalent
353inherited retinal dystrophy (1:4000 people world-
354wide), and other inherited retinal disorders. More-
355over, dysfunction of proteins of the UPS has been
356also associated with multifactorial retinal
357disorders, such as age-related macular degenera-
358tion, glaucoma, diabetic retinopathy, and retinal
359inflammation [37].
360Among the UPS genes mutated in retinal
361disorders in humans, KLHL7 encodes an E3
362ubiquitin ligase of BTB-Kelch subfamily widely
363expressed in the retina, especially in rod
364photoreceptors. Different mutations in KLHL7
365have been associated with a late-onset form of
366autosomal dominant retinal degeneration that
367preferentially affects the rod photoreceptors,
368affecting both rod and cone electrophysiology
369[38–40]. On the other hand, biallelic mutations

Fig. 13.1 Identified UPS proteins that regulate
ciliogenesis in replicative and differentiated cells. Sche-
matic representation of the localization of various UPS
components into the cilium in the replicative versus
differentiated cells (e.g., photoreceptors). Many of these
proteins display different roles during ciliogenesis and,

thus, show specific localization into the centrioles and/or
axoneme of the cilium. In the sensory cilium, only E3
ligases and DUBs with a specific function in the retina
are localized in the cilium, in contrast to the replicative
cells, where proteins show cell cycle-dependent localiza-
tion reflecting cilia formation/resorption
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370 in this gene cause a much severe recessive phe-
371 notype, the Crisponi syndrome (CS)/cold-
372 induced sweating syndrome type 1 (CISS1)-like
373 phenotype, with high neonatal lethality due to a
374 developmental multi-organ disorder including
375 early-onset retinal neurodegeneration [41]. The
376 substrates of KLHL7 have not been determined,
377 but its interaction with CUL3 suggests a direct or
378 indirect proteostasis regulation of many CUL3
379 substrates related to ciliogenesis.
380 TOPORS stands out as one of the first genes
381 related to UPS identified as a causative of
382 inherited retinal dystrophies. TOPORS is a
383 RING domain-containing E3 ubiquitin and
384 SUMO dual ligase that localizes in the nucleus
385 in speckled loci associated with promyelocytic
386 leukemia bodies. Most notably, TOPORS
387 localizes primarily to the basal bodies of photore-
388 ceptor sensory cilium connecting cilium and in
389 the centrosomes and plays an important role in the
390 regulation of primary cilia-dependent photorecep-
391 tor development and function, since its knock-
392 down in zebrafish results in defective retinal
393 development photoreceptor outer segment forma-
394 tion [42]. Point mutations, insertions, or deletions
395 in TOPORS have been identified in different
396 families explaining approximately 1% of autoso-
397 mal dominant RP [43, 44], and it can be consid-
398 ered as a potential ciliopathy gene. However, no
399 relevant function in non-retinal cilia has been
400 reported yet for TOPORS.
401 Even though not directly related to ciliary
402 function, mutations in the PRPF8 gene in hetero-
403 zygosis have been identified in Spanish families
404 to cause adRP, most probably by haploinsuf-
405 ficiency [45]. PRPF8 is a pre-mRNA splicing
406 factor participating in the dynamic assembly and
407 dissociation of the spliceosome. PRPF8 displays
408 the motifs of JAMM deubiquitinating zinc
409 proteases and is usually grouped within this
410 DUB group, but it is a catalytically inactive pro-
411 tein, since it lacks the residues that bind the metal
412 ion required for activity.
413 In agreement with the retinal degeneration
414 phenotype previously observed in the knockdown
415 of usp45 in zebrafish embryos [36], mutations in
416 USP45 have been also associated with retinal
417 dystrophies in human patients. Whole-exome

418sequencing (WES) in Chinese families identified
419biallelic mutations within this gene implicated in
420the occurrence of Leber congenital amaurosis
421(LCA), an early and severe form of inherited
422retinal disorders, thus confirming the importance
423of USP45 in the maintenance of correct photore-
424ceptor function [46]. The authors suggest a possi-
425ble relation with ciliogenesis, even though no data
426are provided to support this hypothesis.
427Again the localization of these proteins along
428the cilium organelle is extremely relevant for their
429function (Fig. 13.1). In the photoreceptor outer
430segment, which is a highly specialized cilium,
431intraciliary trafficking of the large amount of
432phototransduction and structural cargo proteins
433requires a highly regulated anterograde and retro-
434grade transport. Therefore, a finely tuned control
435at the ciliary gate in the transition zone is para-
436mount in photoreceptors; any transport distur-
437bance may disrupt the cell homeostasis and,
438thus, trigger photoreceptor apoptosis. However,
439no UPS-related genes have been yet reported to
440regulate this key target for correct photoreceptor
441function.
442It is remarkable that, although the retina is an
443extremely common organ affected in ciliopathies
444and many UPS proteins regulate ciliogenesis, in
445humans, mutations in only two UPS genes, which
446encode E3 ubiquitin ligases: TOPORS, for
447non-syndromic adRP, and TRIM32 (BBS11), for
448syndromic recessive BBS [47], have been unde-
449niably associated with both ciliogenesis and reti-
450nal defects. Many research groups have addressed
451efforts in dissecting the relevance of proteins in
452controlling cell cycle and how their alteration
453results in cancer, whereas the identification of
454relevant proteins in neurosensory cilia mostly
455relies on mutations in human patients of rare
456diseases, which are clearly limited in number.
457Since proteomics and genetic analyses have
458identified more than 100 proteins involved in the
459formation of functional sensory cilia in the retina,
460and many of them are potentially controlled by
461ubiquitin and SUMO post-translational
462modifications, we hypothesize that the regulation
463landscape of photoreceptor ciliogenesis is still
464devoid of key UPS regulatory players
465(Fig. 13.1). Further work is required to unveil
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466 novel E3 ligases and DUBs involved in cilia
467 formation and ciliary trafficking and elucidate
468 their precise function in photoreceptors, but with
469 the application of highly precise gene editing
470 techniques to generate specific mutants in cell
471 and animal models, as well as in human
472 organoids, we foresee a burgeoning field in the
473 study of UPS in the regulation of ciliogenesis and
474 its implications for elucidating the molecular
475 basis of human disease.

13.6476 Concluding Remarks

477 The retina is a complex neuronal tissue that
478 requires a fine regulation at the transcriptional
479 and protein levels. The ubiquitin-proteasome sys-
480 tem participates in this regulation and we postu-
481 late that post-translational modifications, such as
482 ubiquitination and SUMOylation, are implicated
483 in the determination of photoreceptor cell fate, as
484 well as retina development and ciliogenesis. Sev-
485 eral reports have shown that some components of
486 the UPS regulate the correct retinal function,
487 especially in photoreceptors and sensory cilia.
488 We postulate that further work will posit new
489 E3 ligase and DUB genes as excellent candidates
490 for either syndromic ciliopathies or
491 non-syndromic retinal dystrophies.
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